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ABSTRACT 
 
Allergic disease often begins in early life, and the increased prevalence has been linked to 
reduced microbial exposure and dietary changes associated with modern lifestyle. These 
changes in environmental stimuli are thought to negatively influence immune maturation 
and thereby increase the risk of allergic sensitization. Supplementation with probiotics and 
ω-3 polyunsaturated fatty acids (PUFAs), have been proposed as strategies to mitigate the 
lack of stimuli, promoting immune tolerance and preventing subsequent allergic disease in 
the infant. Human breast milk contains several immune relevant components, including 
extracellular vesicles (EVs) and microRNAs (miRNAs), which may mediate vertical immune 
signaling from the mother to baby, contributing to infant immune maturation.  
 
This thesis is based on a randomized placebo-controlled study, where pre- and postnatal 
supplementation with the probiotic bacteria Limosilactobacillus (L) reuteri and/or ω-3 
PUFAs was given from gestational week 20 until delivery (L. reuteri) and ω-3 three months 
postpartum. After birth, the child continued with L. reuteri for a year and was exposed to ω-
3 through breastfeeding. The overall aim was to study human milk-derived EVs and miRNAs 
in relation to infant immune maturation, and to investigate how the supplementations 
modulate these breast milk components.  
 
In Paper I, we show that several breast milk miRNAs moderately correlate with the 
proportions of resting and activated regulatory T cells in infants at 6 and 24 months of age, 
suggesting a potential role for milk-derived miRNAs in tolerance development. However, 
maternal supplementation did not alter the relative expression of 24 immune-related 
miRNAs in colostrum or in mature milk.  
 
Following this, we evaluated the impact of milk sample handling on EVs and their miRNA 
cargo. In Paper II, Frozen milk samples had comparable EV characteristics and miRNA 
expression as fresh samples, supporting their use in large-scale studies with biobank materials. 
However, casein removal with sodium citrate seem to affect some EV characteristics between 
fresh and frozen samples, highlighting the importance of methodological considerations in 
EV research.  
 
In Paper III, we demonstrate that there are effects of maternal supplementation on 
expression of EV-associated miRNAs in breast milk, but these effects seem to depend on the 
maternal allergy status. Also, miR-223-3p was higher in milk-EVs from allergic compared to 
non-allergic mothers, without any supplemental interactions. Thus, both maternal allergy 
and dietary interventions might shape aspects of the miRNA composition in milk-derived 
EVs, potentially influencing infant immune maturation and allergy risk.  
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Finally, in Paper IV, we provided an in-depth proteomic characterization of milk-derived 
EVs, revealing that surface-associated proteins were enriched in immune-related functions, 
whereas luminal cargo proteins were primarily associated with intracellular processes and 
exosome biogenesis. The results suggest that milk-derived EVs originate from multiple 
cellular sources, both the mammary gland and immune cells, and that EV surface proteins 
may play key roles in vertical immune communication.  
 
Together, these findings support the concept where human milk-derived EVs and their 
miRNA cargo are influenced both by maternal allergy status and dietary interventions. 
Furthermore, milk EVs and their cargo may contribute to early-life immune programming, 
potentially affecting tolerance development and allergy risk in the infant.   
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
Allergiska sjukdomar börjar ofta tidigt i livet och har kopplats till förändringar i vår moderna 
livsstil, såsom minskad exponering för bakterier och förändrade kostvanor. Dessa faktorer 
tros påverka hur immunförsvaret utvecklas tidigt i livet, vilket kan öka risken för att utveckla 
allergi. Tillskott av probiotiska bakterier samt omega-3-fettsyror under graviditet och amning 
har därför föreslagits som möjliga sätt att stärka barnets immunförsvar och därmed främja 
tolerans och minska allergirisk. 
 
Bröstmjölk innehåller många komponenter som är viktiga för barnets immunförsvar. Bland 
dessa finns till exempel små partiklar som kallas extracellulära vesiklar (EV), samt små 
molekyler som kallas mikroRNA (miRNA). miRNA kan påverka genuttryck och cellens 
tillverkning av proteiner och EV fungerar som budbärare mellan celler. Denna överföring av 
information mellan celler tros även kunna vara viktig mellan mamman och barn; en möjlighet 
för mamman att påverka utvecklingen av barnets omogna immunförsvar. 
 
I en forskningsstudie har vi gett gravida kvinnor tillskott av den probiotiska bakterien 
Limosilactobacillus reuteri och/eller omega-3-fettsyror från graviditetsvecka 20, i syfte att 
undersöka hur dessa tillskott påverkar EV och miRNA i bröstmjölk samt hur dessa faktorer 
kan kopplas till utvecklingen av barnets immunförsvar. 
 
I min forskning har jag bland annat sett att tillskottet av bakterier och fettsyror inte nämnvärt 
påverkade nivåerna av ett antal utvalda immunrelaterade miRNA då de mäts direkt i 
bröstmjölken. Om man däremot studerar EV-omslutna miRNA så ser vi att framför allt 
omega-3 behandlingen påverkar nivåerna av vissa miRNA, särskilt när man tittar inom 
allergiska och icke-allergiska mödrar separat. Vidare såg vi även samband mellan mängden av 
vissa miRNA och antalet regulatoriska T-celler hos barnen, en celltyp som är viktig för att 
utveckla immunologisk tolerans och därmed motverka allergi. I ytterligare en delstudie visar 
vi att frysta bröstmjölksprover kan användas för analyser av EV och miRNA utan att 
resultaten påverkas nämnvärt. Detta underlättar i studier där mjölkprover måste samlas in 
och frysas i så kallade biobanker som förvarar prover från forskning och sjukvård. I min sista 
delstudie analyserades proteiner från mjölk-EV, varpå vi visar att många proteiner på EV-ytan 
är relevanta för immunförsvaret.  
 
I sin helhet tyder min forskning på att bröstmjölks-EV kan fungera som budbärare mellan 
mamma och barn och därigenom påverka immunologisk utmognad. Resultaten visar också 
att bröstmjölks-EV påverkas av såväl moderns allergistatus som tillskott av probiotika och 
omega-3 under graviditet och amning. Dessa komponenter kan därför spela en viktig roll i 
tidig immunutveckling, samt tolerans, vilket i sin tur kan påverka barnets risk att utveckla 
allergisk sjukdom. 
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BACKGROUND 

When the Immune System Mistakes Friends for Foe 
Allergy can be defined as an inappropriate immune response to otherwise harmless antigens, 
referred to as allergens.1 The “atopic march” describes the development of allergic disease 
during infancy and childhood. In some children it is seen as a progression from atopic eczema 
in infancy, followed by immunoglobulin-E (IgE)-mediated food allergy, with later 
development of wheezing/asthma and allergic rhinitis (AR) caused by inhalant allergens, e.g. 
pollen.2  Allergic responses can be divided into three phases: sensitization, the acute, and the 
late reaction.3 

 

Priming the Immune System: The Sensitization Phase 
Sensitization is initiated when an allergen crosses our first line of defense: the epithelial barrier 
at mucosal surfaces, such as the respiratory or intestinal tract, or through the skin.1 After the 
breach, the allergen is taken up by tissue-resident antigen presenting cells (APCs). The main 
ones are the dendritic cells (DCs). DCs are considered to be the bridge between the innate – 
i.e. the fast reacting but rather unspecific line of immune cells and the adaptive immune 
system, – i.e. immune cells that take longer time to mount but then eliminate with more 
precision and also develop memory against certain pathogens.4 Initial immune cell activation 
occurs through the detection of conserved molecules, known as pathogen-associated 
molecular patterns.5 These signals are recognized by pattern recognition receptors, such as 
Toll-like receptors (TLRs) and NOD-like receptors. After activation, DCs will migrate to the 
closest draining lymph node and present the allergen on major histocompatibility complex 
class II (MHC II) molecules to naïve CD4⁺ T helper (Th) cells – a cell type within the 
adaptive immune system. Upon activation, the naïve Th cell can differentiate into several 
effector cells depending on the antigen presented and cytokines in the environment, see 
figure 1.6  
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Figure 1. Activation and differentiation of CD4+ T helper (Th) cells. Full activation of the Th cell requires activation 
of the T cell receptor-CD3 complex which binds to the MHC II (signal 1), as well as binding between the co-stimulatory 
molecules CD28 on the T cell and CD80/CD86 on the antigen presenting cell (APC) (signal 2). Specific cytokines will 
drive the differentiation into the different Th cell subtypes (signal 3). The cytokines will induce activation of different 
signal transducer and activator of transcription (STAT) family proteins, as well as activation of lineage-specific 
transcription factors. Cytokine signaling will also induce expression of suppressor of cytokine signaling (SOCS) proteins, 
which will regulate in a negative-feedback loop,7 suppressing activation and further differentiation. Created in 
Biorender.com. 

There are several Th subsets; I will focus on the ones of particular importance to my thesis 
work, i.e. Th1, Th2, Th17 and Regulatory T (Treg) cells (Figure 1). Th2 cells are primarily 
involved in immune responses against extracellular parasites. Dysregulation of Th2 response 
play a central role in allergic inflammation. Differentiation of naïve Th cells to Th2 cells is 
induced by interleukin-4 (IL-4), which activates STAT6, and promotes the expression of the 
transcription factor GATA-binding protein 3 (GATA-3) (Figure 1).8 In addition, IL-2 
activates STAT5 that will also contribute to Th2 differentiation and expansion. These 
pathways are regulated by SOCS5, that inhibit STAT6, and SOCS1 suppresses STAT5 
activation and thereby also regulates Th2 responses.7 Th2 cells produce cytokines such as IL-
4, and IL-13, which promote activation of mast cells and basophils; the cells responsible for 
the acute phase, and IL-5 will promote activation and recruitment of eosinophils; the cells 
mainly responsible for the late-phase reaction. In addition, IL-4 promotes B cell class 
switching to allergen-specific IgE, which binds to high-affinity IgE receptors (FcεRI) 
expressed on mast cells and basophils, thereby sensitizing the individual.9  
 
Another cell type that can be defined as an APC is the monocyte, also included in the innate 
immune system. Circulating monocytes can be classified into three main subsets based on 
their expression of CD14 and CD16.10 These subpopulations differ in their functional 
properties: classical monocytes (CD14++CD16⁻) constitute the majority of circulating 
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monocytes and are primarily responsible for phagocytosis of pathogens and dead cells. 
Intermediate monocytes (CD14+CD16+) are important for antigen presentation, as they 
express high levels of MHC II, whereas nonclassical monocytes (CD14⁻CD16++) are involved 
in patrolling the vascular system and are less capable of phagocytosis. Eguíluz-Gracia et al.11 
demonstrated that CD14+ monocytes migrates to nasal mucosa from the circulation after 
allergen exposure. In the tissue, they differentiate into macrophages, in response to IL-4, IL-
13 or parasites.11,12 Through their ability to present allergens and produce cytokines, 
macrophages play a role in sustaining Th2-driven immune responses.  
 

When Memory Turns Harmful: The Allergic Response 
Upon re-exposure to the allergen, IgE bound to the FcεRI on the surface of mast cells and 
basophils becomes crosslinked, triggering rapid cellular activation and degranulation. Mast 
cells, which are located in tissues such as the skin, respiratory tract, and gastrointestinal 
mucosa, play a central role in initiating the immediate allergic response.9,13 Degranulation 
results in release of mediators, including histamine, proteases such as tryptase, and heparin, 
followed by the release of lipid mediators such as prostaglandins and leukotrienes, as well as 
the secretion of cytokines and chemokines. Basophils, circulating granulocytes, have similar 
effector functions as mast cells, and will also contribute to the allergic reactions.9 Collectively, 
these mediators drive the early-phase of the allergic response, which occurs within minutes 
after allergen exposure and is clinically manifested as pruritus, increased vascular permeability 
leading to tissue edema, vasodilation, mucus secretion, and bronchoconstriction.14 In 
addition, to immune cell activation, epithelia cells also contribute to the amplification of the 
allergic response.9,15 Upon allergen exposure, epithelial cells may release alarmins such as 
thymic stromal lymphopoietin (TSLP), IL-25 and IL-33. These cytokines can activate DCs, 
and group 2 innate lymphoid cells (ILC2s). Activated ILC2s produce IL-5 and IL-13 
without any antigen activation and thereby enhancing the type 2 immune response. Several 
hours after allergen exposure, a late-phase reaction may develop, characterized by sustained 
inflammation and the recruitment of additional immune cells to the affected tissue. 
Eosinophils are recruited primarily through IL-5 signaling.9 Once activated, eosinophils 
release granules with cytotoxic proteins, lipid mediators, and reactive oxygen species that 
contribute to tissue damage and chronic inflammation. In parallel, additional Th2 cells 
accumulate at the site of inflammation, producing cytokines that enhance the allergic 
response. IL-13 promotes mucus production at mucosal surfaces, while continued IL-4 
supports IgE class switching and maintains the Th2-skewed immune response.3  
 
Allergic reaction arises upon repeated exposure to unharmful antigens, resulting in IgE 
mediated activation of mast cells and basophils. Th2 cells orchestrate the immune system 
toward an allergy prone state, favoring recruitment of eosinophils and isotype-switch of B cells 
to IgE production. Allergic individuals are, hence, characterized by the imbalance between the 
Th1 and Th2 response.   
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Balancing the Response: Immune Regulation and Tolerance 
While allergic disease is characterized by exaggerated Th2-mediated immune responses, the 
immune system normally maintains a balance between effector and regulatory pathways to 
prevent inappropriate reactions to harmless antigens. A central component of this regulation 
is the balance between Th1 and Th2 cell responses, which is tightly controlled by cytokines 
and lineage-specific transcription factors. Normally, Th1 differentiation is initiated when 
APC encountering intracellular pathogens, such as viruses and intracellular bacteria (Figure 
1). The cell will produce IL-12, which activates STAT4, while interferon- γ (IFN-γ) further 
activates STAT1, together promoting the expression of the key transcription factor T-box 
expressed in T cells (T-bet).16 These signaling pathways are tightly regulated, SOCS3 inhibit 
STAT4, while SOCS1 suppress STAT1 signaling, thereby modulating Th1 differentiation.7 
Th1 cells primarily produce IFN-γ, with the main role of enhancing immune pathways 
involved in the elimination of intracellular pathogens. Specifically, IFN-γ activates cytotoxic 
CD8⁺ T cells and natural killer cells, enhances the phagocytic capacity of macrophages, 
increases the expression of MHC I molecules, and promotes immunoglobulin class switching 
in B cells toward IgG1 and IgG3 production. IgG1 and IgG4 antibodies can compete with IgE 
for allergen binding, thereby preventing allergen crosslinking of IgE bound to FcεRI.17 This 
competitive mechanism reduces cellular activation and mediator release, contributing to 
immune tolerance. Increased IgG4 production in response to IL-10,18 is commonly observed 
after allergen immunotherapy and is considered a sign of induced tolerance.17 Cross-
regulation between Th1 and Th2 pathways further stabilizes lineage commitment and 
maintains immune balance. T-bet suppresses GATA-3 expression and inhibits Th2-
associated gene transcription, whereas GATA-3 inhibits Th1 differentiation through 
downregulation of STAT4.19 Dysregulation of these signals may result in an imbalance, 
favoring Th2 dominance. At birth, the immune system is normally skewed toward a Th2 
phenotype, and later gradually move toward a Th1  phenotype that promote immune 
balance.20 However, infants who later develop allergic disease fail to establish this shift and 
instead exhibit higher levels of Th2 chemokines during childhood which is associated with 
development of allergic disease.21 Reduced exposure to microbial stimuli (endotoxins),22,23 
has been associated with increased susceptibility to allergic disease. This has also been 
demonstrated in a murine model, where high dose of endotoxins administered during 
sensitization, suppress the allergic responses by enhancing IL-12 production by DC, 
supporting Th1 cell differentiation.24 In contrast, low dose of endotoxin resulted in allergic 
sensitization by inducing DC maturation that do not produce IL-12, thereby favoring Th2 
maturation. This showcases the importance of early-life microbial encounters in shaping the 
immune balance. 
 
In addition to Th1 and Th2 cells, Th17 cells represent a third major Th subset that 
contributes to immune regulation at epithelial barrier sites in response to responses toward 
extracellular bacteria and fungi (Figure 1). Th17 cells differentiate in response to IL-6, 
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transforming growth factor-β (TGF-β), and IL-1β, which activate STAT3, SMADs, and 
IRF4, respectively.25,26 This signaling cascade results in activation of the transcription factor 
retinoic acid receptor-related orphan receptor-γt (RORγt). TGF-β, IL-1β, and IL-6 
contribute to the early stages of Th17 differentiation, whereas IL-23 is mainly involved in the 
expansion and maintenance of differentiated Th17 cells. SOCS3 regulates STAT3 signaling, 
thereby modulating Th17 differentiation.7 However, dysregulated Th17 responses may 
contribute to chronic inflammation and have been linked to allergic disease.26,27 Depending 
on the surrounding cytokine environment, Th17 cells can adopt either pro- or anti-
inflammatory phenotypes. In the presence of IL-1β, Th17 cells tend to be more pro-
inflammatory and produce cytokines such as IL-17A/F and IL-22, which promote 
neutrophilic inflammation and epithelial activation.28 However, in the absence of IL-1β, 
Th17 cells may acquire regulatory features resembling Treg cells and produce IL-10.  
 
During infancy the immature immune system must rapidly learn to distinguish between 
harmful pathogens and harmless environmental antigens, including dietary components and 
commensal microbiota.23 This process requires not only the maturation of effector responses 
but also the establishment of robust regulatory mechanisms that prevent excessive 
inflammation, as well as allergic sensitization. Treg cells are essential for this process, as they 
promote immune tolerance and control inflammatory responses. There are two main types 
of Treg cells: natural Tregs and peripherally induced Tregs. Natural Tregs mature in the 
thymus and have the main task of maintaining self-tolerance and prevent autoimmune 
disease.29,30 Induced Treg cells stems from naïve CD4+ T cells in the periphery with a function 
of regulating immune response against the commensal microbiome and unharmful antigens. 
Beyond their role in antigen recognition and immune activation, DCs are also essential for 
maintaining immunological tolerance and activating Treg cells.31 In tolerogenic states, they 
can present antigens to T cells while expressing reduced levels of co-stimulatory molecules 
and less pro-inflammatory cytokines, accompanied by increased expression of IL-10 and 
TGF-β. Additionally, retinoic acid released by DCs located in the gut-associated lymphoid 
tissue,32 as well as short-chain fatty acids (SCFAs) produced by microbes are also important 
for Treg differentiation.33 Following antigen presentation, IL-2 signaling will promote 
activation of the STAT5, and TGF-β will drive the induction of the key transcription factor 
Forkhead box p3 (Foxp3) (Figure 1).24 Treg cells exert their suppressive functions through 
multiple complementary mechanisms.30 They secrete anti-inflammatory cytokines such as 
IL-10 and TGF-β, which inhibit effector T-cell activation and dampen inflammatory 
responses. In addition, Treg cells express high levels of CD25 (the IL-2 receptor α chain), 
allowing them to consume IL-2 and thereby deprive other effector T cells. Furthermore, Treg 
cells suppress APC function through cytotoxic T-lymphocyte-associated antigen-4 (CTLA-
4) mediated binding to CD80 and CD86, which reduces co-stimulatory signaling and 
dampen pro-inflammatory immune responses.  
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Human Treg cells were initially defined as CD4+CD25+ cells,34–39 and later by the key 
transcription factor Foxp3.40 Furthermore, Treg cells can also be further categorized into 
three subpopulations based on the expression levels of Foxp3 and the naïve marker CD45RA 
as 1) CD45RA-Foxp3++ activated Treg (aTreg), 2) CD45RA+Foxp3+ resting Treg (rTreg) 
and 3) CD45RA-Foxp3+ non suppressive T cells.41 Both rTreg and aTreg exhibit suppressive 
function in vitro, whereas the CD45RA-Foxp3+ population lack this ability. The stability and 
suppressive function of Treg cells are closely associated with epigenetic regulation of the 
Foxp3 gene.41 Both rTreg and aTreg display a higher demethylation pattern of the 5´ flanking 
region and in the STAT5-responsive region of the Foxp3 gene, compared to CD45RA-

Foxp3+ cells. This could explain the lack of suppressive function of CD45RA-Foxp3+ cells. 
Moreover, upon in vitro stimulation, rTreg not only start to proliferate but also showed 
increased expression of Foxp3, CD45RO, and intracellular CTLA-4, suggesting that they 
differentiate into aTregs. However, aTregs on the other hand seems to be short-lived and 
most likely go into apoptosis following suppression. This was also found in vivo, where a 
clonotype, originally identified within the rTreg population became dominant 18 months 
later in the aTreg subset, while being no longer detected in the rTreg subset. Together, these 
findings highlight that the activation, stability, and functional capacity of Treg cells are 
tightly regulated and essential for maintaining immune tolerance. Importantly, the 
development of functional Treg cells is highly influenced by environmental signals, 
particularly during early life, when the immune system is still maturing. Impaired induction 
of Treg cells during this critical period may result in reduced suppression of Th2-mediated 
responses, thereby increasing the risk of allergic sensitization and allergic disease. 
 
Under normal conditions, the immune system is tightly regulated to maintain immune 
balance and tolerance. Treg cells modulate response of effector T cells and limits Th2-mediated 
inflammation. Impaired Treg induction or disrupted Th1/Th2 balance during infancy may 
increase susceptibility to allergic sensitization and disease. 
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A Window of Opportunity: Early Life Immune Programming 
Although genetic predisposition contributes to the risk of allergy development, genetic 
changes cannot account for the rapidly marked increase in allergy prevalence observed over 
recent decades as the time period is too short.1 The increased susceptibility to atopic disease 
seems therefore to be mediated by environmental factors, such as reduced microbial 
exposures and changes in dietary patterns during early immune development both in utero 
and in infancy.42–49   
 
Despite the growing burden of allergic disease, current treatments are primarily aimed at 
symptom relief rather than prevention.50 Most available therapies, including antihistamines 
and corticosteroids, mainly suppress IgE-mediated symptoms and reduce allergic 
inflammation. Other treatment options include recombinant monoclonal antibodies 
targeting IgE, Th2-associated cytokines or their receptors.51,52 Allergen-specific 
immunotherapy represents another approach and may induce long-term tolerance to 
allergens; however, such treatments are not always suitable for prevention of allergic disease, 
nor are they applicable to all types of allergies.44 Given the importance of early-life microbial 
and dietary exposures for immune development and subsequent allergy risk, strategies such 
as probiotics and ω-3 fatty acids have gained interest for perinatal prevention. 
 

