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H I G H L I G H T S

� Human milk is an essential source of immunonutrients for the nursing infant.

� Maternal vaccination provides specific IgA and IgG antibodies in breast milk.

� Milk from vaccinated mothers contains anti-SARS-CoV-2 antibodies that may protect the infant.

A R T I C L E I N F O A B S T R A C T

Human milk constitutes a secretion with unique functions of both nourishing the nursling and providing protec-

tion against enteric and respiratory infections, mainly due to its content of secretory IgA antibodies but also due

to the presence of a plethora of bioactive factors. Specific IgA antibodies are produced locally by plasma cells

derived from B lymphocytes that migrate from other mucosae to the mammary gland during lactation, particu-

larly from the gastrointestinal and respiratory tracts. Therefore, here, the authors will provide a comprehensive

review of the content and functions of different nutritional and bioactive anti-infectious components from breast

milk, such as oligosaccharides, lactoferrin, haptocorrin, α-lactalbumin, k-casein, lysozyme, lactoperoxidase,

mucin, fatty acids, defensins, cytokines and chemokines, hormones and growth factors, complement proteins, leu-

kocytes and nucleic acids, including microRNAs, among many others, and the induction of antibody responses in

breast milk after maternal vaccination with several licensed vaccines, including the anti-SARS-CoV-2 vaccine

preparations used worldwide. Currently, in the midst of the pandemic, maternal vaccination has re-emerged as a

crucial source of passive immunity to the neonate through the placenta and breastfeeding, considering that mater-

nal vaccination can induce specific antibodies if performed during pregnancy and after delivery. There have been

some reports in the literature about milk IgA antibodies induced by bacterial antigens or inactivated virus vac-

cines, such as anti-diphtheria-tetanus-pertussis, anti-influenza viruses, anti-pneumococcal and meningococcal

polysaccharide preparations. Regarding anti-SARS-CoV-2 vaccines, most studies demonstrate elevated levels of

specific IgA and IgG antibodies in milk with virus-neutralizing ability after maternal vaccination, which repre-

sents an additional approach to improve the protection of the nursling during the entire breastfeeding period.
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Introduction

Knowledge about the physiological immaturity of the immune sys-

tem in the first years of life, especially its effector mechanisms, is essen-

tial to understanding the characteristics of infectious diseases in this

period of life. It is well known that newborns and infants are more

vulnerable to serious infections by a wide variety of pathogens, such as

extra- and intracellular bacteria, viruses, and fungi than older children

and adults.

The immune system begins to develop very early in intrauterine life;

in the first month, stem cells with the capacity to give rise to leukocyte

progenitors are found in the yolk sac.1 While most other organs and
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systems are already developed at birth, the immune system has a func-

tional immaturity that will develop and mature throughout childhood

and adolescence as exposure to various antigens occurs.2 The full devel-

opment of the cellular and humoral elements, and consequently, of the

immune effector mechanisms, occurs at different periods throughout

life. Taken together, the mechanisms of innate immunity develop earlier

than adaptive immunity, and among the components of adaptive immu-

nity (T and B lymphocytes), the full capacity to form antibodies is the

last to be acquired, which only occurs in late childhood or early adoles-

cence for serum IgA antibodies.3

Thus, the increased susceptibility of newborns and infants to infec-

tions is, to a large extent, compensated by the passive acquisition of

immunity conferred by two crucial mechanisms: transplacental trans-

mission of antibodies and breastfeeding, which provide transient sys-

temic and mucosal protection, respectively, during this period.4 This

knowledge is relevant to understanding the infant's immune response to

different vaccine types. Immunization during pregnancy provides dou-

ble protection, as it prevents infections in both the mother and fetus and

in the latter, in addition to preventing intrauterine infection, maternal

vaccination induces an IgG antibody response that will be transplacen-

tally transmitted to the fetus, potentially modifying the severity of neo-

natal diseases.5

The transplacental transport of IgG antibodies from the mother to the

fetus provides the neonate with temporary protection against pathogens

to which the mother was exposed during her lifetime. At the same time,

as the infant comes into contact with environmental and vaccine anti-

gens, it starts to develop its own antibody repertoire, concomitantly

with the drop in the antibody levels acquired from the mother. It has

been suggested that the half-life of transferred maternal IgG in infants

is 21−28 days.

It is assumed that this transport is restricted to IgG class antibodies

and that it is done fundamentally by the binding of the Fc portions of

these molecules with FcRn receptors present in syncytiotrophoblast cells

of the placenta. Thus, the concentration of maternal IgG acquired by the

newborn during pregnancy is influenced by the levels of total and patho-

gen-specific IgGs, IgG subclasses, gestational age at birth, and the coexis-

tence of maternal infections that increase or decrease the transport of

antibodies or affect the integrity of the placenta.4 Understanding the fac-

tors that affect the placental transmission of IgG antibodies is essential to

exploring this mechanism for the benefit of the newborn. Based on this

concept, maternal immunization is a strategy that allows the transfer of

high levels of specific IgG antibodies to the neonate, providing systemic

protection for weeks after birth, despite reports showing that high levels

of postimmunization maternal IgG antibodies may mitigate the infant

antibody response at the time of the first dose of active immunization.6

Pregnancy is a period of high risk for infection and increases in both

maternal and fetal mortality relative to the general population have

already been reported during the H1N1 epidemic7 and now with

COVID-19.8 Thus, maternal immunization is a good strategy that can

prevent such diseases in pregnant women, fetuses, and newborns, as

pregnant women are a healthy population that responds well to vac-

cines, which may be administered during prenatal care.

