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Abstract

Purpose: Little is known about the longitudinal development of different plasma pro-

tein levels during early childhood and particularly in relation to lifestyle factors. This

study aimed tomonitor the plasma proteome early in life and the influence of different

lifestyles.

Experimental Design: A multiplex bead-based immunoassay was used to analyze

plasma levels of 97 proteins in 280 blood samples longitudinally collected in children

at 6, 12, 24, and 60 months of age living in families with an anthroposophic (n = 15),

partly anthroposophic (n= 27), or non-anthroposophic (n= 28) lifestyle.

Results: A total of 68 proteins (70%) showed significantly altered plasma levels

between6months and5 years of age. In lifestyle stratified analysis, 59 of 97 (61%) pro-

teins were altered over time within one or more of the three lifestyle groups. Nearly

half of these proteins (28 out of 59) changed irrespective of lifestyle. The temporal

changes represented four longitudinal trends of the plasma proteins during develop-

ment, also following stratification of lifestyle.

Conclusions and Clinical Relevance:Our findings contribute to understand the devel-

opment of the plasma proteome under the influence of lifestyle exposures in early

childhood.
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1 INTRODUCTION

Environment early in life has a significant impact on future health.[1]

Proteins are responsible for key biological functions such as signaling

and defense, in an age-related balance influenced by genes, lifestyle,

and environment.[2,3] However, little is known about the longitudinal

development of different plasma protein levels during early childhood,

particularly in relation to environmental factors.[4]

The prospective birth cohort Assessment of Lifestyle and Allergic

Disease During Infancy (ALADDIN)[5] offers a unique opportunity to

study development of different plasma proteins early in life as well as

associations between environmental and lifestyle exposures. In 2004,

we initiated this cohort by recruiting families with conventional or

anthroposophic lifestyle,[5] with the purpose to identify environmental

and lifestyle-related factors during pregnancy and early childhood that

may constitute risk of or protection against development of different

diseases, particularly allergy. Anthroposophic lifestyle is characterized

by, amongother things, homedelivery, organic dietwith live lactobacilli,

restrictive use of antibiotics and vaccine, and for the infant avoidance

of stressful stimuli.[5–8] The aims of this study were to (i) determine

the longitudinal development of different plasma protein levels during

early childhood and (ii) compare the influence of different lifestyles.

2 MATERIALS AND METHODS

2.1 Subjects

The prospective birth cohort study ALADDIN consists of families with

an anthroposophic, partly anthroposophic, or non-anthroposophic

lifestyle.[5] A total of 330 families were recruited at anthroposophic

and conventional healthcare centers in the Stockholm area, Sweden,

betweenSeptember2004andNovember2007. Familieswere enrolled

in the study at gestational week 25–38 (median week 30). Four chil-

dren were excluded because of preterm delivery and two because of

miscarriage. The lifestyle groups were classified based on choice of

maternal-child health centers and parental responses to a question-

naire 2 months after the birth of the child: The degree of adherence

to an anthroposophic lifestyle was categorized as “anthroposophic,”

“partly anthroposophic,” or “non-anthroposophic,” based upon the

choice of antenatal clinic and parental responses to three questions:

(1) “What kind of preschool/school will your newborn child probably

go to?” (2) “Has any of the parents, no matter which type of school

you have planned for your child, an anthroposophic view of life?,”

and (3) “Is the family’s everyday life influenced by an anthroposophic

view of life?” Families answering “anthroposophic school” to question

1 and “yes” to questions 2 and 3 and also attending anthroposophic

antenatal clinics were defined as “anthroposophic.” Families answer-

ing conventional or any other non-anthroposophic type of school

to question 1, “no” to questions 2 and 3 and going to conventional

antenatal clinic were defined as “non-anthroposophic.” Any other

combination of answers was defined as “partly anthroposophic.”[5] In

Statement of clinical relevance

Children develop rapidly during the first years of life with

physiological changes. The family lifestyle and living environ-

ment influence the child with various exposures that may

change over time. How the plasma proteome develops longi-

tudinally during early life and in response to lifestyle expo-

sures has been less studied. Understanding normal physi-

ological changes in relation to pathological processes are

important for identification of early disease markers. We

here studied the levels of plasma proteins longitudinally

during the first 5 years of life in children living in fami-

lies with an anthroposophic, partly anthroposophic, or non-

anthroposophic lifestyle. We found that the majority (70%)

of the studied 97 plasma proteins changed over time. In

addition, we observed altered levels for 59 of the 97 (61%)

proteins within one or more of the three different lifestyle

groups. Our findings constitute a contribution to map the

development of the plasma proteome under the influence of

lifestyle exposures in early childhood.

