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Abstract: The regulation of innate immunity is substantially more ‘plastic’ than previously appreciated.
Innate immune memory (manifested through trained immunity and tolerance) is a recently described
epigenetic phenomenon that is a model example, with broad implications for infectious disease, allergy
and autoimmunity. Training the innate immune system to combat infections and temper inappropriate
responses in non-communicable diseases will likely be an area of intense research. Innate immunity
is influenced by short chain fatty acids, which are the natural products of digestion by the intestinal
microbiota that possess inherent histone deacetylase inhibitory properties. It therefore stands to
reason that a healthy gut microbiome may well influence mucosal and systemic trained immunity
via short chain fatty acids. There is a lack of data on this specific topic, and we discuss potential
relationships based on available and preliminary evidence. Understanding the link between intestinal
microbiome composition, capacity for short chain fatty acid production and downstream effects on
innate immune memory in early life will have important implications for host immunobiology. In this
review we explore the intersection between the gut microbiota, short chain fatty acids and epigenetic
regulation of innate immunity with a focus on early life.
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1. Introduction

A growing body of evidence now demonstrates that certain subpopulations of myeloid immune
cells can develop functionally altered immune responses upon re-exposure to the same or even
different stimuli. These adaptive changes, collectively known as ‘innate immune memory’, can give
rise to moderately persistent changes in innate cell function, including proinflammatory cytokine
capacity, cell metabolism and effector functions [1]. The two opposing axes of innate immune memory
are ‘tolerance’ and ‘trained immunity’, where the former describes an attenuation of innate cell
proinflammatory cytokine responses whilst the latter describes enhancements to their capability to
resolve infection [1,2]. At the nuclear level, innate memory is mediated by pathogen recognition
receptor (PRR) signalling events that trigger extensive epigenetic remodelling within myeloid cells,
and together with concomitant transcriptional and metabolic changes, can result in modifications to their
secondary responses and capacity to resolve infection [3]. Although various layers of the epigenome
are involved [4], the accumulation of histone modifications such as acetylation and methylation at
immune gene promoters has been identified as a cardinal feature of innate immune memory. Pioneering
work in this area has demonstrated that certain vaccines can impart these adaptations upon bone
marrow-resident precursor cells and pass them onto their progeny, with systemic effects lasting several
months and potentially longer [5]. The clinical implications of these mechanisms are substantial. Innate
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cell tolerance is a beneficial pillar of gut homeostasis and a key mediator of host commensalism,
although it has also been linked to severe immunosuppression observed in cases of sepsis [6,7]. Trained
immunity on the other hand enhances the proinflammatory potential and effector functions of innate
cells, increasing pathogen-agnostic protection, and underpins the nonspecific beneficial effects of certain
vaccines [8]. There is much that remains to be determined in order to harness the benefits of innate
memory, including the natural ontogeny of these innate responses in the context of human immune
development, the role of the identity, dose and duration of the initial inflammatory stimulus as well as
how multiple training and tolerising signals are integrated during the course of an immune response.

In addition to these questions, the role of the intestinal microbiome in shaping innate immune
memory is also pertinent. Intestinal bacteria derived short-chain fatty acids (SFCAs) are metabolic
products of gut commensals of the phyla Bacteroidetes and Firmicutes produced as end products of
bacterial metabolism in the large intestine [9]. They are naturally occurring inhibitors of histone
deacetylases (HDACs), a class of ‘epigenetic reader’ enzymes that specifically remove acetyl groups on
lysine amino acid residues of histone subunits [10,11]. Removal of these modifications allows DNA
to wrap more tightly around histones, which is generally associated with transcriptional repression.
The SCFAs are therefore modifiers of epigenetic responses by virtue of their HDAC inhibitory activity
and can promote the accumulation of transcriptionally permissive acetyl modifications at gene
enhancers and promoters. SCFAs constitute a primary source of energy for colonocytes, and they
are secreted into the lamina propria where they can exert potent immunomodulatory activity on
gut-resident immune cells. They are detectable at much lower levels (>1000-fold) in peripheral blood
and likely exhibit reduced activity on circulating cells. These metabolites are therefore a key link
between the microbiota and the immune system. It is therefore plausible that the gradient of SCFAs
concentrations across the gut and peripheral immune system may influence innate immune memory
in dichotomous ways. SCFAs are pharmacologically attractive due to their inherent safety and ability
to affect systemic inflammation [12]. Bioavailability of SCFAs is broadly influenced by a number of
host and environment-related factors, including composition of the intestinal microbiome, substrate
availability and intestinal transit times [9]. We aim to discuss the known immunomodulatory effects
of SCFAs and how they might relate to innate immune memory, as well as factors that are likely to
influence these processes. At present the specific effects of SCFA on innate memory are unclear but
available evidence suggest factors such as dose gradients, metabolic state of responding cells and
host-intrinsic factors intersect to determine effects which are likely to be pleiotropic depending upon
the situation.

