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Abstract

Streptococcus agalactiae or Group B Streptococcus (GBS) is a gram-positive bacterial pathobiont
that is the etiological cause of severe perinatal infections. GBS can colonize the vagina of
pregnant patients and invade tissues causing ascending infections of the gravid reproductive

tract that lead to adverse outcomes including preterm birth, neonatal sepsis, and maternal or

fetal demise. Additionally, transmission of GBS during labor or breastfeeding can also cause
invasive infections of neonates and infants. However, human milk has also been shown to have
protective effects against infection; a characteristic that is likely derived from antimicrobial and
immunomodulatory properties of molecules that comprise human milk. Recent evidence suggests
that human milk oligosaccharides (HMOs), short-chain sugars that comprise 8—-20% of breast
milk, have antimicrobial and anti-biofilm activity against GBS and other bacterial pathogens.
Additionally, HMOs have been shown to potentiate the activity of antibiotics against GBS. This
review presents the most recent published work that studies the interaction between HMOs and
GBS.
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1. Group B Streptococcus

Streptococcus agalactiae, otherwise known as Group B Streptococcus (GBS) is a gram-
positive diplococcus that typically colonizes the gastrointestinal and lower genital tracts.
While GBS is typically asymptomatic in healthy individuals, it can be quite detrimental to
the elderly, newborns, and those with a compromised immune system. Since 10-40% of
pregnant women are colonized with GBS during the late stages of pregnancy, it is standard
to screen for the presence of the bacteria between 35 and 37 weeks.[12b] GBS is most
commonly passed on to neonates through vertical transmission prior to, or during labor and
delivery from a GBS-infected mother and is one of the leading causes of neonatal sepsis
and meningitis.[22P] However, if a patient test positive during GBS screening, intrapartum
antibiotic prophylaxis can be administered.[3]

1.1. Group B Streptococcus is associated with adverse perinatal outcomes

Preterm birth—Preterm birth is defined as parturition before 37 weeks gestation. There
are approximately 15 million preterm births globally each year; an estimated 11% of all live
births (ref).[4] Complications surrounding preterm birth are the most common direct cause of
death in children under 5 years of age (ref).[52 b. ¢l preterm birth is associated with 15% of
child deaths and 35% of neonatal deaths worldwide. Additionally, preterm birth can result in
lifelong disability among survivors including neurodevelopmental complications, cognitive
disorders, hearing and visual impairment, motor disorders, severe infections, pulmonary
disorders, metabolic disorders, cardiovascular disease, and mental health issues-[62..c.de. f]
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One of the leading causes of preterm birth is intrauterine infection during pregnancy.
[6e] GBS is a leading cause of bacterial infection of the gravid reproductive tract, and
colonization of the rectum or vagina has been associated as a strong risk factor for invasive
infection during pregnancy and cognate disease outcomes including preterm birth.[6€]

Early-onset vs. late-onset GBS disease: GBS disease in infants is either classified as early
onset disease (EOD) or late onset disease (LOD) dependent on when the neonate acquires
the infection. EOD is more common than LOD and typically presents itself within the first
24 hours of life but can occur up to one week after birth.[7] These affected babies usually
contract GBS from their mothers during birth, with premature newborns more likely to
acquire infection.[’l EOD is more often associated with mortality than LOD, and typically
presents itself as sepsis, pneumonia, and less often meningitis. LOD occurs anywhere
between seven days and up to three months.[8] It is not usually clear how GBS is transmitted
to the baby with LOD, but typically from the mother, other family members, or hospital
caregivers. LOD typically manifests as bacteremia, meningitis, or less often organ or soft
tissue infection.[9]