Microbiota as Immune Modulator in Early Life 
Several factors influence the microbiota in early childhood, including mode of delivery, 
number of siblings, antibiotic use, living environment, and breastfeeding, and all are 
associated with allergy risk.53 The process of microbial colonization start at birth, and the 
majority of the microorganisms originates from the maternal gut and vaginal microbiota.54 
Vaginally delivered infants acquire the majority of the microbes from the maternal fecal and 
vaginal microbiota, resulting in increased abundance of Bacteroides and Bifidobacterium.55–

57 In contrast, infants delivered by C-section have a microbiome more similar to the skin,58 
with increased colonization by opportunistic pathogens, such as Enterococcus, Enterobacter, 
Klebsiella,59 Clostridium cluster I, and C. difficile.60 Early colonization with Clostridium 
cluster I at five weeks of age have been found to be associated with increased risk of 
developing atopic dermatitis (AD) during early childhood.60  
 
Exposure to the microbial environment early in life plays a significant role in the development 
of the immune system.12 However, when exactly microbial colonization of the human gut 
occurs is still debated. A study by Mishra et al.62 demonstrated compelling findings 
supporting microbial presence in fetal tissue in utero, as well as its potential role in fetal 
immune priming. Using 16S rRNA gene sequencing, the authors confirmed detection of 
several microbes across multiple organs including skin, gut, lung and placenta from second 
trimester fetuses. In addition, fetal primed DCs with Lactobacillus and Staphylococcus 
antigens induced fetal T cell expansion and increased expression of CD45RO.62 These 
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findings suggest that microbial exposure in utero may contribute to activation and shaping 
of the adaptive immune compartment prior to birth. However, a significant limitation with 
this study is the lack of negative control from maternal vaginal and skin microbiota.63 The 
termination was performed by prostaglandin treatment, followed by vaginal delivery, which 
might contaminate the fetuses when they were exposed to the microbiome in the vaginal 
canal. Furthermore, Kennedy et al.64 conclude that the womb is sterile, after reanalyzing 
published data which assessed the presence of microbes directly from the fetus.62,65–67 
Although the presence of live microbes in the womb is questioned, other microbial 
metabolites have been found. SCFAs are microbial metabolites that are important for human 
health in several ways. SCFA can regulate the gut epithelia, and it is also important for Treg 
cell function.33 Maternal microbiome metabolites have been found in second trimester fetal 
tissues, suggesting that it can interact with the neonatal intestine and immune cells before 
birth.68 In addition, maternal IgG with bacteria molecules bound to it can transfer over the 
placenta via the neonatal Fc receptor and can interact with the neonatal immune system.69 
Moreover, extracellular membrane vesicles (MV) produced by bacteria have been isolated in 
placenta, predominantly from gram-negative bacteria.70 It was confirmed that the MVs have 
the capacity to be absorbed both by decidual and placenta cells but do not induce 
inflammation. On the contrary, MVs from a pathogenic E. coli did induce an inflammatory 
response, and a high dose was cytotoxic. Moreover, bacteria MVs have also been identified in 
meconium71 and in amnionic fluid where they exhibit similar protein cargo as vesicles isolated 
from maternal fecal samples.72 Injection of bacterial MVs in pregnant dams showed 
distribution to the mouse fetus, but also accumulation in different organs of the dam.72 
Together this suggest that the maternal microbiota could communicate with the fetus 
through MVs and potentially modulate the immune system.  
 
Already in 1976, Gerrard et al.73 hypothesized that allergic disease may represent a 
consequence of reduced exposure to microbes. It was based on observations of a low 
prevalence of allergic disease among Indigenous populations in northern Canada, where 
helminth, viral and bacterial diseases were common, compared with Caucasian populations 
living in more urbanized environments.45 In line with this, Strachan was the first one to 
describe how children living in large families had a lower risk of developing hay fever and 
eczema, suggesting that the exposure of infections from older siblings had protective effects74. 
Increased number of siblings have also been found to be associated with reduced colonization 
of clostridia and increase of lactobacilli and Bacteroides at five weeks of age.60 In addition, 
having siblings positively influence the restoration process in children born by C-section.75 
Moreover, children raised in farming environments and anthroposophical lifestyle develop 
less hay fever, atopic sensitization and asthma compare to children born in urban and non-
farming areas.47,76,77 Exposure to farm animals and their microbes as well as increased 
consumptions of farm products such as milk, full-fat cream, and butter seem to have 
protective effects.47,78,79 This could be explained by the increased number of Treg cells seen 
in farm-exposed children.80,81 Furthermore, a meta-analysis by Sameeha et al.82 concluded 
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that antibiotic exposure especially during the prenatal period and the first two years of life 
significantly disrupt the composition of the gut microbiome and that it was significantly 
associated with increased risk of allergic diseases. Although the specific microbial alterations 
differed between studies, common patterns included reduced abundance and diversity of 
beneficial bacteria such as Bifidobacterium and Bacteroides and increase of potentially 
pathogenic ones. 
 
Probiotics is defined, according to the Food and Agriculture Organization of the United 
Nations and the World Health Organization as “live microorganisms which when 
administered in adequate amounts confer a health benefit on the host”.83 Increasing attention 
has been given to probiotics as a potential strategy to modulate the immune system. 
Combined pre- and postnatal probiotic supplementation appears to be most effective for 
allergy prevention, as studies using exclusively prenatal84 or postnatal85–88 interventions have 
generally failed to demonstrate similar benefits.89 There have been several clinical trials 
evaluating pre- and postnatal supplementation with different Lactobacillus strains on allergy 
prevention,90–96 including Limosilactobacillus (L) reuteri97. Probiotic treatment was in 
general associated with reduced incidence of eczema and/or IgE-associated eczema in early 
childhood, while limited preventive effects of other allergic diseases, such as allergic 
rhinoconjunctivitis (ARC) or asthma, were observed.98  
 
L. reuteri DSM 17938 is a well-studied probiotic strain that have shown beneficial impact on 
human health.99,100 The functions exerted by the bacteria are enhancement of mucosal barrier 
integrity, modulation of the gut microbiota by the production of antimicrobial compounds 
such as reuterin and lactic acid.99 Moreover, it can regulate the immune responses by 
increasing the number of Treg cells,101 and modulate TLR2 response.102 L. reuteri have the 
ability to release extracellular MVs that express several surface proteins that are involved in 
host-interaction.103 The MVs improve intestinal barrier, hypothetically by interacting with 
TLR2 as it express lipoteichoic acid on the surface, as well as 5´nucleotidase which converts 
AMP to adenosine, a signaling molecule that improve epithelial barrier. MVs have also shown 
to have immune regulatory function in an AD mice model, by reducing Th2 cytokines, as 
well as IgE levels in serum.104 
 

Feeding the Immune System: Dietary Influences by ω-3 Fatty Acids  
The maternal diet during pregnancy and lactation plays a key role in shaping fetal immune 
development. A mediterranean diet has been suggested to be immune protective.105,106 The 
diet characterized by high intake of monounsaturated fats, fish, fruits, vegetables, and whole 
grains. In contrast, the Western diet is instead rich in saturated fats, refined sugars, and 
processed foods. Vassilopoulou et al.106 showed that Mediterranean diet during pregnancy 
and lactation lowered the risk of food allergy in infants, where’s the group with Western diet 
had an increased risk. A meta-analysis reported that fish consumption during pregnancy was 
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associated with lower risk of wheeze, eczema and food allergy in the infants, however, no 
association was observed for AR and asthma.107 The typical Western diet is characterized by 
high intake of ω-6 polyunsaturated fatty acids (PUFAs) and relatively low intake of ω-3 
PUFAs.48,108 While the recommended ω-3:ω-6 ratio ranges from 1:3 to 1:5, instead the ratio 
is approximately 1:10 to 1:30, reflecting a substantial imbalance in favor of ω-6 PUFAs at the 
expense of ω-3 PUFAs. The PUFAs ω-6 linoleic acid and ω-3 a-linolenic acid (ALA), are 
considered essential as humans do not express the enzyme required for endogenous 
production.108 From these PUFAs long chain polyunsaturated fatty acids (LCPUFAs) can be 
metabolized by enzymes into ω-6 arachidonic acid (AA), ω-3 eicosapentaenoic acid (EPA) 
and ω-3 docosahexaenoic acid (DHA). The ω-3 LCPUFAs are considered anti-inflammatory 
through their metabolites such as resolvins, protectins and maresins.109 In contrast, ω-6 AA 
is considered pro-inflammatory, as it will be metabolized into prostaglandins and 
leukotrienes.110  
 
Lipids play a central role in cellular membrane structure, receptor organization, as well as 
intra- and extracellular signaling.111 DHA and EPA are particularly important because of 
their incorporation into cellular membranes that can alter membrane fluidity, lipid raft 
composition, and receptor mobility. Fan et al.112 found that enrichment of ω-3 PUFAs in the 
membrane of T cells reorganizes lipid rafts and dampens cell activation in vitro, showcasing 
how membrane lipid composition directly can modulate T cell responses. ω-3 fatty acids have 
also been found to inhibited Th2 cytokine production in mast cells in vitro.113 ALA reduced 
IL-5 production up to 75.3%, while EPA and DHA lowered levels close to baseline. Similar 
effects were observed for IL-13, where EPA and DHA reduced the production. Collectively, 
these findings suggest that ω-3 fatty acids have anti-inflammatory and immunomodulatory 
effects that may protect against the development of allergic disease.  
 
Several studies investigating ω-3 fatty acid supplementation during pregnancy and early life 
have demonstrated modulation of inflammatory mediators involved in development of 
allergic disease.114 Prenatal supplementation with ω-3 fatty acids have been found to reduce 
cord blood concentrations of IL-4 and IL-13.115,116 Infants in active treatment group were less 
likely to get a positive skin prick test against egg at one year of age.117 In a 6-year follow-up, 
while prenatal supplementation did not show any effect on allergic disease, the 
supplementation seems to lower the risk of sensitization against D. farinae.118 Moreover, 
persistent wheeze or asthma was reduced within the first five years of life when women were 
supplemented prenatally with ω-3 fatty acids.119 The effect was most apparent in children of 
women with low levels of EPA and DHA in blood prior the intervention. In another study, 
pre- and postnatal ω-3 supplementation was associated with a reduced prevalence of IgE-
associated eczema and sensitization at one year of age,120 as well as a decreased risk of 
developing any IgE-mediated disease during the first two years of life among actively treated 
children.121 Furthermore, maternal intake of ω-3 during pregnancy and lactation alter the 
PUFA composition in breast milk. Mothers receiving ω-3 supplementation had significantly 
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higher proportions of ω-3 LCPUFAs in both colostrum and in mature milk compared to 
placebo-supplemented mothers122. In contrast, the proportion of ω-6 LCPUFAs were 
consistently lower in milk from ω-3 supplemented mothers throughout lactation. Most ω-3 
LCPUFAs decreased over the lactation period, except for EPA which increased between 
colostrum and mature milk in the ω-3 supplemented mothers, the same result was not 
observed in the placebo group. Moreover, infants who developed IgE-associated eczema or 
food allergy during the first two years of life were exposed to milk that contained lower levels 
of EPA and DHA in both colostrum and mature milk, compared to healthy infants.120 
Higher AA/EPA ratio in colostrum was associated with development of IgE-associated 
atopic disease. Moreover, pre- and postnatal ω-3 supplementation seems to affect human 
milk oligosaccharides (HMO) diversity in the milk, and that it decreases over the lactation 
period if mothers were supplemented in comparison to the placebo group.123 These findings 
show that maternal ω-3 intake not only change the total lipid composition of breast milk, but 
it is also linked to clinical outcome of allergic disease in the infants.  
 
Environmental exposures during immune development in the perinatal period, such as reduced 
microbial stimuli and certain dietary patterns, may contribute to the risk of allergy 
development. Conversely, pre- and postnatal supplementation with probiotics and ω-3 fatty 
acids has been shown to reduce the risk of allergy development in infants. Although the 
underlying mechanisms remain unclear, breastfeeding may play an important modulatory 
role.  
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Maternal Signals: The Role of Breast Milk in Infant Immune 
Development 
The first source of nutrition for the infant is most often mom’s milk. It is recommended that 
infants are exclusively breastfeed for the first months of life, followed by introducing 
complementary foods at four to six months, while still receiving breast milk.124 Breast milk is 
a complex and dynamic biofluid that contains mainly water, carbohydrates, lipids and 
proteins.125 It also contains immunological components, such as immune cells, antibodies 
(mainly secretory IgA), cytokines, antimicrobial factors.126 All of which can directly protect 
the infant and the developing immune system. Moreover, breastfeeding is also important for 
establishing the microbiota, mainly by contributing with HMOs, which will support growth 
of beneficial microbes and support epithelia barrier function.127  
 
Milk composition varies among mothers and within the same individual over the lactation 
period and feeding session.128 Composition can be influenced by maternal genetics,129 health 
status,130 nutritional status, diet and environmental exposures.125,131 Interestingly, the health 
status of the child also influences the milk composition. Levels of antimicrobial components, 
like lactoferrin and sIgA, have been found associated to infant illness, as well as increased 
numbers of leukocytes.130,132 Tomaszewska et al.133 found that milk from mothers with 
children hospitalized for respiratory tract infections had higher percentage of CD3+, CD4+ 
and CD8+ lymphocytes compared to mothers with healthy children. Moreover, Riskin et 
al.134 showed that the number of CD45+ cells, macrophages, neutrophils and lymphocytes 
increases during infection and decreases throughout recovery.   
 
Whether or not breastfeeding protects against allergic disease remains a topic of debate.135,136 
The inconclusive findings may in part be due to differing milk composition. In fact, several 
studies suggests that maternal allergy status influences breast milk composition in multiple 
ways. For instance, previous studies from our research group has shown that breast milk from 
allergic mothers contain higher levels of Th2-associated cytokines,137 and lower 
concentrations of HMOs compared to non-allergic mothers.123 Moreover, maternal atopy 
and asthma have also been associated with alterations in factors such as milk-derived 
extracellular vesicles (EVs)138–140  and microRNAs (miRNAs).138,140 Two factors that have 
gained increasing attention over the last two decades, for their involvement in cell to cell 
communication.141 In this thesis they are the main focus due to their involvement in vertical 
immunological priming occurring between the mother and baby in the perinatal period.   
 
EVs from human milk were first described by Admyre et al.142, in a publication where they 
also demonstrated that these milk-derived vesicles have immune modulatory properties. 
Mammal milk is unprecedently rich in EVs, enclosing evolutionarily conserved miRNAs143 
specifically targeting immunomodulatory pathways.144–146 Based on their characteristics and 
content, milk-EVs seems to originate mainly from the breast epithelial cells and immune 
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cells.147–150 EVs are membrane-enclosed vesicles released by cells and can be divided into 
different subpopulations, exosomes, microvesicles and apoptotic bodies being the most 
common ones.151 This thesis mainly revolves around the exosome subset. However, it is 
challenging to discriminate between exosomes and microvesicles as they overlap in size and 
lack of unique markers, although some proteins might be enriched in some vesicle 
populations.152,153 With today’s isolation methods it is not possible to isolate completely pure 
exosomes or microvesicles, thus from now on the vesicle population in focus will be referred 
to as small EVs or just EVs.  
 
Small EVs originate primarily from the endolysosomal pathway (Figure 2);154 however, it has 
been confirmed that small EVs can also bud off from the plasma membrane.155,156 During 
maturation, proteins, lipids, metabolites and other cargo such as miRNA can be loaded into 
the EVs.157–160 The molecular mechanism controlling miRNA sorting into EVs is not yet 
completely elucidated,161 although some suggest that it might not be random.162,163 Several 
factors have been proposed to influence this process, including miRNA abundance, specific 
sequence motifs, among others.161 miRNAs are short non-coding RNA molecules, and in its 
mature form approximately 22 nucleotides long.164,165 Most miRNAs originate from introns 
or non-coding transcripts, and the biogenesis is described in figure 2. miRNAs modulate 
gene expression on a post-transcriptional level, by interacting with mRNA and inhibit 
downstream protein translation.166 See schematic overview of the interaction and the 
different pairing sites between the miRNA and mRNA in figure 3.  
 

 
Figure 2. Small extracellular vesicle biogenesis and structure. The endolysosomal biogenesis begins with the formation 
of the endosomes from inward budding of the plasma membrane.154 During maturation of the endosome, the membrane 
invaginates which give rise to intraluminal vesicles (ILVs) and thereby turn into a multivesicular body (MVBs). The 
MVB can either be transported to the plasma membrane, and upon fusion, the ILVs will be released into the extracellular 
space in the form of small EVs. Alternatively, they fuse with the lysosome leading to degradation. Most miRNAs 
originate from introns or non-coding transcripts, and the resulting transcript is called primary miRNA (pri-miRNA).166 



 14 

The pri-miRNA is cleaved by Drosha and its cofactor DiGeorge Syndrome Critical Region 8 (DGCR8) in the nucleus 
into a precursor miRNA (pre-miRNA) that is exported out into the cytoplasm by Exportin 5. Once in the cytoplasm, 
Dicer and its cofactor Transactivation Response Element RNA-Binding Protein (TRBP) will cleave of the terminal loop 
of the pre-miRNA which will result in one 5´and 3´ strand. One of the strands will be released by Dicer and the other will 
be loaded into the RNA-binding protein Argonaute (Ago), forming the RNA-inducing silencing complex (RISC). 
Created in BioRender.com  

 

Figure 3. The miRNA will guide the RISC complex to its target mRNA, where it bind to its complementary site on the 
3´ untranslated region (3´ UTR) of the mRNA.167 miRNA-pairing can have different canonical site types in the 5´end of 
the miRNA. 8mer pairing match position 2-8 in the seed region with an adenosine on the opposite the first position of 
the miRNA. 7mer-m8 site is perfect pairing in the seed region and in position 8, 7mer-A1 site is perfect match in position 
2-7 with an adenosine opposite the first position. The canonical sites 6mer and offset-6mer (match position 2-7 and 
position 3-8, respectively) are weaker and less conserved compared to the other canonical site pairings. In addition, 
pairing at the 3´ supplementary site can occur but is less important for binding. One miRNA might regulate hundreds 
of mRNAs, and several miRNAs might share the same mRNA target, resulting in a very flexible regulation system of 
translation.87 Reproduced with minor modifications from Frontiers. Ahlberg, E. et al. Breast milk microRNAs: Potential 
players in oral tolerance development. Front Immunol. 2023;14,1154211 

Milk-derived EVs appears to be stable and can withstand the harsh conditions of the 
gastrointestinal environment,169,170 including low pH145,171–173 and, to some extent, enzymatic 
digestion.170,171 Luo et al.170 concluded that digestion with pepsin and pancreatin alter EV 
size, whereas amylase and lipase had no effects, indicating that milk EVs may survive through 
the infant gastrointestinal tract. Several in vitro and in vivo studies have shown that milk-
derived EVs can be absorbed by intestinal cells and exert biological function. Following 
gastrointestinal digestion, milk-EVs are able to diffuse through mucus layer.170,174 
Subsequently taken up by intestinal cells, including immortalized, non-transformed cell 
lines, and human enteroids,170–172,175,176 through several pathways such as clathrin- and 
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dynamin-dependent endocytosis and micropinocytosis.170,176 Furthermore, Yung et al.176 
investigated the in vivo interaction between human milk EVs and the infant gut by collecting 
digested milk from the intestinal content after feeding. EVs isolated from the digested milk 
were used to stimulated human neonatal enteroids, where they could see uptake by the cells. 
Moreover, based on two in vivo studies on the bioavailability of bovine milk-EVs after oral 
gavage in mice were approximately 25%177 - 45%178. In line with this, Weil et al.179 showed the 
milk spiked with synthetic cel-miR-39 reach the bloodstream in piglets. In addition, cel-miR-
39 was loaded into Ago2 in the intestinal cell, suggesting that maternal miRNA could affect 
infant post-transcriptional regulation. Furthermore, others have shown that EVs can 
distribute to several peripheral tissues, primarily the small intestine and liver, but also spleen, 
brain, kidney,177,180 and lung178, suggesting that milk EVs have the potential to affect distant 
tissues and organ in the infant. After intestinal absorption, the vesicles can be taken up by 
DCs173 and macrophages181. However, macrophages appear to be the main cell type that 
mediate systemic transportation, as depletion results in EV accumulation primarily in the 
liver.177 Taken together, these findings imply conserved biological mechanisms for milk EVs 
and their cargo, e.g. miRNAs, to potentially influence infant immune maturation.  
 
