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Abstract

IMPORTANCE The cord blood proteome, a repository of proteins derived from both mother and
fetus, might offer valuable insights into the physiological and pathological state of the fetus.
However, its association with birth weight and growth trajectories early in life remains unexplored.

OBJECTIVE To identify cord blood proteins associated with birth weight and the birth weight ratio
(BWR) and to evaluate the associations of these cord blood proteins with early growth trajectories.

DESIGN, SETTING, AND PARTICIPANTS This cohort study included 288 mother-child pairs from
the ongoing prospective Environmental Influence on Early Aging birth cohort study. Newborns were
recruited from East-Limburg Hospital in Genk, Belgium, between February 2010 and November 2017
and followed up until ages 4 to 6 years. Data were analyzed from February 2022 to September 2023.

MAIN OUTCOMES AND MEASURES The outcome of interest was the associations of 368
inflammatory-related cord blood proteins with birth weight or BWR and with early life growth
trajectories (ie, rapid growth at age 12 months and weight, body mass index [BMI] z score, waist
circumference, and overweight at age 4-6 years) using multiple linear regression models. The BWR
was calculated by dividing the birth weight by the median birth weight of the population-specific
reference growth curve, considering parity, sex, and gestational age. Results are presented as
estimates or odds ratios (ORs) for each doubling in proteins.

RESULTS The sample included 288 infants (125 [43.4%] male; mean [SD] gestation age, 277.2 [11.6]
days). The mean (SD) age of the child at the follow-up examination was 4.6 (0.4) years old. After
multiple testing correction, there were significant associations of birth weight and BWR with 7
proteins: 2 positive associations: afamin (birth weight: coefficient, 341.16 [95% CI, 192.76 to 489.50])
and secreted frizzled-related protein 4 (SFRP4; birth weight: coefficient, 242.60 [95% CI, 142.77 to
342.43]; BWR: coefficient, 0.07 [95% CI, 0.04 to 0.10]) and 5 negative associations: cadherin EGF
LAG 7-pass G-type receptor 2 (CELSR2; birth weight: coefficient, −237.52 [95% CI, −343.15 to
−131.89]), ephrin type-A receptor 4 (EPHA4; birth weight: coefficient, −342.78 [95% CI, −463.10 to
−222.47]; BWR: coefficient, −0.11 [95% CI, −0.14 to −0.07]), SLIT and NTRK-like protein 1 (SLITRK1;
birth weight: coefficient, −366.32 [95% CI, −476.66 to −255.97]; BWR: coefficient, −0.11 [95% CI,
−0.15 to −0.08]), transcobalamin-1 (TCN1; birth weight: coefficient, −208.75 [95% CI, −305.23 to
−112.26]), and unc-5 netrin receptor D (UNC5D; birth weight: coefficient, −209.27 [95% CI, −295.14
to −123.40]; BWR: coefficient, −0.07 [95% CI, −0.09 to −0.04]). Further evaluation showed that 2
proteins were still associated with rapid growth at age 12 months (afamin: OR, 0.32 [95% CI,
0.11-0.88]; TCN1: OR, 2.44 [95% CI, 1.26-4.80]). At age 4 to 6 years, CELSR2, EPHA4, SLITRK1, and
UNC5D were negatively associated with weight (coefficients, −1.33 to −0.68 kg) and body mass index
z score (coefficients, −0.41 to −0.23), and EPHA4, SLITRK1, and UNC5D were negatively associated
with waist circumference (coefficients, −1.98 to −0.87 cm). At ages 4 to 6 years, afamin (OR, 0.19
[95% CI, 0.05-0.70]) and SLITRK1 (OR, 0.32 [95% CI, 0.10-0.99]) were associated with lower odds
for overweight.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE This cohort study found 7 cord blood proteins associated with
birth weight and growth trajectories early in life. Overall, these findings suggest that stressors that
could affect the cord blood proteome during pregnancy might have long-lasting associations with
weight and body anthropometrics.
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Introduction

