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Abstract

Background: Siblings have been shown to reduce the risk of later asthma and allergy, but the
mechanism driving this association is unknown. The objective was to study whether siblings affect
the airway immune response in healthy neonates. We hypothesized that siblings exert immune
modulatory effects on neonates mirrored in the airway mucosa.

Methods: We measured 20 immune-mediators related to the Type 1, Type 2, Type 17 or regulatory
immune pathways in the airway mucosa of 571 one-month-old asymptomatic neonates from the
Copenhagen Prospective Studies on Asthma in Childhood,g, birth-cohort (COPSAC,410). The
association between airway mediator levels and presence of siblings was investigated using
conventional statistics and principle component analyses (PCA).

Results: Neonates with siblings had an up-regulated level of airway immune-mediators, with
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predominance of Type 1- and Type 17-related mediators. This was supported by the PCA showing a
highly significant difference between children with vs. without siblings: p<10™°, which persisted after
adjustment for potential confounders including pathogenic airway bacteria and viruses: p<0.0001.
The immune priming effect was inversely associated with time since last childbirth: p=0.0015.
Conclusions: Siblings mediate a Type 1/Type 17-related immune-stimulatory effect in the airways of
asymptomatic neonates, also after adjustment for pathogenic bacteria and viruses; indicating that
siblings exert a transferable early immune modulatory effect. These findings may represent an in-
utero immune priming effect of the fetal immune system caused by previous pregnancies as the
effect was attenuated with time since last childbirth or presence of unidentified microbes, but

further studies are needed to confirm our findings.

Key-words: Cytokines; chemokines; children; mucosal lining fluid; asthma; allergy
Abbreviations: COPSAC — Copenhagen Prospective Studies on Asthma in Childhood; GMR —

Geometric Mean Ratio; IL — Interleukin; PCA — Principal Component Analysis

Introduction

The immune system matures in infancy and early childhood. During this period the composition of
the exposome is important for the trajectory towards health or disease, such as asthma and allergic
sensitization(1). The presence of siblings in the household has in previous studies been shown to
alter the disease risk, though the mechanism is unclear(2—4). The term “sibling-effect” was first
proposed from the British Birth Survey showing that exposure to siblings protected against eczema
and hay-fever at age 5 (5,6), furthermore “the hygiene hypothesis” originally stated that a large
household size protected against development of hay fever(2,7). A possible mechanism is that elder
siblings convey immune modulation through an increased risk of virus and bacterial exposure in very

early childhood. In this regard we have previously shown that the airway immune response is up-
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regulated in asymptomatic neonates with pathogenic airway bacteria and picornaviruses(8,9).
Alternatively or additively, the sibling effect may be caused by in-utero immune priming related to
events induced by previous pregnancies. This could be mediated through a decrease in cord blood
IgE with increasing birth-order (5) or by decreased anti-inflammatory T cell activation in first-

borns(10).

We hypothesized that siblings were associated with a skewing of the neonatal immune response in
the airways, as early as one-month of age. Therefore, we analyzed key immune mediators in vivo in
the nasal mucosal lining fluid in one-month-old neonates from the unselected Copenhagen
Prospective Studies on Asthma in Childhood,g19 (COPSAC,010) birth cohort(8,11) in relation to
presence of siblings while adjusting for coexisting airway viruses and bacteria. A possible in-utero
immune priming effect of siblings was investigated by studying the association between mediator

levels and time since last childbirth, for multiparous women.

Methods

The COPSAC,p10 birth cohort

COPSAC,¢10is an ongoing population-based clinical prospective mother-child cohort with 700
children enrolled at one-week of age during 2009-2010, which has previously been described in
details(12). Exclusion criteria for the pregnant women were any endocrine, kidney, or cardiovascular
disease. Children with severe congenital abnormality were excluded. All clinical assessments were
performed according to written standard operating procedures including sampling of airway
mucosal lining fluid(12). Information on exposures such as siblings was obtained by structured

parental interviews conducted at the research clinic.

Ethics

The study was conducted in accordance with the guiding principles of the Declaration of Helsinki and
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approved by the Ethics Committee for Copenhagen (H-B-2008-093) and the Danish Data Protection
Agency (j.nr. 2015-41-3696). Prior to enrollment of the child, both parents gave their oral and

written informed consent.