2. Epigenetic Mechanisms of Innate Immunity

2.1. The Role of Histone Modifications and Other Epigenetic Mechanisms in the Regulation of Innate Immunity

Epigenetics describes the array of post-translational modifications to DNA or DNA-associated
proteins that can influence phenotypic variation without alteration of the genetic code. Epigenetic
mechanisms such as covalent histone modifications (e.g., acetylation/deacetylation of lysine residues)
and chromatin remodelling are critical regulators of host immunity, underpinning the myriad forms
of differentiation and phenotypic variation that drive both the innate and adaptive branches of the
immune system. In the context of the innate immune system, epigenetic modifications regulate
the differentiation of all innate cells from common myeloid progenitors and are responsible for the
distinct phenotypic variations present within differentiated cells (e.g., M1 vs. M2 macrophages) [13].
Innate immune cell activity is determined by complex signalling pathways governing the detection
of antigens and the innate immune response to infection. Pathogen-associated molecular patterns
(PAMP)-mediated activation of surface PRRs and cytokine signalling pathways influence innate
immune cell responses through the initiation of downstream transcriptional cascades. These cascades
are epigenetically regulated by histone modifications, gene-level chromatin remodelling, microRNAs
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(miRNAs) and DNA methylation, leading to highly dynamic expression of cytokines and other
inflammatory mediators, along with an array of anti-infection effector molecules [2,14–16].

Histone acetylation/deacetylation is a core epigenetic mechanism regulating gene expression in the
nucleus. It involves the addition/removal of acetyl functional groups on lysine residues in the N-terminus
tail of histone proteins. Within the nucleus, DNA is wound around histone proteins to form a complex
called chromatin. Chromatin exists in two forms: a highly condensed form called heterochromatin and
an uncoiled form called euchromatin. Within heterochromatin, the DNA and histones are packed tightly
together, preventing the various transcription factors and RNA polymerases required for transcription
from accessing the DNA, leading to repression of gene expression [17,18]. Euchromatin describes a
loosely packed conformation of DNA/histones within which gene transcription is permissive. Lysine
residues in the N-terminus tails of histone proteins are positively charged, attracting the negatively
charged DNA strands and promoting a more condensed chromatin conformation [19,20]. Acetylation
of these residues, facilitated by histone acetyltransferases (HATs), neutralises the positive charge
on lysine and allows the chromatin to uncoil, promoting gene expression [21]. Removal of histone
acetylation groups is catalysed by HDAC enzymes and condenses the chromatin to repress gene
expression. Inhibitors of HDAC enzymes can prevent this process, promoting the accumulation of
acetylation of histones at cis-regulatory genomic elements [15,17,18].

It is now known that histone modifications and chromatin remodelling play a critical role in the
regulation of innate inflammatory responses. An in vitro study by Lee et al. on human monocytes
and macrophages determined that expression of the proinflammatory cytokine TNF-α is separately
regulated by both histone acetylation and chromatin remodelling at the gene promoter [22]. Histone
H3 and H4 acetylation was found to be dependent on the developmental stage of human monocytes
and was not regulated by acute immune stimuli. Conversely, chromatin remodelling around the
TNF-α promotor was induced by acute inflammatory stimuli, though chromatin remodelling alone was
insufficient to activate transcription of TNF-α. HDAC inhibitors induced a 22-fold increase in TNF-α
secretion following stimulation with the acute inflammatory stimulant paramethoxyamphetamine
(PMA), indicating an important role of histone acetylation in this pathway [22]. Park et al. reported that
acetylation and phosphorylation of histone H3 regulates expression of cyclooxygenase-2 (COX-2) in
macrophages, a key enzyme in the proliferation of the inflammatory response to LPS [23]. The authors
determined that the inhibitory activity of the SCFA butyrate on HDAC3 worked in a synergistic
manner with LPS, accentuating COX-2 production by LPS-treated RAW 264.7 macrophages. Butyrate
enhanced acetylation of H3 at the promotor for COX-2. This, in turn, enhanced LPS-mediated
phosphorylation of H3 at the promotor, upregulating expression of COX-2. LPS alone had no effect
on H3 phosphorylation [23]. This proinflammatory activity of butyrate appears to contrast with the
anti-inflammatory activity reported in studies investigating the effects of butyrate on proinflammatory
cytokine production [24,25]. This apparent variation in inflammatory activity may arise from secondary
activation and targeting of nuclear repressor complexes to promotor sites of inflammatory genes by
acetylated histone H3, as suggested by Chang et al. [26].

