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Abstract
Background: The immunomodulatory capacity of breast milk may partially be medi-
ated	by	microRNAs	(miRNA),	small	RNA	molecules	that	regulate	gene	expression	on	
a post- transcriptional level and are hypothesized to be involved in modulation of im-
munological	pathways.	Here,	we	evaluate	the	expression	of	immune-	related	miRNAs	
in breast milk after pre-  and postnatal supplementation with Limosilactobacillus reuteri 
and	omega-	3	(ω-	3)	polyunsaturated	fatty	acids	(PUFAs),	and	the	association	to	infant	
regulatory	T	cell	(Treg)	frequencies.
Methods: One- hundred and twenty women included in a double- blind, randomized, 
placebo- controlled allergy intervention trial received L. reuteri and/or ω-	3	 PUFAs	
daily	from	gestational	week	20.	Using	Taqman	qPCR,	24	miRNAs	were	analyzed	from	
breast	milk	obtained	at	birth	(colostrum)	and	after	3 months	(mature	milk)	of	lactation.	
The proportion of activated and resting Treg cells were analyzed in infant blood using 
flow	cytometry	at	6,	12,	and	24 months.
Results: Relative	expression	changed	significantly	over	the	lactation	period	for	most	
of	the	miRNAs;	however,	the	expression	was	not	significantly	influenced	by	any	of	the	
supplements.	Colostrum	miR-	181a-	3p	correlated	with	resting	Treg	cell	frequencies	at	
6 months.	Colostrum	miR-	148a-	3p	and	 let-	7d-	3p	correlated	with	 the	frequencies	of	
activated	Treg	cells	at	24 months,	as	did	mature	milk	miR-	181a-	3p	and	miR-	181c-	3p.
Conclusion: Maternal	supplementation	with	L. reuteri and ω-	3	PUFAs	did	not	signifi-
cantly	affect	the	relative	miRNA	expression	in	breast	milk. Interestingly, some of the 
miRNAs	correlate	with	Treg	subpopulations	in	the	breastfed	children,	supporting	the	
hypothesis	that	breast	milk	miRNAs	could	be	important	in	infant	immune	regulation.
Trial registration: ClinicalTrials.gov-	ID:	NCT01542970.
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1  |  INTRODUC TION

Maternal	supplementation	with	probiotics	and	omega-	3	(ω-	3)	poly-
unsaturated	fatty	acids	(PUFAs)	seem	to	influence	offspring	immune	
programming. Hence, these dietary supplements may have allergy 
preventative effects, potentially mediated in part by the breast 
milk.1–	4 Breast milk harbors several factors with well- established 
immune	 relevance,	 for	example,	microorganisms,	oligosaccharides,	
immunoglobulins, cytokines, and chemokines.5 Interestingly, the 
breast	milk	is	also	a	rich	source	of	different	RNA	species,	among	them	
microRNAs	(miRNAs).	miRNAs	are	small	noncoding	RNAs	(~22 nu-
cleotides),	that	modulate	gene	expression	on	a	post-	transcriptional	
level.6

Most	breast	milk-	miRNA	are	encapsulated	in	extracellular	vesi-
cles	(EVs).	Breast	milk	EVs	are	considered	to	be	primarily	produced	
by the mammary glands and other milk cells,7 and seem resistant 
to digestion processes resembling the baby's gastrointestinal sys-
tem.8	Indeed,	previous	animal	studies	suggest	that	milk	EVs	can	be	
found in a range of different organs, such as the intestine, spleen 
and heart after suckling.9	Hence,	 it	 is	possible	 that	breast	milk	EV	
enclosed	 miRNAs	 absorbed	 in	 the	 intestine	 are	 subsequently	 in-
volved	in	infant	gene	regulation.	Notably,	several	miRNAs	expressed	
in human breast milk are involved in regulation of immune modula-
tory pathways.10	Moreover,	milk-	derived	EVs	and	their	miRNAs	may	
be involved in the development and maturation of regulatory T cells 
(Treg).11	In	support	of	this,	Admyre	et	al.12 observed an increase in 
Tregs after incubating human peripheral blood mononuclear cells 
with	human	milk	EVs.	Through	such	functions,	miRNAs	might	be	an	
alternate route to facilitate immune programming in infants,13 in ad-
dition to the more conventional ones.5

