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Abstract: Emerging antimicrobial resistance in respiratory infections requires novel intervention
strategies. Non-digestible oligosaccharides (NDOs) are a diverse group of carbohydrates with
broad protective effects. In addition to promoting the colonization of beneficial gut microbiota
and maintaining the intestinal homeostasis, NDOs act as decoy receptors, effectively blocking the
attachment of pathogens on host cells. NDOs also function as a bacteriostatic agent, inhibiting the
growth of specific pathogenic bacteria. Based on this fact, NDOs potentiate the actions of antimicrobial
drugs. Therefore, there is an increasing interest in characterizing the anti-infective properties of
NDOs. This focused review provides insights into the mechanisms by which representative NDOs
may suppress respiratory infections by targeting pathogens and host cells. We summarized the most
interesting mechanisms of NDOs, including maintenance of gut microbiota homeostasis, interference
with TLR-mediated signaling, anti-oxidative effects and bacterial toxin neutralization, bacteriostatic
and bactericidal effects, and anti-adhesion or anti-invasive properties. A detailed understanding of
anti-infective mechanisms of NDOs against respiratory pathogens may contribute to the development
of add-on therapy or alternatives to antimicrobials.

Keywords: oligosaccharides; lung infections; respiratory inflammation; HMOs; GOS; FOS; gut
microbiota; SCFAs

1. Respiratory Infections

Respiratory infections are the largest cause of childhood deaths [1,2] and an are
important cause of morbidity and mortality among adults worldwide [3,4]. Respiratory
infections take responsibility for approximately 4 million deaths per year globally [3].
Among them, lung infections are a common and potentially life-threatening illness, being a
major medical burden accounting for more than 15% of the deaths of children younger than
5 years of age [2]. Risk factors for the incidence and severity of lung infections in infants
and children mostly include the lack of immunization, malnutrition, chronic underlying
diseases, HIV infection and smoke exposure/indoor air pollution [5]. The Global Burden
of Disease Study indicated that the most important risk factors were malnutrition, air
pollution or sub-optimal breastfeeding [6]. In 2015, although the improvement of living
conditions, nutrition and vaccines, 700,000 children younger than 5 years of age still died
from lung infections worldwide [6]. In particular, the COVID-19 pandemic has increased
the emergency of taking action to protect against respiratory infections.

Transmission of lung infections is thought to occur by airborne droplets/pathogens
or through direct contact with colonized/infected individuals. The epithelial mucosal
surface of the lungs is constantly exposed to invasive pathogens that have the potential
to threaten the defense of susceptible hosts [7]. After the epithelial mucosa is invaded by
pathogens, the inflammatory response occurs subsequently to recruit additional defenses.
However, when these pathogens have the capacity to overwhelm the host defense, invasion
of pathogens results in infections of the respiratory tract [7–9].
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2. Lung Epithelial Cells and Pro-Inflammatory Responses in Respiratory Infections

The well-developed respiratory defense is a dynamic interactive system against inhaled
bacteria, including mucociliary clearance and pro-inflammatory responses of the respiratory
epithelium, resident alveolar macrophages, and recruited neutrophils and lymphocytes [7,9].
Nevertheless, cold air and viral coinfection impair the mucociliary clearance, leading to a
marked reduction in ciliary beat frequency and mucus transport velocity [9]. In addition, the
secretion of bacterial toxins and the effect of bacterial attachment impede the ciliary function.
For example, Mycoplasma pneumoniae expresses adhesins to achieve close interaction with host
cells to resist mucociliary clearance [8,9]. Alternatively, nonspecific adherence to host cell
surfaces via capsular polysaccharide or other bacterial proteins, like LPS and adhesins might
occur as well, e.g., Mannheimia haemolytica (a ruminant respiratory pathogen) [10].

The respiratory epithelium is an important line of defense against inhaled pathogens
through the physical barrier and its immunological functions [11]. Epithelial cells are con-
nected to each other by cell–cell junctions, including tight junctions and adherens junctions,
forming an impermeable mechanical barrier to prevent invasion of pathogens [7,11]. In
addition to physical protection, lung epithelial cells possess important immune functions
in the defense against pathogens. For instance, lung epithelial cells rapidly recognize
pathogens through pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs)
and NOD-like receptors (NLRs) [7]. Upon PRR activation, lung epithelial cells not only
generate cytokines/chemokines that recruit and activate leukocytes, but also produce
endogenous danger signal molecules (e.g., ROS) [7,12].

Toll-like receptors (TLRs), such as TLR-2 and 4, recognize distinct pathogen-associated
molecular patterns (PAMPs) derived from pathogens and detect damage-associated molec-
ular patterns (DAMPs) released by stressed or damaged host cells [13]. These TLRs are
expressed in airway epithelial cells and immune cells of both human and animals [9,13].
The recognition of M. pneumoniae by human airway epithelial cells and the activation
of macrophages are dependent on TLRs, particularly TLR-2, which thereafter results in
a subsequent inflammatory response such as IL-1 and IL-8 pro-inflammatory mediator
release [8]. TLR-4, one of the well-characterized TLRs, senses LPS of bacteria and regulates
pulmonary immunity to many Gram-negative pathogens [9,13]. LPS is recognized by TLR-4
on the surfaces of epithelial cells and alveolar macrophages, leading to the production
of pro-inflammatory cytokines/chemokines, reactive nitrogen and oxygen intermediates,
and other mediators. Subsequently, these pro-inflammatory cytokines/chemokines and
mediators initiate an influx of neutrophils [10,14]. The cytokine/chemokine production and
leukocyte activation may either minimize respiratory infections and eliminate the bacterial
pathogens or, more often, exacerbate the disease through immunological hypersensitivity
and worsening damage to the respiratory epithelium. More vigorous cytokine stimulation
and cell-mediated responses lead to more severe lung injury [8].

Notably, a well-developed airway epithelial barrier is critical in the prevention of
bacterial adhesions and invasions. The airway epithelium forms a complex physicochemical
barrier complemented by the mucociliary escalator to provide the first line of defense
against inhaled pathogens [11]. However, respiratory pathogens exhibit strategies to impair
airway epithelium leading to pathogen invasion and colonization. Pathogenic bacteria
may disrupt the airway epithelial integrity through their cytotoxicity or with the help
of virulence factors, causing increased paracellular permeability and damaged epithelial
repair mechanisms [8,9,11,15]. In addition, excessive inflammatory responses induced by
pathogens also lead to a disrupted airway epithelial barrier [15].

Although the host has carefully designed the respiratory defense system, including
a protective physical barrier, epithelial cell-mediated pro-inflammatory response, resi-
dent macrophages and recruited neutrophils, these defenses are susceptible to failure as
a result of the presence of cofactors (e.g., stress, air pollution) and strategies adopted by
pathogens (e.g., released virulence factors) [8,9,11]. Due to the failure of respiratory de-
fenses, the strategies of pathogens, and the alarms of rising antimicrobial resistance, the
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development of add-on therapy or alternatives to antimicrobials for respiratory infections
is particularly important.