DNA methylation has been relatively understudied as a regulatory mechanism of the innate
immune response, due to the belief that methylation marks are highly stable in the context of
inflammation. Recent studies have challenged this idea, reporting significant changes in DNA
methylation in innate immune cells following infection. Infection of human dendritic cells (DCs)
and macrophages with live Mycobacterium tuberculosis was found to lead to the active loss of DNA
methylation at thousands of enhancers throughout the genome [27,28]. These changes were predictive
of altered expression at nearby genes, with multiple studies reporting similar findings [29–32], however
there is currently insufficient evidence to suggest a causal relationship between changes in DNA
methylation and changes in gene expression in response to infection. Pacis et al. reported that the
vast majority of changes in gene expression in response to infection occurred prior to any changes
in DNA methylation [28]. These findings suggest that changes in the DNA methylation profiles of
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immune cells following infection are likely the result of downstream surface receptor signalling and
transcriptional activation.

miRNAs are small noncoding RNAs that play important roles in RNA silencing and post-
translational regulation of gene expression through complementary base-pair binding with target
mRNAs. miRNAs may contribute to the development of innate immune memory through a combination
of their long half-life [33] and the limited proliferative ability of myeloid cells. These factors allow
miRNAs to persist within myeloid cells following the removal of a primary stimulus, where they may
continue to influence the immune response to later stimuli [34]. One such miRNA that may act in
this way is miR-155, which is upregulated in response to inflammatory signals and is associated with
hyperactivation of myeloid cells. This pro-inflammatory activity is likely due to miR-155-mediated
repression of Src homology-2 domain-containing inositol 5-phosphatase 1 (SHIP1), leading to increased
activation of the kinase Akt during the cellular response to microbial antigens [35]. It is possible
that sustained intracellular levels of miR-155 following exposure to a primary stimulus could cause
myeloid cells to adopt a hypersensitive phenotype, promoting an enhanced inflammatory response
upon exposure to a secondary stimulus.

2.2. Epigenetic Mechanisms of Innate Immune Memory

The cellular basis of innate immune memory is the functional reprogramming of innate immune
cells and associated changes in chromatin conformation through histone modifications, changes in
the accessibility of DNA to regulatory elements that drive transcriptional and metabolic changes [36].
Stimulation of myeloid cells with antigen, lipids and certain vaccine products can leave an epigenetic
‘imprint’—a pattern of epigenetic changes at enhancers and promoters at host-defence genes that
can lead to heightened responsiveness (trained immunity) or suppressed responsiveness (tolerance)
on re-encounter.