Measurements of airway cytokines and chemokines

Unstimulated airway mucosal lining fluid was sampled when the neonates visited the COPSAC clinic
at one-month of age as previously described(8,11). Strips of filter-paper (Accuwik Ultra, fibrous
hydroxylatedpolyester sheets, cat no.SPR0730, Pall Life Sciences, Portsmouth, Hampshire, UK) were
inserted bilaterally into the anterior part of the inferior turbinate of the nasal cavity. After 2 minutes
of absorption the filter-papers were removed and immediately frozen at -80°C. The filter papers
were thawed and immersed in 300 ulL of assay buffer and subsequently placed in the cup of a tube

filter within an Eppendorf tube and centrifuged for 5 minutes in a cooled centrifuge at 16,000g.

The mucosal lining fluid samples were analyzed for IL(interleukin)-12p70, CXCL10 (IP-10), Interferon-
gamma (IFN-y), Tumor necrosis factor-alpha (TNF-a), CCL4 (MIP-1B), CCL2 (MCP-1), CCL13 (MCP-4),
IL-4, IL-5, IL-13, CCL11 (eotaxin-1), CCL26 (eotaxin-3), CCL17 (TARC), CCL22 (MDC), IL-17, IL-1B, CXCL8
(IL-8), Transforming growth factor betal (TGF-B1), IL-10, and IL-2(11,13) by MesoScale Discovery
multiplexed array system (MesoScale Discovery, Gaithersburg, Md) which is a high-sensitivity
electrochemoluminescence-based ELISA-type assay. The sensitivities for all cytokines were <1 pg/mL

and for chemokines 1 to 50 pg/mL, as previously described(11).

Selection of the measured cytokines and chemokines was decided a priori to represent mediators
associated with different types of immune responses that we grouped into Type 1 (Th1/CD8+/NK
cells/innate lymphoid cells (ILC) 1), Type 2 (Th2, eosinophils, ILC2), Type 17 (Th17, neutrophils,
ILC17), and regulatory type (Treg) responses(11,14,15). This was based on the present understanding

of which cell types that mainly produce the given mediators and/or are affected by the mediators.

Siblings
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Information about the presence of siblings in the household was obtained at the visit to the COPSAC
clinic at one-week of age. Siblings included biological siblings as well as half-siblings living in the
home. Data was analyzed as 1) any siblings (biological and half-siblings), 2) any biological siblings
(excluding half-siblings), 3) quantitatively as 0 vs. 1 vs. >1 sibling, and for multiparous women 4) time

since last childbirth.

Covariates

Parental characteristics: “maternal asthma, allergy, or eczema” (Yes/No), “Caucasian” (both parents
of Caucasian descent, Yes/No), “high income” (annual household income>130.000 euro, Yes/No),
“maternal antibiotic consumption in 3™ trimester” (Yes/No), “maternal smoking in 3" trimester”
(Yes/No), and “maternal alcohol consumption in 3™ trimester” (>one unit of alcohol per week,
Yes/No).

Characteristics of the child: “gestational age < 37 weeks” (Yes/No), “sex” (Male/Female), “Apgar
score < 7 at 1 minute” (Yes/No), “caesarean section” (planned or acute caesarean section, Yes/No),
“exclusively breastfeeding at one-month” (Yes/No), “pets” (cats and/or dogs living in the home of the
child, Yes/No),

“picornavirus” (Yes/No) and “airway bacteria” (Yes/No). Nasopharyngeal sampling for virus-
detection was performed after the sampling of mucosal lining fluid. The samples were collected via
one of the nostrils and diluted in 1 ml of isotonic saline. Specimens were frozen and stored at -80°C
until shipment to Imperial College, London, UK, for RNA extraction and further analysis with reverse
transcriptase polymerase chain reaction (RT-PCR)(9,16). Hypopharyngeal aspirates for bacterial
culturing were collected with a soft-suction catheter passed through the nose into the hypoharynx.
The aspirates were analyzed by bacterial culturing, using standard methods(8,17). The analyses were
adjusted for any presence of pathogenic airway bacteria including Haemophilus influenzae,

Streptococcus pneumonia and Moraxella catarrhalis, as previously described (8,9,17).

Statistics
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Differences in baseline characteristics between neonates with and without siblings were analyzed

with chi-squared test or Fisher’s exact test.