Birth weight is associated with in utero health, as it mirrors, among other factors, the nutritional
condition of the mother and development of the fetus.1,2 Factors such as the infant’s sex,3 maternal
diet4 and smoking5 during pregnancy, pregnancy complications (eg, diabetes gravidarum,
preeclampsia, or gestational hypertension),6-8 and socioeconomic status9 are associated with full-
term birth weight.10 Approximately 9% of infants are born with a too-high birth weight (>4000 g)11

and 15% to 20% are born with too-low birth weight (<2500 g).12 Both deviations are public health
concerns, as they are associated with short- and long-term health consequences, eg, neonatal
mortality,2,13 childhood hypertension,14 and type 1 and 2 diabetes.14 Additionally, low and high birth
weight are both associated with overweight15,16 and its associated diseases17 later in life, eg, high
blood pressure and osteoarthritis, further supporting the developmental origins of health and
disease hypothesis.18

Proteomics is increasingly used to detect physiological changes associated with growth,19-22 as
a clear association with changes in the plasma proteome has been observed during all stages of
development.19,23,24 For example, Suski et al19 studied the difference in plasma proteome between
preterm newborns stratified by their gestational age and found significant differences in proteins
belonging to the inflammatory, immunomodulatory, and coagulation domains. In addition, various
cord blood proteins have been reported as associated with birth weight in single-protein studies.25,26

Nevertheless, the long-term outcomes associated with the cord blood proteome remain
understudied. Cord blood contains proteins secreted from almost all tissues of both mother and
fetus and is associated with the physiological and pathological state of the fetus.27 In this study, we
present the first large cord blood proteomics analysis of birth weight and child growth trajectories, to
our knowledge. We investigate the associations of 368 inflammatory-related cord blood proteins
and infant birth weight and birth weight ratio (BWR) within the Environmental Influence on Early
Aging (ENVIRONAGE) birth cohort framework.28 Furthermore, we investigate whether the identified
cord blood proteins are associated with rapid growth over the first 12 months of life and with
childhood weight, body mass index (BMI; calculated as weight in kilograms divided by height in
meters squared) z score, waist circumference, and overweight (including obesity).

Methods

This cohort study was approved by the ethical committees of East-Limburg Hospital and Hasselt
University and was performed in accordance with the Helsinki Declaration. Mothers provided written
informed consent at birth and follow-up. This study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

Study Population
The study was conducted within the ENVIRONAGE framework,28 an ongoing prospective birth
cohort initiated in 2010, currently including more than 2200 mother-child pairs. In brief, mother-
newborn pairs are recruited at arrival for delivery in the East-Limburg Hospital (Genk, Belgium) and
followed-up longitudinally. Only singletons, mothers without cesarean delivery, and parents able to
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fill out a questionnaire in Dutch are eligible. At the first antenatal visit, maternal height and weight
were measured, and maternal prepregnancy BMI was calculated. After delivery, the mother and
child’s detailed lifestyle and sociodemographic information was gathered via questionnaires (eg,
maternal age at delivery and education, smoking during pregnancy, parity, and race and ethnicity)
and medical records (eg, newborn sex and date of delivery). Race and ethnicity were based on the
native country of the newborn’s grandparents and described as European when 2 or more
grandparents were European and non-European when at least 3 grandparents were not of European
origin. Information on ethnicity was collected considering their potential role as a confounding factor
stemming from genetic background.29 For this study, newborns were recruited between February
2010 and November 2017. Four to 6 years after the delivery, the mother-child pairs were contacted
again to participate in the follow-up phase at Hasselt University (Diepenbeek, Belgium), where body
anthropometric (ie, weight, height, and waist circumference) examinations, among others, were
performed. A total of 1325 mother-child pairs were eligible for the follow-up phase before February
2022, of whom 588 participated (eFigure 1 in Supplement 1). Of these, a random subset with
available cord blood was selected for the proteomics analysis (eTable 1 and eTable 2 in Supplement 1).