Trained immunity arises when some microbial and vaccine antigens cause monocytes/macrophages
to make an adaptative response to secondary challenge by increasing their proinflammatory cytokine
response to a broad range of microbial stimuli, also known as heterologous protection. This pathogen-
agnostic immunity underpins the nonspecific protective effects of the BCG vaccine, among others [37–39].
Trained immunity is dependent on epigenetic remodelling and changes in intracellular metabolic
pathways. Activation of these pathways induces innate cells to adopt an augmented proinflammatory
phenotype characterised by employing increased acute inflammatory cytokine responses, which can
persist on a long term basis [3,14,40,41]. Recent in vitro and in vivo studies have revealed that the
state of trained immunity is induced by PAMPs through PRR signalling [41,42]. An initial study in
mice found that infection with an attenuated strain of fungal C. albicans protects against infection with
bacterial S. aureus. In vitro studies revealed that the fungal cell wall componentβ-glucan acts as a PAMP
to induce functional reprogramming and extensive epigenetic remodelling in innate cells through a
dectin-1/Raf1-dependent pathway [43,44]. It was then discovered that inoculation of healthy human
volunteers with the BCG vaccine caused lasting and nonspecific upregulation of isolated monocyte
proinflammatory cytokine responses ex vivo, with these effects persisting for at least three months
following vaccination. Further research determined that these altered cytokine responses are dependent
on nucleotide-binding oligomerisation domain-containing protein 2 (NOD2)-signalling and epigenetic
histone modifications promoting the transcription of proinflammatory genes, and likely explain the
observed beneficial effects of BCG vaccination on mortality [45–47]. Most recently, atherogenic lipid
oxidised low-density lipoprotein (ox-LDL) has been found to induce a proatherogenic phenotype
in monocytes, increasing proatherogenic cytokine secretion in vitro. This new, though less studied,
form of trained immunity is mediated by TLR4/TLR2 signalling and activation of phosphatidylinositol
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK), leading to downstream changes in
histone methylation and gene transcription [48,49]. The broad protective properties of β-glucan and
the BCG vaccine have led to a recent surge in interest in research investigating trained immunity in a
range of different organisms and diseases [16,50].
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The other molecular aspect of innate immune memory is tolerance, a refractory state of innate
cells characterised by a greatly reduced proinflammatory cytokine response to infection and plays
a cardinal role in both health and disease [16]. Recent studies have demonstrated that LPS-induced
tolerance is linked to specific epigenomic changes in innate monocytes/macrophages, characterised
by differences in primed active and distal genomic elements. Transcriptomic analysis of tolerant
monocytes from both septic patients and mouse models of sepsis suggests that the tolerant phenotype
is dependent on chromatin remodelling and regulatory nuclear proteins modulating the expression of
tolerised genes [51,52]. These findings were confirmed in a study by Novakovic et al. utilising
in vitro models of LPS-induced tolerance in human monocytes. This study found that histone
acetylation/methylation marks of transcriptional activity were highly dynamic, varying greatly between
LPS-treated macrophages (LPS-Mfs) and untreated macrophages (naïve-Mfs) [41]. These histone
modifications influence the conformation of chromatin in the nucleus, regulating transcription in an
epigenetic manner. Acetylation of the 27th lysine residue on histone 3 (H3K27ac) at promoters and
enhancers, a mark associated with transcriptional activation [53], was observed to be the most dynamic,
with the largest variations being associated with monocyte differentiation into macrophages. Untreated
cells established macrophage differentiation-specific active regions within 24 h, while LPS-treated cells
exhibited delayed differentiation, establishing a number of proinflammatory active regions before
“catching up” and establishing similar differentiation marks once the stimulus was removed at 24 h.
Chromatin segmentation analysis with EpicSeq confirmed that LPS-Mfs maintained a chromatin
state similar to undifferentiated monocytes, with genes essential for phagocytosis and cytokine
release in mature macrophages rendered inactive. This suggests that tolerant cells may be a form of
adapted monocytes and not simply late differentiated macrophages [41]. These findings demonstrate
that the development of innate immune tolerance is dependent on specific epigenetic mechanisms,
with posttranslational histone modifications governing the expression of genes that are specific for
both macrophage differentiation and inflammation.

2.3. Short Chain Fatty Acids: A Novel Class of Histone Deacetylase Inhibitors

SCFAs are a class of metabolite that acts as a link between the microbiota and immune development
and function. SCFA are carboxylic acids with aliphatic tails of 1–6 carbons and are produced through
fermentation of dietary fibre, carbohydrates and peptide and glycoprotein precursors [54]. The three
major gut derived SCFAs, acetate, butyrate and propionate, are potent inhibitors of HDACS in innate
cells, primarily through inhibition of histone deacetylase 3 (HDAC3) [10,11,55]. Concentrations of
SCFAs vary widely across the gut and peripheral circulation. Estimates for concentrations of acetate,
propionate and butyrate range from 70–140 mM in the proximal colon, 20–70 mM in the distal colon [12]
to as low as 0.16–25.05 µM in circulation. The ratio of acetate/propionate/butyrate in the gut is roughly
60/20/20, though the relative concentrations of propionate and butyrate are far lower in the circulation,
with butyrate circulating at ~0.16 µM and propionate circulating at ~0.62 µM compared to ~25 µM
for acetate [56]. SCFA exert their effects by acting as ligands for G-couple protein receptors (GPCRs),
passive diffusion through the cell membrane, stimulation of histone acetyltransferases, inhibition
of HDACs and stabilisation of the hypoxia-inducible factor (HIF) [12,57]. Through these pathways,
they influence a broad range of cellular processes including proliferation, differentiation, chemotaxis,
gene expression, epigenetic remodelling, cytokine production and apoptosis [12]. The receptors that
internalize SCFA exhibit varied expression across cells and tissues, which is partially associated with
the range of effects on cell biology.