the present study, we included 70 children from the three different

lifestyle groups (15 anthroposophic, 27 partly anthroposophic, and

28 non-anthroposophic), from whom longitudinal plasma samples

collected at 6, 12, 24, and 60 months of age were available. Informa-

tion on diet and other exposures were collected by a questionnaire

at 2 months and interviews at 2, 6, 12, 24, and 60 months of age.

Data on delivery was retrieved from the Swedish Medical Birth Reg-

ister, and vaccination data from medical records at child healthcare

centers.[7] This study was performed in accordance with the principles

expressed in Declaration of Helsinki and approved by the Regional

Ethical Review Board in Stockholm (project Dnr 2002-01-07, 474/01

and 2010-04-30, 741-32). All parents gave their written informed

consent.

2.2 Collection of blood samples

Blood samples were collected venously in 4 mL sodium heparin tubes

from the children at 6 and 12months and in 9mL sodiumheparin tubes

at 24 and 60 months of age. The blood samples were stored at room

temperaturebefore centrifugation for10minat800× gand theplasma

was subsequently collected. The distribution of time periods at room

temperature across lifestyles were similar, see Table S1. The median

volumes of plasma obtained were 1.5 mL (range 0.5–2.5 mL) at both

6 and 12 months, 4.0 mL (range 0.8–4.0 mL) at 24 months, and 3.6 mL

(range 2.0–4.0 mL) at 60 months. Plasma was stored at −80◦C. Blood

was collected venously from all children except from seven children

(10%) at 6 months of age and five children (7%) at 12 months of age
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where capillary bloodwas collected due to practical and humanity rea-

sons. For a distribution of capillary blood samples across lifestyles, see

Table S2.

2.3 Protein selection and plasma profiling using
antibody suspension bead arrays

For the protein profiling, a panel was designed based on in-house

knowledge combinedwith database searches (Ensembl, Genotator, the

Human Protein Atlas [HPA], Ingenuity Pathway Analysis, Intomics, and

MetaCore), in general focusing on proteins expressed or detectable

in blood/serum/plasma and involved in biological processes of the

immune system and inflammatory responses. In total, 151 proteins

were included in the panel and targeted by 243 antibodies (Table S3).

This final selection of proteins was based on antibody availability

within the HPA project (https://www.proteinatlas.org).[9] One anti-

body per protein target was included for 78 proteins whereas 73

proteins were targeted by more than one antibody (ranging between

two and five antibodies per protein target). This is a common strategy

when as in this case using antibodies that were generated against

different or same regions of the protein (immunogens with partial to

full protein sequence coverage), for example, seen in [10–12]. Quality

assessment of these multiple antibodies is defined in the quality con-

trol and statistical analysis section below. Most of the antibodies were

affinity purified polyclonal rabbit antibodies from the HPA project,[9]

with the exception of anti-CHI3L1 (polyclonal goat IgG AF2599 and

monoclonal rat IgG1 MAB25991, R&D Systems, Minneapolis, MN,

USA) and anti-HPGDS (monoclonal mouse IgG1 MAB6487, R&D

Systems).

Plasma profiling was performed using a multiplexed bead-based

immunoassay based on antibody suspension bead arrays. To create

the bead array, antibodies were immobilized onto color-coded mag-

netic beads (MagPlex-C, LuminexCorp., Austin, TX, USA), as previously

described.[11,13] Here, antibodieswere diluted to 1.6µg/mL inMESand

coupled to beads that had been activated in N-hydroxysulfosuccini-

mide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

(Pierce, Thermo Fisher Scientific, Waltham, MA, USA) prior to the

coupling. All beads were combined to create amultiplex antibody bead

array and successful coupling confirmed using an R-phycoerythrin-

conjugated anti-rabbit IgG antibody (Jackson ImmunoResearch, West

Grove, PA, USA).

