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Introduction: Bifidobacterium longum subspecies infantis (B. infantis) may play
a key role in infant gut development. This trial evaluated safety, tolerability, and
efficacy of B. infantis LMG11588 supplementation.

Methods: This randomized, placebo-controlled, double-blind study conducted
in the Philippines included healthy breastfed and/or formula-fed infants (14—
21 days old) randomized for 8 weeks to a control group (CG; n=77), or any of
two B. infantis experimental groups (EGs): low (Lo-EG; 1*10* CFU/day; n=75) or
high dose (Hi-EG; 1.8*10" CFU/day; n = 76). Primary endpoint was weight gain;
secondary endpoints included stooling patterns, gastrointestinal symptoms,
adverse events, fecal microbiome, biomarkers, pH, and organic acids.

Results: Non-inferiority in weight gain was demonstrated for Hi-EG and Lo-EG
vs. CG. Overall, probiotic supplementation promoted mushy-soft stools, fewer
regurgitation episodes, and increased fecal acetate production, which was more
pronounced in the exclusively breastfed infants (EBF) and positively correlated
with B. infantis abundance. In EBF, fecal pro-inflammatory cytokines (IL-1 beta,
IL-8) were reduced. Strain-level metagenomic analysis allowed attributing the
increased abundance of B. infantis in EGs versus CG, to LMG11588 probiotic
colonization. Colonization by autochthonous B. infantis strains was similar
between groups.

Discussion: B. infantis LMG11588 supplementation was associated with normal
infant growth, was safe and well-tolerated and promoted a Bifidobacterium-rich
microbiota driven by B. infantis LMG11588 colonization without disturbing the
natural dispersal of autochthonous B. infantis strains. In EBF, supplementation
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stimulated microbial metabolic activity and beneficially modulated enteric

inflammation.
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Introduction

Bifidobacteria begin to flourish and dominate the infant gut
microbiota after the initial facultative anaerobic colonizers have depleted
oxygen in the gut (1). Depending on gestational age (2), delivery mode
(3), feeding type (breastmilk or formula) (4), and medication use (5), the
highest bifidobacteria abundances are found in healthy, full-term and
breastfed infants (6). Bifidobacterium (B.) species, such as B. breve,
B. bifidum, B. longum subspecies longum, and B. longum subspecies
infantis (B. infantis) are highly specialized in human milk oligosaccharides
(HMOs) utilization (7) which may give these species an ecological niche
advantage in the breastfed infant gut and explains why these species are
generally more abundant in breastfed compared to formula-fed infants.
Bifidobacteria inhibit the growth of pathogenic bacteria through the
production of lactate and acetate resulting in a decrease of intraluminal
pH (8). In particular, B. infantis has been associated with increased short
chain fatty acid (SCFA) production resulting in an acidified gut
environment (9) and possibly provide additional benefits, such as serving
as energy source for neighboring colonocytes, improving gut barrier
integrity, and immune system stimulation (10, 11).

Recent studies have shown a decrease of overall bifidobacteria in
breastfed infants, and specifically B. infantis, as well as an increased
abundance of bacteria taxa found associated with dysbiosis in infants,
particularly in the developed world (12-14). A balanced gut
microbiota rich in HMO-utilizing bacteria is considered critical for
immune system maturation in infants, therefore, B. infantis
supplementation is a promising approach to support such microbiota.
In studies with small sample size, supplementation of B. infantis strain
ATCC 15697 had limited effects on the microbiota of premature and
diseased infants (15-17). In larger studies in healthy infants,
supplementation with other B. infantis strains, EVC001 and R0033,
was safe, well-tolerated and conferred beneficial effects on intestinal
microbiota, metabolic and inflammatory profiles (12, 13, 18-20).

The B. infantis strain LMG11588 has not been previously
evaluated in a clinical setting. Therefore, this randomized, double-
blind, placebo-controlled trial aimed to evaluate the safety and efficacy
of the B. infantis strain LMG11588 in early infancy. We tested two
different daily dosages, hypothesizing that supplementation up to
1.8*10" CFU B. infantis LMG11588 per day would be safe and well-
tolerated and show beneficial effects on gut microbiota and gut health.

Methods
Design

This study was conducted in City of Muntinlupa, Philippines
and included three arms: a placebo control group (CG), an

Frontiers in Nutrition

experimental group (EG) receiving a high daily dose of B. infantis
(Hi-EG), and one receiving a low daily dose of B. infantis (Lo-EG).
Infants aged 14-21 days were randomized to one of the groups
using Medidata Balance with the dynamic allocation algorithm
within strata of sex (female/male), mode of delivery (C-section/
vaginal) and feeding regimen (breastfeeding, formula-feeding,
mixed feeding). Study investigators were blinded to group
assignment and outcome assessment. At baseline, parent (s)/
legally authorized representative (LAR) provided written
informed consent. The study was approved by the Institutional
Review Board at Asian Hospital and Medical Centre Research
Ethics Committee and
(NCT04765852).

The B. infantis LMG11588 strain was selected for this clinical
trial based on its lack of antibiotic resistance and its capacity to use

registered on ClinicalTrials.gov

the abundant fucosylated human milk oligosaccharides (21). The
Hi-EG supplement contained 1.8*10' CFU B. infantis while the
Lo-EG supplement contained 1.0¥10* CFU B. infantis, both with
maltodextrin as excipient. The placebo supplement contained only
the maltodextrin excipient. The placebo and B. infantis supplements
were provided in powder-form in stick packs requiring
reconstitution with approximately 10 mL of breastmilk or formula
prior to feeding. All supplements were consumed orally once daily
using a specific infant feeding cup, preferably in the morning. The
intervention was administered for 8weeks, and infants were
followed-up for additional 4 weeks. Infants attended study visits at
baseline (V1, age 14-21days), study day 28+ 3 (V2, 1.5month of
age), study day 56 +3 (V3, 2.5 month of age) and study day 84+ 3
(V4, 3.5month of age).

