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Preface 
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contribution to co-authored manuscripts, and that the co-authors agree to the inclusion of 

the work in the thesis.  

The results chapters included in this thesis have been presented in the format of 

manuscripts that have been submitted or will be submitted to scientific journals for peer 

review.  
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ABSTRACT 

Preterm infants are extremely susceptible to late-onset sepsis (LOS), caused by infection 

with commensal microorganisms. Such infections may translocate from the gut, and 

consequently, preterm infants who consume sufficient doses of breast milk are less likely to 

suffer from LOS. Despite this protective association, the immunological composition of 

breast milk, particularly in preterm mothers, remains poorly defined. It is unclear how milk 

protects infants against LOS, and which components of the many soluble or cellular 

immune factors in milk may be protective. If identified, these critical protective factors 

could be used to fortify formula, breast milk with low immune content, or pasteurised 

donor human milk to reduce the incidence of preterm infant infections.  

A major preliminary aim of this thesis was to develop assays to measure the levels of innate 

antimicrobial, cellular and immune modulating factors for use with breast milk, a complex 

fluid of unusual light scattering, protein binding, and physical properties. In Chapter 2, 

enzyme-linked immunosorbent assays were developed to measure the levels of 

antimicrobial proteins and peptides (AMPs) in breast milk, and bacterial growth inhibition 

assays were developed to measure the activity of milk and AMPs against sepsis-causing 

pathogens. Using these methods, we were able to investigate the research hypotheses 

presented in the thesis. 

In Chapter 3, we aimed to determine the levels of a range of innate immune factors in 

preterm mothers’ milk, in comparison to term mothers’ milk. We found that there was no 

evidence of deficiencies of soluble immune molecules in preterm breast milk. In fact, 

extremely preterm mothers’ milk contained higher concentrations of antimicrobial peptides 

and soluble pattern recognition receptors than term mothers’ milk.  

In Chapter 4, a validated five-colour flow cytometry panel for human blood leukocytes was 

successfully optimised to identify major leukocyte subsets in breast milk. Leukocytes were 

identified at all stages of lactation, but no significant differences in total leukocyte 

concentrations between preterm and term mothers’ milk were detected. However, the 

relative proportions of some leukocyte populations, such as B lymphocytes and cytotoxic T 

and NK cells were negatively correlated with gestational age in colostrum, and in 
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transitional milk term mothers had a greater proportion of neutrophils, indicating that 

gestation also influences the immunological cells in milk. 

In Chapter 5, we aimed to determine if the composition and antibacterial function of milk is 

associated with the risk of developing LOS in a preterm infant cohort. The growth of major 

LOS pathogens, including Staphylococcus epidermidis, was inhibited in preterm breast 

milk, and inhibition was greater in day 7 milk than day 21 milk, correlating with higher 

concentrations of antimicrobial factors. Spiking low birth weight formula with human 

lactoferrin at the median levels found in preterm milk had the same ability to inhibit 

bacterial growth as whole milk. The preterm infants studied who developed LOS consumed 

significantly lower doses of breast milk than matched control preterm infants, and we 

calculated that the doses of lactoferrin consumed in milk was significantly lower in those 

with sepsis. However, the lactoferrin levels and antimicrobial activity of preterm milk from 

mothers whose infants developed LOS was not different to milk from mothers whose 

infants were well.  

In summary, the data presented in this thesis contribute to the characterisation of the 

immunological composition of breast milk in the first month postpartum in preterm infants. 

These data support a role for antibacterial activities of immunological factors in breast 

milk, particularly lactoferrin, inhibiting bacterial growth and contributing to protection 

against LOS. Milk of preterm mothers is not deficient in antibacterial factors compared to 

term mothers’ milk. However, preterm infants who develop LOS consume lower doses of 

milk antibacterial factors than those that are well, associated with restricted feeding. Future 

research should aim to assess improved feeding in preterm infants. In addition, knowledge 

of the amounts of protective factors found in milk could be used to plan trials of milk-

derived prophylactic therapies for preterm infants who do not consume enough milk to be 

protected from infections, or for those consuming formula or milk with reduced 

immunological quality, such as pasteurised milk.  
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1 CHAPTER I: INTRODUCTION 

1.1 Preterm birth  

Preterm birth is defined as a birth occurring before 37 weeks gestation, though 40 weeks 

is considered normal gestation. The threshold of infant viability has greatly improved to 

22 weeks gestation in high-resource settings, but with this has come a suite of 

previously rare complications associated with the immature neonatal immune system. 

The categories of prematurity defined by the WHO are shown in Figure 1.1. These 

categories separate preterm infants into infection risk groups and are practical for 

applications in public health due to differing biological development and health 

outcomes of the infants. The majority of extremely preterm infants (<28 weeks 

gestation) require neonatal intensive care, whereas those born at very preterm or 

moderately preterm gestation may require special care or admission only (World Health 

Organization, March of Dimes, The Partnership for Maternal, & Save the Children, 

2012). Extremely preterm infants have not yet formed alveoli in the lungs, and those 

born at <32 weeks lack pulmonary surfactant (Institute of Medicine (US) Committee on 

Understanding Premature Birth and Assuring Healthy Outcomes, Behrman, & Butler, 

2007), and as a consequence, often require respiratory support and interventions to 

survive. In addition, infants born at <34 weeks gestation are often tube-fed, since they 

have difficulty coordinating the suck reflex required to feed from a bottle or breast, 

which can lead to morbidities such as necrotising enterocolitis (Institute of Medicine 

(US) Committee on Understanding Premature Birth and Assuring Healthy Outcomes et 

al., 2007).  

 
 Figure 1.1. Categories of preterm birth defined by WHO, based on the number of weeks gestation 
at which an infant is born. Modified from (World Health Organization et al., 2012). 
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1.1.1 Infant morbidity and mortality associated with preterm birth 

Worldwide, approximately 10% of births are preterm, and the incidence continues to 

increase in most countries (World Health Organization et al., 2012). The burden of 

preterm birth (in terms of numbers of births) is highest in regions with fewer resources, 

including sub-Saharan Africa and Southeast Asia, but is also appreciable in high-

resource countries (Figure 1.2). Therefore, preterm birth is a significant global problem, 

and prevention and care of preterm infants has been identified by WHO and the United 

Nations as a global priority (World Health Organization et al., 2012). 

 
Figure 1.2 Number of preterm births according to geographical regions in 2010, separated 
according to risk groups (extremely preterm, very preterm or moderately preterm). From source 
(World Health Organization et al., 2012) 

Preterm infants contribute disproportionately to worldwide neonatal morbidity and 

mortality. Neonatal mortality is inversely correlated with gestational age, and rapidly 

increases from around 8% at 28 weeks gestation to 94% of infants born at 22 weeks 

gestation (Barbara J. Stoll et al., 2010). Of the 2.8 million worldwide neonatal deaths in 

2013, a large proportion were due to neonatal infections, including neonatal sepsis 

(15.9% of all deaths), pneumonia (4.5%), and tetanus (2.25%) (World Health 

Organization, 2014), as shown in Figure 1.3. In high-resource countries, neonatal sepsis 
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causes fewer deaths; in 2008 in Australia, with a population of 21 million people where 

GDP was 1,069.3 billion USD, 2.5% of neonatal deaths (20 of 801) were due to 

neonatal sepsis. By comparison, one of our closest neighbours in Southeast Asia, 

Timor-Leste, has a population of 1 million and GDP of 0.489 billion USD, and in 2008, 

23.8% (452 of 1,901) of neonatal deaths were caused by sepsis (Black et al.; The 

International Monetary Fund, 2008). 

 

Figure 1.3 Causes of the 2.8 million neonatal deaths occurring worldwide between 2000–2013. 
From source (World Health Organization, 2014). 

1.1.1.1 Neonatal sepsis 

Neonatal sepsis usually occurs in the first weeks of life and is clinically defined by a 

range of symptoms including apnoea and bradycardia, feed intolerance, abdominal 

distension, lethargy and tachypnoea. The time to development of sepsis after birth 

groups the infection into either early-onset sepsis (<72 hours postpartum; EOS) or late-

onset sepsis (>72 hours postpartum; LOS). In term infants, both EOS and LOS are rare, 

occurring in about 1–2 infants per 1,000 live births (Testoni et al., 2014; Weston et al., 

2011). By contrast, more than half of infants born at 22 weeks gestation develop LOS, 

and approximately 30–40% of extremely preterm, 10–20% of very preterm, and 2% of 
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moderately preterm infants in high-resource countries like the United States of America 

develop LOS (Camacho-Gonzalez, Spearman, & Stoll, 2013; B. J. Stoll et al., 2002), 

making it one of the most significant infections in the preterm population.  

In contrast to EOS, intrapartum antibiotic prophylaxis has not reduced the high 

incidence of LOS (Camacho-Gonzalez et al., 2013). In high-resource settings, the 

causative agents of LOS are often those that are considered opportunistic pathogens; 

Staphylococcus epidermidis and other coagulase-negative Staphylococci (CoNS) are the 

most commonly isolated pathogens in blood cultures, as well as Staphylococcus aureus. 

Less commonly, Escherichia coli, Streptococcus agalactiae (Group B Streptococcus; 

GBS), Klebsiella and Enterobacter species, and Candida albicans also cause infections 

(van den Hoogen, Gerards, Verboon-Maciolek, Fleer, & Krediet, 2010). In low-resource 

settings, Gram-negative organisms are more commonly isolated from the bloodstream 

in LOS (Vergnano, Sharland, Kazembe, Mwansambo, & Heath, 2005), and the 

incidence of sepsis is higher, such as 16 cases per 1,000 live births reported in Kuwait 

(Hammoud et al., 2012). 

The trend toward increased risk of LOS in more premature infants is reflected in 

Western Australian data, where the majority of organisms causing sepsis are coagulase-

negative Staphylococci (CoNS; Figure 1.4). The degree of prematurity of an infant also 

affects the outcome of infections; preterm infants born at <30 wk gestation that develop 

LOS with Gram-negative bacteria have a two-fold greater risk (25% vs. 11.5%) of 

mortality than preterm infants born at >30 wk gestation (Gordon & Isaacs, 2006).  
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Figure 1.4. Incidence of coagulase negative Staphylococci sepsis cases in infants born at <30 weeks 
gestation (n=1,147) at King Edward Memorial Hospital in Perth, Western Australia, between 1st 
January 2001 and 31st December 2007. Source T. Strunk (Tobias Strunk et al., 2012). 

The resources that are required to support preterm infants with sepsis are significant. 

Preterm infants (<37 wk gestation) on average require a hospital stay nine times longer 

than the average stay for a term newborn; according to one study of 23,631 births in the 

United States, extremely preterm neonates require mean 67.4 days of care, compared to 

44.4 days for very preterm neonates, 6.7 days for moderately preterm infants and 1.5 

days for term infants (Institute of Medicine (US) Committee on Understanding 

Premature Birth and Assuring Healthy Outcomes et al., 2007). Preterm infants that 

develop infections require significantly longer hospitalisation than those that remain 

free from infection (mean 79 vs. 60 days) (B. J. Stoll et al., 2002), at a cost of thousands 

of dollars per day, based on estimates from the United States (Russell et al., 2007). In 

addition to short-term risk of death and illness, long-term outcomes such as cerebral 

palsy, neurodevelopmental disabilities, and chronic lung disease, are poor for those 

preterm infants exposed to infection in the neonatal period (Institute of Medicine (US) 

Committee on Understanding Premature Birth and Assuring Healthy Outcomes et al., 

2007; T. Strunk et al., 2014). In total, neonatal intensive care, lifelong medical services, 

special education and lost productivity due to illnesses costs the United States an 

estimated 51,600 USD per preterm-born individual, per year (26.2 billion USD in total 

per year) (Institute of Medicine (US) Committee on Understanding Premature Birth and 

Assuring Healthy Outcomes et al., 2007). 
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Research aimed at preventing LOS or producing better treatments in preterm infants 

should be prioritised to reduce the human and financial costs of sepsis to society. The 

incidence of LOS peaks during the second week of life (Isaacs, 2003), making the first 

week of life a critical time for interventions to prevent LOS. The differences identified 

between the term and preterm neonatal populations in the first week postpartum offer 

the best opportunities for researchers to identify the causes of the high incidence of 

sepsis in preterm infants. That infections do not usually occur in the first week of life 

indicates that the source of infecting bacteria is encountered postnatally, and raises the 

question of where the reservoir of infecting bacteria come from. 

1.1.1.2 Source of nosocomial pathogens in LOS 

Historically, LOS has been associated with indwelling plastic devices, often used in 

preterm infants to deliver nutrition when feeding milk is delayed or withheld, or for 

delivery of medicines. However, in a recent study of 150 neonates born at <32 wk 

gestation in a Belgian NICU, only 16% of the 42 LOS cases were associated with 

positive cultures from indwelling devices, and though the gut and maternal milk were 

predominantly colonised by staphylococcal bacterial species, the type of feeding 

(milk/formula/pasteurised donor milk) did not affect gut staphylococcal colonisation 

patterns (Cossey, Vanhole, Verhaegen, & Schuermans, 2014). Though breast milk can 

be the source of microbes colonising the gut, Cossey et al. also demonstrated that 

pasteurisation of mothers’ own milk (MOM) to remove CoNS bacteria did not reduce 

the incidence of LOS in a study of 303 infants born at <32 wk gestation (Cossey et al., 

2013). Lavoie reported that although LOS was associated with the use of indwelling 

devices, after adjusting for the number of days without enteral feeding, indwelling 

devices were not associated with LOS but time to enteral feeds and without enteral 

feeds were significantly associated with LOS (P. M. Lavoie, 2009). In many cases, LOS 

bacterial strains cannot be attributed to any specific catheter source, and other points of 

entry through the epithelia may be considered (Lepainteur et al., 2013).  

Recently, studies have investigated bacterial translocation from the gut as a source of 

exposure to LOS-causing organisms. In a study by Soeorg et al. examining 22 infants 

with LOS caused by CoNS in Estonia, 18 (82%) of preterm infants with CoNS sepsis 

shared the same species of bacteria in their faeces and bloodstream, and 13 of 22 (59%) 

of the isolates were found in the gut prior to the blood culture and were genetically 
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similar strains through typing (Soeorg et al., 2013). In a separate analysis by Cossey et 

al. in Belgium, nine of 24 neonates (26%) with LOS had the same bacterial strain in 

their faeces in the week preceding the positive blood culture (Cossey et al., 2014). In 

addition to evidence supporting gut translocation of CoNS species, there is also strain 

homology between non-CoNS organisms colonising the gut and those causing LOS 

isolated from the bloodstream; Carl et al. reported that in their study in the United 

States of America that of 11 of infants born at low birth weight (median gestation 26 

wk) with Gram-negative LOS infections and available faecal samples, seven (27%) had 

matching isolates in their faecal sample prior to sepsis (Carl et al., 2014). Though 

Gram-negative LOS is less common, bacteria such as E. coli or S. agalactiae (GBS) 

result in higher mortality compared to CoNS species, as previously described. 

Pathologies affecting the GI tract including feed intolerance, necrotising enterocolitis 

and delayed breast milk feeds are also risk factors for LOS (Patel et al., 2013; B. J. Stoll 

et al., 2002). Clearly, there is a real possibility of the gut being a reservoir for LOS-

causing pathogens in the very preterm neonatal population.  

The preterm gut is rapidly colonised with CoNS species in the first days after birth, 

demonstrated by faecal cultures reaching a density of approximately 10 million CFU/g 

faeces in the first week of life (Cossey et al., 2014). Jacquot et al. found in a study of 29 

very preterm infants that Staphylococci were the predominant bacterial group found in 

342 stool samples collected between days 3–56 postpartum, with 57% of OTUs 

identified belonging to this genus (Jacquot et al., 2011). A study of preterm and term 14 

infants admitted to a NICU in France found the mean microbial load in stool was 61 

million CFU/g, and that 25% of culturable bacteria and 27% of strains in culture-

independent analyses were Staphylococci (Roudiere et al., 2009).  

The CoNS group contains 13 species known to colonise humans (Mohan P. Venkatesh, 

Placencia, & Weisman, 2006). Together, CoNS species cause about half of LOS cases, 

and in a study of 86 Dutch infants by Hira et al., isolated CoNS species were dominated 

by S. epidermidis (58%), but other species commonly seen included S. haemolyticus 

(18%), S. capitis (15%), S. hominis (8%) and S. warneri (2%) (Hira et al., 2007; B. J. 

Stoll et al., 2002). CoNS organisms such as Staphylococcus epidermidis in the gut are 

often derived from breast milk, being a major bacterial species of the milk microbiota 

(Jimenez et al., 2008). Regardless of whether milk is a reservoir for bacteria causing 
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LOS, if the gut is the entry point for LOS pathogens, then development of infection 

must involve translocation of bacteria into the bloodstream. It was proposed by Berg 

based on studies in animal models that such bacterial translocation occurs regularly in 

the GI tract, and may be promoted by a) intestinal bacterial overgrowth, b) mucosal, 

cell-mediated and humoral immune deficiencies, and/or c) deficiencies in gut barrier 

functions (Berg, 1995).  

Intestinal bacterial overgrowth can be promoted by a number of mechanisms. About 

one-quarter to one-half of S. epidermidis strains isolated from newborn express 

virulence factors, particularly those related to persistence, including genes for biofilm 

formation and antibiotic resistance (Jimenez et al., 2008). The strains of S. epidermidis 

most often causing infections in preterm infants in neonatal units are potentially 

selected for persistence in the hospital environment, through antibiotic resistance, 

displaying biofilm characteristics, or adherence to host tissues (Klingenberg et al., 

2007). Additionally, some S. epidermidis strains contain quorum sensing activated 

genes for Phenol-soluble modulin (PSM), a complex with strong inflammatory 

reactions in the host (which normally requires a sufficient density of bacteria to activate 

quorum sensing); however, presence of this gene inhibits the ability of the bacteria to 

form biofilms (Vuong et al., 2004). In this sense, there is little evidence that the 

virulence of these organisms is related to invasiveness (Klingenberg et al., 2007), and 

therefore infection probably only occurs in the context of failure of host defences.  

Though individual bacterial strain characteristics may not play a central role in the 

susceptibility of preterm to LOS, other factors related to large bacterial numbers and 

dominance of a strain of populations in the gut microbiome could play a role. The 

gastrointestinal microbiota of preterm infants is influenced by postnatal age, antibiotic 

use, mode of delivery and breastfeeding (La Rosa et al., 2014). Dysbiosis is a term to 

describe unfavourable microbiota, and is thought to be a result of antibiotic use, 

ischaemia, genetic variation, or inflammation, and may make the host more susceptible 

to infectious diseases (Nita H. Salzman & Bevins, 2013). An episode of LOS may be 

preceded by changes in faecal microbiota including decreased overall diversity and 

increased bacterial numbers in the gut (Carl et al., 2014; Fernandes et al., 2011), and 

CoNS are more likely to be present in faecal samples from infants suffering from LOS 

(Stewart et al., 2012). CoNS and other LOS pathogens may not be the only abundant 

bacterial species in the gut, but to colonise the bloodstream, microbes must be tolerant 
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of oxygen; a factor that may reduce the potential number of gut pathogens in LOS 

(Berg, 1995). Potentially, the inability of the preterm gut to regulate bacterial numbers 

or respond to microbial stimuli could play a role in the development of LOS, and the 

differences between preterm and term gut regulation of microbiota should be 

investigated. However, sepsis probably does not occur due to overgrowth of bacteria in 

the intestine alone, and probably requires failure of the mucosal immune system to 

protect the epithelial barrier as a first line of defence and, subsequently, the failure of 

the humoral immune system as a second line of defence (Berg, 1995). These defences in 

preterm infants are discussed below.  

1.2 Active and passive immune defence of the gut and 
bloodstream 

Immunity in neonates may be broadly divided into active and passive, or adaptive and 

innate immunity. Active adaptive immunity involves neonatal production of specific 

antibodies in response to specific pathogen antigens, which is deficient in neonates and 

especially in preterm neonates (Marchant, Boyce, Sadarangani, & Lavoie, 2013), 

whereas passive adaptive immunity may involve the protection by placental-derived 

maternal immunoglobulins, or ingestion of maternal breast milk immunoglobulins and 

immunocompetent cells.  

Both cellular and humoral active defences in newborns are weak overall, and worse in 

preterm infants; innate immune defences are primary defences of the newborn’s 

immune system (Levy, 2007). Known preterm infant humoral immune deficiencies 

include a decreased pool of peripheral leukocytes, decreased placental immunoglobulin 

transfer, and a decreased cellular cytokine production in response to pathogens or TLR 

stimulation (Currie et al., 2011; Hobbs & Davis, 1967; Pascal M. Lavoie et al., 2010; 

Melville & Moss, 2013). That active and adaptive defences in the context of LOS may 

be less important might explain the lack of success with interventions or studies related 

to compensating these immunological deficiencies. These data are summarised in Table 

1.1. 
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Deficiency Treatment Study type Outcome References 

Hypo-
gammaglobulinaemia 

IV IgG Cochrane 
review of 

intervention 

3% reduction in sepsis 
but not mortality 

(Ohlsson & Lacy 
Janet, 2013) 

Neutropaenia G-CSF and GM-
CSF 

Cochrane 
review of 

intervention 

No conclusive 
evidence of benefit 

(Carr, Modi, & 
Doré Caroline, 

2003) 
- Observational No increase in LOS in 

infants born with 
neutropaenia 

(Teng, Wu, 
Garrison, 

Sharma, & 
Hudak, 2008) 

Poor antibody 
 responses to 

bacteria 

Anti-
Staphylococcal 

antibody 

Cochrane 
review 

No benefit (Shah 
Prakeshkumar & 
Kaufman David, 

2009) 
? Naïve immune cells - Observational Exposure to 

intrapartum 
chorioamnionitis 
reduces LOS in 
preterm infants 

(Tobias Strunk et 
al., 2012) 

Bacterial responses Prophylactic 
Vancomycin 

Cochrane 
review of 

intervention 

Reduced incidence 
but not mortality; 

adverse effect not 
adequately assessed 

(Craft Alissa, 
Finer, & 

Barrington Keith, 
2000) 

Table 1.1 Trials and observational data related to active or adaptive immune deficiencies in 
preterm infants. 

Despite the benefits of adaptive immunity such as antigen-specific antibody production 

and immunological memory, an estimated 5–10 million species of metazoans rely solely 

on innate immunity to defend themselves against the omnipresent threat of 

microorganisms (Hoffmann & Reichhart, 2002). The highly conserved nature of 

systems that recognise and respond to non-eukaryotic molecular patterns in the gut 

through expression of antimicrobial proteins and peptides (AMPs) is seen through 

parallels between the fruit fly Drosophila species and humans (Lee & Lee, 2014). In the 

GI tract, the innate defences include physical barriers to avoid contact with microbes 

such as epithelia and the mucous layer, acidification of the stomach, the secretions of 

Paneth cells onto surfaces containing antimicrobial peptides (AMPs), and phagocytes, 

as well as others (Jakaitis & Denning, 2014). That the host has some control over the 

makeup of the gut microbiota is clear, since the same microbes are regularly isolated 

from guts of members of the same species or phenotype (La Rosa et al., 2014; Lee & 

Lee, 2014). The production of AMPs from infant gastrointestinal cells with the ability 

to inhibit bacteria shows a gestational age-dependent increase, and preterm infants may 

have decreased levels of AMPs in circulation (Mallow et al., 1996; T Strunk et al., 

2009). Nevertheless, only one-third of preterm infants with these known deficiencies 

develop LOS, and therapies aimed at these deficiencies have been largely unsuccessful. 

This implies that other factors play a role in either compensating for these deficiencies 
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in two-thirds of preterm infants, or that one-third of preterm infants that develop LOS 

have additional unknown immune deficiencies. 

1.2.1 Passive immune defence of human breast milk 

Though many studies have aimed to correct preterm neonatal immune deficiencies, only 

those using breast milk or milk antimicrobial factors to help with mucosal defences 

have shown benefit in protection against LOS in low birth weight infants. Though 

probiotics derived from human milk may reduce the incidence of necrotising 

enterocolitis or have other benefits, interventions with probiotic bacteria have not 

provided evidence of benefits to prevent LOS (Janvier, Malo, & Barrington, 2014). 

However, earlier initiation of breast milk feeds, higher doses of milk in the first month 

postpartum and interventions using bovine lactoferrin (a homologue of the most 

abundant milk AMP) have led to improvements in LOS incidence and mortality (Akin 

et al., 2014; P. M. Lavoie, 2009; Manzoni, Rinaldi, Cattani, & et al., 2009; Pammi & 

Abrams, 2011; Patel et al., 2013; Rønnestad et al., 2005). This suggests that the 

mechanism of protection may be related to consumption of breast milk, an important 

source of passive immune defence in newborns.  

Preterm infants generally consume much less milk than term infants due to feed 

intolerance or restricted feeding during illness (Fanaro, 2013). Additionally, clinical 

practice based on fears of necrotising enterocolitis often recommends slow introduction 

of feeds for preterm infants, though evidence suggests withholding feeds does not 

reduce the rate of this disease (Morgan, Young, & McGuire, 2013). Furthermore, 

preterm infants that develop LOS infection consume even less breast milk and its 

immune factors in the neonatal period than other preterm infants (Patel et al., 2013), 

which could compound their immune deficiency. Early clinical research into 

oropharyngeal administration of colostrum starting by 48 hours postpartum to extremely 

preterm infants indicates that this practice may reduce clinical signs of LOS, and have 

effects on systemic immunity (Lee et al., 2015). Breast milk may defend the gut from 

sepsis through a range of immunological defences passively transferred to the infant 

(Figure 1.5).  
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Figure 1.5. Proposed model of how lack of breast milk consumption leads to an increased risk of 
late-onset sepsis in preterm infants. From source (Wiest & Rath, 2003). 

1.3 Innate defence molecules in human milk 

The specific factors in preterm human breast milk that may prevent LOS have not yet 

been investigated, though milk-derived immune defence factors that contribute to 

mucosal immunity represent strong candidates. Though breast milk contains probiotic 

bacteria, and prebiotic molecules that may influence the gut microbiota (Yu et al., 

2012), attempts to alter the susceptibility to LOS through probiotic therapy has not been 

successful as it has been for necrotising enterocolitis in the preterm population (Janvier 

et al., 2014), suggesting differing risks or mechanisms of these diseases. If prevention 

of bacterial overgrowth, maintenance of barrier function of the gut and supplementing 

immune deficiency in newborns are targets to prevent bacterial translocation, as 

proposed by Berg (Berg, 1995), then breast milk provides defences in each of these 

categories.  

The extent of the ability of milk factors to compensate for immune deficiencies in the 

preterm gut is unknown. Much information about the innate immunological factors in 

preterm breast milk is based on a single, or a small number of studies, particularly for 

the less abundant factors. The relative lack of interest in these factors does not 

necessarily indicate that they are any less important than other molecules that have 

caught the attention of the scientific community. Rather, any of the factors in the 

neglected area of breast milk innate immunology, including antimicrobial 

proteins/peptides (AMPs), pattern recognition receptors (PRRs), cytokines, or milk 

leukocytes, could be the key to understanding the protective activity of milk against 
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pathogens. Further work will be required to characterise these factors in colostrum and 

mature milk, from both preterm and term mothers, and how they interact with the 

newborn gut and immune system. 

1.3.1 Antimicrobial proteins/peptides (AMPs) in milk: preventing bacterial 

overgrowth? 

The majority of AMPs can be described as small, amphipathic, cationic peptides, that 

disrupt the cell membrane of target cells, including bacteria and fungi. Though their 

name implies that their major function is killing microbes, many AMPs have been 

identified as immune modulating compounds. The range of antimicrobial and immune 

modulating activities of the human antimicrobial peptides were recently reviewed (G. 

Wang, 2014). Greater frequency of contact between bacterial cells and the host GI 

tissues would be predicted in bacterial overgrowth in the gut, as the ratio of bacterial to 

host cells increases. Therefore, the actions of AMPs in milk that reduce bacterial 

numbers could reduce bacterial translocation in this model (Berg, 1995). 

A lack of sufficient concentrations of antimicrobial peptides has been suggested as a 

cause of many infectious diseases (Rivas-Santiago, Serrano, & Enciso-Moreno, 2009). 

Defects in expression of antimicrobial peptides in neutrophilic granules in patients with 

Chediak-Higashi syndrome lead to recurrent infections with similar pathogens to 

preterm infants, such as Staphylococci. Patients who suffer from atopic eczema have 

decreased expression of the AMPs human β-defensins 2 and 3 (HBD2; HBD3) and LL-

37 in the skin, and are more likely than non-atopic individuals to suffer from infections 

with Staphylococcus aureus (Rivas-Santiago et al., 2009). Indeed, some cases of LOS 

with Staphylococcal species are thought to come from the epidermis, and could be a 

result of low levels of AMPs either locally or systemically expressed, since AMP levels 

are significantly lower in concentration in plasma of very premature infants compared 

to term infants or adults (T Strunk et al., 2009). Low plasma levels of the LL-37 

precursor protein, hCAP-18, are correlated with increased risk of infectious disease in 

patients undergoing renal dialysis (Gombart et al., 2009), and lower plasma levels of 

HBD2 are found in preterm infants with sepsis (Olbrich et al., 2013).  

In cases where the gut may be the source of bacterial translocation, then models of the 

gut should be considered for evidence of the role of AMPs in preventing translocation. 
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In vivo, parenteral LL-37 protects rats from sepsis (Cirioni et al., 2006). In Drosophila, 

the model invertebrate species for studying innate immunity, mutants that lack AMP 

production have elevation bacterial numbers in the gut and increased epithelial cell 

turnover (Lee & Lee, 2014). In the vertebrate mouse model, starvation results in Paneth 

cell dysfunction, including decreased AMP production, and increased levels of 

intestinal bacterial translocation are seen (Hodin et al., 2011). Gestational age-

dependent increases in AMP expression and Paneth cell numbers in the immature 

human preterm gut are observed (Mallow et al., 1996; N. H. Salzman et al., 1998). In 

humans with Crohn’s disease, pathogenesis is related to decreased expression of 

defensins by Paneth cells independent of inflammation (Bevins & Salzman, 2011). 

Therefore, dysbiosis in LOS may be related to poor homeostasis of normal AMP levels 

due to immaturity of the preterm gut, and, we hypothesise, the deficient levels of AMPs 

consumed in preterm mothers’ milk. 

In contrast, the overexpression of AMPs may have negative effects on the host, where 

dysbiosis and loss of species diversity is observed. In Drosophila, overexpression of 

AMPs results in dysbiosis where reduction of major bacterial species and overgrowth of 

minor bacterial groups occurs (Lee & Lee, 2014). The regulation of the expression of 

immune factors appears critical to regulating the microbiota effectively in the human 

gastrointestinal tract. A review of the published antimicrobial activities of milk factors 

against the most common pathogens causing neonatal LOS is shown in Table 1.2. It 

appears from the correlation between faecal and milk concentrations of LF and 

secretory IgA that milk factors survive digestion (Davidson & Lonnerdal, 1987). 

However, for most molecules, it is not known whether they reach the gut and/or are 

absorbed to the bloodstream without being digested. A brief review of the major 

defence systems in milk are discussed below.
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Molecule Milk concentration (term) Functional range against neonatal sepsis-causing microbes 
Staphylococcus epidermidis  Staphylococcus aureus  Escherichia coli Streptococcus agalactiae  

(GBS) 
Lactoferrin 4.9 mg/mL median in <28 

days milk (Rai et al., 2013) 
 

MIC50= 0.5-2 mg/mL (M. P. 
Venkatesh & Rong, 2008) 

5-20 µM (Aguila et al., 2001) 
MIC = 9.4 µM (Cederlund, 

Agerberth, & Bergman, 2010) 

Bovine LF MIC 1-5 
mg/mL(Naidu, Svensson, 
Kishore, & Naidu, 1993) 

Bovine LF 5 mg/mL 
(Murdock, Cleveland, 

Matthews, & Chikindas, 
2007) 

Resistant to 1mg/mL bovine 
LF (Rainard, 1986) 

HBD1 1.7 µg/mL median 
(Armogida, Yannaras, 
Melton, & Srivastava, 

2004) 

- 
 

ED50  (pH 7.4/4.6) = 10 /6.5 µg/mL 
(Chen et al., 2005) 

ED50  (pH 4.6 = 30 µg/mL (Chen 
et al., 2005) 

48% killing at 15 µg/mL 
(Nuding et al., 2009) 

- 

HBD2 21.3 µg/mL median 
(Armogida et al., 2004) 

Weak activity at 100 µg/mL 
(Huang, Jean, Proske, Reins, & 

McDermott, 2007) 

ED50  (pH 7.4/4.6) = 7.6 /1 µg/mL 
(Chen et al., 2005), MIC 62 

µg/mL (Bals, Wang, Wu, et al., 
1998) 

82% killing at 15 µg/mL 
(Nuding et al., 2009), 

MIC=62 µg/mL(Bals, Wang, 
Wu, et al., 1998) 

>65% killed by  
1.25 µg/mL(Jones, Mertz, 

Carl, & Rubens, 2007) 

LL-37 35 µM / 128 ng/mL 
(Murakami, Dorschner, 

Stern, Lin, & Gallo, 2005) 

32 µg/mL (Nelson et al., 2009) 
MIC 7.6 – 43.9 µg/mL (Turner, 
Cho, Dinh, Waring, & Lehrer, 

1998) 

MIC 31 µg/mL (Bals, Wang, 
Zasloff, & Wilson, 1998) 

ED50  (pH 7.4/4.6) = 0.23/0.86 µg/mL 
(Chen et al., 2005) 

MIC 8 µM (Murakami et al., 
2005) 

2-3 µg/mL (Turner et al., 1998) 

MIC 16 µg/mL (Bals, Wang, 
Zasloff, et al., 1998) 

ED50  (pH 7.4/4.6) = 0.16 /1.2 
µg/mL (Chen et al., 2005) 

MIC 4 µM (Murakami et al., 
2005) 

MIC 6-8 µg/mL (Turner et al., 
1998) 

Not affected by 32 µM 
(Hamilton et al., 2006) 

HNP 1-3 group - - MIC= 9.4 µM (Cederlund et al., 
2010) 

- MIC 27.5 µg/mL (Hamilton 
et al., 2006) 

Not affected by 50 µg/mL 
(Poyart et al., 2003) 

Table 1.2 Published data on the antimicrobial activity of AMPs found in breast milk against common neonatal pathogens. Abbreviations: MIC= minimum inhibitory 

comcentration; MIC50= concentration at which 50% of bacterial growth is inhibited; ED50= median effective dose; LF=lactoferrin.
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Molecule Milk concentration (term) Functional range against neonatal sepsis-causing microbes 
Staphylococcus epidermidis  Staphylococcus aureus  Escherichia coli Streptococcus agalactiae  

(GBS) 
HNP-1 HNP-1 33.0 µg/mL median 

(Armogida et al., 2004) 
MIC 5.2->250 µg/mL(Turner et 

al., 1998) 
LD50 ~2-4 µg/mL (Ericksen, 

Wu, Lu, & Lehrer, 2005) 
 ED50 of 0.9 µg/ml(Nagaoka, 
Hirota, Yomogida, Ohwada, & 

Hirata, 2000) 

LD50 = 3.5 µg/mL  
(Ericksen et al., 2005) 

 ED50 of 
2.8 µg/ml (Nagaoka et al., 

2000) 

- 

HD5 2.4 µg/mL median 
(Armogida et al., 2004) 

MIC 28-32 µg/mL (A. P. Wang, 
Su  Y. P., Wang  S., Shen  M. 
Q., Chen  F., Chen  M. Ran  X. 
Z.., Chen T. M. and Wang J. P., 

2010) 

No activity (Ericksen et al., 
2005) 

Strain dependent  
MIC 6-7 µg/mL (A. P. Wang, 
Su  Y. P., Wang  S., Shen  
M. Q., Chen  F., Chen  M. 

Ran  X. Z.., Chen T. M. and 
Wang J. P., 2010) 

LD50 103->256 µg/mL 
(Ericksen et al., 2005) 

- 

HD6 3.1 µg/mL median 
(Armogida et al., 2004) 

- LD50 7-21 µg/mL (Ericksen et 
al., 2005) 

LD50~9-14 µg/mL(Ericksen 
et al., 2005) 

- 

Lysozyme 20-40 µg/mL(Mehta & 
Petrova, 2011a) 

Not sensitive to 200 mg/mL by 
agar diffusion (Bera, Biswas, 

Herbert, & Gotz, 2006) 

ED50  (pH 7.4/4.6) = 8.6 /2.6 µg/mL 
(Chen et al., 2005) 

Not sensitive to 200 mg/mL by 
agar diffusion (Bera et al., 

2006) 

Not sensitive to 50 µg/mL 
(Ibrahim, Yamada, 

Matsushita, Kobayashi, & 
Kato, 1994) 

50% inhibition at 1.8 µM 
(Hiemstra et al., 1996) 

LD50 100 ng/mL(Quach et 
al., 2009) 

 Table 1.2 continued Published data on the antimicrobial activity of AMPs found in breast milk against common neonatal pathogens. Abbreviations: MIC= minimum 

inhibitory comcentration; MIC50= concentration at which 50% of bacterial growth is inhibited; ED50= median effective dose; LD50=median lethal dose. 
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1.3.1.1 Lactoferrin 

Lactoferrin (LF) is an abundant iron-binding milk protein, which exists in two forms, 

holo- and apo-lactoferrin. The latter iron-free variety is the major type secreted in milk, 

and has greater antimicrobial activity than iron-rich holo-LF against Escherichia coli 

(Dionysius, Grieve, & Milne, 1993). Additionally, LF is found in most other exocrine 

fluids, coating the surfaces of mucosa and epithelia (reviewed in (Legrand, 2012)) and 

can be taken up by LF receptor-bearing epithelial cells in the gut. This causes 

proliferation of enterocytes in vitro, which may contribute to the less permeable 

intestine of breastfed infant guts (Buccigrossi et al., 2007; Jiang, Lopez, Kelleher, & 

Lönnerdal, 2011). 

LF has a dual antimicrobial function, both sequestering free iron from the environment, 

inhibiting the growth and virulence factors of iron-dependent microbe, as well as 

directly interacting with the membranes of bacteria through iron-independent 

mechanisms (Jenssen & Hancock, 2009). LF has direct killing activity against a range 

of organisms that are commonly responsible for sepsis in newborns, including S. 

aureus, E. coli and S. epidermidis (refer to Table 1.2), though it allows the growth of 

slow growing commensal organisms such as Bifidobacterium species (Kim, Tanaka, 

Kumura, & Shimazaki, 2002). The Minimum Inhibitory Concentration (MIC) required 

for antimicrobial activity in vitro is generally within the published range of 

concentrations observed in human milk, which is reported between 1–10 mg/mL (Mehta 

& Petrova, 2011a; Montagne, Cuillière, Molé, Béné, & Faure, 1999; Patricia A. 

Ronayne de Ferrer, Baroni, Sambucetti, López, & Ceriani Cernadas, 2000). It has been 

suggested that the levels of LF in preterm milk may be either higher or lower than in 

term milk (see Table 1.), however, due to the differences in methodology, more studies 

will be required to determine if prematurity affects milk LF concentrations (Rai et al., 

2013).  

1.3.1.1.1 Bovine lactoferrin 

If LF is found to be important for defence of newborns against LOS, then future 

formula composition and pasteurised donor human milk (PDHM) may be supplemented 

with these materials. The cost of routinely adding human milk proteins to infant formula 
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and pasteurised donor human milk (PDHM) at this time would be prohibitive 

(Jantscher-Krenn et al., 2011), but future research could focus on developing cheaper 

methods to produce milk factors on a mass scale. Clinical trials seeking to circumvent 

this problem have already moved to the use of bovine lactoferrin (bLF), a homologue of 

an abundant antimicrobial protein in human milk, in oral dosing for preterm infants, 

with some success. Bovine lactoferrin (bLF) shares 77% amino acid homology with the 

human form, has higher in vitro antimicrobial activity (Manzoni et al., 2009), and can 

bind to human LF receptors in enterocytes to be taken up, causing some of the same 

effects as human LF in the cell (Lönnerdal, Jiang, & Du, 2011). For this reason, and its 

documented in vitro antibacterial and immunomodulatory effects, clinical trials using 

bLF as an intervention have been performed in the preterm population, with some 

indications that it can reduce LOS, though further work in this area is being carried out 

(Turin et al., 2014). The addition of bLF to mother’s milk leads to a significantly 

reduced incidence of late-onset sepsis in VLBW infants, particularly of Gram-positive 

organisms, compared to controls (Manzoni et al., 2009). Presence of bLF in serum and 

tissues of mice given oral doses of the protein indicates that both human and bovine 

forms can survive proteolytic degradation and cross the intestinal epithelium in order to 

have systemic effects (Fischer et al., 2007).  

1.3.1.2 Lysozyme 

Lysozyme (LZ) is an enzyme found in human milk and other fluids, and belongs to a 

larger group of lysozyme molecules, which are ancient and conserved in many animals.  

LZ was discovered by Alexander Fleming, and its function is to degrade the cell wall of 

peptidoglycans in bacteria and, in addition, it can have anti-inflammatory effects 

(Rubio, 2014). A number of Staphylococci display resistance to the antimicrobial 

activities of LZ, including S. aureus and S. epidermidis, two critical LOS pathogens 

(Bera et al., 2006). However, synergistic activities with other antimicrobial factors 

against Staphylococcus aureus and Escherichia coli have been reported (Chen et al., 

2005). Recently, transgenic pigs expressing 1,500 fold higher levels of LZ in milk were 

created and piglets fed their milk had lower intestinal concentrations of E. coli and 

improved gut health compared to non-transgenic pigs (Lu et al., 2014), which suggests 

that LZ can affect the microbiota, though at unnaturally high levels. The specific effects 

of LZ in the human gut are unclear, but LZ is reported to be found in higher 
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concentrations in preterm milk, but the levels in milk are not correlated with bacterial 

load (Braun & Sandkuhler, 1985). Therefore, the concentrations of LZ in human milk 

may not be sufficient to have significant antibacterial activity, or the activity may be 

redundant. In mouse models, LZ gene knockout results in accumulation of Gram-

positive bacterial peptidoglycans and continuing inflammatory responses relative to 

wild type mice (Ganz et al., 2003), therefore, the effects of milk LZ could be anti-

inflammatory in this manner. 