Interestingly,	breast	milk	miRNAs	display	a	 similar	 abundance	
of	immunomodulatory	miRNAs	across	several	mammalian	species,	
suggesting an evolutionary benefit.14 The effect of maternal diet 
on	milk	miRNA	expression	is,	however,	scarcely	explored.10	A	pre-
vious	 study	 by	 Simpson	 et	 al.15 suggests that pre-  and postnatal 
probiotic	supplementation	may	indeed	modulate	the	expression	of	
miRNA	in	mature	breast	milk.	Concerning	ω-	3	PUFAs,	no	previous	
studies	 in	 humans	 exist;	 one	 study	 carried	 out	 in	 cows	 suggests	
that	 sunflower	 oil	 (naturally	 containing	ω-	3	 PUFA)	 can	modulate	
milk	miRNA	expression.16 Hence, we hypothesized that maternal 
supplementation with probiotics and ω-	3	PUFAs	would	 influence	
miRNA	expression	in	human	breast	milk.	Little	is	also	known	about	
miRNA	expression	 and	milk	maturity,10 an additional matter that 
needs	exploration.

Here, we wanted to investigate whether maternal intake of pro-
biotics and ω-	3	PUFAs	modulate	miRNA	expression	in	human	breast	
milk,	 and	 if	 certain	 miRNAs	 are	 associated	 with	 immunological	
changes	in	the	child.	The	specific	aims	were	as	follows:	(1)	to	study	
expression	 of	 24	 immune	 relevant	 miRNAs	 in	 human	 breast	 milk	
after pre-  and postnatal Limosilactobacillus reuteri	(previously	called	
Lactobacillus reuteri)	and	ω-	3	PUFA	supplementation;	(2)	to	examine	
their	differential	expression	according	to	milk	maturity	(i.e.,	between	

colostrum	and	mature	milk);	(3)	to	explore	associations	to	maternal	
characteristics;	and	(4)	to	relate	the	expression	of	these	24	miRNAs	
to	Treg	frequencies	in	the	breastfed	infants	(Figure 1).

2  |  METHODS

Details	on	experimental	procedures	and	statistical	analyses	are	pro-
vided	in	Supplementary	File	S1.

2.1  |  Study population

Breast	 milk	 was	 collected	 from	 women	 (n = 120)	 enrolled	 in	 a	
double- blind, randomized, placebo- controlled, multicenter trial 
(ClinicalTrials.gov-	ID:	NCT01542970).	Families	with	history	of	aller-
gic disease were invited to participate in the study. The definition of 
allergic disease was atopic eczema, asthma, food allergy, or allergic 
rhinoconjunctivitis, based on self- reported data, verified by a clini-
cian based on reported symptoms. The women were randomized 
to	 either:	 (1)	 L. reuteri + ω-	3	 PUFAs	 (n = 33),	 (2)	 L. reuteri + Placebo	
(n = 33),	 (3)	ω-	3	PUFAs + Placebo	 (n = 27),	and	 (4)	Placebo + Placebo	
(n = 27).	L. reuteri	DSM	17938	(BioGaia	AB)	oil	drops	were	ingested	
twice	daily	 (20	droplets)	by	 the	pregnant	women	 from	gestational	
week 20 until delivery, corresponding to 109 colony forming units 
(CFUs)	per	serving.	After	delivery,	the	child	received	108	CFUs	per	
serving	(5	droplets × 1)	during	its	first	year	of	life;	the	corresponding	
placebo consisted of refined coconut and peanut oil without L. reu-
teri. The ω-	3	PUFA	supplement	consisted	of	three	1000 mg	Pikasol	
capsules	(Orkla	Health,	one	capsule	containing	640 mg	ω-	3	PUFAs,	
of	 which	 35%	 eicosapentaenoic	 acid	 and	 25%	 docosahexaenoic	
acid)	 or	 corresponding	 placebo	 (olive	 oil),	 ingested	 twice	 daily	 by	
the	 pregnant	women,	 from	 gestational	week	 20	 until	 3 months	 of	
postpartum.

The study was approved by the Regional Ethics Committee in 
Linköping	(Dnr	2011/45-	31),	and	written	informed	consent	was	ob-
tained from all participants. The primary outcome of the trial is to 
evaluate preventative effects of L. reuteri and ω-	3	PUFAs	on	pediat-
ric allergies; the clinical data collection is, however, still ongoing to 
fulfill	the	power	requirements	for	this	outcome.

