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Abstract
The innate immune system responds in a rapid and non-specific manner against immunologic threats;
inflammation is part of this response. This is followed by a slower but targeted and specific response termed
the adaptive or acquired immune response. There is emerging evidence that dietary components, including
yeast-derived β-glucans, can aid host defense against pathogens by modulating inflammatory and
antimicrobial activity of neutrophils and macrophages. Innate Immune Training refers to a newly recognized
phenomenon wherein compounds may ‘train’ innate immune cells, such that monocyte and macrophage
precursor biology is altered to mount a more effective immunological response. Although various human
studies have been carried out, much uncertainty still exists and further studies are required to fully elucidate
the relationship between β-glucan supplementation and human immune function. This review offers an up-todate report on yeast-derived β-glucans as immuno-modulators, including a brief overview of the current
paradigm regarding the interaction of β-glucans with the immune system. The recent pre-clinical work that has
partly decrypted mode of action and the newest evidence from human trials, are also reviewed. According to
pre-clinical studies, β-1,3/1,6-glucan derived from Baker’s Yeast may offer increased immuno-surveillance,
although the human evidence is weaker than that gained from pre-clinical studies.
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Introduction to β-glucans and Immunity
Structural Diversity with Varied Health Impacts
β-glucans are naturally occurring polysaccharides of D-glucose monomers linked by β-glycosidic bonds. They
[1]
serve as energy stores and structural components of plant, algal, fungal and bacterial cell walls . β-glucans
show a very defined structure-activity relationship: research to date demonstrates that varied source and
[2-4]
structure lead to varied biological activity
. For example, although oat-derived β-glucans act as effective
[4]
dietary fibers that improve metabolic health parameters, including dyslipidemia and insulin resistance ;
[5]
yeast-derived β-glucans behave as immuno-modulators, specifically targeting the innate immune response .
The chemistry of β-glucans is well characterized; they all share a β-1,3-glucan backbone; however, among βglucans, there is variation regarding source as well as extraction and purification methods used in their
[6-8]
commercial preparation
, which gives rise to great diversity in branching pattern, insertions and impurities.
This yields a wide range of molecular structures within the β-glucan family to ultimately determine a range of
[1]
health effects (Figure 1). Long side chains along the β-1,3 backbone confer insolubility in the case of some
[9, 10]
yeast and fungal β-glucans
. The formation of purely linear β-1,3-glucans in fungi and yeast is highly
[11]
uncommon; however, these are present in soluble extracts of Saccharomyces cerevisiae . Interestingly, only
β-glucans with a high molecular weight and degree of branching, like those from fungi and yeast, have been
[3, 12-15]
reported to exert an immunomodulatory action
. In fact, it was the preliminary work of Pillemer and
[16]
Ecker
on Fleischmann’s® Yeast (S. cerevisiae) that emerged during the 1940s which first suggested the
connection between β-glucans and immunity. Several decades later, evidence has accumulated relating to the
immunomodulatory activity of both research-exclusive and commercially available forms of β-glucans derived
[5, 8, 17]
from various sources, and by various extraction and purification methods
; however, the translation of
any nutritional immunomodulatory agent from cellular and/or pre-clinical models to use in humans is a great
challenge. This specifically applies to β-glucans, since aside from their wide structural variability leading to
[18, 19]
diverse biological activities, there are differences between β-glucan receptors in humans and mice
,
immune health markers are ambiguous, and variation in administration route, dose, populations studied and
time points between studies are likely to contribute to inconsistent results relating to the health impact of βglucans. As such, the first aim of this review is to collate and interpret the existing preclinical research on β1,3/1,6-glucan with regard to immunity in order to clarify its molecular mechanism of immunomodulatory
action. This will be achieved by considering its binding to immune receptors and the downstream signalling
events leading to trained immunity and cytotoxic activity. The second aim of this review is to collate and
evaluate the literature in order to provide a comprehensive overview of the human studies assessing the effect
of supplementation with high quality, well-characterised β-1,3/1,6-glucan from commercially available sources
(presented in Table 1) on immunity across multiple populations. For this, inclusion criteria consist of
randomized, double-blind, placebo-controlled human studies that investigated the efficacy of orally
administered β-glucan with a purity of over 75% (obtained by stripping β-glucan from the external
[8, 20,
mannoprotein layer, the interlinked chitin in the cell wall and the components inside the cell membrane)
21]
. Exclusion criteria include β-glucan formulations that lack human studies or are used in combination with
other active ingredients (e.g. β-glucan and monoclonal antibodies in cancer research). Overall, no adverse
events were detected, and no major safety concerns were presented in response to any of the selected
intervention studies. Statistical significance was set at P < 0.05 and all results included are by default significant
unless otherwise stated. All β-glucans covered herein are by nature β-1,3/1,6-glucans, and the term β-glucan
will refer to β-1,3/1,6-glucan unless otherwise specified.
The Immune Response to Pathogen Invasion
The immune response is composed of innate and adaptive components. The initial responder to pathogens is
the innate component, comprised mainly of phagocytic cells (e.g. neutrophils, monocytes, macrophages, and
dendritic cells) able to engulf and kill pathogens. After phagocytosing and digesting pathogens and then
processing pathogen-derived antigens, innate immune cells release inflammatory mediators and cytokines,
and present the processed antigen to T helper cells and B lymphocytes, leading to the development of the
[22, 23]
more specific adaptive immune response
. The T cells and B cells are responsible for the antigen-specific
[24, 25]
recognition and destruction of pathogens
. Traditionally, the classical adaptive response was attributed to
T and B cells able to express different receptors for maximal specificity based on the antigen being presented,
while the innate response was understood to rely on receptors only able to recognize highly conserved
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microbial structures. More recently, it is evident that innate cells have the ability to modify responses by
[23]
pattern recognition , leading to the concept innate immune memory or innate immune training.
The main challenge for the innate immune system is to differentiate self or benign from pathogenic antigens.
Evolution’s ingenious solution has been to identify microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs), which are different motifs present in invading microorganisms that are lacking in higher
[26, 27]
eukaryotes
. During the early phase of the immune response, MAMPs are recognized by pattern
recognition receptors (PRRs) and complement binding (e.g. dectin-1 and complement receptor 3 for β-glucan
signaling), which prompt a rapid detection and control of pathogen invasion via initiation of an innate immune
[5, 28]
response
. PRRs are expressed on dendritic cells, the classical antigen presenting cells (APCs), and play an
essential role in recognizing endogenous (host derived) and exogenous (environmental) ligands prior to
phagocytosis. APCs are specialized phagocytes like dendritic cells and macrophages distributed across the host.
Following pathogen internalization and phagosome formation, a key aspect of the antimicrobial component of
the innate immune response is the production of reactive oxygen species (ROS) against pathogens, a
[29]
phenomenon known as oxidative burst . This response has been reported against β-glucans from fungal and
yeast cell walls and results in the phosphorylation of the NADPH oxidase complex and ultimately production of
[30]
ROS (e.g. superoxide anion)
(Figure 2).
β-glucans as Trainers of Innate Immunity
Initial understanding suggested that the rapid onset and non-specific innate immune response which lacks
memory was followed by an adaptive response that is antigen-specific and has immunological memory.
However, it was recognized that some organisms that lack adaptive immune components show immunological
[31]
memory . The paradox whereby a first encounter between classical innate immune cells and a pathogen
triggers intracellular functional changes that expedite future defense towards the same or an unrelated
[32]
pathogen has been labeled ‘trained immunity or innate immune memory’ . It is now well established that
[33]
PRRs expressed in innate immune cells show discrete pathogen recognition . Trained immunity has been
traced to epigenetic changes that result from reprogramming of chromatin marks within the progenitors of
innate immune cells. This offers a mechanism whereby β-glucan is able to prime innate immune cells. This idea
was strengthened by the evidence of a more robust innate response from monocytes and macrophages to
various pathogens after β-glucan exposure, with enhanced antimicrobial and inflammatory properties derived
[34]
from dectin-1/toll-like receptor (TLR) activation . However, compared to the classical acquired immunity
offered by antigen receptors as part of the adaptive immune response, PRRs do show less specificity and
duration of memory.

