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Serum proteomics of mother-infant dyads
carrying HLA-conferred type 1 diabetes risk

Santosh D. Bhosale,1,9,10 Robert Moulder,1,2,10 Tomi Suomi,1,2,10 Terhi Ruohtula,3 Jarno Honkanen,3

Suvi M. Virtanen,4,5,6 Jorma Ilonen,7 Laura L. Elo,1,2,8 Mikael Knip,1,3,6 and Riitta Lahesmaa1,2,8,11,*
SUMMARY

In-utero and dietary factors make important contributions toward health and development in early child-
hood. In this respect, serum proteomics of maturing infants can provide insights into studies of childhood
diseases, which together with perinatal proteomes could reveal further biological perspectives. Accord-
ingly, to determine differences between feeding groups and changes in infancy, serum proteomics ana-
lyses of mother-infant dyads with HLA-conferred susceptibility to type 1 diabetes (n = 22), weaned to
either an extensively hydrolyzed or regular cow’s milk formula, were made. The LC-MS/MS analyses
included samples from the beginning of third trimester, the time of delivery, 3 months postpartum,
cord blood, and samples from the infants at 3, 6, 9, and 12 months. Correlations between ranked protein
intensities were detectedwithin the dyads, together with perinatal and age-related changes. Comparison
with intestinal permeability data revealed a number of significant correlations, which could merit further
consideration in this context.

INTRODUCTION

Type 1 diabetes (T1D) is the result of an autoimmune directed destruction of the insulin producing b cells in the islets of Langerhans of the

pancreas and is themost common endocrine disorder in young children.1 Themajor genetic determinants of type 1 diabetes are alleles at the

HLA-DRB1 and DQB1 loci, whereby there can be both protective and susceptible haplotypes.2 With the increasing incidence of T1D,3,4

research efforts have been directed toward its early prediction and prevention.5–11 Moreover, since priming of the immune system occurs

both in utero and in infancy, characterization of the biochemical changes during these early stages of development provides an important

reference for the recognition of underlying pathologies. Accordingly, prospective sample collections and accompanying analyses using

various omicsmethods have been used to reveal elements of the developing immune system and signs of disease in children carrying genetic

risk for T1D.11–16 Serum proteomics analysis from among the latter cohorts has demonstrated differences prior to islet autoimmunity and sub-

sequently changing patterns preceding the onset of type 1 diabetes.17 In addition to aiming to establish predictive markers, these studies

have also incorporated interventions, seeking to prevent disease onset and progression. The latter have included nasal and oral insulin, hy-

drolyzed formula milk,18 and anti-CD3 monoclonal antibodies.19

In the present study, infants with HLA-conferred susceptibility to T1D were weaned to an extensively hydrolyzed formula or to a regular

cow’s milk based formula. To achieve suitable recruitment to the study, 1,468 expecting biological parent pairs were genotyped to select

appropriate HLA-conferred risk groups, as previously described.20 From these, approximately one-third of the couples met the inclusion

criteria, and one-third of the children from that groupwere eligible for the intervention trial. The effect of this dietary intervention on the devel-

opment of b cell autoimmunity was determined by regular testing for islet cell autoantibodies. Evaluation of clinical data prior to this publi-

cation demonstrated that weaning to the hydrolyzed formula did not reduce the incidence of b cell autoimmunity and risk of T1D.21 However,

subsequent analyses have shown that the hydrolyzed formula decreased the intestinal permeability.20

In addition to the analysis of these samples in relation to b cell autoimmunity and T1D, we have conducted proteomics measurements

on serum samples collected from the participating mother-child dyads (n = 22), thus providing an overview of the maturing serum
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Figure 1. A schematic representation of the study

Serumproteomics of samples from amother-infant cohort, participating in a study on the influence of weaning to an extensively hydrolyzed cow’s milk formula on

beta-cell autoimmunity and type 1 diabetes (T1D). The infants carried HLA-conferred susceptibility to T1D. Samples were collected from the mothers at the

beginning of the third trimester, at delivery, and 3 months postpartum, and from the infants at birth and at 3, 6, 9, and 12 months. Comparisons were made

between the feeding groups, sample types, and other clinical characteristics. The figure was created with BioRender.com.
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proteome in the two feeding groups and changes in the maternal proteomes (Figure 1). These analyses thereby provide a unique record

of the relationship between mother-infant serum proteomes in the important developmental stages from the third trimester through the

first year of life of infants, and an evaluation of dietary-related differences, revealing proteins putatively correlated with intestinal

permeability.
RESULTS

Contrasts were detected between the maternal serum proteomes and offspring in the first year of life

Comparison of protein levels in the maternal sera highlighted changes from the third trimester, to delivery and postpartum, with many pro-

teins noted by their contrasting presence/absence in the samples from the different sampling times. Among those that were scarcely de-

tected in the postpartum data were oxytocinase (leucyl-cystinyl aminopeptidase, LNPEP) and the hormones proteins, chorionic somatomam-

motropin (CSH2) and chorionic gonadotrophins (the CGB7, CGB2, and CGB1 subunits were not distinguished). Similar patterns were

observed for pregnancy-specific glycoproteins (PSGs) (Figure 2).