3. Non-Digestible Oligosaccharides (NDOs)

NDOs are low molecular weight carbohydrates, usually containing 3 to 10 sugar
moieties. Food products that naturally contain NDOs, such as cereals, fruits, vegetables,
nuts, beans, and seafood, but also breast milk and the application of prebiotics in functional
food are the main sources of NDO intake [16]. Many NDOs are not digested by humans due
to the lack of enzymes required to hydrolyze the β-links formed among the monosaccharide
units. The most famous physicochemical and physiological properties of NDOs are related
to their ability to behave like dietary fibers and prebiotics, including the improvement of
gut microbial composition and gastrointestinal homeostasis. Moreover, due to the decrease
in intestinal pH caused by their fermentation, NDOs exhibit the ability to reduce the
growth of pathogenic bacteria, increase the populations of bifidobacteria and lactobacilli,
and increase the utilization of minerals in the gut [16]. In addition, NDOs are associated
with a lower risk of (gastrointestinal, respiratory, and urogenital) infections and exert anti-
inflammatory and immunomodulatory properties [16,17]. In this review, we mainly focused
on several representative NDOs, including human milk oligosaccharides (HMOs), and
galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS) that mimic structures
observed in mother milk.

3.1. HMOs

Human milk is the golden standard for infant nutrition, as most health experts, in-
cluding the American Academy of Pediatrics, recommend exclusive breastfeeding for the
first six months of life [18]. The average macromolecular profile of one liter of breast milk
contains 9–12 g of proteins, 32–36 g of fats, 67–78 g of lactose, and 5–20 g of HMOs [19].
HMOs are the first group of NDOs consumed by humans after birth. Breastfed infants have
a lower incidence of respiratory diseases, including respiratory infections, during early
life [20–23]. In addition to the well-known prebiotic properties of HMOs and correspond-
ing immunomodulatory effects [16], approximately 1–5% of HMOs are absorbed by the
intestine into the systemic circulation [24], directly interacting with pathogens, immune
cells, and epithelial cells outside the intestine to exert anti-inflammatory and anti-infective
effects [16]. Moreover, breastfeeding infants ingest mother milk several times per day,
bathing the nasopharynx and mouth for several minutes at each feeding with a solution
high in HMOs, which might inhibit local adherence of airway pathogenic bacteria [20].
Bovine milk-derived infant formula is commonly used as an alternative to human breast
milk. However, the concentration of oligosaccharides in bovine milk (0.7–1.2 g/L) is much
lower compared to human milk (12–24 g/L) [25,26]. HMOs are composed of the five
monosaccharide building blocks D-glucose, D-galactose, N-acetylglucosamine, L-fucose,
and sialic acid. Currently, around 200 oligosaccharide structures have been identified in
human milk compared to ± 50 identified oligosaccharide structures in bovine milk [27].
More than 70% of the oligosaccharides in bovine milk are composed of sialylated oligosac-
charides, in contrast, human milk contains predominantly neutral oligosaccharides, and
sialylated oligosaccharides account for approximately 10–30% of total HMOs [24,26–29].
Despite recent modern analytical techniques, the identification and biosynthesis of HMOs
remain a challenge for researchers. The composition and content of HMOs can vary consid-
erably between mothers. It depends both on their blood group and on the duration/length
of the lactation period. Many manufacturers are trying to emulate HMOs; however, due to
the lack of industrial production methods, the essential ingredients are mostly absent from
infant formulas [30].

3.2. GOS and FOS

Various strategies have been used to mimic the beneficial effects of HMOs, including
GOS and FOS, which have been supplemented in dietary products and infant formula [31,32].
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Commercial production of GOS has been achieved from lactose by the transgalactosylation
reactions, using β-galactosidases (EC 3.2.1.23) as biocatalysts [17,33]. FOS can be produced
from the controlled enzymatic hydrolysis of the polysaccharide inulin, which can be extracted
from roots of chicory, artichoke, yacon, dahlia or agave [33,34]. The process involves trans-
fructosylation reactions in which fructosyltransferases (β-fructofuranosidase, EC 3.2.1.26 or
β-D-fructosyltransferase, EC 2.4.1.9) act as biocatalysts [33]. GOS/FOS in a 9:1 ratio is com-
monly used in infant formula to mimic the molecular size distribution and beneficial functions
of HMOs in breast milk [35].

Both GOS and FOS exert many beneficial properties. For example, both can stimulate
the growth of bifidobacteria and lactobacilli and support the development of the immune
system. Moreover, both can inhibit the inflammatory responses and prevent epithelial
barrier dysfunction in the intestine; in particular, GOS have the property of inhibiting the
adhesion of pathogens to intestinal epithelial cells [16,32]. There is no doubt that GOS/FOS
mixtures have similar properties, and even recently, a reduction in airway inflammation
after oral administration of this mixture was demonstrated [36,37]. There are several studies
investigating the supplementation of GOS and/or FOS in human respiratory infections
mainly focusing on clinical parameters, observing a reduced frequency of respiratory
infections and antibiotic prescriptions in infants, as well as a decreased duration and
symptoms of cold or flu in university students [38–40]. These impressive observations
encourage GOS and/or FOS to become attractive candidates in the prevention and clinical
treatment of respiratory infections. Although not reported in respiratory infections, the
effects of NDOs in some studies of inflammatory immune diseases are inconsistent; for
example, a combination of probiotics and GOS showed no preventive effect on allergic
diseases in infants [41]. In a study with mice, a mixture of FOS and inulin did not affect the
immune response of delayed hypersensitivity in an influenza vaccination model [42]. In
this focused review, we present a balanced overview of the role and mechanisms of NDOs
in respiratory diseases (infections) (Figure 1).
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factors (e.g., LPS), lead to lung injury and organ dysfunction and even death of susceptible hosts. 
(B) (1) The anti-inflammatory mechanisms of NDOs (e.g., GOS) may include the inhibition of 
NLRP3 inflammasome activation via the interference with TLR-4 signaling and the decrease in ROS 
production, subsequently reducing IL-1β release, and (2) the decrease in adhesion to and invasion 
of airway epithelial cells by pathogens or the direct killing of pathogens induced by NDOs (e.g., 
HMOs). (3) Anti-inflammatory effects of NDOs (e.g., FOS) may be related to the interference with 
TLR-5 pro-inflammatory signaling and protection of airway epithelial barrier function. FOS, fructo-
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NLR family pyrin domain containing 3; ROS, reactive oxygen species; TLR, Toll-like receptor; TNF-
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on host cells. (A) During lung infections, pathogens can induce the release of pro-inflammatory
mediators (e.g., IL-8, IL-6, IL-1β and TNF-α) by activating TLR signaling to recruit immune cells
(e.g., neutrophils, macrophages), contributing to the phagocytosis of pathogens and elimination of
inflammation in the early stage of infections. However, the impairment of the airway epithelial barrier,
the accumulation of pro-inflammatory mediators, the depletion of macrophages, and the infiltration
of neutrophils caused by excessive pathogens and their released virulence factors (e.g., LPS), lead to
lung injury and organ dysfunction and even death of susceptible hosts. (B) (1) The anti-inflammatory
mechanisms of NDOs (e.g., GOS) may include the inhibition of NLRP3 inflammasome activation via
the interference with TLR-4 signaling and the decrease in ROS production, subsequently reducing IL-
1β release, and (2) the decrease in adhesion to and invasion of airway epithelial cells by pathogens or
the direct killing of pathogens induced by NDOs (e.g., HMOs). (3) Anti-inflammatory effects of NDOs
(e.g., FOS) may be related to the interference with TLR-5 pro-inflammatory signaling and protection
of airway epithelial barrier function. FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; IL,
interleukin; LPS, lipopolysaccharides; NLRP3, NLR family pyrin domain containing 3; ROS, reactive
oxygen species; TLR, Toll-like receptor; TNF-α, tumor necrosis factor-α.