The importance of miRNAs for immune functions has been tested in genetically modified 
animal models. Deletion of Drosha in CD4+ cells showed reduced levels of pre-miRNAs in 
T cells.182 The mice also presented with higher frequency of inflammatory disease, even 
though they had a lower thymic T lymphocyte output compared to controls. In addition, a 
loss in Treg cells was observed, and Foxp3 induction was also restricted in the model. 
Differentiation of Th1 and Th2 cells was still possible, including cytokine production. Dicer 
depletion also affects the induction of Foxp3 expression in the CD4+CD25- T cells after 
TGF-b stimulation.183  Dgcr8-deficient Treg cells also show impaired function with limited 
regulatory function, in combination with increased number of IFN-γ producing CD4+ and 
CD8+ T cells.184 Together, these findings suggest that miRNAs are crucial for Treg cell 
function, while appearing to be less critical for other T cell subsets. This has been further 
demonstrated by Lu et al.185 that found that mice with a miR-155 deficiency had less Treg 
cells and that it might be due to impaired IL-2 signaling. miR-155 inhibit SOCS1 which 
negatively regulate STAT5, thereby increases IL-2 signaling. In the absence of miR-155, 
elevated SOCS1 levels reduce IL-2 signaling, thus modulate Treg cell homeostasis by raising 
the threshold for IL-2 receptor signaling. Moreover, transfection of miR-155 mimic in CD4+ 
T cells increased the percentage of Treg cells, as well as Foxp3 mRNA.186 While, miR-181a 
mimic did not increase the number of Treg cells, it did increase the relative expression of IL-
10 and TGF-b mRNA. Transfection of miR-15a and miR-16 decrease expression of Foxp3 
and CTLA4, as well as partially reverse demethylation of the Foxp3 gene.187 miRNAs that are 
involved in T cell regulation have previously been extensively reviewed by Rodríguez-Galán 
et al.188  
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Several miRNAs have been associated with allergic disease both in animal models and in 
humans. In one animal study, mice with AR had significantly lower levels of miR-155 and 
miR-181a in peripheral blood mononuclear cells (PBMCs), and systemic administration of 
miR-155 mimic increased the proportion of Treg cells.186  Consistent with this, children with 
allergic disease have been reported to exhibit lower expression of Treg-derived miR-155 and 
miR-181a, which were negatively correlated with total nasal symptom scores.189 Similarly, 
reduced levels of miR-155 have been detected in cell-free sputum from patients with asthma 
compared with controls.190 The miR-155 levels in sputum lymphocytes were also found to 
decrease during the pollen season and increase again after the season. In addition, miR-223 
has consistently been found to have elevated expression in multiple allergic diseases, with 
samples from different biological sources. Increased expression in PBMCs in young children 
with AD,191 as well as in EVs isolated from nasal mucus from AR patients.192 Similarly, 
elevated levels of miR-223 has been reported in sputum193, serum194, and serum-EVs195 from 
asthmatic patients. This suggesting that miR-223 might have a role in allergic inflammation. 
In addition to miR-223, an altered expression of other miRNAs has been observed in 
different allergic diseases. Decreased expression of miR-146a, miR-155, miR-181a and miR-
24 in mucus EVs was reported in AR patients.192 Increased serum levels of miR-21-3p was 
observed during the acute phase of anaphylaxis in children.196 In asthmatic patients, altered 
levels of circulating miRNAs have been found, such as elevated levels of let-7b/c/e197, miR-
16,197 miR-125b,197 miR-146a,197 miR-148a,197 miR-223,197 miR-21195,197,198 , miR-29a/b/c198 
and miR-146a194 and decreased levels of miR-150 191.  
 
Milk-derived EVs are a rich source of miRNAs, where the ten most abundant miRNAs have 
been identified as immune-related (Figure 2).144–146 Indeed, several of the top expressed milk 
miRNAs have been identified across multiple species, such as human, bovine, porcine, and 
pandas, with similar nucleotide sequences, suggesting that they are evolutionary 
important.143,179 The strong evolutionary conservation of milk-derived miRNAs, together 
with their demonstrated stability in the gastrointestinal tract and uptake by intestinal cells, 
suggests that they may influence the immune development in the offspring. Supporting this, 
Admyre et al.142 found that EVs reduced IL-2 and IFN-g production, as well as increased 
proportion of Treg cells in human PBMCs, indicating a potential role in promoting immune 
tolerance in the infant. Interesting, miRNA can also regulate immune function by 
modulating epigenetic mechanisms, such as DNA methylation by regulating the enzyme 
DNA methyltransferases (DNMT).199 By regulating the expression of DNMT, miRNA can 
regulate the methylation status of different genes and indirectly modulate gene expression. 
In Treg cells, lower DNMT expression resulted in demethylation of the Treg-specific 
demethylation region within the Foxp3 gene and thereby supported Treg function.200 miR-
148a-3p is one of the highest expressed miRNAs in milk,144 and can directly target DNMT1 
and DNMT3B, while miR-21 can indirectly regulate DNMT1.201  
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Moreover, milk-EVs have been shown to modulate macrophage polarization, shifting 
responses from a pro-inflammatory M1 phenotype toward an anti-inflammatory M2-like 
phenotype.202 This could be potentially explained by alteration in activation of the NF-kB 
pathway. Ascanius et al.203 found that pre-incubation with milk-EVs before LPS stimulation 
prevented degradation of IκBα, which tightly regulates the pathway. Moreover, milk-EVs 
seems to influence intestinal immunity, by regulating gene expression in the recipient cells, 
influencing pathways involved in inflammation and barrier integrity. In addition, milk EVs 
have been shown to enhance epithelial cell proliferation,204 promote mucosal barrier 
function by increasing expression of mucin 2,173,205 which are critical for maintaining 
intestinal integrity. Experimental studies further suggest that milk-derived EVs can modulate 
the intestinal response to bacterial challenges,206 as well as exogenous factors such as dextran 
sulfate sodium,173,207 and oxidative stress,208–210 by reducing inflammation and protecting 
against tissue damage.  
 
In addition, proteomic analyses of milk-derived EVs across multiple studies consistently 
demonstrate that the vesicles are enriched with proteins involved in immune regulation and 
host defense. Admyre et al.142 found several proteins related to the immune system, including 
MHC-I/II, polymeric immunoglobulin receptor, TLR2, complement C3, as well as typical 
milk proteins, such as lactadherin, lactotransferrin, and butyrophilin among others. Some of 
these proteins have been further confirmed in other studies as well.149,211–213 Torregrosa 
Paredes et al.139 investigated how maternal allergy influence protein composition in milk-
derived EVs and their association with allergen sensitization development in children at two 
years of age. They isolated HLA-DR– and CD63-enriched vesicles and found that CD63-
enriched EVs from sensitized mothers had lower mucin 1 levels, while increased levels of 
HLA-ABC were associated with children later develop sensitization at two years of age. 
Moreover, Giovanazzi et al.147 compared the expression of surface proteins on milk-derived 
EVs between allergic and healthy mothers, and found a tendency that some proteins being 
lower in atopic mothers. However, the sample size was limited, and a larger cohort could 
potentially find significant differences. In addition to proteins, alterations in milk-EV 
miRNA composition have been associated with maternal allergic status and may contribute 
to differences in immune maturation and allergy risk in the offspring. Increased expression 
of miR-146b-5p, miR-21-5p, miR-22-3p, miR-375 and let-7f-5p in milk-EVs from mature 
milk were found to be associated with infant AD.214 Bozack et al.138 reported nine miRNAs 
to be associated with maternal asthma, eight were downregulated, whereas one miRNA was 
associated with both maternal asthma and atopy.  
 
Milk-derived EVs survive infant gastrointestinal track and are taken up, providing a potential 
pathway for the vertical transfer of conserved miRNAs and proteins involved in immune 
regulation. Alterations in EV composition are linked to maternal health and allergic status and 
may thereby modulate immune development and allergy-related pathways in the offspring.  
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THESIS AIMS  

The general aim of this thesis was to study human milk-derived EVs and miRNAs in relation 
to infant immune maturation. In addition, the thesis aimed to investigate how pre- and 
postnatal supplementation with Limosilactobacillus reuteri and ω-3 fatty acid and maternal 
allergy status modulates these milk components. The specific aims of the individual papers 
are described below.  
 
PAPER I 
To investigate the expression of 24 immune relevant miRNAs in human milk after pre- and 
postnatal L. reuteri and ω-3 fatty acid supplementation over the early lactation period. In 
addition, to explore the association between these miRNAs and proportions of regulatory T 
cells in the breastfed infants. 
 
PAPER II 
To investigate if I) freezing of whole milk before isolation of EVs alters their characteristics 
as well as their miRNA cargo, and II) if sodium citrate would further affect the EV 
characteristics.  
 
PAPER III 
To investigate if maternal allergy and pre- and postnatal L. reuteri and ω-3 fatty acid 
supplementation affect the expression of immune relevant miRNAs in milk-derived EVs.  
 
PAPER IV 
To characterize the surfaceome of milk-derived EVs using lipid‐based protein 
immobilization, to further explore the potential immunological functions transferred from 
mother to infant via the breast milk.   
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MATERIAL AND METHODS 
 
This thesis is based on data and samples from a clinical trial referred to as PROOM-3 
(PRObiotics and OMega-3). PROOM-3 is an intervention study aiming to prevent allergic 
disease in children by supplementing pregnant women from gestational week 20, and 
subsequently their infants, with L. reuteri and w-3 fatty acids (Figure 4).  

 
Figure 4. Overview of the PROOM-3 study. Created in BioRender.com 

Study Participants and Samples 
The PROOM-3 study is a prospective, double-blind, placebo-controlled, multicenter trial 
conducted at the University hospital in Linköping, and in the county hospitals of Motala, 
Norrköping and Jönköping (ClinicalTrials.gov-ID: NCT01542970). Pregnant women from 
families with at least one parent or sibling with a history or clinical symptoms of allergic 
disease (eczema, asthma, gastrointestinal allergy, allergic urticaria, or ARC) were invited to 
participate in the study. The women were randomized into four arms; treatment with both 
L. reuteri and w-3 fatty acids (OL), single treatment with either L. reuteri (PL) or w-3 fatty 
acids (OP), or double placebo (PP). L. reuteri DSM 17938 (BiogaiaÒ, Stockholm, Sweden) 
was resuspended in refined coconut and peanut oil and the mothers ingested 20 drops twice 
daily (corresponding to 109 colony forming units (CFU)) during the pregnancy from 
gestational week 20 until delivery. After birth, the child was supplemented with five drops 
once daily (108 CFU) during the first year of life. The corresponding placebo treatment 
consists of refined coconut and peanut oil without the probiotics. The mothers were 
supplemented with w-3 fatty acids or placebo from gestational week 20 throughout the 
pregnancy and the first three months of lactation. Three capsules of PikasolÒ (1,000 mg 
capsule, containing 640 mg w-3 LCPUFA with 35% EPA and 25% DHA, Orkla Health, 
Lund, Sweden) or corresponding placebo containing olive oil were ingested twice daily. The 
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study was approved by the Regional Ethics Committee for Humans Research at Linköping 
University (Dnr 2011/45-31).  
 
Breast milk was collected 1-3 days (colostrum) and at two and three months postpartum in 
the home of the participants by manual or electronic breast pump according to the mother’s 
own choice. The milk was collected directly after the first morning feeding and stored in 
participants own freezer approximately at -20°C until the three-month visit, thereafter, 
stored in -80°C until further analysis. For Paper II and IV, milk samples were collected at 
three months postpartum and brought fresh to the clinic the same day without being frozen. 
Blood samples from the children were collected at 6 months, 1 and 2 years of age.  

Experimental Design 
An overview of the main methods used in this thesis is described in Table I. Full 
methodological descriptions are available in the respective papers.  
 
                     Table I. Overview of the main methods described in this thesis. 

Methods  Paper I Paper II Paper III Paper IV 
miRNA isolation and 
quantification 

x x x  

EV isolation  x x x 

EV characterization  x (x) x 

Flow cytometry x    

LPI analysis    x 

                         EV – extracellular vesicle, LPI – lipid based protein immobilization 
                         (x) will be included in the final manuscript 
 

microRNA Isolation and Quantification 
miRNA was isolated from skim milk in Paper I and from milk-EVs in Paper III using the 
TaqMan™ miRNA ABC Purification Kit, panel A (Thermo Fisher Scientific). The kit 
utilizes magnetic beads that are coupled to a specific set of oligonucleotides, targeting 377 
miRNAs. The miRNAs in the sample hybridize to their complementary strand, after which 
they are eluted from the beads. In Paper II, total RNA including miRNAs was isolated from 
milk-EVs using the Exosomal RNA isolation kit (Norgen), which relies on spin column 
chromatography with a resin membrane to isolate RNA. Reverse transcription was carried 
out in four steps using TaqManÔ Advanced miRNA cDNA kit (Thermo Fisher Scientifics).  
 
The selected miRNAs in both Paper I and III were quantified using custom 384-well 
TaqMan low-density array cards (Thermo Fisher Scientifics) with the miRNAs described in 
Table II. Let-7d, -e, -g-3p (Paper I) and miR-148a-3p were quantified using single-assays 
(Paper I and III). In Paper III, we adjusted the miRNA list based on our findings from 
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Paper I, such as including miRNAs that associated with the proportions of Treg cells, and 
potential links to the supplements and maternal allergy status, as well as an updated analysis 
of miRNAs isolated from milk-EVs (n=4) using the miRNA Human A Card. miR-148a-3p 
was measured in absolute quantities by simultaneously quantifying a four-fold standard 
curve with known concentrations of a synthetic miR-148a-3p mimic (primer sequence 5’-3’ 
Phos-UCA GUG CAC UAC AGA ACU UUG U, Thermo Fisher Scientific).  
 
In Paper II, we assessed how freezing of whole milk before EV isolation affect the miRNA 
cargo. A total of 374 miRNAs were quantified using the miRNA Human A Card, in 10 
paired fresh versus frozen EV samples. As in the previous papers, miR-148a-3p was quantified 
as single-assays. miRNAs quantified in each paper can be found in Table II. 
 
The amplification curves and cycle threshold (Ct) values were generated using the Thermo 
Fisher Connect Software (Life Technologies Corp).  In Paper I, the Ct threshold was set to 
0.1, and for Paper II and III, the automatic threshold was used and manually adjusted when 
needed. In Paper I, 7900HT Fast Real‑Time PCR System (Applied Biosystems) was used, 
and for Paper II and III, a QuantStudio 7 PCR instrument (Applied Biosystems). For Paper 
I and II, we considered Ct values > 35 non-detectable, and for statistical analysis all 
undetectable samples got the value of 35. For Paper III, Ct values > 35 were considered non-
detectable, but the samples were included in the analysis. However, samples with duplicates 
with a CV% > 15%, or if one replicate had a Ct > 35 and the other < 33 were removed from 
the analysis.  
 
For normalization, we used different strategies. In Paper I, an endogenous miRNA was 
determined using the Normfinder algorithm.215 The most stable endogenous miRNAs were 
hsa-miR-92a-3p and hsa-miR-26b-5p together. A normalization factor for each sample was 
calculated by taking the geometric mean of miR-92a and -26b. ΔCt was calculated based on 
the following equation: Ct (miRNA of interest) – Normalization factor. In Paper III, we 
instead calculated a global mean based on the mean for the miRNAs that were detected in all 
samples. ΔCt was calculated based on the following equation: Ct (miRNA of interest) – 
global mean. All undetectable miRNAs got a ΔCt value of 14.18 as it was the highest ΔCt 
calculated. In Paper II, we only analyzed raw Ct values and did not do any normalization of 
the data.  
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         Table II. microRNAs quantified in this thesis with qPCR. 

Paper I Paper II Paper III 

hsa-miR-15a-5p  374 pre-selected 
miRNAs 

hsa-miR-16-5p 

hsa-miR-16-5p Single assay hsa-miR-17-5p 

hsa-miR-17-5p miR-148a-3p hsa-miR-21-5p 

hsa-miR-21-5p  hsa-miR-24-3p 

hsa-miR-22-3p  hsa-miR-26a-5p 

hsa-miR-24-3p  hsa-miR-29b-3p 

hsa-miR-26b-5p  hsa-miR-29c-3p 

hsa-miR-29b-3p  hsa-miR-30b-5p 

hsa-miR-29c-3p  hsa-miR-31-5p 

hsa-miR-92a-3p  hsa-miR-125a-5p 

hsa-miR-125b-5p  hsa-miR-125b-5p 

hsa-miR-145-5p  hsa-miR-145-5p 

hsa-miR-146a-5p  hsa-miR-146a-5p 

hsa-miR-155-5p  hsa-miR-150-5p 

hsa-miR-181a-5p  hsa-miR-155-5p 

hsa-miR-181c-5p  hsa-miR-181a-5p 

hsa-miR-221-3p  hsa-miR-181c-5p 

hsa-miR-223-3p  hsa-miR-221-3p 

hsa-miR-574-3p  hsa-miR-223-3p 

cel-miR-39-3p  hsa-miR-224-5p 

Single assay  Single assay 

hsa-let-7d-3p  hsa-miR-148a-3p 

hsa-let-7e-3p   

hsa-let-7g-3p   

hsa-miR-148a-3p   

            Hsa – homo sapiens, miR – microRNA  
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EV Isolation 
The choice of EV isolation method is critical, as it may influence EV yield, purity, EV 
subpopulations, and downstream analysis.151 In addition, it has been addressed that storage 
condition of the milk prior to EV isolation could potentially alter EV characteristics and 
miRNA cargo. 216,217 To address this potential issue, we froze whole milk prior to the first 
centrifugation, and in parallel isolated EVs directly from fresh milk in Paper II.  

Ultracentrifugation  
As breast milk is a complex biofluid, it will requires separation of lipids, cell debris, and larger 
particles before EV isolation.218 This is commonly achieved through sequential low speed 
centrifugation, and in this thesis it was done at 800 × g, 3000 × g, and 10,000 × g, followed 
by filtration through a 0.22 µm syringe filter. Ultracentrifugation (UC) is one of the most 
widely used methods for isolating EVs.151 UC relies on particles denser than the surrounding 
medium to sediment in the direction of the centrifugal force, whereas particles that are less 
dense move in the opposite direction.219 When particles have similar densities, larger particles 
sediment more rapidly than smaller ones. In this thesis we used UC in Paper II, and III by 
using the rotor TLA-120.2, and in Paper IV, by using the rotor Ti70 to isolate milk-derived 
EVs.   
 
A methodological challenge when isolating milk-EVs by UC is the formation of casein 
micelles.220 The high centrifugal force can promote aggregation of casein proteins, forming 
so called micelles. These protein aggregates co-isolate with EVs, reducing purity and can 
potentially interfere with downstream applications such as mass spectrometry (MS) or 
functional assays.220–222 We applied 1% sodium citrate (SC) treatment for different purposes: 
In Paper II to investigate whether SC affect EV characteristics and miRNA cargo between 
fresh and frozen milk but not between untreated samples. Due to logistical reasons, we could 
not isolate EVs from both conditions within the same day, therefore no comparisons 
between untreated and SC were made. Samples with SC were also kept in 4°C over night 
before UC. In addition, SC-treated samples underwent an extra ultracentrifugation step, as 
the milk was diluted 1:1, whereas samples without SC were subjected to only two 
ultracentrifugation steps. In Paper IV, SC was added to reduce excessive protein aggregate 
in samples destined for MS, thereby improving the analysis of the EV proteome.  

Size Exclusion Chromatography 

Size exclusion chromatography (SEC) was used in Paper IV to increase EV purity by 
removing excess proteins that co-isolated during UC. We added SEC after the pilot 
experiment where we only used UC, as we could see several co-isolated proteins in the 
proteomics. SEC is an isolation method based on particle size. The sample passed through a 
column, which is packed with beads of a defined pore size, in this thesis we used the qEV1, 
35nm columns (IZON). Smaller molecules, such as soluble proteins, enter the pores and 
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therefore elute more slowly, whereas larger particles, including EVs do not enter the pores 
and will elute more quickly.  
 

EV Characterization 

Nanoparticle Tracking Analysis 
Nanoparticle tracking analysis (NTA) is an optical technique used to estimate particle size 
and concentration by tracking the movement of nanoparticles in suspension based on the 
Brownian motion combined with laser light scattering.223,224 The NanoSight NS300 
instrument (NanoSight technology, Malvern, UK) was used in this thesis. According to the 
manufacturer, the NanoSight instrument can detect particles in the range of approximately 
10–2000 nm. However, this performance is largely dependent on particle homogeneity and 
refractive index. In complex biological fluids, such as milk, the detection limit is closer to 50 
nm.223 As a result, the smallest EV may not be detected, leading to skewed size distributions 
and particle concentration estimates. Furthermore, it also measures all particles that scatter 
light within the detectable size range and cannot distinguish EVs from other nanosized 
particles such as protein aggregates, lipoproteins, micelles, or liposomes.224 Moreover, the 
accuracy and reproducibility of NTA measurements are also influenced by instrument 
settings, software parameters, and operator handling. To minimize technical variability, all 
NTA analyses in this study were performed by the same operator using consistent instrument 
settings, and samples were analyzed within a limited time window. 

Bead-Based Flow Cytometry 

Flow cytometry was used in Paper II and IV to characterize EV populations in a semi-
quantitively way by using a commercially available kit, MACSplex EV kit IO (Miltenyo 
Biotec). EVs are very small particles and the flow cytometer that we used lack the ability to 
detect them therefore we had to rely on bead-capturing. The kit comprises of 39 different 
fluorescently labeled beads that are conjugated to specific antibodies, including two isotype 
controls. The EVs binds to the beads and a detection cocktail with fluorophore tagged 
antibodies against CD9, CD63 and CD81 are added to determine the presence of respective 
marker within each bead population.   

Western Blot 

Western blot was used to identify proteins as a complement to flow cytometry, as well as to 
assess negative markers for the detection of non-EV contaminants. One advantage of western 
blot is that antibody specificity is confirm by the presence of the target proteins at an expected 
molecular weight. In Project II, western blot was applied to detect the negative marker 
calnexin, along with EV-associated protein flotillin-1, as well as lactadherin which has been 
previously described as enriched in milk-derived EVs225.   
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Transmission Electron Microscopy 
Electron microscopy is an imaging technique that utilizes a beam of electrons rather than 
light, allowing visualization of structures below the limit of regular optical microscopy.226 In 
transmission electron microscopy (TEM), electrons pass through the sample, and differences 
in electron scattering caused by the material in the sample generate contrast in the image. 
Because EVs produce limited electron contrast, additional staining is required for their 
visualization. In Paper II and IV, uranyl acetate was used as negative staining, which 
enhances contrast by increasing electron scattering in the area surrounding the EVs, causing 
them to appear as bright, cup-shaped structures.227 In addition, immuno-EM employing 
gold-labeled antibodies enables specific detection of proteins in combination with the 
negative staining, in Paper II and IV, CD9 was immuno-stained.   
 

