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Summary

Alterations in the composition and reduced diversity of the infant micro-
biome are associated with allergic disease in children. Further, an altered 
microbiota is linked to immune dysregulation, including skewing of dif-
ferent T helper (Th) subsets, which is also seen in atopic individuals. The 
aim of this study was, therefore, to investigate the associations between 
gut lactobacilli and Th-related plasma factors in allergy development dur-
ing childhood. A total of 194 children with known allergy status at 1 year 
of age were followed to 10  years of age. We used real-time polymerase 
chain reaction (PCR) to investigate the presence of three lactobacilli spe-
cies (Lactobacillus casei, L. paracasei, L. rhamnosus) in infant fecal samples 
(collected between 1  week and 2  months of age) from a subgroup of 
children. Plasma chemokines and cytokines were quantified at 6  months 
and at 1, 2, 5 and 10  years of age with Luminex or enzyme-linked im-
munosorbent assay (ELISA). Fractional exhaled nitrogen oxide (FeNO) 
was measured and spirometry performed at 10 years of age. The data were 
analysed by non-parametric testing and a logistic regression model adjusted 
for parental allergy. An absence of these lactobacilli and higher levels of 
the chemokines BCA-1/CXCL13, CCL17/TARC, MIP-3α/CCL20 and MDC/
CCL22 in plasma at 6  months of age preceded allergy development. The 
presence of lactobacilli associated with lower levels of atopy-related 
chemokines during infancy, together with higher levels of interferon (IFN)-γ 
and lower FeNO during later childhood. The results indicate that the pres-
ence of certain lactobacilli species in the infant gut may influence allergy-
related parameters in the peripheral immune system, and thereby contribute 
to allergy protection.
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Introduction

A family history of allergy is a well-known risk factor for 
allergy development [1]. However, allergy is probably co-
driven by improper environmental signals, including altered 
microbial exposures. After birth, children are colonized by 
a wide array of microbes, and bacteria present in the infant 
gut associate with systemic and mucosal immune responses 
as well as allergy development later in life [2–4]. Lactobacilli 
colonization peaks during infancy [5], and their presence is 
associated with being non-allergic [6–10]. The mechanisms 
by which lactobacilli mediate allergy protection are unknown. 

Both animal and human studies have shown their effects 
on gut and systemic immunity, suggesting a possible con-
tribution to beneficial immune maturation during the crucial 
‘window of opportunity’ early in life [11,12].

Allergy development is linked to immune dysregulation, 
including the skewing of different T helper (Th) subsets 
[13], where cytokines and chemokines are used as functional 
read-outs. The value of examining the Th phenotype and 
function in infancy as a predictor of later-life allergy has 
frequently been demonstrated. For instance, altered produc-
tion of interleukin (IL)-4, IL-5, IL-10, IL-13 and interferon 
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(IFN)-γ from stimulated peripheral blood mononuclear cells 
(PBMC) associates with immunoglobulin (Ig)E-sensitization 
and allergy [14,15], and childhood allergy development is 
preceded by elevated levels of the Th2-related chemokines 
TARC/CCL17 and MDC/CCL22 at birth [16].

It is therefore of value to characterize the early-life 
plasma Th profile. In childhood, most cytokines are found 
in very low levels in the circulation, while chemokines 
are more readily detectable [16].

We have previously shown that the detection of a group 
of lactobacilli (Lactobacillus casei, L. paracasei and L. 
rhamnosus) in feces during infancy associates with a lower 
prevalence of allergy later in childhood [7,9]. In the pre-
sent study, we followed children from birth to 10  years 
of age and investigated the interaction between infant 
lactobacilli and the systemic immune profile in the context 
of allergy development.

Methods

Study population

The material and data used in this study are from subjects 
participating in a prospective cohort in Stockholm, Sweden, 
where 281  children were born into the cohort between 
1997 and 2000. All infants were full term and had birth 
weights within the normal range (data not shown). The 
children were followed from birth and were clinically exam-
ined by the same pediatrician (C.N.) at 1, 2, 5 and 10 years 
of age. Allergy development from 1 to 10 years of age in 
relation to heredity and environmental exposures in this 
cohort has recently been described in detail [17]. For the 
present study, we initially included 194 children with known 

allergy status at 1 year of age, and followed these children 
at 2  years (n  =  185), 5  years (n  =  167) and 10  years 
(n  =  149) of age (Table 1a). These children had either two 
non-allergic parents (no heredity) or two allergic parents 
(double heredity). From these children, plasma samples were 
available at 6  months, 1  year, 2  years, 5  years and 10  years 
of age (Table 1b), and infant fecal samples were available 
from a subgroup of 65  children (Table 1c).