Several studies have begun to investigate the therapeutic potential of SCFA in clinical trials as
a naturally occurring alternative to conventional HDAC inhibitors. Conventional HDAC inhibitors
are clinically approved for the treatment of cancer and have been found to induce cell cycle arrest,
differentiation, cell death and reduced angiogenesis in tumours [58,59]. Though well tolerated compared
to classical chemotherapeutic agents, their toxicity has limited their applications outside of oncology.
HDAC inhibitors have poor specificity for diseased cells, leading to off-target widespread aberrant
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gene expression [60–62]. SCFAs on the other hand are produced naturally in the gut and are non-toxic,
being well tolerated even in very high (mM) concentrations [56]. Most significantly, SCFAs selectively
target innate immune cells by activating free fatty acid receptors 2 and 3 (FFAR2/FFA2/GPR43) and
(FFAR3/FFA3/GPR41), expressed predominantly on the surface of peripheral blood mononuclear
cells (PBMCs), monocytes, and neutrophils. FFAR2/3-mediated signalling ensures a high degree
of specificity in the anti-inflammatory effects of SCFAs [63,64]. These properties are unique among
HDAC inhibitors and position SCFAs as an attractive target for the treatment of chronic disease.
Clinical approaches to short chain fatty acid therapy fall into the category of either 1-direct delivery or
2-dietary intervention strategies that modulate the host microbiota in order to boost bioavailability
of SCFA, either as prenatal prevention strategies or as a therapy. A brief search on PubMed reveals
over 100 randomised controlled or clinical trials published on short chain fatty acids, with treatment
applications in inflammatory bowel and gastrointestinal disorders [65–67], diabetes and obesity [68–70],
cancer [71], prematurity [72], neurological disease [73] and psychosocial stress [74]. The translation of
SCFA therapy into clinic as a proven prevention strategy or treatment is still on the horizon, however it
is already common parlance to espouse the generalised benefits of a high fibre diet to boost gut health
and reduce disease risk.

The effects of SCFAs on DNA methylation and miRNAs in innate immunity are poorly understood.
While a small number of studies have investigated the effects of SCFAs on DNA methylation,
these studies have focussed on cell populations outside of the immune system. This paucity of
immunological data extends to studies exploring the effects of SCFAs on miRNAs, with the few existing
studies focussing primarily on cancer. As current data are insufficient, further research is necessary
before the immunological effects of SCFAs on these epigenetic processes can be determined.

2.4. SCFA Effects on Innate Immune Function

SCFA exhibit varied and somewhat potent immunomodulatory effects on innate (and adaptive)
immune cells resident in the mucosal associated lymphoid tissues, and at distal sites. Epithelial cells
are key barrier components of the innate immune system and display innate like characteristics.
SCFA play an essential role in regulating intestinal epithelial physiology, through maintaining
barrier functions, cell division and modulating responses after infection/inflammation. Colonocytes
utilise SCFA as a primary energy source, and butyrate in particular plays a role in colonocyte
proliferation and apoptosis [75]. Butyrate also increases intestinal epithelial cell production of
antimicrobial peptides indicating a role in host defence [76]. SCFAs increase the production of
cytokines (TNF-a, IL-6) and chemokines (CXCL10, CXCL1) in vitro [77]. Activation of GPCRs induces
membrane hyper-polarization, an increase in potassium ion influx and activation of the inflammasome
NLPR3, increasing production of IL-18 a key cytokine that regulates repair and maintenance of
epithelial barrier integrity [78]. GPCR-independent effects attributable to HDAC inhibitory activity
have been noted to dampen production of neutrophil chemotactic chemokines (CCL20, CXCL8) and
have also been described in in vitro models of gut epithelial cells [79].

