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SUMMARY
Immune-microbe interactions early in life influence the risk of allergies, asthma, and other inflammatory dis-
eases. Breastfeeding guides healthier immune-microbe relationships by providing nutrients to specialized
microbes that in turn benefit the host’s immune system. Such bacteria have co-evolved with humans but
are now increasingly rare in modern societies. Here we show that a lack of bifidobacteria, and in particular
depletion of genes required for human milk oligosaccharide (HMO) utilization from the metagenome, is asso-
ciated with systemic inflammation and immune dysregulation early in life. In breastfed infants given Bifido-
bacterium infantis EVC001, which expresses all HMO-utilization genes, intestinal T helper 2 (Th2) and Th17
cytokines were silenced and interferon b (IFNb) was induced. Fecal water from EVC001-supplemented in-
fants contains abundant indolelactate and B. infantis-derived indole-3-lactic acid (ILA) upregulated immuno-
regulatory galectin-1 in Th2 and Th17 cells during polarization, providing a functional link between beneficial
microbes and immunoregulation during the first months of life.
INTRODUCTION

Mounting evidence indicates that the composition of the infant

gut microbiome is critical to immunological development, partic-

ularly during the first 3 months of life, when aberrations in gut

microbial composition are most influential in impacting the

developing immune system. Indeed, multiple studies have

emphasized how early gut microbiome dysbiosis, described as

an overabundance of proteobacteria (Shin et al., 2015) and

loss of ecosystem function (Duar et al., 2020a), is associated

with both acute and chronic immune dysregulation, leading to

common conditions such as colic (Rhoads et al., 2018), atopic

wheeze and allergy (Arrieta et al., 2015, 2018; Laforest-Lapointe

and Arrieta, 2017), and less common but serious immune-medi-

ated disorders such as type 1 diabetes (Vatanen et al., 2016) and

Crohn’s disease (Hviid et al., 2011). Immune development has
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been poorly understood in humans due to the difficulty in obtain-

ing samples from infants. Recent developments in systems

immunology enable profiling of immune development at the sys-

tems level and unraveling of immune cell-regulatory relation-

ships (Davis and Brodin, 2018). Advances in sample processing

mean that small-volume samples available from newborn infants

are no longer prohibitive and as little as 100 mL of whole blood is

sufficient for systems-level immunomonitoring (Olin et al., 2018).

We previously unraveled a postnatal adaptation by the newborn

immune system to environmental exposures (Olin et al., 2018).

Dysbiosis of the infant gut microbiome is common in modern

societies and a likely contributing factor to the increased inci-

dences of immune-mediated disorders (Dominguez-Bello

et al., 2019; Mohammadkhah et al., 2018; Sonnenburg and Son-

nenburg, 2019). Therefore, there is great interest in identifying

microbial factors that can support healthier immune system
5, July 22, 2021 ª 2021 The Author(s). Published by Elsevier Inc. 1
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imprinting and hopefully prevent cases of allergy, autoimmunity,

and possibly other conditions involving the immune system

(Renz and Skevaki, 2021). Loss of Bifidobacterium early in life

has been associated with increased risk of developing autoim-

munity, as seen in a birth cohort in Finland (Vatanen et al.,

2016) and atopic wheeze in another cohort in rural Ecuador (Ar-

rieta et al., 2018). Moreover, observational studies have identi-

fied a link between the loss of Bifidobacterium in infants and

enteric inflammation early in life, but the mechanisms involved

are elusive (Henrick et al., 2019; Rhoads et al., 2018).

Human breastmilk contains abundant humanmilk oligosaccha-

rides (HMOs) that are not digestible by humans as we lack the

necessary glucosidases (Sela and Mills, 2010). Instead, the

maternal energy spent to create such complex sugars is justified

by providing a selective nutritional advantage to ‘‘beneficial’’ mi-

crobes specialized in metabolizing HMOs with evolutionarily

important functions in the newborn. Bifidobacterium longum sub-

species (subsp.) infantis (B. infantis) is one such strain adapted to

metabolizing HMOs (LoCascio et al., 2010; Sela et al., 2008; Un-

derwood et al., 2015). B. infantis is commonly found in breastfed

infants in countries where incidence of immune-mediated disor-

ders is low, such as Bangladesh (Huda et al., 2014) and Malawi

(Grze�skowiak et al., 2012) but rarely in Europe (Abrahamsson

et al., 2014; Avershina et al., 2014; Jost et al., 2012; Roos et al.,

2013) and North America (Azad et al., 2013; Casaburi et al.,

2021; Lewis et al., 2015). Introducing B. infantis has been suc-

cessfully accomplished in strains such as EVC001 (Evolve Bio-

Systems, Inc.), which is able to stably and persistently colonize

and remodel the intestinal microbiome of breastfed infants (Frese

et al., 2017), leading to reduced fecal calprotectin, a marker of in-

testinal inflammation (Henrick et al., 2019).

Here, we extend previous findings by combining longitudinal

systems immunology analyses and metagenomic profiling of

208 infants born in Stockholm, Sweden and find that depletion

of bifidobacteria and, in particular, HMO-utilization genes from

the fecal metagenome is associated with markers of both sys-

temic and intestinal inflammation and immune dysregulation

during the first months of life. We also demonstrate a silencing

of intestinal inflammation in breastfed infants in California fed

B. infantis EVC001, a strain harboring all fully functional HMO-uti-

lization genes (Duar et al., 2020a). Fecal water from EVC001-

supplemented infants skewed T cell polarization in vitro away

from a T helper 2 (Th2) state and toward a Th1 state, and

indole-3-lactic acid (ILA), 10-fold more abundant in feces from

EVC001-treated children versus untreated controls, upregulated

immunoregulatory galectin-1 in Th2 and Th17 cells during polar-

ization in vitro. This molecular mechanism provides a functional

link between beneficial microbes, their metabolites, and immu-

noregulation during the first critical months of life.

RESULTS

Sequential waves of immune cell expansion during the
first months of life
We analyzed longitudinal blood samples (n = 858) from infants

(n = 208) born at the Karolinska University Hospital between April

2014 and December 2019 (Olin et al., 2018; Pou et al., 2019). We

usedmass cytometry and a panel of 44 antibodies (Table S1) tar-
2 Cell 184, 1–15, July 22, 2021
geting activation and differentiation markers across 64 blood im-

mune cell populations (Figure 1A). We also quantified 355 unique

plasma proteins using Olink assays (Olink, Uppsala, Sweden)

(Lundberg et al., 2011) and together these data elucidated devel-

opmental immune system changes postnatally.

When ordering immune cell-frequency measurements by day

of sampling, we observed an initial innate response illustrated by

the expansion of circulating monocytes that peaked 4–7 days af-

ter birth and a transient surge in circulating interferon g (IFNg) at

days 0–3 as well as elevated levels of circulating interleukin 1RA

(IL1RA), a natural inhibitor of the pro-inflammatory IL-1b, likely

having a dampening effect on the initial innate response to mi-

crobial exposures during the first weeks after birth (Figure 1B).

Following the initial monocyte expansion, we observed a gradual

increase in the frequency of memory regulatory T cells (Tregs)

frequency during the first weeks of life (Figure 1C). We also found

a previously unrecognized contraction and subsequent expan-

sion of plasmacytoid dendritic cells (pDCs) after birth (Figure 1C).

From 1 month onward there was a robust increase in circu-

lating gdT cells, especially within the CD161+ subset of gdT cells

(Figure 1D). These cells are important producers of IL-17A

(Maggi et al., 2010), and increased plasma levels of IL-17A

were seen during the same first 2-month time window, albeit

transiently (Figure 1D). These findings indicate transient innate

and adaptive immune responses but also highlight key regulato-

rymechanisms at play in early andmid infancy. These responses

are presumably triggered by colonizing microbes similar to the

weaning reaction described in mice (Al Nabhani et al., 2019),

but not triggered by weaning and noticeably different in post-

natal timing as well as the immune cells and proteins involved.

Expansion of mucosal-specific CD4+ T cells in the blood
of newborn children
Previous work has revealed that immune cells primed by anti-

gens at mucosal surfaces circulate and are detectable in periph-

eral blood. Specifically, memory CD4+ T cells expressing CD38

and lacking the lymphoid tissue homing marker CD62L are

mucosal-specific T cells in humans, originate in the intestine,

and are identifiable in blood at a frequency of �4%–8% of total

CD4+ T cells (du Pré et al., 2011). Here, we identified this subset

of memory CD4+ T cells in the blood of newborn children, but

these were more abundant and expanded during the first weeks

of life to dominate the circulating memory CD4+ T cell pool (Fig-

ure 1E). These cells have downregulated CD45RA and have likely

been exposed to antigen, presumably at mucosal surfaces in the

intestine, and undergone memory phenotype transition.

To understand these mucosal-specific memory T cells better,

we used flow cytometry sorting and bulk mRNA sequencing. We

also sorted total memory CD4+ T cells from the same samples

and calculated enriched blood transcriptional modules (BTMs)

(Li et al., 2014) (Figure 1F). Themost enriched hallmark pathways

in the mucosal-specific memory CD4+ T cells were type I and

type II IFN responses (Figure 1F), and the most upregulated indi-

vidual genes included complement regulatory factor H (CFH), the

cytokine IL-15, important for natural killer (NK) cell homeostasis,

as well as the macrophage colony stimulating MA factor CSF1

(M-CSF). Together, these results indicate that mucosal-specific

memoryCD4+ T cells see antigen after birth, expand in the blood,
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Figure 1. Systems-level analysis of immune development in human newborns

(A) Study overview (antibodies used in mass cytometry listed in Table S1).