2. Breastmilk and Breastfeeding

2.1

Protective biochemical properties of breastmilk

Most health experts including the American Academy of Pediatrics recommend exclusive
breast feeding for the first six months of life as a result of the well-established benefits
breast milk provides to the baby.[1%] Breast feeding is endorsed by health organizations,
doctors, and even formula companies themselves. And while universally breast milk should
still be the first choice to meet the nutritional needs of the baby through at least the first

six months of life, formula companies have advanced the formula contents to a level where
it is a safe and healthy alternative when necessary. Formula design is meant to duplicate

the mother’s milk. Formula companies however are still unable to match the complexity
involved in milk production. Breast milk is constantly changing along with the needs of

the baby as it provides protective antibiotics and bioactive components that cannot to be
added.[*1] Cow milk and soy milk are two most common bases for infant formula. The FDA
regulates the composition of proteins, fats, carbohydrates, vitamins, and minerals to ensure
proper nutrition. Iron fortification of formula is recommended for the prevention of anemia.

Human milk oligosaccharides which are abundantly present in breast milk will be discussed
in more detail below. While it is not synthetically or financially feasible to include all

the known HMOs found in breast milk, many formula companies supplement prebiotics
and/or probiotics to attempt to mimic the beneficial properties the HMOs provide. Prebiotics
in formula are designed to stimulate the growth of beneficial bacteria species including
Bifidobacterium and Lactobacillus.121 The most commonly supplemented oligosaccharides
are short-chain galacto-OS (GOS), long-chain fructo-OS (FOS), polydextrose, and 2’-
fucosyllactose (2’-FL).[X3] However, it is important to note that GOS, FOS, and polydextrose
are plant polymers that are not native to human milk.
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2.2. Transmission of GBS via breastmilk

Although the protective properties of human milk and breastfeeding are well-supported,[1°]
there are also risks associated with breast feeding. One example is that breast milk has
been demonstrated to be a vehicle of transmission of GBS infection.[14] GBS can cause
invasive infections of mammary tissues that lead to mastitis, and consequently, GBS can be
transmitted from mother to infant via ingestion of GBS-contaminated breastmilk.[14]

2.3. Antimicrobial molecules in milk including HMOs

The proteins found in the highest concentrations are casein, a-lactalbumin, lactoferrin,
immunoglobulin 1gA, lysozyme and serum albumin. Proteins in breast milk provide a wide
array of functions including serving as an important source of amino acids necessary for
growth and development; protection against bacterial infections; absorption of both micro
and macronutrients; and shaping the immature microbiome.

A portion of milk secretory IgA (slgA) is tightly bound to and can phosphorylate
oligosaccharides and polysaccharides. Furthermore, sIgA has also been shown to have
kinase activities against both proteins and lipids.[] Thus, sIgA is considered an “abzyme”
or an antibody-enzyme hybrid. Mannose-containing oligosaccharides of secreted IgA have
also been shown to possess antimicrobial and activities, including the ability to inhibit
Vibrio cholerae biofilm formation.[16]

The iron-binding glycoprotein lactoferrin is one of the most abundant proteins found

in breast milk, comprising of 15 to 20% of total protein content.[1”] The antimicrobial
properties of lactoferrin against harmful pathogens arise from its ability to sequester

iron thus rendering it unavailable for the bacteria to proliferate. Lactoferrin also

possesses anti-inflammatory and immunomodulatory properties necessary for the developing
gastrointestinal tract of infants.[18a.]

Another major whey protein encompassing 20 to 25% of the total protein content is a-
lactalbumin which binds Ca2* and Zn2* ions driving the absorption of essential minerals.[9]
In the mammary gland, a-lactalbumin promotes milk production as a critical factor in the
lactose synthase complex. In addition to its bactericidal properties, it most importantly
provides a rich source of essential amino acids including tryptophan, lysine, cysteine,
leucine, isoleucine, and valine.[20]