β-glucans as Immunomodulators: Mechanism of Action
β-glucans are highly conserved structural components that make up the majority of the cell walls of yeast and
fungi. Since β-glucans are not produced by mammalian cells, they act as biological response modifiers and are
[11, 35, 36]
recognized as MAMPs by PRRs present on the surface of innate immune cells
. β-glucans are
phagocytosed and processed by monocytes, macrophages and dendritic cells found in the upper intestinal
lymphatic tissue to later be shuttled towards different immune organs like the spleen, where fragmented
soluble β-1,3-glucan particles are released and prime immune cells for a more efficient antimicrobial and
inflammatory response to pathogenic challenges.
β-glucan Internalization
Following oral β-glucan administration, PRRs expressed on the cell surface of macrophages from the
microfolds of Peyer’s Patches (M cells) bind and internalize β-glucan upon arrival in the small intestinal lumen,
[22, 37, 38]
as seen by fluorescence microscopy in murine spleen and bone marrow tissues
. Once internalized, βglucan-containing innate immune cells travel to the different organs of the immune system where smaller and
more soluble β-1,3-glucan fragments are released over several days to interact with and modulate the
[3, 37, 39]
functional capacity of the innate immune response
. Whether β-glucan-containing macrophages are
[3, 40]
transported to the lymphoid organs via lymphatic or systemic circulation in humans is still unclear
,
although rat and mouse models show intact β-glucan being shuttled from the gastrointestinal tract to the
[38, 41]
different immune organs through the systematic circulation
. Subsequent fragmentation into smaller
biologically active β-1,3-glucan particles occurs on day 3 to 5 after ingestion, β-1,3-glucan fragments are
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[37]

