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ABSTRACT
Prebiotics, particularly non-digestible carbohydrates (NDCs), are increasingly recognized for their role 
in modulating immune responses in the gut, lungs, and urinary tract. This review systematically 
evaluates evidence from human studies on the effects of NDCs and prebiotics on immune markers, 
infection risk and severity, inflammation, and vaccine responses. Prebiotics such as inulin, 
galactooligosaccharides (GOS), and fructooligosaccharides (FOS) positively influence gut microbiota 
by promoting beneficial species like Bifidobacteria. They also enhance the production of short-chain 
fatty acids (SCFAs) like butyrate, which interact with immune cells via G-protein-coupled receptors, 
inducing anti-inflammatory effects. In addition to microbiota-mediated mechanisms, NDCs and 
prebiotics may directly affect immune and epithelial cells by interacting with pattern recognition 
receptors (PRRs), enhancing gut barrier function, and modulating immunity. A systematic review of 
human studies showed that prebiotics, including GOS, FOS, and 2′-fucosyllactose (2FL), reduced 
infections and increased IgA in healthy infants, while yeast β-glucan reduced respiratory infection 
symptoms in healthy adults. Yeast β-glucan and GOS supplementation resulted in improvements in 
NK cell activity. Some effects on vaccine efficacy were noted in young adults, but the overall impact 
of NDCs and prebiotics on vaccination and systemic inflammation was inconsistent. Further research 
is needed to clarify the mechanisms involved and to optimize health applications.

1.  Introduction

A well-functioning immune system will promote infection 
resistance and protect the human body against harmful 
pathogens, such as viruses or bacteria. Adequate nutrition 
will support the immune system, but lifestyle, physical exer-
cise, and stress also impact immunity. During aging, there is 
a decline in specific immune responses which can lead to 
weaker vaccine responses and an increased susceptibility to 
and severity of infections. Infancy and childhood are also 
phases of life in which weaker immune responses may be 
expected due to immaturity. Infectious diseases are caused 
by pathogenic microorganisms, such as bacteria and viruses 
which can be spread between persons via different routes. 

The gastrointestinal, respiratory and urinary tracts are par-
ticularly susceptible to infections. All these tracts have a sig-
nificant surface area with immunologically active tissue, 
sampling the external environment, and the gastrointestinal 
(GI) tract in particular is inhabited by trillions of bacteria 
that play an important role in determining health and dis-
ease. Consequently, pathogens that enter the body via mucus 
membranes in the intestine, lungs and urinary tract, com-
prise some of the biggest health challenges worldwide 
according to the World Health Organization (WHO 
2017, 2024).

In the Western world, many infectious diseases are con-
sidered to be largely under control, due to a hygienic life-
style and the availability of vaccines and antimicrobial or 
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antiviral pharmaceuticals. Still, respiratory tract viruses like 
influenza can have serious consequences and even common 
colds cause sickness and lost work/school days and elevate 
health care costs annually. More must be done to promote 
immune defence, as was illustrated by the devastating impact 
that the emergence of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) had on health in immunocom-
promised individuals and on the global economy.

Prebiotics are defined as substrates that are selectively uti-
lized by host microorganisms conferring a health benefit 
(Gibson et  al. 2017; Chen, Heyndrickx, et  al. 2023). This 
definition includes, but is not limited to, non-digestible car-
bohydrates (NDCs). The International Scientific Association 
for Pro- and Prebiotics (ISAPP) has recently provided scien-
tific criteria to support classification of compounds as prebi-
otics with emphasis on selectivity, measurable microbiota 
modulation and association with health outcomes (Hutkins 
et  al. 2025). Compounds such as polyphenols and polyunsat-
urated fatty acids may also act as prebiotics, although the 
evidence base for this remains less robust. For this reason, 
and because of their established safety, widespread use in 
food and supplements, and consistent clinical outcomes in 
the context of infection and immunity, this review focuses 
exclusively on prebiotic carbohydrates. These include 
well-characterized oligosaccharides such as galactooligosac-
charides (GOS), fructooligosaccharides (FOS), inulin, and 
emerging candidates like β-glucans and resistant starches. 
Their ability to modulate the gut microbiota and to generate 
bioactive metabolites further strengthens their relevance in 
this context (Rastall, Gibson et  al. 2022). Key areas of pre-
biotic research, and findings to date in relation to prebiotics 
and digestive, immunity, metabolic and cognitive health, as 
well as some regulatory requirements for health claims are 
provided in recent reviews (Chen et  al. 2023; Tuohy 
et  al. 2024).

There are new data on the human intestinal microbiota 
and its metabolites which are increasingly implicated in 
immune effects within the body. Dietary prebiotics, espe-
cially NDCs, can modify the microbiota of the intestinal 
tract. NDCs include dietary fiber and non-digestible oligo-
saccharides (NDOs), which include molecules of a degree of 
polymerization (DP) of 2 or more. Dietary fibers, as defined 
by the European Food Safety Authority (EFSA), include a 
range of NDCs and lignans from DP3 upwards (EFSA 2010). 
Some well-studied prebiotics include inulin-type fructans 
(see below), GOS, pectins and specific human milk oligosac-
charides (hMOs) but there are many more prebiotics, some 
of which are not carbohydrate in nature. Inulin-type fruc-
tans comprise structures which are of different chain lengths, 
such as inulin (degree of polymerization (DP) 2–60), 
long-chain inulin, oligofructose (DP 2–10) and scFOS (DP 
2–5). The term lcFOS describes long-chain inulin in infant 
formula (often used in combination with GOS [i.e., 
GOS:lcFOS]), and the term FOS alone may describe scFOS 
or oligofructose. In the large intestine, NDC-type prebiotics 
are fermented and metabolized by the microbiota and are 
transformed into microbial metabolites such as organic acids 
or short chain fatty acids (SCFAs) and gases, or together 
with other dietary molecules into indole derivates, all of 

which are strongly implicated in host immune effects 
(Martin-Gallausiaux et  al. 2021; Ratajczak et  al. 2019; 
Roberfroid 1998). There is also an emerging understanding 
of host-microbe cross-talk along the gut-lung axis which 
affects respiratory immunity and inflammation (Dang and 
Marsland 2019).

The effects of NDC-type prebiotics on immunity were 
reviewed some time ago (Lomax & Calder, 2009; Roberfroid 
et  al. 2010). Other reviews have focused on predictive mark-
ers which can be used to assess immunity and inflammation 
and provided guidance on the assessment and interpretation 
of nutritional modulation of immune functions in the gen-
eral population (Albers et  al. 2013; Calder et  al. 2013). 
Recent reviews on prebiotics did not cover infectious dis-
eases in depth (Blaak et al. 2020; Rastall et al. 2022). Overall, 
the recent research including human clinical research, gut 
microbiota effects and resultant metabolites suggests a bene-
ficial effect of NDC-type prebiotics on immunity and resis-
tance to infections. Therefore, it is timely to focus on this 
specific subject of the impact of NDC-type prebiotics on 
immunity, infections, inflammation and vaccine responses in 
detail and to perform a systematic review of current evi-
dence for impact of prebiotics and NDCs on these outcomes 
in humans.

In this context, the goal of this review is to assess the 
scientific evidence for the effects of NDCs and prebiotics on 
markers of immunity and inflammation, response to vacci-
nation and outcomes related to infection in generally healthy 
humans (infants, children, adults, older people). We include 
a systematic review of the relevant literature on these out-
comes in humans. This is followed by a proposal for mech-
anisms by which NDCs and prebiotics can act either via 
effects in the gastrointestinal GI tract or via crosstalk with 
the lungs and urinary tract (Fleming 2024).

1.1.  Gastrointestinal, respiratory and urinary tract 
immunology

To gain a clearer understanding of how prebiotics might 
influence immunity, we reviewed the current research on the 
potential targets of action in the gut, lungs, and urinary tract.

1.1.1.  Gastrointestinal tract immunology
Most prebiotic NDCs are considered to have a profound 
impact on the microbiota within the GI tract, especially the 
colon (Beukema, Faas, and de Vos 2020; Swanson et  al. 
2020). The GI immune barrier starts from the luminal side 
with a mucus layer, followed by a monolayer of tightly con-
nected epithelial cells and the lamina propria in which 80% 
of the human body’s immune cells reside (Mowat and Agace 
2014). The mucus also serves as a substrate for many gut 
microbes (Figueroa-Lozano et  al. 2020; Gasaly, de Vos, and 
Hermoso 2021; Jakobsson et  al. 2015; Kong et  al. 2020; 
Peterson and Artis 2014) In addition to colonizing the GI 
lumen, microbes also reside in the mucus layer and can 
interact with pattern recognition receptors (PRRs) on 
immune or epithelial cells or produce immune-active micro-
bial products such as SCFAs (Jung et  al. 2015). Dietary NDC 
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prebiotics or fibers can both act on PRRs and promote 
SCFA production (Figure 1). The mucus layer is also a res-
ervoir for immunoglobin A (IgA) and Paneth cell-derived 
anti-microbial components that promote immune defenses 
(Faderl et  al. 2015) which also can be supported by NDCs 
(Wang et  al. 2017).

The mucus layer is in close connection with the gate-
keeper of the human intestine, the epithelial immune barrier. 

Within the epithelial layer are dendritic cells (DCs) and 
intraepithelial lymphocytes. In some regions, an additional 
epithelial cell type called microfold (M) cells can be found 
within subepithelial lymphoid structures called Peyer’s 
patches (PP). These M cells are antigen sampling cells and 
present antigens to underlying immune cells (Dillon and Lo 
2019). The permeability of the epithelial layer is highly reg-
ulated by a network of desmosomes and tight junctions that 

Figure 1. T he gastrointestinal (GI) immune barrier and key elements influenced by prebiotics and non-digestible carbohydrates (NDCs) and their fermentation 
products. The figure illustrates key components of the intestinal immune system, including the mucus layer, epithelial cells, and the lamina propria, which houses 
a large portion of the body’s immune cells. NDCs and prebiotics support gut health by influencing the gut microbiota and promoting the production of short-chain 
fatty acids (SCFAs), which can regulate immune responses via G-protein coupled receptors (GPRs). The microbiota also interacts with pattern recognition receptors 
(PRRs) on immune cells, contributing to immune homeostasis and tolerance. Immune cells like dendritic cells (DCs) and macrophages play a critical role in detect-
ing harmful microbes and orchestrating tailored immune responses. The gut’s complex immune network is further illustrated through the interaction of microbial 
metabolites with immune cells, demonstrating the close connection between gut microbiota and intestinal immunity.
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regulate the paracellular passage of luminal components to 
the lamina propria (Arrieta, Bistritz, and Meddings 2006). 
NDCs can influence this process by PRR activation or 
through SCFA-induced G-protein coupled receptor (GPR) 
activation (Abreu 2010; Chen et  al. 2018).