1.3.1.3 Cathelicidin 

LL-37 is the only known human cathelicidin. It is expressed in human breast milk and 

other tissues, though it is not always detectable in the laboratory in human milk 

(Hettinga et al., 2011), perhaps due to the relatively low concentrations (approximately 

128 ng/mL (Murakami et al., 2005)). Like LF, LL-37 has both antimicrobial and 

immunomodulatory activities, and the LL-37 levels found in milk are reported to have 

inhibitory activity against a range of bacteria including E. coli and S. aureus (Murakami 

et al., 2005). However, the amount of antimicrobial activity against bacteria appears to 

be strain-dependent (Turner et al., 1998), and affected by differing concentrations of 

saline and calcium (Travis et al., 2000; Turner et al., 1998). The functional activity is 

correlated to the α-helix formation, which is maintained within specific pH and anion 

concentration ranges (Johansson, Gudmundsson, Rottenberg, Berndt, & Agerberth, 

1998). These specific requirements for activity may not be fulfilled in human breast 

milk or the gut, and activity of LL-37 in these biological settings could be limited. The 

concentrations of LL-37 in preterm milk are not known. 

1.3.1.4 Human defensins 

To date, 6 α-defensins and 31 β-defensins have been identified in the human genome, 

however only 4 β-defensins have been well studied. Defensins present in the lumen of 

the intestines may act via non-specific binding to microbes that are sampled from the 

environment through pinocytosis (Lehrer & Lu, 2012).  

The alpha defensins that have been measured in breast milk include HNP-1, HNP-2, 

HNP-3, HD5, and HD6. HD5 and HD6 are chiefly produced by mucosal epithelial cells, 
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including Paneth cells, where they are stored in granules, and regulate the 

gastrointestinal microbiota (N. H. Salzman et al., 2010). HNP’s are mainly found in 

neutrophil granules.  

The only human β-defensins knowns to exist in breast milk are HBD1 and HBD2. In 

contrast to HBD1, HBD2 is not constitutively expressed in the gut but is rapidly 

upregulated when inflammatory stimuli are present (O'Neil et al., 1999). Given the 

published concentrations of these two molecules in human milk, one would expect that 

both could have some inhibitory or microbicidal activity in the infant gut (Table 1.2). 

The concentrations of defensins in preterm milk were measured by Armogida et al. who 

did not find any difference from term milk (see Table 1.), and by Wang et al. who found 

higher concentrations of HBD1 and HBD2 in mature preterm milk compared to term 

mature milk (Armogida et al., 2004; X. F. Wang et al., 2014). More studies will be 

required to confirm the results of these small studies. 

1.3.1.5 AMP interactions 

Lactoferrin can act synergistically with lysozyme to allow the latter to attack the cell 

membrane, notably in S. epidermidis (E. C. Leitch & M. D. P. Willcox, 1999), with LL-

37 against a panel of Gram-negative and Gram-positive organisms (Bals, Wang, 

Zasloff, et al., 1998), as well as acting synergistically with more than one antibiotic 

against clinical S. epidermidis and C. albicans, regular preterm neonatal pathogens (M. 

P. Venkatesh & Rong, 2008). Though production of AMPs is the first line of defence 

against bacterial invasion, none of these innate immune molecules exist in isolation. 

Even if bacterial numbers or types are controlled by AMPs in the gut, other components 

of the immune system may come into play to as a second line of defence against 

bacterial translocation, by preventing bacterial attachment to the gastrointestinal 

epithelium, or contributing to host tissue defences. These molecules found in milk are 

discussed below. 

1.3.2 Soluble pattern recognition receptors (PRRs) and cytokines in milk 

Soluble receptors in milk may contribute to the innate defence of the newborn gut in 

several ways. Binding by receptors away from the host tissues can prevent binding to 

microbial receptors on the epithelium by steric hindrance, by trapping bacteria in cross-
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linked clumps that are moved along by peristalsis, or may contribute to the sampling of 

bacteria in the gut by the immune system. Cytokines may help to control the neonatal 

epithelial immune responses to colonising bacteria. These data are summarised below 

for the major recognition receptors.  

1.3.2.1 Human milk oligosaccharides 

Human milk oligosaccharides (HMOs) are abundant, unconjugated glycans found in 

human milk at greater concentrations than protein, with proposed benefits to the infant 

as prebiotic growth factors for probiotic bacterial species such as Bifidobacteria, 

potentially contributing to the development of the infant gut microbiota (Bode, 2012). 

In addition, these molecules may also have some pathogen binding functions that 

protect the GI epithelium from attachment and invasion (Jeurink, van Esch, Rijnierse, 

Garssen, & Knippels, 2013). However, in the context of preterm infants, the growth of 

staphylococci that cause LOS are also encouraged by HMOs, though the effects are 

independent of catabolism of the HMO (K. M. Hunt, Preuss, et al., 2012). Therefore, it 

is not likely that HMOs contribute to protection against LOS, and this has been 

confirmed by the lack of success of clinical trials using oligosaccharides to prevent LOS 

(Srinivasjois, Rao, & Patole, 2013).  Despite the lack of protection against LOS, HMOs 

may be present in higher concentrations in preterm mothers’ milk, and have a range of 

other beneficial effects for newborns (Bode, 2012). 

1.3.2.2 Toll like receptors 

Toll like receptors (TLRs) are evolutionarily conserved receptors, involved in immune 

recognition of pathogen associated molecular patterns (PAMPs). While each of the ten 

recognised human TLRs has a different function, TLR2 and TLR4 are involved in 

recognition of Gram-positive and Gram-negative bacteria, respectively. Breast milk 

contains soluble Toll-like receptor 2 (sTLR2), a non-cell bound version of the molecule 

responsible for recognition of Gram-positive pathogen-associated molecular patterns 

(PAMPs), particularly peptidoglycan, lipoteichoic acid and lipoprotein from Gram-

positive bacteria (LeBouder et al., 2006; LeBouder et al., 2003). In addition to the 

isolation of sTLR2 in milk, Armogida et al. reported the presence of TLR2, TLR3, 

TLR4, TLR5 and TLR7 mRNA in the cells extracted from breast milk, which indicates 
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that these molecules could be found in milk (Armogida et al., 2004). It is likely that the 

presence of TLRs in milk results in a competitive interaction with PAMP ligands, 

decreasing the ability of the ligand to bind to receptor on cells. Responses to several 

toll-like receptor ligands are modulated by exclusive breastfeeding (Belderbos et al., 

2012), specifically TLR2, TLR3 and TLR7. TLRs have not been measured in preterm 

breast milk. However, in rat models of necrotising enterocolitis, overexpression of 

TLR2 in intestinal epithelial cells correlates with mucosal damage, but expression is 

lower in pups consuming rat milk (Le Mandat Schultz et al., 2007).  

1.3.2.3 sCD14 

Soluble CD14 (sCD14) is found in high concentrations in human breast milk (mean 

52.9 µg/mL (Labeta et al., 2000)), and forms a complex with LPS that can bind to non- 

CD14 expressing cells. The role of sCD14 in milk may be dual; to help non-CD14 

expressing cells to respond to potential Gram-negative infections, or to prevent 

inflammation by acting as a decoy receptor. sCD14 appears to be digested or absorbed 

in the upper gastrointestinal tract (Blais, Harrold, & Altosaar, 2006), but is not 

significantly excreted in the faeces of newborns. Research shows that α-lactalbumin 

prevents proteolytic digestion of sCD14 in vivo in an animal model (Spencer et al., 

2010). Milk sCD14 is required, but alone not sufficient, for an effective response to 

TLR4 stimulation, responsible for recognition of Gram-negative endotoxin (LPS), to 

occur (Jaillon et al., 2013; LeBouder et al., 2006). The concentrations of sCD14 in 

preterm milk relative to term milk are not known. 

1.3.2.4 Secretory IgA 

Secretory IgA (sIgA) makes up a large component of the immune makeup of breast 

milk (about 1–2 mg/mL in term mothers (Kawano & Emori, 2013)), indicating 

important functions in the newborn. Though technically an antibody pair, each with 

antigen-specific binding regions and therefore part of the adaptive immune system, 

sIgA can use other regions to non-specifically bind microbes to prevent attachment to 

the epithelium and detection by the immune system, thereby conserving gastrointestinal 

homeostasis, and being an essential part of innate as well as passive adaptive immunity 

in mucosal surfaces (Mantis, Rol, & Corthesy, 2011). Human sIgA given in formula to 

neonatal rabbits prevents gastrointestinal translocation of bacteria to distant sites 
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(Maxson, Jackson, & Smith, 1995). Several authors have reported that the 

concentrations of sIgA are higher in preterm milk than term milk in colostrum and 

transitional milk (refer to Table 1.). IgA is the major class of immunoglobulin in human 

milk, whereas in other mammals such as cattle, IgG is found in greater proportions 

(Stelwagen, Carpenter, Haigh, Hodgkinson, & Wheeler, 2009). 

1.3.2.5 Other immunoglobulins 

Though sIgA is the major form of immunoglobulin in milk, breast milk contains 

maternal IgG and IgM, which may bind with specificity to pathogens to opsonise them 

for recognition by immune cells, activate complement, or cause agglutination to prevent 

invasion of host tissues (Agarwal, Karmaus, Davis, & Gangur, 2011). The levels of IgG 

and IgM are much lower than sIgA in breast milk, but may help to compensate for the 

lack of adaptive immune memory in newborn infants. 

1.3.2.6 Other innate microbial recognition molecules in milk 

A number of other innate immune molecules in breast milk may opsonise bacteria and 

prevent their translocation in the gut. Complement can non-specifically bind microbes 

to allow recognition by immune cells or cause lysis through the membrane attack 

complex, and many complement factors have been identified in milk, albeit at far lower 

concentrations than in serum (Ogundele, 2001). LPS-binding protein (LBP), also found 

in milk, may play a role in regulating the LPS endotoxin derived from Gram-negative 

bacteria from stimulating an inflammatory response, but is also found at much lower 

concentrations than in blood (Labeta et al., 2000). Pentraxins are a family of proteins 

that include C-reactive protein (CRP) and prototypic long pentraxin (PTX3). CRP is 

found in human milk and blood, and is upregulated in both in response to mothers with 

mastitis (Fetherston, Wells, & Hartmann, 2006). PTX3 is produced by mammary 

epithelial cells (lactocytes) and binds pathogenic species of bacteria, and appears to be 

taken up through the gut to be detected in distant tissues (Jaillon et al., 2013). Collectins 

include a number of related PRRs including mannan-binding lectin (MBL) and 

surfactant proteins (SP). MBL, like many other PRRs, is reported to found in higher 

concentrations in colostrum than mature milk (Trégoat, Montagne, Béné, & Faure, 

2002). SP-D is detectable in mammary epithelium, which indicates its presence in 
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breast milk; however, the only study to investigate this was unable to detect SP-D in 

milk (Stahlman, Gray, Hull, & Whitsett, 2002). Other innate molecules may be present 

in milk, but further investigation of the composition of milk is required to determine the 

concentrations and effects of gestation, stage of lactation and effects on the newborn 

gut. 

1.3.3 Cytokines and their receptors in milk 

Human milk contains a large number of immune signalling molecules, which may be 

derived from the mammary epithelial cells (lactocytes) or the mature maternal 

leukocytes in milk. Diffusion from maternal serum is another possible source, though 

the levels of cytokines in milk are reported at lower concentrations than in maternal 

serum, and do not appear to correlate between the two fluids, indicating that this is not a 

major route of cytokine entry to milk (Agarwal et al., 2011). Cytokines could direct 

immune responses of maternal or newborn gut cells to help control the barrier function 

of the gut. 

The concentrations of various immune signalling molecules in milk were recently 

reviewed (Agarwal et al., 2011). According to the review, some of these cytokines may 

have significant immune-modulating effects in the newborn gut. Those appearing most 

likely to have effects are TGF-β (0-6,200 pg/mL), IFN-γ (1-2,200 pg/mL), IL-4 (0-

3,700 pg/mL), chemo-attractants CCL2 (MCP-1; mean~300-10,000 pg/mL), CXCL10 

(IP-10), CCL5 (RANTES; ~30-2,100 pg/mL), IL8, IL-12, and IL-13, which are found 

in quantities of hundreds of pg/mL, whereas Th2 cytokine IL-5 and potentially 

inflammatory cytokines eotaxin, IL-1β, IL-6, and TNF-α, and anti-inflammatory IL-10 

are generally <100 pg/mL and may have limited effects once consumed by infants 

(Agarwal et al., 2011). This is presuming that the measured levels of milk cytokines in 

these studies are representative of the preterm population, although the data shown in 

Table 1.6 suggest that the levels in preterm milk may be higher than in the general 

population. 

TGF-β is well studied relative to other milk cytokines in relation to effects in the infant 

gut. TGF-β is an anti-inflammatory cytokine, and is both produced by and has effects 

on multiple leukocytes (from (Li, Wan, Sanjabi, Robertson, & Flavell, 2006). The 

concentration of TGF-β2 in milk has been correlated with production of IgA in 
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newborns (Ogawa et al., 2004). TGF-β2 suppresses endotoxin-induced cytokine 

responses of intestinal macrophages from preterm infant gut in vitro, and enteral TGF-

β2 doses protect rat pups against intestinal injury (Campos, Repka, & Falcão, 2013). 

High levels of TGF-β2 in milk may help to control inflammation in the neonatal gut in 

response to bacteria. 

In addition to cytokines, milk may contain soluble cytokine receptors. Human milk and 

colostrum contains sIL-1RA, as well as sIL-6R, sTNF-RI/ II, which could bind free IL-

1, IL-6 and TNF-α in milk and prevent their pro-inflammatory effects (E. S. Buescher 

& Malinowska, 1996; E. Stephen Buescher & McWilliams-Koeppen, 1998; Holmlund 

et al., 2010). For example, milk does not significantly increase the response of intestinal 

epithelial cell TNF-R to TNF-α (LeBouder et al., 2006). It is possible that the presence 

of the receptors for these cytokines free in the milk can also prevent binding to detection 

antibodies, resulting erroneous reports of low concentrations in milk. 

The concentrations of EGF and TGF-β are reported to be higher in preterm mothers’ 

milk, whereas IL-1, IL-2, IL-8 and TNF-α are reported to be found in lower 

concentration in preterm milk (Table 1.). Other immune mediators may play a role in 

immune signalling, such as lipid mediators (Serhan, 2014). However, clinical trials are 

ongoing in the neonatal population to determine their benefits for preventing 

inflammation in the gut, but have not to date been linked to protection against sepsis 

(Zhang, Lavoie, Lacaze-Masmonteil, Rhainds, & Marc, 2014). 

1.3.4 Immune cells in milk: compensating for newborn immune 

deficiencies? 

The mammary gland contains a large number of mammary epithelial cells (lactocytes) 

that produce immune proteins such as sCD14. These cells may be shed and found in 

breast milk. Cell-mediated immunity may provide a second line of defence in the gut 

against bacterial translocation if bacterial overgrowth or failure of barrier function 

occurs (Berg, 1995). 

Traditional immune cell phenotyping was based on light microscopy, which is open to 

error and bias. Based on these methods prior to flow cytometry, cellular proportions of 

colostrum are dominated by macrophages, neutrophils and lymphocytes (Gervasi et al., 
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2001). It is likely that many more cell types are present in milk than have been 

investigated so far. However, the leukocyte composition of breast milk, despite the 

available technological advances that allow researchers to identify cells based on 

surface marker expressions using multicolour flow cytometry, remains relatively 

unclear.  

The frequency of CD45+ immune cells present in milk relative to total cells may 

increase during maternal or infant infections (Foteini Hassiotou et al., 2013). Breast 

milk leukocytes may aid in protecting from bacterial infections through production of 

AMPs, phagocytosis of bacteria, and maternal leukocytes enter the infant tissues and 

circulation after ingestion (L. Jain et al., 1989; Reber, Lockwood, Hippen, & Hurley, 

2006), resulting in changes to leukocyte populations in infant blood (Reber et al., 

2008a, 2008b). Calves fed acellular colostrum have lower peripheral blood leukocyte 

counts than those fed colostrum containing leukocytes (Riedel-Caspari & Schmidt, 

1991), produce less blood antibodies in response to orally given E. coli, and shed more 

bacteria in faeces (Riedel-Caspari, 1993), though infants that consume maternal cells 

without milk are not protected against infections (Riedel-Caspari, Schmidt, & 

Marquardt, 1991). Preterm infants fed formula compared to breast milk have fewer 

lymphocytes (Tarcan, Gurakan, Tiker, & Ozbek, 2004), and at 6 months, formula fed 

infants have fewer NK cells and more CD4+ cells (J. S. Hawkes, Neumann, & Gibson, 

1999). The concentrations of leukocytes were reported to be higher in preterm 

colostrum and transitional milk (Table 1.). 

A number of milk factors may contribute to protection against bacterial translocation 

and LOS. The reasons that preterm infants are not always protected if consuming breast 

milk and not formula are not clear, but could be due to differences in milk composition 

between individuals. Milk is not a static fluid, and many factors may affect its 

composition. The biology of breast milk with specific reference to milk immunological 

factors is reviewed below. 

1.4 Properties of human breast milk 

1.4.1 Evolution of lactation 

Though the mammary gland is the defining asset of mammals, lactation predates the 

evolution of this class of organisms (Oftedal, 2012); a primitive version of the gland is 
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found in monotremes and reptiles, and it is speculated that milk-like secretions may 

have been present in dinosaurs as it is in some bird crops (Else, 2013). In evolutionary 

terms, independent evolution of similar solutions to environmental challenges suggests 

a very useful trait. Though it is debated whether lactation evolved to keep soft-shelled 

eggs of early mammalian ancestors moist during incubation, such as those seen in 

monotremes (Oftedal, 2012), or whether the innate immune secretions drove the 

development of the gland (Vorbach, Capecchi, & Penninger, 2006), it is generally 

agreed that these early secretions contained antimicrobial factors.  

1.4.2 Initiation and stages of lactation 

Though the mammary gland develops with the potential to lactate well before 

pregnancy, hormonal changes during pregnancy signal development of the gland. 

Following labour and delivery of the placenta, systemic levels of progesterone drop, 

which is thought to signal the initiation of copious milk volumes, or secretory activation 

(formerly lactogenesis II) (Pang & Hartmann, 2007), which can be identified by 

biochemical changes to the milk including lactose, citrate, and sodium concentrations 

(Cregan, De Mello, Kershaw, McDougall, & Hartmann, 2002). Initially, milk is a 

concentrated solution produced in small volumes, known as colostrum, however, after 

secretory activation, which is expected to occur within 72 hours of giving birth, 

transitional milk is produced. Delayed onset of secretory activation and development of 

transitional milk may occur when the placenta is retained, or in preterm birth, and for 

this reason, preterm mothers often produce less milk than term counterparts at the same 

number of days postpartum (Cregan et al., 2002; Henderson, Hartmann, Newnham, & 

Simmer, 2008). Historically, transitional milk is generally accepted to be the milk that is 

produced after secretory activation (post colostrum), which is not yet stable in 

composition; generally samples collected in this period are during the end of the first 

and during the beginning of the second week postpartum. At about two weeks 

postpartum, production of mature milk, of mostly constant composition and with low 

expression of immune proteins, is produced (Ballard & Morrow, 2013).  

It was recently suggested that milk should be defined as colostrum, transitional or 

mature milk based on the sodium to potassium ratio (>2, <2 and <0.6 respectively), 

since individuals’ milk may mature at different rates depending on clinical factors 
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(Lemay et al., 2013). However, a limitation of this method is that as a retrospective 

categorisation, this would be difficult to apply in planning collection of transitional milk 

for a study, and generally these postnatal lactation stage categories fall close to 

established definitions of transitional and mature milk. Transitional and mature milk are 

visibly different from colostrum, as shown in Figure 1.6. 

 

 

 

 
Figure 1.6 Photograph shows collected samples of (left to right) colostrum (day 2–5), transitional 
(day 8–12) and mature breast milk (day 26–30). 
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1.4.3 Microbial components of breast milk 

Breast milk contains a unique microbiota, the significance of which to the mother or 

newborn is not yet clear. As suggested by Stelwagen et al., the mammary gland presents 

an ideal location for bacterial growth, due to the nutritious composition of the fluid in 

the gland and the opening to the environment through the nipple (Stelwagen et al., 

2009). Studies of bacterial communities in human milk have revealed that large 

variations can be observed in the type and number of bacteria present, between 

individuals and between sampling times for the same individual (Katherine M. Hunt et 

al., 2011). Despite shifts in the population and individual differences, in one study, nine 

core genera comprising greater than 50% of the bacterial community in milk were 

observed in all samples: Staphylococcus (15.8%), Streptococcus (8.2%), Serratia 

(7.6%), Pseudomonas (4.5%), Corynebacterium (3.8%), Ralstonia (3.7%), 

Propionibacterium (3.6%), Sphingomonas (2.4%), and Bradyrhizobiaceae (1.9%) 

(Katherine M. Hunt et al., 2011). Research indicates that mother-infant pairs share 

similar strains of milk and faecal bacteria, and therefore milk-derived microbes may be 

an essential source of bacterial colonisers in breastfed infants (Martín et al., 2012). 

Interestingly, strains of bacteria in the bloodstream of preterm infants with LOS are 

occasionally linked to their mothers’ breast milk (Jawa, Hussain, & da Silva, 2013; 

Widger, O'Connell, & Stack, 2010). However, pasteurising milk does not reduce the 

risk of LOS, and the heating process during pasteurisation reduces the concentrations 

and activities of protective immune factors in milk (Cossey et al., 2013). The effects of 

pasteurisation on milk immune factors are summarised in 1.5.5. The mammary gland 

can detect and respond to bacteria through Toll-like receptors and upregulation of NF-

κB, though what types of microbial signatures might result in inflammation compared 

to immune tolerance is less clear (Stelwagen et al., 2009). However, S. aureus (Gram-

positive) induces a much smaller immune response than E. coli (Gram-negative 

bacteria) in the mammary gland (Griesbeck-Zilch, Meyer, Kühn, Schwerin, & Wellnitz, 

2008), which could explain the large numbers of staphylococci regularly found in 

human milk.  
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1.4.4 Maternal variables that may affect immunological composition of 

breast milk 

1.4.4.1 Maternal morbidity associated with preterm birth 

Preterm birth is a syndrome, and can be broadly categorised into two types: spontaneous 

(rupture of membranes or preterm labour) and iatrogenic (those for whom intervention 

in pregnancy is medically indicated, such as those with pre-eclampsia). It is estimated 

that 15–40% of preterm births are association with intra-amniotic infections, which are 

more common in earlier than late preterm birth (Goldenberg, Culhane, Iams, & Romero, 

2008). Several clinical risk factors are identified for preterm labour, including 

chorioamnionitis, preeclampsia, smoking, and being primiparous (Goldenberg et al., 

2008). 

1.4.4.2 Previous investigation of milk composition and maternal variables 

At the same time point, the composition of milk may differ between individuals. A 

number of studies have investigated the effect of maternal atopy, BMI, smoking, parity, 

milk volumes, and infection on specific milk components (Amoudruz, Holmlund, 

Schollin, Sverremark-Ekstrom, & Montgomery, 2009; Bachour, Yafawi, Jaber, 

Choueiri, & Abdel-Razzak, 2012; Bishara, Dunn, Merko, & Darling, 2009; Burch et al., 

2013; Collado, Laitinen, Salminen, & Isolauri, 2012; Dizdar et al., 2014; Gross, 

Buckley, et al., 1981; Foteini Hassiotou et al., 2013; Lewis-Jones, Lewis-Jones, 

Connolly, Lloyd, & West, 1985; Montagne et al., 1999; Murase et al., 2014; Trégoat, 

Montagne, Cuillière, Béné, & Faure, 2000). However, the effects of milk 

immunological composition differences on the newborn that consumes the milk are not 

known. The complex interactions between these variables make it difficult to ascertain 

which are important and which may be confounding.  

Maternal variables may predispose individuals to poor milk production in terms of 

volume, including caesarean mode of delivery, preterm birth, greater maternal age, 

pregnancy-induced hypertension, higher body mass index, prenatal use of 

corticosteroids, and low frequency of breast milk expression (Henderson et al., 2008; 

Murase et al., 2014; Nommsen-Rivers, Chantry, Peerson, Cohen, & Dewey, 2010; 

Scott, Binns, & Oddy, 2007). Maternal variables have been implicated in altering 
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composition of immunological components in breast milk; but these factors do not 

occur independently of each other; for example, preterm birth is associated with greater 

maternal age (Goldenberg et al., 2008). In addition to affecting the volume of milk 

produced, maternal variables may alter the concentrations of specific immune 

components; sIgA is reported to be found in lower concentrations in colostrum of 

primiparous mothers (Kawano & Emori, 2013). Primiparous mothers and preterm 

mothers are reported to have higher concentrations of complement proteins in their 

early milk (Trégoat et al., 2000).  

Inflammation in the mammary gland during episodes of mastitis may result in increased 

IL-6, IL-8, and maternal cells in milk (K. M. Hunt, Williams, et al., 2012; Mizuno et al., 

2012), potentially because mastitis may reduce milk volume production via 

inflammation and NF-κB upregulation (Ingman, Glynn, & Hutchinson, 2014). 

1.4.4.3 Preterm birth and breast milk composition 

There are conflicting reports about whether the concentrations of immune factors are 

higher or lower in preterm and term mothers’ milk, but many studies have reported 

differences (reviewed below). Preterm mothers are reported to produce smaller milk 

volume, particularly if primiparous, with relatively more foremilk produced (Bishara et 

al., 2009). It is hypothesised that the differences sometimes observed between preterm 

and term milk may be due to incomplete development of the mammary gland, with poor 

discrimination between tissue and milk allowing passive flow of molecules to the fluid 

(Montagne et al., 1999). Alternatively, the delayed onset of the transition from 

colostrum to mature milk (lactogenesis II) in preterm mothers may result in relatively 

more colostrum-like milk produced at the time of mature or transitional milk in others 

(Henderson et al., 2008; Matias, Dewey, Quesenberry, & Gunderson, 2014). If both 

prematurity and primiparous birth can result in smaller volumes of potentially more 

concentrated milk, it is not surprising that greater increases in milk immune 

concentration have been reported in primiparous preterm mothers than multiparous 

preterm and term mothers (Montagne et al., 1999).  
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1.5 Methodological approaches and considerations to 
studying preterm breast milk innate immune factors  

1.5.1 Physical properties of milk 

Human milk is exceptionally difficult to use in immunological experiments. This is due 

to the physical properties of the milk; an emulsion of fat and water containing very high 

concentrations of protein and antibodies, and charged particles. The presence of 

hydrophobic fat in micelles interferes with microscopy, flow cytometry and other light 

based assays, such as ELISAs (Rainard, 2010). Use of whole milk in flow cytometry 

assays, even after washing milk off the cell of interest, and result in fat and/or large 

proteins being non-specifically stained and interfering with light scattering. Depending 

in the size of the particle of interest, some groups have stated that no treatment of milk 

is necessary to detect factors present (Assuncao et al., 2007), but this may result in no 

clear populations being located without significant alteration of the milk using chemical 

treatment (Gunasekera, Attfield, & Veal, 2000), which is not ideal for studying the fluid 

and may affect experimental results (Smith, Green, & Mason, 2003). The major protein 

component of human milk is casein, and removal of this by acidification or 

ultracentrifugation has been found to reduce interference with ELISA assays 

determining concentration of chemoattractants in milk (Rainard, 2010). 

Storage of samples is difficult, with risk of any immune cells present bursting and 

releasing proteins into the milk, and fat being difficult to resuspend if centrifugation 

forces are too high, or difficult to remove if one’s centrifugation time is too short 

(Charles Czank, 2009; C. Czank, Simmer, & Hartmann, 2009). Separation of fat from 

whey may remove some of the molecule or cell of interest; for example, cells may be 

found in the fat fraction, though traditionally these are recovered by removing milk fat 

and whey from the cell pellet after centrifugation (Lemay et al., 2013).  

1.5.2 Preterm infant milk consumption and mode of feeding 

Preterm infants are an unusual population, and therefore, data related to our 

understanding the association between breast milk and lower rates of infections in term 

infants may not be applicable to preterm infants. In high resource settings, preterm 

infants are usually tube fed rather than breastfed. Initially, enteral feeds may be 

bypassed altogether, and intravenous nutrition given. Enteral feeding is initiated in the 
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absence of clinical instability, sepsis, blood transfusion, necrotising enterocolitis, or of 

feed intolerance. Small milk volumes are introduced and gradually increased, if 

tolerated, to 150 mL/kg/d through syringe feeds given 2-hourly (King Edward 

Memorial Hospital, 2014). To add to the complex picture of infections in preterm 

infants, the relative dose of breast milk is also important in assessment of research 

outcomes: milk feeding is associated with protection against LOS in a dose-dependent 

way, so infants consuming small doses of milk have an increased risk of developing 

LOS (Patel et al., 2013). This may be related to the increased risk of LOS with 

supplemental parenteral nutrition and use of peripheral and central venous lines 

(Marchant et al., 2013).  

Since expression or removal of milk by the infant suckling stimulates milk production, 

preterm mothers are encouraged to pump as much as possible. Preterm mothers and 

some term mothers may experience difficulty in establishing lactation. Inherent 

differences may exist between preterm and term mothers because the term mother may 

directly breastfeed her infant, whereas very preterm infants cannot suckle and must 

receive milk through tube feeding. Therefore, the mother must either express milk 

manually, or more often in high-resource settings, using an electric breast pump.  

1.5.3 Ethical considerations of preterm milk research 

Precious milk samples provided by mothers of preterm infants must be accepted in the 

condition that it is provided to the NICU. In order to minimise effects of sampling on 

maternal or neonatal wellbeing, rigorous collection protocols to optimise the milk 

sampling should not be placed upon them during an exceptionally stressful time, and 

instructions may be in opposition to directions from medical staff regarding feeding 

infants. The difficulty in collecting milk and the small volumes that are available for a 

preterm mother to donate may contribute to the lack of preterm milk data available in 

research.  

1.5.4 Breast milk protein analysis methods 

1.5.4.1 Temporal and diurnal changes to milk 
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The available methodologies for studying human milk were recently reviewed (Miller et 

al., 2013). The authors emphasise that large inter-individual and intra-individual 

variations are observed within and between populations, and that temporal changes that 

occur as a result of secretory activation must be taken into account when collecting 

milk. This means that studies collecting milk at different stages of lactation may not be 

comparable. For this reason, a column stating the collection period in Tables 1.4–1.7 

reviewing previous research in preterm milk has been included.  

A range of variables associated with milk collection can affect fat in milk such as 

collection of foremilk or hindmilk (i.e. the first or last part of the expressed milk), the 

intervals between breast emptying, available volume of milk, frequency of feeds, or 

collection during morning or evening (Miller et al., 2013). However, these factors do 

not appear to influence protein composition of milk (Khan et al., 2013; Mitoulas et al., 

2002). Therefore, for the immunological study of milk, the variables associated with 

milk collection are less important than when the sample is collected.  

1.5.4.2 Proteases and protease inhibitors 

Milk contains protease inhibitors naturally (Chowanadisai & Lonnerdal, 2002), 

however, some researchers may include protease inhibitors in milk for measurements of 

milk protein, since milk also inherently contains proteases including trypsin (Guerrero 

et al., 2014), and bacterial communities that may alter proteins. However, addition of 

exogenous protease inhibitors may affect the outcomes of some assays depending on 

what the researcher aims to measure. Additionally, the material used to make the 

container the milk is stored in may affect the measurements or activities of some factors 

(Goldblum et al., 1981; Takci, Gulmez, Yigit, Dogan, & Hascelik, 2013). Some binding 

of charged factors to containers may be unavoidable in storage, but research results may 

be comparable if the milk was collected in the same manner for all participants. 

1.5.5 Effects of expression, storage and pasteurisation on breast milk 

With expression of milk comes storage to avoid bacterial spoilage; various 

methodologies are used, however, for short periods of time, protein concentrations in 

milk refrigerated at 4 °C is stable. The total protein in milk stored for moderate periods 

at -80 °C is not altered (Lev et al., 2014), though the functionality of proteins may be 
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affected. The batching of immunological analyses that would normally occur in 

research, such as using 96-well enzyme-linked immunoassays that can analyse up to 80 

milk samples at a time, means that milk will always be stored prior to analysis. 

Additionally, examination of proteinaceous factors of milk generally requires removal 

of fat, which results in relatively higher concentrations of protein being detected (Khan 

et al., 2013), but may also result in the loss of fat-soluble factors. Physical treatment of 

milk is a reality that may affect study outcomes for preterm infants, unless milk is 

immediately analysed. The effects of storage and pasteurisation on milk are discussed 

below. 

In the neonatal intensive care unit, (NICU), milk is routinely expressed by the mother, 

and stored at 4 °C, or -20 °C, thawed and fed to the infant. In addition, milk donated to 

milk banks will be frozen routinely and then pasteurised (Hartmann, Pang, Keil, 

Hartmann, & Simmer, 2007). These physical processes have detrimental effects on 

immune proteins in milk, but are deemed necessary to prevent transmission of food-

borne microbes such as Bacillus cereus. Refrigeration of milk results in decreasing pH 

over a period of four days (Slutzah, Codipilly, Potak, Clark, & Schanler, 2010). 

Pasteurised donor milk has benefit and is the preferred alternative when the biological 

mother’s milk is not available, but the effect that pasteurisation has on immune proteins 

could be detrimental for the newborn (see Table 1.3).  

Evidence for the importance of immune factors in milk comes from the inferiority of 

PDHM in preventing infections in preterm infants (Narayanan, Prakash, Murthy, & 

Gujral, 1984), but the relative improvement in outcomes compared to the even poorer 

outcomes of infants that are fed bovine milk-based formulas, containing no human 

immune factors. Furthermore, evidence for the importance of antimicrobial rather than 

other proteinaceous factors in milk in the observed reduced protection of infants fed 

PDHM comes from the reduced ability of Holder pasteurised milk (62.5 °C for 30 min) 

to inhibit the growth of Escherichia coli, which is further reduced at a higher 

temperature of pasteurisation (75 °C for 15 seconds) (Silvestre, Ruiz, Martínez-Costa, 

Plaza, & López, 2008). 
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Molecule! Effect of Holder 
pasteurisation!

Effect of freezing (-20 
°C)!

Effect of 
freezing (-80 

°C) 

Effect of 
refrigeration (4 

°C) 

Maternal 
leukocytes!

Inactivated 
(Liebhaber, Asquith, 

Olds-Arroyo, & 
Sunshine, 1977) 

No data No data 16% decrease after 
96 hrs (Slutzah et 

al., 2010) 

sCD14! 88% reduction 
(Cossey, Jeurissen, 

Bossuyt, & 
Schuermans, 2009)!

No data  No data No data 

sIgA! 60% decreased 
(Akinbi et al., 2010)!
28% decreased (C. 

Czank, Prime, 
Hartmann, Simmer, 
& Hartmann, 2009)!
35-61% reduction in 

preterm and term 
milk (Koenig, Diniz, 

Barbosa, & Vaz, 
2005)!

50% decreased after 4 
weeks (Akinbi et al., 

2010); not changed after 
6 months, 41% decrease 
after 12 months (Ramirez*

Santana!et!al.,!2012)!

Not changed 
after 6 months, 
36% decrease 

after 12 months 
(Ramirez-

Santana et al., 
2012) 

Not significantly 
altered after 96 hrs 

(Slutzah et al., 
2010) 

Lactoferrin! 44% reduced (Akinbi 
et al., 2010) 

78% decreased (C. 
Czank, Prime, et al., 

2009) 

Not significantly altered 
(Akinbi et al., 2010) after 
4 weeks; 37% decrease 

after 3 months, 46% 
decrease after 6 months 

(Rollo, Radmacher, 
Turcu, Myers, & 
Adamkin, 2014) 

No data Not significantly 
altered after 96 hrs 

(Slutzah et al., 
2010), not altered 
after 5 days (Rollo 

et al., 2014) 

Lysozyme ! 60% decreased 
(Akinbi et al., 2010)!
61% decreased (C. 
Czank, Prime, et al., 

2009)!
65-85% reduction 

(Koenig et al., 2005)!

32% decreased after 4 
weeks (Akinbi et al., 

2010)!

No data No data 

Table 1.3 Effects of physical treatment on selected antimicrobial breast milk molecules  

1.6 Review of literature on differences in immunological 
factors between preterm and term breast milk in the first 
month postpartum 

There is increasing evidence that the immunological profile of preterm milk may be 

different to the milk of mothers of term infants. The notion that milk from preterm 

mothers is not only nutritionally, but also immunologically immature is certainly 

appealing as an explanation for the susceptibility of preterms to infectious and 

inflammatory illness, but the few studies that have investigated this have often come to 

differing conclusions. The generalizability and interpretations of current evidence is 

limited based on variations in methodology and limited data. 

There is growing evidence that milk modulates systemic immune responses in the 

newborn (Belderbos et al., 2012; LeBouder et al., 2006; Lönnerdal et al., 2011). Despite 

this, there has been little characterisation of preterm milk composition or function of 



  
37 

immune factors. This is due to both the difficulty of gaining preterm milk samples and 

the limited range of assays available to detect milk immune factors and measure their 

functions. The recent focus of the literature has been on lactoferrin, which has been 

used in clinical trials to prevent late-onset sepsis in preterm infants (Turin et al., 2014). 

However, Alexander et al. commented that experimental evidence to demonstrate the 

biological importance of lactoferrin in milk and other fluids was lacking. In particular, 

considering the range of other antimicrobial molecules, including defensins, which are 

simultaneously found with the lactoferrin, there is no evidence that lactoferrin activity 

occurs independently of other molecules (Alexander, Iigo, Yamauchi, Suzui, & Tsuda, 

2012). A comprehensive review of lactoferrin levels in breast milk concluded that 

further work is needed to determine if specific levels of lactoferrin are required for 

biological effects to be observed (Rai et al., 2013). This statement applies equally to 

other antimicrobial factors in breast milk, whose levels or activity in milk have not been 

examined.  

The examination of the composition of preterm milk is important because breast milk 

has the potential to compensate for immune deficiencies in newborns, but it is not clear 

which factors in milk are responsible. Optimisation of feeding of milk and milk-derived 

innate immune factors is a logical, low-cost path to reduce infections in preterm infants, 

but first the normal levels of immune factors and their consumption must be identified 

before these can be exploited in future therapies for preterm infants. 

Studies of the immunological composition of preterm milk began in the 1980’s, with 

some concluding that some immune factors are present in differing quantities in preterm 

and term milk. Studies performed using superceded technology such as SDS-PAGE rely 

on non-specific identification of proteins based on similar movement through a gel, 

which could result in errors, and some of these studies are those that have produced 

contradictory findings to more recent work (Patricia A. Ronayne de Ferrer et al., 2000; 

Velona et al., 1999). Additionally, use of basic immunoassays in gels such as radial 

diffusion assays or immunoelectrophoresis in the 1980’s and 1990’s prior to the 

development of modern ELISAs, while specific, may be less sensitive than current 

methods since they require formation of a precipitate in addition to binding by specific 

antibodies (Kaneko, Harvey, & Bruss, 2008). Enzyme-linked immunoassays (ELISAs) 
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are the current standard for detection of most immunological proteins, based on their 

sensitivity and specificity for their target (Gan & Patel, 2013).  

For non-proteinaceous milk factors, identification of leukocytes was previously 

performed using microscopy relying on the user’s ability to identify and differentiate 

leukocytes from other cell types in milk, whereas current available technologies include 

use of specific antibodies against target cell antigens through flow cytometry to reliably 

identify subsets of leukocytes. While older technologies were cutting-edge in their time 

and the results of these studies are valuable, use of more specific and sensitive 

methodologies now available may result in more reliable study conclusions when 

comparing milk from different individuals. 

In addition to technological advances, more knowledge has developed about lactation, 

how milk changes through collection and processing, and the importance of collection 

of more clinical variables. Major advances in technologies available for detection of 

immune factors such as immunoassay kits have become widely available, as well as the 

optimal methods for sample processing. Although a variety of practices have been used 

in published research to collect, process and study breast milk, current best practice for 

soluble immunological factors includes using fat depleted milk (referred to as ‘skimmed 

milk’) that has been stored at ≤70 °C (Miller et al., 2013; Rainard, 2010), since the fat 

can interfere with light based-detection techniques commonly used in immunology. 

Moreover, mothers giving birth in Australia today are different to those in earlier 

studies based on their treatments, medications, interventions, and because of changes to 

clinical practice and the lower threshold of preterm infant viability. Therefore, the 

results of many of these earlier studies on preterm breast milk may not be generalisable 

to current populations and clinical practice, and many do not include extremely preterm 

mothers.  

If studies using non-specific detection methods, whole milk, or irregular sampling 

during different stages of lactation are excluded from the review of immunological 

differences between preterm and term milk, few studies remain from which to draw 

conclusions. When comparing more recent works, the data presented do not reach a 

consensus about whether preterm milk is different to term milk in immunological 

components. It may be that the populations studied or methodologies employed are too 

different to compare, or that other confounding variables which have not been 
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considered play an unrecognised role in the composition of milk immune proteins, or 

that there is no difference. The variability in the methodologies including definitions of 

preterm birth, the type of milk collected (colostrum, transitional milk, mature milk, or a 

mixture of these), storage of samples, and exclusion of various groups of participants 

such as those with infection or preeclampsia. Likely due to the difficulties associated 

with recruiting and collecting sufficient milk from preterm mothers, the small sample 

sizes of preterm groups may have contributed to type II statistical errors, where 

differences could not be detected. Furthermore, there were indications as far back as the 

early 1980’s and 1990’s that variables including stage of lactation, parity, and the 

volume of milk produced could affect preterm milk composition (Dawarkadas, Saha, & 

Mathur, 1991; Gross, Buckley, et al., 1981), yet many later studies have not 

investigated these variables. 

