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Abstract: This open-label, non-randomized, multicenter trial (Registration: NCT 03661736) aimed to
assess if an amino acid-based formula (AAF) supplemented with two human milk oligosaccharides
(HMO) supports normal growth and is well tolerated in infants with a cow’s milk protein allergy
(CMPA). Term infants aged 1–8 months with moderate-to-severe CMPA were enrolled. The study
formula was an AAF supplemented with 2′-fucosyllactose (2′-FL) and lacto-N-neotetraose (LNnT).
Infants were fed the study formula for 4 months and were offered to remain on the formula until
12 months of age. Tolerance and safety were assessed throughout the trial. Out of 32 infants (mean
age 18.6 weeks; 20 (62.5%) male), 29 completed the trial. During the 4-month principal study period,
the mean weight-for-age Z score (WAZ) increased from –0.31 at the baseline to +0.28 at the 4-months’
follow-up. Linear and head growth also progressed along the WHO child growth reference, with
a similar small upward trend. The formula was well tolerated and had an excellent safety profile.
When comparing the microbiome at the baseline to the subsequent visits, there was a significant
on-treatment enrichment in HMO-utilizing bifidobacteria, which was associated with a significant
increase in fecal short-chain fatty acids. In addition, we observed a significant reduction in the
abundance of fecal Proteobacteria, suggesting that the HMO-supplemented study formula partially
corrected the gut microbial dysbiosis in infants with CMPA.

Keywords: 2′-fucosyllactose; lacto-N-neotetraose; hypoallergenic formula; gut microbiome;
metagenomic sequencing; bifidobacteria; dysbiosis; short chain fatty acids

1. Introduction

An amino acid-based formula (AAF) is a specialized type of hypoallergenic formula
that is strictly devoid of allergenic food proteins [1]. Instead, free amino acids are used
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as the dietary nitrogen source [2]. In clinical practice, AAF is reserved for the nutritional
management of formula-fed infants with moderate-to-severe cow’s milk protein allergy
(CMPA), including those who failed to respond to a trial of an extensively hydrolyzed
formula (EHF) [3,4]. In addition, there are several indications where an AAF is suitable as
first-line treatment, such as anaphylaxis to cow’s milk protein (CMP), multiple food allergy
of infancy, eosinophilic esophagitis, or gastrointestinal CMPA with significant growth
failure [1,5].

CMPA in young infants is associated with intestinal microbial dysbiosis, characterized
by the suppression of infantile bifidobacteria and the enrichment of Proteobacteria and
other gram-negative gut bacteria [6]. The establishment of a healthy gut microbiome in
early infancy requires the presence of human milk oligosaccharides (HMO), which provide
the preferred substrate for the infantile Bifidobacterium species and Bacteroides [7–10]. Several
studies have demonstrated that bifidobacteria promote early immune maturation, including
the enhancement of innate and adaptive immunity to protect against infections [11–13].

HMO manufactured by bacterial biofermentation from lactose have recently become
available as novel ingredients in infant formulas for healthy infants and those with
CMPA [14–16]. The concentrations of HMO in breast milk vary significantly between
mothers, as well as for stages of lactation and maternal Lewis secretor status [17]. The con-
centrations of the HMO, 2′-fucosyllacose (2′-FL) at 1 g/L and lacto-N-neotetraose (LNnT)
at 0.5 g/L in the study formula were chosen from within the range of observed breast milk
concentrations [18]. A recent trial in infants with CMPA fed an EHF supplemented with
2′-FL and LNnT suggested a protective effect against respiratory and ear infections [19]. A
similar protective effect against lower respiratory tract infections and reduced antibiotic
use had earlier been demonstrated in healthy infants fed a cow’s milk -based formula
supplemented with the above two HMO [20].

Adequate growth and tolerability have previously been shown for an earlier version
of the study formula without HMO [2,21]. The aim of the present study was to assess the
growth, tolerability, and safety of the HMO-supplemented AAF in the target population of
infants with moderate-to-severe CMPA. In addition, we aimed to explore the effects of the
study formula on the developing gut microbiome.

2. Materials and Methods

The present study was conducted in six clinical sites in Australia between December
2018 and March 2021. Human ethics committee approval of the study protocol was obtained
from the local institutional review boards at each of the participating clinical centers.
Written informed consent was obtained from parents or legal guardians of the participating
infants. The study was prospectively registered (ClinicalTrials.gov; NCT 03661736) and
conducted in accordance with the principles and rules described in the Declaration of
Helsinki and the international guideline on Good Clinical Practice (GCP).

2.1. Study Design

This single-arm, multicenter, interventional clinical trial was designed to assess the effects
of a novel AAF supplemented with two HMO on growth, safety, and tolerability. Growth
parameters were studied over a 4-month period (primary study endpoint). Infants were offered
to remain on the study formula until 12 months of age (secondary study endpoint).