In addition to barrier cells, many studies have shown that monocytes and macrophage function
are also influenced by microbiota metabolites. SCFA have been reported to dampen proliferative
responses in macrophages [80], as well as inflammatory cytokine production [26,81,82], whilst also
increasing production of prostaglandins [83] and host defence peptides [84]. Murine macrophage cells
exposed to SCFA display decreased production of LPS-induced TNF-a, IL-1B and IL-6, with enhanced
production of IL-10 [81,82]. Bone-marrow derived macrophages exposed to butyrate in vitro exhibited
reduced nitric oxide production and anti-inflammatory cytokine effects but this was not observed with
propionate or acetate [26]. In macrophages, butyrate exhibits HDAC inhibitory activity and an increase
in histone H3K9ac at the promoters of Il2, Nos2 and Il12b [26]. Park et al. reported the inhibitory
activity of the SCFA butyrate on HDAC3 augmented COX-2 production in LPS-treated RAW 264.7
macrophage cell lines, which occurred via accumulated acetylation of H3 at the promotor for COX-2 [23].
This proinflammatory activity of butyrate appears to contrast with the anti-inflammatory activity
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reported in studies investigating the effects of butyrate on proinflammatory cytokine production.
Other studies have shown increased production of prostaglandin E2 in human monocytes [83] and
increased production of host defence peptides [84]. There are some discrepancies in the pro- versus
anti-inflammatory effects of SCFA on monocytes and macrophages which likely to be explained,
at least in part, to differences in experimental parameters such as the use of primary cultures versus
immortalized cell lines, as well as the different type and dose of SCFA examined.

Dendritic cells (DCs) are central immune surveillance components of the innate immune system,
and several studies have now investigated the effects of SCFA on DCs. In general, these effects inhibit
DC expression of activation markers CD80 and CD83, CD1a and MHC class II molecules [81], reducing
their capacity to stimulate T-cell responses [85]. DC development appears to be attenuated in the
presence of butyrate [86], which has been proposed to occur through HDAC inhibition activity and
suppression of transcription factors PU.1 and RELB, which play a role in DC development [86].
Innate lymphoid cells are tissue resident cells that are abundant at the mucosal surfaces and rapidly
expand in response to infection and tissue damage. Administration of a diet high in soluble fibres such
as pectin and inulin, which increase microbiota metabolism of SCFA in the blood, supports expansion
of ILC subpopulations in the intestine of mice [87]. Signalling through GPCR receptors can induce the
expression of free fatty acid receptors Ffar2 and Ffar3 on ILCs and activates PIK3-mTOR glycolytic switch
to drive proliferation [87]. In the airways, dietary fibre derived butyrate suppresses ILC2 production
of allergic inflammatory type 2 cytokines via downregulation of the GATA3 lineage-determining
transcription factor. This biological effect is associated with reduced lung inflammation in murine
models of airways hyperreactivity [88]. Other models of allergic airways disease have reported reduced
eosinophilic-mediated type 2 inflammation in mice injected with butyrate [89]. In human eosinophils,
SCFA attenuated migration, adhesion and survival via GPCR independent mechanisms accompanied
by increased histone acetylation [89].

3. The Role of the Microbiota in the Regulation of Short Chain Fatty Acids

3.1. Ontogeny of Gut SCFA Producers

Given SCFA are end products of bacterial metabolism in the large intestine, bioavailability of
these metabolites is influenced by colonisation patterns in the gut. The SCFA are formed principally by
anaerobic microbes through fermentation of indigestible starches and plant cell-wall polysaccharide
substrates [9]. The composition of the microbiota is therefore one important host-related factor
that regulates SCFA production. The main phyla that produce SCFA include the Bacteroidetes and
Firmicutes [90], which begin to colonise and dominate the gastrointestinal tract (GIT) during infancy
and early childhood, around the time that solid foods are introduced into an infant’s diet. Microbiome
research has shown that the spatio-temporal colonisation of the gut microbiome in early life is highly
influenced by environmental and lifestyle related factors, which likely also influence the regulation
of SCFA [91].

The initial seeding of the intestinal microbiome may begin as early as in utero [92], and neonatal
factors including the mode of delivery can influence diversity and colonisation pattern for the
first six months of life [93]. Maternal diet may influence the abundance of some species in the
neonate [94], and neonatal antibiotic therapy is a major disruptor of initial colonisation [95]. After birth,
the infant gut microbiome is primarily colonised by bacteria belonging to the Enterobacteriaceae,
Bifidobacterium, and Staphylococcus genus, which are specialised at processing milk oligosaccharides [96].
As mentioned above, the SCFA producers begin to colonise in early infancy as the diet becomes
more diverse and complex. Within the Firmicutes phylum around this time, the main butyrate
producing bacteria are Faecalibacterium prausnitzii and Clostridium leptum from the Ruminococcaceae
family, and Eubacterium rectale and Roseburia spp. from the Lachnospiraceae family [97]. In the infant
gut, a distinct endospore community constitute major butyrate-producing taxa. This community
initially exhibits low diversity and abundance (compared with adults) and increases over time with
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the availability of dietary and endogenous glycans, correlating with increased butyrate levels in infant
stool samples [98,99]. In postnatal life, factors known to influence the early development of the infant
gut microbiome include medication use, premature birth, formula feeding, cohabitation with pets and
siblings [100], and it is likely that SCFA levels may vary in a population according to these factors.