Another crucial mechanism of passive protection that will be the

focus of our review is the protective role of a plethora of bioactive fac-

tors, including immune cells and antibodies, by colostrum and breast

milk. It is well known that the bioactive factors present in human milk

will play different roles on mucosal surfaces of the infant's gastrointesti-

nal and respiratory tracts, helping in the maturation of the epithelium,

stimulating the development of the immune system and helping to estab-

lish a healthy microbiota without generating harmful inflammatory

reactions.9

The components of adaptive immunity, such as T and B lymphocytes,

reach the mammary gland through a complex homing mechanism origi-

nating from mucosal surfaces upon stimulation, mainly in the gut and

airways.10 The immune system associated with the mucosal membranes,

present in the respiratory and gastrointestinal tracts, is interconnected

and bridges the gap between the external and internal environments of

the human body. This system has to perform a complex task − it must

remain tolerant against innocuous environmental, nutritional and

microbial antigens to ensure organ function, but it must also promptly

respond to invasive pathogens.11 The intestine-mammary gland axis is

essential in the immune modulation observed in breast milk, in which it

can be observed that the intestinal and breast mucosae are perfectly syn-

chronized, establishing complementary interactions.12

The mammary gland has a close relationship with the intestine,

enabling the production of essential nutrients for the baby's growth and

development and also capable of producing compounds that meet the

baby's microbiological, immunological, and neuroendocrine needs.13 It

appears that such factors can transmigrate to the infant and play a key

role in the infant's immune response and immune training during early

life.14 In addition, short- and long-term benefits associated with breast-

feeding have been reported.12

Numerous studies have shown that the concentrations of nutrients

and bioactive compounds in human milk are highly dynamic and that

their modifications aim to meet the specific needs of infants. Breastfeed-

ing promotes the proper growth of the child but also covers the needs of

bioactive compounds important for the development of the child's bio-

logical systems. Thus, it is important to understand that nutrients often

participate in several compartments in addition to the child's nutritional

status.15

Nutritional components with metabolic and anti-infectious

functions in human milk

Breast milk considered the ideal and complete food for newborns and

infants, offers all the necessary nutrients for the newborn's development

in the first 6-months of life. Exclusive breastfeeding is recommended by

the WHO until 6 months of age, followed by the combination of breast

milk and supplementary feeding until 2 years of age or older.16

Throughout lactation, milk undergoes a gradual change in its compo-

sition, being classified as colostrum, transitional milk, and mature milk.

Colostrum, produced up to the seventh day after delivery and in small

amounts compared to mature milk, is rich in proteins, bioactive compo-

nents such as SIgA, lactoferrin, leukocytes, and growth factors but has

low concentrations of carbohydrates and fat, suggesting that its main

function is not nutritional but immunological, offering immediate pro-

tection to the newborn.15,17

Transitional milk, in contrast, is produced between the seventh day

and the second postpartum week and has mixed characteristics of colos-

trum and mature milk, supporting the infant's nutritional and develop-

mental needs for rapid growth. From the fourth postpartum week

onward, breast milk can already be considered mature. Unlike colos-

trum, mature milk has lower protein and immune component contents

but higher concentrations of carbohydrates and fats, reinforcing its

nutritional role.18-20 Importantly, the literature reports increased levels

of some bioactive components in colostrum and milk obtained from

mothers of preterm infants when compared to those of full-term

infants.18

Both macro- and micronutrients can have immunological functions

and are used at all stages of the immune response, although most immu-

nonutrients and immune components are proteins. Nearly 400 proteins

are estimated in breast milk and are classified as caseins, whey proteins,

which are predominant, and mucins, the latter being present in the milk

fat globule membrane.21 Milk protein concentrations are generally not

affected by maternal diet but increase with maternal body weight for

height and decrease in women who produce higher milk volumes; they

are also higher in milk from women who deliver preterm babies.22

Human Milk Oligosaccharides (HMOs) are soluble glycans mainly

composed of monosaccharides and monosaccharide derivatives that

resist hydrolysis by gastrointestinal enzymes, indicating that they

remain intact in the small intestine. HMOs favor lactobacilli and bifido-

bacteria growth in the intestinal lumen of breastfed infants, and due to
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their homology with receptors present in epithelial cells for common

pathogens present in the mucosa, they are able to bind and inhibit

microorganism adhesion to the infant intestinal mucosa.23

Lipids are one of the most abundant nutrients in human milk and

contain essential Polyunsaturated Fatty Acids (PUFAs), including Arach-

idonic Acid (AA), Eicosapentaenoic Acid (EPA), or Docosahexaenoic

Acid (DHA),24 and short-chain fatty acids derived from HMOs used by

intestinal bacteria.25 Such compounds, in addition to providing energy,

participate in the maintenance of the intestinal mucosa, playing an

extremely important role in the development of the infant’s various

organs. The potential of Long-Chain (LC)-PUFAs in modulating inflam-

mation and the immune response has already been demonstrated by

influencing the activity of natural killer cells, cytokine production, and

lymphocyte proliferation.26 The distribution of different lipid types in

the fat composition of breast milk is the most affected by maternal

diet.27

Vitamins and minerals participate in almost all metabolic pathways

in humans. In the immune system, they are involved in several stages of

the immune response, such as leukocyte activation, modulation, prolif-

eration, and differentiation, both in the innate and acquired immune

systems. They are important to antimicrobial activity, the production of

immunoglobulins, and the maintenance of intestinal barrier integrity

and microbiota homeostasis.28 Additionally, they are strong antioxi-

dants that protect tissues from oxidative damage. Maternal nutritional

and intake statuses are capable of changing the vitamin levels in milk,

but minerals are little affected since they are regulated by homeostatic

mechanisms.29

Bioactive components with immune functions

The beneficial effect of breastfeeding on the immune function of the

nursling is already established; interestingly, the milk’s immunological

components are poorly affected by the maternal nutritional status but

instead are affected by her immune status, such as the presence of fever,

allergy, and mastitis, among other conditions.30 Recently, it has been

described that infant infection is also capable of altering the immunolog-

ical leukocyte and antibody composition of breast milk.30-32

The bioactive factors of human milk exert several functions, includ-

ing antimicrobial activity, development, and modulation of immune and

inflammatory responses, antioxidant activity, stimulation of intestinal

growth and maturation, improvement of micronutrient absorption and

availability, modulation of the microbiota, and development of the cog-

nitive/nervous system33 (Table 1).

