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ABSTRACT

Human breast milk is a uniquely complex biological fluid renowned for delivering essential
nutrients to newborns. Beyond its nutritional value, it also contains important immunological
components that play a fundamental role in infant health and development. This review explores
the immunological characteristics of breast milk, highlighting its diverse array of immune cells
and bioactive molecules, including secretory IgA, cytokines, and chemokines. These components
actively contribute to the maturation of the infant’s immune system, strengthen defenses against
infections, and facilitate the development of a balanced gut microbiome. This discussion also
explores how the immune components in breast milk function to benefit infants, examining their
protective mechanisms and developmental impacts. Additionally, it addresses how storage
conditions—such as freezing, refrigeration, or pasteurization—may alter the integrity and
effectiveness of these vital immune factors. Furthermore, the influence of external environmental
factors, including maternal diet, stress, and exposure to pollutants, is considered for their
potential effects on the immunological quality of breast milk. For this literature review, relevant
studies were systematically searched across multiple academic databases, including PubMed,
ScienceDirect, Google Scholar, ResearchGate, and Elsevier. The search was limited to publications
from the past ten years. Emerging research underscores the adaptive nature of breast milk and
its profound impact on early-life immunity, offering valuable insights for optimizing infant
feeding practices and potential clinical applications.

1. Introduction through enhanced uterine involution, lower risks of

Human breast milk (HBM) represents the ideal
nutritional source for infants, providing essential
physiological and immune-supporting benefits. As
the globally recognized gold standard for infant
feeding, HBM receives strong endorsement from
leading health organizations like World Health
Organization (WHO) advises mothers to begin
breastfeeding during the first hour after delivery,
practice exclusive breastfeeding for the initial six
months of life, and sustain breastfeeding for two
years or more while gradually introducing nutritious
complementary food.! Scientific evidence confirms
that exclusive breastfeeding offers significant
protection against numerous neonatal health
conditions, ranging from cardiorespiratory and
metabolic disorders to autoimmune diseases,
neurodevelopmental issues, and infectious
complications. The maternal benefits are equally
compelling, including faster postpartum recovery

postpartum depression, and reduced long-term
susceptibility to cardiovascular disease, type 2
diabetes, and breast cancer.2-#

HBM's unique value extends beyond basic
nutrition through its rich array of bioactive immune
components. These include diverse cellular elements
like macrophages, neutrophils, and lymphocytes
(both T and B cells), along with soluble immune
mediators such as cytokines, chemokines,
immunoglobulins (particularly secretory IgA), and
antimicrobial proteins (including lactoferrin and
lysozyme).1> The  presence of  prebiotic
oligosaccharides further enhances HBM's benefits by
nurturing beneficial gut microbiota.6 Population
studies consistently demonstrate superior health
outcomes in breastfed infants compared to formula-
fed counterparts, emphasizing HBM's irreplaceable
role in immune development and disease
prevention.2 This review explores the comprehensive
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immunological characteristics of HBM and their
critical importance for infant health outcomes.

. Methods

This paper presents a narrative review of peer-
reviewed literature, synthesizing current research on
the immunological properties of human breast milk.
A systematic search was conducted across multiple
academic databases, including PubMed,
ScienceDirect, Google Scholar, ResearchGate,
Elsevier, and Web of Science, to identify relevant
studies. Rigorous selection criteria were applied to
ensure the inclusion of high-quality, pertinent
literature. Eligible articles were required to be
published in accredited scientific journals with peer-
review processes and to focus specifically on innate
and adaptive immune components in human breast
milk, as well as their role in early-life immunity
published between 2014 and 2024. Studies
encompassing clinical research, systematic review,
and meta-analysis were considered. The search
strategy employed Boolean operators, such as the
PubMed query: ("Breast Milk" OR "Human Milk" OR
"Lactation”) AND ("Innate Immunity" OR "Adaptive
Immunity" OR “Immune Cells” OR "Immune Factors"
OR "Cytokines" OR "Chemokines") AND ("Early-Life
Immunity” OR "Neonatal Immunity" OR "Infant
Immunity” NOT “Animal Studies” OR "Bovine Milk" OR
"Formula Milk"). Exclusion criteria comprised animal
studies, incomplete or paywalled publications and
case reports. This methodological framework was
designed to provide a comprehensive analysis of
contemporary scientific understanding regarding the
immunomodulatory effects of human breast milk in
neonatal and infant health.

. Types and Composition of Breast Milk

Human breast milk undergoes distinct
compositional  changes throughout lactation,
progressing through three well-defined stages:
colostrum, transitional milk, and mature milk.
Colostrum, the initial milk produced during late
pregnancy and continuing for the first 1-5 days
postpartum, is characterized by its yellowish-creamy
appearance and viscous consistency.’? This
immunologically rich secretion contains high
concentrations of protective factors including
secretory IgA (slgA), lactoferrin, leukocytes, and
growth factors like epidermal growth factor, while
demonstrating relatively lower lactose content that
reflects its primary immunological and trophic
functions rather than nutritional role. The electrolyte
profile of colostrum shows elevated sodium, chloride,
and magnesium levels with comparatively reduced
potassium and calcium concentrations.l® The
transition to mature milk production is marked by
physiological changes in the mammary epithelium,
including closure of tight junctions leading to
decreased sodium-to-potassium ratios and increased
lactose concentrations, typically occurring around
day 4 postpartum. Transitional milk, produced from

approximately after days 5 to 14 postpartum,
contains higher fat content, increased lactose, greater
concentrations of water-soluble vitamins, and higher
caloric value compared to colostrum. The mature
milk as a final stage is produced after 14 days
postpartum, consists of about 90% water and 10%
macronutrients including carbohydrates, proteins,
and fats for growth and energy needs. Mature milk
further differentiates into foremilk, released at the
beginning of a feed with higher water, vitamin, and
protein content, and hindmilk, released later in the
feeding with substantially higher fat content crucial
for infant weight gain’-® While dramatic
compositional changes occur during the first month,
subsequent variations in mature milk composition
during continued breastfeeding are relatively
minor.10