Key Message

Maternal	 supplementation	with	L. reuteri and ω-	3	PUFAs	
did	not	significantly	affect	the	relative	miRNA	expression	
in breast milk.	Interestingly,	some	of	the	miRNAs	correlate	
with Treg subpopulations in the breastfed children, sup-
porting	the	hypothesis	that	breast	milk	miRNAs	could	be	
important in infant immune regulation.
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2.2  |  Breast milk collection and 
experimental procedures

Skim	 milk	 was	 obtained	 from	 milk	 collected	 1–	3 days	 after	 de-
livery	 (colostrum)	 and	 at	 3 months	 of	 postpartum	 (mature	 milk)	
and	stored	at	−70°C.	After	 thawing,	miRNA	was	extracted	using	
TaqMan	 miRNA	 ABC	 Purification	 Kit—	Human	 Panel	 A	 (Applied	
Biosystems),	 following	 the	 manufacturer	 protocol	 with	 minor	
modifications.

We	initially	screened	four	randomly	chosen	mature	(6 months	
of	postpartum)	milk	samples	(originating	from	women	included	in	
the	PROOM-	3	RCT)	for	754	mature	miRNAs	(using	TaqMan	 low-	
density	array	microfluidic	cards)	and	out	of	these,	24	miRNAs	were	

selected	for	further	qPCR	analysis	on	basis	of	their	immune	rele-
vance and detectability. Please refer to Figure 1 and see detailed 
description	 in	 the	 Supplementary	 File	 S1	 (under	 the	 subheading	
“qPCR	TaqMan	advanced	miRNA	human	A	and	B	cards”).

Infant	Treg	subpopulations	(CD45RA−Foxp3++	and	CD45RA+Foxp3+)	
were	analyzed	by	flow	cytometry	at	6	(n = 43),	12	(n = 52),	and	24	(n = 61)	
months. Complete gating strategy is described in Figure S1.

2.3  |  miRNA target prediction

Potential	mRNAs	targets	of	the	Treg-	associated	miRNAs	were	pre-
dicted	using	TargetScan	8.0.	All	predicted	targets	were	subsequently	

F I G U R E  1 Schematic	overview	of	the	experimental	set	up.	Breast	milk	samples	at	birth	(colostrum)	and	at	3 months	were	collected	
from	women	(n = 120)	enrolled	in	an	ongoing	double-	blind,	randomized,	placebo-	controlled,	multicenter	trial,	to	investigate	the	protective	
effects	of	probiotics	and	omega-	3	polyunsaturated	fatty	acids.	A	total	of	754	microRNAs	(miRNAs)	were	isolated	and	screened	in	four	milk	
samples,	from	which	43	and	later	24	miRNAs	were	selected	for	further	analysis	on	basis	of	their	immune	relevance,	in	addition	to	them	being	
expressed	at	readable	amounts	in	most	of	the	samples.	Regulatory	T	(Treg)-	cell	populations	were	analyzed	by	flow	cytometry	from	whole	
blood	at	6	(n = 43),	12	(n = 52),	and	24	(n = 61)	months	from	the	breastfed	children.	The	frequencies	of	activated	(a)Treg	(CD45RA−Foxp3++)	
and	resting	(r)Treg	(CD45RA+Foxp3+)	cells	(in	proportion	to	CD3+CD4+	T	cells)	were	later	correlated	with	the	relative	expression	of	the	
breast	milk	miRNAs.

Bead-based
miRNA capture qPCR screening

377+377 miRNAs

qPCR of 24
miRNAs

in 240 milk samples
43 miRNA
candidates

Associations between breast milk miRNAs
and Treg cells in breast fed infants

Infant blood

Flow Cytometry
analysis

miRNA selection

Advice from
fellow scientists

Advice from
previous literature

PubMed
TargetScan+
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allergy prevention
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probiotics and ω-3
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uploaded	 to	 the	 Database	 for	 Annotation,	 Visualization	 and	
Integrated	 Discovery	 (DAVID)	 2021	 to	 visualize	 KEGG	 pathway	
enrichment.

