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Abstract 
Background and Aims: Herein we analysed the influence of early life factors, including breast milk composition, on the development of the 
intestinal microbiota of infants born to mothers with and without IBD.
Methods: The MECONIUM [Exploring MEChanisms Of disease traNsmission In Utero through the Microbiome] study is a prospective cohort 
study consisting of pregnant women with or without IBD and their infants. Longitudinal stool samples were collected from babies and analysed 
using 16s rRNA sequencing and faecal calprotectin. Breast milk proteomics was profiled using Olink inflammation panel.
Results: We analysed gut microbiota of 1034 faecal samples from 294 infants [80 born to mothers with and 214 to mothers without IBD]. Alpha 
diversity was driven by maternal IBD status and time point. The major influencers of the overall composition of the microbiota were mode of 
delivery, feeding, and maternal IBD status. Specific taxa were associated with these exposures, and maternal IBD was associated with a re-
duction in Bifidobacterium. In 312 breast milk samples [91 from mothers with IBD], mothers with IBD displayed lower abundance of proteins 
involved in immune regulation, such as thymic stromal lymphopoietin, interleukin-12 subunit beta, tumour necrosis factor-beta, and C-C motif 
chemokine 20, as compared with control mothers [adjusted p = 0.0016, 0.049, 0.049, and 0.049, respectively], with negative correlations with 
baby´s calprotectin, and microbiome at different time points.
Conclusion: Maternal IBD diagnosis influences microbiota in their offspring during early life. The proteomic profile of breast milk of women 
with IBD differs from that of women without IBD, with distinct time-dependent associations with baby’s gut microbiome and feacal 
calprotectin.
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1.  Introduction
The early life period, including prenatal development, is a 
crucial period for gut microbial acquisition and colonisa-
tion, driving immune system development and maturation, 
with long-lasting consequences on immune homeostasis, 
influencing susceptibility to diseases.1 During early life, 
microbiome communities are most sensitive to external fac-
tors such as mode of delivery, breastfeeding, diet, and ex-
posure to antibiotics, among others.2–4 Besides, data show 

that the gut microbiome during pregnancy is the largest con-
tributor of infant-acquired bacterial strains,5 implying that 
maternal microbiota can influence baby´s microbiome com-
position and therefore immune development.6,7

Inflammatory bowel diseases [IBD] are associated with 
a dysregulation of the intestinal microbiota, which may be 
transmitted to the offspring of pregnant patients with IBD.8 
The MECONIUM [Exploring MEChanisms Of disease 
traNsmission In Utero through the Microbiome] study is 
a prospective cohort comprising pregnant women with 
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or without IBD and their offspring.8 Initial findings have 
shown that babies born to mothers with IBD have higher 
faecal calprotectin levels compared with controls,9 and dis-
play lower bacterial diversity and more pro-inflammatory gut 
microbiota composition during the first 3 months of life, re-
sulting in the development of an unbalanced immune system 
in germ-free mice colonised with their stool.8 Here, we aimed 
to explore the longer-term impact of maternal IBD status, 
alongside other important environmental and IBD-related 
exposures, on the microbiome composition of the offspring 
during the first 2 years of life. Given the importance of breast-
feeding for microbiome and immune system development, 
we also aimed to assess the impact of maternal IBD status in 
breast milk proteomics.

2.  Matherials and Methods
2.1.  Study design
The MECONIUM cohort has been previously described .8 
Briefly, pregnant women with a confirmed diagnosis of IBD, 
and age- and race-matched controls, were recruited between 
March 2015 and August 2018. Following delivery, mothers 
were asked to donate serial stool samples, as previously de-
scribed.8 For the analysis presented here, samples obtained at 
Days 30, 60, and 90, and at 12, 18, and 24 months, were ana-
lysed for microbiome, and there were also samples obtained 
at 36 and 48 months with faecal calprotectin data available. 
Women were also asked to donate a breast milk sample at 
around 2–3 weeks postpartum. To be eligible for analysis 
it was not mandatory that all babies had donated samples 
throughout all time points. For each woman, demographics 
and relevant medical and obstetric history were collected; for 
women with IBD, a detailed clinical history was obtained, 
including disease phenotype,10 surgical history, medications, 
and disease activity at baseline and during pregnancy.11,12 
Additional information was collected on the mother and 
newborn, including gestational age, mode of delivery, and 
baby’s sex. Neonates were considered preterm if delivery oc-
curred at < 37 weeks of gestational age. Peripartum antibiotic 
usage [immediately before or during delivery] was recorded. 
Detailed information on infant’s feeding type, antibiotic use, 
and medical problems during follow-up was prospectively 
obtained at the time of sampling. Feeding practices were as-
sessed at each time point and classified as exclusive formula 
feeding, exclusive breastfeeding, or mixed if both formula and 
breast milk feeding were used. For analysis purposes, feeding 
type and antibiotic usage were coded in a cumulative way, 
where prior exposures to formula feeding or antibiotics were 
carried forward in the next time point.