Most of the human body’s immune cells are located in 
the lamina propria, PP and mesenteric lymph nodes (MLNs) 
(Mowat and Agace 2014). The lamina propria is the homing 
site for many types of innate immune cells such as macro-
phages, innate lymphoid cells, DCs, and granulocytes. Also, 
adaptive immune cells, such as B cells and T cells are found 
in large numbers in the lamina propria. Through PRRs, DCs 
and macrophages can recognize harmful microbes and 
phagocytose them, subsequently presenting the derived anti-
gens to T cells in the lamina propria, PP or MLNs, together 
termed the gut-associated lymphoid tissue (GALT). This can 
induce tailored immune responses (Joeris et  al. 2017). Many 
of the immune cells in the lamina propria are equipped with 
receptors for microbial metabolites such as GPRs for 
microbial-derived SCFAs or aryl hydrocarbon receptors for 
microbial indoles (Pezoldt et  al. 2018) illustrating the close 
connection between the gut microbiota and intestinal 
immunity.

The immune responses in the intestine are highly regu-
lated and allow adequate proinflammatory responses to 
pathogens but at the same time permit a fast tolerance to 
food components or commensal microbiota (Agace and 
McCoy 2017). Tolerance is induced to different antigens in 
the small and large intestine. In the small intestine, tolerance 
induction is more directed to dietary antigens while in the 
large intestine, where most of the microbiota resides, it is 
more directed to tolerance for intestinal microbiota (Agace 
and McCoy 2017; Mann et  al. 2016). NDCs support this tol-
erance by either direct interaction with PRRs or by support-
ing the production of tolerance-inducing microbial metabolites.

1.1.2.  Respiratory tract immunology
The lung immune barrier consists of similar physical and 
cellular effector mechanisms as the GI tract. The gradually 
thinning compartments of the lungs, i.e., trachea, bronchi, 
bronchioles and finally microscopic air-filled alveoli, are cov-
ered in mucus (Hewitt and Lloyd 2021). The underlying epi-
thelium is composed of ciliated and mucus-producing 
epithelial cells, interspersed with lymphocytes, antigen- 
sampling DCs and other immune cells (Figure 2) (Hewitt 
and Lloyd 2021). Although the lungs possess a low-density 
microbiota, the primary role of airway mucus is to trap and 
remove inhaled particles and chemicals, via cilia-assisted 
expulsion (Fahy and Dickey 2010). While airway mucus pro-
duction is central to pulmonary health, mucus hypersecre-
tion is associated with poor health outcomes (Fahy and 
Dickey 2010; Li and Tang 2021; Zanin et  al. 2016).

Unlike the GI tract, the airway lumen, specifically the 
alveolar space, contains immune cells at a steady state, pri-
marily alveolar macrophages (AMs) (Figure 2) (Hussell and 
Bell 2014). Alveolar macrophages act as immune sentinels 
and efficiently kill invading microorganisms, but also actively 
inhibit proinflammatory responses to innocuous inhaled 
antigens or particles (Hussell and Bell 2014). Although AMs 

make up the largest population of pulmonary macrophages, 
interstitial macrophages (IMs) reside in the lung parenchyma 
and perform additional regulatory functions (Figure 2) 
(Byrne et  al. 2015). Following injury or infection, AMs and 
IMs are functionally assisted by infiltrating monocyte-derived 
macrophages (Bain and MacDonald 2022).

Adaptive immune responses to pulmonary insults and 
pathogens are typically initiated by AMs and/or DCs 
(monocyte-derived, plasmacytoid or conventional) located in 
the lung parenchyma (Guilliams, Lambrecht, and Hammad 
2013). Similarly to gastrointestinal adaptive immune 
responses, PRR engagement, antigen processing and presen-
tation eventually lead to T and B cell activation in 
bronchus-associated lymphoid tissue (BALT) or lung-draining 
lymph nodes (Chiu and Openshaw 2015). BALT has recently 
been shown to be particularly common in early human life 
and the inducible formation of BALT throughout life, pre-
dominantly upon respiratory infection, is an active topic of 
investigation (Matsumoto et  al. 2023; Silva-Sanchez and 
Randall 2020). NDCs support the periodic recruitment of 
circulating immune cells to the lung and BALT through the 
gut-lung axis mentioned earlier, which involves the modula-
tion of hematopoiesis in the bone marrow (Dang and 
Marsland 2019; Martin-Gallausiaux et  al. 2021; Ratajczak 
et  al. 2019; Roberfroid 1998).

1.1.3.  Urinary tract immunology
The urinary tract is composed of the kidneys, two ureters, 
the bladder and the urethra and, apart from the urethra, is 
believed to be largely sterile. Although the distal urethra is 
constantly exposed to microorganisms that naturally colo-
nize the GI tract (Flores-Mireles et  al. 2015), it only forms 
tertiary lymphoid structures upon infection, except for 
prostate-associated lymphoid tissue (PALT) found in humans 
(Di Carlo et  al., 2007; Silva et  al. 2020). The urinary tract 
predominantly relies on innate immune defenses to protect 
itself from urinary tract infections (UTIs), which are partic-
ularly common among the elderly and certain patient groups, 
and which occur 30-times more frequently in women than 
in men (Tan and Chlebicki 2016; Soudais et  al. 2021).

The epithelium that lines the urinary tract is imperme-
able, a necessary function to safely contain any noxious sub-
stances contained in urine and a physiological barrier 
protecting against pathogens and their aggregation is the 
strong flushing effect of urine (Song and Abraham 2008). As 
in other systems of the human body, the epithelial cells lin-
ing the urinary tract express PRRs capable of recognizing 
pathogen-associated molecular patterns (PAMPs) for a vari-
ety of pathogens, including, similarly to the gut and lungs, 
toll-like receptor (TLR) 2 (recognizes bacterial lipoteichoic 
acid or lipoprotein), TLR3 (recognizes double stranded 
RNA), TLR4 (recognizes lipopolysaccharide [LPS]), TLR5 
(recognizes flagellin), TLR9 (recognizes unmethylated CpG 
DNA of bacteria and viruses), and TLR11 (recognizes pro-
filing of parasites). Upon stimulation, urinary tract epithelial 
cells release pro-inflammatory cytokines, such as interleukin 
(IL)-1ß, IL-6 and IL-8, as well as anti-microbial peptides and 
effector molecules (Abraham and Miao 2015). Similarly to 
the lungs, macrophages constitute the first line of 
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professional immune defense in the urinary tract. These 
macrophages populate the submucosa and can initiate fur-
ther immune cell recruitment and inflammatory immune 
responses through the release of chemokines. The steady-state 
immune surveillance of the urinary tract is complemented 
by mast cells, another innate immune cell able to release 
pre-stored inflammatory effector molecules such as tumor 
necrosis factor alpha (TNF-α) and histamine. Adaptive 

immune responses are limited, and even actively inhibited, 
within the urinary tract, possibly to limit extensive inflam-
mation which could damage the epithelium and put the host 
at risk (Abraham and Miao 2015) (Figure 3).

In summary, the gut, lungs and urinary tract have charac-
teristically distinct immune systems which are each designed 
to optimally protect these organs from their respective com-
mon immunological threats while balancing the need to 

Figure 2. T he respiratory tract and lung-associated immune system. The lungs are structurally divided into the upper and lower repiratory airways, forming the 
tracheobronchial tree. The right and left lobes are connected to the trachea by a bronchus. Each bronchus further branches into bronchioles which, after several 
generations of branching, are terminated by clusters or sacs of alveoli. The tracheobronchial tree is lined by specialized epithelial cells, including ciliated epithelial 
cells, goblet cells, tuft cells, ionocytes, club cells, basal cells and neuroendocrine cells, each with distinct functionalities which support pulmonary homeostasis. In 
contrast, the alveolar epithelium is exclusively composed of type I and type II pneumocytes and is covered in surfactant, which supports gas exchange. 
Bronchus-associated lymphoid tissue is located just beneath the pulmonary epithelium, adjacent to major airways and arteries to facilitate pulmonary immune 
defence. Alveoli are additionaly protected by alveolar macrophages, which reside in the alveolar space. Target receptors of prebiotics and NDCs, such as G-protein 
coupled receptors (GPCRs) and toll-like receptos (TLRs) are widely expressed throughout pulmonary epithelial cells and lung resident or trafficking immune cells, 
providing a mechanistic framework for gut-lung crosstalk.
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maintain homeostasis and prevent the breakdown of their 
physiological functions due to uncontrolled inflammation. It 
follows that the ability of NDCs and prebiotics to inde-
pendently influence innate and adaptive components of 
human immunity will differentially impact these organs.

1.2.  Microbiota and immunity

The food we eat directly influences host immunity and other 
biological processes and indirectly influences these processes 
via effects on the microbiome (Calder 2013). Diet plays the 

most significant role in shaping the composition of the gut 
microbiota. Non-digestible dietary components are metabo-
lized by the microbiota, producing signaling molecules in 
the process. These dietary components include NDCs, pro-
teins, and amino acids. Other intestinal molecules secreted 
by the host, such as bile acids and hormones, are also 
metabolized by microbes. Depending on the origin, micro-
bial metabolic products are divided into four categories 
(Figure 4). The first family of microbial metabolites that 
influence immunity consists of products transformed from 
host-derived molecules, such as SCFAs but also bile acids. In 
both humans and mice, the most abundant SCFAs are acetic 

Figure 3. T he urinary tract and immune system cells. The urinary system can be divided into the upper and lower urinary tract. The upper urinary tract consists 
of the kidneys, in which the basic filtration unit is the nephron, which consists of a glomerulus and a renal tubule. Dendritic cells and macrophages accumulate 
in large numbers in the interstitial tissue of the kidneys. In addition, renal parenchyma is a tissue densely supplied with lymphatic vessels and lymph nodes. The 
lower urinary tract consists of the ureters, urinary bladder, and urethra. The impermeable epithelium lining the urinary tract consists of layers of stratified epithelial 
cells, which is the first biological barrier. Below the basal epithelium are numerous mast cells and LY6C- macrophages. These cells recognize infectious agents and 
are responsible for the recruitment of natural killer (NK) cells and LY6C+ macrophages to the urinary bladder. In men, the prostate gland is also distinguished as 
an element of the urinary system. The prostate gland is made up of epithelial cells in the glandular part and stromal cells. Toll-like receptors (TLRs) are widely 
expressed in both epithelial and stromal cells. The innate component of the immune system in the prostate is the complement system protein C3 (C3). The pros-
tate gland is inhabited by macrophages, neutrophils, dendritic cells (DCs), mast cells, basophils and eosinophils. Prostate fluid contains factors which have antimi-
crobial and immunomodulatory functions.
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acid (C2), propionic acid (C3), and butyric acid (C4) 
(Cummings and Macfarlane 1991). While the highest con-
centrations of these metabolites exist at the site of produc-
tion (the intestinal lumen), they are actively transported 
from the gut (McNeil, Cummings, and James 1978) into the 
bloodstream, and circulate systemically, allowing them to 
interact with, and influence, multiple cells and tissues within 

the body (Cummings et  al. 1987). SCFAs are sensed by cells 
via two known mechanisms: receptor-mediated (e.g., via 
GPRs) and histone deacetylase inhibition. There are three 
SCFA-sensing GPR classes: GPR41 (FFAR3), GPR43 (FFAR2), 
and GPR109a (HCAR2) (Brown et  al. 2003; Ganapathy et  al. 
2013). These receptors are found on a variety of cell types, 
including mucosal cells and immune cells with both 