(B) Monocyte abundance analyzed bymass cytometry and IFNg and IL1RAmeasured by Olink assays in longitudinal blood samples (n = 858) from 208 individual

children and binned by sampling day of life. Boxplots are colored by mean rank. CB, cord blood.

(C) Blood mass cytometry analyses of memory Tregs. pDC, plasmacytoid DC.

(D) Blood gdT cell abundance and subset of gdT cells expressing CD161 and plasma IL-17A.

(E) Representative fluorescence-activated cell sorting (FACS) plots of CD38+CD62L�CD4+ T cells sorted at postnatal days 0, 4, 29, and 76 from newborn pe-

ripheral blood mononuclear cells (PBMCs) and subjected to bulk mRNA sequencing (mRNA-seq).

(F) Gene set enrichment analysis showing the top enriched hallmark pathways in mucosal-specific versus total memory CD4+ T cells.
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and interact with NK cells and monocytes in the newborn intes-

tinal immune system.

Variable microbiome colonization of the infant gut
after birth
To better understand the microbial antigens driving immune re-

sponses after birth, we performed shotgun metagenomic

sequencing of longitudinal fecal samples (n = 347) from 157 of

the 208 infants in this cohort. Gut bacterial composition was

highly variable at birth but increasingly converged over time (Fig-

ure 2A). At the family level, there was an increase in Bacteroida-

ceae and Bifidobacteriaceae after birth in the majority of new-
borns (Figure 2B). Bifidobacteriaceae expanded primarily in

breastfed infants without antibiotic exposure (Figure S1). This

expansion was observed to involve multiple species of Bifido-

bacteriaceae, but most frequently B. longum, Bifidobacterium

breve, and Bifidobacterium bifidum (Figure 2C). The expansion

of bifidobacteria after birth is commonly seen duringmicrobiome

colonization according to previous reports (Arrieta et al., 2015,

2018; Vatanen et al., 2016); however, the bifidobacterial expan-

sion is also highly variable across infants with the potential to

alter the trajectory of immune system development. Therefore,

we decided to study this interaction and the potential conse-

quences in more detail.
Cell 184, 1–15, July 22, 2021 3



Figure 2. Bifidobacteriaceae expand after birth

(A) Bray-Curtis distance Principal Coordinates Analysis (PCoA) of n = 347 fecal samples collected longitudinally from n = 157 infants.

(B) Mean relative abundance (RA) of gut microbes at the family level across 24 weeks (6months). Taxa withmean RA <2%are labeled as ‘‘other families.’’ Isolated

relationship of Bifidobacteriaceae abundance with breastfeeding and antibiotic exposure found in Figure S1.

(C) Species-level abundances within the Bifidobacteriaceae family. Only species detected in at least one sample shown are included.
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Immune system states associated with expanded gut
bifidobacteria early in life
Given the variable expansion of Bifidobacteriaceae among

newborn children, we compared immune system states between

infants with abundant Bifidobacteriaceae and those failing to

expand such bacteria. Lacking Bifidobacteriaceae was associ-

ated with expanded populations of neutrophils, basophils, plas-

mablasts, and memory CD8+ T cells, indicating both innate and

adaptive immune activation (Figure 3A). Mucosal associated

invariant T cells (MAIT) are important T cells in the intestinal

response to bacterial vitamin B metabolites (Ioannidis et al.,

2020) and these were also more abundant in blood from children

with a low abundance of Bifidobacteriaceae (Figure 3A).

Conversely, children with abundant gut Bifidobacteriaceae had

higher frequency of non-classical monocytes, often considered

as anti-inflammatory (Narasimhan et al., 2019), as well as anti-

gen-experienced regulatory T cells expressing the CD39 recep-

tor, a highly suppressive Treg subset (Gu et al., 2017) (Figure 3A).

Also, plasma proteins differed between these groups and chil-

dren lacking Bifidobacteriaceae had elevated levels of tumor ne-

crosis factor a (TNFa) and IL-17A, critical mediators of intestinal

inflammation, and also the Th2 cytokines IL-13 and IL-1a,

serving as an alarmin released by necrotic cells and synergizing
4 Cell 184, 1–15, July 22, 2021
with TNFa in a variety of inflammatory responses (Apte and Vor-

onov, 2008) (Figure 3B). Children with abundant Bifidobacteria-

ceae had elevated levels of Treg-associated cytokines IL-27

and IL-10 as well as the endogenous IL-1 inhibitor IL1RA, pre-

sumably regulating innate IL-1b-mediated responses (Figure 3B).

More surprising was the elevated IL-6 in children with abundant

Bifidobacteriaceae (Figure 3B).

To better understand the regulatory cell-cell relationships in

the newborn immune system, we calculated Spearman correla-

tion matrices and compared infants with high and low abun-

dance of Bifidobacteriaceae (Figure 3C). Such cell-cell correla-

tions indicate co-regulated cell populations and allow for

context-dependent perturbations to such relationships to be un-

covered (Rodriguez et al., 2020). We found strong positive corre-

lations among naive CD4+ T, naive CD8+ T, and naive regulatory

T cells (cluster 1), likely reflecting overall thymic output, and

these relationships were comparable among children irrespec-

tive of gut Bifidobacteriaceae abundance (Figure 3C). Other

modules of co-regulated cell populations were strikingly different

between these groups of children. In particular, memory Tregs

were inversely correlated with activated CD8+ T cells and pro-in-

flammatory monocytes (cluster 2) in children with abundant Bifi-

dobacteriaceae, but this relationship was disrupted in infants
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Figure 3. Immune system state in infants with low versus high bifidobacteria

(A) Fold-change immune cell frequencies between 56 and 152 days after birth in infants with high versus low gut Bifidobacteriaceae.

(B) Fold-change plasma protein levels at 3 months of life in infants with high versus low fecal bifidobacteria.

(C) Spearman correlation matrices of immune cell frequencies in the third month of life in children with high versus low fecal bifidobacteria. Black boxes highlight

modules of particularly co-regulated immune cell populations. Cluster 1 denotes a thymic output cluster of co-regulated naive T cell subsets, and cluster 2

indicates a regulatory cluster involving memory Tregs, activated T cells, and pro-inflammatory monocytes that differs between children with abundant versus

depleted gut bifidobacteria.
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lacking such microbes (Figure 3C). We conclude that in infants

not colonized by Bifidobacteriaceae or in cases where these mi-

crobes fail to expand during the first months of life there is evi-

dence of systemic and intestinal inflammation, increased fre-

quencies of activated immune cells, and reduced levels of

regulatory cells indicative of systemic immune dysregulation.

HMO metabolism influences immune system
development
Various organic molecules produced by bacteria, including

organic acids, phenylalanine, and tryptophan derivatives, have

been shown to broadly influence host health (Ehrlich et al.,

2020; Fukuda et al., 2011; Laursen et al., 2020). Specifically, Bi-

fidobacterium-derived metabolites have been shown to modu-

late pathogen-induced inflammation via the aryl hydrocarbon re-

ceptor (AhR) and NRF-2 pathway (Ehrlich et al., 2020; Meng

et al., 2020). To test whether the presence of HMO-utilization

genes could explain the immune perturbations in children lack-

ing gut Bifidobacteriaceae, we used the Kyoto Encyclopedia of

Genes andGenomes (KEGG) Orthology (KO) database and iden-

tified 57 representative key functions necessary to metabolize

HMOs (Nguyen et al., 2021; Sela et al., 2008). Next, we assessed

the presence of these HMO-utilization genes in fecal metage-

nomes collected from the infants in our study (Figure 4A). We

found that the H5 cluster of HMO-utilization genes was most

commonly detected, but the abundances (counts per million;

CPM) of HMO-utilization genes were generally low. We then

compared relative amounts of the 57 HMO-utilization genes to

the 355 plasma proteins measured in blood. Here, we observed

significant correlations (Spearman) between a number of plasma

proteins, for example, IL-6, TNFa, IL-17A, and IL-13 levels, which

were all negatively associated with the presence of HMO-utiliza-

tion genes, in particular genes within the H5 cluster (Figure 4B;

IL-13, p = 7.79e�8; IL-6, p = 1.56e�6; TNF, p = 8.85e�17).

Conversely, infants effectively metabolizing HMOs had elevated

levels of IL-27 (Figure 4B; p = 1.36e�17), a cytokine known to limit

Th2- and Th17-type responses in favor of Th1 and regulatory

T cell function (Yoshida and Hunter, 2015).

B. infantis EVC001 feeding silences intestinal
inflammation early in life
Our data above indicate that HMO-utilization genes expressed

by bifidobacteria and other beneficial microbes in breastfed in-

fants correlate with decreased systemic inflammation and a

reduction in Th2- and Th17-type responses. Importantly, no iso-

lates from any of the infants in the Swedish cohort expressed all

HMO-utilization genes. To assess the beneficial effects of HMO-

utilization-gene-expressing microbes, we used an optimized

strain of Bifidobacterium possessing all HMO-utilization genes.

In a second cohort of 60 exclusively breastfed infants in Califor-

nia, we fed approximately half (n = 29) of the newborn children

1.8 3 1010 colony-forming units (CFUs) of B. longum subsp.

infantis EVC001 daily from day 7 to day 28 postnatal and almost

half (n = 31) were given no supplementation (Figure 5A). Fecal

samples were collected at baseline (day 6) and on day 60 (Fig-

ure 5A). As expected, all HMO-utilization genes were abundant

in themetagenomes of EVC001-fed but not control children (Fig-

ure 5B). Analyses of the microbiome composition showed no
6 Cell 184, 1–15, July 22, 2021
significant difference at baseline between these groups; how-

ever, by day 60 there was a significant decrease in alpha diver-

sity (p = 0.0001; Wilcoxon) in B. infantis EVC001-fed infants as

compared to controls (Figure S2A).

