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Background & aims: Microbiome-modulators can help positively steer early-life microbiota development
but their effects on microbiome functionality and associated safety and tolerance need to be demon-
strated. We investigated the microbiome impact of a new combination of bioactive compounds, pro-
duced by the food-grade microorganisms Bifidobacterium breve C50 and Streptococcus thermophilus
ST065 during a fermentation process, and prebiotics in an infant formula. Tolerance and safety were also
assessed.
Methods: An exploratory prospective, randomized, double-blind, controlled, multi-centre study was
designed to investigate the effect of bioactive compounds and prebiotics (short-chain galacto-
oligosaccharides (scGOS)/long-chain fructo-oligosaccharides (lcFOS) 9:1). Experimental formulas con-
taining these bioactive compounds and prebiotics (FERM/scGOS/lcFOS), prebiotics (scGOS/lcFOS), or
bioactive compounds (FERM), were compared to a standard cow's milk-based control formula (Control).
Exclusively breastfed infants were included as a reference arm since exclusive breastfeeding is consid-
ered as the optimal feeding for infants. The study lasted six months and included visits to health care
professionals at baseline, two, four and six months of age. Stool SIgA concentration was the primary
study outcome parameter.
Results: There were 280 infants randomized over the experimental arms and 70 infants entered the
breastfed-reference arm. Demographics were balanced, growth and tolerance parameters were accord-
ing to expectation and adverse events were limited. At four months of age the median SIgA concentration
in the FERM/scGOS/lcFOS group was significantly higher compared to the Control group (p ¼ 0.03) and
was more similar to the concentrations found in the breastfed-reference group. Bifidobacterium increased
over time in all groups. The FERM/scGOS/lcFOS combination resulted in a microbiota composition and
metabolic activity closer to the breastfed infants’ microbiome.
Conclusion: The FERM/scGOS/lcFOS combination showed a significant positive effect on SIgA levels. All
formulas tested were associated with normal growth and were well-tolerated. Additionally, at four
trecht, the Netherlands.
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months of age the FERM/scGOS/lcFOS formula brought the microbiome composition and metabolic ac-
tivity closer towards that of breastfed infants.
Clinical trial registry: Registration number NTR2726 (Netherlands Trial Register; www.trialregister.nl/).
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The human gut harbours a complex microbial ecosystem, the
gut microbiota, which is known to enrich host functions related to
the integrity of the gut lining [1], pathogen inhibition [2], func-
tioning of the immune system [3], and energy homeostasis [4].
Several studies have demonstrated the important role the gut
microbiota plays in the immune response and intestinal barrier
function of the host [5,6]. Hence early life microbial colonization,
which is in parallel and interdependent with the maturation of the
gastrointestinal tract itself, is now considered as a critical step in
healthy development [7]. This process is influenced by several
environmental factors [8e10], among which early life nutrition is a
key factor. The importance of early life nutrition is reflected in the
microbiota composition; typically Bifidobacterium species domi-
nate when infants are breastfed, while the microbiota composition
consists of more members of the phylum Firmicutes when infants
are fed a standard cow's milk based formula [11]. TheWorld Health
Organization (WHO) recommends exclusive breastfeeding until six
months of age as, in early life, human milk is the optimal source of
nutrition. However, due to various reasons, not all infants are able
to be breastfed and, in these cases, infant formula is the source of
early life nutrition.

Infant formulas now commonly contain microbiome modula-
tors such as prebiotics and probiotics. According to the recent
consensus statement of the International Scientific Association for
Probiotics and Prebiotics (ISAPP), a prebiotic is defined as “a sub-
strate that is selectively utilized by host microorganisms conferring
a health benefit” [12]. Prebiotics are poorly digested and absorbed
in the upper part of the gastrointestinal (GI) tract and most of them
reach the colon unchanged. In the colon they serve as bacterial
growth substrates and therefore they directly influence the
composition and activity of the colonic microbiota. The character-
istic microbiota composition and metabolic activity observed in
full-term healthy breastfed infants is largely explained by the
presence of oligosaccharides in human milk [13,14]. Several studies
have shown that the microbiota of infants fed with formulas sup-
plemented with a specific mixture of short chain galacto-
oligosaccharides (scGOS) (90%) and long chain fructo-
oligosaccharides (lcFOS) (10%) consists of higher levels of bifido-
bacteria compared to infants fed with a standard formula [15e18].
Also the metabolic activity of the gut microbiota of infants fed this
prebiotic mixture has been shown to be closer to that of breastfed
infants [19e22]. Moreover, as the addition of this prebiotic mixture
leads to higher stool secretory IgA (SIgA) concentrations and lower
infection rates [23e25] it is also suggested to influence intestinal
immune development.