For the assay, plasma sampleswere distributed in 96-wellmicrotiter

plates (Thermo Fisher Scientific) according to a randomized plate lay-

out using a liquid handling device (EVO150, Tecan Group, Männedorf,

Switzerland). The layout was designed to give an equal distribution of

the three lifestyle groups (anthroposophic, partly anthroposophic, or

non-anthroposophic) across the multiple plates, and at the same time,

keeping all samples from the four time points of each child within the

same plate. Samples were randomized within each plate. Each plate

also included a buffer blank in duplicates and a pool of all samples in

quadruplicates for determination of technical variation. Using a liq-

uid handler (SELMA, CyBio, Jena, Germany), plasma samples (3 µL)

were diluted 1:10 in PBS and labeled with biotin (NHS-PEO4-biotin,

Thermo Fisher Scientific) using a 10-fold molar excess over total pro-

tein content. The labeled samples were further diluted 1:50 in an assay

buffer of 0.5% (w/v) PVA, 0.8% (w/v) PVP, and 0.1% (w/v) casein (all

Sigma-Aldrich, St Louis, MO, USA) in PBS supplemented with 10%

(v/v) rabbit IgG (Bethyl Laboratories Inc., Montgomery, TX, USA). Sam-

ples were heat treated in a water bath at 56◦C for 30 min, cooled to

room temperature, and combined with the bead array in a 384-well

microtiter plate (Greiner Bio-One, Kremsmünster, Austria). After an

overnight incubation, unbound proteins were removed by washing the

beads in 0.05% Tween-20 in PBS using a plate washer (EL406, Biotek,

Winooski, VT, USA). Bound proteins were cross-linked to the antibod-

ies using 0.4%paraformaldehyde inPBS for 10min. After anotherwash

cycle, a streptavidin-conjugated fluorophore (R-phycoerythrin, Invitro-

gen, Thermo Fisher Scientific) was used to detect captured proteins

followed by read-out of the relative levels of proteins in a FlexMap3D

instrument (Luminex Corp.), reporting fluorescent intensity in arbi-

trary units.

2.4 Quality control and statistical methods

Statistical analysis and visualization were performed in the program-

ming language and environment for statistical computing R[14,15] and

SPSS version 25 (IBM Corp., Armonk, NY, USA). The raw fluores-

cent intensity data were processed with the R package “MDimNormn”

and function “normn_MA” to correct for potential batch effects aris-

ing from the multiple microtiter plates.[16] To assess the technical

variation, the coefficients of variation (CV) were calculated for each

antibody across technical replicates (four per 96-well plate, 16 in

total). The median CV per 96-well plate was between 6.5% and 9.5%

for the four plates, and 8.6% for the whole assay 384-well plate.

There were no plate effects, assessed by Kruskal–Wallis tests. We

applied a quality control filtering step, where the data for proteins

measured by multiple antibodies were assessed by Spearman rank

correlation. Antibody pairs with high agreement (defined by Spear-

man’s Rho ≥ 0.7) were included in the downstream analysis whereas

pairs with low correlation (Spearman’s Rho < 0.7) were excluded.

This resulted in 19 proteins supported by two-three antibodies (Table

S4). After this filtering step, a total of 97 proteins (117 antibodies)

remained. A merged antibody profile was created for each of the 19

proteins by computing the mean intensity across the antibodies tar-

geting the same protein. In the end, the data from 97 proteins were

used in the succeeding statistical analysis (see Figure S1 in the Sup-

porting Information for a functional annotation summary of these

proteins).

In the univariate analysis, the non-parametric test of repeatedmea-

sures, Friedman’s test, was used to identify proteins with a time (age)

difference, that is, which of the 97 proteins that changed significantly

over time (at 6, 12, 24, and 60 months of age). First, all 70 children

were compared with respect to differences between the time points in

all 97 proteins. Second, stratified analyses were performed for the 97

proteins in which differences between time points were tested within

https://www.proteinatlas.org
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each lifestyle group (the anthroposophic, partly anthroposophic, or

non-anthroposophic children) separately.

To account for multiple testing, the Bonferroni method was used

to adjust P-values with respect to the number of proteins tested (i.e.,

the two-sided P-values from Friedman’s test were multiplied with 97).

