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The World Allergy Organization recommends probio-
tics in the prevention of atopic dermatitis in high-risk
populations. Mutations in the filaggrin gene (FLG) re-
sult in an increased risk of atopic dermatitis through
disruption of the skin keratin layer. This exploratory
study investigated whether the preventive effect of
maternal probiotics was evident in children with and
without FLG mutations. DNA was collected from child-
ren (n= 228) from the Probiotic in the Prevention of
Allergy among Children in Trondheim (ProPACT) stu-
dy. Samples were analysed for 3 common FLG muta-
tions (R501X, R2447X, and 2282del4). Overall, 7% of
children had heterozygous FLG mutations; each child
had only one of the 3 mutations. Mutation status had
no association with atopic dermatitis (RR=1.1; 95%
CI 0.5 to 2.3). The risk ratio (RR) for having atopic
dermatitis following maternal probiotics was 0.6 (95%
CI 0.4 to 0.9) and RR was similar if the child expressed
an FLG mutation (RR=0.6; 95% CI 0.1 to 4.1) or wild-
type FLG (RR=0.6; 95% CI 0.4 to 0.9). The preventive
effect of probiotics for atopic dermatitis was also evi-
dent in children without FLG mutation. Larger confir-
matory studies are needed.
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topic dermatitis (AD) or eczema is the most com-

mon inflammatory skin disease in children, posing a
significant burden (1, 2). Its pathogenesis involves barrier
dysfunction, altered immune responses, impaired skin
microbial biodiversity, and interaction between genetic
inheritance and the environment (3, 4).

Mutations in the filaggrin gene (FLG), which codes
for filament aggregating protein, have been described
as a major risk factor for AD (5). Filaggrin is important
in forming the keratin layer and for skin hydration (6).
Mutations of FLG lead to decreased expression, thus

SIGNIFICANCE

In our population study, maternal probiotic supplementa-
tion also appeared to be effective to prevent atopic derma-
titis among those without filaggrin gene (FLG) mutations
with a 40% reduced risk of contracting atopic dermatitis.
This finding is in contrast to the World Allergy Organization’s
recommendation of probiotic supplementation only to mot-
hers and infants with high risk of allergy.

increasing the risk of both AD and subsequent allergic
sensitisation. The gene is located within the epidermal
differentiation complex (EDC) region on chromo-
some 121 (7). Three mutations (R501X, R2447X,
and 2282del4) are common in populations of Northern
European descent (8, 9) and, together with S3247X,
they account for more than 90% of the total mutations
in FLG in European populations (8, 10, 11). These are
loss-of-function mutations leading to truncation of filag-
grin translation by creating premature termination codons
(10, 12), and can result in epidermal barrier defects (13).

The skin and gut act as the immune system’s first line
of defence facing allergens and pathogens (13), and
environmental stimulation can affect immune responses
at the epidermal barriers (14, 15). Alterations in the gut
microbiome may result from environmental exposures
and can influence immune responses and possibly be
associated with abnormal epidermal barrier function in
AD (13). Probiotics are live microorganisms that confer
a health benefit when administered in adequate amounts
(16). The World Allergy Organization (WAO) recom-
mends probiotic supplementation for high-risk mothers
and infants who are defined as having a biological parent
or sibling with existing or a history of allergic rhinitis,
asthma, eczema, or food allergy (17). This recommen-
dation is based on several trials, which have found that
probiotic supplementation may have a preventive effect
on AD in infancy (18, 19). Increased transcription factors
for FLG were also observed in mesenteric lymph nodes
in mice after probiotic intervention (20). However, there
are no studies exploring the role of FLG mutations as a
genetic vulnerability to AD in relation to the preventive
effect of probiotics (18, 21, 22).
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In our randomised placebo-controlled study, Probiotics
in the Prevention of Allergy among Children in Trond-
heim (ProPACT), short-term administration of probiotic
bacteria given to a non-selected population of pregnant
women reduced the cumulative incidence of AD in their
offspring by 40% at 2 years of age (19). Given that we
observed the greatest preventive effect among children
without a family history of atopy (19), we hypothesised
that children with #LG mutations would benefit less from
probiotic supplementation. Our primary aim was to un-
dertake an exploratory analysis of whether the preventive
effect of maternal probiotics was evident in children both
with and without /LG mutations. As secondary aims, we
explored whether FLG mutations were associated with
AD severity, allergic sensitisation, wheezing episodes,
and family history of atopy and AD.