The separate analysis of the cord blood revealed contrasts in the proteins detected. For example, the PSGs, CSH2, and CGB1 were barely

detected in the cord blood, with a similar trend observed for the acute phase proteins SAA2 and CRP (Figure 2). In contrast to these, there

were a number of proteins that were specific to cord blood. For instance, hemoglobin subunit zeta (HBZ) and hemoglobin subunit gamma-1

(HBG1) were detectable in cord blood but not in the sera from the mothers. Prolactin, alpha-enolase, several collagen proteins (COL1A1 and

COL6A1), peptidyl-prolyl cis-trans isomerase A, contactin-1, cystatin-M, and alpha-fetoprotein (AFP) were likewise distinguished by their cord

blood detection.

The concurrent measurement of the proteomes of the dyads further highlighted proteins detected in the maturing children and infre-

quently detected in the sera from the mothers (Figure 2). As well as several of the former examples that were marked by their detection in

cord blood (i.e., HBG1 and COL1A1), others, similarly noted, included periostin (POSTN), collagen alpha-1(II) chain (chondrocalcin,

COL2A1), L-lactate dehydrogenase B chain (LDHB), and neural cell adhesion molecule 1 (NCAM1).
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Figure 2. Comparison of the samples from the offspring and mothers emphasized contrasts in the detection of proteins specific to pregnancy, cord

blood, and the maturing infants

Examples are shown for the proteins with prominent differences in detection between mothers, infants, and cord blood (n = 22). The scale is shown in relation to

the proportion of the subjects, i.e., mothers and offspring, in whom the proteins were detected (1 = all samples, 0 = none). The heatmap shows selected examples

that are subdivided into groups on the basis the observed specificity (e.g., cord blood specific or pregnancy associated). The samples types are indicated with the

following abbreviations: TtM, ToD, and MC3, for the mothers at the third trimester, time of delivery, and 3 months post-partum, respectively. CB, 3 months,

6 months, 9 months, and 12 months for cord blood and the infants at 3 months, 6 months, 9 months, and 12 months, respectively. For the chorionic

gonadotrophins, the CGB7, CGB2, and CGB1 subunits were not distinguished, and are denoted by *CGB7 for brevity. See also Figure S3.
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Similarities were revealed between the serum protein levels of mother and child

The proteomics analysis of samples from these dyads facilitated the identification of protein expression patterns transferred from the mother

and subsequently sustained in the child. Paired correlation analyses of the ranked expression of the proteins revealed significant correlations

(false discovery rate (FDR) <0.05) for 10 proteins (Table 1). These includedproteins involved in the complement system (CFHR1 and FCN3) and

coagulant/clotting proteins (SERPINA1, FGA, and HABP2), as well as APOA2, lipopolysaccharide-binding protein (LBP), and three immuno-

globulin kappa chain proteins. The correlation plots for these are exemplified in the Electronic supplementary material (ESM) Figure S1. The

correlations of these proteins between the different sample groups are further represented as a heatmap in Figure 3, from which the consis-

tent mother-to-infant correlation of CFHR1 and the immunoglobulin kappa chain proteins IGKV1-13 and IGKV1D-13 are prominent. On the

basis of the detected peptides, it was not possible to establish whether the association was with one or both of the latter two

immunoglobulins.
Correlations were detected between the serum proteomes and intestinal inflammation and permeability during the first

year of life

Lactulose-mannitol (L/M) tests were performed to assess the intestinal permeability.22 Comparison of thesewith the proteomics data revealed

that five proteins were significantly correlated with the L/M ratio during the first year (combining data from 3, 6, 9, and 12 months, FDR <0.05).

These included fibrinogen and the immunoglobulin variable chain protein IGHV3-72, whichwere both positively correlated, andAPOF, TFRC,

and GPX3 that were inversely correlated (Table 2). There were, however, no clear differences between the L/M correlations of the two formula

groups.

Human fecal beta-defensin-2 (HBD-2) and calprotectin (FC) were measured from stool samples as markers of gastrointestinal inflamma-

tion.23,24 Correlation analysis was carried out to investigate associations between these and the proteomics data. Although there were no
iScience 27, 110048, June 21, 2024 3



Table 1. Paired SpearmanRank correlation analyses of the ranked expression of the proteins between the dyads revealed significant correlations for 10

proteins

Protein name Gene UniProt i.d. FDR rs

Complement factor H-related protein 1 CFHR1 Q03591 0.0160 0.788

Lipopolysaccharide-binding protein LBP P18428 0.0295 0.740

Immunoglobulin kappa variable 1–13,

Immunoglobulin kappa variable 1D-13

IGKV1-13, IGKV1D-13 P0DP09, A0A0B4J2D9 0.0295 0.772

Immunoglobulin kappa light chain NA P0DOX7 0.0295 0.722

Ficolin-3 FCN3 O75636 0.0295 0.719

Alpha-1-antitrypsin SERPINA1 P01009 0.0295 0.713

Immunoglobulin kappa variable 2–28,

Immunoglobulin kappa variable 2D-28

IGKV2-28, IGKV2D-28 A0A075B6P5, P01615 0.0295 0.882

Apolipoprotein A-II APOA2 P02652 0.0315 0.701

Fibrinogen alpha chain FGA P02671 0.0384 0.687

Hyaluronan-binding protein 2 HABP2 Q14520 0.0466 0.674

The proteins are listed with the associated correlation coefficient (rs) and false discovery rate (all FDRs <0.05). See also Figure S1.
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associations consistently significant across all the time points, there were some weakly significant associations with FC (FDR<0.10), as indi-

cated in ESM Table S1. Two of these were at 6 months, IGLV1-40 (positive correlation) and actins (negative), potentially associated with

the introduction of solid foods.
Differences and associations of the serum proteome resulting from different study formulas