The published data on preterm and term milk AMPs, PRRs, cytokines and leukocytes, 

restricted to data collected during the first month postpartum (since this is the period of 

neonatal risk of LOS) are summarised in Tables 1.4–1.7. More studies of preterm milk 

using best available methods are required to determine if milk is different, and if so, if 

this affects preterm infants. There is an opportunity to combine the technological 

advances of immunological research with current knowledge of lactation to study 

proteinaceous and cellular defences in breast milk, in order to determine if preterm 

mothers’ milk is significantly different to term mothers’ milk. This information is 

important so that neonatologists can determine whether preterm infants, who are at high 

risk of gut-mediated bacterial illness, are at higher risk because of the consumption of 

milk with deficient protection, potentially needing immunological fortification of their 

mothers’ milk. 
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Author/s Participants 
(n) 

Gestational 
age 

groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time 
point 

Preterm 
concentratio

n 

Term 
concentratio

n 

Significance Preterm 
differenc
e to term 

Considered 
other 

variables? 

La
ct

of
er

ri
n 

Mehta and  
Petrova 
(2011) 

(Mehta & 
Petrova, 
2011a)  

15 preterm 
5 term 

24-31 wk 
38-41 wk 

ELISA 
 

Skimmed 
milk 

 

-70 °C Mean 
(mg/mL, 

estimated 
from 

graph) 

6–8 d ~0.460  ~0.780  p<0.05 ↓ Parity and 
mode of 
delivery 

13–15 d ~0.300 ~0.520 p<0.05 ↓ 
20–22 d ~0.300 ~0.380 NS ↔ 
27–29 d ~0.160 ~0.180 NS ↔ 

Ronayne 
de Ferrer 

et al. (2000 
) (Patricia 

A. 
Ronayne 
de Ferrer 

et al., 
2000) 

26 preterm 
20 term 

27-35 wk 
38-41 wk  

SDS-PAGE 
 

Whole milk  
 

-20 °C Mean 
(mg/mL) 

2–3 d 5.75 9.71 NS ↔ No 
8 d 4.33  5.10  NS ↔ 

13 d 4.10 3.30   NS ↔ 
23 d 4.59  2.92  NS ↔ 

Velona et 
al. (1999) 
(Velona et 
al., 1999) 

8 preterm 8 
term 

27-30 wk 
37-41 wk 

SDS-PAGE 
 

Whole milk  -20 °C Mean 
(mg/mL) 

0 d 4.30 9.75  p=0.04 ↓ No 
10 d 2.29 2.43  NS ↔ 

Montagne 
et al. 

(1999) 
(Montagne 

et al., 
1999) 

46 preterm 
28 term 

 <37 wk 
>37 wk 

Microparticle-
enhanced 

nephelometri
c 

immunoassa
ys  

Whole milk  
 

-20 °C Mean 
(mg/mL) 

1–4 d 6.5 5.5 NS ↔ Parity 
5–8 d 3.8 3.6 NS ↔ 

9–14 d 2.7 3.0 NS ↔ 

Table 1.4 Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = 
Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel electrophoresis, 
NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Samplin
g time 
point 

Preterm 
concentratio

n 

Term 
concentratio

n 

Significanc
e 

Preterm 
differenc
e to term 

Considere
d other 

variables? 

 

Dawarkadas et 
al. (1991) 

(Dawarkadas 
et al., 1991) 

25 preterm 
10 term 

28-36 wk 
38-40 wk 

 

Single radial 
immunodiffusion 

assay 
 

Skimmed 
milk  

-20 °C Mean 
(mg/mL) 

1–3 d 6.77 3.11  p<0.001 ↑ Maternal 
age and 

parity 

La
ct

of
er

ri
n 

 

Goldman et al. 
(1982)  

(Goldman et 
al., 1982) 

8 preterm 
13 term 

≤36 wk 
≥37 wk 

Electroimmuno-
diffusion 

 

Whole 
milk 

 

4 °C Mean 
(mg/mL, 

estimated 
from 

graph) 

2 wk ~3  ~2.2  Not 
compared at 
specific time 

points 

↑ Volume 

4 wk ~2.4  ~2.0  

Pamblanco et 
al. (1986) 

(Pamblanco, 
Ten, & Comin, 

1986) 

15 very 
preterm (VP) 

12 preterm (P) 
13 term (T) 

26-32 wk 
33-36 wk 
>36 wk 

Single radial 
immunodiffusion 

assay 
 

Skimmed 
milk  

4 °C Mean 
(mg/mL) 

3–4 d 3.20(VP) 
2.19(P) 

3.01 NS ↔ Volume  

8–9 d 3.14(VP) 
2.18(P) 

3.25 NS ↔ 

13–14 d 3.0 (VP) 
1.76 (P) 

- NS ↔ 

27–28 d  -  ↔ 
Hsu et al. 

(2014) (Hsu et 
al., 2014) 

17 preterm 
15 term 

<35 wk 
“Term” 

ELISA Whole 
milk 

4 °C Mean 
(mg/mL) 

Days 
5–7, 12–
14, 19–
21, and 
26–28 

0.274 0.264 
 

0.633 ↔ No 

Mathur et al. 
(1990) 

(Mathur, 
Dwarkadas, 

Sharma, Saha, 
& Jain, 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Single radial 
immunodiffusion 

assay 
 

Skimmed 
milk 

-70 °C Mean 
(mg/mL) 

1–3 d 6.7 3.1 p<0.001 ↑ Volume 

Table 1.4 continued. Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: 
ELISA = Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis, NS=Not significant, P=preterm, VP=very pret erm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between 
studies. 
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Author Participants 
(n) 

Gestational 
age groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
difference 

to term 

Conside
red 

other 
variable

s? 

Ly
so

zy
m

e 

Mehta and  
Petrova 
(2011) 

(Mehta & 
Petrova, 
2011a)  

15 preterm 
 5 term 

24-31 wk 
38-41 wk 

ELISA 
 

Skimmed 
milk 

 

-70 °C Mean 
(µg/mL) 

6–8 d ~44  ~34 NS ↔ Parity 
and 

mode of 
delivery 

13–15 d ~40 ~28 NS ↔ 
20–22 d ~36 ~26 NS ↔ 
27–29 d ~32 ~24 NS ↔ 

Montagne et 
al. (1999) 

(Montagne 
et al., 1999) 

46 preterm 
28 term 

 <37 wk 
>37 wk 

Microparticle-
enhanced 

nephelometric 
immunoassay 

Whole 
milk  

 

-20 °C Mean 
(µg/mL) 

1–4 d 370 330 NS ↔ Parity 
5–8 d  360 290  NS ↔ 

9–14 d 320 270 p<0.05 ↑ 

Velona et al. 
(1999) 

(Velona et 
al., 1999) 

8 preterm 
 8 term 

27-30 wk 
37-41 wk 

SDS-PAGE 
 

Whole 
milk  

-20 °C Mean 
(µg/mL) 

0 d 4,30  9,75  NS ↔ No 
10 d 2,29  2,43  NS ↔ 

Dawarkadas 
et al. (1991) 
(Dawarkada

s et al., 
1991) 

25 preterm 
10 term 

28-36 wk 
38-40 wk 

 

Single radial 
immunodiffusion 

assay 
 

Skimmed 
milk 

-20 °C Mean 
(µg/mL) 

1–3 d 6.18  311.1  p<0.001 ↓ Maternal 
age and 

parity 

Hsu et al. 
(2014) (Hsu 
et al., 2014) 

17 preterm 
15 term 

<35 wk 
“Term” 

ELISA Whole 
milk 

4 °C Mean 
(µg/mL) 

Days 
5–7, 12–

14, 19–21, 
and 26–28 

18.03  15.71 0.468 ↔ No 

Table 1.4 continued. Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: 
ELISA = Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between 
studies. 
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Author Participants 
(n) 

Gestational 
age groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentration 

Term 
concentration 

Significanc
e 

Preterm 
differenc
e to term 

Consider
ed other 
variables

? 

Ly
so

zy
m

e 

Goldman et al. 
(1982) 

(Goldman et 
al., 1982) 

8 preterm 
13 term 

≤36 wk 
≥37 wk 

Electroimmuno-
diffusion 

 

Whole 
milk 

 

4 °C Mean 
(µg/mL, 

estimated 
from 

graph) 

2 wk ~110  ~40  Not 
compared at 
specific time 

points 

↑ Volume 
4 wk ~100  ~50  

Mathur et al. 
(1990) 

(Mathur et al., 
1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Single radial 
immunodiffusion 

assay 
 

Skimme
d milk 

-70 °C Mean 
(µg/mL) 

1–3 d 6 340 p<0.001 ↓ Volume 

H
B

D
1 

 

Armogida et 
al. (2004)  

(Armogida et 
al., 2004) 

7 preterm 
33 term 

≤36 wk 
≥37 wk 

Competitive 
ELISA 

Skimme
d milk  

-80 °C Median 
(µg/mL) 

0–7 d Values not stated: overall median 
1.7  

NS 
 

↔ Allergy 
8–28 d ↔ 
≥29 d ↔ 

Wang et al. 
(2014) (X. F. 
Wang et al., 

2014) 

12 preterm 
88 term 

<37 wk 
≥37 wk 

sELISA Skimme
d milk 

-80 °C Median 
(µg/mL) 

1–5 d Not 
stated 

Not stated ↔ ↔ Body 
mass 

index and 
mode of 
delivery 

42 d 9.95  2.80  p=0.036 ↑ 

Table 1.4 continued. Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: 
ELISA = Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between 
studies. 
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Author Participants 
(n) 

Gestational 
age groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time 
point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
difference 

to term 

Considered 
other 

variables? 

H
B

D
2 

Armogida 
et al. (2004)  
(Armogida 

et al., 2004) 

7 preterm 
33 term 

≤36 wk 
≥37 wk 

Competitive 
ELISA 

Skimmed 
milk  

-80 °C Median 
(µg/mL) 

0–7 d Values not stated: overall median 
21.3  

NS ↔ Allergy 
8–28 d ↔ 
≥29 d ↔ 

Wang et al. 
(2014) (X. 
F. Wang et 
al., 2014) 

12 preterm 
88 term 

<37 wk 
≥37 wk 

sELISA Skimmed 
milk 

-80 °C Median 
(µg/mL) 

1–5 d Not stated Not stated NS ↔ Body mass 
index and 
mode of 
delivery 

42 d 80,450,000 65,360,000 p=0.013 ↑ 

H
N

P
1 

Armogida 
et al. (2004)  
(Armogida 

et al., 2004) 

7 preterm 
33 term 

≤36 wk 
≥37 wk 

Competitive 
ELISA 

Skimmed 
milk  

-80 °C Median 
(µg/mL) 

0–7 d Values not stated: overall median 
33  

NS 
 

↔ Allergy 
8–28 d ↔ 
≥29 d ↔ 

H
D

5 

Armogida 
et al. (2004)  
(Armogida 

et al., 2004) 

7 preterm 
33 term 

≤36 wk 
≥37 wk 

Competitive 
ELISA 

Skimmed 
milk  

-80 °C Median 
(µg/mL) 

0–7 d Values not stated: overall median 
2.4 

NS 
 

↔ Allergy 
8–28 d ↔ 
≥29 d ↔ 

Table 1.4 continued. Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: 
ELISA = Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between 
studies. 
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Author Participants 
(n) 

Gestational 
age groups 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time 
point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
difference 

to term 

Considered 
other 

variables? 

H
D

6 

Armogida 
et al. (2004) 
(Armogida 

et al., 2004) 

7 preterm 
33 term 

≤36 wk 
≥37 wk 

Competitive 
ELISA 

Skimmed 
milk  

-80 °C Median 
(µg/mL) 

0–7 d Values not stated: overall median 
3.1  

NS 
 

↔ Allergy 

8–28 d ↔ 

≥29 d ↔ 

α
-la

ct
al

bu
m

in
 Velona et 

al. (1999) 
(Velona et 
al., 1999) 

8 preterm 
 8 term 

27-30 wk 
37-41 wk 

SDS-PAGE 
 

Whole 
milk  

-20 °C Mean 
(mg/mL) 

0 d 4.57 3.56 NS ↔ No 
10 d 3.84  3.73 NS ↔ 

Montagne  
et al. (1999) 
(Montagne 
et al., 1999) 

46 preterm 
28 term 

 <37 wk 
>37 wk 

Microparticle-
enhanced 

nephelometric 
immunoassays  

Whole 
milk  

 

-20 °C Mean 
(mg/mL) 

1–4 d 4.0  4.3  p<0.05 ↓ Parity 

5–8 d 4.7 4.8 NS ↔ 
9–14 d 4.2 4.4 NS ↔ 

β
-c

as
ei

n 

Velona et 
al. (1999) 
(Velona et 
al., 1999) 

8 preterm 
8 term 

27-30 wk 
37-41 wk 

SDS-PAGE Whole 
milk  

-20 °C Range 
(mg/mL) 

0 d  1.8 – 5.7  2.7 – 5  NS ↔ No 

10 d ↔ 

al. (2004)  
(Armogida 

et al., 2004) 

46 preterm 
28 term 

 <37 wk 
>37 wk 

Microparticle-
enhanced 

nephelometric 
immunoassays  

Whole 
milk  

 

-20 °C Mean 
(mg/mL) 

1–4 d 1.7  2.3 p<0.05 ↓ Parity 

5–8 d 3.1 4.8 p<0.05 ↓ 

9–14 d 4.4 4.5 NS ↔ 
Table 1.4 continued. Studies of selected antimicrobial protein and peptide concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: 
ELISA = Enzyme-linked immunosorbent assay, sELISA= sandwich ELISA, d = days, wk = weeks, SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original units to allow ease of comparisons between 
studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storag Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
compared 

to term 

Considere
d other 

variables? 

sI
gA

 

Gross et al. 
(1981) (Gross, 
Buckley, et al., 

1981) 

35 preterm 
14 term 

28-36 wk 
38-42 wk 

Radio 
immunoas

says 

Whole 
milk 

-20 °C Geometric 
mean 
(mg/g 

protein) 

d3 
 
 

256  
 

97 
 

p<0.01 in 
multiple 

regression 
analysis 

↑ Volume 

d7 
 

114 
 

54 
 

d14 
 

~100 
 

~40 
 

d21 
 

~95 
 

~35 
 

d28 ~140 ~50 
Mehta and 

Petrova (2011) 
(Mehta & 

Petrova, 2011a) 

15 preterm 
 5 term 

24-31 wk 
38-41 wk 

ELISA 
 

Skimmed 
milk 

-70 °C Mean 
(mg/mL) 

6–8 d 
 

~0.760  ~0.600  p<0.05 ↑ Parity and 
mode of 
delivery 13–15 d ~0.640 ~0.580 NS ↔ 

20–22 d ~0.620 ~0.600 NS ↔ 
27–29 d ~0.700 ~0.600 NS ↔ 

Montagne et al. 
(1999) 

(Montagne et 
al., 1999) 

46 preterm 
28 term 

 <37 wk 
>37 wk 

Microparti
cle-

enhanced 
nephelom

etric 
immunoas

says  

Whole 
milk  

 

-20 °C Mean 
(mg/mL) 

1–4 d 14.8 6.6 p<0.05 ↑ Parity 
5–8 d 3.4 1.6 p<0.05 ↑ 

9–14 d 1.7 1.3 p<0.05 ↑ 

Hsu et al. (2014) 
(Hsu et al., 

2014) 

17 preterm 
15 term 

<35 wk 
“Term” 

ELISA Whole 
milk 

4 °C Mean 
(mg/mL) 

Days 
5–7, 12–

14, 19–21, 
and 26–28 

1.039 1,058  0.576 ↔ No 

Table 1.5 Studies of selected pattern recognition receptors (PRRs) concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = 
Enzyme linked immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted where possible from original 
units to allow ease of comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
compared 

to term 

Considere
d other 

variables? 

sI
gA

 

Araújo et al. 
(2005) (Araujo 

et al., 2005) 

10 preterm  
10 term 

Not stated Radio 
immunodiffu
sion assay 

Skimme
d milk 

-20 °C Mean 
(mg/mL) 

d1 
 

232.3 28.3  p<0.001 
 

↑ 
 

No 

d4 
 

22.8 1.3 p<0.001 
 

↑ 
 

d10 7.0 0.88. 
 

p<0.001 
 

↑ 
 

d15 
 

718.7± 
561.7 

79.9± 22.0 p<0.001 ↑ 

Pamblanco et 
al. (1986) 

(Pamblanco et 
al., 1986) 

15 very preterm 
(VP) 

12 preterm (P) 
13 term (T) 

26-32 wk 
33-36 wk 
>36 wk 

Single radial 
immunodiffu
sion assay 

 

Skimme
d milk  

4 °C Mean 
(mg/mL) 

3–4 d 3.62(VP) 
4.20(P) 

 

3.38  NS ↔ Volume 
negatively 
correlated 

with protein 
concentrati

on 

8–9 d 2.79(VP) 
2.29(P) 

2.60 ↔ 

13–14 d 2.17(VP) 
1.45(P) 

2.77 ↔ 

27-28 d 1.77(VP) 
2.62(P) 

- ↔ 

Mathur et al. 
(1990 )(Mathur 

et al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Single radial 
immunodiffu
sion assay 

 

Skimme
d milk 

-70 °C Mean  
(mg/mL) 

1–3 d 13.5 5.3 p<0.001 ↑ Volume 

Table 1.5 continued. Studies of selected pattern recognition receptors (PRRs) concentrations in preterm and term breast milk in the first month postpartum. 
Abbreviations: ELISA = Enzyme linked immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted 
where possible from original units to allow ease of comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
compared 

to term 

Considere
d other 

variables? 

sI
gA

 

Ronayne de 
Ferrer et al. 

(1984)  (P. A. 
Ronayne de 

Ferrer, 
Slobodianik, 

Lopez, 
Sambucetti, & 

Sanahuja, 
1984) 

11 preterm 
21 term 

28-35 wk 38-
41 wk 

 

Radial 
immunodif

fusion 
assay 

Whole 
milk 

-20 °C Mean 
(mg/mL) 

1–10 d 2.51  2.12  NS ↔ No 
11–20 d 2.55 1.74  p<0.01 ↑ 
21–30 d 2.51 1.71  p<0.01 ↑ 

Suzuki et al. 
(1983) 

(Suzuki, 
Lucas, Lucas, 

& Coombs, 
1983) 

84 preterm 
31 term 

29-37 wk 
38-42 

Rocket 
immunoel
ectrophore

sis 

Skimmed 
milk 

-30 °C Mean 
(mg/mL) 

2–3 d 
4–5 d 
6–7 d 

Higher 
(values not 

given) 

Lower 
(values not 

given) 

p<0.05 ↑ No 

Goldman et al. 
(1982) 

(Goldman et 
al., 1982) 

8 preterm 
13 term 

≤36 wk 
≥37 wk 

Electroim
muno-

diffusion 
 

Whole 
milk 

 

4 °C Mean 
(mg/mL, 

estimated 
from graph) 

2 wk ~1.3  ~1.1  Not 
compared 
at specific 
time points 

↑ Volume 
4 wk ~1.4  ~0.95  

Table 1.5 continued. Studies of selected pattern recognition receptors (PRRs) concentrations in preterm and term breast milk in the first month postpartum. 
Abbreviations: ELISA = Enzyme linked immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted 
where possible from original units to allow ease of comparisons between studies. 
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Author and year Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
compared 

to term 

Considere
d other 

variables? 

Ig
G

 

Mathur et al. 
(1990) (Mathur et 

al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Single radial 
immunodiffu
sion assay 

 

Skimme
d milk 

-70 °C Mean  
(mg/mL) 

1–3 d 0.32±0.19 0.26±0.07 NS ↔ Volume 

Ig
M

 

Mathur et al. 
(1990) (Mathur et 

al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Single radial 
immunodiffu
sion assay 

 

Skimme
d milk 

-70 °C Mean  
(mg/mL) 

1–3 d 1.8±1.3 1.2±1.7 NS ↔ Volume 

Table 1.5 continued. Studies of selected pattern recognition receptors (PRRs) concentrations in preterm and term breast milk in the first month postpartum. 
Abbreviations: ELISA = Enzyme linked immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, VP=very preterm, T=term. Data were adjusted 
where possible from original units to allow ease of comparisons between studies. 
  



 50 

 

Author and 
year 

Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
difference 

to term 

Considere
d other 

variables? 

E
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

 (E
G

F)
 

Castellote et al.  
(2011) 

(Castellote et al., 
2011) 

22 term (T) 
10 preterm (P) 

10 very preterm 
(VP) 

38-42 wk 
30-37 wk 
<30 wk 

ELISA Skimmed 
milk  

-80 °C Mean 
(ng/ml) 

3 ± 1 d  142(P) 
 95.6(VP) 

 75.6  NS ↔ No 

10 ± 2 d  43.84(P) 
 60.3(VP) 

 29.4  T 
significantly 
lower than 
P and VP 

↑ 

30 ± 2 d  37.7 (P) 
 32.5(VP) 

 24.0   NS ↔ 

Dvorak et al.  
(2003) (Dvorak, 
Fituch, Williams, 

Hurst, & 
Schanler, 2003) 

15 term (T) 
16 extremely 

preterm (EPT) 
16 preterm (P) 

38-42 wk 
23-27 wk 
32-36 wk 

Radioimm
unoassay 

Skimmed 
milk 

Lyophilised 
at -20 °C 

Mean 
(ng/ml, 

estimated 
from graph) 

7 d 
 

~165(EPT) 
 ~110(P) 

~115  T lower 
than EPT 
(p<0.01) 

↑ No 

14 d ~155(EPT) 
~70(P) 

~80  T lower 
than EPT 
(p<0.01) 

↑ 

28 d ~135(EPT)  
~65(P) 

~75  T lower 
than EPT 
(p<0.05) 

↑ 

Read et al., 
(1985) (Read, 

Francis, 
Wallace, & 

Ballard, 1985) 

31 preterm 
 
 
 

17 term 

26-30 wk 
(VP) 

31-36 wk (P) 
38-41wk 

Radioimm
unoassay 

Skimmed 
milk 

-15 °C Mean  (nm, 
estimated 

from graph) 

1 d 
 

~78(VP) 
~70(P) 

~52  NS ↔ No 

2 d 
 

~35(VP) 
~30(P) 

28 NS ↔ 

5-8 d ~22(VP) 
~16(P) 

10 P<0.05 ↑ 

21-42 d ~14(VP) 
~10(P) 

8 P<0.05 
 

↑ 

Table 1.6 Studies of selected cytokine concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = Enzyme linked 
immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, EPT= extremely preterm, VP=very preterm, T=term. Data were adjusted where possible 
from original units to allow ease of comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
difference 

to term 

Considere
d other 

variables? 

TG
F-
α

 

Dvorak et al. 
(2003) (Dvorak 

et al., 2003) 

15 term (T) 
16 extremely 

preterm (EPT) 
16 preterm (P) 

38-42 wk 
23-27 wk 
32-36 wk 

Radioimm
unoassay 

Skimme
d milk 

Lyophilised 
at -20 °C 

Mean 
(ng/ml, 

estimated 
from graph) 

7 d 
 

~0.4(EPT) 
~0.325(P)  

~0.275  T lower 
than EPT 
(p<0.01) 

↑ No 

14 d ~0.36(EPT) 
~0.29(P) 

~0.27  T lower 
than EPT 
(p<0.01) 

↑ 

28 d ~0.29(EPT) 
~0.25(P) 

~0.24  T lower 
than EPT 
(p<0.05) 

↑ 

TG
F-
β1

 

Castellote et al.  
(2011) 

(Castellote et al., 
2011) 

22 term (T) 
10 preterm (P) 

10 very preterm 
(VP) 

38-42 wk 
30-37 wk 
<30 wk 

ELISA Skimme
d milk  

-80 °C Mean 
(ng/ml) 

3±1 d  2.81(P) 
 0.69(VP) 

 0.60 P 
significantly 
higher than 

T 

↑ No 

10±2 d  0.66(P) 
 0.43(VP) 

 0.46 NS ↔ 

30±2 d  0.49(P) 
 0.37(VP) 

 0.33  NS ↔ 

TG
F-
β2

 

Castellote et al.  
(2011) 

(Castellote et al., 
2011) 

22 term (T) 
10 preterm (P) 

10 very preterm 
(VP) 

38-42 wk 
30-37 wk 
<30 wk 

ELISA Skimme
d milk  

-80 °C Mean 
(ng/ml) 

3±1 d  11.0(P) 
 2.94(VP) 

 3.76  P 
significantly 
higher than 

T or VP 

↑ No 

10±2 d  4.65(P) 
 3.31(VP) 

 3.7  NS ↔ 

30±2 d  3.13(P) 
 2.53(VP) 

 2.39  NS ↔ 

Table 1.6 continued. Studies of selected cytokine concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = Enzyme linked 
immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, EPT= extremely preterm, VP=very preterm, T=term. Data were adjusted where possible 
from original units to allow ease of comparisons between studies. 



 52 

 

 

Author and year Participants 
(n) 

Gestational 
age 

group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
difference 

to term 

Considere
d other 

variables? 

IL
-8

 

Castellote et al.  
(2011) (Castellote 

et al., 2011) 

22 term (T) 
10 preterm (P) 

10 very 
preterm (VP) 

38-42 wk 
30-37 wk 
<30 wk 

Cytometric 
Bead 
Array 

immunoas
say 

Skimmed 
milk 

 

-80 °C Mean 
(ng/ml) 

3±1 d  5.24(P) 
 0.62(VP) 

 3.77  VP 
significantly 
lower than 

T or P 

↓ No 

10±2 d  0.24(P) 
 0.19(VP) 

 0.26  NS ↔ 

30±2 d  0.08(P) 
 0.11(VP) 

 0.07  NS ↔ 

Ustundag et al. 
(2005 )(Ustundag 

et al., 2005) 

20 term 
20 preterm 

>37 wk 
<37 wk 

Chemilumi
nescent 

detection 

Skimmed 
milk 

-40 °C Mean 
(ng/ml, 

estimated 
from graph) 

0–7 d 
 
 

~0.560  ~0.540  NS 
 

↔ 
 

No 

7–14 d 
 
 

~0.600  
 

~0.550  
 

NS 
 

↔ 
 

21 d 
 

~0.500  
 

~0.480  
 

NS 
 

↔ 
 

TN
F-

R
i 

Castellote et al.  
(2011) (Castellote 

et al., 2011) 

22 term (T) 
10 preterm (P) 

10 very 
preterm (VP) 

38-42 wk 
30-37 wk 
<30 wk 

Cytometric 
Bead 
Array 

immunoas
say 

Skimmed 
milk  

-80 °C Mean 
(µg/L) 

3±1 d  2.38(P) 
 1.09(VP) 

 1.201  NS ↔ No 

10±2 d  0.680 (P) 
 0.72  (VP) 

 0.60  NS ↔ 

30±2 d  0.70 (P) 
 0.70(VP) 

 0.61  NS ↔ 

Table 1.6 continued. Studies of selected cytokine concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = Enzyme linked 
immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, EPT= extremely preterm, VP=very preterm, T=term. Data were adjusted where possible 
from original units to allow ease of comparisons between studies. 
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Author and year Participant
s (n) 

Gestational 
age group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
difference 

to term 

Considere
d other 

variables? 

IL
-1
β 

Ustundag et al. 
(2005) (Ustundag et 

al., 2005) 

20 term 
20 preterm 

>37 wk 
<37 wk 

Chemilumin
escent 

detection 

Skimme
d milk 

-40 °C Mean 
(pg/ml, 

estimated 
from graph) 

0–7 d ~33  ~37  P<0.01 ↓ 
 

No 

7–14 d 
 

~46  ~60  P<0.05 ↓ 

21 d 
 

~20  ~27  P<0.05 ↓ 

IL
-2

 

Ustundag et al.et al.. 
(2005 ) (Ustundag et 

al., 2005) 

20 term 
20 preterm 

>37 wk 
<37 wk 

Chemilumin
escent 

detection 

Skimme
d milk 

-40 °C Mean 
(pg/ml) 

estimated 
from graph) 

0–7 d 
 

~24  
 
 

~39  
 
 

P<0.05 
 

↓ 
 

No 

7–14 d 
 

~25  
 

~30  
 

NS 
 

↔ 
 

21 d ~20  ~27  NS ↔ 

IL
-6

 

Castellote et al.  
(2011) (Castellote et 

al., 2011) 

22 term (T) 
10 preterm 

(P) 
10 very 
preterm 

(VP) 

38-42 wk 
30-37 wk 
<30 wk 

Cytometric 
Bead Array 

immunoassa
y 

Skimme
d milk  

-80 °C Mean 
(pg/ml) 

3±1 d  126(P) 
 26.7(VP) 

 69.4  P 
significantly 
higher than 

T or VP  

↑? No 

10±2 d  24.6(P) 
 11.6(VP) 

 35.1  NS ↔ 

30±2 d  35.19(P) 
13.3(VP) 

 7.7 NS ↔ 

Ustundag et al. 
(2005) (Ustundag et 

al., 2005) 

20 term 
20 preterm 

>37 wk 
<37 wk 

Chemilumin
escent 

detection 

Skimme
d milk 

-40 °C Mean 
(pg/ml, 

estimated 
from graph) 

0–7 d 
 
 

~18  
 
 

~ 25  P<0.05 
 
 

↓ 
 

No 

7–14 d 
 

~34  
 

~48  
 

P<0.01 
 

↓ 
 

21 d ~17 ~26 P<0.05 ↓ 

Table 1.6 continued. Studies of selected cytokine concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = Enzyme linked 
immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, EPT= extremely preterm, VP=very preterm, T=term. Data were adjusted where possible 
from original units to allow ease of comparisons between studies. 
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Author and year Participant
s (n) 

Gestationa
l age 

group(s) 

Detection 
methods 

Sample 
fraction 

Storage  Statistic 
(unit) 

Sampling 
time point 

Preterm 
concentrat

ion 

Term 
concentrat

ion 

Significan
ce 

Preterm 
difference 

to term 

Considere
d other 

variables? 

TN
F-
α

 

Castellote et al.  
(2011) (Castellote 

et al., 2011) 

22 term (T) 
10 preterm 

(P) 
10 very 
preterm 

(VP) 

38-42 wk 
30-37 wk 
<30 wk 

Cytometric 
Bead Array 
immunoass

ay 

Skimmed 
milk  

-80 °C Mean 
(pg/ml) 

3±1 d  18.2(P) 
 4.2(VP) 

 11.4 VP 
significantly 
lower than 

T or P 

↓? No 

10±2 d  4.7(P) 
 2.5(VP) 

 3.8 NS ↔ 

30±2 d  3.2(P) 
 1.8(VP) 

 1.6 NS ↔ 

Ustundag et al. 
(2005) (Ustundag 

et al., 2005) 

20 term 
20 preterm 

>37 wk 
<37 wk 

Chemilumi
nescent 

detection 

Skimmed 
milk 

-40 °C Mean 
(pg/ml, 

estimated 
from graph) 

0–7 d 
 

~100  
 
 

~130  
 

P<0.01 
 
 

↓ 
 

No 

7–14 d 
 
 

~50  
 

~60  
 
 

P<0.01 
 

↓ 
 

21 d ~35  ~50  P<0.05 ↓ 

IL
-1

0 

Castellote et al.  
(2011) (Castellote 

et al., 2011) 

22 term (T) 
10 preterm 

(P) 
10 very 
preterm 

(VP) 

38-42 wk 
30-37 wk 
<30 wk 

Cytometric 
Bead Array 
immunoass

ay 

Skimmed 
milk 

 

-80 °C Mean 
(pg/ml) 

3±1 d  8.8(P) 
 2.0(VP) 

 5.9  VP 
significantly 
lower than 

T or P 

↓? No 

10±2 d  1.3(P) 
 1.6(VP) 

 2.1  NS ↔ 

30±2 d  0.5(P) 
 1.1(VP) 

 0.7  NS ↔!

Table 1.6 continued. Studies of selected cytokine concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: ELISA = Enzyme linked 
immunosorbent assay d = days, wk = weeks, NS=Not significant, P=preterm, EPT= extremely preterm, VP=very preterm, T=term. Data were adjusted where possible 
from original units to allow ease of comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age 

group(s) 

Detection 
methods 

Sample 
fraction 

Storage  Statistic Sampling 
time 
point 

Preterm 
concentratio

n 

Term 
concentratio

n 

Significance Preterm 
compare
d to term 

Considered 
other 

variables? 

To
ta

l c
el

ls
  

Jain et al. 
(1991) (N. Jain, 

Mathur, 
Sharma, & 

Dwarkadas, 
1991) 

20 term 
20 preterm 

37-42 wk 
28-36 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

4 °C Mean 
(cells/mL) 

<3 d 
 
 

9,338 
 

5,594 
 

p<0.001 
 
 

↑ 
 
 

No 

6±1 d 7,236  4,472  p<0.001 ↑ 
Dawarkadas  et 

al. (1991) 
(Dawarkadas et 

al., 1991) 

11 very 
preterm (VP) 
14 preterm 

(P) 
10 term (T) 

28-32 wk 
 
 

32-36 wk 
 

38-40 wk 
 

Not stated 
 

Skimmed 
milk  

-20 °C Mean 
(cells/mL) 

1–3 d 7,730 (VP) 
6,022 (P) 

3,064  p<0.05 
comparing T 
and P+VP, or 

P and VP 

↑ Maternal age 
and parity 

Mathur et al. 
(1990) (Mathur 

et al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

Fresh Mean 
(cells/mL) 

1–3 d 6,784 3,064 p<0.001 ↑ Volume 

Table 1.7 Studies of leukocyte concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: d = days, wk = weeks, NS=Not significant, 
P=preterm, VP=very preterm, T=term, N=Mac.=macrophages, neut=neutrophils. Data were adjusted where possible from original units to allow ease of comparisons 
between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age 

group(s) 

Detection 
methods 

Sample 
fraction 

Storage  Statistic Sampling 
time point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
compared 

to term 

Considered 
other 

variables? 

M
ac

ro
ph

ag
es

 

Rodriguez et 
al. (1989) 

(Rodriguez et 
al., 1989) 

30 preterm 
92 term 

29-36 wk Ficoll 
separation 
with Diff-

quick stain 
and cytology 

Cell 
pellet 

Not 
stated 

Mean 
(cells/mL) 

Colostrum 0.55 x 106 0.42 x 106 NS ↔ No 

Jain et al. 
(1991) (N. 
Jain et al., 

1991) 

20 term 
20 preterm 

37-42 wk 
28-36 wk 

Cytology with 
Giemsa stain 

Cell 
pellet 

4 °C Mean 
(cells/mL) 

<3 d 
 
 

4,924.8  2,860  p<0.001 ↑ 
 
 

No 

6±1 d 3,903.2 2,325.5 p<0.001 ↑ 
 
 

Mathur et al. 
(1990) 

(Mathur et 
al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Cytology with 
Giemsa stain 

Cell 
pellet 

Fresh Mean 
(cells/mL) 

1–3 d 4,041 1,597 p<0.001 ↑ Volume 

Table 1.7 continued. Studies of leukocyte concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: d = days, wk = weeks, NS=Not 
significant, P=preterm, VP=very preterm, T=term, N=Mac.=macrophages, neut=neutrophils. Data were adjusted where possible from original units to allow ease of 
comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestational 
age 

group(s) 

Detection 
methods 

Sample 
fraction 

Storage Statistic Sampling 
time point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
compared 

to term 

Considered 
other 

variables? 

Ly
m

ph
oc

yt
es

 

Jain et al. 
(1991) (N. 
Jain et al., 

1991) 

20 term 
20 preterm 

37-42 wk 
28-36 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

4 °C Mean 
(cells/mL) 

<3 d 2,186.4 1,532 p<0.001 
 
 

↑ 
 
 

No 

6±1 d 2,009.5 1 196.7 p<0.001 
 
 

↑ 
 
 

Goldman et 
al. (1982) 

(Goldman et 
al., 1982) 

8 preterm 
13 term 

≤36 wk 
≥37 wk 

Cytology 
with 

Giemsa 
stain 

Whole 
milk 

4 °C Mean  
(cells/mL 
estimated 

from graph) 

2 wk  ~8,000 ~ 22,000 Not compared 
at specific time 

points 

↓? Volume 

4 wk ~10,000 ~15,000 

Mathur et 
al.(1990) 

(Mathur et 
al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

Fresh Mean 
(cells/mL) 

1–3 d 1,850 954 p<0.001 ↑ Volume 

Table 1.7 continued. Studies of leukocyte concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: d = days, wk = weeks, NS=Not 
significant, P=preterm, VP=very preterm, T=term, N=Mac.=macrophages, neut=neutrophils. Data were adjusted where possible from original units to allow ease of 
comparisons between studies. 
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Author and 
year 

Participants 
(n) 

Gestional 
age 

group(s) 

Detection  Sample 
fraction 

Storage Statistic Sampling 
time point 

Preterm 
concentration 

Term 
concentration 

Significance Preterm 
compared 

to term 

Considered 
other 

variables? 

N
eu

tro
ph

ils
 

Jain et al. 
(1991) (N. 
Jain et al., 

1991) 

20 term 
20 preterm 

37-42 wk 
28-36 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

4 °C Mean 
(cells/mL) 

<3 d 
 

1,622.2  1,201.9  p<0.001 
 
 

↑ 
 
 

No 

6±1 d 1,314 948.9 p<0.001 ↑ 

Mathur et 
al., (1990) 
(Mathur et 
al., 1990) 

25 preterm 
10 term 

28-36 wk 
>37 wk 

Cytology 
with 

Giemsa 
stain 

Cell 
pellet 

Fresh Mean 

(cells/mL) 
1–3 d 842 512 p<0.005 ↑ Volume 

M
ac

. 
&

ne
ut

. Goldman et 
al. (1982) 

(Goldman et 
al., 1982) 

8 preterm 
13 term 

≤36 wk 
≥37 wk 

Cytology 
with 

Giemsa 
stain 

Whole 
milk 

4 °C Mean 
(cells/mL 
estimated 

from graph) 

2 wk ~14,000 ~62,000 Not compared 
at specific time 

points 

↓? Volume 
4 wk ~15,000 ~61,000 

Table 1.7 continued. Studies of leukocyte concentrations in preterm and term breast milk in the first month postpartum. Abbreviations: d = days, wk = weeks, NS=Not 
significant, P=preterm, VP=very preterm, T=term, N=Mac.=macrophages, neut=neutrophils. Data were adjusted where possible from original units to allow ease of 
comparisons between studies. 
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1.7 Summary 

The available literature regarding LOS and preterm breast milk suggest that 

antibacterial proteins could be protective against LOS, and that these should be 

quantified in preterm breast milk. The following key points support this suggestion: 

• Preterm birth is a significant global cause of morbidity and mortality; 

• A large proportion of morbidity and mortality is due to late-onset neonatal 

sepsis; 

• The rate of sepsis is negatively correlated with gestational age, and infants born 

at <28 weeks gestation (extremely preterm) are at the highest risk; 

• Late-onset sepsis pathogens may enter circulation through gastrointestinal 

translocation; 

• Translocation in animal models is increased in gastrointestinal bacterial 

overgrowth, poor epithelial barrier function, and poor immune regulation; 

• Breast milk contains a range of immunological molecules and cells with 

potential to prevent bacterial translocation; 

• Breast milk feeding is associated with decreased prevalence of late-onset sepsis 

in a dose dependent manner;  

• The composition of preterm breast milk is poorly characterised; and  

• It is not clear if deficiencies in immunological components in preterm breast 

milk contribute to the risk of late-onset sepsis. 

1.8 Thesis aims 

This thesis will investigate the hypothesis that breast milk immunological composition 

displays gestation-dependent maturation, which causes preterm infants to consume 

lower amounts of protective antimicrobial, pathogen recognition and immune 

modulating factors and cells, and ultimately affects their susceptibility to infection. If 
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deficiencies in immune factors are identified in preterm milk, then future research could 

explore the supplementation of preterm milk with the required factors to prevent LOS. 

The specific research aims are to: 

1) Measure and compare and the levels of breast milk antimicrobial peptides, 

soluble pattern recognition receptors, cytokines and leukocytes in breast milk 

during lactation in the first month postpartum in mothers of infants born at a 

range of gestational ages.  

2) Examine the relationship between the levels of antimicrobial peptides and 

proteins in milk and the antimicrobial activity of milk against LOS pathogens in 

preterm mothers’ milk.  

3) Explore whether late-onset sepsis in preterm infants is related to the levels of 

antimicrobial protein and peptides consumed in their mothers’ milk.  

In order to carry out these research aims, methods relating to measurement of levels 

and activity of immune factors in breast milk will be developed and optimised for 

use with human breast milk. 
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2 MATERIALS AND METHODS  

The following chapter describes the optimisation process for methods developed as part 

of this thesis, in addition to expanding upon the general laboratory protocols not fully 

described elsewhere. The final methods used to gather data are described in the relevant 

results chapters that follow after this chapter. 