Figure 4. T he four families of microbial metabolites and their effects on gut immunity and homeostasis. The first family consists of short-chain fatty acids (SCFAs) 
and secondary bile acids, which are produced by the metabolism of host-derived molecules like NDCs and bile acids. These metabolites play a role in maintaining 
gut homeostasis by modulating inflammation through mechanisms such as G-protein coupled receptor (GPR) activation and histone deacetylase inhibition (HDACi). 
The second family consists of microbial metabolites derived from dietary components such as tryptophan, which influence immune responses via aryl hydrocarbon 
receptors (AhRs). The third family includes classical microbe-associated molecular patterns (MAMPs) such as lipopolysaccharides (LPS) and peptidoglycans, which 
can induce immune responses by interacting with pattern recognition receptors (PRRs). The fourth family consists of microbial-derived toxins that negatively 
impact gut immunity, potentially leading to inflammation and compromised barrier function. The interaction between NDCs, gut microbiota, and the immune 
system illustrates the complex role of diet in regulating intestinal health and immunity.
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overlapping and distinct patterns of expression (Yip et  al. 
2021). They vary in their affinity for their ligands (including 
both SCFA and non-SCFA ligands). Signaling through these 
receptors generates a broad range of responses, the result of 
which is generally to dampen inflammation (Parada Venegas 
et  al. 2019). SCFAs are also sensed via peroxisome 
proliferator-activated receptors (PPARs), a family of ligand 
activated transcription factors (Byndloss et  al. 2017; 
Kinoshita, Suzuki, and Saito 2002). Like SCFA-sensing GPRs, 
this receptor family is broadly expressed across different cell 
types, including both immune and non-immune tissues. 
Activation of PPARs exerts broad anti-inflammatory effects 
(Grygiel-Górniak 2014). Gut microbes can also convert bile 
acids into secondary bile acids, which then activate bile acid 
receptors found on host cells (Baars et  al. 2018). The second 
family of metabolites are those derived from the diet. An 
example of this family is microbial metabolites of dietary 
tryptophan such as kynurenine, indoles, and tryptamine 
(Gasaly, de Vos, and Hermoso 2021), which act on aryl 
hydrocarbon receptors to regulate immunity. The third fam-
ily of molecules are the classical microbe-associated molecu-
lar patterns such as LPS and peptidoglycans. These potent 
immune-modulatory molecules act on host cells via PRRs. 
These three families act in combination to fine-tune immune 
responses. The fourth family of molecules that are gaining 
more attention are toxins that are transformed by microbes 
and negatively impact immunity. NDCs are known to work 
through various mechanisms, potentially affecting all four 
categories both locally and systemically, and can also interact 
directly with human cells.

In addition to supporting immunity, NDCs also may pro-
mote health by acting competitively to provide stereospecific 
protection against a variety of pathogens (Walsh et  al. 2020). 
Glycan structures, particularly those found on hMOs, can be 
similar in structure to those used by pathogenic bacteria to 
attach to gut epithelial cells (Laucirica et  al. 2017). Soluble 
glycans can therefore act as decoy receptors, binding poten-
tially harmful bacteria and viruses to prevent them from 
infecting the host.

Another mechanism by which NDCs (via microbiota) 
might influence health is by regulating histone modification 
induced by microbial products. Histone modification is an 
epigenetic process by which histones are covalently modified 
to change the way they interact with DNA, determining the 
accessibility of the DNA for transcription. Generally, acetyl-
ation of histones is associated with increased transcriptional 
activation. This reaction is catalyzed by histone acetyltrans-
ferases (HATs), and the reversal by histone deacetylase com-
plexes (HDACs) (Hamminger, Rica, and Ellmeier 2020). 
SCFAs inhibit HDAC activity (Waldecker et  al. 2008). 
Therefore, the overall effect of SCFAs is to promote gene 
transcription. Butyrate is the most potent inhibitor of 
HDACs, followed by propionate (Waldecker et  al. 2008). The 
net result of HDAC inhibition via SCFAs on the immune-cell 
transcriptional profile is anti-inflammatory (Tan et  al. 2014). 
In addition to histone modification, HDACs have also been 
found to modify non-histone targets, including transcription 
factors, modifying their stability and function (Singh 
et  al. 2010).

1.2.1.  Compromised gut barrier function
The gut barrier is comprised of commensal microbiota, 
mucus, epithelial cells and the GALT. The barrier is selec-
tively permeable to bacteria and bacterial products from the 
intestinal lumen due to the intracellular protein structures, 
tight-cell junctions (TCJs), desmosomes, and adherence 
junctions, that lie between adjoining epithelial cells. 
Disruption to this barrier can occur following the produc-
tion of proinflammatory cytokines such as IL-1β, TNF-α and 
IFN-γ by immune cells in response to the presence of 
non-tolerated antigens in the LP (Amasheh et  al. 2009; 
Moretó and Pérez-Bosque 2009). These cytokines generate a 
downstream response within epithelial cells which ultimately 
leads to the internalization of intracellular tight-cell junction 
proteins (Bruewer et  al. 2003; Hu et  al. 2013). This process 
increases gut permeability and can lead to a condition also 
known as “leaky gut”. This is a bidirectional relationship, as 
reduced barrier function leads to greater numbers of anti-
gens or endotoxins entering the LP which initiate an inflam-
matory response, which may further increase permeability. 
Certain dietary patterns may act as instigators for the 
increased intestinal permeability that leads to the above 
immune responses. High fat diets can reduce barrier func-
tion in vivo and the fermentation of dietary protein pro-
duces metabolites associated with increased permeability of 
cell lines in vitro (Geypens et  al. 1997; Hang et  al. 2013; 
McCall et  al. 2009). Both these effects are negated with the 
introduction of specific prebiotics (Cani et al. 2008; Delzenne, 
Neyrinck, and Cani 2011; Xuedan, Manuela, and Stephan 
2020). This provides evidence for the influence of the micro-
biota on the integrity of gut barrier function.

1.2.2.  Gut – lung axis concept
The oral and nasal cavities are the main entry sites of colo-
nizing bacteria for lung and gut ecosystems which partially 
share taxonomic patterns, e.g., Bacteroidetes, Firmicutes phyla 
(Budden et  al. 2017). Despite having similar mucosal struc-
tures, the lung and gut ecosystems differ significantly, par-
ticularly at the species level. For example, the lungs host 
species like Pseudomonas spp. and Streptococcus spp., whereas 
the gut contains species such as Faecalibacterium prausnitzii, 
Bacteroides thetaiotaomicron, and Bifidobacterium longum. 
These differences are primarily due to specific local condi-
tions, including oxygen availability, pH and nutrient expo-
sure. Notably, the lung microbiota is considered more 
adaptable or versatile in response to these conditions 
(Bingula et  al. 2017; Dumas et  al. 2018). These seemingly 
distant microbial ecosystems are at least partially intercon-
nected. It has been suggested that bacteria and viruses can 
be transferred from the lungs to the gut, likely due to the 
bidirectional nature of pulmonary respiration, in contrast to 
the one-way movement of gut transit (Samuelson, Welsh, 
and Shellito 2015). Modulation of lung microbiota as a result 
of manipulating the gut microbiota has been suggested, 
though the mechanisms remain unclear and are likely to be 
indirect. Both the gut and lung microbiota, along with their 
metabolites, particularly SCFAs, have shown significant abil-
ity to reprogram, fine-tune, and alter the immune system, 
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both locally and systemically, through various pathways. For 
instance, luminal antigens are recognized by TLRs on DCs, 
triggering immune responses. Additionally, exposure to spe-
cific gut bacteria influences immune cells and cytokine pro-
duction, while gut-derived SCFAs can stimulate hematopoietic 
precursors in the bone marrow (Baradaran Ghavami et  al. 
2021; Bingula et  al. 2017; Budden et  al. 2017; Dang and 
Marsland 2019; Samuelson, Welsh, and Shellito 2015). The 
concept of the gut-lung axis, primarily developed over the 
past five years, suggests that the gut ecosystem can modulate 
lung immunity, and that a reciprocal connection may also 
exist. Studies have highlighted correlations between various 
respiratory tract infections, including influenza, tuberculosis, 
and COVID-19, and gut microbiota composition (Baradaran 
Ghavami et  al. 2021; Enaud et  al. 2020; Saint-Criq, 
Lugo-Villarino, and Thomas 2021; Samuelson, Welsh, and 
Shellito 2015; Yeoh et  al. 2021). While correlations between 
gut and lung microbiota have been well established, the 
causal relationship remains poorly understood and warrants 
further investigation. Current evidence points to crosstalk 
between the gut, lung, and their local immune systems, 
facilitated by the exchange of immune cells and immunolog-
ical compounds (such as cytokines) through blood and lym-
phatic pathways. This suggests that, beyond systemic immune 
modulation, the gut may exert a direct immunological influ-
ence on lung tissue. Several hypotheses propose that migrat-
ing immune cells, cytokines, and other compounds play a 
role in this interaction, with variations depending on factors 
like age or immune status (e.g., infection versus allergy). 
From the gut to the lung, key players such as activated and 
differentiated T cells (e.g., regulatory, type 17 (Th17) and 
type 1 (Th1) CD4+ T cells), interferons (IFN-α, IFN-β, 
IFN-γ), TNF-α, NF-κB, and various interleukins (e.g., IL-6, 
IL-13, IL-25) are thought to be involved in this process 
(Baradaran Ghavami et  al. 2021; Bingula et  al. 2017; Enaud 
et  al. 2020; Samuelson, Welsh, and Shellito 2015; Willis and 
Ambalavanan 2021). Building on this concept of gut-lung 
immune interaction, two recent in vivo studies in mice have 
provided further evidence of specific migrations from the 
gut to the lungs in the context of infection. In one study, 
group 2 innate lymphoid cells (ILC2) were shown to migrate 
from the gut to the lungs, a process triggered by gut 
Proteobacteria and the production of IL-33 (Pu et  al. 2021). 
In another study, gut-derived LPS and SCFAs were found to 
act on specific receptors in pulmonary alveolar cells, partic-
ularly macrophages, leading to the upregulation of local 
IL-1β (Liu et  al. 2021). These findings highlight the poten-
tial pathways through which gut microbiota can influence 
lung immune responses during infection (Liu et  al. 2021; Pu 
et  al. 2021). Moreover, it has been proposed that bacterial 
translocation from the gut lumen to the lungs may occur 
due to increased intestinal permeability, particularly in cases 
of sepsis and acute respiratory distress syndrome (ARDS). 
This suggests a potential pathway through which gut barrier 
dysfunction could contribute to lung infections and compli-
cations (Baradaran Ghavami et  al. 2021). In a reciprocal 
manner, crosstalk from the lungs to the gut has also been 
observed, involving differentiated B and T cells, as well as 
cytokines like IL-6, IFN-γ, and TNF-α. This further 

reinforces the concept of the gut-lung axis, where the lung 
ecosystem may play a role in supporting gut immunity, 
highlighting the bidirectional nature of these interactions 
(Bingula et  al. 2017; Enaud et  al. 2020; Pu et  al. 2021; 
Saint-Criq, Lugo-Villarino, and Thomas 2021; Zhang 
et  al. 2020).