Analysis of the differences in protein levels from the series of samples from 22 children, revealed a panel of putative markers that were asso-

ciated with the formula groups (see ESM Table S2). With follow-up analysis of the 9-month samples from an additional 40 children, a panel of

ninemarkers was common to the two sample sets, including PON3,GGH, and several immunoglobulins light chainmolecules. However, none

of these were significant after FDR correction, and re-analysis of all the 9-month samples using targetedmass spectrometry did not support a

significant difference at 9 months (n = 26 vs. 36, hydrolyzed and regular formula, respectively).

A linear mixed-effects model (LME) analysis (n = 22) indicated an interaction effect between age and the groups (p < 0.05), such that after

12 months the levels of GGH, CD14, and APOM were higher in the extensively hydrolyzed formula group (Figure 4). In contrast, the immu-

noglobulin variable kappa chain, IGKV2-30, was less abundant in the extensively hydrolyzed formula group. The interactions were not, how-

ever, significant after FDR correction.
Age is a driving factor for the serum levels of many proteins

In addition to the interaction effects, LME analysis defined significant age-related trends for more than fifty proteins (FDR <0.05). Examples of

proteins with distinct temporal trends in the first year of life included the increase of several immunoglobulins and a decrease in PI16 (as exem-

plified in ESM Figure S2). The complete summary of the LME results is shown in ESM Table S3.
DISCUSSION

Pregnancy associated changes in the serum proteome from the third trimester to delivery and postpartum

Proteomics analysis of maternal serum has previously been applied to identify deviations from normal pregnancy and birth defects.25,26 To

tackle the complexity of the serum proteome, both targeted and untargeted mass spectrometry-based approaches have been used, and

more recently aptameric-based and proximity extension assays.27–32 In the current study, using data-dependent mass spectrometry, our

data revealed characteristic profiles of healthy deliveries, as detailed with samples from the third trimester, at birth, and then 3 months

post-partum.

The discerned differences in detection included several well-established pregnancy-associated proteins (Figure 2). Among these was oxy-

tocinase (LNPEP), which increases in pregnancy to maintain homeostasis and degrades the peptide hormone oxytocin.33 Similarly detected,

chorionic somatomammotropin hormones 1 and 2 (CSH1 and CSH2) are only produced during pregnancy and stimulate lactation, fetal

growth, and metabolism.34 Pregnancy-specific glycoproteins (PSGs) are synthesized in the placenta and become detectable in sera during

the later stages of pregnancy.35 Accordingly, the expression pattern of this group of PSGs was highly specific to the samples collected during

pregnancy and at delivery.33 Another contrast in the detection of pregnancy-associated proteins included pregnancy zone protein, which is a

metalloprotease inhibitor that participates in maintaining the immune tolerance of the fetus.36 Although detected throughout the samples,

the relative intensity ranged in the order of several hundred thousand (see ESM Figure S3).
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Figure 3. Proteins correlated between the dyads

Comparison of the ranked protein intensities for the different sample draws revealed statistically significant correlations between the temporal samples from the

mother-infant dyads (FDR <0.05). The data are shown as a heatmap of the Spearman Rank correlation coefficients. The comparison includes samples from 22

mother-infant dyads.
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Proteins specific and excluded from cord blood sera proteome

Although the cord blood sera represent the most direct link between the mother and child, the placenta provides a physical separation be-

tween the two. Differences in detection, i.e., presence or absence, reflecting the controlling role of the latter were thus observed. For

example, the pregnancy-specific glycoproteins detected in the maternal serum at the time of delivery were not detected in cord blood. Simi-

larly, although a peak in the acute phase proteins SAA2 and CRP was observed in the sera from themothers at the time of delivery, these were

not observed in cord blood. Previous reports have shown that acute phase proteins are not transferred in the context of healthy deliveries.37,38

In the counter situation, i.e., proteins specific to the child, comparable differences in detection were observed. For example, multiple inositol

polyphosphate phosphatase (MINPP1) is associated with bone development and was predominantly detected in cord blood. During fetal

development andmaturation, there are changes in the structure and composition of the hemoglobinmolecules, andHBZwas only detectable

in cord blood.39 In a similarmanner, HBG1 is predominant at birth andmostly replaced in the first year of childhood. The detection of prolactin

(PRL) was generally specific to the cord blood sera. Prolactin promotes lactation of the mammary gland and has been used to evaluate the

threat of pregnancy complications.40

A number of proteins potentially transferred from the placenta were detected in cord blood sera (Figure 2). For example, S100A12 has

been reported to be present in amniotic fluid and plays a significant anti-infectious and antibacterial role,41 while S100A4 has been implicated
iScience 27, 110048, June 21, 2024 5



