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Executive Summary

Human milk is the gold standard in
infant nutrition, providing ideal
nourishment to support an infant
during the early stages of life."*

Aside from the ability of human milk to promote healthy growth and
development, it also provides bioactive compounds which are believed
to influence the development of the immune system, gastrointestinal
tract (Gl) tract, microbiome, and the brain.?® Human milk
oligosaccharides (HMOs) are the most abundant non-digestible bioactive
compounds in human milk and the third largest solid component of
human milk after lipids and lactose.®™

HMOs are made up of various combinations of five monosaccharides,
though all structures begin with lactose.? There is incredible structural
and functional diversity across HMOs, and each mother's HMO
composition is unique.®" Both genetic and non-genetic factors influence
HMO composition. While more than 200 HMOs have been identified to
date,?”® a recent study found that a relatively small number of HMOs are
responsible for nearly 90% of the total HMO fraction in human milk.'®

Four key mechanisms of HMOs are proposed and explored throughout
this document:

1. Support the growth of beneficial bacteria via a prebiotic effect and
exert a positive influence on the development and maintenance of
the gut microbiota”"°

2. Positively influence gut health and support intestinal barrier
function20?!

3. Deflect adhesion of undesirable microorganisms to cell surfaces
by acting as decoy receptors?>24

4. Impact the immune system systemically, directly modulating
immune cell populations and impacting the inflammatory
response®2%2¢

Infant formula is a breast milk substitute that undergoes continuous
innovation. As the knowledge of the science of human milk evolves, so
does infant formula, with the goal of bringing it closer to breast milk —
both compositionally and functionally. Technology has recently allowed
for HMOs to be added to infant formula, and research on formulas
supplemented with HMOs is underway to identify how they might
positively influence infant health. Clinical trials in infants to date offer
evidence for the safety of HMOs,”27-3¢ their ability to positively impact
the microbiome,”?° and their potential to support the immune
response.?83%3 The concrete safety record of HMOs has led to regulatory
approvals for their use in infant formula around the globe.

Research on the potential health benefits of HMOs has expanded beyond
healthy, full-term infants as scientists seek to uncover the full range of
their potential application. HMOs are being explored for their potential to
support gut health in premature infants.?>34 There is increasing interest in
their roles in neurodevelopment and brain health.®-*” HMOs are being
explored for a possible role in allergy management in children.?®4° |n
adults, HMOs are being studied for their ability to support gut health in
both healthy adults and those with gastrointestinal diseases.**3

There is still much to learn about the potential health benefits of HMOs.
While the combination of preclinical and clinical studies have resulted in a
large body of evidence describing their mechanisms of action, possible
health benefits, and safety and efficacy, more research is needed to fully
realize how best to leverage these uniquely human oligosaccharides. In
the meantime, early and emerging data show great promise for the ability

of HMOs to positively impact the health of infants, children, and adults.



2| HMOs: Created by Nature

2.1 | Breastmilk: The Standard in
Infant Nutrition

Human milk is the undisputed gold standard in
infant nutrition, providing ideal nourishment to
support an infant during the early stages of
life.""* It promotes healthy growth and
development and provides many distinct
bioactive compounds that help to support the
developing immune system and contribute to a
beneficial community of microbes in the
gut.5844 The bioactives in human milk may
partially explain the association between
breastfeeding and lower rates of infectious
diseases and mortality during infancy, as well as
a reduced risk for the development of
conditions such as obesity, inflammatory bowel
disease (IBD), and type 2 diabetes in
adulthood.***¥’ Leading global organizations,
including the World Health Organization (WHO)
and the United Nations Children’s Fund
(UNICEF), and scientific expert bodies such as
the American Academy of Pediatrics (AAP) and
European Society for Pediatric Hepatology,
Gastroenterology and Nutrition (ESPGHAN),
encourage that infants are fed human milk
exclusively for the first six months of life,
followed by continued breastfeeding with
appropriate complementary foods for up to
two years and beyond, as mutually desired by
the mother and infant.2448

Human milk has intrigued and inspired
scientists for over a century. While the nutrient
composition of human milk has been
characterized over the last several decades,
attention has recently turned to the biologically
active substances in human milk that are
believed to influence the development of the
immune system, the gastrointestinal tract (Gl)
tract, the gut microbiome, and the brain.5%
HMOs are the most abundant non-digestible
bioactive compounds in human milk.2° The
discovery of their dominance in breastmilk has
generated a scientific pursuit to understand
their role in human health.

2.2 | HMOs are Uniquely Human

HMOs are a group of non-digestible carbohydrates and the third largest
solid component of human milk after lipids and lactose." More than 200
HMOs have been identified to date."® The distinctive structure,
concentration, and variety of oligosaccharides in human milk sets them
apart from those found in the milk of other species.’54950
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Figure 1: Composition of cows milk vs. human milk'*®

Human milk oligosaccharides are the third largest solid component of human milk.

It has been estimated that the production of HMOs by the mammary
gland requires a considerable amount of the total energy expended for
milk production.’” The human body’s investment in creating HMOs
along with the prevalence of HMOs in breastmilk suggests these
bioactive components likely play significant roles in infant
development and overall health.®

Until recently, HMOs were only available to breastfed infants. As such,
differences in certain health outcomes between formula-fed and
breastfed infants — such as different microbiota composition, higher
rates of infectious disease, and higher risk of diseases associated with
inflammation such as asthma and atopy — may partly be explained by
this key differentiating feature.”®%2%3 Technological advances have
recently allowed for the addition of HMOs to infant formula. As clinical
trials have been done to evaluate infant formulas supplemented with
HMOs, evidence is accumulating that HMOs can positively influence
infant health."”272830



2.2.1| HMOs Contribute Substantially to Breastmilk Composition

Mature breastmilk — or milk produced between the second week to the
third month of lactation — contains an average of 1.3 + 2.6 g/L of HMOs."®
Each mother’'s HMO concentration and composition is unique.” Variation
between individuals occurs according to maternal genetics, geographical
location, ethnicity, across the stages of lactation, and even within
individuals over discrete breastfeedings.4954-56

The concentration of HMOs in breastmilk is generally highest during the
early stages of lactation and gradually declines with time, though there
are exceptions.®-%° For example, the HMO 3-fucosyllactose (3-FL)
increases with time, rising 10-fold between the first and twenty-fourth
month of lactation.'¢®

2.2.2 | HMOs Offer Several Potential Functional Benefits

HMOs have been reported to positively influence infant health through a
variety of mechanisms. These include positively modulating the
microbiome, promoting intestinal barrier integrity, supporting immune
system function, and reducing the incidence of infection.™"”28

Once ingested, HMOs largely resist digestion and reach the intestines
intact.”®2 There, they serve as prebiotics, selectively supporting the
growth of beneficial bacteria and supporting a community of healthy
microbes in the gut.”# Some preclinical and clinical data suggest the
potential for HMOs to positively impact gut barrier function and

help maintain a healthy immune system.?026315 Emerging data

also suggest HMOs may deflect the adhesion of
undesirable microorganisms to cell surfaces by
mimicking cell surface receptors.?2-246465

Scientists are also uncovering potential roles for
HMOs in brain development and cognition.36:3766
Additionally, HMOs are being studied to explore
how they might benefit children and
adults.#436768 Taken together, this wide variety
of possible functional benefits opens the door
for future innovations.

Key Takeaways:

1. HMOs are the most abundant
indigestible bioactive molecules in
human milk. The discovery of their
high levels in breastmilk — the gold
standard in infant feeding — has
generated a pursuit around
understanding their contributions to
infant and human health.

2. As the third largest solid component
of human milk, the prevalence of
HMOs in breastmilk suggests this
bioactive component likely plays a

significant role in infant development

and overall heath.

3. HMOs are thought to positively
influence infant health through a
variety of mechanisms, including

supporting a healthy gut microbiome,

contributing to immune system
function, reducing the risk of
infection, and positively impacting
gut barrier function.



2.3 The History and Discovery of HMOs

The scientific exploration of HMOs began over
130 years ago, starting with the recognition of

breastmilk’s unique benefits.26° Late in the 19th

century, a carbohydrate fraction specific to
human milk was isolated. In parallel, a growth-
promoting factor for Bifidobacterium was
identified in human milk and referred to as the
“bifidus factor.> Whether or not there was a
connection between these two areas of
research was yet unknown.

In the early 1930s, scientists were able to
characterize the unique carbohydrate fraction
that had previously been isolated in human
milk. With this, the first individual HMOs were
distinguished, initiating the beginning of real
interest in these compounds.

Then, in the mid-1950s, a critical discovery was
made — scientists were able to determine that
HMOs promoted the growth of bifidobacteria,
confirming that the “bifidus-factor” discovered
earlier and HMOs were one in the same 8270
Subsequently, in the mid-to-late 20th century,
some of the potential mechanisms of HMOs
began to emerge from preclinical studies:
promoting the growth of beneficial microbes,
contributing to immune system function and
reduced infection, and supporting gut health.”!