Ethical statement

The study was approved by the Human Ethics Committee 
at Huddinge University Hospital, Stockholm (no. 75/97, 113/97, 
331/02, 2007/858-31/2) and the parents provided informed 
verbal consent. No written documentation of the participants 
informed approval was required, which was agreed to by 
the Human Ethics Committee and was according to the 
regulations at the time of the initiation of the study.

IgE-sensitization and allergy diagnosis in children

A detailed description of how allergy was defined can be 
found in Björkander et al. [17]. At 1, 2, 5 and 10  years 
of age, a skin-prick test (SPT) was performed against food 
and inhalant allergens, according to the manufacturer’s 
instructions (ALK, Copenhagen, Denmark). The SPT was 
considered positive if the wheal diameter was ≥  3  mm 
after 15  min. Serological analysis of allergen-specific IgE-
antibody (sIgE-ab) to the selected allergens was performed 
using ImmunoCAP (Thermofisher Scientific, formerly 
Phadia AB, Uppsala, Sweden) and levels ≥  0·35  kU/l were 
classified as positive. Children were considered to be allergic 
if a positive SPT or/and sIgE-ab was accompanied by one 
or several allergic symptom(s) (eczema, food allergy, asthma, 
rhinoconjunctivitis).

Table 1. Cohort characteristics

(a) Number and proportion of allergic subjects among total subjects included
1 year of age 2 years of age 5 years of age 10 years of age
29/194 (14·9%) 34/185 (18·4%) 53/167 (31·7%) 51/149 (34·2%)

(b) Number of plasma samples analysed for chemokines or cytokines at the indicated ages
6 months of agea 1 year of agea 2 years of age 5 years of age 10 years of age
Chemokines n = 116 Chemokines n = 107 Chemokines n = 121 Chemokines n = 71 Chemokines n = 72–73

Cytokines n = 172–176 Cytokines n = 141–150 Cytokines n = 141–144

(c) Subjects investigated for fecal lactobacilli (n = 65)
Non-detectable lactobacilli 

at 4 occasionsb

Detectable lactobacilli at 1 or 
more occasionsb

Detectable lactobacilli at 1–2 
occasionsb,c

Detectable lactobacilli at 
3–4 occasionsb,c

21 44 26 13

Allergic/total individuals  
at 1 year of age

Allergic/total individuals at 2 
years of aged

Allergic/total individuals at 5 
years of aged

Allergic/total individuals 
at 10 years of aged

11/65 (16·9%) 12/64 (18·5%) 19/60 (31·7%) 16/53 (30·2%)

aCytokines were not measured at 6 months and 1 year of age due to sample limitations; bin feces collected at 1 week, 2 weeks, 1 month and 2 months 
of age; cfive children could not be grouped due to missing data at one or several occasions; done child at 2 years of age, five children at 5 years of age and 
12 children at 10 years of age lack information regarding allergic disease.
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Detection of lactobacilli in feces

Fecal samples were collected at 1 and 2  weeks and at 1 
and 2  months of age from a subgroup of 65  non-allergic 
and allergic children (no heredity n  =  28, double heredity 
n  =  37) (Table 1c) and analysed for a group of lactobacilli 
(L. casei, L. paracasei and L. rhamnosus) [9]. DNA was 
extracted using the Qiamp DNA Stool Mini KitTM (Qiagen, 
Hilden, Germany). Extracted nucleic acid concentrations 
were determined with Bio-Rad Smartspec (Bio-Rad 
Laboratories, Hercules, CA, USA) at 260  nm using Bio-Rad 
trUView Disposable Cuvettes (Bio-Rad). Primers were 
designed to detect a group of lactobacilli (L. casei, L. para-
casei and L. rhamnosus). SYBR green real-time polymerase 
chain reaction (PCR) was performed in 96-well detection 
plates in ABI prism 7000 (Applied Biosystems, Stockholm, 
Sweden). All samples were analysed in triplicate with each 
well containing 2×  power SYBR green mastermix (Applied 
Biosystems), primer pairs, sample DNA and water. Triplicates 
with computerized tomography (CT) values above 35 were 
considered negative. Reference lactobacilli DNA (Biotechon 
Diagnostics, Potsdam, Germany) were used as standard and 
positive controls. The standard curve ranged from 5  ng to 
50  fg and was used to calculate the amount of bacteria-
specific DNA. The amount of bacteria-specific DNA was 
related to the total amount of nucleic acids in each sample, 
giving relative amounts with a limit of detection at 5 × 10−6%.