2.2. Inclusion and Exclusion Criteria

Term infants aged 1–8 months with physician-diagnosed moderate-to-severe CMPA
were enrolled. All infants were non-breastfed at the time of enrollment. The diagnosis of
moderate-to-severe CMPA required the fulfillment of at least one of the following criteria,
in line with the clinical requirements for treatment with an AAF in the region: (1) severe
IgE-mediated CMPA with previous anaphylaxis to cow’s milk protein (with a positive
skin prick test ≥ 3 mm or cow’s milk-specific serum IgE ≥ 0.35 kUa/L); (2) IgE-mediated
CMPA with a non-response to extensively hydrolyzed formula (EHF) due to immediate
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symptoms (urticaria, facial angioedema, vomiting, wheezing, or other respiratory distress);
(3) moderate-to-severe gastrointestinal symptoms due to suspected non-IgE-mediated CMPA,
not responding to a trial of EHF (persistent irritability/crying, persistent diarrhea with
or without bright rectal bleeding, persistent constipation/fecal retention, persistent vomit-
ing/regurgitation); (4) non-IgE-mediated multiple food protein intolerance of infancy (MFPI)
with a non-response to a trial of EHF; (5) histologically proven eosinophilic esophagitis
(EoE)–not previously treated with AAF or corticosteroids (presence of ≥15 eosinophils per
microscopic high power field at 400 times magnification in upper and/or lower esophageal
biopsies); or (6) infants previously or currently managed with an AAF or hydrolyzed rice-
based formula (not supplemented with probiotics) for moderate-to-severe CMPA.

Infants were excluded from participating in the study if at least one of the following
criteria was fulfilled: (1) known underlying medical condition that was likely to impair
growth (e.g., unstable congenital heart disease, cystic fibrosis, metabolic disorder, chronic
liver disease); (2) chronic malabsorption unrelated to CMPA; (3) other significant prenatal
and/or serious postnatal disease; (4) infants receiving any breast milk at the time of
enrollment; (5) treatment with systemic corticosteroids (oral or intravenous) for ≥72 h
within 4 weeks prior to enrollment (topical corticosteroids allowed); (6) infants taking
probiotic preparations, including probiotic-supplemented infant formulas, for≥72 h within
4 weeks prior to enrollment; (7) parents or caregivers unable to give informed consent or
deemed unable to comply with study procedures; or (8) Previous or current participation
in another clinical trial.

2.3. Study Formula

The study formula (Alfamino, Nestlé Health Science, Switzerland) was an AAF for the
management of infants with CMPA. The formula was supplemented with two HMO, 2′-FL
and LNnT, at concentrations of 1.0 g/L and 0.5 g/L, respectively. The formula provided
66 kcal/100 mL of energy. The nitrogen source was based on free amino acids, equivalent
to 2.66 g/100 kcal of protein (11.2% of total energy). The lipid blend (4.9 g/100 kcal; 45% of
total energy) consisted of 24% of medium chain triglycerides (MCT), and the remainder
included rapeseed oil, high oleic sunflower oil, re-esterified palm oil, docosahexaenoic acid
(DHA), and arachidonic acid (ARA). In addition, the formula contained 11.3 g/100 kcal of
carbohydrates from corn syrup (maltodextrin) and potato starch, but it was lactose-free.
The study formula was nutritionally complete and suitable as a sole source of nutrition
until 6 months of age. Parents or caregivers were asked to follow general feeding advice
regarding appropriate feeding volumes per day, as printed on the formula label or as
provided by their health care professional. A detailed summary of the nutrient composition
of the study formula is provided in the online Supplementary Materials File S1.

2.4. Study Objectives and Endpoints

The primary objective of this clinical study was to assess the growth of infants with
moderate-to-severe CMPA who were fed an AAF containing two HMO. The primary
endpoint was weight gain from enrollment to 4 months of follow-up, compared with the
WHO 2006 Child Growth Standard [22]. Secondary objectives included the assessment of
linear growth (body length), head circumference (HC), and body mass index (BMI) from
enrollment to the 4-month follow-up, as well as assessment of anthropometric parameters
to 12 months of age (compared against the WHO 2006 Child Growth Standard). In addition,
the study aimed to assess if the new infant formula was effective and safe in controlling the
symptoms of infants with moderate-to-severe CMPA. Finally, changes in the composition of
the gut microbiome and fecal short-chain fatty acids (SCFA) were characterized at several
timepoints from enrollment to 12 months of age, with particular focus on the effects of the
HMO-containing AAF on bifidobacteria and intestinal dysbiosis.
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2.5. Monitoring of Symptom Resolution

Digestive tolerance and the alleviation of CMPA symptoms were evaluated by assess-
ing infant behavior and symptoms (crying, fussing, spitting up, vomiting, feeding problems,
skin symptoms, respiratory symptoms), as well as stool characteristics and frequency, at
enrollment and on the 3 days preceding each study visit. Clinical details were recorded by
parents in a diary. In addition, the medical investigator performed a physical examination
and overall assessment at each visit based on parental report and diary information.

2.6. Schedule of Study Visits

Infants were fed the study formulas from enrollment (Visit 0; V0; ‘baseline’) to 4 months
(V4) (principal study period). Demographic data, growth parameters, and other clinical
information were documented at V0 and monitored monthly (V1, V2, V3, and V4). Families
were offered to continue the study formula until 12 months of age, with a final follow-up
visit at 12 months of age (V5).

2.7. Characterization of the Fecal Microbiome

Stool samples were collected at the baseline (V0) and follow-up visits V1, V4, and
V5. Specimens were stored at −80 ◦C until processing. Microbial DNA was extracted
from the frozen samples and sequenced, as previously described [23]. The Clinical Micro-
biomics in-house infant fecal microbiome gene catalog (containing 23,968,023 microbial
genes) was used as the reference, and a set of 1306 corresponding metagenomic species
(MGS) definitions applied for abundance profiling [24]. The taxonomical annotation was
performed at the phylum, family, genus, species, and subspecies levels, based on the
homology of the MGS catalog genes to the NCBI RefSeq genome database (published at
https://www.ncbi.nlm.nih.gov/refseq; accessed on 27 January 2020). MGS composition, as
well as alpha and beta diversity at baseline (V0) were compared to subsequent visits (V1, V4,
and V5). Faith’s phylogenetic diversity (PD) index was used to assess alpha diversity [25].
The assessment of beta diversity was based on the weighted UniFrac distances for all visits
(V0, V1, V4, and V5) [26].