We then measured fecal cytokine levels in 40 randomly

selected newborn children and found no significant differences

at baseline but, at day 60, infants fed B. infantis EVC001 had

reduced levels of IL-13, IL-17A, and regulatory and chemotactic

cytokines IL-21, IL-31, IL-33, and MIP3a (Figure 5C; Table S2;

p = 0.015, 0.0029, 0.00066, 0.007, 0.00011, and 0.0078, respec-

tively). Conversely, there was a significant increase in fecal IFNb

in infants fed B. infantis EVC001 (Figure 5C; p = 0.016) and this

IFNb concentration correlated with the abundance of Bifidobac-

teriaceae (Figure S2B). We performed pairwise correlation tests

between individual stool taxa (n = 40, day 60) and fecal cytokine

concentrations (Spearman, Benjamini-Hochberg false discovery

rate [FDR], a = 0.05) and identified three taxa, Clostridiaceae,

Enterobacteriaceae, and Staphylococcaceae, significantly

associated with pro-inflammatory cytokine production. Specif-

ically, Clostridiaceae correlated with IL-17A, IL-21, and IL-33

(Figure 5D; p = 0.018, 0.016, and 0.028, respectively) and

decreased IFNb levels (Figure 5D; p = 0.028), Enterobacteri-

aceae correlated with elevated IL-13, IL-17A, IL-21, and IL-33

production (Figure 5D; p = 0.002, 0.017, 0.036, and 0.005,

respectively) and decreased IFNb levels (Figure 5D; p = 0.049),

whereas Staphylococcaceae correlated with higher levels of

IL-21 (Figure 5D; p = 0.028) and Streptococcaceae correlated

with higher levels of IL-23 (Figure 5D; p = 0.044). In contrast,

only Bifidobacteriaceae was associated with elevated IFNb (Fig-

ure 5D; p = 0.001) and negatively correlated with levels of IL-13,

IL-17A, IL-21, and IL-33 (Figure 5D; p = 0.041, 0.017, 0.027, and

0.001, respectively). We conclude that beneficial microbes ex-

pressing all HMO-utilization genes in breastfed infants silence in-

testinal Th2 and Th17 responses. We also describe a previously

unrecognized induction of IFNb by beneficial microbes, although

the direct effect on T cells remains elusive. Thus, it is not the sim-

ple presence of bifidobacteria that is responsible for the immune

effects but the metabolic partnership between the bacteria

and HMOs.

B. infantis EVC001 fecal water skews T cell polarization
To better understand the direct effects of bifidobacterial metab-

olites and enteric cytokines on T cells, we flow sorted naive CD4+

T cells from a healthy adult donor and polarized these cells using

standard cytokine combinations (Cano-Gamez et al., 2020). We

also added fecal waters (1:100 dilution) collected from either

B. infantis EVC001-supplemented or control children lacking

B. infantis (Figure 6A). To evaluate the cellular states of polarized

T cells, we applied a targeted multiomics approach quantifying

259mRNAmolecules with known functions in T cells and 10 sur-

face proteins detected by oligo-coupled antibodies (AbSeq,

Rhapsody; BD Biosciences) (Mair et al., 2020). The UMAP em-

beddings of cells were largely similar across Th0, Th1, and Th2

conditions but slightly different for Th17 and induced regulatory

T cells (iTreg) states (Figure 6B). Using a graphical abstraction

and clustering method, PAGA (Wolf et al., 2019), we compared

the T cell states by polarizing condition and, importantly, uncov-

ered differences between T cells polarized in the presence of
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Figure 4. HMO-utilization genes are associ-

ated with reduced markers of inflammation

(A) Heatmap showing abundance of the indicated

HMO-utilization genes (columns) in the gut meta-

genome of fecal samples at the collected time in-

terval after birth (horizontal groups).

(B) Spearman correlation coefficients between the

indicated plasma cytokine levels (NPX) and abun-

dance of HMO-utilization genes (CPM). IL-13, p =

7.79e�8; IL-6, p = 1.56e�6; TNF, p = 8.85e�17.
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Figure 5. B. infantis EVC001 expresses all HMO-utilization genes and reduces intestinal inflammation in breastfed infants

(A) IMPRINT study design and randomization.

(B) Abundance (CPM) of HMO-utilization genes in the metagenome of EVC001-supplemented and control infants. Microbiome alpha diversity of control and

B.infantis EVC001-fed infants at day 60 postnatal found in Figure S2A.

(legend continued on next page)
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B. infantis EVC001 or control fecal water (Figure 6C). Induced

Th1-, Th2-, and iTreg-polarized states were comparable be-

tween B. infantis EVC001 and control fecal water cultures (Fig-

ure 6C). Th0 cells, on the other hand, cultured without any polar-

izing cytokines in the presence of fecal waters from control

infants lacking B. infantis assumed a Th2-like state, whereas

fecal water from infants fed B. infantis EVC001 induced a Th1-

like state in these Th0 cells (Figure 6C). Differentially expressed

genes involved Th1-associated GZMA, GZMB, TNF, and

STAT1 in cells exposed to B. infantis EVC001 fecal water,

whereas IL23R was highly overexpressed in cells exposed to

control fecal water (Figure 6D). We supplemented Th0 cultures

with IFNb only, but this did not replicate the effect on Th1/Th2

skewing (Figure S3A).

Apart from this skewing toward Th1, we also noted a difference

inTh17-polarized states inB. infantisEVC001 fecalwater cultures

(Figure 6C). Specifically, naive T cells polarized toward Th17 in

the presence of fecal waters from control infants had elevated

markers of activation and proliferation. Markers such as Ki67

when compared to cells polarized toward Th17 in the presence

ofB. infantisEVC001 fecalwaterwere reduced in contrast to con-

trols (Figure S3B). Collectively, these findings suggest that

B. infantis EVC001 metabolites or enteric cytokines induced by

the presence of B. infantis EVC001 exert a polarizing effect on

naive CD4+ T cells that favors Th1 polarization, corroborating a

mechanism of a silencing effect on fecal IL-13 and IL-17 in vivo.

B. infantis EVC001 metabolite ILA induces galectin-1 on
Th2 and Th17 cells
Next, we assessed fecal metabolites in samples collected from

infants fed B. infantis EVC001 and control infants, respectively.

A total of 564 biochemicals were significantly different between

these fecal samples. Metabolites within the tryptophan meta-

bolism pathway were particularly enriched. The most overrepre-

sented tryptophan metabolite in EVC001-fed infant feces

compared to controls was ILA (Figure 6E; p = 5.89 3 10�8;

FDR) (Ehrlich et al., 2020; Meng et al., 2020). Importantly, bifido-

bacteria-derived ILA has recently been shown to bind both the

AhR and hydrocarboxylic acid receptor 3 (HCAR3) and modu-

lates monocyte responses to lipopolysaccharide (LPS) (Laursen

et al., 2020). CD4+ T cells do not express HCAR3 but do express

the AhR (Uhlen et al., 2019), and we tested the impact of ILA on

T cell polarization in vitro using the same polarizing cytokine con-

ditions as above but replacing fecal water with ILA alone (1 mM).

We found a number of mRNA transcripts induced, and these

differed between Th1- and Th0-, Th2-, and Th17-polarizing con-

ditions. In the presence of ILA, Th0, Th2, and Th17 cells upregu-

lated the chemokine receptor CXCR3 often associated with Th1

cells and granzyme B (Figure 6F). Moreover, these cells all

strongly upregulated the negative regulator of T cell activation,

LGALS1 (galectin-1) (Th0, p = 2.19e�42; Th2, p = 2.47e�269;

Th17, p = 7.62e�41), suggesting an additional pathway for regu-
(C) Fecal cytokines at baseline (day 6) and post treatment with B. infantis EVC00

values were log transformed and scaled from 0 to 1. Median and standard deviat

postnatal found in Table S2.

(D) Spearman correlation coefficients between fecal cytokine levels and bacterial a

relative abundance and fecal IFNb concentration postnatal found in Figure S2B.
lating pathogenic Th2 and Th17 immune responses in newborns

(Figure 6F). Also, in culture experiments using fecal water from

B. infantis EVC001-supplemented children, upregulation of ga-

lectin-1 was seen (Figure 6D), further suggesting that ILA-medi-

ated signaling explains some of the effects of B. infantis EVC001

supplementation in breastfed infants. In an animal model of

zymosan-induced peritonitis, galectin-1 has been reported to

induce IL-27 and IL-10 and act through IFNb-dependent reprog-

ramming of tissue macrophages and be essential in order to

resolve inflammation (Yaseen et al., 2020). Our findings of

HMO-metabolizing microbes and the induction of tolerogenic

responses are concurrent and associated with elevated IL-27

and IFNb and ILA-mediated upregulation of galectin-1 on CD4+

T cells.

Taken together, our results indicate that during the first weeks

of life there are transient immune responses to colonizing mi-

crobes, centered on mucosal surfaces. The colonization of the

gut microbiome plays an integral role in immune responses,

which is likely itself influenced by this process as well as other

important determinants of health such as antibiotic use and

breastfeeding. Specific bacteria, particularly those expressing

HMO-utilization genes, have nutritional advantages in breastfed

infants and influence immune-microbe interactions by damp-

ening inflammatory responses, in particular Th2- and Th17-

type responses in favor of Th1 and regulatory T cells. Keymetab-

olites such as ILA exert direct regulatory effects on Th2 and Th17

cells such as induction of regulatory galectin-1, known to limit

T cell activation, and collectively these layered effects of benefi-

cial microbes and their metabolites on the developing immune

system early in life have potential long-term consequences for

the risk of developing immune-mediated diseases.