Table 2. Spearman Rank correlation analysis of the proteomics data and lactulose/mannitol ratios at the different ages revealed several significant

correlations

Accession rs-3m rs-6m rs-9m rs-12m Meta FDR Gene Protein name

A0A0B4J1Y9 0.47 0.80 0.45 0.51 <0.001 IGHV3-72 Immunoglobulin heavy variable 3-72

P02671 NS 0.57 0.52 0.61 <0.001 FGA Fibrinogen alpha chain

P22352 �0.54 �0.51 �0.44 �0.52 <0.001 GPX3 Glutathione peroxidase 3

P02786 �0.46 �0.53 �0.44 �0.56 <0.001 TFRC Transferrin receptor protein 1

Q13790 �0.50 �0.53 �0.49 NS <0.001 APOF Apolipoprotein F

The correlation coefficients (rs) are tabulated together with the meta-FDR from the combined time points (NS = not significant).
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in calcium uptake to the placenta during pregnancy. Enolase (ENO1) is expressed in the embryo and involved in ontogenesis.42 Collagen

proteins are an integral component of the fetal-maternal interface and are expressed in the trophoblast and decidua. In particular, detection

of collagen type V-alpha 1-chain protein (COL5A1) could be representative of this connection. Alpha-fetoprotein (AFP) was distinguished by

its detection in cord blood and early samples. AFP produced in the liver of the developing fetus has been assessed during the second

trimester of the pregnancy as an indicator for the risk of genetic deviations and birth defects.
Similarities in the serum protein levels between mother and child

Comparisons within the dyads, on the basis of correlation analyses of the ranked protein levels, revealed statistically significant associations

for several proteins. These were interpreted to represent traits transferred from the mothers. For example, in keeping with the concept of

naturally acquired passive immunity and the linkage between the immune systems of the mother and child, these included several immuno-

globulin chain proteins, thus following as a result of immunoglobulin transfer during pregnancy and breastfeeding.43 In particular, the cor-

relation of the immunoglobulin kappa variable chain proteins (IGKV1-13 and IGKV1D-13), was consistent throughout the temporal samples.

Lipopolysaccharide-binding protein (LBP) is involved in innate immunity and response to gram-negative bacteria. The observedmother to

child correlation with LBP levels could similarly reflect immunological cross-over between the mother and child. This is in keeping with our

earlier observation of in utero priming of the immune system.44

Among the other maternally correlated proteins, SERPINA1, FGA, and HABP2 (hyaluronan-binding protein 2) are associated through their

roles in coagulation and clotting. HABP2 cleaves fibrinogen to prevent clotting, and SERPINA1 is serine protease that has affinity for thrombin,

which initiates FGA cleavage, leading to clotting. As clotting disorders are inheritable, the pattern of expression of this sub-group could be

congenital. Similarly, while CFHR1 is involved in complement activation and ficolin-3 (FCN3) is associated with activation of the lectin com-

plement pathway, the association could reflect familiar characteristics in the complement system.45
Proteomics changes in the first year of life

Previous studies have reported examples of age-related changes in the plasma and serum proteome in children.14,16,46,47 In our earlier study

of children from birth until the age of 3 years,16 many changes were observed in the plasma samples during the first year. In keeping with that

observation, there were clear age-associated differences between the samples, including many immunoglobulins. Incidentally, in contrast

with our earlier study, no depletion step was included in the current analyses, whereas the former incorporated immuno-depletion of the

12 most abundant proteins. The latter targets included IgG, IgA, IgM, IgD, IgE, kappa, and lambda light chains, which in the current study

revealed significant positive correlations with age. These trends are a likely result of exposure to dietary antigens and development of the

immune system. In terms of decreasing expression, the clearest examples were demonstrated by PI16 and APOA4 (see ESM Figure S2).

Viewing these changes in the context of studies aiming to find early markers of type 1 diabetes, the separation of age-related trends from

disease-related changes requires appropriate study design and modeling. This can be especially challenging with the early presentation of

islet autoimmunity (<2 years), where the coincident changes due tomaturation in the first years are numerous. In this setting, previous studies

have been assisted by comparison with age, sex, and risk matched individuals.11,47 Recent publications, analyzing the changes in serum pro-

tein levels from cohorts with HLA-confirmed risk, have demonstrated decreased complement proteins prior to islet autoimmunity and disrup-

tions of the complement system accompanying the pathway to type 1 diabetes onset.17 Notably, in view of this important observation,

age-related changes have been demonstrated for many complement proteins,47 emphasizing the importance of age considerations in exper-

imental design.16,47 Among the proteins noted by their contrasting expression between the offspring and themothers, many were associated

with the extracellularmatrix and extracellularmatrix interaction. These included periostin (POSTN), neural cell adhesionmolecule 1 (NCAM1),

and several collagens. Periostin is an extracellular matrix protein that is involved in tissue development and regeneration,48 and NCAM1 is a

cell adhesionmolecule that is operative in cell-cell and cell tomatrix interactions in the developing nervous system. Earlier studies of reference

values for NCAM1 in serum have indicated its greater abundance in young children, relative to adults.49

