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Abstract: The prevalence of asthma is increasing, but the cause remains under debate. Research
currently focuses on environmental and dietary factors that may impact the gut-lung axis. Dietary
fibers are considered to play a crucial role in supporting diversity and activity of the microbiome, as
well as immune homeostasis in the gut and lung. This review discusses the current state of knowledge
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of allergic asthma. Moreover, the impact of dietary fibers on early type 2 asthma management, as
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modulate host immunity and might reduce the risk of allergic asthma development. Underlying
mechanisms include G protein-coupled receptor activation and histone deacetylase inhibition. These
results are supported by studies in mice, children and adults with allergic asthma. Fibers might also
exert direct effects on the immune system via yet to be elucidated mechanisms. However, the effects
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be explored. There is an urgent need to further valorize the potential of specific dietary fibers in
prevention and treatment of allergic asthma by conducting more large-scale dietary intervention trials.
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1. Introduction

Publisher’s Note: MDPI stays neutral Globally, approximately 300 million people suffer from asthma and the prevalence con-

tinues to increase, making asthma the most common chronic non-communicable disease.
Asthma is a heterogeneous disorder that is characterized by reversible airflow limitation,
airway hyperresponsiveness (AHR), increased mucus production, and both acute and
chronic airway inflammation [1-3]. Bronchial obstruction and hyperreactivity to aller-
gens or various non-specific stimuli cause expiratory airflow limitation and respiratory
symptoms such as wheezing, coughing, shortness of breath, and chest tightness, varying
in time and intensity [2,4,5]. Different phenotypes of asthma can be identified, includ-
ing allergic asthma, non-allergic asthma, late-onset asthma, obesity-related asthma, and
exercise-induced asthma [6]. Type 2 allergic asthma is the most prevalent type, which
develops particularly early in life, and involves allergic sensitization triggered by airborne
allergens [2]. It can be challenging to provide a confident diagnosis of asthma in chil-
dren under 5 years of age because episodic respiratory symptoms, including wheezing
and cough, are also common in children without asthma, particularly in those that are
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0-2 years old [3,6]. Nevertheless, symptoms suggestive of asthma have been listed in
the Global Initiative for Asthma (GINA) guidelines [7]. These include e.g., nocturnal
symptoms of awakenings, family history of atopy, and personal history of food allergy or
atopic dermatitis.

Environmental and dietary factors are suggested to play a role in allergic sensitization
and allergic asthma susceptibility. Important risk factors for asthma are air pollution,
childhood obesity, sedentary lifestyle, and certain dietary alterations [8]. Over the years,
numerous hypotheses have been set forth that link the rising incidence and prevalence
of allergic asthma and other immune disorders with environmental changes, including
urbanization, housing, and diet. Such changes are assumed to affect early life immune
development and maturation and therefore to contribute to the sharp increase in asthma
incidence [3]. An important player in immune system development and regulation is the
gastrointestinal microbiota. Widespread hypotheses linking dysregulated host microbiome
and immune development to increased allergy risk include the ‘hygiene hypothesis’, stating
that lack of exposure to infectants lowers development of T-helper 1 (Th1) immunity [9,10],
and the ‘microbiome hypothesis’ that suggests that a lack of exposure to ‘commensal, non-
pathogenic microorganisms early in life’ is related to increasing asthma prevalence [11].
Following these hypotheses, the biodiversity hypothesis has been proposed [12]. This
hypothesis states that urbanization due to population growth causes a loss of environmental
biodiversity in terms of both macro- and microbiota. A decline in exposure to a diversity
of macro- and microbiota for humans may lead to dysbiosis of the human microbiome,
immune dysfunction, inflammation, and eventually to clinical disease [12].

In early life, the presence of an atopic or allergic sensitization state might increase
the risk of developing inhalant-triggered hypersensitivity and/or asthma later in life, a
phenomenon known as the atopic march [13]. This means that allergic asthma can be
preceded or accompanied by other T-helper 2(Th2)-driven disorders from the atopic march,
such as atopic dermatitis, food allergy, or allergic rhinitis [13,14]. During the first thousand
days of life, both the immune system and the intestinal microbiota are being shaped.
Bacterial colonization is assumed to begin in utero and its diversity established during
childbirth, the first days of life, and up until two years of age, when it reaches a more stable
state. Interactions between the microbiota and the host immune system during this critical
window of opportunity in early life are necessary for the development, education, and
maturation of the host mucosal immune system [15,16], and support regulatory T cell (Treg)
differentiation [17]. Studies in germ-free mice have enabled the conclusion that microbial
exposure plays a profound role in the morphological and functional development of the
immune system [18]. More importantly, such studies suggest that the ability to intervene
and restore immune defects that occur in the absence of microbiota is limited to a short time
period in early life, underscoring the importance of the critical window of opportunity [19].
With an understanding of the importance of microbe-immune-system interactions in early-
life development of the immune system and tolerance to harmless antigens, it can be
hypothesized that any disruptions to early-life microbial exposure may result in potentially
persistent immune abnormalities and increase susceptibility to allergic disease later in
life. Consistent with this hypothesis, some studies have found an association between
disturbances in early life microbiome composition and diversity and an increased risk
of allergic asthma in young children [8,20], while other studies have been less clear on
asthma but more clear on atopy and allergic rhinitis [21]. Susceptibility to childhood allergic
asthma is, however, influenced by the neonatal gut microbiota and metabolic activity which
determine the gut metabolic microenvironment which might direct T cell populations and
function [3,22]. This suggests that the neonatal intestinal microbiome is an interesting
target for dietary interventions which might protect against allergic airway inflammation.

Factors leading to the disruption of host microbiome composition and activity, re-
ferred to as dysbiosis, have been suggested to promote low-grade inflammation and the
development of allergic disorders including allergic asthma [23]. The gut microbiota can
be modified by dietary changes. For the most part, research regarding the impact of diet
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on the microbiota and the immune system has focused on dietary fiber because of their
known effects on gut colonization, microbiota composition, and metabolic activity. The
clear link between the immune system, microbiome, and fibers raises the question whether
dietary fibers can play a role in allergic asthma prevention and symptom control. This
review provides an overview of the current state of knowledge on how dietary fibers and
their bacterial fermentation products may affect the pathophysiology of allergic asthma.
We focus on how dietary fibers protect against disease development and improve symptom
control of type 2 asthma, as shown in pre-clinical and clinical studies.

2. Pathophysiology of Allergic Asthma

Children with mild-moderate-severe allergic asthma are treated with inhaled corticos-
teroids and/or long-acting beta-agonists. Systemic adverse effects of corticosteroids use in
children may be underestimated and can lead to failure to thrive, reduced bone density,
and suppressed general well-being. Furthermore, 5-10% of asthma patients are poorly
controlled or insensitive to corticosteroid treatment. Even if controlled, use of inhaled corti-
costeroids during infancy cannot prevent persistence of asthma later in life, particularly
in sensitized infants [24]. Both human milk oligosaccharides (HMO) found in breast milk,
and dietary fibers, may have the ability to affect microbiome composition and activity as
well as immune development. In early life this derives from the Th2 polarized immune
response towards a Th1 and regulatory T-cell driven protective immune homeostasis [25].
This may prevent the development of allergic sensitization and lower the allergic asthma
risk. In cases of established type 2 asthma induced by airborne allergens, microbiome
modulation by means of specific dietary fiber intervention may help to control symptom
provocation and/or severity. Since specific dietary fibers may be applied to prevent and/or
treat allergic asthma, it is important to recognize the different immune pathways and cells
involved in the allergic sensitization and effector phases in asthma.

2.1. The Sensitization Phase of Allergic Asthma

The airway epithelium is the first site of contact with airborne allergens, such as
pollen, pet dander, or house dust mite (HDM). Intercellular apical tight junctions form
zipper-like structures that protect against aspecific leakage of macromolecules, such as
allergenic proteins via the paracellular route. Therefore, beyond the protective mucus
layer, the tight junction barrier is of also of great importance in providing a physical
barrier. Bronchial epithelial cells (BECs) also co-ordinate mucosal immune responses in
the lung. Protease activity of certain allergens, such as HDM or cockroach, can disrupt
the epithelial barrier, thereby increasing its permeability [26]. Additionally, airborne
allergens have the intrinsic capacity to activate BECs [27]. Upon allergen exposure, BECs
can secrete cytokines, such as thymic stromal lymphopoietin (TSLP), interleukin 25 (IL-
25), and IL-33, and chemokines including chemokine (C-C motif) ligand 2 (CCL2) and
CCL20 that drive allergic sensitization [27-29]. The chemokines attract naive dendritic
cells (DCs), which are subsequently activated by BEC-derived mediators including IL-33
and TSLP [4]. Allergen-carrying DCs mature and migrate to mediastinal lymph nodes
(medLN) [4,29], where they drive allergen-specific naive T cells (Tn) to differentiate into
follicular helper T cells (Tfh), which gain the capacity to produce IL-21 and IL-4 [30,31].
As a next step, these IL-4 producing Tth cells may differentiate into allergic type Th2 cells
or induce a microenvironment that supports Th2 differentiation [30,31]. Once activated,
Th2 cells secrete IL-4 in the medLN resulting in further Th2 polarization and survival and
instruct allergen-specific B lymphocytes to switch to immunoglobulin E (IgE) [32]. The
allergen-specific Th2 cells obtain lung homing markers and by a Notch signaling-dependent
mechanism they upregulate the sphingosine-1-phosphage receptor, which is essential for
lymph node egress [33]. Allergen-specific Th2 cells, B cells, and plasma cells may home
back to the lungs where they reside in the mucosal tissues directly underlying the BEC.
IgE-producing plasma cells were shown to be present at various sites, including lymph
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nodes and bone marrow, but the contribution of the individual areas to IgE production
remains unknown [34].