Human milk's complex nutritional composition
arises through three principal pathways. First,
nutrients are obtained from the mother's current
dietary consumption. Second, they're mobilized from
the mother's existing nutrient reserves. Third,
specialized mammary gland cells actively synthesize
certain components. These interconnected biological
processes work synergistically to produce milk's
optimal nutrient blend. While breast milk generally
maintains good nutritional quality, maternal diet
significantly influences certain vitamins and fatty acid
profiles.1® Macronutrient composition shows inter-
individual variation but remains relatively consistent
across populations, with mature term milk typically
containing 0.9-1.2 g/dL protein, 3.2-3.6 g/dL fat, and
6.7-7.8 g/dL lactose, providing 65-70 kcal/dL.
Preterm milk differs by containing higher protein and
fat concentrations. Multiple maternal factors
influencing milk composition at 4 months
postpartum, including weight-for-height ratio,
protein intake, parity, menstrual cycle return, and
breastfeeding frequency, with an inverse relationship
observed between milk production volume and
fat/protein concentrations but positive correlation
with lactose content.l0 The protein fraction consists
of whey and casein components, with predominant
proteins including casein, lysozyme, a-lactalbumin,
lactoferrin, secretory IgA, and serum albumin,
showing higher concentrations in preterm milk and
gradual decline during the first 4-6 weeks postpartum
regardless of gestational age. The lipid component
demonstrates the greatest variability among
macronutrients, characterized by high palmitic and
oleic acid content and showing two- to three-fold
higher concentrations in hindmilk versus foremilk,
with fatty acid profiles particularly responsive to
maternal dietary intake of long-chain
polyunsaturated fatty acids. Lactose represents the
most stable macronutrient, though higher
concentrations correlate with increased milk
production, while human milk oligosaccharides
constitute approximately 1 g/dL with concentrations
influenced by lactation stage and maternal genetics.1?
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Breast milk provides essential micronutrients
such as vitamins A, B1, B2, B6, B12, D, and iodine.
Since maternal diets may not always be sufficient,
continuing multivitamin intake while breastfeeding is
advised. Vitamin D levels in breast milk are typically
low, particularly when mothers have limited sun
exposure, leading to recommendations for vitamin D
supplements in breastfed infants.l® Beyond its
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nutritional benefits, breast milk also contains
immune-supporting elements, microbiota, hormones,
growth factors, stem cells, nucleotides, and
microRNAs (miRNA) (Figure 1).° The breast milk
microbiota plays a critical role in promoting the
maturation of the infant's immune system, as
comprehensively outlined in Table 1.11
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Figure 1. Breast milk composition®

Table 1. Probiotic bacteria in healthy woman breast milk!!

Group

Species

Bifidobacterium

Lactobacillus

B. longum
B breve
B lactis
B. adolescentis
L. salivarius CECT5713
L. gasseri CECT5714
L. plantarum
L. fermentum CECT5716
L. rhamnosus
L. reuteri
L. acidophilus

4. Immunological Profile of Breast Milk

At birth, a newborn’s immune system is
underdeveloped compared to an adult’s, making them
more vulnerable to infections. Breastfeeding helps
bridge this gap by teaching the infant’s immune
system to distinguish between harmful pathogens
and harmless substances, promoting both defense
and tolerance. Breast milk plays a crucial role in
strengthening and training the infant’s immunity,
offering optimal protection. It contains various

immune cells, including monocytes/macrophages,
neutrophils, natural killer (NK) cells, T lymphocytes,
and B lymphocytes.12 These cells actively support the
baby’s immune defense by producing bioactive
compounds such as lactoferrin, lysozyme,
oligosaccharides, and cytokines. Additionally, B cells
contribute by generating immunoglobulins like
secretory IgA, IgG, and IgM.10.12

Beyond immediate immune support, breast milk
influences the long-term development of the infant’s
immune system and gut microbiota.!3 One proposed
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mechanism, maternal micro-chimerism (MMC),
suggests that maternal cells from breast milk transfer
to the infant’s intestinal lining and other immune
tissues before gut closure occurs. This process
enhances the maturation of both mucosal and
systemic immunity, ensuring a more robust immune
response in the newborn.1#

Innate Immune Cells In Breast Milk
a. Macrophages

Macrophages are most abundant immune cells in
human breast milk, about 50% of leukocytes and key
players in the innate immune system, identifying
harmful microbes or infected cells and initiating
immune responses by releasing inflammatory signals
and activating adaptive immunity.1215 [n breast milk,
these macrophages develop from blood monocytes
that migrate through the breast epithelium. Upon
encountering breast milk components, they undergo
phagocytosis, transforming into specialized breast
milk  macrophages (BrMM) with distinct
capabilities—including the potential to mature into
dendritic cells that enhance infant T-cell function.10.15
As professional antigen-presenting cells, BrMM are
crucial for adaptive immune activation. They
constitute up to 80% of immune cells in colostrum
and transitional milk, highlighting their role in
safeguarding infants. These macrophages are
classified into inflammatory (CD16-) and non-
inflammatory (CD16+) subtypes, while most
originate from the bloodstream, gut, and
nasopharyngeal lymphoid tissues, some reside locally
in breast tissue.?16