The primary outcome was weight gain from baseline (V1) to
8weeks of intervention (V3). Secondary outcomes included additional
anthropometrics (weight, length, head circumference, and
corresponding z-scores), gastrointestinal (GI) symptoms and
associated behaviors, stool characteristics, illness symptoms, adverse
events (AE), fecal microbiome, fecal metabolic profile, and fecal
markers of gut and immune health.

Participants

Infants were enrolled at 14-21 days of age if they met the following
inclusion criteria: full-term (37-42weeks of gestation); birth
weight>2,500g and <4,500g; exclusively breastfed, exclusively
formula-fed, or mixed fed whose parent (s)/LAR did not intend to
change the feeding regimen until study end; formula-fed infants could
tolerate a standard cow’s milk infant formula not containing any
probiotics at time of enrolment. See Supplementary material for
exclusion criteria.
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Safety and tolerance outcomes

Trained study personnel obtained anthropometric measures at
V1, V2, and V3, as described in Supplementary material. A one-day
GI Symptom and Behavior diary capturing frequency of vomiting/
spitting-up, flatulence and crying/fussiness, sleep duration as well as
stooling frequency, difficulty in passing stool, stool consistency was
retrospectively completed by parents at V1, and then a prospective
three-day GI Symptom and Behavior diary capturing the same
parameters was completed by the parent (s)/LAR just prior to V2 and
V3 (see details in Supplementary material). Overall GI tolerance was
measured at V1, V2, and V3 via the validated Infant Gastrointestinal
Symptom Questionnaire-13 (IGSQ) which includes 13 questions
covering 5 domains (stooling, vomiting/spit-up, crying, fussiness, and
flatulence) (22).

Predefined illness symptoms (fever, respiratory tract symptoms,
gastrointestinal symptoms, and ear symptoms) were recorded at V1,
V2, and V3 by the parents/LAR on daily basis using a calendar-based
infant illness diary. Standard AE reporting was done at each study visit
and all parents/LAR-reported and physician-confirmed AEs were
categorized using the Medical Dictionary for Regulatory Activities
(MedDRA).

Analysis of fecal pH, organic acids, gut and
immune health biomarkers

Fecal pH and organic acids were assessed at V1, V2, and V3 using
pH-indicator paper (Merck, Darmstadt, Germany) and validated
LCMS, respectively (23). ELISA kits were used to analyze fecal
biomarkers at V1, V2, and V3 including secretory immunoglobulin A
(sIgA), calprotectin (Immundiagnostik AG, Bensheim, Germany) and
alpha-1-antitrypsin (AAT) (BioVendor - Laboratorni medicina a.s.,
Brno, Czech Republic). Fecal cytokines were quantified as previously
published (24), diluted 1:2 in Meso Scale Discovery diluent (MSD;
Rockville, MD, United States), using V-Plex Plus kits and U-plex
according to manufacturer’s instructions, and a QuickPlex SQ 120
Imager (MSD; Rockville, MD, United States). Total protein content in
fecal extracts was quantified using Pierce BCA protein assay kit
(Thermo Scientific) and used for cytokine level normalization.

Microbiome analysis and ecological
measures

DNA extraction, sequencing, data preprocessing, read mapping,
taxonomical profiling using metagenomic species (MGS) signature
genes, taxonomical annotation, microbiota diversity calculation, and
pathogenic species detection was performed as previously described
(25) except for the use of updated gene and MGS catalogs containing
20,992,485 genes and 1,472 MGS, respectively (see details in
Supplementary material).

Fecal community types
Fecal community type (FCT) clustering was performed using

Dirichlet Multinomial Mixture modelling (26) on relative genus-level
abundance data, aggregating unclassified taxa according to their best
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taxonomic level. Models were run fitting from 1 to 15 Dirichlet
components (i.e., clusters) over 10 iterations. Models were evaluated
based on Laplace approximation (Laplace), Akaike information
criterion (AIC), and Bayesian information criterion (BIC). FCTs were
ordered according to chronological prevalence.

Strain profiling of B. infantis

A phylogenetic tree for B. infantis was built based on single
nucleotide variant (SNV) information in sample reads as well as
simulated error-free reads from reference genomes of B. infantis
LMG11588, 16 publicly available B. infantis genomic sequences (27), and
B. longum subspecies longum JCM 1217. SNV at each position of 100
B. infantis MGS signature genes optimized for accurate abundance
profiling were identified using BCFtools multiallelic-caller (v.1.11) (28,
29) retaining all alternative alleles with allele frequency >90% in samples
with at least 250 reads mapping to at least 10 signature genes. Genes were
excluded if more than 20% of its positions had allele frequencies <90%.
Sample-specific inferred gene sequences were concatenated after
trimming uncalled positions and used as input for one multiple sequence
alignment. The phylogenetic tree was inferred using IQtree2 (v. 2.1.2)
(30, 31) using B. longum subspecies longum as an outgroup. ModelFinder
was used to select a substitution model for each of the genes (32-44).