released extracellularly from days 5 to 10 and diminish after 14 to 21 days . β-glucan receptors include
[23, 26, 42-46]
[26, 47-49]
[23, 50]
[28, 51-53]
dectin-1
, CR3
, lactosylceramide
, TLR 2, 4 and 6
, cluster of differentiation 36
[54]
[55]
(CD36)
and scavenger receptors like CD5 . Dectin-1 and CR3 have been extensively characterized for their
direct interaction with β-glucans and their ability to subsequently alter the immune response, whereas the
[17]
other receptors mainly become involved later on during the intracellular signaling cascade . While CR3 is
highly expressed on neutrophils, monocytes, natural killer (NK) cells, and to a lesser extent on macrophages,
dectin-1 is mainly expressed on macrophages, followed by granulocytes, and is absent from NK cells.
Consequently, the main receptor mediating yeast phagocytosis in macrophages is dectin-1, but CR3 is the
[40]
predominant receptor in granulocytes .
Dectin-1 Structure and Signaling
Murine dectin-1 and its human equivalent (also known as β-glucan receptor) are type II C-lectin-like membrane
receptors from the PRR family. Although some differences in expression pattern and regulation exist between
dectin-1 and its human homologue (e.g. N-linked glycosylation is present in the C-type lectin domain of murine
dectin-1 receptors and only in the full-length stalks of β-glucan receptor), they both seem to serve the same
[56]
function as reviewed by Willment et al. . They share 60% sequence identity, and 71% sequence homology
[57]
[19]
, and tend to preferentially express the stalkless isoform of the receptor .
Dectin-1 is expressed on the surface of non-specific myeloid immune cells (monocytes, macrophages, dendritic
cells, and neutrophils), for example in M cells (in gut associated lymphoid tissue). Extensive work done by
[17]
Goodridge et al.
on RAW264.7 macrophages, primary mouse bone marrow-derived macrophages and
dendritic cells as well as on human monocytes, shows that β-glucans successfully bind to the C-type lectin-like
carbohydrate recognition domain of dectin-1; however, insoluble whole glucan particles (WGPs) but not
[17, 19, 42]
soluble glucans (SGs) are able to successfully elicit dectin-1 signaling
. Even when both WGP and SG are
derived from the same (micro)organism (most studied is S. cerevisiae) they differ based on their structure,
molecular weight, spatial conformation, solubility, etc. WGPs are insoluble β-glucan particles that maintain the
three-dimensional yeast cellular structure with a hollow cytoplasm (i.e. only the cell wall remains) and are
recognized by dectin-1 as an immobilized form of β-glucan, i.e. on the surface of a phagocytosed particle such
as yeast cells. SGs like PGG-glucan, a β-1,3/1,6-glucan triple helix molecule of pharmaceutical grade, or smaller
fragments of soluble β-glucan released by macrophages after WGP internalization are recognized as ‘free
floating or unattached’ particles. PGG-glucan is commonly used to test this mechanism in human peripheral
[58]
blood mononuclear cells (PBMCs) and neutrophils
. One explanation for dectin-1 only activating upon
interaction with WGPs and not SGs is the ‘phagocytic-synapse’ mechanistic model, whereby dectin-1
exclusively initiates its signaling cascade to immobilized ligands as opposed to soluble ‘floating’ substances
[17]
shed from their parent particle . ‘Phagocytic synapse’ is required for dectin-1 hemITAM signaling regulated
[19]
by CD45, and its related membrane tyrosine phosphatase CD148 . CD45 and CD148 are membrane proteins
with a large extracellular domain and intrinsic tyrosine phosphatase activity. Both are required for surface
molecule rearrangement following macrophage-WGP binding, and to assist with the removal of inhibitory
phosphatases to allow Src activation; however, to permit productive signaling, CD45 and CD148 are then
isolated from the contact site of dectin-1 with WGP in the forming phagosome (Figure 3). SGs seem to fail to
sequester CD45 and CD148, and therefore they are incapable of continuing the signaling cascade.
Consequently, dectin-1, unlike other PRRs, plays a key role within the innate immune response by
distinguishing between direct binding to microbes and binding to substances shed from microbes.
In vitro studies of murine and human dectin-1 clones highlights a new dectin-1 signaling model, which
proposes the existence of two parallel similar structures of the entire dectin-1 unit, where the bridging of the
twin dectin-1 monomers is necessary to allow dual Src and spleen tyrosine kinase (Syk) activation and
recruitment, and consequent NFAT and NF-κB induced transcription for inflammatory regulation to drive the
[19, 59, 60]
production of cytokines and chemokines
. Although the oligomerization of dectin-1 has been
[23]
questioned by Brown
, agreement exists regarding the concept of the ability of dectin-1 to recognize
carbohydrates, a function unusual in the classical C-type lectin family of receptors. For the antimicrobial aspect
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of the response however, the phosphorylation of a unique Src domain appears sufficient for stimulation of
phagocytosis and subsequent oxidative burst, as shown in murine bone marrow-derived macrophages and the
[30]
RAW macrophage lines . In macrophages, phagocytosis is Syk-independent, whilst in dendritic cells, it is Syk[43]
dependent
. This may present another cue for ‘innate immune memory’, as it is only activated in a
[30]
subspecialized population of macrophages primed for ROS production
. Another sign that suggests a
resemblance between innate and adaptive response via regulation of transcription is the dectin-1 synergy with
TLR pathways, in particular TLR2, TLR4, and TLR6, to enhance cytokine production from monocytes and
[23]
[19]
macrophages against fungal pathogens . As reviewed by Goodridge et al. , this synergy is mediated via
caspase recruitment domain containing protein 9 (CARD9) found in the sub-population of murine bone
marrow derived dendritic cells and macrophages destined for cytokine production upon β-glucan binding.
TLR2-dectin-1 synergy leads to TNF-α and IL-12 secretion and promotes IL-2 and IL-10 production via Syk
[61, 62]
activation
. Multiple other components like CD36 are involved in the complex interaction between dectin[23]
1 and TLRs . Moreover, both IL-10 and IL-2 are involved in the development of regulatory T cells during
[63, 64]
fungal infection, pointing to the innate-adaptive immune interaction
. Lastly, the most novel role for
dectin-1 involving trained immunity has been described for the regulation of cell death in murine macrophages
and dendritic cells, where CARD9 has the dual role of enhancing TLR signaling through MAP kinase activation
[19, 65-67]
and directly promoting NF-κB activation
.
Complement Receptor 3 Structure and Signaling
The second pertinent receptor for β-glucan interaction with the innate immune system is complement
receptor (CR3), a β2 integrin protein that serves as an adhesion and recognition receptor with an exceptionally
[68]
broad pathogen-recognition capability . CR3, while under the PRR umbrella, belongs to the complement
system. The complement system is composed of proinflammatory serum proteins that ‘complement’
[23, 69]
inflammation and circulate as sedentary precursors until activated to cause cell lysis or opsonization
.
Complement receptors are expressed on several leukocytes and are key mediators for yeast, fungal and
bacterial infection; hence β-glucan recognition is essential, as it is a main component of the cell wall of these
[70]
(micro)organisms . CR3 triggers phagocytosis of complement opsonized particles by binding to complement
[71-74]
[48, 75, 76]
activation molecule iC3 as shown in murine models
, and human PBMCs and neutrophils
, but it
[77, 78]
[79,
also works by direct pathogen binding
. The CR3-β-glucan signaling cascade is yet to be fully decoded
80]
; however, it is thought that phosphorylation of tyrosine kinase Syk, PI3K and p38MAPK are involved in the
[37]
[81, 82]
response, as reflected in murine
and human immune cells
. Fluoresce microscopy of mouse
macrophages reveals how ingested β-glucans are rapidly taken up in a CR3-independent manner (dectin-1
supported) and are shuttled to the bone marrow, spleen and lymph nodes to slowly release soluble β-1,3[3, 37]
glucan active moiety fragments
. As evident in human neutrophils, it is these smaller fragments, and not
the parent polysaccharide, that are responsible for CR3-dependent signaling. CR3 is unique among integrins as
[83, 84]
it consists of a β-subunit (CD18) and an α-chain (CD11b)
. As shown in Figure 4, CD11b hosts two binding
sites, one at the I-domain site near the N-terminus for ligands such as iC3b, and another one at the lectin-site
near the C-terminus for short carbohydrates like β-1,3-glucan. The soluble smaller β-glucan fragments prime
[37, 48, 73]
phagocytes by binding to the lectin site of CD11b in mouse and human cells
. Signaling of CR3 requires
dual ligation of CD11b, since the activation of the lectin site triggers configurational changes that expose the
antigen binding site to ultimately mediate chemotaxis and phagocytosis towards the iC3b opsonized
pathogenic cell. Subsequently, β-glucan primed circulating phagocytes more avidly cause cytotoxicity of iC3b
[81]
opsonized particles as shown in human neutrophils . Upon iC3b opsonization, the chemotactic factors C3a
and C5a are produced. C3a mainly recruits eosinophils (also basophils and mast cells), whereas C5a
predominantly attracts neutrophils. In murine tumor models, the major cytotoxic activity of the β-glucan C3[85]
dependent immune response has been attributed to the C5a chemokine cascade .
Enhanced Oxidative Burst of Primed Innate Immune Cells
Following dectin-1 dependent WGP phagocytosis and CR3-dependent priming, an oxidative burst response
[18]
within the phagolysosome is activated in PBMCs . Research with human PBMCs revealed that the WGPinduced oxidative burst is dectin-1 mediated and activates Src and PI3K/AKT signaling pathways. On the other
hand, SG-induced oxidative burst is CR3 mediated and activates actin polymerization and focal adhesion,
[18]
followed by Src, Syk, PI3K/AKT, p38 MAPK, and PLC/PKC pathways . Both signaling cascades (WGP via dectin-
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-

1 and SG via CR3) ultimately activate the NADPH oxidase system to generate O 2 from O2 molecules. In the
absence of phagocytosis, ROS are released into the environment via the signaling pathway that activates
NADPH oxidase in response to focal adhered β-glucan; this involves recognition by CR3 and signaling through
[86]
p38 MAPK pathway in a process called ‘frustrated phagocytosis’ , observed in mouse macrophages
and
[82]
human neutrophils
(Figure 5). Furthermore, the priming of PBMCs with WGP significantly upregulates
chemotaxis towards C5a and suppresses that towards IL-8, which reduces the handicap of traveling through
[87]
endogenous chemotactic gradients to reach final chemoattractant C5a .