The Bonferroni method was chosen because it is a conservative test

(i.e., low risk of type I error—false positives) which was preferred in

this setting with many proteins. Bonferroni correction was applied

separately to P-values generated from tests in the group of all children

and to tests within each lifestyle. All P-values presented for the

proteins are Bonferroni corrected and corrected P-values < 0.05

considered statistically significant. To compare the three lifestyle

groups with respect to demographic data, Fisher’s exact test (per-

centage) and Kruskal–Wallis test (median) was used without multiple

adjustments. A two-tailed P-value < 0.05 was considered statistically

significant.

In the multivariate analysis, longitudinal profiles, or trends, in the

data were identified with the self-organizing tree algorithm (SOTA)

method using the R package “clValid.”[17] Log-transformed data were

centered (subtracting themean of a protein from the individual values)

and scaled (dividing the centered values by their standard deviation)

per protein using the “scale” function in R. For each protein, themedian

per time point was calculated for all children or for children from each

lifestyle group separately and subjected to the SOTA algorithm using

default settings and generating between two and nine clusters. The

final number of clusters was judged by comparing the added resolu-

tion by increasing number of clusters. Data were also visualized in a

heatmap, generated with the R package “pheatmap.” Data were here

log-transformed, centered, and scaled. Hierarchical clustering of rows

(corresponding to the individual samples) and columns (corresponding

to the proteins) were performed with the Euclidean distance as the

distancemeasure.

Functional annotation of proteins was performed using the PAN-

THER classification system (version 15, released 2020-02-14 and

based on the GO Ontology database from 2020-08-10).[18] Analysis

of overrepresented GO biological process terms in the 97 measured

proteins used Homo sapiens with the whole human proteome as back-

ground. The overrepresentation test of significantly altered proteins

used the 97 measured proteins as background. FDR < 0.05 was con-

sidered significant.

3 RESULTS

3.1 Study population

The study population (n = 70) constituted of 15 children living in fam-

ilies with anthroposophic, 27 with partly anthroposophic, and 28 with

non-anthroposophic lifestyle. Distribution of sex, gestational age, and

birth weight were similar between the three lifestyle groups, whereas

lifestyle-related exposures as motherst’ diet during pregnancy, home

delivery, duration of breast feeding, and time points of vaccinations dif-

fered significantly (Table 1).

3.2 Longitudinal development of plasma proteins

To study the general development of plasma proteins across the first

5 years of life irrespective of lifestyle group, we examined the relative

levels of 97 proteins in all 70 children using a multiplex bead-based

immunoassay in 280 samples. The levels of 68 proteins were signifi-

cantly altered between any of the time points (ages of 6, 12, 24, and

60 months) (Tables S3 and S5). In the functional classification analysis

of these proteins, no biological processes were statistically overrepre-

sented, indicating that the altered proteins represented various func-

tions as those seen for the 97 proteins (Figure S1).

To visualize the trends over time in these significantly changing pro-

teins, we performed SOTA clustering of the 68 proteins for further

characterization (Figure 1A). This revealed that the proteins could be

grouped in four clusters, or profiles, with characteristic trends. Cluster

1 included 11 proteins that showed similar levels or a slight increase

between 6 and 12 months, followed by a steep decrease at 24 months

and furthermore increasing levels at 60 months of age. Cluster 2,

consisting of 13 proteins, showed a decreasing trend across the time

points. Cluster 3 consisted of 21 proteins with a trend that at first

showed a decrease in levels, followed by increasing levels at 24months

that at 60monthswere approaching the levels in the initial time points.

Cluster 4 included 23 proteins with increasing levels across the first 5

years. See Figure 1B for examples of proteins of each cluster, and Table

S3 for information of which cluster each protein belonged to.