Statistics

A sample size of 76 infants per group was determined based on a
non-inferiority margin of 3.6 g/day, a standard deviation of 7.7, and
3% attrition. The non-inferiority margin of 3.6 g/day was based on a
prior study of infants in the Philippines (45), in which the mean (SD)
for normal weight gain from birth to 4 months of age was 36 (7.7) g/
day and the non-inferiority standard by the American Academy of
Pediatrics (46), which established a difference of minus 10% from
normal weight gain between 0 to 4 months of age as clinically relevant.
Non-inferiority was concluded if the lower bound of the two-sided
95% confidence interval of the difference between the Hi-EG and
control groups excluded —3.6 g/day.

The primary endpoint of weight gain was analyzed using analysis
of covariance (ANCOVA) correcting for baseline weight and sex in
both the full analysis set (FAS) and per-protocol set (PPS). FAS
included all subjects who received at least one dose of probiotic or
placebo supplement, and PPS included all compliant subjects who
consumed the assigned supplement for 80% of study days. Secondary
endpoints were analyzed in the FAS population. All analyses, except
for microbiome, were conducted using SAS statistical software Version
9.4. Statistical significance was tested at the two-sided 5% level.
P-values <0.05 were considered significant (except for microbiota
analysis; see below) and Benjamini-Hochberg correction was applied
for any multiple testing. Anthropometric were analyzed using
ANCOVA, correcting for each respective baseline value and sex. The
IGSQ-13 index score, mean stool frequency, difficulty in passing stool,
and mean stool consistency were analyzed using ANCOVA correcting
for baseline value. Group comparisons of GI symptoms and GI related
behaviors, and AEs of interest were made using the Fisher-Halton test
and the Benjamini-Hochberg correction for multiple testing. The
relative risk of each illness symptom was calculated for Hi-EG and
Lo-EG versus CG as reference.
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For pH, organic acids, biomarkers and cytokines, differences
between study groups were examined using ANCOVA correcting for
baseline value. When less than 10% of values were below the lower
limit of detection (LLD), the values below LLD were replaced with the
LLD itself. When more than 50% of values for a given measure were
below the limit of detection (LOD), ANCOVA modeling was
not performed.

All statistical microbiota analyses were performed using R v. 4.2.1
(47). Unless otherwise stated, PERMANOVA tests were performed
using the adonis2 function from the vegan R package with 1,000
permutations and by = “margin,” thus assessing the marginal effects of
the terms (i.e., each marginal term analyzed in a model with all other
variables). Association between biomarkers and microbiome features
were investigated using Kendall Rank Correlation as implemented in
the “Kendall” R package. Benjamini-Hochberg correction was used to
correct for multiple testing, and p-values <0.05 and adjusted p-values
<0.1 were considered significant.

Results

There were 228 infants enrolled in the study (CONSORT diagram
of subject disposition, Figure 1). Baseline characteristics for the study
participants in FAS were comparable between groups (Table 1). Most
of the infants were born vaginally (85%), were exclusively breastfed
(EBE 58%), and only 16% were exclusively formula-fed.

Primary growth outcome and additional
anthropometrics

Weight gain in g/day from enrollment through 8 weeks for FAS
averaged 35.0 (95% CI: 33.3, 36.8) in CG, 35.6 (95% CI: 33.8,37.4) in
Lo-EG, and 36.5 (95% CI: 34.6, 38.3) in Hi-EG. Non-inferiority in
daily weight gain was demonstrated for Low-EG and Hi-EG compared
to CG in both FAS and PPS, with the lower bound of the 95%
confidence interval above the predefined non-inferiority margin of
—3.6g/day (p<0.05 for both) (Table 2). In FAS, gains in body weight,
length, and head circumference from enrollment to the end of the

10.3389/fnut.2023.1319873

study period were comparable among the three groups and increased
over time. Mean weight-for-age, length-for-age, weight-for-length and
head circumference-for-age, z-scores demonstrated comparable
growth among all groups (Supplementary Figure S1).

Gl tolerance and associated behaviors

Mean IGSQ-13 scores were below the threshold of 23 for GI
distress at V2 and V3 and were comparable among the groups
(Supplementary Table S1). Additional GI symptoms, behaviors, and
stooling characteristics are summarized in Supplementary Table S2.
Frequency of regurgitation/vomiting differed between Hi-EG and CG
at Visit 2 with infants in Hi-EG having a lower frequency of vomiting
compared to CG (value of p=0.031). At Visit 3, frequency of vomiting
was lower in both Hi-EG and Lo-EG compared with CG (value of
p=0.044 and 0.006, respectively). Flatulence was consistently rare
across all three groups, with an overwhelming majority of infant
caregivers reporting zero or one occasion. Crying and fussiness was
predominantly absent.

Stool frequency and consistency scores were similar between
groups at each timepoint. By consistency category, most stools were
“soft” at both V2 and V3 for all three groups, but significant differences
were observed at V2 for Hi-EG compared to both CG (p <0.0001) and
Lo-EG (p<0.0001), driven by more stools reported as watery and
runny in Hi-EG. Lo-EG also differed from CG at V2 (value of
p=0.021) with more stools reported as soft and fewer stools reported
as formed. There were very few occurrences of difficulty in passing
stool throughout the study.

Adverse events and illness symptoms

Overall, an AE was reported in 37-43% of the infants across the
three study groups (with upper respiratory tract infection being most
common at 22.5% overall), and one subject in CG experienced a
serious adverse event (SAE) (Supplementary Table S3). The severity
of AEs was predominantly mild (95%). There were no group
differences for AEs of interest and the AE severity or SAEs.