Translating β-glucan immune training to humans
Many studies have explored biological response modifiers of the innate immune system to increase host
resistance to pathogens, with β-glucans ranking as one of the most widely researched. In conjunction with
other standard immuno-modulatory treatments, this strategy may offer a non-specific protection potentially
becoming a method of prevention and treatment for infections and enhancing the immune resistance of
immuno-compromised populations including the very young and older, frail people, and athletes. However, it
must be acknowledged that, as the majority of the human studies available use primarily questionnaire-based
methodologies (addressing incidence, duration and symptoms of infection) to draw conclusions, much
uncertainty still exists about the evidence-based relationship between β-glucan supplementation in humans
and consequent immunologic changes. This review organizes the existing human studies according to
population, highlighting demographic, intervention and outcome details for each study presented, according
to the pre-specified inclusion criteria indicated above, and with a focus on upper respiratory tract infection
(URTI). The identity of all commercial preparations used is detailed in Table 1.
Upper Respiratory Tract Infection in Different Age Groups and in Athletes
Due to the large body of work focusing on the potential impact of β-glucans to alleviate URTI, this
condition and its prevalence will be described briefly. URTI, usually referred to as the common cold, is the
most frequent infectious disease in humans, with an average prevalence of 2 to 4 episodes/year in adults and
6 to 10 episodes/year in children [88-90]. Symptoms include nasal congestion, sore throat, and headaches; and
although usually self-limiting, they carry an increased risk for secondary bacterial infection and further
comorbidities following inadequate recovery. Due to the heterogenic etiology of URTI, there is no reliable
intervention to reduce the frequency of infection, making it the primary cause for antibiotic prescription in the
UK with a total disease-associated cost of €40 billion/year nationwide [89, 91]. Hence, any alternative treatments
showing a moderate alleviation of URTI incidence and severity would be vastly beneficial for population health
and for the health system.
Respiratory infections are highly common in the first 5 years of life due to children’s narrower airways,
and the immature lungs and immune system [92]. In fact, respiratory infections followed by diarrhea are the
two main causes of morbidity and mortality in children younger than 5 years old worldwide [93]. The
Department of Pediatrics, ChangPing Woman and Children Health Care Hospital in China reported that
Wellmune® supplementation (35 mg/day for 12 weeks) kept children healthier during the cold and flu season
by significantly decreasing the incidence and duration of the common cold by 66% compared to placebo [94].
No significant difference in efficacy or safety parameters between the Wellmune® groups (35 and 75 mg/day)
was found, suggesting that 35 mg of Wellmune® daily is sufficient to achieve optimal benefit during the cold
and flu season in children aged 1 to 4 years. On an immuno-cellular level, Glucan #300® is the most studied βglucan in older children and teens and has been shown to improve mucosal innate immunity. Three studies
evaluated mucosal innate immunity in children aged 8 to 12 years with recurrent respiratory problems treated
with 100 mg of Glucan #300 daily [95-97]. One further study examined mucosal innate immunity of children aged
6 to 16 years [98] who were treated with 100 mg of Glucan#300 daily. Mucosal immunity represents the first
line of defense against respiratory viruses and bacteria and is mainly composed of salivary IgA and
antimicrobial proteins. A reduction in IgA secretion levels has been linked to an increased incidence of URTI;
thus, IgA is used as a proxy measure for mucosal immune function [99]. The first two studies measured salivary
albumin, lysozyme, C-reactive protein (CRP) and calprotectin levels and reported a significant increase in
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lysozyme and CRP, compared to placebo [95, 96]. The third study assessed salivary antibody levels (IgA, IgM and
IgG), showing a significant increase in all tested antibodies, compared to a reduction in the placebo group [97].
Finally, the fourth study explored not only the effects of β-glucan on immune status using salivary IgA and
salivary eNOS, but also on physical activity using the 6-minute walking test [98]. There were positive effects of βglucan supplementation in the two age groups, 6 to 10 and 11 to 16 years, via a significant stabilization of
salivary IgA compared to a decrease in the placebo counterpart, and higher physical activity scores. Taken
together, these results suggest that β-glucan can improve mucosal innate immunity to reduce URTI incidence
and symptom severity in children and teens.
Young children are especially susceptible to inadequate nutritional intake with a cascade effect on
immunity and increased risk for infection and allergic reactions [100-102]. Mead Johnson Nutrition conducted two
studies with children in day-care settings in China [103] and Brazil [104], in which the incidence of acute
respiratory infection (ARI) was evaluated. Children in the experimental group consumed follow-up formula
fortified with vitamins A (380 vs 630 IU, control and treatment respectively) and D (31 vs 119 IU, control and
treatment respectively), 25 mg docosahexaenoic acid (DHA), 1.2 g of polydextrose/galacto-oligosaccharides
and 8.7 mg of Wellmune® three times a day for 28 weeks. In the first study, children who consumed the
fortified formula showed a significant decrease in the incidence and duration of ARI, antibiotic use and missed
day-care hours, together with higher serum concentrations of the anti-inflammatory cytokine IL-10 and higher
blood leukocyte levels, compared with children who were given an iso-caloric unfortified, cow’s milk-based
beverage [103]. The second study reported a significant reduction in allergic manifestations in the skin and
respiratory tract between groups, although no significant difference was reported for ARI nor diarrheal disease
[104]
. This may be due to an increase in serum/plasma/cellular IL-10 and its ability to inhibit Th2 mediators,
which are usually elevated during allergic inflammation. These results cannot be attributed solely to β-glucan,
since vitamins, prebiotics and polyunsaturated fatty acids were present in the experimental group’s beverage
but not in the control drink (Table 2).
Immuno-senescence refers to the age-related decline of the immune system, which is characterized by a
[105-107]
reduced ability to protect against and combat infections
. A study evaluating whether 250 mg/day of
Wellmune® enhanced immune function during the winter months in healthy older adults, reported a reduction
[108]
in symptomatic days, which approached but was not significant, compared to the placebo group
.
Wellmune® supplementation significantly increased LPS-stimulated IFN-γ production, suggesting priming of
innate immunity. However, Wellmune® supplementation did not change symptom severity, plasma cytokine or
chemokine levels or salivary IgA concentration. A cross-over study investigated the humoral immune and
inflammatory response in participants aged 65 years or older after consuming 2.5 mg of Lentinex® each day for
[109]
6 weeks
, and showed a significant increase in circulating B-cell number. Other immunological and
inflammatory markers, such as immunoglobulins, complement proteins and cytokines, were not significantly
altered. Taken together, these study results suggest that there may be an association between β-glucan
supplementation and defense against infection in the elderly. Nonetheless, it is important to note that the
mechanisms behind putative health effects summarized in Table 3 require greater clarity and definition.
Athletes often experience a transient state of immuno-suppression after highly demanding physical effort
leading to an ‘open window’ for opportunistic infections. This is reflected in the greater incidence of URTI
[110-112]
among ultra-marathoners and marathoners
. A ‘J’ shaped model has been suggested to reflect the
relationship between risk of URTI and amount and intensity of exercise; where sedentarism shows average
infection risk, moderate-regular exercise confers maximal infection resistance and extremely heavy acute or
[113]
chronic exercise decreases resistance to infection
. It should be highlighted that fitness level highly impacts
[114]
how the body reacts to exercise-induced stress
. Physical stress is similar to other stressors, such as
[115]
psychological stress, which can lead to a weakened immune system
. Psychological stress may also arise
from prolonged training and competition, which is also posited to play a role in the ‘open window’. Likewise,
[116,
elite athletes show deterioration in their mood during intense exercise periods, such as marathon training
117]
. The mechanisms explaining this immuno-suppression have not been firmly established; however it may be
caused by impaired cell-mediated immunological responses and psychological factors including stress and
[118]
anxiety
. An impaired cell-mediated immunological response during the ‘open window’ is characterized by
[119]
an overall reduction in the concentration of circulating immune cells, blunted TLR expression
, together
[120]
with a concurrent state of inflammation
, all leading to a net suppression of cellular immunity and
consequent increased risk of infection. In particular, monocyte and T-cell numbers increase during and right
after a bout of intense exercise to later decrease below pre-exercise levels over 2 to 6 hours, slowly recovering
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[121]