2.1 Materials 

2.1.1 Antibodies 

Antibody Conjugate Assay Isotype Clone Manufacturer Catalogue 
#  

Anti-human IL-6 N/A MC Rat IgG1 
 

MQ2-13A5 
 

BD 
Biosciences 

554543 

Anti-human IL-6 Biotin MC Rat IgG2a 
 

MQ2-39C3 BD 
Biosciences 

554546 

Anti-human IL-10 N/A MC Rat IgG1 
 

JES3-9D7 
 

BD 
Biosciences 

554495 

Anti-human IL-10 Biotin MC Rat IgG2a JES3-
12G8 

BD 
Biosciences 

554499 

Anti-human IL-13 N/A MC Rat IgG1 
 

JES10-
5A2 

 

BD 
Biosciences 

554570 

Anti-human IL-13 Biotin MC Mouse IgG1, κ 
 

B69-2 
 

BD 
Biosciences 

555054 

Anti-human IFN-γ N/A MC Mouse IgG1, κ 
 

NIB42 
 

BD 
Biosciences 

551221 

Anti-human IFN-γ Biotin MC Mouse IgG1, κ 
 

4S.B3 BD 
Biosciences 

554550 

Anti-human TNF-α N/A MC Mouse IgG1 
 

MAb1 
 

BD 
Biosciences 

551220 

Anti-human TNF-α Biotin MC Mouse IgG1, κ 
 

MAb11 
 

BD 
Biosciences 

554511 

Anti-human CD36 PE FC Mouse IgM, κ CB38 BD 
Biosciences 

555455 

Anti-human CD2 APC FC Mouse IgG1, κ 
 

RPA-2.10 BD 
Biosciences 

560642 

Anti-human CD294 AlexaFluor 
647 

FC Rat IgG2a, κ BM16 BD 
Biosciences 

561797 

Anti-human CD16 APC-H7 FC Mouse IgG1, κ 
 

3G8 BD 
Biosciences 

560195 

Anti-human CD19 V450 FC Mouse IgG1, κ 
 

HIB19 BD 
Biosciences 

560353 

Anti-human CD45 V500 FC Mouse IgG1, κ 
 

HI30 BD 
Biosciences 

560779 

Anti-human CD14 N/A ELISA Rat IgG2a, κ 55-3 BD 
Biosciences 

551403 

Anti-human CD14 Biotin ELISA Mouse IgG2a, 
κ 

3-C39 BD 
Biosciences 

551405 

Table 2.1 Antibody descriptions for antibodies used in experiments. N/A= not applicable.; APC= ; 
PE=phycoerythrin; MC=multiplex cytokine detection; FC= flow cytometry; ELISA=enzyme-linked 
immunosorbent assay. 



 62 

2.1.2 Microbiological materials 

Species Strain Supplier Origin Growth media 
Broth Agar 

Staphylococcus 
aureus  

ATCC 29213 
(Rosenbach) 

American Type Culture 
Collection 

Wound HIB BA or 
MSA 

Staphylococcus 
epidermidis  

Wild type 
(WT) 1457 

Dr. Michael Otto, NIH Clinical isolate 
from 

intravenous 
catheter 

HIB BA or 
MSA 

Escherichia coli  ATCC 11775 
(Migula) 

American Type Culture 
Collection 

Urine 
 

LBB BA or 
MAC 

Streptococcus 
agalactiae  

 

M141 
(serotype 1a) 

Lyn Gilbert (institute of 
Clinical Pathology and 

Medical Research, Sydney, 
Australia) 

Clinical isolate  
 

Heart 
Infusion 

Broth 

BA or 
GBSA 

Bifidobacterium 
breve  

M-16V Dr. Tony Keil, PathWest 
Laboratory Medicine, Perth, 

Australia 

Morinaga 
industries, 

Japan 

MRSB+ MRSA 

Candida 
albicans  

ATCC 44990 American Type Culture 
Collection 

National 
Institutes of 

Health (NIH), 
USA strain 
WCR-174 

SABB BA or 
SAB 

Table 2.2 Source and description of microbes and growth media used in bacterial experiments. 
BA=Blood Agar (PathWest Media, Perth, Australia); GBSA=Group B Streptococcus Agar (Oxoid, 
Hampshire, England); HIB=Heart infusion broth (Oxoid); LBB= Luria Bertani broth (PathWest 
Media); MAC= MacConkey Agar Number 3 (PathWest Media); MSA=Mannitol Salt Agar 
(PathWest Media); MRSA=de Man, Rogosa and Sharp Agar (Oxoid); MRSB+= de Man, Rogosa 
and Sharp (MRS) broth+0.5% L-cysteine (PathWest; Sigma); SAB= Sabauraud Agar (PathWest 
Media); SABB= Sabauraud broth (PathWest Media).  
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2.2 Methods 

2.2.1 Milk collection and processing 

Breast milk samples were collected as part of the PREDICT and COMET studies. The 

collection and use of all human samples were approved by the King Edward Memorial 

Hospital Ethics Committee, and procedures were performed in line with Good Clinical 

Practice (GCP) guidelines and regulations.  

The first milk samples collected were from the PREDICT study; this was a study 

designed to investigate the immunological development of 160 extremely preterm 

infants over the first month postpartum. Infant blood was collected and analysis for 

multiple parameters (not described in this thesis), and maternal milk was collected to 

compare with regard to the infant sepsis outcomes. The recruitment phase of this study 

was between 2010 and 2012, and these samples were used for the experiments 

described in Chapter 5. Based on the experimental findings and observed limitations 

from the PREDICT milk study, the COMET study was designed with the purpose of 

comparing preterm to term breast milk, as described in Chapters 3 and 4, and we 

recruited participants to this study in 2013.  

2.2.1.1 Breast milk collection 

Milk was expressed by the mother into a sterile container according to her regular 

practice (either manual or breast pump), and transported to King Edward Memorial 

Hospital, Perth, Western Australia, in an insulated container with an ice brick. An 

aliquot of milk was then transferred via a sterile Pasteur pipette to a sterile 15 mL 

conical tube, and stored at 4 °C until transferred on ice to the research laboratory at 

Princess Margaret Hospital, Perth, Western Australia. 

2.2.1.2 Processing methods for breast milk samples 

Breast milk received in the laboratory was processed according to the study protocol 

described in the following chapters.  
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2.2.1.2.1 COMET study milk 

Milk utilised in experiments described in Chapters 3 and 4 were processed in the 

following manner. In order to streamline experiments performed on skimmed milk, 

skimming was performed prior to freezing of samples. Milk was treated by 

centrifugation at 600 x g for 15 minutes at 4 °C in a sterile 15 mL conical urine tube, 

and the supernatant removed using a sterile Pasteur pipette. The cell pellet remaining in 

the container, used for flow cytometry, was washed twice in phosphate buffered saline 

(PBS, Invitrogen, Mount Waverly, Australia), and resuspended in flow cytometry 

buffer, (FCB; PBS with 2% bovine serum albumin (Sigma-Aldrich, Castle Hill, 

Australia) and fetal bovine serum (Sigma), and 0.01% sodium azide (Merck Millipore, 

Bayswater, Australia). Cell-free milk was skimmed to separate the fat by centrifugation 

for 10 min at 3,220 x g at 4 °C, and the liquid fraction collected by inserting a 19 G 

needle attached to a 5 mL syringe, and gently removing the aqueous fraction from 

below the fat without disturbing the fat layer. The volume of skimmed milk was 

recorded, and diluted 1 in 50 with 10X EDTA-free protease inhibitor (Sigma-Aldrich), 

then ≥ 200 µL aliquoted into twelve micronic tubes sealed with Thermoplastic 

elastomer (TPE) caps, and frozen at -80 °C until analysis. 

2.2.1.2.2 PREDICT and PANTS study milk  

Milk examined in Chapter 5 was processed by centrifugation at 500 x g for 5 min to 

pellet cells and remove large debris. Milk supernatant was frozen in 1 mL aliquots at  

-80 °C in 2 mL cryovials, and thawed at RT when required. Prior to sample analysis, 

milk was skimmed to remove milk fat. Fat was separated from the liquid fraction by 

centrifugation at 6,000 x g for 10 min in a sealed micronic tube at 4 °C. The liquid 

fraction was collected using a 19 G needle attached to a syringe, inserted into the tube 

above the cell pellet and below the fat, and the liquid fraction deposited into a fresh 

micronic tube. In order to remove any milk-resident bacteria, milk samples were 

skimmed three times. Examination of the bacterial content of 71 thawed breast milk 

samples on blood agar demonstrated that most milk contained significant numbers of 

viable aerobic bacteria (median of 3.4 x 104 CFU/mL, range <1 x 103–4.1 x 106 

CFU/mL), and that 99.6% of the bacterial load could be removed through this process.  
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2.2.2 Bacterial growth experiments 

All bacterial growth experiments were performed in a Class II biological safety cabinet 

according to standard microbiological containment procedures including 

decontamination of surfaces and equipment with 70% (w/v) ethanol.  

2.2.2.1 Preparation of bacterial stocks 

Bacterial stocks were prepared for each microbe shown in Table 2.2. Log-phase stocks 

were prepared, as described in the following section. Prior to storage, aggregated cells 

and debris were removed by centrifugation at 60 x g. The suspension was combined 

with glycerol or serum to a final concentration of 10% (v/v) glycerol (Sigma), or for E. 

coli, 20% (v/v) fetal bovine serum (Sigma). The bacteria were stored in 2 mL cryogenic 

containers, and stored at -80 °C.  

2.2.2.2 Determination of growth curves  

Common neonatal pathogens (described in section 1.1.1.1) were tested for their 

suitability for inclusion in a panel of microbes to measure breast milk antibacterial 

activity in subsequent experiments. Staphylococcus epidermidis was selected due to 

being the most commonly isolated species causing LOS, followed by Staphylococcus 

aureus, Candida albicans and Escherichia coli (B. J. Stoll et al., 2002). Streptococcus 

agalactiae (Group B Streptococcus) was selected for comparison because it is the most 

commonly isolate microbe from infants with early-onset sepsis (B. J. Stoll et al., 2011), 

and Bifidobacterium breve was of interest because it was being investigated in our 

NICU for its prophylactic protection against necrotising enterocolitis in preterm infant 

(Patole et al., 2014). Colonies of S. aureus, S. epidermidis, E. coli, S. agalactiae, and C. 

albicans were grown overnight on Blood agar, or colonies from two nights of growth 

for B. breve grown on MRS agar. A single colony of each were inoculated separately 

into 15 mL of the appropriate broth (refer to Table 2.2) in a sterile 50 mL Falcon tube, 

and incubated overnight with shaking at 120 rpm at 37 °C. The following day, microbes 

were inoculated into fresh broth in a sterile flask at an optical density (OD) of 0.05 at 

600 nm (A(600 nm)), and incubated at 37 °C with shaking at 80 rpm. OD readings at 600 

nm were recorded using an Eppendorf Biophotometer at time zero, and every 30 min, 
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until growth plateaued, or until 6 hours incubation in the case of B. breve.  The OD 

readings were plotted against time on a logarithmic scale. Growth was determined to be 

in log phase where the gradient of the OD line was 1. The results of the growth curve 

experiment are shown in Figure 2.1. The growth rate of B. breve and C. albicans did not 

reach log phase over a 1–2 hour time period, which was a requirement for the 

subsequent experiments using these stocks. Since C. albicans is not a major LOS 

pathogen, and B. breve was not required to answer the primary research question, 

neither C. albicans nor B. breve was included in bacterial inhibition assays with other 

microbes in milk.  

 

 
 
Figure 2.1 Growth curves of S. aureus (closed circles), S. epidermidis (closed squares), E. coli (closed 
triangle), S. agalactiae (inverted triangles), B. breve (open circles) and C. albicans (open squares) at 
37 °C, as measured by absorbance of light at 600 nm; n=1 each.  

2.2.3 Optimisation experiments for bacterial growth inhibition assay 

No inhibitory effects of milk or plasma on the growth of E. coli could be detected using 

a disc diffusion assay, based on a modification of the Kirby-Bauer method to inoculate 
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10 µL of the fluids to a sterile disc, though growth was significantly affected by 

antibiotics in the same assay (not shown). This method was therefore deemed not 

sensitive enough for the purpose of measuring antibacterial properties of milk. Attempts 

were made to optimise the use of the BacLight Live/dead staining kit (Invitrogen) for 

milk killing assays, but this was also unsuitable because it was not possible to reliably 

detect what bacteria in milk compared to in buffer (Appendix, Figure 8.11). For these 

reasons, a bacterial colony counting method, adapted from Silvestre et al. was chosen 

(Silvestre et al., 2008), scaled down to a small volume. The final experimental protocol 

is described in Chapter 5 in the methods section. 

2.2.3.1 Optimisation of incubation period 

Bacteria were incubated in low birth weight formula (LBWF), mature breast milk, 

pasteurised donor human milk (PDHM), or LBWF or PDHM spiked with 0.25 mg/mL 

of human lactoferrin to determine whether 2 hours or 4 hours incubation better resulted 

in detectable differences in treatments compared to the LBWF growth control. Based on 

the experiments shown in Figure 2.2, four hours incubation was selected since 

differences in groups were more clearly observed at this time point. 
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Figure 2.2 Recovery of bacteria (percentage of starting inoculum) after two and four hours 
incubation at 37 °C in low birth weight formula, breast milk, pasteurised donor milk, or formula or 
pasteurised milk spiked with 0.25 mg/mL of human lactoferrin. Bacterial strains tested were S. 
aureus (top left), E. coli (top right), S. epidermidis (bottom left), and S. agalactiae (bottom right). 
Data based on 1 experiment, where n=1. 
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2.2.3.2 Effects of milk dilution on bacterial growth-inhibiting activity 

A breast milk sample derived from pooled breast milk from different donors was tested 

at 100%, at 75%, 50% or 25% strength, diluted with low birth weight formula (LBWF) 

to make up the remaining volumes, and compared to a control of 100% LBWF. Samples 

were combined with 1 part in 20 microbes to a final concentration of 1 x 106 cells/mL, 

and incubated at 37 °C for 2 h. After incubation, the percentage of bacterial growth 

inhibition in milk samples was calculated using the formula: 
Equation 2.1 

Inhibition (%) = [(A–B)/A] x 100 

Where  

A = Formula CFU.mL-1 @2hours  

B = Milk CFU.mL-1 @2hours 

 As shown in Figure 2.3A, dilution of milk resulted in decreased antibacterial activity, 

which had the greatest effect on S. agalactiae. Both E. coli and S. agalactiae grew in 

milk compared to formula (negative inhibition) at approximately 25–50% milk 

concentration compared to the formula control. When all bacterial data were grouped 

together, increasing percentage of milk was correlated with the inhibition of bacteria 

(r2=0.87, p=0.069; Figure 2.3B). Therefore, dilution of milk in in vitro experiments 

could cause results to differ significantly from the in vivo effects of milk on microbes. 

In the final study design, milk was minimally diluted by adding microbes in saline at 1 

part in 20 in neat milk.  
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(A) 

 

(B) 

 
 

Figure 2.3 Effect of diluting whole milk on its antibacterial activity. (A) Data points show the 
relative percentage of inhibition (negative values indicate bacterial growth compared to formula 
alone. (B) Mean and standard deviation of inhibition of a single determination each of S. aureus, S. 
epidermidis, E. coli and S. agalactiae, showing pooled data (n=4), compared to the percentage of 
milk in the solution. 
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2.2.4 Bacterial colony counting method 

After incubation with breast milk, colony counts were performed as described in the 

methods section of Chapter 5. The upper and lower limits of detection of the colony 

count-based assay were 1010 and 103 CFU/mL, respectively (one hundred colonies 

recovered in 10µL of liquid at a 10-6 or 1 colony recovered in 10 µL of liquid at a 10-1 

dilution of milk or LBWF). 

2.2.5 Determining total bacterial cell count using light microscopy 

Light microscopy was used to prepare the log-phase bacterial preparations at the correct 

concentration (2 x 107 cells/mL) for addition to breast milk in the bacterial inhibition 

assay described in Chapter 5. Log-phase bacterial preparations were washed once in 

isotonic saline, and diluted 1 part in 10 in saline for examination. Bacteria were counted 

using a Helber chamber (Thoma ruling) on a light microscope. The average number of 

cells counted in three squares was used to estimate the total cell count using Equation 

2.2. 

!"#$%cells/mL = !!"##$!!"#$%&'!!_!!"#$%"&'!!"#$%&!_
20
16 _10

! 

Equation 2.2 
 

The bacterial preparations were then diluted in saline accordingly to the required 

concentration. 

2.2.6 Total protein quantification using Bicinchoninic acid (BCA) assay 

Protein was measured in breast milk using the Micro BCA protein assay kit 

(ThermoScientific 23235). The BSA standard provided with the kit was tested 

compared to breast milk, however, the concentrations of protein in milk interpolated 

using this standard were at least double the reported values in the literature (not shown). 

Though the BCA assay is the most accurate method for quantifying protein in milk, the 

assay, which measures the reaction of copper with bicinchoninic acid, tends to 

overestimate the protein concentration relative to the Kjeldahl method, which is based 

on the quantification of total nitrogen (Keller & Neville, 1986). The protein standard in 

the kit was replaced by a breast milk sample of known protein concentration. The 
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protein content of the milk sample was previously determined to be 1.03 mg/mL protein 

using the Kjeldahl procedure, kindly provided by Professor Peter Hartmann (University 

of Western Australia) and stored at -20 °C. 

2.2.6.1 Protein Quantification Method 

According to a modified version of the method provided by the manufacturer, the milk 

protein standard was diluted to the top standard concentration (1.03 µg/mL), and serial 

dilutions of the standard prepared in PBS. The working reagent solution was prepared 

and stored at RT until use. Breast milk samples were diluted 1 part in 900 in PBS by 

two 1 part in 30 serial dilutions. After preparation of all reagents, 75 µL of diluted milk 

or standards were added to the same volume of the working reagent solution in 

duplicate in a 96-well polypropylene plate, sealed, and incubated for 2 hours at 37 °C. 

PBS was used as a blank in duplicate. After incubation, plates were allowed to cool for 

10 min at RT and the absorbance of each well measured at 562 nm using an EnSpire 

plate reader (PerkinElmer, Waltham, MA, USA). The concentration of protein in the 

unknown samples was interpolated by comparing absorbance to a five-parameter 

logistical (5PL) curve, fitted to standards in GraphPad Prism software, as described in 

Chapter 5 methods.  

2.2.7 Development of Enzyme-linked immunosorbent assay (ELISA) for 

detection of immune proteins and peptides  

2.2.7.1 Background 

Seven ELISAs were developed in-house sourcing pairs of antibodies from suppliers, 

one ELISA (sIgA) was modified from the protocol used in a collaborative laboratory 

(Hartmann Milk Research Group, UWA), and one ELISA utilised a commercial kit 

(TGF-β2). The in-house ELISA molecules of interest were selected based on a) 

presence or likely presence in preterm milk, b) potential antibacterial activity against 

neonatal bacterial pathogens including S. epidermidis, and c) availability of reagents 

with potential to create an ELISA in-house. The characteristics of the ELISA assays 

described in this thesis are shown in Table 2.3. 
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2.2.7.2 Optimisation of standard curves 

Standard curves were assessed using antibody concentrations within the recommended 

range of the manufacturer (if supplied), or otherwise tested at concentrations between 

0.5–2 µg/mL. The antibody and standard curve ranges were optimised so that at least 

six standards could be detected above the background in the curve. All assays were 

performed in an ELISA buffer composed of 2% w/v BSA in PBS with 0.5% Tween-20 

(Sigma-Aldrich). The antibody pairs used for capture and detection and standards used 

for measurement are shown in Table 2.1. The level of HD5 was measured using an 

indirect ELISA, as a suitable unlabelled/biotinylated antibody pair was not available at 

the time of development. The final ELISA protocols used to measure the levels of 

proteins and peptides are described in Chapters 3 and 5 methods sections. 

2.2.7.3 Calculation of inter- and intra-assay reproducibility 

Intra- and inter-assay variability was calculated from a milk sample that was used on all 

plates, designated quality control (QC), and tested in duplicate. In some ELISAs, the 

QC had to be spiked with known quantities of analytes due to lack of presence in the 

QC sample. Coefficient of variation was calculated between replicates for intra-assay 

CV and between plates for inter-assay CV. In all ELISA assays, inter- and intra-assay 

variability was <7%, based on the reproducibility of a QC standard, tested in duplicate 

on plates. The specificity of the detection antibody for the antigen was tested using 

Western blots (refer to Appendices). 
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Assay Capture 
antibody 
(µg/mL) 

Detection 
antibody 
(ug/mL) 

Standards 
range 

(pg/mL) 

Incubation 
temperatur

e  

Milk first 
pass 

optimal 
dilution 

Milk second 
pass 

optimal 
dilutions 

TMB dilution TMB 
incubatio

n time 

Mean 
Inter-
plate 
CV 

% (n) 

Intra-
plat

e 
CV 
% 
(n) 

α defensin 
5 (HD5) 

1.0 1/500 dilution* 78.1-5,000 RT 1/2 n/a 1/250 15 min 0.43 
(2) 

2.04 
(3) 

Lactoferrin 0.5 0.5 78.1-5,000 RT 1/2,000,000 1/100,000 
1/10,000,000 

1/250 5 min 4.87 
(6) 

0.43 
(6) 

β defensin 
1 

0.5 0.5 31.25-2,000 RT 1/1,000 1/5 
1/10,000 

1/250 3 min 3.38 
(7) 

1.0 (7) 

β defensin 
2 

1.0 0.5 3125-
200,000 

RT 1/10 1/1000 or 
1/2 

1/250 5 min 4.54 
(2) 

6.17 
(2) 

β defensin 
3 

0.5 0.25 195.3-
12,500 

RT n/a# n/a 1/250 6 min 4.36 
(4) 

3.04 
(4) 

LL-37 1 0.5 390.1-
25,000 

RT 1/2 n/a 1/250 3 min 3.4 (4) 1.0 (4) 

sCD14 0.5 1 31.25-2,000 RT 1/50,000 1/100,000 1/250 9 min 3.6 (3) 1.12 
(3) 

sIgA 1/2,000 dilution 
of unknown 

concentration 

1/2,000 dilution 
of unknown 

concentration  

3906.25-
250,000 

37 °C 1/50,000 1/200,000 1/250 2 min 1.1 (6) 0.24 
(6) 

TGF-β2 Manufacturer 
concentration in 

kit 

Manufacturer 
concentration in 

kit 

31.25-1,000 
pg/mL 

RT 1/50 1/500 Manufacturer 
concentration 

in kit 

15 min 1.17 (4) 1.45 
(4) 

Table 2.3 Properties of ELISA assays developed or used in experimental work. Shaded rows show assays optimised elsewhere. Dr. Foteini Hassiotou, 
University of Western Australia, kindly provided sIgA protocol however, standard curve and milk dilutions were optimised in-house to match other 
protocols. TGF-β2 ELISA kit was purchased from eBioscience cat. BMS254 . # HBD3 assay was optimised, but HBD3 could not be reliably detected in milk 
at a 1 in 2 dilution, therefore, no dilution is given. RT=room temperature. CV=covariance, calculated based on QC interpolated values from standard curve. 
*Manufacturer recommended the antibody was used at 1 part in 500, though concentration of the antibody preparation was not known.
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2.2.8 Multiplex detection of milk cytokines 

IL-6, IL-10, IL-13, TNF-α, and IFN-γ were measured using magnetic multiplex assays, 

according to a modified method previously described (D'Vaz et al., 2012). The protocol 

was modified due to the high levels of protein and fat in breast milk at the high 

concentration required to detect the cytokines, milk samples were diluted 1:1 in 

Multiplex buffer, composed of 2% bovine serum albumin and 0.5% Tween 20 diluted in 

PBS. Standards were prepared with concentrations ranging from 3–30,000 pg/mL of 

each cytokine. The final method used to measure cytokines in breast milk is described 

in Chapter 3 methods section. 

2.2.9 Leukocyte detection and analysis  

A flow cytometry based protocol was selected for analysis of breast milk leukocytes, 

based on the inherent difficulties of differentiating other cells found in breast milk, 

including epithelial cells, from leukocytes using microscopy (described in greater detail 

in Chapter 4). 

2.2.9.1 Trypan blue exclusion 

Cell viability in breast milk was determined using the trypan blue exclusion method 

(Strober, 2001). Briefly, cell preparations were diluted in 0.4% trypan blue (Sigma-

Aldrich) and mixed with a pipette by gently drawing the liquid in and out of the tip. 

Viable (unstained) and non-viable (stained) cells were quantified in a 10 µL cell 

suspension using a haemocytometer and light microscope, and the percentage of viable 

cells was calculated. 

2.2.9.2 Antibody staining of milk and blood cells 

Breast milk cell pellets were recovered as described in section 2.2.1.2.1. Because of the 

variation in the volumes and cell numbers in breast milk samples received and in order 

to reduce the cell to antibody ratio variability, the volume of milk was recorded, and 

cells were resuspended in 100–2,000 µL of flow cytometry buffer (FCB) containing 2% 

(w/v) bovine serum albumin, 2% (v/v) heat inactivated fetal calf serum, and 0.05% 

sodium azide. The volume of FCB that was used to resuspend cells was recorded for 
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each sample. Fifty microlitres of the cell suspension was incubated for 15 min protected 

from light with 15 µL of an antibody cocktail, using antibodies described in Table 2.1, 

according to the method of Faucher et al. (Faucher et al., 2007). The volumes of 

antibody applied per sample are shown in Figure 2.4. The concentration of cell 

populations obtained from using Trucount was combined with data for each sample on 

the volume of FCB used to dilute cells and the total volume of milk the cells were 

extracted from to calculate the original concentration of cells each sample. 

Cell marker Fluorophore conjugated to 
antibody 

Volume of reagent added per sample 
(µL) 

CD36 PE 10 
CD2 APC 0.5 

CD294 AlexaFluor647 0.5 
CD16 APC-H7 2.5 
CD19 V450 0.25 
CD45 V500 1.25 

Suspended milk cells or 
whole blood - 50 

Total - 65 
Figure 2.4 Leukocyte staining panel applied to cells isolated from human breast milk or in whole 
blood, showing cell antigens of interest and fluorophore 

The titrations of the required concentration of each antibody was determined using two-

fold titrations, and the minimum concentration of antibody that provided a strong 

positive shift on a known positive staining population was selected for use in 

experiments. The final protocol used for leukocyte staining is described in Chapter 4 

methods section. 

2.2.9.3 Preparation of compensation beads 

Compensation beads were used to develop a compensation matrix to be applied to milk 

samples stained with multiple antibodies, to determine the extent of overlapping 

spectral outputs, and to compensate for this effect when analysing data (see Appendix 

Chapter 8).  

CompBeads (BD) were mixed thoroughly using a vortex, and the negative and positive 

beads combined in an eppendorf tube. A separate FACS tube was labelled for each 

antibody, and 30 µL of the bead suspension and 1 µL of the appropriate antibody were 

added to 100 µL of FCB, mixed using a vortex, then incubated for 15 min at RT 

protected from light. Following incubation, 1 mL of FCB was added to each tube and 

beads were washed by centrifugation at 200 x g for 6 min at 10 °C. The supernatant was 

aspirated and the pellet resuspended in 300 µL of FCB. Solutions were then stored at 

4°C protected from light until analysis. 
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2.2.9.4 Preparation of calibration beads 

Each day prior to sample analysis, the flow cytometer was calibrated, as recommended 

by the manufacturer, so that data collected were not affected by differences in the 

machine setup across the study. Negative and positive rainbow calibration beads (one 

drop each; SpheroTech, Lake Forest, IL, United States) were added to 1 mL of FCB in a 

labelled FACS tube, and stored at 4 °C protected from light until analysis. 

2.2.9.5 Fluorescence minus one controls 

Fluorescence minus one (FMO) controls were used for each antibody fluorophore, to 

determine the relative fluorescence at which a cell was determined to be positive for a 

particular cell marker. The gates for positive and negative staining were set based on 

FMO controls in milk and blood, which may be a superior method of determining how 

to remove background staining compared to isotype controls (O'Gorman & Thomas, 

1999). The results of optimisation experiments using FMO controls are shown in the 

Appendix of this thesis (0). 

2.2.9.6 Flow cytometer acquisition settings  

Sample data were collected using a FACSCanto II flow cytometer (BD Biosciences) 

with FACSDiva software (BD Biosciences). Voltages for each channel were set based 

on optimisation performed on milk samples, so that a clear separation between the 

unstained and positive-stained cells was observed. In addition, calibration beads were 

visualised at the chosen voltages, to check that the expected number of fluorescence 

peaks were observed. Forward scatter (FSC) and side scatter (SSC) were set using an 

adult blood donor stained in the previously described manner so that cells of interest 

including neutrophils, monocytes and lymphocytes were visualised within the set 

ranges. Once set, voltages were kept consistent throughout the study (sample collection 

period 5 months). A SSC threshold was applied at 4,000 to exclude debris. A gate was 

set on CD45+ staining events, and up to 100,000 CD45+ events were collected for each 

sample. 
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2.3 Chapter summary 

Due to the unique properties of human breast milk, and the lack of available methods 

for immunological analysis of milk develop, ELISA assays were developed and 

optimised in-house to measure antimicrobial proteins and peptides. In addition, 

established methods for measurement of protein (BCA assay) and leukocyte analysis 

using flow cytometry were adapted and optimised for use with human breast milk. The 

following results chapters (Chapters 3–5) used the assays described to gather 

experimental data. 
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3 THE COMPOSITION OF INNATE IMMUNE 
FACTORS IN PRETERM AND TERM BREAST 

MILK DURING THE FIRST MONTH AFTER 
BIRTH 

3.1 Introduction 

Preterm birth is a significant global issue, affecting approximately 1 in 10 births 

worldwide (World Health Organization et al., 2012). Late-onset neonatal sepsis (LOS), 

defined as sepsis >72 hours after birth, is predominantly a disease of preterm infants. 

The prevalence of LOS increases from 2% of those born at 32–<37 wk (moderately 

preterm infants), to 10–20% of infants born at 28–32 wk (very preterm infants), and 30–

40% of infants born at <28 wk (extremely preterm) (Camacho-Gonzalez et al., 2013; B. 

J. Stoll et al., 2002). It was proposed by Berg that bacterial translocation from the gut 

occurs regularly in healthy individuals, but that infections such as sepsis can occur 

through failures of host defences that allow bacterial overgrowth (dysbiosis), invasion 

of host tissues through decreased barrier function, and poor immunological responses to 

the invading microbes (Berg, 1995). Emerging evidence suggests that LOS pathogens 

may translocate from the gastrointestinal (GI) tract in preterm infants (Soeorg et al., 

2013).  

Consumption of human milk provides passive immunity to the newborn GI tract 

through a large number of soluble and cellular immune components. Milk contains 

antimicrobial proteins and peptides (AMPs) including lactoferrin, lysozyme, and 

defensins (Armogida et al., 2004; Mehta & Petrova, 2011a), which modulate the gut 

microbiome (N. H. Salzman et al., 2010). In addition to antimicrobial activity, breast 

milk may contribute to maintenance of the barrier function of the GI tract, through 

growth factors and cytokines (Joanna S. Hawkes, Bryan, James, & Gibson, 1999), or to 

the defence of the GI epithelium through soluble pattern recognition receptors (PRRs) 

such as secretory immunoglobulin A (sIgA) and soluble CD14 receptor (sCD14), which 

may prevent bacterial attachment to enteric tissues through steric hindrance (Berg, 

1995; Mantis et al., 2011; Vidal, Labéta, Schiffrin, & Donnet-Hughes, 2001). Low milk 

concentrations of these factors could be a risk factor for development of LOS in preterm 

infants, but the levels of many of these factors in human term and preterm milk are 
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poorly characterised. A dose-dependent relationship between higher breast milk 

consumption and lower incidence of LOS (Patel et al., 2013) has been demonstrated, 

but not all preterm infants that consume sufficient amounts of breast milk are protected 

from LOS. This raises the question of whether preterm mothers’ milk could be deficient 

in protective factors compared to term mothers’ milk, contributing to the increased risk 

of LOS in the preterm population. 

Milk composition is variable and may be influenced by a number of factors. Major 

temporal changes occur, that result in large differences between the composition of 

colostrum, the early milk rich in immune proteins and cells, to transitional and mature 

milk, a fluid of mostly stable composition (Ballard & Morrow, 2013). Interestingly, the 

concentration of protein and immune factors such as sIgA and leukocytes are reported 

to be altered by maternal age, mode of delivery, the volume of milk produced, smoking, 

body mass index, parity, and maternal infection (Bachour et al., 2012; Bishara et al., 

2009; Dizdar et al., 2014; Foteini Hassiotou et al., 2013; Lucas & Hudson, 1984). Many 

of these maternal parameters are also risk factors associated with preterm birth 

(Goldenberg et al., 2008), and the link between preterm birth and milk composition 

therefore warrants further investigation.  

Several studies have investigated the differences between preterm and term breast milk 

sampled in the first month postpartum, including levels of AMPs, soluble PRRs, and 

cytokines (Araujo et al., 2005; Armogida et al., 2004; Castellote et al., 2011; 

Dawarkadas et al., 1991; Dvorak et al., 2003; Goldman et al., 1982; Gross, Geller, & 

Tomarelli, 1981; Hsu et al., 2014; Mathur et al., 1990; Mehta & Petrova, 2011a; 

Montagne et al., 1999; Pamblanco et al., 1986; Read et al., 1985; Patricia A. Ronayne 

de Ferrer et al., 2000; P. A. Ronayne de Ferrer et al., 1984; Suzuki et al., 1983; 

Ustundag et al., 2005; Velona et al., 1999; X. F. Wang et al., 2014). However, there are 

limited data on mothers of extremely preterm and very preterm infants, the infants most 

at risk of LOS, and no studies have compared AMPs, PRRs and cytokines in preterm 

and term milk through the stages of lactation related to the times when LOS is most 

likely to occur. In addition, due to major methodological differences between previous 

studies, comparisons of the outcomes of these investigations, which are sometimes 

conflicting, are difficult to make. Consequently, the longitudinal immune composition 

of preterm milk remains insufficiently characterised, and it is unclear if preterm milk is 

different to term milk as lactation progresses, and the circumstances that may lead to 

altered concentrations of immune proteins in these individuals.  
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The aims of this study were to measure and compare the levels of selected AMPs, PRRs 

and cytokines longitudinally between colostrum, transitional and mature breast milk, in 

extremely preterm, very preterm, moderately preterm and term human milk. We 

hypothesised that preterm mothers’ groups would have deficient concentrations of these 

immunological factors in milk compared to term mothers in early milk, which coincides 

with the period of highest LOS incidence.  

3.2 Methods 

3.2.1 Milk sampling, processing and storage 

This study was conducted according to the guidelines laid down in the Declaration of 

Helsinki and all procedures involving human subjects/patients were approved by the 

Women and Newborns Health Service Ethics Committee. Written informed consent was 

obtained from all patients. Sixty participants giving birth at King Edward Memorial 

Hospital were recruited into one of four WHO-defined infant gestational age groups 

(2012); extremely preterm (<28 wk gestation, n=15), very preterm (28–<32 wk 

gestation, n=15), moderately preterm (32–<37 wk gestation, n=15) and term labour (37–

41 wk gestation, n=15). Milk was collected on days 2–5 (colostrum; ≤3.5 mL), days 8–

12 (transitional milk; ≤7 mL) and days 26–30 (mature milk; ≤ 7mL), expressed by the 

mother according to her regular practice (either manual or breast pump, from either 

breast, one-off collection). Expressed milk was transferred to a sterile 15 mL conical 

tube with a sterile Pasteur pipette and stored at 4 °C until transported to the research 

institution (Princess Margaret Hospital, Perth, Australia) in an insulated container with 

an ice brick (median storage time 8 hours). Milk cells were separated from the liquid 

fraction by centrifugation at 600 x g for 15 minutes at 4 °C, and the cell-free milk 

supernatant transferred to a fresh container using a sterile Pasteur pipette. The skimmed 

aqueous fraction of milk was collected by centrifugation at 6,000 x g for 10 min at 4 °C 

and puncturing the container at the base with a 19 G needle, and using a syringe to 

extracting the liquid fraction below the fat layer. Concentrated EDTA-free protease 

inhibitor (Sigma-Aldrich, Castle Hill, Australia) was diluted one part in 50 into 

skimmed milk, and aliquots were stored in micronic tubes at -80 °C until analysis. For 

two milk samples, frozen (-20 °C) but not fresh milk was available. These samples were 

thawed in a water bath at room temperature, and then treated in the same manner as 

other samples. 
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Details of the time, date, and volume of milk expressed were recorded by participants or 

research staff, and were used to calculate the number of days postpartum the milk was 

donated (day of birth=day 1), as well as the length of storage for the sample before 

processing. When the date but not time of collection was recorded (n=7), the time of 

collection was assigned 12 pm. Details of any current illness and concurrent 

medications were requested on a separate study questionnaire, or extracted from 

medical records during hospitalisation. Placentae from births occurring before 30 weeks 

gestation at the research hospital were routinely sent for histological review and 

microbiological examination to determine the presence of chorioamnionitis. Two 

extremely preterm infants were transferred from other hospitals following birth and the 

placentae were not reviewed. Placentae from births after 30 weeks gestation were 

reviewed at the discretion of the treating physician in other gestational age groups (4/15 

term; 9/15 moderately preterm, and 6/9 at 30–32 week gestation). Maternal medical 

records were reviewed, and following hospital discharge (usually by day 5 postpartum), 

self-reported infection data was collected. A bacterial infection was defined as either 

histological or microbiological evidence of chorioamnionitis, positive bacterial cultures 

from other sites, or after hospital discharge, treatment with antibiotics for symptoms of 

an infection by a physician within 7 days of the collection of milk samples. Where data 

were available, alcohol and tobacco use were self-reported during prenatal medical 

reviews, and recorded in medical records. 

3.2.2 Enzyme-linked immunosorbent assays for soluble immune 

mediator detection 

Antimicrobial proteins and peptides (AMPs) lactoferrin (LF) and human beta defensins 

1 and 2 (HBD1; HBD2) concentrations were measured using sandwich ELISAs, and 

human alpha defensin 5 (HD5) was tested using an indirect ELISA method, developed 

in-house, according to the method described in Trend et al. (under review). sCD14 was 

measured using a sandwich ELISA developed in house, using rat anti-human sCD14 

(551403; BD, North Ryde, Australia) and biotinylated mouse anti-human sCD14 (BD; 

551405) to detect recombinant sCD14 standard (Fitzgerald Industries International, 

Acton, MA, United States; 30R-AS047) or sCD14 in breast milk samples. sIgA was 

measured according to a modified version of the method described by Hassiotou et al. 

(Foteini Hassiotou et al., 2013), modified to use smaller (100 µL) well volumes. The 

limits of detection for these assays were as follows; lactoferrin and HD5 (78 pg/mL), 
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HBD1, sCD14 (31 pg/mL), sIgA (3,906 pg/mL), HBD2 (3,125 pg/mL). TGF-β2 ELISA 

kits were purchased from eBioscience (San Diego, CA, United States) and samples 

were tested according to the manufacturer’s instructions. The limit of detection for this 

assay was 31 pg/mL. 

All in-house ELISA assays were carried out in 2% BSA-PBS buffer containing 0.5% 

Tween-20, and washing was performed in 0.1% Tween-20 in PBS. Avidin-HRP 

(eBioscience, San Diego, CA, United States of America) was added to biotinylated 

antibodies for detection, and ELISAs were developed using 3,3’,5,5’–

tetramethylbenzidine substrate (eBioscience) and the reaction stopped using 1 M 

orthophosphoric acid. Absorbance was measured at 450 nm on a spectrophotometer. 

Concentrations of molecules of interest in samples were interpolated from the standard 

curves, fitted with five-parameter logistical (5PL) curves generated using GraphPad 

Prism software (La Jolla, California, USA, www.graphpad.com). Any test samples with 

absorbance readings that fell outside the standard range were repeated at either a lower 

or a higher dilution, respectively. Test samples that fell below the standard curve at the 

lowest dilution achievable in assay buffer (1:1) were assigned the value of the lowest 

standard (i.e. half the lowest standard x 2 dilution factor). Inter-assay CV was <5% for 

all assays. 

3.2.3 Lysozyme measurement 

Lysozyme was determined by a turbidity assay modified from Selsted and Martinez 

(1980). The assay measured the loss of turbidity due to the direct lysis of Micrococcus 

lysodeikticus. Briefly, all standards and skimmed samples were diluted with 0.1 M of 

Na2HPO4/1.1 mM of citric acid (pH 5.8) buffer. Hen egg white lysozyme (EC 3.2.1.17, 

Sigma, St. Louis) was used as a standard at a concentration range from 0.75 to 12.5 

µg/mL. Milk samples were diluted 10-fold prior to measurement. Twenty-five micro 

litres of standards or diluted skim milk samples were placed into the wells of a 96-well 

plate (Greiner bio-one, Germany), along with 175 µL of Micrococcus lysodeikticus 

suspension (0.075% w/v, ATCC No. 4698, Sigma, USA. The plate was immediately 

incubated with shaking at room temperature for 1 hour, and then the absorbance at 450 

nm was recorded. The determination limit was 0.007 g/L and the inter-assay CV was 

19%. 
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3.2.4 Protein detection  

Total protein was quantified using the BCA assay (ThermoFisher Scientific), with a 

standard curve generated from a breast milk sample with protein content determined by 

the Kjeldahl method (Mitoulas et al., 2002). 

3.2.5 Multiplex cytokine detection of cytokines 

IL-6, IL-10, IL-13, TNF-α, and IFN-γ were measured using a magnetic bead-based 

multiplex assay, developed in-house, according to a modified method previously 

described (D'Vaz et al., 2012). Briefly, milk samples were diluted 1:1 in a 2% BSA-

PBS buffer containing 0.5% Tween-20, and duplicate standards containing the 

cytokines of interest were prepared with concentrations ranging from 3–30,000 pg/mL 

of each cytokine. IL-6, IL-10 and IFN-γ standards were purchased from BD Biosciences 

(North Ryde, Australia) and IL-13 and TNF-α standards were purchased from R&D 

Systems (Gymea, Australia). Quality controls consisting of known concentrations of 

standards were run with each plate to measure inter-assay variability. All antibodies 

were purchased from BD. A bead mixture containing 2,000 beads each of rat anti-

human IL-6 (clone MQ2-13A5, cat. 554543), rat anti-human IL-10 (clone JES3-9D7, 

cat. 554495), rat anti human IL-13 (clone JES10-5A2, cat. 554570), mouse anti-human 

TNF-α (clone MAb1, cat. 551220) and mouse anti-human IFN-γ (clone NIB42, cat. 