DISCUSSION

It is increasingly clear that early-life immune-microbe interactions

influence the risk of immune-mediated diseases later in life; how-

ever, theexactmechanisms remainelusive.Results hereinextend

our previous understanding of an immunological sequence of

events, triggered by microbial colonization, that results either in

abalanced immune-microbe relationshipor varyingdegreesof in-

testinal and systemic inflammation and perturbed immune cell

regulation. Most notably, we show that within the T cell compart-

ment, low abundance of bifidobacterial species and/or lack of

HMO-utilization capacity is associated with intestinal inflamma-

tion, driven by aberrant Th2 and Th17 responses. Fecal waters

from infants colonized with B. infantis EVC001, a strain of Bifido-

bacterium that harbors the full genetic capacity to break down all

glycosidic bonds of HMOs (Duar et al., 2020a, 2020b), polarized

naive T cells towardTh1 in vitro, whereas fecalwaters from infants

not colonized with B. infantis EVC001 polarized Th2- and Th17-

phenotype cells. Early in life, newly generated naive T cells popu-

latemucosal tissues and differentiate intomemory T cells (Thome
1 or no supplementation. Cytokines are measured as pg/mg of feces; median

ion of individual cytokines in each feeding group at day 6 (baseline) and day 60

bundance. *p = 0.05, **p = 0.01, ***p = 0.001. Correlation of Bifidobacteriaceae
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Figure 6. CD4+ T cell polarization under the influence of microbial metabolites

(A) CD4+ T cell polarization in vitro in the presence of fecal water from infants supplemented with B. infantis EVC001 or control (no supplement).

(B) UMAP plots of polarized T cells analyzed by targeted single cellmRNA-sequencing (sc-mRNA-seq).

(C) PAGA plots of T cells polarized in the presence of fecal water from infants given B. infantis EVC001 supplementation or control. Coloring by cell density is from

gray (low) to red (high). IFNb culture condition and top DEGs among Th17 cell states found in Figure S3.

(D) Volcano plot showing differentially expressed mRNA in Th0 cells cultured with fecal water from infants given B. infantis EVC001 supplementation or control.

(E) Fecal tryptophan metabolites measured on day 21 from EVC001-treated and control children; p values indicate mean comparison EVC001 versus control

samples.

(F) T cells polarized as in (B) but, instead of fecal water, supplemented by ILA (1 mM) or no supplement and mRNA expression in individual cells quantified by

targeted sc-mRNA-seq. Mean expression from 878/362 cells (Th0), 395/697 cells (Th1), 1,073/1,922 cells (Th2), and 861/403 cells (Th17).
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et al., 2016), suggesting a window of opportunity for the micro-

biota to influence mucosal immunity.

A prevailing theory derived from mouse data postulates that

timed reactivity to the colonizing microbes establishes a healthy

immune-microbe interface in the gut through the induction of

tolerance (Knoop et al., 2017). The transient immune cell activa-

tion events described here are reminiscent of this transient

‘‘weaning reaction’’ to colonizing microbes in mice (Al Nabhani

et al., 2019), but the timing is clearly different in human newborns

and the reaction is uncoupled from weaning. Most infants in

our cohort breastfed beyond the 3-month window during

which the most dramatic immune cell responses seem to occur.

Furthermore, the types of reactions seen in human newborns

are qualitatively distinct and involve different cell populations as

compared to thechangesseen inmice,notonlydue todifferences

betweenbloodanalyses inhumansand intestinal analyses inmice

(P.B. et al., unpublished results).

Tolerance induction to the microbiota is key to prevent tissue

damage and inflammation and here we make observations that

indicate how such tolerance could be induced in human infants.

We find that Bifidobacteriaceae able to metabolize HMOs

are associated with reduced pro-inflammatory markers and

conversely elevated proteins such as IL-10 and IL-27 are associ-

ated with regulatory T cells. Also, memory Treg frequency was

inversely correlated with pro-inflammatory monocyte abun-

dance and activated T cell population abundances in children

with abundant bifidobacteria, a regulatory relationship that is

lost in children lacking such beneficial microbes. Infants colo-

nized with Bifidobacteriaceae are known to produce high levels

of short-chain fatty acids (SCFAs) (Frese et al., 2017), and these

are important inducers of regulatory T cells in the gut (Smith

et al., 2013). Moreover, we uncover an additional possible

inducer of tolerance, namely intestinal IFNb, which was pro-

duced at a significantly higher concentration in infants fed

B. infantis EVC001 compared to infants that were not colonized

with B. infantis. This finding is consistent with a recent report

showing that specific Bifidobacteriaceae maintain host health

during viral infection by inducing IFNb production in colonic

DCs in mice (Stefan et al., 2020). Also, other studies have

described a role for microbiota-induced IFNb in determining im-

mune responses to viral challenges (Abt et al., 2012; Schaupp

et al., 2020). IFNb therapy in patients with multiple sclerosis

induces IL-10 production by regulatory T cells (Byrnes et al.,

2002) and in mice IFNb induces regulatory T cells (Dikopoulos

et al., 2005), all suggesting that intestinal IFNb production

induced, directly or indirectly by colonizing beneficial microbes

is another mechanism of ensuring intestinal tolerance.

Although the B. infantis EVC001 strain is not detectable in

both cohorts studied, the focus on HMO-utilization genes al-

lows for direct comparisons across these children. Impor-

tantly, the similarities in immune system states in relation to

HMO-utilization gene abundance serve as independent confir-

mation of our findings. It is also intriguing, because this sug-

gests that the imprinting effect on developing infant immune

systems is not reliant on specific strains of microbes but

core functional properties of the metagenome, such as the

ability to metabolize HMOs and produce key downstream me-

tabolites such as ILA.
Organic acids, acetate, and propionate have previously been

implicated in mitigating lung inflammation in animal models

(Trompette et al., 2014) and food allergy in human infants (Sandin

et al., 2009). ILA, produced in breastfed infants colonized with

B. infantis, has been shown to decrease enteric inflammation

through activation of AhR and Nrf-2 although the immune system

changeswere not resolved (Ehrlich et al., 2018;Meng et al., 2020).

Further supporting the role of bifidobacteria-derived ILA is a

recent report showing induced IL-22 production in CD4+ T cells

andmodulation of monocyte TNFa responses upon LPS stimula-

tion through the AhR and HCAR3 (Laursen et al., 2020). Our data

are in line with this study but add more immunological details,

such as the ILA-mediated direct effects on Th2 and Th17 cells

and the upregulation of a negative regulator, galectin-1. This

finding is also interesting in relation to data in patients with celiac

disease, where substantial upregulation of galectin-1 has been

shown to induce tolerogenic intestinal responses (Sundblad

et al., 2018).We believe that thismechanismof ensuring intestinal

tolerance early in life, here shown to be induced by a specific bac-

terialmetabolite, shouldbe investigated furtherand its therapeutic

potential be tested in subsequent clinical trials.

Importantly, bifidobacterial species differ in their ability to uti-

lize HMOs (Sela, 2011). Specifically, all proteins needed to trans-

port HMOs and enzymes required to break down glycosidic

bonds in HMOs are conserved only among some members of

the B. longum subsp. infantis lineage (LoCascio et al., 2007,

2010; Sela et al., 2008), in which B. infantis HMO-utilization loci

have been identified (Albert et al., 2019), although disparities in

HMO catabolism between different B. infantis strains have only

recently been identified, which impact their ecological fitness

in the infant gut (Duar et al., 2020a). Our data elucidate a link be-

tween the overall ability of themicrobiome to access andmetab-

olize HMOs and decreased levels of mucosal and systemic

inflammation. Indeed, the correlation of HMO-utilization genes,

specifically H5 gene abundance and the decrease in Th2-related

cytokines with increased IL-27, is important given recent findings

by Duar et al. that H5 is a key ecological determinant of fitness for

Bifidobacterium species in the infant gut (Duar et al., 2020a) and

this fitness advantage is likely both metabolic and dependent on

the induction of immunological tolerance.

Collectively, these data provide additional details to the role of

beneficial microbes during early-life immune system imprinting

and propose possible explanations to previously reported correl-

ative data showing that infants colonized early in life with Bifido-

bacterium species are less likely to develop immune-mediated

diseases (Arrieta et al., 2015, 2018; Vatanen et al., 2016).

Furthermore, these results highlight the importance of early mi-

crobiome colonization during a key window of immunological

development where opportunities exist for supplementing the in-

fant gut microbiome with potential benefits to the young child

both early in life and long term.