to baseline status within 24 hours. This, together with a suppression of LPS-stimulated cytokines
, explains
why mucosal immunity is subjected to a temporary disruption during the 24 hour-window after strenuous
[99]
exercise .
The effect of Wellmune® supplementation (250 mg/day for 10 days) was measured after a high heat and
[122, 123]
humidity bout of aerobic exercise in two clinical trials
. Wellmune® significantly prevented the drop of T
cells and monocytes commonly seen after an intense exercise session and improved the LPS-challenged
[122]
[123]
response in monocytes from recreational athletes
and individuals of average fitness level
. In the third
study, Wellmune® prevented post exercise suppression of mucosal immunity as measured by a 32% increase in
[99]
salivary IgA 2 hours post-exercise compared to the placebo group . The plasma cytokine profile seen in the
β-glucan supplemented group is linked to lymphocyte proliferation (IL-7), neutrophil-related increased
[122]
chemotaxis (IL-8), anti-inflammatory action (IL-10)
, reduced drop of circulating monocyte levels and
favorable alteration in their cell-surface receptors. The last refers to receptors CD38, CD86 and TLR4, which
confer improved T cell stimulation capacity, increased T-cell concentration and activity (IL-2), leukocyte
+
[123]
priming (IFN-γ) and other markers that may suggest increased immuno-surveillance (CD8 TCM cells)
. The
LPS-stimulated cytokine profile showed a significant increase in IL-2, IL-4, IL-7, and IFN-γ compared to the
placebo counterpart, which also suggests enhanced immuno-surveillance by the priming of monocytes,
[123, 124]
reflected in the higher Th1 cytokine production and increased TLR4 expression
.
Aside from artificially-taxing physical conditions like heat and humidity, Wellmune® supplementation was
evaluated in athletes during a naturally challenging scenario, a pre- and post-marathon period. Participants
were randomized to incorporate dispersible Wellmune® (250 mg Wellmune®/day) or placebo in a dairy-based
[125]
beverage 45 days prior to, on the day of and 45 days post marathon
. In a second study, participants were
randomized to receive a soluble Wellmune® formulation, a dispersible Wellmune® formulation or placebo for
[99]
[99,
28 days post-marathon . Results showed a significant decrease in post-marathon URTI symptomatic days
125]
[125]
, severity (especially nasal discharge and sore throat) and average missed workout days
in comparison
to the placebo groups, while no significant difference was observed for average duration or incidence of URTI
in either study. Another study supplementing Wellmune® for 4 weeks of post marathon training (250 or 500
mg Wellmune®/day) also evaluated URTI symptoms as well as overall health and mood using a questionnaire
[126]
style health log and the profile of mood state (POMS) questionnaire, respectively
. The authors reported
significantly lower URTI symptoms and better overall health and mood profiles in both supplement-dose
groups compared to placebo.
Overall, Wellmune® has been shown to reduce the duration of the ‘open window’ by priming granulocytes for
faster activation and cytokine production upon pathogenic challenges, increasing salivary IgA, improving
circulating monocyte and T cell count and altering the balance of T helper cytokines (Th1/Th2). This helped to
reduce URTI severity and improve overall health and mood in physically-induced stress independent of fitness
[99, 125, 126]
[122]
level, as it was evident in trained
and recreational athletes
as well as individuals of average
[123]
fitness level
(Table 4). This set of studies provides a good immuno-cellular insight into the β-glucan
interactions with the immune system in regards to physically-induced stress. Previous research has outlined
that monocyte adhesion molecule expression, such as that determined by CD38 gene expression, affects
leukocyte migration capacity into damaged tissue. CD38 plays a role in the transport and adhesion
[127]
mechanisms of white blood cells
, and its downregulation on classical monocytes upon Wellmune®
supplementation is in part regulated by changes in IFN-γ and may explain the observed increased levels of
circulating monocytes. Additionally, Wellmune® supplementation caused CD86 upregulation in non-classic
[123]
monocytes, in turn resulting in T-cell co-stimulation for rapid response upon antigen invasion
. Another sign
of amplified immuno-surveillance is the upregulation of TLR4 and TLR2 on non-classic monocytes upon
supplementation, which has been previously linked to the regulation of resistance exercise-induced
[123, 128]
inflammation
. T-cells follow a similar pattern as monocytes during exercise and the recovery period, a
[129]
slight increase during exercise followed by a drop below base-line post-exercise
; however, Wellmune®
[123]
supplementation triggered an overall increase in circulating T cells prior to and after exercise
. One
mechanism of action that may underlie these events is the priming of neutrophils, which increases MAMP
recognition, and the priming of monocytes, which increases Th1 production capacity. The enhanced monocyte
[40]
response from TLR4 upregulation supports this hypothesis .
Studies Regarding Overall Health
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Allergic rhinitis (AR, commonly termed hay fever), is a leading cause of seasonal allergy symptoms and affects
[130]
more than one-fifth of the adult population in Western Europe
. Typical symptoms include nasal
congestion, sneezing, itchy eyes and difficulty breathing. AR is an IgE-mediated inflammatory allergic reaction
of the nasal mucosa that is in part driven by the overproduction of Th2 cytokines (IL-4, IL-5, IL-13) and
subsequent stimulation of eosinophil generation and chemotaxis. These can be suppressed by Th1 cytokines
[131, 132]
like IL-12 and IFN-γ
, where β-glucans are thought to play a role. The available standard allergen
immuno-therapy for hay fever includes high doses of allergen administration with the view of desensitization
[133]
[134]
; however, results are variable and there is still a need for safe, effective and convenient therapy
. Thus,
[135]
Kirmaz et al.
evaluated the effect of Imuneks® on AR with the aim of assessing whether 12-weeks of βglucan (10 mg Imuneks® twice daily) could assist Th1-mediated immune response in Olea europa sensitive
patients with AR. For this, they challenged the participants with a nasal provocation test of Olea europa
followed by a nasal lavage and measured IL-4, IL-5, IL-12, IFN-γ and eosinophil count in the nasal fluid as well
as peripheral blood eosinophil levels. Results from the nasal lavage showed a significant decrease in Th2
cytokines (IL-4 and IL-5) and an increase in Th1 cytokines (IL-12) together with a reduction in eosinophils
compared to placebo; however, IFN-γ and peripheral blood eosinophil levels did not show a significant
[135]
difference between groups
. Altogether, β-glucan could be considered as an adjunct to standard AR
treatment due to its robust alleviation of the exaggerated Th2 activity in AR patients.
With a focus on symptom severity, Wellmune® has been studied for improving ragweed allergy symptoms in
[136]
adults supplemented with 250 mg Wellmune®/day for 4 weeks
. The results showed significant reduction in
total allergy symptoms and symptom severity, overall increased POMS score and an improvement in global
mood state, physical function and all rhinoconjunctivitis. Quality of Life Questionnaire ratings including sleep
problems, nasal and non-nasal symptoms, eye symptoms, activities, emotion and quality of life improved
compared to placebo; although non-nasal symptoms and emotion were also significantly improved in the
placebo group. Nonetheless, even though allergic rhinitis is considered to result from an IgE-mediated allergic
response, no significant difference was found for serum IgE levels between groups. In addition, Yestimun®,
another proprietary highly purified Baker’s Yeast β-1,3/1,6-glucan was evaluated in three studies regarding
[137-139]
effects on incidence and symptoms of the common cold in adults with recurring infections
. In the first
study, participants took 450 mg of Yestimun® twice a day for 26 weeks, whereas the second and third studies
supplemented with 900 mg of Yestimun® once a day for 16 weeks. All studies showed an overall prophylactic
effect, with a significant reduction of common cold incidence during the infection season; however, whilst the
first and third study showed significant symptom reduction, the second study did not reach significance for this
parameter, but showed significant reduction in sleep disturbances caused by infections and better efficacy
rating by participants and physicians. Furthermore, a randomized phase II clinical trial was conducted to
evaluate immune support during the cold and flu season by assessing symptoms and overall well-being, where
[140]
participants took 500 mg of Wellmune® or placebo per day for 12 weeks
. While the treatment group
experienced a significant increase in quality of life as rated by the SF-36V2-QOL physical component summary
score and a decrease in missed days of work/school, there was no significant difference in the incidence of
symptomatic respiratory infections between the groups. Lastly, with a molecular emphasis, Glucan #300® was
[141]
used to evaluate β-glucan’s effects on innate immune response in adults
. For this, serum β-glucan levels,
ex vivo stimulation of leukocytes and microbicidal activity in blood were analyzed in a randomized open-label
intervention pilot study with 15 healthy male adults receiving 1 g of Glucan #300® daily for 7 days. At all
points, β-glucan was barely detectable in serum, and leukocyte cytokine production together with microbicidal
activity were unaltered compared to the placebo group. Taken together, there seems to be some evidence to
indicate that individuals suffering from allergies or at increased risk of respiratory infection may benefit from
β-glucan supplementation to reduce symptom severity and overall quality of life during infection season.
However, aside from AR, where β-glucan’s effect on suppressing Th2 cytokine response was evident, how βglucan affects immunity at a cellular level to achieve such benefits is not clear (Table 5).