2.  A Systematic review of effects of NDCs on 
immunity, inflammation, vaccine responses and 
infection in humans

2.1.  Methodology

This systematic review was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews 
(PRISMA-SR) guidelines (Page et  al. 2021).

2.1.1.  Information sources
A systematic search was performed to identify all human 
randomized controlled trials (RCTs) that evaluated the 
effects of NDCs and prebiotics on markers of immunity, 
infections, inflammation, and vaccine responses. A compre-
hensive literature search was performed using PubMed, 
Scopus and Embase to identify human RCTs published up to 
January 28th 2025.

2.1.2.  Search and selection criteria
The search strings applied to identify relevant literature can 
be found in Supplemental Table 1. All identified records 
were imported into Covidence software (Covidence, 2024) 
which was then used to remove duplicates. Titles and 
abstracts were screened by two independent reviewers and 
conflicts were solved during meetings with all coauthors. 
The remaining full-text papers were screened again by two 
independent reviewers. Any remaining duplicates were 
removed at this stage.

Inclusion criteria were the following: RCT conducted in 
humans; conducted in healthy participants (including those 
with obesity but without any diagnosed co-morbidities); 
included a control or placebo group/arm; a measure of 
immunity, inflammation, infection or vaccination was men-
tioned in the title or abstract; full text availability; published 
in the English language.

Studies were excluded if they were in vitro or animal 
studies; epidemiological studies; abstracts, reviews, case 
reports or commentaries; involved enteral feeding or non-oral 
intake; had only a single administration; used whole foods, 
dietary intervention, or a substance not listed in the prebi-
otic search terms; did not report relevant outcomes. Figure 
5 shows the flow of the selection of publications for inclusion.

2.1.3.  Quality assessment, data extraction and synthesis
The Cochrane Risk of Bias Tool for randomized trials 
(RoB2) was used to assess the quality of the studies (Sterne 
et  al. 2019). Quality assessment of the included studies was 
conducted independently by two authors. Any disagreements 
were resolved through discussions within the review team. 

https://doi.org/10.1080/10408398.2025.2514700
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The tool is structured into five domains; these are the risk 
of bias arising from the randomization process, risk of bias 
due to deviations from the intended interventions (effect  
of assignment to intervention applied herein), missing  
outcome data, risk of bias in the measurement of the out-
come, and risk of bias in the selection of the reported result. 
Domain-level judgements provide the basis for an overall 
risk-of-bias judgment. To visualize the risk-of-bias results, 
traffic light plots and bar plots were generated using the 
robvis tool (McGuinness and Higgins 2021). Traffic Light 
Plots show each individual study’s domain-level judgements. 
The judgments are categorized as low risk of bias, some 
concerns, or high risk of bias. These were visually repre-
sented as green, yellow, and red color, respectively. Bar plots 
show the distribution of risk-of-bias judgements within each 
bias domain.

Data extraction was performed by first importing the list 
of included studies from Covidence into an Excel spread-
sheet. The data were extracted and collated from the selected 
publications by two independent reviewers, with a review of 
the data by all researchers. The studies were categorized 
according as follows (examples of their related reported  
outcomes are provided): Immunity: immune cell numbers,  
T cell proliferation, T cell and monocyte response to 

stimulation, immunoglobulins (faeces, blood, saliva); 
Infection: incidence, duration, severity, viral and bacterial 
titer; Vaccination: anti-vaccine antibodies, seroprotection, 
seroconversion; Inflammation: cytokines, C-reactive protein 
(CRP), calprotectin, transcriptomics. The extracted data also 
included the type of population studied (i.e., life stage, health 
status), prebiotic type and dose, placebo type and dose, 
duration of intervention, study country, as well as study 
design and sample size (Supplemental Table 2).

2.2.  Immunity

40 studies investigated the effect of NDCs and prebiotics on 
markers of immunity (Table 1). Nine studies were conducted 
in older adults, 20 in adults, 10 in infants and one in chil-
dren. Studies in older adults used GOS (n = 4), β-1,3–
1,6-glucan (n = 1), inulin (n = 1), FOS (n = 2) or compared 
multiple prebiotics including soluble and insoluble β-1,3–
1,6-glucans (n = 1). Studies in adults predominantly used 
β-glucans (from oat (n = 1), from yeast (n = 3) as pleuran 
(β-1,3–1,6-glucan) (n = 2), from Agrobacterium sp. R259 
(β-1,3 glucan) (n = 1), from Reishi (β-1,3–1,6-glucan) (n = 1), 
from Euglena gracilis (n = 1) or of unspecified origin (n = 1)), 

Figure 5.  PRISMA flow diagram showing the selection of articles for inclusion in the review.

https://doi.org/10.1080/10408398.2025.2514700
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GOS (n = 2), a mixture of inulin and oligofructose (n = 2), 
resistant corn starch (n = 1), rhamnogalacturonan from either 
hallabong peel (n = 1) or carrot (n = 1), 2′FL (n = 1) and 
β-fructans (n = 1). Studies in infants used mixtures of 
GOS:lcFOS (n = 5), mixed hMOs (n = 1), GOS (n = 1), 
oligofructose-enriched inulin (n = 1), 2′FL (n = 1) and a mix-
ture of GOS and polydextrose (n = 1). The single study in 
children used β-1,3–1,6-glucan as pleuran from Pleurotus 

ostreatus (n = 1). Fecal IgA was measured in 7 trials (6 in 
infants and 1 in older adults), while salivary IgA was mea-
sured in 7 trials (1 in infants, 4 in adults and 2 in older 
adults). Circulating immunoglobulins, including IgG, IgM, 
IgE, and IgA, were quantified in 13 trials (3 in infants, 1 in 
children, 7 in adults, and 2 in older adults). Other 
immune-related factors, such as defensins, lysozyme, and 
calprotectin, were assessed in 2 trials involving infants. 

Figure 6. T raffic Light Plot of the domain-level risk-of-bias judgements for each study included in the review of prebiotics and immunity.
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Blood complement factor 3 (C3) was measured in 2 trials, 1 
in adults and 1 in older adults. Cellular immunity measures 
were more common in adult populations. NK cell cytotoxic-
ity and/or counts were evaluated in 12 trials, 9 in adults and 
3 in older adults. Blood lymphocyte subset counts, with 
varying levels of detail, were also assessed in 17 trials, 2 in 
infants, 1 in children, 11 in adults and 3 in older adults, 
with an additional study (n = 1, in adults) quantifying lym-
phocytes which had infiltrated the nasal cavity upon human 
challenge with rhinovirus strain 16 (RV16). Functional 
immune assessments (e.g., cytokine secretion and/or cell 
proliferation upon stimulation with immunogenic agents 
(e.g., LPS, phytohaemagglutinin) were conducted in a num-
ber of trials. Phagocytosis and oxidative burst assays were 
performed in 5 trials, 3 in adults and 2 in older adults.

Among the 40 studies reporting on immunity outcomes, 
22 (55.0%) showed a low risk of bias, 15 (37.5%) had some 
concerns, and 3 (7.5%) had a high risk of bias (Figure 6). 
While the most common reason for the “some concerns” 
judgment is the bias in the selection of reported results, 39 
out of the 40 studies have been classified as low risk of bias 
in the measurement of the outcome (Figure 7).

In infants, fecal IgA, the most studied marker of immu-
nity in that age group, was increased after supplementation 
with mixtures of GOS:lcFOS or hMOs (Bosheva et  al. 2022; 
Scholtens et  al. 2008). Mixtures of GOS:lcFOS also increased 
salivary IgA, salivary α1-3 defensin and fecal lysozyme 
(Ivakhnenko and Nyankovskyy 2013), but did not influence 
blood immunoglobulins (including IgG, IgA, IgM and IgE) 
(Raes et  al. 2011; Salvini et  al. 2011), except in infants at 
higher risk of developing allergies, where GOS:lcFOS 
decreased total blood IgE, IgG1, IgG2, IgG3 as well as cow’s 
milk protein specific IgG1 (van Hoffen et  al. 2009). In con-
trast, GOS by itself, GOS with polydextrose, oligofructose 
enriched inulin or 2′FL neither led to an increase in fecal 
IgA, nor in the additional markers fecal calprotectin and 
fecal β-defensin (Alliet et  al. 2022; Neumer et  al. 2021; 
Scalabrin et  al. 2012; Sierra et  al. 2015). GOS:lcFOS had a 
minor impact on blood lymphocyte populations by increas-
ing the percentage of CD38+CD4+ T cells, but none of the 
various other lymphocyte subsets assessed were affected 
(Raes et  al. 2011). The only trial in children did not find 
any detectable changes in major T and NK cell subsets in 
blood after pleuran (β-1,3–1,6-glucan) supplementation, not-
withstanding the protective effect observed against recurrent 
respiratory tract infections (RRTIs) (Jesenak et  al. 2013).

In adults, supplementation with β-glucan isolated from 
Pleurotus ostreatus (pleuran; β-1,3–1,6-glucan) mitigated the 
decline in NK cell numbers and increased NK cell cytotoxic 
activity after acute bouts of exercise (Bobovčák et  al. 2010). 
Baker’s yeast β-1,3–1,6-glucan further influenced the response 
to acute exercise by increasing monocyte numbers and func-
tion, as reflected by enhanced type-1 and -2 cytokine secre-
tion upon LPS-stimulation of peripheral blood (Carpenter 
et  al. 2013; McFarlin et  al. 2017). Adult athletes also more 
generally benefited (outside the period of acute exercise) 
from pleuran supplementation (100 mg/d) through increased 
NK cell numbers and peripheral blood mononuclear cell 
(PBMC) phagocytic activity (Bergendiova, Tibenska, and 
Majtan 2011). Enhanced NK cell cytotoxic activity was also 
observed in adult non-athletes following Agrobacterium 
sp.-derived β-1,3-glucan, Reishi-derived β-1,3–1,6-glucan or 
hallabong peel pectic polysaccharides supplementation 
(<1 g/d) (Lee et  al. 2016; Lee et  al. 2017). In addition, Reishi- 
and Euglena gracilis-derived β-glucan influenced the frequen-
cies and phenotypes, respectively, of circulating immune cells 
after a period of 12 wks (Chen et  al. 2023; Kawano et  al. 
2023), and carrot-derived rhamnogalacturonan selectively 
altered lymphocyte recruitment to the nasal cavity upon 
acute RV16 infection (Lutter et  al. 2021). In contrast, oat 
β-glucan (5.6 g/d), 2′FL, and a mixture of inulin and oligof-
ructose (8 g/d) failed to increase NK cell cytotoxicity, lym-
phocyte counts, lymphocyte cytokine secretion or ability to 
proliferate upon stimulation, phagocytosis, neutrophil oxida-
tive burst and salivary IgG, IgA and IgM (Lomax et  al. 2012, 
2015; Nieman et  al. 2008). GOS supplementation (15 g/d) 
failed to alter lymphocyte cytokine secretion (Wilms et  al. 
2021) as well as blood IgE (Williams et  al. 2016), yet 
increased salivary IgA at lower doses (2.8 g/d) (Parker et  al. 
2023), while β-glucan (2 g/d, unknown origin) had no impact 
on blood IgM (Wang et  al. 2022). Nevertheless, resistant corn 
starch (24 g/d) increased blood IgG and C3 (Park et al. 2004).