Measurements of lung function and fractional exhaled 
nitrogen oxide (FeNO)

At 10  years of age, FeNO was measured using the NIOX 
MINO (Aerocrine AB, Solna, Sweden) and lung function 
was evaluated by spirometry using the Jaeger MasterScreen-
IOS system (Carefusion Technologies, San Diego, CA, 
USA), as described in detail in Björkander et al. [17].

Quantification of chemokines and cytokines in plasma

Chemokines (MIG/CXCL9, IP-10/CXCL10, I-TAC/
CXCL11, BCA-1/CXCL13, TARC/CCL17, MIP-3α/CCL20 
and MDC/CCL22) were quantified in plasma obtained 
from children at 6  months and 1, 2, 5 and 10  years of 
age and cytokines (IFN-γ, IL-4, IL-5, IL-10, IL-13, IL-17A, 
IL-21 and IL-23) were quantified in plasma obtained 
at 2, 5 and 10  years of age (Table 1b). Chemokines 
were measured by Luminex using the Bio-Plex Pro 
Human Chemokine 7-plex kit (Bio-Rad) and cytokines 
were measured by enzyme-linked immunosorbent assay 
(ELISA) (Mabtech), according to the instructions from 
the manufacturers. Cytokine values below the detection 
limits were arbitrarily set to half the detection limit.

Statistics

The Chi-square , Fisher’s exact or Mann–Whitney U-tests 
were used for non-parametric groupwise comparisons. The 

relations between allergy and chemokine levels in plasma 
were further analyzed with logistic regression adjusting for 
parental allergy. GraphPad Prism version 7 software was 
used for analyses and data presentation. Scatter dot-plots 
show medians with range. Results were considered significant 
if P < 0·05 (*P < 0·05, **P < 0·01, ***P < 0·001, ****P < 0·0001 
in figures) and borderline significant if P  =  0·05–0·1.

Results

The presence of L. casei, L. paracasei and L. rhamnosus 
in feces during infancy associates with a reduced 
allergy prevalence during childhood

We have previously shown that the presence of three lac-
tobacilli species (L. casei, L. paracasei and L. rhamnosus, 
from here onwards referred to as lactobacilli) in feces at 
2 weeks of age associates with a lower prevalence of allergy 
at 5  years of age, and that lactobacilli are less frequently 
detected during the first 2  months of life in children with 
double heredity compared to children without heredity [9]. 
Here, we used material from 65 children and further evalu-
ated how the presence of these lactobacilli in feces at four 
occasions during the first 2 months of life relates to allergic 
disease at 1, 2, 5 and 10  years of age (Table 1c). For the 
65  children, the proportion of allergic children at 1, 2 and 
10  years of age was significantly lower in the group where 
lactobacilli were detected on least at one occasion during 
the first 2  months of life (Fig. 1a). Further, children where 
lactobacilli were detected more frequently (three to four 
occasions) were least likely to be allergic, significant for 
allergy at 1 and 2  years of age (Fig. 1b). Finally, this pat-
tern was even more pronounced when only including 
children who were consistently allergic or consistently non-
allergic at 1, 2, 5 and 10  years of age (Fig. 1c). In accord-
ance with our previous findings [9], the proportion of 
lactobacilli-negative children was significantly higher within 
the double heredity group compared to the no heredity 
group (Fig. 1d), but importantly, the association between 
a presence of lactobacilli and being non-allergic at 1 and 
2  years of age tended to persist when only children with 
double heredity were included in the analysis (Fig. 1e).