Cord Blood Collection and Proteomics
Within 10 minutes after delivery, umbilical cord blood was gathered in BD Vacutainer plastic whole-
blood tubes, spray-coated with K2EDTA (BD) and stored at −25 °C. A targeted proteomics analysis
was performed on 300 EDTA plasma cord blood samples using Olink Explore (Olink Proteomics)
(eMethods in Supplement 1). In brief, the levels of 370 proteins belonging to the Inflammation II Olink
panel were examined using the proximity extension assay30 with next-generation sequencing
readout (NovaSeq 6000; Illumina). Raw output data were quality controlled, normalized, and
converted into normalized protein expressions (log2).30 Data normalization was performed using an
internal extension control and an external plate control to adjust for intrarun and interrun variation.
Observations more than 3 times the IQR below quartile 1 (Q1) or more than 3 time the IQR above Q3
were considered outliers. Two proteins (kininogen 1 and tumor necrosis factor superfamily member
9) and 12 cord blood samples did not pass the quality control criteria and were excluded from the
analysis.

Infant and Childhood Body Anthropometrics
Birth weight (grams) was measured with a digital scale (PF75 scale; CAE) equipped with a
stadiometer to measure birth length (centimeters). The child’s BWR was calculated by dividing the
birth weight by the birth weight reference, ie, the median birth weight of the population-specific
reference growth curve considering parity, sex, and gestational age. This growth curve was calculated
for Flanders by the Study Centre for Perinatal Epidemiology in 1997.31 Rapid postnatal growth was
defined as the difference between the World Health Organization SD score of birth weight and
estimated weight at 12 months greater than 0.67 SD, according to Ong et al.32 Sex- and age-specific
estimated weight at 12 months was calculated via a 2-step estimation approach using fractional
polynomials of age by sex.33 At the age of 4 to 6 years, children were followed up and weight
(kilograms) and height (meters) were measured via an electronic scale (OMRON BF511) and upright
stadiometer (Seca 213), respectively. BMI was calculated for children, and the BMI z score was
formulated. Childhood overweight (including obesity) was defined based on the child BMI score
greater than age- and sex-specific BMI cutoffs according to the International Obesity Task Force.34

Statistical Analysis
All statistical analyses were performed using Rstudio version 4.2.3 (R Project for Statistical
Computing). The study was performed in 3 steps. First, we executed a large cord blood proteomics
analysis by fitting multiple linear regression models to assess the associations of 368 cord blood
proteins with the infant’s birth weight and BWR, while accounting for a priori selected covariates:
sex3 (male or female), gestational age35 (days), maternal prepregnancy BMI,36 maternal age at
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delivery37 (years), month and year of delivery,38 race and ethnicity39 (European or non-European),
parity40 (first, second, third or more child), smoking during pregnancy5 (yes or no), and maternal
education9 (low, middle, or high) (eMethods in Supplement 1). In a sensitivity analysis, we assessed
whether diabetes gravidarum6 (yes or no), preeclampsia7 (yes or no), gestational hypertension8 (yes
or no), paternal age at delivery,41 or paternal education42 (low, middle, or high) mediated the
observed associations. We also ran the multiple linear regression models stratified by sex and linear
regression models with an interaction term on a multiplicative scale between cord blood proteins and
sex to examine whether the findings were sex-specific. Last, we performed a sensitivity analysis in
which the linear regression models of BWR were not adjusted for sex, gestational age, or parity.
Results are presented as estimates with 95% CIs for each doubling in proteins. A Bonferroni-adjusted
2-tailed P = .05 was used for statistical significance (eMethods in Supplement 1). Second, we
assessed whether the birth weight–associated proteins were associated with rapid growth during the
first 12 months of life using multiple logistic regression models, while accounting for the same
covariates. Results are presented as odds ratios (ORs) with 95% CIs for each doubling in proteins.
Third, we assessed whether the birth weight–associated proteins were associated with the child’s
weight, BMI z score, waist circumference, or being overweight (including obesity) measured at ages
4 to 6 years, while accounting for the aforementioned covariates in addition to the age of the child
(years) at the follow-up examination. Results are presented as estimates or ORs, with 95% CIs, for
each doubling in proteins. Data were analyzed from February 2022 to September 2023.