Dietary Regulations and Emerging Areas of Research
There is great interest in the application of β-glucans in the food and beverage section worldwide. Food
Marketing Industry data showed that the global β-glucan market was worth $307.8 million in 2016 with a
[142]
prediction by Markets and Markets to reach $476.5 million in 2022
. Yestimun® is the only β-glucan that
has attempted to hold a European Food Safety Authority (EFSA) health claim in regards to immunity; however,
it received a negative response when applying for the health claim “initiation of appropriate innate and
adaptive immune responses in adults” in 2009 at a dose of 0.45 g twice daily. The EFSA Panel on Dietetic
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Products, Nutrition and Allergies concluded that cause and effect relationship could not be established
between the consumption of Yestimun® and the initiation of appropriate innate and adaptive immune
[143]
responses due to the existence of contradicting results in the literature
. On the other hand, Wellmune®
successfully holds a claim as a novel food ingredient granted in 2011 by the EFSA Panel on Dietetic Products,
Nutrition, and Allergies. This application refers to both the insoluble and soluble formulations of Wellmune® at
dose levels up to 375 mg/day in food supplements and up to 600 mg/day in foods for particular nutritional
[144]
uses (PARNUTS, also referred to as functional or ‘smart’ food), but not for infant or follow up formulas
.

Gaps in Knowledge and Perspectives for the Future, Uncertain Immunity Biomarkers
Hard primary endpoints of innate immune functionality that are sensitive to nutritional interventions in
man are lacking. In the pharma space, inflammatory biomarkers, such as CRP and other acute-phase proteins,
are sometimes used as endpoints. However, it is recognized that there are significant challenges regarding
biomarkers of immunity and inflammation as highlighted by an International Life Sciences Institute Europe (ILSI
Europe) workshop focused on ‘Low-grade inflammation, a high-grade challenge: biomarkers and modulation
[145]
by dietary strategies’
. Thus, to more effectively capture innate immune changes in response to nutritional
contexts in man, it was proposed that an integrated high-dimensional data approach fusing epigenetic,
[146, 147]
transcriptomic and proteomic signatures might be appropriate
. Furthermore, given the close interrelationship between metabolism and the immune response, there is no doubt that in time metabolic
signatures may act as surrogate biomarkers of innate immune functionality. Such approaches will allow us to
better dissect the dynamic inter-relationship between nutritional/metabolic status, metabolism and innate
immunity, in order to more robustly define potential food-derived nutrient and/or non-nutrient sensitive
immune health versus disease associations. It is only with the hard-mechanistic evidence that the field can
truly advance in terms of understanding the real ability of dietary components, including β-glucans, to
positively modulate metabolism and innate immune cell functionality. Additionally, there is no doubt that the
impact of nutritional interventions is highly variable between individuals. This common phenomenon of high
variability between subjects is particularly pertinent within the context of nutritional modulation of the
immune system. Simple determinants of variability include age, sex, body mass index, medications, etc. In
addition, the magnitude of response between individuals to a similar dose of a nutrient can be highly variable
[148]
. These additional challenges associated with personalized responses need to be factored into the research
evidence underpinning any new product, including β-glucans in association with putative health effects.
Overall the balance of evidence suggests that β-1,3/1,6-glucan supplementation from Baker’s Yeast (S.
cerevisiae) shows immune-enhancing and immune-modulatory effects across different populations. Preclinical
studies have revealed major insights in relation to β-1,3/1,6-glucan signaling pathways and toxicological
parameters; however, further research involving large randomized controlled trials with a clear immunological
target need to be undertaken before the association of β-glucan and immuno-stimulation in humans can be
more clearly understood. Studies into the cellular and molecular mechanisms of action have been established
via fluorescence microscopy showing that orally administered β-1,3/1,6-glucans are engulfed and processed by
macrophages and dendritic cells that later travel to the different immune organs and release fragmented
soluble β-1,3-glucan particles. This results in the priming of leukocytes via dectin-1, CR3 and other
collaborating receptors to enhance immuno-surveillance and counter pathogen attack by increasing the
function of the complement system and innate immune cells. Altogether this leads to improved antimicrobial
and inflammatory responses. β-1,3/1,6-glucans have been examined in several randomized, double-blind,
placebo-controlled human studies using different proprietary β-1,3/1,6-glucan formulations. Overall, these
indicate that oral β-glucan supplementation may improve symptom severity and duration in populations prone
to respiratory infections and allergies. The most studied supplement is Wellmune®, which has been evaluated
across the widest population range to reveal significant alleviation of URTI, allergic episodes and exercise- and
age-related immuno-suppression. Other proprietary β-1,3/1,6-glucans have also shown promise; Glucan #300®
improved mucosal innate immunity in older children and teens, Lentinex® was shown to alleviate immunosenescence through an increase in immune cell count, Yestimun® had a prophylactic effect in adults with
recurring infections and Imuneks® reduced the exaggerated Th2 response in allergic rhinitis. However, for
many of these studies, non-significant differences between placebo and supplement groups indicate no
reduction in infection incidence or cytokine production or microbial activity. Thus, to better understand βglucan’s immuno-cellular mechanisms in humans, further well-designed human intervention trials are required
to deeper evaluate immunity biomarkers that could potentially indicate the mechanisms of action behind the
effect of β-glucans on immune function in humans.
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Figure legends

Figure 1. β-glucan Structure-Activity Relationship. Variability in β-glucan structure is due to differences in
source and extraction and/or purification methods, which likely explains the divergent functionalities that exist
among β-glucans. Depending on the source, differences arise such as the nature of molecular linkages and the
degree of branching, as well as variability in mass, charge, solubility and configuration in solution (single helix,
triple helix or random coil), as well as in impurity levels and content. These variabilities will result in different
interactions with the host. Bacterial β-glucans represent the most basic form of the polysaccharide with a
linear β-1,3 structure; cereal β-glucans follow the same pattern with dominant β-1,4 stretches; fungal (e.g.
mushroom) and yeast (i.e. single cell fungi) β-glucans have frequent β-1,3-D-glucose side chains at β-1,6
branching points that are short and spaced in fungal species (e.g. mushroom) and longer in yeast species.
Further variations to these general structures are common. Only highly purified β-1,3-1,6-glucans with a high
degree of branching along the β-1,3-glucan backbone and a high molecular weight are able to exert
immunomodulatory properties.