2.2.  Sample collection and processing
Infant stool samples were shipped overnight to Mount Sinai 
on ice packs and stored at  -20°C until aliquoted and trans-
ferred to -80°C within 48 h. Breast milk samples were col-
lected in sterile tubes, shipped overnight on ice packs, and 
stored at -80°C.

2.2.1.  16S rRNA sequencing
Samples covering the first 2 years of life were sequenced for 
microbiota analysis. Total DNA was isolated from each stool 
specimen using a bead-beating method with the PowerSoil 
DNA Isolation Kit, following manufacturer’s protocol [Mobio, 

Carlsbad, CA]. Bacterial DNA isolation was performed 
as described previously.8 Dual-barcoded universal primers 
347F/803R targeting the V3-V4 region of bacterial 16S rRNA 
gene were used for DNA amplification. Characterisation of the 
intestinal microbiota was performed with 16S rRNA paired-
end sequencing with Illumina HiSeq2500 platform, using the 
fast-mode pair-end 250 protocol. Demultiplexing was done 
with fastq-multx from ea-utils. Demultiplexed fastq sequences 
were used in DADA2 pipeline. Taxonomic assignment was 
done in DADA2 with Silva v132 classifier. Amplicon sequence 
variant [ASV] table was rarefied to 5000 reads.

2.2.2.  Faecal calprotectin
Faecal calprotectin [FC] concentration was measured by 
CALPROLAB™ Calprotectin ELISA kit [CALPRO AS, 
Lysaker, Norway] as previously described.9 The concentration 
of the biomarker was calculated using calibration curve that 
was built with calprotectin standards using GraphPad Prism 
8.1.1 [GraphPad Software, San Diego, USA]. Values are pre-
sented as micrograms per gram.

2.2.3.  Breast milk proteomics
Breast milk samples were analysed with an OLINK Proseek® 
multiplex assay, a proximity extension assay [PEA] tech-
nology with oligonucleotide-labelled antibody probe pairs 
that bind to their respective targets.13,14 Upon binding of anti-
body pairs to their respective targets, DNA reporters bound 
to the antibodies gave rise to new DNA amplicons with 
each ID-barcoding their respective antigens. The amplicons 
were sequentially quantified using a Fluidigm BioMarkTM 
HD real-time PCR platform. Breast milk samples were ana-
lysed using inflammation multiplex panel, providing a high-
throughput, multiplex immunoassay enabling analysis of 92 
inflammation-related protein biomarkers simultaneously.15

2.2.4.  Statistical analysis
Participant characteristics were compared between maternal 
IBD groups using t test for continuous variables and chi 
square test for categorical variables.

2.2.4.1.  Gut microbiota analysis

Microbiota richness [α-diversity] was estimated using the 
Simpson´s and Shannon Index of Diversity. Kruskal–Wallis 
test with post hoc Dunn test was used to estimate the differ-
ence in α-diversity and faecal calprotectin between the dif-
ferent time points. Additionally, a linear mixed model [lmer 
function, lme4 package] was used to infer the influence of the 
variables of interest on the alpha diversity dynamics. Time 
point was added to the model as a fixed effect and infant 
identifier as a random effect. Spearman correlation analysis 
was used to detect the association between alpha-diversity 
and faecal calprotectin at different time points.

Β-diversity [Bray–Curtis dissimilarity] was visualised with 
principal coordinates analysis plots. To identify which vari-
ables were associated with intestinal microbiota abundance 
or β-diversity [Bray–Curtis dissimilarity] over the first 2 
years of life, permutational multivariate analysis of variance 
[PERMANOVA] were used as implemented in adonis2 func-
tion from vegan package version 2.5-7. R2 statistics were used 
to describe the variance explained by different variables. Sex, 
pre-term birth, delivery mode, feeding type [exclusive breast-
feeding, exclusive formula feeding, or mixed feeding], anti-
biotic exposure, and maternal IBD diagnosis (control, Crohn’s 
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disease [CD], or ulcerative colitis [UC]) were selected a priori 
as covariates. Βeta diversity was measured in the overall 
population, and thereafter the same variables were tested in 
a stratified analysis looking at babies born to control and to 
IBD mothers separately.