551221) conjugated to MagPlex XMap Magnetic beads (Luminex Corp, Austin, TX, 

USA) was prepared in a BSA-PBS buffer, then 50 µL of this preparation was incubated 

with 50 µL of each diluted sample in a 96-well plate for 45 min, with shaking at 4,000 

rpm. All incubations were carried out at RT and protected from light. Following 

incubation, beads were washed three times by placing the plate on top of a magnetic 

plate for 1 min (LifeSep, Dexter Magnetic Technologies Inc., Elk Grove Village, IL, 

United States of America), removing the supernatant, then replacing with 100 µL of 

Multiplex washing buffer containing 1% BSA-PBS with 0.25% Tween-20 and 0.001% 

sodium azide. Beads were incubated for 30 min at RT with 100 µL of secondary 

antibody mixture, containing biotin-conjugated rat anti-human IL-6 (clone MQ2-39C3, 

cat. 554546), rat anti-human IL-10 (clone JES3-12G8, cat. 554499), mouse anti-human 

IL-13 (clone B69-2, cat. 555054), mouse anti-human TNF-α (clone MAb11, cat. 

554511), and mouse anti-human IFN-γ (clone 4S.B3, cat. 554550). After washing as 

previously described, streptavidin-R-phycoerythrin (s-866; Invitrogen, Mulgrave, 
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Australia) was incubated with beads for 30 min at RT. After a final washing step, 

samples were resuspended in wash buffer and mean fluorescence intensity (MFI) was 

measured for 100 beads in each well in the bead region of interest, using a Bioplex 2000 

instrument (BioRad, Gladesville, Australia), with doublet discrimination gates set from 

6,500-20,000, using Bioplex manager software (BioRad). The lower limit of detection 

of the standard curve was 3 pg/mL for IL-10, IL-6, and IL-13, and 30 pg/mL for TNF-α 

and IFN-γ. The upper limit of detection was 10,000 pg/mL for IL-10, TNF-α, and IFN-

γ, and 30,000 pg/mL for IL-6 and IL-13. Analysis of curves and interpolation of sample 

values was performed in the Bioplex manager software using five-parameter curve fit. 

Standards were excluded if the percentage of observed compared to expected 

concentration did not fall between 80–120%, and sample values falling below the limit 

of detection were manually assigned a value of half the lowest level detectable for all 

cytokines.  

3.2.6 Statistical analyses 

Most data were not normally distributed, as assessed by a Shapiro-Wilk normality test. 

The temporal changes to milk from colostrum, transitional milk, and mature milk in the 

same donor were compared using non-parametric Friedman tests. Kruskal-Wallis tests 

were used to make comparisons between the concentrations of immune proteins and 

peptides in different gestational age groups by both absolute concentrations and data as 

a percentage of the total protein content and, if significant, individual comparisons were 

made between groups using Dunn’s post-test for multiple comparisons. Continuous 

variables including gestation period, concentrations of milk factors and volume of milk 

expressed were tested for correlation using Spearman’s rho (ρ). Comparisons between 

continuous outcome variables and categorical clinical data were performed using 

Kruskal-Wallis tests or Mann-Whitney tests.  

Logistic regression was used for analyses of repeated measures in individuals’ breast 

milk longitudinally through the first month of lactation, and comparisons were made 

both within and between individuals providing breast milk. Generalised estimating 

equations (GEE) were selected as an appropriate method for analysis of our data, 

because they take into account non-independence of samples from the same individual, 

reducing bias in estimates that may occur using other regression methods (Ballinger, 

2004). With clinical guidance from an experienced neonatologist, we selected six 

variables that may affect milk or preterm infant outcomes including gestational age 
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categories, stage of lactation (colostrum, transitional milk or mature milk), mode of 

delivery, parity (multiparous compared to primiparous mothers), maternal bacterial 

infection, and the volume of milk expressed at the time of sample collection. These 

variables were included in the model regardless of statistical significance. Since 

expressed milk volume was a predictor in the 6-parameter model, a 5-parameter model 

was used to study the mean volume of milk expressed with the other described 

variables.  

In order to approximate a normal distribution, natural log transformations were applied 

to milk variables where measurable outcomes were detectable in all samples (protein, 

LF, LZ, sIgA, sCD14, HBD1, TGF-β2, and volume of milk expressed) for GEE 

analyses. Outcome variables where significant proportions of the samples contained 

levels below the limit of detection were transformed into categories of “not measurable” 

or “measurable”, and examined using a binary model in the same manner (HD5, IL-6, 

IL-10, IL-13, TNF-α and IFN-γ), with ‘not detected’ as the reference category. SPSS 

software (version 21; IBM, Armonk, NY, USA) was used for all analyses. The within-

subject variable for repeated measurements in the same individual was type of milk 

(colostrum, transitional and mature milk). In all cases, term mothers, colostrum, vaginal 

delivery, primiparous and healthy individuals were considered the baseline status and 

other categories were compared to these groups. The models included data from 126 (of 

150 available) milk samples. Samples were automatically excluded by software where 

insufficient data on the included predictive variables were available for analyses. 

Follow analyses, β estimates from the natural log transformed outcomes were back-

transformed by exponentiation of the β-values, providing regression coefficients for 

continuous variables and odds ratios for binary models. 
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3.3 Results 

3.3.1 Population characteristics 

The clinical data collected for mothers participating in the study are shown in Table 3.1. 

The clinical presentation of preterm mothers was different to term, with the complete 

absence of preterm premature rupture of membranes (PPROM), chorioamnionitis, 

known smoking during pregnancy, previous preterm birth, use of reproductive 

assistance and preeclampsia in term mothers.  

Sixty mothers were recruited to the study; the numbers providing milk are shown in 

Figure 3.1. Thirty-seven individuals donated milk at all three time points. The most 

common reason for missing samples across all GA groups was maternal reporting of 

low milk production. The total number of milk samples tested was 150. No significant 

differences between the numbers of samples collected in each gestational age group 

(p=0.98) and therefore, with respect to gestation groups, no significant patterns in the 

individuals with missing data were detected. However, the number of reported maternal 

infections decreased after the initial sample, and the number was higher at the time of 

colostrum collection compared to mature milk (p=0.029). The most common type of 

recent infection reported was chorioamnionitis at colostrum collection (Table 3.2). 
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Clinical characteristic Value EP 

(n=15) 
VP  

(n=15) 
MP  

(n=15) 
Term 
(n=15) 

p-
valu

e 
Milk collected (n) Day 2-5 

Day 8-12 
Day 26-30 

10 
11 
10 

13 
15 
12 

13 
14 
9 

12 
15 
15 

0.98 

Maternal infection (% of 
those providing milk) 

Day 2-5 7 (70) 6 (46.2) 3 (23.1) 0 (0) 0.002 
Day 8-12 2 (18.2) 3 (20) 0 (0) 3 (20) 0.304 

Day 26-30 1 (10) 2 (16.7) 1 (11.1) 2 (13.3) 1.00 
Median volume of milk 
(mL) expressed (IQR; n 

with data) 

Day 2-5 17.5 
(12.5-30; 

8) 

40 (26-60; 
11) 

20 (9.25-
40; 12) 

4.3 (4-24; 
12) 

0.011 
 

Day 8-12 50 (30-60; 
9) 

90 (50-
130; 11) 

85 (45-
127; 10) 

11 (7.5-90; 
13) 

0.014 

Day 26-30 65 (33.5-
85; 8) 

200 (150-
300; 9) 

70 (20-
100; 9) 

10.5 (8-25; 
14) 

0.015 

Gestation period 
(mean±SD) 

Weeks 26.1±1.2 30.2±1.3 34.4±1.3 39.4±0.77 <0.001 

Maternal age (mean±SD) Years  31.3±5.2 30.1±6.9 31.6±6.9 29.7±6.0 0.879 
Chorioamnionitis (n) Histological 

only 
1 4 2 0 0.010 

Culture 
confirmed 

7 3 2 0 

No  5 3 5 4 
Not 

examined 
2 5 6 11 

Smoker (n) During 
pregnancy 

4 1 4 0 0.034 

Previous 1 1 0 1 
Never 

smoked 
6 11 10 14 

Unknown 4 2 1 0 
Smoking during 

pregnancy (n) 
Yes 
No 

Unknown 

4 
7 
4 

1 
12 
2 

4 
10 
1 

0 
15 
0 

0.018 

Alcohol use during 
pregnancy (n) 

Yes 3 2 2 1 0.392 
No 10 9 11 14 

Unknown 2 4 2 0 
Parity category (n) 1 7 5 7 6 0.938 

≥2 8 10 8 9 
Multiple birth (n) Twins 1 3 2 0 0.488 

Mode of delivery (n) Vaginal 9 5 8 9 0.448 
Caesarean 

section 
6 10 7 6 

Preterm Premature 
Rupture of membranes 

(n) 

Yes 8 5 4 0 0.006 
No 7 9 11 15 

Unknown 0 1 0 0 
Pre-eclampsia (n) Yes 3  4  5  0 0.104 

Assisted reproduction (n) Yes 2 1 2 0 0.740 
Previously given birth to 

a preterm infant (n) 
Yes 2 5 3 0 0.111 

Table 3.1 Comparison of clinical data for gestational age groups of mothers in the study. All values 
show the number of individuals of the 15 in that gestational age group unless otherwise specified. 
Bolded values are significant. EP=extremely preterm, VP=very preterm, MP=moderately preterm, 
IQR= interquartile range. 
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Visit Chorio RTI Sepsis Gynaecological GI UTI Skin Mastitis Total 

infectio
ns 

Day  
2–5 

13 0 1 2 0 1 2 0 16 

Day  
8–12 

0 2 0 2 0 2 1 1 8 

Day  
26–30 

0 2 0 0 1 1 1 1 6 

Table 3.2 Number of maternal infections around the time of milk collection in study participants 
providing breast milk. Chorio=chorioamnionitis, RTI=respiratory tract infection, 
GI=gastrointestinal infection, UTI= urinary tract infection. 
 

 

 

 
Figure 3.1 Flow chart showing recruitment numbers and actual number of individuals providing 
milk samples at each time point, by gestational age group. 
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3.3.2 Volume of milk expressed and total protein concentration 

The reported total volumes of milk expressed by the donors at the time of study 

sample collection are shown in Figure 3.2. At all time points, very preterm mothers 

expressed significantly greater volumes of milk than term mothers when donating to 

the study. Extremely preterm and very preterm mothers expressed increasing volumes 

of milk at each visit from colostrum to mature milk (from a median of 17.6 mL and 

40–200 mL, respectively). In moderately preterm mothers, volumes expressed 

increased to transitional milk but decreased by mature milk collection (medians of 20, 

80 and 75 mL, respectively). In term mothers, expressed milk volumes remained low 

throughout the study (median volumes of 4.3, 11, and 10.5 mL, respectively). The 

volumes of milk expressed in all mothers were positively correlated with the number 

of days postpartum that it was collected (ρ=0.251; p<0.01). The concentration of 

protein in the milk was negatively correlated with the number of days postpartum the 

breast milk was collected (ρ=-0.586, p<0.001). The median concentration of protein 

in all milk samples collected in the first month postpartum was 14.0 mg/mL (range 

7.41–38.09 mg/mL), decreasing from median 16.0 mg/mL in colostrum to 12.9 

mg/mL in mature milk (Figure 3.2B). Multiparous mothers expressed larger volumes 

of milk than primiparous mothers did (Table ). The reported volume of milk 

expressed was negatively correlated with the total protein concentration measured in 

milk samples (ρ=-0.217, p<0.05). There were no differences between gestational age 

groups in total protein concentration at the same time point.  
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Figure 3.2 A) Reported volumes of milk expressed at time of study sample donation and total 
protein concentrations measured in preterm and term mothers’ milk, and B) concentration of 
protein in milk samples measured by BCA assay. Gestational age group is shown on the x-axis; 
C=colostrum (n=8, 11, 12, 12 extremely preterm, very preterm, preterm and term donors, 
respectively); TM=transitional milk (n=9, 11, 10, and 13 extremely preterm, very preterm, 
preterm and term donors, respectively); MM=mature milk (n=8, 9, 9, and 14 extremely preterm, 
very preterm, preterm and term donors, respectively). Figure shows the median values recorded 
and the interquartile ranges, on a log-scale. *Significant (p<0.05), and **highly significant 
(p<0.01) in multiple comparisons to term groups. 
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3.3.3 Detected immune factor concentrations in milk samples 

The most abundant protein measured was LF, at a median concentration of 4.65 

mg/mL (range 0.97–11.24 mg/mL). Secretory IgA, LZ, and sCD14 were also 

relatively abundant at median concentrations of 1.06 mg/mL (range 0.26–31.81 

mg/mL), 91.8 µg/mL (range 20.7–266.5 µg/mL), and 31.2 µg/mL (range 6.4–91.8 

µg/mL), respectively. Together, these proteins made up a median of 60%, 43%, and 

30% of the total protein in colostrum, transitional and mature milk, respectively. 

 Defence peptides HBD1 and HBD2 were present in lower quantities at medians of 

138.4 ng/mL (range 4.85–4,475 ng/mL) and 379.6 ng/mL (range 3.13–33,520 

ng/mL), respectively. Cytokine and growth factor expression in milk was generally 

low (pg/ml) relative to other molecules, though TGF-β2 was the most abundant at 

median 12.56 ng/mL (range 1.83–335.89 ng/mL). Median values of IL-10, IL-13, 

TNF-α, IFN-γ, and HD5 were at the limit of detection, since these molecules were 

measurable in fewer than half of the breast milk samples (maximum values of these 

molecules 4,383 pg/mL of IL-10, 9,545 pg/mL of IL-13, 8,746 pg/mL of TNF-α, 

18,857 pg/mL of IFN-γ and 3,655 pg/mL of HD5). Significant correlations between 

total protein concentration in milk with levels of lactoferrin, sIgA, sCD14, HBD1, 

HBD2, TGF-β2, IL-6, IL-10, IL-13, TNF-α, and IFN-γ were observed (p<0.01).  

Individual AMP, PRR, and cytokine concentrations in breast milk were significantly 

different when measured in colostrum, transitional milk, or mature milk from the 

same mother, being highest in colostrum and the lowest in mature milk, with the 

exception of LZ and HD5, which did not significantly change over the sampling 

period. When expressed as a percentage of the total protein in the breast milk, the 

relative percentage of all molecules except TGF-β2, IL-10, IL-13, and TNF-α were 

highest in colostrum, and decreased significantly during the first month postpartum, 

(p<0.05, not shown). 

3.3.4 Effect of prematurity on milk composition 

The median concentration of soluble immunological proteins in breast milk samples 

in colostrum (n=49), transitional milk (n=55), and mature milk (n=46) are reported for 
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each GA group in Figure 3.3–Figure 3.5, showing AMPs, PRRs, and cytokines, 

respectively.  

The median concentrations of HBD1 and TGF-β2 in colostrum were significantly 

higher in extremely preterm than in term breast milk samples at the same collection 

period (Figure 3.3 and Figure 3.5; p<0.05). When analysed as a percentage of the total 

protein in colostrum, extremely preterm milk contained significantly higher 

percentages of HBD1 and TGF-β2 than term milk (not shown). In transitional milk, 

the percentage of LF was higher in extremely preterm than very preterm milk 

(p<0.05), and the absolute concentration of LF followed the same pattern, though this 

was not statistically significant (p=0.058). Additionally, the percentages that IL-10 

and TNF-α represented as a fraction of the total protein were significantly lower in 

very preterm compared to term transitional milk (not shown). In mature milk (day 26-

30), there were no significant differences in the percentages of measured immune 

proteins compared to total protein. 

The concentrations of LZ (ρ=-0.385; p=0.007), HBD1 (ρ=-0.305; p=0.035), and TGF-

β2 (ρ=-0.451; p=0.001) in colostrum, and LF (ρ=-0.284; p=0.036), sIgA (ρ=-0.294; 

p=0.029), and LZ (ρ=-0.332; p=0.013) in transitional milk were negatively correlated 

with GA. In contrast, LF concentrations in mature milk were positively correlated 

with GA (ρ=0.374; p=0.01), whereas LZ concentration was negatively correlated with 

GA in mature milk (ρ=-0.346; p=0.018). 
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Figure 3.3 Range of concentrations of antimicrobial proteins and peptides measured in breast 
milk collected in the first month postpartum, separated into gestational age categories. Data show 
median ±  interquartile ranges of extremely preterm (<28 wk), very preterm (28–<32 wk), 
moderately preterm (32–<37 wk) and term (37–41 wk) gestation mothers’ milk. C=colostrum 
(n=10, 13, 13, 13 extremely preterm, very preterm, preterm and term donors, respectively); 
TM=transitional milk (n=11, 15, 14, and 15 extremely preterm, very preterm, preterm and term 
donors, respectively); MM=mature milk (n=10, 12, 9, and 15 extremely preterm, very preterm, 
preterm and term donors, respectively). *Indicates statistically significant comparison (p<0.05) 
in Dunn’s post-test comparing preterm groups to term group. 
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Figure 3.4 Range of concentrations of pattern recognition receptors measured in breast milk 
collected in the first month postpartum, separated into gestational age categories. Data show 
median ±  interquartile ranges of extremely preterm (<28 wk), very preterm (28–<32 wk), 
moderately preterm (32–<37 wk) and term (37–41 wk) gestation mothers’ milk. C=colostrum 
(n=10, 13, 13, 13 extremely preterm, very preterm, preterm and term donors, respectively); 
TM=transitional milk (n=11, 15, 14, and 15 extremely preterm, very preterm, preterm and term 
donors, respectively); MM=mature milk (n=10, 12, 9, and 15 extremely preterm, very preterm, 
preterm and term donors, respectively). 
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Figure 3.5 Range of concentrations of cytokines and growth factors measured in breast milk 
collected in the first month postpartum, separated into gestational age categories. Data show 
median ±  interquartile ranges of extremely preterm (<28 wk), very preterm (28–<32 wk), 
moderately preterm (32–<37 wk) and term (37–41 wk) gestation mothers’ milk. C=colostrum 
(n=10, 13, 13, 13 extremely preterm, very preterm, preterm and term donors, respectively); 
TM=transitional milk (n=11, 15, 14, and 15 extremely preterm, very preterm, preterm and term 
donors, respectively); MM=mature milk (n=10, 12, 9, and 15 extremely preterm, very preterm, 
preterm and term donors, respectively). *Indicates statistically significant comparison (p<0.05) 
in Dunn’s post-test comparing preterm groups to term group. 
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3.3.5 Maternal infection and immune composition of milk 

Most maternal infections were chorioamnionitis or other genitourinary infections, 

with only two cases of mastitis in the cohort (Table 3.2). Colostrum concentrations of 

the antimicrobial peptide HBD2 and the percentage of HBD2 relative to total protein 

expression were significantly lower in mothers reporting a recent infection (Figure 

3.6; p<0.05). We did not detect effects of maternal infection for any other measured 

molecules in colostrum, or in transitional or mature milk immune factors.  
 

 
Figure 3.6 Colostrum concentration of HBD2 in healthy mothers (n=32) compared to donors with 
recent bacterial infections (n=16). *p<0.05. 
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3.3.6 Logistic regression of concentrations of immunological proteins 

and peptides in milk 

The stage of lactation was a major factor affecting the concentration of immune 

factors in milk (Table  and Table 3.4). Controlling for other variables, the 

concentrations of continuous outcome variables in transitional and mature milk 

compared to colostrum were lower for protein (adjusted odds ratios [OR]=0.82 and 

0.76, respectively, 95% confidence intervals [CI]=0.75–0.88 and 0.69–0.83; p<0.001), 

LF (OR=0.83 and 0.55, respectively, 95% CI=0.72–0.94 and 0.46–0.65; p<0.005), 

sIgA (OR=0.49 and 0.36, respectively, 95% CI=0.35–0.67 and 0.25–0.51; p<0.001), 

sCD14 (OR=0.75 and 0.50, respectively, 95% CI=0.66–0.85 and 0.41–0.60; p<0.001), 

and HBD2 (OR=0.52 and 0.22, respectively, 95% CI=0.31–0.85 and 0.12–0.43; 

p<0.01). Concentrations of HBD1 (OR=0.45, 95% CI=0.28–0.71; p=0.001) and TGF-

β2 (OR=0.64, 95% CI= 0.44–0.93; p=0.019) were lower in mature milk compared to 

colostrum. Binary outcome variables less likely to be detected in transitional or 

mature milk compared to colostrum were IL-10 (OR=0.27 and 0.22, respectively, 

95% CI=0.11–0.69 and 0.08–0.64; p≤0.006), IL-6 (OR=0.09 and 0.09, 95% CI=0.02–

0.50 and 0.02–0.57; p≤0.01), TNF-α (OR=0.32 and 0.25, respectively, 95% CI=0.12–

0.83 and 0.09–0.69; p<0.02), and IFN-γ (OR=0.31 and 0.23, respectively, 95% 

CI=0.13–0.71 and 0.09–0.60; p≤0.006). The odds of detecting IL-13 were lower in 

transitional milk than colostrum (OR=0.47, 95% CI=0.25–0.88; p=0.019).  

Another major contributing factor to milk composition was the volume of milk 

expressed by the donor. Transitional and mature stages of lactation were associated 

with higher mean volumes of milk expressed compared to colostrum (OR=2.40 and 

2.32, respectively; 95% CI=1.76–3.26 and 1.47–3.66; p<0.001). Compared to term 

mothers, increased expression of milk was observed in extremely preterm mothers 

(OR=2.60, 95% CI=1.61–4.18; p<0.001), very preterm mothers (OR=5.08, 95% 

CI=2.92–8.82; p<0.001), and moderately preterm mothers (OR=2.78, 95% CI=1.63–

4.76; p<0.001). Furthermore, the mean concentrations of several proteins and peptides 

showed dependent inverse linear relationships with the volume of milk expressed, 

including LF (Regression coefficient [RC]=0.91, 95% CI=0.84–0.98; p=0.014), sIgA 

(RC=0.86, 95% CI=0.86; p=0.032), sCD14 (RC=0.88, 95% CI=0.81–0.95; p=0.002), 

HBD1 (RC=0.78, 95% CI=0.65–0.94; p=0.01). The volume of milk expressed 
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increased in mothers with detectable HD5 (OR=1.65, 95% CI=1.08–2.52; p=0.021). 

Additionally, the volume of milk expressed was significantly higher in multiparous 

individuals compared to primiparous mothers (OR=1.64, 95% CI=1.12–2.39; 

p=0.011). 

Importantly, preterm birth resulted in statistically significant increases in the 

concentrations of immune proteins after adjusting for other variables. Compared to 

term mothers’ milk, the mean concentration of LZ increased in extremely preterm 

(OR=1.53, 95% CI=1.16–2.03; p=0.003) and very preterm mothers’ milk (OR=1.39, 

95% CI=1.01–1.92; p=0.044). In addition, compared to term mothers, the 

concentration of HBD1 was higher in moderately preterm breast milk (OR=1.79, 95% 

CI=1.10–2.92; p=0.019), and very preterm mothers had increased sCD14 compared to 

term mothers’ milk (OR=1.28, 95% CI=1.02–1.60; p=0.035).  

Giving birth by caesarean section was associated with higher breast milk levels of 

HBD2 compared to vaginal delivery (OR=6.8, 95% [CI] 2.71–16.96; p<0.001). The 

presence of (mostly non-mastitic) maternal infections significantly reduced the odds 

of IL-6 detection (OR=0.27, 95% CI=0.08–0.91; p=0.03), and in IFN-γ, a similar 

effect was observed, but did not reach statistical significance (OR=0.21, p=0.051). 

The concentrations of protein (OR=0.92, 95% CI=0.86–0.99); p=0.022, LF 

(OR=0.85, 95% CI=0.73–0.98; p=0.027), and sCD14 (OR=0.80, 95% CI=0.66–0.97; 

p=0.024) were lower in multiparous mothers after adjusting for other parameters. 
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Molecule Parameter Comparison β  95%  
confidence 

intervals 

p-value 

Protein Gestation groups 32-<37 vs. 37-41 wk 0.98 0.89–1.08 0.717 

28-<32 vs. 37-41 wk 1.03 0.94–1.13 0.478 

<28 vs. 37-41 wk 1.05 0.97–1.14 0.202 

Stage of lactation MM vs. C 0.76 0.69–0.83 0.000 

TM vs. C 0.82 0.75–0.88 0.000 

Caesarean section 1.01 0.95–1.08 0.707 
Multiparous 0.92 0.86–0.99 0.022 

Bacterial infection 1.00 0.94–1.06 0.994 
Expressed milk volume 0.99 0.97–1.02 0.710 

LF Gestation groups 32-<37 vs. 37-41 wk 1.06 0.91–1.24 0.460 

28-<32 vs. 37-41 wk 1.05 0.8–1.38 0.720 

<28 vs. 37-41 wk 1.13 0.85–1.49 0.394 

Stage of lactation MM vs. C 0.55 0.46–0.65 0.000 

TM vs. C 0.83 0.72–0.94 0.005 

Caesarean section 0.93 0.77–1.13 0.483 
Multiparous 0.85 0.73–0.98 0.027 

Bacterial infection 1.04 0.86–1.27 0.658 

Expressed milk volume 0.91 0.84–0.98 0.014 

 
LZ 

Gestation groups 32-<37 vs. 37-41 wk 1.02 0.68–1.52 0.941 

28-<32 vs. 37-41 wk 1.39 1.01–1.92 0.044 

<28 vs. 37-41 wk 1.53 1.16–2.03 0.003 

Stage of lactation MM vs. C 0.92 0.8–1.06 0.230 

TM vs. C 0.96 0.84–1.09 0.498 

Caesarean section 0.93 0.72–1.19 0.563 
Multiparous 1.00 0.77–1.29 0.974 

Bacterial infection 0.96 0.8–1.15 0.646 
Expressed milk volume 1.01 0.95–1.07 0.768 

sIgA Gestation groups 32-<37 vs. 37-41 wk 1.31 0.9–1.9 0.152 

28-<32 vs. 37-41 wk 1.24 0.82–1.86 0.311 

<28 vs. 37-41 wk 1.25 0.84–1.85 0.266 

Stage of lactation MM vs. C 0.36 0.25–0.51 0.000 

TM vs. C 0.49 0.35–0.67 0.000 

Caesarean section 1.01 0.75–1.37 0.929 
Multiparous 0.81 0.59–1.11 0.182 

Bacterial infection 1.03 0.76–1.39 0.839 
Expressed milk volume 0.86 0.75–0.99 0.032 

Table 3.3 Logistic regression with repeated measures for continuous variables. Results of GEE 
modelling of linear (natural log-transformed variables) models, all β  coefficient values were 
exponentiated after analysis. MM= mature milk (d26–30); TM= transitional milk (d8–12); C= 
Colostrum (d2–5). Statistically significant variable comparisons are indicated by bold font in p-
value <0.05). 
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Molecule Parameter Comparison β  95%  

confidence intervals 
p-value 

sCD14 Gestation groups 32-<37 vs. 37-41 wk 0.96 0.78–1.2 0.738 

28-<32 vs. 37-41 wk 1.28 1.02–1.6 0.035 

<28 vs. 37-41 wk 1.08 0.85–1.36 0.536 

Stage of lactation MM vs. C 0.50 0.41–0.6 0.000 

TM vs. C 0.75 0.66–0.85 0.000 

Caesarean section 0.92 0.76–1.12 0.397 
Multiparous 0.80 0.66–0.97 0.024 

Bacterial infection 1.13 0.96–1.34 0.141 
Expressed milk volume 0.88 0.81–0.95 0.002 

HBD1 Gestation groups 32-<37 vs. 37-41 wk 1.79 1.1–2.92 0.019 

28-<32 vs. 37-41 wk 1.36 0.8–2.32 0.258 

<28 vs. 37-41 wk 1.37 0.59–3.19 0.463 

Stage of lactation MM vs. C 0.45 0.28–0.71 0.001 

TM vs. C 0.95 0.63–1.45 0.827 

Caesarean section 0.81 0.54–1.21 0.302 
Multiparous 0.77 0.49–1.21 0.259 

Bacterial infection 1.19 0.69–2.08 0.531 
Expressed milk volume 0.78 0.65–0.94 0.010 

HBD2 Gestation groups 32-<37 vs. 37-41 wk 0.45 0.13–1.54 0.202 

28-<32 vs. 37-41 wk 0.43 0.10–1.77 0.243 

<28 vs. 37-41 wk 1.05 0.23–4.75 0.952 

Stage of lactation MM vs. C 0.22 0.12–0.43 0.000 

TM vs. C 0.52 0.31–0.85 0.010 

Caesarean section 6.78 2.71–16.96 0.000 
Multiparous 0.83 0.32–2.17 0.710 

Bacterial infection 1.16 0.6–2.26 0.656 
Expressed milk volume 0.79 0.59–1.06 0.118 

TGF-β2 Gestation groups 32-<37 vs. 37-41 wk 1.34 0.82–2.21 0.246 

28-<32 vs. 37-41 wk 1.25 0.73–2.12 0.413 

<28 vs. 37-41 wk 1.67 0.94–2.94 0.080 

Stage of lactation MM vs. C 0.64 0.44–0.92 0.019 

TM vs. C 0.88 0.61–1.26 0.479 

Caesarean section 1.07 0.75–1.52 0.721 
Multiparous 0.95 0.65–1.38 0.778 

Bacterial infection 1.03 0.71–1.49 0.880 
Expressed milk volume 0.87 0.73–1.05 0.152 

Table 3.3 continued. Logistic regression with repeated measures for continuous variables. Results 
of GEE modelling of linear (natural log-transformed variables) models, all β  coefficient values 
were exponentiated after analysis. MM= mature milk (d26–30); TM= transitional milk (d8–12); 
C= Colostrum (d2–5). Statistically significant variable comparisons are indicated by bold font in 
p-value <0.05). 
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Expressed  

milk volume 
Gestation groups 32-<37 vs. 37-41 wk 2.78 1.63–4.76 0.000 

28-<32 vs. 37-41 wk 5.08 2.92–8.82 0.000 

<28 vs. 37-41 wk 2.60 1.61–4.18 0.000 

Stage of lactation MM vs. C 2.32 1.47–3.66 0.000 

TM vs. C 2.40 1.76–3.26 0.000 

Caesarean section 1.02 0.71–1.46 0.918 
Multiparous 1.64 1.12–2.39 0.011 

Bacterial infection 0.94 0.67–1.32 0.729 
Table 3.3 continued. Logistic regression with repeated measures for continuous variables. Results 
of GEE modelling of linear (natural log-transformed variables) models, all β  coefficient values 
were exponentiated after analysis. MM= mature milk (d26–30); TM= transitional milk (d8–12); 
C= Colostrum (d2–5). Statistically significant variable comparisons are indicated by bold font in 
p-value <0.05). 
  



 103 

Molecule Parameter Comparison Odds ratio 95%  
confidence 

intervals 

p-value 

IL-10 Gestation 
groups 

32-<37 vs. 37-41 wk 1.23 0.32–4.73 0.764 

28-<32 vs. 37-41 wk 1.10 0.22–5.59 0.906 

<28 vs. 37-41 wk 1.46 0.32–6.65 0.626 

Stage of 
lactation 

MM vs. C 0.22 0.08–0.64 0.005 

TM vs. C 0.27 0.11–0.69 0.006 

Caesarean section 1.17 0.43–3.17 0.760 
Multiparous 0.99 0.4–2.45 0.987 

Bacterial infection 0.38 0.1–1.48 0.165 
Expressed milk volume 0.92 0.6–1.41 0.702 

TNF-α  Gestation 
groups 

32-<37 vs. 37-41 wk 0.58 0.18–1.9 0.368 

28-<32 vs. 37-41 wk 0.28 0.06–1.26 0.098 

<28 vs. 37-41 wk 0.50 0.12–1.99 0.323 

Stage of 
lactation 

MM vs. C 0.25 0.09–0.69 0.008 

TM vs. C 0.32 0.12–0.83 0.019 

Caesarean section 0.55 0.21–1.46 0.230 
Multiparous 0.61 0.24–1.52 0.287 

Bacterial infection 0.40 0.12–1.38 0.147 
Expressed milk volume 0.95 0.61–1.47 0.817 

IFN-γ  Gestation 
groups 

32-<37 vs. 37-41 wk 1.43 0.28–7.16 0.666 

28-<32 vs. 37-41 wk 0.37 0.04–3.22 0.369 

<28 vs. 37-41 wk 1.87 0.29–12.24 0.513 

Stage of 
lactation 

MM vs. C 0.23 0.09–0.6 0.002 

TM vs. C 0.31 0.13–0.71 0.006 

Caesarean section 0.99 0.26–3.75 0.991 
Multiparous 1.01 0.28–3.58 0.989 

Bacterial infection 0.21 0.04–1.01 0.051 
Expressed milk volume 1.08 0.76–1.53 0.657 

IL-6 Gestation 
groups 

32-<37 vs. 37-41 wk 2.07 0.35–12.39 0.424 

28-<32 vs. 37-41 wk 1.36 0.18–10.33 0.768 

<28 vs. 37-41 wk 1.88 0.37–9.53 0.447 

Stage of 
lactation 

MM vs. C 0.09 0.02–0.57 0.010 

TM vs. C 0.09 0.02–0.5 0.006 

Caesarean section 1.83 0.5–6.7 0.362 
Multiparous 1.30 0.4–4.27 0.662 

Bacterial infection 0.27 0.08–0.91 0.035 
Expressed milk volume 0.79 0.49–1.27 0.329 

Table 3.4. Results of logistic regression with repeated measures of variables with binary 
(detected/not detected) outcomes. MM=mature milk (d26–30); TM=transitional milk (d8–12); C= 
Colostrum (d2–5). Statistically significant variable comparisons are indicated by bold font in p-
value <0.05). Odds ratios show the odds of detecting the molecules of interest. All data were 
adjusted for mode of delivery, parity, and maternal bacterial infection. 
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IL-13 Gestation 
groups 

32-<37 vs. 37-41 wk 1.05 0.28–3.89 0.939 

28-<32 vs. 37-41 wk 1.27 0.31–5.15 0.736 

<28 vs. 37-41 wk 1.17 0.27–5.1 0.833 

Stage of 
lactation 

MM vs. C 0.68 0.35–1.34 0.267 

TM vs. C 0.47 0.25–0.88 0.019 

Caesarean section 1.42 0.52–3.82 0.492 
Multiparous 0.91 0.34–2.4 0.843 

Bacterial infection 0.59 0.23–1.54 0.285 
Expressed milk volume 1.01 0.79–1.29 0.947 

HD-5 Gestation 
groups 

32-<37 vs. 37-41 wk 0.69 0.2–2.39 0.562 

28-<32 vs. 37-41 wk 1.16 0.26–5.05 0.847 

<28 vs. 37-41 wk 0.70 0.17–2.98 0.633 

Stage of 
lactation 

MM vs. C 1.50 0.57–3.94 0.406 

TM vs. C 1.64 0.75–3.61 0.217 

Caesarean section 1.22 0.44–3.36 0.701 
Multiparous 1.01 0.38–2.7 0.990 

Bacterial infection 0.62 0.24–1.61 0.325 
Expressed milk volume 1.65 1.08–2.52 0.021 

Table 3.4 continued. Results of logistic regression with repeated measures of variables with 
binary (detected/not detected) outcomes. MM=mature milk (d26–30); TM=transitional milk (d8–
12); C= Colostrum (d2–5). Statistically significant variable comparisons are indicated by bold 
font in p-value <0.05). Odds ratios show the odds of detecting the molecules of interest. All data 
were adjusted for mode of delivery, parity, and maternal bacterial infection. 

3.4 Discussion 

There are limited data available on the immunological composition of preterm milk, 

particularly in extremely preterm mothers. This study aimed to determine the levels of 

AMPs, PRRs, and cytokines in preterm and term mothers’ colostrum, transitional and 

mature milk, in the context of relevant clinical parameters commonly associated with 

preterm birth. We found that the concentrations of immune proteins are highest in 

colostrum and lowest in mature milk, and that the concentrations of AMPs, PRRs, and 

TGF-β2 in colostrum and transitional milk are higher in preterm mothers’ milk than 

in term mothers’ milk. Though minor effects of maternal infection and caesarean 

section birth were found for individual factors, these made little difference to milk 

composition relative to the stage of lactation, the volume of milk expressed, parity 

and prematurity in multivariate models.  

This study confirms previous research that immune factor concentrations during 

lactation are highest in colostrum, after giving birth, and lowest in mature milk 

(Castellote et al., 2011). The median concentrations of immune factors in this study 
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decreased more rapidly as lactation progressed than the decrease in total milk protein 

would predict, revealing initial upregulation of immune proteins, as demonstrated by 

Lemay et al. (Lemay et al., 2013). Of the approximately 15 mg/mL of protein in milk, 

AMPs and PRRs make up large fractions; LF, sIgA, sCD14, and LZ combined 

contribute more than half of the total protein content of colostrum, suggesting a major 

functional role in milk. The functions of soluble PRRs in milk such as sCD14, sIgA, 

and sTLR2 (LeBouder et al., 2003) may include steric hindrance in the presence of 

colonising bacteria by binding and therefore avoiding contact with the neonatal gut 

epithelium and subsequent bacterial translocation to the blood (Blais et al., 2006; 

Maxson et al., 1995). We have recently demonstrated that AMPs found in milk can 

limit the growth of bacteria in vitro (Trend et al. under review), and Salzman et al. 

have shown that AMPs regulate the gut microbiota in vivo (N. H. Salzman et al., 

2010). Their upregulation in colostrum suggests a response by the mammary gland 

epithelium to local mammary or systemic immune signals. During both term and 

preterm spontaneous labour, inflammatory markers are detectable in placental tissues 

and systemic circulation, though expression is higher in preterm labour (Tency, 

Temmerman, & Vaneechoutte, 2014; Yadav et al., 2014). If immune signals are 

upregulated in milk in response to spontaneous labour, then this may explain why we 

did not observe further upregulation of immune proteins during maternal infections in 

colostrum, when most maternal infections occurred in this study. 

Cytokines are present in milk in much lower concentrations than AMPs or PRRs. The 

limited detection of cytokines associated with T helper 1 (Th1) responses (e.g. TNF-α 

and IFN-γ) in our study are consistent with reported Th2 skewing of leukocyte 

cytokine responses during pregnancy and in preterm infants (Currie et al., 2011; 

Sykes et al., 2012). However, TGF-β2 was found in relatively high concentrations. 

The levels of TGF-β2 were highest in extremely preterm mothers, and were still 

higher in the GEE model after adjusting for milk volume, though this was not 

statistically significant (p=0.08). One previous study of TGF-β2 reported that it was 

found in higher concentrations in preterm (30-37 wk gestation) compared to term 

(>37 wk) or very preterm (<30 wk) colostrum (Castellote et al., 2011). TGF-β2 is an 

anti-inflammatory cytokine that suppresses endotoxin-induced cytokine responses of 

intestinal macrophages from preterm infant gut in vitro and protects rat pups from 

intestinal injury in vivo (Campos et al., 2013). Interestingly, the role of TGF-β2 in the 
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mammary gland may extend beyond immune responses. In mouse models, expression 

of TGF-β2 is upregulated in the mammary gland during pregnancy, but rapidly 

decreases during lactation, and is implicated in the hormonal regulation of initiation 

of lactation (Monks, 2007; Robinson, Silberstein, Roberts, Flanders, & Daniel, 1991; 

Schneider, Gollnick, Grande, Pazik, & Tomasi, 1996). Therefore, this work suggests 

that higher levels of TGF-β2 in milk from preterm mothers could be associated with 

or a cause of delayed onset of secretory activation in preterm mothers.  

In contrast to our hypothesis, the concentrations (or percentage of total protein) of 

some immune proteins in milk were higher in preterm mothers than in their term 

counterparts; in univariate comparisons for LF, HBD1, and TGF-β2, higher 

concentrations or percentages of total protein were confined to extremely preterm and 

very preterm groups. No previous research has compared HBD1 in extremely preterm 

mothers’ milk to term mothers’ milk. Wang et al. (X. F. Wang et al., 2014) found that 

HBD1 and HBD2 were in higher concentration in mature preterm milk than in term 

milk, supporting our findings for HBD1. However, Armogida et al. did not detect 

differences in HBD1 levels between term and preterm mothers (Armogida et al., 

2004). Given that we included extremely preterm mothers, and had a larger sample 

size, we may have had greater statistical power to detect the differences in the 

populations. It should be noted, however, that like Armogida et al., we also found that 

HD5 levels were not affected by preterm birth, which suggests that expression of HD5 

and HBD1 are differentially regulated, or that our limited ability to detect this 

molecule affected our ability to detect differences in the populations.  

After adjusting for other variables in the GEE model, LF was not found to be affected 

by gestation, but by the volume of milk expressed, supporting a dilution effect of 

milk, as well as state of lactation and parity. This demonstrates that the use of 

multivariate models to detect effects of individual variables in breast milk research 

may be appropriate in future research, since milk composition is dependent on several 

variables. In contrast, after accounting for other variables in models, HBD1 was still 

affected by gestation, suggesting a true effect of preterm birth on the milk 

composition. For lactoferrin, a lack of reproducibility in conclusions about whether 

preterm milk contains higher or lower relative levels than term milk has hindered 

progress in understanding and developing the use of this molecule for interventions in 
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LOS (Dawarkadas et al., 1991; Mehta & Petrova, 2011a; Velona et al., 1999). 

However, the finding that LF levels are not influenced by gestation after adjusting for 

milk volume suggests regulation by a different pathway to the other AMPs in the 

mammary gland. Therefore, mothers who deliver preterm should be able to produce 

milk with similar LF concentrations to term mothers if similar volumes of milk are 

expressed. 