Human Milk Oligosaccharides—In the last decade, researchers have examined the
effects of HMOs on modulating the outcome of infectious diseases. In separate studies by
the Le Doare and Bode groups, they both demonstrated the ability of HMOs to directly
inhibit the growth of GBS both Jn vitro and in vivo.[21ab.Cl |n 2016, Le Doare and coworkers
found a correlation between the mother’s Lewis secretor status and GBS colonization in
infants since HMO expression is related to Lewis blood type.[21¢] Interestingly, maternal
Lewis secretor status has also been shown to shape infant gut microbiota; a result likely
shaped by HMO presence or absence. The predominant HMO in secretor milk samples
were 2’-fucosyllactose (2°FL) and lacto-N-fucopentaose |, whereas non-secretor milk was
characterized by lacto- AV-fucopentaose and lacto-N-difucohexaose (Figure 1). Differences
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in microbiota composition and quantity were found depending on secretor/non-secretor
status. For example: Lactobacillus spp, Enterococcus spp, and Streptococcus spp were
lower in non-secretor than secretor samples. Bifidobacterium were less prevalent in non-
secretor samples compared to secretor samples. Despite no differences on diversity and
richness, non-secretor samples had lower Actinobacteria and higher relative abundance

of Enterobacteriaceae, Lactobacillaceae, and Staphylococcaceae.[22] There are four milk
groups defined: Lewis-positive Secretors and non-Secretors, and Lewis-negative Secretors
and non-Secretors. Using 1H nuclear magnetic resonance spectroscopy methods, they were
able to assign a milk group based on the type of fucosylated HMO residues present in the
milk sample. In their study they found that babies born to Lewis-positive mothers were less
likely to acquire GBS infections as well as more likely to clear infection up to 90 days
after birth when compared to infants born to Lewis-negative women. However, they were
not able to find a correlation between Secretor status and incidences of GBS colonization
in either mother or baby. In addition to the /in vivo work, they found that the presence

of lacto- A-difucohexaose | (LNDFHI), a branched fucosylated HMO in the mother’s milk
sample was linked to an inhibition of GBS growth.[21¢]

In 2017, Bode and coworkers discovered that pooled samples of HMO extracts directly
inhibited the growth of GBS in a dose-dependent manner.[21P] This was preceded by a study
in which the Bode lab uncovered that HMOs provide protection to bladder epithelial cells
through preventing the colonization of uropathogenic Escherichia coli (UPEC), the primary
pathogen responsible for urinary tract infections.[22] In addition to pooled HMOs, they

also fractionated the HMOs into sialylated, acidic HMOs and non-sialylated, neutral HMOs
using multidimensional chromatography. They concluded that while the sialylated HMOs
did not inhibit GBS growth, the neutral, non-sialylated HMO moieties provided narrow
spectrum bacteriostatic activity against GBS growth. Specifically, lacto- A-tetraose (LNT)
and the fucosylated lacto- AV-fucopentaose | (LNFPI) both inhibited GBS growth, while the
isomer of LNT, lacto- V-neotetraose surprisingly did not. After expanding their studies to
other species of bacteria including UPEC, Streptococcus pyogenes (Group A Streptococcus)
Pseudomonas aeruginosa, and Staphylococcus aureus, they found that HMOs did not inhibit
the growth of these pathogens.

3. HMOs and Group B Streptococcus

3.1.

HMOs have antimicrobial activity against GBS

Following the results of the Le Doare and Bode groups, our interdisciplinary team focused
on the synthesis and analysis of HMOs in infectious disease. Initial research was based

on the hypothesis that HMOs possess both antimicrobial and antibiofilm activities against
GBS. Bacterial growth was quantified using a plate-based assay using spectrophotometric
techniques measuring optical density at 600 nm (ODgqg) over a period of 24 hours.