Screened
(n=230)
Randomized Screen failures
>
(n=228) (n=2)

*

Discontinued or
withdrawn (n=2)

Discontinued or
withdrawn (n=6)

Discontinued or
withdrawn (n=2)

Full Analysis Set (n=75)
Per Protocol Set (n=72)

Full Analysis Set (n=73)
Per Protocol Set (n=72)

Full Analysis Set (n=70)
Per Protocol Set (n=69)

FIGURE 1

receiving high daily dose of B. infantis (1.8*10'° CFU).

CONSORT diagram of subject disposition. Lo-EG, experimental group receiving low daily dose of B. infantis (1.0*108 CFU); Hi-EG, experimental group
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TABLE 1 Baseline characteristics of study participants, FAS.

CG (n=75) Lo-EG (n=73) Hi-EG (n=70)

Age at baseline, days® 17.0+ 1.9 17.3+19 16.6 +1.9
Gestational age, weeks 389+1.0 38.8+0.9 38.7+1.1
Type of delivery, % vaginal 84.0% 84.9% 85.7%
Infant sex, % male 54.7% 53.4% 51.4%
Birth weight, kg 3.0+03 3.1+04 3.0£03
Weight at baseline, kg 35+04 35+04 34+04
Length at baseline, cm 51.6+1.7 51.6+1.6 513+1.8
Head circumference at baseline, cm 347 £ 1.1 346+1.3 343+12
BMI at baseline, kg/m? 13.0+1.0 132+1.1 13.0+1.1
Maternal age, years 28.6 + 6.0 27.9 +6.0 27.5+6.1
Maternal education (Associate degree or college degree), % 29.3% 23.3% 28.6%

Any formula-feeding (exclusively formula-fed and mix-fed), % 44% 42% 41%

Exclusively formula-fed, % 16% 18% 14%
Mixed-fed, % 28% 24% 27%
Exclusively breastfed, % 56% 58% 59%

FAS, full analysis set; CG, control group (placebo supplement); Lo-EG, low-dose B. infantis, 1.0 x 10° CFU; Hi-EG, high-dose B. infantis, 1.8 x 10" CFU.

“Data presented are mean + SD unless otherwise specified.

TABLE 2 Difference in weight gain (g/day) from enrollment to study completion at 2.5 months of age (primary outcome), FAS and PPS.

Adjusted® mean

Group comparisons

Population weight gain in g/ . Estimate of mean Non-inferiority
day (95% ClI) Sl P difference (95% CI)®*  metc (value of p)
FAS cG 35.0(33.3, 36.8) - - -
Lo-EG 35.6 (33.8, 37.4) Lo-EG vs. CG 0.52 (~2.33,3.37) Yes (0.0004)
Hi-EG 36.5 (34.6, 38.3) Hi-EG vs. CG 142 (~1.47,430) Yes (0.0008)
PPS cG 34.8 (33.0, 36.6)
Lo-EG 357 (33.8,37.5) Lo-EG vs. CG 0.83 (~2.07,3.73) Yes (0.0005)
Hi-EG 36.5 (34.6, 38.3) Hi-EG vs. CG 1.6 (—1.27, 4.59) Yes (0.0004)

FAS, full analysis set; PPS, per protocol set; CG, control group (placebo supplement); Lo-EG, low-dose B. infantis, 1.0 x 10° CFU; Hi-EG, high-dose B. infantis, 1.8 x 10'% CI, confidence interval.

“From an ANCOVA model correcting for baseline weight and sex.
"CIs are adjusted by Tukey correction.

‘Non-inferiority of experimental vs. control group on weight gain from enrollment to age 2.5 months accepted if the lower bound of the two-sided 95% CI on the model-based group difference

was above the non-inferiority margin of —3.6 g/day.

Symptoms reported by parents/LAR in the infant illness diary
(Supplementary Table S4) were not different for fever or
gastrointestinal symptoms, while the frequency of respiratory tract
symptoms trended towards a lower frequency in Hi-EG and Lo-EG
compared to CG (value of p=0.085). The unadjusted relative risk (RR)
for respiratory tract symptoms for Lo-EG versus CG was significantly
reduced (RR=0.42, 95% CI 0.19, 0.96, value of p=0.044).

Fecal pH, organic acids, gut and immune
health biomarkers

At V2, but not V3, pH tended to be lower in Hi-EG compared
to CG and Lo-EG (unadjusted value of p=0.051 and 0.027,
respectively) (Supplementary Table S5A). In the subset of EBF
infants similar observations were done but only for Hi-EG
CG value of p=0.037)

compared  to (unadjusted

Frontiers in Nutrition

(Supplementary Table S5B). At V2, acetate was higher in Hi-EG
compared to CG (adjusted value of p=0.0023), as observed in EBF
infants (adjusted value of p=0.059). At V3, the difference of acetate
concentration was attenuated but still showed a trend in EBF
infants (adjusted value of p=0.066). At V3 but not V2, acetate
concentration also showed a trend to be higher in Lo-EG versus CG
in EBF infants (value of p=0.066). There were no consistent
differences between groups for butyrate, isobutyrate, isovalerate,
propionate, or valerate at V2 or V3 overall or in EBF
(Supplementary Tables S5A,B).