4. Mechanisms of NDOs in Suppressing Respiratory Infections
4.1. Maintenance of Gut Microbiota Homeostasis

The main benefit of NDOs is to act as prebiotics, promoting the establishment of bene-
ficial microbiota in the gut [16]. NDOs select and promote the growth of a few dominant
valuable species, such as Bifidobacterium and Lactobacillus spp., which competitively suppress
the growth of pathogenic bacteria [16]. Bifidobacteria in infants have shown high incorpo-
ration with GOS, while FOS can selectively stimulate the growth of Lactobacilli [43]. In a
double-blind controlled trial, administration of a selected Lactobacillus fermentum CECT5716
from human breast milk to infants aged 6–12 months reduced the incidence of gastrointesti-
nal, respiratory and total infections by 46%, 27% and 30%, respectively [44]. HMOs in breast
milk contribute to shape the gut microbiota in infants. Therefore, GOS and long-chain
FOS are supplemented in infant formula at a ratio of 9:1 to mimic the function and size
distribution of neutral HMOs in breast milk [38]. In a double-blind placebo-controlled trial,
oral GOS and long-chain FOS at a ratio of 9:1 reduced the number of infectious episodes
and the incidence of recurring, particularly respiratory, infections during the first 6 months
of life [38]. In general, Bacteroides, Lactobacillus, and Bifidobacterium spp. can ferment NDOs
in the gut, leading to the production of short-chain fatty acids (SCFAs; acetate, propionate,
and butyrate). SCFAs protect the commensal bacteria against invading pathogens and
inflammation by regulating gut pH and enhancing the immune system [16,19]. These
SCFA molecules are small enough to diffuse through intestinal cells and enter blood cir-
culation [45,46]. Sodium propionate, one of the SCFAs, was first described for potential
bactericidal activity in 1950 [47]. Butyrate has been shown to increase the production of
antimicrobial peptides in the lung epithelial cell line VA10 [48]. The importance of SCFA-
acetate in protecting influenza-infected mice from secondary pneumococcal superinfection
has been demonstrated [49]. Acetate treatment showed protective in pulmonary infections
caused by Klebsiella pneumoniae in mice [50]. In addition, SCFAs affected the growth of
Pseudomonas aeruginosa in vitro in a pH- and concentration-dependent manner [51]. Re-
cently, Machado et al. have summarized the potential anti-infective effects of SCFAs in lung
infections, including direct effects by inhibiting the growth of microbial pathogens and
indirect effects by activating G protein-coupled receptors, inhibiting histone deacetylase,
or interfering with metabolic pathways to alleviate lung infections [52]. Therefore, NDOs
(and SCFAs) are able to affect infections not only in the gastrointestinal track but also in
other distant site organs and systems.

4.2. Interference with TLR-Mediated Signaling

In addition to the indirect effects of NDOs on lung immunity via modulating gut
microbiota homeostasis, increasing evidence shows that NDOs have the capacity to be
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absorbed into the systemic circulation (possibly in small amounts) after oral administra-
tion [53,54], indicating that NDOs might reach the lungs (bronchus) through the blood
circulation to exert direct effects on pathogens or host cells (e.g., airway epithelial cells).

NDOs may act as a TLR ligand, affecting downstream NF-κB and cytokine/chemokine pro-
duction [17]. We have reported that GOS can inhibit M. haemolytica-induced cytokine/chemokine
production, TLR-4 expression and the associated MAPK/NF-κB pathway, as well as reduce the
LPS (TLR-4 ligand)-induced cytokine/chemokine release in calf primary bronchial epithelial cells
(PBECs) [55]. In addition, we found that FOS can inhibit the TLR-5-mediated pro-inflammatory
pathway in calf PBECs and human A549 cells [56]. In studies with mouse splenocytes and rat
small intestinal epithelial cells, pre-incubation with GOS for 30min or 1h inhibited LPS-induced
pro-inflammatory responses [48,49]. This might be related to the interference of GOS with
TLR-4-mediated signaling, downregulating TLR-4/NF-κB and subsequent MAPK pathways.
HMOs, which exhibit similar anti-inflammatory effects as GOS, inhibit TLR-4 expression and
signaling in mouse and piglet necrotizing colitis models and human (infant) intestinal explants,
probably due to the capacity of HMOs to directly dock into the LPS-binding pocket of TLR-4 [50].
Comparable to the bacterial endotoxin LPS, GOS might competitively bind to TLR-4 of the
lung epithelium to attenuate the initiation of the inflammatory response, thereby alleviating
the airway inflammation caused by lung infections. Besides affecting epithelial cells, increasing
studies have reported the immunomodulatory and anti-inflammatory effects of NDOs via
the regulation of TLR signaling. For example, FOS may act as TLR-4 ligands to upregulate
TNF-α and IL-10 secretion in primary rat monocytes and human peripheral blood monocytes
but inhibited LPS -induced IFN-γ and IL-17 release in mouse splenocytes [57]. Regulation of
macrophage immunomodulation via TLR4 by HMOs is dose and structure dependent. HMO
3-fucosyllactose can only activate TLR-2 and Lacto-N-Triaose activated TLR-2, 3, 4, 5, 7, 8 and
9 in a dose-dependent manner in HEK cells. Moreover, 2′-fucosyllactose, 6′-sialyllactose and
Lacto-N-neotetraose inhibited TLR-5 and 7, while 3-fucosyllactose inhibited TLR-5, 7 and 8
in HEK cells [58]. In addition, wheatgrass-derived oligosaccharides activated monocytes via
TLR-2 signaling [59], and feruloylated oligosaccharides induced DC maturation through TLR-2
and 4 [60]. However, caution should be taken, since modulation of inflammation is a delicate
matter, and too much suppression may not benefit the host.

4.3. Anti-Oxidative Effect and Neutralization with Bacterial Toxins

NDOs, including inulin (long-chain FOS), raffinose and arabinoxylan-oligosaccharides,
may act as reactive oxygen species (ROS) scavengers [61]. We demonstrated the anti-
oxidative effect of GOS in vitro. GOS can inhibit the release of mitochondrial ROS and
the activation of NLRP3 inflammasome in M. haemolytica-infected calf PBECs. Malondi-
aldehyde level (a biomarker for oxidative stress) in blood of calves was inhibited by oral
GOS [55]. NDO absorption into the systemic circulation may directly reduce the ROS
production from host cells. On the other hand, the production of glutathione S-transferases
induced by SCFAs, the fermentation products of NDOs in the gut, indirectly counteract
ROS in vivo [61].

Respiratory pathogens can release virulence factors to induce oxidative stress and
oxidative bursts in the lungs [14,62]. NDOs, such as GOS and HMOs, inhibit pathogen-
induced cytotoxicity by neutralizing or interfering with released toxins [16]. Our group has
reviewed the interactions between NDOs and bacterial toxins. NDOs and SCFAs can affect
enterotoxins through several mechanisms, including metabolic integration, microbiota reg-
ulation, inhibition of fluid secretion, and maintenance of intestinal epithelial integrity [63].
Therefore, it is also possible that NDOs may indirectly inhibit the production of ROS by
neutralizing or interfering with the toxins released by respiratory pathogens.

