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Abstract: A large number of biologically active components have been found in 44 

human milk (HM), and in both human and animal models, studies have provided 45 

some evidence that suggests that HM composition can be altered by maternal 46 

exposures, influencing health outcomes for the breast-fed child.  47 

Evidence varies from the research studies on whether breastfeeding protects the off-48 

spring from non-communicable diseases including those associated with 49 

immunological dysfunction. It has been hypothesised that the conflicting evidence 50 

results from HM composition variations, which contain many immune active 51 

molecules, oligosaccharides, lactoferrin and lysozyme in differing concentrations 52 

along with a diverse microbiome. Determining the components that influence infant 53 

health outcomes in terms of both short and long term sequelae is complicated by a 54 

lack of understanding of the environmental factors that modify HM constituents and 55 

thereby offspring outcomes. 56 

Variations in HM immune and microbial composition (and the differing infantile 57 

responses) may in part explain the controversies that are evidenced in studies that 58 

aim to evaluate the prevalence of allergy by prolonged and exclusive breast-feeding. 59 

HM is a “mixture” of immune active factors, oligosaccharides and microbes, which all 60 

may influence early immunological outcomes. 61 
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In this comprehensive review, we provide in-depth overview of existing evidence on 62 

the studied relationships between maternal exposures, HM composition, vaccine 63 

responses and immunological outcomes. 64 

 65 

Keywords: Human milk; breast milk; microbiome; immune active molecules; 66 

oligosaccharides; vaccine response; antibiotics; immunological outcomes. 67 
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Introduction 69 

Human Milk (HM) is the first source of nutrition available to an infant and has a vital 70 

influence on the development of the immune system and the subsequent 71 

metabolism programming, affecting the child’s health for life. The World Health 72 

Organisation (WHO), recommends “exclusive breastfeeding for at least 6 months in 73 

all infants”. 1 However, only 19% in Europe and 35% of infants worldwide are 74 

exclusively breast-fed for the first six months. 2 According to WHO "Exclusive 75 

breastfeeding means that the infant receives only HM. No other liquids or solids are 76 

given – not even water – with the exception of oral rehydration solution, or 77 

drops/syrups of vitamins, minerals or medicines". 3 78 

It is has been clearly established that breastfeeding protects against both, short-term 79 

(e.g. reduced neonatal infections) and long-term health outcomes (such as reduction 80 

in blood pressure, diabetes development 4 and increased intelligence quotient (IQ) 81 

leading to better educational achievement in later life), 5 which are not explained by 82 

confounders (such as the socio-economic status of the family).  83 

The effect of the WHO recommendations on the risk of non-communicable diseases 84 

(NCDs) development, such as allergy, has been investigated in several 85 

observational studies with cumulative evidence suggesting existence of protective 86 

effect on asthma development with a weaker effect on eczema and allergic rhinitis. 6 87 
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The strength of prevention varies between different geographical locations, with a 88 

more prominent effect seen in low-income countries. 6 There is, however, a 89 

significant heterogeneity in definitions of breastfeeding and/or its’ exclusiveness, as 90 

well as health outcomes reported. Besides, some studies have challenged the WHO 91 

recommendations, suggesting that an early food introduction in the infant’s diet, 92 

including typical allergenic food, could offer a protective effect against allergy 93 

development later in life. 217  94 

Despite extensive research in the field of breastfeeding, the reasons for the 95 

breastfeeding protective effect being so unstable remain unclear. This is particularly 96 

evident with in relation to many NCDs, (including allergic and autoimmune 97 

outcomes). Possibly these mixed results produced by scientists worldwide can be 98 

explained by variations in HM composition at individual and population levels, as HM 99 

contains differing concentrations of immune active components. 7,8 The target 100 

factors or a combination of factors are currently under discussion, despite many 101 

high-quality studies are addressing this question. 9  102 

HM contains a large number of biologically active components and human studies 103 

seem to indicate that maternal exposures and behaviours, such as dietary 104 

interventions, can potentially modify the HM composition which may alter the off-105 
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spring’s subsequent health outcomes. 10-13 One clear example is HM composition 106 

changes, following the use of antibiotics in lactating mothers. 107 

Furthermore, the importance of the impact of breastfeeding on the immunogenicity 108 

and efficacy of live oral vaccines should not be underplayed. Human milk 109 

constituents appear to be capable of inhibiting replication of vaccine strains in the 110 

gut. 14 Existing evidence on breastfeeding ability to influence oral vaccine 111 

performance is somehow inconsistent and not properly described 15.  112 

In this review paper, we provide an overview of current evidence on the relationship 113 

between HM composition, vaccine response, maternal antibiotics intake during 114 

lactation and infant health outcomes. We particularly emphasize microbial 115 

composition, as this field of research is developing rapidly, attracting more and more 116 

attention in the recent years; and human milk oligosaccharides (HMOs), as they are 117 

essential for the correct development of the microbiota and a balanced immunity in 118 

the infant. 119 

Microbial communities in human breast milk and their potential 120 

impact on maternal and infant health  121 

Historically HM was considered sterile, and bacterial colonization was attributed to 122 

milk contamination after expression or due to mammary infections. 16-19 The first 123 

microbial approaches were based on culture-dependent methods that relied on 124 
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specific growth media and favored the isolation of potentially pathogenic bacteria 125 

(such as staphylococci, streptococci, enterococci and enterobacteria). Later, the 126 

inclusion of new and more specific culture media, as well as anaerobic tests enabled 127 

the isolation of lactic acid bacteria 20 , including several species of Lactobacillus, 128 