Flow Cytometry 
In Paper I, flow cytometry was used to investigate populations of peripheral immune cell 
during infancy and their relationship to relative miRNA expression. Flow cytometry is a 
method used to identify and quantify characteristics of cells or other particles by detecting 
fluorescence signals.228 Cells (or particles) pass through a laser one by one, and the way each 
one scatter light provides information about its physical properties such as size, determined 
by forward scatter or granularity determined by side scatter. In addition, the method can also 
assess molecular and functional properties of cells. This is accomplished by labeling specific 
targets with fluorescently tagged antibodies or dyes. When these fluorophores are exited, they 
emit light which can be detected by the instrument, providing information about cell 
populations, function, and other biological properties. In this thesis we focused mainly on 
Treg cells, identified by the surface markers CD4 and CD25 (CD4dimCD25hi).29 In addition, 
two subpopulations of Treg cells were also identified based on their expression of the naïve 
marker CD45RA and Foxp3: aTreg (CD45RA-Foxp3++) and rTreg (CD45RA+Foxp3+).41  
 

Lipid-Based Protein Immobilization Analysis 
In Paper IV, we analyzed the surfaceome, as well as the complete proteome of milk-derived 
EVs (schematic overview of the analysis in Figure 5). The lipid-based protein immobilization 
(LPI) method, developed by Nanoxis Consulting AB, enables immobilization and analysis 
of membrane proteins.229,230 The method is implemented in a microfluidic flow-cell, where 
the sample is loaded and immobilized on the surfaces inside the microfluidic channels, and 
subsequently subjected to enzyme digestion. Unlike conventional proteomics methods that 
often rely on detergent solubilization, the LPI method preserves the natural lipid 
environment around the membrane-bound proteins, thereby maintain their structural 
integrity and functional orientation.  
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First to evaluate optimal conditions we performed an initial test for the LPI digestion, in PBS 
or in ammonium bicarbonate, for 15 or 45 min. We concluded that trypsin digestion for 45 
min in ammonium bicarbonate gave the best results (Paper IV, Supporting Information S2). 
However, the 45 min digestions also produced more peptides of proteins with cytosolic 
origin, and to balance the risk of accidental lysis of the vesicles, while still increasing the 
number of peptides, the time was adjusted. For the follow-up analysis we performed a single 
digestion step with trypsin for 20 min, followed by peptide elution and a secondary in-
solution trypsin digestion step for one hour prior to acidification. Additionally, an in-
solution digestion of the EVs was performed to investigate the complete proteome. The EVs 
were dissolved in sodium deoxycholate, a mild detergent, followed by trypsin digestion 
overnight.  
 
For protein identification, samples from both conditions were subjected to liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Peptides were loaded into an 
Easy-nLC1200 liquid chromatography system (Thermo Fisher Scientific), where they were 
first trapped and then separated based on their interaction with the material inside the 
column. The separated peptides were then ionized before entering the Orbitrap Exploris 
mass spectrometer (Thermo Fisher Scientific), which measures the mass-to-charge ratio 
(m/z). The analysis was operated in a data-dependent acquisition mode,231 in which the 
instrument first records a full MS1 spectra of all precursor peptide ions within the range of 
380-1500 m/z. The instrument then only selects the most abundant peptide ions for 
fragmentation by higher-energy collisional dissociation. Each fragmented precursor ion 
(MS2 spectra) produces a fragmentation spectrum that contains the information about the 
amino acid sequence. The raw MS/MS data was matched to SwissProt Human database 
using SEQUEST232 as search engine. SEQUEST compares each experimental MS/MS 
spectrum to theoretical peptide spectra generated from the database, and each match is 
recorded as a peptide-spectrum match (PSM). To ensure that only high-quality PSMs were 
included in the analysis, different validation methods were applied. For the LPI digested 
samples, the FixedValue PSM Validator was used, which applies thresholds on scores 
generated from SEQUEST to accept or reject PSMs. For the in-solution digested samples, 
validation was performed using Percolator in combination with a protein FDR threshold of 
5%. Percolator applies a machine learning algorithm to the SEQUEST scores to statistically 
re-evaluate all PSMs and estimate the probability of false peptide identifications. 
 
One sample was excluded due to extreme deviation from the other individuals. In this sample, 
the LPI fraction was more similar to the in-solution, and we suspect either partly or complete 
lysis of the vesicles in the flow-cell. 
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Figure 5. Schematic overview of the profiling of the surface and cargo proteome from milk-derived EVs. For surface 
digestion the sample was injected into a lipid-based protein immobilization (LPI) flow-cell and digested with trypsin 
before being subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS). Created in BioRender.com 
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Statistical Methods 
In this thesis, several statistical methods have been used, and they are summarized in Table 
III. In Paper I and III, baseline demographic characteristics were compared between the 
supplementation groups: Kruskal-Wallis test was used to assess any differences in continuous 
demographic variables, while categorical variables were analyzed using the Chi-Square test, 
or the Fisher Exact test when cell counts were < 5. 
 
The two-way Permutational Multivariate Analysis of Variance (PERMANOVA) was used 
to evaluate the effect of supplementation and lactation time point (Paper I), or 
supplementation and maternal allergy (Paper III), on miRNA levels. In addition, one-way 
PERMANOVA was used to assess the effect of supplementation within the subgroups of 
allergic and non-allergic mothers (Paper III). The relative miRNA expression between the 
treatment groups and between the two lactational time points were assessed using Kruskal-
Wallis and Wilcoxon signed rank tests, the latter on paired data (Paper I). As most of the 
miRNAs were impacted by lactation time point, the maternal characteristics were assessed 
separately within each time point. Furthermore, Mann-Whitney U test was used to assess 
differences in miRNA levels between categorical demographic variables in Paper I and III. 
 
In Paper II, non-parametric tests were used due to the small sample size and lack of normally 
distribution. The Wilcoxon signed rank test for paired data was used to assess differences 
between the fresh and frozen conditions and permutation testing was additionally performed 
to validate the results without relying on distributional assumptions. 
 
The Spearman correlation analysis was used to assess associations between immune cells and 
miRNA levels in Paper I. The same method was applied in Paper II to assess the correlation 
between the miRNA Ct values in the fresh and frozen conditions.  
 
All p-values from correlations and pairwise comparisons were adjusted (q-value) using the 
Benjamini-Hochberg correction method.233 A q value of < 0.05 was reported as significant, 
we also reported tendencies if the p value was < 0.05 and the q value was < 0.1. As the 
PROOM-3 study is on-going and remains blinded, all data analyses comparing the 
supplementation groups were conducted by an unblinded researcher (Magalí Martí) using 
R, while all other co-authors remained blinded throughout the study. Statistical analyses of 
variables not related to the intervention groups were performed using either the software R 
with RStudio, GraphPad Prism, IBM SPSS, or PAST (PAleontological Statistics). 
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Tabell III. Summary of statistical tests used in the thesis. 

Statistical test Paper I Paper II Paper III Paper IV* 
Demographic comparisons 
Chi-Square test x  x  
Fisher-Exact test (cell count < 5) x  x  
Kruskal-Wallis test x  x  
Univariate statistical tests 
Mann-Whitney U test x  x  
Kruskal-Wallis test  x x   
Wilcoxon signed rank test x x   
Permutation test  x   
Multivariate statistical tests 
One-way PERMANOVA   x  
Two-way PERMANOVA  x  x  
Correction for multiple comparisons 
FDR correction (Benjamin-Hochberg) x x x  
Correlation analysis 
Spearman´s rank correlation x x   

*No statistical comparisons were made in this study. 

Data Processing and microRNA Target Prediction 
For Paper I, we performed miRNA target prediction using TargetScan,167 an online tool that 
search for seed pairings with mRNAs, with a cut-off limit of a context score at -0.2.214 The 
resulting list was uploaded to the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) 2021234,235 to visualize KEGG pathways.   
 
For Paper IV, the protein lists obtained from the LPI and in-solution digested samples were 
further processed to remove proteins identified by fewer than two peptides in fewer than two 
samples; meaning a protein was retained only if detected by at least one peptide in two 
samples or by two peptides in a single sample. In addition, all proteins identified by a single 
peptide were further evaluated based on their PSM, where those with PSM < 10 were 
removed. The resulting protein lists were compared, and duplicates were removed from the 
in-solution list to produce a list defined as “cargo proteins”. The two protein lists were 
separately uploaded to UniProt for predictions of cellular location of the surface versus cargo 
proteins. They were also subjected to predictions of Cellular component, Molecular 
function and Biological processes, in the GeneOntology (GO) database236,237 using the 
PANTHER Overrepresentation Test238. Lastly, the dataset was then compared to already 
publish data at ExoCarta and Vesiclepedia using the FunRich software. 



 30 

Ethical Considerations 
Ethical considerations were always a central part, as the clinical trial involved pregnant 
women and children, as well as the collection of biological samples. Hence a careful risk 
versus benefit assessment was done, and all procedures were designed to protect participants’ 
autonomy, safety, and well-being. To achieve this the study was designed in accordance with 
established ethical principles for clinical research, including respect for persons, 
minimization of harm, proportionality between risks and anticipated benefits, and the use of 
the least invasive methods possible to address the research questions. 

Research involving children should only be performed when similar results cannot be 
obtained from studies performed in adults, which is the case here, as my studies explore 
aspects of children´s health in ways that is not possible in adults. This thesis specifically aimed 
to understand immune development and health outcomes during early childhood. As 
unborn children are included in the study, written informed consent has to be obtained from 
the parents or legal guardians; meaning that the child do not consent themselves to 
participate. However, as the children are in a high-risk group of developing allergic disease, 
being closely monitored by experienced nurses and clinicians provides a potential benefit.  

Furthermore, several biological samples were collected, included peripheral blood samples 
from children. Skin prick tests were also performed. Blood sampling is considered an invasive 
procedure and may cause discomfort; therefore, all procedures were performed by 
experienced clinical nurses. Local anesthesia was always offered before blood draw, and 
repeated sampling attempts were avoided. Breast milk samples were voluntarily provided by 
mothers in their own home and is considered non-invasive.  

The intervention study involves pre- and postnatal supplementation with L. reuteri and/or 
w-3 fatty acids, which raised additional ethical considerations due to potential effects on both 
mother and fetus. However, these supplements have been extensively evaluated for safety in 
previous trials.239,240 The potential benefits which are advancing knowledge on allergy 
prevention, immune development, and child health, were considered to outweigh the 
minimal risks.  

An additional ethical aspect that should be considered is the sponsored collaboration with 
the two companies providing the interventional supplements: BioGaia® (L. reuteri), and 
Orkla Health (w-3 fatty acids). However, according to agreements prior to study start, 
neither company had any influence on statistical analyses, or interpretation of the results. 
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RESULTS AND DISCUSSION 
 
Maternal Characteristics 
No major differences in participant characteristics were observed at baseline between the four 
treatment arms in Paper I and III (Table IV). Maternal allergy was the only variable that 
differed significantly between the supplementation groups and was therefore considered 
relevant for further analyses in both Paper I and III. In both papers the OL group had a 
significantly higher percentage of allergic mothers than the OP and the PL group. Also, 
concerning the cohort studied in Paper I, PP had a higher percentage of allergic mothers 
than OP. In addition, a significantly larger proportion was exclusively breastfeeding at 3 
months in the OP group compared to the PL group. 
 
Table IV. Participants characteristics.   

Paper I Paper III 
Treatment groups OL OPa PL PP OL OP PL PP 

Number of 
mothers  

33 27 33 27 39 35 33 30 

Maternal age 
(years)  

30 (4.0) 30 (5.8) 32 (5.0) 32 (5.0) 30 (5) 30 (7) 32 (4) 30 (4) 

Supplement intake 
(week)  

20 (2) 20 (2) 20 (2) 20 (2) 20 (2) 20 (3) 20 (1) 20 (2) 

Partus (week)  40 (2) 40 (2) 40 (1) 40 (2) 40 (2) 40 (2) 40 (1) 40 (2) 

Caesarean section 4 (12.5%) 4 (15.4%) 2 (6.1%) 2 (7.4%) 2 (5%) 6 (18%) 2 (6%) 2 (7%) 

Baby’s sex (male)  10 (30.3%) 12 (46.2%) 19 (57.6%) 15 (55.6) 14 (37%) 11 (32%) 19 (58%) 14 (50%) 

Breastfeeding 
exclusive 3 mo 

29 (90.6%) 26 (100%)§ 25 (78.1%)§ 21 (80.8%) 33 (92%) 28 (88%) 22 (73%) 24 (89%) 

Animal in 
household 

8 (24.2%) 8 (30.8%) 12 (35.4%) 5 (18.5%) 7 (19%) 10 (30%) 12 (38%) 5 (17%) 

Maternal atopy 27 (81.8%)¥ 11 (42.3%)¥‡ 19 (57.6%)¥ 20 (74.1%)‡ 29 (74%) ¥ 16 (47%) ¥ 17 (52%) ¥ 21 (70%) 

Continuous variables expressed as median and interquartile range; categorical variables expressed as n/N (%). ¥The 
Limosilactobacillus reuteri (L. reuteri) + ω-3 group (OL) had more mothers with atopy compared to L. reuteri + placebo 
(PL) and ω-3 + placebo (OP). ‡The placebo + placebo (PP) group had more mothers with atopy compared to ω-3 + 
placebo. §The ω-3 + placebo group had more mothers that were exclusively breastfeeding at 3 months compared to L. 
reuteri + placebo. aMissing data from one participant. 

 
microRNA Expression Over the Early Lactation Period  
miRNA expression differed significantly between the two lactation time points (p = 0.001), 
whereas no differences were observed for the interaction between supplementation and 
lactation time point (Figure 6). Among the 22 miRNAs included in the analysis, ten showed 
increased relative expression and ten decreased in mature milk compared to colostrum (in at 
least one treatment group), while miR-24-3p and miR-145-5p remained stable (Paper I: 
Figure S2-S5). Similar variation in expression over the lactation period have been previously 
described.144,241 For example, Raymond et al.241 also found increased expression of let-7d-3p, 
and decreased expression of miR-125b-5p and miR-146a-5p within the first three months of 
lactation, although they did not use colostrum as the earliest time point but rather day 17±3. 
Just like other immunological components in the milk, miRNAs varies over the lactation 
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period, and this likely reflect the evolving needs of the infant as it develops from the neonatal 
period to three months of age.242 As the miRNA included in this study were specifically 
selected based on their relevance to immune function, these changes may indicate shifts in 
immune-related signaling during early life.  
 
 

 
Figure 6. PCA plot of the relative expression (DCt values). Circles represent colostrum samples (col) and triangles 
represent mature milk samples from three months postpartum (mo3). Groups are indicated as follows: OL (red), L. 
reuteri + ω-3; OP (blue), ω-3 + placebo; PL (green), L. reuteri + placebo; and PP (black), placebo + placebo. 

 
Effect of Probiotics and w-3 Fatty Acids on microRNA Expression in Milk 
and the Relation to Infant Treg Cells 
Maternal supplementation with probiotics have previously been associated with increased 
expression of let-7d-3p, and decreased expression of miR-574-3p, miR-340-5p, and miR-
218-5p in milk-EVs.214 Throughout my studies, we found no significant effects of maternal 
supplementation with L. reuteri and/or ω-3 fatty acids on milk miRNA expression in skim 
milk (Paper I) or in EVs (Paper III). However, in the cohort studied in Paper I, the relative 
expression of miR-181c-5p was higher in mature milk (3 months postpartum) in both groups 
receiving L. reuteri (OL, p = 0.05) and (PL, p = 0.045) compared to PP group. These 
differences were, however, no longer significant after adjusting for multiple comparisons 
(Figure 7 a). Similar in Paper III, all supplementation groups tended to have a higher median 
compared to the PP group, for EV-miR-181a-5p (Figure 7 b) and EV-miR-181c-5p (Figure 
7 c), although not statistically significant after correcting for multiple comparisons. 
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Figure 7. A) The relative expression (-DCt values) of miR-181c-5p in mature milk from Paper I. B) The relative 
expression (DCt values) of EV-miR-181a-5p in mature milk from Paper III, and C) The relative expression (DCt values) 
of EV-miR-181c-5p in mature milk from Paper III. Groups are indicated as follows and are not separated based on 
maternal allergy status: OL (red): L. reuteri + ω-3, OP (green): ω-3 + Placebo, PL (blue): L. reuteri + Placebo and PP 
(purple): Placebo + Placebo. Results are expressed as median and IQR. 

Interestingly, the multivariate analysis in Paper III, showed several significant interactional 
effects indicating that the effect of supplementation differs across maternal allergy status. We 
split the cohort based on maternal allergy status, due to the uneven distribution of allergic 
mothers in the treatment groups. From this, we could see different expression between the 
treatment groups and PP group for some miRNAs. Among non-allergic mothers, expression 
of miR-224-5p was higher in the OP compared with the PP group (q=0.043). Additionally, 
miR-21-5p showed a trend toward higher expression in both the OP (q=0.067) and in the 
PL (q=0.067) compared with the PP group (Figure 8 a). However, among allergic mothers, 
miR-145-5p showed a trend toward higher expression in the OL compared with the PP 
group (q=0.090) (Figure 8 b). miR-16-5p on the other hand showed a trend toward lower 
expression in the OP compared with the PP group (q=0.095) (Figure 8 b). The OP group 
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demonstrated significantly higher expression of miR-181a-5p (q=0.011), and a trend toward 
increased miR-181c-5p expression (q=0.068) compared with the PP group (Figure 8 b). 
There is very limited number of studies on w-3 interventions during lactation and milk-
miRNAs. However, a study by Martín-Chamorro et al.243 found that dams feed with the 
Western diet (less w-3) exhibit altered miRNA profile in milk compared to control fed dams, 
with reduced expression of miR-223-3p, miR-32-5p, let-7i-5p, miR-140-5p, and miR-29a/c-
3p in milk. Together, these findings support the notion that maternal w-3 intake may 
influence the miRNA composition in milk.  
 

 
Figure 8. Box plots showing the median and IQR of the EV-miRNA expression between the active supplementation 
groups (OL, OP, and PL) and the placebo (PP) within the subgroup of non-allergic mothers (A) and allergic mothers 
(B). Supplementation groups: OL (ω-3 PUFA + L. reuteri), OP (ω-3 PUFA + Placebo), PL (Placebo + L. reuteri), and 
PP (Placebo + Placebo). # q-value < 0.10, * q-value < 0.05. 

It is interesting that both Paper I and Paper III shows a trend, or an actual significance, 
toward increased expression of miR-181a/c-5p in milk or milk-EVs, which could be 
beneficial as decreased expression of these miRNAs in infant have been associated with lower 
Treg function and development of allergic disease.186,189 However, we found the opposite in 
Paper I, meaning lower relative expression of miR-181a/c-5p correlated with higher 
proportion of both rTreg and aTreg in infants at 6 and 24 months (Figure 9). This finding 
contrast with previous publications, in which higher levels of miR-181 were associated with 
increased Treg cells proportions.186,189 However, in those studies the miRNAs were directly 
isolated from PBMCs or Treg cells, which limits direct comparisons. In addition, we found 
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positive correlation with miR-148a-3p, miR-155-5p, and let-7d-3p to proportion of aTreg 
cells at 24 months (Figure 9). This could potentially be explained by an increased expression 
of Foxp3. miR-148a-3p has the ability to inhibit DMNT, potentially resulting in 
demethylation of the Foxp3 gene,201 and miR-155-5p can target SOCS1 which inhibits 
STAT5, leading to more Foxp3 expression.185 Let-7 on the other hand may inhibit IL-10 
mRNA,244 which is opposite of the outcome in Paper I. Although miRNA target prediction 
is relatively speculative and not always experimentally validated, together with results from 
experimental animal models with miRNA deficiencies, this points at the importance of 
miRNAs for both Treg development and function.182–185 
 

 
Figure 9. Correlations between relative miRNA expression in colostrum (col) and mature milk (3m) and the 
proportions of activated regulatory T cells (aTreg, CD45RA⁻Foxp3⁺⁺) and resting regulatory T cells (rTreg, 
CD45RA⁺Foxp3⁺) at 6, 12, and 24 months. Blue indicates low miRNA expression associated with a high proportion of 
Treg cells, whereas red indicates high miRNA expression associated with a high proportion of Treg cells. # q-value < 
0.10, * q-value < 0.05. 

 
Maternal Allergy Status Modulates the Relative Expression of Milk-let-7e-
3p and EV-miR-223-3p  
The trend of decreased relative expression of let-7e-3p in Paper I from allergic mothers may 
reflect impaired regulation of Th2 immunity (Figure 10 a). The miRNAs in the let-7 family 
are known to play an important role in controlling the expression of IL-13 based on target 
prediction. Reduced expression of let-7e-3p may therefore contribute to enhanced IL-13 
signaling and amplification of Th2-driven immune responses. These findings raise the 
possibility that decreased levels of let-7e-3p in milk may reflect diminished regulatory control 
of Th2-associated pathways in allergic mothers.  
 
Moreover, the tendency of increased relative expression of EV-miR-223 in Paper III from 
allergic mothers may be related to alterations in immune cell composition associated with 
allergic inflammation (Figure 10 b). One possible source could be infiltration of 
eosinophils,245 which may occur during differentiation and proliferation of the mammary 
gland and could influence the miRNA cargo of the milk. miR-223-3p has an important role 
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in the development and function of myeloid cells, including eosinophils.246 A study in mice 
demonstrated that miR-223-3p deficiency results in impaired eosinophil development, and 
it was also associated with reduced expression of IL-5 and IL-13.246 These findings raise the 
possibility that elevated levels of miR-223-3p within milk-EVs may reflect increased 
eosinophilic activity in the mammary gland of allergic mothers. In addition, as previous 
studies found that miR-223-3p is increased in other biological sources (PBMCs,191 nasal 
mucus,192 sputum,193 and serum194,195) from allergic individuals, it is not unlikely that it 
would be similar for milk. It would be interesting to further explore if the relative expression 
reflects allergic activity in the mother, for example if the milk is donated during pollen season. 
 