The availability of HMOs for addition to infant
formula and food products is a recent innovation,

largely due to technological advances allowing for

the commercial development of these unique
substances. As research on HMOs continues, a
growing body of evidence enhances our
understanding of the health benefits of these
oligosaccharides and shapes our modern
understanding of HMO functionality.®52627273
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Figure 2: Key events in the identification of HMOs and their functions'?1.27:28.42,43,62.67
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HMOs: an Overview of their Structure,

Composition, and Complexity

3.1| The Structure of HMOs

There are five monosaccharides that comprise
the structure of HMOs: glucose, galactose,
N-acetylglucosamine, fucose, and sialic acid.>”*
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Figure 3: The five building blocks of HMOs

All HMOs begin with lactose, which consists of
the monosaccharides galactose and glucose
joined by a B-1,4-glycosidic linkage.

p1-4

Glu Gal
Figure 4: The structure of lactose

The lactose backbone is then extended or
elongated by one or more of the four
monosaccharides: galactose (Gal),
N-acetylglucosamine (GlcNac), fucose (Fuc), or
sialic acid (Sia)."”* The variety of
monosaccharide(s) linked to the lactose
backbone, the quantity and type of linkages
used to build the structure, and the number of
monosaccharide units added determine the
specific HMO that is formed.""475

There is remarkable structural diversity across
the oligosaccharides in human milk.* The wide
variety of HMOs can be grouped into three
broad categories’®

» Fucosylated (neutral) HMOs
« Sialylated (acidic) HMOs

¢ Neutral core HMOs

Fucosylated HMOs make up the majority —
approximately 70% — of the total HMO fraction
in human milk. Sialylated HMOs (including both
fucosylated and non-fucosylated acidic HMOs)
make up about 20% of the HMO fraction, while
neutral core structures make up the remaining
‘IO%_14,16,49

The HMOs 2'-fucosyllactose (2'FL) and 3-FL are
examples of fucosylated HMOs, 3'-sialyllactose
(3'SL) and 6'-sialyllactose (6'SL) are among
those belonging to the sialylated group, and
lacto-N-neotetraose (LNnT) and lacto-N-
tetraose (LNT) are two of the non-fucosylated
neutral HMOs.

pl-4,
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HMOs 3FL
Sialylated 023 1t e
- 5 -
HMOs 3'sL 6'sL
B4
5 BI-3,
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Neutral Core -
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Figure 5: Structure of HMOs from each of the
three main HMO categories

As stated above, the concentrations of HMOs in
breastmilk vary according to their structural
grouping. Figure 5 illustrates how the
distribution of these varies in breastmilk
according to the stage of lactation.’
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Figure 6: Proportions of fucosylated,
sialylated, and neutral core HMOs in human
milk throughout lactation periods'®

Scientists are increasingly recognizing a fourth
category of HMOs, acidic fucosylated HMOs.
While the three broad categories named above
are universally accepted for grouping HMOs,
the suggestion that an additional category may
be relevant reflects the increasing
acknowledgment of their complexity and
diversity.*®77



3.2 | HMO Composition: an Overview

3.2.1| Genetic and Non-Genetic Factors
Influence HMO composition

Genetics plays a significant role in HMO
composition. Variety in HMO structures is
largely determined by the expression of
specific glycosyltransferases, or enzymes that
catalyze the building of oligosaccharides by
establishing glycosidic linkages.”*

The documented variations in HMOs are partly
dependent on a woman'’s Secretor (Se) and
Lewis (Le) blood group status.**7® These
characteristics influence the activity of two
gene loci encoding for the al-2
fucosyltransferase (FUT2, encoded by the Se
gene) and the al-3/4-fucosyltransferase (FUT3,
encoded by the Le gene). The expression of Se
and Le genes, and thereby activity of FUT2 and
FUT3, are important factors in determining the
structure and abundance of specific HMOs in a
woman's milk.121416.2572

Women with an active Se locus express FUT2
and are classified as secretors. Worldwide,
FUT2 is active in approximately 70-80% of
mothers, with some variation depending on
geography, race, and ethnic background.®¢79.80
The milk of secretor women contains high
concentrations of a 1-2-fucosylated HMOs;
2'FL and lacto-N-fucopentaose (LNFP) | are
some of the most abundant HMOs in the milk
of secretor women.58727%

Women who are considered non-secretors do
not express an active FUT2 enzyme, and their
milk has low or undetectable levels of al-2-
fucosylated HMOs like 2'FL.*72 Both secretor
and non-secretor women express FUT3, which
catalyzes the addition of fucose in a1-3/4

linkages. Non-secretor mothers produce higher levels of Lacto-N-
tetraose (LNT), LNFP II, LNFP Ill, and lacto-N-difucohexaose (LNDFH) 11475
Interestingly, 3-FL can be produced by both secretors and non-
secretors, however, levels tend to be higher in non-secretor women.®!

Women can be separated into four milk groups, classified according to
their Se/Le blood group and expression of FUT2 and FUT3 enzymes, as
summarized in Table 1. While this classification system may be an
oversimplification of HMO variety and complexity, it offers a framework
for the general patterns of how HMOs appear in human milk /24!

As stated earlier, factors aside from genetics also influence a woman's
HMO composition, yet the mechanisms for how these factors are
involved are not yet clearly understood. Nevertheless, observational
studies have identified that both fixed and modifiable parameters are
associated with HMO composition. Those that have been identified and
explored include maternal environment, age, health status and diet,
lactation period, pregnancy gestation, and the use of medications or
probiotic supplements during pregnancy and lactation.®#2-84 While
intriguing, the science behind these associations is not well-established
and further exploration is needed.

Table 1: Milk Groups According to Se (FUT2) and Le (FUT3) Blood Group and Secretor Status'>'4'6:81

Classification Le

Fucose Linkages

Estimated

Main HMOs Secreted Frequency (globally)

1 Secretors Lewis Positive | + | + | al-2,al-3, al-4 2'FL 3-FL, I?_I:\ILDIIEETILII\INnSFLH,\iII:IP l LNFP-II 70%

2 Non-Secretors Lewis Positive | - | + al-3, al-4 3-FL, LNT, LNnT, LNFP-II, LNFP-IIl, LNDFH-II 20%
Secretors Lewis Negative | + | _ al-2, a1-3 2'FL, 3-FL, DFL, LNT, LNnT, LNFP-I, LNFP-III 9%

4 Non-Secretors Lewis Negative | - - al-3 3-FL, LNT, LNNnT, LNFP-Ill, LNFP-V 1%




3.2.2 | HMO Variability and Composition

A recent review reveals noteworthy findings
related to the variability and dynamic nature of
HMOs throughout the course of lactation.’®
Researchers assessed and ranked concentrations
of HMOs from healthy mothers across the
globe, with the goal of achieving worldwide
representative means of individual HMOs in
term milk. As previously stated, a variety of
factors — both genetic and non-genetic in
nature — impact HMO composition in individual
women. However, in this study, these variables
were pooled based on the objective to illustrate
the most abundant HMOs observed globally,
regardless of secretor status or other factors.”

The findings from Soyyilmaz et al. reflect the
dynamic quantitative distribution of the
approximately 200 identified HMOs. 2'FL is the
most abundant HMO, as it constitutes
approximately 20% of total HMOs. After 2'FL,
the next five most abundant HMOs (based on
quantitative measure or molar concentration)
are LNDFH I, LNFP I, LNFP II, LNT, and 3-FL. These
top six HMOs comprise over half of the overall
HMO composition in human milk. Further, the
research team was able to identify that 80% of
the total HMO fraction is made up by only the
15 most abundant individual HMOs, as
illustrated in Figure 7.6

Total =11.3 g/L
Top 15 HMOs 80.68%

20.5% 2'-FL
9.91% LNDFH-I
75%  LNFP-I 2.55% FDS-LNH
71% LNFP-Il  2.33% LNFP-IIl
6.61% LNT 171%  3'-SL
6.56% 3'-FL 1563% LSTc
3.63% 6'-SL 1.35%
3.41% DSLNT

3.35% LNnT
264% LDFT

TF-LNH

All others 8.02%

Figure 7: Composition of the HMO fraction of
human milk'
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3.3 | Other Oligosaccharides in Infant Formula

Aside from HMOs, there are other prebiotics, such as
galactooligosaccharides (GOS) and fructooligosaccharides (FOS) that
have been added to infant formula. Research on these non-digestible
carbohydrates (NDCs) has identified their ability to positively impact the gut
microbiome.?® NDCs were added to infant formula to mimic the functionality
of HMOs during a time when HMOs were not commercially available.
However, these other prebiotic fibers are structurally quite different than
HMOs and cannot fully replicate the specific activity of HMOs.”385

GOS and FOS are oligomers of galactose or fructose, respectively, and
are elongated from lactose and sucrose. Given their structural make-up,
they contain a different matrix of oligosaccharides compared to HMOs.
They lack the branching and sidechains common in HMOs, as well as
N-acetylglucosamine, sialic acid, and fucose. Since most of the
functional benefits of HMOs are structure specific, GOS and FOS are not
an equal substitution for HMOs and their biological impacts.'?72

It is important to understand that GOS and FOS do not naturally occur in
human milk.”2 Perhaps one of the most enlightening consequences of this
relates to how these prebiotics support the microbiome. GOS and FOS do
support the growth of beneficial bacteria like bifidobacteria and lactobacilli,
however, in vitro data suggest they are less specific in the bacteria they
support compared to HMOs. Salli et al. illustrated this difference between
NDCs and HMOs, showing that only beneficial bacteria such as
bifidobacteria — and specifically, B. infantis — and certain Bacteroides
species utilized HMOs as their fuel source, while these beneficial
microorganisms plus pathogenic bacteria were able to utilize GOS.8¢

Key Takeaways:

1. Based on their structural characteristics, HMOs can be
classified into three broad categories:

* Fucosylated (neutral) HMOs
+ Sialylated (acidic) HMOs
* Neutral core HMOs

2. Not every woman synthesizes the same oligosaccharides;
different women produce different types and combinations
of oligosaccharides. Genetics play a significant role in HMO
composition. The documented variations in HMOs are
dependent on a woman's Secretor (Se) and Lewis (Le) blood
group status.

3. While over 200 HMOs have been identified so far, a small
number of HMOs represent the majority of HMO content in
human milk. 80% of the total amount of HMOs is made up
by only the 15 most abundant individual HMO structures.