Results

Population Characteristics
A total of 288 mother-infant pairs (125 [43.4%] male; mean [SD] gestation age, 277.2 [11.6] days)
were included in analysis. Table 1 shows the body anthropometric and lifestyle characteristics of the
participating mother-child pairs at birth and the follow-up examination. Mothers had a mean (SD)
age of 30.4 (4.1) years at delivery, with mean (SD) prepregnancy BMI of 24.2 (4.3). For approximately
half of the mothers (151 mothers [52.4%]), it was their first pregnancy. Most mothers did not smoke
during pregnancy (265 mothers [92.0%]), did not have diabetes gravidarum (280 mothers [97.2%]),
did not develop preeclampsia (284 mothers [98.6%]), and did not have gestational hypertension
(278 mothers [99.7%]). Most mothers had attained a college or university degree (191 mothers
[66.3%]). Among infants, mean (SD) birth weight was 3389.3 (492.9) grams and length was 50.2
(2.3) cm. The mean (SD) BWR was 1.0 (0.1), and 274 infants (95.1%) were of European descent. At age
12 months, 91 children (31.6%) had rapid growth. The mean (SD) age of the child at the follow-up
examination was 4.6 (0.4) years. The mean (SD) weight at follow-up was 18.6 (2.6) kg, with BMI z
score of 0.5 (0.8) and waist circumference of 53.0 (3.6) cm. At ages 4 to 6 years, 34 children (11.8%)
were overweight or obese. Birth weight normalized for gestational age was positively associated
with the BMI z score at age 4 to 6 years (r = 0.22; P = .002) (eFigure 2 in Supplement 1).

Cord Blood Proteomics and Birth Outcomes
In our large cord blood proteomics analysis, 368 cord blood proteins were regressed on birth weight
and BWR, resulting in 44 birth weight–associated and 42 BWR-associated proteins (eTable 3 in
Supplement 1). After multiple testing correction with Bonferroni, 7 proteins remained significantly
associated with birth weight and 4 proteins remained significantly associated with BWR (Figure 1).
The interprotein correlations among the 7 statistically significant proteins (absolute r range, 0.06 to
0.78) are shown in eFigure 3 in Supplement 1. Afamin was positively associated with birth weight
(coefficient, 341.16 [95% CI, 192.76 to 489.50] g), while secreted frizzled-related protein 4 (SFRP4)
was positively associated with both birth weight (coefficient, 242.60 [95% CI, 142.77 to 342.43] g)
and BWR (coefficient, 0.07 [95% CI, 0.04 to 0.10]). Negatively associated proteins were cadherin
EGF LAG 7-pass G-type receptor 2 (CELSR2; birth weight: coefficient, −237.52 [95% CI, −343.15 to
−131.89] g), ephrin type-A receptor 4 (EPHA4; birth weight: coefficient, −342.78 [95% CI, −463.10 to
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−222.47] g; BWR: coefficient, −0.11 [95% CI, −0.14 to −0.07]), SLIT and NTRK-like protein 1 (SLITRK1;
birth weight: coefficient, −366.32 [95% CI, −476.66 to −255.97] g; BWR: coefficient, −0.11 [95% CI,
−0.15 to −0.08]), transcobalamin-1 (TCN1; birth weight: coefficient, −208.75 [95% CI, −305.23 to
−112.26] g), and netrin receptor UNC5D (UNC5D; birth weight: coefficient, −209.27 [95% CI, −295.14
to −123.40] g; BWR: coefficient, −0.07 [95% CI, −0.09 to −0.04]). eTable 4 in Supplement 1 shows

Table 1. Anthropometric and Lifestyle Characteristics of the Participating
Mother-Child Pairs at Birth and the Follow-Up Examination

Characteristic
Participants, No. (%)
(N = 288)

Mother

Age at delivery, mean (SD), y 30.4 (4.1)

Prepregnancy BMI, mean (SD) 24.2 (4.3)

Parity

First child 151 (52.4)

Second child 108 (37.5)

Third child 29 (10.1)

Smoking during pregnancy 23 (8.0)

Diabetes gravidarum 8 (2.8)

Preeclampsia 4 (1.4)

Gestational hypertension 10 (3.5)