 
Figure 10. A) The relative expression of let-7e-3p in colostrum from atopic (circle, n=76) and healthy mothers (square, 
n=42) from Paper I. B) EV-miRNA miR-223-3p in non-allergic (n=53) and allergic mothers (n=83) form Paper III. 
Non-allergic mothers showed a tendency toward higher relative expression of let-7e-3p (p-value = 0.003, q-value = 0.068) 
and lower relative expression of miR-223-3p compared to allergic mothers (p=0.005, q=0.051). All data describe median 
and IQR.  

 
Freezing of Whole Milk Does Not Affect EV Characteristics and microRNA 
Cargo 
From Paper I, we conclude that it would be relevant to isolate milk-EVs when going forward 
with miRNA analysis, as they are seen as the main carrier of miRNAs. It has previously been 
addressed that milk samples intended for EV isolation should be processed as soon as possible 
after collection, as freezing whole milk may lyse milk cells and generate other particles that 
are not of interest, as well as altering EV characteristics and miRNA cargo.216,217 However, 
this can be practically challenging in larger clinical trials at multiple locations, like the study 
serving as the basis of this thesis. For logistical reasons, milk samples are at first frozen in the 
homes of the participants at approximately -20°C, and after delivery to the laboratory in 
-80°C without any prior processing. We therefore felt inclined to characterize milk-EVs and 
their miRNA cargo from both fresh and frozen milk samples, to investigate if the storage 
condition potentially affects the milk-EVs.  
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According to the MISEV guidelines,151,247 it is recommended to characterize EVs with 
different methods that complement each other, e.g. for protein MACSplex and Western blot, 
and for estimating size TEM and NTA. In Paper II, we first assessed the morphology with 
TEM (Figure 11 a, b) and could see EVs to be approximately 100 nm, with cup-shaped 
morphology in both fresh and frozen condition, although it seems to be more background in 
the frozen condition. With NTA we assessed the size (Figure 11 c, d) and particle 
concentration (Figure 11 e) without seeing any significant differences. Furthermore, protein 
levels were not affected either by freezing when comparing flotillin-1 and lactadherin 
expression (Figure 11 g, h) by Western blot, as well as several surface proteins quantified using 
MACSplex flow cytometry. Interestingly, a similar EV surface protein profile was also 
reported by Giovanazzi et al.147 who used density gradient centrifugation in combination 
with SEC. These observations suggest that the surface proteins of milk EVs are relatively 
robust across different isolation methods, at least when assessed by flow cytometry. A 
previous study by Zonneveld et al.217 compared EVs isolated from fresh and frozen milk and 
reported that storage of unprocessed human milk spiked with murine cells, mainly at −80°C 
for 2 hours, resulted in significant cell death and increased release of murine-derived EVs. 
These findings suggest that freezing milk prior to EV isolation may introduce “fake” vesicles, 
released due to cell damage. In addition, the authors also observed cell death at room 
temperature and at 4°C after 2 hours of storage. However, since murine cells were artificially 
introduced into human milk, and may be more fragile than native human milk cells, the 
applicability of these findings to naturally occurring human milk EVs remains uncertain. In 
contrast to their observations, none of the parameters investigated in our study differed 
between EVs isolated from fresh and frozen milk samples, suggesting that freezing under our 
conditions did not introduce vesicles released due to cell damage or stress. More in line with 
our findings, Cetinkaya et al.248 reported no differences in particle concentration or size 
between EVs derived from fresh and frozen milk, as assessed by NTA, although details 
regarding their sample preparation and isolation protocol were rather limited. Additionally, 
Leiferman et al.249 investigated the effect of milk storage on particles described as “EV-like” 
vesicles. In their study, whole milk was diluted with water and analyzed with NTA without 
prior EV isolation, suggesting that all particles in the milk were measured. Using this 
approach, they did not find any significant differences between fresh and frozen samples. 
While these findings partly support our observations, their conclusions are based on total 
milk particles rather than isolated EVs, which limits direct comparison with our results. 
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Figure 11. The morphology, size and concentration of milk-derived EVs isolated from fresh and frozen whole milk. 
Electron microscopy images from (A) fresh milk samples and, (B) frozen milk samples. The scale bar is 200 nm. 
Nanoparticle tracking analysis results describing (C) the particle mean size, (D) the particle mode size and, (E) the particle 
concentration. (F) Representative Western blot image for flotillin-1 and lactadherin between the fresh and frozen 
conditions. The band density for (G) flotillin-1 and, (H) lactadherin. (I) The EV surface proteins were measured by 
MACSPlex flow cytometry. 
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Screening of 375 EV-miRNA revealed no significant differences between fresh and frozen 
conditions. Of the total number of miRNAs being analyzed, 93 were detectable in either 
fresh or frozen samples, and therefore included in the comparative analysis. Only a small 
number of miRNAs were only detected in either fresh or frozen condition, and no significant 
differences were observed in the total number of detectable miRNAs between conditions. 
Furthermore, statistical analyses showed no significant differences in Ct values between fresh 
and frozen condition after correction for multiple comparisons. The Venn diagram further 
illustrates the large overlap between conditions (Figure 12 a), while raw Ct values 
demonstrated a strong correlation between fresh and frozen samples (Figure 12 b, Spearman’s 
rho = 0.76). The PCA plot supported these findings, as samples from fresh and frozen 
conditions showed no visible clustering (Figure 12 c). In contrast, Leiferman et al.249 reported 
reduced miRNA recovery following freezing compared with fresh EV samples. The reason 
for this difference is difficult to determine but likely relates to methodological differences, 
particularly in EV or miRNA isolation. Notably, the Leiferman study evaluated overall 
miRNA yield, whereas our study assessed the relative expression of specific miRNAs, which 
may influence interpretation of the results. In a study of whole milk, Kim et al.250 
demonstrated that storage conditions may influence miRNA recovery; however, their 
analysis involved milk that was thawed using heating methods such as microwaving or bottle 
warming. These conditions differ substantially from the way we handled our samples and 
therefore provide limited comparisons. More in line with our study, Floris et al.251 found no 
significant effect of freezing whole milk before miRNA isolation on the expression levels of 
miR-16, miR-21, let-7a/d/g, although they did not isolate EVs. Regarding levels of EV-
associated miR-148a-3p, it did not differ significantly between fresh and frozen samples, nor 
between fresh and frozen samples treated with SC (Figure 12 d). Although this comparison 
involved only a single miRNA, the findings support the assumption that casein removal by 
SC does not substantially affect miRNA levels.  
 



 40 

 
Figure 12. EV-miRNA analysis from the fresh or frozen milk samples from 10 mothers. (A) The 93 miRNAs detected 
in at least one condition, fresh or frozen, and in all participants. The number describe miRNAs detected only in EVs 
from fresh condition, frozen condition or both, for each mother (M1-M10). (B) Spearman correlation analysis between 
the 93 miRNA raw Ct values in the fresh and frozen conditions. (C) PCA plot of the 93 miRNAs in the fresh and frozen 
conditions. (D) Raw Ct values from single assay for miR-148a-3p between the fresh vs. frozen, and the freshSC vs. frozen 
SC. 

 
Sodium Citrate Alters Some EV Characteristics  
When isolating EVs from milk, casein micelles will form during UC.220 The high centrifugal 
force will cause aggregation of casein proteins into micelles. To address this issue, several 
strategies for micelle disruption or removal have been proposed. This includes acidification 
of the milk,252 treatment with enzymes,253,254 and calcium-chelating agents such as EDTA255 
and SC.220,248 We based our micelle removal method on the method paper by Benmoussa et 
al.220, where they pre-treated milk with SC (1% final).  
 
We observed a slightly larger mean particle size in the frozenSC compared to the freshSC 
condition, although this increase was not accompanied by a reduction in particle 
concentration (Figure 13 c-e). An increase in particle size could indicate vesicle aggregation, 
which would in theory result in fewer detectable particles. However, the unaffected particle 
concentration suggests other mechanisms. TEM confirmed the characteristic cup-shaped 
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EVs in both freshSC and frozenSC conditions (Figure 13 a, b). Furthermore, SC appeared to 
influence protein levels. The MACSplex data showed increased levels of several surface 
proteins in the frozenSC compared with the freshSC condition (Figure 13 i). This increase may 
indicate the presence of more EVs or vesicle-like structures in frozenSC samples. If aggregation 
masked a potential increase in particle number, it may affect the results as we used particle 
concentration as input for flow cytometry. Western blot analysis showed no significant 
differences between freshSC and frozenSC conditions (Figure 13 f-h). Flotillin-1, was detected 
in most samples across all conditions, although two freshSC samples lacked a clear band at the 
expected size. Minor presence of calnexin in a few samples may indicate some contamination 
with cellular debris (Paper II, Figure S7). No differences in lactadherin levels were observed 
between the two conditions. Casein depletion has previously been shown to increase the 
number of detectable EV proteins.248 This is likely due to the removal of highly abundant 
casein proteins, which improves detection of low-abundance proteins when proteins are 
analyzed with MS. However, it was reported that residual caseins remained regardless of 
depletion method, suggesting that some caseins may be associated with the EV corona. 
Similar observations were made in Paper IV, where α-, β-, and κ-casein were present on the 
EV surface after SC treatment. In contrast, Leiferman et al.249 reported no detection of casein 
proteins following ultracentrifugation, possibly due to the additional centrifugation step at 
83,000 × g prior to EV isolation, which may have sedimented most casein micelles. A similar 
approach was described by Wijenayake et al.216, who reported successful casein removal using 
an additional centrifugation step, although experimental validation was not described. 
Together, this suggest that the optimal protocol for micelle removal remains to be 
established, as does the question of whether caseins are part of the EV corona or not.  
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Figure 13. The morphology, size and concentration of milk-derived EVs isolated from fresh and frozen whole milk with 
sodium citrate (SC). Electron microscopy images from (A) fresh milk samples and, (B) frozen milk samples. The scale 
bar is 200 nm. Nanoparticle tracking analysis results describing (C) the particle mean size, (D) the particle mode size and, 
(E) the particle concentration. (F) Representative Western blot image for flotillin-1 and lactadherin between the fresh 
and frozen conditions. The band density for (G) flotillin-1 and, (H) lactadherin. (I) The EV surface proteins were 
measured by MACSPlex flow cytometry. 
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Exploring the Surface Proteome of Milk-Derived EVs  
In Paper IV, as we isolated milk-EVs with UC in combination with SEC, we needed to 
characterize the vesicles before proceeding with proteomics. Based on the estimated size, they 
were in the expected EV size range, with a mean size between 141.5 to 196.0 nm (Paper IV, 
Figure 2 a). The expression profile of surface proteins was similar to what others have 
observed for milk-derived EVs using MACSplex, such as CD9, CD63, CD81, CD14, 
CD326, and HLA-DR (Paper IV, Figure 2 b).147,256,257 TEM and immunolabelling of CD9 
further support that EVs were successfully isolated, with the typical cup-shaped morphology, 
as well as CD9 on the surface (Paper IV, Figure 2 c, d). 
 
Previous published data on the proteome of milk-derived EVs have completely lysed the 
vesicles prior to proteomics.142,149,211,258 We were mostly interested in the surfaceome of the 
milk-EVs and wanted to distinguish that from the cargo proteins.  In this study, we analyzed 
the surfaceome by applying the LPI method for so called “surface shaving”.229,230 For the 
proteomics, we found several proteins in both fractions (see schematic overview in figure 14). 
In the LPI fractions, 582 proteins were discovered, and out of these proteins, 112 were 
transmembrane and 5 intramembrane. Furthermore, in the in-solution digested fraction, we 
found 938 proteins, whereas 176 were transmembrane and 8 intramembrane. Thus, the 
proteins that were not detected in the LPI fraction were assigned to the cargo protein 
fraction, including 65 transmembrane and 3 intramembrane proteins. Most proteins related 
to the cargo were predicted to be involved in nucleobase binding, protein folding and 
vesicular trafficking. They were also associated with GO terms related to EV biogenesis such 
as “extracellular exosome”, “extracellular vesicle” and several of the ESCRT proteins were 
detected in this fraction. We suggest that this is vesicular enclosed proteins, that are mainly 
from the formation and packing rather than cargo with specific biological purposes for the 
target cell. 
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Figure 14. Schematic overview of the proteins discovered by the LPI and in-solution digestion, including overlaps and 
number of intra- and transmembrane proteins between the two digestion fractions. 
 
The overlap between the two fractions were 538 proteins, although 44 were uniquely found 
in the LPI and 400 were only present in the in-solution. The 44 that were uniquely found in 
the LPI fraction were mostly discovered by low number unique peptides, and most likely 
“disappeared” in the in-solution fraction as we used data-dependent acquisition. Low 
abundant peptides will not show up in the analysis, as high abundant peptides will be selected 
for further fragmentation, resulting in potential skewing in the protein list; this should be 
considered when interpretating the results.  

Moreover, most of the transmembrane proteins that were identified only in the in-solution 
fraction were predicted to contain extracellular domains, which would be expected to be 
accessible for trypsin; those proteins should be expected to appear in the LPI fraction. One 
possible explanation is the presence of EVs with double membranes.259–263 In such structures, 
proteins located in the inner membrane would be hidden from enzyme digestion, explaining 
their detection exclusively in the in-solution fraction. Another interesting finding consistent 
with previous results, is the presence of proteins predicted to have cytosolic orientations 
within the LPI fraction, suggesting an inside-out topology.259 Proteins such as flotillin-1, 
GAPDH, and TSG101, exhibit this topology according to Protter Tool. This was partly 
confirmed by Cvjetkovic et al.259 that also found GAPDH to be on the surface. On the other 
hand, they did not find flotillin-1 and TSG101 to be surface bound after protease K 
treatment, followed by western blot analysis.  
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Furthermore, we were surprised that we did not find CD63 in the LPI digestion as it is 
present in our MACSplex analysis (Paper IV, Figure 2 b). We therefore performed an in-
silico analysis (Paper IV, S2) to try to explain why the protein was not found. This was done 
by testing what peptides that are theoretically formed by trypsin degradation of the CD63 
amino acid sequence. We found that the CD63 protein tends to be hidden in the membrane, 
although a rather large extracellular part could still potentially be cleaved in the LPI digestion. 
The peptide size ranged between 6-25 amino acids, and for the MS analysis, most of the 
peptides predicted for CD63 by the Peptide Cutter Tool were either too big or too small. 
Moreover, some of the peptides that are within the right size range, contains cysteine and 
could potentially form cysteine bridges and therefore become too big. Other peptides that 
were predicted but not present contains asparagine and will therefore be lost as they may be 
glycosylated.  

Furthermore, proteins typically associated with cytosolic or nuclear compartments were also 
identified among surface-associated proteins. These proteins may be bound to the EV surface 
through non-covalent interactions, behaving as so-called “hitchhiking” proteins that 
associates with vesicles without being integrated in the membrane.259 While it remains 
unclear whether these proteins are naturally bound to the EVs directly after release. Previous 
work by Toth et al.264 demonstrated that EVs isolated from cell cultures and incubated in 
plasma can form an external “protein corona” composed of abundant soluble plasma 
proteins, including immunoglobulin heavy chains. This could explain all the antibodies that 
are present in the LPI fraction. Several of the predicted cellular components within the 
surfaceome included IgM, IgG, and IgA, including sIgA. The absence of these proteins in 
the in-solution proteome suggests that they are either already integrated when released from 
the originating cells or acquired from the milk. Considering that human milk is rich in 
immunoglobulins, it is plausible that milk-derived EVs similarly acquire immunoglobulins 
from their surroundings.  

An interesting aspect of milk-derived EVs is their high abundance of immune relevant 
proteins in combination with all the immunoglobulins. It seems like that milk-EVs can 
present antigens as they express both MHC I and II. A previous study by Admyre et al.265 
showed that EVs loaded with birch allergen on MHC II could present and activate T cells 
and induce production of Th2 associated cytokines. Those EVs expressed the co-stimulatory 
markers CD40, CD80, and CD86. We on the other hand, could not find those markers in 
the surfaceome nor in the in-solution digestion which is a bit puzzling. This could suggest 
that milk-EVs can present antigens, but instead of activating T cells, it will result in anergy.266 
In addition, butyrophilin subfamily 1 member a1 is highly expressed in the LPI fraction, and 
has a known function in the formation, release, and stabilization of milk fat globules.267 
However, the structure of the protein is similar to the B7 proteins and have been found to 
have immune regulatory function, including inhibit T cell activation and cytokine 
production. Like others, we also found TLR2, CD14, and complement C3.142,149,211–213 
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TLR2 together with CD14 both participate in microbial recognition, and can inhibit 
excessive cell activation, thereby contributing to immune regulation.268 Also, a mouse model 
showed that TLR2 in milk was important for development of oral tolerance.269 Interestingly 
a lack of TLR2 in milk was associated with food allergy and the pups had significantly less 
tolerogenic DCs and Treg cells. Moreover, complement C3 can be considered involved in 
shaping the gut microbiota by killing bacteria.270 Together, this supports the hypothesis that 
milk-derived EVs contribute to immune development in the infant, promoting tolerance to 
harmless antigens and potentially reducing the risk of allergic sensitization. 
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CONCLUSIONS 

In relation to the aim of this thesis, several conclusions can be made. This thesis explores how 
human milk-derived EVs and miRNA cargo may influence infant immune maturation. In 
addition, we investigate how pre- and postnatal supplementation with L. reuteri and ω-3 fatty 
acid and maternal allergy status modulate these milk components.  
 
The main conclusion from Paper I, was that maternal supplementation of L. reuteri and/or 
ω-3 PUFAs during pregnancy and lactation does not significantly affect the relative 
expression of immune-related miRNAs, in neither colostrum nor in mature milk. It was 
however found that some of the miRNAs moderately correlated with the proportions of 
active and resting Treg cells in the infant at 6 and 24 months. 
 
In Paper II, we concluded that freezing did not produce any significant differences across 
any of the studied EV characteristics. This implies that frozen milk samples can be used in 
studies where samples have been collected prior to planned analysis of EVs and miRNA 
cargo. However, adding SC to the milk seem to affect fresh and frozen samples differently, 
altering EV size and protein levels. However, no direct comparison to samples without SC 
were done, and that should be considered in future work. 
 
The main findings from Paper III were that pre- and postnatal supplementation with L. 
reuteri and/or ω-3 PUFAs seems to modulate the relative expression of some milk-EV 
miRNAs. It could also be concluded that the effect of supplementations on the relative 
miRNA expression was influenced by the maternal allergy status. Moreover, miR-223-3p 
was higher in milk-EVs from allergic compared to non-allergic mothers, without any 
supplemental interactions.  
 
In Paper IV, we concluded that the surface-associated proteome on milk-derived EVs were 
enriched in proteins with immune-related functions, whereas luminal cargo proteins were 
predominantly associated with intracellular processes and exosome biogenesis. Furthermore, 
based on their protein pattern it seems like the milk-derived EVs originate from multiple 
cellular sources, both the mammary gland and immune cells.  
 
Taken together, the findings presented in this thesis support a concept where human milk-
derived EVs and miRNA cargo are influenced both by maternal allergy status and dietary 
interventions. Furthermore, milk-EVs and their cargo could contribute to early-life immune 
programming, potentially affecting tolerance development and allergy sensitization.   
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Figure 15. An overview of the main findings in this thesis.   
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FUTURE PERSPECTIVES 
The maturation of the infant immune system is not an isolated process but rather a dynamic 
interaction between maternal signals and environmental exposures. From the prenatal 
environment to the first microbial encounters at birth and the continuous delivery of 
different factors through breast milk, maternal influences shape the balance between 
immune activation and regulation. Although this thesis has provided insights into the 
potential role of milk-derived EVs and their miRNA cargo in shaping immune tolerance, it 
has only scratched the surface of a far more complex biological system. With each new 
finding, new questions arise, and in this section, I describe some ideas that have come up and 
that I plan to continue to work on. 
 
microRNAs From Milk-Derived EV and Their Association to Infant Immune Cells 
We plan to perform the same correlation in Paper III as we conducted in Paper I, i.e. relating 
miRNA levels to infant immune cells a 6, 12 and 24 months. Preliminary analyses show that 
aTreg proportions at 6 months positively correlate to EV-miR-16-5p, miR-17-5p and miR-
30b-5p and negatively to miR-146a-5p; the same miRNAs correlate positively against Th2 
(GATA3+) cells frequencies at 6 months.   
 
The Effect of Maternal Allergy and Pre- and Postnatal Supplementation of Probiotics 
and w-3 Fatty Acids on Milk-Derived EV Surface-Proteome Expression   
Milk-EVs from Paper III have been analyzed with MACSplex flow cytometry to profile the 
surface-proteome. We want to investigate if pre- and postnatal supplementation affect the 
EV proteins as well as other maternal characteristics including allergy status. Preliminarily we 
can see that we have a similar protein profile as previously described by us and others (Figure 
16).147,271,272 

 
Figure 16. The EV surface proteins were measured by MACSPlex flow cytometry. Data was background and isotype 
corrected.  
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The Protective Effects of Human Milk-Derived EVs After Induced Intestinal Infection 
Several in vitro studies have showed that milk derived-EVs have a protective effect on induced 
intestinal injury.205,273,274 For example, TNF and TLR4 mRNA expression have been shown 
to increase in organoids after LPS stimulation, and milk-EVs reduced the expression, with 
the most pronounced effects from EVs isolated from colostrum.206 One could hypothesize 
that the miRNA in the EVs could potentially affect the mitochondrial function. As a fifth 
project I had an additional aim to explore if milk-derived EVs exert a protective effect on 
Escherichia (E) coli LF82 infected intestinal cells, that could not be fitted into this thesis due 
to time constraints. This was supposed to be evaluated by studying the effect on 
mitochondrial network and membrane potential. Preliminary findings from my 
investigations shows that milk-derived EVs reduce mitochondria fragmentation and increase 
mitochondrial membrane potential after E. coli LF82 infection (Figure 17 and 18). 