In older adults, GOS (5.5–8 g/d) consistently increased 
NK cell cytotoxicity, with mixed effects on PBMC phago-
cytic activity (Maneerat et  al. 2013; Vulevic et  al. 2008, 
2015). However, GOS, FOS or β-1,3–1,6-glucan (from 
Lentinus edodes) did not enhance fecal or salivary IgA, or 
blood immunoglobulins (IgG, IgA and IgM) (Gaullier et  al. 
2011; Maneerat et  al. 2013; Schiffrin et  al. 2007; Vulevic 
et  al. 2015). Although β-1,3–1,6-glucan (dose unspecified) 
increased peripheral B cell numbers, it had no effect on 
other lymphocyte subsets or blood complement factor C3 

Figure 7. U nweighted bar plots of the distribution of risk-of-bias judgements within each bias domain for studies included in the review of prebiotics and 
immunity.
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(Gaullier et  al. 2011). Similarly, FOS (1.9–3.9 g/d) did not 
alter the frequency of major lymphocyte subsets, including T 
cells, B cells, and NK cells (Kiewiet et  al. 2021; Schiffrin 
et  al. 2007; Vogt et  al. 2017).

In summary, mixtures of GOS:lcFOS (9:1, 8 g/L in infant 
formula) have consistently been shown to increase fecal or 
salivary IgA levels in infants, while supplementation with 
β-glucan (less than 1 g/d) from specific sources in adults and 

with GOS in older adults has been consistently found to 
enhance NK cell function. Findings with other prebiotics are 
inconsistent or suggest little immune impact.

2.3.  Infection

Of 40 intervention trials focused on the effect of NDCs and 
prebiotics on infection, 17 studied infants, 3 children, 1 

Figure 8. T raffic Light Plot of the domain-level risk-of-bias judgements for each study included in the review of prebiotics and infection.
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adolescents and young adults, 18 adults and 1 older adults 
(Table 2). Among these 40 studies, 22 studies (55.0%) were 
classified as low risk of bias, 14 studies (35.0%) had some 
concerns, and 4 studies (10.0%) were at high risk of bias 
(Figure 8). All studies, except for one with a high risk of 
bias and another with some concerns (due to missing out-
come data, Domain 3), have been classified as low risk of 
bias (Figure 9).

A GOS:lcFOS formula (9:1; 8 g/L) resulted in fewer infec-
tious episodes at 4 and 6 months and less recurrent infection 
in infants (Arslanoglu, Moro, and Boehm 2007). At a later 
follow up (2 years) there were fewer infections, lower inci-
dence of upper respiratory tract infections (URTIs) and less 
fever (Arslanoglu et  al. 2008). Reduced URTI outcomes with 
a GOS:lcFOS formula have been observed by others 
(Ivakhnenko and Nyankovskyy 2013; Raes et  al. 2010; 
Shahramian et  al. 2018). However, in a multi-cohort study, 
this prebiotic preparation led to no significant difference in 
fever incidence (van Stuijvenberg et  al. 2011) although after 
a 3–5 year follow up, less diarrhea was reported (van 
Stuijvenberg et  al. 2015).

Sierra et  al. (2015) identified no difference in infection 
incidence in infants fed GOS-containing infant formula 
(4.4–5 g/L) over 10 months. On the other hand, Paganini et  al. 
(2017) observed GOS (7.5 g/d) to reduce expression of viru-
lence and toxin genes, along with reducing Enterohemorrhagic 
Escherichia coli (EHIC) positive fecal samples, whilst Ranucci 
et  al. (2018) observed reduced URTI incidence following 
GOS/polydextrose (50:50; 4 g/L) intervention.

In a study in healthy infants in a high infection risk envi-
ronment, oligofructose (on average 0.7 g/d) resulted in no 
differences in dysentery or rotavirus occurrence. However, 
some of these infants were breast fed, so previously had 
received “native” hMOs (Duggan et  al. 2003). At a higher 
dosage, oligofructose (2 g/d) was demonstrated to reduce 
infections, vomiting and fever, concurrent with increased 
fecal Bifidobacterium (Waligora-Dupriet et  al. 2007). In a 
poliovirus vaccination study, scFOS or placebo was adminis-
tered during the vaccination regime; however, no significant 
difference in infection incidence was observed between the 
groups but it is worth noting that some infants in this study 
were previously breastfed (Ripoll et  al. 2015). A further 
study in infants (Neumer et  al. 2021) reported a significant 
reduction in infection duration in infants taking an 
oligofructose-supplemented formula (8 g/L). In a study in 
older infants (1–2.5 years), where some participants were 

previously breast fed (Leung et  al. 2020), an hMO and bio-
active protein formula, resulted in no differences in URTIs, 
GI infections, or otitis media. In younger infants, (<2 wks) 
2′FL and lacto-n-neotetroase (1.5 g/L in total) led to a lower 
bronchitis incidence at 6 and 12 months (Berger et  al. 2020), 
and less lower respiratory tract infection (LRTI) at 12 months 
(Puccio et  al. 2017).

Of the three studies that focused on children, GOS alone 
was observed to lead to no differences in infectious inci-
dence (Sudarmo et  al. 2019), whilst 2 mg/kg body weight/
day (= on average 55 mg/d) of an insoluble β-glucan led to 
fewer respiratory like infections and lower influenza inci-
dence (Jesenak et  al. 2013) and 6 g/d of inulin was reported 
to reduce febrile infections (Lohner et  al. 2018). In adoles-
cents undergoing treatment for herpes, 300 mg β-glucan 
daily resulted in shorter infection duration and fewer URTI 
symptoms (Urbancikova et  al. 2020).

In adults, two studies evaluated the effect of GOS on 
traveller’s diarrhea (Drakoularakou et  al. 2010; Hasle et  al. 
2017). A dose of 2.7 g/d supplemented to participants 7 and 
5 days before travel departure resulted in reduced incidence 
and duration of traveller’s diarrhea (Drakoularakou et  al. 
2010) associated with reduced duration of abdominal pain 
and improved quality of life. Hasle et  al. (2017) reported the 
incidence of diarrhea to be reduced in the per protocol pop-
ulation. No other significant effect on the duration of diar-
rhea, fever and number of bowel movements during traveller’s 
diarrhea episodes was observed. Cummings, Christie, and 
Cole (2001) tested a 10 g FOS supplement daily for 2 wks 
before and 2 wks during travel in healthy adults; the inter-
vention led to a small increase in stool frequency 2 wks 
before holidays, but no effect on the number and consis-
tency of stools during the holidays (Cummings, Christie, 
and Cole 2001).

In a small study on 33 elite rugby players, 2.8 g GOS per 
day led to reduced duration of URTIs, whilst there was no 
impact reported on incidence or severity (Parker et  al. 2023). 
In 427 healthy adults supplemented with either 2.5 g or 5 g 
GOS per day or placebo for eight weeks (Hughes et  al. 2011) 
no difference was observed in the number of cold symp-
toms. However, 2.5 g/d of GOS reduced symptom intensity 
scores across all the levels of stress, whilst 5 g/d of GOS was 
only protective at lower levels of stress. A carrot-based oli-
gosaccharide (0.3 g/d rhamnogalacturonan-I) decreased 
symptoms of acute respiratory viral infection in a controlled 
infection study in adults (Lutter et  al. 2021).

Figure 9. U nweighted bar plots of the distribution of risk-of-bias judgements within each bias domain for studies included in the review of prebiotics and 
infection.
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12 studies investigated the effect of β-glucans on respira-
tory infections and cold/flu. Of these, one study used oat 
β-glucans, one β-glucans from mushroom Pleurotus ostreatus 
(β-1,3–1,6-glucan), one from micro algae and nine β-glucans 
from yeast (β-1,3–1,6-glucan). All except two of these stud-
ies observed some positive impact of the supplementation. 
Three studies performed in marathon runners with yeast 
β-1,3–1,6-glucan observed reduced URTI symptoms or a 
lower number of symptomatic days (Mah et  al., 2020; 
McFarlin et  al. 2013; Talbott and Talbott 2012) with doses 
between 250 and 500 mg/d. Mah et  al. (2020) also observed 
a 250 mg/d dose of soluble or insoluble yeast β-glucans 
45 days before and 45 days after the marathon to reduce the 
severity of nasal discharge and to reduce sore throat with 
the insoluble fraction only. No other cold symptoms were 
impacted by the supplementation. For studies performed on 
healthy adults not involved in marathon running, the results 
were more mixed. In three studies, no impact of yeast 
β-1,3–1,6-glucan was observed on the incidence of symp-
tomatic respiratory infections or URTIs with doses from 250 
to 900 mg/d (Dharsono et  al. 2019; Feldman et  al. 2009; 
Fuller et  al. 2012). However, Dharsono et  al. (2019) observed 

reduced severity of URTI with 900 mg of β-1,3–1,6-glucan 
per day and Fuller et  al. (2012) observed an improved ability 
to “breathe easily” with 250 mg/d. Auinger et  al. (2013) 
tested 900 mg/d yeast β-1,3–1,6-glucan in healthy adults for 
16 wks and reported reduced incidence of colds. When 
tested on healthy though stressed women, 250 mg of yeast 
β-1,3–1,6-glucan per day for 12 wks reduced the incidence 
of URTI (Talbott and Talbott 2012). In a small study focused 
on those who annually catch colds, an intervention of 
350 mg/d micro-algae β-glucan led to reduced cold associ-
ated symptoms (Kawano et  al. 2023). In a study by Laue 
et  al. (2021), supplementation with β-glucan from yeast, 
mushroom or oat (500 mg daily) or arabinoxylans (10 g 
daily) in older adults led to no significant difference in com-
mon cold incidence post influenza vaccination, although the 
incidence in the control group was 8 and fewer colds were 
reported in the other groups. Supplementation with 100 mg/d 
of β-1,3–1,6-glucan from Pleurotus ostreatus provided with 
vitamin C (100 mg/d) for 3 months to healthy athletes 
reduced URTI symptom scores when compared to vitamin C 
only (Bergendiova, Tibenska, and Majtan 2011). Finally, 
5.6 g/d of oat β-glucans for 18 days in healthy trained male 

Figure 10. T raffic Light Plot of the domain-level risk-of-bias judgements for each study included in the review of prebiotics and inflammatory outcomes.
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cyclists did not induce any significant effect on URTI 
(Nieman et  al. 2008).