As there was a considerable age range from 2 to 38 weeks at enrollment, the analy-
sis was stratified by age group and visit. Differences in relative abundances of specific
taxa between the study visits and three age windows (0–4 months, 4–6 months, and >6
months at enrollment) were evaluated at the phylum, family, genus, and species levels
and compared by the Wilcoxon signed rank test, including false discovery rate correction
(FDR; <0.1) for multiple comparisons. Eleven MGS annotated to the genus Bifidobacterium
were included in the analysis: B. breve: MGS.hg0209, B. longum subsp. infantis: MGS.hg0464,
B. longum subsp. longum: MGS.hg0021, B. bifidum: MGS.hg0100, B. adolescentis: MGS.hg0038,
B. dentium: MGS.hg0537, B. pseudocatenulatum: MGS.hg0101, B. catenulatum subsp. kashi-
wanohense: MGS.hg0185, B. angulatum: MGS.hg0312, B. animalis subsp. lactis: MGS.hg0426,
and B. gallinarum: MGS.ref1191. Of the above bifidobacteria, a set of six bifidobacteria
(B. bifidum, B. breve, B. longum susp. infantis, B. longum subsp. longum, B. pseudocatenulatum,
and B. catenulatum subsp. kashiwahonense) were grouped to assess changes in the relative
abundances of HMO-utilizing bifidobacteria from the baseline to 12 months of age [10,27].
This included a set of four bifidobacteria (B. breve, B. bifidum, B. longum subsp. infantis, and
B. longum subsp. longum) that were previously described as ‘infant-type’ by Laursen et al. [28].
The sum of the relative abundances of the HMO-utilizing set was compared between vis-
its. This analysis was based on the hypothesis that the HMO-utilizing bifidobacteria were
enriched at V1, V4, and V5 compared to V0. To test this hypothesis, we accepted statistical
significance at p < 0.05 and did not apply the FDR correction for multiple comparisons.

Finally, a taxon set enrichment analysis (TSEA) was performed at the genus level
to assess the changes of microbiota in relative abundance from the baseline (V0) to later
visits (V1, V4, V5) [29]. The TSEA focused on the genus Bifidobacterium and several key
genera, including Bacteroides spp., Escherichia spp., Akkermansia spp., as well as several
butyrate- producing bacteria (e.g., Faecalibacterium spp., Eubacterium spp., Roseburia spp.,
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and Anaerostipes spp.). A detailed description of the methods for the microbiome character-
ization is provided in the online Supplementary Materials File S2.

2.8. Measurement of Fecal Short Chain Fatty Acids

Fecal samples were stored at −80 ◦C until processed in the central reference labo-
ratory. Concentrations of fecal acetate, propionate, and butyrate were measured by gas
chromatography–mass spectrometry and reported in µmol per gram feces.

2.9. Adverse Event Reporting

Adverse events (AE) were reported by the investigators and coded for medical diag-
nosis, severity, and likely causality/relatedness to the study formula. AE were verified by
an independent medical monitor.

2.10. Statistical Analysis

Demographics and anthropometric measurements were described by summary statistics
(mean, standard deviation, median, interquartile range (IQR), percentage. Weight, length, and
head circumference (HC) measurements were converted into weight-for-age (WAZ), length-
for-age (LAZ), HC-for-age (HCAZ), and body mass index-for-age (BMIAZ) Z scores, according
to the WHO child growth standards [22]. Changes in symptoms from V0 to subsequent visits
were compared by χ2 analysis. Statistical significance was accepted for p < 0.05.

2.11. Determination of Sample Size

Given the descriptive nature of the study, the sample size was not determined by
a formal power calculation. The enrollment of 62 infants was chosen as a meaningful
sample size, with the aim of 50 infants completing the principal study period of 4 months
(anticipated early withdrawal rate of 20%). The target number of enrolled subjects was
later reduced to 30 completers due to difficulties in recruiting patients. Reasons included
changes in the prescribing patterns for AAF in Australia, high rates of breast feeding, as
well as a major negative impact of the COVID-19 pandemic on access to the six study
sites during 2020. The enrollment of new subjects was halted in September 2020 after a
prolonged period of non-recruitment.

3. Results

Out of the 34 infants screened, 32 were enrolled (mean age 18.6 weeks; range 4–37;
20 (62.5%) male). Twenty-nine infants completed the trial to the primary endpoint (V4).
The study flow is summarized in Figure 1. Demographics and clinical details of infants at
the time of enrollment are summarized in Table 1.

Table 1. Baseline characteristics of study participants who commenced treatment (n = 32).