To further assess the effect of early life exposures and 
maternal IBD diagnosis on the relative abundance of par-
ticular bacterial taxa, multivariate analysis as implemented 
in MaAsLin2 R package [Maaslin2_0.99.1] was conducted.16 
Analyses were conducted in all infants first, and thereafter 
were restricted to babies born to IBD mothers.

2.2.4.2.  Breast milk proteomics analysis

Wilcoxon rank sum test was used to compare the abundance of 
proteins in breast milk of mothers with and without IBD. False-
discovery rate [FDR] was used for multiple testing correction.17 
Spearman correlation analysis was conducted between signifi-
cantly different breast milk proteins and faecal calprotectin 
and microbiome. MaAsLin2 was used for multivariate ana-
lysis. Adjusted p <0.05 was considered statistically significant, 
except for MaAsLin2 [threshold for significance <0.25]. R stat-
istical software [R version 3.6.0] was used.

3.  Results
3.1.  Participant characteristics
The main clinical features of the study participants with avail-
able microbiome [16S] data are described in Table 1.

Babies born to IBD mothers were more frequently de-
livered by caesarean section [45% versus 25%, p = 0.002], 
and were less frequently exclusively breastfed [38% versus 
59%, p <0.001]. There were no significant differences be-
tween IBD mothers and controls except for a higher propor-
tion of participants of Jewish ancestry among IBD patients 
[37.2% versus 13.6%, p <0.001] [Supplementary Table S1]. 
Active disease during pregnancy was observed in 28.7% of 
the mothers with IBD and was mild in most cases. In the 
offspring, there were no significant differences in terms of 
gender distribution, mean gestational age at delivery, birth-
weight, need for neonatal intensive care, or antibiotic ex-
posure. Among babies born to IBD mothers, 43 were born 
to mothers with CD and 37 to mothers with UC. The main 
features of case mothers and their babies, stratified by ma-
ternal IBD type, are displayed in Supplementary Table S2. 
Among mothers with IBD [Supplementary Table S2], those 
with CD had a more frequent history of surgery [30% versus 
0%, p <0.001] and higher use of biologics as compared with 
those with UC [51% versus 32%, p = 0.047] Mothers with 
UC were more frequently treated with aminosalicylates [57% 
versus 21%, p = 0.001] and immunomodulators [30% versus 
14%, p = 0.08] and were more likely to report active disease 
during pregnancy [41% versus 19%, p = 0.02]. More babies 
born to mothers with CD were born prematurely [9% versus 
0%, p = 0.04] [Supplementary Table S2]. Otherwise, there 
were no other significant differences between the CD and UC 
groups. No baby developed IBD during follow-up.

3.2.  Microbiota diversity
Given the prospective nature of the study, differing numbers 
of samples were available at various time points, as repre-
sented in Figure 1 and described in Supplementary Table S3. 
At the time of data analysis, there was a total of 294 infants 
from whom longitudinal stool samples were available for 16S 
sequencing analysis [80 born to mothers with IBD and 214 
born to control mothers]. Overall, there were 1034 stool sam-
ples subjected to 16S sequencing, 276 from babies born to 
IBD mothers [Supplementary Table S3]. Of these, 290 babies 
had at least one measurement of faecal calprotectin available 
for up to 4 years of life.

We started by looking into microbial diversity measures 
such as the α- and β-diversity. The bacterial α-diversity in in-
fants significantly increased during the first 3 months of life 
and at later time points [Shannon and Simpson’s Diversity 
Index, both Kruskal–Wallis test p <0.001 Supplementary 
Table S4, Supplementary Figure S1]. The increase in bacterial 
diversity was accompanied by a decrease in faecal calprotectin 
[Spearman’s correlation rho = −0.22; p = 1.48e−10 
[Supplementary Table S5, Supplementary Figure S2 and S3]. 
In the linear mixed model, both timepoint and maternal IBD 
status were significantly associated with the α-diversity dy-
namics [timepoint p = 5.57e−16, maternal diagnosis of IBD 
p = 0.03, Supplementary Figure S4]. Time point was also 
a main driver of the β-diversity [Supplementary Figure S5, 
Adonis p = 0.001].