4.4. Bacteriostatic and Bactericidal Effects

Interestingly, some types of NDOs exhibit anti-bacterial effects [16,64]. Homogeneous
and heterogeneous HMOs inhibited bacterial growth and biofilm assembly [65–68]. HMOs
exert antibiofilm and antimicrobial properties against Streptococcus agalactiae, antimicrobial
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properties against the Gram-negative aerobe Acinetobacter baumannii, and antibiofilm prop-
erties against methicillin-resistant Staphylococcus aureus. Moreover, HMOs potentiate the
action of aminoglycosides, antifolates, macrolides, lincosamides and tetracyclines against
S. agalactiae, S. aureus, and A. baumannii [66,69]. In addition to serving as prebiotics, GOS
possess bacteriostatic and bactericidal properties. GOS can not only inhibit M. haemolytica
growth but also kill M. haemolytica in a concentration-dependent manner in vitro. The bac-
tericidal effect of GOS might be related to the increase in bacterial membrane permeability
as observed in GOS-treated M. haemolytica in vitro. GOS can affect the function of bacterial
cell membranes through depolarization, and this may lead to the increased efficacy of
antimicrobial drugs [70]. Similarly, HMOs increase the permeability of S. agalactiae cell
membranes in a concentration-dependent manner to exert anti-bacterial activity [66,71].

4.5. Anti-Adhesion or Anti-Invasive Properties

NDOs (e.g., HMOs, GOS, FOS) can share structural homology with epithelial cell sur-
face glycans, and serve as soluble decoy receptors to prevent early cellular attachment [19].
HMOs (lacto-N-neotetraose and α2-6-sialylated lacto-N-neotetraose) inhibit the adhesion of
pneumococci to human lung epithelial cell line (A549) in vitro [72]. In vitro studies showed
that the adherence of enteropathogenic Escherichia coli and Cronobacter sakazakii to intestinal
epithelial cells can be inhibited by GOS [73,74]. GOS inhibited the adhesion to and invasion
of PBECs by M. haemolytica, and therefore reduced inflammatory responses and airway
epithelial barrier disruption [70]. NDOs additionally can indirectly prevent pathogen adhe-
sion though binding to the epithelial surface, causing changes in receptor structure. These
interactions include the carbohydrate–lectin interactions that play an important role in
infections, as the cell surface of pathogens is decorated with oligosaccharides that recognize
lectins on host cells [19].

5. Future Directions

NDOs with or without the combination of antibiotics might be a promising inter-
vention to combat lung infections. Based on the described anti-infective mechanisms of
NDOs against respiratory pathogens, we propose local administration (e.g., intranasal ap-
plication, nebulized inhalation) for NDOs to treat/prevent respiratory infections [70]. We
have already taken a step towards the application of NDOs against respiratory infections
and GOS were innovatively applied via the intranasal route to ruminants (calf) to treat
naturally occurring lung infections. Lower lung pathogen burden was observed in calves
treated with an intranasal GOS spray [70,75]. Excitingly, our group started to investigate
the effects of oral NDO intervention on airway diseases, such as asthma, chronic obstructive
pulmonary disease (COPD), etc. years ago [36,76,77], and now showed that intranasal NDO
administration might be the possible future strategy to inhibit respiratory infections [70].
Moreover, it has been described that infants who ingest breastmilk several times per day,
bathing the nasopharynx for several minutes at each feeding with a solution high in HMOs,
might inhibit local bacterial adherence [20]. However, the intranasal application of NDOs
should be studied in more detail before being assessed in clinical trials or in practice. It
will be of particular interest to investigate the changes in microbiota composition in the
respiratory tract after intranasal administration of NDOs to unravel the exact mechanism
by which NDOs exhibit anti-infective and anti-inflammatory properties.

The bacteriostatic properties of NDOs have brought new possibilities for the treatment
of infections in a world of growing antimicrobial resistance. However, the bacteriostatic or
even bactericidal mechanism of HMOs and GOS is still unclear. In the future, it may be
interesting to study the effect of these antibacterial carbohydrates on bacterial glycocalyx,
bacterial membrane formation and nutrient uptake. In addition, more carbohydrates should
be included to study their (structure-related) anti-bacterial mechanisms. Furthermore, to
increase our knowledge about the strain-specificity of GOS and other carbohydrates, more
(human) pathogens should be involved in future research. Perhaps, it will be possible to
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design anti-pathogenic carbohydrates with corresponding structures based on different
(drug-resistant) strains.

Besides the effect of NDOs on pathogenic bacteria as described above, the effect of
NDOs on the commensal bacteria in the gut and airways during respiratory infections
might also be interesting. It has been proven that the growth of commensal microbiota
(e.g., Bifidobacteria and Lactobacilli) may inhibit the presence of pathogenic bacteria in
the gastrointestinal and respiratory tract, which may be due to their competition for
nutrition [16,75]. Due to the intervention of NDOs, the balance of nutritional competition
may be biased towards the commensal microbiota.

The metabolic distribution of NDOs in the systemic circulation is not clear. There-
fore, the presence of NDOs in blood and urine after different applications, as well as the
metabolic kinetics of NDOs, should be measured. Moreover, it is already feasible and safe
to supply oligosaccharides (such as αGal-oligosaccharides, glucose-oligosaccharides, and
hyaluronic acid-derived oligosaccharides) via intravenous infusion in humans [78] and
animals (e.g., mice, pigs, baboons) to provide energy sources or treat diseases [79–81]. This
indicates the future possibility of intravenous application of GOS or FOS after a safety
evaluation in humans and animals with respiratory diseases.

While the COVID-19 pandemic has been catastrophic, it will not be the last infectious
disease that we have to deal with. The rapid functioning and globalization of modern
society will lead to a disease spillover into humans around the world, which is far more
facile than in the past. Humans and scientists must discover new interventions to face this
challenge. Applications of NDOs in the treatment (or prevention) of respiratory infections
are increasingly being investigated. Within this context, in our opinion, using NDO-based
anti-infectives is a promising approach for the future, and the first clinical trial of using
NDOs as antimicrobial alternatives or add-on therapy is likely on the horizon.

Author Contributions: Conceptualization, Y.C. and S.B.; writing—original draft preparation, Y.C.;
writing—review and editing, G.F. and S.B.; visualization, Y.C.; supervision, G.F. and S.B.; project
administration, G.F.; funding acquisition, G.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Fundamental Research Funds for the Central Universities
and the China Scholarship Council for Y. Cai, grant number 201608320245.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ravi Kumar, S.; Paudel, S.; Ghimire, L.; Bergeron, S.; Cai, S.; Zemans, R.L.; Downey, G.P.; Jeyaseelan, S. Emerging Roles of

Inflammasomes in Acute Pneumonia. Am. J. Respir. Crit. Care Med. 2018, 197, 160–171. [CrossRef] [PubMed]
2. WHO. Pneumonia Fact Sheet. [updated 2 August 2019]. Available online: http://www.who.int/mediacentre/factsheets/fs331

/en/ (accessed on 2 May 2021).
3. Ferkol, T.; Schraufnagel, D. The global burden of respiratory disease. Ann. Am. Thorac. Soc. 2014, 11, 404–406. [CrossRef]

[PubMed]
4. Dwyer, L.L.; Harris-Kojetin, L.D.; Valverde, R.H.; Frazier, J.M.; Simon, A.E.; Stone, N.D.; Thompson, N.D. Infections in long-term

care populations in the United States. J. Am. Geriatr. Soc. 2013, 61, 342–349. [CrossRef]
5. Marangu, D.; Zar, H.J. Childhood pneumonia in low-and-middle-income countries: An update. Paediatr. Respir. Rev. 2019, 32, 3–9.

[CrossRef] [PubMed]
6. Collaborators, G.L. Estimates of the global, regional, and national morbidity, mortality, and aetiologies of lower respiratory

tract infections in 195 countries: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis. 2017,
17, 1133–1161.