Figure 2. Immune Response Overview. The immune system has the ability to recognize and eliminate
pathogens by first activating the innate response, which, without prior antigen exposure, acts in a fast and untargeted manner to phagocytose and kill the invader. APCs use PRRs to recognize pathogens directly (e.g. βglucan recognition by dectin-1) or indirectly (e.g. β-glucan recognition by CR3 by binding to iC3b opsonized βglucan). After PRR-pathogen binding, APCs proceed with an antimicrobial response followed by an
inflammatory response with a complex intracellular signaling cascade that culminates in the activation of
transcription factors to produce inflammatory mediators and antigen presentation aided by MHC Class I and II
molecules.
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Figure 3. Dectin-1 Structure and Signalling. Murine and human dectin-1 consist of an extracellular C-type
lectin domain (which recognizes β-1,3-glucans) joined to a short stalk that continues into a single
transmembrane domain followed by an intracellular ITAM-like motif signaling domain (hemITAM). Upon whole
glucan particle (WGP) attachment and Src phosphorylation, CD45 and CD148 are isolated from the contact site
of dectin-1-WGP to allow hemITAM signaling. The downstream responses include 1) a rapid antimicrobial
response lead by ligand-uptake, phagocytosis and oxidative burst, and 2) a consequent pro-inflammatory
response that is mediated by the production of cytokines and chemokines as a result of gene transcription
modulation, together with antigen presentation to T and B cells to further continue with adaptive cell
differentiation to the specific antigen. The binding to both dectin stalks is necessary to induce downstream Src
activation and Syk recruiting.
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Figure 4. CR3 Signalling. Dual ligation of the α-chain (CD11b) by complement iC3b and soluble glucan (SG) is
needed to activate CR3. iC3b coats the antigen and attaches to the I-domain, while SG, derived from the
fragmentation of its parent β-glucan by phagocytes, attaches to the lectin-1 domain.
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Figure 5. Oxidative Burst. β-glucan primed immune cells produce reactive oxygen species within the lysosome
by activating NADPH oxidase; however, the activation of NADPH oxidase is achieved via different molecular
signalling according to the form of β-glucan, i.e. WGP, SG, or focal adhered β-glucan.

This article is protected by copyright. All rights reserved.

www.mnf-journal.com

Page 24

Molecular Nutrition & Food Research

Table 1. Proprietary β-glucans examined in this review.
Proprietary name

Source

Structure

Soluble

Wellmune®

S. cerevisiae (yeast)

β-1,3/1,6-glucan

No

Yestimun®

S. cerevisiae (yeast)

β-1,3/1,6-glucan

No

Glucan #300®

S. cerevisiae (yeast)

β-1,3/1,6-glucan

No

Imuneks®

S. cerevisiae (yeast)

β-1,3/1,6-glucan

Yes

Lentinex®

L. edode (mushroom)

β-1,3/1,6-glucan

Yes

Table 2. Studies evaluating the effect of β-glucans on immune and inflammatory biomarkers and infection in
children.
Reference

Population

Intervention

Outcome vs placebo
(* p < 0.05)

Meng et al.
2016 [1]

Vetvicka et
al. 2013 [2]

154 children aged 1
to 4 y

35 mg, 75 mg Wellmune® or
placebo/day during cold and
flu season (12 weeks)

*Decrease in the incidence and duration of
the common cold by 66%;
No significant difference in efficacy or safety
parameters between dose groups

40 children aged 8
to 12 y with
recurrent
respiratory
problems

100 mg Glucan #300® or
placebo/day (4 weeks)

56 children aged 8
to 12 y with
recurrent
respiratory
problems

100 mg Glucan #300® or
placebo/day (4 weeks)

Vaclav et al.
2013 [4]

40 children aged 8
to 12 y with
recurrent
respiratory
problems

100 mg Glucan #300® or
placebo/day (4 weeks)

*Increase in salivary IgA, IgM and IgG
concentrations

Richter et al.
2015 [5]

77 children aged 6
to 10 and 11 to 16 y
with recurrent
respiratory
problems

100 mg Glucan #300® or
placebo/day (4 weeks)

*Stabilisation of salivary IgA and *higher
physical activity scores;

250 children aged 3

Follow-up formula fortified

Richter et al.
2014 [3]

Li et al. 2014

*Increase in salivary lysozyme and CRP
concentrations;
Non-significant changes in salivary albumin

*Increase in salivary lysozyme and CRP
concentrations;
Non-significant changes in salivary albumin
and calprotectin concentrations

Non-significant changes in salivary eNOS level

This article is protected by copyright. All rights reserved.

*Fewer episodes and *shorter duration of
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al. 2016 [7]
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with vitamins A and D, 25
mg DHA, 1.2 g of
polydextrose/galactooligosaccharides and 8.7 mg
of Wellmune® or iso-caloric
unfortified drink /three
times a day (28 weeks)

Follow-up formula fortified
with vitamins A and D, 25
mg DHA, 1.2 g of
polydextrose/galactooligosaccharides and 8.7 mg
of Wellmune® or iso-caloric
unfortified drink/three
times a day (28 weeks)

acute respiratory infection;
*Less antibiotic use and *missed days of
daycare due to illness;
*Higher IL-10 and white blood cell count;
Non-significant changes in salivary albumin or
calprotectin concentrations
*Fewer episodes of allergic manifestations
(includes rhinitis or conjunctivitis and
wheezing, allergic cough, eczema and
urticaria);
Non-significant changes in the incidence of
respiratory infections and diarrheal disease

Table 3. Studies evaluating the effects of β-glucans on immune and inflammatory biomarkers and infection
in older adults.
Reference

Population

Intervention

Outcome vs placebo
(* p < 0.05)

Fuller et al.
2017 [8]

49 participants,
mean age 56 y

250 mg Wellmune®
or placebo/day (90
days)

*Significant increase in LPS-stimulated IFN-γ
production;
Reduction in symptomatic days (P = 0.067);
Non-significant changes in symptom severity, plasma
cytokine, chemokine and salivary IgA concentrations

Gaullier et al.
2016 [9]

42 participants
aged 65 y and
over

2.5 mg Lentinex® or
placebo/day weeks
(6 weeks)

This article is protected by copyright. All rights reserved.

*Increased number of circulating B-cells and
+
*prevention of decline in T cells (CD3 );
Non-significant changes in other immunological and
inflammatory markers such as immunoglobulins,
complement proteins and cytokines
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Table 4. Studies evaluating the effect of β-glucans on immune and inflammatory biomarkers and infection in
athletes.
Reference

Population

Intervention

Outcome vs placebo
(* p < 0.05)

McFarlin et al.
2013 Study 2
[10]

60 men and
women physically
active for > 6
months. Average
age 22 y

250 mg Wellmune® or
placebo/day (10 days).
Exercise protocol: 50-min
strenuous cycling at high heat
and humidity

*Increase in salivary IgA at 2-hr postexercise

Carpenter et
al. 2013 [11]

60 recreationally
active men and
women. Average
age 23 y

250 mg Wellmune® or
placebo/day (10 days) using a
cross-over design with a 7-day
washout period.