We then looked into the contributions of offspring sex, 
maternal IBD diagnosis, gestational age, delivery mode, 
feeding behaviour, and antibiotics use to the β-diversity or 
overall microbiota composition during the first 2 years of 
life [Figure 2]. The variation of the intestinal microbiota 
composition was mainly explained by mode of delivery 

Table 1. Characteristics of infants stratified by maternal IBD status.

Infants born to 
IBD mothers

Infants born to 
control mothers

p

N 80 216

Mother with CD/UC 43/37 -

Baby´s gender male 57.5% 47.2% 0.2

Maternal age at delivery 32.2 ± 3.8 32.8 ± 3.6 0.33

Birthweight [kg] 3.36 ± 0.58 3.42 ± 0.56 0.44

Mean gestational age at 
delivery [weeks]

39.2 ± 1.7 39.4 ± 1.7 0.30

Delivery by caesarean 
section

45.0% 25.2% 0.002

Low birthweight 5.0% 3.7% 0.88

Preterm birth [<37 weeks] 5.0% 4.2% 0,26

NICU stay 5.0% 8.4% 0.59

Exclusive breastfeeding 38% 59% <0.001

Exclusive formula feeding 10% 2%

Mixed feeding 52% 39%

Exposure to antibiotics in 
the peripartum period

53.3% 39% 0.09

Exposure to antibiotics 
up to 3 months of life

11% 12% 0.80

Exposure to antibiotics 
up to 1st year of life

34% 34% 0.99

Exposure to antibiotics 
up to 18 months of life

44% 42% 0.79

Exposure to antibiotics 
up to 2nd year of life

50% 45% 0.47

Feeding and antibiotic are categorised at the end of the participant 
follow-up in a cumulative way.
IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative 
colitis; NICU, neonatal intensive care.
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[caesarean section or vaginal delivery], feeding type [breast-
feeding or formula feeding], and maternal IBD diagnosis 
[Supplementary Table S6, Supplementary Figures S6–S11]. 
In the first month, the intestinal microbiota composition 
was mainly driven by the mode of delivery [R2 = 0.035 
p = 0.001], feeding type [R2 = 0.019, p = 0.001], and 
diagnosis of IBD in the mother [R2 = 0.011, p = 0.007]. 
Maternal IBD diagnosis was also a main driver of the in-
testinal microbiota composition of the infants at Month 2 
[R2 = 0.014, p = 0.004], Month 3 [R2 = 0.009, p = 0.045], 

and Month 24 [R2 = 0.044, p = 0.041]. Mode of de-
livery was significantly associated with intestinal micro-
biota composition in Month 2 [R2 = 0.026, p = 0.001] 
and Month 3 [R2 = 0.030, p = 0.001] of life. The gender 
of the baby, antibiotic exposure, and preterm birth were 
not significantly associated with intestinal microbiome 
β-diversity.

We repeated these analyses by looking separately at control 
babies and babies born to IBD mothers, observing similar re-
sults [Supplementary Table S6].

Breastmilk samples
(proteomics) Stool microbiome (16S) Stool calprotectin

314 Infants

87 Born to IBD mother 227 Born to control
mother

323 Samples 923 Samples

294 Infants

80 Born to IBD
mother

214 Born to control
mother

276 Samples (16S) 758 Samples (16S)

Impact of early life exposures in bacterial diversity
Comparison by IBD maternal type

292 Mothers (312 pregnancies)

81 Mothers with IBD 211 Control mothers

222 Samples

217 Mother: baby pairs with at least one stool
sample available (16S) and one BM sample

238 Babies with corresponding BM maternal
sample and at least one Fcal determination

Correlation between BM and Fcal

Correlation between 16S and BM proteins
Correlation between Fcal and alpha-diversity

290 Babies with with at least one stool sample
available (16S) sample and at least one Fcal

determination

Differences in BM proteins in IBD versus controls
Differences in BM proteins strati�ed by disease type

90 Samples

A
na

ly
se

s
Sa

m
pl

es

Correlations between calprotectin and alpha-diversity
Correlations between calprotectin and BM proteins