In terms of growth, the height at 12months was positively correlated with COL6A3. COL6A3 is involved in cell adhesion and is important in

organizing extracellular matrix proteins. The correlation and latter role could account for this association.
6 iScience 27, 110048, June 21, 2024



Figure 4. Linear mixed effects analysis revealed interactions between the formula types

The examples shown demonstrate that while there were no differences in the serum protein levels at 3 months, divergence between the groups was observed at

12 months. Although significant p values were observed (p < 0.05), these were not significant after FDR correction. Red = regular (RF), blue = extensively

hydrolyzed (EHF).
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Interactions and differences between the formulas and the serum proteome

By the age of 9 months, all of the infants had been exposed to one of the study formulas, and an analysis was conducted at this time point

comparing the two groups (n = 26 vs. 36, hydrolyzed and regular formula, respectively). From this comparison, lower levels of serum para-

oxonase/lactonase 3 (PON3) and gamma-glutamyl hydrolase (GGH) were detected in the regular formula group compared to the hydrolyzed

formula group. However, the targeted mass spectrometry verification measurements in the same samples did not support these differences,

potentially due to the loss of statistical power relative to the longitudinal comparison. Nevertheless, from the LME analysis of the data from the

time series used for discovery (n = 10 vs. 12), several interactions were apparent as displayed by diverging group-wise differences in the levels

of GGH, APOM, CD14, and IGKV2-30 at 12 months (Figure 4).

In the context of milk and formula composition, GGH hydrolyses pteroylpolyglutamate, a major folate component of milk.50,51 Potentially,

thedetected interaction could arise from the dietary difference and the influence of the latter process upon the serum levels ofGGH. Regarding

the interaction for CD14, dysfunction of the gut barrier has been previously demonstrated to be associated with higher plasma concentrations

of CD14.52 Further studies would be needed to establish other implications of this observation. APOM is mostly associated with high-density

lipoproteins and involved in lipid transport.53 Among the latter, APOM is the main carrier of plasma sphingosine-1-phosphate (S1P)54 and

APOM-bound S1P is involved in the maintenance of vascular integrity,55 as has been reported in relation to S1P and the inflammatory bowel

disease ulcerative colitis. The associations of APOM and S1P suggest that these could be relevant in the current example, whereby the differ-

ence in serumAPOM (higher in the extensively hydrolyzed formula group) could reflect better integrity of the intestinal epithelium and the lower

intestinal permeability in the group that received extensively hydrolyzed formula, as reported from the earlier analysis of L/M data from this

study.20 In addition, characterization of the serum lipidome from this cohort has revealed that sphingomyelins were higher in the extensively

hydrolyzed formula group as compared to the regular formula group.56 However, a straightforward connection between the balance of these

with S1P and serum APOM is not clear, especially since decreased sphingomyelin has been reported frommeasurements with the overexpres-

sion of APOM inmouse.57 In the context of potential markers and associations with type 1 diabetes, increased serumAPOMhas been detected

in type 1 diabetes susceptible children after seroconversion13 and type 1 diabetes risk has been associated with SNPs of APOM.58
Serum protein correlations with intestinal permeability

Although the study formula did not prevent b cell autoimmunity, subsequently published analysis of the lactulose to mannitol ratio (L/M ratio)

measurements at 9 months of age revealed decreased gut permeability in the infants fed extensively hydrolyzed formula. This difference was
iScience 27, 110048, June 21, 2024 7
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taken as being a potential outcome of reduced exposure to dietary antigens in the extensively hydrolyzed formula group. At this stage, the

beneficial or adverse effects of this difference have yet to be established.20 Nevertheless, the importance of intestinal permeability in main-

taining a barrier against potential triggers of type 1 diabetes is a relevant concern,59,60 and yet the potential of dietary prevention remains to

be successfully demonstrated.

Comparison of the L/M ratios with the proteomics data revealed a range of positive and inverse correlations, none of which, however, were

divergent between the formula groups (Table 2). Notably, a high L/M ratio is indicative of increased permeability, suggesting that the positive

correlation reflects a more adverse situation. For example, the immunoglobulin IGHV3-72 was positively correlated with the L/M ratio, which

could be the result of differences in the antigenic challenge and the diminished integrity of the intestinal barrier. Fibrinogen, which was also

positively correlated, is well known for its role in coagulation and wound healing, and is upregulated after bleeding or clotting events.61 The

observed correlation with the intestinal permeability suggests that serum fibrinogen levels could even reflect the balance of intestinal

permeability.62

APOF, TFRC, and GPX3 were all inversely correlated with the L/M ratios (FDR <0.05). APOF primarily associates with LDL and has been

linked with inhibition of cholesteryl ester transfer protein (CETP), thus affecting cholesterol transport.63 In this respect, although cholesterol

homeostasis ismostly controlled by the liver, the intestine also plays a role and can affect plasma cholesterol.64 Amongother processes, trans-

ferrin receptor protein 1 (TFRC) is involved in iron transport, and the uptake of TFRC-bound iron is the main pathway for iron entry into cells.