2.4  |  Data processing and statistics

In	 brief,	 amplification	 curves	 and	 cycle	 threshold	 (Ct)	 values	
were	 generated	 using	 the	 Thermo	 Fisher	 Connect	 Software	 (Life	
Technologies	 Corp),	 and	 endogenous	 reference	 miRNAs	 for	 nor-
malization	were	determined	by	 the	Normfinder	algorithm	run	 in	R	
version 4.2.1. In statistical testing, p-	values < .05	 was	 considered	
statistically significant. However, after multiple comparisons testing 
using	the	Benjamin–	Hochberg	method,	q- values of <.05 were con-
sidered as acceptable, while q-	value < .10	were	considered	a	trend.	
All	analyses	regarding	the	intervention	were	conducted	in	R	version	
4.2.1	by	an	unblinded	researcher	(author	initials	M.M.);	all	other	in-
volved researchers and clinicians remain blinded throughout to up-
hold	the	blinding	of	the	ongoing	randomized	controlled	trial	(RCT).	
The	analyses	of	relationship	between	the	relative	miRNA	expression,	
maternal characteristics, and proportion of Tregs were performed in 
GraphPad	Prism	9.4.1	(GraphPad	software,	Inc.).

3  |  RESULTS

Comparisons of participant characteristics revealed no substantial 
differences	between	 the	 treatment	groups,	except	 for	higher	pro-
portion of maternal atopy in the group receiving double treatment 

and	a	larger	proportion	of	exclusive	breastfeeding	at	3 months	in	the	
ω-	3	PUFA + placebo	group	(Table 1).

3.1  |  miRNA expression and milk maturity

The	miRNA	expression	differed	significantly	between	the	two	 lac-
tation	time	points	(PERMANOVA,	p-	value = .001;	Figure 2),	but	not	
between supplement received nor the interaction supplementa-
tion × lactation	 period	 (Figure 2).	 Ten	 of	 the	 24	 selected	 miRNAs	
showed	 an	 increased	 relative	 expression,	 while	 10	 decreased,	 in	
mature	milk	in	comparison	with	colostrum	levels	(in	at	least	one	of	
the	treatment	groups);	two	miRNAs	remained	stable,	miR-	24-	3p	and	
miR-	145-	5p	(Figures S2–	S5).

3.2  |  Maternal characteristics

Maternal	L. reuteri and/or ω- 3 supplementation did not significantly 
impact	the	milk	miRNA	expression.	The	relative	expression	of	miR-	
181c-	5p	was,	however,	higher	in	mature	milk	in	both	groups	receiv-
ing L. reuteri	(i.e.,	L. reuteri + ω-	3	[Kruskal–	Wallis	test,	p-	value = .05];	
L. reuteri + placebo	 [Kruskal–	Wallis	 test,	 p-	value = .045])	 compared	
with placebo, but the p- values did not withstand multiple compari-
son	adjustment	(Figure S6).

Interestingly,	let-	7e-	3p	tended	to	be	less	expressed	in	colostrum	
from	mothers	with	 atopy	 in	 comparison	with	 healthy	mothers	 (p- 
value = .003,	q-	value = .068);	no	similar	associations	were	observed	
in	mature	milk	(Figure S7).	Parity,	gender	of	baby,	or	maternal	age	did	

TA B L E  1 Participants	characteristics.

Treatment groups L. reuteri + ω- 3 (n = 33) L. reuteri + placebo (n = 33) ω- 3 + placebo (n = 27)a Placebo + placebo (n = 27)

Mothers	age,	years 30	(4.0) 32	(5.0) 30	(5.8) 32	(5.0)

Supplement	intake,	weeks 20	(2) 20	(2) 20	(2) 20	(2)

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

Caesarean section 4/32	(12.5%) 2/33	(6.1%) 4/26	(15.4%) 2/27	(7.4%)

Birth weight, kg 3.6	(0.7) 3.4	(0.5) 3.7	(0.6) 3.6	(0.6)

Birth length, cm 50	(2.0) 50	(3.0) 51	(3.0) 51	(1.5)

Gender of baby, male 10/33	(30.3%) 19/33	(57.6%) 12/26	(46.2%) 15/27	(55.6%)

First born 15/33	(45.5%) 15/33	(45.5%) 16/26	(61.5%) 15/27	(55.6%)