In order to obtain normally distributed residuals of the mediator levels, data was log transformed
prior to analyses. For every immune mediator, a number of reads were below the detection limit.
The samples with a level between zero and detection limit have not been changed, while the zero-
values have been set to half of the minimum of the non-zero values, in order to be able to perform a

log transformation, without loss of data.

The univariate associations between presence of siblings in the home and the mediator levels were
analyzed using analysis of variance (ANOVA) with log transformed mediator levels as outcome
variables and siblings and possible confounders/covariates as explanatory variables. Results are
reported as geometric mean ratios (GMR) of the mean mediator levels for neonates with/without
siblings, and 95% confidence intervals (Cl). Comparison with “time since last childbirth” is conducted
by ANOVA with age as continuous explanatory variable. We explored other representations of this
variable, such as log transformation and polynomial as well as non-parametric modeling with no

differences in the results.

Based on our previous studies, sampling site, season of sampling, batch of immune mediator
analysis, maternal asthma, allergy or eczema, and maternal consumption of antibiotics in 3"
trimester were included as covariates in the models as they all associate with the levels of immune

mediators(8,9,13).

We also applied a principal component analysis (PCA) in order to decompose the immune signal
from the 20 mediators into a few independent components that capture the overall immunological

trends in the data.
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Analyses were carried out using SAS version 9.3 (SAS Institute, Cary, NC) and the PCA were
conducted in MATLAB R2013av. 8.1.0.604 (MathWorks Inc, Natick, MA) utilizing the PLStoolbox
7.8.2 (Eigenvector Research Inc. Wenatchee, WA) for building the PCA model, and in-house

algorithms for plotting data.

Results

Baseline characteristics

A total of 571 neonates were included in the main study, excluding 10 neonates that were enrolled
before the method of airway mucosal lining fluid was established, as well as 19 that did not attend
the one-month visit. Furthermore, 44 neonates had an airway infection at the day of sampling, and

56 samples were excluded due to technical reasons (See study flow chart Online Figure E1).

The mean age at the time of sampling airway mucosal lining fluid was 32 days (Standard deviation
(SD) = 5.4 days). A total of 51% (N=292) were boys, 57% (N=324) had siblings, whereof 4% (N=13)
were half-siblings, 67% (N=216) had 1 sibling, and 33% (N=108) had >1 sibling. In Table 1 baseline
characteristics of the study group are depicted along with a comparison of neonates with and
without siblings. Neonates with siblings had mothers with an increased alcohol consumption in the
3" trimester (7% vs. 2%, p=0.01), higher household income (17% vs. 9%, p=0.01), and were more
often breastfed at age 1 month (94% vs. 90%, p=0.04). Furthermore, neonates with siblings had
increased presence of pathogenic airway bacteria (40% vs. 13%, p< 0.0001) and picornavirus (15%

vs. 4%, p< 0.0001).

Baseline characteristics of the 571 included vs. the 129 excluded neonates were comparable except
for a higher house-hold income (22% vs. 13%, p=0.02) and a lower age of gestation (8% vs. 3%,

p=0.004) (Online Table E1).
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Siblings and the neonatal airway immune response

The median values of immune-mediators in the neonates with siblings compared to the neonates
without siblings and the number of samples below the detection limit are shown in Table 2.
Neonates with siblings had a significant up-regulation of all mediators (all p-values < 0.05), except
for CCL17, when compared to neonates with no siblings. This was most pronounced for specific Type
1- (TNF-o, CCL4) and Type 17- (IL-17, IL-1B) associated mediators which were 2 to 3.5-fold increased
(Figure 1A).

Adjusting the analysis for maternal asthma, allergy and eczema, sampling site, season of sampling,
batch of immune mediator analyses, maternal smoking in 3" trimester, breastfeeding at one-month
of age, high income and alcohol consumption in 3™ trimester did not significantly modify the results
(Figure 1B). Further adjustment for presence of pathogenic airway bacteria and picornavirus at time
for mucosal sampling resulted in a slight decrease in the levels of the immune mediators, but still

yielded an overall increased ratio of the 20 immune mediators (Figure 1B).