Educationa

Low 18 (6.3)

Middle 79 (27.4)

High 191 (66.3)

Child

Sex

Boy 125 (43.4)

Girl 163 (56.6)

Gestational age, mean (SD), d 277.2 (11.6)

Birth weight, mean (SD), g

Mean (SD) 3389.6 (492.9)

<2500 7 (2.4)

2500-4000 251 (87.2)

>4000 30 (10.4)

Birth length, mean (SD), cm 50.2 (2.3)

BWR, mean (SD) 1.0 (0.1)

Race and ethnicityb

European 274 (95.1)

Not European 14 (4.9)

Rapid growth at age 12 mo 91 (31.6)

Age at follow-up, mean (SD), y 4.6 (0.4)

Weight at follow-up, mean (SD), kg 18.6 (2.6)

BMI z score at follow-up, mean (SD) 0.5 (0.8)

Waist circumference at follow-up, mean (SD), cm 53.0 (3.6)

Overweight (including obesity) 34 (11.8)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); BWR, birth weight ratio.
a Maternal educational level was coded as low if the participant did not obtain a

high school diploma, middle if the participant attained a high school diploma,
and high if the participant attained a college or university degree.

b Race and ethnicity were based on the native country of the newborn’s
grandparents and described as European when 2 or more grandparents were
European and non-European when at least 3 grandparents were not of
European origin.
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the numeric data for the associations between cord blood protein levels and birth weight and the
BWR. In sensitivity analyses, we found that excluding mothers with diabetes gravidarum,
preeclampsia, or gestational hypertension or additionally adjusting for paternal age at delivery,
paternal education, or all other proteins that were statistically significantly associated with birth
weight or BWR did not significantly change the observed associations. Furthermore, the results for
BWR remained the same when the multiple linear regression models were not adjusted for sex,
gestational age, and parity (eTable 5 in Supplement 1). In addition, no associations were sex-specific
(eTable 5 and eTable 6 in Supplement 1). The associations between all the measured proteins and the
infant’s birth weight and BWR are depicted in eTable 3 in Supplement 1.

Cord Blood Proteins and Rapid Growth at Age 12 Months
We assessed whether the birth weight–associated cord blood proteins were associated with rapid
growth during the first 12 months (Table 2). Two of 7 proteins were associated with rapid growth: a
doubling in cord blood afamin was associated with lower odds of rapid growth (OR, 0.32 [95% CI, 1.11
to 0.88]), while a doubling in TCN1 was associated with higher odds (OR, 2.44 [95% CI, 1.26
to 4.80]).

Cord Blood Proteins and Weight, BMI z Score, Waist Circumference, and Overweight
at Ages 4 to 6 Years
In a final analysis, we evaluated whether the identified cord blood proteomic markers of birth weight
were associated with child body anthropometrics (weight, BMI z score, waist circumference, and
overweight). Of 7 cord blood proteins, 4 were negatively associated with weight, 4 with BMI z score,
3 with waist circumference, and 2 with overweight: a doubling in cord blood afamin was associated
with lower odds of overweight (OR, 0.19 [95% CI, 0.05 to 0.70]); a doubling in CELSR2 was

Figure 1. Volcano Plot of the Proteomics Analysis for Birth Weight and Birth Weight Ratio (BWR)
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Volcano plot of the results of the large proteomics analysis showing the difference in
infant’s birth weight (grams) and BWR per doubling in cord blood protein levels (x-axis)
vs multiple linear regression model P values (y-axis). Multiple linear regression models
were adjusted for sex, gestational age, maternal prepregnancy body mass index,
maternal age at delivery, month and year of delivery, ethnicity, parity, smoking during
pregnancy, and maternal education. ADAM12 indicates ADAM metallopeptidase domain
12; AFM, afamin; APOA4, apolipoprotein A-IV; ASGR2, asialoglycoprotein receptor 2; C3,
complement component 3; CELSR2, cadherin EGF LAG seven-pass G-type receptor 2;
CFB, complement factor B; CFD, factor D; CFH, factor H; CFHR4, complement factor
H-related protein 4; CFI, complement factor I; EPHA4, ephrin type-A receptor 4; F2,
prothrombin; F10, factor X; F12, coagulation factor XII; FGF12, fibroblast growth factor 12;
FOLH1, glutamate carboxypeptidase II; GC, human group-specific component; GSR,