MATERIALS AND METHODS

Participants and sample collection

The ProPACT study followed 415 pregnant women randomised
to receive probiotic or placebo milk from 36 weeks of gestation
until 3 months post-delivery while breastfeeding (19, 23). The
pregnant women were recruited from a non-selected population,
and a computer-generated randomisation sequence allocated them
to probiotic or placebo milk. The probiotic milk corresponded to a
daily dose of 5x10'° colony-forming units (CFU) of Lactobacillus
rhamnosus GG (LGG), 5x10'° CFU of Bifidobacterium animalis
subsp. lactis Bb-12 (Bb-12), and 5x10° CFU of Lactobacillus aci-
dophilus La-5 (La-5), whilst the placebo milk was fermented and
pasteurised skimmed milk with similar taste but without probiotic
bacteria. Information regarding demographics and risk factors for
allergy-related diseases was obtained from questionnaires com-
pleted during pregnancy, and at the ages of 6 weeks, 1 year, and
2 years. Children were encouraged to attend an examination by a
trained nurse if they had an itchy rash for more than 4 weeks any
time during the first year of life to ensure all AD cases were iden-
tified. At 2 years of age, a paediatrician examined all children and
AD was defined using the UK working party’s diagnostic criteria
for AD (24). The AD severity was assessed with the Nottingham
Eczema Severity Score (NESS) (25). Allergic sensitisation was
examined through a skin prick test (SPT) or elevated specific IgE
(>0.35 kU L) (19). Wheezing that could develop into asthma
later in life was defined as at least 3 episodes of wheezing in the
last 12 months combined with treatment by inhaled glucocorti-
coids, or signs of suspected hyper-reactivity (cough or wheeze
on excitement or impaired night sleep) without concurrent upper
respiratory infection.

Children were eligible for inclusion in this study if they had pro-
vided a blood sample at either 2 or 6 years of age and had attended
the clinical examination at 2 years. Ultimately, 228 children were
included, 111 from the probiotic group and 117 from the placebo
group (Fig. 1). All participating families signed written consent.
The study was approved by the Regional Committee for Medical
Research Ethics in Central Norway (097-03) and registered at
ClinicalTrials.gov (NCT00159523).

Filaggrin gene (FLG) analyses

Genomic DNA from blood clots was extracted from blood samples
collected between February 2006 and December 2011 from child-
ren at 2 or 6 years and stored at —80°C until analysis, which was
completed in February 2023. Thawed samples underwent homo-
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Fig. 1. Inclusion of the participants. Flow of subjects in the probiotic
and placebo groups.

genisation before DNA isolation, which was done from leukocytes
using the MasterPure DNA purification kit (Lucigen, Middleton,
WI, USA) according to the manufacturer’s instructions. DNA
isolates were then sequenced using a TagMan genotyping assay
for the sites of R501X, R2447X, and 2282del4 on the FLG gene
as previously described (26). The analysis can provide 3 different
qualitative analysis results: wildtype (WT) as the reference with
no present mutation, heterozygous for mutation, or homozygous
for mutation.

Analysis DNA by KBA-HGH (Klinisk Biokemisk Afdeling Herlev
og Gentofte Hospital) Denmark

The analysis principle is allelic discrimination using TagMan
probes:

1. Primers (short sequence of nucleotides) bind to 3 specific sites
on the filaggrin gene (/L G), which include the genomic loca-
tions for the mutations R501X, R2447X, and 2282del4. The
primers facilitate amplification of the 3 genomic locations.