Infant Characteristics

Age, weeks 1 18.6 ± 8.02
Gestational age, weeks 1 38.6 ± 1.31

Male sex, n (%) 20 (62.5)
Birth by Cesarean section, n (%) 12 (37.5)

Race
Caucasian/White, n (%) 29 (90.6)

Asian, n (%) 1 (3.1)
Australian Aboriginal or 1 (3.1)

Torres Strait Islander
Unknown 1 (3.1)

Anthropometric measurements 1

Weight, kg 6.5 ± 1.34
Length, cm 63.7 ± 4.70

Head circumference, cm 41.8 ± 2.42
1 Mean ± standard deviation.
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3.1. Clinical Presentation at Enrollment

All infants enrolled in the study had been diagnosed as suffering from CMPA by a
pediatric allergist. The diagnosis was based on clinical symptoms alone in twenty-nine
(90.6%) infants, and three (9.4%) infants also had a positive skin prick test to cow’s milk.
None of the infants had undergone a formal open or double-blinded oral food challenge
(OFC) at the time of enrollment. The clinical manifestations of CMPA are summarized in
Table 2.

Table 2. Clinical manifestations of CMPA at enrollment (n = 32).

Clinical Manifestations n (%)

Urticaria 5 (15.6)
Angioedema 2 (6.3)
Anaphylaxis 0 (0)

Persistent crying/irritability 28 (87.5)
Frequent regurgitation/vomiting 20 (62.5)

Persistent diarrhea 19 (59.4)
Bright rectal bleeding 7 (21.9)

Constipation/fecal retention 3 (9.4)
Eczema/atopic dermatitis 17 (53.1)

3.2. Previous Formula Use and Complementary Diet

Prior to commencing a hypoallergenic formula, infants had been trialed on several
different types of infant formula by their parents: one formula in 12 (37.5%), two in
7 (21.9%), three in 10 (31.3%), and four different formulas in 3 (9.4%) infants. Twenty-two
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infants (68.8%) had been fed a cow’s milk-based formula, 27 (84.4%) a soy-based formula,
28 (87.5%) a partially hydrolyzed cow’s milk formula, and 23 (71.9%) a hydrolyzed rice-
based formula (HRF). At the time of enrollment, 16 (50.0%) infants were being fed an EHF,
3 (9.4%) infants received an HRF, and 13 (40.6%) were being fed an AAF. Fifteen (46.9%)
infants received a complementary weaning diet, which was commenced at a mean age of
4.43 ± 0.90 (SD) months.

3.3. Anthropometric Data

Based on measurements from baseline to V4 (n = 28), the mean weight gain was
18.0 ± 6.13 g per day of formula intake (range 7.8–29.2 g/day). Z-scores for body weight
from enrollment to V4 progressed close to the WHO child growth standard, with a minor
upward trend towards the end of the first year of life (V5). The mean WAZ increased
from −0.31 to +0.28 (delta WAZ +0.59), the LAZ from +0.23 to +0.55 (delta LAZ +0.32),
and the HCAZ from +0.55 to +0.78 (delta HCAZ +0.23). The BMIAZ followed a similar
pattern, with an increase from −0.61 to −0.04 (delta BMIAZ +0.57). The anthropometric
measurements for male and female infants are summarized in Figure 2.
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3.4. Formula Intake

The mean duration of formula administration for the principal study period from V0
to V4 was 122.2 ± 6.14 days, and 110.7 ± 47.01 days from V4 to the end of the study visit
at V5. The mean formula intake from V0 to V1 was 822.2 ± 206.12 mL/day. The daily
formula intake progressively decreased with each visit to 801.8 ± 161.48 mL/day at V2,
782.9 ± 159.70 mL/day at V3, 719.5 ± 200.48 mL/day at V4, and 558 ± 197.58 mL/day at
V5 (12 months of age).
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3.5. Resolution of CMPA Symptoms and Stool Characteristics

Symptoms improved significantly between enrollment (V0) and follow-up after one
month’s treatment (V1). Comparing the proportion of infants with frequent or persistent
(‘all the time’) symptoms, there was a 79.9% and 88.4% reduction in crying and fussing,
respectively (χ2 = 6.745; p = 0.009). Similarly, the proportion of infants with frequent or
persistent regurgitation (‘spitting up’) fell by 51.7% (χ2 = 4.274; p = 0.039), while vomiting
was reduced by 90.8% (χ2 = 10.38; p = 0.0013). The prevalence of significant feeding
difficulties at V1 was reduced by 87.7% (χ2 = 6.677; p = 0.010), and the prevalence of frequent
or persistent skin problems fell from 25% to 6.9% (χ2 = 3.576; p = 0.059). Few infants had
significant respiratory symptoms, with only two infants (6.3%) reporting frequent problems
at enrollment. Persistent respiratory symptoms had resolved in one (3.4%) infant at V1
(χ2 = 0.269; p = 0.60). A summary of the prevalence of common symptoms is provided in
Figure 3.
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Figure 3. Prevalence of common symptoms from enrollment to 12 months of age. Symptoms were
graded by the investigators as ‘absent’, ‘occasional’, ‘frequent’, or ‘all the time’. P-values are shown
for the comparison of frequent and persistent symptoms at Visit 0 (V0) compared to Visit 1 (V1) after
1 month. V2, V3, and V4 were follow-up visits after 2, 3, and 4 months, respectively; the final study
visit (V5) occurred at 12 months of age.

Regarding stool characteristics, there was a trend to more formed and less frequent
stools with increasing age. At V1, the mean stool frequency was 1.5 ± 1.26 (range 0–6)
bowel motions per day. At V4, the stool frequency was 1.6 ± 0.73 (range 0–4) and
1.4 ± 0.53 (range 0–2) at V5. Stool consistency was assessed by the Bristol stool scale
(types 1–7) [30]. The median stool consistency decreased from Bristol type 6 stools (mushy
consistency; interquartile range, IQR types 4–6) to type 5 stools (soft, semi-formed consis-
tency; IQR 3.25–6) at V4, and type 4 stools (formed consistency; IQR types 3–5) at V5.