3.3 Plasma proteins stratified by lifestyle

Wethen investigatedwhether the lifestylewould influence the protein

levels during early childhood. First, the SOTA clustering was repeated

but now instead stratified by each of the three lifestyles (Figure 2). This

again revealed four clusters with similar profiles as the SOTA cluster-

ing of the non-stratified data in Figure 1, indicating that proteins devel-

oped with the same general pattern regardless of lifestyle. See Table

S3 for information of the proteins in each cluster.When comparing the

proteins in each SOTA cluster across the three lifestyle groups, only

few proteins were unique to a certain lifestyle (Figure 3A). The anthro-

posophic group had the highest number of unique cluster assignments

(n = 9): A2M and CSF2 (cluster 2); CR6, FETUB, and SFTPA1/SFTPA2

(cluster 3); and C9, ECM1, PSORS1C2, and SERPINA3 (cluster 4). For

the partly anthroposophic group, C4A/C4B (cluster 2), CERS6 (clus-

ter 3), and CHI3L1 and SFTPC (cluster 4) were unique. The non-

anthroposophic lifestyle only had one unique protein, APOE, assigned

to cluster 2.

Second, to identify proteins that were significantly altered over

time within each lifestyle, we performed statistical tests stratified by

lifestyle (Tables S3 and S5). Here, in total 59 proteins were altered

over time within one or more of the three lifestyle groups. All these

59 proteins were also altered in the group of all children, which addi-

tionally had nine more proteins that were not significant within any of

the lifestyle groups (Figure 3B). In the group of children with anthro-

posophic lifestyle, the levels of 30 proteins were significantly altered
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TABLE 1 Demographic data on participating children

Anthroposophic

(N= 15)

Partly anthroposophic

(N= 27)

Non-anthroposophic

(N= 28) P-valueb

Mother’s diet and antibiotics

Vegetarian diet during

pregnancy

3/15 (20%) 4/26 (15%) 0/25 (0%) 0.060

Organic diet during pregnancy 11/15 (73%) 12/26 (46%) 1/28 (4%) 1.65x10-6

Organic diet during

breastfeeding

13/15 (87%) 12/26 (46%) 1/28 (4%) 5.20x10-8

Antibiotics during pregnancy 2/15 (13%) 6/26 (23%) 5/28 (18%) 0.790

Antibiotics during delivery 1/15 (7%) 0/26 (0%) 1/27 (4%) 0.692

Delivery

Home delivery 8/15 (53%) 8/27 (27%) 0/28 (0%) 3.78x10-5

Caesarean 2/15 (13%) 2/27 (7%) 3/28 (11%) 0.880

Child

Sex (female) 7/15 (47%) 17/27 (63%) 19/28 (68%) 0.397

Gestational age at birth (w) 40 (38–41) 40 (38–43) 40 (37–41) 0.316

Birth weight (g) 3600 (2950–4480) 3535 (2930–4900) 3648 (2980–4590) 0.979

Having older siblings 11/15 (73%) 17/24 (71%) 19/28 (68%) 1.000

Child’s exposures

Milk formula first week of life 0/14 (0%) 1/26 (4%) 7/28 (25%) 0.029

Breastfeeding (any) at 2

months

15/15 (100%) 26/26 (100%) 28/28 (100%) –

Exclusive breast feeding at 2

months

15/15 (100%) 25/26 (96%) 22/28 (79%) 0.058

Breastfeeding (any) at 6

months

13/15 (87%) 25/27 (93%) 22/28 (81%) 0.535

Exclusive breast feeding at 6

months

6/15 (40%) 8/27 (30%) 1/27 (4%) 0.005

Breastfeeding (any) at 12

months

5/15 (33%) 11/26 (42%) 3/28 (11%) 0.023

Exclusive breast feeding at 12

months

0/15 (0%) 1/26 (4%) 0/28 (0%) 0.594

Antibiotics before 2months 0/15 (0%) 0/26 (0%) 1/28 (4%) 1.000

Any vaccinea before 6months 1/15 (7%) 7/27 (26%) 27/28 (96%) 2.07x10-11

Any vaccinea before 12months 1/15 (7%) 12/27 (44%) 28/28 (100%) 2.48x10-11

Any vaccinea before 24months 6/15 (40%) 17/27 (63%) 28/28 (100%) 5.00x10-6

Any vaccinea before 60months 13/15 (87%) 22/27 (82%) 28/28 (100%) 0.042

MMRc vaccinea before 60

months

1/15 (7%) 6/27 (22%) 26/28 (93%) 1.11x10-10

Categorical variables: n/N (%). Continuous variables: median (range).
aThe Swedish Immunization Programme (for those born 2004–07) offered all children vaccine against diphtheria, tetanus, whooping cough, polio (at 3, 5, 12,