Severe anemia has previously been associated with increased intestinal permeability to dietary macromolecules and bacteria.65 The inverse

correlation observed suggests that insufficient or reduced serum TFRCmight be related to changes in intestinal permeability. GPX3 catalyzes

the reduction of peroxides by glutathione and protects cells and enzymes from oxidative damage.66 An interpretation of this association,

which suggests lower GPX3 is observed when permeability is increased, suggests that the protection against oxidative stress might be

compromised in such circumstances. Together, these correlated proteins may reflect how a balance of proteins involved in lipid and iron

transport, together with protection against oxidative damage, are important in maintaining intestinal permeability. On the basis of these ob-

servations, future studies could take into consideration serum levels of TFRC, APOF, andGPX3 in relation to intestinal permeability. Although

further studies would be required to verify these observations, their accessibility could prove useful if confirmed, especially in the light of the

growing incidence of autoimmune diseases and concerns of the role of the gut.
Limitations of the study

These analyses of non-depleted serum were limited by the depth of coverage of the serum proteomes. However, co-analysis of reference

samples, from which the most abundant proteins had been depleted, was employed to facilitate detection of less abundant proteins and

help track their occurrence in the non-depleted samples. The use of depletion or enrichment for all samples, using a conventional or a nano-

particle-based approach, respectively, would have expanded the number of proteins detected. Furthermore, the analysis of a larger set of the

samples during discovery and validation in the full sample time series would have been advantageous. In particular, in view of the capabilities

and developments with data independent mass spectrometry and use of higher throughput robust separations systems, future studies could

provide better coverage of more samples in a time efficient manner.
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Iodoacetamide Sigma-Aldrich I6125-25G

1 M Tris-HCl, pH 8.0 Invitrogen 15568-025

PEPotec, Grade 2, synthetic peptides with

C terminal heavy lysine/arginine

Thermo Fischer Scientific thermofisher.com/pepotec-srm

Mannitol dehydrogenase Megazyme (Wicklow, Ireland) E-MNHPF

1.5 ml Eppendorf tubes Eppendorf AG 0030 120.086

Sep-Pak� Vax 1cc (50mg) C18 Cartridges Waters WAT055955

Critical commercial assays

Fecal calprotectin ELISA Calpro AS, Lysaker, Norway CALP0170

b-Defensin 2 ELISA Immundiagnostik, Bensheim, Germany K 6500

Deposited data

Discovery proteomics data This study PRIDE : PXD046387

Targeted proteomics data This study https://panoramaweb.org/AG0DKm.url

Software and algorithms

Excel 2016 https://www.microsoft.com

MaxQuant 1.6.17.0 www.maxquant.net/perseus/

Perseus 1.6.7.0 www.maxquant.net/perseus/

R studio 2022.07.0 www.rstudio.com

Skyline 21.2.0.425 (e653b4c5e) https://skyline.ms

BioRender BioRender https://biorender.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Riitta Lahesmaa (rilahes@utu.fi).

Materials availability

This study did not generate new reagents.

Data and code availability

� The proteomics data have been deposited in the PRIDEproteomeXchange repository (https://www.ebi.ac.uk/pride/) and are publically

available with the accession numbers PXD046387 and https://panoramaweb.org/AG0DKm.url.
� This paper does not report any original code.
� Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The subject selection, sample collection and dietary randomization were conducted as described in related publications.21 Briefly, pregnant

mothers either with a HLA defined T1D-risk genotype, or with a partner with a HLA defined T1D-risk were recruited. The T1D risk of the

offspring was assessed by HLA genotyping from cord blood.
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Serum samples were obtained from the mothers at the beginning of the third trimester, at the time of delivery and 3 months postpartum,

and from their offspring at birth (cord blood) and at follow-up visits at the ages of 3, 6, 9 and 12 months. The sample series from 22 of these

subjects were selected for proteomics analysis, including 12 subjects from the extensively hydrolyzed formula group and 10 from the regular

group. In addition, 9-month samples from 40 other subjects in the study were analyzed (14 and 26, regular and extensively hydrolyzed groups,

respectively). The formula groups were blinded during selection for LC-MS/MS analysis. The subjects and samples are detailed in ESM

Tables S4–S6.

This study was conducted with approval of the Ethical Committee of the PirkanmaaHospital District (approval number 12/2016). The study

was conducted according to the guidelines in the Declaration of Helsinki. Clinical trial registration number: Clinicaltrials.gov Identifier:

NCT01735123. Written informed consent was obtained from the families before enrollment. Sex was as defined at birth and all mothers

and infants included in the study are Caucasian and white, as that was an inclusion criterion.