Limitations of the study
Given the dramatic differences between infants supplemented

with B. infantis EVC001 and control children, it will be important

to perform longitudinal systems-level analyses of immune system

development ofwhich enrollment in such a study is ongoing. Also,

onemajor limitation in studying newborn children is the inability to
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access the intestinal tissue, where immune-microbe interactions

occur. The fact that systemic perturbations are still visible is a tes-

tament to the wide-ranging effects of immune-microbe interac-

tions at mucosal surfaces on host physiology. The fact that

mucosal-specific immune cells are circulating in the blood is

known in celiac disease (Han et al., 2013) and inflammatory bowel

disease (IBD) (Gorfu et al., 2009) patients. It is also important to

note that this current study does not directly assess health out-

comes andbenefits of expandedB. infantisor otherHMO-metab-

olizing bacteria but this is inferred from a wealth of previous

associations between microbiome development and immune-

mediated diseases (Arrieta et al., 2015; Vatanen et al., 2016),

and amore recent study pointing specifically atB. subsp. infantis

associated with a reduced risk of atopy (Seppo et al., 2021).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Mass cytometry—broad extended panel

Anti-human CD3e (UCHT1), Sm-154 Fluidigm Cat# 317302; RRID: AB_571927

Anti-human CD4 (RPA-T4), Purified Biolegend Cat# 300502; RRID: AB_314070

Anti-human CD5 (UCHT2), Purified Biolegend Cat# 300602; RRID: AB_314088

Anti-human CD7 (CD7-6B7), Purified Biolegend Cat# 343102; RRID: AB_1659214

Anti-human CD8 (SK1), Purified Biolegend Cat# 344702; RRID: AB_1877104

Anti-human CD9 (SN4 C3-3A2), Purified eBiosciences Cat# 14-0098-82; RRID: AB_657777

Anti-human CD11B (Mac-1) – 209Bi Fluidigm Cat# 3209003B; RRID:AB_2687654

Anti-human CD11c (Bu15), Purified Biolegend Cat# 337202; RRID: AB_1236381

Anti-human CD14 (M5E2), Purified Biolegend Cat# 301802; RRID: AB_314184

Anti-human CD15 (W6D3), Purified Biolegend Cat# 323002; RRID: AB_756008

Anti-human CD16 (3G8), Bi-209 Fluidigm Cat# 3209002B, RRID: AB_2756431

Anti-human CD19 (HIB19), Nd-142 Fluidigm Cat# 3142001B; RRID:AB_2651155

Anti-human CD20 (2H7), Purified Biolegend Cat# 302302; RRID: AB_314250

Anti-human CD22 (HIB22), Purified Biolegend Cat# 302502; RRID: AB_314264

Anti-human CD24 (ML5), Purified Biolegend Cat# 311102; RRID: AB_314851

Anti-human CD25 (2A3), Sm-149 Fluidigm Cat# 3149010B, RRID: AB_2756416

Anti-human CD26 (BA5b), Purified Biolegend Cat# 302702; RRID: AB_314286

Anti-human CD27 (L128), Er-167 Fluidigm Cat# 3167006B; RRID: AB_2811093

Anti-human CD29 (TS2/16), Purified Biolegend Cat# 303002; RRID: AB_314318

Anti-human CD31 (WM59) – Purified BioLegend Cat# 303102; RRID:AB_314328

Anti-human CD33 (WM53), Purified Biolegend Cat# 303402; RRID: AB_314346

Anti-human CD34 (581), Purified Biolegend Cat# 343502; RRID: AB_1731898

Anti-human CD38 (HIT2), Purified Biolegend Cat# 303502; RRID: AB_314354

Anti-human CD39 (A1), Purified Biolegend Cat# 328202; RRID: AB_940438

Anti-human CD44 (BJ18) – Purified BioLegend Cat# 338802; RRID:AB_1501199

Anti-human CD45 (HI30), Y-89 Fluidigm Cat# 3089003B; RRID: AB_2661851

Anti-human CD45RA (HI100), Tm-169 Fluidigm Cat# 3169008B; RRID: N/A

Anti-human CD49d (9F10), Pr-141 Fluidigm Cat# 3141004B; RRID: N/A

Anti-human CD56 (NCAM16.2), Purified BD Cat# 559043; RRID: AB_397180

Anti-human CD57 (HCD57), Purified Biolegend Cat# 322302; RRID: AB_535988

Anti-human CD64 (10.1), Purified Biolegend Cat# 305002, RRID: AB_314486

Anti-human CD99 (HCD99), Purified Biolegend Cat# 318002; RRID: AB_604112

Anti-human CD123 (6H6), Purified Biolegend Cat# 306002; RRID: AB_314576

Anti-human CD127 (A019D5), Ho-165 Fluidigm Cat# 3165008B; RRID: AB_2868401

Anti-human CD161 (HP-3G10), Purified Biolegend Cat# 339902; RRID: AB_2661837

Anti-human HLA-ABC (W6/32), Purified Biolegend Cat# 311402; RRID: AB_1076699

Anti-human HLA-DR (L243), Purified Biolegend Cat# 307602; RRID: AB_314680

Anti-human IgD (IA6-2), Purified Biolegend Cat# 348202; RRID: AB_10550095

Anti-human Siglec-8 (837535), Purified R&D Systems Cat# MAB7975; RRID: N/A

Anti-human TCRgd (5A6.E9), Purified Fischer Scientific Cat# TCR1061; RRID: AB_223500

Biological samples

Whole blood samples from newborns and parents Karolinska University Hospital N/A

Fecal samples from newborn children Karolinska University Hospital N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Bovine Serum Albumin Sigma-Aldrich Cat# A3059; RRID: N/A

Cell-ID Intercalator-Ir Fluidigm Cat# 201192B; RRID: N/A

Cell-ID 20-Plex Pd Barcoding Kit Fluidigm Cat# 201060; RRID: N/A

DMSO Sigma-Aldrich Cat# D8418; RRID: N/A

EDTA Rockland Cat# MB-014; RRID: N/A

EQ Four Element Calibration Beads Fluidigm Cat# 201078; RRID: N/A

FBS Sigma-Aldrich Cat# 12103C; RRID: N/A

Fc Receptor (FcR) blocking buffer Cytodelics Customized

Maxpar Water Fluidigm Cat# 201069; RRID; N/A

Maxpar X8 Multimetal Labeling Kit (40 rxn) Fluidigm Cat# 201300; RRID; N/A

Metal isotopes as chloride salts (In-115, Gd-155,

Gd-157, Dy-161, Dy-163, Yb-173)

Trace Sciences

International

Customized

Paraformaldehyde VWR Cat# 16005; RRID: N/A

Penicillin-streptomycin Sigma-Aldrich Cat# P4333; RRID: N/A

Protein Stabilizer PBS Candor Bioscience Cat# 131125, RRID: N/A

PBS 1X Rockland Cat# MB-008; RRID: N/A

RPMI 1640 medium Sigma-Aldrich Cat# R848; RRID: N/A

Sodium Azide Sigma-Aldrich Cat# 71289; RRID: N/A

Whole blood (human) processing kit Cytodelics Cat# hC001-500; RRID: N/A

Critical commercial assays

Inflammation I panel Olink AB N/A

Cardiovascular (CVD) II panel Olink AB N/A

Cardiovascular (CVD) III panel Olink AB N/A

Immune Response panel Olink AB N/A

Other

BenchBot robot Agilent technologies Customized

Bravo liquid handling platform Agilent technologies Customized

CyTOF 2 mass cytometer Fluidigm N/A

EL406 Washer Dispenser BioTek Customized

pluriStrainer Mini, 40 mm pluriSelect Cat# 43-10040-70; RRID: N/A

Polypropylene tubes Sarstedt Cat# 55526; RRID: N/A

TC20 automated cell counter BioRad N/A

Vspin microplate centrifuge Agilent technologies Customized

Software and algorithms

Seven Bridges Platform - https://www.sevenbridges.com/platform/

R 4.0.2 https://www.r-project.org/

Python 3.7 https://www.python.org/

Seurat https://cran.r-project.org/web/packages/

Seurat/index.html

DESeq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

tmod 0.46.2 https://cran.r-project.org/package=tmod

kallisto Bray et al., 2016 https://github.com/pachterlab/kallisto

fgsea Subramanian et al., 2005 http://bioconductor.org/packages/

release/bioc/html/fgsea.html

Scanpy Wolf et al., 2018 https://github.com/theislab/Scanpy

PAGA Wolf et al., 2019 https://github.com/theislab/paga

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BD Rhapsody antibodies and reagents

BD AbSeq Hu CCR7(CD197) BD Cat # 940394

BD AbSeq Hu CD137 BD Cat # 940055

BD AbSeq Hu CD28 BD Cat # 940017

BD AbSeq Hu CD11a BD Cat # 940077

BD AbSeq Hu TCR galma/delta BD Cat # 940057

BD AbSeq Hu CD103 BD Cat # 940067

BD AbSeq Hu CD27 BD Cat # 940018

BD AbSeq Hu CD39 BD Cat # 940073

BD AbSeq Hu CD62L BD Cat # 940041

BD AbSeq Hu CD4 BD Cat # 940001

BD AbSeq Hu CD8 BD Cat # 940003

BD AbSeq Hu CD3 BD Cat # 940000

BD AbSeq Hu CD16 BD Cat # 940006

BD AbSeq Hu CD56 BD Cat # 940007

BD AbSeq Hu CD161 BD Cat # 940070

BD AbSeq Hu CD45RA BD Cat # 940011

BD AbSeq Hu CD38 BD Cat # 940013

BD AbSeq Hu HLA-DR BD Cat # 940010

BD single cell multiplexing kit BD Cat # 633781

BD Rhapsody cartridge reagent kit BD Cat # 633731

BD Rhapsody cDNA kit BD Cat # 633773

BD Rhapsody targeted mRNA and

AbSeq amplification kit

BD Cat # 633774

BD PharMingen Stain Buffer (FBS) BD Cat # 554656

DRAQ7 BD Cat # 564904

BD Rhapsody Human T Cell

Expression Panel

BD Cat # 633751

Critical commercial assays

Zirconium beads 0,1 mm QIAGEN 13118-400

Lysozyme ThermoFisher 89833

Proteinase K QIAGEN 19133

ThruPLEX� DNA-seq 96D Takara R400676

Agencourt AMPure XP Beckmann Coulter A63881

Qubit Assay Tubes, ThermoFisher Q32856

Qubit dsDNA HS Assay Kit ThermoFisher Q32854

QIAamp Fast DNA Stool Mini Kit QIAGEN 51604

Agilent High Sensitivity DNA Kit Agilent 5067-4626

96 microTUBE Plate Covaris 520078
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact, Petter Brodin

(petter.brodin@ki.se).