and 60months),Hemophilus influenzae type b (at 3, 5, and 12months), measles, mumps, and rubella (at 18months and 6 years).[35] Themedian for the shortest

period within a lifestyle group between most recent vaccine prior to blood collection was 1.2 months (at 6 months collection), 4.5 months (at 12 months

collection), 3.8 months (at 24months collection), and 15.1months (at 60months collection).
bP-values from Fisher’s exact test for categorical variables and Kruskal–Wallis test for continuous variables.
cMeasles, mumps, and rubella.

between any of time points, whereas 56 proteins changed in the partly

anthroposophic group (Tables S3 and S5). In the non-anthroposophic

group, 47 proteins had altered levels (Tables S3 and S5). Out of the

59 proteins that changed in total, 28 proteins were altered indepen-

dent of lifestyle group as shown in the Venn diagram (Figure 3B and

Table S6). No protein was uniquely changedwithin the anthroposophic

group, whereas 11 (A2M, APOC3, CCR6, CD163, CPA3, CRISP3,

FETUB, PSORS1C2, SFTPC, SGPL1, and TGFB3) and 2 (HSP90B1 and
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F IGURE 1 Protein trends across time. (A) Clustering was performed using a self-organizing tree algorithm (SOTA) with input from all children
(n= 70) and the 68 proteins that were significantly altered in Friedman’s tests. The trend of individual proteins is shown in gray, mean trend of each
cluster in red. (B) Boxplot examples from respective cluster showing the levels of apolipoprotein A1 (APOA1), interleukin 13 (IL13), tumor necrosis
factor (TNF), and CD40molecule (CD40) at the age of 6, 12, 24, and 60months. Presented P-values from Friedman’s test were
Bonferroni-corrected. AU, arbitrary units

IL13) proteins were unique for the partly anthroposophic and non-

anthroposophic groups, respectively (Figure 3B and Table S6).

To further explore the 68 proteins that were altered over time,

we performed hierarchical clustering and visualization in a heatmap

(Figure 4). This multi-level overview of samples and proteins allowed

for identification of potential sub-patterns in the data. On the level

of samples, these clustered to some extent based on time point (age)

but with an even distribution of the different lifestyles. Each protein

was annotated based on the longitudinal profile observed in the

SOTA clustering. In the top dendrogram, two main clusters could be

observed, one enriched in proteins found in SOTA cluster 1 (blue) and

2 (pink) and the other one enriched in SOTA cluster 3 (yellow) and 4
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F IGURE 2 Protein trends across time and lifestyle. Clustering using a self-organizing tree algorithm (SOTA) with input from the 68 proteins
that were significantly altered in Friedman’s tests revealed four clusters. The clustering was performed on children from the respective families
separately: anthroposophic, partly anthroposophic, or non-anthroposophic. The trend of individual proteins is shown in gray, mean trend of each
cluster in red. AU, arbitrary units
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F IGURE 3 Venn diagrams of altered proteins and SOTA clusters. (A) Venn diagrams of the four SOTA clusters in Figure 2, showing the number
of proteins that were unique or shared by the lifestyle groups for a certain cluster. Proteins unique for a lifestyle group are shown. (B) Venn
diagram showing the number of proteins that were significantly altered over time in all children or altered within children from families with
anthroposophic, partly anthroposophic, or non-anthroposophic lifestyle. The names of the proteins being unique for the partly anthroposophic and
unique for the non-anthroposophic are shown. No proteins were uniquely alteredwithin the anthroposophic group. See Table S6 for further details
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F IGURE 4 Heatmap of all 70 children and the profiles of 68 proteins that were significantly altered using Friedman’s tests. Hierarchical
clustering on the level of samples (rows) collected at ages 6, 12, 24, and 60months as well as on the level of proteins (columns). Samples are
furthermore annotated based on the lifestyle of the family (anthroposophic= pink, partly anthroposophic= blue, non-anthroposophic= orange)
and age (6–60months corresponding to a gradient of lighter to darker green). Proteins are annotated based on the result from the SOTA clustering
performed on data from all children or from each of the lifestyles separately (cluster: 1= blue, 2= pink, 3= yellow, 4= green). AU, arbitrary units

(green). This indicates that the proteins belonging to SOTA cluster 1 +

2 and SOTA cluster 3+ 4 share similarities in their profiles.

