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Abstract

Background: Atopic eczema (AE) is a chronic inflammatory skin disease, which

has increased in prevalence. Evidence points toward lifestyle as a major risk

factor. AE is often the first symptom early in life later followed by food allergy,

asthma, and allergic rhinitis. Thus, there is a great need to find early, preferen-

tially noninvasive, biomarkers to identify individuals that are predisposed to AE

with the goal to prevent disease development.

Objective: To investigate whether the protein abundances in vernix can predict

later development of AE.

Methods: Vernix collected at birth from 34 newborns within the Assessment of

Lifestyle and Allergic Disease During INfancy (ALADDIN) birth cohort was

included in the study. At 2 years of age, 18 children had developed AE. Vernix

proteins were identified and quantified with liquid chromatography coupled to

tandem mass spectrometry.

Results: We identified and quantified 203 proteins in all vernix samples. An orthog-

onal projections to latent structures-discriminant analysis (OPLS-DA) model was

found with R2 = 0.85, Q2 = 0.39, and discrimination power between the AE and

healthy group of 73.5%. Polyubiquitin-C and calmodulin-like protein 5 showed

strong negative correlation to the AE group, with a correlation coefficient of 0.73

and 0.68, respectively, and a P-value of 8.2 E-7 and 1.8 E-5, respectively. For these

two proteins, the OPLS-DA model showed a prediction accuracy of 91.2%.

Conclusion: The protein abundances in vernix, and particularly that of polyubiqu-

itin-C and calmodulin-like protein 5, are promising candidates as biomarkers for

the identification of newborns predisposed to develop AE.

The prevalence of AE has rapidly increased and is estimated

to 15–30% in children and 2–10% in adults with the highest

prevalence found in Northern Europe (1). The pathogenesis

of AE is likely to result from the combination of a disturbed

skin barrier and inappropriate immune responses with contri-

butions from both genetic and environmental factors. Atopic

eczema is often the first symptom early in life of allergic dis-

orders that many times progress to food allergy, asthma, and

allergic rhinitis, a phenomenon known as the atopic march

(2, 3). A recent report highlighted the need to identify differ-

ent early biomarkers in AE with the goal to stop or even

reverse the atopic march (4).

Inverse relation has been found between the number of

anthroposophic lifestyle characteristics and the risk of atopy

in school children of families with an anthroposophic lifestyle

Abbreviations

ACN, acetonitrile; AE, atopic eczema; ALADDIN, Assessment of

Lifestyle and Allergic Disease During INfancy; AUC, area under

curve; LC-MS/MS, liquid chromatography tandem mass

spectrometry; OPLS-DA, orthogonal projections to latent

structures-discriminant analysis; PANTHER, Protein ANalysis

THrough Evolutionary Relationships; ROC, receiver operating
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(5, 6). Anthroposophic lifestyle includes biodynamic food

containing live lactobacilli and restrictive use of antibiotics,

antipyretics, and vaccinations (7). To investigate how lifestyle

factors influence the development of allergic disease early in

life, the birth cohort designated Assessment of Lifestyle and

Allergic Disease During INfancy (ALADDIN) was initiated

(7). In this birth cohort, the children born into families with

an anthroposophic or nonanthroposophic life style have been

followed prospectively from birth and many different samples

have been collected, among those vernix caseosa (vernix).

Vernix is a yellow-white, cheese-like, material consisting of

sebum, lanugo hairs, and desquamated squamous cells, which

covers the neonate’s skin during the last trimester of gestation

(8, 9). No other animal species produces vernix, making this

material a unique human skin barrier film. It is believed to

exhibit waterproofing, antioxidant, temperature-regulating,

and anti-infective functions (8). The composition of vernix is

mainly water (80.5%), lipids (10.3%), and proteins (9.1%)

(9). Vernix is produced by the sebaceous glands, and in addi-

tion, lanugo hairs and desquamated squamous cells contribute

to the formation of vernix (8). Thus, the origin of proteins

found in vernix is to a large part from the fetal epidermis.

In this study, we investigated whether protein biomarkers

in vernix, which reflects the composition of the infant’s

epidermal barrier, can predict later development of AE. As a

source of biomarkers, vernix is attractive because it is usually

abundant and its collection is noninvasive. We also addressed

whether lifestyle can influence the protein composition of

vernix by further dividing the AE and healthy control groups

into three lifestyle categories: anthroposophic, partly anthro-

posophic, and nonanthroposophic.