3.2. Impact of the Microbiome on Innate and Adaptive Immunity

Within the human body the most diverse and species-rich of the microbiomes reside in the GIT
Microbial communities in the gut can influence host responses locally at tissue surfaces, or distally
through secreted soluble factors that circulate and influence systemic immunity. Local interactions
in occur in the large and small intestinal tissue which is abundant in both innate cells and B-
and T-lymphocytes. Bacterial adhesion to the gut epithelium can influence intestinal epithelial cell
responses [101], and constant signalling to mucosal dendritic cells via PRR promotes antigen-specific
tolerance [102]. Secretion of SCFA and other metabolites, vitamins, sphingolipids, bacterial DNA,
peptides and polysaccharides and transport to the lamina propria can influence mucosal-resident
immune cell populations [103]. Perhaps the most robust evidence for the crucial role of the intestinal
microbiota in influencing local immune responses comes from studies of germ-free mice. Germ-free
mice display profound morphological defects in the structures of the gut-associated lymphoid tissue
and mesenteric lymph nodes, as well as reduced numbers and function of T- and B-lymphocytes in the
lamina propria [104]. This illustrates the significant effect GI colonisation has in driving maturation of
the mucosal-associated lymphoid tissue.

The intestinal microbiota can also influence systemic immunity through translocation of bacterial
products such as lipopolysaccharide (LPS) or metabolites such as SCFA from mucosal niches to
systemic circulation. Thus microbiota-derived metabolites can be detected at distal sites by the immune
system, and influence those responses [105]. Tissues such as the bone-marrow, lungs, liver and
spleen can respond to bacterial-derived antigens and metabolites [104]. Disruption of the microbiota
can therefore have wide-ranging effects on immunity. Germ-free and antibiotic treated mice exhibit
reduced capacity to clear viral infection and attenuated antibody responses [105]. Both IgM and
IgG antibody responses to seasonal flu vaccine are substantially reduced, and can be restored upon
reconstitution [106]. These studies suggest the microbiota is an important modulator of antibody
responses to vaccination. Perhaps counter-intuitively, antibiotic treated mice exhibit enhanced T-cell
mediated immune memory responses to vaccine antigen [107]. Supportive evidence in humans is
suggestive but not robust with correlative studies suggesting associations between gut microbiota
and vaccine immunity. Differences have been noted between vaccine responders and non-responders
after oral rotavirus vaccination [108,109]. The abundance of Bifidobacterium in early infancy has been
linked to immune responses to oral polio vaccine, BCG, tetanus toxoid and hepatitis B [110]. Although
only a few intervention studies have been attempted to date, one randomised placebo-controlled trial
investigated the hypothesis that gut intestinal pathogens might reduce the effectiveness of oral polio
vaccine given to infants in the developing world [111]. 6-11-month-old infants were randomised to
receive either a 3-day course of azithromycin or placebo prior to administration of the oral polio vaccine.
There was no difference in the development of serum neutralising antibodies to polio. This study
did report that viral pathogens (which were not cleared by antibiotics) were associated with reduced
sero-conversion suggesting innate anti-viral mechanisms may interfere with vaccine efficacy.

In a second intervention trial using antibiotics, Hagan et al. [112] administered broad spectrum
antibiotics to health adults for 5-days before immunizing with the seasonal flu vaccine 1-day prior
to cessation of the antibiotic course. Despite significant reductions in the gut microbiota community,
no differences in neutralising antibody production after vaccination. In a second trial of subjects that
had no prior exposure to the seasonal flu vaccine, nor a history of infection with flu for the previous
3 years, antibiotics administration was associated with a reduction in specific IgA and IgG1 titres
and an ability to neutralise the H1N1 strain. Collectively this study suggests pre-existing T-memory
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dependent immunity may be less dependent on the natural adjuvant effects of the gut microbiota,
whereas primary responses to novel antigen appear to be sensitive to gut dysbiosis.