3.6. Safety

There were 232 adverse events (AE) in total, of which 192 (82.8%) were classified as
mild, 37 (15.9%) as moderate, and 3 (1.3%) as severe. Six (18.8%) subjects experienced
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8 serious adverse events (SAE), all of which were assessed as unrelated to the study formula.
The majority of AE affected the gastrointestinal system (69 AE in 26 (81.3%) subjects). In
addition, 84 adverse events due to infections were reported in 25 (78.1%) subjects. Fifteen
(46.9%) subjects had 30 events due to skin disorders, mainly atopic dermatitis. Nine (28.1%)
subjects experienced 12 events of respiratory disorders, and seven (21.9%) subjects had
13 allergic reactions to food (including one episode of anaphylaxis). Eight (25%) subjects
reported 14 events due to general disorders or administration site conditions. The remaining
10 AE were coded as accidental injury (n = 2), accidental ingestion (n = 1), dacryostenosis
(n = 1), poor feeding/poor weight gain (n = 2), perforated ear drum (n = 1), iron deficiency
(n = 1), irritability (n = 1), and inadequate diet (n = 1).

Four AE in two (6.4%) subjects were deemed ‘related’ (n = 3) or ‘probably related’
(n = 1) and led to the discontinuation of the study formula in both cases. One of the subjects
had presented with mild gastroesophageal reflux, and the other had developed loose stools,
flatulence, and decreased feeding (all graded as mild).

3.7. Microbiological Analysis of Stool Samples

In total, 109 stool samples from 32 infants were available for DNA extraction and
genomic sequencing from V0, V1, V4, and V5. All samples were of sufficient quality for
genomic analysis. On average, 21.8 M read pairs per sample could be mapped to the
reference gene catalog, representing on average 95.2% of the high-quality non-host reads
(range 79.4–98.1%). Duplicate samples and samples of subjects only providing baseline
samples were excluded, leaving 105 samples from 29 infants for the final analysis.

3.7.1. Alpha and Beta Diversity

Faith’s PD was calculated to assess the alpha diversity at each study visit. Overall,
phylogenetic diversity increased with age. Faith’s PD increased significantly at V4 and V5,
compared to the baseline (V0). Similarly, the PD increased significantly for each age group;
Figure 4A,B.
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Figure 4. Box plots summarizing the changes in Faith’s phylogenetic diversity of gut microbiomes,
grouped by study visit (A) and age window (B). Samples from the same infant are connected by lines.
Paired group comparisons were made by Wilcoxon signed rank test between V0 and subsequent
visits (A), as well as between infants enrolled at 0–4 months compared to older infants (B). Significant
differences are indicated above the groups: * p < 0.05; *** p < 0.001; **** p < 0.0001.

Changes in beta diversity, i.e., the overall microbiome community composition, were
evaluated using weighted UniFrac distances, which reflect differences in relative abun-
dance, as well as phylogenetic distances among MGS. There were highly significant group
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differences in beta diversity, both when comparing by study visits (R2 = 5.37%; p = 0.003)
or age windows (R2 = 4.93%; p < 0.0001); Figure 5.
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group is indicated with a larger shape. Each sample is connected to its centroid by a thin line. The X-
and Y-axis labels indicate the microbial variance explained by the first two principal coordinates.

3.7.2. Taxonomic Characterization and Temporal Development

The taxonomic analysis was performed using the metagenomic species (MGS) con-
cept [24]. Figure 6 illustrates the taxonomic profiles aggregated at the phylum, family,
genus, and species levels.

At the phylum level, there was a substantial enrichment in Actinobacteria (which
includes bifidobacteria) from V0 to V1 (p = 0.01; FDR = 0.031), V4 (p = 0.001; FDR = 0.016),
and V5 (p = 0.05; FDR = 0.071). Conversely, Proteobacteria were significantly reduced at V1
(p = 0.0006; FDR = 0.003), V4 (p < 0.00001; FDR < 0.00001), and V5 (p < 0.00001; FDR = 0.0004)
(Figure 6A). Furthermore, at the family level, Enterobacteriaceae were highly abundant at V0
and significantly decreased at V1 (p = 0.0008; FDR = 0.022), V4 (p < 0.000001; FDR < 0.0001),
and V5 (p < 0.0001; FDR < 0.0007) (Figure 6B).

At the genus level, the abundance of bifidobacteria increased with borderline signifi-
cance from V0 to V1 (p = 0.016; FDR = 0.157) and V4 (p = 0.046; FDR = 0.137) (Figure 6C).
The genus Escherichia spp. showed a highly significant reduction from V0 to V1 (p = 0.0002;
FDR = 0.010), V4 (p < 0.00001; FDR < 0.00034), and V5 (p = 0.006; FDR = 0.030). The
genus Akkermansia spp. Was enriched at V4 (p < 0.0031; FDR < 0.021) and borderline
significant at V5 (p = 0.057; FDR = 0.121). The abundances of several genera were sig-
nificantly increased at V5, compared to V0, including Faecalibacterium spp. (p = 0.0002;
FDR = 0.0063), Roseburia spp. (p = 0.026; FDR = 0.068), Bacteroides spp. (p = 0.010; FDR
= 0.034), and Prevotella spp. (p = 0.012; FDR = 0.036). Finally, the abundances of sev-
eral genera were significantly decreased at V5 compared to V0, including Rothia spp.
(p < 0.0001; FDR = 0.0002), Klebsiella spp. (p = 0.0009; FDR = 0.133), Enterococcus spp.
(p = 0.0049; FDR = 0.025), Streptococcus spp. (p = 0.0071; FDR = 0.0303), and Citrobacter spp.
(p = 0.009; FDR = 0.031).