Maternal	atopyb 27/33	(81.8%)† 19/33	(57.6%)† 11/26	(42.3%)†‡ 20/27	(74.1%)‡

Breastfeeding	exclusive	3 months 29/32	(90.6%) 25/32	(78.1%)§ 26/26	(100%)§ 21/26	(80.8%)

Animal	in	household 8/33	(24.2%) 12/33	(36.4%) 8/26	(30.8%) 5/27	(18.5%)

Note:	Continuous	variables	are	expressed	as	median	and	interquartile	range	and	were	analyzed	using	the	Shapiro–	Wilk's	test	followed	by	Kruskal–	
Wallis	test.	Categorical	variables	are	expressed	as	n/N	(%)	and	were	analyzed	using	Chi-	square	test	or	Fisher	exact	test.	†The Limosilactobacillus 
reuteri + ω- 3 group had more mothers with atopy compared to L. reuteri + placebo	and	ω-	3 + placebo,	p < .05.	‡The	placebo + placebo	group	had	more	
mothers with atopy compared to ω-	3 + placebo,	p < .05.	§The ω-	3 + placebo	group	had	more	mothers	that	were	exclusively	breastfeeding	at	3 months	
compared to L. reuteri + placebo,	p < .05.	The	displayed	data	was	retrieved	from	parentally	reported	questionnaire	data.
aMissing	data	from	one	participant.
bMaternal	atopy	was	defined	by	self-	reported	allergic	disease,	verified	by	a	clinician	based	on	reported	symptoms,	and	categorized	as	eczema,	
asthma, food allergy, or allergic rhinoconjunctivitis.
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not	correlate	 to	miRNA	expression	at	any	of	 the	 time	points	 (data	
not	shown).

3.3  |  Infant regulatory T cells and breast 
milk miRNA

Four	 breast	 milk	 miRNAs	 (miR-	181a/c-	5p,	 miR-	148a-	3p,	 and	 let-	
7d-	3p)	 correlated	 significantly	 (q-	value < .05,	 Spearman	 R- value 
ranging	between	−.36	and	.47)	with	the	frequencies	of	infant	aTreg	
and/or	rTreg	(defined	as	CD45RA−Foxp3++	and	CD45RA+Foxp3+, re-
spectively).	A	detailed	overview	of	the	associations	with	a	Spearman	
q-	value < 0.1	 is	shown	 in	Figure 3; for all associations in the entire 
data set refer to Tables S2 and S3.

Interestingly, the significant associations seem to maintain their 
direction	 of	 correlation	 throughout	 the	 first	 24 months.	 For	 miR-	
181a/c-	5p,	 negative	 correlations	 were	 consistently	 found,	 that	 is,	
lower	miRNA	expression	 in	 colostrum	 and	mature	milk	 correlated	
with	higher	frequencies	of	infant	Tregs	(Figure 3).	For	miR-	148a-	3p	

and let- 7d- 3p, the direction of association was instead positive, that 
is,	higher	milk	miRNA	expression	correlated	with	a	larger	proportion	
of circulating aTregs.

To	further	explore	potential	 functions	of	 the	miRNAs	associated	
with infant Tregs, we conducted a target prediction and pathway anal-
ysis	 for	 the	 six	miRNAs	correlating	with	 infant	Tregs	 (i.e.,	 Spearman	
q-	values < 0.1).	Taken	together,	these	six	miRNAs	(i.e.,	miR-	181-	5p,	miR-	
148a-	3p,	 let-	7d-	3p,	 miR-	221-	3p,	 miR-	29-	3p,	 and	 miR-	155-	5p)	 target	
2598	mRNAs	(Table S4).	Notably,	three	of	the	top	five	predicted	KEGG	
pathways	were	related	to	T-	cell	function:	PI3K-	Akt	signaling-	,	MAPK	
signaling-	,	and	FoxO	signaling	pathway.	Two	pathways	were	connected	
to	 cancer:	 pathways	 in	 cancer	 and	 small	 cell	 lung	 cancer	 (including	
immunological	pathways,	 such	as	cytokine-		and	Jak–	STAT	signaling).	
Several	other	KEGG	pathways	related	to	T-	cell	function	were	also	im-
plicated,	such	as	mTOR-	,	Jak–	STAT-	,	TGF-	β- , and T cell receptor signal-
ing	pathways.	All	the	indicated	KEGG	pathways	are	listed	in	Table S5. 
After	reviewing	all	individual	targets,	it	was	also	revealed	that	several	
of them were directly involved in control of T cell and Treg function, for 
example	CD4,	SOCS1,	IL-	10,	and	IL-	13,	see	Table S4.