 
Figure 17. T84 (human colon adenocarcinoma cell line) were infected with E. coli LF82 for 4 hours, with or without 
milk-derived EVs. The red staining labels mitochondria. Arrows indicate elongated mitochondrial networks which is a 
characteristic of healthy cells, whereas the star highlight fragmented and stressed mitochondria. 

 
Figure 18. FHC (fetal human colon) cells were stimulated with E. coli LF82 for 6 hours, and EVs from five different 
milk donors were tested. TMRE is a dye that accumulates in mitochondria in a membrane potential–dependent manner; 
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higher membrane potential (healthy mitochondria) results in higher accumulation of the dye, whereas lower membrane 
potential leads to reduced fluorescence intensity. For each donor and condition, mean fluorescence intensity (MFI) for 
TMRE was measured in 20 cells. Statistical analysis was performed using the Kruskal–Wallis test followed by Dunn’s 
post hoc test. Bars represent the median and interquartile range (IQR), while the darker colors indicate the median of the 
20 replicates within each EV donor.  

Oxylipin Composition in Milk-Derived EVs After Pre- and Postnatal Supplementation 
with ω-3 Fatty Acids 
As mentioned in the introduction, ω-3 supplementation during pregnancy and lactation 
changes the PUFA composition in breast milk.122 Mothers receiving ω-3 supplementation had 
significantly higher proportions of ω-3 LCPUFAs in the milk. These mechanisms are likely 
relevant for milk-derived EVs as well, as they might inherit the lipid composition of their 
parental cells. Gómez-Ferrer et al.159 showed that milk-derived EVs have higher concentration 
of DHA derived oxylipins compared to the LA derived oxylipins in healthy mothers. The 
incorporation of ω-3 oxylipins into EV membranes may enhance their immunoregulatory 
capacity, linking maternal dietary intake to EV function in the infant. Although this concept 
remains largely speculative, it highlights a promising area for future studies aiming to 
understand how EV lipid composition contributes to immune programming and protection 
against allergic diseases. 
 
  



 52 

ACKNOWLEDGMENT 
 
I do not know how to express my gratitude to all of those who supported me throughout this 
PhD journey, and who believed in me even when I doubted myself. This is my attempt to 
honor all of you who supported me along the way. 
 
I first want to thank all the families who participated in the study, especially the mothers who 
contributed with fresh milk. 
 
To my main supervisor, Maria. Thank you for believing in me and welcoming me to your 
group when I was a bachelor student, and for not letting me go when I wanted to stay and 
continue working on my projects. I appreciate everything I have learned from you and how 
much you believe in me as an independent researcher. Thank you for letting me convince 
you to work with milk-EVs, even if you were hesitant at the beginning. Thank you for all 
these years, I know we will keep collaborating in the future! 
 
To my co-supervisor, Lina. Thank you for being more than just my co-supervisor, but also 
for being my teacher and friend. Your knowledge and your unwavering trust in my abilities 
have shaped me and helped me grow as a researcher. Thank you for all the go-fika and the 
many interesting discussions we shared along the way, and for your encouragement and 
support when I came with all my ideas. I appreciate that I can always call you to discuss 
research, and that it takes us approximately five goodbyes before we actually hang up. Thank 
you for everything! 
 
To my co-supervisor, Karel. Thank you for your support, knowledge, and clinical advice. I 
appreciate all the discussions we had about the importance of milk and its components. I 
always knew that if I came up with ideas regarding milk, you would be onboard. 
 
To past and present members of the Jenmalm lab: Camilla, Dhanapal, Magalí, Lina, 
Rebecka, Ahmed, Cibely, and Johanna H. Thank you for the wonderful work environment, 
you have all contributed in one way or another to my PhD journey. To Camilla, thank you 
for all the help and for listening when I complained about my struggles in the lab. Ahmed, 
thank you for contributing to our publications and for taking one for the team by doing the 
Western blot. Thank you for sharing this PhD journey with me. Georgia and Rebecka, thank 
you for being the best office buddies one could wish for, and for all the laughter, scientific 
discussions, and for simply being there when life was a bit of a struggle. To my mentor, 
Johanna R. Thank you for all the support and for always being there when I needed to talk 
about both work and family. Julie, Leila, and Josephine, thank you for being such fun and 
caring colleagues, and an extra thank you to Julie for painting my beautiful cover for this 
thesis. 
 



 53 

To both former and present students. Thank you all for contributing in one way or another 
to the projects in this thesis. A special thanks to Emilia for all your help with the lab work in 
Paper III. Thanks to everyone at the Allergy Center, and a special thanks to Fanny and 
Michael for keeping track of and taking care of all the participants in the study, but also for 
all the laughter when I picked up the samples (my happy dance when I received a lot of milk). 
 
To everyone at II. Thank you all for contributing to such a nice work environment and for 
all the laughter and fun discussions in the fika room. 
 
To the MedBi family: Lovisa, Signe, Michelle, Erik, Damon, Ludwig, Arvid, Lotta, Calle, 
Sallie, and William. Thank you for being the people outside Domkyrkan several years ago 
and for following along this journey, from bachelor to PhD. I want to give a special thanks 
to Lovisa, without our secret Western blot, I do not know if I would be working with EVs 
today. 
 
To Armaan, Parker, and Saranya at the McKay lab in Canada. Thank you for being so 
welcoming and helpful when I came to visit. Even though I did not have time to finish my 
fifth project, I know that we will publish what we started. Thank you, Derek, for inviting me 
to your lab. 
 

To Maria N, at the microscope unit at the core facility. Thank you for taking all 
the images of the EVs, and for the crazy laughter when I started to see things in 
the images—say hi to Sid the EV (Ice Age). 

Thanks to Åsa, at the microbiology unit at the core facility for all your help with the qPCR 
instruments and troubleshooting. 
 
To all collaborators, thank you for investing your time and contributing your knowledge—
I have learned so much from all of you. To Susanne and Maria E in Paper II, thank you for 
your input on EV isolation and characterization, and for the opportunity to visit your lab 
and learn more. To Roger and Anders in Paper IV, thank you for collaborating with us and 
helping with the EV proteomics, and for answering all my questions about the method. 
 
Till Amanda. Tack för att du har varit min vän sedan högstadiet. Du har alltid funnits där 
för mig, och även om vi tappade bort varandra i några år så hittade vi tillbaka till varandra. 
Tack för din vänskap, för att du orkar lyssna på mig och för ditt stöd. 
 
Till Ing-Marie och Torny. Tack för allt stöd och allt intresse för det jag gör. Jag önskar att 
Torny kunde ha varit här och firat med oss. Tack för den tid vi fick tillsammans. 
 
Till min bror Erik. Jag vet att du är stolt över din storasyster, även om du hela tiden skämtar 
om när jag ska sluta ”plugga” och börja tjäna pengar. Tack för allt ditt stöd. 



 54 

Till Mamma och Pappa. Tack för all stöttning och för att ni alltid har trott på mig, även när 
jag själv har ifrågasatt min förmåga. Det är tack vare er jag är den jag är och har lyckats med 
det här. Älskar er! 
 
Till Marcus. Tack för din kärlek och för att du har mäktat med mig under alla år av studier 
och sedan under min PhD. Tack för att du alltid stöttar mig och tror på mig, även när jag själv 
inte gör det, och jag hat/älskar ditt ”det löser sig”. Älskar dig, och tack för barnen vi har 
tillsammans! 
 
Ella och Leo, tack för att jag får vara er mamma och för att ni har orkat med mig när jag har 
jobbat sent och skrivit den stora boken. Älskar er mest av allt! 
  



 55 

REFERENCES 
 

1. Hill, D. A. & Spergel, J. M. The Atopic March: Critical Evidence and Clinical Relevance. Ann. 
Allergy Asthma Immunol. 120, 131–137 (2018). 

2. Paller, A. S., Spergel, J. M., Mina-Osorio, P. & Irvine, A. D. The atopic march and atopic 
multimorbidity: Many trajectories, many pathways. J. Allergy Clin. Immunol. 143, 46–55 (2019). 

3. Galli, S. J., Tsai, M. & Piliponsky, A. M. The development of allergic inflammation. Nature 454, 
445–454 (2008). 

4. Soltani, S., Mahmoudi, M. & Farhadi, E. Dendritic Cells Currently under the Spotlight; 
Classification and Subset Based upon New Markers. Immunol. Invest. 50, 646–661 (2021). 

5. Pradeu, T., Thomma, B. P. H. J., Girardin, S. E. & Lemaitre, B. The conceptual foundations of 
innate immunity: Taking stock 30 years later. Immunity 57, 613–631 (2024). 

6. Kedmi, R. & Littman, D. R. Antigen-presenting cells as specialized drivers of intestinal T cell 
functions. Immunity 57, 2269–2279 (2024). 

7. Yoshimura, A., Naka, T. & Kubo, M. SOCS proteins, cytokine signalling and immune regulation. 
Nat. Rev. Immunol. 7, 454–465 (2007). 

8. Tindemans, I., Serafini, N., Di Santo, J. P. & Hendriks, R. W. GATA-3 Function in Innate and 
Adaptive Immunity. Immunity 41, 191–206 (2014). 

9. Ogulur, I. et al. Type 2 immunity in allergic diseases. Cell. Mol. Immunol. 22, 211–242 (2025). 
10. Williams, H. et al. Monocyte Differentiation and Heterogeneity: Inter-Subset and Interindividual 

Differences. Int. J. Mol. Sci. 24, 8757 (2023). 
11. Eguíluz-Gracia, I. et al. Rapid recruitment of CD14+ monocytes in experimentally induced 

allergic rhinitis in human subjects. J. Allergy Clin. Immunol. 137, 1872-1881.e12 (2016). 
12. Saradna, A., Do, D. C., Kumar, S., Fu, Q.-L. & Gao, P. Macrophage Polarization and Allergic 

Asthma. Transl. Res. Med. 191, 1–14 (2018). 
13. Galván-Morales, M. Á., Vizuet-de-Rueda, J. C., Montero-Vargas, J. M. & Teran, L. M. Role of 

Mast Cells in Human Health and Disease: Controversies and Novel Therapies. Int. J. Mol. Sci. 26, 
8895 (2025). 

14. Charles, N. & Blank, U. IgE-Mediated Activation of Mast Cells and Basophils in Health and 
Disease. Immunol. Rev. 331, e70024 (2025). 

15. Gu, S. et al. The production, function, and clinical applications of IL-33 in type 2 inflammation-
related respiratory diseases. Front. Immunol. 15, 1436437 (2024). 

16. Sun, L., Su, Y., Jiao, A., Wang, X. & Zhang, B. T cells in health and disease. Signal Transduct. 
Target. Ther. 8, 235 (2023). 

17. Strobl, M. R. et al. The role of IgG1 and IgG4 as dominant IgE-blocking antibodies shifts during 
allergen immunotherapy. J. Allergy Clin. Immunol. 151, 1371-1378.e5 (2023). 

18. Morali, K. et al. Antigen-specific B cell response regulation by IL-10–producing tolerogenic 
dendritic cells. Sci. Adv. 11, eadu3624 (2025). 

19. Usui, T., Nishikomori, R., Kitani, A. & Strober, W. GATA-3 Suppresses Th1 Development by 
Downregulation of Stat4 and Not through Effects on IL-12Rβ2 Chain or T-bet. Immunity 18, 
415–428 (2003). 

20. Abrahamsson, T. R., Sandberg Abelius, M., Forsberg, A., Björkstén, B. & Jenmalm, M. C. A 
Th1/Th2-associated chemokine imbalance during infancy in children developing eczema, wheeze 
and sensitization. Clin. Exp. Allergy. 41, 1729–1739 (2011). 

21. Abelius, M. S. et al. Th2-like chemokine levels are increased in allergic children and influenced by 
maternal immunity during pregnancy. Pediatr. Allergy Immunol. 25, 387–393 (2014). 

22. Böttcher, M. F., Björkstén, B., Gustafson, S., Voor, T. & Jenmalm, M. C. Endotoxin levels in 
Estonian and Swedish house dust and atopy in infancy. Clin. Exp. Allergy J. 33, 295–300 (2003). 



 56 

23. Celedón, J. C. et al. Exposure to dust mite allergen and endotoxin in early life and asthma and 
atopy in childhood. J. Allergy Clin. Immunol. 120, 144–149 (2007). 

24. Eisenbarth, S. C. et al. Lipopolysaccharide-enhanced, Toll-like Receptor 4–dependent T Helper 
Cell Type 2 Responses to Inhaled Antigen. J. Exp. Med. 196, 1645–1651 (2002). 

25. Chung, Y. et al. Critical Regulation of Early Th17 Cell Differentiation by Interleukin-1 Signaling. 
Immunity 30, 576–587 (2009). 

26. Margelidon-Cozzolino, V., Tsicopoulos, A., Chenivesse, C. & de Nadai, P. Role of Th17 
Cytokines in Airway Remodeling in Asthma and Therapy Perspectives. Front. Allergy 3, 806391 
(2022). 

27. Hofmann, M. A. et al. Role of IL-17 in atopy-A systematic review. Clin. Transl. Allergy 11, 
e12047 (2021). 

28. Capone, A. et al. Systems analysis of human T helper17 cell differentiation uncovers distinct time-
regulated transcriptional modules. iScience 24, 102492 (2021). 

29. Sakaguchi, S., Miyara, M., Costantino, C. M. & Hafler, D. A. FOXP3+ regulatory T cells in the 
human immune system. Nat. Rev. Immunol. 10, 490–500 (2010). 

30. Conrad, M. L. et al. Regulatory T cells and their role in allergic disease. Allergy 80, 77–93 (2025). 
31. Polonio, C. M., Qualiotto, A. N., da Silva, L. T. & Quintana, F. J. Dendritic Cells: Orchestrators 

of Immune Responsiveness and Tolerance. Immunol. Rev. 336, e70073 (2025). 
32. Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells and immune tolerance. 

Cell 133, 775–787 (2008). 
33. Liu, X. et al. Regulation of short-chain fatty acids in the immune system. Front. Immunol. 14, 

1186892 (2023). 
34. Baecher-Allan, C., Brown, J. A., Freeman, G. J. & Hafler, D. A. CD4+CD25high regulatory cells 

in human peripheral blood. J. Immunol. 167, 1245–1253 (2001). 
35. Levings, M. K., Sangregorio, R. & Roncarolo, M. G. Human CD25(+)CD4(+) T regulatory cells 

suppress naive and memory T cell proliferation and can be expanded in vitro without loss of 
function. J. Exp. Med. 193, 1295–1302 (2001). 

36. Ng, W. F. et al. Human CD4(+)CD25(+) cells: a naturally occurring population of regulatory T 
cells. Blood 98, 2736–2744 (2001). 

37. Jonuleit, H. et al. Identification and functional characterization of human CD4(+)CD25(+) T 
cells with regulatory properties isolated from peripheral blood. J. Exp. Med. 193, 1285–1294 
(2001). 

38. Dieckmann, D., Plottner, H., Berchtold, S., Berger, T. & Schuler, G. Ex vivo isolation and 
characterization of CD4(+)CD25(+) T cells with regulatory properties from human blood. J. Exp. 
Med. 193, 1303–1310 (2001). 

39. Taams, L. S. et al. Antigen-specific T cell suppression by human CD4+CD25+ regulatory T cells. 
Eur. J. Immunol. 32, 1621–1630 (2002). 

40. Roncador, G. et al. Analysis of FOXP3 protein expression in human CD4+CD25+ regulatory T 
cells at the single-cell level. Eur. J. Immunol. 35, 1681–1691 (2005). 

41. Miyara, M. et al. Functional Delineation and Differentiation Dynamics of Human CD4+ T Cells 
Expressing the FoxP3 Transcription Factor. Immunity 30, 899–911 (2009). 

42. Garcia-Larsen, V. et al. Diet during pregnancy and infancy and risk of allergic or autoimmune 
disease: A systematic review and meta-analysis. PLoS Med. 15, e1002507 (2018). 

43. Lambrecht, B. N. & Hammad, H. The immunology of the allergy epidemic and the hygiene 
hypothesis. Nat. Immunol. 18, 1076–1083 (2017). 

44. Jenmalm, M. C. & Duchén, K. Timing of allergy-preventive and immunomodulatory dietary 
interventions - are prenatal, perinatal or postnatal strategies optimal? Clin. Exp. Allergy. 43, 273–
278 (2013). 



 57 

45. Jenmalm, M. C. The mother-offspring dyad: microbial transmission, immune interactions and 
allergy development. J. Intern. Med. 282, 484–495 (2017). 

46. Gollwitzer, E. S. & Marsland, B. J. Impact of Early-Life Exposures on Immune Maturation and 
Susceptibility to Disease. Trends Immunol. 36, 684–696 (2015). 

47. Ljung, A. et al. Gut microbiota markers in early childhood are linked to farm living, pets in 
household and allergy. PloS One 19, e0313078 (2024). 

48. Simopoulos, A. P. Evolutionary aspects of diet, the omega-6/omega-3 ratio and genetic variation: 
nutritional implications for chronic diseases. Biomed. Pharmacother. 60, 502–507 (2006). 

49. Barman, M. et al. Proportions of Polyunsaturated Fatty Acids in Umbilical Cord Blood at Birth 
Are Related to Atopic Eczema Development in the First Year of Life. Nutrients 13, 3779 (2021). 

50. Kothari, A., Hung, L. & Upton, J. E. M. Considerations for biologics as front-line treatment in 
allergic diseases. Front. Immunol. 16, 1746790 (2026). 

51. Ezechukwu, H. C., Adegboye, O. A., Okunowo, W. O. & Emeto, T. I. Targeting IgE and Th2-
Cytokines in Allergy: Brief Updates on Monoclonal Antibodies and Antibody Gene Therapy. 
Allergies 3, 90–104 (2023). 

52. Komori, H. K. & Ortega, H. Potential of alarmin-targeted bispecific and combination therapies in 
airway disease. Front. Allergy 6, 1700060 (2025). 

53. Augustine, T., Kumar, M., Al Khodor, S. & van Panhuys, N. Microbial Dysbiosis Tunes the 
Immune Response Towards Allergic Disease Outcomes. Clin. Rev. Allergy Immunol. 65, 43–71 
(2023). 

54. Ferretti, P. et al. Mother-to-Infant Microbial Transmission from Different Body Sites Shapes the 
Developing Infant Gut Microbiome. Cell Host Microbe 24, 133-145.e5 (2018). 

55. Stokholm, J. et al. Delivery mode and gut microbial changes correlate with an increased risk of 
childhood asthma. Sci. Transl. Med. 12, eaax9929 (2020). 

56. Marrs, T. et al. Gut microbiota development during infancy: Impact of introducing allergenic 
foods. J. Allergy Clin. Immunol. 147, 613-621.e9 (2021). 

57. Schoultz, I. et al. Gut microbiota development across the lifespan: Disease links and health-
promoting interventions. J. Intern. Med. 297, 560–583 (2025). 

58. Heidrich, V., Valles-Colomer, M. & Segata, N. Human microbiome acquisition and transmission. 
Nat. Rev. Microbiol. 23, 568–584 (2025). 

59. Shao, Y. et al. Stunted microbiota and opportunistic pathogen colonization in caesarean-section 
birth. Nature 574, 117–121 (2019). 

60. Penders, J. et al. Establishment of the intestinal microbiota and its role for atopic dermatitis in 
early childhood. J. Allergy Clin. Immunol. 132, 601-607.e8 (2013). 

61. Augustine, T., Kumar, M., Al Khodor, S. & van Panhuys, N. Microbial Dysbiosis Tunes the 
Immune Response Towards Allergic Disease Outcomes. Clin. Rev. Allergy Immunol. 65, 43–71 
(2023). 

62. Mishra, A. et al. Microbial exposure during early human development primes fetal immune cells. 
Cell 184, 3394-3409.e20 (2021). 

63. Kennedy, K. M. et al. Over-celling fetal microbial exposure. Cell 184, 5839–5841 (2021). 
64. Kennedy, K. M. et al. Questioning the fetal microbiome illustrates pitfalls of low-biomass 

microbial studies. Nature 613, 639–649 (2023). 
65. Kennedy, K. M. et al. Fetal meconium does not have a detectable microbiota before birth. Nat. 

Microbiol. 6, 865–873 (2021). 
66. Rackaityte, E. et al. Viable bacterial colonization is highly limited in the human intestine in utero. 

Nat. Med. 26, 599–607 (2020). 
67. Li, Y. et al. In utero human intestine harbors unique metabolome, including bacterial metabolites. 

JCI Insight 5, e138751 (2020). 



 58 

68. Wang, W. et al. In utero human intestine contains maternally derived bacterial metabolites. 
Microbiome 13, 116 (2025). 

69. Xiao, L. & Zhao, F. Microbial transmission, colonisation and succession: from pregnancy to 
infancy. Gut 72, 772–786 (2023). 

70. Menon, R. et al. Amplification of microbial DNA from bacterial extracellular vesicles from 
human placenta. Front. Microbiol. 14, 1213234 (2023). 

71. Turunen, J. et al. Bacterial extracellular vesicles in the microbiome of first-pass meconium in 
newborn infants. Pediatr. Res. 93, 887–896 (2023). 

72. Kaisanlahti, A. et al. Maternal microbiota communicates with the fetus through microbiota-
derived extracellular vesicles. Microbiome 11, 249 (2023). 