4 |
of HMOs

As knowledge is gained around how HMOs work,

scientists have been able to identify key
mechanisms by which HMOs are thought to
exert potential health benefits. Through
preclinical, observational, and randomized
controlled trials (RCTs), research has identified
that the potential health benefits of HMOs
present through four primary modes of action:

1. By exerting a positive influence on the
development and maintenance of the gut
microbiota via a prebiotic effect,
supporting the growth of beneficial
bacteria”™®

2.By supporting gut health, modulating
intestinal barrier function, and producing
favorable metabolites for a well-
functioning Gl tract2°2

3.By deflecting the adhesion of undesirable
microorganisms to cell surfaces, acting as
decoy receptors and mimicking cell
surface receptors??24

4.By impacting the immune system
systemically, directly modulating immune
cell populations and cytokine secretion
and impacting the inflammatory
response®2526

Each of these mechanisms will be explored
further below.

10

Potential Health-Related Benefits

4.1 HMOs Act as Prebiotics and Stimulate the
Growth of Beneficial Bacteria

HMOs are a group of carbohydrates that are known to possess prebiotic
properties. A prebiotic is defined as “a substrate that is selectively
utilized by host microorganisms conferring a health benefit”.?” Ultimately,
a prebiotic serves as a fuel source for potentially helpful bacteria.

It is well known that HMOs resist digestion and reach the large intestine
intact.”®2 Once there, they are utilized by bacteria within the intestinal
microbiota, selectively fueling the growth of favorable bacteria and
limiting the nutrients available for harmful bacteria.?>%'5% Based on this
ability, HMOs can play a fundamental role in guiding the development of
a balanced microbiome.2637388

The development of the infant gut microbiota begins in utero, followed by
a much larger microbial exposure and colonization that takes place
during delivery and early feeding.89° The initial colonization — as well as
the further development — of an infant’s microbiota is affected by a wide
variety of factors, including the mode of delivery, exposure to antibiotics
or probiotics, feeding type, and family environment and lifestyle.®"®2

There is evidence for the impact of early feeding type on infant gut
microbiota. A recent meta-analysis compared the gut microbiota from
exclusively breastfed (EBF) and non-EBF infants.® Infants who were
exclusively breastfed for a longer duration had higher concentrations of
bifidobacteria and a more stable bacterial composition, as well as
reduced gut microbiota dysbiosis associated with diarrhea. Non-EBF
infants had higher abundances of Bacteroidetes and Firmicutes
compared to EBF infants, as well as a microbial community that appeared
closer to that of an adult. These findings illustrate the powerful impacts
of EBF on the infant gut microbiota.®®

Bifidobacteria dominate the breastfed infant’s gut and can account for
up to 80-90% of their microbiota composition.®34 Bifidobacteria have
been shown to be beneficial to infant health through protection against
infections and contributing to the maturation of the immune system.®5%
The dominance of bifidobacteria in breast milk is well recognized by
numerous studies, and there is evidence that the Bacteroides and
Bifidobacterium species that commonly colonize breastfed infants early
in life efficiently utilize HMOs as carbon sources.®5-%

Bifidobacterium longum subsp. infantis (B. infantis) has been shown to widely
consume HMOs; similar findings exist for B. bifidum and other Bifidobacterium
species.26399101Yy and colleagues have demonstrated the prebiotic activity of
2'FL, as well as difucosyllactose (DFL) and 3-FL for multiple Bifidobacterium
longum species plus several Bacteroides species, a group of bacteria also
known to commonly colonize breastfed infants early in life.”2

Figure 8: HMOs
stimulate the growth
of beneficial bacteria

Without HMOs

i HMOs

With HMO

Bifidobacteria (beneficial bacteria) F



Other preclinical work — focused on several Bifidobacterium breve (B. breve) strains — has
illustrated the widespread growth ability of these strains with the HMOs LNT and LNnT, and to a
lesser degree, with 2'FL, 3-FL, 3'SL, and 6'SL.1%®

The understanding that there is selective utilization of certain HMOs by specific bacteria is
growing. Discoveries in this area reinforce the knowledge that HMO functionality is structure-
specific — not all HMOs serve the same purpose — and further, that the growth of beneficial
bacteria can be encouraged while the growth of harmful pathogens might be discouraged.’288

A recent preclinical study adds to our understanding of this topic. Fifty-seven bacterial strains —
both commensal and pathogenic — were evaluated for their ability to utilize three HMOs: 2°FL, 3-FL,
and DFL. In addition to HMOs, other carbon sources were assessed as well, i.e.,, GOS, glucose,
lactose, and fucose. Interestingly, the HMOs were utilized by probiotic strains typically dominant in
the gut of the breastfed infant — as well as other commensal species found in the gut of healthy
humans — such as B. infantis, B. bifidum, Bacteroides fragilis, and Bacteroides vulgatus, but not by
pathogenic bacteria. A similar group of species were also grown by GOS, however, GOS - plus
lactose and glucose — additionally supported the growth of potentially undesirable and pathogenic
microorganisms. The authors concluded that HMOs selectively support the growth of species and
strains of bacteria seen in the breastfed infant.®®

There is also some evidence that the secretor status of a mother influences an infant'’s
microbiome, and specifically, their abundance of bifidobacteria. In one study, Lewis et al. found
that infants of secretor mothers had bifidobacteria established earlier and at higher absolute
levels compared to infants of non-secretor mothers, providing some insight into the interplay of
milk groups and an infant’s microbial community.” In related findings, Korpela and colleagues
illustrated that infants from non-secretor mothers born via caesarean-section — who classically
have less diversity and lower amounts of bifidobacteria vs. vaginally born infants — had more
pronounced characteristics of a caesarean birth than infants of secretor mothers born by
caesarean section, including depleted bifidobacteria and increased amounts of undesirable
microorganisms like enterococci.®* These findings suggest that the negative effects of caesarean-
section birth on the microbiome may be further pronounced in infants whose mothers are non-
secretors. This presents the concept that screening for secretor status at birth might identify
infants who would benefit from a supplemental source of HMOs."04

HMOs have been shown in other human observational studies to selectively feed helpful bacteria to
support a healthy microbiome.®°4 Clinical evidence for the ability of HMOs to positively modulate
the microbiome has also been generated, which will be further explored in Sections 5 and 6.7442

n



4.2 | HMOs Play a Role in Gut Integrity and Support
Gut Health

In addition to supporting a healthy microbial community in the Gl tract,
HMOs are thought to support gut health through other mechanisms as
well. Emerging evidence suggests HMOs may benefit the Gl tract by
positively impacting the mucosal barrier, decreasing epithelial
permeability, and supporting local immunity in the gut.201°®

The Gl tract is the largest surface area of the body that is exposed to antigens
and microbes. As such, it must act as both a gatekeeper and barrier,
selectively allowing nutrients to enter the epithelium, while preventing
the translocation of bacteria and other undesired substances.20106

Research has shown that by-products of HMO metabolism are short-
chain fatty acids (SCFAs), produced by the gut microbiota during HMO
fermentation.5"°” SCFAs help to lower intestinal pH and thus increase
acidity; this is believed to help inhibit potentially pathogenic bacteria.
Additionally, SCFAs support mucus production and mitigate local
inflammation, important elements of gut barrier function.?81°6-™m The
HMOs 2°FL, 3-FL, 6-SL, LNnT, and DFL have been observed to generate
SCFAs when digested by various desirable microbes in vitro, and thus
work to support a community of healthy bacteria in the gut.>"®’

Preclinical data also illustrate that HMOs aid in tight junction protein
expression, which strengthens the intestinal epithelium and in turn,
supports the immune system.2°2"2 B. infantis, when grown on HMOs in
vitro, was able to bind to intestinal cells to enhance tight junction protein
expression while also supporting transepithelial resistance — a measure
of gut barrier function.?2' |n an animal model, intestinal permeability
was observed to significantly decrease in rats supplemented with 2'FL
and 3'SL compared to control animals.™ A recent in vitro investigation
yielded similar findings: individual HMOs and HMO blends that included
combinations of fucosylated (2'FL, DFL), sialylated (3'SL, 6'SL), and/or
non-fucosylated neutral HMOs (LNnT, LNT) positively impacted the
intestinal barrier, with 2'FL appearing to have the greatest impact on gut
barrier function.™
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Figure 9: HMOs support gut health

HMOs contribute to intestinal barrier function by assisting with the
growth of short-chain fatty acids, aiding in tight junction protein
expression, and supporting glycocalyx and mucus formation. Adapted
from Walsh 2020b, Ayechu-Muruzabal 2018, and Rousseaux 2021.7/76182
Other in vitro studies contribute to our
understanding of HMOs’ influence on gut
health. Mechanistic studies have illustrated the
ability of 2'FL and LNNT to increase intestinal
cell maturation and barrier function."™"7 2'FL
and 3-FL have been shown to contribute to the
intestinal barrier by supporting glycocalyx
formation — a component of the epithelium that
acts as an adhesion site for beneficial bacteria
while simultaneously discouraging adhesion of
undesirable microorganisms."™ Further, HMOs
have been found to significantly stimulate the
production of MUC2 — an intestinal-type
secretory mucin and major component of the
gut’s mucus layer and gut barrier function™ —
and assist with regulation of gut motor
contractions in in vitro models.”°




4.3 | HMOs Have Antimicrobial and Antiviral Activity

The adhesion of undesirable microbes to cell surfaces may be the first
step in colonization of these microorganisms in the body. This may lead
to an unfavorable abundance of non-commensal microbes, which could
disrupt certain elements of human health and lead to the development
of disease. %"

Preclinical evidence and human observational studies suggest HMOs
may help deflect adhesion of undesirable microbes to cell surfaces by
acting as decoy receptors, mimicking cell surface receptors due to their
structural similarity.?2-246465 This can result in clearance of the undesirable
microorganisms, which may prevent their ability
to disrupt health. This unique beneficial effect
of HMOs is highly dependent on their
structure.’>88

Important findings related to HMOs’
ability to deflect undesirable
microorganisms come from preclinical
studies. Ruiz-Palacios et al.
investigated this mechanism against
Campylobacter jejuni (C. jejuni), one of
the major causes of bacterial diarrhea worldwide.”? The study team
demonstrated that HMOs inhibited campylobacter adherence to
epithelial cells in vitro; specifically, fucosylated human milk
oligosaccharides inhibited campylobacter binding.™?