Lactococcus and Leuconostoc 21, Bifidobacterium 22 and many others 23 from 129 

healthy mother’s milk samples. These findings changed the perspective of the 130 

“sterility” of human HM and it became to be considered as a “source” of commensal 131 

bacteria, including potential probiotic bacteria. With the rise of the development of 132 

culture-independent techniques, including next-generation sequencing (NGS), , a 133 

wide-broad bacterial diversity has been reported. Example of bacteria include oral 134 

cavity bacteria, such as Veillonella and Prevotella; skin bacteria, such as 135 

Propionibacterium, and other Gram negatives like Pseudomonas; and other lactic 136 

acid bacteria, such as Enterococcus and Weissella. 23-27 137 

Indeed, studies have demonstrated a unique microbial ecosystem in the HM that 138 

differs from other mother’s microbial colonization sites (such as the skin, vagina or 139 

oral cavity). 24 Indeed, a core of predominant bacteria composed of Staphylococcus, 140 

Streptococcus and Propionibacterium 27,28  are ubiquitously present in HM, produced 141 

by healthy lactating woman, despite geographical differences or analytical 142 

methodologies. HM bacterial load has been estimated at approximately 106 cells/ml, 143 
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indicating that “a breastfed infant feeding 800 ml of milk per day would ingest 107–144 

108 bacterial cells daily”. 29 In a recent study, several yeasts and fungi were detected 145 

in HM from healthy mothers by using multiple approaches, suggesting that HM could 146 

also participate in shaping the infant mycobiome (the fungal fraction of the 147 

microbiome). 30 148 

Early infant microbial colonization is essential for  a correct metabolic and 149 

immunological development.  Alterations in this process may be associated with 150 

aberration leading to a higher risk of developing diseases later in life (such as 151 

inflammatory bowel disease, obesity, celiac disease, atopy, etc.). 82,83 In this crucial 152 

period, HM plays an important role, as it participates in the microbial supply to the 153 

infant during breastfeeding, leading to  gut microbiota differences between 154 

exclusively breastfed and formula fed infants during the first months of life. 84 155 

Recent studies have shown that HM may play several functions for the infant health. 156 

HM seeds the first colonizers to the infant gut, contributes to infant digestion, has a 157 

protective role by competing with pathogens, and enhance mucine production, which 158 

reduces intestinal permeability thus improving intestinal barrier functions. 23,85 Other 159 

HM molecular components likely help to educate the infant’s immune system, 160 

modulating both natural and acquired immunity 85,87.  Although it is conceivable that 161 

relationships between milk microorganisms and other milk components, such as 162 
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HMOs and macronutrients may exist, information is scarce. Hunt et al. demonstrated 163 

in vitro evidence that human milk HMOs promoted growth of Staphylococcus strains, 164 

88 and further research should aim to define if this and other effects may occur in the 165 

mammary gland.  166 

Several studies have addressed the relationships between breastmilk components 167 

(HMO, fatty acids, immune components, etc.) and infant allergy development, 89-91 168 

as well as differences in the gut microbiome between allergic and non-allergic 169 

children. However, the potential role of HM bacteria on allergies has not been 170 

assessed in depth. It has been reported that children who drink unpasteurized cow’s 171 

milk, which contain live microorganisms, are less likely to develop allergic diseases 172 

and asthma. 92 Therefore, it can be hypothesized that HM bacterial communities 173 

could be a natural prebiotic that would offer protection against allergy development 174 

later in life. However, future studies are needed to confirm if this protective effect is 175 

solely due to milk microorganisms or rather to other milk compounds lost after 176 

pasteurization. . Indeed, some Lactobacillus and Bifidobacterium strains have been 177 

shown effectiveness in preventing eczema development, 93 and it is plausible that 178 

their transference from HM to the infant could offer immunological protection.  179 

Furthermore, in exclusively breastfed children that later in life developed allergies, 180 

differences in  immune IgA response towards gut microbiota couldn be detected as 181 
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early as by one month of age, meaning that altered antibodies/microbiota 182 

transmitted through HM could detrimentally affect the infant’s immune development. 183 

94 More studies are urgently required to provide evidence of this potential link. 184 

Potential sources of bacteria in human milk 185 

The detection of live bacteria and bacterial DNA from aseptically collected milk 186 

samples, including anaerobic endogenous gut  species that cannot survive in 187 

aerobic conditions; 31,32 together with the finding that bacteria are present in the 188 

breast tissue of non-lactating woman, 33,34 triggered a debate on the origin of HM 189 

bacteria. 25,35 190 

Different hypotheses have been proposed to explain the presence of bacteria in the 191 

mammary gland and HM. 23,36 However, the human microbiome is a dynamic 192 

network of diverse communities that interact with each other. Therefore, the 193 

possibility that maternal skin or the infant’s oral cavity could be a source of bacteria 194 

to HM is not incompatible with the existence of potential routes between human milk 195 

and other maternal body sites. 196 

Maternal skin 197 

Maternal skin, together with the infant’s oral cavity, have classically been considered 198 

the main source of HM bacteria. 16,37  Microbes residing on maternal skin, especially 199 

the nipple, areola and Montgomery glands, could be transferred to the milk and into 200 
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the infant’s mouth during breastfeeding. Some common skin bacterial isolates, such 201 

as Staphylococcus, Corynebacterium and Propionibacterium, 38,39 are frequently 202 

detected in HM. However, studies comparing bacterial communities encountered in 203 

HM to those of mammary skin indicate that although some phylotypes are shared 204 

between the two communities, major differences in composition and relative 205 

abundance exist. 40  This is further complicated by human skin bacteria, such as 206 

staphylococci, corynebacteria and propionibacteria being common to other human 207 

body niches, especially the intestinal and genitourinary tract mucosa.  Moreover, HM 208 

hosts strictly anaerobic genera, such as Bifidobacterium, and skin would be a very 209 

unlikely source. 32  210 

Infant’s oral cavity 211 

Ultrasound imaging studies have shown that substantial retrograde flow occurs 212 

during the second half of milk ejection, 41 resulting in a plausible route for infant oral 213 

bacteria to enter the mammary ducts, but also a potential pathway for exchange 214 

between the mammary gland and the infant’s oral cavity, suggesting that one could 215 

shape the other. Despite the scant information about the infant oral microbiota 216 

development, it is known that species from the Streptococcus genus are prevalent in 217 

adult saliva 42-44 and in edentulous infants, 45,46 and it is also one of the most 218 

common genus detected in HM. 29,40,47 Within 48 hours after birth, typical oral 219 
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bacteria can be detected in colostrum, including Veionella, Prevotella and 220 