*Increase in total (CD14⁺) and proinflammatory (CD14⁺/CD16⁺) monocytes at
2-hr post-exercise;

Exercise protocol: 60-min
strenuous cycling at high heat
and humidity

McFarlin et al.
2017 [12]

109 participants
of average fitness
level. Average age
22 y

250 mg Wellmune® or
placebo/day (10 days).
Exercise protocol: 90-min
exercise session at high heat
and humidity

*Increased LPS-stimulated production of IL2, IL-4, IL-5 and IFN-γ pre- and postexercise;
*Increased plasma IL-4, *IL-5 and IFN-γ
(P=0.053) concentrations at 2-hr postexercise
*Altered (Increased?) total and classic
monocytes and expression of CD38, CD80,
CD86, TLR2, and TLR4 on monocyte
subsets;
+

+

*Increased CD4 and CD8 T cells
+

-

*Increased response of CCR7 /CD45RA
central memory (TCM) cells to exercise;

*Increased serum IFN-γ and IL-2, and LPSstimulated IFN-γ, IL-2, IL-4, and IL-7
Mah et al.
2018 [13]

202 marathon
participants.
Average age 36 y

Dairy-based beverages (250
mL/day) containing 250 mg of
dispersible Wellmune® or a
macronutrient- and caloriematched control /day (91
days).
Exercise protocol: 45 days
pre-marathon, marathon day
and 25 days post-marathon

This article is protected by copyright. All rights reserved.

*Fewer URTI symptomatic days;
*Decreased total URTI severity (nasal
discharge and sore throat);
*Fewer missed post-marathon workout
days due to URTI;
Non-significant differences in average
duration and number of URTI episodes
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McFarlin et al.
2013 Study 1
[10]

182 men and
women physically
active for > 6
months. Average
age 34 y

250 mg Wellmune® or
placebo/day (28 days postmarathon)

*Reduction in the number of cold/flu
symptom days

Talbott et al.
2009 [14]

75 marathon
participants.
Average age 36 y

250 mg, 500 mg Wellmune®
or placebo/day (4-week postmarathon)

*Fewer URTI symptoms;
*Better overall health; *Decreased
confusion, fatigue, tension and anger;
*Increased vigor

Table 5. Studies evaluating the effect of β-glucans on immune and inflammatory biomarkers and health
outcomes.
Reference

Population

Intervention

Outcome vs placebo
(* p < 0.05)

Kirmaz et al.
2005 [19]

Talbott et al.
2013 [20]

24 Olea europea
mono-sensitized
patients with
allergic rhinitis

48 participants
with self-reported
moderate ragweed
allergy. Average
age 36 y

10 mg Imuneks® or
placebo/twice a day (12
weeks). A nasal
provocation test with Olea
europea was performed at
the beginning and end of
treatment followed by
nasal lavage (NL)
250 mg Wellmune® or
placebo/day (4 weeks)

*Decrease in IL-4, IL-5 and eosinophils in NL
fluid;
*Increase in IL-12 in NL fluid;
Non-significant differences in NL fluid IFN- and
peripheral blood percentage eosinophil levels

*Decrease in total allergy symptoms;
*Decreased allergy symptom severity ratings;
*Increase in vigor and *decrease in tension,
depression, anger, fatigue and confusion;
*Increased physical health, energy, and
emotional well-being;
*Decrease in sleep problems, reduced nasal
symptoms, eye symptoms and non-nasal
symptoms;
*Improved quality of life and global mood
state;
Non-significant difference in serum IgE levels

Graubaum
et al. 2012
[21]

100 participants.
Average age 46 y

®

450 mg Yestimun or
placebo/day (26 weeks)

*Reduced overall incidence of common cold
episodes;
*Reduced infections during the most intense
infection season (first 13 weeks) and *fewer

This article is protected by copyright. All rights reserved.
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cold symptoms including sore throat, difficulty
swallowing, hoarseness, cough runny nose

Auinger et
al. 2013 [22]

162 participants
with recurring
infections

900 mg Yestimun® or
placebo/day (16 weeks)

*Reduction in the number of symptomatic
common cold infections, *mean symptom
score and *sleep difficulties caused by
infection;
*Higher physician rated efficacy of treatment

Dharsono et
al. 2019 [23]

Feldman et
al. 2009 [24]

299 participants
reporting at least
three URTIs during
the previous year.
Average age 38 y

900 mg Yestimun® or
placebo/day (16 weeks)

27 participants.
Average age 33 y

500 mg Wellmune® or
placebo/day (90 days)

*Lower symptom severity and *systolic and
diastolic blood pressure;
*Increase in the joy subscore

*Reduction in missed days of work/school and
fevers score;
*Improvement in quality of life;
Non-significant difference in incidence of
symptomatic respiratory infections.

Leentjen et
al. 2014
[25].

15 male
participants.
Average age 20 y

1,000 mg Glucan #300® or
placebo/day (7 days) in an
open-label intervention
pilot-study

This article is protected by copyright. All rights reserved.

β-glucan barely detectable in serum at all timepoints;
Non-significant changes in cytokine production
and microbicidal activity of leukocytes
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The main aim of the immune response is to provide a robust defence against pathogenic organisms. There is
emerging evidence that dietary components, like β-glucans, can aid host defence against pathogens by
modulating the inflammatory and antimicrobial activity of neutrophils and macrophages, important mediators
of the innate immune response. This attribute is traced to a phenomenon known as Innate Immune Training,
wherein the first encounter between classical innate immune cells and a pathogen-associated molecular
pattern triggers intracellular functional changes that expedite future defence towards the same or an
unrelated pathogen. As such, this review aims to collate and interpret the existing preclinical research on β1,3/1,6-glucan with regard to immunity in order to clarify its molecular mechanism of immunomodulatory
action and link this to the existing literature on clinical evidence using well-characterized β-1,3/1,6-glucans.
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Elena de Marco is a PhD researcher in Prof Helen Roche’s Nutrigenomics
lab at the Conway Institute, UCD, supported by the IRC Employment Based Scheme in collaboration with Kerry
Foods. She is also part of the Diabetes Complications Research Centre at UCD. Elena’s research focuses on the
role of pre- and pro-biotics in modulating the microbiome in vivo, and its putative effects on a diabetic
mice model. Elena is also the lead researcher in a pilot nutritional-intervention human study that aims to
assess the rates of muscle protein synthesis and changes in aminoacidemia in the elderly population in
response to a plant-based diet.

Professor Helen M Roche is a Full Professor of Nutrition & Nutrigenomics in
the School of Public Health, Physiotherapy & Sports Science at UCD. Her research focuses on personalized
nutrition to impact human health. Helen leads the Nutrigenomics Research Group at the Conway Institute and
Institute of Food & Health (UCD). Nutrigenomics uses state-of-the-art ‘omics’ technologies to gain a greater
understanding of the molecular effects of nutrition on health. Helen’s team has a specific interest in
Personalised Nutrition by exploring the molecular interactions between food-related, nutritional stressors,
metabolism, and inflammation within the context of obesity, insulin resistance, and type 2 diabetes. She
leads/is co-PI within several national and international research programs.
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Professor Philip Calder BSc (Hons), PhD, DPhil, RNutr, FRSB, FAfN is
Professor of Nutritional Immunology within Medicine at the University of Southampton. His work aims to
understand how nutrition affects the functioning of the human body. Better understanding is key to
developing strategies to improve human health and well-being, to lower disease risk and to treat nutritionrelated illnesses. Professor Calder has broad research interests in nutritional modulation of immunity,
inflammation and cardiometabolic disease risk. Much of his work has been devoted to exploring the
metabolism and functionality of fatty acids with an emphasis on the roles of omega-3 fatty acids.

This article is protected by copyright. All rights reserved.