F I G U R E  2 Principal	component	
analysis	of	the	miRNA	ΔCt value in 
colostrum	and	mature	milk	(3 months),	
from mothers receiving Limosilactobacillus 
reuteri and/or ω- 3 fatty acids from 
gestational	week	20	(n = 119).	Circles	
describe	samples	from	colostrum	(col)	
and triangle describe samples from 
mature	milk	(mo3).	OL	(red):	L. reuteri + ω- 
3,	OP	(blue):	ω-	3 + Placebo,	PL	(green):	
L. reuteri + Placebo	and	PP	(black):	
Placebo + Placebo.

F I G U R E  3 Heatmap	displays	the	Spearman's	rho	correlation	coefficients	between	the	relative	miRNA	expression	in	colostrum	(col)	and	
mature	milk	(3 months)	with	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	a	low	relative	miRNA	expression	correlating	with	a	high	proportion	of	cells	and	red	
indicate	a	high	relative	miRNA	expression	and	high	proportion	of	cells.	#q-	value < .1,	*q-	value < .05.
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4 | DISCUSSION

We	investigated	breast	milk	miRNA	expression	after	maternal	intake	
of probiotics and ω-	3	PUFA,	and	their	association	with	Tregs	in	the	
breastfed	child.	Although	no	significant	modifications	by	maternal	
supplementation	were	found,	we	observed	that	several	milk	miRNAs	
changed	over	time	 (from	colostrum	to	mature	milk)	and	that	some	
correlated with the proportion of activated and resting Tregs in the 
infant.

On basis of the trends presented here, taken together with pre-
vious research on mammal supplementation with ω-	3	 PUFA	 con-
taining oils16 and probiotic supplementation in pregnant women,15 
we	believe	there	is	reason	to	further	explore	this	area.	The	scarcity	
of research and the variation in lactating species studied, sources 
and dosage of ω-	3	PUFAs,	and	probiotic	strains,	however,	makes	it	
difficult to combine results from different studies to infer definite 
conclusions.	Much	also	remains	to	be	clarified	in	terms	of	underly-
ing	biological	mechanisms.	Studies	have	shown	that	orally	consumed	
bacteria can be isolated from the milk of lactating animals,17 indicat-
ing	that	an	enteromammary	pathway	exists.18

It may be worth to consider the biological relevance of probi-
otic organisms when designing future studies. L. reuteri, as used 
here, is naturally present in breast milk,19 perhaps indicating par-
ticular biological relevance to the perinatal phase. On this note, 
our group have previously shown1 that a combination of pre-  and 
postnatal supplementation with L. reuteri decrease the risk of de-
veloping IgE- associated eczema in children1; this might be ascribed 
to the ability of L. reuteri to induce Tregs.20 The present study in-
dicates	 miR-	181c-	5p	 modulation	 in	 the	 probiotic	 supplemented	
groups	 (although	not	withstanding	FDR	correction),	and	miRNAs	
from this particular family were also significantly associated with 
infant	 Treg	 populations.	 Speculatively,	 this	 indicates	 an	 associa-
tion between the L. reuteri	 supplementation	 and	 miR-	181a/c-	5p	
expression	in	breast	milk,	which	is	seemingly	associated	with	Treg	
populations	 in	 the	breastfed	children.	 Interestingly,	miR-	181a/b-	
1–	deficient	 Treg	 cells	 displayed	 elevated	 suppressive	 capacity	
in vivo,21	 and	miR-	181a-	3p	 potently	 inhibits	 Treg	 cell	 activity	 in	
vitro.22

Whether	or	not	breast	milk	 is	allergy	protective	remains	under	
debate.23,24 Previous research from our group has shown that con-
centrations	 of	 Th2-	associated	 cytokines	 (IL-	4,	 IL-	5,	 and	 IL-	13)	 are	
higher in breast milk from allergic mothers.25	Also,	maternal	atopy15 
and asthma26	appear	to	affect	breast	milk	miRNA	profile.	In	the	cur-
rent study, let- 7e- 3p tended to be lower in milk from allergic mothers 
(Figure S6).	Interestingly,	downregulation	of	milk	let-	7f-	5p	has	been	
associated with infant atopy.15 This may suggest that the let- 7 family 
is dysregulated in allergic disease. In support of this, a previous study 
observed that let- 7e is lower in nasal mucosa tissue from allergic rhi-
nitis patients.27 Hence, the inconclusive findings regarding breast 
milk and allergy prevention may in part be due to differing breast 
milk	composition,	including	varying	levels	miRNAs.