BrMM are particularly abundant in breast milk
due to their strong phagocytic activity and their
ability to produce granulocyte-macrophage colony-
stimulating factor (GM-CSF) when exposed to milk

components. When stimulated by interleukin-4 (IL-
4), they can further differentiate into CD1+ dendritic
cells, which effectively activate T cells.!? Breast milk
macrophages may help protect infants against
respiratory infections by maintaining an anti-
inflammatory state, reducing mucosal
inflammation.!2 Thus, they contribute significantly to
gut immunity and the overall development of the
infant’'s immune system—without triggering
excessive inflammation.1618

b. Neutrophils

Neutrophils represent a major proportion of
breast milk leukocytes, accounting for 12-27% of
these immune cells on average.!3 As essential
components of the immune system, neutrophils
combat infections through multiple mechanisms
including pathogen engulfment, neutralization, and
destruction. They play crucial roles in both acute
inflammatory responses and chronic inflammatory
processes, while also influencing adaptive
immunity.1° Newborns exhibit notable deficiencies in
neutrophil function compared to adults. Neonatal
neutrophils are not only fewer in quantity but also
demonstrate impaired bactericidal capacity due to
their inability to form neutrophil extracellular traps
(NETSs). Additionally, reduced expression of adhesion
molecules (CD62L/L-Selectin and MAC-1/Integrin)
compromises their endothelial binding capability.
These functional limitations are further characterized
by diminished TLR2 and TLR4 receptor expression,
impaired phagocytic activity, and reduced
intracellular pathogen degradation capacity.2? Breast
milk neutrophils help compensate for these neonatal
deficiencies by demonstrating the enhanced activity
and mobility, superior interactive capabilities, and
active participation in infant immune responses.16

Table 2. Immune cells in human breast milk

Component Key Findings Role in Infant Health References

Macrophages Most abundant (50% of Phagocytosis of pathogens; anti- Zheng et al. (2020)12
leukocytes); produce inflammatory effects.
lactoferrin, lysozyme.

T Cells ~10-20% of milk Transfer of maternal immunity; Trend et al. (2015)13
leukocytes; memory T cells  infant immune education.
(CD4+) dominate.

B Cells IgA-producing plasma cells ~ Source of sIgA for mucosal Demers-Mathieu et al.
detected in milk. protection. (2018)28
Neutrophils Median about 12-27%. First-line defense against Trend et al. (2015)13

Elevated in colostrum; bacterial infections.
decrease in mature milk.
NK Cells 2% of mature milk High cytotoxicity in preterm
leukocytes breast milk, early immune
protection crucial for newborns,
antiviral (CMV) and antibacterial
effects, and may protect against

NEC and late-onset sepsis

Caba-Flores et al. (2024)26
Pighi et al. (2024)27
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Notably, neutrophil concentration in breast milk
shows dynamic changes during lactation, with their
proportion among leukocytes increasing significantly
from colostrum to mature milk.'¢ This temporal
pattern suggests their important role in protecting
infants. Research indicates that maternal conditions
like asthma can influence breast milk neutrophil
characteristics, potentially affecting infant immune
development. For instance, milk from asthmatic
mothers shows elevated neutrophil levels and
activation states, which may modify infant immune
responses.21

c. Natural Killer (NK) Cells

Natural killer (NK) cells serve as crucial
components of the innate immune system, migrating
from lymphatic and circulatory systems to the
mammary glands.1622 These multifunctional immune
cells provide dual protection by defending both the
infant's digestive tract and the mammary tissue
against infections. NK cell activity is regulated by
various interleukins (IL-1, IL-10, IL-12, IL-15, and IL-
18) and chemokines including CCL2/MCP-1,
CCL3/MIP-1q, CCL4/MIP-18, CCL5/RANTES,
CcCL10/1P-10, CCL19/MIP-33, CCL21/SLC, and
CX3CL1/fractalkine. Their recruitment to breast milk
is facilitated by an array of chemotactic molecules
such as CXCL8/IL-8, CXCL10/IP-10, CXCL11, CXCL12,
CX3CL1/fractalkine, CCL3/MIP-1a, CCL4/MIP-1,
CCL5/RANTES, CCL19/MIP-38, and CCL21/SLC.%3

As active immune mediators, NK cells produce
significant quantities of tumor necrosis factor-a
(TNF-a) and interferon-y (IFN-y), along with other
immune modulators like GM-CSF, CCL2/MCP-1,
CXCL8/IL-8, CXCL10/IP-10, XCL1/lymphotactin, IL-5,
[L-10, IL-13, CCL1, and CCL22. Early activation
triggers the release of CCL3/MIP-1a, CCL4/MIP-18,
and CCL5/RANTES, enabling NK cells to combat
infections both directly and indirectly through
cytokine-mediated activation of other immune
components, thereby enhancing neonatal
immunity.1623

The concentration of NK cells in breast milk shows
progressive increases during lactation, comprising
approximately 0.5% of colostrum leukocytes, 1.3% of
transitional milk cells, and 2% of mature milk cells.24
Another study shows that cytotoxic T cell and NK cells
in colostrum are more abundant than mature milk,
and in mature milk there is a significant different
comparison in moderate preterm mothers.!3 This
proportion is notably reduced in milk from very
preterm mothers and in formula-fed infants.1316 A
study demonstrates that breast milk-associated
Lactobacillus can stimulate Th1 cytokine production
and activate NK cells along with other immune
elements. NK cells in preterm breast milk are
dominated by cytotoxic cells.2526 While NK cells have
been detected in breast milk during Cytomegalovirus
(CMV) reactivation, suggesting their role in antiviral

defense, further investigation is needed to fully
understand their participation in antibody-
dependent cellular cytotoxicity (ADCC) and antibody-
dependent cellular phagocytosis (ADCP) mechanisms
for pathogen clearance in infants.2”