Higher levels of BCA-1/CXCL13, TARC/CCL17, 
MIP-3α/CCL20 and MDC/CCL22 in plasma obtained 
at 6 months of age precede allergy development

Next, we measured chemokines and cytokines in plasma 
from all children with known allergy status and available 
samples (Table 1a,b). Allergic children had higher levels 
of BCA-1/CXCL13, TARC/CCL17, MIP-3α/CCL20 and 
MDC/CCL22 in plasma obtained at 6  months of age, 
and the highest levels were found in plasma from children 
who were consistently allergic at 1, 2, 5 and 10  years of 
age [Fig. 2a: BCA-1/CXCL13; Fig. 2b: TARC/CCL17; Fig. 
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2c: MIP-3α/CCL20; Fig. 2d: MDC/CCL22 (allergy at 1 
or 10  years of age, and consistent allergy, and Supporting 
information, Table S1a (allergy at 1, 2, 5 or 10  years of 
age)]. The same pattern was observed for these chemokines 
when measured in plasma obtained at 1  year of age 
(Supporting information, Fig. S1a–d, Table S1a). 
Importantly, similar results were generated when these 
chemokines were analysed with a logistic regression model, 
adjusted for parental allergy (Table 2). The levels of MIG/
CXCL9, IP-10/CXCL10 and I-TAC/CXCL11 in plasma 
obtained at 6  months and 1  year of age did not consist-
ently associate with allergy (Supporting information, Table 
S1a). The levels of chemokines and cytokines in plasma 
obtained at 2, 5 and 10  years of age did not correlate 
with allergic disease, except for IL-21 at 2 and 5  years 

of age (Supporting information, Table S1b). As we had 
access to a very limited plasma volume from 6  months 
and 1  year of age, cytokines were not measured at these 
time-points, considering both the relatively low levels that 
are usually found in plasma and a relatively high propor-
tion of children who had cytokine values below detection 
limits at 2, 5 and 10  years of age. There were no con-
sistent differences in chemokine and cytokine levels 
between the two heredity groups (Supporting information, 
Table S2).

Lactobacilli in infancy associates with lower levels of 
allergy-related chemokines at 6 months of age

Within the subgroup of 65  children investigated for lac-
tobacilli, the levels of BCA-1/CXCL13, MIP-3α/CCL20 and 

Fig. 1. The presence of lactobacilli was evaluated in feces collected at four time-points during infancy (1 and 2 weeks, 1 and 2 months of age). (a) The 
proportions of allergic and non-allergic children at 1, 2, 5 or 10 years of age within the groups where lactobacilli were detected at one or more 
time-points or were non-detectable at all time-points. (b) The proportions of allergic and non-allergic children at 1, 2, 5 or 10 years of age within the 
groups where lactobacilli were detected at three to four time-points, one to two time-points or were non-detectable at all time-points. (c) The 
proportions of children that were consistently allergic or non-allergic at 1, 2, 5 and 10 years of age within the groups where lactobacilli were detected 
at one or more time-points or were non-detectable at all time-points (left), or detected at three to four time-points, one to two time-points or were 
non-detectable at all time-points (right). (d) The proportions of children where lactobacilli were detected at one or more time-points or were 
non-detectable at all time-points within the groups with two allergic parents (double heredity) or two non-allergic parents (no heredity). (e) The same 
as in (b), including only 1- and 2-year-old children with double heredity. Fisher’s exact test (a,c,d) or c2 test (b,c,e) were used for statistical analysis.
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MDC/CCL22 in plasma obtained at 6 months of age were 
highest in children where lactobacilli were detectable at 
no or one to two occasions, and subsequently lowest in 

children where lactobacilli were detected on three to four 
occasions (Fig. 3a, Table 3). This pattern persisted when 
including only children with double heredity (Fig. 3b) or 

Fig. 2. The levels (pg/ml) of BCA-1/CXCL13 (a), TARC/CCL17 (b), MIP-3α/CCL20 (c) and MDC/CCL22 (d) in plasma obtained at 6 months of age 
in relation to allergic disease at 1 year of age (left column) or 10 years of age (middle column), or in relation to being consistently non-allergic at 1, 2, 5 
and 10 years of age, allergic at 5 and 10 years of age or being consistently allergic at 1, 2, 5 and 10 years of age (right column). The Mann–Whitney 
U-test was used for statistical analysis.
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only non-allergic children (Fig. 3c). Importantly, also for 
this subgroup of children, parental allergy did not influ-
ence chemokine levels in plasma (Fig. 3d).