Due to the relatively small sample size and significant age gradient at V0, there were
few significant findings at the species level, and the comparisons of individual bifidobacte-
rial species mostly did not reach statistical significance. Escherichia coli was significantly
reduced at V1, V4, and V5 (p < 0.01; FDR < 0.05). In line with findings at the genus level,
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Akkermansia muciniphila was more abundant at V4 (p = 0.0046; FDR = 0.036) and borderline
significant at V5 (p = 0.057; FDR = 0.130). Finally, butyrate-producing gut bacteria were
significantly enriched, including Faecalibacterium prausnitzii, at V4 (p = 0.002; FDR = 0.025)
and V5 (p = 0.0001; FDR = 0.0035), and Anaerostipes caccae (p = 0.001; FDR = 0.035) at V4
(Figure 6D).
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Figure 6. Taxonomic overview of the gut microbiome of infants with CMPA at the phylum (A), family
(B), genus (C), and species (D) levels. Bar plots display the mean relative abundance within each visit
and the age window of the top 10 taxa with the highest abundance. Gray (other) indicates the total
relative abundance of MGS that could be classified but are not in the top 10 most abundant taxa. The
number of MGS included in the aggregated taxon is shown in brackets.
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3.7.3. Effect on Bifidobacterial Composition and Abundances

Of the 11 selected MGS annotated to the genus Bifidobacterium, 10 were detected in
at least one fecal sample. At V1, B. breve, B. longum, B. pseudocatenulatum, and B. bifidum
were the most abundant bifidobacterial species (Figure 6D). When testing for differences
in the relative abundance, B. pseudocatenulatum: MGS.hg0101 and B. catenulatum subsp.
kashiwanohense: MGS.hg0185 were significantly increased at V1 (p = 0.047), V4 (p = 0.008)
and V5 (p = 0.001), compared to V0. Furthermore, the abundance of B. breve: MGS.hg0209
increased from V0 to V1 with borderline statistical significance (p = 0.08).

A sub-analysis assessed the relative abundances of the HMO-utilizing Bifidobacterium
set [10,27]. There was an increase of borderline significance in this set from V0 to V1
(p = 0.07), with a significant enrichment demonstrated for subsequent visits at V4 (p = 0.017)
and V5 (p = 0.005) (Figure 7).
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Figure 7. Boxplot of HMO-utilizing bifidobacteria at the baseline (V0) and follow-up visits at 1 month
(V1), 4 months (V4), and 12 months of age (V5). Changes in relative abundance were assessed by the
Wilcoxon signed rank test, comparing the baseline (V0) to subsequent visits.

3.7.4. Taxon Set Enrichment Analysis

The taxon set enrichment analysis (TSEA) was used to assess the enrichment or
suppression of taxonomic groups based on changes in relative MGS abundances between
visits. Table 3 shows the main significant findings of the TSEA at the genus level for V1, V4,
and V5, compared to the baseline (V0).

At V1, four bifidobacterial species were significantly enriched (RBC = 0.704; p = 0.017;
FDR = 0.083) (Table 3). These consisted of the infant-type bifidobacteria, B. breve, B. bifidum,
B. longum subsp. longum and B. longum subsp. infantis (Figure 8). By contrast, the proteobac-
terium Escherichia spp. was significantly suppressed (RBC = –0.911; p = 0.007; FDR = 0.082).
At V4, nine MGS from the genus Lachnoclostridium spp. were enriched (RBC = 0.707;
p = 0.0005; FDR = 0.0006), while the Proteobacteria Klebsiella spp. (RBC = –0.671; p = 0.024;
FDR = 0.065) and Escherichia spp. were suppressed (RBC = –0.994; p = 0.004; FDR = 0.020).
At V5, six MGS of Bacteroides spp. were enriched (RBC = 0.911; p = 0.007; FDR = 0.082) at
the expense of Streptococcus spp., Escherichia spp., and Rothia spp.; Table 3.
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Table 3. Summary of significant findings from the taxon set enrichment analysis (at genus level)
performed on the associations of the relative abundances of metagenomic species (MGS) with visits.

Comparison Genus MGS 1 n Enriched RBC 2 p Value FDR 3

V0 vs. V1
Bifidobacterium spp. 4 V1 0.704 0.017 0.083

Lachnoclostridium spp. 9 V1 0.463 0.023 0.083
Escherichia spp. 3 V0 −0.911 0.007 0.082

V0 vs. V4

Lachnoclostridium spp. 9 V4 0.706 0.0005 0.006
Klebsiella spp. 4 V0 −0.671 0.024 0.065

Rothia spp. 3 V0 −0.896 0.009 0.031
Escherichia spp. 3 V0 −0.993 0.004 0.020

V0 vs. V5

Bacteroides spp. 6 V5 0.549 0.024 0.060
Streptococcus spp. 3 V0 −0.565 0.020 0.060
Escherichia spp. 3 V0 −0.809 0.017 0.060

Rothia spp. 3 V0 −0.975 0.004 0.041
1 MGS—metagenomic species; 2 RBC—rank biserial correlation; 3 FDR—false discovery rate <0.1 (adjusted for
multiple comparisons).
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Figure 8. Taxon set enrichment analysis. Each circle represents the effect size (rank biserial correlation,
RBC) of a single metagenomic species (MGS) when comparing the relative abundances between Visit
0 (V0) and Visit 1 (V1) in 28 infants with CMPA. The 97 included MGS (Y-axis) are sorted by their
corresponding RBC-value (X-axis). Bifidobacterium (sub)species are highlighted in red.