In conclusion, the studies that reported on infection fol-
lowing prebiotic and NDC intervention indicate the 
GOS:lcFOS (9:1) mixture, though not GOS alone, and 2′FL 
to be effective at reducing infections in infants. Previous 
breast feeding may impact on the infant in a positive way, 
meaning that a later prebiotic intervention may not be effec-
tive at reducing infection, as infection risk may already be 
low. Within children, positive effects of β-glucans were 
reported against infections. Within the adult studies, GOS 
was reported to help against traveller’s diarrhea, whilst GOS 
in healthy adults showed some evidence of impact on cold 
symptoms. Yeast β-1,3–1,6-glucan when used in low doses 
resulted in positive impact at reducing URTI symptoms in 
athletes, whilst results were more variable in healthy 
non-athletic adults. Overall, as a strategy of reducing infec-
tions, prebiotics and NDCs are emerging as an option show-
ing potential in different population groups.

2.4.  Inflammation

Inflammation is part of innate host defence against patho-
gens and the response to tissue damage through injury. As 
such, inflammation is protective. However, if uncontrolled or 
excessive, inflammation can damage host tissues, being 
linked with autoimmunity, risk of non-communicable dis-
eases and accelerated aging (Calder et  al. 2009, 2013, 2017). 
27 trials studied the effect of prebiotics on markers of 
inflammation; five trials were conducted in infants, 16 in 
young or middle-aged adults and 6 in older adults (Table 3). 
Trials in infants used GOS (n = 1), a mix of inulin and FOS 
(n = 1), GOS:lcFOS (n = 1), a single hMO (n = 1) or a mix of 
hMOs (n = 1). Trials in young or middle-aged adults used 
FOS (n = 3), GOS (n = 3), oat β-glucan (n = 2), yeast 
β-1,3-glucan (n = 1), yeast β-1,3–1,6-glucan (n = 4), 2′FL 
(n = 1), carrot-derived rhamnogalacturonan (n = 1) or halla-
bong peel pectic polysaccharide (n = 1). Trials in older adults 
used GOS (n = 3), FOS (n = 1), arabinoxylan oligosaccharides 
(AXOS) (n = 1) or yeast β-1,3–1,6-glucan (n = 1). Circulating 
CRP was measured as a biomarker of inflammation in 11 
trials (n = 2 in infants, n = 6 in young and middle-aged 
adults, n = 3 in older adults). Circulating cytokines and/or 
chemokines were measured in 16 trials (n = 13 in young or 
middle-aged adults, n = 3 in older adults). Four trials in 
infants measured fecal markers of inflammation, all of them 
measuring calprotectin. Two trials in older adults measured 

fecal calprotectin. One trial in adults and one in older adults 
measured blood immune cell gene expression. Three trials in 
adults included an exercise challenge in the protocol.

Out of these 27 studies, 17 (63.0%) showed a low risk of 
bias, 7 (25.9%) had some concerns, and 3 (11.1%) were at 
high risk (Figure 10). Nearly all studies (26 out of 27) had 
low risk of bias in Domain 2 and Domain 4 (Figure 11).

Neither GOS (7.5 g/d) nor a GOS:lcFOS mixture in infant 
milk (9:1 ratio, 6 g/L), altered CRP in infants (Paganini et  al. 
2017; Raes et  al. 2010). GOS, inulin:FOS and 2′FL did not 
alter fecal calprotectin (Alliet et  al. 2022; Neumer et  al. 
2021; Paganini et  al. 2017). 2′FL also did not alter fecal 
myeloperoxidase or neopterin (Alliet et  al. 2022). A mix of 
hMOs decreased fecal calprotectin after six months, but this 
was observed only for the lower of the two doses used (i.e., 
1.5 g/L of infant formula) (Bosheva et  al. 2022).

In young and middle-aged adults, GOS (5.5–15 g/d) did 
not affect CRP in two studies (Williams et  al. 2016; Wilms 
et  al. 2021) or circulating cytokines and chemokines 
(Williams et  al. 2016). 2′FL (3 g/d) did not affect inflamma-
tory markers in adults (Ko et  al. 2024). FOS (6 g/d) did not 
affect circulating CRP, albumin or cytokines in one study 
(Fernandes et  al. 2016), while a mixture of inulin and FOS 
(50:50; 15 g/d) did not affect serum LPS or LPS binding pro-
tein (Clarke et  al. 2017). FOS (10 g/d) used in conjunction 
with a probiotic increased circulating CRP, IL-6 and TNF-α 
compared to probiotic alone, but there was no effect on 
IL-1β (Rajkumar et  al., 2015). Carrot-derived rhamnogalac-
turonan had a dose-dependent impact on changes of circu-
lating IL-8 and CXCL-10 in response to acute RV16 challenge 
(Lutter et  al. 2021). Hallabong peel pectic polysaccharide 
(60 mg/d) did not affect CRP, TNF-α, IL-1β, or IL-6 but 
increased IL-12 and IFN-γ (Lee et  al. 2016). β-glucan did 
not affect CRP (two studies), circulating cytokines (two 
studies) or immune cell gene expression (Nieman et  al. 2008; 
Wang et al. 2022). The Agrobacterium sp. derived β-1,3-glucan 
at a dose of 350 mg/d had no effect on circulating inflam-
matory cytokines; however, it increased the anti-inflammatory 
cytokine IL-10, but this effect was lost after statistical adjust-
ments (Lee et  al. 2017). Studies of β-1,3–1,6-glucan report 
varying outcomes. One study reported decreased TNF-α and 
IL-6 along with increased IL-10; this study used the highest 
dose of all studies of this ingredient (Auinger et  al. 2013). 
Other studies report no effect on circulating cytokines fol-
lowing supplementation with β-1,3–1,6-glucan sourced from 
baker’s yeast (250 mg/d) (Carpenter et  al. 2013; Fuller et  al. 
2012), no effect on circulating cytokines and chemokines but 

Figure 11. U nweighted bar plots of the distribution of risk-of-bias judgements within each bias domain for studies included in the review of prebiotics and 
inflammatory outcomes.
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a lower monocyte chemoattractant protein 1 (MCP-1) during 
self-reported URTI (Fuller et  al. 2012) and higher IL-2 and 
IFN-γ in response to exercise (McFarlin et  al. 2017).

In older adults, one study of GOS (5.5 g/d, 10 wks) 
reported increased CRP after 10 wks (Vulevic et  al. 2015), 
but another study of GOS (15 g/d, 4 wks) reported no effect 
on CRP (Wilms et  al. 2021). GOS did not alter plasma 
chemokines or fecal calprotectin in older adults (Maneerat 
et  al. 2013). There was no effect of FOS on plasma cytokine 
levels (between-group comparisons of immune cell gene 
expression were not reported in that study) (Schiffrin et  al. 
2007), of AXOS on fecal calprotectin (Chung et  al. 2020), or 
of yeast β-1,3–1,6-glucan on CRP or circulating cytokines in 
older adults (Gaullier et  al. 2011).

Overall, the prebiotics and NDCs tested at the given 
doses and durations seem to have minimal impact on mark-
ers of systemic or gut inflammation in healthy participants.

2.5.  Vaccination

Eleven trials studied the effects of various (different blends 
of) prebiotics on vaccination efficacy in different age groups; 
of these, 6 studies were conducted in infants, 2 in adults, 
and 3 in older adults (Table 4). Across the 11 studies report-
ing vaccination outcomes, 6 studies (54.5%) were found to 
have an overall low risk of bias, 4 studies (36.4%) had some 
concerns, and 1 study (9.1%) had a high risk of bias (Figure 
12). All studies had a low risk of bias arising from the ran-
domization process (Figure 13).

Six trials investigated the effect of prebiotics on vaccina-
tion efficacy in infants ranging from newborns to those over 

12 months old (Duggan et  al. 2003; Paineau et  al. 2014; 
Ripoll et  al. 2015; Salvini et  al. 2011; Stam et  al. 2011; van 
Hoffen et  al. 2009). Trials in infants used oligofructose 
(n = 1), scFOS (n = 2), GOS:lcFOS (n = 2), and a mix of 
GOS:lcFOS (9:1) and pAOS (n = 1). The duration of inter-
ventions ranged from four to twelve months. One trial 
(Duggan et  al. 2003) provided the intervention in the form 
of cereal, whereas the other five studies used formula feed-
ing. There were no significant effects on antibody titers for 
Haemophilus influenza type B, poliovirus, hepatitis B, and 
DTP (diphtheria, tetanus and polio) vaccine in infants.

There were five trials performed in adults with (blends 
of) inulin-type fructans for 2–28 wks, and a complex mix of 
NDCs including β-glucans and other NDCs, reporting on 
vaccination efficacy at different follow-up times (Bunout 
et  al. 2002; Lomax et  al. 2015; Vogt et  al. 2017; Kiewiet 
et  al. 2021; Laue et  al. 2021). Trials used different chain 
lengths of inulin (n = 2) and its combination with varying 
proportions of oligofructose (n = 2). One of the studies com-
pared the effects of long and short chain inulin intervention 
and placebo in young adults (Vogt et  al. 2017). The lc-inulin 
intervention for 14 days resulted in a significant increase in 
plasma hepatitis B antibody titers (anti-HBsAg) compared to 
the short-chain inulin group, but this was not significantly 
different from the placebo group. Another study, this time in 
older adults, reported that the same dose of lc-inulin had no 
effect on vaccination response in this age group (Kiewiet 
et  al. 2021). Antibody titers to the influenza H3N2, but not 
to the H1N1 or B strains, increased following consumption 
for 8 wks of a blend of oligofructose with lc-inulin by mid-
dle aged adults (Lomax et  al. 2015). Vaccine-specific IgG 

Figure 12. T raffic Light Plot of the domain-level risk-of-bias judgements for each study included in the review of prebiotics and response to vaccination.
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Figure 13. U nweighted bar plots of the distribution of risk-of-bias judgements within each bias domain for studies included in the review of prebiotics and 
response to vaccination.

was significantly higher in the intervention group, while no 
significant effects on vaccine-specific IgA, IgM, or IgD were 
demonstrated (Lomax et  al. 2015). There was no significant 
effect of the complex NDC mix with β-glucans on the H1N1 
subtype nor other parameters in older adults after correction 
for multiple testing (Laue et  al. 2021). Although two studies 
showed that prebiotic intervention showed some impact on 
vaccine response in young and middle-aged adults, overall, 
it is considered that it is very difficult to observe any 
enhancement of vaccination responses, especially in the 
older adult population.