2.2. The Efffector Phase of Allergic Asthma

Upon allergen re-exposure in sensitized individuals, allergens that cross the epithelial
lining directly cross-link IgE antibodies bound to the FceR present especially on mast cells
in the bronchial mucosa. The resulting FceR activation subsequently induces degranu-
lation and release of inflammatory mediators including histamine (HA), prostaglandins
(PGs), and cysteinyl leukotrienes (cysLT). This release causes bronchoconstriction, mucosal
oedema, and excessive mucus secretion contributing to acute asthmatic symptoms [32].

Upon re-exposure, allergen-specific Th2 cells that are further attracted to the bronchial
tissue release the type 2 signature inflammatory cytokines IL-4, IL-5, and IL-13 dependent
on the Th2-signature transcription factor GATA-3 [35]. These cytokines induce and poten-
tiate eosinophilic airway inflammation, goblet cell hyperplasia, and/or excessive mucus
secretion, and proliferation of IgE-producing plasma cells resulting in the development of
chronic symptoms due to epithelial barrier disruption, airway remodelling, and airway
hyperreactivity [3,32,35,36]. As well as T cells, another lymphocyte population, the group
2 innate lymphoid cells (ILC2s) have the capacity to produce Th2 cytokines, particularly
IL-5 and IL-13. Unlike lymphocytes of the adaptive immune system, ILC2s do not express
antigen-specific receptors, but instead can be activated by a wide range of molecules, in-
cluding the pro-inflammatory cytokines IL-33 and TSLP produced by BECs upon allergen
exposure [37]. ILC2s can be activated prior to the induction of T cells and thereby act as an
important early innate source of type 2 cytokines. This has been shown in experimental
asthma models using allergens such as papain or the fungal allergen Alternaria which act as
pro-inflammatory triggers at the mucosal tissue of the respiratory tract [38]. Nevertheless,
HDM-driven allergic airway inflammation critically depends on Th2 cells, and cytokine
production by ILC2 mainly sets off after the peak of T cell activation [38]. Interestingly, Th2
cells produce IL-13 as well upon exposure to epithelial cytokine IL-33, independent of T
cell receptor stimulation [39].

Apart from Th2, other Th subsets are associated with asthma pathogenesis, albeit
these, in general, play a less prominent role in type 2 allergic asthma. Th17 cells produce
IL-17, which contributes to airway hyperreactivity and the accumulation of neutrophils
in the lung, and produces granulocyte macrophage colony stimulating factor (GM-CSF),
which may drive airway inflammation [40,41]. Furthermore, as the main source of IL-9,
Th9 cells promote activation of eosinophils and mast cells and stimulate epithelial mucus
production [42].

As well as the role of T effector cells in driving eosinophilic airway inflammation,
a dysfunction in Tregs has been implicated in allergic asthma. Tregs play a key role in
controlling aberrant immune activation and contribute to immune homeostasis. There
are different subsets of Tregs, including Th3 cells, Tr1, and natural and induced FOXP3-
expressing CD4*CD25* Treg, all of which secrete immune-suppressive cytokines, such as
IL-10 (Tr1 and CD4*CD25") and TGF-b (Th3 and CD4*CD25") [43]. One review article
highlighted that, although both increased and decreased numbers of Tregs are found in
asthma patients, it is well documented that asthma patients have less functional Tregs in
comparison to healthy controls [44]. This includes declined induction of allergen-specific
Tregs, impaired suppressive function of Tregs, or a combination of these two.

3. The Gut-Lung Axis

One key factor that can influence host mucosal immunity is the microbiota and
its contribution to health and disease is increasingly recognized. These microbes have
important functions, including the fermentation of indigestible dietary components such
as dietary fiber to generate unique metabolites, nutrients, and vitamins that can impact
immune reactivity. In addition, they maintain immune homeostasis by supporting Treg
development and inflammatory responses against pathogens [45]. Microbiota abundance
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and diversity increases along the gastrointestinal (GI) tract, but the most metabolically
active, fiber-fermenting populations, are harbored by the colon [46]. The microbiome
community composition in the small intestine shifts more rapidly than the colon community
and can ferment simple rather than complex carbohydrates due to the rapid transit time
of food [47]. The microbial composition in the GI tract can differ between people due to
genetics or environmental, lifestyle, and dietary factors, as well as at different life stages [48].
For instance, in early life, neonate microbiota is of low diversity and richness with relative
higher abundance of the Proteobacteria and Actinobacteria phyla. In vaginally delivered
and breastfed new-borns, the Bifidobacterium genus predominates and persists until solid
food introduction and weaning [49]. The Lactobacillus genus is also found in the infant
gut, and both viable bifidobacteria and lactobacilli have been detected in breastmilk [50].
This points to the important contribution of human milk to the initial establishment of the
microbiota in newborns and provides a foundation for balanced infant gut colonization. In
the period between two and five years of age, the gut microbiota evolves and stabilizes to
resemble the more diverse composition observed in adults with predominating Firmicutes
and Bacteroidetes phyla [45,48]. Changes in the composition or diversity of the microbiota
may have a serious impact on the host [48] by increasing the risk of disease.

Healthy lungs were long thought to be sterile, but it is currently recognized that even
neonates have a lung microbiome. As with the intestinal microbiota, the load and diversity
of the microbiota in the upper respiratory tract differs from the lower respiratory tract [51].
Similarities between the bacterial communities of the oral cavity and the lungs indicate that
the microbiota of the latter is influenced by the microbiome of the oral cavity and Gl-tract
due to micro-aspiration, the unintentional aspiration of very small amounts of gastric
contents [51,52]. The most prevalent communities present in the lungs are Streptococcus,
Prevotella, and Veillonella. Similar to the GI-tract, the phyla Bacteroidetes and Firmicutes are
part of the ‘core” microbiota in the lung [45]. Studies in early life have indicated the rapid
colonization of the lung and have suggested that the airway microbiome reaches its mature
diversity at 2-3 months after birth [53]. Early changes in the lung microbial composition
determine the local immunological environment and can increase susceptibility to allergic
airway inflammation, while in chronic disease it could lead to exacerbation and decline of
lung function [54]. This indicates that early life is an important window of opportunity for
intervention and reprogramming.

There is now an increasing recognition of crosstalk between the lungs and the gut,
known as the ‘the gut-lung axis’. Cross-regulation of gut-lung immunity is evident and it is
understood that the intestinal microbiota might directly modulate the immune responses to
invading pathogens in the lung [55,56]. Established inflammation in the gut can predispose
mice to both allergen-specific and non-specific airway responses [57]. In line with this, oral
treatment with bacterial extracts was shown to suppress airway inflammation in mice by
targeting DCs and ILC2s in the lung, most likely via Toll-like receptor (TLR) signaling,
as well as by increasing Treg numbers in the trachea [58,59]. These Tregs were originally
induced in the intestines and relocated via the bloodstream to the airways [58]. Studies
in humans with oral and sublingual allergen-specific immunotherapy for allergic disease
have reported that locally and peripherally generated Tregs migrate to distant effective
sites, such as the lungs and nose, and lead to reduced Th2-driven effector responses in
allergic individuals [60]. Modulation from the lungs to the gut is possible as well. DCs
in the lungs were found to upregulate the gut-homing integrin «437 and the chemokine
receptor 9 (CCR9) expression on T cells, leading to T cells migrating towards the intestine
to protect against pathogenic infection [61]. Interestingly, CCR9 was upregulated in Treg
cells that migrated from the gut to the trachea [58]. Another possible mechanism by which
crosstalk and systemic tolerance can be induced is through antigens that reach distant
lymph nodes via the bloodstream [62]. Associated with the concept of the ‘common
mucosal immune system’, crosstalk between the gut and lungs could also be hypothesized
to take place through cross-colonization of the microbiota. Gut bacteria might travel to
the lungs by micro-aspiration or through gastroesophageal reflux [63]. Conversely, lung
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microbiota could be deposited in the gut upon swallowing mucus that is propelled out of
the lungs [64]. As healthy lung microbiota are vital for respiratory health, both the gut and
lung microbiome are an attractive target for future preventive and therapeutic strategies
for fighting gastrointestinal as well as respiratory diseases, including allergic asthma.

4. Fiber Types, Functions and Metabolites

Dietary fibers have the capacity to modulate the gut microbiome. Although all
dietary fibers share the feature of being non-digestible in the small intestine, they are still
quite heterogenous. Dietary fibers are classified based on their origin or physiochemical
properties, for instance, solubility, viscosity, and fermentability [65]. The chemically based
division classifies dietary fibers into resistant oligosaccharides (ROs), including fructo-
oligosaccharides (FOS) and galacto-oligosaccharides (GOS), resistant starch (RS) and non-
starch polysaccharides (NSPs) [66], as shown in Figure 1.

Dietary fiber

Resistant
oligosaccharides Resl(szlfgtMsltgrch
(3-9 MU)

Fructo Physically ! 3 !
oligosaccharides inaccessible g _(H_eim_)fe_lh_nc_w_e_ :
Galacto Goneard
oligosaccharides Granular mucilages
Resistant
dextrins Retrograted Galactomannans
Chemically )
modified Pectins
Amylose lipid ]
complex Beta-glucans
Inulin
____________ i
' Psyllium )

Figure 1. Chemically based dietary fiber classification. Dietary fibers are found in fruits, vegetables,
whole grains, legumes, and nuts and seeds. There are three groups in which fibers are chemically
classified: Resistant oligosaccharides have 3-9 monomeric units. Resistant starches, and non-starch
polysaccharides, have 10 or more monomeric units. Dashed boxes are non-fermentable fiber.

As all fibers have different properties, they also exert different functional effects in
the Gl-tract contributing to metabolic alterations such as modifying cholesterol levels and
improving glycemic control [65,66]. Insoluble fibers, such as cellulose and hemicellulose,
are not fermented but act as bulking fibers, instigating faster transit times and improved
regularity of stool [66]. In this review, the primary focus will be on fibers that are soluble
and fermentable, because the effects of their metabolites on immune function have been
described in most detail. This includes all ROs, all RS, except for amylose-lipid complexes,
and the NSPs, except for (hemi-)cellulose and psyllium.