Fecal biomarkers of immune health (sIgA), intestinal
inflammation (calprotectin) and gut barrier (AAT) were largely
comparable among groups (Supplementary Table S6). However, AAT
was significantly higher in Hi-EG compared to CG at V2 (adjusted
value of p=0.042). In EBE, there was some indication of higher AAT
in Hi-EG and Lo-EG compared to CG at V2 (adjusted value of
p=0.087 and 0.10, respectively).

05 frontiersin.org
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For several fecal cytokines measurements, more than 50% were
below the LOD, so no statistical testing was performed
(Supplementary Table S7). In the overall population at either visit,
there were no significant group differences for most cytokines tested
(IFN-y, IL-1B, IL-8, IL-23, and IL-27) (Supplementary Table S8).
IL-1 levels were lower in Hi-EG versus CG at V2 (value of p=0.031),
and lower in EBF Hi-EG and EBF Lo-EG versus EBF CG at both
timepoints (V2: adjusted value of p=0.014 and 0.0034, respectively;
V3 adjusted value of p=0.015 and 0.035, respectively). In EBF, IL-8
at V3 was lower in Lo-EG vs. CG (adjusted value of p=0.026) and
showed a trend for Hi-EG vs. CG (adjusted value of p=0.061).

Gut microbiome inter-group comparisons

The gut microbiome composition was investigated by shotgun
metagenomics on the stool samples collected at V1 (baseline, before
supplementation), V2, V3, and V4 (Figure 2A). The within-samples
diversity indexes were comparable among the groups at most time
points (Supplementary Table 59), except lower genus-level diversities
in both Lo-EG and Hi-EG to CG at V2
(Supplementary Figure S2A). The overall taxonomic composition

compared

dissimilarity between groups (B-diversity) was consistently and
significantly different between CG and both EGs at all timepoints
except V1, but never between Lo-EG and Hi-EG (Figure 2B and
Supplementary Table S10). We did not find the same differences
when using overall phylogenetic distances between groups, except at
V2 between CG and both EGs (Supplementary Table S10). This
observation is in accordance with the results of the univariate
analyses showing B. infantis as the only taxon consistently
significantly higher in both EGs compared to CG at most post-
baseline visits (Figure 2C), except at V2 where phylogenetically
distantly related taxa were also modulated: Klebsiella (genus) and
Lachnospiraceae (family) were increased in CG compared to EGs,
while Mediterraneibacter (genus) was lower in Lo-EG than in Hi-EG
and CG (Supplementary Table S11). At V2 and in both EGs compared
to CG, Bifidobacterium (genus) was more abundant. At V4, besides
B. infantis, only a Lachnospiraceae sp. MGS with the potential to
degrade fucose and mucin and to produce acetate was significantly
more abundant in CG than in EGs. The consistent expansion of
B. infantis in the intervention group resulted in a higher abundance
of infant-type bifidobacteria (B. longum, B. breve, B. bifidum, and
B. scardovii, as previously defined (7)) at V2, V3, and V4 (Figure 2D
and Supplementary Table S11). Noteworthy, we identify for the first
time in the Philippines the transitional B. longum clade recently
discovered in Bangladeshi children during weaning (48), at a very
low prevalence in our study, as expected for this age range (data
not shown).

The prevalence of intestinal pathogens was low, including
Clostridium perfringens (found in two samples from 2 infants,
0.23% of samples, 4.13% of infants), EPEC/ETEC Escherichia coli
(15 samples from 14 infants, 1.7% of samples, 6.4% of infants), and
Campylobacter spp. (nine samples from 9 infants, 1.04% of samples,
4.13% of infants). Clostridioides difficile, which was overall more
prevalent in this study (found in 10.4% of samples, 24.3% of infants)
was numerically less prevalent in the EGs at V2 and V3 (Fisher’s
exact test, value of p=0.17 for V2, value of p=0.18 for V3)
(Supplementary Table S12).
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Associations between gut microbiota,
acetate, and gut health biomarkers

Using a Procrustes analysis, we found significant associations
between fecal biomarkers and microbiota composition at all visits
(V1: Procrustes correlation (PrC)=0.187, V2: PrC=0.197, V3:
PrC=0.262, all visits with p<0.001). When investigating the
associations between specific taxa and fecal biomarkers, B. infantis
abundance was positively correlated with levels of acetate, AAT,
calprotectin, and sIgA, and negatively with levels of butyrate, IFN-f,
IFN-y, IL-1p, IL-8, IL-17A, and MIP-3a (Figure 2E). Although the
correlations were stronger with B. infantis, similar observations were
made with other infant-type bifidobacteria, indicating a possible
shared effect on host physiology by these taxa. Other taxa including
pathobionts showed opposite patterns, like Enterobacter, Klebsiella,
Staphylococcus, and Veillonella. Specifically, Staphylococcus abundance
was associated with a significant increase in the pro-inflammatory
cytokines IFN-y, IL-17A, and MIP-3« while sIgA, calprotectin, AAT
and butyrate levels showed an inverse correlation. In EBF, the same
associations were observed, except for sIgA where B. infantis was the
only associated species/subspecies (Supplementary Figure S3).