A proteomic study performed with samples collected during a

twelve-month lactation period revealed that 115 proteins were identi-

fied in the whey fraction of human milk and, of that, a group

of 40 proteins was identified to exert immune-stimulating functions, and

whose levels were higher in colostrum and one-month milk whey, which

is the period of increased infant susceptibility to infection. These pro-

teins included α-1-antitrypsin, α-lactalbumin, carbonic anhydrase 6,

chordin-like protein 2, galectin-3-binding protein, lactadherin, lactofer-

rin, prolactin-inducible protein, and tenascin.59

Hormones and growth factors

Several hormones have been described in human milk and are

involved in the proliferation and differentiation of the newborn’s imma-

ture cells. In the hypothalamic-pituitary-adrenal axis, Adrenocorticotro-

pic Hormone (ACTH) has been described but is degraded in the

gastrointestinal tract of breastfed infants.60 ACTH is responsible for the

release of cortisol, which is absorbed, resulting in a good correlation

between the nursling’s serum levels and milk levels. Cortisol has immu-

nosuppressive and anti-inflammatory effects, increases leukocyte counts,

suppresses B- and T-cell activation, and inhibits prostaglandin and leu-

kotriene production. Cortisol and its inactive form, cortisone, are also

present in higher concentrations in the morning, helping to establish the

circadian rhythm of the infant.61

The highest concentrations of melatonin are found in colostrum com-

pared with mature milk, this hormone is also present in higher levels at

night and at dawn than during the day, helping the nursling in the estab-

lishment of the circadian rhythm, and its protective antioxidant, anti-

inflammatory, anti-apoptotic, and immunomodulatory effects have

already been described.62

The adenohypophysis hormones, including Growth Hormone (GH),

Thyroid-Stimulating Hormone (TSH), Follicle-Stimulating Hormone

(FSH), Luteinizing Hormone (LH), and prolactin, are present in human

milk. Other thyroid hormones stimulated by Thyroid-Stimulating Hor-

mone (TSH), such as Thyroid Releasing Hormone (TRH), Triiodothyro-

nine (T3), Thyroxin (T4) and calcitonin, are also present, as well as

Parathyroid Hormone (PTH) and PTH-related peptides.63

Human milk also contains numerous appetite, growth, and obesity-

related hormones, including leptin, Insulin-like Growth Factor-1 (IGF-

1), glucose, adiponectin, insulin, obestatin, somatostatin, resistin, and

ghrelin; higher concentrations of milk leptin were associated with lower

BMIZ (BMI-for-age z score), and insulin was associated with lower infant

weight, relative weight, and lean mass.64-67

A variety of gastrointestinal hormones have been described in human

milk, playing roles in gastrointestinal tract function, growth, and matu-

ration. While bombesin, cholecystokinin, peptide YY, Vasoactive Intesti-

nal Peptide (VIP) and neurotensin decrease over the first 6 weeks

postpartum, Gastric Inhibitory Peptide (GIP) concentrations remain sta-

ble. These maternal hormones may partly compensate for the decreased

gastric and protease activity and intestinal motility, which increase the

infant’s susceptibility to gastrointestinal infections, by active stimulation

of these activities.68

Erythropoietin (EPO) levels increase throughout lactation and favor

intestinal villous integrity via stimulation of intestinal epithelial cell pro-

liferation and migration, in part by promoting resistance to TNF-induced

apoptosis.69

Growth factors are present in breast milk, acting mainly in the prolif-

eration and differentiation of infant gastrointestinal tract immature

cells. Insulin-like Growth Factors 1 and 2 (IGF-1 and IGF-2), Epithelial

Growth Factor (EGF), Vascular Endothelial Growth Factor (VEGF), Plate-

let-Derived Growth Factor (PDGF), Hepatocyte Growth Factor (HGF),

Neural Growth Factor (NGF), Heparin Binding EGF-like Growth Factor

(HB-EGF), Glucagon-Like Peptide-1 (GLP-1), and basic Fibroblast

Growth Factor (bFGF) are among the growth factors detected in breast

milk. Stem Cell Growth Factor-β (SCGF-β) has already been described in

high concentrations in human colostrum and milk.69 In particular, colos-

trum provides the highest concentrations to meet increased postnatal

needs, such as gut epithelium maturation, immune response, and neuro-

cognitive development.63,70

Cytokines and chemokines

The presence of an array of cytokines in human milk has already

been well described, and they exert multiple functions in the infant’s

gastrointestinal tract.71 The most described cytokines in human milk are

TGF-β (β1, β2 and β3), IL-1α, IL-1β, TNF-α, IFN-γ, IL-1, IL-2, IL-3, IL-4,

IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-16, IL-17, IL-18,

TRAIL and LIF.71,72

It is suggested that they regulate inflammatory processes, prevent

allergies and sepsis, promote hematopoiesis, contribute to a healthy gut

and thymus development, and increase enterocyte maturation. It is

assumed that they can act as immunostimulators or immunomodulators

on phagocytic cells and on lymphocytes involved in the development of

the child's specific immune response, acting in the prevention of hyper-

sensitivity and allergies, probably due to the suppression of IgE produc-

tion. A possible role is also described for breast milk leukocytes,

promoting their activation, stimulating phagocytosis and antigen pre-

sentation, and inducing the growth, differentiation, and production of

3

Y. Zheng et al. Clinics 77 (2022) 100093



Table 1

Bioactive components with immunological functions in colostrum, transitional milk and mature milk from mothers of term infants.

Component/Nutrient (Unit) Colostrum Transitional milk Mature Milk Immune action

Antibodies Secretory IgA antibody (g/L)21 5.45 1.5 1.0 Perform “immune exclusion” (bind to bacteria, prevent microbial adhesion and penetration through the

epithelium, without triggering inflammatory reactions)9

IgM antibody (g/L)34 1.13 0.15 0.05 Perform “immune exclusion”, has a compensatory activity in IgA-deficient patients9

IgG antibody (g/L)34 0.53 0.04 0.03 Neutralizing and opsonizing activities, complement system activation and antibody-dependent

cytotoxicity9

Carbohydrate Oligosaccharides (g/L)35 16 16 14 Promotes the growth of lactobacilli and bifidobacteria; due to the homology of epithelial cell surface

receptors, they inhibit pathogen adhesion to the infant gut3

Proteins Lactoferrin (g/L)18 5.71 4.32 3.64 Forms lactoferricin, limiting bacterial growth by removing essential iron; stimulates cytokine produc-

tion; enhances mucosal immunity, Natural Killer (NK) cell activity and macrophage cytotoxicity;

exerts activity against viruses and fungi36

Haptocorrin (g/L)37 4.83±1.23 3.17±1.77 Antibacterial activity and facilitates the uptake of vitamin B12 by the infant’s intestinal cells36