Fermentation is a way to generate postbiotics, which are defined
here as bioactive compounds produced by food-grade microorgan-
isms in a fermentation process (based on Aguilar-Toala and co-
workers [26]). Such bioactive compounds, generated from the food
matrix, provide a different strategy to modulate intestinal health in
comparison to “probiotic” approaches in which living microorgan-
isms are administered in adequate amounts as an ingredient. The
bioactive compounds generated during a specific fermentation
process that includes the combined activity of Bifidobacterium breve
C50 (BbC50) and Streptococcus thermophilus ST065 have been shown
to have beneficial effects on the composition and metabolic activity
of the intestinal microbiota in mice and humans, as indicated by an
increase of faecal bifidobacteria levels, a decrease in the number of
clostridia spores and Bacteroides fragilis counts and a lower stool pH
[27e29]. Consumption of these bioactive compounds in healthy
new-borns has been shown to be associated with enhanced pro-
duction of intestinal SIgA antibodies to polioviruses after vaccine
administration [29] and less severe diarrheal episodes compared to
infants fed a standard formula [30,31]. The objective of this study
was to explore if pairing these bioactive compounds with scGOS/
lcFOSwould lead to a beneficial effect on gutmicrobiota composition
andmetabolic activity as well as on immunological defence of the GI
tract in early life. In addition, growth and safety were investigated.

2. Materials and methods

2.1. Study design

The effects of an infant formula containing both bioactive
compounds (produced via a fermentation process) and prebiotics
were investigated in healthy infants in this prospective, random-
ized, double-blind, four-arm parallel group, controlled, multi-
centre study [Netherlands Trial Register: NTR2726]. Three experi-
mental formulas either containing a combination of these bioactive
compounds (FERM) and prebiotic oligosaccharides (FERM/scGOS/
lcFOS), prebiotic oligosaccharides (scGOS/lcFOS), or the bioactive
compounds (FERM) were compared to a standard cow's milk-based
control formula. In addition, growth and safety were investigated.
As a reference, healthy term infants whowere exclusively breastfed
during the first six months of life were assessed.

2.2. Subjects

This study investigated the effects of four infant formulas in
healthy term infants. The inclusion criteria were: term birth
(gestational age between 37 and 42 weeks); birth weight within
normal ranges for gestational age and sex; fully formula-fed or had
started the transition from breast-to formula-feeding; and aged� 7
days. Infants were excluded due to the following reasons: in case of
current and/or previous illnesses and/or congenital diseases or
malformations in their mother or themselves that could interfere
with the study (e.g., Group B streptococcal infection, severe diar-
rhoea), if they received antibiotics prior to baseline (directly or via
breast-feeding); if they were at risk of developing allergy (family
history of allergy defined as having at least one parent or blood-
related sibling with clear atopic symptoms of hay fever, asthma
or atopic dermatitis); if they consumed any formula that could
interferewith the study prior to baseline; or if they needed a special
diet other than standard cow's milk-based infant formula. Eligible
infants were randomly assigned (1:1:1:1) to one of the treatment
groups in blocks of 4 based on a computer-generated randomiza-
tion sequence. Stratified randomization was performed using
country as stratification factor. Infants who fit the above inclusion
and exclusion criteria, who were exclusively breastfed since birth
and whose mothers had the intention to continue exclusive breast-
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feeding until the infant was at least fourmonths of agewere eligible
for participation in the breastfed reference group.
2.3. Study formulas

Control and experimental products were powdered infant for-
mulas providing complete nutritional support for infants in the first
six months of life. The formulas were iso-caloric, and compositions
were according to Directive 2006/141/EC (see Table 1). In total,
three experimental formulas were tested: a standard cow's milk
based infant formula containing bioactive compounds obtained by
fermenting the base formula with B. breve C50 and S. thermophilus
065 using a specific fermentation process, and supplemented with
a 90% short-chain galacto-oligosaccharides and 10% long-chain
fructo-oligosaccharides prebiotic mixture (FERM/scGOS/lcFOS); a
standard cow's milk based infant formula supplemented with the
prebiotic mixture (9:1) only (scGOS/lcFOS); a standard cow's milk
based infant formula containing these bioactive compounds only
(FERM). During the fermentation process ST065 produces a major
trisaccharide, which has been identified as D-galactopyranosyl-(1-
>3)-D-galactopyranosyl-(1->4)-D-glucose [32] (from now on
referred to as 30-GL). To maintain the 9:1 ratio between short-chain
and long-chain oligosaccharides, scGOS was added at a concen-
tration of 0.52 g/100 mL while 30-GL was present in a concentration
of 0.2 g/100 mL. The three investigational formulas were compared
to a standard cow's milk based infant formula (Control) with the
same composition as the investigational formulas, but without
supplementation of prebiotic oligosaccharides or bioactive com-
pounds. All formulas had a similar taste, smell, and colour and were
manufactured according to Good Manufacturing Practices by
Nutricia (Steenvoorde, France). The study products were stored at
study sites in a secure and limited access storage area protected
from extremes of light, temperature, and humidity.

2.4. Recruitment procedure and study conduction

The study recruited participants in three European countries
(France, Germany, and Italy). Parents or guardians of infants that
met the above inclusion and exclusion criteria and those who were
exclusively breastfed since birth (with the intention to continue
exclusive breast-feeding until the infant was at least four months of
age) were approached in the first seven days of their infant's life.
After obtaining written informed consent at the combined
screening and baseline visit, the eligible infants were randomly
assigned to one of the treatment groups or entered the breastfed
reference group. A stool sample was collected prior to starting with
the study formula. Further visits were conducted at two, four and
Table 1
Product composition used infant formulas.