Adaptive Immune Cells In Breast Milk
a. T Lymphocytes

T lymphocyte is about 10-20% of milk
leukocytes.’3 Lymphocytes, crucial components of
adaptive immunity, constitute 5-10% of all leukocytes
in breast milk, with T lymphocytes making up over
80% of this population compared to just 4-6% for B
lymphocytes.16  Within breast milk, CD4+ T
lymphocytes exist in an activated state, displaying
markers such as CD40L, sCD30, IL-2 receptor, HLA-
DR+, hMLA-1, and LAP-1, along with the memory
marker CD45RO. Interestingly, 26-76% of these CD4+
T cells co-express CCR5 and CXCR4, the primary HIV
co-receptors, yet remain preserved in HIV-infected
mothers' breast milk despite their mucosal origin
marked by CD103 expression. This preservation
contrasts with other mucosal sites where HIV
typically depletes such cells. Even HIV-positive
women on effective antiretroviral therapy
maintaining undetectable viral loads often fail to
achieve peripheral CD4+ T-cell recovery, suggesting
that breast milk's CD45RO+ memory T-cells may
possess HIV-resistant properties that protect
mammary tissue from viral replication.162930

The breast milk environment contains
proportionally more CD8+ T-cells than CD4+ T-cells,
which migrate from maternal mucosal immune sites.
These cytotoxic T lymphocytes demonstrate
heightened production of IFN-y and granzymes
during viral infections like CMV, Human
Immunodeficiency Virus (HIV), influenza, or Epstein
Barr virus (EBV), with their numbers correlating
directly with breast milk viral loads.'® This
relationship implies that local viral replication
triggers antigen-specific CD8+ T-cell recruitment to
the mammary gland for viral containment, potentially
limiting transmission.3! Notably, breast milk-derived
cytotoxic T cells exhibit superior cytolytic and
inflammatory mediator production compared to
infant-produced T cells.?® Such mechanisms
contribute to breast milk's role in establishing
neonatal immunological tolerance to maternal and
environmental antigens, potentially preventing
immune-related disorders later in life.32 Supporting
this, breastfed infants demonstrate thymus sizes
twice those of formula-fed counterparts during the
first postnatal weeks, indicating breast milk's
influence on early T cells development including T
cells expansion during three first postnatal weeks.33

Additionally, regulatory T cells (Tregs) in
colostrum appear at higher frequencies than in
peripheral blood, particularly after vaginal deliveries,
and display elevated expression of
immunomodulatory molecules like CD25, CD152,
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CD279, and TGF-B. These colostrum-derived Tregs
exhibit enhanced tolerogenic capacity, mediating
maternal immunomodulation and facilitating micro-
chimerism.3* Their presence benefits newborns by
reducing intestinal inflammation and potentially
lowering risks for allergies, asthma, obesity, and type
1 diabetes throughout infancy and beyond. The
collective action of these lymphocyte populations
underscores breast milk's multifaceted role in
shaping infant immunity through both active
protection and tolerance induction.3>

b. B Lymphocytes

Breast milk's immunological significance lies
particularly in its rich content of diverse
immunoglobulins (Ig), which are antibodies
produced by plasma cells derived from mature B
lymphocytes.13 Following activation, these B cells
transform into either memory B cells or Ig-secreting
cells that subsequently migrate through various
lymphoid tissues - including peripheral lymph nodes,
spleen, tonsils and ultimately reach mucosal effector
sites such as the lactating mammary glands.1¢ This
targeted migration to mammary tissue is facilitated
by the mucosal chemokine CCL28, which becomes
upregulated during lactation and specifically
interacts with CCR10 receptors expressed on IgA-
secreting cells (IgA-SCs). This selective mechanism
explains why IgA-SCs predominantly accumulate in
mammary glands, resulting in sIgA constituting over
90% of breast milk immunoglobulins, unlike IgG or
IgM.1628

An additional protective mechanism, known as the
entero-mammary pathway, enables maternal-infant
immunological communication. This process
suggests that pathogens from the infant's oral cavity
can travel retrogradely through the nipple to
stimulate specific antibody production in the
maternal breast. When the maternal immune system
detects these pathogens, it generates targeted
antibodies that are then delivered back to the infant
through breast milk.1636 Both maternal and infant
infections trigger rapid leukocyte activation in breast
milk, demonstrating this dynamic immunological
exchange. For newborns, whose adaptive immunity is
still developing the capacity to recognize and combat
pathogens, maternal antibodies serve as crucial
immunological support - initially transferred in utero
and later through breastfeeding.22

Notably, breast milk IgA possesses distinct
antimicrobial properties, with concentrations being
particularly elevated in milk from mothers of very
preterm infants compared to term deliveries. sIgA
functions by binding pathogens and forming antigen
complexes that are subsequently captured by
intestinal dendritic cells. These specialized immune
cells then process and present the antigens,
contributing to the infant's developing immune
competence. This sophisticated immunoglobulin
transfer system underscores breast milk's vital role in

providing both immediate protection and
immunological education to the developing infant.16

c. Cytokines and Chemokines In Breast Milk

Breast milk is rich in various cytokines and
chemokines that play crucial roles in infant immunity
and development. These signaling molecules,
primarily produced by the mammary gland, include
interleukins (IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IL-12, IL-13), tumor necrosis factors (TNFa, TGFf),
interferon-gamma (IFN-y), granulocyte colony-
stimulating factor (G-CSF), and several chemokines
(MCP-1/CCL2, MIP-1a/CCL3, MIP-3a/CCL20, MIP-
1B/CCL4, RANTES/CCL5).3738 Cytokines function as
multifunctional peptides acting locally, while
chemokines specifically direct cell migration.
Remarkably, these molecules can cross the infant's
intestinal barrier intact, protected by breast milk
protease inhibitors like alpha 1-antichymotrypsin
and alpha 1-antitrypsin, and further aided by the
newborn's immature digestive system during the first
three months of life.11.1638