73. Gerrard, J. W., Geddes, C. A., Reggin, P. L., Gerrard, C. D. & Horne, S. Serum IgE levels in white 
and metis communities in Saskatchewan. Ann. Allergy 37, 91–100 (1976). 

74. Strachan, D. P. Hay fever, hygiene, and household size. BMJ 299, 1259–1260 (1989). 
75. Jiang, J. et al. Early life bacteria and sibling exposure associate with restoration of the infant gut 

microbiome after cesarean section. Nat. Commun. https://doi.org/10.1038/s41467-026-71185-6 
(2026).  

76. Stenius, F. et al. Lifestyle factors and sensitization in children - the ALADDIN birth cohort. 
Allergy 66, 1330–1338 (2011). 

77. Kantomaa, M. T. et al. Influence of Farm Environment on Asthma during the Life Course: A 
Population-Based Birth Cohort Study in Northern Finland. Int. J. Environ. Res. Public. Health 
20, 2128 (2023). 

78. Jonsson, K. et al. Diet in 1-year-old farm and control children and allergy development: results 
from the FARMFLORA birth cohort. Food Nutr. Res. 60, 32721 (2016). 

79. Waser, M. et al. Inverse association of farm milk consumption with asthma and allergy in rural 
and suburban populations across Europe. Clin. Exp. Allergy. 37, 661–670 (2007). 

80. Lluis, A. et al. Increased regulatory T-cell numbers are associated with farm milk exposure and 
lower atopic sensitization and asthma in childhood. J. Allergy Clin. Immunol. 133, 551-559 
(2014). 

81. Yu, J. et al. Maternal exposure to farming environment protects offspring against allergic diseases 
by modulating the neonatal TLR-Tregs-Th axis. Clin. Transl. Allergy 8, 34 (2018). 

82. Sameeha, F. N. U., Riaz, S., Aslam, M. N. & Perveen, A. Association between early-life antibiotic 
exposure and gut microbiome alterations linked to allergic diseases in children: a systematic 
review. Eur. J. Med. Res. 31, 98 (2025). 

83. Hill, C. et al. The International Scientific Association for Probiotics and Prebiotics consensus 
statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. 
Hepatol. 11, 506–514 (2014). 

84. Boyle, R. J. et al. Lactobacillus GG treatment during pregnancy for the prevention of eczema: a 
randomized controlled trial. Allergy 66, 509–516 (2011). 

85. Cabana, M. D. et al. Early Probiotic Supplementation for Eczema and Asthma Prevention: A 
Randomized Controlled Trial. Pediatrics 140, e20163000 (2017). 

86. Taylor, A. L., Dunstan, J. A. & Prescott, S. L. Probiotic supplementation for the first 6 months of 
life fails to reduce the risk of atopic dermatitis and increases the risk of allergen sensitization in 
high-risk children: a randomized controlled trial. J. Allergy Clin. Immunol. 119, 184–191 (2007). 

87. West, C. E., Hammarström, M.-L. & Hernell, O. Probiotics during weaning reduce the incidence 
of eczema. Pediatr. Allergy Immunol. 20, 430–437 (2009). 

88. Soh, S. E. et al. Probiotic supplementation in the first 6 months of life in at risk Asian infants--
effects on eczema and atopic sensitization at the age of 1 year. Clin. Exp. Allergy. 39, 571–578 
(2009). 



 59 

89. Li, L. et al. Probiotic Supplementation for Prevention of Atopic Dermatitis in Infants and 
Children: A Systematic Review and Meta-analysis. Am. J. Clin. Dermatol. 20, 367–377 (2019). 

90. Kukkonen, K. et al. Probiotics and prebiotic galacto-oligosaccharides in the prevention of allergic 
diseases: a randomized, double-blind, placebo-controlled trial. J. Allergy Clin. Immunol. 119, 
192–198 (2007). 

91. Wickens, K. et al. A differential effect of 2 probiotics in the prevention of eczema and atopy: a 
double-blind, randomized, placebo-controlled trial. J. Allergy Clin. Immunol. 122, 788–794 
(2008). 

92. Dotterud, C. K., Storrø, O., Johnsen, R. & Øien, T. Probiotics in pregnant women to prevent 
allergic disease: a randomized, double‐blind trial. Br. J. Dermatol. 163, 616–623 (2010). 

93. Kalliomäki, M. et al. Probiotics in primary prevention of atopic disease: a randomised placebo-
controlled trial. Lancet 357, 1076–1079 (2001). 

94. Kalliomäki, M., Salminen, S., Poussa, T., Arvilommi, H. & Isolauri, E. Probiotics and prevention 
of atopic disease: 4-year follow-up of a randomised placebo-controlled trial. Lancet 361, 1869–
1871 (2003). 

95. Kim, J. Y. et al. Effect of probiotic mix (Bifidobacterium bifidum, Bifidobacterium lactis, 
Lactobacillus acidophilus) in the primary prevention of eczema: a double-blind, randomized, 
placebo-controlled trial. Pediatr. Allergy Immunol. 21, e386-393 (2010). 

96. Allen, S. J. et al. Probiotics in the prevention of eczema: a randomised controlled trial. Arch. Dis. 
Child. 99, 1014–1019 (2014). 

97. Abrahamsson, T. R. et al. Probiotics in prevention of IgE-associated eczema: a double-blind, 
randomized, placebo-controlled trial. J. Allergy Clin. Immunol. 119, 1174–1180 (2007). 

98. Wang, F., Wu, F., Chen, H. & Tang, B. The effect of probiotics in the prevention of atopic 
dermatitis in children: a systematic review and meta-analysis. Transl. Pediatr. 12, 731–748 
(2023). 

99. Mu, Q., Tavella, V. J. & Luo, X. M. Role of Lactobacillus reuteri in Human Health and Diseases. 
Front. Microbiol. 9, 757 (2018). 

100. Walter, J., Britton, R. A. & Roos, S. Host-microbial symbiosis in the vertebrate gastrointestinal 
tract and the Lactobacillus reuteri paradigm. Proc. Natl. Acad. Sci. 108, 4645–4652 (2011). 

101. Liu, Y. et al. Lactobacillus reuteri DSM 17938 feeding of healthy newborn mice regulates immune 
responses while modulating gut microbiota and boosting beneficial metabolites. Am. J. Physiol. 
Gastrointest. Liver Physiol. 317, G824–G838 (2019). 

102. Forsberg, A., Abrahamsson, T. R., Björkstén, B. & Jenmalm, M. C. Pre- and postnatal 
administration of Lactobacillus reuteri decreases TLR2 responses in infants. Clin. Transl. Allergy 
4, 21 (2014). 

103. Pang, Y. et al. Extracellular membrane vesicles from Limosilactobacillus reuteri strengthen the 
intestinal epithelial integrity, modulate cytokine responses and antagonize activation of TRPV1. 
Front. Microbiol. 13, 1032202 (2022). 

104. Li, M. et al. Limosilactobacillus reuteri CCFM1040 extracellular vesicles alleviate atopic dermatitis 
through signal transducer and activator of transcription STAT3-dependent modulation of 
epithelial cytokine. Int. J. Biol. Macromol. 334, 148671 (2025). 

105. Vlieg-Boerstra, B. et al. The immune-supportive diet in allergy management: A narrative review 
and proposal. Allergy 78, 1441–1458 (2023). 

106. Vassilopoulou, E. et al. Adherence to Mediterranean Diet During Pregnancy, Breastfeeding, and 
Development of Food Allergy in the Offspring: Results From the MEDALLION Cohort Study. 
Allergy 81, 563–572 (2026). 



 60 

107. Malmir, H., Larijani, B. & Esmaillzadeh, A. Fish consumption during pregnancy and risk of 
allergic diseases in the offspring: A systematic review and meta-analysis. Crit. Rev. Food Sci. Nutr. 
62, 7449–7459 (2022). 

108. Hoppenbrouwers, T., Cvejić Hogervorst, J. H., Garssen, J., Wichers, H. J. & Willemsen, L. E. M. 
Long Chain Polyunsaturated Fatty Acids (LCPUFAs) in the Prevention of Food Allergy. Front. 
Immunol. 10, 1118 (2019). 

109. Serhan, C. N. & Levy, B. D. Proresolving Lipid Mediators in the Respiratory System. Annu. Rev. 
Physiol. 87, 491–512 (2025). 

110. Djuricic, I. & Calder, P. C. Beneficial Outcomes of Omega-6 and Omega-3 Polyunsaturated Fatty 
Acids on Human Health: An Update for 2021. Nutrients 13, 2421 (2021). 

111. Calder, P. C. Omega-3 Fatty Acids and Inflammatory Processes. Nutrients 2, 355-374 (2010). 
112. Fan, Y.-Y. et al. Remodelling of primary human CD4+ T cell plasma membrane order by n-3 

PUFA. Br. J. Nutr. 119, 163–175 (2018). 
113. Park, B.-K. et al. Omega-3 fatty acids suppress Th2-associated cytokine gene expressions and 

GATA transcription factors in mast cells. J. Nutr. Biochem. 24, 868–876 (2013). 
114. Huynh, L. B. P. et al. Maternal Omega-3 Supplementation During Pregnancy, but Not 

Childhood Supplementation, Reduces the Risk of Food Allergy Diseases in Offspring. J. Allergy 
Clin. Immunol. Pract. 11, 2862-2871.e8 (2023). 

115. Krauss-Etschmann, S. et al. Decreased cord blood IL-4, IL-13, and CCR4 and increased TGF-
beta levels after fish oil supplementation of pregnant women. J. Allergy Clin. Immunol. 121, 464-
470.e6 (2008). 

116. Dunstan, J. A. et al. Maternal fish oil supplementation in pregnancy reduces interleukin-13 levels 
in cord blood of infants at high risk of atopy. Clin. Exp. Allergy. 33, 442–448 (2003). 

117. Dunstan, J. A. et al. Fish oil supplementation in pregnancy modifies neonatal allergen-specific 
immune responses and clinical outcomes in infants at high risk of atopy: a randomized, controlled 
trial. J. Allergy Clin. Immunol. 112, 1178–1184 (2003). 

118. Best, K. P. et al. Prenatal Fish Oil Supplementation and Allergy: 6-Year Follow-up of a 
Randomized Controlled Trial. Pediatrics 137, e20154443 (2016). 

119. Bisgaard, H. et al. Fish Oil-Derived Fatty Acids in Pregnancy and Wheeze and Asthma in 
Offspring. N. Engl. J. Med. 375, 2530–2539 (2016). 

120. Furuhjelm, C. et al. Fish oil supplementation in pregnancy and lactation may decrease the risk of 
infant allergy. Acta Paediatr. 98, 1461–1467 (2009). 

121. Furuhjelm, C. et al. Allergic disease in infants up to 2 years of age in relation to plasma omega-3 
fatty acids and maternal fish oil supplementation in pregnancy and lactation. Pediatr. Allergy 
Immunol. 22, 505–514 (2011). 

122. Warstedt, K., Furuhjelm, C., Fälth-Magnusson, K., Fagerås, M. & Duchén, K. High levels of 
omega-3 fatty acids in milk from omega-3 fatty acid-supplemented mothers are related to less 
immunoglobulin E-associated disease in infancy. Acta Paediatr. 105, 1337–1347 (2016). 

123. Al-Kaabawi, A. et al. Effects of maternal allergy and supplementation with ω-3 fatty acid and 
probiotic on human milk oligosaccharides. Pediatr. Allergy Immunol. 36, e70162 (2025). 

124. Infant and young child feeding: model chapter for textbooks for medical students and allied 
health professionals, second edition. Geneva: World Health Organization; 2025. 

125. Petersohn, I. et al. Maternal diet and human milk composition: an updated systematic review. 
Front. Nutr. 10, 1320560 (2024). 

126. Kim, S. Y. & Yi, D. Y. Components of human breast milk: from macronutrient to microbiome 
and microRNA. Clin. Exp. Pediatr. 63, 301–309 (2020). 

127. Andres, S. F., Scottoline, B. & Good, M. Shaping infant development from the inside out: 
Bioactive factors in human milk. Semin. Perinatol. 47, 151690 (2023). 



 61 

128. Bijlsma, A. et al. Chrononutrition: 24-hour variation in macronutrients in very preterm human 
milk. Early Hum. Dev. 215, 106481 (2026). 

129. Golan, Y. et al. Genomic characterization of normal and aberrant human milk production. Sci. 
Adv. 11, eadr7174 (2025). 

130. Hassiotou, F. et al. Maternal and infant infections stimulate a rapid leukocyte response in 
breastmilk. Clin. Transl. Immunol. 2, e3 (2013). 

131. Favara, G. et al. Maternal Lifestyle Factors Affecting Breast Milk Composition and Infant Health: 
A Systematic Review. Nutrients 17, 62 (2024). 

132. Breakey, A. A., Hinde, K., Valeggia, C. R., Sinofsky, A. & Ellison, P. T. Illness in breastfeeding 
infants relates to concentration of lactoferrin and secretory Immunoglobulin A in mother’s milk. 
Evol. Med. Public Health 2015, 21–31 (2015). 

133. Tomaszewska, A. et al. Immunomodulatory Effect of Infectious Disease of a Breastfed Child on 
the Cellular Composition of Breast Milk. Nutrients 15, 3844 (2023). 

134. Riskin, A. et al. Changes in immunomodulatory constituents of human milk in response to active 
infection in the nursing infant. Pediatr. Res. 71, 220–225 (2012). 

135. Wu, Y. et al. How maternal factors shape the immune system of breastfed infants to alleviate food 
allergy: A systematic and updated review. Immunology 174, 1–16 (2025). 

136. Lin, B., Dai, R., Lu, L., Fan, X. & Yu, Y. Breastfeeding and Atopic Dermatitis Risk: A Systematic 
Review and Meta-Analysis of Prospective Cohort Studies. Dermatology 236, 345–360 (2020). 

137. Böttcher, M. F., Jenmalm, M. C., Garofalo, R. P. & Björkstén, B. Cytokines in breast milk from 
allergic and nonallergic mothers. Pediatr. Res. 47, 157–162 (2000). 

138. Bozack, A. K. et al. Breast milk-derived extracellular vesicle miRNAs are associated with maternal 
asthma and atopy. Epigenomics. 14, 727–739 (2022). 

139. Torregrosa Paredes, P. et al. Differences in exosome populations in human breast milk in relation 
to allergic sensitization and lifestyle. Allergy 69, 463–471 (2014). 

140. Porębska, A., Maj, M., Rakhmetullina, A., Zielenkiewicz, P. & Pączek, L. Breast milk miRNAs 
and their potential role in the development of atopy in infants. Front. Mol. Biosci. 13, (2026). 

141. Husseini, Z. & Gilbert, C. Milk‐Derived Extracellular Vesicles and microRNAs: Potential 
Modulators of Intestinal Homeostasis. FASEB J. 39, e70947 (2025). 

142. Admyre, C. et al. Exosomes with immune modulatory features are present in human breast milk. 
J. Immunol. 179, 1969–1978 (2007). 

143. van Herwijnen, M. J. C. et al. Abundantly Present miRNAs in Milk-Derived Extracellular 
Vesicles Are Conserved Between Mammals. Front. Nutr. 5, 81 (2018). 

144. Tingö, L. et al. Non-Coding RNAs in Human Breast Milk: A Systematic Review. Front. 
Immunol. 12, 725323 (2021). 

145. Kosaka, N., Izumi, H., Sekine, K. & Ochiya, T. microRNA as a new immune-regulatory agent in 
breast milk. Silence 1, 7 (2010). 

146. Ahlberg, E. et al. Breast milk microRNAs: Potential players in oral tolerance development. Front. 
Immunol. 14, 1154211 (2023). 

147. Giovanazzi, A., van Herwijnen, M. J. C., Kleinjan, M., van der Meulen, G. N. & Wauben, M. H. 
M. Surface protein profiling of milk and serum extracellular vesicles unveils body fluid-specific 
signatures. Sci. Rep. 13, 8758 (2023). 

148. Larssen, P. et al. Tracing Cellular Origin of Human Exosomes Using Multiplex Proximity 
Extension Assays. Mol. Cell. Proteomics. 16, 502–511 (2017). 

149. van Herwijnen, M. J. C. et al. Comprehensive Proteomic Analysis of Human Milk-derived 
Extracellular Vesicles Unveils a Novel Functional Proteome Distinct from Other Milk 
Components. Mol. Cell. Proteomics. 15, 3412–3423 (2016). 



 62 

150. Alsaweed, M., Lai, C. T., Hartmann, P. E., Geddes, D. T. & Kakulas, F. Human milk miRNAs 
primarily originate from the mammary gland resulting in unique miRNA profiles of fractionated 
milk. Sci. Rep. 6, 20680 (2016). 

151. Welsh, J. A. et al. Minimal information for studies of extracellular vesicles (MISEV2023): From 
basic to advanced approaches. J. Extracell. Vesicles 13, e12404 (2024). 

152. Lischnig, A., Bergqvist, M., Ochiya, T. & Lässer, C. Quantitative Proteomics Identifies Proteins 
Enriched in Large and Small Extracellular Vesicles. Mol. Cell. Proteomics. 21, 100273 (2022). 

153. Lischnig, A. et al. Proteomic and Lipidomic Profiling of Immune Cell-Derived Subpopulations of 
Extracellular Vesicles. Proteomics. 26, 129-153 (2026). 

154. Rädler, J., Gupta, D., Zickler, A. & Andaloussi, S. E. Exploiting the biogenesis of extracellular 
vesicles for bioengineering and therapeutic cargo loading. Mol. Ther. 31, 1231–1250 (2023). 

155. Fordjour, F. K., Guo, C., Ai, Y., Daaboul, G. G. & Gould, S. J. A shared, stochastic pathway 
mediates exosome protein budding along plasma and endosome membranes. J. Biol. Chem. 298, 
102394 (2022). 

156. Mathieu, M. et al. Specificities of exosome versus small ectosome secretion revealed by live 
intracellular tracking of CD63 and CD9. Nat. Commun. 12, 4389 (2021). 

157. Hussain, S. et al. Decoding the functional plasticity of milk-derived exosomes: implications for 
nutrition, immunity, and therapy. Front. Immunol. 16, 1645355 (2025). 

158. Gurung, S., Perocheau, D., Touramanidou, L. & Baruteau, J. The exosome journey: from 
biogenesis to uptake and intracellular signalling. Cell Commun. Signal. 19, 47 (2021). 

159. Gómez-Ferrer, M. et al. Identification of omega-3 oxylipins in human milk-derived extracellular 
vesicles with pro-resolutive actions in gastrointestinal inflammation. Front. Immunol. 14, 
1293737 (2023). 

160. Squadrito, M. L. et al. Endogenous RNAs Modulate MicroRNA Sorting to Exosomes and 
Transfer to Acceptor Cells. Cell Rep. 8, 1432–1446 (2014). 

161. Liu, X.-M. & Halushka, M. K. Beyond the Bubble: A Debate on microRNA Sorting in 
Extracellular Vesicles. Lab. Investig. 105, 102206 (2025). 

162. Stevanato, L., Thanabalasundaram, L., Vysokov, N. & Sinden, J. D. Investigation of Content, 
Stoichiometry and Transfer of miRNA from Human Neural Stem Cell Line Derived Exosomes. 
PloS One. 11, e0146353 (2016). 

163. Squadrito, M. L. et al. Endogenous RNAs Modulate MicroRNA Sorting to Exosomes and 
Transfer to Acceptor Cells. Cell Rep. 8, 1432–1446 (2014). 

164. Shang, R., Lee, S., Senavirathne, G. & Lai, E. C. microRNAs in action: biogenesis, function and 
regulation. Nat. Rev. Genet. 24, 816–833 (2023). 

165. Torrez, R. M., Ohi, M. D. & Garner, A. L. Structural Insights into the Advances and Mechanistic 
Understanding of Human Dicer. Biochemistry 62, 1–16 (2023). 

166. Medley, J. C., Panzade, G. & Zinovyeva, A. Y. microRNA strand selection: Unwinding the rules. 
Wiley Interdiscip. Rev. RNA 12, e1627 (2021). 

167. Agarwal, V., Bell, G. W., Nam, J.-W. & Bartel, D. P. Predicting effective microRNA target sites in 
mammalian mRNAs. eLife 4, e05005 (2015). 

168. Lewis, B. P., Burge, C. B. & Bartel, D. P. Conserved seed pairing, often flanked by adenosines, 
indicates that thousands of human genes are microRNA targets. Cell 120, 15–20 (2005). 

169. Jiang, X. et al. Biological Properties of Milk-Derived Extracellular Vesicles and Their Physiological 
Functions in Infant. Front. Cell Dev. Biol. 9, 693534 (2021). 

170. Luo, X. et al. Mechanistic insight into human milk extracellular vesicle‐intestinal barrier 
interactions. J. Extracell. Biol. 4, e70032 (2025). 



 63 

171. Kahn, S. et al. Exosomal MicroRNAs in Milk from Mothers Delivering Preterm Infants Survive 
in Vitro Digestion and Are Taken Up by Human Intestinal Cells. Mol. Nutr. Food Res. 62, 
e1701050 (2018). 

172. Liao, Y., Du, X., Li, J. & Lönnerdal, B. Human milk exosomes and their microRNAs survive 
digestion in vitro and are taken up by human intestinal cells. Mol. Nutr. Food Res. 61, 1700082 
(2017). 

173. Tong, L. et al. Milk-derived extracellular vesicles protect intestinal barrier integrity in the gut-liver 
axis. Sci. Adv. 9, eade5041 (2023). 

174. Warren, M. R. et al. Milk exosomes with enhanced mucus penetrability for oral delivery of 
siRNA. Biomater. Sci. 9, 4260–4277 (2021). 

175. Wolf, T., Baier, S. R. & Zempleni, J. The Intestinal Transport of Bovine Milk Exosomes Is 
Mediated by Endocytosis in Human Colon Carcinoma Caco-2 Cells and Rat Small Intestinal 
IEC-6 Cells. J. Nutr. 145, 2201–2206 (2015). 