Per 100

FERM/sc

Energy kCal 67
Protein (g), of which 1.3

Casein 0.7
Whey protein 0.7

Carbohydrates (g), of which 7.3
Sugar, of which 7.3
Lactose 6.9

Fats (g), of which 3,5
Linoleic acid (mg) 613
a-linoleic acid (mg) 58

Fibre (g) 0.6

scGOS/lcFOS ¼ short-chain galacto-oligosaccharides and long-chain fructo-oligosacchari
six months after birth. At each visit, stool samples and data on
anthropometrics, feeding pattern, medication use, clinical symp-
toms and stool characteristics were collected by the infant's
paediatrician. Two weeks after the last study visit a follow-up
phone call was conducted, in which the infant's current feeding
regimen, the occurrence of any adverse events, as well as related
intake of medication and health care professional visits was
recorded.

2.5. Growth-anthropometrics

Anthropometrical parameters (retrospectively collected for
birth) were measured at each study visit by their paediatrician
using standardized techniques. At each time point, for each growth
parameter, three measurements were taken, and the average value
was used. A SAS macro (provided by WHO, http://www.who.int/
childgrowth/software/en/) was used to normalize the absolute
anthropometric measurements of subjects, using the actual chro-
nological age and sex of each subject.

2.6. Stool characteristics

Subjects’ stool consistency was scored during the seven days
before each visit, based on five categories: watery [1], loose [2], soft
[3], formed [4] and hard [5].

2.7. Microbiota composition and stool metabolic activity

Stool parameters were analysed for infants who received no
antibiotics during the study and who completed the study. These
selected infants were further divided into two subgroups based on
their mode of delivery, i.e., vaginally delivered infants and
caesarean delivered infants. The bacterial composition of the stool
microbiota was determined by Fluorescence In Situ Hybridization
(FISH), a microscopic technique used for identification and count-
ing of bacteria bacterial using specific 16S-rRNA targeted fluores-
cent DNA probes, as described previously [33]. The bacterial target
groups and the associated probes used were: Atopobium cluster
(Ato291; [11]); Bacteroides distasonis group (Bdis656; [34]); Bac-
teroides fragilis group (Bfra602; [34]); Bifidobacterium spp. (Bif164-
mod; [35]); Blautia coccoides group (derived by subtracting Rrec584
measurements from Erec482 measurements); Clostridium histo-
lyticum group (Chis150; [34]); Clostridium lituseburense group
(Clit135; [34]); Subset Enterobacteriaceae (Ec1531; [36]); Eubacte-
rium rectale and B. coccoides group (Erec482; [34]); Lactobacillus -
Enterococcus group (Lab158; [37]); and the Roseburia and E. rectale
group (Rrec584; [38]).
mL

GOS/lcFOS scGOS/lcFOS FERM Control

67 68 69
1.3 1.4 1.3
0.5 1.0 0.7
0.8 0.4 0.7
7.3 8.6 8.1
7.2 6.3 8.1
7.0 6.0 7.8
3,5 3.1 3.5
466 546 613
86 52 58
0.6 0.2 0

des; FERM ¼ fermented infant formula.

http://www.who.int/childgrowth/software/en/
http://www.who.int/childgrowth/software/en/
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Additionally, the following targeted metabolic activity parame-
ters were measured in the selected set of stool samples: pH; short
chain fatty acid (SCFA) levels (i.e. acetate, propionate, butyrate, iso-
butyrate, valerate, and iso-valerate); D- and L-lactate; secretory
immunoglobulin A (SIgA); and calprotectin. The methodologies to
quantify these physiological parameters have been described in
more detail previously [39].

2.8. Ethics

The study was registered with the Dutch Trial Register on
February 1, 2011 (registration number NTR2726), and the approval
of the relevant ethics committees in the participating countries was
obtained before the start of the study. The study was conducted
according to ICH-GCP principles, and in compliance with the
principles of the ‘Declaration of Helsinki’ (2008) and with the local
laws and regulations of each country where the study was
performed.

2.9. Statistics

Sample size calculation was based on the expected difference in
concentration of stool SIgA (primary outcome) between the FERM/
scGOS/lcFOS and Control group (internal data). The required sam-
ple size for statistical testing using a significance level (a) of 0.05
and a power of 80%was 50 subjects per formula group. Allowing for
amixed feeding rate of 20% and a drop-out rate of 15%, a total of 280
(70 subjects per group) needed to be enrolled. A sample size of 70
subjects was considered sufficient to obtain reference data for the
breast-fed reference group.

Testing for differences in SIgA concentrations between either of
the experimental formulas groups and the Control group was
performed using ANOVAwith the stratification factor ‘country’ as a
covariate. Logarithmic transformation was applied before testing.

For the primary outcome, SIgA, a sensitivity analysis was run
using multiple imputation. Missing values for SIgA were imple-
mented using multiple imputation with 100 imputations. The
Predictive Mean Matching Method was applied per visit using the
variables “breastfed reference group versus randomized groups”,
“breastfeeding before randomization yes e no”, “the mother's use
of antibiotics during the last 15 days of pregnancy or during de-
livery”, “use of prebiotics prior to randomization” and “mode of
birth”.