α-Lactalbumin (g/L)33 4.56±0.41 3.52±0.27 2.85±0.24 Antimicrobial activity and binds to oleic acid to form a compound called HAMLET (a molecular com-

plex that kills tumor cells by a process resembling programmed cell death)9

k-Casein (mg/L)33 860±90 800±100 550±50 Soluble receptor analog with inhibitory activity for adhesion of Helicobacter pylori to the human gastric

mucosa36

α1-Antichymotrypsin (mg/L)38 670 95 12 Possible actions in the nursling’s gut: inhibition of DNA polymerase; IL-2 stimulation of T cells; neutro-

phil superoxide production; chemotaxis39

Osteopontin (mg/L)33 180±10 138±9 Induces a Th1 response40

Lactoperoxidase (mg/L)41 0.77±0.38 Catalyzes the oxidation of thiocyanate from saliva, forming hypothiocyanate, which can kill both gram-

positive and gram-negative pathogenic bacteria36

Mucin (μg/mL)34 554±52 Inhibition of enteric bacteria binding to intestinal cells9

Bile Salt-Stimulated Lipase (BSSL)

(μg/mL)42
71.49±40.61 236.90±52.75 Binds to DC-SIGN receptor in dendritic cells and prevents its interaction with HIV-1, leading to the

blocking of HIV-1 transfection of CD4+ T cells43

Lactadherin (µg/mL)44 139 66±5 Present in the milk fat globule membrane; binds to human rotavirus, preventing viral attachment to

host epithelial cells45

Lysozyme (µg/mL)18 81.7 81.9 84.4 Hydrolyzes bacterial walls from gram-positive bacteria and inner proteoglycan matrix in the mem-

branes of gram-negative bacteria36

Soluble CD14 (sCD14) (µg/mL)18 40.67 30.80 21.20 Immunomodulatory activity on the immune and inflammatory responses in the infant gut9

Trefoil factor 3 (pmoL/L)46 1540 310 80 Downregulates anti-inflammatory cytokines and promotes human β-defensin expression in intestinal

epithelial cells47

Osteoprotegerin (nM/L)48 2.8‒40.6 0.7‒39.9 2.9‒32.1 Binds to TNF-Related Apoptosis-Inducing Ligand (TRAIL) and induces caspase-dependent apoptosis,

especially in Th1 cells, regulating the Th1/Th2 balance of the infant immune system9

Fatty acids Oleic acid (Omega-9) 35% of total fat49 (15.07 mg/g)25 Stimulates the synthesis of ROS50

LC-PUFA − AA (Omega-6) 26% of total fat49 (5.62 mg/g)25 Precursor of eicosanoids, promotes inflammatory processes by producing prostaglandins and leuko-

trienes, stimulates synthesis of ROS50

LC-PUFA − EPA/DHA (Omega-3) 0.6% of total fat49 (0.89 mg/g)25 Inhibits the immune response, decreasing monocyte and neutrophil chemotaxis and the production of

proinflammatory cytokines50

Antimicrobial

peptides

β-Defensin 1 (ng/mL)18 110.9 185.4 66.9 Promotes monocyte-derived dendritic cell maturation and inhibits their apoptosis; promotes neonatal

CD4 T-cell proliferation and activation51

β-Defensin 2 (ng/mL)18 745.6 397.5 197.8 Antimicrobial activity against a range of bacteria, including common pathogens that cause infant diar-

rhea and gram-negative nosocomial bacteria52

α-Defensin-5 (pg/mL)18 78.13 78.13 78.13 Protects against gastrointestinal and systemic infections and participates in the development of the

mucosal immune system; possible inhibitory effect against SARS-CoV-253,54

Cathelicidin-derived antimicrobial

peptide (LL37) (pg/mL)18
390.63 390.63 390.63 Antibacterial activity against both gram-positive and gram-negative bacteria; possible inhibitory effect

against SARS-CoV-253,55

Nonproteins Nucleotide (µmoL/L)56 16.7‒292.0 16.6‒208.1 10.2‒240.0 Modulation of lymphocyte and NK-cell maturation, activation and proliferation, and immunoglobulin

production; reduces enterobacteria and increases bifidobacterial counts in the fecal microbiota9

miRNA (miRNA-Let-7a, miRNA-

30B and miRNA-378, respec-

tively) (Log10 2−ΔΔCt)57

2.58±0.67, 4.05±0.61 and

4.64±0.69

2.39±0.62, 4.92±0.57 and

3.62±0.77

Regulation of development of monocyte and Treg cells; differentiation and maturation of B and T cells;

proliferation of granulocytes58

* Colostrum, produced up to the seventh day after delivery; Transitional milk, produced between the seventh day and the second postpartum week; Mature milk, produced from the fourth postpartum week onward.

ROS, Reactive Oxygen Species.
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immunoglobulinsbyBcells.85Forinstance,ithasbeenshownthatbreastfeed-

ingenhancesthespecificcellularresponsetoBacilleCalmette-Guerin(BCG)

vaccination.73

Transforming Growth Factor-β (TGF-β) controls the initiation and

resolution of immune responses through the recruitment of lympho-

cytes, natural killer cells, dendritic cells, macrophages, mast cells, and

granulocytes and their activation and survival; therefore, in addition to

its activity as a growth factor, TGF-β is also considered a cytokine. The

TGF-β effects in the neonatal intestinal tract include contributions to

intestinal maturation and host defense, induction of IgM class switching

to IgA in B lymphocytes, and induction of intestinal immunoglobulin

production.74 TGF-β and IL-10 play important roles in the maintenance

of intestinal homeostasis, inducing Foxp3+ regulatory T-cells, which in

turn produce IL-10; both cytokines are involved in tolerance induction,

providing an immunoregulatory milieu in antigen presentation and pre-

venting excess activation of T-helper 1 (Th1) or Th2 pathways.75

Regarding colony-stimulating factors, human colostrum contains the

greatest concentrations of G-CSF, followed by GM-CSF and M-CSF.76

Cytokine concentrations are also significantly different when measured

in colostrum, transitional or mature milk from the same mother, and are

almost always the highest in colostrum and the lowest in mature milk.