This research provides the first evidence that the concentration of sCD14, a soluble 

receptor for bacterial lipopolysaccharide, is higher in preterm than in term milk. 

Interestingly, unlike HBD1 and TGF-β2, comparisons between LZ and sCD14 levels 

in preterm and term milk were not significant in univariate analyses, but emerged as 

different when accounting for other variables. For LZ, the stage of lactation had no 

effect on concentrations, and only gestation had a significant effect on levels in the 

model, while sCD14 concentration was also influenced by the stage of lactation and 

volume of milk expressed. LZ has previously been reported to be found in higher 

concentrations in transitional preterm milk (Goldman et al., 1982; Montagne et al., 

1999), though one study reported lower concentrations in preterm mothers colostrum 

(Dawarkadas et al., 1991), and others report no difference between groups (Hsu et al., 

2014; Mehta & Petrova, 2011a; Velona et al., 1999). The major differences in 

definitions of prematurity and methods of milk storage and LZ detection make 

comparisons between these studies difficult. These data suggest that the GEE model 

was better at detecting differences in the populations than standard univariate 

comparisons, where the effect of preterm birth may be masked by other confounding 

variables. A study by Castellote et al. found that sIgA levels in colostrum were 

significantly lower in those < 30 wk compared to other groups, and that TNF-α, IL-6 

and IL-10 levels were significantly higher in preterm compared to very preterm 

mothers colostrum. We did not observe any differences with sIgA levels in preterm 

and term milk, in concordance with Hsu et al. (Hsu et al., 2014), though several others 

have reported higher levels in preterm colostrum, transitional and mature milk 

(Araujo et al., 2005; Mehta & Petrova, 2011a; Montagne et al., 1999; P. A. Ronayne 

de Ferrer et al., 1984).  

The volume of milk expressed at the time of research sample donation was associated 

with changes to the concentrations of LF, sIgA, sCD14, HBD1 and HD5 in milk in 
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our multivariate models. Greater concentrations of these factors were observed in 

smaller milk volumes, even when accounting for shorter gestation and earlier stages 

of lactation, which are associated with reduced milk volumes (Anderson et al., 1983; 

Parker, Sullivan, Krueger, Kelechi, & Mueller, 2012). Unlike fat, the concentration of 

protein in milk does not appear to be affected by sampling of fore- or hind-milk 

(Mitoulas et al., 2002), and so this is unlikely to be the cause of the differences 

observed in our study. Primiparity and earlier stages of lactation were associated with 

smaller milk volumes. In previous studies, caesarean delivery, older maternal age and 

lower pumping frequency were reported to be predictors of low milk volume in 

preterm mothers (Murase et al., 2014). We did not observe any effect of caesarean 

section on milk volume in our model. We did not have volume data for all of our 

donors, which could have affected our results. Additionally, our reported milk 

volumes are indicative, but not necessarily a true reflection, of the capacity of 

individuals to produce milk, since mothers had the choice to express a small sample if 

directly breastfeeding their infant. Therefore, preterm groups in this study actually 

expressed larger milk volumes than term mothers. It is unclear if the associations 

between increasing milk volumes and decreasing immune factor concentrations are 

causative (as in dilution). Alternatively, the observation may be a result of an 

extrinsically-linked confounding variable; for example, in mastitis, milk output is 

decreased and expression of immune factors increased through Toll-like receptor 

activation (Ingman et al., 2014). This study demonstrates that the levels of immune 

molecules in milk are not solely dependent on volume, but supports previous work 

that demonstrates that milk volume can be a confounding variable when studying milk 

composition (Gross, Geller, et al., 1981).  

To our knowledge, this is the largest and most comprehensive study of the 

relationships between the concentrations of immune proteins in human milk and 

prematurity to date. We found no evidence of deficiency in immune factors in preterm 

milk, indicating that low levels of milk consumption in this group may be the most 

relevant nutritional contributor to LOS in the preterm population (P. M. Lavoie, 2009; 

Patel et al., 2013). This work suggests that upregulation of expression of 

immunological proteins in the mammary gland in colostrum may occur through 

similar molecular mechanisms as upregulation of proteins in preterm mothers, and 

requires further investigation. 
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4 LEUKOCYTE POPULATIONS IN HUMAN 

PRETERM AND TERM BREAST MILK BY 
MULTI-COLOUR FLOW CYTOMETRY 

4.1 Introduction 

Feeding of human breast milk (BM) is associated with fewer infections and reduced 

gastrointestinal inflammation in preterm infants. BM contains a myriad of 

immunological and cellular contents, which have the potential to significantly alter 

newborn immunity and susceptibility to infection. BM-derived leukocytes have the 

ability to engulf and kill bacteria (Johnson, France, Marmer, & Steele, 1980) and to 

produce antimicrobial proteins and peptides (AMPs) (Armogida et al., 2004). In 

animal models, BM leukocytes can translocate to blood and distant sites including the 

liver and spleen in the newborn (L. Jain et al., 1989; Schnorr & Pearson, 1984). 

Microscopy-based identification of BM leukocytes comparing very preterm (<32 wk 

gestational age, GA), moderately preterm (32–34 wk GA), and term colostrum 

suggests an inverse correlation between GA and the concentration of leukocytes 

(Dawarkadas et al., 1991). However, it is not known how preterm birth affects the 

leukocyte populations in transitional or mature milk, or in milk after extremely 

preterm birth (<28 wk GA). With the exception of B lymphocytes, whose phenotypes 

are noted to be different in blood and BM (Tuaillon et al., 2009), it is not known 

whether BM leukocytes correspond to the phenotypes found in blood. Given the 

potential for maternal leukocytes to contribute to infant immunity, a broader 

characterisation of preterm BM leukocytes using methods such as flow cytometry 

may contribute to our understanding of the susceptibility of preterm infants to 

infections. 

Flow cytometry has previously been used to identify cell types in BM (Diego G. 

Peroni, 2013; Foteini Hassiotou et al., 2013), but there is no current validated gating 

strategy for human BM leukocytes. However, several validated flow cytometry-based 

methods for differentiation of blood and bone marrow leukocytes have been 

described, that have improved precision and reliability compared to standard cytology 

(Björnsson et al., 2008; Faucher et al., 2007; Roussel, Benard, Ly-Sunnaram, & Fest, 
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2010). The application of these methods to BM may allow identification of leukocytes 

in the presence of mammary gland epithelial cells and stem cells with greater 

certainty and more accurate differentiation of leukocyte subsets than standard 

cytology. 

BM-fed infants are less susceptible to infectious disease than their formula-fed 

counterparts, though the specific mechanisms of protection are not well understood. It 

is possible that leukocytes in human BM play a role in neonatal defence against 

bacterial pathogens.. We aimed to quantify total and specific leukocyte populations in 

colostrum, transitional and mature milk, and the effect of gestation and infection on 

these cell populations.  

4.2 Materials and Methods 

4.2.1 Sample collection 

The institutional Ethics Committee at King Edward Memorial Hospital approved this 

study. Written informed consent was obtained from sixty women giving birth between 

22–42 wk gestation before any study procedures or sample collection. Inclusion 

criteria included maternal age ≥18 years, intention to breast-feed, and absence of 

significant immune-related illness, diabetes mellitus or known genetic conditions. 

Sixty participants were recruited across four groups based on WHO preterm birth 

categories (World Health Organization et al., 2012); extremely preterm (EP, <28 wk 

GA; n=15), very preterm (VP, 28–<32 wk GA; n=15), moderately preterm (MP, 32–

<37 wk GA; n=15) or term (37–41 wk GA; n=15).  

Collection of maternal clinical data including medications, health status and 

pregnancy information was performed using medical record review for each 

individual from hospital admission to discharge following birth, and at any 

subsequent hospital admissions during the first month postpartum. After hospital 

review, data on maternal health was collected through self-reported questionnaires at 

the time of milk donation only. Maternal infection was considered present based on 

any evidence of chorioamnionitis, a positive microbiological culture or symptoms of 

infection requiring treatment with antibiotics prescribed by a physician. 
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BM was collected from participants at three time points, selected to represent 

colostrum (C; day 2–5, ≤3.5 mL), transitional milk (TM; d8–12; ≤7 mL) and mature 

milk (MM; d26–30; ≤7 mL). Participants were instructed on hygienic collection of 

milk, and BM was obtained using either electronic, hand-operated pumps or manual 

expression (according to the donor’s usual method), and an aliquot removed with a 

sterile Pasteur pipette to a 15 mL container. BM was stored at 4 °C until collected by 

research staff. Samples were transported on ice, then mixed gently and centrifuged at 

600 x g for 15 minutes at 4 °C, the supernatant removed with a Pasteur pipette, and 

the remaining cell pellet washed twice in phosphate buffered saline (Gibco), and 

resuspended in flow cytometry buffer, described in the cell staining method below. 

Peripheral venous blood was collected from a healthy adult donor into a sodium 

heparin Vacutainer (BD), mixed, and stored at room temperature until staining. 

4.2.2 Determination of cell viability 

Aliquots of BM cell suspensions were stained with a 0.4% Trypan blue solution 

(Sigma-Aldrich, Castle Hill, Australia) in PBS, and cells enumerated using a 

haemocytometer. The proportion of non-viable cells was calculated based on the 

numbers of trypan blue stained (non-viable) and unstained cells. 

4.2.3 Cell staining 

Antibodies raised against human white cell antigens, stabilising fixative, FACSLyse, 

compensation beads and Trucount tubes were purchased from BD (North Ryde, 

Australia). Flow cytometry buffer was prepared in phosphate buffered saline (Gibco) 

supplemented with heat-inactivated fetal bovine serum (FBS; Sigma, Australia) at 2% 

v/v, 2% w/v Bovine Serum Albumin (Sigma-Aldrich), and 0.01% w/v sodium azide 

(Sigma-Aldrich).  

Fifty microliters of either BM cells suspended in flow cytometry buffer at 

approximately 1 x 106 cells/mL, or whole undiluted blood, was incubated in 3 mL 

tubes for 15 minutes at room temperature with a cocktail of six specific anti-human 

monoclonal antibodies (mAb): phycoerythrin (PE) conjugated CD36 (clone CB38, 

catalogue #555455), Allophycocyanin (APC) conjugated CD2 (RPA-2.10, 560642), 
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Alexa Fluor 647 conjugated CD294 (BM16, 561797), APC-H7 conjugated CD16 

(3G8, 560195), V450 conjugated CD19 (HIB19, 560353), and V500 conjugated 

CD45 (HI30, 560779). Stained blood was treated first with FACSLyse according to 

manufacturer specifications and then treated exactly as described for milk samples. 

After staining, BM and blood cells were washed once with 1 mL of flow cytometry 

buffer by centrifugation at 290 x g at 10 °C for 3 min, then resuspended in 300 µL of 

stabilizing fixative and the 300 µL volume transferred to Trucount tubes. Fixed 

samples were stored at 4 °C protected from light until analysis by flow cytometry.  

4.2.4 Flow cytometry 

Flow cytometry was performed on a FACSCanto II (BD Biosciences) using 

FACSDiva software (BD Biosciences). Before sample analysis, the flow cytometer 

settings were checked using Cytometer Setup and Tracking beads (CS&T beads, BD) 

according to the manufacturer’s instructions. Compensation beads were used with 

single stains of each antibody in order to determine the compensation settings, and 

applied in FlowJo software (version 10.0.6, Tree Star, Ashland, OR, USA) after data 

collection. The same compensation matrix was applied to all samples. A side scatter 

(SSC) threshold level was set at 4,000 units to eliminate debris. Gain settings were 

optimised for detection of stained populations using Ultra Rainbow Calibration 

Particles, (SpheroTech Inc., Lake Forest IL, USA), and kept consistent throughout the 

study.  

Recorded data were compensated post-hoc and analysed using FlowJo software and 

statistical tests performed in SPSS (IBM) and Prism for Mac (version 5, GraphPad, La 

Jolla CA, USA). Specific antibody staining data were visualised using bi-exponential 

transformation in FlowJo software. Gates used to discriminate positive and negative 

staining cells in FlowJo were set according to fluorescence minus one (FMO) tests of 

milk and blood samples, and these gates were applied consistently to all samples, 

allowing for minor adjustments for SSC variability. The absolute concentrations of 

leukocytes in milk were calculated from the number of gated Trucount beads, as 

described by the manufacturer. 
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4.2.5 Gating strategy 

Positive gated populations were selected using gates set through FMO tests, in which 

<1% of cells stained falsely positive for any antibody. Gate specificity was checked 

using adult peripheral blood as a biological comparison control (Njemini et al., 2014). 

Prior to gating on specific markers, Trucount beads (used to enumerate cells in the 

sample; BD) were separated from cells using their positive PerCP-Cy5.5 signal 

(shown in Figure 4.1 panel 1). To avoid analysis of data based on aggregated cells 

passing through and resulting in inaccurate staining properties, doublets were 

removed by setting a gate as shown in Figure 4.1 panel 2. In order to remove non-

cellular debris and background noise, a final preliminary gate was set using forward 

and side scatter, as shown in Figure 4.1 panel 3.  

. 

 
Figure 4.1 Preliminary steps applied to all flow cytometry data analysed to improve data quality. 
SSC-A=side scatter (area); FSC-A=forward scatter (area); FSC-H=forward scatter (height). 

 

Leukocytes in human milk were identified based on the method of Faucher et al., 

using orientating and specific gates (Faucher et al., 2007) as described below. The 

first orientating gate was selected using a SSC vs. CD45 plot where the cut-off for 

CD45+ cells was set using FMO control. Subsequently, a SSC vs. CD16 plot of 

CD45+ cells separated events into a specific SSChigh/CD16+ neutrophil gate, and 

three orientating gates (SSClow/CD16+, SSClow–int/CD16-, or SSChigh/CD16-). 

Subsequent orientating and specific gates for other populations are shown in Figure 

4.2.  
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CD16+ and CD16- monocytes, B lymphocytes, cytotoxic T and NK lymphocytes, 

non-cytotoxic T lymphocytes, neutrophils, eosinophils, basophils, immature 

granulocytes, myeloid precursors and B cell precursors were identified in colostrum, 

transitional and mature milk and quantified as both cells per millilitre based on 

Trucount bead quantification, or as a percentage frequency compared to the total 

concentration of CD45+ cells in the sample. The key to cell identification is shown in 

Table 4.1. 
 

Gating properties 
Presumed cell type Relative side 

scatter CD45 CD16 CD36 CD2/294 CD19 
low + + - +  Cytotoxic T and NK cells 

low-intermediate + + +   CD16+ monocytes  
high + + - -  CD16+ Neutrophils 

low + -  +  Non-cytotoxic T 
lymphocytes 

high + - - +  Eosinophils 
intermediate + - - +  Basophils 

low-intermediate low - - - - Myeloid precursors 

intermediate-high low-
intermediate - - - - Immature granulocytes 

low-intermediate high - + - - CD16- monocytes  
low int - - - + B cells 
low low - - - + B cell precursor 

low low  - - - Undefined- presumed 
plasma cell 

intermediate-high + + - +  Undefined 

intermediate-high + - + +  Undefined-possible 
macrophages 

Table 4.1 Identification of cells in breast milk based on the cluster of differentiation markers 
staining and side scatter properties.  

4.2.6 Statistical analysis 

Nonparametric tests were used for comparisons of continuous outcomes, due to lack 

of normality evaluated using Shapiro-Wilk normality tests. Differences in outcomes 

between the four gestational age groups were compared using Kruskal-Wallis tests 

with Dunn’s multiple comparison post-test. Concentrations of factors in the same 

mother in colostrum, transitional or mature milk were examined using a Freidman 

test. Milk content comparisons with and without infection were compared with Mann-

Whitney tests. Comparisons were made between individuals for whom data on health 

status was available at the time of milk collection only. Spearman correlation 

(denoted ‘ρ’) was used to measure the association between gestational age at birth and 

factors in milk. Statistical analysis was performed using SPSS statistical software 

(version 20, IBM, Armonk, NY, USA). P-values <0.05 were considered statistically 

significant. 
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4.3 Results 

4.3.1 Participant characteristics 

The clinical characteristics of the sixty study participants are shown in Table 4.2. The 

number of samples analysed in each GA group are shown in Table 4.3. 

 
Clinical characteristic Value EP 

(n=15) 
VP 

(n=15) 
MP 

(n=15) 
Term 
(n=15) 

p-
valu

e 
Gestation period (mean 

±SD) 
Weeks 26.1±1.2 30.2±1.3 34.4±1.3 39.4±0.77 <0.001 

Maternal age (mean±SD) Years  31.3±5.2 30.1±6.9 31.6±6.9 29.7±6.0 0.879 

Maternal Infection  (n, % 
providing milk) 

Colostrum 3 (30) 6 (55) 3 (27) 1 (11) 0.016 
Transitional 

milk 
2 (20) 3 (23) 0 (0) 3 (25) 0.085 

Mature milk 2 (20) 2 (17) 1 (11) 2 (13) 0.826 
Mode of delivery (n, %) Vaginal 9 5 8 9 0.448 

Caesarean 
section 

6 10 7 6 

Table 4.2 Clinical characteristics of the sixty study participants. Bolded p-values indicate those that 
were considered statistically significant. Continuous variables gestation period and maternal age 
were compared between groups using one-way analysis of variance, and categorical variables 
compared using Fisher exact Chi-squared tests. EP=extremely preterm, VP=very preterm, 
MP=moderately preterm, SD=standard deviation.  

4.3.2 Milk cell viability 

The time from sample collection to processing was relatively short for most samples 

(median 8.29 hours, range 1–50.9 hours) and the corresponding percentage of dead cells 

was low (1.46% dead, range 0–11.52%, respectively). The percentage of dead cells 

identified by trypan blue staining correlated with the period between BM collection and 

processing (ρ=0.43, p<0.001) but did not correlate with any other outcome variables 

such as cell number or frequencies of leukocyte subsets. 

4.3.3 Gating strategy 

The application of the whole blood gating strategy for assessing leukocytes in BM 

samples in mothers is shown in Figure 4.2, comparing a representative BM sample to an 

adult blood sample. In colostrum, a median 64% of leukocytes were identifiable based 

on the gating strategy, increasing to 77% in transitional milk and 82% in mature milk 

(Friedman test p<0.001). The proportion of identifiable cells in BM, based on blood 
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phenotypes, was negatively correlated with the total number of cells. In BM, there were 

additional CD45+ populations that could not be categorised according to the Faucher 

gating method. These ungated populations can be seen outside the established gates in 

Panels 3, 6, 8, and 10. 

4.3.4 Total CD45+ cell counts  

The concentrations of total CD45+ cells significantly decreased in all gestational age 

groups from colostrum (median 146,000 cells/mL, range 8,470–1,510,000), transitional 

milk (median 27,500 cells/mL, range 1,570–2,260,000) to mature milk (median 23,650, 

range 2,000–577,000; p=0.04). There were no significant differences in total leukocyte 

concentrations between gestational age groups (Figure 4.3). The concentration of 

leukocytes was negatively correlated with the volume of BM expressed (ρ=-0.317; 

p<0.01), and therefore, differential analyses of the frequency of cell subtypes in 

addition to total leukocyte subset concentrations were performed.  

4.3.5 Changes in breast milk leukocyte composition from colostrum to 

mature milk 

The median frequencies of leukocyte subsets identified using the flow cytometry gating 

strategy in colostrum, transitional milk, and mature milk are shown in Figure 4.4. A 

large proportion of leukocytes did not fall into set gates for blood leukocytes (median at 

each time point 18–36% across GA groups). The percentage of leukocytes that were 

identified in milk was positively correlated with the number of days postpartum that the 

milk was expressed (ρ=0.604, p<0.001). Of the identified cells, the major leukocytes 

present were myeloid precursors (median 9–20%), neutrophils (median 12–27%), 

immature granulocytes (median 8–17%), and non-cytotoxic T cells (median 6–7%).
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Figure 4.2 
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Figure 4.2 Continued. Overlay of gating strategy applied to peripheral adult blood (red) and to breast milk (blue), based on the method of Faucher et al. The sequences of 
gates leading to each panel are shown above each panel. Panel 1: CD45 positive cells were gated as shown in A. Panel 2: CD45+ cells identified in Panel 1 were separated 
based on CD16 staining and side scatter properties, and the CD16+ neutrophil population were identified. Panel 3: CD45+/CD16+/SSClow cells identified in Panel 2 were 
separated into cytotoxic T and NK lymphocytes and CD16+ monocytes based on CD2/CD294 and CD36 staining properties. Panel 4: CD45+/CD16-/SSClow-intermediate 
cells were separated based on CD2/CD294 positive or negative populations. Panel 5: From Panel 4, CD2, or CD294 positive cells were gated into non-cytotoxic T cells or 
basophils using side scatter and CD45 properties. Panel 6: From Panel 4, CD2/CD294- cells were gated into CD19+/CD36- cells or CD19- cells. Panel 7a: Cells gated in G 
in Panel 6 with CD45high and CD36+ were identified as CD16 positive monocytes; in 7b, CD45low cells with low side scatter were identified as myeloid precursor cells. 
Panel 8: From Panel 6, CD19 positive cells were discriminated into B cells or B cell precursors based on CD45 staining and having low side scatter. Panel 9: From Panel 2, 
cells with intermediate to high side scatter and CD45low staining were identified as immature granulocytes, those with intermediate to high CD45 staining properties and 
high side scatter were separated into gate I. Panel 10: From Panel 9, cells were discriminated by positive CD2/CD294 staining as eosinophils. 
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Figure 4.3 Boxplots show the total concentration of leukocytes (cells/mL) on a log scale in colostrum 
(C, n=41), transitional milk (TM, n=47), and mature milk (MM, n=46), in extremely preterm 
(white), very preterm (light grey), moderately preterm (dark grey) and term (striped) donors.  
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Figure 4.4 Changes to the composition of breast milk through the first month of lactation. Line 
shows the median value for that milk sampling time point. Data show A) concentrations of total 
CD45+ cells in colostrum (C), transitional milk (TM) or mature milk (MM); B-L) frequencies of 
leukocyte subsets in colostrum (C), transitional milk (TM) and mature milk (MM) from all donors. 
*p<0.05 in post-test comparing different stages of lactation; for each comparison, number of 
symbols indicates p-value (*p<0.05, **p<0.01, ***p<0.001). 
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The relative median frequencies of neutrophils and immature granulocytes of total 

leukocytes significantly increased from colostrum to mature milk (Figure 4.4H and J), 

whereas the relative frequencies of CD16- monocytes, myeloid precursors, B cell 

precursors, eosinophils, and basophils decreased over the first month postpartum 

(Figure 4.4 parts D, E, F, I and K; p<0.05).  

4.3.6 Effects of gestation on milk leukocytes 

 Preterm birth did not result in significant differences in CD45+ cell concentrations, 

proportions of leukocyte subsets, or the identifiable leukocyte frequencies in BM 

between gestational age groups (Table 4.3 and Appendix Table 8.1). However, in 

colostrum, the relative frequencies of non-cytotoxic T cells and B lymphocytes in the 

total leukocyte populations were negatively correlated with increasing gestation (ρ=-

0.35 and ρ=-0.319, respectively; p<0.05). 

In transitional milk, the total B cell precursors concentration was significantly higher  

(median 1,825 cells/mL vs. 233 cells/mL) in extremely preterm mothers compared to 

moderately preterm mothers, and the frequency of CD16 negative monocytes was 

significantly lower in extremely preterm mothers compared to moderately preterm 

mothers (median 0.34% vs. 2.13%). In transitional milk, the frequency of neutrophils 

was positively correlated with gestation (ρ=0.305; p<0.05). 

In mature milk, total cytotoxic T and NK cells concentrations were significantly lower 

in very preterm compared to moderately preterm mothers (median 109 vs. 430 

cells/mL). B lymphocyte concentrations were significantly higher in extremely preterm 

compared to very preterm mothers (median 177 vs. 24 cells/mL). In mature milk, no 

significant correlations between cell percentages and gestation were observed. 
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Colostrum Transitional milk Mature milk 

Extremely 
preterm 
(n=10) 

Very preterm 
(n=11) 

Moderately 
preterm 
(n=11) 

Term 
(n=9) 

Extremely 
preterm 
(n=10) 

Very preterm 
(n=13) 

Moderately 
preterm 
(n=12) 

Term 
(n=12) 

Extremely 
preterm 
(n=10) 

Very 
preterm 
(n=12) 

Moderately 
preterm 
(n=9) 

Term 
(n=15) 

CD45 
cells/mL 

271,000 
[95,200-439,000] 

96,000 
[73,700-352,000] 

129,000 
[67,700-360,000] 

184,000  
111,000-291,000] 

69,550 
[20,300-136,000] 

26,000 
[14,400-54,200] 

27,250 
[10,450-63,950] 

32,450 
[10,450-66,150] 

27,250 
[14,400-48,700] 

12,500 
[7,360-23,700] 

44,700 
[28,200-77,400] 

14,700 
[7,420-56,500] 

CD16+ 
monocytes 

2,415 
[1,420-14,100] 

3,850 
[1,930-7,920] 

2,490 
[1,070-4,890] 

3,060 
[903-5,800] 

657 
[370-1,450] 

486 
[310-1,060] 

346 
 [248-646] 

364 
 [170-772] 

706 
[203-1,130] 

225 
[123-435] 

686 
[384-1,110] 

307 
[164-1,160] 

Cytotoxic 
T&NK cells 

2,020 
[389-6,010] 

1,530 
[208-4,510] 

1,020 
[722-1,940] 

945  
[468-1,250] 

198 
 [86-701] 

135  
[79-835] 

288  
[145-648] 

222 
 [66-756] 

452 
[81-1,220] 

109 
[59-218]a 

430 
[198-947]a 

340 
[128-513] 

Basophils 7,125 
[3,460-10,600] 

2,780 
[1,330-12,400] 

4,490 
[2,440-9,050] 

2,460 
[1,490-3,410] 

654 
[174-1,240] 

611  
[158-851] 

591 
 [345-982] 

435 
[172-1,320] 

235  
[106-369] 

263 
 [98-374] 

1,550 
[340-2,320] 

370 
[96-571] 

Non-cytotoxic 
T cells 

29,045 
[8,760-62,500] 

14,800 
[4,380-26,500] 

24,800 
[2,860-41,200] 

5,410 
[4,640-16,300] 

2,130 
[1,480-5,750] 

1,860 
[732-6,940] 

3,545 
[335-4,210] 

1,740 
[524-4,300] 

1,205 
[400-5,330] 

647 
[397-1,695] 

4,360  
953-9,530] 

1,290 
[250-4,040] 

CD16- 
monocytes 

2,805 
[1,480-7,850] 

2,350 
[997-4,720] 

2,460 
[1,290-14,500] 

1,990 
[233-5,800] 

198 
 [46-971] 

183 
 [71-776] 

357 
[252-1,128] 

531 
 [89-801] 

106 
 [21-916] 

146 
 [43-344] 

1,070 
[170-2,370] 

213 
[28-501] 

Myeloid 
precursors 

24,100 
[13,700-63,200] 

15,500 
[6,690-84,300] 

19,600 
[10,100-80,300] 

16,900 
[14,200-21,300] 

7,475 
[4,040-57,900] 

4,050 
[1,930-8,930] 

5,210 
[1,295-8,095] 

6,295 
[2,480-11,750] 

1,173 
[532-4,460] 

1,230 
[520-2,790] 

4,060 
[2,550-6,430] 

1,490 
[559-4,560] 

Table 4.3 Median [interquartile range] values of total leukocytes and leukocyte subsets per millilitre of breast milk, detected using flow cytometry in preterm and term 
mother groups in colostrum, transitional milk and mature milk. Symbol a with bolded text denotes significantly different comparison (p<0.05) in Kruskal-Wallis test 
comparing gestational age groups after adjusting for multiple comparisons. 
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 Colostrum Transitional milk Mature milk 

 
Extremely 

preterm 
(n=10) 

Very preterm 
(n=11) 

Moderately 
preterm 
(n=11) 

Term 
(n=9) 

Extremely 
preterm 
(n=10) 

Very preterm 
(n=13) 

Moderately 
preterm 
(n=12) 

Term 
(n=12) 

Extremely 
preterm 
(n=10) 

Very 
preterm 
(n=12) 

Moderately 
preterm 
(n=9) 

Term 
(n=15) 

B cell 
precursors 

2,395 
[1,720-
12,700] 

3,100  
[1,970-10,300] 

1,800 
[689-5,110] 

7,720 
[1,620-8,370] 

1,825 
[1,360-2,840]a 

530 
 [305-917] 

233 
[158-555]a 

485 
[207-1,235] 

298 
[132-1,130] 

81 
[47-258] 

124  
[89-194] 

135 
[74-285] 

B cells 1,311 
[356-8,060] 

716 
[306-2,860] 

470 
 [227-868] 

982  
[333-1,230] 

414  
[63-552] 

167 
 [57-260] 

82  
[41-118] 

149 
 [73-230] 

177 
 [46-313]a 

24 
 [14-89]a 

160 
 [57-221] 

59 
[26-127] 

Neutrophils 
25,450 
[9,520-
74,500] 

15,700 
[6,410-26,700] 

20,600 
[7,840-25,500] 

23,500 
 [1,980-65,900] 

6,785  
[1,640-15,400] 

2,250 
[1,810-4,740] 

4,095 
[1,635-12,250] 

5,640 
[1,221-14,425] 

7,665  
[2,950-13,400] 

3,745 
[2,280-5,765] 

9,310 
[7,610-10,500] 

2,560 
[1,490-25,700] 

Eosinophils 4,040 
[1,550-8,010] 

2,650 
[1,160-10,200] 

3,690  
[2,270-5,520] 

1,760  
[1,040-2,890] 

397 
 [78-915] 

228 
 [132-933] 

408 
 [187-859] 

371 
 [75-1,685] 

157  
[31-402] 

164 
 [51-461] 

976  
[181-2,620] 

269 
[110-395] 

Immature 
granulocytes 

19,400 
[13,100-
35,800] 

7,780 
[4,300-20,600] 

10,100 
[2,580-35,000] 

12,600  
[8,410-26,500] 

7,850 
 [1,660-35,900] 

3,280 
[1,300-6,870] 

2,970 
[1,615-5,435] 

2,945 
 [2,160-12,230] 

4,390 
[949-16,100] 

2,510 
[1,295-8,595] 

9,100  
[7,600-11,000] 

2,050 
[775-14,600] 

Table 4.3 continued. 
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4.3.7 Effects of bacterial infections on leukocyte concentrations and 

frequencies 

The total number of CD45+ cells did not significantly differ in breast milk of mothers 

with or without recent infection. In colostrum, frequencies of cytotoxic T and NK cells 

were greater from those with documented bacterial infections (n=17) compared to those 

without infection (n=20) (median 1.28% vs. 0.65%, p<0.05). In transitional milk, those 

with reported bacterial infections around the time of the donation (n=7) had 

significantly lower frequencies of basophils than those who were well (n=28) (median 

0.91% vs. 1.64%; p<0.05). Furthermore, bacterial infections (n=6 vs. not infected n=31) 

at the time of mature milk sampling were also associated with lower frequencies of 

basophils (median 0.72% vs. 1.52%; p=0.05).  

4.4 Discussion 

This study aimed to detect and characterise leukocytes (CD45+) in human preterm and 

term BM during the first month of life. We could identify leukocytes in BM at all stages 

of lactation from colostrum to mature milk. Overall, there were no differences between 

leukocyte concentrations between GA groups and minor differences in leukocytes 

frequencies between GA groups. Progressing stage of lactation and volume of BM 

expressed were negatively associated with the concentrations of total leukocytes in BM. 

We did not observe changes to the concentration of leukocytes in BM based on 

maternal infections, though minor alterations to leukocyte subset frequencies were 

observed during maternal infections.  

Using a multicolour flow cytometry panel validated to identify CD45+ leukocyte 

subsets in human blood (Faucher et al., 2007), we were able to identify equivalent cells 

in BM. Traditionally, BM leukocytes have been identified using the same techniques as 

for blood samples (blood smear stains and cytology) and leukocyte populations were 

thought to be composed mainly of macrophages, neutrophils, T lymphocytes, B 

lymphocytes, and monocytes (Hassiotou, Geddes, & Hartmann, 2013). More recently, 

Peroni et al. identified a range of B lymphocytes and T lymphocyte subsets in term 

colostrum using flow cytometry, in addition to NK and NK-T cells (Peroni et al., 2013). 

Interestingly, we found evidence of additional circulating blood leukocytes, including 

immature granulocytes and myeloid precursors, as well as additional CD45+ cell 
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subsets that were not readily identifiable. Additional cell markers will need to be 

included and validated in future BM research to characterise the leukocyte phenotypes 

more precisely.  

We found a clear inverse relationship between maturity of the BM and concentration of 

leukocytes. Despite these temporal changes to cell numbers, substantial (103–106 

cells/mL) leukocyte concentrations were universally present at all time points. Previous 

studies have reported millions of cells per millilitre in colostrum (Peroni et al., 2013; 

Slutzah et al., 2010), though our study and others have found on average hundreds of 

thousands of cells per millilitre (Eglinton, Roberton, & Cummins, 1994; Jin et al., 

2011). Importantly, we noted much lower frequencies of neutrophils and monocytes 

than previously reported (median 12.4% neutrophils and 3.7% monocytes in this study, 

compared to 28–48.8% and 40.8–61% of colostrum leukocytes, respectively) (Eglinton 

et al., 1994; Peroni et al., 2013). Visual identification used in standard cytology in 

previous studies can result in misidentification and overestimation of leukocyte 

concentrations (F. Hassiotou et al., 2013). The employment of flow cytometry-based 

methods may significantly expand the ability to describe and improve the accuracy of 

reporting of BM leukocyte data in the future.  

Despite minor frequency differences between preterm groups and overall individual 

variation, the total concentrations of leukocytes in BM were consistent between donors 

in the same milk type across gestational age groups. Four previous studies have 

investigated leukocyte concentrations based on gestation (Dawarkadas et al., 1991; 

Goldman et al., 1982; N. Jain et al., 1991; Rodriguez et al., 1989). Dawarkadas et al., 

and Jain et al. reported higher concentrations of total cells and macrophages, 

neutrophils and lymphocytes (including Jain’s analysis of B lymphocytes and T 

lymphocyte subsets) in moderately preterm mothers’ colostrum and/or BM compared to 

term mothers (Dawarkadas et al., 1991; N. Jain et al., 1991; Rodriguez et al., 1989). 

Goldman et al. reported that the concentrations of lymphocytes and 

macrophages/neutrophils were lower in preterm BM at week 2 and week 4 postpartum 

(Goldman et al., 1982), and Rodriguez et al. found that the concentrations of 

macrophages were not significantly different between preterm and term mothers 

(Rodriguez et al., 1989). We did not observe significant effects of preterm birth on 

concentrations of leukocytes at any stage of lactation, but we did find a negative 

correlation between the frequency of B lymphocytes and non-cytotoxic T lymphocytes 
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with gestation in colostrum. We also found a negative correlation between 

concentrations of neutrophils and gestation in transitional milk. Previous studies did not 

include mothers of extremely preterm infants or use specific staining methods to 

quantify total leukocytes; therefore, comparison to this work is limited. Our sampling 

period for colostrum was typically on day 4 postnatally, and we may have missed the 

changes observed in other studies on days 1–3. Research by other groups suggests that 

the functionality of preterm colostrum leukocytes (e.g. bacterial phagocytosis and 

killing as well as cellular proliferation) is similar to term BM (Rodriguez et al., 1989; 

Schlesinger, Munoz, Arevalo, Arredondo, & Mendez, 1989). Therefore, this study 

further supports the hypothesis that the increased risk of infection in preterm infants is 

not associated with deficiencies in leukocyte concentrations or activity in preterm BM. 

However, preterm infants often receive low volumes of human BM, or are given 

pasteurised donor human milk (PDHM) with inactivated leukocytes (Liebhaber et al., 

1977), which may explain the increased trend towards infection risk in preterm infants 

fed PDHM and low milk volumes (Cossey et al., 2013; Patel et al., 2013).   

Contrary to previous reports of increased leukocyte concentrations in mature term BM 

in maternal infections (Foteini Hassiotou et al., 2013; Riskin et al., 2012), we did not 

observe significant increases in absolute leukocyte concentrations during infections in 

our study. The only differences in the samples of mothers with acute infections were 

increased frequencies of cytotoxic T and NK cells in colostrum and decreased basophil 

frequencies in transitional and mature milk. Our sensitivity for detecting differences 

was limited (below 2-fold in colostrum and below 3-fold in other samples) by the small 

number of infected mothers. Since this study was the first to compare the effects of 

infection on BM (including colostrum) from preterm mothers, the effect of prematurity 

and/or colostrum may have contributed to the differences in outcomes compared to 

other studies. Overall, our data suggest that cellular composition of BM is largely 

affected by a) stage of lactation and b) the volume of milk expressed.  

This is the first study to comprehensively identify and characterise immune cell subsets 

in preterm and term BM by flow cytometry. Despite the technological advances of 

multicolour flow cytometry, the progress of characterisation of BM leukocytes has been 

relatively neglected compared to blood. The characterisation of the cellular contents and 

their function in BM is critical to understand how BM protects the infant and/or 

mammary gland from infections. Fresh preterm BM is not deficient in leukocytes, 
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however infants receiving lower doses of BM, frozen or pasteurised human BM may be 

disadvantaged. This work demonstrates that BM contains a greater variety and 

complexity of leukocyte subsets than previously appreciated.  
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5 ANTIMICROBIAL PROTEIN AND PEPTIDE 
CONCENTRATIONS AND ACTIVITY IN HUMAN 

BREAST MILK CONSUMED BY PRETERM 
INFANTS AT RISK OF LATE-ONSET NEONATAL 

SEPSIS  

5.1 Preface 

This chapter has been submitted as a manuscript to PLOS ONE. However, in the 

interests of continuity, the formatting has been altered to match the rest of the thesis. 

The co-authors of this study have given their permission to include this work in this 

thesis. 

5.2  Introduction 

One quarter of very preterm infants (<32 weeks gestational age (GA)) develop late-

onset sepsis (LOS), most commonly with coagulase-negative Staphylococci (CoNS), 7–

14 days postpartum (Camacho-Gonzalez et al., 2013; Isaacs, 2003). Gastrointestinal 

bacterial overgrowth and dysbiosis, as well as poor integrity of the gastrointestinal 

epithelium, may facilitate translocation of LOS-causing organisms into the bloodstream 

(Berg, 1995; Soeorg et al., 2013). Breast milk reduces gastrointestinal bacterial load and 

translocation in animal studies (Steinwender et al., 1996), lowers intestinal permeability 

in humans (Wagner, Taylor, & Johnson, 2008), and importantly, is associated with 

reduction in the incidence of LOS in preterm infants (Patel et al., 2013). Nevertheless, 

the protective mechanisms involved are unclear. 

Antimicrobial peptides (also known as cationic host defence peptides) and proteins 

(AMPs) are present in many secretions including human breast milk (Bowdish, 

Davidson, & Hancock, 2005). These molecules have broad-spectrum antimicrobial 

activity in vitro against bacteria, viruses, and fungi, as well as synergistic activity with 

conventional antibiotics (Bals, Wang, Zasloff, et al., 1998; Bowdish et al., 2005; Gwyer 

Findlay, Currie, & Davidson, 2013; M. P. Venkatesh & Rong, 2008). Human milk and 

the purified AMPs that it may contain have reported in vitro bacteriostatic or 

bactericidal activity against neonatal pathogens (Chantry et al., 2011; Silvestre, Lopez, 
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March, Plaza, & Martinez-Costa, 2006; Van Gysel, Cossey, Fieuws, & Schuermans, 

2012). In addition, many AMPs have important modulatory properties in inflammation 

and immunity (Beaumont, Li, & Davidson, 2013), and may alter the gut microbiome 

(N. H. Salzman et al., 2010). However, there is a paucity of data available on the 

concentrations of AMPs in preterm breast milk. Lactoferrin (LF) and lysozyme 

concentrations in preterm milk have been reported, but there are conflicting data on 

levels in preterm, as compared to term, breast milk (Dawarkadas et al., 1991; Mehta & 

Petrova, 2011b; Velona et al., 1999). The effects of the levels and resulting activity of 

AMPs in human milk against neonatal pathogens, particularly in the uniquely 

vulnerable preterm population, have not been established. 

The aim of this study was to quantify the antimicrobial activity of prototypical AMPs in 

breast milk from preterm infants’ mothers. We hypothesised that milk AMPs are 

present in sufficient quantities to inhibit LOS-causing bacterial growth and that relative 

deficiencies in breast milk AMPs concentrations and antibacterial functions would be 

associated with increased incidence of LOS in very preterm infants. Five AMPs were 

quantified and the activities of four of these present in the majority of breast milk 

samples were investigated. 

5.3 Methods 

5.3.1 Study participants 

This study was approved by the institutional Ethics Committee at King Edward 

Memorial Hospital, Perth, Western Australia. Written informed consent from mothers 

giving birth at ≤32 weeks gestation was obtained from participants before collection of 

clinical data and samples. Mothers of infants with major congenital malformations, 

chromosomal abnormalities, and individuals with insufficient understanding of English 

to give consent were excluded from the study. Clinical data were collected on all 

participating infants from birth to 28 days postpartum. Placentae were examined for 

evidence of histological chorioamnionitis by an experienced perinatal pathologist 

blinded to all other clinical details, using the method of Redline (Redline, 2004). 

Ninety-six mothers provided breast milk samples on days 7 and/or day 21 (70 mothers 

provided both samples). The demographics of these 96 mothers and their infants 

(n=107) are shown in Table 5.1.  
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Characteristics of study cohort  Value Range 

Maternal    
Caesarean sectiona  60 (62.5)  

Preterm premature rupture of membranesa  57 (59.4)  
Antenatal steroidsa  94 (97.9)  

Antibiotics during laboura  55 (57.3)  
Neonatal    

Gestational ageb (weeks)  27.24±2.0 22.85–32.43 
Birth weightc (grams)  930 455–1816 

Early-onset sepsisa (EOS)  3 (2.8)  
Late-onset sepsisa (LOS)  24 (22.4)  

Histological chorioamnionitisa Yes 42 (39.3)  
No 44 (41.1)  

Not available 21 (19.6)  
Table 5.1. Characteristics of study cohort. Clinical characteristics of the mothers (n=96) and 
neonates (n=107) from the preterm cohort. Statistical values given: an (%); bmean±SD; cmedian. 