These bioactive compounds exert diverse
immunological effects, with some promoting
inflammation to combat infections while others
suppress inflammation. Their influence extends
beyond immunity, as certain cytokines can cross the
blood-brain barrier and participate in neural
development, memory formation, and neurogenesis.
The cytokine profile in breast milk dynamically
responds to the infant's health status - for instance,
infections can shift milk macrophages toward an anti-
inflammatory phenotype. Specific cytokines like TGF-
B, IL-6, and IL-10 are particularly important for gut
immune development, promoting IgA production and
naive immune system maturation. Activated TGF-
helps regulate inflammation, supports tissue repair,
and may prevent allergic diseases, while G-CSF
contributes to intestinal development and sepsis
management.16.38

The composition of these immunomodulatory
factors varies significantly based on maternal factors
including geographic origin, migration history, and
parity. Research demonstrates that a mother's
country of birth can influence her breast milk
cytokine profile, highlighting how these bioactive
components reflect both the maternal environment
and the infant's developmental needs. This
sophisticated system ensures optimal immune
programming and neurodevelopment while adapting
to both maternal and infant conditions.16

. Impact of Storage on Immunological Components

of Human Breast Milk

The use of expressed breast milk (EBM) has grown
significantly as an alternative to direct breastfeeding
in modern infant feeding practices. Typically, mothers
store this expressed milk in freezers before thawing it
for later use. Current CDC recommendations establish
clear storage guidelines: human milk maintains safety
when kept at room temperature (25°C/77°F) for four
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hours, refrigerated (4°C/39°F) for four days, or
frozen (-18°C/0°F or colder) for six to twelve
months.3940 For thawing, frozen milk can either sit at
room temperature for one to two hours or refrigerate
for twenty-four hours. Scientific evidence confirms
that crucial immune factors in colostrum -
particularly cytokines, immunoglobulin A (IgA), and
growth factors - maintain their stability during six
months of frozen storage at -20°C/-4°F. Nevertheless,
research by Putri and colleagues reveals that
temperature variations during storage substantially
impact milk's leukocyte concentrations. Although
extended freezing (approximately nine months) can
modify some characteristics such as pH balance and
free fatty acid levels, the majority of nutritional
components and immune-protective proteins stay
intact when following proper storage protocols.
These include positioning milk containers at the
freezer's rear (avoiding self-defrosting walls) and
maintaining airtight seals to block potential
contamination.4142

The development of flash heating methods aimed
to provide accessible pasteurization for resource-
limited settings, particularly to reduce HIV
transmission. Various pasteurization techniques have
been evaluated for their ability to balance pathogen
elimination with preservation of milk's bioactive
components. However, all heat treatments inevitably
degrade some nutritional and immunological
properties of breast milk, with proteins being
particularly vulnerable. Studies show significant
reductions in sIgA, cytokines, and TGF-f following
pasteurization, with the extent of damage varying by
method - boiling being the most destructive to milk's
bioactive components. This creates an important
trade-off between safety and nutritional or
immunological quality that must be carefully
considered when processing breast milk.41

. Conclusion

Human breast milk (HBM) serves as the primary
source of nutrition that fulfills both the dietary and
physiological requirements of newborns, widely
regarded as the optimal nutritional standard for
infants. Beyond its essential nutrients, HBM contains
a complex biological composition including
microbiota, hormones, growth factors, stem cells,
nucleotides, microRNAs, and numerous
immunologically  active compounds.  These
components collectively provide protection against
pathogens while supporting the development of the
infant's immune system, building upon maternal
immunity transferred both prenatally through the
placenta and postnatally through breastfeeding. The
immunological properties of HBM, comprising innate
and adaptive immune cells along with cytokines and
chemokines, are remarkably preserved during
digestion. This preservation is facilitated by natural
protease inhibitors in milk such as alpha 1-
antichymotrypsin and alpha 1-antitrypsin, allowing

7.

8.

9.

these bioactive factors to maintain their functional
integrity when reaching the infant's gastrointestinal
tract.

Human breast milk (HBM) exhibits a remarkably
adaptable immunological profile that dynamically
adjusts to infant-specific conditions such as
prematurity or illness. This adaptive capability
enables HBM to provide essential immune protection
while simultaneously supporting immune system
maturation and the development of immunological
tolerance. Beyond its immunomodulatory functions,
these bioactive components play a significant role in
promoting the growth and development of various
organ systems. Current practices in expressed milk
storage and handling, however, may potentially
compromise these critical immunological factors,
emphasizing the need for optimized protocols to
preserve HBM's bioactive integrity and maximize its
health benefits for infants. The synergistic
relationship between nutritional and immunological
components in HBM highlights its irreplaceable role
in infant development and underscores the
importance of maintaining its biological potency
through proper handling procedures.

This review identifies several important
knowledge gaps: (1) insufficient longitudinal studies
examining potential links between HBM's
immunological = composition and  long-term
autoimmune disorders; (2) limited understanding of
the precise mechanisms by which milk-derived
immune factors shape infant immune tolerance; and
(3) inadequate data regarding the duration of passive
immunity provided by HBM components, particularly
in vulnerable preterm infants. Addressing these
research gaps could significantly enhance our
understanding of HBM's long-term immunological
impacts and improve clinical practices for infant
nutrition.

Author Contribution
F.C.I. and H.S. carried out the topics. H.S. wrote
the manuscript with support from F.C.I.

Acknowledgements
None

References

1. Harmancioglu B, Kabaran S. Breast Milk: Its
Role in Early Development of the Immune
System and Long-Term Health. Open Journal of
Obstetrics and Gynecology. 2019;9(4):458-73.