Figure 1. Participant and sample distribution. The core study was based on babies with 16S sequencing data available; to maximise sample number, 
breast milk samples from ongoing sample collection with available Olink proteomics data were included; faecal calprotectin samples from infants were 
included only if there was at least one sample with 16S available or a corresponding breast milk sample available to perform correlation analysis.
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Figure 2. Early-life factors associated with β-diversity [Bray–Curtis dissimilarity] variation at different time points. R2 statistics were used to describe 
the variance explained by different variables. Variables are aligned with the graph colour-coding (sex is the bottom variabble, followed by preterm birth, 
maternal IBD status, feeding, delivery type and antibiotics in the top.) 
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3.3.  The impact of early life exposures on the 
microbial taxa in the offspring
We next interrogated which specific bacterial taxa were associ-
ated with given early life exposures in all infants. Multivariate 
analysis [MaAsLin] with linear mixed model including feeding 
type, time point, IBD type, and delivery mode showed a lower 
abundance of Bifidobacterium in babies born to mothers with 
IBD [MaAsLin2 p = 0.02]. A higher abundance of Bacteroides 
and Parabacteroides was observed in babies born vaginally 
[MaAsLin2 p = 2 × 10−6 and 1.3 × 10−4, respectively] and 
higher abundance of Enterococcus was observed in babies 
born through caesarean section [MaAsLin2 p = 7.8 × 10−4]. 
Staphylococcus, a typical skin bacterium, was more abun-
dant in infants that were exclusively breastfed compared 
with exclusively formula-fed infants [p = 3.4 × 10−6]; in con-
trast, Enterococcus was more abundant in those who were 
formula-fed [p = 0.04]. However, the most consistent finding 
throughout the first 3 months of life was an increased abun-
dance of Intestinibacter in exclusively formula-fed infants 
[Supplementary Figure S12; MaAsLin2 p = 7.3 × 10−8], after 
adjusting for other variables as described above. No effect of 
feeding was seen at later time points

We repeated the multivariate analysis only in babies born 
to IBD mothers. Time point, specific diagnosis of IBD [CD 
or UC], delivery mode, feeding type [formula feeding, exclu-
sively breastfeeding, or mixed], exposure to antibiotics up 
to Day 30, exposure to biologic therapy during pregnancy, 
and disease activity during pregnancy were introduced in the 
multivariate model [MaAsLin2]. We observed similar find-
ings regarding Intestinibacter [MaAsLin2 p = 0.001] and 
Staphylococcus [MaAsLin2 p = 0.002] variation according to 
feeding type. In babies born to mothers with IBD through va-
ginal delivery, we observed a trend of Parabacteroides being 
more abundant than in babies born via caesarean section 
[MaAsLin p = 0.08].

3.4.  Protein composition of the breast milk of 
mothers with and without IBD
Overall, 90 samples from 81 mothers with IBD [56 with CD 
and 34 with UC] and 222 samples from 211 control mothers 
collected on an average 18 days postpartum [25th and 75th 
percentile, 16 and 31 days, respectively] were used for the 
current analysis. From these, there were 217 mother-baby 
dyads, for whom breast milk and stool microbiome samples 
[16S] were available. We compared protein biomarkers be-
tween breast milk samples of mothers with and without IBD, 
given the important role of feeding in the intestinal micro-
biota composition of the offspring, and our results pointing 
to feeding type as a major determinant of bacterial diver-
sity. We found 26 protein biomarkers that showed different 
levels based on maternal IBD status [Supplementary Table 
S7; Wilcoxon rank sum test, control vs IBD, uncorrected 
p <0.05]. After correction for multiple testing, breast milk 
from mothers with IBD showed significantly less abundance 
of thymic stromal lymphopoietin [TSLP], interleukin-12 sub-
unit beta [IL-12β], tumour necrosis factor-beta [TNFβ], and 
C-C motif chemokine 20 [CCL20], as compared with the 
breast milk from control mothers [FDR p = 0.0016, 0.049, 
0.049, and 0.049, respectively] [Figure 3, Supplementary 
Table S7].

Analysis was repeated taking into account IBD type of the 
mothers. The breast milk of mothers with CD had less CCL20, 

C-C motif chemokine 4 [CCL4], C-X-C motif chemokine 
[CXCL] 9, CXCL10, and CXCL11 as compared with control 
mothers [FDR p = 0.023, 0.033, 0.045, 0.033, and 0.023, re-
spectively]. In contrast, the breast milk of mothers with UC 
had less TSLP than control mothers [FDR p = 0.004]. [Figure 
3, Supplementary Table S7].