Gut bacteria express enzymes that can break down specific glycosidic bonds in the
structure of undigestible fibers. Bacteria vary in the type and number of enzymes they
produce, the fibers they ferment, and consequently the metabolites that are produced.
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Therefore, a diet rich in various fibers supports a diverse gut microbiome in humans [65].
Bacteria profit from fiber fermentation by obtaining energy. In the absence of fibers,
bacteria would use the glycoprotein-rich mucus layer of the gut as an alternative energy
source, thereby disrupting this protective barrier [67]. Humans can benefit from the
fermentation (end-)products or metabolites, of which the short-chain fatty acids (SCFA)
acetate, propionate, and butyrate are the most abundant [65]. Acetate, propionate, and
butyrate are typically found in the gut, and specifically are abundant in the cecum and
proximal colon, in a ratio of 80:10:5 in children [68] and 60:20:20 in adults [69]. The
SCFAs are either used by the microbiota or absorbed via passive diffusion or various
sodium-coupled monocarboxylate transporters (SMCT) and monocarboxylate transporters
(MCT) [70]. Following absorption, SCFAs are utilized by intestinal epithelial cells (IECs)
to produce ATP (mainly butyrate) or are systemically distributed via the blood [69,71].
Total SCFA concentrations in the blood vary from £375 pumol/L in the portal blood to
£79 umol/L in the peripheral blood. Acetate is the most prominent SCFA in the blood
and can cross the blood-brain-barrier [69,72]. The SCFA concentration in the lungs has not
been well elucidated yet. Based on the few studies that have investigated this matter, it can
be anticipated to be somewhere between 1-10,000 umol /L, with acetate predominantly
present [73-75]. SCFAs can bind to specific receptors and act as signaling molecules
throughout the whole body via different mechanisms.

5. Mechanisms of Action of SCFAs

SCFAs act as a bridge between the microbiota and the immune system and maintain
immune homeostasis. Evidence has accumulated that SCFAs affect many cell types, includ-
ing dendritic cells, T cells, ILC2s, mast cells, and eosinophils, which may also apply to the
lungs. Even though the mechanisms involved are incompletely understood, G-protein-
coupled receptor (GPCR) activation and histone deacetylase (HDAC) inhibition appear to
play a major role in their mechanism of action [71] (Figure 2).

0 0

0
@ Acetate /U\ @ Propionate \/IK @ Butyrate /\)J\
OH OH OH
A /B
Q °o®
o® Q)
5 : A
S ‘ . 20000000
GPR41 / GPR109A L
i S HDAC HAT
A v 3
A 2000

GPCR signaling HDAC inhibition

Figure 2. Mechanisms of action of SCFA. At present two mechanisms are recognized by which SCFA
influence immune function. (A) SCFAs bind to transmembrane GPCRs on epithelial and immune
cells to induce downstream signaling. GPR41 is bound by all three SCFAs, GPR43 mainly by acetate
and propionate, and GPR109A mainly by butyrate. (B) SCFAs are also known to inhibit the enzyme
HDAC. HDAC deacetylates histones which suppresses gene expression. HAT has the opposite effect.
SCFA, short-chain fatty acid; GPCR, G-protein coupled receptor; HDAC, histone deacetylase; HAT,
histone acetyltransferase.
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5.1. GPCRs and Downstream Signaling Pathways

GPCRs are transmembrane receptors found on cells throughout the whole body. The
GPCRs associated with SCFAs are GPR43 (also called free fatty acid receptor 2 (FFAR2)),
GPR41 (FFAR3), and GPR109A [45,71]. Downstream pathways involve both pro- and anti-
inflammatory signaling cascades [45]. Alterations in the activation of these pathways have
been linked to changes in the metabolic system and the onset of metabolic diseases [76].
GPR43 is mainly bound by acetate and propionate and found in various cell types, including
cells of the intestinal epithelial lining and cells of the associated mucosal immune system,
including DCs, Tregs, mast cells, eosinophils, and neutrophils [71,76,77]. All three SCFAs
bind to GPR41, which shows a largely similar expression pattern to GPR43, but is also
present in cells in the bone marrow and lymph nodes [71,76,78]. Stimulation of either of
these two receptors can initiate activation of the mitogen-activated protein kinase (MAPK)
pathway [45].

GPR109A, also known as niacin receptor 1 (NIACR1), is activated by butyrate [71]. In
contrast to GPR43 and GPR41, which are assumed to be only activated by SCFAs, GPR109A
has vitamin niacin (vitamin B3) as its ligand [79]. This receptor is present, amongst others,
on the apical site of the colon epithelium, DCs, macrophages, monocytes, and neutrophils,
but not on lymphocytes [71].

In addition, the intermediate-fermentation products, lactate and succinate, bind to
some GPCRs, such as GPR81 or GPR91. However, due to its conversion into propionate or
butyrate lactate it is not expected to function as a GPCR-ligand outside the gut. There is
a lack of evidence that succinate functions as a signaling molecule [71]. Therefore, these
metabolites will not be discussed in further detail in this review.

5.2. HDAC Inhibition and Epigenetic Imprinting

The second way via which SCFAs influence immune function is by acting as in-
hibitors of HDAC, which modify the epigenome through chromatin remodeling [80]. The
epigenome entails heritable molecular modifications to the DNA and histones (octameric
proteins that organize chromatin into nucleosomes), which can be passed on from cell to
cell, as they template their own replication, and control gene expression [81,82]. It defines
cell identity and function without alterations in the DNA sequence, thereby imposing
a cellular differentiation program or reflecting an adaptation to external environmental
factors [83]. Histone modification by acetylation or methylation is one of the epigenetic
mechanisms responsible for modifying gene expression, alongside DNA methylation.
HDACs hydrolyze acetyl groups from lysine residues of histone proteins and thereby
support the formation of condensed chromatin. They antagonize the activity of histone
acetyltransferases (HATs) that enhance chromatin accessibility and facilitate transcription.
Enhancers and promotors of active genes generally harbor the active histone 3 acetylation
marks at K9 and K27 (H3K9ac and H3K27ac) [84]. Modulation of histone acetylation
and deacetylation through environmental factors, including dietary components, may
possibly prevent disease and maintain health by changing the accessibility of genes to the
transcription machinery.

The epigenome provides genome-wide information on developmental history and
prior stimulation, presents identity and function, and future potential and cellular plasticity
in health and disease. Most of this information cannot be obtained by gene expression
or genome-wide association studies (GWAS). Numerous asthma-associated gene loci
have been identified by GWAS, but these loci provide limited insight into the underlying
mechanisms and cell types affected [85,86]. However, epigenetic studies have identified
(i) regions of differential DNA methylation associated with allergic inflammation [87,88],
(ii) epigenetic differences in Th2 cells between asthma patients and healthy individuals,
and (iii) an enrichment of asthma-associated single-nucleotide polymorphisms in gene
regulatory elements of Th2 cells [89,90]. Moreover, epigenome analysis has shown strong
correlations between gene regulatory mechanisms in ILC2s and the genetic basis of allergic
asthma [91]. Recently, the effects of SCFA on epigenetic imprinting in ILC2s and mast cells
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have been revealed, which will be further discussed in the section below, describing the
effects of SCFAs on allergic-asthma-related immune outcomes in detail.

6. Immune Effects SCFAs

To date, many effects of SCFAs on immune cells and their mediators in the context of
allergic asthma have been identified. An overview is presented in Figure 3.
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Figure 3. Effects of SCFAs on the immune response in allergic asthma. Upon allergen exposure the airway epithelial barrier
is damaged and activated, leading to type 2 driving mediator release and DC activation. These DC capture allergens and
migrate to the mediastinal lymph nodes, where allergen presentation by DCs stimulates Th2 differentiation. Th2 cells
instruct allergen-specific B cells to produce IgE (isotype switching). Th2 and plasma cells migrate to the mucosal tissue
in the bronchi. Activated Th2, ILC2 and allergen-IgE stimulated mast cells induce eosinophil infiltration (eosinophilic
airway inflammation) and asthma symptoms. Tregs in asthma patients are dysfunctional. (1) Propionate and butyrate
increase tight junction protein expression and inhibit MAPK pathways, thereby restoring/inhibiting epithelial barrier
dysfunction. (2) Propionate increases DC and macrophage precursor numbers (3) Propionate reduces DC activation and
lowers MCHII expression, butyrate hampers DC maturation, lowers its migration efficacy and antigen capture efficiency.
(4) Acetate, propionate, and butyrate reduce IgE isotype switching. (5) Propionate and butyrate hamper expression of
FceR-related genes, thereby reducing allergen/IgE triggered degranulation and asthma symptoms. (6) Propionate and/or
butyrate may induce apoptosis in eosinophils, hinder migration from the bone marrow, and prevent adhesion of eosinophils
to endothelial cells, hampering their infiltration into the lungs. (7) Acetate and propionate can also prevent airway
infiltration by eosinophils. (8) Propionate decreases IL-13 release by Th2 cells, which may reduce goblet cell hyperplasia,
mucus production, chronic inflammation, and allergen specific-IgE levels, while butyrate promotes cytokine production.
(9) Butyrate induces expression of Thl transcription factor T-bet and IFNYy. (10) Butyrate inhibits ILC2-mediated cytokine
release. (11) Propionate and butyrate facilitate generation of extrathymic Tregs, and butyrate promotes Treg differentiation.
(12) Acetate increases acetylation FOXP3 promotor. Full arrows with fading represent transition. Full arrows without
fading represent migration. Dotted arrows with fading represent cytokine or chemokine induced stimulations. TSLP,
thymic stromal lymphopoietin; IL, interleukin; CCL, chemokine ligand; Th2, T helper cell type 2; Tf, follicular T cell; IgE,
immunoglobulin E; ILC2, type 2 innate lymphoid cells; HA, histamine; PGs, prostaglandins; cysLT, cysteinyl leukotrienes;
Fce, fragment crystallizable region epsilon; Treg, regulatory T cell. The possible mechanisms of action shown in this cartoon
are a compilation of SCFA effects derived from in vitro and/or in vivo studies.