4 DISCUSSION

This study of a unique longitudinal cohort of children with differ-

ent lifestyles combined with high-throughput plasma protein profiling

showed that a majority (70%) of the 97 plasma proteins analyzed were

altered during infancy up to 5 years of age. The temporal changes rep-

resented four longitudinal trends of the plasma proteins during devel-

opment, also following stratification of lifestyle.

There are only few studies of age-associated differences and lon-

gitudinal profiles of plasma proteins in pediatric cohorts. Age-related

changes of plasma proteins were studied in neonates, infants, children,

and adults in two cross-sectional studies.[2,3] In both studies, two age

groups (<1 and 1–5 years) match our age interval but as the group

of 1–5 years is covered by three individual time points in our data,
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a direct comparison is somewhat limited. Nevertheless, in Ignjatovic

et al.,[3] age-associated proteinswere involved in processes such as the

immune response, homeostasis, and hemostasis in agreement with our

data. Although only proteins that were lower or higher in adults com-

pared to the younger age groupswere reported,[3] we also observed an

age-effect forA2M,FGA, SERPINA1, andSERPINA3.Bjelosevic et al.[2]

identified proteins involved in hematopoietic development, immune

response, and physiological growth to be altered across the age groups.

Furthermore, differences between the groups of <1 and 1–5 years

were identified for 27 proteins (see Table S4 in [2]). Four of these

proteins were included in our analysis and three (C4A, C4B, and C9)

were significantly altered over time (Table S3). What becomes evident

fromcomparing our data to cross-sectional studies like these,[2,3] is the

added resolution by including multiple time points. This is highlighted

by the marked changes that we could observe between the ages of 6,

12, 24, and 60 months but that are averaged and potentially missed

when combining subjects of different ages into one group.

We observed four major patterns of longitudinal protein profiles

across ages of 6 months to 5 years in the proteins that were signif-

icantly different (Figures 1 and 2). In cluster 1 (Figure 1), we found

multiple apolipoproteins, proteins that not only play a role in the trans-

port and metabolism of cholesterol and lipids but also in immunity and

inflammation, such as the protective role seen for APOA1.[19,20] Clus-

ter 2 showed a decreasing trend over time (Figure 1B) and included

secreted phosphoprotein 1 (SPP1), also called osteopontin. SPP1 is

involved in several processes like bone formation, wound healing,

tumorigenesis, and immunological responses.[21] In agreement with

our data, human plasma SPP1 was recently found to have a constant

age-related decline frombirth until the age of 14 yearswith the highest

levels between 0 and 24 months of age.[22] Cluster 3, which included

an increase in protein levels between 12 and 24 months, included

proteins that may be induced by the immune stimulation associated

with entering preschool, in Sweden usually at 1.5 years of age, as

exemplified by TNF.[23] The costimulatory protein CD40, required

for activating antigen-presenting cells,[24] showed a cluster 4 profile,

which may illustrate a successively maturing immune system. Longitu-

dinal profiling was also performed in Liu et al.,[25] studying the plasma

proteome in 10 children between 9 months and 14 years, where the

expression of 1747 proteins could be categorized into seven patterns

of temporal changes, including a group of no change. Furthermore,

they saw an age-effect for 970 of these proteins.[25] More recently,

Lietzén et al.[26] found age to be the most dominant factor influencing

plasma protein levels during the first 3 years of life in 14 children. Here,

the 122 proteins with an age effect represented six temporal patterns.

Consistent with our observation, prominent changes in protein levels

were seen during the first year of life. We additionally observed con-

tinued changes throughout thewhole study period up to 5 years of age.