Streptococcus. 24 After delivery, the first bacteria start to colonize the infant, where 221 

Staphylococcus and Streptococcus seem to be pioneers, 48 supporting the 222 

hypothesis that HM could be seeding the first colonizers to the infant and shaping 223 

the infant’s oral microbiome, or/and vice-versa. 49 224 

Maternal gastrointestinal tract 225 

Despite the infant oral cavity and maternal skin apotential sources of 226 

microorganisms, major differences exist between them and HM bacterial 227 

composition. 24,40 An alternative theory that could fill in the knowledge gap was 228 

proposed: a possible selective translocation of maternal gastrointestinal tract 229 

bacteria to the mammary gland within mononuclear cells. 23,56,57 Although the 230 

mechanism is not completely understood yet, data suggests that dendrites from 231 

dendritic cells could cross the gut epithelium, uptake gut lumen bacteria, and 232 

transport them to the mammary gland through the lymphoid system. 58,59  This is 233 

supported by one study where pregnant mice were fed a labelled Enterococcus 234 

strain, which was detected in the animal’s milk after delivery. 36 In humans, DNA 235 

from Bifidobacterium longum was  common to both maternal feces and  HM and 236 

infant feces in the same mother-infant pair. 56 This was replicated more recently, by 237 
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means of pyrosequencing where Jost et al. identified a shared range of gut-238 

associated anaerobes. 35 239 

Other potential routes 240 

Somebacteria found in HM have been identified in amniotic fluid and placenta 241 

samples from pregnant woman, 60,61 as well as from neonatal umbilical cords, 62 242 

which suggests that those bacteria may share a common route. Similarly, the 243 

detection of bacteria in breast tissue from non-lactating woman opens a potential 244 

new source of microorganisms to HM. 34 245 

These mother–infant communication routes may open future opportunities for 246 

modulating HM microbiota and decrease disease risk, as well as preventing and 247 

treating mammary infections, such as mastitis, by the use of maternally ingested oral 248 

probiotics. However, further research needs to be performed to completely 249 

understand this mechanism. 250 

Factors influencing human milk microbiota 251 

Studies suggest that HM microbiome is influenced by maternal health, genetics, and 252 

specific perinatal and environmental factors such as mode of delivery, 253 

breastfeeding, lactation stage, or geographic location 63 (Figure 1).  254 

Despite the high intra- and inter-individual variation, different studies show different 255 

milk microbiota communities between colostrum to mature milk. 24,40,64,65 256 
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Controversially, other studies have not found this same impact of the passing of time 257 

on milk microbiota. 29,66 258 

Maternal diet/nutrition may also play an important role in modulating milk microbiota. 259 

Higher maternal intake of Vitamin B-12 has been linked to higher Proteobacteria 260 

abundance in the lactating maternal gut. 67 A recent study showed the impact of 261 

maternal macronutrient and micronutrient intakes on milk microbial communities. 262 

64,68  263 

Contradictory findings have been reported on the impact of delivery mode on HM 264 

microbiota composition 24,66,69-71 and also, distinct bacterial glycosylation patterns in 265 

HM have been found between vaginal and C-section 72. Additional findings also 266 

suggest that HM microbiota composition shows differences in term and preterm HM 267 

69. Other influencers include antibiotics, medicines and medical treatments as 268 

Chemotherapy. 34,73 Furthermore, recent studies are showing the effect of 269 

geographic location on milk microbes 70,74 and on the breast tissue bacteria. 34 270 

Microbiome shifts have been also linked with maternal health and different microbial 271 

profiles have been observed in obesity, allergy, celiac disease and HIV compared to 272 

those observed in healthy mothers. 24,75-77  273 

It is well known that if there is an imbalance in HM microbiota, specific opportunistic 274 

pathogens may be favored, driving tomammary infections, such as lactational 275 
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mastitis 28,78 often caused by Staphylococcus aureus. 19,79,80, but also by other 276 

normal inhabitants of the mammary gland, including Staphylococcus epidermidis, 277 

and mitis and salivarius streptococci 66,81. Therefore, breast health seems dependent 278 

on a balance between the microbial ecosystem and the maternal status, and 279 

imbalances between the commensal and opportunistic communities may lead to 280 

proliferation of potential pathogens.    281 

Potential for breast milk microbiota modulation 282 

Oral probiotics such as Lactobacillus reuteri ingested by pregnant and lactating 283 

women can affect the HM composition, and subsequently the infant’s gut 284 

Bifidobacteria colonization as compared to placebo controls. 31,95  285 

In a study, administration of several probiotics in the perinatal period showed 286 

changes in HM microbiota, including increased levels of Bifidobacterium and 287 

Lactobacillus sp. in HM from mothers delivering vaginally. 96 Some clinical trials with 288 

probiotics have been performed to treat mastitis. In a  study, one group of mothers 289 

was given an oral probiotic consisting of two Lactobacillus strains (L. fermentum and 290 

L. salivarius) isolated from human milk, while another group was treated with 291 

antibiotics. Results showed that the probiotic group had a better improvement of 292 

symptoms as compared to the antibiotic group, and probiotic strains could later be 293 

isolated from the mother’s milk. 97 In addition, oral administration to infants of 294 
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formula supplemented with a HM Lactobacillus fermentum strain led to lower rates 295 

of infection including gastrointestinal and upper respiratory tract infections. 98 296 