2. Six TagMan probes, which are specific for R501X wild type,
R501X mutant, R2447X wild type, R2447X mutant, 2282del4
wild type, and 2282del4 mutant, bind to the amplified DNA
and emit a fluorescence signal upon binding.

Precision control materials use previously analysed patient samp-
les whose genotypes have been confirmed by analysis with an
alternative laboratory method (Sanger sequencing) and control
levels use 8 controls: wild type, heterozygous, and homozygous
for the R501X and 2282del4 assays and wild type and heterozy-
gous for the R2447X assay.

Statistical analyses

The statistical analyses were performed using Stata/IC 17 (Stata-
Corp, College Station, TX, USA). Descriptive variables are pre-
sented as mean (standard deviation, SD) for continuous variables,
and frequency (percentage) for categorical variables. We compared
the proportion of FLG mutations and the risk ratio (RR) of having
an AD diagnosis in each group (probiotic and placebo groups) to
investigate the role of FLG in probiotic treatment to prevent AD.
We analysed differences in proportions having several characte-
ristics of AD in each group of mutation and WT by comparing
odds ratio (OR) using univariate logistic regression.

RESULTS

A total of 228 blood samples were included (Fig. 1). In
this subgroup from the ProPACT study, the probiotic
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Table I. Baseline characteristics of the children at 2 years of age

Table III. Filaggrin mutation versus starting age of atopic dermatitis
(AD) diagnosis

Incomplete

Probiotic, Placebo, data, Heterozygous mutation Wildtype
Characteristics (n=111) (n=117) n (%) Characteristics of AD (n=17) (n=211)
Male gender, n (%) 56 (50) 48 (41) - Starting No AD 12 (70%) 154 (73%)
Maternal mean age, year (SD) 31 (3.7) 30 (4.2) - age of AD < 3 months 2 (12%) 21 (10%)
Born >2 weeks before term, n (%) 9 (8) 6 (6) 25 (11) diagnosis  3_g months 3 (18%) 13 (6%)
Antibiotic use, n (%) 46 (41) 50 (43) 3(1) 6-12 months 0 10 (5%)
Caesarean section delivery, n (%) 10 (9) 9 (8) 65 (28) > 12 months 0 10 (5%)
Maternal smoking during pregnancy, 3 (3) 3(3) 5(2) Missing 0 3 (1%)

n (%)

Maternal atopy, n (%) 52 (47) 66 (56) 2 (1)
Atopy in the family, n (%) 72 (65) 82 (70) 1(1) . . . . .
Has siblings, n (%) 49 (44) 44 (38) - consider differences in proportions in some AD characte-
Pets in the house, n (%) 32(29) 29 (25) 1(1) ristics. There were few cases of /LG mutations with AD
Mean birthweight (g), (SD) 3,612 (428) 3,570 (498) 19 (8) . . _ .
Heterozygous mutation at RSO1X, 5 (4) 12 (10) - in our population (n=>5) to compare FLG mutations and

2282del4, or R2447X, n (%)

AD: atopic dermatitis; SD: standard deviation.

group had a higher proportion of male infants (50% vs
41%), and older siblings (44% vs 38%) compared with
the placebo group (Table I). There were also fewer with
a maternal history of atopy in the probiotic group (47%
vs 56%), although the proportion with a family history
was similar (65% vs 70%) (Table I). These findings were
comparable to the overall ProPACT study (19, 23). Also
consistent with the overall results from the ProPACT
study (19, 23), the probiotic group in this study had a lo-
wer cumulative incidence of AD at 2 years of age (20% vs
34%, RR=0.6; 95% confidence interval [CI] 0.4 to 0.9).