Nutrients 2021, 13, 4153

10 of 32

6.1. Sensitization Phase of Allergic Asthma
6.1.1. (Airway) Epithelium

The epithelial layer, either in the gut or lung, is involved in maintaining health. It
provides a physical barrier, comprising the mucus layer and tight junctions between
epithelial cells, against intruders and modifies mucosal immune function via secretion of
specific cytokines and chemokines when activated by pathogens. Failure of function or
unwanted activation of the epithelial barrier at mucosal sites of the body has been linked
to immune-related disorders. Most importantly, a leaky gut epithelium can contribute to
inflammation, even at distant locations [92]. Butyrate profoundly promotes the intestinal
epithelial barrier function and all three SCFAs modify mucosal immunity [93]. The airway
epithelium is the first line of defense against airborne allergens such as HDM that can
cause allergic airway disease (AAD). In a human bronchial epithelial cell (HBEC) cell
line 16HBEC, the airway epithelial barrier dysfunction, caused by exposure to HDM
and cytokines including IL-4 and IL-13, could be completely restored by propionate and
butyrate, as these SCFAs increased the expression of tight junction proteins and inhibited
certain MAPK pathways [94]. HDAC inhibition in HBECs from asthmatic patients restored
the epithelial barrier function, as determined by transepithelial electric resistance and tight
junction level measurements of HBECs to the level of control subjects [95]. Regarding
allergic rhinitis patients, HDAC inhibitors did not only restore epithelial function in vitro,
but also averted allergic airway inflammation by supporting nasal tight junction expression
when applied endonasally in HDM-sensitized mice [96]. This latter might be due to the
HDAC inhibitory potential of SCFAs.

6.1.2. Dendritic Cells

DCs are key players in allergic sensitization, mainly due to their role in antigen-
presentation and T-cell differentiation [4]. Butyrate can hamper DC maturation, rendering
a tolerogenic phenotype with reduced migration efficacy and capacity to activate T cell
proliferation [97-99]. Despite impeding DC maturation, DCs increased the production of
the Th17-stimulating cytokine IL-23 in vitro upon exposure to butyrate [99]. Intraperitoneal
injection with propionate in mice during HDM sensitization and challenge, increases com-
mon DC and macrophage (MDPs) in the bone marrow [78]. Propionate did not influence
proportions of the individual DC subpopulations in lung-draining lymph nodes but re-
duced the activation state of CD11b" DCs [78]. Additionally, the fraction of newly recruited
DCs in the lung upon HDM challenge was reduced and these DC showed a diminished
expression of MHCII and the activation marker CD40, compared with mice injected with
saline. As a result, these DCs were less effective in reactivation of Th2 effector cell prolifer-
ation, protecting the mice against HDM-induced allergic airway inflammation [78]. These
findings imply that SCFAs could diminish DC activity in the lung, via modifications of DC
progenitor cells in the bone marrow, thereby downsizing their inflammatory potential.

6.1.3. B Cells and Immunoglobulins

Allergen-specific antibodies of the IgE subclass, secreted by plasma cells, have the
capacity to opsonize mast cells. IgE is required for allergen-induced elicitation of allergic
symptoms as a result of mast cell activation. Supplying a mixture of acetate, propionate,
and butyrate in the drinking water of vancomycin-treated mice with ovalbumin(OVA)-
induced allergic asthma revealed that an SCFA mixture abrogated the rise in serum IgE,
thereby preventing sensitization. The proposed underlying mechanism of this effect
pointed towards reduced germline transcription over the immunoglobulin heavy chain ¢
switch region, which is associated with class switch recombination to IgE, predominantly
in B cells in the medLNs [98]. Interestingly, although not being the most common SCFA,
pentanoate (C5) enhanced the activity of the mechanistic target of rapamycine (mTOR)
kinase in regulatory B cells, leading to increased IL-10 secretion and reduced cell death.
This effect has been linked to the HDAC inhibitory effects of pentanoate [100].
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6.2. Effector Phase of Allergic Asthma
6.2.1. Mast Cells

Mast cells are key effector cells that can initiate and propagate inflammation in allergic
asthma [101]. Specific binding of allergens to FceR-bound IgE triggers degranulation,
resulting in the rapid release of HA, eicosanoids, and an array of proteases and cytokines.
An ex vivo experiment by Folkerts et al. demonstrated the potency of propionate and
butyrate to impair IgE-mediated mast cell degranulation. The underlying mechanism
reported involved alteration of histone acetylation resulting in hampered expression of
genes crucial for FceRI-mediated degranulation [102]. When precision-cut lung slices from
the lower airways of OVA-sensitized guinea pigs were exposed to OVA, treatment with
butyrate attenuated IgE/allergen-induced airway smooth muscle contraction in association
with abolished histamine release by mast cells [102]. Propionate and butyrate, but not
acetate, reduced degranulation, as well as IL-6 production, triggered by IgE, compound
48/80, or substance P, in primary mouse bone-marrow-derived mast cells and in human
peripheral blood mononuclear cell-derived, ex vivo differentiated, mast cells [102]. All
these inhibitory effects of SCFA were independent of signaling through the GPR41/43
or intracellular peroxisome proliferator activated receptor v (PPARy), but instead were
associated with HDAC inhibition. Expression profiling of human mast cells revealed
that >700 genes were upregulated and >900 genes were downregulated following in vitro
butyrate treatment [102]. Butyrate exposure significantly reduced transcription of several
genes that play a key role in FceR signaling, such as Bruton’s tyrosine kinase (BTK),
spleen tyrosine kinase (SYK), and linker of activated T cells (LAT). Downregulation of
these genes also occurred upon butyrate exposure to IgE/antigen-stimulated mast cells.
Akin to previous studies [103], butyrate was shown to induce elevated global histone
acetylation but decreased acetylation at the transcription start sites of BTK, SYK, and
LAT, as well as other key genes involved in mast cell activation [102]. Parallel findings
were reported by Krajewsky et al., who showed that the HDAC inhibitor, trichostatin A
(TSA), decreased FceR expression, degranulation capacity, and survival of murine mast
cells [104]. These findings may appear to conflict with the general notion that HDAC
inhibitors act by reactivation of epigenetically silenced genes, particularly in the context
of their anti-tumorigenic properties [105]; however, butyrate has the capacity to decrease
histone acetylation around transcript start sites and to downregulate gene expression, in
line with downregulation of the expression of key oncogenes [103].

6.2.2. Eosinophils

An interesting in vitro study by Theiler et al. demonstrated apoptosis-inducing effects
of propionate and butyrate in human eosinophils of allergic donors via the HDAC class
Ila-selective inhibitor MC1568. Furthermore, propionate and butyrate could prevent ad-
hesion of eosinophils to endothelial cells and butyrate could hinder eosinophil migration.
Murine experiments confirmed that this leads to less eosinophilic airway inflammation
and improved AHR [77]. In vitro, butyrate inhibits ILC2 proliferation and cytokine pro-
duction through its HDAC inhibitory actions, thereby indirectly preventing eosinophilic
inflammation [106]. A murine study investigating acetate and propionate supplementation
in drinking water revealed the potential of these SCFAs to prevent HDM-induced airway
infiltration by eosinophils, thereby protecting the mice against allergic airway inflamma-
tion. Propionate exerted its actions in a GPR41-dependent manner [78]. These findings are
in line with preclinical and clinical studies showing reduction of pulmonary eosinophil
infiltration upon interventions with dietary fiber to be discussed in the next section of
this review.

6.2.3. T Cells and ILC2s

SCFAs affect T cells in many ways. Acetate and propionate were found to induce
genes indirectly related to T cell differentiation via HDAC inhibition, and, via this route, to
support Thl and Th17 development [107]. On the other hand, butyrate, and less potently
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propionate, diverted the fate of naive CD4+T cells from Th9 cells into FOXP3+ Tregs under
in vitro Th9-skewing polarization conditions. In vivo, butyrate reduced the number of
IL-9-expressing T cells in the lungs [108]. Although these results are noteworthy, other
groups of T cells may be of greater importance in relation to type 2 allergic asthma.

Th2 Cells

In most patients, allergic asthma presents as an eosinophilic airway inflammation
that is mediated by Th2 cells, which induce IgE class switching (IL-4), recruit eosinophils
(IL-5), and provoke smooth muscle hyperreactivity, goblet cell hyperplasia, and mucus
production (IL-13) [3]. Butyrate and propionate had opposite effects when naive CD4+
T cells were differentiated in vitro under Th2-polarizing conditions in the presence of
IL-4 and anti-IFNy antibodies [108]. Whereas butyrate induced a small but significant
increase in the frequency of IL-13-expressing T cells, propionate induced a decrease. No
significant differences were observed in the proportions of IL-4 or IL-5-expressing T cells
in these cultures. In another study, butyrate enhanced Th2 polarization both in human
and murine in vitro cultures and promoted Th2 cytokine production in an aspergillus
allergen-challenged murine asthma model [109]. Remarkably, the expression of GPR41
increased upon IL-4 stimulation of Jurkat T cells, indicating that SCFA may act directly on
Th cells to promote Th2 polarization, involving a positive feedback loop. By contrast, in a
murine model of HDM-driven allergic airway inflammation, mice that were prophylacti-
cally treated with propionate (intraperitoneal) displayed reduced inflammatory cell lung
infiltration, IL-13 mRNA expression, goblet cell hyperplasia, mucus production, and serum
total IgE levels [78], demonstrating the capacity of SCFAs to reduce Th2 cell responses.
Experiments in GPR41-deficient mice established that this protective effect by propionate
depended on GPR41 signaling. Butyrate was capable of inducing expression of the key
Th1 transcription factor T-bet, which depended on its HDAC inhibitory activity. Even
under Th2-promoting conditions, butyrate triggered induction of IFNy and T-bet, and
consequently lowered expression of IL-4 and GATA-3, the key transcription factors of
Th2 cells [110]. As mentioned above, propionate and butyrate attenuate DC activation
and migratory capacity, thereby profoundly hampering T cell activation and Th2 effector
cell development [78,98]. Indirectly, in vivo these effects on DCs might be inherent to the
reduced Th2 polarization that follows from prophylactic SCFA treatment.