3.  NDC and prebiotic mechanisms

3.1.  Mechanism: NDCs and prebiotics on the immune 
system

A key focus of this review is understanding the mecha-
nisms by which prebiotics, NDCs, and dietary fibers influ-
ence the host’s immune health. Although the precise ways 
these ingredients affect physiology, immune pathways, and 
disease susceptibility remain incompletely understood, a 
recurring pattern in the literature suggests that their con-
sumption, in certain contexts, can enhance immune func-
tion compared to placebo controls (see Section 2). The 
following section explores the potential mechanisms 
through which various NDCs and prebiotics may exert 
these immunological effects.

3.1.1.  hMOs
The mechanisms by which hMOs exert protective effects are 
likely to be both direct on host cells and indirect on micro-
biota (Figure 14). The strongest direct effects are thought to 
occur in the gut, where concentrations are the highest. There 
is also evidence that hMOs are partially incorporated into 
the systemic circulation of infants, where they can directly 
interact with cells around the body (Goehring et  al. 2014). 
Transepithelial transfer of hMOs has been demonstrated In 
vitro, alongside direct immune-modulatory activity on 
peripheral blood mononuclear cells, suggesting that distant 
organs such as the respiratory and urinary tracts may bene-
fit from direct protective effects from circulating hMOs 
(Eiwegger et  al. 2010). Some hMOs have also been shown to 
shed the TNF-receptor 1 and by doing so regulate inflam-
matory responses (Cheng et  al. 2021).

In the gut, hMOs may play a crucial role in health by 
acting as competitive inhibitors, providing stereospecific pro-
tection against a range of pathogens. This competitive inter-
action could be a key mechanism underlying the health 
benefits associated with hMOs (Kong et  al. 2022; Newburg 
et  al. 2004; Walsh et  al. 2020).

In vitro and animal-based studies have found that hMOs 
act directly on gut epithelial cells to strengthen and protect 
the epithelial barrier by modifying glycosylation patterns 
(Angeloni et  al. 2005; Kong et  al. 2019), increasing mucin 
production (Wu et  al. 2019) and stimulating expression of 
tight junction proteins (Chichlowski et  al. 2012; Kim & Kim, 
2017; Otani et  al. 2019; Šuligoj et  al. 2020). They also act 
directly on immune cells to induce an anti-inflammatory 
phenotype (Bode, Rudloff, et al. 2004; Bode, Muhly-Reinholz, 
et  al. 2004; Newburg, Tanritanir, and Chakrabarti 2016; Noll 
et  al. 2016; Thomas et  al. 2003).

Although no studies meeting the search criteria specifi-
cally addressed the effects of oral prebiotic supplementa-
tion on the urinary system, individual studies suggest that 
such effects may occur. For example, an in vitro study on 
human urinary bladder epithelial cells (5637 ATCC HTB-9) 
demonstrated that some hMOs can directly interact with 
uropathogenic Escherichia coli (UPEC, strain CFT073), 
blocking bacterial attachment to bladder cells (Lin et  al. 
2014). In addition, hMOs reduced UPEC-induced cytotox-
icity, including through caspase-independent pathways, as 
shown by a decreased percentage of apoptotic cells. hMOs 
also helped preserve the structural integrity of epithelial 
cells by inhibiting the degradation of adhesion proteins 
such as paxillin and β1-integrin. Moreover, hMOs were 
found to suppress UPEC-induced activation of the MAPK 
(mitogen-activated protein kinase) and NF-κB pathways, 
both of which play key roles in inflammation. Collectively, 
these findings suggest that hMOs can protect bladder epi-
thelial cells from the harmful cytotoxic and pro-inflammatory 
effects of UPEC infection. This may be one of the mecha-
nisms contributing to the observed reduction in UTIs 
among breast-fed infants, as highlighted in epidemiological 
studies (Lin et  al. 2014).

Indirectly, hMOs are thought to exert their 
immune-modulating properties via microbial metabolic 
products such as SCFAs and specifically succinate and lactic 
acid (Kong et  al. 2021). SCFAs circulate systemically and can 
therefore significantly influence immune function in the 
lung and kidney (Dang and Marsland 2019; Yang et al. 2018).
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3.1.2.  GOS, FOS and inulin
This review identified that prebiotics or combinations thereof 
showed some enhancement of IgA production and a reduc-
tion in infections in infants, as well as modest effects of 
inulin-type fructans on vaccination titers in young and 
middle-aged adults. Similar to hMOs, GOS, FOS, and inulin 
can directly interact with the intestinal epithelial barrier and 

immune cells. Although GOS-types are frequently described 
as non-digestible, recent evidence challenges this absolute 
characterization. In vitro digestion models, rat experiments, 
and human trials have shown that β-GOS can undergo par-
tial degradation in the small intestine, facilitated by endoge-
nous β-galactosidase activity (Alander et  al. 1999; Sako et  al. 
2021;  Mara et al. 2024). These findings imply that structural 

Figure 14. I mmune-boosting properties of various non-digestible carbohydrates (NDCs)/prebiotics across life stages. The figure illustrates the mechanisms by 
which human milk oligosaccharides (hMOs), galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), inulin, and β-glucans contribute to immune health. 
hMOs play a critical role in preventing pathogen adhesion in the gut, boosting mucin and antimicrobial peptide production, and modulating immune responses 
to protect against infections. GOS, FOS, and inulin enhance the intestinal barrier by promoting tight junction integrity, mucin production, and immune cell acti-
vation via receptors like TRPMs and toll-like receptors (TLRs), leading to improved immune responses. β-glucans, recognized by immune cells via Dectin-1 and 
other receptors, boost immune functions such as macrophage and dendritic cell maturation, neutrophil activity, and natural killer (NK) cell cytotoxicity. These NDCs, 
through their effects on gut microbiota and immune modulation, contribute to the regulation of immune responses and protection from infections across various 
life stages (upper panel).
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modifications to β-GOS may occur prior to fermentation in 
the colon. In addition, β-GOS produced via enzymatic trans-
galactosylation of lactose yields a complex array of linkages 
and chain lengths. The structural diversity among commer-
cially available β-GOS, underscores the need for precise defi-
nition and differentiation when interpreting clinical and 
mechanistic studies (Kittibunchakul et  al. 2020).

These interactions may play a role in their immunomod-
ulatory effects, supporting both mucosal immunity and 
overall immune function. In the gut, these prebiotics modify 
the glycosylation patterns on cells (Kong et  al. 2019), goblet 
cell activation and function (Bhatia et  al. 2015; Hino et  al. 
2013), and tight junction expression, strengthening the gut 
barrier and making it more resistant to pathogens (Akbari 
et  al. 2015; Majima et  al. 2017). They also act directly on 
immune cells, mainly via TLRs, to reduce inflammation 
(Lehmann et  al. 2015; Sahasrabudhe et  al. 2018). Animal 
and human studies have shown that lc-inulin ingestion 
impacts mineral metabolism, e.g., magnesium and calcium 
absorption (Coudray, Demigné, and Rayssiguier 2003; 
Holloway et  al. 2007). This seems to be mediated by the 
microbial production of SCFAs in the large intestine, mainly 
in the cecum, which reduces the luminal pH and conse-
quently increases the soluble fraction of minerals with sig-
nificant butyrate participation (Scholz-Ahrens and 
Schrezenmeir 2007). Another established mechanism of inu-
lin’s effect involves the modulation of transient receptor 
potential melastatin 6 and 7 (TRPM6 and TRPM7) expres-
sion in the kidneys and large intestine. These proteins are 
responsible for transporting magnesium (Mg2+) across the 
apical membrane of epithelial cells in these tissues, playing a 
crucial role in regulating systemic and cellular magnesium 
homeostasis (Rondón, Rayssiguier, and Mazur 2008). The 
importance of cations as basic signaling molecules in 
immune cell responses has been demonstrated, both for 
immune cell activation and subsequent immune responses 
(Feske, Wulff, and Skolnik 2015). Both TRPM6 and TRPM7 
function together as a heterotetrameric channel complex, 
involved in active transepithelial transport. This complex 
consists of a TRPM channel pore fused with a non-redundant 
C-terminal serine/threonine protein kinase. While little is 
known about the specific activation mechanisms or physio-
logical substrates of TRPM6 and TRPM7 kinases, it is sug-
gested that TRPM6 modifies the function of the TRPM7/M6 
complex through cross-phosphorylation of TRPM7. This 
interaction enhances the efficiency of the TRPM7/M6 com-
plex as a divalent ion influx channel, making it more effec-
tive than either TRPM6 or TRPM7 functioning alone (Zhang 
et  al. 2014). Adenosine 5′-(tetrahydrogen triphosphate) mag-
nesium salt (MgATP) is a physiological regulator of TRPM6/
M7 channel activity (Zierler, Hampe, and Nadolni 2017). 
TRPM channels are currently being studied in the context of 
their importance as potential therapeutic targets to combat 
diseases associated with excess inflammation (Zierler, Hampe, 
and Nadolni 2017). Changing expression of these proteins 
could affect cellular functions both physiological and patho-
physiological. The examples could be: mast cell reactivity 
regulation (human lung mast cells and human mast cells 
lines, LAD2 and HMC-1) (Wykes et  al. 2007); inflammation, 

phagocytosis, proliferation, apoptosis and differentiation via 
annexin A1 (ANXA1) a substrate for TRPM7’s intracellular 
channel-kinase 1 (ChaK1), elongation factor-2 kinase, myelin 
basic protein, histone 3, phospholipase Cγ2, and myosin IIA, 
B and C (Cabezas-Bratesco et  al. 2015; Zierler, Hampe, and 
Nadolni 2017). Moreover, TRPM7 is essential for human 
leukocyte physiology being involved in T cell signaling, tran-
scriptional regulation and differentiation into the 
pro-inflammatory Th17 cell type (Nadolni and Zierler 2018) 
as well as for B cell affinity maturation and antibody pro-
duction (Krishnamoorthy et  al. 2018).

3.1.3.  β-glucans
Based on this review, certain β-glucans have demonstrated 
beneficial effects on upper URTI outcomes in both adults 
and children. β-glucans have been extensively studied for 
their immune-supporting properties, with their mechanisms 
of action largely explored through in vitro and animal stud-
ies. These studies suggest that β-glucans can modulate 
immune responses, making them a promising tool for sup-
porting immune health across various populations (De 
Marco Castro, Calder, and Roche 2021)

Many β-glucans, such as the β-1,3–1,6-glucans which can 
be found in the cell wall of fungi, are recognized by the 
immune system as PAMPs, primarily through Dectin-1 and 
complement receptor 3 (CR3) (Sukhithasri et  al. 2013). They 
are primarily recognized by the innate compartment: macro-
phages, neutrophils, monocytes, NK cells and DCs (Del 
Cornò, Gessani, and Conti 2020). β-glucans derived from 
different sources (e.g., mushrooms, wheat, oats) differ in 
their biological activity perhaps because of their different 
structures (Zeković et  al. 2005). In vitro studies suggest that 
some β-glucans enhance the antimicrobial activity of neutro-
phils (Chan et  al. 2016; Shamtsyan et  al. 2004), promote NK 
cell cytotoxicity (EL-Deeb et  al. 2019; Huyan et  al. 2014), 
trigger activation and maturation in macrophages and DCs 
(Chan et  al. 2007), and promote the production of proin-
flammatory cytokines (Del Cornò, Gessani, and Conti 2020; 
Zhong et  al. 2023). Together, these effects shift the adaptive 
immune response toward a Th1 and/or Th17 phenotype, 
promoting a faster and more effective response to infection.