In this assay, a heterogenous mixture of HMOs pooled from five donors was found to
possess bacteriostatic activity against GBS, inhibiting growth up to 89%.123] The next steps
following the elucidation of this impressive antimicrobial activity involved uncovering the
most active single-entity HMOs present in the mixture. As expected, no single-entity HMOs
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were as potent as the pooled mixture with the understanding there are likely multiple
mechanisms responsible for this inhibition.[242.0]

HMOs have anti-biofilm activity against GBS

Biofilm formation is often directly associated with the pathogenesis of an organism and
its” ability to persist in hostile environments. To test our hypothesis that in addition to
possessing antimicrobial activity, HMOs also inhibit biofilm production in GBS. Using a
colorimetric, plate-based assay, we assessed biofilm production by spectrophotometrically
measuring absorbance at ODsgg. Importantly, after 24 hours, we also measured bacterial
growth at ODggg. The ratio of biofilm/biomass allows us to account for any differences in
bacterial growth amongst samples. We uncovered that a heterogeneous mixture of HMOs
inhibited biofilm formation in GBS up to 93%.[24] Additionally, we found that HMOs
also inhibited biofilm production up to 60% in another gram-positive species, methicillin-
resistant Staphylococcus aureus.[2]

Initially, the antimicrobial and antibiofilm activities of a heterogenous mixture of HMOs
were studied. However, there was profound interest in teasing out which single-entity
HMOs were responsible for eliciting these responses. Subsequent studies interrogated the
anti-biofilm activities of 17 single-entity HMOS and found that as a general trend that no
single HMO inhibited biofilm production nearly as well as the heterogenous mixture of
HMOs.[252.0] We hypothesized that we could convert these single-entity HMOs that lacked
antibiofilm activity into antibiofilm compounds by incorporating a positive charge on the
reducing end of these sugars. This hypothesis was formed based on the knowledge that
cationic molecules are known to disrupt even the most rigid biofilm structures. Using the
Kochetkov amination, we could readily convert an alcohol at the anomeric position at the
reducing end of the sugar to an amino group which is positively charged at physiological
pH. Four native HMOs were converted into their B-amino variants and their ability to inhibit
bacterial growth and biofilm in GBS was assessed. While neither the parent single-entity
HMOs or B-amino HMOS exhibited antimicrobial activity, all four of the g-amino HMOs
significantly inhibited quantifiable biofilm production, and these results were confirmed
using field emission gun-scanning electron microscopy (FEG-SEM).[2¢]

3.2. HMOs potentiate antibiotic activity against GBS

Following up initial studies in which it was found that a heterogeneous mixture of HMOs
possessed antimicrobial and antibiofilm activity against GBS, it was hypothesized that
HMOs could potentiate antibiotic activity. One of the strategies employed to treat virulent
bacterial infections is combination therapy in which an adjuvant is administered along with
the drug as not only helps increase its efficacy, but also helps with the antibiotic resistance
problem by lowering the dosages of the drugs required. Through testing this hypothesis, we
hoped to not only enhance the antimicrobial activity of the existing antibiotics but also to
elucidate the mechanism of action of the HMOs.

In a first-generation study of combination therapy of HMOs with select antibiotics, the
HMOs were found to help potentiate the activity of a variety of antibiotics, including
ribosomal targeting drugs and decrease the MICs of these drugs by up to 32-fold (Table 1).
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[27] To determine if there was strain specificity, the HMOs were assayed against three strains
of GBS across various serotypes: GB2 (serotype la), GB590 (serotype I11), and CNCTC
10/84 (serotype V). While a panel of antibiotics was chosen, interestingly p-lactams

and glycopeptide antibiotics which inhibit cell-wall synthesis exhibited much more subtle
effects compared to the ribosomal-targeting drugs in conditions of HMO supplementation.
The ribosomal targeting antibiotics in this study were three antibiotics in which GBS

has evolved resistance towards. They were aminoglycosides, macrolides, and tetracyclines
which was promising as this combination therapy could help to repurpose these antibiotics
(Table 1). Based on the antibiotic/HMO combination studies, we further hypothesized that
HMOs increase cell membrane permeability thereby increasing the efficacy of intracellular-
targeting antibiotics. This was initially confirmed using a LIVE/DEAD Baclight assay which
found that HMOs increase cell membrane permeability up to 30%.[27] In an effort to validate
the hypothesis that HMOs increase cell membrane permeability, the panel of antibiotics was
expanded to include additional intracellular targeting antibiotics.