Longitudinal tracking of B. infantis strains

As supplementation with B. infantis LMG11588 increased the
abundance of the subspecies B. infantis, we investigated the
colonization patterns and dynamics of this probiotic strain compared
to other autochtonous B. infantis strains, as well as their relationship
with infant feeding mode and the impact on microbiota community
development. Using an SN'V-based strain-typing of B. infantis, 406 of
the 507 samples with detected B. infantis were placed in a phylogenetic
tree together with publicly available reference genomes (Figure 3A).
In this tree, most samples (n=277, 68.2%) fell into a clade with
negligible variability that also includes the LMG11588 reference
genome (henceforth named “LMG11588 clade”). The remaining
samples were positioned in a clade (“Other B. infantis”) with higher
variability (Figure 3B). The remaining 101 samples could not
be unambiguously typed (“Untyped B. infantis”), either due to low
B. infantis abundance (<0.16%, n=95) or potential heterogeneous
strains profiles (n=6).

When tracking the longitudinal development of B. infantis strains
profiles according to supplementation (Figure 3C), B. infantis was
detected in 16% of the infants at baseline, with similar proportions
between the groups (X? test, value of p=0.755) and none of these
B. infantis strains placed in the LMGI11588 clade. During the
intervention, we identified nine instances of the probiotic strain in the
control group. In all three groups, the proportion of infants with
“Other B. infantis” increased gradually over time and reached 18.4%
at visit 4 with similar “Other B. infantis “colonization patterns between
groups (X test, p=0.739). Samples from the same infant with “Other
B. infantis” were always located in the same subclade in the
phylogenetic tree (Figure 3B). In both EGs, we detected the probiotic
strain in 78.7% of the infants during the intervention (V2 and/or V3)
and it persisted in 70.3% of these infants 4 weeks after cessation of
probiotic administration (V4). No difference in persistence of the
probiotic was observed between Lo-EG and Hi-EG (p=0.484). In
these two groups, only one case of LMG11588 replaced an “Other
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Gut microbiome composition, diversity analyses, and association with fecal biomarkers and cytokines (n = 865 samples, 218 infants). CG, control group
(placebo supplement); Lo-EG, low-dose B. infantis, 1.0 x 10® CFU; Hi-EG, high-dose B. infantis, 1.8 x 10'° CFU. (A) Overview of abundance for B. infantis
and dominant genera across visits and intervention groups for all samples. (B) PCoA ordination plots of Bray—Curtis dissimilarity stratified by visit.
Ordinations were calculated for all samples, making coordinates comparable between visits. Filled circles designate individual samples and lines
connect them to the centroid of their respective group (large circles). Text inserts refer to variance explained and p-values from PERMANOVA group
comparisons performed for each visit. (C) Relative abundance (%) of B. infantis among visits and groups. Box edges denote the upper and lower
quartiles, the center line denotes the median, and the whiskers extend to the most extreme datapoints within 1.5 * IQR from the upper and lower
quartiles, respectively. Abundances are shown on a pseudo-log scale with the linear segment ranging from 0% to 0.01%. *: p<0.05, **: p<0.01, ***: p <0.001,
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method; *: p<0.10, **: p<0.05, ***: p<0.01, ****: p<0.001

and ****: p <0.0001. (D) Relative abundance (%) of infant-type bifidobacteria across visits and groups. Box edges denote the upper and lower quartiles,
the center line denotes the median, and the whiskers extend to the most extreme datapoints within 1.5 * IQR from the upper and lower quartiles,
respectively. Abundances are shown on a pseudo-log scale with the linear segment ranging from 0% to 0.01%. *: p <0.05, **: p<0.01, ***: p<0.001,
***% p<0.0001. (E) Correlation between microbiota taxon abundances and fecal biomarkers and cytokines across all visits. Genera with an average
abundance of at least 1% and Bifidobacterium taxa of interest were included in the analysis. p-values were adjusted using the Benjamini—Hochberg

B. infantis” strain, while in 11 infants, LMG11588 was replaced with
“Other B. infantis” strains.

We investigated the relationship between feeding and the strains
colonization pattern (Supplementary Figure 54). Differences between
the three feeding groups (formula, mixed, or EBF) were only observed
at V4 where exclusive breastfeeding was associated with higher
proportions of colonization by any B. infantis strain (X* test, value of
p=0.0196), in particular by LMG11588 (X test, value of p=0.0221).
During the intervention, LMG11588 colonization was observed in
76.5% of the EBF infants and the probiotic persisted in 83.9% of these
infants after cessation of the supplementation. In the infants colonized
with “Other B. infantis,” the abundance of B. infantis was on average
higher than in those colonized with LMG11588 (Figure 3D). However,
the abundances of overall bifidobacteria (Figure 3E) and infant-type
bifidobacteria (Figure 3F) were comparable between infants colonized
with “Other B. infantis” or LMG11588 and were lower in infants not
colonized with B. infantis.

Finally, to test if the microbiota community development was
different depending on the colonizing B. infantis strains at the end of
the study (V4), we performed a fecal community type (FCT) analysis.
Using Dirichlet Multinomial Modeling at genus-level (26),
we identified six FCTs sequentially ordered based on their
chronological prevalence (Figure 4A). At none of the visits, the FCT
trajectories of infants colonized by LMG11588 were significantly
different from the ones of infants colonized by” Other B. infantis”
(Figures 4C,D and Supplementary Table S13), sharing FCT 2
(dominated by Bifidobacterium) and FCT 5 (dominated by Escherichia
and Streptococcus) as dominant communities. This observation
contrasts with infants not colonized by any B. infantis, who had
trajectories significantly different from the other infants (Figure 4B
and Supplementary Table S13) and showing FCT 3 (dominated by
Bifidobacterium and Escherichia) as a major early FCT and FCT 5 at
later visits.