3.8. Fecal Short-Chain Fatty Acid Levels

Fecal concentrations of the three SCFA, acetate, propionate, and butyrate, increased
significantly from enrollment to 12 months of age (Figure 9). Relatively high levels of fecal
acetate, a key metabolite of HMO-utilizing bifidobacteria, were found throughout the entire
study to 12 months of age. Fecal butyrate levels increased progressively from V0 to V5,
while propionate levels peaked at V4 and declined slightly towards V5.
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Figure 9. Mean fecal short-chain fatty acid concentrations for acetate, propionate, and butyrate
(error bars indicate standard deviation). p-values are shown for the two-sample t-test comparing the
baseline (V0) levels with those at the follow-up after 1 month (V1), 4 months (V4), and at 12 months
of age (V5).

4. Discussion

The present study assessed the growth, tolerability, and safety of a novel AAF supple-
mented with the HMO, 2′-FL and LNnT, in infants with moderate-to-severe CMPA. Over
the principal 4-month intervention period, weight gain, linear growth, and head growth
progressed along the WHO child growth standard, with a minor upward trend of about
0.5 standard deviations from the baseline. This pattern of accelerated growth is commonly
seen in formula-fed infants, when compared to growth patterns of breastfed infants [31]. In
addition, there may have been some catch-up growth in infants with pre-existing growth
impairment due to CMPA. The mean weight gain in the present study was 18 g/day (range
7.8–29.2 g/day), which is lower than in an earlier growth study in healthy infants for the
same AAF without HMO (27.42± 6.37 g/day) [2]. This difference is likely due to the higher
age at enrollment of infants with CMPA (mean age 18 weeks in present study vs. 2 weeks
in healthy infants), as well as possible growth retardation secondary to the effects of CMPA
(e.g., malabsorption, regurgitation/vomiting, or poor feeding).

Infants enrolled into the present study had presented with a range of symptoms, mostly
suggestive of non-IgE-mediated CMPA. Most participants had failed prior treatment with
an EHF or hydrolyzed rice formula. Based on parent-report and physician assessment,
symptoms improved significantly from enrollment to Visit 1, and further improvement in
symptoms was observed at subsequent visits (Figure 3). Control of skin symptoms was
generally excellent, with only one infant experiencing persistent skin problems to V5. Two
infants discontinued the study formula due to mild adverse gastrointestinal symptoms,
which were deemed related to the study formula.

As a secondary outcome, the study aimed to assess the changes in microbiome compo-
sition and fecal SCFA levels from enrollment to 12 months of age. The early development
of the gut microbiome is a highly dynamic process that is influenced by birth method,
diet, and environmental factors. However, by far the most important factor affecting the
microbiome development in the first year of life is the type of feeding, i.e., breastfed infants
have a significantly different microbiome and metabolome compared to formula-fed in-
fants [32,33]. In the first months of life, HMO in breast milk provide the specific substrate
for the establishment of a gut microbiome rich in infant-type bifidobacteria [7,34]. Not all
bifidobacteria are able to assimilate HMO [10]. Several studies have suggested that infants
acquire infant-type bifidobacteria from their mother via vertical transmission [35,36].

Bifidobacterium spp. generate a strict anaerobic milieu, and cessation of breastfeeding
or of HMO supplementation leads to a sharp increase in Firmicutes and Bacteroides [32].
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The colonization of the intestine with bifidobacteria provides significant benefits for early
immune development [37]. Several HMO species have been shown to confer a protective
effect against respiratory and gastrointestinal infections by interfering with glycan-binding
and mucosal adhesion [20,38,39]. The beneficial effects of a bifidobacterium-rich micro-
biome appear to be related to several key metabolites, including SCFA [33,34]. A lack
of bifidobacteria in early infancy and an overgrowth of Proteobacteria and other Gram-
negative bacteria, also called ‘dysbiosis’, is thought to predispose to asthma and allergies in
later childhood [40–43]. Supplementation with HMO may therefore potentially restore the
abundance of bifidobacteria and counteract the effects of a dysbiotic microbiome [42]. This
may be associated with health benefits, including a reduced risk for atopic manifestations.

In the present study, the gut microbiome of infants at the baseline had the hallmarks
of dysbiosis, with a relative lack of bifidobacteria and an overgrowth of Proteobacteria and
other gram-negative bacteria [43,44]. Following the change to the study formula, bifidobac-
teria increased significantly at V1. This increase was mainly seen for the HMO-utilizing
bifidobacteria, suggesting a specific effect of 2′-FL and LNnT in the study formula [10,27].
The taxon set enrichment analysis confirmed the HMO-utilizing bifidobacteria, B. breve,
B. bifidum, B. longum subsp. infantis, and B. longum subsp. longum were increased at V1.
Although B. pseudocatenolatum and B. catenulatum subsp. kashiwanohense also were signifi-
cantly enriched at V1, V4, and V5, the increase of these HMO-assimilating bifidobacteria
was strongest at V5, suggesting a mixed HMO and diet effect [27].