We further correlated the eight significantly different 
protein biomarkers [CCL20, CCL4, CXCL10, CXCL11, 
CXCL9, IL12β, TNFβ, and TSLP] with the faecal calprotectin 
of the infants. Overall, 238 babies had at least one faecal 
calprotectin measurement and matching breast milk sample 
from their mothers. The levels of TSLP in the breast milk 
correlated negatively with the faecal calprotectin of the in-
fants at Month 12 [rho=−0.19, p-value = 0.014]. Similar 
negative correlations were observed between CCL20 and 
faecal calprotectin of the infants at Month 36 [rho= −0.24, 
p-value = 0.02], and between TNFβ and faecal calprotectin 
of the infants at Month 18 [rho= −0.24, p-value = 0.02] and 
at Month 36 [rho= −0.21, p-value = 0.048]. No significant 
correlations were observed between the other cytokines and 
faecal calprotectin at various time points [Figure 4].

We then sought to explore possible correlations between 
breast milk protein biomarkers and the intestinal micro-
biota. No statistically significant correlations were found 
between the eight significantly different protein biomarkers 
[CCL20, CCL4, CXCL10, CXCL11, CXCL9, IL12β, TNFβ, 
and TSLP] and overall bacterial diversity at any time point. 
Nevertheless, different suggestive correlations were ob-
served between these protein biomarkers and particular 
bacterial taxa. CCL4 [Month 2, Spearman’s rho=−0.16, un-
adjusted p = 0.021; Month 3, rho=−0.22, p = 0.003], CCL20 
[Month 3, rho=−0.19, unadjusted p = 0.009], IL12β [Month 
3, rho=−0.19, unadjusted p = 0.007], and TSLP [Month 12, 
rho=−0.17, unadjusted p = 0.04] negatively correlated with 
the relative abundance of Bifidobacterium at different time 
points [Supplementary Figures S13–S18].

4.  Discussion
Herein we sought to explore the impact of early life exposures, 
including maternal IBD status and breast milk proteomics, 
on the microbiome composition of babies participating in 
the prospective MECONIUM study. In this study, we showed 
that bacterial richness, as measured by the α-diversity, con-
tinuously increased between the third and 24th months of 
life, and that multiple exposures affected overall microbiome 
composition [β-diversity] during early life. Moreover, early 
life exposures had varying impact at given time periods, the 
most important being mode of delivery, type of early life 
feeding, and maternal IBD status. Importantly, the contribu-
tion of the early life exposures examined in our study to the 
microbiome development did not differ between babies born 
to mothers with vs without IBD, emphasising the importance 
of prenatal IBD exposure on the microbiome composition 
during early life. We also demonstrated that the breast milk of 
mothers with IBD presented a different protein composition, 
with distinct associations found with baby’s gut microbiome 
and faecal calprotectin. Given the increasing recognition of 
early life as an important time period for microbiome devel-
opment and modulation, we here explored how different fac-
tors affected microbial diversity during the first 2 years of 
life. Interestingly, we found that the contribution of important 
exposures such as mode of delivery and feeding was similar in 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad096#supplementary-data
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babies born to mothers with and without IBD. In addition, we 
showed that taxonomic differences associated with vaginal vs 
caesarean section deliveries and various feeding behaviours 
were independent of maternal IBD diagnosis. We also found 
a significant reduction in specific proteins involved in the im-
mune system regulation, namely CCL20, IL12β, TNFβ, and 
TSLP, in the breast milk of mothers with IBD compared with 
those without IBD, which correlated with faecal calprotectin 
and microbiome composition in babies at different periods 
of early life. Moreover, among babies born to IBD mothers, 
some taxonomic features correlated with the breast milk 
composition.