Cytokines and growth factors in milk are generally low relative to other

molecules, although TGF-β2 is the most abundant. When expressed as a

percentage of the total protein in breast milk, the relative percentages of

all molecules except TGF-β2, IL-10, IL-13, and TNF-α are highest in

colostrum and decrease significantly during the 1st postpartum month.18

Breast milk also contains soluble receptors or cytokine antagonists

that contribute to its anti-inflammatory profile. IL-1Ra competes with

IL-1α/IL-1β for receptor binding, representing a control mechanism to

modulate IL-1 inflammatory effects, and is present in colostrum and

milk at equivalent concentrations. The soluble forms of IL-6 (IL-6R) and

TNF-α (sTNF RI and sTNF RII) receptors are present in higher concentra-

tions in colostrum than in mature milk, and by binding, they are able to

modulate their biologic effects.77

The chemokines MCP-1/CCL2, MIP-1α/CCL3, MIP-1β/CCL4,

RANTES/CCL5, MCP-3/CCL7, eotaxin/CCL11, MIP-3/CCL20, TECK/

CCL25, CTAK/CCL27, MEC/CCL28, GROα/CXCL1, IL-8/CXCL8, MIG/

CXCL9, IP-10/CXCL10, SDF-1α/CXCL12a, Fractalkine/CX3CL1 and MIF

(macrophage migration inhibitory factor), a Chemokine-Like Function

(CLF) chemokine, have already been described in human colostrum and

milk.31,78 In addition to their chemotactic role in leukocyte recruitment

to human milk, it has already been demonstrated that some chemokines

are also bactericidal to some gram-negative and gram-positive bacteria,

parasites, and fungi.79

Complement system

A proteomic study of human milk recently identified several comple-

ment cascade proteins, with those of the alternative pathway being the

most abundant. The majority of proteins involved in activating the cas-

cade were present in higher concentrations during early lactation and

declined in later stages.80 In the infant's gut, it has been suggested that

complement activation promotes bacteriolysis, enhances phagocytosis,

and neutralizes viruses.81 However, the inhibitory proteins of the cas-

cade, such as Clusterin (CLU), Vitronectin (VTN), Complement Decay-

accelerating factor (CD55), complement factor I, and complement factor

H, were as abundant as the activating proteins, probably to minimize

the triggering of an inflammatory process, especially in early lactation.80

MicroRNAs

It has been shown that microRNAs, small noncoding RNAs that regu-

late gene expression at the posttranscriptional level, are present in breast

milk, carried by extracellular vesicles, including exosomes, which confer

resistance to RNase digestion and tolerance to the low pH of the gastro-

intestinal tract, which could make them available to reach all the

targeted organs or perform their functions locally.82 It has been hypothe-

sized that these microRNAs can modulate the expression of genes

involved in several physiological processes, including energy metabo-

lism, immunological functions, and cognitive development. There is also

evidence of the endogenous synthesis of breast milk miRNAs within the

lactating mammary epithelium.83

Leukocytes

Leukocytes, epithelial cells, and stem cells are reported to be present

in human milk. Leukocytes are noteworthy, and their numbers are

higher in colostrum than in mature milk, probably reflecting the fact

that the tight junctions of the mammary epithelium are looser during

the first days after birth. However, it is important to emphasize that the

volume of mature milk consumed is significantly higher, maintaining

significant cell intake by the infant. Macrophages (40%−50%) and neu-

trophils (40%−50%) are present in much higher numbers than lympho-

cytes (5%−10%), which mostly include T-lymphocytes (∼80%), while

only 5% to 6% are B cells.84 These cell types are present in an activated

phenotype, and their presence in milk is due to transepithelial migration

into mammary tissue stimulated by specific chemokines in the mam-

mary gland.31,85 Interestingly, other types of leukocytes (basophils, eosi-

nophils, mast cells) and platelets, which are usually related to

inflammation, are rarely found.19 It is worth mentioning that viable leu-

kocytes from milk have been isolated in feces from infants fed human

milk,85 suggesting that these cells could remain intact in the gut. It has

been shown that some of these cells are able to cross epithelial barriers

in animal models and are engrafted in the offspring's tissues and

organs.86,87

Microbiota

The human milk microbiome or microbiota is now recognized as har-

boring many bacteria, viruses, fungi, and yeasts, which are continuous

sources of commensal and potentially probiotic bacteria for the infant's

gut.88 The composition of the human milk microbiome is influenced by

several factors, including maternal (mode of delivery, diet and BMI, dis-

eases, perinatal antibiotics, and postnatal psychosocial distress), neona-

tal (gestational age, sex, and birth weight), and environmental factors

(geographical study location and seasonality, lifestyle, social network

and collection methods) and factors related to human milk itself (lacta-

tion period, pasteurization and levels of oligosaccharides, milk fatty

acids, hormones, immune cells, and antibodies).89

More than 207 bacterial genera have been identified in human

mature milk, recognized as one of the main sources of bacteria for the

infant's intestine, and are composed mainly of the Firmicutes and Proteo-

bacteria phyla, with 12 genera prevailing in milk from most lactating

mothers: Pseudomonas, Staphylococcus, Streptococcus, Elizabethkingia,

Variovorax, Bifidobacterium, Flavobacterium, Lactobacillus, Stenotrophomo-

nas, Brevundimonas, Chryseobacterium, and Enterobacter.90 It is worth

mentioning that the composition of the fecal microbiota of the nursling

reflects that found in the breast milk, and the genera Lactobacillus, Staph-

ylococcus, Enterococcus, and Bifidobacterium are frequently shared

between breast milk and infant feces, as described in several studies.90-92

It has been suggested that the microbiota is composed of bacteria

present in the nasopharynx and oral cavity of the nursling or the nipple

skin. However, analysis with precolostrum, that is, milk without contact

with the newborn, verified the presence of bacteria in milk.93 Another

hypothesis for the origin of the bacteria present in breast milk is that

nonpathogenic bacteria are taken up by dendritic cells in the gut lumen

and are carried to the mammary glands by the intramammary axis.94

Corroborating this, the presence of live bacteria attached to the extracel-

lular matrix of immune cells has been reported.95 In addition, a study

performed with pregnant and lactating mice showed that bacteria can

translocate from the gut to mammary glands.96
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These human milk bacteria can play several roles in the infant's intes-

tinal mucosa, contributing to reductions in infection incidence and

severity by different mechanisms, including prevention of pathogenic

bacteria adhesion and colonization by competitive exclusion; production

of antimicrobial compounds; improvement of the intestinal barrier by

increasing mucin production and reducing intestinal permeability;

enhancement of nutrient metabolism and absorption; and stimulation of

the gut-brain axis. They are also essential for the production and supply

of vitamins K and B12 and short-chain fatty acids to the infant.97-99

Antibodies from human milk

Antibodies from human milk reflect antigen-specific Mucosa-Associ-

ated Lymphoid Tissue (MALT) stimulation in both the intestine and the

airways. Human colostrum and milk contain all immunoglobulin iso-

types, with Immunoglobulin A (IgA) present in the highest concentra-

tions, totaling 80% to 90% of the total immunoglobulins in human milk,

followed by IgM and IgG, the latter being present at low concentrations.