5.3.2 Milk collection and processing 

All preterm mothers in the study were educated by clinical staff on hygienic collection 

and storage of expressed breast milk, according to clinical protocols. Breast milk was 

expressed by mothers into sterile containers and transported in an insulated container to 

the neonatal intensive care unit (NICU) milk room with an ice brick. Milk was only 

accepted by the NICU if the sample had been stored either 4 °C for <48 hours, or RT 

for <4 hours. Once received, expressed milk was preferentially stored in the NICU at -

20 °C and thawed for consumption when required, unless no frozen milk was available, 

in which case refrigerated milk was used for feeding preterm infants. Research samples 

were collected when milk was prepared for consumption by preterm infants on days 7±2 

and 21±2 postpartum, prior to any fortification of milk, in order to minimise 

interventions to normal milk storage and feeding protocols. Individual sample storage 

details were not collected. 

Research samples of ≤5 mL of breast milk were transported to the laboratory on ice and 

maternal cells pelleted and removed by centrifugation at 500 x g for 5 min. Milk 

supernatant was collected and frozen at -80 °C for batch analyses. In order to remove 

any milk-resident bacteria, thawed milk samples were skimmed three times by 

centrifugation at 6,000 x g for 10 min, and the liquid fraction collected. Preliminary 

experiments demonstrated that a median of 3.4 x 104 CFU/mL (range <1 x 102 to 4.1 x 
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106 CFU/mL) of aerobic milk-resident bacteria were detected in milk samples, and that 

99.6% of the bacterial load could be removed through this process. 

5.3.3 AMP quantitation by enzyme-linked immunosorbent assay (ELISA) 

We selected AMPs to test based on the following criteria: AMPs reported in human 

breast milk, whose concentrations in milk are in the reported range of effective 

concentrations in the literature against LOS bacteria, especially S. epidermidis, where a 

suitable antibody pair could be purchased at the time of assay development. The 

concentrations of lactoferrin (LF), human beta defensins 1 and 2 (HBD1, HBD2) and 

human cathelicidin LL-37 were measured in skimmed milk at an appropriate dilution 

using sandwich ELISAs developed in-house. The antibody pairs used for capture and 

detection for each ELISA were as follows: mouse IgG1 anti-human LF (clone 2B8; 

ab10110; final concentration 0.5 µg/mL) and biotinylated rabbit polyclonal IgG anti-

human LF (ab25811; final concentration 0.5 µg/mL), mouse monoclonal IgG1 anti-

human HBD1 (clone M11-14b-D10; ab14425; final concentration 0.5 µg/mL) and 

biotinylated rabbit polyclonal IgG anti-human HBD1 (ab84245; final concentration 0.5 

µg/mL), goat polyclonal IgG anti-human HBD2 (ab109570; final concentration 1.0 

µg/mL) and biotinylated goat polyclonal IgG anti-human HBD2 (ab83509; final 

concentration 0.5 µg/mL), and rabbit polyclonal IgG anti-human LL-37 (PA-LL37-100; 

final concentration 1.0 µg/mL) and biotinylated rabbit polyclonal IgG anti–human LL-

37 (PA-LL37BT-100; final concentration 0.5 µg/mL). LF, HBD1 and HBD2 antibodies 

were purchased from abcam (Cambridge, England) and LL-37 antibodies were 

purchased from Innovagen (Lund, Sweden).  

The level of HD5 was measured using an indirect ELISA. Polyclonal rabbit anti-HD5 

antibody (HDEFA51-A; Alpha diagnostics, San Antonio, TX, United States; final 

concentration 1.0 µg/mL), followed by horseradish peroxidase (HRP)-linked anti-rabbit 

IgG, (7074; Cell Signaling Technology, Danvers, MA, United States; used at 1 in 500 

dilution) was used for detection. 

Standard curves from serial dilutions of purified human LF (Aviva systems biology, 

San Diego, CA, United States), recombinant HBD1, HBD2, or LL-37 (Innovagen), or a 

control peptide from the active region of human HD5 (US Biological, Salem, MA, 

United States) were used to interpolate concentrations in samples using a five-parameter 
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logistic (5PL) curve fit. Avidin-HRP (eBioscience, San Diego, CA, United States) was 

added to biotinylated antibodies for detection. All ELISAs were developed using 

3,3’,5,5’– tetramethylbenzidine substrate (eBioscience) and the reaction stopped using 1 

M orthophosphoric acid (ChemSupply, Gillman, Australia). Absorbance was measured 

at 450 nm on a spectrophotometer. Samples below the detection limit were assigned an 

arbitrary concentration equal to the value of the lower limit of detection of the assay (78 

pg/mL for LF, 31 pg/mL for HBD1, 1,563 pg/mL for HBD2, 781 pg/mL for LL-37, and 

39 pg/mL for HD5). Intra- and inter-assay variability were calculated from a milk 

sample designated as the quality control (QC), added in duplicate to each plate. In all 

ELISA assays, inter-assay variability was <5% and intra-assay variability between 

replicates was <7%, based on the reproducibility of the QC standard (n=2–7 plates 

tested).  

5.3.4 Milk protein measurement 

The total protein content in milk samples was quantified using the bicinchoninic acid 

(BCA) assay (ThermoFisher Scientific, Scoresby, Australia), modified to include a milk 

sample as a protein standard (kindly provided by Prof. P. Hartmann’s laboratory, 

University of Western Australia, Australia) with protein content previously determined 

using the Kjeldahl procedure (Mitoulas et al., 2002). 

 

5.4 Milk antimicrobial activity  

The direct antimicrobial activity of the preterm milk samples against four neonatal 

bacterial pathogens was assessed after inoculating skimmed breast milk with 1 x 106 

CFU/mL of bacteria, and measuring the number of viable bacteria recovered after 4 

hours of incubation. Relative growth-inhibition capacity of human milk was calculated 

as the inverse percentage of live bacteria in milk compared to low birth weight infant 

formula (LBWF; S26 Gold, Wyeth Pty Ltd, Parramatta, Australia, kindly supplied by 

Dr. G. McLeod, King Edward Memorial Hospital, Australia) that was inoculated with 

the same bacterial species. 

Briefly, cultures of Escherichia coli (ATCC11775) in Luria Bertani Broth (PathWest 

Laboratory Medicine WA Media, Mount Claremont, Australia), or Staphylococcus 

epidermidis (WT1457; an invasive clinical isolate, kindly provided by Dr. Michael 

Otto, National Institutes of Allergy and Infectious Diseases, MD, USA), Staphylococcus 
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aureus (ATCC29213), and Streptococcus agalactiae (Group B Streptococcus; M141 

serotype 1a clinical isolate kindly provided by Prof. Lyn Gilbert, Institute of Clinical 

Pathology and Medical Research, Sydney, Australia) in heart infusion broth (Oxoid, 

Hampshire, England), were grown to log phase. Bacteria were washed by centrifugation 

at 4,000 x g, adjusted to 2 x 107 cells/mL in saline, and 2.5 µL of the bacterial 

preparation was mixed with 47.5 µL of human milk or LBWF in a 96-well 

polypropylene plate and incubated in a humidified 5% CO2 incubator for 4 hours at 37 

°C. After incubation, inoculated milk or LBWF samples were diluted in phosphate 

buffered saline (PBS; Invitrogen, Mount Waverley, Australia) from 1 x 10-1 to 1 x 10-6 

dilutions, and 10 µL of each dilution was spotted onto one-sixth of an agar plate, spread 

with a sterile loop, then incubated overnight as previously described.  

Selective and differential media (Mannitol Salt agar and MacConkey no. 3 agar from 

PathWest Media, and GBS agar from Oxoid) were used in all experiments involving 

milk and LBWF growth controls to ensure that inoculated bacteria and not milk-resident 

bacteria were detected after incubation. Blood agar was used where selective agar was 

not required (i.e. in LBWF spiking experiments). Comparisons were not made between 

experimental treatments using different agars. Dilutions of samples that produced 

between 10–100 detectable bacterial colonies were counted to quantify the colony 

forming units (CFU/mL) after the incubation. 

5.4.1 Antimicrobial activity of purified AMPs 

To assess the direct antimicrobial activity of AMPs at levels detected in breast milk, 

LBWF was spiked with human milk-derived LF (Athens Research Technology, Athens, 

GA, United States; lyophilised solution contained 50 mM Tris-HCl with 200 mM 

NaCl), reconstituted in water and diluted in LBWF to final concentrations of (9.5 

mg/mL, 3.8 mg/mL, and 0.5 mg/mL), recombinant HBD1 (Innovagen), reconstituted in 

PBS containing 0.05% BSA and diluted in LBWF to final concentrations of 1.7 µg/mL, 

68 ng/mL, and 1.5 ng/mL, recombinant HBD2 (Innovagen) reconstituted in PBS 

containing 0.05% BSA and diluted in LBWF to final concentrations of 940 ng/mL, 6 

ng/mL, and 0.8 ng/mL, or control HD5 peptide (US Biological) reconstituted in PBS 

containing 0.05% BSA and diluted in LBWF to final concentrations of 1.1 ng/mL, 130 

pg/mL, and 40 pg/mL. The concentrations were derived from the high, median, and low 

values detected in human milk samples using ELISA. All defensin preparations were 
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added into LBWF at ≤2 parts in 100 from the peptide stocks, but due to the high 

concentrations of LF and the limitations of its solubility, LF solutions were prepared 25 

parts in 100 (high), 10 parts in 100 (median), and 1.3 parts in 100 (low) from a 38 

mg/mL solution. In addition to the activity of single AMPs in LBWF, the synergistic 

activity of AMPs was tested using a combination of the median concentrations of 

HBD1, HBD2, HD5, and LF in LBWF. Bacterial growth was assessed as described 

above.  

5.4.2 Antibacterial effects of breast milk and LF in the presence of iron 

Four breast milk samples with average bacteriostatic activity against bacterial species 

and a median LF concentration of 4.3 mg/mL (range 2.52–4.90 mg/mL) were selected 

to test the effects of iron on bacteriostatic activity of breast milk. Breast milk samples 

and LBWF were treated with water and LF (human milk derived; final concentration 

3.8 mg/mL), water and 1 mM ferric citrate (Sigma-Aldrich, Castle Hill, Australia), or 

both LF and ferric citrate, each added at a one part in ten dilution to milk, and incubated 

with bacteria as previously described.  

5.4.3 Late-onset sepsis case-control study 

Late-onset sepsis was defined as both a positive blood culture and an elevated blood C-

reactive protein (CRP>15 mg/L) detected within 72 hours of the positive blood culture. 

The organisms causing LOS in the study cohort are shown in Table 5.2.  
Organisms identified from positive blood cultures Number (%) 

Total Gram-positive organisms 17 (85) 
Total CoNS  17 (85) 

CoNS - not further specified 10 (50) 
Staphylococcus epidermidis  5 (25) 

Staphylococcus haemolyticus 1 (5) 
Streptococcus mitis 1 (5) 

Total Gram-negative organisms 6 (30) 
Bacillus sphaericus 2 (10) 

Escherichia coli 2 (10) 
Enterobacter cloacae 1 (5) 
Enterococcus faecalis 1 (5) 

Table 5.2. Organisms isolated from positive blood cultures in twenty preterm infants with LOS in 
the case-control study. Four of twenty infants were infected with two species of bacteria. 

Twenty preterm infants with definite LOS were matched to twenty non-LOS control 

infants by GA, birth weight, presence/absence of histological chorioamnionitis, mode of 

delivery, and exposure to antibiotics during labour (Table 5.3). This sample size was 

calculated to be sufficient to detect a difference of one standard deviation between the 
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two groups in continuous outcome variables with >80% power at a significance level of 

α=0.05. Four LOS cases with a non-septic twin were excluded, since their respective 

milk could not be assigned to either group.  
Clinical characteristics Value LOS cases 

(n=20) 
Non-LOS 

controls (n=20) 
p-
valu

e 
Gestational agea (weeks)  26.40±2.187

  
26.70±1.803  0.204

  
 

Birth weightb (g)  740 [646.3–
997.5] 

817.5 [735–1058] 0.444 

Histological chorioamnionitisc Yes 7/20 (35) 8/20 (40) 0.346 
No 11/20 (55) 7/20 (35) 
Not 

available 
2/20 (10) 5/20 (25) 

Antibiotics during labourc Yes 12/20 (60) 11/20 (55) 0.500 
No 8/20 (40) 9/20 (45) 

Antenatal steroid exposurec Yes 20/20 20/20 1.00 
Smoker during pregnancyc Yes 7/20 (35) 3/20 (15) 0.137

  
Caesarean sectionc Yes 12/20(60) 13/20 (65) 0.5 

Multiple birthc Twins 2/20 (10) 2/20 (10) 0.698 

Infant sexc Male 13/20 (65) 9/20 (45) 0.170 
Probiotics given c (infant)  5/20 (25) 6/20 (30) 0.500 

Preterm Premature Rupture of 
membranesc 

 15/20 (75) 12/20 (60) 0.250 

Milk feeding data (days 1–28) 
Day of first breast milk feedb (MOM and/or 

PDHM) 
 5 (4-7) 3 (2-5) 0.084 

Postnatal age (days) full enteral feeds 
reachedb (150 mL/kg/d) 

 28* (23.5–28*) 19.5 (13.5–28*) 0.028 

Days without enteral feedingb  6.5 (3.25–
14.25) 

4.5 (1–6) 0.020 

Consumed any PDHMc  3/20 (15) 6/20 (30) 0.451 

Average breast milk (MOM and/or PDHM) 
average over 28 daysb (mL/kg/d) 

 24.36 (1.163–
59.74) 

98.88 (37.33–
153.1) 

0.001 

Cumulative breast milk dose at day 7 
(MOM and/or PDHM)b (mL/kg) 

 7.69 (1.395–
63.62) 

26.76 (2.57–
220.2) 

0.046 

Supplemented with preterm infant formulac  1/20 (5) 1/20 (5) 1.00 

Table 5.3. Comparison of clinical data for cases and controls used in the nested case-control study 
of breast milk antimicrobial molecules. Infant n=20 in each group, however, at day 21, only 14 LOS 
infants and 17 non-LOS infants mothers’ provided milk. p<0.05 considered significant; shown in 
bold font. aMean±SD; bMedian (IQR); cProportion (%); MOM=mothers’ own milk; PDHM= 
pasteurised donor human milk. *Data were only collected on milk feeds to day 28, therefore infants 
who had not reached full doses by day 28 were designated as receiving milk at day 28 arbitrarily 
(n=12 LOS, 5 non-LOS).  

The median daily and cumulative doses of combined mothers’ own milk (MOM) and 

pasteurised donor human milk (PDHM) consumed during the first 28 days postpartum 
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(mL/kg) were calculated for infants in the nested case-control study using the recorded 

daily volume of milk consumed and the body weight of the infant. Full enteral feeds 

were defined as a milk volume of 150 mL/kg/d. Time to reach full feeds was recorded 

up to a maximum of 28 days postpartum, after which the maximum value was 

arbitrarily assigned to infants who had not reached full feeds by the end of the study 

period (5 non-LOS controls, 12 LOS cases).  

Doses of AMPs consumed by preterm infants on days 7±2 and 21±2 were calculated 

using the concentration in milk and dose of MOM consumed on that day (mL/kg). 

Infants fed PDHM (one in each group at day 7, two in each group at day 21) or whose 

mother did not provide a milk sample on these days (none at day 7, four LOS and one 

non-LOS at day 21) were excluded from the analysis because AMP concentration was 

not known for the milk consumed.  

5.4.4 Statistical analysis 

Nonparametric tests were used in the analysis of all ELISA and milk consumption data, 

based on the skewed distribution and Shapiro-Wilk normality tests. Temporal changes 

to AMP levels in all participants providing samples were detected by comparing day 7 

and 21 milk samples from the same individual using a paired Wilcoxon signed-rank 

test. Spearman’s correlation coefficient (rho; !) was used to determine if correlation 

was detected between milk total protein and specific AMP concentrations, or 

bacteriostatic activity of milk and AMP concentrations. Growth of bacteria in milk was 

compared to LBWF using Kruskal-Wallis tests with Dunn’s multiple comparison post-

tests. The temporal changes to bacteriostatic activity of milk were compared as 

described for AMP levels. In LBWF spiking experiments, colony-forming units had an 

approximately log-normal distribution, and log-transformed data were compared using 

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison post-tests 

comparing all treatments to the control column. An unpaired t-test was used for 

comparisons between the median concentration of lactoferrin spiked into LBWF and the 

cocktail of AMPs in LBWF. A paired t-test was used to compare breast milk samples 

before and after spiking with ferric citrate.  

In the case-control study, milk consumption data were available for all forty infants 

throughout the first 28 days postpartum, although some mothers did not provide milk at 
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day 21. Therefore, twenty pairs of day 7 milk samples and eleven pairs (15 LOS, 17 

non-LOS samples) of day 21 breast milk samples were compared for experimental 

results in the case-control study using paired analyses. Given that some infants whose 

mother did not provide a milk sample were not consuming milk on the days that 

lactoferrin and HBD1 doses were calculated, this allowed inclusion of zero data for 

these infants in the dose consumed. In addition, some infants consumed PDHM of 

unknown AMP composition. Therefore, data from these infants were excluded from 

AMP dose calculations; this resulted in AMP dose data on nineteen LOS and nineteen 

non-LOS infants (eighteen pairs) at day 7 and fourteen LOS and seventeen non-LOS 

infants (eleven pairs only) at day 21.  

Categorical paired clinical data shown in Table 5.3 were compared using Fisher’s exact 

tests, and paired continuous data shown in Figures 6.5, 6.6, 6.7 and 6.8 were compared 

using Wilcoxon signed-rank tests. GraphPad software was used to interpolate ELISA 

concentrations and compare continuous data (GraphPad Prism version 5.00 for 

Windows, GraphPad Software, San Diego, CA, USA; www.graphpad.com), and SPSS 

software version 22 (IBM Corp., Armonk, NY, United States; www.ibm.com) was used 

to compare continuous variables with categorical clinical data. All hypotheses tested 

were two-sided and p-values <0.05 were considered to be statistically significant, 

except where appropriate adjustments were made for multiple comparisons. 

5.5  Results 

5.5.1 Preterm breast milk AMP and protein concentrations  

The median concentrations of all AMPs, except LL-37, were significantly higher on day 

7 than day 21 (p<0.01, all comparisons; Figure 5.1A–D). The most abundant AMP in 

the breast milk samples was LF with a median concentration of 4.59 mg/mL on day 7 

and 3.13 mg/mL on day 21 (contributing 35.5% and 26% of the total milk protein 

content, respectively; range 0.56–9.46 mg/mL across all samples). The defensins were 

found at lower concentrations; median concentration of HBD1 of 94 ng/mL at day 7 and 

39 ng/mL at day 21 (range 1.2–1,745 ng/mL across all samples). HBD2 median 

concentrations were 10 ng/mL and 3.4 ng/mL, respectively. HBD2 levels were below 

the detectable cut-off in 12 of 88 day 7 samples, and 23 of 77 day 21 samples (a 

maximum level of 937 ng/mL was detected). HD5 concentrations were a median of 135 

pg/mL and 110 pg/mL, respectively. HD5 levels were below the detectable cut-off in 19 
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out of 88 samples at day 7 and 31 out of 77 samples at day 21 (a maximum level of 

1,119 pg/mL was detected). LL-37 levels were below the limit of detection in the 

majority of breast milk samples (75% on day 7 and 85% on day 21; range 781 pg/mL – 

21,200 pg/mL; Figure 5.1E) therefore we did not include LL-37 in further analyses. For 

samples with detectable LL-37, the median concentrations were 2,240 and 2,160 pg/mL, 

respectively. 

The total protein concentration in breast milk was between 6.3 and 17.4 mg/ml in all 

samples (Figure 5.1F), and was significantly higher at day 7 than at day 21 (median 

12.9 mg/mL versus 12.0 mg/mL; p<0.001). For all day 7 and 21 samples (n=165), 

protein concentrations were weakly correlated with LF (!=0.31), HBD1 (!=0.26), 

HBD2 (!=0.19), HD5 (!=0.19) and LL-37 (!=0.15) concentrations in milk (all p<0.05). 

The concentration of LF correlated with the concentrations of HBD1 and HBD2 

(!=0.35 and !=0.18; p<0.05), and levels of HBD1 and HBD2 were significantly 

correlated (!=0.31; p<0.001). 
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Figure 5.1 Concentrations of soluble factors measured in breast milk. Concentrations of LF (A); 
HBD1 (B); HBD2 (C); HD5 (D); LL-37 (E); and total protein (F), measured in day 7 (n=88) and day 
21 (n=77) breast milk samples using ELISA or BCA assay for protein. All data are shown on a log 
scale with line at median. **p <0.01, ***p<0.001; comparing levels at 7 and 21 days postpartum 
using Wilcoxon signed-rank tests.  
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5.5.2 Breast milk bacteriostatic activity 

The inhibitory activity of preterm breast milk against common neonatal pathogens was 

tested in vitro in a subset of mothers included in the case-control study (n=40 day 7, 

n=31 day 21 samples). S. epidermidis, S. aureus, and E. coli grew by approximately two 

logs in LBWF. This growth was significantly inhibited by breast milk samples (Figure 

5.2). S. agalactiae grew by approximately one log in LBWF, greater growth than 

observed in two-thirds of the breast milk samples, although this difference was not 

significant. In comparison to growth in LBWF, day seven breast milk samples were 

able to inhibit the growth of S. epidermidis, S. aureus and E. coli by a median of 96.0%, 

96.6%, and 90.0%, respectively. Day 21 breast milk was less effective at controlling 

growth, with median inhibition of these bacterial species of 79.0%, 84.6%, and 62.2%, 

respectively. 

The concentration of LF in breast milk showed negative correlation with the colony 

forming units of E. coli and S. aureus after incubation with breast milk (!=-0.24; 

p=0.04 and !=-0.2; p=0.08, respectively) and HBD1 and HBD2 concentrations were 

negatively correlated with E. coli CFU (!=-0.59; p<0.001, and !=-0.36; p<0.01, 

respectively). Significant correlation between HD5 concentrations in breast milk and 

viability of other bacterial species was not detected. 
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Figure 5.2 Bacterial growth-inhibition activities of breast milk samples. Colony-forming units of 
(A) S. epidermidis; (B) S. aureus; (C) E. coli; or (D) S. agalactiae, after 4 hours incubation in either 
LBWF (F; n=16), day 7 (n=40) or day 21 (n=31) skimmed preterm breast milk samples from 
participants in the case-control study. The dashed line shows median starting inoculum. Data show 
individual and median values on a log scale. A value of 103 CFU/mL was assigned to samples where 
the colony count was below the limit of detection of the assay. Symbols depict the groups where 
statistically significant comparisons were made (level of significance indicated by multiple symbols; 
e.g. *p <0.05, **p<0.01, ***p<0.001), comparing growth in LBWF to growth in preterm breast milk 
samples by ANOVA with Dunn’s multiple comparison test (*) or comparing growth in day 7 and 
day 21 paired breast milk samples by Wilcoxon signed-rank tests (†).  
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5.5.3 Bacteriostatic activity of AMP levels in infant formula 

After observing antimicrobial activity in the breast milk samples and the correlation 

with AMP concentrations, we aimed to determine if physiological milk levels of 

individual AMPs were independently capable of inhibiting bacterial growth in LBWF. 

The addition of LF to LBWF at doses equivalent to the median concentration measured 

in preterm breast milk samples (3.8 mg/mL) had >50% bacteriostatic effect against all 

bacterial species, with >97% inhibition of growth for S. epidermidis, S. aureus and E. 

coli, and 67% for S. agalactiae (Figure 5.3). The effect was dose-dependent, with 

inhibition of all species >97% when 9.5 mg/mL LF (equivalent to the highest 

concentration detected in preterm breast milk) was used. No significant effect on growth 

inhibition was seen when 0.5 mg/mL LF (the lowest concentration detected in preterm 

breast milk) was added to LBWF. In contrast, HBD1 inhibited S. epidermidis at high 

and median concentrations (median inhibition 49% and 38%, respectively; p<0.05), and 

at the high concentration, HBD1 inhibited E. coli growth by 29% (p<0.05). Neither S. 

aureus or S. agalactiae were significantly inhibited at any milk concentrations of 

HBD1. HD5 inhibited 48% of S. epidermidis growth and 27% of S. agalactiae growth 

at high concentrations (p<0.05), but had no effect at other concentrations or for other 

organisms. HBD2 had no inhibitory effects for any organism. Furthermore, a cocktail of 

median doses of LF, HBD1, HBD2, and HD5 to LBWF did not increase inhibition 

compared to LF alone and, rather, the cocktail was less effective at inhibiting the 

growth of S. aureus was less effective at inhibiting growth (p<0.01). LL-37 was not 

included in these experiments due to the poor rate of detection in the breast milk 

samples. 
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Figure 5.3 Inhibition of bacterial growth in LBWF spiked with antimicrobial proteins and peptides 
(AMPs). Results from two experiments show median log-transformed colony-forming units 
(±interquartile range; n=4) on a log scale of remaining CFU/mL from an inoculum of ~1 x 106 of: 
(A) S. epidermidis; (B) S. aureus; (C) E. coli; or (D) S. agalactiae after 4 hours incubation in LBWF 
(diagonal lined pattern) spiked with either no AMP (F; n=8 shows both controls combined, 
statistical tests were performed using values from relevant day only), or with the low (L), median 
(M) or high (H) concentration of LF, HBD1, HBD2 or HD5 detected in breast milk samples. 
C=cocktail of LF, HBD1, HBD2 and HD5 at median concentrations (horizontal lined pattern). 
Shaded area indicates range of starting inoculum. Symbols depict the groups where statistically 
significant comparisons were made on log-transformed data (level of significance indicated by 
multiple symbols; *p <0.05, **p<0.01, ***p<0.001) in ANOVA with Dunnett’s multiple comparison 
tests of all high, median and low spiked treatments to LBWF control (*), or in a t-test of median LF 
to cocktail of LF plus other molecules (†). 
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5.5.4 Bacteriostatic activity of LF and milk in the presence of exogenous 

iron 

Ferric iron was added to breast milk or LBWF containing lactoferrin to test the 

hypothesis that the observed inhibitory effects of lactoferrin against bacteria are iron-

dependent. Addition of exogenous iron to LF-spiked LBWF significantly reduced the 

inhibitory activity of these solutions (Figure 5.4). In LF-spiked LBWF, S. epidermidis 

median growth-inhibition compared to LBWF alone decreased from 97% to 70% when 

ferric citrate was added (p<0.001) and, in breast milk, median growth inhibition of 95% 

decreased to 64% (p<0.05). In LF-spiked LBWF, addition of iron reduced inhibition of 

S. aureus from 87% to 8% (p<0.001) and, in breast milk, a decrease from median 93% 

to 10% inhibition was observed (p<0.01). The addition of iron to breast milk or LF-

spiked LBWF reduced inhibition of E. coli from 94% to 79% (not significant) and 98% 

to 76% (p<0.001), respectively. For S. agalactiae, addition of ferric citrate to LF-spiked 

LBWF decreased inhibition from 56% to 0% (p<0.05). For breast milk, the addition of 

ferric citrate led to a change from 38% inhibition to almost five times the growth of S. 

agalactiae observed in untreated LBWF (p<0.05). The addition of ferric citrate to 

LBWF in the absence of LF did not increase bacterial growth, but inhibited S. 

agalactiae by 79% compared to LBWF alone (p<0.001). 
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Figure 5.4 Iron-dependence of inhibitory activity of lactoferrin-spiked LBWF or breast milk 
against LOS pathogens. Bars show log-transformed medians and interquartile ranges from four 
replicates of bacterial colonies (Log CFU/mL) of (A) S. epidermidis; (B) S. aureus; (C) E. coli; or (D) 
S. agalactiae, after 4 hours growth in LBWF control (shaded bar (“F”)), or LBWF or skimmed 
preterm breast milk (“M”) ±  lactoferrin (“LF”; 3.8 mg/mL) and/or 1 mM ferric citrate (“Fe”). F 
control shows combined results of two separate experiments, however, treatment was statistically 
compared to experimental results on that day only. Symbols depict the groups where statistically 
significant comparisons were made on log-transformed data (level of significance indicated by 
multiple symbols; e.g. *p <0.05, **p<0.01, ***p<0.001), where (*) shows treatment compared to 
LBWF control after Dunnett’s multiple comparison test; (†) shows a significant result from an 
unpaired t-test comparing lactoferrin spiked LBWF ±  ferric citrate; and (‡) shows a significant 
result from a paired t-test comparing four skimmed breast milks ±  ferric citrate.  
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5.5.5 Breast milk AMP levels and LOS in case-control study 

In order to determine if deficiencies in breast milk AMP concentrations or antibacterial 

activity against LOS pathogens were associated with the development of LOS in 

preterm infants, we compared the levels of AMPs and bacterial inhibition in a subset of 

matched day 7 and 21 breast milk samples from mothers of infants with and without 

confirmed LOS. A trend towards lower concentrations of AMPs and increased growth 

of S. epidermidis, S. aureus and E. coli in breast milk from LOS mothers was observed, 

however, differences were not statistically significant at either day 7 or day 21 (Figure 

5.5 and Figure 5.6).  

 
Figure 5.5 Comparison of case and control infant mothers’ milk composition. Data are individual 
and median case and control breast milk concentrations, represented on a log scale, showing: (A) 
LF; (B) HBD1; (C) HBD2; (D) HD5; (E) LL-37; and (F) protein, measured using ELISA or BCA 
assay for protein, at day 7 (n=20 LOS, n=20 non-LOS) and day 21 (n=14 LOS, n=17 non-LOS; 11 
matched pairs) from individuals selected to participate in the nested case-control study, showing 
LOS cases (closed boxes) and non-LOS controls (inverted triangles). 
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Supplementary Figure 1. Comparison of case and control infant mothers’ milk 
composition. Data show individual and median case and control breast milk 
concentrations on a log scale of: (A) LF; (B) HBD1; (C) HBD2; (D) HD5; (E) LL-37, and 
(F) protein, measured in breast milk using ELISA or BCA assay for protein at day 7 
(n=20 non-LOS, n=20 LOS) and day 21 (n=17 non-LOS, n=14 LOS; 11 matched pairs) 
from individuals selected to participate in the nested case-control study, showing LOS 
cases (closed boxes) and non-LOS controls (inverted triangles).



 151 

 
Figure 5.6 Comparison of case and control breast milk antibacterial properties. Data show colony-
forming units of: (A) S. epidermidis; (B) S. aureus; (C) E. coli; or (D) S. agalactiae, after 4 hours 
incubation in either LBWF (“F”) or day 7 and day 21 skimmed preterm breast milk samples from 
LOS cases (closed boxes) and non-LOS controls (inverted triangles). The dashed line shows the 
starting inoculum CFU/mL. Data show individual colony counts (CFU/mL), n=16 for LBWF 
samples, n=20 cases and n=20 controls in day 7 breast milk (20 pairs), and n=14 cases and n=17 
controls (11 pairs) for day 21 milk samples, shown on a log scale. A value of 103 CFU/mL (lower 
limit of detection) was assigned to samples where no colonies were detected. 
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Supplementary Figure 2. Comparison of case and control breast milk antibacterial 
properties. Data show colony-forming units of: (A) S. epidermidis; (B) S. aureus; (C) E. coli; 
or (D) S. agalactiae, after 4 h incubation in either LBWF (“F”), or day 7 and day 21 skimmed 
preterm breast milk samples from LOS cases (closed boxes) and non-LOS controls 
(inverted triangles). The dashed line shows starting inoculum. Data show individual colony 
counts (CFU/mL), n=16 for LBWF samples, n=20 cases and n=20 controls (20 pairs) for day 
7 breast milk samples, and n=14 cases and 17 controls (11 pairs) for day 21 samples, on a 

log scale. A value of 10
3

 CFU/mL was assigned to samples where the colony count was 
below the limit of detection of the assay.
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5.5.6 Consumption of breast milk and maternal AMPs in LOS case-

control study 

Since there were no intrinsic differences in AMP levels or antimicrobial activity 

between the breast milk samples from LOS cases and controls, but LF and HBD1 had 

clear activity against LOS pathogens, we examined whether differences in total breast 

milk consumption, or the effective total doses of LF or HBD1 consumption by infants 

may associate with development of LOS. Other AMP doses were not calculated since 

the concentration was below the limit of detection in several milk samples, and limited 

activity was observed.  

Several measures of breast milk consumption showed differing values between cases 

and controls (Table 3); both daily and cumulative doses of breast milk in non-LOS 

infants were significantly higher than LOS cases from day 2 postpartum onwards 

(Figure 5.77) and, importantly, the non-LOS infants received significantly larger 

volumes of breast milk prior to LOS (first LOS case was diagnosed at day 7, median 

onset day 13 postpartum). Cumulative doses of breast milk achieved at day 28 were 

significantly lower in cases than controls (median 1,474 mL/kg and 2,356 mL/kg, 

respectively; p=0.001).  
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Figure 5.7 Consumption of breast milk (MOM+PDHM) by preterm infants in the case-control 
study. Boxplots show median and interquartile ranges of (A) daily breast milk consumption and (B) 
cumulative milk dose (mL/kg) consumed by preterm infants in the nested case-control study from 
days 1–14 and 1–28, respectively, showing non-LOS (clear boxes, n=20) and LOS infants (shaded 
boxes, n=20), comparing cases and controls using Wilcoxon matched pairs analysis. Symbols 
indicate *p<0.05; **p<0.01. 
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Figure 5.8 Consumption of AMPs at day 7 and 21 postpartum in case-control infants. Data show 
calculated consumed dose of (A) LF and (B) HBD1 in LOS infants (closed circles) or non-LOS 
infants (open circles) in the case-control study at day 7 (n=19 each) and day 21 postpartum (n=14 
and 17, respectively), based on measured concentrations of AMPs in breast milk and reported milk 
consumption for each infant not consuming PDHM at the two time points on a log scale. Zero 
values calculated at day 7 (6 LOS, 7 non-LOS) and day 21 (4 LOS, zero non-LOS) were assigned a 
value of 0.01 for illustration purposes on the log scale. *p<0.05 comparing matched pairs. 
 

The range of total daily LF consumed by infants ranged from 0–794 mg/kg and 0–94 

µg/kg for HBD1 on days 7 and 21 postpartum (Figure 5.8). The median doses of LF 

consumed by LOS cases were lower on day 7 (14 mg/kg LF in LOS cases and 52 mg/kg 

in controls, respectively; p=0.30) and day 21 (131 mg/kg LF in LOS cases and 298 

mg/kg LF in controls, respectively; p=0.04). The median consumed dose of HBD1 at 

day 7 was 0.36 µg/kg HBD1 in LOS cases and 1.76 µg/kg in controls, respectively 

(p=0.14), and 3.23 µg/kg and 5.03 µg/kg HBD1 were consumed by LOS cases and 

controls on day 21, respectively (p=0.03). 

5.6 Discussion 

Breast milk feeding is associated with decreased incidence of LOS in preterm infants 

(Patel et al., 2013). LOS pathogens may translocate from the gastrointestinal tract (Carl 

et al., 2014; Soeorg et al., 2013), and therefore antimicrobial molecules found in breast 

milk could contribute to protective mechanisms through controlling bacterial load in the 

gastrointestinal tract, immune modulation, or alteration of the gastrointestinal 

microbiome. In this study, we found that concentrations of lactoferrin and defensins 

found in preterm milk are sufficient to cause inhibition of sepsis-causing bacteria and 

correlate with bacterial inhibition in milk. In a case-control study that compared 
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matched infants with and without LOS, lower total consumption of breast milk, and 

hence of AMPs, was associated with LOS in preterm infants. Lactoferrin spiked into 

LBWF at the concentrations found in milk had similar bacteriostatic activity as whole 

milk, which supports its potential use as an intervention to prevent LOS.  

The levels of AMPs in preterm breast milk measured were highly variable although, 

with the exception of LL-37, AMPs were detected in most breast milk samples. Both 

AMP levels and antibacterial activity were significantly higher in day 7 than in day 21 

breast milk. Temporal changes to immune factors in breast milk have previously been 

reported (Castellote et al., 2011) although, to our knowledge, this is the first report of 

temporal changes in antibacterial activity of breast milk. The reported ranges of LF 

concentrations in preterm breast milk are comparable to our findings (Dawarkadas et 

al., 1991; Patricia A. Ronayne de Ferrer et al., 2000; Velona et al., 1999). Samples in 

this study had defensin values in the ranges described by others, but it is difficult to 

compare our data with the median values reported in milk in these studies due to 

variability in sampling time points and methodological differences between studies 

(Armogida et al., 2004; X. F. Wang et al., 2014). The retention of breast milk AMPs 

measured in this study could have been affected by the opportunistic collection of breast 

milk stored in the neonatal unit, which included collecting frozen breast milk, and 

resulted in more than one freeze-thaw cycle prior to measurement of AMPs. Therefore, 

the values of AMPs reported in this study could be lower than if we had tested fresh 

milk. Storing milk at 4 °C or -20 °C and treatment with freeze-thaw cycles are common 

practices in our NICU, making the results biologically relevant for preterm infants in 

similar units. However, these data may not be generalisable to infants consuming fresh 

milk.  

LF and its derivative peptides have well-described antibacterial activities (Arnold, 

Brewer, & Gauthier, 1980; Jenssen & Hancock, 2009; Sinha, Kaushik, Kaur, Sharma, & 

Singh, 2013; M. P. Venkatesh & Rong, 2008) yet, to our knowledge, no studies of LF 

activity based on actual breast milk concentrations have been previously performed. 

Spiking LBWF with average breast milk concentrations of LF results in inhibition of 

bacterial growth similar to that of breast milk, regardless of other factors that may differ 

between LBWF and milk. A methodological limitation of our spiking method was the 

relatively higher dilution of formula needed for the high and median concentrations of 

LF, due to insolubility of the LF at the concentration required to dilute the solution into 
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formula. However, we did not find evidence of decreased growth of bacteria in control 

treatments containing formula diluted 20% by water in the experiments with ferric 

citrate (Figure 6.4) compared to neat formula used in the formula spiking assays (Figure 

6.3), which suggests that growth factors in formula were not limiting at this higher 

dilution. Our data indicate that in many preterm breast milk samples, defensin peptides 

are not present in sufficient quantities to have significant antimicrobial activity. In 

samples where levels are sufficient for antibacterial activity to occur, the amount of 

antimicrobial activity is small relative to the activity of LF. Published data on defensins 

and cathelicidin antibacterial activities are often restricted to specific pH and osmolality 

conditions (Lehrer & Lu, 2012), with concentrations in the µg/mL range (Chen et al., 

2005). These conditions may occur in neutrophilic granules, but few of our cell-free 

breast milk samples had defensin levels in this range, and milk is reported to contain 

approximately 7–70 µM sodium (Koo & Gupta, 1982), emphasising the need for 

biologically relevant activity assays. Since the formula spiking antibacterial assays were 

based on the ELISA results, some of the defensins could have greater activity in fresh 

milk, due to higher concentrations. We did not investigate the mechanism of inhibition 

beyond addition of iron to lactoferrin during bacterial assays, and so cannot conclude 

whether the observed effects are related to bacterial binding or membrane effects, or if 

any clumping of bacteria still occurred after thorough mixing of samples. The direct 

effects of these molecules on bacteria could be examined in future research to identify 

specific effects on bacterial structure or function when exposed to AMPs in milk. 

Regardless, any activity of other AMP molecules in breast milk may be redundant, since 

LF is sufficient at the average concentration found in milk to inhibit sepsis-causing 

microbes alone, at least in vitro. This applies to both molecules included in the analysis, 

as well as others that were not selected to be measured, such as lysozyme, which was 

not selected because both S. epidermidis and S. aureus display significant resistance to 

lysozyme activity (Bera et al., 2006), and the concentrations of lysozyme reported to 

inhibit the growth of bacteria (5.4 mg/mL (E. C. Leitch & M. D. P. Willcox, 1999) and 

16 mg/mL (E.C. Leitch & M.D.P. Willcox, 1999)) are much higher than the levels 

reported in breast milk (240–370 µg/mL)(Montagne et al., 1999). If the levels of LF 

found in most frozen preterm milk samples sufficient to inhibit LOS-causing bacterial 

growth, then it is possible that it could be used alone as a supplement to modulate the 

gut microbiome or prevent LOS in preterm infants who do not consume enough breast 

milk LF. 
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The data derived from our formula-spiking experiments suggest that defensins display 

very little antibacterial activity compared to that of whole milk. Exposure of milk to 

proteases and reduction in the gut may result in more active forms being released during 

digestion (Schroeder et al., 2011). Therefore, we cannot exclude the possibility that, 

following ingestion in vivo, the activity of the breast milk antimicrobial molecules may 

differ to the activity observed in vitro. There are no data on the effects of digestion of 

defensins or cathelicidin in infants from breast milk. In our formula-spiking 

experiments, recombinant forms of HBD1 and HBD2 used were representative of the 

active peptide and, therefore, this should not have affected the outcome of the spiking 

experiment in the absence of exposure to digestive enzymes. However, LF used in 

experiments was derived from undigested human milk and, although there is evidence 

that LF partially survives digestion, the process may release more active antibacterial 

peptide derivatives (Hutchens et al., 1991). Breast milk contains trypsin and other 

proteases, so it is possible that the digestion process begins in milk prior to ingestion by 

the infant (Guerrero et al., 2014). The HD5 used in our experiments was a 17 amino 

acid peptide from within the active peptide region. Although some activity was 

observed in spiking assays, we were unable to detect activity of HD5 against E. coli at 

100 µg/mL according to the method of Porter et al., who had previously demonstrated 

activity against this organism in this range (Porter, van Dam, Valore, & Ganz, 1997) 

and, therefore, it is possible that the activity of this HD5-derivative does not reflect the 

activity of the form of the peptide present in the gut. Despite this, given that the 

amounts of HD5 we detected were approximately 1,000-fold lower than the MICs 

reported for this molecule (Ericksen et al., 2005), it is unlikely that activity would have 

been observed at the concentration used for these experiments, regardless of the source 

of peptide. Our results reflect necessarily simplified experimental conditions compared 

to the complexity of the gastrointestinal tract, and further research will be required to 

disentangle the effects of specific AMPs on the gut in animal models or clinical studies. 