2.  Hatmal MM, Al-Hatamleh MAI, Olaimat AN,
Alshaer W, Hasan H, Albakri KA, et al
Immunomodulatory Properties of Human
Breast Milk: MicroRNA Contents and Potential
Epigenetic Effects. Biomedicines.
2022;10(6):1219.

3. Boronat-Catald M, Montiel-Company ]M,
Bellot-Arcis C, Almerich-Silla JM, Catala-
Pizarro M. Association between duration of
breastfeeding and malocclusions in primary

157


https://www.scirp.org/journal/paperinformation?paperid=91751
https://www.scirp.org/journal/paperinformation?paperid=91751
https://www.scirp.org/journal/paperinformation?paperid=91751
https://www.mdpi.com/2227-9059/10/6/1219
https://www.mdpi.com/2227-9059/10/6/1219
https://www.mdpi.com/2227-9059/10/6/1219
https://www.nature.com/articles/s41598-017-05393-y
https://www.nature.com/articles/s41598-017-05393-y

10.

11.

12.

13.

14.

15.

and mixed dentition: a systematic review and
meta-analysis. Sci Rep. 2017;7(1):5048.

Belfort MB. The Science of Breastfeeding and
Brain Development. Breastfeeding Medicine.
2017;12(8):459-61.

Quitadamo PA, Comegna L, Cristalli P. Anti-
Infective, Anti-Inflammatory, and

Immunomodulatory Properties of Breast Milk
Factors for the Protection of Infants in the

Pandemic From COVID-19. Front Public
Health. 2021;8:589736.

Toscano M, De Grandi R, Grossi E, Drago L. Role
of the Human Breast Milk-Associated
Microbiota on the Newborns’ Immune System:
A Mini Review. Front Microbiol. 2017;8:2100.
American Pregnancy Association.
Breastfeeding Overview. American Pregnancy
Association. 2022. Available from:
https://americanpregnancy.org/healthy-

pregnancy/breastfeeding/breastfeeding-

overview/
Nufiez-Delgado A, Mizrachi-Chavez VM, Welti-

Chanes ], Macher-Quintana ST, Chuck-
Herndndez C. Breast milk preservation:
thermal and non-thermal processes and their

effect on microorganism inactivation and the
content of bioactive and  nutritional

compounds. Front Nutr. 2024;10:1325863.

Yi DY, Kim SY. Human Breast Milk Composition
and Function in Human Health: From

Nutritional Components to Microbiome and
MicroRNAs. Nutrients. 2021;13(9):3094.
Ballard O, Morrow AL. Human Milk
Composition: Nutrients and Bioactive Factors.
Pediatric Clinics. 2013;60(1):49-74.
Witkowska-Zimny M, Kaminska-El-Hassan E.
Cells of human breast milk. Cell Mol Biol Lett.
2017;22(1):11.

Zheng Y, Corréa-Silva S, de Souza EC, Maria
Rodrigues R, da Fonseca FAM, Gilio AE, et al.
Macrophage profile and homing into breast
milk in response to ongoing respiratory

infections in the nursing infant. Cytokine.
2020;129:155045.

Trend S, Jong E de, Lloyd ML, Kok CH,
Richmond P, Doherty DA, et al. Leukocyte
Populations in Human Preterm and Term

Breast Milk Identified by Multicolour Flow
Cytometry. PLOS ONE. 2015 Aug

19;10(8):e0135580.

Molés JP, Tuaillon E, Kankasa C, Bedin AS,
Nagot N, Marchant A, et al. Breastmilk cell
trafficking induces microchimerism-mediated

immune system maturation in the infant.
Pediatric Allergy and Immunology.

2018;29(2):133-43.

Khudri G, Sukmawati D, Barasila A, Suryandari
D. Association between Macrophage’s Cell
Number and Maternal Factors in Human Milk.
Makara Journal of Science. 2024;28(2):7.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lokossou GAG, Kouakanou L, Schumacher A,
Zenclussen AC. Human Breast Milk: From Food
to Active Immune Response With Disease
Protection in Infants and Mothers. Front
Immunol. 2022;13:849012.

Twigger A], Kiiffer GK, Geddes DT, Filgueria L.
Expression of Granulisyn, Perforin and

Granzymes in Human Milk over Lactation and
in the Case of Maternal Infection. Nutrients.

2018;10(9):1230.

Mezu-Ndubuisi O], Maheshwari A. Role of
macrophages in fetal development and
perinatal disorders. Pediatr Res.
2021;90(3):513-23.

Zhang F, Xia Y, Su ], Quan F, Zhou H, Li Q, et al.
Neutrophil diversity and function in health and
disease. Sig Transduct Target Ther.
2024;9(1):343.

Yu JC, Khodadadi H, Malik A, Davidson B, Salles
E da SL, Bhatia ], et al. Innate Immunity of
Neonates and Infants. Front Immunol.
2018;9:1759.

Dixon DL, Forsyth KD. Leukocytes in expressed
breast milk of asthmatic mothers. Allergologia
et Immunopathologia. 2017;45(4):325-32.
Hassiotou F, Geddes DT. Immune Cell-
Mediated Protection of the Mammary Gland
and the Infant during Breastfeeding. Advances
in Nutrition. 2015;6(3):267-75.

Marischen L, Englert A, Schmitt AL, Einsele H,
Loeffler ]. Human NK cells adapt their immune
response towards increasing multiplicities of

infection of Aspergillus fumigatus. BMC
Immunol. 2018;19(1):39.

Li S, Zhang L, Zhou Q, Jiang S, Yang Y, Cao Y.
Characterization of Stem Cells and Immune
Cells in Preterm and Term Mother’s Milk. |
Hum Lact. 2019;35(3):528-34.

Fernandez L, Langa S, Martin V, Maldonado A,
Jiménez E, Martin R, et al. The human milk
microbiota: Origin and potential roles in health
and disease. Pharmacological Research.
2013;69(1):1-10.