ILC2s

ILC2s are a rare population of lymphocytes that, analogous to Th2 cells, are major
producers of type 2 cytokines and express high levels of the signature transcription factor
GATA-3 [35,111]. Although many aspects of human ILC2 biology are still unclear, recent
observations strongly support a role for ILC2 in several diseases of the respiratory system
including asthma [37].

Butyrate, but not acetate or propionate exposure to cultured murine lung ILC2 in-
hibited cellular proliferation and transcription of GATA-3, IL-5, IL-9, and IL-13 [106,112].
Systemic or intranasal administration of butyrate following Alternaria alternata exposure
ameliorated ILC2-mediated airway inflammation and hyperreactivity in mice, marked
by reduced GATA-3, IL-5, and IL-13 expression. Similarly, increased in vivo SCFA levels
through a high-pectin diet modulated the response to IL-33 in the lung, resulting in reduced
expression of GATA-3, IL-5, and IL-13 in ILC2s. Butyrate also reduced type 2 cytokine
production in human ILC2s [106,112]. Butyrate augmented H3 acetylation levels, implying
that it acts as an HDAC inhibitor in ILC2s. This is consistent with previous observations
that the HDAC inhibitor trichostatin A downregulated the number of ILC2 expressing
IL-5 and IL-13 following Alternaria-extract challenge [113]. In contrast, GPR41/GPR43
activation did not affect pulmonary ILC2 function [106] and GPR43 was even found to
support ILC2 expansion in the colon in response to cytokine stimulation [114]. Finally,
evidence has been provided that SCFAs can modulate oxidative phosphorylation and
glycolytic metabolic pathways in pulmonary ILC2s [112]. Taken together, it has been con-
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vincingly shown that butyrate dampens ILC2 activity, at least partly by decreasing GATA3
transcription, which was not the case in Th2 cells. These findings indicate that the control
of GATAS3 gene expression in ILC2 and Th2 cells involves different regulatory elements.
Very recently a GATA3 enhancer was identified that is necessary for ILC2 development and
function, but largely dispensable for Th2 cell differentiation. It is attractive to speculate that
the activity of this enhancer would contribute to the opposing direct effects of butyrate on
ILC2 and Th2 cells [115]. Regulatory elements that are directly affected by butyrate-driven
changes in histone acetylation in the GATA3 locus, as well as for other key genes expressed
in ILC2s, remain to be identified.

Tregs

The control of potentially harmful Th2 cells and ILC2s is thought to require active
immunosuppression by Tregs expressing the signature transcription factor FOXP3. To date,
various mechanisms by which gut microbial products regulate inflammatory responses
and Treg function have been identified. However, the effects of SCFAs on Tregs in the lung
are somewhat ambiguous. Both butyrate and propionate, but not acetate, facilitate the
generation of extrathymic induced Tregs (iTregs), depending on histone H3 acetylation at
the FOXP3 intronic enhancer conserved non-coding sequence-1 (CNS1) [17,116]. In another
study, acetate-enriched drinking water was found to increase acetylation at the FOXP3
promotor, almost certainly through HDAC9 inhibition, as HDAC9-deficient mice were
highly resistant to the development of HDM-mediated allergic airway inflammation [117].
In a murine study, butyrate showed decrease in the expression of pro-inflammatory cy-
tokines by DCs and enhanced their ability to promote Treg differentiation via inhibition of
transcription factor RelB [17]. Nevertheless, in contrast to butyrate, in certain in vitro [116]
and in vivo [17] experiments, the SCFA acetate did not influence Tregs. Trompette et al.
also could not associate the protective effects of propionate in murine allergic lung inflam-
mation with Treg numbers [78]. Several studies did, however, find SCFAs to enhance the
size of the colonic Treg pool that could protect against colitis in mice in a GPR43-dependent
manner [116,118,119]. As discussed earlier, immune cells from the gut can exert functions
elsewhere in the body, such as the lung. Taken together, there is evidence that SCFAs
support the generation of extrathymic iTregs through effects on DCs. In this context, SCFA
supplementation may improve Treg-mediated immunomodulation not only in the intestine
but also in peripheral tissues such as the lung [17].

6.2.4. Macrophages and Neutrophils

Macrophages and neutrophils are not prominently involved in the pathophysiology of
allergic asthma but have impact in chronic and severe uncontrolled type 2 asthma. SCFAs
also affect these cells. While acetate increased the production of reactive oxygen species
(ROS), including superoxide and hydrogen peroxide, in rat, but not in human, neutrophils
in vitro, butyrate diminished ROS production in both rat and human neutrophils [120].
Acetate increased cytoplasmic calcium mobilization and protein kinase C (PKC) activity
which may support ROS generation, while butyrate possibly inhibited ROS formation via
GPR43 activation. SCFAs increased the expression of GPR43 and GPR41 on pulmonary neu-
trophils and macrophages, accompanied by reduced inflammatory IL-8 production [121].
Regarding macrophages, one in vitro study showed butyrate to alter macrophage differ-
entiation since it inhibited upregulation of CD16, CD86, and MHCII, thereby decreasing
their antigen-presenting efficacy [97]. Additionally, butyrate decreased the production of
pro-inflammatory nitric oxide, IL-6, and IL12p40 by bone marrow-derived macrophages
(BMDM). Butyrate exerted its effects via H3K9 acetylation at the promotor regions of the
genes encoding the cytokines, and not via GPR43 or GPR109A that are present on BMDMs.
These results were confirmed in mice [122].
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7. Preclinical Studies on the Effects of Dietary Fibers on Asthma

Multiple murine studies have addressed the protective effect of dietary fiber in allergic
asthma. These studies used different allergens and focused on asthma prevention and
asthma symptom relief mainly in acute, but also in chronic asthma models. Furthermore,
different types and dosages of fibers were investigated. Most preclinical studies focused
on the effects of the ROs, GOS and FOS, or the NSP pectin. Interestingly, to the best of our
knowledge the effects of inulin in rodent asthma models have not been reported, while this
NSP is already used in clinical studies. Inulin has a wide range of fiber sizes (degree of
polymerization (DP) 3-60). FOS (oligofructose) can be derived from inulin but is more size
restricted and can be divided into short chain FOS (DP2-8, oligofructose) and long chain
(Ic)FOS (DP > 23) which may differentially modify microbiome composition and/or activity.
It needs to be stressed that fibers with a lower DP can be hydrolyzed and fermented more
quickly than fibers with a higher DP [123].

Murine allergic asthma models most frequently make use of OVA allergen, derived
from chicken egg, or HDM, an airborne allergen, and often the cause of allergic asthma
development in childhood. Although OVA is a model allergen often used to induce allergic
airway inflammation in rodents, it is not of clinical relevance for human asthma [124].
Additionally, even though OVA challenge occurs via the nose, OVA sensitization is applied
via the intraperitoneal route and requires adjuvants, such as aluminium hydroxide (alum),
to induce allergic inflammation. These adjuvants could possibly interact with therapeutic
substances [124,125]. Despite the existence of adjuvant-free protocols for OVA-driven
asthma models [125], most studies discussed in this review made use of an adjuvant. The
allergen HDM is of greater clinical relevance for allergic asthma. Moreover, this allergen
has proven to sensitize and induce allergic inflammation when inhaled via the nose, and
does not require an adjuvant [124]. Beyond allergens, intranasal IL-33 administration has
also been applied, because it elicits allergic airway inflammation mainly via activation of
ILC2, causing eosinophil infiltration, increased mucus production and AHR [112].

Regarding the interpretation of the results of studies on the protective effects of
dietary fiber, it is important to establish if fiber supplementation started prior to allergen
sensitization, studying allergic asthma prevention, or after sensitization but prior to allergen
challenge, focusing on symptom control.