The same up-regulation of immune mediators was seen when the analyses were restricted to
neonates without pathogenic airway bacteria and/or picornavirus (Online Figure E2), where all
mediators are significantly elevated (all p-values < 0.05) except for CCL2 and CCL17 (p > 0.1). When
only the neonates with biological siblings were included (n= 310) (Online Figure E3) a significant up-
regulation was found in all immune-mediators (all p-values < 0.05) except for CCL17 and TGFB1 (p >
0.07). Finally, we studied the birth-order effect of being second-born (N=216) versus first-born
(Online Figure E4A and E5) and correspondingly the effect of being third-born (N =108) versus first-
born (Online Figure E4B and E5) without finding any additional immune-stimulatory or —inhibitory

effects.

Multivariate interrelations between siblings and the neonatal airway immune response
The conventional statistics were supported by a principal component analysis (PCA) showing a high

inter-correlation between the 20 different immune mediators in the first component of the loading
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plot (Figure 2A). In the first component of the score plot (Figure 2B), a clear distinction was found
between neonates with siblings and those without siblings, supporting the findings from the
conventional approach. By principal component regression, the difference between the two groups
was found to be highly significant (p<10™°). Adjusting for maternal asthma, allergy, or eczema,
sampling clinic, season of sampling, batch of immune mediator analyses, maternal smoking in 3™
trimester, breastfeeding at one-month of age, high income, alcohol consumption in 3" trimester,

pathogenic airway bacteria, and picornavirus did not modify the results substantially (p< 2x107).

To investigate a possible in-utero immune priming effect, time since last childbirth was studied in a
PCA model (Figure 3), showing an inverse association between time since last childbirth for the
mother and the airway immune response in the neonate (p = 0.0015, adjusted p=0.02). Hence, with
increasing time since last childbirth, the immune response attenuated towards the level found in
neonates with no siblings. No effect of previous miscarriage was found on the immune mediators

(data not shown).

The effect of having no siblings vs. one sibling vs. more than one sibling was likewise analyzed by
PCA (Online Figure E4). Testing the first three principal components with respect to birth order
revealed no significant effect, underlining that there was no further immune-regulatory effect on the

airway mucosal response profile of having more than one sibling.

Discussion

Principle findings

We found an overall up-regulated airway immune response in healthy neonates with siblings in the
home at birth, independent of the presence of virus and pathogenic airway bacteria at time of
sampling. This finding questions the common interpretation that the sibling-effect, in relation to risk

of asthma and allergy, is mediated solely via spread of microbes. Our data suggests that the sibling-
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effect may additionally represent in-utero immune priming initiated by events during previous
pregnancies as the immune response attenuated with increasing time since last childbirth. However,
we cannot exclude that the effect is caused by younger siblings bringing home more pathogens, and

further studies are needed to confirm our findings.

Strength and limitations

It is a strength of the study that the immune response in the airway mucosal lining fluid was
assessed undisturbed in vivo by a validated method of collecting and measuring cytokines and
chemokines(11). The assessment of the immune response was performed in the target organ of
airway disease, which is a major advantage compared to measurements of systemic mediators in
blood. All baseline information was obtained by interviewing the parents and not from

questionnaires.

The data was analyzed with two different statistical methods, yielding similar results, increasing the
validity of our findings. The comparable results achieved with the data-driven PCA approach also

negates the risk of multiple testing in the conventional approach.

It is a limitation that we only examined 20 cytokines and chemokines, though these 20 immune
mediators were carefully chosen a priori to represent major phenotypical pathways of the immune
system. Furthermore, information about the immune response was only obtained at a single time
point, limiting our knowledge about the chronicity of our findings. We only analyzed for the most
pathogenic and prevalent viruses and bacteria in childhood, implicating that other viruses and
bacteria could be or have been present and represent a residual confounding effect. However, the
investigated bacteria and viruses are the main pathogens affecting the immune response, and also

those predisposing to later development of asthma(8,9,17,18).
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Interpretation

The neonatal exposome may be a very important determinant of later asthma and allergy
development. The “hygiene hypothesis” originally stated that a large household size protected
against development of hay fever, supposed to be mediated through increased exposure to
infectious agents in early childhood(2,7). Further, the term “sibling-effect” was proposed from the
British Birth Survey showing that exposure to siblings protected against eczema and hay-fever at age
5 (5,6), whilst the results for asthma are ambiguous with studies both supporting(3,7,19-21) and

refuting(22) an inverse association between sibship-size and asthma.