For the analysis of stool parameters, if < 30% of the values were
below limit of detection (BLD) Wilcoxon rank sum tests (WR) were
performed. If > 30% of the values were BLD, value BLD was replaced
by ‘‘0” and the other values were replaced by ‘‘1,’’ after which P
values were calculated using ChieSquare test (Fisher's exact test in
case of sparse cells) to assess differences in prevalence of the cor-
responding parameter.

In any other analyses, for continuous data, two sample t-tests
were used. WRs were used in case of violation of normality
assumption and/or presence of outliers. Categorical response pa-
rameters were analysed by using ChieSquare tests (Fisher's exact
test in case of sparse cells). The statistical analysis was performed
by Nutricia Research using SAS statistical software (SAS Enterprise
Guide 4.3) for Windows (SAS Institute Inc., Cary, NC).

2.10. Randomization

The randomization sequence was generated using the PLAN
procedure of SAS statistical software. The permuted block
randomization was stratified for country, with a 1:1:1:1 allocation
ratio of the four test products.
At the sponsor, the randomization sequence was saved elec-
tronically in a working environment with restricted access. Details
about sequence generation, block size or sizes and whether the
block size(s) were fixed or randomly were unknown to the in-
vestigators, site staff, and sponsor staff that were involved in the
conduct of the study.

Based on the order in which subjects entered the study and the
stratification factor, they were assigned a randomization number.
The randomization number corresponded to the letter code of the
study product that the subject was to receive (A, B, C or D).

The allocation sequencewas generated by a statisticianwhowas
not involved in the conduct of the study. This statistician decided
on the block size or sizes and whether the block size(s) were fixed
or random. The sponsor's Clinical Study Supplies Manager was
responsible for linking the randomisation numbers to the test and
control products, assigning product codes to randomisation
numbers, labelling the study products, creating randomisation
envelopes and creating unblinding envelopes. The investigator was
responsible for enrolling subjects into the study and assigning them
to their given randomisation codes.

3. Results

3.1. Study population and randomization flow

Between February 2011 and April 2012, 350 subjects were
enrolled in the study, of which 280 subjects were randomized to one
of the four study formulas. The other 70 subjects were included in
the breastfed reference group. At the end of the study, 197 of the
randomized subjects completed the study, whereas 83 (30.3%) of
the randomized subjects withdrew from the study prematurely. The
most common reason for drop-out was an (serious) adverse event
(AE) (n ¼ 39). Other reasons were withdrawal of informed consent
(n ¼ 10), lost to follow-up (n ¼ 14), protocol violation (n ¼ 11), or
other reasons (n ¼ 9). The number of subjects that completed the
study was not significantly different between the experimental
groups or the control group. Subject flow is shown in Fig. 1.

3.2. Demographics and baseline characteristics

As a result of the randomization scheme applied in the study,
subjects were well balanced over the study groups with respect to
demographics and baseline characteristics. The observed differ-
ences were small and not considered clinically relevant. The most
relevant characteristics are presented in SI Tables 1e4.

3.3. Primary outcome: SIgA

Stool SIgA concentrations are presented in Table 2 (for PP,
vaginally born and caesarean born subgroups see SI Tables 5e7). At
baseline, the median SIgA concentration in the stool samples of the
four experimental formula groups, which were above detection
limit, were very low (0.7 mcg/g faeces). In contrast, the baseline
sIgA concentration in the breastfed group was very high (median
1860 mcg/g faeces) and gradually declined over time.

At 2 and 4 months of age the number of samples with SIgA
concentrations above detection limit as well as the SIgA concen-
trationwas increased substantially in the four experimental groups
(median 266e422 mcg/g faeces at 2 months of age; median
254e743 mcg/g faeces at 4 months of age). Notably, the median
SIgA concentration in the FERM/scGOS/lcFOS group increased by
more than double at the age of 4 months (743 mcg/g faeces)
compared to the concentration at the age of 2 months (325 mcg/g
faeces), thereby reaching the concentrations of SIgA in the breast-
fed reference group at the age of 4 months. The median SIgA



Fig. 1. Number of study subjects per study arm. ASE ¼ all subjects enrolled; ASR ¼ all subjects randomized; AST¼ all subjects treated; PP ¼ per protocol; scGOS/lcFOS ¼ short-chain
galacto-oligosaccharides and long-chain fructo-oligosaccharides; FERM ¼ fermented infant formula. ASR were included in the AST analysis and in the ITT analysis. The PP population
was constructed by visit, so the number of subjects in the PP population differed per visit. Of the 280 subjects in the ITT at baseline, 199 subjects (71%) were included in the PP at
baseline, 197 subjects (70%) at visit 2 (two months of age), 187 subjects at visit 3 (four months of age) and 171 subjects (61%) at visit 4 (six months of age). Of these, 120 subjects were
included in a subgroup for stool parameter analysis and 61 subjects were included in a subgroup of infants born via caesarean section.

Table 2
Faecal SIgA concentrations (ITT).