Materials availability
This study did not generate new unique reagents.
e3 Cell 184, 1–15.e1–e8, July 22, 2021

mailto:petter.brodin@ki.se


ll
OPEN ACCESS

Please cite this article in press as: Henrick et al., Bifidobacteria-mediated immune system imprinting early in life, Cell (2021), https://doi.org/
10.1016/j.cell.2021.05.030

Article
Data and code availability
Raw and processed data is available for download in our Mendeley Data repository: https://doi.org/10.17632/gc4d9h4x67.2. The

bulk mRNA sequencing data has not been deposited in a public repository due to the sensitive nature of this dataset but are available

from the corresponding author on request. Scripts for recreating figures in the paper: https://github.com/rodriluc/Bifido_newborns/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Born-immune newborn cohort study
The study was performed in accordance with the declaration of Helsinki and the study protocol was approved by the regional ethical

board in Stockholm, Sweden (DNR: 2009/2052–31/3, 2014/921-32 and 2016/512-31/1). After obtaining informed consent from par-

ents, blood samples from newborns (n = 208) were collected at the Karolinska University Hospital. We also collected fecal samples

from infants, either at the time of clinical visits and frozen directly at �80 C or collected at home frozen at �20 C and brought to the

clinic by parents. Age of the newborns were measured as days after birth and ranging from 0 to 1452 days. Clinical metadata such as

mode of delivery, sex, nutrition, growth and medications were gathered in a clinical database: https://brodinlab.com/newborns/

IMPRINT study
Details of the study design and procedures used to collect these samples has been reported elsewhere (ClinicalTrials.gov:

NCT02457338) (Frese et al., 2017; Smilowitz et al., 2017). Briefly, exclusively breastfed term infants were randomly selected to

receive 1.8 3 1010 colony-forming units (CFU) activated B. infantis EVC001 daily for 21 days (EVC001) starting at day 7 postnatal

or to receive breast milk alone (control) and followed up to postnatal day 60 (Frese et al., 2017). All mothers received lactation support

throughout the study. The demographic information (e.g., age, sex, and gestational age) was collected from each participant. All as-

pects of the study were approved by the University of California Davis Institutional Review Board (IRB Number: ID 631099) and all

participants provided written informed consent. Here fecal samples from individual subjects were chosen at random and made

up a subset of the original study participants. Fecal samples from randomly selected infants who were fed EVC001 (n = 20) and con-

trol infants (n = 20) on days 6 (Baseline) 40 and 60 postnatal were collected and analyzed for fecal enteric cytokine concentrations

(described below). Day 21 fecal samples were used for non-targeted fecal metabolomics analysis (described below). Day 21 meta-

genomics, which have been reported elsewhere (Casaburi and Frese, 2018) were used for correlative analyses. 16S amplicon date

previously described (Frese et al., 2017) was used for diversity and correlative analyses. All sequencing libraries generated in this

study have been deposited with the NCBI SRA (PRJNA390646) and are publicly available.

METHOD DETAILS

Blood immune cell profiling by mass cytometry
Blood samples drawn from newborns and parents were mixed with a stabilizer (Brodin et al., 2019) (one of the components of Whole

blood processing kit; Cytodelics AB, Sweden) either immediately or within 1-3 hours post blood draw and cryopreserved as per the

manufacturer’s recommendations. Samples were thawed, and cells were fixed/RBCs lysed using WASH # 1 and WASH # 2 buffers

(Whole blood processing kit; Cytodelics AB, Sweden) as per the manufacturer’s recommendations. This was performed a few days

prior to barcoding and staining of cells. Post fix/lysis of cells, �1-2x106 cells/sample were plated onto a 96 well round bottom plate

using standard cryoprotective solution (10%DMSOand 90%FBS) and cryopreserved at�80�C. At the time of experimentation, cells

were thawed at 37�C using RPMI medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and ben-

zonase (Sigma-Aldrich, Sweden). Briefly, cells were barcoded using automated liquid handling robotic system (Agilent technologies)

(Mikes et al., 2019) using the Cell-ID 20-plex Barcoding kit (Fluidigm Inc.) as per themanufacturer’s recommendations. Samples were

pooled batch wise by keeping together the longitudinal samples from each newborn baby or parent in the same batch. Cells were

then washed, FcR blocked for 12min at room temperature, following which cells were incubated for another 30min at 4�C after addi-

tion of a cocktail of metal conjugated antibodies targeting the surface antigens. Cells were washed twice with CyFACS buffer (PBS

with 0.1%BSA, 0.05% sodium azide and 2mMEDTA) and fixed overnight using 2% formaldehyde made in PBS (VWR, Sweden). The

broad extended panel of antibodies used are listed in Table S1. For acquisition by CyTOF, cells were stained with DNA intercalator

(0.125 mM Iridium-191/193 or MaxPar� Intercalator-Ir, Fluidigm) in 2% formaldehyde made in PBS for 20 min at room temperature.

Cells were washed twice with CyFACS buffer, once with PBS and twice with milliQ water. Cells were mixed with 0.1X Norm Beads

(EQTM Four Element Calibration Beads, Fluidigm) filtered through a 35mmnylonmesh and diluted to 1000,000 cells/ml. Samples were

acquired using super samplers connected to our CyTOF2mass cytometers (Fluidigm Inc.) usingCyTOF software version 6.0.626with

noise reduction, a lower convolution threshold of 200, event length limits of 10-150 pushes, a sigma value of 3, and flow rate of

0.045 ml/min.

Antibodies and reagents for mass cytometry
The panel of monoclonal antibodies used for this study are indicated in the Key resources table. Monoclonal antibodies were either

purchased pre-conjugated from Fluidigm or obtained in carrier/protein-free buffer as purified antibodies that were then coupled to

lanthanide metals using the MaxPar X8 polymer conjugation kit (Fluidigm Inc.) as per the manufacturer’s recommendations.
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Following the protein concentration determination by measurement of absorbance at 280nm on a nanodrop, the metal-labeled an-

tibodies were diluted in Candor PBS Antibody Stabilization solution (Candor Bioscience, Germany) for long-term storage at 4�C.

Born-immune plasma protein profiling
Plasma protein data was generated using Olink assays, a proximity extension assay (Olink AB, Uppsala) (Lundberg et al., 2011) For

analysis, 20mL of plasma from each sample was thawed and sent for analysis, either at the plasma protein profiling platform, Science

for Life Laboratory, Stockholm or Olink AB in Uppsala. In these assays, plasma proteins are dually recognized by pairs of antibodies

coupled to a cDNA-strand that ligates when brought into proximity by its target, extended by a polymerase and detected using a

Biomark HD 96.96 dynamic PCR array (Fluidigm Inc.). Four Olink panels (CVD 2, CVD 3, Inflammation and Immune response)

have been used as indicated in Key resources table, capturing a total of 355 unique proteins in each plasma sample.

Born-immune fecal metagenomics
DNA was extracted as in IHMS DNA extraction protocol #8 (Costea et al., 2017). According to protocol recommendations 0.2g of

faeces were used. Briefly, samples were treated with lysozyme solution and subjected to bead beating using zirconium beads. After

centrifugation, DNA is extracted from supernatants with QIAamp Fast DNAStool Mini Kit (QIAGEN, Cat No. 51604). After DNA extrac-

tion, collected DNA was quantified with Qubit (ThermoFisher, Cat No. Q32851) and 10ng were subjected to mechanical fragmenta-

tion with the Covaris Focused-ultrasonicator to ensure that fragment sizes were compatible with Illumina sequencing (�300bp

average). Sequencing adapters and sample barcodes were incorporated to the DNA fragments using ThruPLEX DNA-seq kit

(Rubicon Genomics, Cat No. R400406). ThruPLEX DNA-seq products were purified and size selected by AMPure beads (Beckman

Coulter, Cat No. B23318), and DNA concentration and size distribution were inspected with the Qubit dsDNA HS Assay Kit (Thermo-

Fisher, Cat No. Q32851) and the Agilent 2100Bioanalyzer High Sensitivity kit (Agilent Technologies, Cat No. 5067-4626), respectively.

Purified ThruPLEX DNA-seq products were then equimolarly pooled in 4 lanes and subjected to NovaSeq 6000 S4 Illumina

Sequencing at the Science for Life Laboratory, Stockholm, Sweden.

T cell polarization experiments
PBMCderived CD3+CD4+CD45RA+ naive T cells (CD8/14/19/56 negative) into an enriched culturemedium including RPMI 1640 + 10

% FBS + NEAA + 1% Pen-strep + 55 mM b-mercaptoethanol. Cells are added at a concentration of 2 x105 cells/ml and pre-washed

and resuspended 2.5ml T-Activator Dynabeads are added to obtain a bead:cell ratio of 1:2. Onemilliliter of bead/cell suspension was

added to 24-well plate and the following polarizing supplements Th0: No cytokines, Th1: IL-12 (50 ng/ml), Anti-human IL-4 antibody

(1 mg/ml) Th2: IL-4 (10 ng/ml), Anti-human IFN-g antibody (1 mg/ml), Th17: IL-6 (50 ng/ml), IL-23 (20 ng/ml), IL-1b (10 ng/ml), TGF-b1

(5 ng/ml), Anti-hum IL-4 (1 mg/ml), Anti-human IFN-g antibody (1 mg/ml), iTreg: TGF-b1 (5 ng/ml), IL-2 (10 ng/ml) IFN-b: IFN-b (10 ng/

ml). Cells are incubated at 37�C, 5% CO2 humidified incubator for 5 days and harvested.