Our exploratory study observed that 7% of all the
children had an FLG mutation. In all cases, these children
had only one of the three heterozygous FLG mutations
(R501X, 2282del4, R2447X). The FLG mutations were
twice as common in the placebo group (Table I). There
was no conclusive association between the presence of
FLG mutation and AD (RR=1.1; 95% CI 0.5 to 2.3)
(Table II). The prevalence of AD was similar for children
with and without an FLG mutation within the probiotic
(20.0% and 19.8%, respectively) and within the placebo
group (33.3% and 34.3%). Therefore, the presence of
FLG mutations did not appear to modify the preventive
effect from maternal probiotics, although we could not
exclude a possible influence of the mutation based on
the wide range of the CI. Specifically, the RR of having
AD following maternal probiotic supplementation was
0.6 (95% CI10.1 to 4.1) for children with FLG mutations
and 0.6 (95% CI 0.4 to 0.9) for those with WT.

When exploring several characteristics of AD, there
were too few children with AD and FLG mutations to

Table II. Filaggrin mutation in probiotic and placebo group

WT on each characteristic such as allergic sensitisation
(n=2), wheezing (n=1), or severity (2 cases with FLG
mutations had mild and 3 cases with FLG mutations
had moderate—severe). Among 17 children with FLG
mutations there were 13 children (76%) with atopy
history in the family, of whom 10 children (59%) had
a family history of AD. All children with a single FLG
mutation developed AD before 6 months of age, which
was a higher proportion compared with WT (30% vs
16%) (Table I1I).

DISCUSSION

In this study, we undertook an exploratory analysis of
the role of FLG mutations in the prevention of AD fol-
lowing maternal probiotic supplementation. We observed
no clear difference in the preventive effect of maternal
probiotics between children with or without one of the
examined /LG mutations. That is to say, the preventive
effect seen in the main study was also present among
the children without any of the analysed FLG muta-
tions. However, there were only a few children with an
FLG mutation, and we cannot exclude the possibility
that the presence of FLG mutation results in greater or
lesser prevention of AD following maternal probiotic
supplementation. /LG mutations were otherwise more
common in children diagnosed with AD at a young age
(less than 6 months of age). There were too few children
with LG mutations who had AD to consider comparison
in other subgroups and our prevalence of /LG mutations
was slightly lower than the Scandinavian infants’ cohort
(7% vs 9%) (27).

The prevention of AD following probiotic supple-
mentation around the time of birth has been observed

Any mutation? Wildtype Total
AD at 2 years (n=17) (n=211) (n=228)
Without atopic dermatitis 12 (71%) 154 (73%) 166 (73%)
Atopic dermatitis 5 (29%) 57 (27%) 62 (29%)

Probiotic Placebo Probiotic Placebo Probiotic Placebo
Without atopic dermatitis 4 (80%) 8 (66.7%) 85 (80.2%) 69 (65.7%) 89 (80.2%) 77 (65.8%)
Atopic dermatitis 1 (20%) 4 (33.3%) 21 (19.8%) 36 (34.3%) 22 (19.8%) 40 (34.2%)
Total 5 12 106 105 111 117

2Any mutation of R501X, 2282del4, and R2447X (n=17).
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previously (19, 23, 28). While our study aimed to explore
whether children carrying LG mutations had a lesser
benefit from maternal probiotics, most of the children,
both with and without AD, did not carry any of the FLG
mutations. We also observed no conclusive difference
in the preventive effect between the children based on
FLG mutation status. Importantly, we found that the pre-
ventive effect seen in the main study is preserved among
the children without any of the analysed /'L G mutations.
Previous analyses of the ProPACT study suggest that the
greatest preventive effect was seen in children without
a family history of atopy (19), and together with the
present results this indicates that maternal probiotic supp-
lementation may also be beneficial for AD prevention in
children not considered at “high risk” of developing AD.
Contrastingly, it is for these “high-risk” infants that the
WAO currently recommends probiotic supplementation
for the mother and infant, with a low level of evidence
(17). This recommendation reflects the fact that most
studies have been conducted on “high-risk” populations,
which the WAO defined as having a biological parent
or sibling with existing or a history of allergic rhinitis,
asthma, eczema, or food allergy (17). There is a need for
more studies based on non-selected populations as used
in the ProPACT study.