7.1. Preventive Effects of Dietary Fibers

Two studies with substantial impact in the research field were performed by Trompette
et al., investigating effects on allergic asthma development of low-fiber, 30% pectin, and
30% cellulose diets [78] and by Thorburn et al., investigating a diet lacking fiber, and
a diet with 72.7% fiber, mainly RS [117]. Using murine acute allergic HDM-mediated
asthma models, it was reported that mice suffering from AAD showed, amongst other
effects, lower eosinophilic airway inflammation, reduced IgE levels, and lower Th2-related
inflammatory mediators compared to mice that received a control diet (Table 1), as a result
of the pectin [78] or RS-fiber [117] diets, but not the cellulose diet [78]. Furthermore, airway
obstruction and lung function improved, as indicated by reduced goblet cell hyperplasia,
reduced mucus production, and improved AHR (Table 2). Both research groups showed
that diets containing less fiber than the control chow aggravated AAD outcomes. The
outcomes can possibly be explained by alterations in the microbiota composition by the
fiber diets, such as relative increases of Bacteroidaceae [78,117] and Bifidobacteriaceae [78].
Additionally, increased SCFA levels were found in both the faeces and serum [78,117].
Pectin (~30%) has also been demonstrated to induce protective effects against airway
inflammation, including decreased pulmonary ILC2 levels, in an IL-33-induced allergic
asthma model [112]. In this last study, increased SCFA levels in the colon and lung and
alterations in the faecal microbiome composition, such as increased presence of Proteobac-
teria and Firmicutes were shown, which are possibly involved in the mechanism behind
the immunological alterations.
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In these studies, diets with relatively high doses of fiber were investigated. Notably,
other research groups showed similar protective effects using only low doses of other
types of fermentable fiber. Verheijden et al. performed multiple studies using an HDM-
induced acute allergic asthma model investigating several fibers, either with or without
probiotics, including GOS (1% or 2.5% v/w) [126-128]) and fibers in combination with B.
breve (Bb) M16V, including short-chain (sc)GOS/long-chain (1c)FOS/Bb(1% w/w) and sc-
FOS/1cFOS/Bb (1% w/w) [129]. GOS was equally effective as the corticosteroid budesonide
in abrogating mucosal mast cell activation, allergic airway eosinophilia and lymphocyte
influx and activation [128]. GOS lowered pulmonary HDM-induced IL-33 levels [126]
and Treg depletion studies indicated that functional Tregs contributed to the protective
effect of GOS [130]. The scFOS/1cFOS/Bb diet, and low doses of other fibers, including
low dose pectin, used in studies by other research groups, resulted in, amongst other
effects, decreased eosinophilic inflammation, allergen-specific IgE, goblet cell hyperplasia,
and AHR [129,131-134]. Intervention with low dose pectin also altered the microbiome
composition in the faeces, characterized by increased Lactobacillus, Bifidobacterium, and E.
coli, and decreased Enterococcus spp. proportions [131]. The results of these studies are the
first indications that supplementation of only low doses of specific fibers might be sufficient
to protect against allergic asthma development which should be considered in clinical trials.
Nevertheless, studies that are more comparable are needed to draw definite conclusions. In
both the high- and low-dose fiber studies mentioned above, positive outcomes on allergic
asthma development were thought to be related to the microbiota-modulating effects of
fiber treatments and SCFA production by the intestinal bacteria, albeit that direct evidence
was only found in the studies of Trompette et al. and Thorburn et al. [78,117].

Although not shown in Table 1; Table 2, many of the aforementioned studies also showed
trends of protective effects on numbers of neutrophils [127,129,131,133], macrophages [127,129],
and lymphocytes [127,128,131], decreased DC activation [127-129], decreased levels of IL-
5(78,129,133], IL-13[78,128,129], IL-33 [127-129], IgE [78,117,134],and /or improved AHR [129,134],
which did not reach significance.

Interestingly, fiber intake might lead to immuno-modulatory prenatal epigenetic im-
printing. An intervention with a scGOS/1cFOS diet prior to and during gestation lead to a
lower acute allergic skin response, improved AHR, and declined immune infiltration in the
BALF of the offspring of the dams, after the offspring were sensitized to OVA [117]. Similar
results were obtained in another intervention study, in which mice were supplemented
with high amylose starch or acetate (in drinking water) during gestation. Although both
interventions in this study prevented AAD in the offspring, the protective effects of acetate
were most robust [117].
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Table 1. Overview of immune effects of fermentable fibers in preclinical asthma studies.

Cells and Specific Factor of Interest Effect Dietary Fiber .
Mediators Increased in AAD Compared to Control Diet Fiber Type and Dose Asthma Model Reference
Sensitization phase
.. Activation (surface . .
Dendritic cells ) + - 30% pectin (in PK diet 3202) HDM [78]
expression)
Total IgE 4 - 30% pectin (in PK diet 3202) HDM [78]
Antibody response L - 50/200/400 mg/kg/day AO (in water) OVA [132]
Allergen specific IgE v - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]
Allergen specific IgG1 4 - 2.5% FOS HDM [133]
Effector phase
- 50 g/kg RAF, 50 g/kg GOS OVA [135]
- 0.2 mL Bb/scFOS/IcFOS/AOS in PBS (i.g) OVA [136]
- 1% v/w GOS HDM [127]
- 1% w/w scFOS/1cFOS (1:1) + 2% w/w Bb HDM [129]
- 1% (w/w) scGOS/1cFOS (9:1), 1% (w/w) OVA [134]
Total inflammatory cells BAL + (83% scGOS/1cFOS + 17% AOS)
- 30% pectin (in PK diet 3202) HDM [78]
- 50/200/400 mg/kg/day AO (in water) OVA [132]
- 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]
- 72.7% HAMRS diet (SF11-025) HDM [117]
-1 mg/kg SC-MN (@i.n.) OVA [137]
- 1% and 2.5% GOS HDM [128]
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Table 1. Cont.

Cells and Specific Factor of Interest Effect Dietary Fiber .

Mediators Increased in AAD Compared to Control Diet Fiber Type and Dose Asthma Model Reference

. - 0.2 mL Bb/scFOS/1IcFOS/AOS in PBS (i.g.) OVA [136]

Degranulating cells Mast cells #l -2.5% GOS HDM [128]

- 50 g/kg RAF, 50 g/kg GOS OVA [135]

-1% v/w GOS HDM [127]

- 1% w/w scFOS /1cFOS (1:1) + 2% w/w Bb HDM [129]

- 30% pectin (in PK diet 3202) HDM [78]

" - 50/200/400 mg/kg/day AO (in water) OVA [132]

Fosinophils - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]

P - 72.7% HAMRS diet (SF11-025) HDM [117]

- 1% and 2.5% GOS HDM [128]

- 30% pectin 1L-33 [112]

-2.5% FOS HDM [133]

%] - 0.2 mL Bb/scFOS/IcFOS/AOS in PBS (i.g) OVA [136]

? - 30% pectin IL-33 [112]

- 50/200/400 mg/kg/day AO (in water) OVA [132]

Macrophages # -72.7% HAMRS diet (SF11-025) HDM [117]

Neutrophils %t - 30% pectin 1L-33 [112]

- 50 g/kg RAF, 50 g/kg GOS OVA [135]

T cells and related cells All lymphocytes #| - 1% w/w scFOS /1cFOS (1:1) + 2% w/w Bb HDM [129]

- 72.7% HAMRS diet (SF11-025) HDM [117]

Overall Th #] - 200/400 mg/kg/day AO (in water) OVA [132]

The " - 400 mg/kg/day AO (in water) OVA [132]

- 30% pectin 1L-33 [112]

ILC2 #| - 30% pectin IL-33 [112]

Thi #] - 400 mg/kg/day AO (in water) OVA [132]

Treg * #1 - 0.2 mL Bb/scFOS/1IcFOS/AOS in PBS (i.g.) OVA [136]
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Table 1. Cont.

Cells and Specific Factor of Interest Effect Dietary Fiber

Mediators Increased in AAD Compared to Control Diet Fiber Type and Dose Asthma Model Reference
Cytokines 1L-33 + -1% v/w GOS HDM [126]
- 30% pectin (in PK diet 3202) HDM [78]
- 50/200/400 mg/kg/day AO (in water) OVA [132]
L4 ! - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]
g - 72.7% HAMRS diet (SF11-025) HDM [117]
- 30% pectin 1L-33 [112]
-16.5 mg/kg BW LM-COS OVA [138]
- 50 g/kg RAF OVA [135]
L5 ! - 50/200/400 mg/kg/day AO (in water) OVA [132]
: - 72.7% HAMRS diet (SF11-025) HDM [117]
-16.5 mg/kg BW LM-COS OVA [138]
- 1% v/w GOS HDM [127]
- 50/200/400 mg/kg/day AO (in water) OVA [132]
IL-13 i - 72.7% HAMRS diet (SF11-025) HDM [117]
- 30% pectin 1L-33 [112]
- 16.5 mg/kg BW LM-COS OVA [138]
" - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]
IFN-y - 30% pectin IL-33 [112]
! - 50/200/400 mg/kg/day AO (in water) OVA [132]
- 72.7% HAMRS diet (SF11-025) HDM [117]
117 T - 30% pectin 1L-33 [112]
+ - 30% pectin (in PK diet 3202) HDM [78]
" - 0.2 mL Bb/scFOS/1cFOS/AOS in PBS (i.g.) OVA [136]
IL-10 - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]
+ - 72.7% HAMRS diet (SF11-025) HDM [117]
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Table 1. Cont.

Cells and Specific Factor of Interest Effect Dietary Fiber .
Mediators Increased in AAD Compared to Control Diet Fiber Type and Dose Asthma Model Reference
- 0.2 mL Bb/scFOS/1IcFOS/AOS in PBS (i.g.) OVA [136]
TNF- { - 50/200/400 mg/kg/day AO (in water) OVA [132]
-16.5 mg/kg BW LM-COS OVA [138]
IL-1p ! - 0.2 mL Bb/scFOS/1IcFOS/AOS in PBS (i.g.) OVA [136]
- 400 mg/kg/day AO (in water) OVA [132]

Studies were included when performed in rodents. Intervention was performed with an orally administered fermentable fiber and when features related to allergic asthma were measured. All fibers were added
to an AIN-93 diet, unless indicated otherwise. Outcomes from ex vivo experiments are not included. Only significant results are depicted. | indicates a decrease of a specific factor by increased fiber intake. 1
indicates an increase of a specific factor by increased fiber intake. An arrow preceded by a # or % indicates either the number of cells or percentage of cells on total cells was investigated. Fibers mentioned in bold
were administered after sensitization to the allergen (symptom control). Fibers administered before sensitization to the allergen are not in bold (preventive). For each study it is indicated whether a HDM, OVA,
or IL-33 asthma model was used. * This factor is decreased in AAD, instead of increased, as mentioned in title. HDM, house dust mite; OVA, ovalbumin; IL, interleukin; AAD, allergic airway disease; PK, Provimi
Kliba chow; IgE, immunoglobulin E; AO, alginate oligosaccharide; KF chow, KEAOXIELE FEED chow; i.g., intragastric; IgG1, immunoglobulin G1; FOS, fructo-oligosaccharide; BAL, bronchoalveolar lavage;
RAEF, raffinose; GOS, galacto-oligosaccharide; Bb, Bifidobacterium breve; scFOS, short-chain FOS; IcFOS, long-chain FOS; AOS, pectin-derived acidic oligosaccharides; PBS, phosphate buffered saline; HAMRS,
high amylose maize resistant starch; SC-MN, Saccharomyces cerevisiae derived mannan; Th, T-helper cell; ILC2, type 2 innate lymphoid cell; Treg, regulatory T-cell; LM-COS, low-molecular weight chitosan
oligosaccharides; IFN-y, interferon y; TNF-a, tumor necrosis factor «.