7. Leiva-Juárez, M.M.; Kolls, J.K.; Evans, S.E. Lung epithelial cells: Therapeutically inducible effectors of antimicrobial defense.
Mucosal Immunol. 2018, 11, 21–34. [CrossRef]

http://doi.org/10.1164/rccm.201707-1391PP
http://www.ncbi.nlm.nih.gov/pubmed/28930487
http://www.who.int/mediacentre/factsheets/fs331/en/
http://www.who.int/mediacentre/factsheets/fs331/en/
http://doi.org/10.1513/AnnalsATS.201311-405PS
http://www.ncbi.nlm.nih.gov/pubmed/24673696
http://doi.org/10.1111/jgs.12153
http://doi.org/10.1016/j.prrv.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31422032
http://doi.org/10.1038/mi.2017.71


Nutrients 2022, 14, 5033 9 of 11

8. Waites, K.B.; Xiao, L.; Liu, Y.; Balish, M.F.; Atkinson, T.P. Mycoplasma pneumoniae from the Respiratory Tract and Beyond. Clin.
Microbiol. Rev. 2017, 30, 747–809. [CrossRef]

9. Caswell, J.L. Failure of respiratory defenses in the pathogenesis of bacterial pneumonia of cattle. Vet. Pathol. 2014, 51, 393–409.
[CrossRef] [PubMed]

10. Confer, A.W.; Ayalew, S. Mannheimia haemolytica in bovine respiratory disease: Immunogens, potential immunogens, and
vaccines. Anim. Health Res. Rev. 2018, 19, 79–99. [CrossRef]

11. Vareille, M.; Kieninger, E.; Edwards, M.R.; Regamey, N. The airway epithelium: Soldier in the fight against respiratory viruses.
Clin. Microbiol. Rev. 2011, 24, 210–229. [CrossRef]

12. Okada, S.F.; Ribeiro, C.M.; Sesma, J.I.; Seminario-Vidal, L.; Abdullah, L.H.; van Heusden, C.; Lazarowski, E.R.; Boucher, R.C.
Inflammation promotes airway epithelial ATP release via calcium-dependent vesicular pathways. Am. J. Respir. Cell Mol. Biol.
2013, 49, 814–820. [CrossRef] [PubMed]

13. Baral, P.; Batra, S.; Zemans, R.L.; Downey, G.P.; Jeyaseelan, S. Divergent functions of Toll-like receptors during bacterial lung
infections. Am. J. Respir. Crit. Care Med. 2014, 190, 722–732. [CrossRef] [PubMed]

14. Singh, K.; Ritchey, J.W.; Confer, A.W. Mannheimia haemolytica: Bacterial-host interactions in bovine pneumonia. Vet. Pathol.
2011, 48, 338–348. [CrossRef] [PubMed]

15. Cai, Y.; Varasteh, S.; van Putten, J.P.M.; Folkerts, G.; Braber, S. Mannheimia haemolytica and lipopolysaccharide induce airway
epithelial inflammatory responses in an extensively developed ex vivo calf model. Sci. Rep. 2020, 10, 13042. [CrossRef]

16. Cai, Y.; Folkerts, J.; Folkerts, G.; Maurer, M.; Braber, S. Microbiota-dependent and -independent effects of dietary fibre on human
health. Br. J. Pharmacol. 2020, 177, 1363–1381. [CrossRef]

17. Mussatto, S.I.; Mancilha, I.M. Non-digestible oligosaccharides: A review. Carbohydr. Polym. 2007, 68, 587–597. [CrossRef]
18. Gartner, L.M.; Morton, J.; Lawrence, R.A.; Naylor, A.J.; O’Hare, D.; Schanler, R.J.; Eidelman, A.I.; American Academy of Pediatrics

Section on Breastfeeding. Breastfeeding and the use of human milk. Pediatrics 2005, 115, 496–506. [PubMed]
19. Moore, R.E.; Xu, L.L.; Townsend, S.D. Prospecting Human Milk Oligosaccharides as a Defense Against Viral Infections. ACS

Infect. Dis. 2021, 7, 254–263. [CrossRef]
20. Zopf, D.; Roth, S. Oligosaccharide anti-infective agents. Lancet 1996, 347, 1017–1021. [CrossRef]
21. César, J.A.; Victora, C.G.; Barros, F.C.; Santos, I.S.; Flores, J.A. Impact of breast feeding on admission for pneumonia during

postneonatal period in Brazil: Nested case-control study. BMJ 1999, 318, 1316–1320. [CrossRef]
22. Howie, P.W.; Forsyth, J.S.; Ogston, S.A.; Clark, A.; Florey, C.D. Protective effect of breast feeding against infection. BMJ 1990,

300, 11–16. [CrossRef] [PubMed]
23. Oddy, W.H.; Sly, P.D.; de Klerk, N.H.; Landau, L.I.; Kendall, G.E.; Holt, P.G.; Stanley, F.J. Breast feeding and respiratory morbidity

in infancy: A birth cohort study. Arch. Dis. Child. 2003, 88, 224–228. [CrossRef] [PubMed]
24. Bode, L. Human milk oligosaccharides: Every baby needs a sugar mama. Glycobiology 2012, 22, 1147–1162. [CrossRef]
25. Newburg, D.S.; Neubauer, S.H. CHAPTER 4-Carbohydrates in Milks: Analysis, Quantities, and Significance. In Handbook of Milk

Composition; Jensen, R.G., Ed.; Academic Press: San Diego, CA, USA, 1995; pp. 273–349.
26. Tao, N.; DePeters, E.J.; German, J.B.; Grimm, R.; Lebrilla, C.B. Variations in bovine milk oligosaccharides during early and middle

lactation stages analyzed by high-performance liquid chromatography-chip/mass spectrometry. J. Dairy Sci. 2009, 92, 2991–3001.
[CrossRef] [PubMed]

27. Robinson, R.C. Structures and Metabolic Properties of Bovine Milk Oligosaccharides and Their Potential in the Development of
Novel Therapeutics. Front. Nutr. 2019, 6, 50. [CrossRef] [PubMed]

28. Tao, N.; DePeters, E.J.; Freeman, S.; German, J.B.; Grimm, R.; Lebrilla, C.B. Bovine milk glycome. J. Dairy Sci. 2008, 91, 3768–3778.
[CrossRef] [PubMed]

29. Nwosu, C.C.; Aldredge, D.L.; Lee, H.; Lerno, L.A.; Zivkovic, A.M.; German, J.B.; Lebrilla, C.B. Comparison of the human
and bovine milk N-glycome via high-performance microfluidic chip liquid chromatography and tandem mass spectrometry.
J. Proteome Res. 2012, 11, 2912–2924. [CrossRef]

30. Intanon, M.; Arreola, S.L.; Pham, N.H.; Kneifel, W.; Haltrich, D.; Nguyen, T.H. Nature and biosynthesis of galacto-oligosaccharides
related to oligosaccharides in human breast milk. FEMS Microbiol. Lett. 2014, 353, 89–97. [CrossRef]

31. Zivkovic, A.; Barile, D. Bovine milk as a source of functional oligosaccharides for improving human health. Adv. Nutr. 2011,
2, 284–289. [CrossRef]

32. Akkerman, R.; Faas, M.M.; and de Vos, P. Non-digestible carbohydrates in infant formula as substitution for human milk
oligosaccharide functions: Effects on microbiota and gut maturation. Crit. Rev. Food Sci. Nutr. 2019, 59, 1486–1497. [CrossRef]