Materials and methods

Study population

The study was designed to compare vernix collected at birth

from children who had developed AE at 2 years of age with

those who remained healthy. According to the inclusion crite-

ria, based on doctor’s diagnosis and the criteria of the UK

Working Party’s refinement of the Hanifin and Rajka criteria

(10), 20 children had developed AE at 2 years of age. Due to

limited amount of vernix from two of these children, 18

could be included. The healthy controls were selected among

children with no current or history of AE or other allergic

diseases and not allergen sensitized at 2 years of age. Fur-

thermore, the healthy controls were selected from children

where enough amount of vernix had been collected and to

match the three lifestyle groups, gender, and parental charac-

teristics of the AE children (see Table 1). Sixteen children

who fulfilled all these requirements were included in the

study as healthy controls. The anthroposophic, partly anthro-

posophic, and nonanthroposophic lifestyle groups were clas-

sified based on choice of Maternal-Child Health Centers and

parental responses to a questionnaire, described in detail else-

where (7). The study was approved by the Regional Ethical

Review Board in Stockholm, and all parents have given their

written informed consent.

Determination of sensitization

Parental allergen sensitization was defined by Phadiatop�

(Phadia AB, Uppsala, Sweden) containing a mix of 11 inhal-

ant allergens. Blood from the children at the age of 2 years

were analyzed by ImmunoCAP� (Phadia AB) for IgE to

seven common allergens (hen’s egg, cow’s milk, peanut, cat,

dog, birch, and timothy). A study subject was classified as

allergen sensitized if the IgE level was ≥0.35 kUA/l for the

parents in Phadiatop� and for the children in at least one of

the seven allergens (7).

Collection of vernix

Vernix from newborns was collected by midwives and stored

at �80°C. The estimated amount of vernix present on the

whole body and the location from where the vernix was

collected is presented in Table 1.

Extraction of proteins

Vernix (15 mg) from each individual was mixed with 50 mM

ammonium bicarbonate (BDH Laboratory Supplies, Poole,

UK)/1 M urea (Invitrogen, Carlsbad, CA, USA), incubated

for 15 min on ice followed by sonication (10 cycles, each

cycle 20 s with 40% amplitude) on ice using a probe (Vibra-

CellTM CV18, Sonics & Materials, Newtown, CT, USA). The

lipids were pelleted by centrifugation for 30 min at 13 000 g,

and the protein concentration in the supernatant was deter-

mined with the Bio-Rad detergent compatible protein assay

(Bio-Rad, Hercules, CA, USA). A fraction of every sample

was separated on 4–12% NuPAGE Bis-Tris gels (Invitrogen)

prior to proteomic analysis, to verify the presence of

proteins and confirm that the extraction of proteins was not

destructive.

Liquid chromatography tandem mass spectrometry

The procedure for protein digestion is described in Sup-

porting information, Data S1. Digested samples were

acidified and cleaned with C18 StageTips according to

the manufacturer’s description (Thermo Fisher Scientific

Inc., Waltham, MA, USA). Eluted peptides were dried

and re-suspended in 3% acetonitrile (ACN) and 0.2% for-

mic acid (Sigma-Fluka, Munich, Germany). Detailed

description of the procedure of liquid chromatography tan-

dem mass spectrometry (LC-MS/MS) analyses can be

found in Data S1.

Data analysis

Tandem mass spectra were extracted using Raw2MGF

v.2.1.0 [in-house developed software (11)], and the resulting

Mascot generic files were searched against the human Swiss-

Prot protein database (v. 2012.06, reversed protein

sequences were added to the database for decoy search)

using the Mascot 2.3.02 (Matrix Science Ltd., London,

UK), with trypsin for generation of peptides and allowing
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for one missed cleavage site. Mass tolerance was set to

10 ppm for peptides and 0.02 Da for the fragment ions.

Carbamidomethylation of cysteine was specified as a fixed

modification, whereas oxidation of methionine and deamida-

tion of asparagine and glutamine were defined as variable

modifications. Proteins were grouped into protein classes

with the tools in Protein ANalysis THrough Evolutionary

Relationships (PANTHER) available at http://www.pant-

herdb.org.