Discussion

We demonstrated that supplementation of two different doses of
B. infantis strain LMG11588 during early infancy were safe, well-
tolerated, and associated with a non-inferior daily weight gain
compared to a placebo. These results are in line with studies examining
other B. infantis strains including ATCC 15697 (15-17), EVC001 (12,
13, 20), and R0033 (19) (the latter is considered genetically identical
to LMG11588). Overall incidence of AEs was similar across groups,
also consistent with studies using EVC001 and R0033 strains.
Interestingly, supplemented groups showed a trend towards fewer
parent reported respiratory tract symptoms. Also, in both intervention
groups compared to placebo, regurgitation/vomiting episodes
decreased over time, similar to findings in another study of infant
formula supplemented with B. infantis (49). Regarding infant stools,
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both doses showed stool characteristics similar to those observed in
the study using R0033 (19), i.e., were similar compared to a placebo
group and had stools generally graded as soft.

Notably, in our study these clinical observations were made at
1.5months of age (V2) when the microbiome analyses captured
transiently more pronounced changes in alpha (within samples) and
beta (between groups) diversities. In our study, B. infantis was the only
taxon significantly and consistently increased by the probiotic
supplementation, except at V2, where the number of differentially
abundant taxa between the EGs and the CG was higher compared to
V3 and V4. Among these modulated taxa, some pathobionts were
decreased, as previously observed following B. infantis EVC001
supplementation (13). The consistent expansion of B. infantis in the
supplemented groups was parallel to a significantly higher abundance
of bifidobacteria and more specifically the infant-type bifidobacteria
(7), indicating that its increase does not occur at the expense of the
abundance of other infant-associated bifidobacteria species.

In most samples with sufficient abundance of B. infantis (>0.16%),
we could define the colonizing strains, being the probiotic strain
B. infantis LMG11588 or autochthonous strains naturally occurring
in this population of infants. Although the supplementation led to a
rapid increase in the number of infants with a gut microbiota
harboring B. infantis LMG11588 (79% of the infants), this did not
occur at the expense of cases of colonization by other B. infantis
strains, which expanded at comparable rates between the
supplemented and control groups (18% of the infants at V4). In these
infants showing other B. infantis strains, all samples from the same
infant harbored the same subclade, indicating that naturally occurring
B. infantis strains entered a stable niche that is resistant to potential
perturbation by probiotic supplementation.

It is well established that HMOs play diverse and important roles
in infant development starting with their prebiotic function which
helps establish and maintain a balanced gut microbiota (50-53).
Notably, in our study, formula-fed infants did not receive
HMO-containing formulas, nor prebiotic-containing formulas (with
two exceptions for the latter). Since B. infantis is highly specialized in
utilizing HMOs (7), it was not surprising that the probiotic sustenance
was supported in EBF infants at V4 (84% of persistence versus 70% in
all infants). A similar colonization persistence was previously observed
in breastfed infants >30 days after B. infantis EVC001 supplementation
ceased (13). Notably, the identification of LMG11588 genomic
information in the samples 1 month after cessation of supplementation
(at V4) demonstrated the viability and persistence of the probiotic.

In an ecologic framework, the human gut microbiota has been
proposed to be a meta-community in which individuals are linked
through dispersal which shapes the microbiome assembly at local
scales (54). For example, during the intervention, we detected the
probiotic strain in nine samples in the control group, which may
be attributed to exposure to the probiotic in the environment through
horizontal transmission at social gatherings of families, infant
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FIGURE 3

Longitudinal tracking of B. infantis strains. (A) Strain tree of B. longum subspecies infantis using the reference genome of B. longum subspecies longum
JCM 1217 as root. Each tip in the tree corresponds to an infant sample (n = 406) or a reference genome (n = 16). Tip colors refer to sample groups (CG:
green, Lo-EG: light blue, Hi-EG: dark blue) or reference genomes (gray). The sum of edge lengths between two tips are proportional to the number of
SNV differences between the two samples. CG, control group (placebo supplement); Lo-EG, low-dose B. infantis, 1.0 x 10° CFU; Hi-EG, high-dose B.
infantis, 1.8 x 10'° CFU. (B) Strain tree showing infant samples (n = 130) and reference genomes (n = 15) outside the "LMG11588" clade. Tip color-shape
combinations refer to the study subject ID, with reference genomes shown as gray circles. The sum of edge lengths between two tips are proportional
to the number of SNV differences between the two samples. (C) B. infantis strain categorization shown for each infant (horizontal rows, n = 218) at the
four timepoints. Missing samples are denoted with a white fill color. (D) Relative abundance (%) of B. infantis stratified according to visit and strain
category (n =865 samples, 218 infants). Box edges denote the upper and lower quartiles, the center line denotes the median, and the whiskers extend
to the most extreme datapoints within 1.5 * IQR from the upper and lower quartiles, respectively. Abundances are shown on a pseudo-log scale with
the linear segment ranging from 0% to 0.01%. *: p <0.05, **: p<0.01, ***: p <0.001, ****: p <0.0001. (E) Relative abundance (%) of total Bifidobacterium
spp. stratified according to visit and strain category (n = 865 samples, 218 infants). Box edges denote the upper and lower quartiles, the center line
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denotes the median, and the whiskers extend to the most extreme datapoints within 1.5 * IQR from the upper and lower quartiles, respectively.
Abundances are shown on a pseudo-log scale with the linear segment ranging from 0% to 0.01%. *: p<0.05, **: p<0.01, ***: p <0.001, ****:
p<0.0001. n =865 samples. (F) Relative abundance (%) of selected infant-type Bifidobacterium spp. stratified according to visit and strain category
(n =865 samples, 218 infants). Box edges denote the upper and lower quartiles, the center line denotes the median, and the whiskers extend to the
most extreme datapoints within 1.5 * IQR from the upper and lower quartiles, respectively. Abundances are shown on a pseudo-log scale with the
linear segment ranging from 0 to 0.01%. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. n = 865 samples.
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Fecal community type (FCT) analysis. (A) Relative abundances of the top 10 abundant genera across 865 samples (218 infants) assigned to the six
different FCTs. (B—D) Infant transition visualization showing the progression of samples through each FCT for infants with no B. infantis (B), with B.
infantis LMG11588 (C), and "Other” B. infantis strains (D). Nodes represent each FCT at each visit. Node sizes represent the fraction of infants in the
given FCT at the given visit (relative to the infants in the other FCTs at the same visit). Line widths represent the number of infants who transitioned
from a given FCT to another FCT between two visits. Line colors represent the fraction of infants who transitioned from a given FCT to another FCT