Certain Lactobacillus and Bifidobacterium strains offer protection against eczema 297 

and other atopic diseases, although current evidence is not sufficient to recommend 298 

its use as a general atopic preventer. 93 Interestingly, Viridans Streptococci, one of 299 

the most prevalent bacterial groups in HM, predominate the healthy infant gut  , 300 

whereas this predominance does not appear in atopic infants’ gut. 99 Current studies 301 

are investigating the potential probiotic effects of other strains ( such as 302 

L.rhamnosus), given to pregnant woman to study the potential to reduce allergy 303 

outcomes in breastfed infants. 100 304 

The microbial presence in the mammary gland and HM may have both maternal and 305 

infant health implications. Some current results suggest that probiotic treatment 306 

could help modulate human milk microbiota and compete against pathogens in the 307 

mammary gland.  308 

Future research should focus on studying relationships between HM microbiota and 309 

mother/infant health. Understanding specific microbial functions and their influence 310 

in human’s healthy is key, and could lead to future modulation of the HM microbiota 311 

in order to prevent  NCDs in the offspring. 312 

 313 
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Prebiotic oligosaccharides perspectives 314 

After birth, the primary immune challenge is infection, and secondarily the immune 315 

system should develop and mature to fight against the onset of immune disorders 316 

such as allergies and autoimmunity (NCDs), which is pivotal for overall healthy 317 

development. Within this section, we highlight the immunological importance of HM 318 

unique and specific oligosaccharides. 319 

Within the first few months of life, infants should receive preferably human milk as 320 

their sole diet. During this most rapid growth phase, all essential nutrients are 321 

covered by HM, including HMOs, which are an essential part of itsunique functional 322 

ingredients. 101 HMOs, which are exclusive of HM,  structurally consist of both short-323 

chain and long-chain oligosaccharide structures in an approximately 9:1 ratio. 324 

Together with bacterially fermented metabolites, HMOs are key for microbiome 325 

development, which builds a healthy and resilient immune system. Up to date, over 326 

200 different HM oligosaccharide structures have been identified, which are unique 327 

in their structural diversity and are present in proportionally high amounts. 102 The 328 

largest carbohydrate component of human milk is lactose, which consists of a 329 

galactose combined with glucose. Lactose is digested by the infant and serves as a 330 

fundamental building block for the larger oligosaccharides found in human milk. If 331 

fucose is coupled to the lactose this forms fucosyllactose (FL), whereas if lactose is 332 
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connected to N-acetylneuraminic acid it generates a sialyllactose (SL). Depending 333 

on the binding site different structures arise. The more combinations produced 334 

between these building blocks, the more complex the oligosaccharide structures 335 

become.  336 

All of these HM oligosaccharides reveal the presence of complex structures with 337 

fucose of which 2’FL is present in about 20% of the fucosylated complex 338 

oligosaccharide mix. 103 In contrast only 0.3 % of bovine oligosaccharides were 339 

found to be fucosylated, subscribing the differences between species. 104,105 The 340 

presence in bodily fluids such as saliva and milk of α1,2-linked fucosylated epitopes, 341 

defines the secretor-phenotype which varies between populations and may point to 342 

a direct infection protection for breast-fed infants with a possible reduction of allergic 343 

disease later in life. Although the composition of human milk varies extensively 344 

between individuals and time of feeding, 102,106-109 on average the variety and 345 

complexity of the different oligosaccharides in HM exceed the variety in cow’s milk 346 

and consequently infant milk formula. Currently almost all major infant milk formulas 347 

contain a limited number of non-digestible oligosaccharides. The World Allergy 348 

Organisation (WAO) guideline panel recommends, “using prebiotic supplementation 349 

in not-exclusively breastfed infants and not in exclusively breastfed infants”. 110 This 350 

recommendation was based on available clinical studies where 12 out of the 19 351 
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publications included were studies with the prebiotic mixture scGOS/lcFOS (9:1). 352 

These oligosaccharides-based health benefits are based on stool characteristics 353 

(pH, frequency, consistency, microbiota) and immunity and are unique for the 354 

specific blend of short chain Galacto-oligosaccharides (scGOS) and long chain 355 

fructo oligosaccharides (lcFOS) (9:1). In addition, the first clinical safety studies are 356 

now reported on the use of specific HMOS 2’-fucosyllactose (2’FL) and scGOS 111 or 357 

the combination of two single oligosaccharides 2’FL and LNnT. 112 Growth and 2’FL 358 

uptake were similar as seen in breast-fed infants, the possible functional benefits 359 

regarding allergy development and or infection susceptibility are however not 360 

detected within these studies.  361 

The mechanisms by which specific HMOS structures may be able to reduce the risk 362 

for allergy development is part of extensive research. Specific HMOs, such as 2’-FL, 363 

3’-sialyllactose (3’-SL), 6’-sialyllactose (6’-SL), and LNnT have been detected within 364 

the intestine and in the systemic circulation. 113 Currently, some studies in mice may 365 

suggest immune modulatory effects of specific oligosaccharides. However, 366 

supplementation of diets with either 2’FL or 6’SL did not show any effect on the 367 

levels of allergen specific IgE or IgG1 in sensitized or challenged mice. 114 Although 368 

dietary supplementation with other specific oligosaccharides has been shown to 369 

reduce the risk of developing allergies in infants. 115-118 It is noteworthy that maternal 370 
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genetic polymorphism determines HMO composition. Research into the complexity 371 

of HMOs shows a correlation between secretor status and allergy development. 372 

However, further randomized controlled intervention trials are essential to further 373 

understand the relation between the complex mixture of HMOS and allergy 374 

development.  375 

Although as has been demonstrated, HM clearly protects against infections, the 376 

potential for allergy prevention is more controversial. 119,120 This may be because the 377 

dynamic nature of HM constituents could conceivably sway the immune system to 378 

protect the infant from allergic diseases. 119 The association between observed 379 

effects are possibly derived from the altered microbiome composition from direct 380 

immune cell interaction. In vitro assays have elegantly demonstrated that specific 381 

oligosaccharides additions during dendritic cell development can induce regulatory T 382 

cell responses which may be beneficial. 121-123 More specific cell interactions of 383 