glutathione-disulfide reductase; HMCN2, hemicentin 2; IL-31, interleukin 31; INHBB,
inhibin, beta B; INSR, insulin receptor; ITGA2, integrin alpha-2; LCAT, lecithin–cholesterol
acyltransferase; MKI67, marker of proliferation Kiel 67; NXPH3, neurexophilin-3; PENK,
proenkephalin; PGLYRP2, peptidoglycan recognition protein 2; PI16, peptidase inhibitor
16; PLCB1, phospholipase C beta 1; PPL, periplakin; PRR4, proline-rich protein 4;
S100A13, S100 calcium-binding protein A13; SDK2, protein sidekick-2; SERPINA4,
kallistatin; SERPINA5, serpina family A member 5; SERPINC1, serpin family C member 1;
SERPINF2, serpin family F member 2; SFRP4, secreted frizzled-related protein 4; SHBG,
sex hormone–binding globulin; SLITRK1, SLIT and NTRK-like protein 1; SUSD5, sushi
domain-containing protein 5; TCN1, transcobalamin; TGFBR1, transforming growth
factor-beta receptor 1; TPSG1, tryptase gamma 1; TTR, transthyretin; UNC5D, unc-5
netrin receptor D; and ZBP1, Z-DNA binding protein 1.
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associated with lower weight (coefficient, −0.75 [95% CI, −1.42 to −0.08] g) and BMI z score
(coefficient, −0.29 [95% CI, −0.52 to −0.06]); a doubling in EPHA4 was associated with lower weight
(coefficient, −1.33 [95% CI, −2.10 to −0.55] g), BMI z score (coefficient, −0.41 [95% CI, −0.52 to
−0.06]), and waist circumference (coefficient, −1.98 [95% CI, −2.10 to −0.55] cm); a doubling in
SLITRK1 was associated with lower weight (coefficient, −1.20 [95% CI, −1.92 to −0.48] g), BMI z score
(coefficient, −0.38 [95% CI, −0.63 to −0.12]), and waist circumference (coefficient, −1.62 [95% CI,
−2.72 to −0.52] cm) and lower odds of overweight (OR, 0.32 [95% CI, 0.10 to 0.99]); and a doubling
in UNC5D was associated with lower weight (coefficient, −0.68 [95% CI, −1.22 to −0.13] g), BMI z
score (coefficient, −0.23 [95% CI, −0.42 to −0.04]), and waist circumference (coefficient, −0.87
[95% CI, −1.71 to −0.04] cm) (Table 2 and Figure 2).

Discussion

In this cohort study, we present the first extensive analysis of cord blood proteomics, to our
knowledge, encompassing 368 cord blood proteins and birth weight. Furthermore, we studied cord
blood proteomic signatures associated with birth weight and their implications for growth

Table 2. Cord Blood Proteins and the Odds for Rapid Growth at 12 Months and Overweight at Ages 4 to 6 Years

Cord blood protein

Odds ratio per doubling in cord blood protein level (95% CI)a

Rapid growth at age 12 mob Overweight at age 4-6 y
AFM 0.32 (0.11-0.88) 0.19 (0.05-0.70)

CELSR2 1.39 (0.67-2.89) 0.51 (0.19-1.33)

EPHA4 1.12 (0.49-2.60) 0.49 (0.15-1.62)

SFRP4 0.49 (0.29-1.01) 2.24 (0.98-3.27)

SLITRK1 1.30 (0.60-2.84) 0.32 (0.10-0.99)

TCN1 2.44 (1.26-4.80) 0.53 (0.20-1.37)

UNC5D 0.92 (0.51-1.65) 0.59 (0.25-1.39)

Abbreviations: AFM, afamin; CELSR2, cadherin EGF LAG seven-pass G-type receptor 2; EPHA4, ephrin type-A receptor 4;
SFRP4, secreted frizzled-related protein 4; SLITRK1, SLIT and NTRK-like protein 1; TCN1, transcobalamin-1; UNC5D, unc-5
netrin receptor D.
a Multiple logistic regression models were adjusted for sex, gestational age, maternal prepregnancy body mass index,

maternal age at delivery, month and year of delivery, race and ethnicity, parity, smoking during pregnancy, maternal
education, birth weight (only for overweight), and age of the child at the follow-up examination (only for overweight).

b Rapid growth is defined by the World Health Organization and overweight by the International Obesity Taskforce.