Study formula

The intervention formula was an extensively hydrolyzed casein-based formula, while the control formula was composed of 80% intact cow’s

milk and 20% hydrolyzed milk based formula. The formulas were produced specifically for the study and composed such that the taste and

smell would be indistinguishable. The mothers were encouraged to breastfeed as long as possible. The dietary intervention lasted until the

infant was 9-months-old and, if the child had not received the study formula for at least 60 days, study formula feeding was continued until

60 days of study formula feeding was reached, but not beyond the age of 8 months. Further details of the dietary data, evaluation of b-cell

autoimmunity and intestinal permeability analyses have been described in earlier work.16

METHOD DETAILS

Sample preparation

The samples were prepared follows. Serum aliquots (2 ml) were diluted with 8 M urea in 50 mM Tris-HCl pH 8.0, reduced in 10 mM DTT, alky-

lated with 10 mM IAA in darkness, diluted then digested with trypsin 1:30 ratio (Trypsin:Protein) at 37�C overnight, then quenched with 10%

TFA.67 The digests were desalted using SepPak 50 mg reversed phase SPE cartridges according to established protocols.67

Data-dependent LC-MS/MS analysis

Aliquots of the digested serum samples (500 ng) were analyzed by tandem mass spectrometry (LC-MS/MS). An EASY-nLC� 1200 Ultrahigh

pressure liquid chromatograph coupled to a Q Exactive HF quadrapole Oribitrap� mass spectrometer (Thermo Scientific) was used with a

40 cm x 75 mm i.d. packed capillary column (1.9 mmdp C18 Reprosil particles, Dr Maisch GmbH) with the column heated to 60�C. The peptides

were eluted with a gradient from 8 to 20 % B in 18 min, then to 35 % B in 15 min, to 50 % B in 6 min and finally to 100 % in 5.5 min at flow rate of

300 nl/min. The tandemmass spectra were acquired with higher-energy C-trap dissociation (HCD) of the 15 most intense ions (m/z 300-1650,

charge states > 1+). The MS1 resolution was set to 120,000, with a 3 x 106 AGC target value and a maximum injection time of 55 ms. MS/MS

spectra were acquired in the Orbitrap with a resolution of 15,000 (at m/z 200), a target value of 1.2 x 103 ions, and a maximum injection time of

120ms. Dynamic exclusion was set to 20 s. The mobile phase compositions were 0.1% formic acid in MilliQ�water (A) and 0.1% formic acid in

80 % acetonitrile and water (B).

The analyses were carried out using separate batches for each dyad, with randomization and triplicate analysis of each sample. To improve

consistency in the protein quantification and allow the transfer of identification between peptide signals, library samples, consisting of control

serum depleted of the 12most abundant proteins (Thermo Scientific� Pierce� Top 12 Abundant Protein Depletion Spin Columns) according

to the manufacturer’s instructions and as previously described,6 were analyzed with each batch. To avoid the effects of carry-over from estab-

lishing cord blood specific proteins, the cord blood samples were analyzed as a separate batch in triplicate. The library samples were also

used to establish consistent instrument performance between batches.

Targeted LC-MS/MS analysis

Selected reactionmonitoring (SRM)mass spectrometry was used to verify the relative abundance of the targetsGGH, PON3, FCN3, PGLYRP2,

CERU, MASP1 and the immunoglobulins KVD30, KV240 and LV403, in the serum samples. A1GB, ALB were also measured as reference pro-

teins, and fibrinogen and HBB as quality measures for potential plasma contamination/selection and hemolysis, respectively. Heavy-labeled

synthetic peptides (lysine 13C6
15N2 and arginine 13C6

15N4) peptides were obtained for the targets of interest (PEPotec, Grade 2, Thermo

Fischer Scientific). The targets were selected on the basis of the detection of their differential expression in the data-dependent LC-MS/

MS measurements. Skyline software68 was used to create the scheduled method for data acquisition and process the data, i.e. to check

the peak assignments and their integration.69

The trypsin digested samples from both the discovery and follow-up analyses were spiked with synthetic heavy labelled analogues of the

peptide targets and a retention time standards (MSRT1, Sigma) for scheduled selected reaction monitoring. The LC-MS/MS analyses were

conducted using an Easy-nLC 1000 liquid chromatograph (Thermo Scientific) coupled to a TSQ Vantage Triple Quadrupole Mass Spectrom-

eter (Thermo Scientific). The column configuration included a 20 x 0.1 mm i.d. pre-column in conjunction with a 150 mm x 75 mm i.d. analytical

column, both packed with 5 mmReprosil C18-bonded silica (Dr Maisch GmbH). The following separation gradient was employed at a flow rate

of 300 nl/min; from 5% to 21% B in 11 min, then to 36% B in 9 min, to 100% in 2 min, then ending with an 8 min isocratic period. The mobile
iScience 27, 110048, June 21, 2024 13
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phase compositions were the same as those used for the DDA analysis. The estimated injected amounts was 250 ng of endogenous sample,

spiked with 50 fmol of synthetic peptides. The raw SRM data are available through Skyline68 with the dataset identifier https://panoramaweb.

org/AG0DKm.url.