Statistic FERM/scGOS/lcFOS (N ¼ 70) scGOS/lcFOS (N ¼ 70) FERM (N ¼ 70) Control (N ¼ 70) Breastfed (N ¼ 70)

SIgA
Baseline Below LOD n (%) 50 (79.4%) 57 (90.5%) 55 (90.2%) 51 (83.6%) 1 (1.6%)

Above LOD n (%) 13 (20.6%) 6 (9.5%) 6 (9.8%) 10 (16.4%) 60 (98.4%)
Missing samples 7 7 9 9 9
p-valuea 0.646 0.293 0.422

Month 2 Mean (SD) 903.3 (1247.7) 642.5 (915.5) 598.5 (709.9) 545.0 (541.0) 1158.6 (775.6)
Median (Q1-Q3) 325.2 (192.5e1373.1) 421.6 (149.9e733.7) 265.6 (162.1e825.6) 403.6 (238.1e617.4) 948.3 (708.1e1535.5)
Missing samples 16 20 19 22 20
p-valueb 0.488 0.630 0.695

Month 4 Mean (SD) 929.4 (889.9) 698.6 (822.8) 539.0 (636.6) 685.3 (986.9) 1028.0 (603.0)
Median (Q1-Q3) 742.9 (269.0e1517.8) 442.6 (142.3e854.1) 253.6 (120.7e756.7) 331.4 (154.5e663.5) 1051.7 (489.8e1443.5)
p-valueb 0.028 0.789 0.360
Missing samples 23 27 21 29 33

Month 6 Mean (SD) 872.4 (599.6) 723.6 (624.6) 608.1 (731.8) 735.6 (566.2) 1786.6 (1534.7)
Median (Q1-Q3) 748.4 (501.6e1102.7) 609.4 (415.0e780.5) 423.5 (223.6e788.3) 615.2 (304.6e1015.3) 1642.0 (546.5e2401.2)
p-valueb 0.478 0.586 0.218
Missing samples 30 32 31 36 32

ITT ¼ intention to treat; scGOS/lcFOS ¼ short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides; FERM ¼ fermented infant formula.
a Pair-wise comparison between either of the investigational formulae groups and the Control group was done using Fisher's exact test.
b Testing for differences between either of the investigational formulae groups and the Control group was done by using ANOVA with the stratification factor ‘country’ as a

covariate. Logarithmic transformation was applied before testing.
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concentration at 4 months of age in the FERM/scGOS/lcFOS group
was significantly higher compared to the SIgA concentration in the
Control group (p ¼ 0.03).

The number of missing stool samples increased at the age of
two, four and six months. Statistical analysis of the SIgA data using
multiple imputation of missing samples did not lead to relevant
changes in the results. The median SIgA concentration at four
months of age in the FERM/scGOS/lcFOS group was still signifi-
cantly higher compared to the SIgA concentration in the Control
group (p ¼ 0.04).
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3.4. Growth-anthropometrics

Results of the mean weight and length measurements per visit
did not show any biologically relevant difference between either of
the experimental formula groups, the Control group, or the
breastfed reference group (see SI Tables 8e11). In comparison with
the WHO Growth Standards [40], which are based on growth of
exclusively breastfed infants, the mean values for weight, length
and head circumference in all experimental groups werewithin the
range of �1 to þ1 s-scores (see Fig. 2).
Fig. 2. Length/height-for-age (upper), weight-for-age (middle), and head
circumference-for-length (lower) WHO z score: plot of predicted value plus 95% con-
fidence limits for the ITT population per intervention group.
3.5. Stool characteristics

The average rank of stool consistency indicated a high incidence
of loose and soft stools for all groups at two and four months of age,
while the average rank shifted to a soft stool category for all groups
at six months of age (see SI Table 8). At two and four months of age
the stool consistency of the FERM/scGOS/lcFOS group was signifi-
cantly softer compared to the Control group and was closer to that
recorded in breastfed infants. These differences in stool consistency
disappeared by the six months of age visit.

At four months of age, stool frequency in all experimental for-
mula groups was significantly higher compared to the Control
group. At two and six months of age stool frequency was not
different between either of the experimental formula groups and
the Control group (see SI Table 8). It is noteworthy that at two and
four months of age, stool frequency of breastfed infants was higher
compared to all groups receiving formula.
3.6. Safety outcomes

During the study a total number of 675 adverse events were
reported in 188 subjects in the experimental formula groups and
the Control group (see SI Table 8). The number of adverse events in
the experimental formula groups did not statistically differ from
the number of adverse events in the Control group. The majority of
reported adverse events were considered mild and unrelated to the
study product and were clustered in the following system organ
classes: gastro-intestinal disorders (55.4%), infections (54.3%), and
skin disorders (13.2%). More detailed information regarding the
adverse events is provided in SI Tables 12e15.
3.7. Microbiota composition

The results of the microbiota composition analysis with FISH are
shown in Fig. 3 and details are in SI Tables 16 and 17. In vaginally
born subgroup there were no differences between experimental
formulas for the following bacterial groups at any time point: the
Atopobium cluster, the subset of Enterobacteriaceae, the Lactoba-
cillus - Enterococcus group, and the Roseburia and E. rectale group (SI
Table 16). These bacterial groups represent less than 10% of the
infant microbiota measured here (highest levels at baseline). At
baseline there was one bacterial group i.e., Bacteroides fragilis that
showed a significant difference between study formulas. This dif-
ference, however, was not evident at two or four months of ages.