Targeted transcriptome and protein by BD Rhapsody single cell RNA sequencing
Polarized T cells in each condition were labeled using BD Single-Cell Multiplexing Kit and BD AbSeq Ab-Oligos reagents strictly

following the manufacturers protocol (BD Biosciences). Briefly, cells from each experiment condition were labeled with each sample

tag and pooled 18 AbSeq Ab-Oligos. Each sample was thenwashed twice, counted and resuspended in cold BDSample Buffer, then

calculated the cell number in each sample, then pooled the required number of cells from each sample to get approximately 20,000

cells in 620 mL for each cartridge (around 9 samples for each cartridge). After priming the nanowell cartridges, the pooled sample was

loaded onto BD Rhapsody cartridges and incubated at room temperature. Cell Capture Beads were prepared and then loaded onto

the cartridge. According to the manufacturers protocol, cartridges were washed, cells were lysed, and Cell Capture Beads were

retrieved and washed prior to performing reverse transcription and treatment with Exonuclease I. cDNA Libraries were prepared us-

ing mRNA Targeted, Sample Tag, and BD AbSeq Library Preparation with the BD Rhapsody Targeted mRNA and AbSeq Amplifica-

tion Kits and protocol. In brief, cDNA targeted amplification using the Human T cell Expression Panel primers via PCR. mRNA PCR

products were separated from sample tag and AbSeq products with double-sided size selection using AMPure XP magnetic beads

(Beckman Coulter). mRNA and Sample Tag products were further amplified using PCR. PCR products were then purified using AM-

Pure XP magnetic beads. Quality and quantity of PCR products were determined by using an Agilent 2100 Bioanalyzer and Qubit

Fluorometer using the Qubit dsDNA HS Kit (ThermoFisher). Targeted mRNA product was diluted to 2.5 ng/mL and sample tag and

AbSeq PCR products were diluted to 1ng/mL to prepare final libraries. Final libraries were indexed using PCR. Index PCR products

were purified using AMPure XP magnetic beads. Quality of final libraries was assessed by using Agilent Bioanalyzer and quantified

using a Qubit Fluorometer. Final libraries were diluted to 2nM for paired-end (150bp) sequencing on a NovaSeq sequencer (Illumina).

IMPRINT—absolute quantification of B. infantis by quantitative real-time PCR
As previously described in Frese et al. (2017), quantification of the total B. infantiswas performed by quantitative real-time PCR using

Blon_0915 primers Blon0915F (50- CGTATTGGCTTTGTACGCATTT �30), Blon0915R (50- ATCGTGCCGGTGAGATTTAC �30) and
BI915 PRB (50- 6-FAM–CCAGTATGG–ZEN–CTGGTAAAGTTCACTGCA–3IABkFQ). Each reaction contained 10 mL of 2 3 TaqMan

Universal Master Mix II with UNG master mix (Applied Biosystems), 0.9 mm of each primer, 0.25 mM probe and 5 mL of template

DNA. Thermal cycling was performed on a QuantStudio 3 Real-Time PCR System and consisted of an initial UNG activation step
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of 2 minute at 50�C followed by a 10-minute denaturation at 95�C succeeded by 40 cycles of 15 s at 95�C and 1 min at 60�C. Quan-

titative PCR was carried out using standard curves of known B. infantis EVC001 cultures prepared by serial dilution. All samples

including the standard curve were ran in duplicate.

IMPRINT—fecal cytokine measurements
Interleukin (IL)-4, IL-12p70, IL-13, IL-17A, IL-21, IL-23, IL-27, IL-31, IL-33, IFNb, and MIP3a were quantified from 80 mg of stool

diluted 1:10 in Meso Scale Discovery (MSD; Rockville, MD) diluent using the U-PLEX Inflammation Panel 1 (human) Kit according

to the manufacturer’s instructions. Standards and samples were measured in duplicate and blank values were subtracted from all

readings. Assays were performed at least twice.

IMPRINT—fecal water preparation
Historical fecal samples from term infants either colonized with B. infantis EVC001 or not were collected and stored in �80�C until

processing. Pooled fecal samples (minimum of 3) from infants colonized with B. infantis EVC001 or not were weighed and diluted

25%w/v in sterile PBS and vortexed for 1 min allowing stool to thaw and form a homogeneous slurry. Fecal slurries were then centri-

fuged for 30min at 4,000 RPM at 4�C. The supernatant was collected and spun again for 3 hours at 12,000 RPM at 4�C. The super-

natant was further collected and then serially filtered (40um cell strainer, 1um, 0.45um, and 0.22um). Filtered fecal waters were stored

in �80�C until use.

IMPRINT—fecal metabolomics
Fecal samples were sent to Metabolon, Inc. (Durham, NC) for non-targeted metabolite profiling. Forty fecal samples, control (n = 20)

and B. infantis EVC001-fed (n = 20) from day 21 postnatal were collected and processed for non-targeted metabolomics profiling, as

shown previously (Call et al., 2018). Briefly, samples were exposed to a combination of aqueous and organic solvents to extract small

molecules. Residual organic solvent was removed using a TurboVap (Zymark), and the fecal extracts were lyophilized and divided

equally for then equal GC/MS and UPLC-MS/MS analysis in parallel. Extracts were derivatized with bistrimethyl-silyl-triflouroaceta-

mide and analyzed using a Trace DSQ (Thermo-Finnigan) mass spectrometer Fecal extracts were analyzed under both acidic and

basic conditions using an ACQUITY (Waters) UPLC and an LTQ (Thermo-Finnigan) mass spectrometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Olink preprocessing
Plasma protein data was batch corrected and normalized on the basis of NPX values across batches with available bridge samples.

Mass cytometry preprocessing
All FCS-files unrandomized using CyTOF software (version 6.0.626) were transferred with no further preprocessing. An automated

cell classification supervised algorithm, Grid was used to first manually define reference subpopulations and then train a learning

algorithm (XGBoost) to recognize the same subsets of cells in novel data, providing a rapid and robust cell classification method

for high-dimensional Mass cytometry datasets (Chen et al., 2020). FCS files and relevant phenotypic markers were used in order

to manually gate cell populations to be used as a reference, then the reference was used to train a classifier algorithm to categorize

similar cells. The output results in a dataframe with samples as columns and cell sub-populations as rows. Outputs from all Mass

cytometry experiments were merged, and batch differences removed using limma (Ritchie et al., 2015).

Born-Immune metagenome data—quality filtering and host removal
347 and 60 demultiplexed fastq files from the Born-immune and IMPRINT cohort respectively were downstream processed using the

same pipeline and parameters. Demultiplexed samples were quality filtered using fastp v0.20.0 (Chen et al., 2018), and host contam-

ination removed using Kraken v2.0.8_beta (Wood et al., 2019) by mapping against the NCBI’s GRCh38.p13 database. Both steps

were run using default settings in StaG-mwc v.0.4.1 (https://doi.org/10.5281/zenodo.1483891).

Born-Immune metagenome data—taxonomic and functional profiling
Taxonomic profiles were established using MetaPhlAn v3.0.5 (Beghini et al., 2021) and functional HMO profiles generated with HU-

MAnN2 v.2.8.1 (Franzosa et al., 2018) bypassing all steps except ‘‘nucleotide-search’’ and ‘‘evalue 0.00001’’ with a customized

nucleotide database of HMO genes instead of the chochophlan database. RPKs from HUMAnN2 were normalized to cpms using

‘humann2_renorm_table’. Both taxonomic and functional profiling were incorporated into StaG-mwc.

Bifidobacteria abundance correlation
Immune cell and plasma protein data was reduced to include infant samples collected 56 to 152 days after birth with correlating

metagenomics data, resulting in n = 18 and n = 19 samples respectively. Fold change was calculated, and variables re-ordered in

descending value order.
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The correlation matrices were built using library corrplot with spearman method, for comparison purposes low bifidobacterial ma-

trix was reordered to the level order of high bifidobacterial matrix.

HMO correlation
Samples were binned according to days after birth while HMO utilization genes were clustered in accordance with pathway and func-

tion. The CPM counts were binned as well with increasing ranges and heatmap was built using library superheat. Correlations with

individual cytokines were based on NPX values and CPM counts. ANOVA test was performed for Spearman correlation performed

between individual cytokines and HMO utilization genes.

Targeted transcriptomics processing
FASTQ files of targeted transcriptomics data were processed on the Seven Bridges platform using the Targeted Analysis Pipe-

line v1.9 (BD Biosciences)(https://www.sevenbridges.com). R1 and R2 are filtered removing low quality sequencing reads,

checking read lengths as well as lengths of strings of identical bases. Read pair is removed if read length of R1 is less than

66 bases or R2 is less than 64 bases. R1 reads are annotated to cell label sequences and unique molecular identifiers

(UMI), perfect matches are kept while others will be held for further filtering. R2 reads are annotated to oligo sequence to genes

on targeted panel by Bowtie2. Then, all valid R1 and R2 read pairs are collapsed into unique raw molecules. For all analysis, we

used output of distribution-based error correction (DBEC) as a means to correct for both artifacts in PCR cycles and sequencing

errors. Expression matrices containing DBEC-adjusted molecule counts after sample tag assignment were used for down-

stream analysis.