HMOs with the immune system in particular DC-Sign has been studied by Kooyk et 384 

al. 124,125 C-type lectins are vital in immune modulation and in maintaining a 385 

balanced immune response. Therefore, during early development of the immune 386 

system it seems likely that specific HMOS contribute to the development of a 387 

balanced immune system and potentially reduce the risk of allergic manifestations, 388 

although future studies are needed to confirm this anti-allergenic effect. 389 
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Breast milk immune composition and immunological outcomes 390 

“Allergic diseases such as asthma, eczema, hay-fever and food allergy are the 391 

commonest chronic diseases of childhood in many countries, and there is evidence 392 

that early life events, such as variations in breastfeeding patterns, maternal diet, 393 

environmental and microbial exposures may be important in their development.” 9 394 

There are still barriers to surmount to clearly understand the implications for clinical 395 

practice, as we cannot establish  causality at this stage.  396 

Variations in immune composition of HM (and the infant’s utilisation of the HM 397 

immune constituents) may also shed light on the reason why some of the studies 398 

differ in results of when evaluating prolonged exclusive breastfeeding as a means of 399 

preventing allergic disease. 126,127 Data from a systematic review suggest that there 400 

is some association between breastfeeding duration and reduced risk of asthma in 401 

children (5-18 years). The evidence is weaker with regards to the protective effect of 402 

HM on eczema (under 2 years), allergic rhinitis (under 5 years) and no association is 403 

reported with food allergy development. The authors reported significant 404 

heterogeneity as a main challenge of the meta-analyses, primarily related to the 405 

definitions of breastfeeding and allergic outcomes used across the studies. 6 HM is a 406 

biological fluid, full of immunologically active factors, which in early years may 407 

influence immunological outcomes in infancy and early childhood. HM consist of not 408 



22 
 

only hundreds of proteins (cytokines, inflammatory mediators, signalling molecules, 409 

soluble receptors, etc.) 7 but also polyunsaturated fatty acids (PUFAs) 128 , HMOs, 410 

and comprises a complex microbiome, 27 described in detail in section 2 of our 411 

review. Despite this, the evidence is conflicting on the relationship between maternal 412 

exposure to interventions, HM composition and immunological health outcomes. 413 

The most studied immunological marker in HM is TGF-β. Oddy and Rosales 414 

produced a systematic review reporting most of the included studies finding an 415 

association between higher colostrum TGF-β levels and reduced risk of negative 416 

immunological outcomes in children. They suggested that this growth factor may 417 

affect gut homeostasis, inflammation regulation and oral tolerance, thus reducing 418 

allergy development risk, 129 which is a very plausible hypothesis. However, this 419 

review is now a decade old and more research has been conducted. Of the many 420 

studies 90,130-133 carried out in the past 5 years only one reported associations 421 

between TGF-β and immunological outcomes. Munblit et al. found higher levels of 422 

HM TGFβ2 being linked with higher risk of eczema 90 but these data must be 423 

interpreted with caution because health outcomes were parental-reported and 424 

assessed at 6 months of age. Conflicting results may be explained by heterogeneity 425 

in samples collection and processing methodology used as well as outcome 426 

definition and assessment. It is known that levels of immune molecules in colostrum 427 
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are much higher than in mature milk, and the rate of decline may also be, in part, 428 

responsible for the differences in associations with immunological health outcomes. 429 

While research has been primarily focused on TGF-β, other HM growth factors, such 430 

as hepatocyte growth factor (HGF), epidermal growth factor (EGF) and vascular 431 

endothelial growth factor (VEGF) are less studied but represent targets for the future 432 

research.  433 

HGF is produced by mesenchymal cells and is involved in immunological activity as 434 

a multi-functional cytokine on cells of mainly epithelial origin. Some data from animal 435 

models, suggest that HGF may also be involved in airway hyper-responsiveness 436 

and airway remodelling in asthma. 134-136 Existing data show that HGF receptor C-437 

met, can be found on the surface of the intestinal crypt epithelial cells as well as 438 

muscle layers of the adult and fetal intestine. 137,138 Cummins and Thompson found 439 

that infant mucosa and crypt enterocytes have increased c-met mRNA and protein 440 

expression as compared with adult subjects but low HGF expression in the neonatal 441 

ileum, suggesting that HM HGF interacts with c-met receptor and induces a 442 

response 139. Despite these intriguing findings very few studies assessed HGF in 443 

HM. It is evident that levels of this factor in human milk are very high. 140 A few 444 

studies suggest that these enormous concentrations of HGF in HM (20-30 times 445 

higher than in maternal serum) may be a part of a physiological mechanism aiding 446 
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infant GI maturation as well as protection within the first days of life. 140,141 Existing 447 

evidence does not allow us to make definitive conclusions on associations between 448 

HM HGF and immunological outcomes, however, HGF suppresses the antigen-449 

presenting capacity of dendritic cells in murine models, thus inhibiting sensitisation, 450 

135 suggesting that HGF may be a potential therapeutic option for chronic asthma 451 

with airway remodelling. 142,143 Limited data suggests that this growth factor may 452 

reduce the incidence of the common cold by 12 months of age reporting an Odds 453 