Bifidobacteria produce acetate and other SCFA, which lower the colonic pH and create
an acidic, protective milieu against enteropathogens [45]. In the present study, we found an
overall increase in fecal SCFA from V0 to V5. High levels of fecal acetate throughout the
study period point to the metabolic effects of bifidobacteria, in line with patterns seen in
breastfed infants [33]. However, the absence of a control group did not allow to conclusively
assess the relationship between fecal SCFA and HMO supplementation. The increase in SCFA
may thus also have been affected by other dietary factors, particularly dietary fiber in the
weaning diet [34]. Fecal SCFA have been shown to improve intestinal mucosal integrity, as
well as colonic regulatory T cell homeostasis [46]. In the present study, only fecal SCFA levels
were measured. We were therefore unable to directly correlate the fecal SCFA levels with
clinical outcomes or perform a detailed assessment of the SCFA effect on immune function.

In recent years, the focus of the metabolic effects of bifidobacteria has moved beyond
SCFA. HMO-degrading bifidobacteria express the enzyme aromatic lactate dehydrogenase
(ALDH) and are able to produce aromatic lactic acids (indoleacetic acid, phenyllactic acid,
and 4-hydroxyphenyllactic acid) from aromatic amino acids [28]. Aromatic lactic acids
are thought to confer significant clinical benefits, including improved intestinal barrier
function, protection from pathogenic infection, and effects on metabolic pathways [47–49].
Beneficial effects include the induction of immunoregulatory galectin-1 in T-helper 2 (Th2)
and Th17 cells, which suggests a protective effect of HMO-utilizing bifidobacteria against
allergic sensitization [11]. It therefore appears plausible that HMO supplementation and
an increase in HMO-assimilating bifidobacteria would positively affect allergic outcomes.

Apart from the effect on bifidobacteria, the present study found other significant
changes in bacterial species, which indicate a shift towards a healthy gut microbiome [50].
Overall, the abundance of Proteobacteria (including Escherichia spp., Klebsiella spp., and
other potential pathogens) decreased from V0 to V1, suggesting a partial correction of the
dysbiosis typically seen in infants with CMPA and other allergies [44]. The significant en-
hancement of Bacteroides from V0 to the end of the first year is typical of a healthy transition
to an adult-type gut microbiome where Bacteroides play an important role in the colonic
degradation of dietary fiber [9]. Akkermansia muciniphila, a functionally important Gram-
negative bacterium related to mucus degradation was enriched at V4 and V5, compared to
the baseline (Figure 6). A recent study has confirmed that Akkermansia muciniphila is able to
utilize 2′-FL and other HMO [51], although this bacterium is more closely associated with
complementary feeding [52]. Another important microbial species that was significantly
enriched at V4 and V5 were butyrate-producing bacteria, including Faecalibacterium praus-
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nitzii and Anaerostipes caccae [53,54]. Fecal numbers of Faecalibacterium prausnitzii are often
undetectable before 6 months of age, but gradually increase until 2 years of age and peak
in adolescence [55]. In infancy, acetate produced by bifidobacteria provides the substrate
for the cross-feeding of butyrate producers [56,57]. In the present study, the emergence of
butyrate producers was mirrored by the rise in fecal butyrate levels towards 12 months
of age. Fecal butyrate is of great physiological importance for gut health and immune
regulation and is reduced in infants with non-IgE-mediated CMPA [34,43,46].

The present study had several limitations. The diagnosis of CMPA was based on
clinical symptoms and IgE-based testing, where available, but confirmatory diagnostic
food challenges were not performed. The single-arm design of the study was another
limitation, and the microbiome analysis was mainly descriptive, as a control group was not
available for comparison. Therefore, the effects of HMO on the microbiome development
could not be clearly differentiated against other influences, such as age, increasing dietary
diversity, or fiber intake. In addition, the age range of 1–8 months at enrollment made it
more difficult to differentiate HMO from age effect over the course of the intervention to
12 months of age. Finally, due to changes in prescription patterns for AAF in Australia and
the COVID-19 epidemic with restricted access to hospital outpatient services, recruitment
did not reach the target of 50 completers. The reduced sample size of 32 infants limited the
statistical power for comparisons, which mainly affected the microbiome analysis. Despite
these limitations, the study still provided useful clinical insights and supports the use of
the study formula in infants with physician-diagnosed moderate-to-severe CMPA.

5. Conclusions

Infants with moderate-to-severe CMPA fed the study formula with two HMO achieved
adequate growth, with some catch-up growth. The formula was tolerated well and had an
excellent safety profile. The gut microbiome characterization demonstrated a significant
early enrichment in HMO-utilizing, infant-type bifidobacteria, and later enrichment in
Bacteroides and butyrate producing taxa in the second half of the first year. Conversely,
there was a significant reduction in Proteobacteria, a marker phylum of gut dysbiosis. Mi-
crobiome changes were associated with a significant rise in fecal SCFA concentrations from
enrollment to 12 months of age. These findings suggest that supplementation with 2′-FL
and LNnT was associated with a significant enrichment in HMO-utilizing bifidobacteria
and a partial correction the of the gut microbial dysbiosis in infants with CMPA. The clinical
effects associated with the HMO-induced microbiome changes on immune maturation and
tolerance development require further study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14112297/s1, File S1: Nutrient composition of the study formula;
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