33. Martins, G.N.; Ureta, M.M.; Tymczyszyn, E.E.; Castilho, P.C.; Gomez-Zavaglia, A. Technological Aspects of the Production of
Fructo and Galacto-Oligosaccharides. Enzymatic Synthesis and Hydrolysis. Front. Nutr. 2019, 6, 78. [CrossRef] [PubMed]

34. Crittenden, R.; Playne, M. Production, properties and applications of food-grade oligosaccharides. Trends Food Sci. Technol. 1996,
7, 353–361. [CrossRef]

35. Knol, J.; Scholtens, P.; Kafka, C.; Steenbakkers, J.; Gro, S.; Helm, K.; Klarczyk, M.; Schöpfer, H.; Böckler, H.M.; Wells, J. Colon
microflora in infants fed formula with galacto- and fructo-oligosaccharides: More like breast-fed infants. J. Pediatr. Gastroenterol.
Nutr. 2005, 40, 36–42. [CrossRef]

http://doi.org/10.1128/CMR.00114-16
http://doi.org/10.1177/0300985813502821
http://www.ncbi.nlm.nih.gov/pubmed/24021557
http://doi.org/10.1017/S1466252318000142
http://doi.org/10.1128/CMR.00014-10
http://doi.org/10.1165/rcmb.2012-0493OC
http://www.ncbi.nlm.nih.gov/pubmed/23763446
http://doi.org/10.1164/rccm.201406-1101PP
http://www.ncbi.nlm.nih.gov/pubmed/25033332
http://doi.org/10.1177/0300985810377182
http://www.ncbi.nlm.nih.gov/pubmed/20685916
http://doi.org/10.1038/s41598-020-69982-0
http://doi.org/10.1111/bph.14871
http://doi.org/10.1016/j.carbpol.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/15687461
http://doi.org/10.1021/acsinfecdis.0c00807
http://doi.org/10.1016/S0140-6736(96)90150-6
http://doi.org/10.1136/bmj.318.7194.1316
http://doi.org/10.1136/bmj.300.6716.11
http://www.ncbi.nlm.nih.gov/pubmed/2105113
http://doi.org/10.1136/adc.88.3.224
http://www.ncbi.nlm.nih.gov/pubmed/12598384
http://doi.org/10.1093/glycob/cws074
http://doi.org/10.3168/jds.2008-1642
http://www.ncbi.nlm.nih.gov/pubmed/19528576
http://doi.org/10.3389/fnut.2019.00050
http://www.ncbi.nlm.nih.gov/pubmed/31069231
http://doi.org/10.3168/jds.2008-1305
http://www.ncbi.nlm.nih.gov/pubmed/18832198
http://doi.org/10.1021/pr300008u
http://doi.org/10.1111/1574-6968.12407
http://doi.org/10.3945/an.111.000455
http://doi.org/10.1080/10408398.2017.1414030
http://doi.org/10.3389/fnut.2019.00078
http://www.ncbi.nlm.nih.gov/pubmed/31214595
http://doi.org/10.1016/S0924-2244(96)10038-8
http://doi.org/10.1097/00005176-200501000-00007


Nutrients 2022, 14, 5033 10 of 11

36. Janbazacyabar, H.; Bergenhenegouwen, J.V.; Verheijden, K.A.; Leusink-Muis, T.; Helvoort, A.A.; Garssen, J.; Folkerts, G.; Braber, S.
Non-digestible oligosaccharides partially prevent the development of LPS-induced lung emphysema in mice. PharmaNutrition
2019, 10, 100163. [CrossRef]

37. Sagar, S.; Vos, A.P.; Morgan, M.E.; Garssen, J.; Georgiou, N.A.; Boon, L.; Kraneveld, A.D.; Folkerts, G. The combination of
Bifidobacterium breve with non-digestible oligosaccharides suppresses airway inflammation in a murine model for chronic
asthma. Biochim. Biophys. Acta 2014, 1842, 573–583. [CrossRef] [PubMed]

38. Arslanoglu, S.; Moro, G.E.; Boehm, G. Early supplementation of prebiotic oligosaccharides protects formula-fed infants against
infections during the first 6 months of life. J. Nutr. 2007, 137, 2420–2424. [CrossRef]

39. Arslanoglu, S.; Moro, G.E.; Schmitt, J.; Tandoi, L.; Rizzardi, S.; Boehm, G. Early dietary intervention with a mixture of prebiotic
oligosaccharides reduces the incidence of allergic manifestations and infections during the first two years of life. J. Nutr. 2008,
138, 1091–1095. [CrossRef]

40. Hughes, C.; Davoodi-Semiromi, Y.; Colee, J.C.; Culpepper, T.; Dahl, W.J.; Mai, V.; Christman, M.C.; Langkamp-Henken,
B. Galactooligosaccharide supplementation reduces stress-induced gastrointestinal dysfunction and days of cold or flu: A
randomized, double-blind, controlled trial in healthy university students. Am. J. Clin. Nutr. 2011, 93, 1305–1311. [CrossRef]

41. Kukkonen, K.; Savilahti, E.; Haahtela, T.; Juntunen-Backman, K.; Korpela, R.; Poussa, T.; Tuure, T.; Kuitunen, M. Probiotics and
prebiotic galacto-oligosaccharides in the prevention of allergic diseases: A randomized, double-blind, placebo-controlled trial. J.
Allergy Clin. Immunol. 2007, 119, 192–198. [CrossRef]

42. Vos, A.P.; Haarman, M.; Buco, A.; Govers, M.; Knol, J.; Garssen, J.; Stahl, B.; Boehm, G.; M’Rabet, L. A specific prebiotic
oligosaccharide mixture stimulates delayed-type hypersensitivity in a murine influenza vaccination model. Int. Immunopharmacol.
2006, 6, 1277–1286. [CrossRef]

43. Davani-Davari, D.; Negahdaripour, M.; Karimzadeh, I.; Seifan, M.; Mohkam, M.; Masoumi, S.J.; Berenjian, A.; Ghasemi, Y.
Prebiotics: Definition, Types, Sources, Mechanisms, and Clinical Applications. Foods 2019, 8. [CrossRef] [PubMed]

44. Maldonado, J.; Cañabate, F.; Sempere, L.; Vela, F.; Sánchez, A.R.; Narbona, E.; López-Huertas, E.; Geerlings, A.; Valero, A.D.;
Olivares, M.; et al. Human milk probiotic Lactobacillus fermentum CECT5716 reduces the incidence of gastrointestinal and upper
respiratory tract infections in infants. J. Pediatr. Gastroenterol. Nutr. 2012, 54, 55–61. [CrossRef]

45. den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef]

46. Cummings, J.H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut 1987, 28, 1221–1227. [CrossRef] [PubMed]

47. Theodore, F.H. Use of sodium propionate in external infections of the eyes. J. Am. Med. Assoc. 1950, 143, 226–228. [CrossRef]
[PubMed]

48. Steinmann, J.; Halldórsson, S.; Agerberth, B.; Gudmundsson, G.H. Phenylbutyrate induces antimicrobial peptide expression.
Antimicrob. Agents Chemother. 2009, 53, 5127–5133. [CrossRef]

49. Sencio, V.; Barthelemy, A.; Tavares, L.P.; Machado, M.G.; Soulard, D.; Cuinat, C.; Queiroz-Junior, C.M.; Noordine, M.L.; Salomé-
Desnoulez, S.; Deryuter, L.; et al. Gut Dysbiosis during Influenza Contributes to Pulmonary Pneumococcal Superinfection
through Altered Short-Chain Fatty Acid Production. Cell Rep. 2020, 30, 2934–2947.e6. [CrossRef]