Figure 2. Forest Plot of the Child’s Weight, Body Mass Index (BMI) z Score, and Waist Circumference With Cord Blood Proteins
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Differences (with 95% CIs) were calculated at age 4 to 6 years per doubling in cord blood
protein levels. Multiple linear regression models were adjusted for sex, gestational age,
maternal prepregnancy BMI (calculated as weight in kilograms divided by height in
meters squared), maternal age at delivery, month and year of delivery, race and ethnicity,
parity, smoking during pregnancy, maternal education, and age of the child at the

follow-up examination. Corresponding numeric data are provided in eTable 7 in
Supplement 1. AFM indicates afamin; CELSR2, cadherin EGF LAG seven-pass G-type
receptor 2; EPHA4, ephrin type-A receptor 4; SFRP4, secreted frizzled-related protein 4;
SLITRK1, SLIT and NTRK-like protein 1; TCN1, transcobalamin-1; UNC5D, unc-5 netrin
receptor D.
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trajectories in infancy and early childhood. We found that higher cord blood protein levels of afamin
and SFRP4 and lower cord blood levels of CELSR2, EPHA4, SLITRK1, TCN1, and UNC5D were
associated with birth weight and/or BWR. Of the 7 birth weight–associated cord blood proteins, we
observed that afamin and TCN1 levels were associated with lower and higher odds for rapid growth at
12 months old, respectively. Furthermore, the cord blood levels of 5 proteins (afamin, CELSR2,
EPHA4, SLITRK1, and UNC5D) were negatively associated with at least 1 of the growth-related
parameters measured at ages 4 to 6 years: weight, BMI z score, waist circumference, and overweight.
The 7 aforementioned proteins might be associated with birth weight and early life growth
trajectories via different mechanisms (eg, regulating growth hormone synthesis, metabolism and
metabolic disorders, embryonic development, and neurological pathways), although their biological
function has rarely been studied in cord blood.

Growth Hormones
Previous research showed that cell surface EPHA4 can increase insulin-like growth factor 1 (IGF1)
production via receptor signaling.43,44 IGF1 is synthesized by the mother, placenta, and fetus during
pregnancy and is essential for the growth and development of the placenta.45 Positive correlations
have been observed between cord blood serum IGF1 levels and birth weight (r = 0.67).46

Furthermore, Epha4 knockout mice had a shorter stature and lower weight,43 indicating that EPHA4
levels might influence postnatal body growth. Nevertheless, the biological function of human plasma
EPHA4 levels has not been examined comprehensively and hence, we are the first, to our knowledge,
to report negative associations with (birth) weight and body anthropometrics.

Metabolism and Metabolic Disorders
Of the 9 cord blood proteins associated with birth weight and body anthropometrics in this study, 3
are associated with metabolism or metabolic disorders. High serum whole blood afamin and SFRP4
concentrations in the first trimester have been associated with the onset of gestational diabetes.47,48

Both afamin overexpression in transgenic mice49 and gestational diabetes in humans49-51 have been
associated with a higher birth weight and/or increased risk of large for gestational age, which is in line
with the findings of this study. Nevertheless, since no other study that we know of considered afamin
and SFRP4 levels in cord blood, our findings are novel and require further validation. In addition, it
should be noted that excluding mothers with diabetes gravidarum from the analyses did not
significantly change the observed associations.