Ratio of 0.19 (95% CI 0.04–0.92). 90 454 

EGF is involved in a number of activities, including proliferation, maturation, 455 

migration, and apoptosis 144 and VEGF is a key regulator of physiological and 456 

pathological angiogenesis and tissue repair. Studies show that VEGF may stimulate 457 

endothelial proliferation, motility, and capillary morphogenesis and provide vascular 458 

permeability regulation 145. As discussed earlier, growth factors are present in high 459 

concentrations in HM VEGF is no exception. Concentration of both, EGF and VEGF, 460 

in HM is much higher than in maternal serum suggesting a mammary gland source 461 

of these growth factors. 146. HM EGF is believed to increase gut mucosal barrier 462 

development 147. Animal research data suggest a link between EGF and a reduction 463 

in the risk of necrotising enterocolitis development in infancy 148.  464 
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Generally, it seems that different studies have indicated that cytokines and other HM 465 

immune active molecules have no association with atopy in early life and 466 

subsequent allergy development. 130,149-151 The only outstanding results come from a 467 

few recent papers; Jepsen et al. reported that HM with high levels of IL1β is 468 

associated with reduced incidence of eczema by three years 152; Munblit et al. 469 

showing that IL 13 presence in HM was associated with less eczema and parental-470 

reported food allergy 90 whilst Sato-Ramirez et al. finding association between high 471 

levels of IL-13 or IL-5 and higher risk of asthma-like symptoms in infants. 153 These 472 

results, however, are in contrast with earlier reports suggesting that no association 473 

between levels of HM interleukins with atopy and/or allergy development. 149 HM 474 

cytokines are present in a very low therefore high sensitivity of the assay used is 475 

imperative as many studies report that sample levels were undetectable. 152,154,155 476 

This may in part explain inconclusive data on HM cytokines and the more recent 477 

emergence of positive association with immunological outcomes. 478 

Attention to PUFAs in relation to allergy was highlighted in the letter by Hodge et al. 479 

156 and a subsequent paper by Black and Sharp, 157 suggesting the modern diet has 480 

led to ratio  changes of ω-6 : ω-3 fatty acids and hypothesised that it may have 481 

resulted in increased asthma prevalence in children. This concept resulted in a 482 

number of studies assessing HM PUFAs profile association with atopy/allergy 483 
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development. Data from early studies suggest increased levels of ω-3 fatty acids are 484 

associated with a higher risk of allergic sensitisation and eczema development. 485 

158,159 Later research showed contrasting results. 160-162 A recent systematic review 486 

of 18 papers from 15 study populations reported heterogeneity among studies with 487 

insufficient evidence to suggest that HM PUFA influence the risk of childhood 488 

allergic diseases. 163 This was primarily explained by lack of standardised 489 

methodology, such as difference in stage of lactation, variations in definition of 490 

allergic outcomes as well as lack of adjustment for potential confounders or even 491 

over-adjustment in some studies.  492 

The “maternal immunity modifier” hypothesis proposes that changes to the maternal 493 

diet such as probiotics or increased fish intake can change breast-milk composition 494 

and therefore alter infant immune response leading to reduced risk of allergy 495 

development. 164-169 Although conclusive clinical proof is not yet available, there is 496 

some evidence for infant health benefits which are likely to be due to HM 497 

modulation. 170 498 

HM PUFA and immunological composition in relation to maternal dietary 499 

preferences has been assessed in several research studies both observational and 500 

interventional, 166,169,171-173 however, cumulative evidence on intervention ability to 501 

change HM composition is still inconclusive.  502 
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Most of the researchers used probiotics 151,166,167,172,174 or fish oil/whole fish 169,175-177 503 

as a source for an intervention, but different other options were proposed, including 504 

a mixture of pro- and prebiotics 178 and even blackcurrant seed oil, 173 which is reach 505 

in ω-3 and ω-6 fatty acids. Future research should focus on standardisation of 506 

methodology and investigation of a new perspective intervention options that allow 507 

modifying HM components. In addition, other potential protective mechanisms 508 

against allergic diseases development should be analysed. 509 

Maternal antibiotics during breastfeeding  510 

Just prior to and during birth, many women are given courses of antibiotic 511 

prophylaxis for health reasons such as Group B streptococcus colonisation, 512 

chorioamnionitis, cesarean section or prolonged rupture of membranes. In the North 513 

American context, these indications result in antibiotic exposure to 40% of 514 

newborns. 179 Antibiotics have known influences on the gut microbiota, especially 515 

the developing infant. While we are only beginning to appreciate the full impact of 516 

this perinatal exposure on gut microbiota in infants, 180 maternal postpartum 517 

antibiotics are another understudied source of antibiotic exposure to young infants. 518 

Varying widely across the globe, Saha et al reported in their review of fourteen 519 

studies that 33 to almost 100% of women reported taking a medication while 520 

breastfeeding. 181  In addition to vitamin supplements, often, women took an 521 
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antibiotic (14% - 38%) or an analgesic (3%-78%).  The most common indication for 522 

postpartum antibiotic treatment is endometritis, surgical site infections post cesarean 523 

and mastitis. 182 524 

The American Academy of Pediatrics evaluates penicillin-like antibiotics and most 525 

antibiotics in general, as safe to be prescribed during breastfeeding since benefits to 526 

the infant outweigh the minimal levels detected in HM. 183 However, emerging 527 

evidence suggests that the presence of even small quantities of antibiotics in HM 528 

has the capacity to alter HM or infant gut microbiota. Soto et al. 73 reported a 529 

reduced percentage of detectable bifidobacteria and lactobacilli in HM within one 530 

month of birth in 160 women who received courses of antibiotics (type unknown) 531 

during pregnancy, birth or lactation. Of note, detection of HM microbiota species 532 

varied between women but changes were not different according to whether 533 

maternal treatment was during pregnancy or lactation. In the CHILD birth cohort of 534 

176 infants, where postpartum antibiotics were mainly administered to women after 535 

an emergency cesarean delivery, a higher infant fecal abundance of genus 536 

Clostridium was observed at three months of age after emergency cesarean in 537 

exclusively breastfed but not among infants supplemented with formula. 184 The 538 

most common antibiotics dispensed postpartum to women in the CHILD cohort were 539 

amoxicillin, cephalexin, azithromycin and cloxacillin. 540 
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Two studies from the late 2000s of population-based cohorts point to the potential 541 

ramifications of antibiotic exposure of the nursing infant. Kummeling et al found a 3-542 

fold risk of child wheeze with maternal antibiotic therapy during breastfeeding in 10% 543 

of 2764 infants of the KOALA cohort, 185,186 whereas this was not evident in 8% of 544 