The first 2–3 years of life have been shown to be central 
to the establishment of the gut microbiome,18 when multiple 
exposures contribute to the shaping of the gut microbiome 
communities. Early life microbiome plays an essential role 
in immune system maturation, promotion of mucosal bar-
rier integrity, and protection against pathogenic bacteria.18 
Importantly, during this period, gut microbial composition 
rapidly changes and is most sensitive to external exposures, 
reinforcing the importance of healthy microbiome colonisa-
tion, as gut microbial disturbances can potentially lead to ad-
verse health outcomes later in life.18 Mode of delivery, feeding 
patterns, antibiotic exposure, and preterm birth, as well as 
maternal health, chronic conditions or risky lifestyle,19 gut 
microbiota, and breast milk,20–22 among others, have all been 

shown to be the major drivers of microbiome acquisition and 
establishment.23–25

IBD results from a complex interaction between host gen-
etics, mucosal immune system, environmental exposures, and 
microbiome. Increasing evidence suggests that dysbiosis pre-
cedes and contributes to disease susceptibility and onset.26 
We had previously shown that microbiome diversity and 
composition in the first 3 months of life were largely driven 
by maternal IBD status, and that babies born to mothers 
with IBD demonstrated a lower bacterial diversity.8 Along 
the same lines, the large GEM cohort following first-degree 
relatives of probands with CD has recently shown that the 
offspring exposed to parental CD perinatally had a higher 
risk of developing CD than those exposed to parental CD 
later in life. Interestingly, they observed a dose-response ef-
fect where the earlier in life the offspring was exposed to 
mother’s CD, the higher the risk for own CD development 
they had, a trend not observed for paternal CD exposure.27 
Herein, we have significantly expanded these results by 
analysing over 1000 stool samples from almost 300 babies 
over different early life periods of development. We showed 
that maternal IBD status remains a significant contributor 
to microbiome composition and richness up to the age of 2 
years.7 We could also confirm that babies born to mothers 
with IBD have a lower relative abundance of bacteria from 
the Bifidobacterium genus.8
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Delivery mode was a major determinant of microbiome 
in early months: being born vaginally was associated with 
higher abundance of Bacteroides during the first 3 months 
of life, which is in line with prior observations.28 Given the 
role of some Bacteroides species in regulating intestinal 
immunity,29,30 it has been suggested that the adverse health 
effects associated with caesarean section could be partly 
explained by the negative association with this bacterial 
taxon.31,32 Despite its major influence, the effect of mode 
of delivery disappeared with time in babies born both to 
control and to IBD mothers, which is consistent with prior 
studies.33–35 Solid food introduction and diversity, increasing 
social contact diversity, or other factors that were not cap-
tured in our study, are likely to become more important fac-
tors driving microbiome composition during these stages of 
development.

Feeding type, breast milk versus formula, also had a strong 
impact on microbiome composition after adjustment for ma-
ternal IBD diagnosis. Breastfed babies presented higher rela-
tive abundance of Staphylococcus, a typical skin bacterium, 
whereas exclusively formula-fed babies displayed higher 
relative abundance of Intestinibacter. Breast milk provides 
the newborn with bioactive factors required for immune 
maturation, organ development, and healthy microbial col-
onisation.36,37 It is thought that, at least in part, these bene-
fits may be mediated through shaping microbial composition 
directly through maternal transmission of microbes, and in-
directly through human milk oligosaccharides [HMOs] and 
other immune constituents.38 Several cytokines transferred 
through breast milk display immunomodulatory effects on 
cell subsets involved in developing the specific immune re-
sponse of the child, acting in the prevention of allergies and 

hypersensitivities,39 even if the ability for these cytokines to 
survive the infant´s stomach and exert a biological effect re-
mains poorly understood.40 A possible effect of these cyto-
kines in modulating the oral-pharyngeal mucosal immune 
system should also be taken into account.41 Breast milk com-
position depends on stage of lactation, maternal health status, 
diet, environment, and genetics. Prior work conducted in 3- 
and 6-month breast milk samples has shown that the breast 
milk of women with IBD presented lower levels of IgA, lac-
tose, and 2-aminobutyrate. In this prior work, there was also 
a trend observed for women with IBD to present with higher 
pro-inflammatory cytokines and lower anti-inflammatory 
cytokines at both Month 3 and Month 6 postpartum.42 Given 
the importance of breast milk in the postpartum period in our 
cohort and with an impact at later time points, we here com-
pared breast milk proteomics around the 2nd and 3rd week 
postpartum, a period when lactation has been shown to be 
associated with high concentrations of proteins and peptides 
involved in immune development.43 We found significantly 
lower abundance of particular proteins, mostly involved in 
immune regulation, including CCL20, IL12β, TNFβ, and 
TSLP in mothers with IBD as compared with controls. TSLP 
was significantly reduced both in mothers with CD and in 
mothers with UC, whereas CCL20 was found to be lower in 
the breast milk of mothers with CD as compared with UC or 
healthy controls. TSLP is an epithelial-derived cytokine that 
acts as a lymphocyte growth factor.44 TSLP is expressed in the 
intestine, with highest expression noted in the colon, where 
it has a role in regulating inflammatory responses and pro-
tecting against colitis by promoting steady-state mutualistic T 
cell responses and Th2-dependent immune responses, limiting 
Th1- and Th17-driven intestinal inflammation and inducing a 
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tolerogenic dendritic cell phenotype following intestinal bac-
terial colonisation.44–47