Nutrients 2021, 13, 4153

20 of 32

Table 2. Overview of physiological airway effects of fermentable fibers in preclinical asthma studies.

Physiological Specific Factor of Interest Effect of Dietary Fiber .

Airway Effects Increased in AAD Compared to Control Diet Fiber Type and Dose Asthma Model Reference

Airway remodeling Epithelial denudation I - 1 mg/kg SC-MN (i.n.) OVA [137]

- 400 mg/kg/day AO (in water) OVA [132]

- . - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]

Surf?f;zfﬁinj‘grtrit;‘fs"vﬁh ! - 72.7% HAMRS diet (SF11-025) HDM [117]

y - 1% and 2.5% GOS HDM [128]

-2.5% FOS HDM [133]

Airway smooth muscle mass 1 - 45 mg/kg SC-MN (i.n.) OVA [137]

- 30% pectin (in PK diet 3202) HDM [78]

. - 400 mg/kg/day AO (in water) OVA [132]

Goblet iﬁgtgyﬂ esriglasm or + - 0.4%/kg/day pectin (i.g.) (KF chow) OVA [131]

P - 72.7% HAMRS diet (SF11-025) HDM [117]

-2.5% FOS HDM [133]

- 30% pectin (in PK diet 3202) HDM [78]

Mucus production i} - 400 mg/kg/day AO (in water) OVA [132]

-1 mg/kg SC-MN (i.n.) OVA [137]

-1% v/w GOS HDM [127]

- 30% pectin (in PK diet 3202) HDM [78]

Airway functioning Airway hyperresponsiveness i - 72.7% HAMRS diet (SF11-025) HDM [117]

-1 mg/kg SC-MN (i.n.) OVA [137]

- 30% pectin 1L-33 [112]

Studies were included when performed in rodents. Intervention was performed with an orally administered fermentable fiber and when features related to allergic asthma were measured. All fibers were added
to an AIN-93 diet, unless indicated otherwise. Outcomes from ex vivo experiments are not included. Only significant results are depicted. | indicates a decrease of a specific factor by increased fiber intake. 1
indicates an increase of a specific factor by increased fiber intake. Fibers mentioned in bold were administered after sensitization to the allergen (symptom control). Fibers administered before sensitization to the
allergen are not in bold (preventive). For each study it is indicated whether a HDM, OVA, or IL-33 asthma model was used. HDM, house dust mite; OVA, ovalbumin; IL, interleukin; AAD, allergic airway disease;
SC-MN, Saccharomyces cerevisiae derived mannan; AO, alginate oligosaccharide; KF chow, KEAOXIELE FEED chow; i.g., intragastric; HAMRS, high amylose maize resistant starch; GOS, galacto-oligosaccharide;

FOS, fructo-oligosaccharide; PK, Provimi Kliba chow.



Nutrients 2021, 13, 4153

21 of 32

7.2. Symptom Control by Dietary Fibers

Several types of fibers affected allergic asthma symptom control in mouse or rat models.
These include alginate oligosaccharides (AO) [132], the o-D-galactosidic linkages-containing raffi-
nose (RAF), and GOS [135], scFOS/1cFOS/ Bb/pectin-derived acidic-oligosaccharides (AOS) [136],
and low molecular weight chitosan oligosaccharides (LM-COS) [138]. These studies were per-
formed using OVA-induced asthma models, and all studies reported similar protective outcomes
resulting from fiber supplementation. Outcomes included lower OVA-specific IgE [132], decreased
numbers of total inflammatory cells [132,135,136] and eosinophils [132,135,136] in the BALE re-
ductions in concentrations of several inflammatory cytokines [132,135,136,138], and lower goblet
cell hyperplasia and mucus production [132] (Tables 1 and 2). Additionally, mannan derived from
Saccharomyces cerevisiae and scFOS/1cFOS/Bb/ AOS could counteract tissue remodelling, including
airway smooth muscle (ASM) proliferation (Table 2) [136,137]. These results are the first sign that
fibers could also protect against development of chronic manifestations of allergic asthma.

Multiple mechanisms of action that may explain the effects of dietary fibers have
been proposed. SCFAs are likely to be involved in most of these anti-inflammatory effects
via the pathways described above. Examples of other (related) possible mechanisms are
modulation of innate pattern recognition receptors (PRR) [136] and suppression of MAPK
signaling pathways [138]. Others have speculated that the «-D-galactosidic linkages in
RAF and GOS might regulate natural killer T cells (NKT), as the resembling glycolipid
a-galactosylceramide was reported to be a NKT cell ligand [135]. Whether this regulatory
effect on the NKT cell would contribute to limit allergic asthma development remains to
be elucidated.

8. Human Studies on the Effects of Dietary Fibers on Asthma
8.1. Epidemiological Evidence

An association between dietary fiber intake and risk for developing asthma (both
allergic and non-allergic) has been found both in children [139] and in adults [140-143].

From the limited number of studies in children, two cross-sectional studies have
reported inconsistent results. While Wood et al. showed no association between fiber
intake and self-reported wheeze in the age group 12-18 years [144], the much larger
study conducted with children between 2-12 years indicated that lower fiber intake was
associated with higher odds for having asthma (Q1 vs. Q4, ever asthma OR 1.31; 95% CI
0.88-1.96, p-trend 0.034 and current asthma OR 1.38; 95% CI 0.87-2.20, p-trend 0.027) [139].

In adults with severe asthma, an inverse association between dietary fiber intake and
airway eosinophilia as well as lung function decline has been reported [140]. Asthmatic
adults consumed lower amounts of dietary fiber compared to non-asthmatic adults, albeit
the difference appeared very small (OR 0.94 [0.90-0.99]). Fiber intake, however, was
positively correlated with improved lung function parameters such as forced expiratory
volume in 1 s (FEV1), vital capacity (VC), and expiratory volume (EV). These data indicate
that dietary fiber may improve asthma control [140]. In adults (20-79 years of age) low
dietary fiber intake was associated with a higher risk of asthma development (OR 1.4
[1.0-1.8]) compared to the highest fiber intake, especially in women and non-Hispanic white
adults [141]. Similarly, a Korean study showed that the group with the highest fiber intake
had the lowest prevalence of allergic asthma, which obtained statistical significance in males
(OR 0.656 [0.48-0.91]) [142]. In another study, total dietary fiber intake was significantly
inversely associated with asthma in both women (OR 0.73 [0.67-0.79]) and men (OR 0.63
[0.55-0.73]). Various sources of fiber were investigated and high dietary fiber intake
from cereals, fruit, and seeds, was significantly associated with less asthma symptoms.
Furthermore, a protective role for both soluble and insoluble fiber was suggested [143].

8.2. Clinical Evidence Early Life

Allergic asthma can develop following early life atopic and allergic disorders, such as
atopic dermatitis (AD), allergic rhinitis, or cow’s milk allergy (atopic march) [145]. There-
fore, interventions with dietary nondigestible oligosaccharides in infants with a history of
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atopy are needed to evaluate the preventive potential of these fibers. In one study, healthy
term infants with a parental history of atopy had fewer episodes of upper respiratory
tract infections and a reduced risk, compared to a placebo group, of developing recurrent
wheeze after receiving a supplementation with 0.8 g/100 mL neutral oligosaccharides in
the first 6 months of life [146-148]. Preventing early life respiratory infections and wheeze
in infants with a personal or family presence of atopy, may reduce the risk of developing
asthma [149]. Supplementing infant formula with the mixture GOS/IcFOS during the first
6 months of life showed similar results to the breastfed reference group with more faecal
Bifidobacterium spp. and Lactobacillus spp. as well as reduced respiratory system allergic
symptoms during the first 18 month of life compared to the group fed with infant formula
without supplementation [150]. More recently a systematic review reported that infants
exposed to dietary prebiotics show a reduced risk of developing asthma, but higher quality
of evidence is needed [151].

A trial with AD infants receiving infant formula supplemented with GOS/1cFOS
and B. breve M-16V or placebo control for 12 weeks revealed that synbiotic-supplemented
formula reduced the severity of AD in patients with IgE-associated AD [152]. Intriguingly,
this short period of intervention in the allergic infants reduced the prevalence of frequent
wheezing, as well as the use of asthma medication, one year after the intervention [153].
In addition, compared to the placebo control, the synbiotic supplementation significantly
modulated the intestinal microbiota by increasing the percentages of beneficial Bifidobac-
terium spp., while reducing unfavorable Clostridium liuseburense / Clostridium histolyticum
and Eubacterium rectale/Clostridium coccoides [152,153]. Several trials in infants with sus-
pected non-IgE mediated cow’s milk allergy [154] or with a confirmed IgE-mediated cow’s
milk allergy [155] have been initiated. Here, a synbiotic blend combining scFOS/1cFOS
and B. breve M-16V was added to infant formula which resulted in an increase in faecal
Bifidobacterium spp. and a decrease in the Eubacterium rectale/Clostridium coccoides (ER/CC)
group, suggesting an overall composition closer to the profile of healthy breastfed infants
compared to the formula without the synbiotic blend [154-156]. In the light of the gut-lung-
axis hypothesis and pre-clinical study outcomes, it can be hypothesized that supporting the
timely colonization and diversity of the microbiome in early life could contribute to asthma
prevention. Ongoing follow-up will evaluate the effects of scFOS/1cFOS and B. breve M-16V
on the risk of developing different types of allergic diseases [157]. Future studies should
provide evidence on the potential of specific dietary fibers alone or in combination with
probiotics to improve immune-maturation and prevent the onset of asthma.