SIgA in breast milk has been well proven to exhibit specificity for a vari-

ety of common intestinal and respiratory microorganisms.100

IgA is the most abundant class of antibodies in the human adult

organism (with higher concentrations in mucous secretions and the sec-

ond most abundant immunoglobulin in the blood); ∼40 mg/kg body

weight of polymeric IgA is translocated to the intestinal secretions per

day, more than the total daily production of IgG.101 IgA can be found in

monomeric, dimeric, or trimeric forms, with the monomeric form being

predominant in serum and the polymeric form being predominant in

external secretions, where it is called Secretory IgA (SIgA). SIgA contains

the J (Joining) chain, which binds 2 or 3 IgA molecules, and the Secre-

tory Component (SC), which protects the molecular complex “SIgA”

against the action of proteases abundant in the digestive tract.10

IgA molecules and the J chain are produced by plasmocytes present

in the lamina propria of the mucosa, while the SC is derived from the

Polymeric Immunoglobulin Receptor (pIgR), a transmembrane glycopro-

tein present in epithelial cells. This pIgR is responsible for the transcyto-

sis of IgA across the epithelium to the luminal side, where the receptor is

cleaved and the extracellular portion, which is approximately 80 kDa in

size, remains associated with the molecular IgA complex, constituting

the SC of the SIgA molecule. A significant amount of free SC is also

released in mature human milk (783 μg/mL),102 and its highly glycosy-

lated nature has been demonstrated to show in vitro protection against

Clostridium difficile toxin A, Escherichia coli, and gram-positive

commensals.103

SIgA is found in all external secretions and in mucous membranes,

with colostrum and milk having the highest concentrations among

them.10 SIgA and SIgM are present in higher concentrations in the first

few days of lactation, with SIgA reaching concentrations between 10

and 20 g/L, 4 to 5 times greater than the concentrations of IgM,

20 to 30 times greater than the concentrations of IgG, and 5 to 6 times

greater than the concentrations of serum IgA.9,104 Sharp decreases in

IgA and IgM levels are seen in milk throughout lactation, but these

decreases are more than balanced by an increase in milk intake as lacta-

tion progresses, whereas IgG levels do not show any significant change

when early and late lactation periods are compared.84

SIgA antibodies in human milk are reactive with numerous patho-

gens that the mother has been challenged with throughout her life, thus

representing her immunological memory acquired over the years. The

SIgA present in milk does not come from the blood but is produced

locally by plasma cells derived from B lymphocytes that migrate from

other mucosae to the mammary gland during the lactation phase, espe-

cially from the intestine and respiratory tracts. Thus, the levels of anti-

bodies reactive with antigens from microorganisms that penetrate

through the mucosae are generally higher in colostrum than in serum.9

Several clinical and epidemiological studies have shown that milk

SIgA antibodies efficiently prevent the entry of microorganisms into tis-

sues and represent an important protective factor for infants against

infectious diarrhea and upper respiratory infections, including otitis

media.9,105 The main function of SIgA is to act as the first line of defense

against foreign antigens, binding to bacteria − both commensal and

pathogenic − toxins, viruses, protozoa, and other antigenic materials

such as Lipopolysaccharides (LPS), thus preventing microbial adhesion

and its penetration through the epithelium without triggering inflamma-

tory reactions that could be harmful to the newborn's mucosa in a neu-

tralization mechanism called “immune exclusion”.10

It is important to mention that, although there is some digestion of

all immunoglobulin classes in the gastric tract of the nursling, the stabil-

ity of human milk immunoglobulins upon gastric digestion has been

shown to be higher in the preterm infant than in term infants, probably

due to the higher gastric pepsin activity and proteolysis in term neo-

nates.106 Alternatively, it was also demonstrated that SIgA is able to

remain intact and biologically active in the feces of breastfed newborns

and young infants.107 In addition, studies assessing the digestibility of

IgG in ileal aspirates and stools from infants, children, and adults have

demonstrated that orally-administered IgG, from human or bovine

serum as well as from bovine colostrum and milk, but not from human

milk, survived gastric exposure and resisted to proteolysis in the stom-

ach and intestinal tract, but the recovered IgG concentrations varied

from study to study.108

Human milk as a passive immunization against pathogens

While the placental transfer of IgG antibodies after vaccination dur-

ing pregnancy is well documented, few studies exist on the induction of

vaccine-specific antibodies, particularly IgA antibodies, in breast

milk.109 It is noteworthy that transplacentally acquired systemic IgG has

a short half-life,3,110,111 while IgA acquired by breastfeeding will be

present in the infant's mucosa throughout the breastfeeding period.

There have been few studies about specific IgA and IgG levels in breast

milk induced by immunization and how they confer protection to the

nursling. Most existing studies have only analyzed specific IgA levels,

certainly because IgA is the most abundant antibody in human milk.

Here, the authors present the main findings in the literature on specific

IgA and IgG levels in breast milk after the administration of licensed vac-

cines (Table 2).

Vaccination both during pregnancy and during lactation may induce

increases in specific antibodies in breast milk, although most studies

reported vaccine administration during pregnancy.112-121 The follow-up

time for each study varied; while some analyzed antibody levels

until 12 postpartum weeks,119-121 others followed up to 6 months or

even one postpartum year.111-114,116,118

As observed for total IgA and IgG, the same trend is seen for specific

IgA and IgG antibodies, with higher levels in colostrum, which decrease

as the milk matures. However, how long those specific antibodies

remain in milk varies according to the vaccine type. It has been reported

that meningococcal vaccine, 23-valent pneumococcal polysaccharide

vaccine, and inactivated influenza virus vaccine can induce high specific

IgA levels up to 6 months postpartum and high specific IgG levels until

the 2nd post-delivery month, and these antibody levels could

be 4 to 5 times higher than in milk from nonvaccinated mothers.112-

114,116-117 It has also been described that the Tdap vaccine induces high

levels of anti-pertussis IgA in milk, but only until the second postpartum

week in one study121 and the eighth postpartum week in another one,

but in this latter , there was a sharp drop in specific antibody levels after

the 2nd postpartum week.119

Regarding antiviral antibodies in human milk, it is worth mentioning

that live-attenuated viral vaccines are contraindicated for pregnant

women due to possible transplacental transmission of the attenuated

virus to the fetus or into breast milk. In contrast, immunization with

nonviable inactivated virus vaccines has not shown risks to the fetus and

is even recommended during pregnancy.5 This strategy has the potential

to protect the pregnant woman and fetus from serious illnesses during
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pregnancy,suchasrespiratoryinfections.Inaddition,thisstrategyofferspro-