TSLP has been described in breast milk, where its relative con-
centration is highest during the earlier stages of lactation, but 
not in baby formula.48 CCL20 has a function in the formation 
and function of mucosal lymphoid tissue, recruiting immature 
dendritic cells and lymphocytes to target sites,49 and has been 
detected in higher concentrations in breast milk predominantly 
in the 1st and 2nd week postpartum, decreasing thereafter.50 Both 
TNFβ [significantly reduced in breast milk from UC mothers as 
compared with controls] and IL12β [significantly reduced in 
both CD and UC mothers as compared with controls] play a role 
in the regulation of immune response, particularly of the innate 
immune system. IL-12 can stimulate the growth and develop-
ment of T lymphocytes and NK cells,51 and provided through the 
breast milk it may assist in addressing the balance between pre-
disposed Th2-type responses and the Th1-type, cytokine-driven, 
cell-mediated responses in the infant.52 Interestingly, TSLP, 
CCL20, and TNFβ were negatively correlated with infant´s 
calprotectin at later months. We also observed various relation-
ships between these cytokines and the infant´s microbiota at dif-
ferent time points, which may indicate a role of the breast milk 
composition in the development of the early life microbiome.

The strengths of our study include a unique prospective co-
hort of infants born to IBD mothers and controls, with access 
to a large sample collection obtained at specific time points 
the infant’s growth, coinciding with microbiome and immune 
system development, as well as detailed exposure data. We 
were able to investigate the role of maternal IBD status and 
IBD-related variables, alongside other relevant exposures, 
known to be major influencers of microbiome development 
in infants. Moreover, we analysed the breast milk proteomics 
of mothers with IBD and controls and assessed its impact on 
microbiome and calprotectin in babies, detecting differences in 
proteins known to be involved in immune system maturation.

Our study is not without limitations. Based on our study 
design, we could not accurately capture the effects of solid 
food introduction on microbiome colonisation. Most babies 
in the study reported solid food introduction by age 4 or 5 
months, but there were no stool samples collected between 
3 and 12 months. Likewise, we could not account for other 
potential exposures such as pets, social dwelling, or day care. 
Despite the observed differences in the breast milk compos-
ition and its correlation with the microbiome diversity and 
faecal calprotectin levels, our findings are associative as we 
cannot infer causality on what could be the immune-related 
consequences, if any, on the mucosal immune system of the 
infant, especially given the early time point at which breast 
milk was collected. Additionally, we acknowledge that the 
panel used for studying breast milk proteomics was biased 
towards proteins involved in inflammation, and therefore 
may not fully represent breast milk proteomics. Likewise, 
whether different patterns of microbiome may increase risk 
for IBD in babies exposed to IBD in utero remains unknown 
and would require a long-term follow-up. Finally, these find-
ings are merely associative, and at the best open the door 
for mechanist studies exploring potential role of maternal 
microbiome and breast milk proteomics on the gut immunity 
of the offspring; they cannot and should not be used to 
drawn any specific recommendations for breastfeeding 
among mothers with IBD. Future studies should explore 
the early life as a period for disease modulation, and might 
benefit from using metagenomic sequencing and untargeted 

proteomics coupled with baby’s stool metabolomics to 
better understand potential risk transmission.

This hypothesis-generating prospective study suggests 
that maternal IBD status contributes to microbiome devel-
opment in the offspring up to at least 2 years of age, which 
could at least in part be mediated through breast milk com-
position. Our findings lay the groundwork for future studies 
applying comprehensive omics data and mechanistic ap-
proaches to determine how early life factors affect the health 
of the infants exposed to IBD in utero. Understanding the 
critical events that take place in early life in at-risk popu-
lations could pave the way to the development of novel 
strategies aimed at promoting a healthy microbiome colon-
isation, with the ultimate goal of reducing future risk of IBD.

Study data will be made available upon reasonable request 
to the corresponding author.
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