8.3. Clinical Evidence Adults

Intervention studies investigating fiber for asthma treatment have generally been per-
formed in adults. In these studies, fiber was supplemented to investigate its effects on gut
microbiome and asthma control. For this type of intervention, asthmatic subjects normally
must stop or reduce their asthma medication at defined timepoints that might slightly differ
between different studies. One of the first studies investigated dietary supplementation
with synbiotics (8 g/day, 90% GOS/10% IcFOS with B. breve M-16V) in HDM-sensitized,
mild asthma patients. After a 4-week intervention the peak expiratory flow (PEF) im-
proved, while serum IL-5 reduced compared to the placebo group. In addition, ex vivo
HDM re-stimulation peripheral blood mononuclear cells (PBMC) resulted in reduced Th2
type (IL-4, IL-5, and IL-13) cytokines release [158]. Prebiotic supplementation alone im-
proved lung function using 5.5 g/day of Bimuno-galactooligosaccharide (B-GOS) in a trial
with adult asthmatics. After 3 weeks of intervention, only the B-GOS-supplemented group
showed improved PEF after voluntary hyperpnoea. In addition, the peak falls in FEV1 and
serum TNF-o and C-reactive protein (CRP) concentrations were significantly reduced in
the asthmatics following B-GOS intervention [159].

In a pilot study, patients with stable asthma were supplemented with a soluble fiber
(3.5 g inulin) combined with a probiotic yoghurt (Lactobacillus acidophilis LA5, L.rhamnosus
GG, and B.lactis Bb12) [121]. After 4 h, reduced airway inflammation was observed com-
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pared to baseline, while lung function improved compared to the control group of asthma
patients. In addition, GPR41 and GPR43 gene expression in sputum samples was upregu-
lated, implying that SCFA-mediated receptor activation may underly this protective effect
in asthmatic patients [121]. This was further investigated in a trial where subjects with
stable asthma received either placebo, or inulin (12 g/day) alone or in combination with a
probiotic strain (same as pilot study) for 7 days [160]. Inulin alone improved the asthma
control questionnaire (ACQ) score, reduced the percentage of sputum eosinophils and
increased the numbers of SCFA-producing faecal bacteria. Even though the plasma SCFA
levels did not change, these correlated moderately positive with the FEV1. The strongest
improvement was observed in asthmatics with poorly controlled asthma and eosinophilic
airway inflammation at baseline regardless of receiving inhaled corticosteroids [160].

9. Discussion

The link between fiber intake and immune effects in the airway is supported by
many studies. Both prevention- and treatment-orientated preclinical studies with dietary
fibers showed promising protective effects against allergic airway inflammation. Few
studies [78,131-133] investigated phenotypic and functional changes in cells involved in
the sensitization phase of asthma, such as IECs, DCs, or B-cells/plasma cells. Effector cells
involved in symptom elicitation and inflammatory responses were investigated in more
detail in all studies.

Multiple types of fiber can protect against AAD development in mice when used in a
prophylactic regime, provided prior to the first sensitization and continued during allergen
challenge. These include high doses of fibers such as pectin (30%) or resistant starch
(72.2%) [78,112,117], but protective effects were also obtained using lower doses of fibers,
such as GOS or FOS (1% or 2.5%), and combinations with B. breve M-16V [126-129,133,134].
The studies using high fiber amounts included a larger number of outcome parameters
in the study design, but the protective effects shown on main clinical parameters, such as
eosinophilic airway inflammation and AHR, were observed both using high or low doses
of fibers, albeit different fibers were used in these studies. It could therefore be interesting
to consider supplementation of low doses of specific fibers in clinical trials. However, more
comparable studies, using similar preclinical models and outcome parameters, are needed
before final conclusions can be drawn. It is noteworthy that, except for one study [131],
all prophylactic murine studies made use of an acute allergic asthma model. It might be
interesting to evaluate if the protective effects of fiber supplementation prior to allergen
sensitization persist in the long-term. Furthermore, several clinical trials in infants have
provided evidence on the potential role of dietary fibers in the prevention of atopic and
allergic responses [146-148,150]. These examined the prebiotic combination of GOS/1cFOS
in young children and found beneficial effects on both the microbiome, namely increased
levels of Bifidobacterium spp. and Lactobacillus spp., as well as on the respiratory tract of
the infants.

Other studies focused more on the treatment effects of fibers in mice or humans already
sensitized to an airborne allergen. From preclinical studies it appeared that different types
of fibers, all in quite low doses (<5% w/w), could diminish immune infiltration in the lungs,
decrease multiple pro-inflammatory cytokines in the lungs and serum, and counteract airway
remodeling [132,135-138]. More importantly, in infants or adults already suffering from allergic
asthma or related atopic diseases different fiber types and combinations with probiotics can
reduce (airway) inflammation and/or improve long function [121,152,153,158-160]. For inulin
treatment the underlying effect mechanism possibly involved was, as in the pre-clinical studies,
GPR41 and GPR43 signaling [121].

Two preclinical studies examined the effect of a combination treatment of both fibers
and probiotics, such as B. breve [129,136]. Combinations of scGOS/IcFOS and scFOS/1cFOS
with B. breve improved immune functioning, with scFOS/1cFOS/Bb showing the strongest
effects [129]. Sagar et al. also found positive effects of scFOS/IcFOS with B. breve, although
here AOS was added to the diet [136].
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Based on the information discussed in this review it can be concluded that many
different types of fiber have positive effects on AAD management and that SCFA poten-
tially play an important role in the mode of action. The molecular events involved in
the SCFA effects have been at least partly unravelled, being GPCR binding and HDAC
inhibition, and several studies have showed the protective potential of SCFA supplemen-
tation (acetate, propionate, and butyrate in particular) on AAD-related immunological
features [15,37,63,64,76,79-82,84-101,103-105,144-147]. As mentioned above, bacteria vary
in the type and amount of enzymes they produce, and will therefore each metabolize
different fibers/carbohydrates and produce different ratios of metabolites [65]. Although
some preclinical studies in murine asthma models did investigate the effect of certain fibers
on microbiome composition in association with asthma prevention, most studies did not
investigate this. However, the prebiotic fibers that were used have already been shown clin-
ically to modify the microbiome and to promote the growth and activity of lactobacilli and
bifidobacteria [150,152-156]. Furthermore, concentrations of SCFAs in the faeces/cecum
were not investigated in most studies, and only one study reported modulation of SCFA
levels in the lung following fiber treatment [112]. Therefore, mechanistical evidence, that
directly links fiber fermentation, microbiome alterations, and SCFA modulation to the
protective effect of fiber on AAD disease outcomes, is still insufficient. Hence, future
studies need to consider effects on the microbiome composition in the gut, as well as in the
lung, and microbiome activity by measuring SCFA concentrations in the gut and lung.

To explain the effects of fibers on allergic asthma disease outcomes, mechanisms other
than SCFA should also be considered. Remarkably, reduced eosinophilic infiltration in the
lungs of rats, after GOS or RAF supplementation, was maintained after cecectomy and
antibiotic treatment, indicating that fermentation of fibers by bacteria was not required per
se to exert their immunomodulatory effects. Interestingly, the x-D-galactosidic linkages
in RAF and GOS might regulate NKT cells, while FOS and xylo-oligosaccharide (XOS),
that do not contain these linkages, did not exert these effects [135]. Other microbiota-
independent effects might involve TLR binding and thereby the activation of downstream
pathways including NF-kB, MAPK, and extracellular signal-related kinase pathways, which
consequently leads to the secretion of both pro- and anti-inflammatory cytokines [161].
Another example might be that 32-1 fructans, including short chain polymers, such as FOS
and long chain polymers such as inulin, could influence immune function by increasing
Th1 cells in the Peyer’s Patches and DCs and Tregs frequency in the mesenteric lymph
nodes of mice, without affecting the gut microbiome [162].

Furthermore, non-fermentable fibers, such as cellulose, affect the gut and micro-
biome [78,112,131] and even AAD development [131]. Multiple possible explanations for
the effect of cellulose have been provided. These include upregulation of zinc availability
in the colon by cellulose, thereby enhancing crypt proliferation, but also stimulation of
goblet cell maturation by cellulose, and hence enhanced mucus secretion and increasing
numbers of the mucin-degrading and ‘good health-related” bacteria Akkermansia muciniphila.
Lastly, cellulose might induce higher levels of niacin (vitamin B3), which is, as previously
mentioned, a ligand for GPR109a just like butyrate [163]. Enhanced crypt proliferation
and increased mucus secretion in the gut support a non-leaky gut. Therefore, these effects
could also positively contribute to preventing asthma, as increased intestinal permeability
has been linked to asthma in both children [164] and adults [165].

Altogether, dietary fibers can play a protective role in both the onset as well as
symptom control of allergic asthma. Besides the possible immunostimulatory effects by the
dietary fiber metabolites, SCFAs, that diminish asthma onset and severity, dietary fibers
and non-fermentable fibers can potentially also directly stimulate immune functions. In
the future, more clinical studies are needed to provide support to the evidence found
on the protective effects of dietary fibers on allergic asthma development in early life.
These studies should report on diverse immune-related parameters, but also on gut-
lung microbiome composition and SCFA profiles, to obtain improved insights into the
mechanisms behind the immunomodulating effects. Possible differences in the effect size
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of different types of fiber should receive more attention to allow for clarification of which
specific dietary fiber may be the most beneficial for asthma protection, while identifying
the lowest possible effective dose. Additionally, the potential of other concepts, such as
synbiotic or fiber supplementation as adjunct therapies to corticosteroids (e.g., budesonide)
in allergic asthma patients, deserves further investigation.
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