tectiontonewbornsandinfantsduringthefirstmonthsoflife.109

Brady et al.122 observed that inactivated influenza vaccine induced

higher specific IgA levels in breast milk than the live-attenuated vaccine;

in addition, the latter was equally as safe as the inactivated vaccine, as

no viable influenza viruses were detected in milk. In another study, it

was also shown that colostrum from vaccinated mothers presented mea-

sles-specific IgA at five times above the protective level, but the level fell

below the positive cutoff after one postpartum month.123

Studies on the safety of other live virus vaccines, such as varicella124

and measles,125 also did not observe the presence of those viable viruses

in milk. Rubella vaccine virus126-128 may be excreted into human milk

but may not cause clinical disease in infants. It is assumed that if infec-

tion with a live vaccine occurs, it will be well tolerated because the vac-

cine virus is attenuated.129 In contrast, yellow fever vaccination is not

recommended to nursing mothers because meningoencephalitis has

been reported among breastfed infants.130,131 Unfortunately, those stud-

ies did not evaluate the antibody response in breast milk.

Regarding oral vaccines, rotavirus vaccines are not indicated for

women of childbearing age because transplacental IgG antibodies and

immune components present in breast milk can reduce the infant's

immune response to the administered rotavirus vaccine, but there is con-

troversy regarding the measures adopted to minimize the neutralizing

effect of breast milk consumed before and after the infant receives the

rotavirus vaccine.132

Human milk as a passive immunization against COVID-19

In 2020, SARS-CoV-2 infection spread globally and became pan-

demic. Initially, it was found that the most affected population was

adults and the elderly. However, the involvement of pregnant and lactat-

ing women has also been observed.133 Concomitantly, the question

arose as to whether maintaining breastfeeding would be a safe practice

for the infant. After many questions, a consensus was reached that

breastfeeding was indicated and should be the main guideline for health

professionals because, in addition to offering the various benefits inher-

ent in breast milk, studies have proven the presence of specific antibod-

ies against SARS-CoV-2.134

The Centers for Disease Control and Prevention (CDC), the World

Health Organization (WHO), the American College of Obstetricians and

Gynecologists (ACOG), and the Royal College of Obstetricians and Gyne-

cologists of Great Britain (RCOG), among others, indicate that pregnant

women are at increased risk for severe COVID-19. Published data indi-

cate an increased risk of hospitalization in intensive care units, the need

for mechanical ventilation, and the likelihood of death in pregnant

women with COVID-19 compared to nonpregnant women of childbear-

ing age.133,135,136 There is also evidence of increased incidence rates of

preterm birth and C-section delivery, myocardial injury, pre-eclampsia,

and perinatal mortality in pregnant women with COVID-19.137 It was

reported that pregnancy ended in preterm delivery in

approximately 75% of cases of COVID-19, with 255 patients included in

the study.138

Studies on the presence of anti-SARS-CoV-2 antibodies in milk from

women infected in late pregnancy and in lactation have detected IgA,

IgM, and IgG antibodies reactive with SARS-CoV-2.139-144 While IgA is

predominant in milk after natural SARS-CoV-2 infection,145 IgG is pre-

dominant after vaccination, reflecting differences in antibody profile

programming across mucosa acquired during natural SARS-CoV-2 infec-

tion vs. intramuscular vaccination.146 These studies demonstrate the

importance of maintaining breastfeeding at such a special time when

antibodies produced in human milk can protect infants against COVID-

19. Whether breast milk IgG or IgA will be more critical for neonatal

protection remains unclear. In our studies, as well as in the study by

Hahn-Zoric et al.,147 it was shown that in nursing mothers with Common

Variable Immunodeficiency (CVID) in IVIG therapy or with selective IgA

deficiency, increased IgG and IgM antibody levels in milk constitute aT
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Table 3

Available data on anti-SARS-CoV-2 IgA and IgG antibodies from human milk after lactating women vaccination.

Authors/Year (Country) Vaccine type Sample Specific IgA Specific IgG

Calil et al. (2021) (Brazil)154 CoronaVac (Sinovac Biotech Ltd., China and Butantan

Institute, Brazil)

(n = 20) Milk samples collected before and at eight additional

timepoints after

↑ (anti-S1 SARS-CoV-2 IgA) NE

Valcarce et al. (2021) (USA)155 BNT162b2 (BioNTech/Pfizer) (n = 21) Plasma and milk samples collected before and at two

timepoints after

↑ (anti-SARS-CoV-2 IgA) ↑ (anti-SARS-CoV-2 IgG)

mRNA-1273 (Moderna/NIH)

Lechosa-Mu~niz et al. (2021) (Spain)156 1. mRNA vaccine (Moderna) (n = 110) Blood and milk samples collected after the second

vaccine dose

1 - ↑ 1 - ↑

2. ChAdOx1-S (Astrazeneca) 2 - Slightly increased 2 - Slightly increased

3. BNT162b2 (Pfizer-BioNTech) 3 - ↑ (Anti-S1 IgA) 3 - ↑ (Anti-S1 IgG)

Juncker et al. (2021) (Netherlands)157 BNT162b2 (BioNTech/Pfizer) (n = 26) Milk samples collected before and at seven time-

points after

↑ (Anti-S1 IgA) ↑ (Anti-S1 IgG)

Baird et al. (2021) (USA)158 BNT162b2 (BioNTech/Pfizer) (n = 7) Milk samples collected before and at eleven additional

timepoints after

↑ (Anti-S1 IgA and Anti-RBD IgA) ↑ (Anti-S1 IgG and Anti-RBD IgG)

mRNA-1273 (Moderna/NIH)

Selma-Royo et al. (2021) (Spain)159 1. BNT162b2 (BioNTech/Pfizer) and mRNA-1273

(Moderna/NIH)