As expected [41] all study arms, including the breast-feeding
reference group, showed a typical infant gut microbiota pattern,
with a dominant presence of Bifidobacteriumwhich increased over
time. There were no differences across the formulas at baseline or
at two months of age with respect to the percentage of Bifido-
bacterium, but there was a significant difference across the for-
mulas (p ¼ 0.002; KruskaleWallis test) at four months of age. This
overall difference was mainly driven by the scGOS/lcFOS formula
(see Fig. 3B-F). Similarly, for two potentially pathogenic bacterial
groups, Bacteroides distasonis and C. lituseburense, and the more
adult-like bacterial groups E. rectale - B. coccoides and the derived
B. coccoides, there were no differences across the formulas at
baseline or two months of age, but there were overall differences
found across the formulas at four months of age (p ¼ 0.048,
p < 0.001, p < 0.001, p < 0.001, for the bacterial groups respectively;
KruskaleWallis test). These differences were driven primarily by
low abundance of these bacterial groups in the scGOS/lcFOS con-
taining formulas (see Fig. 3).

There was no difference across formulas at baseline for
C. histolyticum. However, significant differences across the formulas



Fig. 3. Stool microbiota composition results. Panel A shows an overview of the phylogentic relationship of all bacterial groups targetted by the Fluorescence In Situ Hybridization
(FISH) assays on the stool microbiota composition. The yellow nodes indicate which bacterial groups showed significant differences across the study arms at twomonths and/or four
months of age. Panel BeF show boxplots of the relative abundances (%) of these bacterial groups that showed significant differences. These significant differences are indicated by
blue lines marked with an asterisk between the relevant study formulas. scGOS/lcFOS ¼ short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides;
FERM ¼ fermented infant formula. Blue circles indicate FERM/scGOS/lcFOS, red plusses indicate scGOS/lcFOS, green crosses indicate FERM, brown triangles indicate Control, grey
boxes indicate breastfed reference arm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
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at two and four months of age were detected (p ¼ 0.030 and
p < 0.001 respectively; KruskaleWallis test) (see Fig. 3E).

3.8. Stool metabolic activity

Baseline pH data showed no differences, but pH was signifi-
cantly different between the formula groups at two and four
months of age (p < 0.001 and p < 0.001, respectively;
KruskaleWallis test) (see Table 3). Compared to Control, the me-
dian pH values were lower in the formulas containing prebiotics
(FERM/scGOS/lcFOS and scGOS/lcFOS) at both two and four months
of age. There was no significant difference in pH when comparing
the FERM group to the Control group at any time points.

The number of stool samples with detectable amounts of the
SCFAs butyric acid, iso-butyric acid, valeric acid, and iso-valeric acid
and/or D-/L-lactate was low (see Table 3; SI Table 18). This limited
quantitative analysis and a presence/absence analysis was
performed. No differences for these parameters were observed at
baseline. For butyric acid, D-lactate, and L-lactate, significant dif-
ferences between the formulas was observed at two months of age
(p ¼ 0.006, p ¼ 0.009, p ¼ 0.040, respectively; ChieSquare test).
Butyric acid was not detected at all in the infants consuming FERM/
scGOS/lcFOS, while D-lactate and L-lactate were detected in a
significantly higher proportion of thesewhen compared to those on
the control formula.

At four months of age butyric acid remained significantly lower
in FERM/scGOS/lcFOS formula fed infants compared to Control
(p ¼ 0.001; ChieSquare test). D-lactate and L-lactate were detected
in a significantly higher proportion of the infants on both formulas
that contained prebiotics (FERM/scGOS/lcFOS and scGOS/lcFOS)
compared to Control (p < 0.001, p ¼ 0.001, respectively for D-
lactate; p ¼ 0.001, p ¼ 0.004, respectively for L-lactate; ChieSquare
test). Iso-valeric acid was detected in a significantly lower propor-
tion of the infants on the bioactive compounds and/or prebiotics



Table 3
Microbial metabolic activity parameters that showed significant differences across study formulas at any time point, vaginally born subgroup.

Statistic FERM/scGOS/lcFOSn ¼ 29 scGOS/lcFOSn ¼ 24 FERMn ¼ 36 Control n ¼ 31 Breastfedn ¼ 28

Baseline pH Median (Q1-Q3) 5.6 (5.2e5.8) 5.8 (5.4e6.1) 5.8 (5.4e6.2) 5.4 (5.2e6.1) 5.6 (5.2e6.0)
n (Nmiss) 29 (0) 23 (1) 36 (0) 30 (1) 26 (2)

Organic acids Butyric Acid Detected n (%) 1 (4.5%) 2 (11.8%) 1 (3.3%) 1 (3.8%) 1 (5.3%)
Iso-Valeric Acid Detected n (%) 0 (0.0%) 1 (5.9%) 2 (6.7%) 2 (7.7%) 3 (15.8%)
D-lactate Detected n (%) 14 (63.6%) 8 (47.1%) 13 (43.3%) 13 (50.0%) 5 (26.3%)
L-lactate Detected n (%) 17 (77.3%) 6 (35.3%) 18 (60.0%) 17 (65.4%) 9 (47.4%)