Although the effects observed in clinical studies are not 
always consistent, this may be due to the limitations of 
peripheral blood sampling, which may fail to capture changes 
occurring in tissue that more accurately reflect the immune 
processes influencing disease outcomes. While the functional 
modulation of immune cells in peripheral blood may facili-
tate the systemic dissemination of β-glucan-associated immu-
nomodulation, potentially impacting the respiratory and 
urinary tracts, the extent to which this activity is directly 
related to the circulation of free β-glucan remains to be 
determined (De Marco Castro, Calder, and Roche 2021).

3.2.  Fermentation of NDCs and prebiotics by gut 
microbiota to short chain fatty acids

Many of the NDCs and prebiotics reviewed here have 
demonstrated selective effects on gut microbiota. Studies 
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using inulin, GOS, FOS, oligofructose, hMOs and AXOS 
consistently show an increase in beneficial microbes like 
Bifidobacteria and Lactobacilli, along with a reduction in 
potential pathogens such as harmful Clostridia species, 
Escherichia, and Candida. Bifidobacteria, which are among 
the first colonizers of the human infant gut, utilize a variety 
of strategies to interact with and modulate the host immune 
system (Alessandri et  al. 2019). Bifidobacteria possess a 
range of secreted and surface-associated molecules that play 
a crucial role in mediating interactions with the host immune 
system and mucosa-associated immune cells. These include 
immune-modulating fatty acids (Coakley et  al. 2003), 
sortase-dependent pili (or fimbriae), and Tight Adherence 
(Tad) pili. The sortase-dependent pili are strongly implicated 
in priming the infant immune system, while the Tad pili 
contribute to the maturation of gut epithelial cells (Turroni 
2014; O’Connell Motherway 2019). These effector molecules 
include anti-inflammatory exopolysaccharides, serpins (ser-
ine protease inhibitors) and are also implicated in immune 
dialogue (Fanning 2012; Schiavi et  al. 2016). Additionally, 
the by-products of bifidobacteria’s carbohydrate metabolism, 
such as B-vitamins, lactate, and acetate, not only have anti-
microbial properties, but also serve as substrates for other 
commensal gut bacteria that produce SCFAs, such as butyr-
ate. Butyrate, in particular, is beneficial for intestinal cells 
and helps support the gut barrier (Pokusaeva, Fitzgerald, 
and van Sinderen 2011). Commensal urinary lactobacilli 
have demonstrated potent activities in inhibiting uropatho-
genic strains such as Escherichia coli and Klebsiella pneumo-
niae (Johnson et  al. 2022). Several mechanisms of action 
have been reported for lactobacilli, including the production 
of organic acids, hydrogen peroxide, and bacteriocins. 
Additionally, lactobacilli can inhibit pathogen adhesion to 
mucosal surfaces by competitively binding to host cell recep-
tors, thereby preventing pathogen colonization (Coyte and 
Rakoff-Nahoum 2019; Patnode et  al. 2019). Microbe-to-
microbe interactions within the host gut can result in both 
positive cooperation, such as cross-feeding between different 
species, and negative interactions, including direct competi-
tion for colonization space and exploitative competition for 
shared nutrients like NDCs. This interplay between microbes 
further influences the overall balance of the gut ecosystem 
(Coyte and Rakoff-Nahoum 2019; Patnode et  al. 2019). 
Microbial competition within host niches plays a crucial role 
in maintaining microbiota homeostasis and controlling 
pathogen colonization. However, the complexity and vari-
ability of these mechanisms, which can change over time 
and under different conditions, require further investigation. 
Of particular interest is the nutrient-dependent expression of 
toxins and the Type VI secretion system (T6SS), which 
allows microbes to directly translocate toxins into targeted 
cells or scavenge essential nutrients. These processes are sig-
nificant drivers of microbiota composition and dynamics, 
and understanding them is essential for elucidating how the 
microbiome is shaped (Coyne and Comstock 2019; Fletcher 
et al. 2021; Gallegos-Monterrosa and Coulthurst 2021; Wood, 
Aksoy, and Hachani 2020). The observed ability of NDCs 
and prebiotics to provide protection against disease beyond 
the intervention period, as reported in several studies, may 

be partly due to their modification of the microbiome. This 
aligns with the influence of microbial competition and 
nutrient-dependent interactions, such as the expression of 
toxins and the use of the Type VI secretion system (T6SS), 
in shaping the microbiota. As highlighted elsewhere, the 
structure-function relationship of these prebiotics is crucial 
to understanding their long-term impact on health and 
microbiome composition (Rastall et  al. 2022).

Similar phenomena of microbial modulation and compe-
tition observed in the gut also apply to the urinary tract, 
where the microbiome plays a critical role in maintaining 
health and preventing infection. For instance, a study in a 
mouse model demonstrated that butyrate influences the 
expression of GPR109 in podocytes, which are key cells at 
the glomerular basement membrane. This interaction has 
been shown to protect podocytes, reducing the risk of glo-
merulosclerosis and mitigating tissue inflammation, further 
highlighting the protective effects of microbial metabolites 
beyond the gut (Felizardo et  al. 2019). These findings sug-
gest that a prebiotic capable of promoting high butyrate pro-
duction by the intestinal microbiota may offer protective 
effects against kidney disease. Additionally, butyrate has 
been recognized for its role in stimulating the secretion of 
antimicrobial cathelicidin peptides from colonocytes, further 
contributing to its beneficial impact on host health (Raqib 
et  al. 2006; Schauber et  al. 2003). In two separate rodent 
studies, orally administered butyrate and butyrogenic NDCs 
demonstrated the ability to restore cathelicidin expression in 
the colon during infection and to activate cathelicidin secre-
tion in monocyte-derived macrophages from the blood, 
respectively. These findings further underscore the systemic 
immunomodulatory effects of butyrate and butyrogenic 
NDCs in enhancing host defense mechanisms (Sarker et  al. 
2011; Siednamohammeddeen et  al. 2022).

4.  Conclusion and future perspectives

The findings from the systematic review highlight the poten-
tial of NDCs and prebiotics in modulating immune function 
in humans, also illustrating a structure-function relationship. 
Evidence from human studies, though variable, suggests that 
prebiotic interventions, such as supplementation with GOS, 
FOS, oligofructose, inulin, or mixes thereof, and β-glucans 
(especially β-1,3–1,6-glucan), can influence immune responses, 
particularly in infants and children, to a lesser extent in 
(young) adults with the least effects in older adults. The most 
consistent results were observed in younger populations, 
where prebiotics have been shown to increase fecal as well as 
salivary IgA levels and to reduce infection rates. In adults, 
however, the effects were less consistent, though some studies 
reported a reduction of respiratory infection symptoms fol-
lowing β-1,3–1,6-glucan supplementation (primarily in ath-
letic individuals) and a reduction in incidence and duration 
of traveller’s diarrhea with GOS supplementation, as well as 
improvements in NK cell activity in both younger and older 
adults following β-glucan and GOS supplementation, respec-
tively. Despite these promising findings, the overall variability 
in study outcomes warrants further investigation.
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One of the proposed mechanisms for the immunomodu-
latory effects of prebiotics is through their ability to modu-
late gut microbiota composition. NDCs and prebiotics 
selectively enhance the growth of beneficial bacterial genera 
and enhance the production of SCFAs including butyrate, 
acetate, and propionate. These SCFAs can interact with 
G-protein-coupled receptors (GPR41, GPR43, and GPR109a) 
on immune and epithelial cells, promoting anti-inflammatory 
effects and supporting epithelial barrier function. This 
microbiota-dependent pathway has been extensively studied 
in both animal models and in vitro, with human data begin-
ning to show similar trends. However, human trials often 
show considerable variability in the magnitude of these 
effects, likely due to differences in individual microbiota 
profiles, study designs, sample size, participant characteris-
tics and the technical aspects of the measurements made.

In addition to microbiota-dependent mechanisms, prebi-
otics may also exert direct effects on immune cells and epi-
thelial tissues. These effects include modulation of PRRs, 
such as TLRs, present on immune cells, which can trigger 
downstream signaling pathways that regulate cytokine pro-
duction and immune cell activation. Prebiotics may also 
enhance the production of mucins and strengthen tight 
junctions in the intestinal epithelial barrier, reducing gut 
permeability and protecting against microbial translocation. 
While these mechanisms are well supported by preclinical 
studies, the translation to human clinical outcomes remains 
inconsistent, underscoring the need for more detailed mech-
anistic studies in human populations.

A critical limitation in evaluating the effects of prebiotics 
on human immunity is the potential for bias in the studies 
included in this review. Many human trials on prebiotics 
have heterogeneous study designs, varying in prebiotic dos-
age, intervention duration, and participant characteristics, all 
of which can influence outcomes. Furthermore, differences 
in immune assessment methodologies present challenges in 
comparing findings across studies. For instance, the mea-
surement of NK cell cytotoxicity, cytokine production, or 
lymphocyte populations by flow cytometry often varies sig-
nificantly between studies in terms of gating strategies and 
antibody panels, reducing comparability. The choice of bio-
markers used to assess immune function also adds complex-
ity to interpreting results. Most studies rely on systemic 
biomarkers such as blood cytokines or immune cell popula-
tions, which are not likely to fully capture local immune 
responses occurring in the gastrointestinal or respiratory 
tracts. Moreover, systemic markers may not reflect real-time 
immune dynamics in response to prebiotics, particularly in 
the context of mucosal immunity, where prebiotics may 
exert their most profound effects. Future studies should aim 
to incorporate more localized immune markers, such as 
those from fecal or mucosal samples, to better understand 
the direct and microbiota-mediated effects of prebiotics.

In conclusion, while there is substantial evidence support-
ing the potential of NDCs and prebiotics to modulate 
immune function, particularly in younger populations, the 
variability in outcomes and the presence of methodological 
bias underscore the need for more standardized research 
protocols. Future studies should focus on optimizing study 

designs, including well-defined populations, consistent prebi-
otic dosages, and standardized immune assessment proto-
cols. Moreover, further research into the localized effects of 
prebiotics on mucosal immunity and the interaction with 
the gut microbiota will be crucial for a more comprehensive 
understanding of their immunomodulatory potential. Our 
systematic review focused on studies conducted in healthy 
populations. NDCs and prebiotics may act differently in 
those with immune impairments or with a heightened state 
of inflammation. Findings from our systematic review can-
not be extrapolated to these other populations.
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