Data analysis – LC-MS/MS

The mass spectrometry raw files were processed using MaxQuant software version 1.5.5.170 with the Andromeda search algorithm71 and a

UniProt human protein sequence database (May 2019, 19,960 entries plus 245 common contaminants). The search parameters were trypsin

digestion with up to two missed cleavages, carbamidomethylation of cysteine as a fixedmodification, N-terminal acetylation andmethionine

oxidation as variable modifications. The peptide and protein level FDR were set to 0.01, based on the use of reversed and true sequence

database searches. Label free quantification (MaxLFQ) was used with the match between run options to transfer identifications and calculate

protein relative intensity values across the samples.72

Protein abundances from technical replicates were averaged and data were normalized using variance stabilization normalization (VSN),

which has been shown to perform well in proteomics.73

The lactulose–mannitol test

These data are described and reported elsewhere.56 In brief, after fasting for a minimum of 4 h, the infants were given an oral dose of 2 ml/kg

of a lactulose–mannitol solution containing 5 g lactulose and 2 g mannitol per 100 ml. Urine was collected for 5 h, then stored at –20�C. Lac-
tulose concentrations were measured in the samples (25 ml) by the addition of b-galactosidase (12.5 ml), an enzyme cocktail (680 ml), and

pepsinogen I (PGI, 20 ml). The working concentrations were of 500 U/ml b-galactosidase, 10 mM ATP, 14.9 mM NADP, 3.64 U/ml HK/G6P-

DH, and 350 U/ml for PGI. Absorbance measurements were made with a VICTOR, Wallac 1420 workstation (PerkinElmer, Waltham, MA,

United States).

Mannitol concentrations were determined as follows. Sample aliquots (5 ml) were added to the enzyme cocktail (250 ml) and mannitol de-

hydrogenase (12.5ml). The final concentrations in theworking solutionwere 6.25mMNAD+, 6.55mMATP, 3.64 U/ml HK/G6P-DH, and 133 U/

ml mannitol dehydrogenase.56 After calculating the proportions of the excreted lactulose and mannitol, the LM ratio was calculated by

dividing the lactulose value by the mannitol value.

Analysis of fecal calprotectin and HBD-2

Stool samples from the infants were collected at home and frozen immediately (-20�C). Parents brought the frozen samples to the study cen-

ter, after which they were then stored at �70�C until analysis. Fecal calprotectin and HBD-2 levels were analyzed from the stool samples with

commercial ELISA kits according to manufacturer’s instructions (Calpro AS, Lysaker, Norway, and b-Defensin 2 ELISA Kit, Immundiagnostik,

Bensheim, Germany).23,24

Briefly, approximately 100 mg of feces was obtained from each frozen sample. Extraction buffer was then added at a dilution of 1:50 for

both HBD-2 and calprotectin. Fecal material with the extraction buffer was vortexed for 30 seconds and mixing was continued in a shaker at

1000 rpm. for 3 minutes or until solid particles had dissolved. Samples were then centrifuged for 10 min at 10000 g at room temperature and

the supernatants were collected and stored at �20�C until measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear Mixed Effects Model

To study formula groups and ageing, and to correct for individual differences between subjects, a linear mixed effects model (LME) was

applied for each protein, with the abundance as the dependent variable. Formula, sex, and age were treated as fixed effects and individuals

were allowed random intercept. Benjamini-Hochberg adjustment was used to assess false discovery rate.

Correlation Analysis

To determine traits common between the dyads and those carried in the cord blood, Spearman Rank correlation (rs) was calculated between

ranked protein intensities from the different samples, Benjamini-Hochberg adjustment was used to assess false discovery rate.

The influence of formula type on serum proteins

Reproducibility-optimized test statistic (ROTS)74 was used to compare the protein abundances between formula groups at each time point

during the course of sample collection, with additonal focus on a larger subset of samples collected at 9 months. The number of bootstrap

resamplings (B) was set to 500 and the largest top list size to be considered (K) was set as 75% of the total number of proteins in the data.

Differences between sample types

The combination of the different sample sources (i.e. mother, child, cord blood) revealed strong contrasts between the proteins detected,

hindering direct statistical comparison. To represent proteins specific to the different sample types, the data was analyzed in terms of the

proportion of missing values, as shown in Figure 2.
14 iScience 27, 110048, June 21, 2024

https://panoramaweb.org/AG0DKm.url
https://panoramaweb.org/AG0DKm.url

	ISCI110048_proof_v27i6.pdf
	Serum proteomics of mother-infant dyads carrying HLA-conferred type 1 diabetes risk
	Introduction
	Results
	Contrasts were detected between the maternal serum proteomes and offspring in the first year of life
	Similarities were revealed between the serum protein levels of mother and child
	Correlations were detected between the serum proteomes and intestinal inflammation and permeability during the first year o ...
	Differences and associations of the serum proteome resulting from different study formulas
	Age is a driving factor for the serum levels of many proteins

	Discussion
	Pregnancy associated changes in the serum proteome from the third trimester to delivery and postpartum
	Proteins specific and excluded from cord blood sera proteome
	Similarities in the serum protein levels between mother and child
	Proteomics changes in the first year of life
	Interactions and differences between the formulas and the serum proteome
	Serum protein correlations with intestinal permeability
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Study formula

	Method details
	Sample preparation
	Data-dependent LC-MS/MS analysis
	Targeted LC-MS/MS analysis
	Data analysis – LC-MS/MS
	The lactulose–mannitol test
	Analysis of fecal calprotectin and HBD-2

	Quantification and statistical analysis
	Linear Mixed Effects Model
	Correlation Analysis
	The influence of formula type on serum proteins
	Differences between sample types