Analysis of Seurat object with targeted data
The expression matrices were read into the R package Seurat v3 (Butler et al., 2018) where they were merged and split between RNA

and antibody (Ab) assays thereafter using scripts from https://github.com/MairFlo/Targeted_transcriptomics (Mair et al., 2020). After

creating Seurat object that included features that were detected in at least 3 cells and cells that were detected in at least 50 features

within the RNA assay. In the first experiment relating to bifido, out of 53,184 cells, 2,911 were called as multiples and 877 events as

undetermined. Multiples and undetermined cells were removed from the analysis. In the second experiment relating to ILA, out of

42,151 cells, 5,539 were called as multiples and 17 events as undetermined. On RNA assay, a natural log normalization was per-

formed with a scale factor of 10,000 while a centered log-ratio normalization was performed on the Ab assay. Both assays were lin-

early scaled to remove uninteresting sources of variation like batch effect. Additionally, RNA assay was scaled to regress out the total

number of molecules identified within a cell as well as the effect of GAPDH gene. The effect of the GAPDH genewas regressed out by

computing the fraction of counts from that gene. All genes or proteins were used for dimensionality reduction using UMAP and

clustering.

Partition-based graph abstraction of single-cell data
Partition-based graph abstraction (PAGA) (Wolf et al., 2019) was utilized to demonstrate the topology abstraction of single-cell RNA

data. In brief, PCA was first applied to reduce the dimension of RNA data to 20, and then a kNN-like graph was built with the approx-

imate nearest neighbor search. Afterward, the highly connected communities in the kNN-like graph were discovered with Leiden

method (Traag et al., 2019), which were further utilized by PAGA to infer a trajectory map, which demonstrates the topology relation-

ship of those highly connected communities. Finally, the trajectory mapwas used as the initial position and the scatters of single cells

were embedded with ForceAtlas2 (Jacomy et al., 2014) for visualization.

mRNA-seq data analysis
Quality control for the bulk RNA-sequencing of FACS-sorted immune cell populations was provided by the National Genomics Infra-

structure (NGI) at Science for Life Laboratory, Stockholm, Sweden. First, we quantified abundances of transcript sequences in

FASTA format by generating abundance estimates for all samples using the Kallisto software (Bray et al., 2016). Also, gene abun-

dance estimates were performed by summing the transcript expression (TPM) values for the transcripts of the same gene. Since DE-

Seq2 expects count data from the Kallisto output the tximport package was used to convert these estimates into read counts. DE-

Seq2 was performed as a basis for differential gene expression analysis based on the negative binomial distribution (Love et al.,

2014). We employed a design to demonstrate differential gene expression between circulating CD38-CD4-CD62Lneg and memory

CD4T cells over time. Low gene counts (< 100) were filtered out and variance stabilizing transformation (VST) was performed on the

count data.

Gene set enrichment analysis (GSEA)
Genesetenrichmentanalysis (GSEA)wasperformedto identify transcriptomicdifferencesoccurringover time incirculatingCD38+CD62L-

memory CD4+ T cells versus Total memory CD4+ T cells. The R package fgsea was used to find the most highly enriched hallmark path-

ways throughgmtPathways function (Subramanianetal., 2005).Pathwaysof interestweresubsequently isolatedandall geneswithineach

pathway observed using volcano plots.
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IMPRINT—fecal microbiome analyses
As previously described in Casaburi et al. (2019), shotgunmetagenomic libraries were prepared and sequenced fromDNA previously

extracted from approximately 100 mg of frozen stools collected from infants on day 21 postnatal(Frese et al., 2017). Briefly, the DNA

was subjected to bead beating prior to column purification using a Zymo Fecal DNA Miniprep kit, according to the manufacturer’s

instructions. Metagenomic shotgun library preparation and sequencing was performed at the California Institute for Quantitative Bio-

sciences (QB3) (University of California, Berkeley) on an Illumina HiSeq 4000 platform using a paired-end sequencing approachwith a

targeted read length of 150 bp and an insert size of 150bp (Casaburi et al., 2019).

Additionally, 16S rRNA libraries were generated and sequenced (Frese et al., 2017). Briefly, the V4 region of the 16S rRNA genewas

amplified and sequenced using primers 515f and 806r as previously described with recent modifications (Caporaso et al., 2011; Wal-

ters et al., 2015). Paired-end DNA (300 bp) sequencing was performed at the UCDavis Genome Center on an IlluminaMiSeq system.

IMPRINT—quality filtering and removal of human sequences from shotgun metagenomes
Demultiplexed fastq sequences were quality filtered, including adaptor trimming using Trimmomatic v0.36 (Bolger et al., 2014) with

default parameters. Quality-filtered sequences were screened to remove human sequences using GenCoF v1.0 (Czajkowski et al.,

2019) against a non-redundant version of the Genome Reference Consortium Human Build 38, patch release 7 (https://www.ncbi.

nlm.nih.gov/grc/human/data?asm=GRCh38.p7)www.ncbi.nlm.nih.gov. Human sequence-filtered raw reads were deposited in the

Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under the reference number, PRJNA390646. Taxonomic profiling

of themetagenomic samples was performed usingMetaPhlAn2 (Truong et al., 2015), which uses a library of clade-specificmarkers to

provide pan-microbial (bacterial, archaeal, viral, and eukaryotic) profiling (http://huttenhower.sph.harvard.edu/metaphlan2). Strain

characterization was performed using PanPhlan (Scholz et al., 2016) which is used in combination with MetaPhlAn2 to characterize

strain-level variants in marker genes for a selected organism. For PanPhlan analysis, the pangenomes from Bifidobacterium longum

https://bitbucket.org/CibioCM/panphlan https://github.com/segatalab/panphlan were used as a reference. Both MetaPhlAn2 and

PanPhlan were used with their default settings as described in the updated global profiling of the Human Microbiome Project

(2017)(Lloyd-Price et al., 2017).

IMPRINT—fecal cytokine analysis
All detectable biomarker values were included as continuous data in the analyses; however, values below level of detection (< 20%of

all cytokines measurements) were generated below the level of quantification to justify parametric statistics. Fecal cytokine concen-

trations were determined using calibration curves to which electrochemiluminescence signals were backfitted. Final concentrations

were calculated using the Sector Imager 2400 MSD Discovery Workbench analysis software, as was previously published (Henrick

et al., 2019; Nguyen et al., 2021).

IMPRINT—fecal metabolomics analyses
Fecal compounds were identified by comparison of the raw data with Metabolon’s curated library of standards. The values for com-

pounds in the fecal samples were normalized by the drymass of the sample andmissing valueswere imputedwith half the compound

minimum. Absolute compound intensity values were used to calculate fold differences between controls and EVC001-fed samples,

while for all other analyses, the values were transformed using the generalized log transformation then mean-centered and scaled by

the standard deviation.

IMPRINT—statistical analysis
All statistical analyses were performed in R v3.6.2. To assess infant gut microbiome differences across ages, principle coordinate

analysis (PCoA) was performed on a Bray-Curtis dissimilarity matrix calculated from infant bacterial taxa relative abundance. The first

two principle coordinate axes were plotted and colored by day of life. Cytokine vs bacterial relative abundance values were

Spearman correlated with false discovery rate (FDR) correction. FDR adjustedWilcoxon rank-sum tests were used to compare base-

line (Day 6) cytokine levels to Day 60 cytokine levels between treatments. Median cytokine values were calculated for Days 6 and 60,

then 0-1 normalizedwithin each cytokine for graphical visualization purposes. Demultiplexed sequencing data was downloaded from

the NCBI SRA (PRJNA390646). Sequencing data from samples utilized in the present study were subjected to analysis in qiime2

(Boylen, 2019). Samples were quality filtered and denoised using deblur (Amnon, 2017). Phylogenic alignments were conducted

with mafft (Katoh, 2019) and fasttree (Price, 2009) and Shannon Diversity and a Weighted Unifrac distance matrix (Lozupone,

2010) were created using the q2-diversity plugin in qiime2, rarified to theminimumnumber of dereplicated sequences passing quality

filter for the samples (1208 reads per sample). Shannon diversity values were compared using a Wilcoxon test and graphed using

ggpubr (v. 0.4.0) and ggplot2 in R (v4.0.4). Analysis of variance using distance matrices (adonis) was used to compare beta diversity

by treatment group. The P values throughout the manuscript are represented by asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,

p < 0.0001).
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Supplemental figures

Figure S1. Bifidobacteriaceae abundance in relation to breastfeeding and antibiotic exposure, related to Figure 2

For each child (rows) with available information on feeding type (columns) and antibiotic exposure (colored dots) relative abundance of Bifidobacteriaceae is

shown. Data are separated by time windows in early life.
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Figure S2. Microbiome associations with fecal cytokines, related to Figure 5

(A) Boxplots of Shannon Diversity index calculated on samples (n = 80) at Day 6 and Day 60, compared between groups (control, gray; EVC001-fed, teal) by

Wilcox test. (B) Correlation of fecal IFNb concentration and Bifidobacterium relative abundance at day 40 and 60 postnatal (R = 0.66, p = 1.2e-05). Each cytokine

was tested in duplicate. Statistical analysis was completed usingWilxocon rank-sum test.P valueswere adjusted using Bonferroni-Holmmethod and considered

statistically significant if *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S3. CD4+ T cell polarization under the influence of microbial metabolites and IFNb, related to Figure 6

(A) CD4+ T cell polarization in vitro in the presence of fecal water from children given B.infantis EVC001 or control and additional IFNb. T cells at the end of the

culture shown as PAGA density plots and separated by culture condition. (B) Top genes differentially expressed among Th17-induced states in B.infantis EVC001

treated or control infants fecal water cultures.
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