Missing 7 7 6 5 9

Month 2 pH3 Median (Q1-Q3) 5.61 (5.4e6.3) 5.51 (5.3e6.3) 6.7 (6.1e7.4) 6.7 (5.9e6.9) 5.6 (5.3e5.9)
n (Nmiss) 28 (1) 24 (0) 33 (3) 29 (2) 26 (2)

Organic acids Butyric Acid Detected n (%) 0 (0.0%)2 9 (39.1%) 13 (40.6%) 8 (28.6%) 3 (12.0%)
Iso-Valeric Acid Detected n (%) 4 (18.2%) 2 (8.7%) 8 (25.0%) 7 (25.0%) 6 (24.0%)
D-lactate Detected n (%) 16 (72.7%)2 11 (47.8%) 11 (34.4%) 10 (35.7%) 13 (52.0%)
L-lactate Detected n (%) 15 (68.2%)2 14 (60.9%) 10 (31.3%) 11 (39.3%) 18 (72.0%)

Missing 7 1 4 3 3

Month 4 pH3 Median (Q1-Q3) 5.41 (5.2e6.1) 5.91 (5.5e6.8) 6.7 (6.1e6.9) 6.9 (6.3e7.1) 5.6 (5.1e6.0)
n (Nmiss) 26 (3) 20 (4) 34 (2) 22 (9) 27 (1)

Organic acids Butyric Acid Detected n (%) 2 (9.1%)2 6 (31.6%) 14 (42.4%) 12 (57.1%) 4 (23.5%)
Iso-Valeric Acid Detected n (%) 2 (9.1%)2 0 (0.0%)2 8 (24.2%)2 12 (57.1%) 1 (5.9%)
D-lactate Detected n (%) 17 (77.3%)2 14 (73.7%)2 9 (27.3%) 4 (19.0%) 5 (29.4%)
L-lactate Detected n (%) 18 (81.8%)2 14 (73.7%)2 10 (30.3%) 6 (28.6%) 10 (58.8%)

Missing 7 5 3 10 11

scGOS/lcFOS ¼ short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides; FERM ¼ fermented infant formula.1Median values that, based onWilcoxon Rank
Sum test, are significantly different (p < 0.05) from the median of the Control group. Test performed if KruskaleWallis test comparing all treatment groups (excluding
breastfed reference group) was significant.2Significant difference (p < 0.05) compared to the Control group, based on the Fisher's exact test or ChieSquare test; if there is at
least one cell with expected count < 6, Fisher's exact test was used. Otherwise, the ChieSquare test was used.3Significant (p < 0.05) KruskaleWallis test comparing all
treatment groups (excluding breastfed reference group). Overall comparison is only done for continuous (and not binary) data.
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containing formulae (FERM/scGOS/lcFOS, scGOS/lcFOS, and FERM)
compared to Control (p ¼ 0.001, p < 0.001, p ¼ 0.015, respectively;
ChieSquare test) at four months of age.

4. Discussion

One of the benefits of exclusive breastfeeding, the optimal
mode of nutrition in infancy, is a high level of SIgA in the gastro-
intestinal tract which is not observed in infants on standard cow's
milk formula. This study showed that the combination of bioactive
compounds, produced by B. breve C50 and S. thermophilus O65
during a fermentation process, and prebiotics led to a significant
increase on stool SIgA concentrations, the primary outcome of this
study. Concomitant with this positive effect on SIgA concentra-
tions, the combination of these bioactive compounds and pre-
biotics was shown to lower the stool pH compared to both control
formula and to the formula containing the bioactive compounds
alone. The combination was also shown to increase bifidobacteria
and affect microbial metabolites as previously described for for-
mulas with scGOS/lcFOS (9:1). In addition, we observed a
combination-specific influence on the overall microbial composi-
tion, which steered early microbial colonization closer to what is
observed in exclusively breastfed infants. Furthermore, infants fed
with this combined formula grew well and the formula was well-
tolerated.