Yu et al. tested the ability of 2'FL to deflect C. jejuni from adhering to
the intestinal epithelium, as well as to decrease C. jejuni-associated
mucosal inflammation. 2'FL attenuated 80% of C. jejuni adherence and
decreased mucosal inflammatory signals in an in vitro model. Similarly,
in a mouse model, ingestion of 2'FL reduced C. jejuni colonization by
80%, as well as decreased intestinal inflammation (shown by histologic
features) by 50-70%.%°

Recently, the antipathogenic activity of 2'FL and LNNT (individually and in
combination) was assessed in vitro against Clostridioides difficile

(C. difficile), an undesirable microorganism that causes C. difficile
infection (CDI).”® After induction of dysbiosis and CDI, 2'FL and LNnT were
introduced into the gut model. A significant decline in C. difficile levels
with exposure to the HMOs, individually and in combination, was
observed. Further, this occurred in parallel to increasing SCFA and
Bifidobacteriaceae levels. Finally, when CDI was exposed to the antibiotic
vancomycin in conjunction with the HMOs, the combination of
interventions seemed to assist in preventing C. difficile recurrence over
time and in boosting desired microbial diversity following antibiotic
therapy. Together, these findings suggest a role for HMOs in mitigating
the impact of C. difficile and illustrate their prebiotic potential after the
unfavorable consequences of antibiotic therapy.”®

Coppa et al. evaluated the ability of pooled and individual HMOs to
decrease the growth of Escherichia coli (E. coli), Salmonella fyris (S. fyris),
and Vibrio cholerae (V. cholerae), common pathogenic bacteria
implicated in diarrheal infections, from binding to intestinal cells. Overall,
pooled HMOs significantly reduced pathogen adhesion for E. coli and

V. cholerae, but not of S. fyris. When the inhibitory effect was analyzed
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for a collection of neutral low-molecular-weight
HMOs that included 2'FL and 3-FL, bacterial
adhesion was significantly reduced for E. coli
and S. fyris. These results illustrate a desirable
effect of HMOs on bacteria that are common
sources of intestinal infection in infants.?®

Group B Streptococcus (GBS) is an undesirable
microbe that colonizes approximately 15-30%
of pregnant women, and in turn, roughly half of
the babies born to these mothers will be
colonized.?*'?® Studies have demonstrated the
ability of the HMOs LNT and LNFP | to hinder the
growth of GBS in vitro by exerting antimicrobial
and antibiofilm effects. Indeed, up to 89%
inhibition of GBS growth and 90% inhibition of
biofilm formation have been demonstrated in
such studies.?*12



In addition to the effects observed with
bacterial microorganisms, the effects of HMOs
on viral infections in lung cell lines have been
observed. A study exploring the effects of 2'FL
and LNnT on human respiratory epithelial cell
lines in vitro has shown that the viral load of
respiratory syncytial virus (RSV) was
significantly decreased with exposure to 2'FL.
Further, LNNT and 6'SL significantly decreased
influenza A viral load. The results suggest these
HMOs may support the innate immune
response to undesired viruses.'’”’

While much more scientific exploration around
this mechanism of HMOs is needed, the findings
described above are promising for the potential
role HMOs could play in modulating and
supporting the immune response. Whether or not
these observations — which are largely in vitro —
can consistently translate to human infants
requires more exploration in clinical trials.
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Figure 10: HMOs exhibit various antimicrobial

and antiviral mechanisms

A) HMOs can act as decoy receptors, deflecting undesirable microbes
from adhering to cell surfaces. B) HMOs may inhibit the activity of the
biofilms of undesirable microorganisms; C) HMOs have been shown to
inhibit the growth of undesired bacteria and viruses. Adapted from
Asadpoor 2021.'88
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4.4 | HMOs Modulate the Immune Response

An increasing number of in vitro studies suggest that HMOs directly
modulate immune responses by affecting immune cell populations and
cytokine secretion.”? It has been postulated that HMOs may act as an
immune-modulator to guide the postnatal maturation of the immune
system, potentially shifting T-cell responses towards a more balanced
Th1and Th2 cytokine production.?® HMOs may achieve this by acting
locally on cells of the mucosa-associated lymphoid tissues or on a
systemic level.?

Furthering the knowledge of how HMOs interact with the immune system,
other work has uncovered the ability of HMOs to signal toll-like receptors
(TLRs) and thus influence cytokine production. In a preclinical study, both
2'FL and 3-FL were found to influence TLR signaling, in some cases
activating and in other cases inhibiting TLRs. These results suggest a
structure-specific response from HMOs in immunomodulation./?®

2'FL has been reported to help enhance antibody responses to vaccines
in a preclinical model. A study that investigated the effect of 2'FL on
vaccination responsiveness in a murine influenza vaccination model
found dietary 2'FL could significantly enhance vaccine specific delayed-
type hypersensitivity responses, accompanied by increased serum levels
of vaccine-specific IgGl and IgG2a in a dose-dependent manner. The
authors suggested that the direct effects of 2'FL on immune cell
differentiation may be in part responsible for the improvement of both
humoral and cellular immune responses to vaccination.’”®



In a human intervention study, healthy, full-term
infants were fed with either a control formula
containing 2.4 g/L GOS (n=39) or one of two
experimental formulas with either 0.2 g/L 2'FL
and 2.2 g/L GOS or 1.0 g/L 2'FL and 1.4 g/L GOS;
a breastfed reference group was also included.®
The infants fed the formulas containing 2'FL
displayed statistically significantly lower levels
of plasma inflammatory cytokines — between
29% and 83% lower — including interleukin (IL)
receptor antagonist IL-Tra, IL-1a, IL-1B, IL-6, and
tumor necrosis factor a (TNF-a) compared to the
control formula.® Furthermore, in ex vivo RSV-
stimulated PBMC cultures, cytokine levels were
not different between breastfed infants and
those consuming formulas with 2'FL, but each of
these groups displayed lower levels of cytokines
than the control formula, and 31% lower TNF-a
and 54% lower IFN-y were observed.®
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Figure 11: HMOs modulate the immune
response

HMOs have shown the potential to impact the immune response by A)
encouraging a more balanced Th1/Th2 response, and by B) influencing
cytokine production and thus, the inflammatory response. Adapted
from Bode 2012a and Carr 202187

The importance of HMOs in human milk cannot
be disputed and the evidence available to date
confirms this. Early data from RCTs in infants
does support an immunomodulating role for
HMOs; these will be explored in Section 5. Still,
many questions remain on just how HMOs work
to support the immune response. Continued
research will help the scientific community
answer these questions and guide HMO
innovation to support the immune system and
its development in early life.

Key Takeaways:

1. Research has identified that the potential health benefits of

HMOs present through four primary modes of action:

» By selectively feeding the beneficial gut bacteria and
enhancing the growth of beneficial bacteria like
bifidobacteria

* By supporting gut health and gut integrity

* By acting as decoy receptors and deflecting adhesion of
undesirable microorganisms to cell walls

* By modulating the immune response directly and indirectly

2. Preclinical and observational studies have demonstrated
the ability of HMOs to effect each of these modes of action,
yet clinical data are still needed to confirm and further
explain the proposed mechanisms.

3. The existing knowledge around the mechanisms for how HMOs
might impact human health can drive new explorations around
other functional benefits of these substances.




5| Clinical Evidence for HMOs’ Ability
to Support Infant Health

Technological advances over the last decade
have allowed for the production of certain
HMOs, moving the pursuit of deeper knowledge
of these complex compounds from the
laboratory to human clinical trials. The ability to
synthesize HMOs has given scientists the
opportunity to substantiate their safety, as well
as to explore potential health benefits.

Considering HMO's prominence in breastmilk,
some of the most exciting discoveries around
HMOs have come from research centered in
infant nutrition. Clinical trials in infants to date
offer evidence for the safety of HMOs,"27-30
their ability to positively impact the
microbiome,”?° and their potential to support
the immune response.?83°3 An overview of
some of the key clinical studies on HMOs is
summarized below.
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5.1| The Safety of HMOs

Overall, the administration of infant formula supplemented with HMOs —
including 2'FL alone or with LNnT, or a combination of 5 HMOs (2'FL, 3-FL,
LNT, 3'SL, and 6'SL) — has been shown to be safe and well tolerated at the
levels tested, as reviewed by Reverri et al. and shown in several clinical
studies.”27-30130-133 The ability of an infant formula to support adequate
growth is central to the determination of its safety. Across these studies,
adverse events, as well as gains in weight, length and head circumference
in infants receiving formula with HMOs were comparable to those of
infants receiving formulas without HMOs. These data provide evidence
for the safety and suitability of supplemental HMOs in infant formulas
designed for use early in life. The robust safety record of HMOs when fed
to infants has translated to regulatory approvals for use of HMOs in infant
formula around the globe.

5.2 | Highlights of Clinical Studies in Infants

2'FL and LNnT are the most clinically explored HMOs to date, and in
addition to demonstrating their safety during infancy, studies have shown
them to be well-tolerated, help establish the microbiome, and influence
immune-related parameters. With continued research and innovation, the
ability to study additional HMOs has grown. An infant formula
supplemented with a combination of five HMOs (2'FL, 3-FL, LNT, 3'SL, and
6'SL) was recently evaluated in a growth and tolerance study, and the
results add to the clinical evidence around the use of HMOs in infancy.”™
Table 3 summarizes the RCTs conducted with HMOs in infants.