Quantitation

Quantitative information was extracted using in-house devel-

oped software Quanti v 2.5.3.1 (11). For quantitative pur-

poses only reliably identified (false discovery rate <0.01),
unmodified peptides with unique sequences were considered

and only proteins discovered in all samples with at least

two such peptides were quantified. For each protein, one

database identifier (ID) was selected, covering all the identi-

fied peptide sequences for this specific protein. If two pro-

tein IDs had partial intersection, then all the peptides

belonging to this intersection were excluded from the analy-

sis. The results from Quanti v 2.5.3.1 are reported as a set

of relative protein abundances scaled to 1.0 as the geometric

mean of the abundance of each protein over all samples.

Relative abundance values were log-scaled to reveal down-

regulated proteins with the same significance as up-regu-

lated.

Statistical analysis

Statistical analyses were conducted using IBM SPSS Statis-

tics 20 software (Chicago, IL, USA). A P-value < 0.05 was

regarded as statistically significant. Fischer’s exact test

(for categorical variables) and ANOVA (for comparisons of

means of continuous variables) were used for the compari-

son of demographic and exposure variables between the

groups in Table 1. ANOVA was also used in Fig. 3C and D

to compare the relative protein abundances of poly-

ubiquitin-C and calmodulin-like protein 5 in the different

groups. In Table 2 and Supplementary Table S1, P-values

were calculated using Student’s t-test and correlation

coefficients were calculated using Pearson’s Product-

Moment Correlation. The orthogonal projections to latent

structures-discriminant analysis (OPLS-DA) method was

employed for discrimination between the AE and healthy

control groups. The OPLS-DA is a supervised classification

technique which convolutes systematic variation and maxi-

mizes the difference between observations according to

provided classification. This will display which variables are

responsible for class discrimination (12). Classification

power was determined with receiver operating character-

istic (ROC) analysis. Receiver operating characteristic

curves show the predictive accuracy of the cross-validated

OPLS-DA model depicting the equal probability of the

false-positive and false-negative results (13). OPLS-DA

modeling was performed using SIMCA 13 (Umetrics,

Ume�a, Sweden).

Results

Study population

Demographic data and the amount, location of collection, and

protein concentration of vernix for the 34 children are pre-

sented in Table 1. There were no significant differences between

any groups, except for the lifestyle groups within the AE group

regarding anesthesia at delivery (P = 0.01) (Table 1).

Proteins identified

After LC-MS/MS analyses, 208 proteins were identified, with

at least two peptides matching and a false discovery rate of less

than 1%, and quantified in all 34 vernix samples. Three protein

entries for the hemoglobin subunits (HBA_HUMAN,

HBB_HUMAN, and HBD_HUMAN) were considered blood

contaminants and were excluded from further analysis.

Furthermore, two proteins were removed due to their high cor-

relation with similar proteins: CALM_HUMAN highly corre-

lates with CALL5_HUMAN (R = 0.862) and probably

represents a different isoform of the same protein, and

K2C4_HUMAN is also known to be co-expressed with

K1C13_HUMAN (R = 0.96). Thus, a final list of 203 proteins

was used for statistical analysis, classification modeling using

SIMCA (Supplementary Table S1) and categorization of pro-

teins into functional classes utilizing PANTHER (Fig. 1).

Proteins with most significant differences between the AE

and healthy group

The 30 proteins with highest impact on the classification of

individuals into the AE or healthy group are presented in

Table 2. Among the proteins present at higher levels in the

AE group, peroxiredoxin-2 and serpin A12 had the highest

impact (OPLS-DA model loadings �0.127 and �0.123,

respectively), and among the proteins present at lower levels

in the AE group, polyubiquitin-C and calmodulin-like pro-

tein 5 contributed most (OPLS-DA model loadings 0.166 and

0.157, respectively). Possible confounders were investigated

using logistic regressions models. All the variables in Table 1

were included one at a time (due to the limited amount of

data) together with peroxiredoxin-2, serpin A12, polyubiqu-

itin-C, and calmodulin-like protein 5 in individual models

with AE as outcome. The association between the protein

composition of vernix and AE was still statistically signifi-

cant, regardless of which variable that was included; thus, no

confounders were present. To investigate the presence of

up- or down-regulated proteins in vernix from newborns that

had developed AE at 2 years of age compared with vernix

from children that remained healthy, the relative protein

abundances were calculated. An OPLS-DA model was found

for discrimination between AE and healthy control samples

with R2 = 0.85 and Q2 = 0.39 (Fig. 2A). Although the

OPLS-DA model itself showed clear separation, we present

results of sevenfold cross-validation of this model to avoid

overestimation of predictive power in the modeling (14).