235 nursing infants in Belgium exposed to maternal antibiotics. In the latter, an 545 

elevated but not statistically significant risk of wheeze was observed. Reverse 546 

causation, namely breastfeeding a wheezing infant, cannot be excluded as an 547 

explanation for the excess risk of wheeze. No associations between maternal 548 

antibiotic use while breastfeeding and offspring atopic disease were found. 549 

Discrepant findings in health outcomes and also on the impact on infant gut 550 

microbiota are likely attributed to variations in maternal behaviour. Exposure to the 551 

breastfed infant may be less than estimated from reported use, as women attempt to 552 

limit medication exposure by taking doses immediately after breastfeeding or in 553 

some cases by discontinuing treatment or failing to initiate it. 181 The fact that some 554 

women opt to formula-fed while on antibiotic treatment is strong rational for the need 555 

for evidence-based information to avoid this alternative and its potentially greater 556 

impact on infant gut microbial development 187 than maternal breastfeeding during 557 

antibiotic treatment. 558 

 559 
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Oral Vaccines and breast milk 560 

Recent research 188 reported associations between breastfeeding and immune 561 

response, related to immunisation. It was shown that reduced efficacy of rotavirus 562 

vaccines in developing world may be possibly explained by HM ability to negate 563 

vaccine properties. These findings highlighted the importance of the topic and has 564 

stimulated debates on potential strategies to overcome this effect, with some experts 565 

even suggesting avoiding breastfeeding at the time of vaccination. 566 

Rotavirus 567 

Globally, severe diarrhoea in young children is most often caused by Rotavirus (RV) 568 

infection. WHO reports that from 2016, vaccination against rotavirus was provided to 569 

the infants of 86 countries, with an estimated global coverage of 23%. 570 

Madhi et al. have investigated the Human Rotavirus vaccine impact in Africa on 571 

rates of severe diarrhoea in approximately 5000 infants during their first year and 572 

concluded that the vaccine substantially reduced the incidence with an efficacy of 573 

61.2%, 189 although this is reportedly lower than has been observed in European 574 

and Latin American infants (96.4% and 84.8%, respectively). 190-193 This reduced 575 

efficacy has also been observed in studies investigating the efficacy of other live oral 576 

vaccines, 194,195 which often display reduced immunogenicity in developing countries 577 

in comparison to industrialised nations.  578 
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This relative decrease in efficacy may be explained by the following hypotheses. 196 579 

Firstly, host characteristics, including poor nutrition, as well as enteric co-infections 580 

most likely influence host response to vaccination. Co-administration with other oral 581 

vaccines, such as the oral polio vaccine, has also been suggested as a possible 582 

reason. A further cause may be due to interference from maternal antibody. 583 

Furthermore, the presence of anti-rotavirus antibodies in HM, if given during 584 

vaccination, may reduce vaccine efficacy. 197,198 585 

Previously, HM has been demonstrated to inhibit the infectivity of live oral rotavirus 586 

vaccination. 188 Milk samples collected from mothers in India, Vietnam, South Korea, 587 

and the United States contained rotavirus-specific IgA, and neutralizing activity, 588 

against three rotavirus vaccine strains (RV1, 116E and RV5 G1), measured using 589 

enzyme immunoassays. Also, a plaque reduction assay was used to investigate the 590 

inhibitory effect of HM on RV1. 188 591 

Indian women’s HM contained the highest concentration of IgA and neutralizing 592 

titers against the rotavirus vaccine strains. Korean and Vietnamese women’s HM 593 

display slightly lower levels, whilst American women’s HM contained the lowest 594 

titres. In half of the samples of HM from Indian women, the neutralizing activity 595 

reduced the effective titres of RV1 by ~2 logs, of 116E by 1.5 logs, and RV5 G1 596 

strain by ~1 log more than American women’s HM. 188 597 
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Another study, undertaken in a rural and urban population in Vietnam, measured 598 

rotavirus-specific antibodies and rotavirus-neutralizing antibodies in HM. Here, the 599 

urban mothers had rotavirus-specific IgA antibody titres that were noticeably higher 600 

as compared to their rural counterparts. Trang et al. reported undetectable or very 601 

low titres of neutralizing antibodies against RV strain G1P. 602 

HM reduced vaccine strain titres up to 80% or more, even at a milk-to-virus ratio of 603 

1:8 even with low titres. Authors suggested that this increase over time may be 604 

attributed to a continuous exposure to circulating RV. 199 605 

Moon et al. concluded that the reduced efficacy of rotavirus vaccines in developing 606 

countries could partially result from higher titres of IgA and neutralizing activity in the 607 

HM of mothers from these regions. They suggested delaying breastfeeding at the 608 

time of vaccination as a strategy to reduce this neutralising effect 188. 609 

Groome et al. undertook a follow-up study to investigate the temporary 610 

postponement of breastfeeding around the time of vaccination on infant immune 611 

response to rotavirus vaccination. 200 After enrolment in South Africa, mother–infant 612 

pairs were randomly assigned to defer breastfeeding by at least 1 hour pre- and 613 

post- each dose of rotavirus vaccine or to– unrestricted breastfeeding. ELISA was 614 

used to measure the titres of rotavirus-specific IgA in infant serum samples collected 615 

before each vaccination and 1 month after the second vaccination. 200 616 
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Titres of anti-rotavirus IgA were similar in the infant serum of the feeding deferral 617 

group and the unrestricted feeding group. Likewise, the frequency of seroconversion 618 

between the groups was similar. The authors therefore concluded abstaining from 619 

breastfeeding at time of vaccination did not significantly influence the infants’ 620 

immune response to rotavirus vaccination. 200 A similar study carried out in north 621 