Gl tolerance of infant formulas with HMOs is another important metric in
the assessment of their overall safety. Available data from clinical trials
have shown that infant formulas with HMOs are tolerated equivalently to
infant formulas without HMOs, with the exception of one desirable
difference observed across two studies. In one, an infant formula with 2'FL
and LNNT resulted in significantly softer stools at two months compared
to the control formula without HMOs.?® In another, an infant formula with a
blend of five HMOs produced softer stools at a higher frequency
compared to the control formula without HMOs.®' Otherwise, differences
in stool consistency or frequency, or incidence of spit-up or vomit were
not seen for infant formulas with 2'FL compared to infant formulas without
HMOs.2”13% Another RCT found a partially hydrolyzed infant formula with
2'FL and B. lactis was well tolerated based on stool parameters, the
frequency of spit-up and vomit, and duration of crying and fussing.*®
Overall, the totality of data across all published studies with HMOs in
infant formula support their tolerance and nutritional suitability.

A sub-study within the Marriage et al. RCT was conducted to assess the
impact of infant formula with 2'FL on markers of immune function in
healthy term infants. In this study, infants were randomized to receive
one of three different formulas, each with a total of 2.4 g/L of
oligosaccharides comprised of different combinations of 2'FL and/or
GOS. Two of the three formulas contained 2'FL with GOS (0.2 g/L with
GOS, or 1.0 g/L with GOS) and the third contained only GOS. A breastfed
reference group was included. Breastfed infants and infants fed either
formula with 2'FL had 29-83% lower concentrations of plasma and ex vivo
inflammatory cytokines vs. infants fed the control formula, suggesting a
role for HMOs to impact the developing immune system.®
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Puccio and colleagues assessed healthy, full-term infants fed a formula supplemented with 1.0 g/L
2'FL-and 0.5 g/L LNNT for six months. This study demonstrates the safety of an infant formula
supplemented with two HMOs and gives a first indication of the potential health benefits of 2'FL
and LNnT.%8 In addition to documenting adequate growth and tolerance in infants fed a formula
with the two HMOs, the study also assessed morbidity based on adverse events (AE) reported by
the infant’s caregivers. Infants fed the HMO-supplemented formulas had significantly fewer
parental reports of:

* Bronchitis through 4, 6, and 12 months of age

* Lower respiratory tract infections through 12 months of age

* Use of antipyretics (anti-fever medications) through 4 months of age
* Use of antibiotics through 6 and 12 months of age

These results suggest HMOs impact the developing immune system and may influence immune-
related outcomes.?®

Stool microbiota of the same group of enrolled infants was analyzed at 3 and 12 months of age.” At
three months, microbiota composition in the infants fed formula with HMOs appeared closer to
that of the breastfed group with a fecal community type highly abundant in Bifidobacteriaceae.
Specifically, abundance of the genera Escherichia, Bifidobacterium, unclassified
Peptostreptococcaceae, and Streptococcus in infants fed formula with HMOs was closer to that of
the breastfed reference group. However, at 12 months (6 months after infants stopped consuming
the formula with HMOs), significant differences in microbiota composition were not observed
between the two formula groups, indicating that the effect of HMO supplementation on microbiota
composition is not sustained after intake of HMOs is discontinued.” This same study also assessed
antibiotic usage between groups and found that infants with a fecal community type high in
Bifidobacteriaceae at three months were less likely to require antibiotics through 12 months of
age.” The results from this study are important — they provide detailed insight into how HMOs can
change the microbiota in formula-fed infants and, in turn, link that to real-world health outcomes.

In another study, an extensively hydrolyzed whey-based formula (EHF) supplemented with the two
HMOs 2'FL (1.0 g/L) and LNnT (0.5 g/L) and with reduced protein content (2.2 g/100 kcal vs. 2.47
g/100 kcal) was studied in infants with cow’s milk protein allergy (CMPA) with the goal of assessing
growth and other anthropometric parameters, tolerability, safety, infections and medication use
during the first year of life.*® Weight gain in the test group was non-inferior to control group, and
there were no significant differences in anthropometric parameters between groups. Both
formulas were safe and well-tolerated. At 12 months of age, infants fed the formula with HMOs had
a significant reduction in the frequency of upper respiratory tract infections. They also had a lower
incidence of ear infections, translating to a 70% relative risk reduction of ear infections in the first
year of life. Infants fed the formula with HMOs had a 30-40% lower risk of lower respiratory tract
infections and Gl infections, yet this did not reach statistical significance. This study provides
further evidence for the ability of HMOs to support the immune response and positively impact
the occurrence of common infections in infancy.*°
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Finally, studies to further our understanding of how HMOs interact with probiotics have recently
been done. Colonization with the probiotic L. reuteri has been shown to be beneficial in infants in
several clinical trials. It has demonstrated the ability to positively shift the microbiome of infants
delivered via caesarian-section toward the composition observed in vaginally-delivered infants.”®*
Further, two meta-analyses revealed reducing crying and fussing time in breastfed infants who
received L. reuteri®51%® The safety and efficacy of a routine starter formula with L. reuteri dsm-
firmenich 17938 and 2'FL was recently studied; the objectives were to assess growth, Gl tolerance,
the gut microbiome, and intestinal maturation in infants fed the experimental formula compared to
the same formula without 2’'FL. There were no differences between groups for markers of growth
or parent-reported stooling characteristics or Gl symptoms and associated behaviors.?® Infants
fed the formula with L. reuteri and 2'FL had a different microbiota composition compared to
infants fed the formula without 2'FL at two and three months, with the pattern observed
approaching that of the breastfed control group for phylogenic diversity and relative abundance
of Bifidobacterium.?® The authors conclude that the positive effects of 2'FL are incremental to the
those of L. reuteri, and together, these substances help shift the microbial pattern of formula-fed
infants to be closer to that of the breastfed infant.?®

Innovation around HMOs is underway and will continue for years to come. The anticipated ability
to synthesize additional HMOs will expand HMO research and broaden our knowledge of the
potential health benefits of these oligosaccharides. As discussed above, novel formulas and
formulas with an increased variety of HMOs are already being produced and studied; this is
reflection of the continuous effort to evolve infant formula to bring it closer to human milk in
composition and functionality, and to offer optimal nutrition during a critical period of
development. Additional formulations are anticipated, using the complex composition of
breastmilk — which includes neutral, fucosylated and sialylated HMOs — as inspiration. As research
continues, promising new findings are likely to emerge; these will fuel the goal of fully realizing the
benefits of HMOs and bringing them to as many infants as possible.

Table 3: Randomized Controlled Trials of HMOs in Infants

Population Study groups HMO, dose, duration | Outcomes
Marriage Healthy, full-term Test formula 1: infant Infant formula with Infant formulas with 2'FL were well-tolerated
20157 infants <5 days old | formula with 0.2 g/L 2'FL 2'FL: 0.2 g/Lor1.0 g/L | and resulted in growth equivalent to that of
. infants fed f la without HM t
N=424 and 2.2 g/L GOS Formulas fed for 4 infants ed. ormula withou Os and to
. breastfed infants
Test formula 2: infant months
formula with 1.0 g/L 2'FL No differences among groups for stool
and 14 g/L GOS consistency or frequency, or percent of
Control formula: infant feedings associated with spit up/vomit.
formula with 2.4 g/L GOS Absorption of 2'FL from supplemented infant
formula was similar to that of breastfed infants
Breastfed reference group
Goehring Healthy, full-term Sub-study of Marriage Sub-study of Breastfed infants and infants fed either formula
2016 infants <6 days old | 2015; same as above Marriage 2015; same | with 2'FL had 29-83% lower concentrations of
N=315 as above plasma and ex vivo inflammatory cytokines vs.
- infants fed control formula (IL-1ra, IL-Ta, IL-1B, IL-
6, and TNF-q, IFN-y)
Kajzer Healthy, full-term Test formula: Infant formula | Infant formula with No significant differences in average number of
201630 infants <8 days old | with scFOS and 2'FL 2'FL (0.2 g/L) and stools per day between experimental and
d trol f |
N=119 Control formula: infant SHOSAOEL) controftormula groups
formula without Formulas fed until 35 | No significant differences between three
oligosaccharides days of age groups for: anthropometric data, stool
B tfed ref consistency, formula intake, or percent of
reastiedreterence group feedings associated with spit-up/vomit.
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Table 3: Randomized Controlled Trials of HMOs in Infants continued