Given that probiotic supplementation also appears to
be effective among those without FLG mutation, there
may be other factors or interactions between the genes
and the environment that contribute to the homeostasis
of the skin barrier following maternal probiotic supple-
mentation. Whilst probiotics given to mothers is one of
the proposed environmental exposures that influences
the epigenome of the child (29, 30), there is a lack of
direct data on the impact of consumed probiotics on the
epigenetic process in allergy (29). Maternal probiotics
in an animal model did not alter FLG expression in their
offspring (22), although another animal study observed
increased transcription of FLG after direct probiotic
supplementation (20). There is no other study to date
that has explored the interaction between FLG mutation
and probiotic exposure either directly given to infants or
provided as maternal supplementation.

All children in this study had only one type of FLG
mutation and were heterozygous carriers of the mutation.
Although a previous study observed that heterozygous
carriers showed no significant increase in risk in AD
(31), others have described that filaggrin deficiency still
can manifest following loss-of-function mutations on
a single allele, a situation known as haploinsufficiency
(32). It has been suggested that this haploinsufficiency
can result in a skin phenotype of AD (32), typically with
a milder severity (5). This may have been the case for
the children in our study, who mostly had mild severity
of disease. However, the prevalence of /LG mutation
was low, and we found no clear association between the
presence of FLG mutation and AD.

Acta Derm Venereol 2024

When considering other characteristics of AD, we did
not have sufficient numbers to explore any difference
in proportions of several characteristics of AD based
on the presence of FLG mutations or analysis in further
subgroups. In a previous study, early-onset AD was ob-
served to be affected more by genetic factors, whereas
environmental exposures, such as antibiotics and probio-
tic consumption, appeared to have a greater influence on
late-onset AD (33). This is in line with our observation
that FLG mutation was more common in those with
symptom debut before 6 months, but our estimates are
exploratory findings and should be interpreted cautiously.

Strength and limitations

A key strength of this study is the double-blinded rando-
mised design of the probiotic intervention and the novel
investigation of the interplay between FLG mutation and
probiotics in AD prevention (22). Furthermore, the par-
ticipants showed high compliance with the intervention,
consumed only study milks, and did not report taking
additional probiotic products during the study period.
AD was diagnosed using detailed clinical information
based on validated criteria. Families were encouraged to
attend the dermatology clinic if their children developed
an itchy rash lasting more than 4 weeks to capture all
cases of AD. Whilst this was part of the study protocol
for children up to 1 year of age, many families took this
opportunity up to 20 months of age. We therefore think
it unlikely that any cases of AD were undiagnosed, alt-
hough theoretically would be possible if the symptoms
presented and resolved between 1 and 2 years of age.

The major limitation of this study is that the number
of participants with FLG mutations was small. The
previously described relationship between FLG mu-
tations and early-age AD diagnosis (34) could not be
shown conclusively in this study. Furthermore, most
of the children had mild AD, which made it difficult to
investigate the relation of severity with FLG mutation
as previous studies have suggested (35, 36). The results
should be interpreted cautiously and need to be confirmed
in larger studies.

Conclusion

Our study was too small to determine conclusively
whether children with FLG mutations benefit from
maternal probiotic supplementation in the prevention
of AD. However, we found that the previously reported
preventive effect was present in the children without FLG
mutation. As FLG mutation was found to be relatively
rare in this study, and the preventive effect was evident
in those without FLG mutation, our study supports the
theory that maternal probiotics are also beneficial for
AD prevention in children without #LG mutation. The
impact of probiotic consumption as an environmental
factor in allergy development remains understudied, and
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further studies are warranted, particularly in non-selected
populations.
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