Receiver operating characteristic curve analysis of the OPLS-

DA model cross-validation results showed 73.5% predictive
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accuracy (Fig. 2B). No significant difference was found by

OPLS-DA in the protein composition of vernix between the

lifestyle groups (R2 = 0.15 and Q2 = �0.05).

The potential AE biomarkers polyubiquitin-C and

calmodulin-like protein 5

When the intergroup t-test value distributions were plotted,

two proteins had much stronger P-values than all the rest,

polyubiquitin-C and calmodulin-like protein 5 (Fig. 3A).

These two proteins also showed exceptionally high correlation

with the healthy state of the children, with a correlation value

of 0.73 and 0.68, respectively, and a P-value of 8.2 E-7 and

1.8 E-5, respectively (Table 2). The OPLS-DA model provid-

ing the optimal linear combination of protein abundances for

these two proteins had prediction accuracy of 91.2%

(Fig. 3B). The relative abundances of polyubiquitin-C and

calmodulin-like protein 5 in all 34 vernix samples were plotted

and showed a significant different distribution between the

AE and healthy groups (P = <0.0001 for both proteins)

(Fig. 3C and D). These findings allow considering polyubiqu-

itin-C and calmodulin-like protein 5 as potential biomarkers

for AE prediction. No significant differences in the relative

abundances of polyubiquitin-C and calmodulin-like protein 5

between the three lifestyle groups or between sensitized and

nonsensitized children (Table 1) could be found (Fig. 3C and

D).

Discussion

We identified and quantified 203 proteins in vernix collected

from 34 newborns. For two proteins, polyubiquitin-C and

calmodulin-like protein 5, the abundance variations between

the AE and healthy group demonstrated strong significance

(Table 2). Together with the ROC curve prediction accuracy

of 91.2%, these two proteins emerge as promising biomarkers

in vernix to predict development of AE.

Most vernix proteins identified in this study are hydrolases

(14.4%), proteases (10.8%), and enzyme modulators (10.8%)

(Fig. 1). These functions are all inter-related (proteases are a

kind of hydrolases and both groups are enzymes) and suggest

that these processes have important roles in the vernix of new-

borns. Vernix is produced by the sebaceous glands, and in addi-

tion, lanugo hairs and desquamated squamous cells contribute

to the formation of vernix (8). Thus, the origin of proteins

found in vernix is to a large part from the fetal epidermis.

Previously, the vernix proteome has been analyzed on pooled

samples from newborns by a 2D-gel electrophoresis-based

approach resulting in 41 identified proteins (15). In that study,

it was found that almost half of these proteins (39%) are related

to immunity, whereas we here demonstrate that only 5.6% of

the identified proteins were associated with immunity (Fig. 1).

This discrepancy clearly demonstrates that the method used for

the proteome analysis affects not only the sensitivity but also

the specificity. In the 2D-gel approach, the identification of pro-

teins is restricted to the spots that are selected from the gel,

while the method used in our study enables identification of all

proteins in a solution. When analyzing the 203 proteins in our

study for differences in abundance in vernix from newborns,

who had developed AE at 2 years of age and those who

remained healthy, an OPLS-DA model was found with

R2 = 0.85 and Q2 = 0.39 (Fig. 2A). No significant differences

in vernix protein composition could, however, be detected by

OPLS-DA between the lifestyle groups.