India came to similar conclusions, showing no benefit of withholding breast feeding 622 

at time of rotavirus vaccination 201 as did another study undertaken in Pakistan, 623 

although they observed a tendency towards increased rates of seroconversion in 624 

infants who were breast fed on demand at time of vaccination. 202 625 

Mwila et al. have reviewed the literature on the relationship between maternal 626 

immunity and a decrease in Rotavirus vaccine performance in low- and middle-627 

income countries. 203 They conclude from the papers outlined above that withholding 628 

breast feeding does not affect infant vaccine response. However, one factor which 629 

does appear to reduce seroconversion in infants is exposure to higher 630 

concentrations of transplacental rotavirus-specific IgG. 204,205 631 

Polio 632 

Less research has been undertaken on oral polio vaccination and HMs effect on its 633 

immunogenicity. One study from Pakistan demonstrated a high neutralising capacity 634 

in colostrum that might interfere with the birth dose of OPV. 206 635 
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Parenteral vaccines 636 

HMis an immunologically active source of infant nutrition and the relationship 637 

between breastfeeding and antibody responses to vaccination is of interest as there 638 

is evidence that for some vaccines this may enhance the immune response of the 639 

neonate whilst for others it may lead to immune interference. The issue has mainly 640 

been explored for the oral vaccines, particularly poliovirus and rotavirus, but there 641 

has also been some limited investigation of the impact of breastfeeding on infants’ 642 

responses to injected vaccines.  643 

Haemophilus Influenzae Type B 644 

There have been several studies examining the impact of breastfeeding on vaccine 645 

responses to the Haemophilus Influenzae Type B (Hib) vaccine in infancy that have 646 

reported divergent results. Studies by Pabst, Silfverdal and Greenberg 207-209 have 647 

all reported a positive relationship between breastfeeding and anti-Hib antibody 648 

following vaccination.  Some studies report no relationship 210-213 although in the 649 

Pickering study they found that when breastfed babies were stratified into those 650 

breastfed for more or less than 6 months, there was a trend for higher anti-Hib 651 

antibody levels in those babies breastfed for more than six months. Finally, there is 652 

one published study which found that breastfeeding is associated with lower plasma 653 

antibody concentrations before and after primary Hib vaccination. 214 654 
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Pneumococcal 655 

Silfverdal and colleagues found that there was a non-statistically significant 656 

tendency at 13 months towards higher GMC of antibodies against five of the 657 

pneumococcal serotypes (4, 6B, 9V, 14 and 23F) in children breastfed for at least 90 658 

days. 208 659 

Bacillus Calmette–Guérin (BCG) 660 

In a study which explored cell mediated immune response to a purified protein 661 

derivative of Mycobacterium tuberculosis in breast and formula fed infants, the 662 

lymphocyte blast transformation response to was found to be significantly higher in 663 

breastfed babies compared to those who were never breastfed. 215 664 

Diphtheria and tetanus 665 

There have been a small number of studies in which breastfeeding and response to 666 

diphtheria and tetanus vaccination has been investigated, in the context of broader 667 

studies looking at the protein and nucleoside content of various milk diets. Hahn-668 

Zoric and colleagues found that breastfed infants have significantly higher IgG anti-669 

diphtheria toxoid levels 1-2 years after vaccination. 216 They were also found to have 670 

higher concentrations of secretory IgA against diphtheria and tetanus than formula 671 

fed infants. In another study breastfed infants were shown to have no improved 672 

antibody response to diphtheria and tetanus vaccination. 213 673 
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Conclusion 674 

The World Health Organisation (WHO) recommends exclusive breastfeeding for 6 675 

months in all infants 1. However, recent research challenged this approach showing 676 

that early food introduction may decrease the risk of food allergy development 217. 677 

These findings highlight importance of food protein transfer via HM as this is the first 678 

exposure to foods for the infant. There is a limited data on food consumption and 679 

subsequent appearance of the food proteins in the milk. Two double-blind 680 

randomised trials by Palmer et al. showed a dose responsible association between 681 

the egg consumption and ovalbumin (OVA) levels in HM. This opens a door for an 682 

early intervention of a maternal diet, by large volumes of a particular food, to provide 683 

an infant with a high levels of food proteins via HM before solid foods introduction. 684 

HMOS seem to have an important role in the correct development of the infant 685 

immune system, and some studies have suggested their potential to reduce the risk 686 

of allergic manifestations. However, future research is essential to confirm their 687 

protective effect against allergic development later in life. 688 

Overall, most of the authors have so far focused on HM composition in relation to 689 

the main allergic phenotypes such as sensitisation to foods, eczema, early wheeze 690 

and rhinitis, but the variation in methodologies including the stage of HM collection 691 

and outcome definitions preclude the integrity and success of any meta-analysis 692 
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attempted. However, it is clear that HM components may well have a role in 693 

preventing infant atopy and the development of allergic conditions. Indeed the most 694 

promising HM components are TGFβ, sCD14, PUFAs and microbiome, a 695 

combination of which may lead to a significant improvement of HM knowledge. It is 696 

also likely that an investigation of only a limited range of potentially active 697 

constituents in HM can lead to inconclusive results if taken in isolation as they may 698 

need to act in concert in order to be effective. There is a lack of studies, attempting 699 

to assess HM as a whole, rather than focusing on a single component.  700 

It is evident that are few intervention approaches available, although the 701 

consequences of these interventions not entirely clear with regards to some parts of 702 

HM composition. A full understanding of the relationship between HM composition 703 

and the development of non-communicable diseases, and particularly allergy, may 704 

lead us to a prevention strategy of maternal dietary supplementation, leading to HM 705 

modulation, which will result in optimal infant immune system development and a 706 

reduction in allergic manifestation. 707 
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