(n = 75) Milk samples collected before and at six timepoints

after

↑ (Anti-RBD IgA) ↑ (Anti-RBD IgG)

2. ChAdOx1 nCoV-19 (Oxford/AstraZeneca)

Perl et al. (2020) (Israel)160 BNT162b2 (Pfizer-BioNTech) (n = 84) Milk samples collected before and at six timepoints

after

↑ (Anti−S1 IgA) ↑ (Anti−S1 IgG)

Gray et al. (2021) (USA)146 1. BNT162b2 (Pfizer/BioNTech) (n = 31) Blood and milk samples collected before and at two

timepoints after

↑ (Anti-S1 IgA and Anti-RBD IgA) ↑ (Anti-S1 IgG and Anti-RBD IgG)

2. mRNA-1273 (Moderna/NIH)

Sadiq et al. (2021) (Pakistan)161 Sinovac or Sino Pharm (Sinovac Biotech Ltd., China) (n = 180) Blood and milk samples collected before the 1st and

after the 2nd dose

↑ (Anti-S1 IgA) NE

Low et al. (2021) (Singapore)162 BNT162b2 (Pfizer/BioNtech) (n = 14) Milk samples collected before and at four timepoints

after

↑ (Anti-S1 IgA and Anti-RBD IgA) ↑ (Anti-S1 IgG and Anti-RBD IgG)

Narayanaswamy et al. (2022) (USA)151 BNT162b2 (BioNTech/Pfizer) (n = 30) Milk samples collected at 2 timepoints before

1st vaccine dose and at 11‒15 timepoints over 42‒48 days

↑ (Anti-RBD IgA) ↑ (Anti-RBD IgG)

mRNA-1273 (Moderna/NIH) Anti-S and anti-RBD IgA neutralizing

antibodies

Anti-RBD IgG neutralizing

antibodies

Yeo et al. (2022) (Singapore)152 BNT162b2 vaccine (Pfizer/BioNTech) (n = 35) Milk samples across 21 days after the second dose ↑ (Anti-RBD IgA and IgM) ↑ (Anti-RBD IgG1)

Neutralizing antibodies Neutralizing antibodies

Perez et al. (2022) (USA)153 1. BNT162b2 (Pfizer/BioNTech) (n = 30) Milk samples across 1.3 and 6 months after the sec-

ond dose

↑ (Anti-RBD IgA) ↑ (Anti-RBD IgG1)

2. mRNA-1273 (Moderna/NIH) Neutralizing antibodies Neutralizing antibodies with

greater activity than IgA

a Comparison of specific IgA/SIgA or IgG levels in breast milk between vaccinated and non-vaccinated mothers. (↑) Higher levels were found in breast milk from vaccinated women compared to non-vaccinated controls. (=)

No differences were found in milk between vaccinated and non-vaccinated women. NE, Not Evaluated.
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compensatorymechanismforthelackofSIgAinthemucosa,andthebiological

action of these antibodies was as efficient as that observed in healthy

women.147-149

Robust SIgA responses have been reported in breast milk to SARS-

CoV-2.150 More recently, studies have demonstrated the presence of neu-

tralizing antibodies in breast milk after vaccination with the mRNA vac-

cine.151-153

Several studies have been published showing the presence of anti-

SARS-CoV-2 antibodies in human milk after maternal immunization.

Table 3 shows all the currently available studies evaluating anti-SARS-

CoV-2 IgA and IgG antibodies from human milk after maternal vaccina-

tions performed in several countries and with different technologies.

This fact favors the comparative study on the vaccine response present

in the mucous membranes and in breast milk. It is very interesting to

emphasize that the same results were observed with different vaccine

development methodologies, i.e., regardless of the vaccine used, good

antibody response was achieved in breast milk. Our group had the

opportunity to demonstrate that after vaccination with Coronavac (Sino-

vac Biotech Ltd., China and Instituto Butantan, Brazil), an inactivated

SARS-CoV-2 vaccine, lactating women showed high levels of anti-pro-

tein S IgA antibodies.154

In one study, it was shown that the levels of IgA transferred through

breast milk did not increase with boosting, but IgG transfer increased

significantly after the boost, resulting in high levels of IgG delivered to

the neonate through breast milk.146 Although such data have been

shown, most of the works cited in this review showed increased levels of

all isotypes of antibodies, mainly IgA and IgG, after booster vaccination.

Importantly, emerging data point to a critical role for breast milk IgG

in neonatal immunity against several other potentially vaccine-prevent-

able viral pathogens, including HIV, respiratory syncytial virus, and

influenza.163,164 It is important to emphasize that IgG is present in

human milk, although at lower concentrations than IgA, and increases

in the IgG class are observed both in mothers who were infected and in

response to maternal vaccination. The exact mechanism responsible for

the influx of IgG into breast milk and the role of this antibody in protect-

ing the infant's mucosa is still unknown, but it is probably transferred

directly from the mother’s blood. It was reported that milk IgG from

healthy mothers has nucleotide�hydrolyzing activity, suggesting that

these antibodies neutralize bacterial and viral DNA and RNA by forming

immune complexes.165 A study carried out in Kigali, Rwanda, with HIV-

seropositive mothers identified the presence of HIV-specific IgG in 18-

month milk in almost 100% of the samples, while only 40% had specific

SIgA. Indeed, anti-HIV-1 IgG, probably originating from the systemic

compartment, as well as SIgM, was more frequently detected than spe-

cific SIgA.166 This information makes us reflect on the real role of IgG in

milk and demonstrates its possible importance in protecting infants.

Conclusions

Breastfeeding represents an ingenious immunological integration

between a mother and infant that has evolved over millennia to nourish

and protect infants from infectious diseases during this critical period of

immune vulnerability. Notably, the contents of breast milk change over

time; in the early stages of lactation, SIgA antibodies, anti-inflammatory

factors, and immunologically active cells provided by breast milk sup-

port the neonatal immune system. In particular, antibodies in breast

milk are directed against infectious and potentially deleterious antigens

that are present in the maternal environment, which is those likely to be

encountered by the infant. Alternatively, vaccination during pregnancy

or during lactation may induce increases in specific antibodies in breast

milk, representing an additional approach to improve the protection of

the nursling throughout the breastfeeding period. This infant protection

strategy has been poorly explored before, and basically for respiratory

diseases, but during the pandemic, it became more evident, opening

precedents to be explored for other incident diseases in childhood.
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