What is the biological significance of the two potential bio-

markers present at lower levels in the AE group found in this

study? Polyubiquitin-C is a precursor protein that is cleaved

into the active ubiquitin monomer (16). The ubiquitin

conjugation system regulates a wide variety of biological pro-

cesses, including protein degradation and signal transduction

Figure 1 Classification of the identified and quantified 203 vernix proteins according to their function. Proteins were grouped into protein

classes with the tools available in Protein ANalysis THrough Evolutionary Relationships (PANTHER).
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(17). Furthermore, protein ubiquitylation is of fundamental

importance in the regulation of both the innate and the

adaptive immune system (18). Decreased ubiquitin level

lowers the activation threshold of cells to a variety of

chemical and environmental stresses (16), suggesting that the

epidermis of the children in the AE group might be more

sensitive to external stressors. Calmodulin-like protein 5 (also

called calmodulin-like skin protein) is a calcium-binding

protein and a marker for late keratinocyte differentiation

(19). Its ability to associate with transglutaminase-3 (19), a

key enzyme involved in the formation of the cornified

envelope (20), indicates an important role of this protein in

the epidermal barrier function. To our knowledge, there are

no reports on mutations in the genes coding for polyubiqu-

A

B

Figure 2 Analysis of the proteome dataset of 203 proteins. (A)

Cross-validated score plot from the OPLS-DA model, illustrating the

separation of atopic eczema (AE) (○) and healthy control (●) sam-

ples. tcv = sample projection to maximum discrimination dimen-

sion; tocv = maximum deviation orthogonal to discrimination

dimension in sample set. (B) Receiver operating characteristic

(ROC) curve for the predictive score of the OPLS-DA model calcu-

lated during sevenfold cross-validation (AUC = 0.885; accu-

racy = 73.5%).
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itin-C and calmodulin-like protein 5 associated with the path-

ogenesis of AE, which could be a plausible explanation for

their lower levels, as is the case for mutations in the human

filaggrin gene (21). Another explanation to the reduced levels

of polyubiquitin-C and calmodulin-like protein 5 could be

that there are many proteases present in vernix (see Fig. 1).

Polyubiquitin-C and calmodulin-like protein 5 showed

strong statistical significance in their negative correlation with

the AE group. However, when interpreting the results, it has

to be reminded that they are based on two proteins and 34

children (larger populations tend to give less accurate but

more realistic models). As nontargeted proteomics analysis is

increasingly being used not only in the discovery phase but

also for analytical purposes (11), the complete or partial

vernix proteome (protein pattern) could also be a potential

biomarker. Its 73.5% prediction accuracy was lower than

that of the two proteins, polyubiquitin-C and calmodulin-like

protein 5, but full-proteome measurement is more robust as

it accumulates signals from hundreds of peptides.

There was also a group of proteins with significantly higher

relative abundance in the AE group, although their correlation

with AE was not as strong as for polyubiquitin-C or calmodu-

lin-like protein 5 (Table 2). Among those were peroxiredoxin-2

and serpin A12. The level of peroxiredoxin-2 is increased in

lymphocytes of patients with rheumatoid arthritis, with a posi-

tive correlation with the concentration of the acute-phase

protein C-reactive protein (22), indicating its involvement in

inflammatory responses. Serpin A12 (also called alpha-1

antitrypsin) is a member of the serpin (serine protease

inhibitors) family and is an acute-phase protein, which plasma

concentration increases upon inflammatory signals (23).

Hence, elevated levels of peroxiredoxin-2 and serpin A12 in

A B

C D

Figure 3 Analysis of polyubiquitin-C and calmodulin-like protein 5.

(A) Intergroup t-test value distribution. Polyubiquitin-C (UBC), cal-

modulin-like protein 5 (CALL5). (B) Receiver operating characteristic

(ROC) curve for the predictive score of the OPLS-DA model, based

on polyubiquitin-C and calmodulin-like protein 5, calculated during

sevenfold cross-validation (AUC = 0.958; accuracy = 91.2%). (C)

Polyubiquitin-C and (D) calmodulin-like protein 5 relative protein

abundances within the healthy group (●) and within the atopic

eczema (AE) group, divided into sensitized (■) and nonsensitized

(□), subdivided into lifestyle groups: anthroposophic (A), partly

anthroposophic (P), and nonanthroposophic (nA). Statistical signifi-

cance was assessed using two-way ANOVA.
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vernix of the AE group indicate that the skin of these neonates

might be prone to develop inflammation, which may possibly

have a physiological association with AE.

In summary, we have shown that the protein composition

of vernix has the potential to function as a predictor of future

AE development. Identifying risk groups is of uttermost

importance because restoration of the skin barrier function

early in life may help prevent the outbreak of the disease.
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