50. Galvão, I.; Tavares, L.P.; Corrêa, R.O.; Fachi, J.L.; Rocha, V.M.; Rungue, M.; Garcia, C.C.; Cassali, G.; Ferreira, C.M.; Mar-
tins, F.S.; et al. The Metabolic Sensor GPR43 Receptor Plays a Role in the Control of Klebsiella pneumoniae Infection in the Lung.
Front. Immunol. 2018, 9, 142. [CrossRef]

51. Ghorbani, P.; Santhakumar, P.; Hu, Q.; Djiadeu, P.; Wolever, T.M.; Palaniyar, N.; Grasemann, H. Short-chain fatty acids affect
cystic fibrosis airway inflammation and bacterial growth. Eur. Respir. J. 2015, 46, 1033–1045. [CrossRef]

52. Machado, M.G.; Sencio, V.; Trottein, F. Short-Chain Fatty Acids as a Potential Treatment for Infections: A Closer Look at the
Lungs. Infect. Immun. 2021, 89, e0018821. [CrossRef]

53. Vazquez, E.; Santos-Fandila, A.; Buck, R.; Rueda, R.; Ramirez, M. Major human milk oligosaccharides are absorbed into the
systemic circulation after oral administration in rats. Br. J. Nutr. 2017, 117, 237–247. [CrossRef] [PubMed]

54. Ruhaak, L.R.; Stroble, C.; Underwood, M.A.; Lebrilla, C.B. Detection of milk oligosaccharides in plasma of infants. Anal. Bioanal.
Chem. 2014, 406, 5775–5784. [CrossRef] [PubMed]

55. Cai, Y.; Gilbert, M.S.; Gerrits, W.J.J.; Folkerts, G.; Braber, S. Galacto-oligosaccharides alleviate lung inflammation by inhibiting
NLRP3 inflammasome activation in vivo and in vitro. J. Adv. Res. 2021, 39, 305–318. [CrossRef] [PubMed]

56. Cai, Y.; Gilbert, M.S.; Gerrits, W.J.J.; Folkerts, G.; Braber, S. Anti-Inflammatory Properties of Fructo-Oligosaccharides in a Calf
Lung Infection Model and in Mannheimia haemolytica-Infected Airway Epithelial Cells. Nutrients 2021, 13, 3514. [CrossRef]

57. Capitán-Cañadas, F.; Ortega-González, M.; Guadix, E.; Zarzuelo, A.; Suárez, M.D.; de Medina, F.S.; Martínez-Augustin, O.
Prebiotic oligosaccharides directly modulate proinflammatory cytokine production in monocytes via activation of TLR4. Mol.
Nutr. Food Res. 2014, 58, 1098–1110. [CrossRef]

58. Cheng, L.; Kiewiet, M.B.G.; Groeneveld, A.; Nauta, A.; de Vos, P. Human milk oligosaccharides and its acid hydrolysate LNT2
show immunomodulatory effects via TLRs in a dose and structure-dependent way. J. Funct. Foods 2019, 59, 174–184. [CrossRef]

59. Tsai, C.C.; Lin, C.R.; Tsai, H.Y.; Chen, C.J.; Li, W.T.; Yu, H.M.; Ke, Y.Y.; Hsieh, W.Y.; Chang, C.Y.; Wu, Y.T.; et al. The immunologically
active oligosaccharides isolated from wheatgrass modulate monocytes via Toll-like receptor-2 signaling. J. Biol. Chem. 2013,
288, 17689–17697. [CrossRef]

http://doi.org/10.1016/j.phanu.2019.100163
http://doi.org/10.1016/j.bbadis.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24440361
http://doi.org/10.1093/jn/137.11.2420
http://doi.org/10.1093/jn/138.6.1091
http://doi.org/10.3945/ajcn.111.014126
http://doi.org/10.1016/j.jaci.2006.09.009
http://doi.org/10.1016/j.intimp.2006.03.010
http://doi.org/10.3390/foods8030092
http://www.ncbi.nlm.nih.gov/pubmed/30857316
http://doi.org/10.1097/MPG.0b013e3182333f18
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.1136/gut.28.10.1221
http://www.ncbi.nlm.nih.gov/pubmed/3678950
http://doi.org/10.1001/jama.1950.02910380010004
http://www.ncbi.nlm.nih.gov/pubmed/15415249
http://doi.org/10.1128/AAC.00818-09
http://doi.org/10.1016/j.celrep.2020.02.013
http://doi.org/10.3389/fimmu.2018.00142
http://doi.org/10.1183/09031936.00143614
http://doi.org/10.1128/IAI.00188-21
http://doi.org/10.1017/S0007114516004554
http://www.ncbi.nlm.nih.gov/pubmed/28179042
http://doi.org/10.1007/s00216-014-8025-z
http://www.ncbi.nlm.nih.gov/pubmed/25059723
http://doi.org/10.1016/j.jare.2021.10.013
http://www.ncbi.nlm.nih.gov/pubmed/35777914
http://doi.org/10.3390/nu13103514
http://doi.org/10.1002/mnfr.201300497
http://doi.org/10.1016/j.jff.2019.05.023
http://doi.org/10.1074/jbc.M112.448381


Nutrients 2022, 14, 5033 11 of 11

60. Lin, C.C.; Chen, H.H.; Chen, Y.K.; Chang, H.C.; Lin, P.Y.; Pan, I.H.; Chen, D.Y.; Chen, C.M.; Lin, S.Y. Rice bran feruloylated
oligosaccharides activate dendritic cells via Toll-like receptor 2 and 4 signaling. Molecules 2014, 19, 5325–5347. [CrossRef]

61. Van den Ende, W.; Peshev, D.; De Gara, L. Disease prevention by natural antioxidants and prebiotics acting as ROS scavengers in
the gastrointestinal tract. Trends Food Sci. Technol. 2011, 22, 689–697. [CrossRef]

62. Schwiebert, E.M.; Zsembery, A. Extracellular ATP as a signaling molecule for epithelial cells. Biochim. Biophys. Acta (BBA)-
Biomembr. 2003, 1615, 7–32. [CrossRef]

63. Asadpoor, M.; Ithakisiou, G.N.; Henricks, P.A.J.; Pieters, R.; Folkerts, G.; Braber, S. Non-Digestible Oligosaccharides and Short
Chain Fatty Acids as Therapeutic Targets against Enterotoxin-Producing Bacteria and Their Toxins. Toxins 2021, 13, 175. [CrossRef]
[PubMed]

64. Asadpoor, M.; Peeters, C.; Henricks, P.A.J.; Varasteh, S.; Pieters, R.J.; Folkerts, G.; Braber, S. Anti-Pathogenic Functions of
Non-Digestible Oligosaccharides In Vitro. Nutrients 2020, 12, 1789. [CrossRef] [PubMed]

65. Craft, K.M.; Thomas, H.C.; Townsend, S.D. Interrogation of Human Milk Oligosaccharide Fucosylation Patterns for Antimicrobial
and Antibiofilm Trends in Group B Streptococcus. ACS Infect. Dis. 2018, 4, 1755–1765. [CrossRef] [PubMed]

66. Craft, K.M.; Gaddy, J.A.; Townsend, S.D. Human Milk Oligosaccharides (HMOs) Sensitize Group B Streptococcus to Clindamycin,
Erythromycin, Gentamicin, and Minocycline on a Strain Specific Basis. ACS Chem. Biol. 2018, 13, 2020–2026. [CrossRef]