Caba-Flores MD, de la Soledad Lagunes-Castro
M, Loépez-Monteon A, Viveros-Contreras R,
Kuri JGN, Huerta-Morales D, et al. Analysis of
the presence of natural Kkiller cell
subpopulations in preterm human milk: A first
approach. Journal of Reproductive
Immunology. 2024;166:104394.

Pighi C, Rotili A, De Luca M, Chiurchiu §, Calo
Carducci FI, Rossetti C, et al. Characterization
of Natural Killer Cell Profile in a Cohort of
Infected Pregnant Women and Their Babies
and Its Relation to CMV Transmission. Viruses.
2024;16(5):780.

Demers-Mathieu V, Underwood MA, Beverly
RL, Nielsen SD, Dallas DC. Comparison of
Human Milk Immunoglobulin Survival during
Gastric Digestion between Preterm and Term

158



https://www.nature.com/articles/s41598-017-05393-y
https://www.nature.com/articles/s41598-017-05393-y
https://www.liebertpub.com/doi/abs/10.1089/bfm.2017.0122
https://www.liebertpub.com/doi/abs/10.1089/bfm.2017.0122
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2020.589736/full
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2020.589736/full
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2020.589736/full
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2020.589736/full
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2020.589736/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.02100/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.02100/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.02100/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.02100/full
https://americanpregnancy.org/healthy-pregnancy/breastfeeding/breastfeeding-overview/
https://americanpregnancy.org/healthy-pregnancy/breastfeeding/breastfeeding-overview/
https://americanpregnancy.org/healthy-pregnancy/breastfeeding/breastfeeding-overview/
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1325863/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1325863/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1325863/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1325863/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1325863/full
https://www.mdpi.com/2072-6643/13/9/3094
https://www.mdpi.com/2072-6643/13/9/3094
https://www.mdpi.com/2072-6643/13/9/3094
https://www.mdpi.com/2072-6643/13/9/3094
https://www.pediatric.theclinics.com/article/S0031-3955(12)00167-8/abstract
https://www.pediatric.theclinics.com/article/S0031-3955(12)00167-8/abstract
https://doi.org/10.1186/s11658-017-0042-4
https://www.sciencedirect.com/science/article/pii/S1043466620300612
https://www.sciencedirect.com/science/article/pii/S1043466620300612
https://www.sciencedirect.com/science/article/pii/S1043466620300612
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0135580
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0135580
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0135580
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0135580
https://onlinelibrary.wiley.com/doi/abs/10.1111/pai.12841
https://onlinelibrary.wiley.com/doi/abs/10.1111/pai.12841
https://onlinelibrary.wiley.com/doi/abs/10.1111/pai.12841
https://scholarhub.ui.ac.id/science/vol28/iss2/7
https://scholarhub.ui.ac.id/science/vol28/iss2/7
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.849012/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.849012/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.849012/full
https://www.mdpi.com/2072-6643/10/9/1230
https://www.mdpi.com/2072-6643/10/9/1230
https://www.mdpi.com/2072-6643/10/9/1230
https://www.nature.com/articles/s41390-020-01209-4
https://www.nature.com/articles/s41390-020-01209-4
https://www.nature.com/articles/s41390-020-01209-4
https://www.nature.com/articles/s41392-024-02049-y
https://www.nature.com/articles/s41392-024-02049-y
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.01759/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.01759/full
https://www.sciencedirect.com/science/article/pii/S0301054616301501
https://www.sciencedirect.com/science/article/pii/S0301054616301501
https://www.sciencedirect.com/science/article/pii/S2161831322009164
https://www.sciencedirect.com/science/article/pii/S2161831322009164
https://www.sciencedirect.com/science/article/pii/S2161831322009164
https://doi.org/10.1186/s12865-018-0276-6
https://doi.org/10.1186/s12865-018-0276-6
https://doi.org/10.1186/s12865-018-0276-6
https://doi.org/10.1177/0890334419838986
https://doi.org/10.1177/0890334419838986
https://www.sciencedirect.com/science/article/pii/S104366181200165X
https://www.sciencedirect.com/science/article/pii/S104366181200165X
https://www.sciencedirect.com/science/article/pii/S104366181200165X
https://www.sciencedirect.com/science/article/pii/S0165037824002031
https://www.sciencedirect.com/science/article/pii/S0165037824002031
https://www.sciencedirect.com/science/article/pii/S0165037824002031
https://www.sciencedirect.com/science/article/pii/S0165037824002031
https://www.mdpi.com/1999-4915/16/5/780
https://www.mdpi.com/1999-4915/16/5/780
https://www.mdpi.com/1999-4915/16/5/780
https://www.mdpi.com/1999-4915/16/5/780
https://www.mdpi.com/2072-6643/10/5/631
https://www.mdpi.com/2072-6643/10/5/631
https://www.mdpi.com/2072-6643/10/5/631

29.

30.

31.

32.

33.

34.

35.

Infants. Nutrients. 2018;10(5):631.
Henrick BM, Yao XD, Nasser L, Roozrogousheh

A, Rosenthal KL. Breastfeeding Behaviors and
the Innate Immune System of Human Milk:

Working Together to Protect Infants against
Inflammation, HIV-1, and Other Infections.

Front Immunol. 2017;8:1631.
Pedersen SH, Wilkinson AL, Andreasen A,
Kinung’hi SM, Urassa M, Michael D, et al

Longitudinal analysis of mature breastmilk

and serum immune composition among mixed
HIV-status mothers and their infants. Clinical

Nutrition. 2016;35(4):871-9.