In support of the above hypotheses, we have previously shown that neonates with siblings had a
higher prevalence of carriage of both airway viruses and bacteria than neonates without
siblings(8,9). Moreover, we have demonstrated that asymptomatic presence of picornavirus in the
neonatal airway is a potent activator of the immune system in the airways with Type 1
predominance. Independently of this we found that colonization of the neonatal airways with
specific pathogenic airway bacteria promoted a general activation of Type 1, Type 2 and Type 17
immune mediators(8,9). In this paper, we found a significant and marked immune stimulatory effect
from having siblings, independently of airway pathogens. Hence, the proposed sibling-effect may be
mediated by other mechanisms besides carriage of airway pathogenic microbes. This could include
an in-utero programming effect from previous pregnancies; as we observed that increased time
since last pregnancy was associated with decreased airway immune-activation in the offspring.
However, we cannot, with the current data and applied laboratory methodology, exclude that other
pathogenic microbes than the ones we searched for, are present and possibly affecting our results. A
recent study performed in adults described that the distribution of pathogens in relation to
respiratory infections, differed according to age(23), which may also apply for children. Hence,
presence of young older siblings could bring a higher risk to transmit those infections to which the
neonates are more vulnerable thereby inducing a greater immune stimulatory effect. Such

relationship could also be an explanation for the inverse relationship between increasing time since
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last pregnancy and decreasing topical immune mediator release, as increasing age of older siblings

may decrease the risk of transmitting infections to the neonate.

We observed that exposure to siblings in the neonatal period was associated with an up-regulated
immune profile, most pronounced for Type 1- and Type 17-related mediators. Although this effect
was unaffected by adjusting for concomitant presence of specific pathogenic bacteria and viruses,
the nature of the immune response still indicates that enhanced stimulation with environmental
microbes may be the underlying factor for this specific immune signature in neonates with siblings.
Also, though still significant, the effect estimates attenuated after adjustment for bacteria and

viruses.

Especially CCL4 was highly elevated, which we attribute to a Type 1-associated immune function
involving responses against intracellular pathogens such as viruses and some bacteria based on its
action as a CCR5 ligand. CCR5 is expressed on monocytes, immature dendritic cells, Th1 cells and

CD4+ effector memory T cells, and CCL4 will mediate influx of these cell types upon secretion(24).

Our finding of an exaggerated Type 1, and also Type 17 response in the neonates with siblings may
have an important role in shifting the immune response away from Type 2 dominance after birth,
thereby supporting the sibling-effect and protecting against later development of asthma and
allergy. However, we also found elevated levels of Type 2 associated mediators, although not as
pronounced as the Type 1 associated mediators. The univocal up-regulation of all types of immune
responses in the neonatal airway suggests that the immune stimulatory exposome carried by the

siblings convey a direct activation of the neonatal airway immune response.

Alternatively, our findings could be interpreted in support of the siblings-effect being caused by in
utero programming of the fetal immune system due to events occurring during previous
pregnancies. Priming of the developing immune system starts in utero(4,5,25), and differences in the

immune activation registered in cord blood mediators and immune cell distribution have been
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shown in first-born children compared to second or later-born children(5,10). Kragh et al(10) found
that first-born infants displayed a reduced anti-inflammatory profile in T cells at birth, compared to
second and later born, and Karmaus et al(5) found that cord blood IgE level is also dependent on
birth-order. A correlation between levels of specific cytokines in maternal blood and cord blood have
also been documented, indicating that a trans-placental regulation is occurring, which may affect
later risk of disease(26). We did not find a “dose-response-effect” from increasing birth-order, but
we observed an inverse association between the airway immune response and the time since last
childbirth, also when adjusting the analysis for all confounders including pathogenic airway bacteria
and picornavirus. This suggests that the immunological effect from siblings may be induced by in
utero events gradually declining over time. The reported effect could also be mediated by younger
siblings having more infections, thereby exposing the vulnerable neonate to more pathogens. A
previous study have shown that the attack rate and intervals between airway infections are shorter
with younger age(27). Comparing immune signals between the first born children of mothers with or
without an earlier miscarriage revealed no significant difference, which also support the hypothesis
of pathogenic microbes transmitted by the siblings as changes in the maternal immune system after
a miscarriage should endure similarly to those occurring in a normal pregnancy, unless the
miscarriage would occur extremely early in gestation. It should, however, be noted that the study

power for this analysis was low.