In a related study, the powerful activity of HMOs in combating antifolate antibiotic
resistance in GBS was discovered. Results indicated that pooled HMOs could be co-

dosed with trimethoprim (TMP) to synergistically increase GBS susceptibility to TMP.
Representative GBS strains from five distinct capsular serotypes were tested and exhibited
between 16-512-fold reduction in TMP MIC when dosed in coordination with HMOs.[28]
The HMO-TMP combination was more efficacious than a TMP-sulfadiazine combination
and was also demonstrated to be due to increased on-target activity of TMP in inhibiting
folate biosynthesis. Consequently, we hypothesized that HMOs facilitate increased GBS cell
permeability that can restore TMP cell penetrance and antibiotic activity within GBS strains
that are initially resistant to TMP. We further validated this hypothesis through untargeted
metabolomic analyses, which revealed that HMOs significantly effect fatty acid and lipid
metabolism within GBS. Specifically, linoleic acid metabolism is the metabolic pathway
most impacted when GBS is exposed to HMOs. Linoleic acid metabolites play a crucial role
in cellular signaling, response to stress, and proper membrane construction. All identified
linoleic acid precursors were accumulated in the HMO-treated population, with several
metabolites having a 100-fold increase from the untreated controls. Two epoxyoctadecanoic
acid metabolites were of particular interest, epoxyoctadecanoic acids (EpOMEs) and
dihydroxyoctadecanoic acids (DiHOMES). Accumulation of these metabolites is linked to
changes in cell membrane fluidity and cell membrane construction. [28] These perturbations
support that HMOs significantly alter cell membrane associated metabolites, likely causing
increased GBS cell permeability. Taken together, these results support HMOs as effective
antibiotic adjuvants, capable of reversing antibiotic resistant GBS phenotypes.

4. Conclusions

In conclusion, this review demonstrates that molecules within human breast milk, especially
human milk oligosaccharides have potential utility as antimicrobial and anti-biofilm
compounds against perinatal pathogens such as S. agalactiae (Figure 2). Furthermore,
HMOs represent potential adjuvants to enhance the penetrance and efficacy of antibiotics,
providing a chemotherapeutic mechanism to circumnavigate antimicrobial resistance
mechanisms.
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Figure2.
Conceptual model of the diverse activities of human milk oligosaccharides (HMOs) against

Group B Streptococcus bacteria. HMOs such as Lacto-A-fucopentaose | (LNFPI), Lacto-A-
tetraose (LNT), and 2’-fucosyllactose (2’-FL) exert various activities against GBS including
inhibition of bacterial growth, enhanced penetrance and efficacy of antibiotics via bacterial
cell permeabilization, and inhibition of bacterial biofilm formation. Symbols include:
glucose (blue circles), galactose (yellow circles), N-acetyl-glucosamine (blue squares),
fucose (red triangles), and sialic acid (purple diamonds).
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Enhanced efficacy of antibiotics against GBS (strain CNTC 10/84) in the presence of HMOs.

Table 1.

Antibiotics MIC in medium alone  MIC in medium + HMOs Fold Changein antibiotic efficacy
Penicillin?/ 0.03 0.015 )
ampicillin/?/ 0625 0.0312 )
cefazolin/¥ 0.125 0.0625 2
vancomycin[a] 2 1 2
clindamycin[‘a] 0.0325 0.0156 2
gentamicin[a] 16 2 8
ewthromycin[a] 0.0156 0.0019 8
Iinezolid[a] 2 1 2
minocycline[a] 0.0625 0.0019 32

o] >1,024 5.12 5256

Trimethoprim

2]

Craft, K.M. et al. (2018) ACS Chemical Biology

[b]Chamber, S.A. and Moore, R.E. et al. (2020) mBio.
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