Moylan DC, Pati SK, Ross SA, Fowler KB,
Boppana SB, Sabbaj S. Breast Milk Human
Cytomegalovirus (CMV) Viral Load and the

Establishment of Breast Milk CMV-pp65-

Specific CD8 T Cells in Human CMV Infected
Mothers. The Journal of Infectious Diseases.

2017;216(9):1176-9.
MacGillivray DM, Kollmann TR. The Role of
Environmental Factors in Modulating Immune

Responses in Early Life. Front Immunol.
2014;5:434.

Wood H, Acharjee A, Pearce H, Quraishi MN,
Powell R, Rossiter A, et al. Breastfeeding

promotes early neonatal regulatory T-cell
expansion and immune tolerance of non-
inherited  maternal _ antigens.  Allergy.
2021;76(8):2447-60.

Cérbulo-Vazquez A, Hernandez-Pelaez G,
Arriaga-Pizano LA, Bautista-Pérez P, Romero-
Venado ], Flores-Gonzalez JC, et al
Characterization of CD127- CD25++ Treg from
human colostrum. American Journal of
Reproductive Immunology.
2018;79(2):e12806.

Parigi SM, Eldh M, Larssen P, Gabrielsson S,
Villablanca EJ]. Breast Milk and Solid Food

36.

37.

38.

39.

40.

41.

42.

Shaping Intestinal Immunity. Front Immunol.
2015;6:415.

Moossavi S, Azad MB. Origins of human milk
microbiota: new evidence and arising
questions. Gut Microbes. 2020 Nov
9;12(1):1667722.

Collado MC, Santaella M, Mira-Pascual L,
Martinez-Arias E, Khodayar-Pardo P, Ros G, et
al. Longitudinal Study of Cytokine Expression

Lipid Profile and Neuronal Growth Factors in
Human Breast Milk from Term and Preterm

Deliveries. Nutrients. 2015 Oct;7(10):8577-
91.

Vass RA, Kemeny A, Dergez T, Ertl T, Reglodi D,
Jungling A, et al. Distribution of bioactive
factors in human milk samples. Int Breastfeed
]J. 2019 Feb 11;14(1):9.

Centre for Disease Control and Prevention.
Breast Milk Storage and Preparation. CDC.
2024. Available from:
https: //www.cdc.gov/breastfeeding /breast-
milk-preparation-and-storage /handling-
breastmilk.html

Eglash A, Simon L, The Academy of
Breastfeeding Medicine. ABM Clinical Protocol
#8: Human Milk Storage Information for Home
Use for Full-Term Infants, Revised 2017.
Breastfeeding Medicine. 2017;12(7):390-5.
Demers-Mathieu V, Huston RK, Dallas DC.
Cytokine Expression by Human Macrophage-
Like Cells Derived from the Monocytic Cell Line
THP-1 Differs between Treatment with Milk
from Preterm- and Term-Delivering Mothers
and Pasteurized Donor Milk. Molecules.
2020;25(10):2376.

Putri DK, Syaidah R, Jusuf AA. The Effects of
Different Storage Conditions on Leukocytes in
Human Breast Milk. Sultan Qaboos Univ Med J.
2024;24(1):91-8.

159


https://www.mdpi.com/2072-6643/10/5/631
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2017.01631/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2017.01631/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2017.01631/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2017.01631/full
https://www.sciencedirect.com/science/article/pii/S026156141500148X
https://www.sciencedirect.com/science/article/pii/S026156141500148X
https://www.sciencedirect.com/science/article/pii/S026156141500148X
https://doi.org/10.1093/infdis/jix457
https://doi.org/10.1093/infdis/jix457
https://doi.org/10.1093/infdis/jix457
https://doi.org/10.1093/infdis/jix457
https://doi.org/10.1093/infdis/jix457
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2014.00434/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2014.00434/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2014.00434/full
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.14736
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.14736
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.14736
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.14736
https://onlinelibrary.wiley.com/doi/abs/10.1111/aji.12806
https://onlinelibrary.wiley.com/doi/abs/10.1111/aji.12806
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2015.00415/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2015.00415/full
https://doi.org/10.1080/19490976.2019.1667722
https://doi.org/10.1080/19490976.2019.1667722
https://doi.org/10.1080/19490976.2019.1667722
https://www.mdpi.com/2072-6643/7/10/5415
https://www.mdpi.com/2072-6643/7/10/5415
https://www.mdpi.com/2072-6643/7/10/5415
https://www.mdpi.com/2072-6643/7/10/5415
https://doi.org/10.1186/s13006-019-0203-3
https://doi.org/10.1186/s13006-019-0203-3
https://www.cdc.gov/breastfeeding/breast-milk-preparation-and-storage/handling-breastmilk.html
https://www.cdc.gov/breastfeeding/breast-milk-preparation-and-storage/handling-breastmilk.html
https://www.cdc.gov/breastfeeding/breast-milk-preparation-and-storage/handling-breastmilk.html
https://www.liebertpub.com/doi/abs/10.1089/bfm.2017.29047.aje
https://www.liebertpub.com/doi/abs/10.1089/bfm.2017.29047.aje
https://www.liebertpub.com/doi/abs/10.1089/bfm.2017.29047.aje
https://www.mdpi.com/1420-3049/25/10/2376
https://www.mdpi.com/1420-3049/25/10/2376
https://www.mdpi.com/1420-3049/25/10/2376
https://www.mdpi.com/1420-3049/25/10/2376
https://www.mdpi.com/1420-3049/25/10/2376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10906764/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10906764/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10906764/

	1. Introduction
	3. Types and Composition of Breast Milk
	4. Immunological Profile of Breast Milk
	Innate Immune Cells In Breast Milk
	Table 2. Immune cells in human breast milk

	5. Impact of Storage on Immunological Components of Human Breast Milk
	6. Conclusion
	8. Acknowledgements