Insights into the longitudinal dynamics of proteins in early preterm

life and up to 3 months of life were recently published.[4,27,28] Zhong

et al.[28] profiled 448 proteins in serum samples from extremely

preterm infants followed from birth up to term-equivalent age. Ben-

nike et al.,[27] studied the plasma proteome over the first week of life

in full-term newborns, highlighting developmental changes in compo-

nents of the complement system including C1QB, C4A, and C9 as also

seen in our study, suggesting a continued role of the complement at

later ages. Furthermore, inOlin et al.,[4] 267 plasma proteinswere pro-

filed at birth and at 1, 4, and 12 weeks of age, with only few children

sampled at 6 months of age. Although the sampled timeframe of these

studies[4,27,28] is not comparable to ours, they provide observations of

protein changes at earlier time points.

Lifestyle and environmental factors are known to influence both

health and disease and various exposures may be reflected in changes

in the plasma proteome.Whenwe analyzed the effect of lifestyle, 59 of

97 proteins were altered over time within one or more of the lifestyle

groups, and nearly half of these (28 out of 59) were altered indepen-

dent of lifestyle group. There was an influence of lifestyle on a pro-

tein level shown by some proteins being changed uniquely within only

one of the lifestyle groups (Figure 3B). However, no single protein was

identified that only showed changes in any of the three lifestyle groups.

This supports the notion that the changes are due to ontogeny and less

so due to lifestyle differences (Figure 3B). In addition, the SOTA clus-

tering indicated more lifestyle-related differences (Figure 3A). Inter-

estingly, the highest number of proteins (n = 9) with a unique SOTA

cluster assignmentwas found in the anthroposophic group (Figure 3A).

However, further studies are required to determine the source of this

variability and identify associationswith exposures that are specifically

related to the families’ way of life and to clinical relevance.

A strength in our study is the unique, comparatively large, longi-

tudinal approach in a birth cohort with well characterized different

lifestyle groups[5] in which the same children were monitored four

times, already from infancy up to 5 years of age. In addition, previously

discussed studies,[2,3,25,26] have for method related reasons been rela-

tively limited in sample size. In the present study, we applied an affinity

proteomics approach[29] using a bead-based immunoassay with one of

itsmajor strengths being that it offers high sample throughput analysis,

enabling in this case the large-scale profiling of 280 samples from 70

children. As the method only consumes a few microliters of sample, it

is especially useful in settings such as those involving infants and young

children, where limited sample volumes may be collected. This method

has previously been applied in both pediatric and adult cohorts in other

contexts such as childhood asthma and malaria,[12,30] liver and kidney

disease,[11,31] nervous system/neurodegenerative disease,[32,33] and

cancer.[34]

Although our study included a large number of children, the number

of children per lifestyle group was too small to allow for analysis

stratified by exposure, such as vaccination and breast feeding or

outcome such as sensitization to allergens. An association with sex

in the development of plasma proteins cannot be ruled out; however,

the proportions of females and males were reasonably balanced, also

between the lifestyle groups (Table 1). Themethod thatwas applied for

plasma profiling used a single binder approach that generated relative

levels of proteins,[13] and although this does allow for identification

of longitudinal patterns, follow-up with methods for absolute quantifi-

cation would be of interest to get further insights into the magnitudes

of temporal changes and how these differ between proteins as well

as for the establishment of reference intervals. Furthermore, multiple
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antibodies were used to target 73 of the 151 proteins that were

measured. Based on a quality assessment of these antibodies, only sup-

portive antibody pairs were included in the statistical analysis whereas

those with low correlation were excluded. Possible explanations for

differing results include that the epitopes of the multiple antibodies

may differ and/or be affected by post translational modifications

and thereby be differentially accessible for antibody recognition and

binding as well as off-target binding. Among the 68 proteins that were

significantly altered over time, 15 proteins were measured with more

than one antibody, adding further technical support and confidence in

themeasurement of these proteins.

In conclusion, a majority (70%) of the 97 plasma proteins analyzed

showed altered plasma levels during infancy up to 5 years of age. This

could be visualized as four longitudinal trends, illustrating the plasma

proteins being highly variable during infancy and childhood.More than

half of the proteins (59 of 97) changed within one or more of the three

different lifestyle groups. Among these, almost half (28 of 59) were

changed in all lifestyles. Our findings are a contribution in the efforts

to understand the early life specific development of the plasma pro-

teome in relation to lifestyle exposures. The importance of different

environmental exposures with a global perspective needs to be fur-

ther investigated including genetic and epigenetic analysis in larger

cohorts.
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