67. Ackerman, D.L.; Craft, K.M.; Doster, R.S.; Weitkamp, J.H.; Aronoff, D.M.; Gaddy, J.A.; Townsend, S.D. Antimicrobial and
Antibiofilm Activity of Human Milk Oligosaccharides against Streptococcus agalactiae, Staphylococcus aureus, and Acinetobacter
baumannii. ACS Infect. Dis. 2018, 4, 315–324. [CrossRef]

68. Ackerman, D.L.; Doster, R.S.; Weitkamp, J.H.; Aronoff, D.M.; Gaddy, J.A.; Townsend, S.D. Human Milk Oligosaccharides Exhibit
Antimicrobial and Antibiofilm Properties against Group B Streptococcus. ACS Infect. Dis. 2017, 3, 595–605. [CrossRef]

69. Chambers, S.A.; Moore, R.E.; Craft, K.M.; Thomas, H.C.; Das, R.; Manning, S.D.; Codreanu, S.G.; Sherrod, S.D.; Aronoff, D.M.;
McLean, J.A.; et al. A Solution to Antifolate Resistance in Group B Streptococcus: Untargeted Metabolomics Identifies Human
Milk Oligosaccharide-Induced Perturbations That Result in Potentiation of Trimethoprim. mBio 2020, 11, e00076-20. [CrossRef]

70. Cai, Y.; van Putten, J.P.M.; Gilbert, M.S.; Gerrits, W.J.J.; Folkerts, G.; Braber, S. Galacto-oligosaccharides as an anti-bacterial and
anti-invasive agent in lung infections. Biomaterials 2022, 283, 121461. [CrossRef]

71. Craft, K.M.; Townsend, S.D. Mother Knows Best: Deciphering the Antibacterial Properties of Human Milk Oligosaccharides. Acc.
Chem. Res. 2019, 52, 760–768. [CrossRef]

72. Idänpään-Heikkilä, I.; Simon, P.M.; Zopf, D.; Vullo, T.; Cahill, P.; Sokol, K.; Tuomanen, E. Oligosaccharides Interfere with the
Establishment and Progression of Experimental Pneumococcal Pneumonia. J. Infect. Dis. 1997, 176, 704–712. [CrossRef]

73. Quintero, M.; Maldonado, M.; Perez-Munoz, M.; Jimenez, R.; Fangman, T.; Rupnow, J.; Wittke, A.; Russell, M.; Hutkins, R.
Adherence inhibition of Cronobacter sakazakii to intestinal epithelial cells by prebiotic oligosaccharides. Curr. Microbiol. 2011,
62, 1448–1454. [CrossRef]

74. Shoaf, K.; Mulvey, G.L.; Armstrong, G.D.; Hutkins, R.W. Prebiotic galactooligosaccharides reduce adherence of enteropathogenic
Escherichia coli to tissue culture cells. Infect. Immun. 2006, 74, 6920–6928. [CrossRef] [PubMed]

75. Amat, S.; Alexander, T.W.; Holman, D.B.; Schwinghamer, T.; Timsit, E. Intranasal Bacterial Therapeutics Reduce Colonization by
the Respiratory Pathogen Mannheimia haemolytica in Dairy Calves. mSystems 2020, 5, e00629-19. [CrossRef] [PubMed]

76. Verstegen, R.E.M.; Kostadinova, A.I.; Merenciana, Z.; Garssen, J.; Folkerts, G.; Hendriks, R.W.; Willemsen, L.E.M. Dietary
Fibers: Effects, Underlying Mechanisms and Possible Role in Allergic Asthma Management. Nutrients 2021, 13, 4153. [CrossRef]
[PubMed]

77. Zuurveld, M.; van Witzenburg, N.P.; Garssen, J.; Folkerts, G.; Stahl, B.; Van’t Land, B.; Willemsen, L.E.M. Immunomodulation by
Human Milk Oligosaccharides: The Potential Role in Prevention of Allergic Diseases. Front. Immunol. 2020, 11, 801. [CrossRef]
[PubMed]

78. Stegink, L.D.; Zike, W.L.; Andersen, D.W.; Killion, D. Oligosaccharides as an intravenous energy source in postsurgical patients:
Utilization when infused with glucose, amino acids, and lipid emulsion. Am. J. Clin. Nutr. 1987, 46, 461–466. [CrossRef] [PubMed]

79. Andersen, D.W.; Filer, L.J., Jr.; Stegink, L.D. Utilization of Intravenously Infused Glucose-Oligosaccharides in Fasted and Fed Pigs.
J. Nutr. 1983, 113, 430–435. [CrossRef]

80. Simon, P.M.; Neethling, F.A.; Taniguchi, S.; Goode, P.L.; Zopf, D.; Hancock, W.W.; Cooper, D.K. Intravenous Infusion of Galα1-
3gal Oligosaccharides in Baboons Delays Hyperacute Rejection of Porcine Heart Xenografts. Transplantation 1998, 65, 346–353.
[CrossRef]

81. Courel, M.N.; Maingonnat, C.; Bertrand, P.; Chauzy, C.; Smadja-Joffe, F.; Delpech, B. Biodistribution of Injected Tritiated
Hyaluronic Acid in Mice: A Comparison Between Macromolecules and Hyaluronic Acid-derived Oligosaccharides. Vivo 2004,
18, 181–188.

http://doi.org/10.3390/molecules19045325
http://doi.org/10.1016/j.tifs.2011.07.005
http://doi.org/10.1016/S0005-2736(03)00210-4
http://doi.org/10.3390/toxins13030175
http://www.ncbi.nlm.nih.gov/pubmed/33668708
http://doi.org/10.3390/nu12061789
http://www.ncbi.nlm.nih.gov/pubmed/32560186
http://doi.org/10.1021/acsinfecdis.8b00234
http://www.ncbi.nlm.nih.gov/pubmed/30350565
http://doi.org/10.1021/acschembio.8b00661
http://doi.org/10.1021/acsinfecdis.7b00183
http://doi.org/10.1021/acsinfecdis.7b00064
http://doi.org/10.1128/mBio.00076-20
http://doi.org/10.1016/j.biomaterials.2022.121461
http://doi.org/10.1021/acs.accounts.8b00630
http://doi.org/10.1086/514094
http://doi.org/10.1007/s00284-011-9882-8
http://doi.org/10.1128/IAI.01030-06
http://www.ncbi.nlm.nih.gov/pubmed/16982832
http://doi.org/10.1128/mSystems.00629-19
http://www.ncbi.nlm.nih.gov/pubmed/32127421
http://doi.org/10.3390/nu13114153
http://www.ncbi.nlm.nih.gov/pubmed/34836408
http://doi.org/10.3389/fimmu.2020.00801
http://www.ncbi.nlm.nih.gov/pubmed/32457747
http://doi.org/10.1093/ajcn/46.3.461
http://www.ncbi.nlm.nih.gov/pubmed/3115081
http://doi.org/10.1093/jn/113.2.430
http://doi.org/10.1097/00007890-199802150-00009

	Respiratory Infections 
	Lung Epithelial Cells and Pro-Inflammatory Responses in Respiratory Infections 
	Non-Digestible Oligosaccharides (NDOs) 
	HMOs 
	GOS and FOS 

	Mechanisms of NDOs in Suppressing Respiratory Infections 
	Maintenance of Gut Microbiota Homeostasis 
	Interference with TLR-Mediated Signaling 
	Anti-Oxidative Effect and Neutralization with Bacterial Toxins 
	Bacteriostatic and Bactericidal Effects 
	Anti-Adhesion or Anti-Invasive Properties 

	Future Directions 
	References