From our data an in utero cannot be excluded, and future studies may need a wider approach to
understand the mechanisms in other parts of the early exposome or in maternal influence from
previous pregnancies relating siblings and disease risk. Independently of the underlying mechanismes,
this study shows that presence of siblings is associated with a clear topical airway immune
stimulatory effect with predominance of Type 1- and Type 17-related mediators. We speculate that
this may be an important immune programming event in relation to later development of asthma

and allergy.
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Conclusion

The presence of siblings at birth associates with an up-regulation of the neonatal airway mucosal
immune response, which is not mediated solely through carriage of airway pathogens, but seems
related to in utero immune priming. These findings indicate that having siblings may exert an early
Type 1/Type 17-immune priming effect that may be important for later development of asthma and

allergy.
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Tables

Table 1: Baseline characteristics of neonates with siblings and neonates without siblings (chi-squared test). P-

value £0.05 is shown in bold.

Siblings No siblings

% (n=324) % (n =247) p-value
Maternal asthma, allergy or eczema 50 (161) 58 (142) 0.08
Caucasian 97 (314) 95 (234) 0.19
High Income (above 130,000 euro) 17 (55) 9(22) 0.01
Maternal antibiotic consumption in 3 trimester 22 (70) 17 (42) 0.17
Maternal smoking in 3" trimester 3(11) 4 (10) 0.68
Maternal alcohol consumption in 3" trimester* 7 (21) 2 (5) 0.01
Gestational age < 37 weeks 2 (8) 5(12) 0.12
Male 51 (164) 52 (128) 0.78
Apgar score < 7 at 1 min 5(17) 3(8) 0.25
Caesarian section 20 (66) 23 (56) 0.51
Exclusively breastfeeding at 1-month 94 (303) 90 (222) 0.04
Furred pets 23 (73) 18 (45) 0.21
Picornavirus 15 (48) 4 (10) <0.0001
Pathogenic Airway Bacteria 40 (128) 13 (31) <0.0001

*> 1 U/week (more than 1 beer/1glass of wine/2 cl of spirits per week)
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Table 2: Median values and numbers below the detection limit of cytokines and chemokines.

Mediator

Siblings

Median (lower - upper quartile)

pg/mL

No siblings

Median (lower - upper quartile)

pg/mL

Below detection limit

IL-12p70
CXCL10
IFN-y
TNF-al
ccLa
ccL2
ccLi3
IL-4
IL-5
IL-13
ccL11
ccL26
ccL17
ccL22
IL-17
IL-1B
CXCL8
TGF-B1
IL-10
IL-2

5.81(2.56 - 10.31)
683.3 (245.1 - 2424)
6.04 (2.13-17.17)
40.55 (15.03 - 121.43)
247.9 (80.20 - 704.4)
156.3 (81.54 - 275.2)
18.91 (12.90 - 25.89)
2.52(1.27 - 5.62)
3.48 (1.44 - 6.92)
16.19 (9.57 - 32.71)
96.59 (57.39 - 156.60)
86.63 (24.67 - 160.89)
16.29 (9.80 - 24.90)
81.27 (49.26 - 188.37)
2.56 (0.57 - 6.22)
163.48 (35.79 - 738.09)
4967 (1983 - 9335)
54.82 (39.48 - 75.00)
22.93 (11.10 - 43.38)
26.13 (11.15 - 54.37)

3.58 (1.60 - 6.57)
372.7(159.9 - 919.3)
2.98(1.32-7.16)
18.70 (6.85 - 43.04)
74.08 (33.40 - 206.7)
118.9 (63.12 - 224.8)
14.26 (9.58 - 20.82)
1.26 (0.41 - 3.12)
1.89 (0.80 - 4.08)
12.28 (5.38 - 23.15)
67.56 (44.56 - 109.6)
49.59 (14.88 - 116.1)
15.04 (9.50 - 24.14)
60.27 (36.13 - 123.39)
1.00 (0.32 - 2.96)
37.60 (14.61 - 150.51)
2535 (901 - 5292)
47.37 (32.68 - 65.57)
13.29 (5.81 - 26.00)
13.10 (5.81 - 29.01)
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Figure legends:

Figure 1: Geometric mean ratios (GMR) with 95% confidence interval of cytokines and chemokines in the
airway mucosal lining fluid of healthy one-month-old neonates with/without siblings in the home. A) Crude
levels. In B) each mediator is shown as the GMR adjusted (bar with a rhombus shape) for maternal asthma,
allergy, or eczema, sampling clinic, season of sampling, batch of immune mediator analyses, maternal smoking
in 3" trimester, breastfeeding at one-month of age, high income, and maternal alcohol consumption in 3™
trimester, the bar to the right (bar with a horizontal line) represents GMR adjusted for the same parameters as

well as bacteria and picornavirus.