between two visits (relative to the infants who transitioned from the same FCT to the remaining FCTs at the same visit).

playground, or community events. In populations with low occurrence
of this horizontal transmission, the probiotic supplementation could
be seen as a way to restore the dispersal process of B. infantis (14).
Although not clearly specified in the original reference of the
LMG11588 probiotic strain (55), the isolation from infant feces was
performed in the United States, a country harboring a very low
prevalence of B. infantis (14).
supplementation in Filipino infants did not interfere with the natural

Interestingly, our probiotic

dispersal of autochthonous B. infantis strains. We could therefore
hypothesize that, in their natural environment, the autochthonous
strains out-compete the supplemented probiotic strain. Similarly, an
autochthonous B. infantis strain Bg_2D9 was shown experimentally
to have a superior fitness over the U.S. infant-derived B. infantis
EVCO001 in the context of Bangladeshi infants with severe acute
malnutrition, and its competitive advantage was proposed to
be brought by local complementary food (56). Since this feeding stage
is not covered in our study, the nature of the competing advantage of
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the autochthonous strains still needs to be defined. Anyhow, it is an
interesting property of the LMG11588 strain to help the establishment
of a sustained B. infantis-rich microbiota only in infants that do not
acquire it shortly after birth.

Alterations in the microbiota composition in early life influence
immune system maturation and are associated with an increased risk
of developing autoimmune and allergic diseases later in life (57-59).
Therefore, impaired immune system development may be a
consequence of gut dysbiosis and associated enteric inflammation.
Interestingly, the presence of bifidobacteria strains (e.g., B. infantis) have
been shown to reduce the risk of immune mediated disorders, likely
through promoting a healthy immune system imprinting during a
critical window that may impact the health trajectory of the infant (60,
61). Infant-type bifidobacteria derived metabolites such as aromatic
lactic acids are known to beneficially modulate immune function and
pathogen resistance in early life (7). Along the same line, the
intervention group with the highest probiotic dose was characterized
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by a general decrease in pH and an increase of acetate production. These
observations were made at V2 and were generally more pronounced
and sustained in EBF infants. Increased acetate and decreased pH were
previously observed in breastfed infants supplemented with B. infantis
EVCO001 (13). While we found little variation in measurable cytokines
between study groups, fecal IL-1p and IL-8 levels were significantly
reduced at both V2 and V3 in exclusively breastfed infants supplemented
with B. infantis LMG11588. These results are consistent with a previous
report demonstrating reduced enteric inflammation in breastfed infants
supplemented with B. infantis EVC001 (12, 61). The observed reduction
of enteric inflammation in the breastfed group and not the formula-fed
groups supports the hypothesis of a synbiotic effect between HMOs and
the supplemented B. infantis strains highly specialized in the utilization
of HMOs (7, 62). Importantly, acetate- and cytokine-levels correlated
with the abundance of B. infantis, suggesting a dose dependent effect of
the probiotic B. infantis LMG11588 on these biomarkers of gut and
immune health. However, the potential synbiotic effect to regulate
enteric inflammation in early life warrants further clinical investigation.

Our study is the first demonstration of the safety and efficacy of
two doses of the B. infantis LMG11588 strain. A main strength of the
study is that it overcame significant methodological limitations of
previous studies using other B. infantis strains, such as lack of a control
group, short intervention periods, and low sample sizes. In addition,
we used a validated instrument (IGSQ) for assessing infant gastro-
intestinal symptoms and included measures of selected fecal barrier
and immune markers (i.e., cytokines). To the best of our knowledge,
our study is the first probiotic intervention where infant gut microbiota
is analyzed at strain level using shotgun metagenomics. Some study
limitations to acknowledge include a relatively short follow-up period
missing potential long-term immune and gut health benefits, the lack
of coverage of geographies beyond Philippines, and lack of blood
samples to allow understanding the impact on the host systemic
immune status. In addition, the low proportion of C-section delivered
infants (15%) did not allow an analysis stratified by delivery mode.

In conclusion, B. infantis LMG11588 supplementation, at low or
high dose, was associated with normal infant growth, and was
demonstrated to be safe and well-tolerated. It also promoted an infant-
type Bifidobacterium-rich microbiota, driven by B. infantis LMG11588
colonization, without interfering with the ecology of the
autochthonous B. infantis strains. Finally, in exclusively breastfed
infants, B. infantis supplementation encouraged microbial metabolic
activity and beneficially modulated enteric inflammation.
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