Vitamin B12 is involved in the production of fatty acids and amino acids52 and required for a
healthy fetal growth, as maternal vitamin B12 deficiency has been associated with low birth weight
and intrauterine growth retardation.53-55 TCN1 binds up to 70% of the vitamin B12 transported across
the placenta, and positive associations have been observed between cord blood vitamin B12 levels
and placental TCN1 protein abundance.53 To our knowledge, no studies have examined the direct
association between cord blood TCN1 levels and birth weight or early life growth trajectories, and we
are the first study, to our knowledge, to report a negative association between both.

Wnt Signaling Pathway
Afamin and SFRP4, 2 proteins positively associated with birth weight, have been linked to the Wnt
signaling pathway.56-58 This signal transduction pathway is involved in cell proliferation,
differentiation, survival, migration, and polarity56 during embryonic and postnatal development. Its
main functions are body-axis formation and organ development.59 While afamin functions as an
extracellular chaperone for poorly soluble, acylated Wnt-proteins, such as Wnt family member 3A, to
help them bind to their receptor,58 SFRP4 operates as an extracellular antagonist to balance Wnt
function in bone development, for example.57 Literature studying the association between the Wnt
signaling pathway and birth weight is scarce; 1 study reported high Wnt2 gene methylation in
placental tissue in association with low birth weight percentile in 16 neonates.60
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Neurological Pathways
Our findings on afamin, CELSR2, SLITRK1, and UNC5D need further evaluation, but during fetal
development and postnatally, they are involved in neurological pathways. Specifically, afamin has a
neuroprotective association, as it transports vitamin E across the blood-brain barrier.61 In in vitro
settings, both afamin and vitamin E enhance cortical neuronal survival.62 Second, CELSR2 has roles
in epithelial planar cell polarity and ciliogenesis.63 CELSR2-deficient mice had a poor cerebrospinal
fluid circulation and hydrocephalus.64 To our knowledge, no literature is available on the association
of cord blood CELSR2 levels with birth weight and childhood anthropometrics, making our findings
novel. Third, SLITRK1 regulates the synapse formation between hippocampal neurons and neuronal
survival.65,66 To date, only 1 study found that Slitrk1 knockout mice had a lower body weight during
postnatal development.67 Last, UNC5D is a netrin receptor that promotes the outgrowth and
guidance of spinal axons toward the floor plate during embryogenesis in vertebrates.68 An
epidemiological study in 80 mother-newborn pairs69 showed that maternal netrin-4 blood levels
decreased as birth weight centiles increased for fetuses with an intrauterine growth restriction.
These results might be in line with our findings. Nevertheless, the exact role of UNC5D in weight and
growth needs to be examined.

Strengths and Limitations
Our study has several strengths. First, the study is situated in a prospective birth cohort where
weight and body anthropometrics at birth, infancy, and early childhood could be evaluated in
associated with cord blood proteins. Second, we were able to correct for a large number of potential
confounders and performed sensitivity analyses that showed the robustness of our observed
associations. Third, our study population was representative for the gestational segment of Flanders
population.28 Fourth, we measured a large number of proteins with a high reliability using the
proximity extension assay technique.

We acknowledge some study limitations. First, our study was not a proteome-wide association
study, as a targeted protein panel was used. Second, to reduce the chance of false-positive findings,
the reported P values were Bonferroni adjusted. Nevertheless, since 368 cord blood proteins were
regressed on birth weight and BWR, there is a small opportunity to detect features unique to this
dataset. Third, the study consisted of a relatively small number of mother-child pairs, which prevents
detailed subgroup analyses.

Conclusions

This cohort study investigated the associations among 368 inflammatory-related cord blood proteins
and birth weight and early life growth trajectories, as the cord blood proteome is associated with the
physiological and pathological status of the fetus. We found robust cord blood proteomic signatures
associated with birth weight, and most of these proteins were still associated with weight and
growth early in life. Cord blood proteins associated with birth weight and growth in early life may be
due to a variety of proposed mechanisms, including growth hormone synthesis, metabolism and
metabolic disorders, neurological pathways, and placental vascularization. Overall, our findings
suggest that stressors that could affect the cord blood proteome during pregnancy might have long-
lasting associations with weight and body anthropometrics and possibly even be associated with
disease development later in life.
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