Lactobacilli in infancy associates with higher IFN-γ 
levels and lower FeNO later in childhood

Within the subgroup of 65  children investigated for lac-
tobacilli, the levels of IFN-γ in plasma were higher in 
the lactobacilli-positive group at 5 and 10  years of age 
and highest when lactobacilli were detected on three to 
four occasions (Fig. 4a, Supporting information, Fig. S2a). 
Importantly, also for this subgroup of children parental 
allergy did not influence the levels of IFN-γ in plasma 
(Fig. 4b, Supporting information, Fig. S2b). With the excep-
tion of MIP-3α/CCL20, lactobacilli did not consistently 
correlate with cytokine or chemokine levels in plasma at 
1, 2, 5 or 10  years of age (Table 3).

The presence of lactobacilli in infancy associated with 
lower FeNO at 10 years of age (Fig. 4c) and, importantly, 
this finding tended to persist when including only chil-
dren with double heredity (Fig. 4d) or only non-allergic 
children (Fig. 4e). Lung function was evaluated by spirom-
etry at 10  years of age and the forced expiratory volume 
in 1  s/forced vital capacity (FEV1/FVC) Z-scores did not 
associate with the presence of lactobacilli (data not shown).

Discussion

In the present study, we followed the same children from 
birth to 10  years of age. Using this unique cohort mate-
rial, we find that the presence of lactobacilli in feces 
during early infancy associates with allergy protection, 
lower levels of atopy-related chemokines and lower FeNO 
later in childhood (Fig. 5). Further, and importantly, the 
associations between lactobacilli, allergy protection and 
the systemic immune profile were also apparent within 
the subgroup of children with double allergic heredity.

The association between the presence of lactobacilli 
and being non-allergic was most obvious early in life, 
but the link was evident up to 10  years of age. Notably, 
children where lactobacilli were detected at several occa-
sions in infancy were least likely to be allergic. Lactobacilli 
colonization has previously been associated with a 
reduced prevalence of allergy [6–10], while some studies 
have failed to find an association [18–20]. Factors that 
complicate the comparison between these studies included 
age of feces collection, age of allergy diagnosis and 
whether lactobacilli were investigated at genus- or species-
level. Hence, it is difficult to find studies that are fully 
comparable to the findings presented in the current 
study. Parental atopy is a strong risk factor for child 
allergy, and the protective effect associated with lacto-
bacilli becomes more complex considering that we and 
others show that lactobacilli are less frequently found 
in children with allergic heredity [9,21]. However, our 
findings in high-risk children support the idea that lac-
tobacilli in the neonatal gut associate with being non-
allergic later in childhood, despite heredity. Some have 
attributed the allergy-protective effects of lactobacilli to 
induction of Th1 immunity. Certain strains of lactobacilli 
induce IFN-γ and IL-12-secretion from human PBMC 
and skew DC to induce Th1 responses [22,23]. PBMC 
from lactobacilli-supplemented children secrete higher 
levels of IFN-γ, and this increase is associated with 
decreased severity of atopic dermatitis [24]. We observed 
a striking association between lactobacilli in the infant 
gut and higher levels of IFN-γ in plasma later during 
childhood. We could speculate that this reflects an early 
immune programming that becomes evident during 
childhood; however, the mechanism behind this is not 
known and beyond the scope of this study. Of note, 
IFN-γ plasma levels did not associate with allergy.

Here, we show that naturally occurring gut lactobacilli 
clearly associated with lower levels of three atopy-related 

Table 2. The relation between plasma chemokine-levels and allergic disease was analysed with a logistic regression model adjusted for parental allergy

1 year of age 2 years of age 5 years of age 10 years of age

OR (P) ORadj
a (P) OR (P) ORadj

a (P) OR (P) ORadj
a (P) OR (P) ORadj

a (P)