176. Yung, C. et al. Neonatal enteroids absorb extracellular vesicles from human milk-fed infant 
digestive fluid. J. Extracell. Vesicles. 13, e12422 (2024). 

177. Manca, S. et al. Milk exosomes are bioavailable and distinct microRNA cargos have unique tissue 
distribution patterns. Sci. Rep. 8, 11321 (2018). 

178. Khanam, A., Ngu, A. & Zempleni, J. Bioavailability of orally administered small extracellular 
vesicles from bovine milk in C57BL/6J mice. Int. J. Pharm. 639, 122974 (2023). 

179. Weil, P. P. et al. Uncovering the gastrointestinal passage, intestinal epithelial cellular uptake, and 
AGO2 loading of milk miRNAs in neonates using xenomiRs as tracers. Am. J. Clin. Nutr. 117, 
1195–1210 (2023). 

180. Zhou, F. et al. Small Extracellular Vesicles in Milk Cross the Blood-Brain Barrier in Murine 
Cerebral Cortex Endothelial Cells and Promote Dendritic Complexity in the Hippocampus and 
Brain Function in C57BL/6J Mice. Front. Nutr. 9, 838543 (2022). 

181. Lässer, C. et al. Human saliva, plasma and breast milk exosomes contain RNA: uptake by 
macrophages. J. Transl. Med. 9, 9 (2011). 

182. Chong, M. M. W., Rasmussen, J. P., Rudensky, A. Y. & Littman, D. R. The RNAseIII enzyme 
Drosha is critical in T cells for preventing lethal inflammatory disease. J. Exp. Med. 205, 2005–
2017 (2008). 

183. Cobb, B. S. et al. A role for Dicer in immune regulation. J. Exp. Med. 203, 2519–2527 (2006). 
184. Jeker, L. T., Zhou, X., Blelloch, R. & Bluestone, J. A. DGCR8-mediated production of canonical 

microRNAs is critical for regulatory T cell function and stability. PloS One 8, e66282 (2013). 
185. Lu, L.-F. et al. Foxp3-dependent microRNA155 confers competitive fitness to regulatory T cells 

by targeting SOCS1 protein. Immunity 30, 80–91 (2009). 
186. Zeng, Q., Liu, W., Luo, R. & Lu, G. MicroRNA-181a and microRNA-155 are involved in the 

regulation of the differentiation and function of regulatory T cells in allergic rhinitis children. 
Pediatr. Allergy Immunol. 30, 434–442 (2019). 

187. Liu, X. et al. FOXP3 is a direct target of miR15a/16 in umbilical cord blood regulatory T cells. 
Bone Marrow Transplant. 49, 793–799 (2014). 

188. Rodríguez-Galán, A., Fernández-Messina, L. & Sánchez-Madrid, F. Control of 
Immunoregulatory Molecules by miRNAs in T Cell Activation. Front. Immunol. 9, 2148 (2018). 

189. Liu, W., Ouyang, H., Zeng, Q., Luo, R. & Lu, G. Decreased Treg-derived miR-181a and miR-155 
correlated with reduced number and function of Treg cells in allergic rhinitis children. Eur. Arch. 
Otorhinolaryngol. 276, 1089–1094 (2019). 

190. Malmhäll, C. et al. Altered miR-155 Expression in Allergic Asthmatic Airways. Scand. J. 
Immunol. 85, 300–307 (2017). 



 64 

191. Nousbeck, J. et al. MicroRNA analysis of childhood atopic dermatitis reveals a role for miR‐451a. 
Br. J. Dermatol. 184, 514–523 (2021). 

192. Wu, G. et al. Altered microRNA Expression Profiles of Extracellular Vesicles in Nasal Mucus 
From Patients With Allergic Rhinitis. Allergy Asthma Immunol. Res. 7, 449–457 (2015). 

193. Maes, T. et al. Asthma inflammatory phenotypes show differential microRNA expression in 
sputum. J. Allergy Clin. Immunol. 137, 1433–1446 (2016). 

194. Weidner, J., Ekerljung, L., Malmhäll, C., Miron, N. & Rådinger, M. Circulating microRNAs 
correlate to clinical parameters in individuals with allergic and non-allergic asthma. Respir. Res. 
21, 107 (2020). 

195. Soccio, P. et al. MiRNA and Exosomal miRNA as New Biomarkers Useful to Phenotyping Severe 
Asthma. Biomolecules 13, 1542 (2023). 

196. Nuñez-Borque, E. et al. Increased miR-21-3p and miR-487b-3p serum levels during anaphylactic 
reaction in food allergic children. Pediatr. Allergy Immunol. 32, 1296–1306 (2021). 

197. Panganiban, R. P. et al. Circulating microRNAs as biomarkers in patients with allergic rhinitis 
and asthma. J. Allergy Clin. Immunol. 137, 1423–1432 (2016). 

198. Wardzyńska, A. et al. Circulating MicroRNAs and T-Cell Cytokine Expression Are Associated 
With the Characteristics of Asthma Exacerbation. Allergy Asthma Immunol. Res. 12, 125–136 
(2020). 

199. Melnik, B. C. & Schmitz, G. MicroRNAs: Milk’s epigenetic regulators. Best Pract. Res. Clin. 
Endocrinol. Metab. 31, 427–442 (2017). 

200. Arroyo-Olarte, R. D. et al. Targeted Demethylation of FOXP3-TSDR Enhances the Suppressive 
Capacity of STAT6-deficient Inducible T Regulatory Cells. Inflammation 47, 2159–2172 
(2024). 

201. Pan, W. et al. MicroRNA-21 and microRNA-148a contribute to DNA hypomethylation in 
lupus CD4+ T cells by directly and indirectly targeting DNA methyltransferase 1. J. Immunol. 
184, 6773–6781 (2010). 

202. Wang, H. et al. Comparison of the Immunomodulatory Roles of Porcine Milk-Derived 
Extracellular Vesicles from Different Stages of Lactation. J. Agric. Food Chem. 73, 12247–12260 
(2025). 

203. Ascanius, S. R., Hansen, M. S., Ostenfeld, M. S. & Rasmussen, J. T. Milk-Derived Extracellular 
Vesicles Suppress Inflammatory Cytokine Expression and Nuclear Factor-κB Activation in 
Lipopolysaccharide-Stimulated Macrophages. Dairy 2, 165–178 (2021). 

204. Reif, S. et al. The Effect of Milk-Derived Extracellular Vesicles on Intestinal Epithelial Cell 
Proliferation. Int. J. Mol. Sci. 25, 13519 (2024). 

205. Mecocci, S. et al. Cow Milk Extracellular Vesicle Effects on an In Vitro Model of Intestinal 
Inflammation. Biomedicines 10, 570 (2022). 

206. Gao, R. et al. A comparison of exosomes derived from different periods breast milk on protecting 
against intestinal organoid injury. Pediatr. Surg. Int. 35, 1363–1368 (2019). 

207. Reif, S. et al. Cow and Human Milk-Derived Exosomes Ameliorate Colitis in DSS Murine 
Model. Nutrients. 12, 2589 (2020). 

208. Wang, L. et al. Protective effects of bovine milk exosomes against oxidative stress in IEC-6 cells. 
Eur. J. Nutr. 60, 317–327 (2021). 

209. Wang, L. et al. Bovine milk exosomes attenuate the alteration of purine metabolism and energy 
status in IEC-6 cells induced by hydrogen peroxide. Food Chem. 350, 129142 (2021). 

210. Miyake, H. et al. Human breast milk exosomes attenuate intestinal damage. Pediatr. Surg. Int. 36, 
155–163 (2020). 



 65 

211. Freiría-Martínez, L. et al. Proteomic analysis of exosomes derived from human mature milk and 
colostrum of mothers with term, late preterm, or very preterm delivery. Anal. Methods. 15, 4905–
4917 (2023). 

212. Turner, N. P., Abeysinghe, P., Sadowski, P. & Mitchell, M. D. Omics Analysis of Extracellular 
Vesicles Recovered from Infant Formula Products and Milk: Towards Personalized Infant 
Nutrition. Mol. Nutr. Food Res. 67, 2300404 (2023). 

213. Vaswani, K. M. et al. A complete proteomic profile of human and bovine milk exosomes by liquid 
chromatography mass spectrometry. Expert Rev. Proteomics 18, 719–735 (2021). 

214. Simpson, M. R. et al. Human Breast Milk miRNA, Maternal Probiotic Supplementation and 
Atopic Dermatitis in Offspring. PloS One 10, e0143496 (2015). 

215. Andersen, C. L., Jensen, J. L. & Ørntoft, T. F. Normalization of real-time quantitative reverse 
transcription-PCR data: a model-based variance estimation approach to identify genes suited for 
normalization, applied to bladder and colon cancer data sets. Cancer Res. 64, 5245–5250 (2004). 

216. Wijenayake, S. et al. Comparison of methods for pre-processing, exosome isolation, and RNA 
extraction in unpasteurized bovine and human milk. PloS One 16, e0257633 (2021). 

217. Zonneveld, M. I. et al. Recovery of extracellular vesicles from human breast milk is influenced by 
sample collection and vesicle isolation procedures. J. Extracell. Vesicles. 3 (2014). 

218. Hendrix, A. et al. Extracellular vesicle analysis. Nat. Rev. Methods Primer 3, 56 (2023). 
219. Livshits, M. A. et al. Isolation of exosomes by differential centrifugation: Theoretical analysis of a 

commonly used protocol. Sci. Rep. 5, 17319 (2015). 
220. Benmoussa, A., Michel, S., Gilbert, C. & Provost, P. Isolating Multiple Extracellular Vesicles 

Subsets, Including Exosomes and Membrane Vesicles, from Bovine Milk Using Sodium Citrate 
and Differential Ultracentrifugation. Bio Protoc. 10, e3636 (2020). 

221. Famelart, M.-H., Chapron, L., Piot, M., Brulé, G. & Durier, C. High pressure-induced gel 
formation of milk and whey concentrates. J. Food Eng. 36, 149–164 (1998). 

222. Benmoussa, A. et al. Concentrates of two subsets of extracellular vesicles from cow’s milk 
modulate symptoms and inflammation in experimental colitis. Sci. Rep. 9, 14661 (2019). 

223. Bachurski, D. et al. Extracellular vesicle measurements with nanoparticle tracking analysis – An 
accuracy and repeatability comparison between NanoSight NS300 and ZetaView. J. Extracell. 
Vesicles 8, 1596016 (2019). 

224. Vestad, B. et al. Size and concentration analyses of extracellular vesicles by nanoparticle tracking 
analysis: a variation study. J. Extracell. Vesicles 6, 1344087 (2017). 

225. Blans, K. et al. Pellet-free isolation of human and bovine milk extracellular vesicles by size-
exclusion chromatography. J. Extracell. Vesicles 6, 1294340 (2017). 

226. Pascucci, L. & Scattini, G. Imaging extracelluar vesicles by transmission electron microscopy: 
Coping with technical hurdles and morphological interpretation. Biochim. Biophys. Acta Gen. 
Subj. 1865, 129648 (2021). 

227. Cizmar, P. & Yuana, Y. Detection and Characterization of Extracellular Vesicles by Transmission 
and Cryo-Transmission Electron Microscopy. Methods Mol Biol. 1660, 221–232 (2017). 

228. Adan, A., Alizada, G., Kiraz, Y., Baran, Y. & Nalbant, A. Flow cytometry: basic principles and 
applications. Crit. Rev. Biotechnol. 37, 163–176 (2017). 

229. Jansson, E. T. et al. Microfluidic Flow Cell for Sequential Digestion of Immobilized 
Proteoliposomes. Anal. Chem. 84, 5582–5588 (2012). 

230. Karlsson, R. et al. Strain-Level Typing and Identification of Bacteria Using Mass Spectrometry-
Based Proteomics. J. Proteome Res. 11, 2710–2720 (2012). 

231. Defossez, E., Bourquin, J., von Reuss, S., Rasmann, S. & Glauser, G. Eight key rules for successful 
data‐dependent acquisition in mass spectrometry‐based metabolomics. Mass Spectrom. Rev. 42, 
131–143 (2023). 



 66 

232. Eng, J. K., McCormack, A. L. & Yates, J. R. An approach to correlate tandem mass spectral data 
of peptides with amino acid sequences in a protein database. J. Am. Soc. Mass Spectrom. 5, 976–
989 (1994). 

233. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful 
Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–300 (1995). 

234. Sherman, B. T. et al. DAVID: a web server for functional enrichment analysis and functional 
annotation of gene lists (2021 update). Nucleic Acids Res. 50, W216–W221 (2022). 

235. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene 
lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57 (2009). 

236. Ashburner, M. et al. Gene ontology: tool for the unification of biology. The Gene Ontology 
Consortium. Nat. Genet. 25, 25–29 (2000). 

237. The Gene Ontology Consortium et al. The Gene Ontology knowledgebase in 2023. Genetics 224, 
iyad031 (2023). 

238. Thomas, P. D. et al. PANTHER: Making genome-scale phylogenetics accessible to all. Protein Sci. 
31, 8–22 (2022). 

239. Mu, F., Yang, Y., Wang, C., Zeng, X. & Wang, F. Safety of Omega-3 Fatty Acid Supplementation 
During Pregnancy: A Meta-Analysis of Randomized Controlled Trials. Int. J. Clin. Pract. 2025, 
7700201 (2025). 

240. Sheyholislami, H. & Connor, K. L. Are Probiotics and Prebiotics Safe for Use during Pregnancy 
and Lactation? A Systematic Review and Meta-Analysis. Nutrients 13, 2382 (2021). 

241. Raymond, F. et al. Longitudinal Human Milk miRNA Composition over the First 3 mo of 
Lactation in a Cohort of Healthy Mothers Delivering Term Infants. J. Nutr. 152, 94–106 (2022). 

242. Rio-Aige, K. et al. Breast milk immune composition varies during the transition stage of lactation: 
characterization of immunotypes in the MAMI cohort. Front. Nutr. 10, 1252815 (2023). 

243. Martín-Chamorro, R. A., Pomar, C. A., Palou, A., Picó, C. & Rodríguez, A. M. Impact of 
Western diet on milk miRNAs and target genes in offspring adipose tissue: modulation by betaine 
during suckling. Obesity 33, 732–742 (2025). 

244. Swaminathan, S. et al. Differential Regulation of the Let-7 Family of MicroRNAs in CD4+ T 
Cells Alters IL-10 Expression. J. Immunol. 188, 6238–6246 (2012). 

245. Gouon-Evans, V., Rothenberg, M. E. & Pollard, J. W. Postnatal mammary gland development 
requires macrophages and eosinophils. Development 127, 2269–2282 (2000). 

246. Collison, A. M. et al. In vivo targeting of miR-223 in experimental eosinophilic oesophagitis. Clin. 
Transl. Immunol. 9, e1210 (2020). 

247. Théry, C. et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 
position statement of the International Society for Extracellular Vesicles and update of the 
MISEV2014 guidelines. J. Extracell. Vesicles. 7, 1535750 (2018). 

248. Cetinkaya, H., Kongsomros, S., Nommsen-Rivers, L., Morrow, A. L. & Chutipongtanate, S. 
Which casein micelle removal method is suitable for studies of human milk extracellular vesicles? 
A systematic comparison of four different treatments for casein depletion before extracellular 
vesicle isolation from human milk. Extracell. Vesicles Circ. Nucleic Acids. 5, 221–232 (2024). 

249. Leiferman, A., Shu, J., Upadhyaya, B., Cui, J. & Zempleni, J. Storage of Extracellular Vesicles in 
Human Milk, and MicroRNA Profiles in Human Milk Exosomes and Infant Formulas. J. 
Pediatr. Gastroenterol. Nutr. 69, 235–238 (2019). 

250. Kim, J. H. et al. Changes in microRNAs during Storage and Processing of Breast Milk. 
Metabolites 13, 139 (2023). 

251. Floris, I. et al. MiRNA Analysis by Quantitative PCR in Preterm Human Breast Milk Reveals 
Daily Fluctuations of hsa-miR-16-5p. PLOS ONE 10, e0140488 (2015). 



 67 

252. Rahman, M. M. et al. Acidification effects on isolation of extracellular vesicles from bovine milk. 
PLoS ONE 14, e0222613 (2019). 

253. Gao, H. N. et al. Yak-milk-derived exosomes promote proliferation of intestinal epithelial cells in 
an hypoxic environment. J. Dairy Sci. 102, 985–996 (2019). 

254. Zhang, Y. et al. Rennet-induced coagulation properties of yak casein micelles: A comparison with 
cow casein micelles. Food Res. Int. 102, 25–31 (2017). 

255. Weiskirchen, R., Schröder, S. K., Weiskirchen, S., Buhl, E. M. & Melnik, B. Isolation of Bovine 
and Human Milk Extracellular Vesicles. Biomedicines 11, 2715 (2023). 

256. Cho, Y. E. et al. Extracellular vesicle miRNAs in breast milk of obese mothers. Front. Nutr. 9, 
976886 (2022). 

257. Vahkal, B. et al. Human milk extracellular vesicles modulate inflammation and cell survival in 
intestinal and immune cells. Pediatr. Res. 98, 314-326 (2024)  

258. Picáns-Leis, R. et al. Characterization of the functional component in human milk and 
identification of the molecular mechanisms undergoing prematurity. Clin. Nutr. 44, 178–192 
(2025). 

259. Cvjetkovic, A. et al. Detailed Analysis of Protein Topology of Extracellular Vesicles–Evidence of 
Unconventional Membrane Protein Orientation. Sci. Rep. 6, 36338 (2016). 

260. D’Acunzo, P. et al. Mitovesicles are a novel population of extracellular vesicles of mitochondrial 
origin altered in Down syndrome. Sci. Adv. 7, eabe5085 (2021). 

261. Emelyanov, A. et al. Cryo-electron microscopy of extracellular vesicles from cerebrospinal fluid. 
PLOS ONE 15, e0227949 (2020). 

262. Höög, J. L. & Lötvall, J. Diversity of extracellular vesicles in human ejaculates revealed by cryo-
electron microscopy. J. Extracell. Vesicles 4, 28680 (2015). 

263. Zabeo, D. et al. Exosomes purified from a single cell type have diverse morphology. J. Extracell. 
Vesicles 6, 1329476 (2017). 

264. Tóth, E. Á. et al. Formation of a protein corona on the surface of extracellular vesicles in blood 
plasma. J. Extracell. Vesicles 10, e12140 (2021). 

265. Admyre, C. et al. B cell–derived exosomes can present allergen peptides and activate allergen-
specific T cells to proliferate and produce TH2-like cytokines. J. Allergy Clin. Immunol. 120, 
1418–1424 (2007). 

266. Han, L., Wu, T., Zhang, Q., Qi, A. & Zhou, X. Immune Tolerance Regulation Is Critical to 
Immune Homeostasis. J. Immunol. Res. 2025, 5006201 (2025). 

267. Arnett, H. A. & Viney, J. L. Immune modulation by butyrophilins. Nat. Rev. Immunol. 14, 559–
569 (2014). 

268. He, Y., Lawlor, N. T. & Newburg, D. S. Human Milk Components Modulate Toll-Like 
Receptor–Mediated Inflammation. Adv. Nutr. 7, 102–111 (2016). 

269. Dawod, B., Haidl, I. D., Azad, M. B. & Marshall, J. S. Toll-like receptor 2 impacts the 
development of oral tolerance in mouse pups via a milk-dependent mechanism. J. Allergy Clin. 
Immunol. 146, 631-641.e8 (2020). 

270. Xu, D. et al. Complement in breast milk modifies offspring gut microbiota to promote infant 
health. Cell 187, 750-763.e20 (2024). 

271. Ahlberg, E. et al. Characterization of Extracellular Vesicles From Fresh vs. Frozen Human Milk 
Including the Vesicular microRNA Cargo. J. Extracell. Biol. 4, e70092 (2025). 

272. Ahlberg, E., Jenmalm, M. C., Karlsson, A., Karlsson, R. & Tingö, L. Proteome characterization of 
extracellular vesicles from human milk: Uncovering the surfaceome by a lipid-based protein 
immobilization technology. J. Extracell. Biol. 3, e70020 (2024). 



 68 

273. Xie, M.-Y. et al. Porcine Milk Exosome MiRNAs Attenuate LPS-Induced Apoptosis through 
Inhibiting TLR4/NF-κB and p53 Pathways in Intestinal Epithelial Cells. J. Agric. Food Chem. 67, 
9477–9491 (2019). 

274. Xia, Z. et al. Milk-derived small extracellular vesicles promote intestinal epithelial and immune 
development in suckling mice. Food Res. Int. 226, 118205 (2026). 

 
 

  



https://doi.org/10.3384/9789181185102


Pre- and postnatal supplementation with 
Limosilactobacillus reuteri and  
ω-3 fatty acids for prevention 

of childhood allergies

Linköping University Medical Dissertation No. 2038

Emelie Ahlberg

Em
elie Ahlberg											
















                          2026

FACULTY OF MEDICINE AND HEALTH SCIENCES

Linköping University Medical  Dissertation No. 2038, 2026 
Department of Biomedical and Clinical Sciences 

Division of Inflammation and Infection

Linköping University
SE-581 83 Linköping, Sweden

www.liu.se

Exploring potential breast milk 
mediated mechanisms of 

action 

Pre- and postnatal supplem
entation w

ith Lim
osilactobacillus reuteri and 

ω
-3 fatty acids for prevention of childhood allergies


	ABSTRACT
	POPULÄRVETENSKAPLIG SAMMANFATTNING
	FUNDING
	LIST OF PAPERS
	ADDITIONAL PAPERS
	ABBREVIATIONS
	TABLE OF CONTENT
	BACKGROUND
	THESIS AIMS
	MATERIAL AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	FUTURE PERSPECTIVES
	ACKNOWLEDGMENT
	REFERENCES
	Papers