Figure 2: A) Loading plot from principal component analysis showing the loadings of the 20 different immune
mediators. The cytokines are marked according to their function. B) Score plot, where each point corresponds
to one child. The distribution of neonates with siblings versus the rest is shown as ellipses. Differences are
registered between the blue circle (neonates without siblings) and the red circle (neonates with one sibling or
more). By principal component regression a highly significant difference was found between neonates with no

siblings and neonates with one sibling or more (p<10'10).

Figure 3: Principal component analysis of the distribution of the time since last childbirth(x-axis) in relation to
level of immune mediators (y-axis). Significantly higher immune mediator levels are seen with short time since

the last pregnancy (unadjusted p = 0.0016, adjusted p = 0.02).
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Online data supplement- Figures

Siblings Promote a Type 1/Type 17-oriented immune response in the airways of
asymptomatic neonates
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Onlinefigure E1: Study group flow-chart

700 children in the Copenhagen Prospective Studies
on Asthmain Childhood Cohort
(COPSACo010)

10 children enrolled before the
method was established

19 did not attend the 1-month
visit

615 children with complete information

56 were lost to technical
reasons

44 children with airway
infection on the sampling

day

571 children included in analysis
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OnlineFigure E2:

Geometric mean ratios with 95% confidence interval of cytokines and chemokinesin the airway mucosal lining fluid of
healthy one-month-old neonates with/without siblings. Only the neonates without concurrent pathogenic airway bacteria

and/or picornavirus are included (n=381).
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OnlineFigure E3:

Geometric mean ratios with 95% confidence interval of cytokines and chemokines in the airway mucosal lining fluid of
healthy one-month-old neonates with/without biological siblingsin the home at birth (n = 310). Adjusted for maternal
asthma, alergy, or eczema, sampling clinic, season of sampling, batch of immune mediator analyses, maternal smoking
in 3 trimester, breastfeeding at one-month of age, high income, maternal alcohol consumption in 3 trimester, bacteria

and picornavirus.
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Online Figure E4: Immuneresponse in second-born and third-born compared to first-born

Geometric mean ratios with 95% confidence interval of cytokines and chemokines in the airway mucosal lining fluid of
healthy one-month-old neonates with/without siblings in the home at birth. A) Second-born (biological and non-
biological) (N= 215) compared to first-born (N = 247). B) Third-born (biological and non-biological) (N=108)
compared to first-born (N= 247). No confounder adjustment.
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OnlineFigure ES:

Principal component analysis of the distribution of the neonates with no siblings (red circle) versus one sibling (green

circle) versus more than one sibling (blue circle).
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9 Table E1 online: Drop-out table: Baseline characteristics of the 571 neonates included in the study versus the 129

10 neonates excluded (chi-squared test) (see online figure E1 for details). P-value < 0.05 is shown in bold.

Included Excluded

% (n=571) % (n=129) p-value
Maternal asthma, allergy, or eczema 53 (303) 54 (69) 0.91
Caucasian 96 (548) 94 (121) 0.28
Income (above 130,000 euro) 13 (77) 22 (28) 0.02
Maternal antibiotic consumption in 3" trimester 27 (35) 20(112) 0.06
Maternal smoking in 3" trimester* 4(21) 3(4) 0.71
Maternal alcohol consumption in 3" trimester** 5(26) 6(8) 0.42
Gestational age < 37 weeks 3(20) 8(12) 0.004
Male 51 (292) 52 (68) 0.75
Apgar score <7 at 1 min 4 (25) 5(7) 0.61
Caesarean section 21 (122) 22 (29) 0.78
Siblings 57 (324) 56 (72) 0.85
Exclusively breastfeeding at 1-month 92 (525) 95 (109) 0.37
Furred pets 21 (118) 19 (25) 0.74

11 *Fisher’s exact test, ** > 1 U/week
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