(a) Chemokines in plasma obtained at 6 months of age and future allergy
BCA-1/CXCL13 10·31 (0·002) 9·43 (0·003) 3·19 (0·043) 2·83 (0·075) 4·34 (0·003) 4·25 (0·007) 3·33 (0·012) 3·09 (0·026)
TARC/CCL17 2·61 (0·002) 2·61 (0·001) 1·64 (0·065) 1·70 (0·047) 1·49 (0·075) 1·53 (0·063) 1·42 (0·133) 1·43 (0·125)
MIP-3α/CCL20 1·78 (0·070) 1·75 (0·084) 1·16 (0·607) 1·12 (0·698) 1·47 (0·117) 1·51 (0·106) 2·29 (0·004) 2·35 (0·004)
MDC/CCL22 12·69 (0·001) 13·64 (0·001) 3·73 (0·029) 3·51 (0·049) 3·50 (0·010) 3·40 (0·018) 3·39 (0·013) 3·20 (0·026)
(b) Chemokines in plasma obtained at 1 year of age and present or future allergy
BCA-1/CXCL13 5·88 (0·014) 6·18 (0·017) 1·99 (0·231) 1·85 (0·305) 2·07 (0·110) 1·99 (0·143) 2·22 (0·097) 2·22 (0·111)
TARC/CCL17 2·79 (0·002) 2·78 (0·002) 2·40 (0·007) 2·41 (0·007) 1·79 (0·028) 1·89 (0·023) 1·58 (0·091) 1·67 (0·075)
MIP-3α/CCL20 1·39 (0·300) 1·33 (0·359) 0·86 (0·641) 0·85 (0·598) 1·41 (0·199) 1·39 (0·218) 2·52 (0·007) 2·62 (0·005)
MDC/CCL22 5·01 (0·019) 6·17 (0·017) 1·85 (0·302) 1·94 (0·295) 1·72 (0·241) 1·83 (0·215) 2·57 (0·071) 3·09 (0·052)

Bold type indicates significance (P < 0.05).
OR = odds ratio;
aORadj = odds ratio after adjusting for parental allergy.
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Fig. 3. (a) The levels (pg/ml) of BCA-1/CXCL13, MIP-3α/CCL20 and MDC/CCL22 in plasma obtained at 6 months of age from the groups where 
lactobacilli were detected at three to four time-points, one to two time-points or were non-detectable at all time-points. (b) Same as in (a), including 
only children with double heredity. (c) The same as in (a), including only non-allergic children. (d) Heredity and levels (pg/ml) of BCA-1/CXCL13, 
MIP-3α/CCL20 and MDC/CCL22 in plasma obtained at 6 months of age from the group with available lactobacilli data. The Mann–Whitney U-test 
was used for statistical analysis.
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Fig. 4. (a) The levels (pg/ml) of interferon (IFN)-γ in plasma obtained at 5 years age from the groups where lactobacilli were detected at one or more 
time-points or were non-detectable at all time-points (left) or in the groups where lactobacilli were detected at three to four time-points, one to two 
time-points or were non-detectable at all time-points (right). (b) Heredity and levels (pg/ml) of IFN-γ in plasma obtained at 5 years age from the 
group with available lactobacilli data. (c) The levels of fractional exhaled nitric oxide (FeNO) at 10 years of age in the groups where lactobacilli were 
detected at one or more time-points or were non-detectable at all time-points (left) or in the groups where lactobacilli were detected at three to four 
time-points, one to two time-points or were non-detectable at all time-points (right). (d) Same as in (c), including only children with double heredity. 
(e) Same as in (c), including only non-allergic children. The Mann–Whitney U-test was used for statistical analysis.
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chemokines: BCA-1/CXCL13, MIP-3α/CCL20 and MDC/
CCL22. It has been shown that the presence of L. reuteri 
in fecal samples from 1-week-old children participating 
in a probiotic study associates with reduced levels of Th2 
chemokines in infancy [16]. We found that allergic children 
had higher levels of the T follicular helper (Tfh)-related 
chemokine BCA-1/CXCL13, the Th17-related chemokine 
MIP-3α/CCL20 and the Th2-related chemokines TARC/
CCL17 and MDC/CCL22 in plasma samples obtained at 
6  months and 1  year of age. Children who were consist-
ently allergic had the highest levels of these chemokines. 
Further, the levels of these chemokines later in life did 
not associate with allergic disease, suggesting that the early 
immune profile is more clearly connected to allergy 
development.