4. Do SCFAs Affect Trained Immunity?

The present state of the field is such that the relationships between SCFA and innate immune
memory are unclear due to a lack of specific research on this. As described above, SCFAs exhibit
immunomodulatory potential on many cells of the innate immune system. It is therefore feasible
that the processes of innate immune memory (trained immunity and tolerance) could be influenced
or modified by these metabolites, assuming they are present at the time of initial antigen priming.
At present there are a lack of studies that have specifically addressed this. Based on available literature,
we speculate that that pleotropic effects will occur depending on the intersection between dose
encountered, the metabolic state of immune cells and host-intrinsic factors such as the composition of
the microbiome.

Dose gradients appear to be important potential influencers on outcomes with respect to innate
memory. In a study of tumorigenic colonocytes, butyrate was found to stimulate histone acetylation in a
dose-dependent manner by distinct mechanisms. At high concentrations such as would be encountered
by colonocytes and gut-resident immune cells, HDAC inhibition predominated, which can lead
to hyperacetylation of histones and transcription factors, and in cancerous cells, inhibition of cell
proliferation and promotion of apoptosis [75]. It is plausible that these effects might promote trained
immunity in innate cells through increasing histone acetylation at promoters and enhancers. At low
concentrations, butyrate metabolised in the mitochondria is converted to acetyl-CoA, an essential
factor for the acetylation of histones and other proteins. Although both mechanisms increase histone
acetylation, the latter mechanism has been shown to increase proliferation in colonocytes via a distinct
gene expression program [75]. As mentioned previously, the abundance of Bacteroidetes and Firmicutes
phyla in the gut (as well as other host-related factors) will likely affect SCFA concentration gradients.
The metabolic state of immune cells exposed to SCFA metabolites might also determine outcomes
with respect to innate memory capacity. Highly proliferative or activated cell types tend to rely on
glucose as an energy source (the Warburg effect). This metabolic shift changes the production of
acetyl-CoA and likely invokes the HDAC inhibitory effects of SCFA, whereas cells utilising oxidative
metabolism might respond differently [75]. The combination of these effects will likely determine how
these metabolites influence the capacity for innate memory.

In the circulation, SCFA levels are exceedingly lower and effects on systemic immunity are unclear.
The most well-demonstrated ex vivo models of trained immunity and tolerance in the lab are performed
on monocytes, or NK cells. There is a paucity of data around whether these ex-vivo models are affected
by the addition of SCFA to culture media, and how this might inhibit/augment processes, despite
evidence of immunomodulatory effects of SCFA on monocytes and macrophages. There is one clinical
study that has looked at the system anti-inflammatory effects of sodium butyrate supplementation
on the induction of trained immunity [113]. Oral administration of sodium butyrate for 4 weeks in a
cohort of ten obese adult males exhibiting metabolic syndrome, and nine lean male controls, dampened
inflammatory cytokine production (IlL-6, TNF-a, IL-10) in trained monocytes. No difference in cytokine
production was observed after direct stimulation of peripheral blood mononuclear cells (PBMCs) with
various heat-killed microbial pathogens, suggesting potential selective inhibition on the induction
of trained immunity, the latter mechanism being dependent on histone acetylation. In this study,
the intervention did not appreciably alter levels of plasma or faecal butyrate, acetate or propionate in
subjects. Of note, the effects on trained immunity were only observed in the obese group, suggesting a
possible role for diet or the microbiome in this group. While this study was not definitive, it suggests
that butyrate supplementation may increase local concentrations in the gut, where it can affect the
metabolism of circulating monocytes, but further evidence of this is needed.
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5. Conclusions

Trained immunity and tolerance are two exciting modes of ‘innate immune memory’, a process
that challenges the dogma that innate responses are static. The epigenetic processes that bring about
innate memory mediate plasticity in cellular phenotypes and depend upon mechanisms such as histone
acetylation to establish gene expression programs. There is great interest in harnessing the power
of trained immunity and tolerance for next generation vaccine design, to boost host immunity in a
pathogen agnostic fashion, and as a potential strategy against sepsis. It is likely that innate memory
capacity varies considerably within and across populations, and the gut microbiota is likely to be
one important influencer of innate immune cell plasticity. Strategies that harness trained immunity
or tolerance will need to consider this an important host-related factor when attempting to optimise
innate responses. At present it is unclear how SCFA affect innate immune memory, but available
evidence suggests effects are likely to be pleotropic depending upon concentration gradients and the
metabolic state of cells encountering these metabolites. Further research in this area is needed.
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