 

This study confirms previous findings that breast milk has bacteriostatic effects against 

some LOS pathogens (Chan, 2003; Chantry et al., 2011; Silvestre et al., 2006; Van 

Gysel et al., 2012), and extends previous research to show that growth of S. 

epidermidis, the most commonly isolated LOS pathogen, is inhibited by breast milk and 

breast milk-concentrations of LF, which can be reversed by exogenous ferric iron. Other 
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investigators have reported significant effects of iron-containing milk fortifier on 

bacterial growth in similar assays (Campos et al., 2013), and Chan et al. (Chan, 2003) 

demonstrated that addition of iron to breast milk decreased or removed the antibacterial 

activity against E. coli, S. agalactiae and S. aureus. No infant in this study reached full 

feeds (150 mL/kg/d) in order to qualify for milk fortification before they developed 

LOS, and no milk samples used in experiments were fortified. The antibacterial effects 

may be due to the ability of LF to sequester iron from the environment, preventing its 

use by bacteria for growth, demonstrated by Aguila et al. (Aguila et al., 2001). These 

experiments reported the effects of ferric iron on LF antibacterial activity and, since 

iron supplements in infants are given as ferrous sulphate, the effect of such therapy on 

bacterial growth in vivo cannot necessarily be generalised or interpreted based on these 

findings. Therefore, whether functionality of breast milk LF or exogenous therapeutic 

bLF against LOS pathogens or sepsis outcomes are negatively affected by the 

concentrations of iron derived from milk, formula, or fortifier, requires further 

investigation.  

We did not detect deficiencies in AMP concentrations or activities in the milk of 

preterm mothers whose infant developed LOS. However, at days 7 and 21 postpartum, 

there was an association between lower AMP doses consumed and LOS in preterm 

infants. Previous studies indicate that failure to establish full enteral feeds by day 14 

(the median time of LOS onset) is a major risk factor for LOS (Rønnestad et al., 2005). 

In this cohort, infants who developed LOS did not commence enteral feeds until median 

day 5 postpartum, and on average did not reach full feeds until after 4 weeks 

postpartum, compared to median 19.5 days to full feeds in the control group. The 

reasons for delayed establishment of feeds are unclear, but may reflect a poorer clinical 

state in the first few days of life or presence of risk factors for feed intolerance, which 

were not recorded.  To our knowledge, these are the first data to provide evidence of 

lower LF consumption in infants who develop LOS. Based on our results, LF may 

protect infants against LOS by regulating bacterial growth in the gastrointestinal tract, 

which could result in reduced translocation of bacteria to the bloodstream, as shown in 

animal models (Edde et al., 2001; Yen et al., 2009), though other functions of LF such 

as immune modulation may play a role in protection (Legrand, 2012). Preliminary 

intervention studies using bovine lactoferrin (bLF) to prevent LOS in preterm infants 

indicate a possible therapeutic role (Akin et al., 2014; Manzoni et al., 2009; Pammi & 

Abrams, 2011), but the optimal dosing regime is unknown. Doses of 100 mg/d 
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(Manzoni et al., 2009) and 200 mg/d (Akin et al., 2014) of bLF have been tested, but 

Manzoni et al. (Manzoni et al., 2009) reported that benefits in their study were only 

observed in infants whose birth weight was <1,000 g (those initially consuming the 

equivalent of >100 mg/kg/d). Our data support the need to adjust bLF doses for body 

weight. In addition, bLF doses may need to be increased, as we have demonstrated that 

the average amount of LF consumed by infants without LOS at day 21 was almost 300 

mg/kg/d (with an upper limit of ~800 mg/kg/d). However, data from a preterm piglet 

model indicate that high doses of bLF can cause adverse outcomes (Nguyen, Li, 

Sangild, Bering, & Chatterton, 2013), and it is unknown whether increased doses in 

humans would result in better outcomes, without adverse events. Further studies are 

needed to explore optimal dose and duration of LF supplementation in high-risk preterm 

infants.  

The concentrations and activities of LF and defensins may be higher in colostrum than 

day 7 and 21 milk, which was not measured in this study. Despite this, earlier 

consumption of colostrum, which contains high concentrations of AMPs, does not 

appear to prevent LOS in very low birth weight infants (P. M. Lavoie, 2009). All infants 

on this study consumed colostrum when enteral feeds were initiated. These data suggest 

that regular consumption of milk may be required to adequately protect infants during 

the greatest period of risk for infection. Given the evidence, future neonatal research 

may benefit from separating infants into ordinal categories of milk doses consumed 

over a relevant time period rather than more simplistic categories of formula-, donor 

milk- or breast milk-fed, since this study and the work of others have demonstrated the 

importance of milk dose in protection against LOS (Patel et al., 2013). 

Antimicrobial proteins and peptides in breast milk may play an important role in the 

postpartum period in preventing LOS, possibly during gut colonisation, through 

mechanisms such as reducing bacterial overgrowth and translocation. In this study, the 

consumption of AMPs was significantly lower in preterm infants who subsequently 

developed LOS compared to matched controls. We have demonstrated that the 

concentrations of human LF and defensins are sufficient in stored preterm breast milk to 

inhibit the most significant sepsis-causing organisms in vitro and, furthermore, that 

LBWF containing physiological concentrations of human LF has similar ability as 

whole milk to suppress bacterial growth. This is the first evidence that these molecules 

are present in sufficient quantities in preterm milk to have effects on LOS pathogens’ 
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growth, and suggests that one potential mechanism whereby breast milk and bovine LF 

interventions reduce LOS is by limiting bacterial growth in the gut. We found that 

prescribed milk consumption was significantly lower in preterm infants who developed 

LOS, highlighting the need for research to improve feeding tolerance. Interventions 

aimed at increasing breast milk consumption, or increasing the total quantity of milk 

AMPs consumed through supplementation (particularly LF), may reduce the risk of 

LOS in preterm infants. 
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6 GENERAL DISCUSSION 

6.1 Results in context of research aims 

This thesis investigated whether the immunological composition of preterm breast milk 

is associated with the increased incidence of preterm late-onset sepsis, and whether the 

antibacterial activity of milk may be the mechanism of milk protection against this 

common illness of prematurity. The first aim was to measure and compare the levels of 

antimicrobial proteins and peptides, soluble pattern recognition receptors, cytokines and 

leukocytes in breast milk during lactation in the first month postpartum in mothers of 

infants born at a range of gestational ages. The original data presented in this thesis 

demonstrate that preterm mothers’ breast milk contains higher concentrations of 

antimicrobial proteins and peptides, but not milk leukocytes, compared to term mothers’ 

breast milk. Furthermore, this thesis is the first to compare whether the higher levels of 

antimicrobial proteins and peptides seen in breast milk of preterm mothers is associated 

with increased antibacterial functions, or if the milk from mothers whose infants 

developed LOS contains the same high levels seen in the general preterm populations. 

We examined the relationship between the levels of antimicrobial peptides and proteins 

and the antimicrobial activity against LOS pathogens in preterm mothers’ breast milk. 

We hypothesised that preterm infants who developed LOS consumed breast milk with 

unusually low concentrations of AMPs and/or low antibacterial activity. This 

hypothesis was also falsified, since we did not find evidence of deficiencies in these 

factors, and that most preterm breast milk contained AMPs at sufficient levels to have 

antibacterial activity. Subsequently, we found that preterm infants that develop LOS 

consume significantly smaller doses of milk than healthy preterm infants, which may 

result in cumulative deficient consumption of AMPs or other milk factors that place the 

infant at risk.  

Together, these results reject the hypothesis that preterm milk is deficient in 

antibacterial molecules or antibacterial activity against LOS pathogens compared to 

term breast milk. These findings are based on thorough examination of a variety of 

types of immune factors in milk, the range of gestational age groups, collection of 

samples in all three stages of lactation, and include relevant covariates in statistical 

models of milk composition. Since functionality of breast milk appears to be related to 

the levels of lactoferrin, preterm breast milk may indeed have greater antibacterial 
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activity than term breast milk. Despite this, we have demonstrated that preterm infants 

that develop LOS consume less breast milk, resulting in lower enteral doses of 

lactoferrin during the first weeks of life, a critical period before and during the peak of 

LOS development. Based on these findings, we suggest that infants at highest risk of 

LOS (<30 wk GA) could routinely be supplemented with enteral lactoferrin if 

consuming formula, PDHM or small milk doses. The levels of lactoferrin consumption 

in preterm infants without LOS, described in Chapter 5, or data from term infants could 

be used to estimate the amount of lactoferrin to be used as a prophylactic intervention to 

prevent LOS in future clinical studies. 

6.2 General discussion of results in context of previous 
research on preterm breast milk  

6.2.1 Limitation of AMP detection 

Enzyme-linked immunosorbent assay (ELISA) is a simple and specific method of 

measuring small amounts of proteins in biological samples, based on the utilisation of 

antibodies with high affinity for their target protein of interest. The sandwich (or 

capture) ELISA is more sensitive than other methods since it relies on capture of the 

antigen between two specific antibodies (Gan & Patel, 2013). The limitations of this 

method include the possibility of non-specific binding of the antibody or antigen to the 

plate in which the reaction is conducted, giving false positive results (Gan & Patel, 

2013). Proteins and detergent are often added to washing and blocking buffers to 

prevent non-specific binding in ELISA assays. Conversely, in breast milk, intrinsically 

high levels of protein may interfere with detection of antigens by antibodies by blocking 

interactions. Therefore, in order to have congruence between standards and samples, 

both protein and detergent were employed at the relatively higher end of the reported 

ranges in the literature to minimise differences between standards and samples. Despite 

the efforts to detect antimicrobial peptide LL-37 and others such as HD5, a major 

limitation of these assays was that they had to be performed at low dilutions of milk (i.e. 

1 part in 2). We had great difficulty detecting LL-37 at this dilution, and we found in a 

dilution assay where the milk was spiked with a known concentration of recombinant 

LL-37, that recovery increased with increasing dilution of milk (Appendix Figure 8.12). 

This is very likely to be a prozone effect, caused by the high concentrations of proteins 

that might interfere with the detection of the molecules. We were not able to assess the 
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antimicrobial effects of LL-37 in Chapter 5 for this reason, and it is possible for LL-37 

and HD5 that we could not detect the true amount of these molecules in breast milk. 

However, the same interference of proteins could potentially affect attachment of these 

molecules to bacteria, and could be investigated in future, or other methods could be 

developed to avoid the unwanted effects of protein in milk. 

6.2.2 Effects of preterm birth on breast milk composition 

There is a clear need for better characterisation of the composition of preterm breast 

milk and optimal milk feeding strategies to improve the health outcomes in the preterm 

population (Duley, Uhm, & Oliver, 2014; Rai et al., 2013). In addition, research 

priorities in lactation biology include identification of the factors that protect preterm 

infants from infections and the mechanisms by which they act, as well as the factors 

responsible for intra- and inter-individual variation in composition (Neville et al., 2012). 

The data presented in this thesis significantly extends current knowledge of the 

composition of preterm breast milk by providing an analysis of preterm and term AMP, 

leukocytes, PRRs and cytokines in milk throughout lactation. We also provided an 

examination of the association of AMP levels and risk of LOS.  

Significantly, we found that preterm birth can result in higher concentrations of 

antimicrobial (LZ, HBD1) and pathogen recognition molecules (sCD14) as well as anti-

inflammatory cytokine TGF-β2 in colostrum and transitional breast milk, independent 

of the volumes of breast milk expressed by different mothers. We also found that as a 

percentage of total protein, LF was found in higher percentages in preterm compared to 

term mothers. Though other researchers have investigated the levels of many of these 

factors previously with varying conclusions (see Tables 1.4–1.7), this research is the 

first to compare the concentrations of sCD14 in preterm and term mothers’ breast milk, 

finding higher concentrations in preterm breast milk.  

Several authors have suggested hypotheses to explain the differences that they have 

observed between preterm and term breast milk.  It has been suggested that delayed 

closure of tight junctions in the mammary gland results in a prolonged colostrum phase 

in preterm mothers (Montagne et al., 1999). However, delayed closure of tight junctions 

in the mammary gland being the cause of differences in preterm and term milk implies 

passive movement of immune molecules from maternal circulation to the mammary 
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epithelium, which is not supported by data showing that the mammary epithelium 

produces its own AMPs and PRRs (Al-Sam & Davies, 1987; Jia et al., 2001; Labeta et 

al., 2000; Murakami et al., 2005; Tunzi et al., 2000) and that levels of these factors are 

higher in breast milk than in maternal serum (Kassim et al., 1986; Labeta et al., 2000). 

Another common suggestion to explain the differences in milk from mothers of preterm 

infants is that the larger volumes of milk produced by term mothers results in greater 

dilution of immune proteins compared to preterm mothers, who produce smaller 

volumes of colostrum with relatively more concentrated protein levels (Dawarkadas et 

al., 1991; Goldman et al., 1982; Gross, Buckley, et al., 1981; Pamblanco et al., 1986). 

Our data demonstrate that although the concentration of immune factors in breast milk 

is influenced by breast milk volume (Chapter 3), prematurity is associated with changes 

to breast milk immune protein levels when controlling for this variable, so this is not the 

only cause of alterations to breast milk. Moreover, the percentage of total protein in 

breast milk with immunological roles were higher in preterm milk compared to term 

milk, showing upregulation of immune proteins compared to proteins with other roles, 

independent of milk dilution effects.  

In addition, it has been suggested that preterm birth is associated with incomplete 

mammary gland development (due to shorter gestation) (Goldman et al., 1982; 

Montagne et al., 1999). However, this would only appear logical if we had found lower 

levels of mammary-derived proteins in preterm milk, which we did not. Though 

negative correlations between gestation and breast milk concentrations of immune 

proteins were observed in our study populations, this effect was not consistent between 

donors of the same gestational period, and some preterm individuals had similar breast 

milk composition to term mothers. 

It has been suggested by several authors that the mammary gland could sense and 

compensate for immunological prematurity of the neonate through an unknown 

mechanism, resulting in increased immune content in breast milk (Araujo et al., 2005; 

Castellote et al., 2011; Hsu et al., 2014; N. Jain et al., 1991; Koenig et al., 2005; 

Pamblanco et al., 1986; Read et al., 1985). There is no scientific evidence to support the 

teleological argument that the mammary gland has the ability to sense and alter output 

based on length of gestation. Furthermore, and as stated by Molinari et al., the selection 

pressures required for such an evolutionary change to exist (i.e. preterm infants 
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surviving the neonatal period) have only been available for decades, which makes such 

an evolutionary adaptation highly improbable (Molinari et al., 2012). 

Finally, it has been suggested that the factors that lead to preterm birth (such as 

inflammation or infection) may cause changes to breast milk composition (Goldman et 

al., 1982). We believe that the data presented in this thesis support the hypothesis that 

preterm labour, or the proximal causes of preterm labour, alters breast milk 

composition. We have demonstrated that the concentrations of immune proteins 

produced in the mammary gland are upregulated relative to the total protein content, 

regardless of variation in expressed breast milk volume at the time of colostrum 

collection. This effect is enhanced in preterm mothers, whose breast milk contains 

higher concentrations of bacterial defence proteins and peptides. One may speculate that 

upregulation of specific immune proteins by the mammary epithelial cells in all 

colostrum, and in preterm mothers’ milk, occurs due to the same specific chemical 

signals. The mechanism for this signal to upregulate the expression of specific 

antibacterial proteins to milk by the mammary cells is not known, but the timing of the 

upregulation suggests an association with giving birth. Labour, even at term, is 

associated with increased levels of inflammatory signals in maternal tissues, cord blood 

and circulation, including TREM-1, lactoferrin, collectins, IL-1β, IL-6 and IL-8, which 

can be even higher in preterm labour (Osman et al., 2003; Pacora et al., 2000; Tency et 

al., 2014; Yadav et al., 2014). Outside the mammary gland, expression of AMPs and 

PRRs in the gut and airway is upregulated in response to microbial threats at the host-

environmental interface (Eisele & Anderson, 2011; O'Neil et al., 1999; N. H. Salzman 

et al., 2010). Therefore, we hypothesize that the mammary gland responds in a similar 

way as other epithelial tissues to danger signals such as danger- or microbial-associated 

molecular patterns (DAMPs/PAMPs), produced at distant sites such as the uterus. These 

signals are yet to be identified, but some evidence from other milk research on mastitis 

could provide clues for molecules to investigate. 

In Chapter 3, we identified a number of antibacterial immune proteins that were found 

in higher levels in preterm compared to term breast milk and in colostrum compared to 

mature breast milk. This suggests specific upregulation of immune proteins in breast 

milk independently of overall protein production, and would require a response to a 

microbial or other immunological threat. The signals that cause upregulation of immune 

proteins in the context of mastitis could be investigated as this process also results in 
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upregulation of immune proteins (Foteini Hassiotou et al., 2013). The mammary gland 

epithelium is separated from the lumen by tight junctions between cells, which form a 

breast milk-blood barrier. This barrier is disrupted by exposure to bacterial 

lipopolysaccharide (LPS), through binding to TLR4 found on the apical cell surface of 

mammary epithelial cells in mouse models, and this signal results in upregulated κB 

expression in mammary epithelial cells (Glynn, Hutchinson, & Ingman, 2014). As such, 

epithelial colonisation with bacteria or development of mastitis may trigger increased 

transcription of factors downstream of NF-κB in the mammary epithelium, including 

HBD1, TGF-β2 and LZ, which we found in higher concentrations in preterm than term 

breast milk, and HBD1 and TGF-β2, whose concentrations are higher in colostrum 

compared to mature breast milk (Duits, Ravensbergen, Rademaker, Hiemstra, & 

Nibbering, 2002; Goethe & Phi-van, 1998; Maheshwari et al., 2011; Rossol et al., 

2011). Although the effects of NF-κB signalling in human milk are not clear, network 

analyses in cows’ milk reveal that differentially expressed proteins in early and late 

stages of lactation are associated with alterations to three major signalling hubs, 

including the NF-κB pathway (Janjanam et al., 2014).  

We did not find effects of maternal infections (varied types) on milk composition, but 

our definition of this was broad. It is possible had we investigated a more specific 

marker of infection, such as C-reactive protein (CRP) or maternal LPS levels, we may 

have observed an effect of infection on milk composition. However, activation of NF-

κB also results in decreased breast milk production (Connelly et al., 2010), a common 

problem in preterm mothers (Parker et al., 2012). We did not measure 24-hour milk 

production, which may have been affected by infection, so cannot comment on the 

possibility of reduced milk volume as a result of infection in our study. However, we 

hypothesise that increased AMP levels in preterm breast milk, delayed tight junction 

barriers in preterm mothers, and upregulation of immune proteins in early breast milk 

(colostrum) may all be symptoms of increased exposure to signals that stimulate 

increased NF-κB transcription (such as LPS) in the mammary epithelium, rather than 

preterm birth or delayed tight junctions being a cause of changes to preterm milk 

(Kobayashi, Oyama, Numata, Rahman, & Kumura, 2013). This could be investigated in 

vivo in an animal model, either by exposing the mammary gland to LPS and other 

DAMP/PAMPs, and measuring the mammary transcription factors upregulated, milk 

volume output over 24-hours and composition of milk, or in vitro using a mammary cell 
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line and RNA expression analyses before and after stimulation with LPS. Future work 

could also include examination of how the mammary-resident bacteria might affect 

breast milk composition, such as how TLRs expressed in the mammary epithelium 

respond to colonising bacteria, as has been investigated in cow mammary cells 

(Stelwagen et al., 2009). 

6.2.3 Effects of other maternal variables on milk composition 

Maternal NF-κB or DAMP exposure is one explanation for the differences between 

preterm and term mothers, but other maternal factors may also significantly affect milk 

composition, including mode of delivery and parity. We investigated the mode of 

delivery in the regression model in Chapter 3 as a potential confounder for immune 

protein measurements in preterm and term breast milk. After noting that HBD2 levels 

were lower in mothers with infections, we found in the regression model that vaginal 

mode of delivery was associated with lower HBD2 concentrations in breast milk but not 

maternal infections. The prevalence of maternal infections, such as chorioamnionitis, 

was higher in mothers giving birth by vaginal delivery, which suggests that the 

relationship between these variables may be confounding, and demonstrates the benefits 

of using multiple regression models in investigations of breast milk. 

We also investigated parity for effects on the composition of milk in the regression 

models. Like Montagne et al., we found that total protein and LF concentrations were 

higher in primiparous mothers (Montagne et al., 1999). This effect was independent of 

the volume of breast milk expressed during sampling, which is important since 

primiparous mothers have greater difficulty initiating lactation (Dewey, Nommsen-

Rivers, Heinig, & Cohen, 2003). The mechanism of increased immune protein 

expression in primiparous mothers is unclear, though perhaps epigenetic or structural 

changes are brought about in the mammary gland during involution in multiparous 

mothers. Though data on humans are not available, in seals, mothers with previous 

lactation experience have lower secretory cell numbers and density in the mammary 

gland during early lactation than primiparous mothers (Lang, Iverson, & Bowen, 2012). 

In goats, primiparous mammary glands have better differentiated epithelial cells, higher 

alveoli density, and higher rates of proliferation and apoptosis compared to multiparous 

glands (Safayi et al., 2010). The effects of previous lactation experience may affect 
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human lactation in a similar way, which may contribute to higher levels of immune 

proteins expressed in milk from primiparous mothers.  

6.2.4 Leukocytes in breast milk 

Leukocytes in breast milk may provide soluble or cellular defence to the infant gut 

through consumption, however, the effects in preventing LOS preterm infants are 

unknown. Part of the restrictions to knowledge in this area come from data provided 

using older methodologies to identify cell types; the cellular composition of human 

breast milk was traditionally described using cytology. However, we found that the 

assumed cellular composition of both preterm and term breast milk correlated poorly 

with the leukocyte composition of breast milk when using flow cytometry. Importantly, 

after describing several leukocyte populations in breast milk, others we could not 

identify are yet to be described. Methods to specifically identify cells such as flow 

cytometry or mass cytometry (Ornatsky et al., 2010) could be used to continue our work 

to characterise the true cellular contents of breast milk. We found a large number of live 

maternal leukocytes in breast milk, but we did not examine frozen milk for the viability 

of cells, which may be important for preterm infants who are often fed freeze-thawed 

milk. The effects of freezing on leukocytes could be examined in future research, 

comparing thawed and fresh milk for cell content, viability, and functionality. 

6.3 Implications of findings for clinical practice 

6.3.1 Immunological fortification for preterm infants? 

The data shown in Chapter 3 highlight the abundance of lactoferrin and sIgA in breast 

milk. Both factors survive digestion (Davidson & Lonnerdal, 1987; Schanler, 

Goldblum, Garza, & Goldman, 1986) and, our data in Chapter 5 show that lactoferrin 

may limit the potential load of sepsis-causing bacteria entering the gut by causing 

bacterial growth inhibition. Additionally, in an animal model, sIgA reduced bacterial 

translocation from the gut to the blood (Maxson et al., 1995). The lack of lactoferrin and 

sIgA in formula, as well as decreased levels and functions in PDHM (see section 1.5.5) 

could be targets for future interventions, such as immunological fortification. For 

example, all infants receiving preterm formula or PDHM could be supplemented with 
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the average amount of these molecules found in breast milk for the stage of lactation 

that their own mother would be at the time of consumption. 

6.3.2 Association of milk immune component levels with LOS 

Further insights into the cause and prevention of sepsis in neonates are required to 

continue to improve mortality in preterm infants, who suffer the burden of disease. The 

work in this thesis shows that a) preterm mothers do not have inherent deficiencies in 

breast milk immune composition compared to term mothers, b) there are no differences 

in breast milk composition between preterm mothers of infants with compared to those 

without LOS but, c) LOS infants receive lower doses of breast milk (mL/kg/d) 

compared to matched controls. Previously, Lavoie showed that the risk of CoNS 

bacteraemia increased by 1.8% for each day that an infant received parenteral nutrition 

(PN), and that PN duration was inversely related to gestational age of infants (P. M. 

Lavoie, 2009). Moreover, duration of PN was associated with other signs of illness in 

preterm infants, so it is possible that the lack of breast milk contributes to the risk of 

illness attributed to PN.  

Lactoferrin intervention studies have shown improvement in rates of sepsis (Akin et al., 

2014; Manzoni et al., 2009), and other studies have begun in several centres (reviewed 

in (Turin et al., 2014)). However, compared to the data collected in this study, the doses 

used in clinical trials are lower than the median amounts consumed in mothers’ own 

breast milk that we measured on days 7 and 21 postpartum in extremely preterm infants 

without LOS. This information could be used for identifying ideal doses to be used in 

future studies, which are biologically relevant daily intakes (in mg/kg/d). These may be 

less likely to result in harmful adverse events than estimated artificial doses. Therefore, 

in the study from Manzoni et al. (Manzoni et al., 2009), doses of 100 mg/d LF were not 

sufficient for larger infants consuming milk in higher volumes. Additionally, work by 

others in piglets showed that unrealistically high levels of LF causes inflammation and 

increased inflammation in the gut, presumably by toxicity to bacteria and release of 

endotoxin (Nguyen et al., 2013). We demonstrated that low birth weight formula spiked 

with breast milk concentrations of LF achieves similar antibacterial activity against 

LOS pathogens to breast milk. This indicates that the antibacterial activity of LF, a 

major antimicrobial protein, could be a critical mechanism of LOS protection afforded 

by breast milk. Given the data in this thesis that suggest that this antibacterial effect is 
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associated with iron-sequestration, the use of enteral iron in neonatal units may require 

review and/or regulation in preterm breast milk fortifiers and preterm formula. 

Additionally, research into how to prevent its loss during pasteurisation, such as through 

UV light instead of heat, is important and should be continued (Christen, Lai, 

Hartmann, Hartmann, & Geddes, 2013). 

6.4 Recommendations for future research 

6.4.1 Recommended levels of LF supplements in trials 

The amount of breast milk consumed by neonates in studies of immunological and 

health outcomes have largely been ignored. Instead, infants have been categorised into 

‘breast-fed’ or ‘formula-fed’. Taking into consideration the varying amounts of breast 

milk consumed, as well as the complex immunological composition of the breast milk, 

it is not surprising that binary categories of breast milk consumption are over-

simplifications of a very complex interaction between the immune system of the mother 

and her newborn. Future research of immunological or infectious outcomes in infants 

should consider inclusion of at least the total or average volume of breast milk 

consumed at the time of the intervention or observations, and using this to determine 

cumulative consumption of immune factors. 

6.4.2 Activation of endogenous production 

The examination of maternal breast milk and plasma for endotoxin or other pathogen- 

or damage-associated molecular patterns (PAMPs/DAMPs) in breast milk may clarify 

the mechanism for increased antibacterial molecules in preterm mothers’ breast milk. In 

addition, cell cultures of mammary epithelia cells exposed to such products and 

examination of mRNA profiles in relation to immune signalling may be used to study 

the effects of identified signals in an in vitro model. Finally, further work on the effects 

of breast milk doses and the colonisation of the infant gut, through stool sampling or 

animal models could determine whether AMPs reduce gut bacterial loads.  

6.4.3 Milk banks and boosting immune factor levels 

Mothers produce larger volumes of breast milk in later stages of lactation, and therefore 

may be in a better position to donate breast milk once they are assured that their own 
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infant is consuming sufficient breast milk. In centres where donor breast milk is 

available, preterm infants whose mother is unable to provide sufficient breast milk may 

receive pasteurised donor human milk (PDHM) as a preferred alternative to preterm 

formula. Physical treatment of PDHM significantly reduces the levels and function of 

antimicrobial factors (Silvestre et al., 2008). Though PDHM affords some protection 

against necrotising enterocolitis (Quigley & McGuire, 2014), there is no clear effect on 

LOS (Deshmukh et al., 2014; Mai et al., 2013). It was suggested by Suzuki et al. 31 

years ago that determining the immune content of preterm breast milk was important, 

particularly given the likelihood that donors to breast milk banks are at later stages of 

lactation (Suzuki et al., 1983).  

6.5 Summary 

In summary, the work presented in this thesis has developed methods for detection of 

antimicrobial peptides and proteins, antibacterial activity of breast milk, and 

identification of immune cell subsets in breast milk. We have found that preterm labour 

results in increased concentrations of antimicrobial proteins/peptides and pattern 

recognition receptors in colostrum and transitional breast milk; that in vitro, the 

concentrations of breast milk AMPs lactoferrin and HBD1 are sufficient in preterm 

breast milk to inhibit the growth of pathogens that cause late-onset neonatal sepsis; and 

found that that preterm infants who develop LOS consume much less breast milk than 

matched infants who do not develop LOS, emphasising the need for preterm infants to 

consume greater volumes of breast milk to be protected from infections. Collectively, 

this work has extended available knowledge regarding the immunological composition 

of preterm breast milk, and the role it plays in protecting newborns from infections. The 

potential clinical implications of this work are that biologically relevant doses of LF 

could now be selected for use in clinical trials for preventing LOS, based on our data of 

the LF consumption in preterm infants at day 7 and 21 postpartum. In addition, the 

knowledge that preterm mothers milk provides sufficient immune protection for the 

preterm infant indicates that for those consuming sufficient milk volumes, they are at 

least as protected as term infants, and no interventions should be necessary, though 

intervention may still be required in those consuming low milk volumes, PDHM or 

formula. 
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8 APPENDICES 

8.1 SDS-PAGE and Western blot  

The specificity of detection antibodies used in ELISAs in this study was confirmed by 

western blot of milk and purified AMPs. Blotting reagents were purchased from 

Invitrogen (Mount Waverley, Australia) unless otherwise specified. Skimmed human 

milk or protein standards were prepared for reduction according to manufacturers 

instructions using 4X sample buffer and 10X reducing agent, and 10µL loaded onto 

NuPage 4-12% Bis-Tris gels with a Novex pre-stained protein ladder, ranging from 3.5-

260 kDa. Gel electrophoresis was performed in NuPage MES SDS running buffer at 

200 V until the dye front reached the end of the gel. Proteins were transferred to a 

nitrocellulose membrane using the iBlot dry transfer (Life Technologies).  

Membranes were stained after washing in PBS and blocking for one hour in Odyssey 

blocking buffer (LI-COR, Lincoln, NE, United States). Biotinylated antibodies 

described for sandwich ELISAs were used as detection antibody in a direct Western 

Blot, diluted in Odyssey blocking buffer containing 0.2% Tween-20, and incubated with 

the membrane overnight at 4 °C with shaking. After washing 4 times in PBS containing 

0.1% Tween, a Streptavidin labelled Infrared dye (LI-COR) was used to measure 

protein and read on the LI-COR Odyssey Infrared Imaging scanner (LI-COR 

Biotechnology, Lincoln, NE, USA) at 800 nm.  

8.1.1.1 Results of western blotting 

Lactoferrin, LL-37, HBD1 and HBD2 ELISAs were confirmed using a western blot. 

The figures are shown on the following pages. HD5 peptide was not compatible with a 

western blot according to manufacturer. Lactoferrin was detectable in milk at the 

expected size, but peptides in milk were below the concentration of the limit of 

detection of the assay. 
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Figure 8.1 HBD1 Western blot. Lane 1=ladder, lane 2= recombinant HBD1 peptide. 

 
Figure 8.2 HBD2 Western blot. Lane 1=ladder, lane 2=HBD2 peptide. 
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Figure 8.3 LF (neutrophil derived) Western blot. 1=LF, 2=ladder. 

  
Figure 8.4 Western blot of LL-37. 1=ladder, 2=LL-37 peptide. 
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8.2 Optimisation of flow cytometry method 

Anti-CD45 antibody was titrated at four dilutions including the recommended 

concentration with adult blood (containing CD45 positive cells), and there was little 

difference between the recommended antibody concentration and using half the 

recommended concentration (refer to histogram shown in Figure 8.5). 

 
Figure 8.5 Histogram showing relative fluorescence of an anti-CD45 V500- conjugated antibody, 
applied to adult blood containing leukocytes of various staining strength. The unstained sample 
(light blue) was compared to blood stained with antibody used at the suggested cell and antibody 
concentration of the manufacturer (dark blue), the same number of cells stained with half the 
recommended antibody dilution (green), one-fifth of the recommended dilution (orange), or one-
tenth of the recommended dilution (red).  

 

The top row of Figure 8.6 shows the first plot used to gate leukocytes; a 1.66% false 

positive rate was observed in this particular milk sample using the gate applied (top 

left). The major source of false positive cells in the CD45 FMO was in the area of the 

side scatter/CD45 plot, where lymphocytes were normally seen. There was a high level 

of crossover between the signal from the CD45 antibody (V500 conjugated) and the 

CD19 (B lymphocyte) antibody (V450 conjugated) in the compensation matrix (not 

shown); therefore, any false positive cells in the FMO test that were B cells, were 

actually CD45 positive since B lymphocytes are leukocytes. This means that the true 

false positive rate was much lower than reported. The false positive rate was low (<1%) 

for other markers (not shown). 
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Figure 8.6 Fluorescence minus one controls applied to CD45 staining axis in a histogram 
(blue=FMO without CD45, red=stained with all markers).  

 
Figure 8.7 Fluorescence minus one controls applied to CD16 staining axis in a histogram (left; 
blue=FMO without CD16, red=stained with all markers), and a figure showing where the gate is set 
in the gating strategy applied to a milk sample (right). 
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Figure 8.8 Fluorescence minus one controls applied to CD19 staining axis in a histogram (left; 
red=FMO without CD19, blue=stained with all markers), and a figure showing where the gate is set 
in the gating strategy applied to a milk sample (right). 

 

 
Figure 8.9 Fluorescence minus one controls applied to CD2/CD294 staining axis in a histogram 
(left; red=FMO without CD2, orange=FMO without CD294, blue=stained with all markers), and a 
figure showing where the gate is set in the gating strategy applied to a milk sample (right). 
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Figure 8.10 Fluorescence minus one (FMO) controls applied to CD36 staining axis in a histogram 
(left; red=FMO without CD36, blue=stained with all markers), and a figure showing where the gate 
is set in the gating strategy applied to a milk sample (right). 
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Figure 8.11 Escherichia coli stained with the BacLight Live/Dead kit assayed by flow cytometry, in 
saline or breast milk. FL3-H=Propidium iodide, FL1-H=Syto-9. 
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 Colostrum Transitional milk Mature milk 

Extremely 
preterm 
(n=10) 

Very 
preterm  
(n=11) 

Moderately 
preterm  
(n=11) 

Term 
(n=9) 

Extremely 
preterm 
(n=10) 

Very preterm  
(n=13) 

Moderately 
preterm  
(n=12) 

Term 
(n=12) 

Extremely 
preterm 
(n=10) 

Very preterm  
(n=12) 

Moderately 
preterm  
(n=9) 

Term 
(n=15) 

CD16+ 
monocyt

es 

1.42  
[0.87-1.89] 

1.70  
[1.42-5.23] 

1.93 [.88-3.67] 2.00 
 [0.89-4.91] 

1.29 
 [0.49-3.28] 

1.79  
[1.19-2.93] 

1.83  
[1.02-3.03] 

1.86 
 [0.88-2.50] 

1.80  
[0.42-7.89] 

1.43  
[0.85-2.28] 

1.17  
[0.93-2.39] 

2.06  
[0.82-4.07] 

Cytotoxi
c T&NK 

cells 

0.73 
 [0.28-1.28] 

0.84 
 [0.22-2.08] 

0.98  
[0.68-1.50] 

0.64  
[0.48-0.94] 

0.63 
 [0.10-1.49] 

0.87  
[0.36-1.54] 

1.37 
 [0.61-2.10] 

0.94  
[0.72-1.32] 

1.13  
[0.34-2.12] 

0.89 
 [0.46-1.37] 

1.23  
[0.56-2.12] 

1.45 
 [0.77-2.28] 

Basophil
s 

2.85  
[1.79-5.21] 

2.89  
[1.49-5.22] 

4.43  
[1.47-7.06] 

2.22  
[1.26-2.52] 

1.18  
[0.53-1.64] 

1.93  
[1.18-2.78] 

2.00 
 [1.11-3.28] 

1.36  
[1.06-2.44] 

0.74 
 [0.55-1.66] 

1.52  
[1.14-2.27] 

2.46 
 [1.21-2.65] 

1.77 
 [0.53-3.78] 

Non-
cytotoxic 
T cells 

10.12 [6.80-
18.51] 

10.65 [4.42-
18.54] 

11.47  
[5.76-19.16] 

4.64 
 [3.67-5.17] 

2.54 
 [1.94-8.30] 

7.73 
 [5.09-14.12] 

9.22  
[5.53-20.85] 

6.61  
[4.03-8.93] 

4.78 
 [3.29-17.69] 

5.66 
 [3.53-12.14] 

9.79 
 [2.82-10.97] 

7.83  
[1.34-12.63] 

CD16- 
monocyt

es 

1.58 
 [0.87-3.42] 

2.45 
 [0.76-3.23] 

2.54 
 [1.90-4.11] 

1.16 
 [0.92-1.99] 

0.34 
 [0.22-0.73]a 

1.35 
 [0.70-1.76] 

2.13 
 [0.95-2.42]a 

1.02  
[0.68-2.12] 

0.38  
[0.15-0.97] 

1.49 
 [0.84-2.13] 

1.28  
[0.64-2.64] 

0.89  
[0.35-2.65] 

Myeloid 
precurso

rs 

13.60 [8.72-
21.00] 

14.47 [9.58-
19.64] 

13.18 
 [9.45-16.44] 

10.99 [6.95-
13.13] 

21.65 [13.36-
31.26] 

21.67 [11.37-
24.96] 

14.55 [10.11-
20.22] 

20.10 [8.39-
25.80] 

5.71 
 [2.98-10.14] 

8.29  
[5.89-13.23] 

10.13 
 [7.68-14.66] 

10.51 [6.06-
12.60] 

B cell 
precurso

rs 

1.45 
 [0.83-3.44] 

2.93 
 [1.32-3.47] 

1.74 
 [0.72-2.66] 

2.87 
 [2.35-5.19] 

2.55 
 [1.44-3.78] 

1.93 
 [0.84-3.68] 

0.89  
[0.46-3.07] 

2.62  
[0.81-3.79] 

1.59 
 [0.31-3.19] 

0.66 
 [0.43-1.08] 

0.29 
 [0.20-0.38] 

1.00 
 [0.36-1.82] 
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B cells 0.54  
[0.29-0.89] 

0.44  
[0.31-0.84] 

0.38 
 [0.22-0.50] 

0.31  
[0.27-0.53] 

0.43 
 [0.25-1.64] 

0.61  
[0.23-0.81] 

0.29  
[0.17-0.51] 

0.47  
[0.20-0.83] 

0.41  
[0.18-0.91] 

0.22  
[0.14-0.42] 

0.19  
[0.14-0.49] 

0.44  
[0.13-1.04] 

Neutrop
hils 

11.04 [5.97-
19.15] 

12.02 [4.50-
17.63] 

11.58  
[8.16-17.35] 

16.09 [10.23-
18.73] 

10.26 [6.08-
16.41] 

10.15 [8.83-
15.33] 

17.47 [11.98-
28.16] 

18.43 [15.09-
26.48] 

19.57 [9.42-
48.93] 

31.93 [20.02-
47.53] 

22.20 [18.25-
33.05] 

30.37 [11.68-
45.09] 

Eosinop
hils 

1.66 
 [1.28-2.85] 

2.19 
 [1.99-2.91] 

2.17  
[1.75-3.51] 

1.83 
 [1.38-1.92] 

0.64  
[0.25-1.11] 

1.41  
[1.10-2.41] 

1.36 
 [0.80-2.35] 

0.96  
[0.58-2.36] 

0.53  
[0.30-1.37] 

1.36 
 [0.63-2.17] 

1.95 
 [0.91-3.38] 

1.45 
 [0.44-2.64] 

Immatur
e 

granuloc
ytes 

7.41 
 [5.62-10.57] 

7.68 
 [5.62-9.56] 

8.34  
[4.64-9.72] 

6.26  
[5.74-9.58] 

17.96 [10.70-
27.61] 

14.97 [9.69-
20.88] 

11.49 
 [9.36-16.54] 

11.89 [10.37-
18.04] 

13.48 [3.44-
36.10] 

21.68 [9.33-
39.71] 

16.73 [13.88-
18.21] 

13.89 [7.60-
19.27] 

Table 8.1 Median [interquartile range] values of relative frequencies of leukocyte subsets detected using flow cytometry in preterm and term mother groups in colostrum, 
transitional milk and mature milk Symbol a with bolded text denotes significantly different comparison (p<0.05) in Kruskal Wallis test comparing gestational age groups 
after adjusting for multiple comparisons. 



 207 

 
Figure 8.12 Effect of diluting milk on the ability to recover LL-37 from milk. 10,000 pg/mL of LL-
37 was added to a colostrum sample (squares), a transitional milk sample (circles) and a mature 
milk sample (triangles), after dilution to neat, 1 in 2, 1 in 4, 1 in 8 and 1 in 16 dilution in buffer. The 
percentage of the 10,000 pg/mL LL-37 is indicated on the y-axis, showing that as milk was diluted, 
the recovery of LL-37 improved. 
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