Population Study groups HMO, dose, duration | Outcomes
Puccio Healthy, full-term Test formula: infant formula | Infant formula with Infant formula with HMOs was well-tolerated
2017% infants <14 days of | with 1.0 g/L 2'FL and 0.5 g/L | 1.0 g/L 2'FL and 0.5 and resulted in growth equivalent to that of
age LNNT g/L LNnT infants fed formula without HMOs, and less
t- ted ill hiti LRTI
N=175 Control formula: infant Formulas fed to 6 paren rgpor. edillness (.bf°”.° itis and )
. and medication use (antibiotics) through 12
formula without HMOs months of age
months of agef
RO D Gl tolerance of infant formula with HMOs was
not different compared to control formula
(flatulence, spitting-up and vomiting)
Infant formula with HMOs resulted in softer
stools and fewer nighttime wake-ups at 2
months of age
Storm Healthy, full-term Test formula: 100% whey Infant formula with Infant formula with 2'FL + Bbl12 was well-
20193 infants <14 days of partially hydrolyzed infant | 0.25 g/L 2'FL tolerated, as assessed by the Infant
age formula with 0.25 g/L 2'FL Formulas fed for 42 GastromtestlnaI.Symptom Questlor.malre
N=79 and 1x10° CFU d (IGSQ) score which measures stooling,
. Bifidobacterium animalis ays vomiting/spit-up, flatulence, crying, and fussing.
ssp. lactis strain Bb12 IGSQ scores were similar between groups.
Control formula: 100% whey
partially hydrolyzed infant
formula with 1x10¢ CFU
Bifidobacterium animalis
ssp. lactis strain Bb12
Berger Healthy, full-term Test formula: infant formula | Infant formula with At 3 months of age, the microbiota of infants
2020 infants <14 days of | with1.0 g/L 2'FL and 0.5 g/L | 1.0 g/L 2'FL and 0.5 fed formula with HMOs was closer to that of the
age LNNnT g/L LNnT breastfed reference group with a fecal
(same community type highly abundant in
cohort as N=175 Control formula: infant Formulas fed to 6 . . .
. . Bifidobacteriaceae. Specifically, abundance of
Puccio formula without HMOs months of age s e .
2017) the genera Escherichia, Bifidobacterium,
Breastfed reference group unclassified Peptostreptococcaceae, and
Streptococcus in infants fed formula with HMOs
was closer to that of the breastfed reference
group
Formula fed infants with an abundance of
bifidobacteria at 3 months of age were
significantly less likely to require antibiotics
during the first year of life.
Parschat Healthy, full-term Test formula: formula with Blend of 5 HMOs, Gains in weight, length, and head circumference
2021 infants < 14 days blend of 5 HMOs (5HMO- 5.75 g/L, fed via were not different between the two formula
N Mix) infant formula groups.
Control formula: formula 52% 2'FL Formula with 5BHMO-Mix was well tolerated;
without HMOs 26% LNT infants fed 5SHMO-Mix and breastfed infants
13% 3-FL had softer stools at higher frequency compared
Breastfed reference group 5% 6'-SL to control infants.
4% 3'-SL
Infant formula with 5BHMO-Mix at 5.75g/L is safe
Formulas fed for 16 and well-tolerated.
weeks
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Table 3: Randomized Controlled Trials of HMOs in Infants continued

Study

Population

Study groups

HMO, dose, duration

Outcomes

Vandenplas
2021%°

Full-term infants,
0-6 months of age
with physician-
diagnosed CMPA

N=194

Test formula: 100% whey
EHF with 1.0 g/L 2'FL and 0.5
g/L LNnT and reduced
protein content (2.2 g/100
kcal)

Control: 100% whey EHF
without HMOs; 2.47 g
protein/100 kcal

Infant formula with
1.0 g/L 2'FL and 0.5
g/L LNnT

Formula fed for 4
months; outcome
parameters
collected through 12
months of age

Weight gain in the test group was non-inferior
to control group. There were no significant
differences in anthropometric parameters
between groups.

Both formulas were safe and well-tolerated.

At 12 months of age, infants fed formula with
HMOs had significant reduction in frequency of
URTI and a lower incidence of ear infections.

Infants fed formula with HMOs had a 30-40%
lower risk of LRTI and Gl infections, yet this did
not reach statistical significance.

Alliet
20227

Healthy, full-term
infants, <14 days old

N=289

Test formula: Bovine milk-
based formula containing L.
reuteri DSM 17938 and 1.0
g/L 2'FL

Control: Bovine milk-based
formula containing L. reuteri
DSM 17938

Breastfed reference group

10 gm/L 2'FL

Formulas fed for 6
months

Weight gain in test group was non-inferior to
control group.

Anthropometric z-scores, parent reported
stooling characteristics, Gl symptoms and
associated behaviors, and adverse events were
similar between groups.

Microbiota composition — including
Bifidobacterium abundance — in the test group
was significantly different from the control
group at two and three months and
approached that of the breastfed infant.

fSecondary outcomes; 2'FL: 2-fucosyllactose; 3-FL: 3-fucosyllactose; 3'SL: 3-sialyllactose; 6'SL: 6-sialyllactose; EHF: extensively hydrolyzed formula; GlI: gastrointestinal; GOS:
galactooligosaccharides; HMOs: human milk oligosaccharides; IFN: interferon; IL: interleukin; LNT: lacto-N-tetraose; LNNT: lacto-N-neotetraose; IcFOS: long chain fructooligosaccharides;
LRTI: lower respiratory tract infection; RA: receptor antagonist; scFOS: short chain fructooligosaccharides; TNF: tumor necrosis factor; URTI: upper respiratory tract infection
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6| The Future of HMOs:
New Learnings on the Horizon

Research on HMOs continues to grow and
evolve. New areas of exploration are emerging
as scientists seek to fully leverage these
complex compounds for the full spectrum of
health benefits they have the potential to offer.
HMOs are being explored for their potential to
reduce the incidence of necrotizing
enterocolitis (NEC) and improve outcomes in
premature infants.32-34 Their roles in
neurodevelopment and brain health are under
investigation.?**” New discoveries are being
made related to HMOs and allergy management
in children.®8-4° |n adults, the role of HMOs in gut
health continues to be researched.**3 As
research progresses, the scientific community
will learn more about how HMOs can impact our
health across the lifespan.

6.1 Exploring the Ability of HMOs
to Support Premature Infants

Premature infants miss several weeks to
months of development in utero. Many of their
physiological functions are immature at birth,
placing them at greater risk for several health
and developmental challenges. Premature birth
is a major health concern, and a leading cause
of neonatal morbidity and mortality.’"138

6.1.1| HMOs may play arole in reducing the
risk of NEC development

Preterm infants are predisposed to gut
immaturity and associated gastrointestinal
disorders, including NEC. NEC is the most
common gastrointestinal emergency in the
neonatal intensive care unit (NICU),
characterized by inflammation and injury to the
gut wall barrier. Its clinical presentation ranges
from feeding intolerance, abdominal distention,
blood in stools, and respiratory distress to bowel
necrosis, perforation, sepsis, and shock in
advanced cases. Extreme cases can lead to
death.”®

A definitive explanation of the pathophysiology
of NEC remains obscure; however, colonization
of the Gl tract that deviates from what is
observed in healthy, term infants is thought to
play a role.*°" Studies have shown that
premature infants who develop NEC have higher
proportions of undesirable microorganisms like
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Proteobacteria and Firmicutes, and a decreased abundance of
Bifidobacteria and Bacteroidetes.>'*3 Further, Gl tract immaturity —
which includes decreased gut barrier function — is thought to predispose
preterm infants to NEC."4#

Based on this knowledge — as well as the evidence for HMOs to positively
influence the microbiome and support gut health — preclinical and
observational studies have been done to test the hypotheses that HMOs
could contribute to a decreased risk of NEC and may decrease the
severity of the disease if it does develop.

In animal trials using a NEC model, rat pups who were exposed to
formulas with HMOs had decreased severity of NEC based on pathology
scores, as well as improved survival. The HMOs disialyllacto-N-tetraose
(DSLNT) and 2'FL were identified to be responsible for the NEC-
protective effects observed.”5® Sodhi et al. demonstrated the ability of
2'FL and 6’-SL to positively and significantly modulate markers of NEC
pathogenesis and NEC severity in mouse and piglet models of the
disease.®® Other preclinical studies have attempted to identify
mechanisms by which HMOs might offer protection from NEC. Li and
colleagues showed that HMOs support expression of tight junction
proteins and improved gut barrier function in epithelial cells, suggesting a
role in supporting gut health and function.'¥’

Finally, observational studies have provided valuable insights to the
potential role of HMOs in mitigating the development of NEC. The same
group that studied DSLNT for a NEC-protective effect in animals
analyzed HMO composition in mothers of premature infants to assess
whether a similar association exists in humans. DSLNT concentrations
were indeed significantly lower in infants who developed NEC compared
to those who did not, suggesting a protective mechanism is involved.®*
The findings from two other studies — Masi et al. and Van Niekerk et al. -
are in parallel to this outcome, showing a similar inverse relationship
between DSLNT concentrations in human milk and the risk of NEC.™4814°
Other relationships between HMOs and NEC have been identified: Wejryd
et al. discovered a link between low levels of LNDH | and the development
of NEC in preterm infants on day of life 14 and 28 and at 36 weeks post-
menstrual age. An association between NEC development and low levels
of sialyl-lacto-N-tetraose a (LSTa) and LNnT at 28 days was also
identified. Additionally, a trend towards less NEC in infants with Secretor
and Lewis-positive mothers was observed, suggesting a role for HMO
composition and diversity in the risk of developing NEC.'%°

While there is limited evidence for a role of HMOs in NEC, the early
findings discussed here suggest more research is warranted. Clinicians
and scientists will continue pursuing ways to improve clinical outcomes
of infants born prematurely; HMOs may contribute to that goal.



6.1.2 | Early evidence for a connection between
HMOs and infections in preterm infants

Due to immune system immaturity, premature
infants are at increased risk for systemic
infection, including late-onset sepsis (LOS),
defined as an infection that develops after 72
hours of life. LOS is a common complication of
prematurity and affects roughly 20-30% of very
low birth weight infants (VLBW).5'52 A research
group led by Torres Roldan explored whether
there were associations between maternal HMO
composition and LOS in VLBW infants in Peru.
After assessing 153 infant-mother pairs and
their milk samples, a link between higher levels
of the HMO Fucosyl-disialyllacto-N-hexose
(FDSLNH) and a reduced risk of developing LOS
was found.”®® While promising, additional

studies are needed to guide the clinical
application of specific HMOs for reducing
infection in premature infants.