The primary outcome SIgA, which, as a part of the gut-
associated lymphoid tissue (GALT), plays a significant role in the
immunological defence of the GI tract, serves as a first line of
defence in protecting the intestinal epithelium from enteric toxins
and pathogenic microorganisms. It has been widely demonstrated
that production of SIgA results from interaction between the in-
testinal immune system and bacterial colonization [42]. Since
neonates are born without the capacity to synthesize SIgA them-
selves, and maternal SIgA is likely washed out of the infant gut
within two days after the cessation of breastfeeding, it was
considered unlikely that breast-feeding prior to randomization
into this study would influence SIgA concentrations at twomonths
of age and beyond [43]. For this reason, any breast-feeding before
study entry was not considered in the analyses of the SIgA data.
The four months' time-point was of key interest as prior to this age
an infant's production of SIgA is still developing and after four
months of age a high proportion of the participating infants were
no longer exclusively formula-fed, due to the introduction of
complementary foods. As expected, the highest levels of stool SIgA
were found in breast-fed infants at four months of age. Previous
studies reported higher stool SIgA concentrations in infants fed a
formula supplemented with scGOS/lcFOS than in infants fed a
standard formula [23,24], confirming that stool SIgA stimulation is
possible by these prebiotics alone. At four months of age stool SIgA
in the study group consuming the combined bioactive compounds
and prebiotics formula (FERM/scGOS/lcFOS) was significantly
higher compared to both the Control and formula with bioactive
compounds only (FERM) groups. As scGOS/lcFOS alone did not
show an effect of similar magnitude, these results suggest an ad-
ditive effect of the combination of bioactive compounds and pre-
biotics as compared to either component alone. The mechanism
behind this additive effect remains to be determined. These
bioactive compounds have been shown to enhance the reactivity
of the infant immune system by increasing production of intestinal
SIgA antibodies to polioviruses following vaccine administration
[30]. Additionally, one of the bioactive compounds produced by
ST065 is 30-GL [32], which is also present in human milk, in con-
centrations known to fluctuate during the different stages of
lactation [44]. Oligosaccharides, especially those that are high in
colostrum such as 30-GL, appear to be able to modulate the im-
mune system by affecting the Th1:Th2 cell ratio [44]. Therefore,
the 30-GL addition via fermentation is hypothesized to offer an
oligosaccharide profile closer to the galactosyl lactose structures
found in human milk.

Previous studies have shown that infants fed an infant formula
supplemented with the prebiotic scGOS/lcFOS mixture have higher
levels of bifidobacteria and lactobacilli compared to infants fed
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standard formula [15e18], and an overall metabolic profile that
appears closer to that of breastfed infants [19e22]. The latter is
demonstrated via an acidic pH, an acetate dominant SCFA spec-
trum, and higher levels of lactate. Even if there were no differences
in acetate levels, the lower pH levels and the lower butyrate and
iso-valerate occurrence, as well as the higher lactate occurrence in
the study formulas with prebiotics (FERM/scGOS/lcFOS and scGOS/
lcFOS) compared to the Control formula, confirms that the benefi-
cial properties of the prebiotics are maintained with the addition of
the bioactive compounds. These results are in line with those
previously reported for a combination of bioactive compounds and
prebiotics derived from the same strains using the Lactofidus™
fermentation process; in this case the prebiotic effects on the stool
microbiota were reported to be maintained [39].

In addition to the Bifidobacterium spp., other bacterial groups
responded to the specific interventions as well. Both bioactive
compounds and prebiotics seemed to repress the abundance of the
Bacteroides distasonis (recently renamed as Parabacteroides dis-
tasonis [45]), the C. lituseburense, and the C. histolyticum groups,
with this most evident at four months of age. Although these
groups are interesting, as previous studies link their presence to
opportunistic pathogenic properties such as infections, enterotoxin
production, and other unhealthy states [46,47], their abundances
were even lower compared to the breastfed reference arm. More
substantial differences were observed for the B. coccoides group.
The combination of bioactive compounds and prebiotics (FERM/
scGOS/lcFOS) particularly showed a repression of this taxon that
was closer to the range observed in the breastfed reference arm.
Combining the prebiotic scGOS/lcFOS mixture and bioactive com-
pounds produced by BbC50 and ST065 in other independent trials
has also been shown to reduce Blautia levels [48]. Members of the
genus Blautia have been shown to possess specific acetogenic
pathways coupled to hydrogen (H2) oxidation [49,50]. H2 is a
general by-product of colonic bacterial metabolism. Given that the
effect on Blautia is to bring the microbiota composition closer to
that observed in breastfed infants, we hypothesize that Blautia
levels in infants is a marker for H2 status and that the lower levels of
Blautia observed in infants consuming the FERM/scGOS/lcFOS
mixture could possibly reflect or contribute to a healthier or more
balanced microbial ecosystem.

Growth patterns in all study groups were according expecta-
tions (based on WHO standards). There was no difference in the
prevalence of reported adverse events between the experimental
formula groups and the Control group. Frequency and types of re-
ported adverse events did not raise safety concerns. Analyses of the
tolerance data showed a shift towards softer stools in infants
consuming the prebiotics containing formulas (FERM/scGOS/lcFOS
and scGOS/lcFOS) at four months of age. This reduction in consis-
tency remained within the normal physiological ranges (based on
observations in the breastfed reference group). Hence, the study
formulas were considered well-tolerated and safe based on growth
and adverse events outcomes.

In conclusion, the combination of bioactive compounds, pro-
duced by B. breve C50 and S. thermophilus ST065 during a
fermentation process, and prebiotics in infant formula showed a
significant positive effect on stool SIgA concentrations. All formulas
tested in this study were associated with normal growth and were
well-tolerated; limited adverse events were identified. At four
months of age, the formula containing the combination of bioactive
compounds and prebiotics brought the microbiota composition
and metabolic activity towards that of term-born breastfed infants.
These changes were associated with the higher SIgA levels but a
mechanism of action for this effect requires further investigation.
We demonstrate that this experimental infant formula containing
bioactive compounds, produced by strains BbC50 and ST065,
combined with prebiotics emulates part of the gut metabolic ac-
tivity observed in exclusively breastfed infants born at term.
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