Ten	of	 the	24	studied	miRNAs	changed	over	 time,	 from	colos-
trum to mature milk. Time- dependent fluctuations like these have 
been reported previously10	and	likely	reflect	the	changing	require-
ments of the infant as it develops from a newborn to a three- month- 
old	baby.	As	the	24	miRNAs	we	study	here	were	specifically	selected	
on	basis	of	their	immune	relevance	(i.e.,	their	involvement	in	immu-
nomodulatory pathways and specifically in T helper cell subset reg-
ulation, mitochondrial function, and epigenetic modifications, see 
supporting	 information	“qPCR	TaqMan	advanced	miRNA	human	A	
and	B	cards”),	we	did	not	make	any	 further	attempt	 to	summarize	
their predicted functions. If further interested, please refer to a re-
cent review.28

Human	milk	exosomes	have	been	shown	to	increase	the	number	
of Tregs and downregulate IL- 2 production in vitro.12 In the current 
study,	we	show	that	seven	breast	milk	miRNAs	are	associated	with	
aTreg	and	rTreg	frequencies	in	the	child,	at	6	and	24 months.	In	this	
context,	 it	 is	 noteworthy	 that	 colostrum	 levels	 of	 miR-	181a/c-	5p	
showed significant associations before FDR correction to more than 
one Treg populations also at the 12- months' time point; as did miR- 
148a-	3p,	let-	7d-	3p	miR-	221-	3p	in	mature	milk	(presented	in	detail	in	
Table S1).	The	fact	that	the	same	miRNAs	stand	out	at	multiple	time	
points, consistently with associations in the same directions, points 
to their relevance in infant Treg regulation.

miR-	148a-	3p	 is	 the	 most	 abundant	 miRNA	 in	 human	 breast	
milk,28 regardless of milk fraction.10	 Milk	 miR-	148a-	3p	 has	 been	
suggested	 to	 function	 as	 an	 epigenetic	 regulator	 targeting	 DNA	
methyltransferase	 1	 (DNMT1).29,30	 DNA	 de/methylation	 regu-
lates	Foxp3	expression,	 the	key	transcription	factor	 in	 the	differ-
entiation of CD4+ T cells into Tregs.31,32	Stable	Foxp3	expression	
is associated with selective demethylation of an evolutionarily 
conserved	 element	 within	 the	 FOXP3	 locus	 named	 TSDR	 (Treg-	
specific	demethylated	region)33;	DNMT1	and	DNMT3b	seem	to	be	
in	control	of	this	transcriptional	“switch.”34,35	Interestingly,	DNMT1	
deficiency	 results	 in	 Foxp3	 induction	 following	 T-	cell	 receptor	
stimulation35	and	Foxp3	expression	correlates	with	the	TSDR	de-
methylation rate in a linear fashion.36	Furthermore,	FOXP3	TSDR	
demethylation was significantly lower in children with active IgE- 
mediated cow's milk allergy than in either children who outgrew 
the allergy or in healthy children.36 In contrast, strong T- cell re-
ceptor	signaling	suppresses	miR-	148a	to	derepress	DNMT1	mRNA	
translation.37 Thus, accumulating evidence supports the view that 
DNA	methylation	plays	a	key	 role	 in	Treg	cell	differentiation	and	
function38	 and,	 as	 previously	 postulated	 by	Melnik	 et	 al.,	 breast	
milk- derived activation of such pathways may work to increase 
the	expression	of	Foxp3.39 Indeed, a study by Golan- Gerstl et al.40 
provides	 experimental	 evidence	 that	 human	 breast	 milk-	derived	
exosomes	can	increase	miR-	148a	in	cell	cultures,	with	subsequent	
DNMT1	suppression.	Furthermore,	Admyre	et	al.12 demonstrated 
that	 incubating	 naïve	 T	 cells	 with	 breastmilk	 exosomes	 increase	
the	 expression	 of	 Foxp3+ T cells in a dose- dependent manner. 
Thus,	 breastmilk	 miR-	148a-	3p,	 via	 targeting	 DNMT1,	 may	 be	 a	
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key	mechanism	for	 inducing	Foxp3+ Tregs shaping oral tolerance 
against	introduced	external	food	antigens.41