6.2 | Emerging Science: HMOs May Influence Brain
Health and Cognitive Development

Infancy is a critical period of brain growth and development, and the
nutrition delivered during this time plays a foundational role in brain
maturation and cognitive outcome.'®* Breastfed infants show higher
intelligence test scores, language development, and intelligence quotient
(1Q), among other markers of cognitive functioning.!951%¢

While evidence exists for an association between breastfeeding and
improved performance on intelligence tests, the mechanism for this
association is not clearly understood. Multiple factors may be involved,
including the social interaction between mother and baby during
breastfeeding or the many nutritive and non-nutritive bioactives factors
in breastmilk.’s7-1%°

It has been established that human milk is a rich source of sialic acid, an
essential compound for optimal brain development and cognition.
Exogenous sialic acid has been shown to increase brain ganglioside and
glycoprotein sialic acid concentrations, parameters that are associated
with brain growth and maturation.®® Indeed, the highest
concentration of sialic acid in the human body is
found in the brain.®© Studies have identified that
sialic acid levels are significantly higher in the
grey matter of breastfed vs. formula-fed
infants. As a marker of total ganglioside
content, higher sialic acid levels are
thought to correlate with brain
development and cognition.®® In
piglets, dietary supplementation with
sialic acid resulted in increased
memory and learning.’®'

Emerging science indicates that
sialylated HMOs - like 3'SL and 6'SL
— may be utilized as building blocks
for the brain and might play a
nutritional role in brain development
in early infancy.?*3¢ Since cow’s milk
formulas naturally contain small
amounts of sialic acid,’®? lower
consumption of this compound may be
a differentiating factor between
formula-fed and human milk-fed
infants. Animal studies have shown
that supplementation with 3'SL and
6'SL can increase sialic acid in the
brain, influence structural brain
development, positively impact gut
microbiota, and support cognition,
memory, and the behavioral
'1 responses to stress
exposure_36,66,163—165
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Other HMOs have been investigated in animal
trials on brain health and development as well;
2'FL in combination with oligofructose
supported improved recognition memory and
cognitive performance,'®® and 2'FL and LNnT
influenced recognition memory as well as
overall brain structure.’® 2'FL has been shown
to improve rodents’ performance on cognitive
tests and long-term potentiation — central to
learning and memory.'68169

Finally, human observational studies have
further explored this association between
HMOs and brain health and cognition. Berger et
al. studied the impact of 2'FL via breastmilk on
cognitive development at 24 months of age and
in relation to maternal obesity and
breastfeeding frequency.®” Breastmilk was
analyzed at one and six months of age for HMO
composition. The number of breastmilk
feedings per day and 2'FL levels at one month
proved to be predictors of cognitive
development as assessed by the Bayley-llI
Scale. Interestingly, associations to cognitive
development and HMOs were not seen at six
months of age, suggesting a critical window of
time during which 2'FL may influence brain
development.®” In another observational study,
a positive association was found for human milk
concentrations of 2'FL at one month and motor
scores at six months of age. Additionally,
positive associations were observed for
concentrations of 6'SL at one month and
cognitive and motor scores on developmental
assessments at 18 months of age.”®

This exciting area of HMO research will continue
as scientists continue to seek a deeper
understanding of how HMOs influence brain
health and development. There is also great
interest in exploring whether HMOs might
influence the gut-brain axis, or the bi-
directional communication pathway between
the Gl tract and the brain.®"
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6.3 | Discoveries on the Benefits of HMOs for Children

There are few studies of HMOs in children to date, but early findings are
encouraging. The beginnings of an evidence base for the application of
HMOs in children is being built around their safety, tolerability, and their
effects on growth and metabolism. Scientists are also working to identify
other areas where HMOs may positively influence health outcomes in
children.

Fonvig et al. evaluated the effect of supplementing 2'FL, either alone or in
combination with LNNnT, on gut microbiota in 6- to 12-year-old children
with overweight and obesity. Participants received a total of 4.5 g HMO
per day, either solely as 2'FL, or in a 4:1 mass ratio if receiving both 2'FL
and LNnT. The study found that HMO supplementation led to a significant
increase in bifidobacteria abundance, similar to the effects that have
been observed in infants and adults. Additionally, this study
demonstrated that HMO supplementation in children is safe and well-
tolerated.?’

Another RCT in 461 healthy Chinese children aged 1to 2% years
demonstrated that a young child formula (YCF) with 2'FL was well-
tolerated and did not result in growth or tolerance differences compared
to children receiving other formulas without HMO in the study.”? In
support of the addition of HMOs to formulas intended for use beyond
infancy, a recent study demonstrated the presence of six HMOs (2'FL,
3-FL, 3'SL, 6'SL, LNT, and LNnT) in breastmilk through 400 days
postpartum, confirming a role of HMOs into childhood.”?

An observational study investigated the association between maternal
HMO composition and infant growth during the first five years of life. The
results illustrate a connection between HMO exposure in infancy and
childhood outcomes. Height and weight gains through five years were
associated with maternal HMO composition three months after delivery
in secretor mothers. Specifically, inverse associations were observed for
HMO diversity and height z-scores at five years of age, and for LNnT
concentration and weight and length z-scores through five years of age.
Conversely, the concentration of 2'FL was positively associated with 12
month weight z-scores and five year height z-scores.” Further, maternal
pre-pregnancy BMI — a factor known to influence infant body
composition — was directly associated with HMO composition.”* This
study adds to the accumulating evidence that HMOs can influence
growth patterns for years beyond their exposure in the early life stage.®
More study is needed to further understand this potential role of HMOs
in mediating child growth.

The findings from the studies being done in children support the theory
that HMOs have a role in health beyond infancy. Further study will reveal
if and how the impacts of HMOs change from infancy to childhood.



6.4 | HMOs May Play a Role in Allergy Management

With the knowledge that HMOs influence the microbiome, gut barrier function, and the immune
response, interest in whether these compounds may have application for children with allergies
has increased.”® Cow’s milk protein allergy (CMPA) — one of the major food allergies experienced
by infants and young children'”® — is associated with an unfavorable gut microbiota and Gl tract
permeability.“° In an effort to understand the potential application of HMOs to allergy, several
studies have been conducted to date.

For a formula to be indicated for the management of CMPA, it must meet clinical hypoallergenicity
criteria: ensure with 95% confidence that 90% of infants and/or children with CMPA would not
react to the formula in a double-blind placebo-controlled food challenge (DBPCFC).”” Nowak-
Wegrzyn and colleagues tested a whey-based EHF supplemented with 2'FL and LNnT in children
with diagnosed CMPA aged two months to four years to assess whether it would indeed meet
hypoallergenicity criteria and thus be indicated for use with cow’s milk allergy. The tested formula
did meet the criteria, confirming the hypoallergenicity of an infant formula with HMOs and allowing
it to be recommended for the management of CMPA 38

Early evidence for a potential role of HMOs in allergy management comes from a prospective,
observational study. Infants zero to 60 days of age with suspected food protein allergy, persistent
feeding intolerance, or symptoms associated with CMPA who were already receiving an EHF
formula were switched to a similar EHF, but with added 2'FL, to assess growth, tolerance, and
safety. This study showed that the addition of 2'FL to an EHF formula was well-tolerated, supported
normal growth, and was safe. Further, the majority of parents reported improvements in eczema,
vomiting, constipation, and spit-up/gagging 60 days after switching to an EHF with 2'FL, suggesting
the HMO may play a role in diminishing symptoms associated with allergy.3°

Building on the possibility there may be an association between the HMO content in human milk
and later development of allergy, researchers found that infants who received human milk with
low LNFP Ill concentrations were more likely to develop CMPA compared to infants who consumed
human milk with high levels of LNFP 1178 Other studies have also documented an association
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between HMO profiles and either increased or decreased risk of later
allergic development™® or food sensitization.®® Sprenger and colleagues
observed that infants born via cesarean section and at high hereditary
risk for allergies had a lower risk for manifestation of IgE-associated
eczema at two years of age when fed breastmilk from Secretor mothers.™

Recognizing the emerging data, a group of pediatric gastroenterology
and allergy-immunology experts published a statement proposing a link
between HMOs and prevention of allergy.*® They speculate an
association based on the ability of HMOs to positively impact the gut
microbiota and intestinal barrier function and support the immune
response, mechanisms which are thought to be related to the underlying
etiology of allergy development.”®%®2 Thus, the authors concluded HMOs'
mechanisms of action may play a beneficial role in allergy prevention,
while also recognizing the need for more research around this
hypothesis.*°

6.5 | HMOs and Gut Health in Adults

Emerging clinical data suggest that supplementation with select HMOs —
2'FL and LNNT — in adults can positively impact the gut microbiota.#4267183
As intestinal dysbiosis has been described as a common element of the
physiology of some Gl conditions, studies providing preliminary evidence
that HMOs might positively impact Gl health and wellness at later stages
of life are of interest. Early studies have also shown that HMOs may
reduce the severity of symptoms related to irritable bowel syndrome
(IBS) and associated quality of life,'®® — and in some cases, even across
various types of IBS.#

6.5.1| Randomized, Controlled Trials in Adults

Scientific evidence confirms that the gut microbiome plays an essential
role in the overall health of the Gl tract.’® RCTS have shown 2'FL and LNnT
can beneficially modulate the intestinal microbiota, primarily by
increasing the abundance of bifidobacteria in both healthy adults* and
adults with IBS.#2

5gl110g

Healthy Adults
Adult |BS Patjients

Fold change bifidobacteria
(from baseline)
w

Placebo 2'FL LNnT Placebo 2'FL + LNnT

2FL:p <005for10g LNnT:p<005for5gandi0g 2'FL + LNnT: p < 0.01for10 g

* Significant compared to placebo

Figure 12: Changes in bifidobacteria from baseline after HMO
intervention in healthy adults and adults with IBS

Healthy adults: Change in bifidobacteria from baseline after 14 days of intervention; n=100. Adapted from
Elison 2015.4' Adult IBS Patients: Change in bifidobacteria from baseline after 4 weeks of intervention; n=60.
Adapted from Iribarren 2020.%?
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6.5.2 | Open-label Trial in Adults