These results add to other studies where allergic dis-
ease/IgE-sensitization has been associated with Th2-
related chemokines in early life [16,25]. Considering that 
chemokines are known influencers of Th subset polari-
zation, they could serve as biomarkers for an increased 
risk to develop allergy. TARC/CCL17 and MDC/CCL22 
direct Th2 cell responses and migration through binding 
to the chemokine receptor CCR4 [26]. BCA-1/CXCL13 
binds to CXCR5 and directs the positioning of Tfh and 
B cells in lymph nodes, and also correlates with circu-
lating Tfh cells, germinal center (GC) activity and the 
magnitude of antibody responses in humans [27]. 
Ovalbumin (OVA)-challenged mice up-regulate BCA-1/
CXCL13, and bronchoalveolar lavage from asthmatic 
patients contain higher levels of this chemokine com-
pared with healthy controls [28]. Importantly, chemokine 
levels in plasma to some extent only reflect the steady 

state of an individual and does not necessarily reflect 
how the given individual will respond upon allergen 
challenge. Further, the cellular source of chemokines in 
plasma is unknown. Hence, there might be cell subset-
specific deviations in production between allergic and 
non-allergic children.

The cross-talk between the intestinal microbiota and the 
lungs is referred to as the gut–lung axis, and the link between 
microbiota composition and asthma has been established 
[29]. FeNO is considered as a marker of Th2-associated 
inflammation and we have recently shown that allergic 
disease associates with higher FeNO [17]. Here we found 
that infant gut lactobacilli associate with lower levels of 
FeNO at 10  years of age, and also in non-allergic children. 
Considering that the association between gut lactobacilli 
and absence of allergic disease was most pronounced early 
in life, it is likely that these bacteria will associate with 
reduced lung inflammation also before 10  years of age.

How could the presence of lactobacilli in the gut 
during infancy influence the peripheral immune system 
and subsequent allergy development later in life? The 
guts of children are more permeable and contain a lower 
diversity of microbes, indicating that individual species 
of bacteria can have a greater impact compared to later 
in life. Possibly, lactobacilli symbolize a microbiota that 
is beneficial for proper immune maturation. The gut 
microbiota influence key features of the immune system 
that are involved in allergic disease, including Th1/Th2 
differentiation, induction of tolerance and T regulatory 
cell function [30]. Overall microbial diversity, microbial 
signatures as well as individual bacteria present during 
infancy, are linked to the development of allergic disease 
[3,19,31,32]. Microbial metabolites and their receptors 
are suggested as important effector molecules in gut 
microbiota-mediated effects on, and communication with, 
the peripheral immune system. The microbiome of chil-
dren that later became allergic lacked genes that encode 
enzymes involved in the production of the short chain 
fatty acid (SCFA) butyrate [33], and children with high 
levels of butyrate and propionate were less likely to be 
sensitized at 1  year of age and to develop several types 
of allergic disease later in life [34]. Interestingly, intake 
of L. acidophilus associated with reduced hypersensitivity 
and increased concentrations of SCFAs in β-lactoglobulin-
sensitized mice [35].

It is of great importance to evaluate how and if hered-
ity skew results and measurements connected to allergy 
development. Importantly, heredity did not influence plasma 
chemokine levels; the presence of lactobacilli was con-
nected to remaining non-allergic and also to lower FeNO 
when stratifying for heredity. The results obtained in this 
study indicate that gut lactobacilli are connected to remain-
ing non-allergic during childhood, and that these bacteria 

Fig. 5. Detection of lactobacilli (L. casei, L. paracasei and L. rhamnosus) 
in feces during the first 2 months of life associates with reduced allergy 
prevalence and lower levels of atopy-related chemokines in the first 
year(s) of life, and higher levels of interferon (IFN)-γ and lower 
fractional exhaled nitric oxide (FeNO) later in childhood. Graphic 
design: Fuad Bahram, FB Scientific Art Design.
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may influence allergy-related parameters of the infant 
peripheral immune system and thereby contribute to allergy 
protection.
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analysis.

Fig. S2. (a) The levels (pg/ml) of IFN-γ in plasma obtained 
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tected at one or more time-points or were non-detectable 
at all time-points (left) or in the groups where lactobacilli 
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Whitney U-test was used for statistical analysis.
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