To	 gain	 further	 insight	 into	 the	 potential	 effects	 the	 miRNAs	
in	 question	might	 have	 on	 the	Tregs,	we	 explored	 their	 predicted	
mRNA	 targets	 (Table S3).	 Functional	 analysis	 revealed	 multiple	
KEGG	pathways	related	to	T-	cell	function	and	after	reviewing	indi-
vidual targets, we also found several direct interactions with Treg 
function.	 For	 example,	 miR-	155-	5p	 can	 modulate	 the	 IL2/STAT5	
pathway	by	targeting	SOCS1.42 In addition, CD4 is a target of miR- 
181-	3p,	 as	 is	mRNAs	 involved	 in	 the	MAPK	pathway	downstream	
from	the	T-	cell	receptor.	Furthermore,	loss	of	miR-	181-	3p	seems	to	
alter	 thymic	T-	cell	 selection	 as	well	 as	 upregulating	of	CTLA-	4	 by	
Treg cells.21	Also,	decreased	 levels	of	miR-	155-	5p	and	miR-	181-	3p	
in	Treg	cells	have	been	previously	correlated	with	a	lower	frequency	
of the same cell population in children with atopic dermatitis.43 
Bearing	in	mind	that	miRNA	target	prediction	is	rather	speculative,	
the	importance	of	miRNAs	for	Treg	function	has	been	supported	by	
several	animal	studies.	For	example,	knockout	models	of	Dicer,	an	
enzyme	crucial	for	miRNA	biogenesis,	demonstrate	dysregulation	of	
the Treg population resulting in autoimmunity and lack of tolerance 
maintenance.44

We	would	like	to	acknowledge	some	potential	limitations	to	this	
study. Perhaps, increasing the current sample size of 120 would have 
powered the study to show more pronounced effects on breast milk 
miRNA	expression.	 In	 addition,	 specifically	 isolating	miRNAs	 from	
the	 EV-	fraction,	 as	 opposed	 to	 skim	milk,	might	 have	 produced	 a	
different	 miRNA	 profile	 in	 the	 initial	 screening.	With	 that	 noted,	
however,	the	top	expressed	breast	milk	miRNAs	are	rather	consis-
tent throughout different breast milk fractions.10	 Moreover,	 the	
initial	screening	 involved	a	small	number	of	samples	 (n = 4);	hence,	
we	could	potentially	have	missed	some	important	miRNAs	that	were	
differentially	expressed	between	samples.	For	example,	we	ended	
up	not	 including	miR-	30b-	5p,	a	rather	commonly	expressed	breast	
milk	miRNA10 with potential immunological effects.45	 This	miRNA	
would potentially have had relevance to the ω- 3 intervention, as well 
as	to	Treg	modulation:	First,	its	expression	has	been	shown	to	be	up-
regulated by the ω- 3 fatty acid eicosapentaenoic acid via interaction 
with free fatty acid receptor 4,46 and second, miR- 30b- 5p targets 
m6A	 RNA-	demethylase	 FTO,47	 and	 m6A	 mRNA	 methylation	 has	
been shown to sustain Treg suppressive functions.48 The potential 
importance	of	this	particular	breast	milk	miRNA	in	 infant	develop-
ment	has	been	previously	highlighted	by	Melnik	et	al.,41 and future 
studies may benefit from including it.

In conclusion, maternal supplementation of L. reuteri and/or ω- 3 
PUFAs	during	 pregnancy	 does	 not	 significantly	 affect	 the	 expres-
sion	of	24	immune-	related	miRNAs	in	colostrum	or	in	mature	milk.	
However,	some	miRNAs	moderately	correlated	with	the	proportions	
of	active	and	resting	Tregs	in	the	infant	at	6	and	24 months,	suggest-
ing a direct or indirect modulation of the milk on tolerance develop-
ment	through	miRNAs.	Future	studies	are	needed	to	confirm	these	
findings, preferably in in vivo settings similar to this study, but also 
through	functional	experiments	uncovering	mechanisms	and	direc-
tions of action in vitro.
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