In a recent open-label trial,* HMOs helped
reduce symptom severity for patients with
IBS.*® The 12-week, open-label, multi-center
study enrolled 317 adults with IBS.*®
Supplementation with 5 g of a mixture of 2'FL
and LNnT (41 ratio) demonstrated significant
improvements in stool consistency, IBS
symptom severity!, and quality of life based on
the following parameters:

¢ There was an over a 4.6-fold increase in
normal stools.? Similar improvements in
stool consistency were reported across IBS
subtypes (predominant constipation
[IBS-C], predominant diarrhea [IBS-D], fran
or mixed bowel habits [IBS-M]).

e A 54% reduction in overall severity of IBS
symptoms over the 12-week study period
was reported based on the IBS Symptom
Severity Score (IBS-SSS). A similar pattern
was seen in all IBS subtypes.

e Eighty-two percent of participants
reported a clinically significant improvement
in their IBS-SSS total score by week 12.
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Figure 13: Overall IBS Severity Score

A reduction of 50 points or more in the IBS-SSS total score is considered
clinically significant.®® The average reduction of symptoms in this study
was 150 points after four weeks. Adapted from Palsson 2020.4%

* Study participants had visibility to the product being tested in the
trial; T Based on the IBS Symptom Severity Score (IBS-SSS);  As
measured by the Bristol Stool Form Scale (BSFS)

Ninety-six percent of participants considered
the HMO supplement tolerated, well-tolerated,
or extremely well-tolerated. Finally, participants
reported an improved quality of life, with
health-related quality of life (IBS-QOL) scores
rising 48% from baseline to week 12.43



6.5.3 | Pre-Clinical and Pilot Studies in Adults

In a preclinical study, Wang and colleagues investigated the imp
2'FL on E. coli O157 in healthy adult mice. 2'FL was found to redu
intestinal E. coli colonization by 90%, while also reducing intestin
inflammation and increasing SCFA — benefits that were attribute
deflection of E. coli from cell surfaces. Further, 2'FL was found to
the abundance of a potential probiotic, Akkermansia. Based on t
findings, the research team postulates that 2'FL may play a role

reducing the risk of foodborne illness in humans.'®®

Ryan et al. conducted an in vitro experiment to assess the bifido
and butyrogenic effects of 2'FL on the stool of healthy adults as
the stool of those with IBS or ulcerative colitis (UC).®3 Bifidobacte
and Eubacterium rectale-Clostridium coccoides counts increase
fermentation of 2'FL in the samples from all groups, a desirable i
due to the bifidogenic and butyrate-producing characteristics o
bacteria, respectively. Additionally, the production of SCFA buty
positively impacted by fermentation of 2'FL.®% Subsequently, an
label trial was conducted in 12 adults with IBS or UC to assess th
of 2'FL on Quality of Life assessments for those with Gl conditio
Consuming a supplement with 2'FL was linked to improvements
intestinal symptoms and scores on the Gl Quality of Life Index a
IBD Questionnaire, demonstrating a practical benefit to HMO
supplementation in adults with Gl conditions.’®?

Further study is needed to expand on these early findings, howe
preliminary data are promising for the ability of HMOs to suppor
health in adults. The application of HMOs to populations other th
infants is expected to grow as new research on their benefits be
early life emerges.

6.6 | Summary

There are many exciting areas of HMO research underway, which
certainly lead to new findings and new applications. Given the p
of HMOs in human milk, the potential health benefits of HMOs fo

are anticipated to a certain degree. The discovery that HMOs may

influence health across the lifespan is exciting and encouraging,
illustrates that HMOs lend themselves to countless innovations.
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Key Takeaways:

1.

HMOs are being explored for their
ability to support gut health in
premature infants, including a potential
role in mitigating the risk of NEC.

. Emerging science indicates that HMOs

— such as 2°FL, 3'SL and 6'SL — may
support cognitive development,
either by serving as building blocks
for the brain or by playing a nutritional
role in brain health and development.

. The beginnings of an evidence base

for the application of HMOs in
children is being built around their
safety and effects on growth.
Evidence to date does indeed
support the conclusion that HMOs
are safe and well-tolerated in
children. Additionally, data are
growing around the bifidogenic
impact of HMOs in children as well.

. Early evidence for a potential role of

HMOs in allergy management exists.
Further, some physicians believe
HMOs could have a role in allergy
prevention. The rationale is based on
the ability of HMOs to positively
impact the gut microbiota and
intestinal barrier function and
support the immune response,
mechanisms which are thought to be
related to the underlying etiology of
allergy development.

. Emerging clinical data suggest that

supplementation with select HMOs —
2'FL and LNNnT — in adults can
positively impact the gut microbiota
and may reduce the severity of
symptoms related to IBS, leading to
an increased quality of life.




7| Key Conclusions

Human milk is the undisputed gold standard for feeding infants. While
many nutritional aspects of human milk have been identified and
characterized over the last several decades, attention has turned
recently to the bioactive components of human milk, and specifically,
HMOs. The discovery that HMOs are the third most abundant solid
component of human milk has triggered research focused around
advancing the understanding of their various roles in human
health.%52188187 As the mechanisms of HMOs are being uncovered, key
health benefits are emerging:

Acting as prebiotics and promoting the predominance of a gut
microbiota rich in beneficial bacteria such as bifidobacteria

Supporting short-chain fatty acid production and thus
increasing acidity — important elements of a functional gut
barrier, the immune system, and a healthy gut ecosystem

Serving as decoy receptors for undesirable microorganism,
deflecting their adhesion to cell surfaces

Supporting the immune response

The potential for influencing brain development and cognitive
function

The scientific community is early in
the journey to fully understanding
the potential health benefits of

HMOs. With breastmilk always
the gold standard and a guide
for infant nutrition, there is

still much to learn about the
many roles HMOs likely
play in our overall health
and wellness. In the
meantime, early and
emerging data show
promise for the ability
of HMOs to support
the health of infants,
children, and adults.
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8| Our Commitment
to HMO Research

Pioneering the Future of HMOs with
Innovation and Research

dsm-firmenich’s leadership in HMO innovation is complemented by
their dedication to advancing scientific study on the benefits of HMOs.
Their research activities are enhanced by their collaborations with
some of the world’s premiere scientists who lead HMO research. dsm-
firmenich'’s three-pillar research strategy is built on a strong
foundation of clinical partners, leading universities, and external labs.

Pre-clinical Programs
Collaboration in several
programs with prominen
institutions

Clinical Research
Partnering with centers
across the globe

HMO Donation
HMO donations in the p:
5 years to leading univer

Together with their research partners, dsm-firmenich advances
scientific discoveries of HMOs through pre-clinical and clinical
studies. dsm-firmenich facilitates on-going HMO
research through its HMO Donation Program.
The objective of this innovative program is

to promote further research around
HMGOs to gain a deeper
understanding of the health
benefits, modes of action, and )
potential applications of HMOs. New =l ] r BY Maternal &
The HMO Donation Program also Applications 4 ) Infant health }

seeks to broaden the network of

Symbiotic

scientists and experts within
the field of HMO research.

To date, dsm-firmenich has
supported over 100 research
projects through this program.
These projects span 55
different research centers all
around the globe. The HMO
Donation Program accesses
dsm-firmenich’s HMO library,

which contains nearly 20 Cardio-
different HMO structures. vascular
Disease

These efforts have led to over 44
publications around how HMOs
impact human health.
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dsm-firmenich’s Regulatory Approvals Lead
to Global Access to HMOs

The ability to synthesize HMOs at commercial scale remains one of the most exciting
developments in infant nutrition, closing the gap in one of the largest compositional
discrepancies between cow’s milk-based infant formulas and human breast milk. One of the
most important results of this innovation is the increased availability of HMOs for infants all
around the world. As such, a commitment to working with regulatory bodies worldwide is
necessary to ensure broad access to the benefits of HMOs.

dsm-firmenich leads in the number of regulatory approvals for HMOs worldwide. At date of
publication, six HMO products have secured market authorization as new ingredients in foods
and supplements in the European Union and the United States. dsm-firmenich holds the
exclusive authorization of LNT, 6'SL, 3'SL, and a mixture product 2'FL/DFL in the European Union
and holds exclusive market access of 2'FL and LNnT in Australia/New Zealand.

The close collaboration of dsm-firmenich'’s global and local regulatory teams recently led to an
effective strategy for navigating the HMO approval process in China. The Chinese Ministry of
Agriculture and Rural Affairs, MARA, recently confirmed the safety of six different
manufacturing strains to produce HMOs, opening the door to the next steps in the regulatory
process of bringing products with HMO innovation to the Chinese market. This achievement is
due to dsm-firmenich’s steadfast commitment to purposeful advancements in Early Life
Nutrition in China and around the world.

As scientific and consumer recognition of the importance of HMOs in human nutrition
accelerates, the number of new HMO products is expected to increase, and similarly, the
number of regulatory authorizations will continue to grow. These efforts will continuously
expand the availability of HMOs to more and more infants around the world, furthering the goal
of enhancing Early Life Nutrition globally.

dsm-firmenich: your innovative end-to-end partner in HMOs

¢ dsm-firmenich has one of the broadest portfolios of commercially available HMOs for
applications across the lifecycle

¢ Our extensive history as the market pioneer of HMOs provides credibility and assurance
of quality as a highly trusted source for infants, children, and adults

¢ GlyCare HMOs feature dry blend powder properties, the longest shelf-life
(5 years), and the highest purity of all HMOs on the market

e The only vertically integrated manufacturer of HMOs with both straight, premix
capabilities and market ready solutions under one roof

¢ Available for use in more than 160 countries, the largest market access for HMOs
worldwide, and in supply with the world’s largest HMO facility

¢ Our strong end-to-end innovation program is developing the largest pipeline of straight
and blended HMOs for a healthier future

1 YOUR END-TO-END PARTNER D

PRODUCTS CUSTOMIZED SOLUTIONS EXPERT SERVICES
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