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The prevalence of IgE-mediated food allergy is increasing at a rapid pace in many
countries. The association of high food allergy rates with Westernized lifestyles
suggests the role of gene-environment interactions, potentially underpinned by
epigenetic variation, in mediating this process. Recent studies have implicated
innate immune system dysfunction in the development and persistence of food
allergy. These responses are characterized by increased circulating frequency
of innate immune cells and heightened inflammatory responses to bacterial stim-
ulation in food allergic patients. These signatures mirror those described in
trained immunity, whereby innate immune cells retain a ‘‘memory’’ of earlier
microbial encounters, thus influencing subsequent immune responses. Here, we
propose that a robust multi-omics approach that integrates immunological, tran-
scriptomic, and epigenomic datasets, combined with well-phenotyped and longi-
tudinal food allergy cohorts, can inform the potential role of trained immunity in
food allergy.

INTRODUCTION

A relatively new concept, termed Trained Immunity (TRIM), describes the plasticity of innate immune cells

and their capacity to develop a ‘‘memory’’ in response to specific exogenous exposures via specific meta-

bolic and epigenetic reprogramming (Netea et al., 2016). TRIM was originally identified in human mono-

cytes in response to infection and microbe exposures (Kleinnijenhuis et al., 2012; Quintin et al., 2012)

but has subsequently been associated with diet and certain metabolites in the TCA cycle (Arts et al.,

2016a; Christ et al., 2018). Recently, the potential role of TRIM in a wide range of complex non-communi-

cable diseases is becoming appreciated (Arts et al., 2018b; Thiem et al., 2019). Here, wemake the case for a

similar role of TRIM in the development of food allergy, a disease that has been increasing in prevalence at

an alarming rate in association with gene-environment interactions, potentially mediated by epigenetic

reprogramming (Martino and Prescott, 2010).

Long thought to be a disease of the adaptive immune system, several recent studies have shown dysfunc-

tion of innate immunity in food allergy (Neeland et al., 2018; Zhang et al., 2016). Similar phenotypic changes

in monocytes to those observed in atherosclerosis, chronic inflammation, and autoimmune diseases have

also been reported in food allergy. In specific conditions, the hyperinflammatory phenotype of monocytes

remain after treatment and amelioration of disease, showing that memory of disease in the monocyte may

influence future responses to specific environmental exposures or infection (Bekkering et al., 2019). In this

review, we summarize the latest research in the field of TRIM, with a focus on epigenetic and chromatin re-

modeling required for the establishment of inflammatory memory. We discuss a body of work that has

explored TRIM in a range of diseases and make the argument that the same strategies be employed to

understand food allergy.
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TRAINED IMMUNITY

The immune system is classically divided into the innate and adaptive compartments (Janeway et al., 2001).

The long-accepted characterization of innate immunity is of a rapid, non-specific response to pathogens,

unaffected by previous exposures. In contrast, adaptive immunity is a slower-acting immune response that

retains a memory of previous microbial encounters to mount a highly specific response when re-chal-

lenged. Although the unchanging nature of the innate immune response has become one of its defining

characteristics, this concept has been challenged in recent years by data demonstrating a capacity for
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Food Allergy Chronic inflammation/

Autoinflammatory

Diseases

Autoimmune Diseases

Adaptive immune

dysfunction

+ – +

Innate immune dysfunction + + +

Hyperinflammatory innate

immune response upon

activation

+ + ?

Epigenetic mechanisms + + +

Environmental influences + + +

Trained immunity ? + +

Table 1. Common Features of Food Allergy, Chronic Inflammation/Autoinflammatory, and Autoimmune Diseases
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adaptation of the innate immune response following previous pathogen exposure (Natoli and Ostuni,

2019; Netea et al., 2016). It is now clear that certain pathogenic and other stimuli ‘‘prime’’ the innate

immune system to alter its response to subsequent microbial exposures. This adaptability of the innate im-

mune system has been termed TRained IMmunity (TRIM) or innate immune memory (Netea et al., 2016).

The initial priming of innate cells may result in two opposing states: training, whereby the cell elicits an

enhanced response upon further exposure, or tolerance, characterized by an attenuated immune

response. In contrast to genetically mediated adaptive immune memory, innate immune memory is under-

pinned by epigenetic reprogramming of cells, in association with altered cellular and metabolic pathways

(Cheng et al., 2014; Saeed et al., 2014). As an epigenetic phenomenon, TRIM is potentially reversible, mak-

ing these pathways appealing drug targets (Mulder et al., 2019).

Although TRIM provides enhanced protection against subsequent microbial infection (Arts et al., 2016b;

Garcia-Valtanen et al., 2017; Leonhardt et al., 2018) the hyper-responsive, hypermetabolic, and proinflam-

matory phenotype of trained cells may be deleterious in diseases characterized by inappropriate inflamma-

tion, such as atherosclerosis, autoimmune diseases, and autoinflammatory diseases (Arts et al., 2018b)

(Bekkering et al., 2019). Such diseases draw parallels with food allergy, in terms of etiology and immune

signatures, implicating both the innate and adaptive immune systems (outlined in Table 1). A variety of in-

flammatory disorders have been associated with an altered epigenetic pattern in innate immune cells, and

several studies have identified similarities between patient-derived cells and trained cells generated

in vitro (Figure 1).

Monocytes and Macrophages: The Prototypical Cells in Trained Immunity

The capacity for memory of previous inflammatory exposures has been observed in a range of innate im-

mune cells, including humanmonocytes, mouse NK cells (Cooper et al., 2009; Romee et al., 2016; Sun et al.,

2009, 2012), and mouse neutrophils (Chen et al., 2014), and has been shown at the level of mouse hemato-

poietic stem cells (Kaufmann et al., 2018; Mitroulis et al., 2018). Non-immune cells, such as epithelial stem

cells and endothelial cells, may also remember inflammatory insults (Naik et al., 2017; Wolff et al., 1998),

suggesting that this is a fundamental property of a range of cells following exposure to external stimuli.

This review will focus on monocytes and macrophages, in which TRIM has been most well characterized.

Constituting approximately 5%–10% of the white blood cell population in humans, monocytes are signif-

icant in both health and disease. Monocytes exhibit diverse roles ranging from effector functions (directly

acting on pathogens) to regulatory roles (secretion of cytokines to modulate immune mechanisms) (Karl-

mark et al., 2012). The differentiation of monocytes into dendritic cells and macrophages further diversifies

their functionality and potential role in various immune disorders (Karlmark et al., 2012). Monocytes serve

both protective and causative roles in disease, having been implicated in a range of chronic inflammatory

and autoimmune disorders. Monocyte abundance, cytokine profiles, and recruitment have all been linked

to specific disease states. For example, monocytosis and altered monocyte cytokine landscapes are fea-

tures of multiple sclerosis, systematic lupus erythematosus, cardiovascular disease, acute myocardial
2 iScience 23, 101171, June 26, 2020
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Figure 1. Proposed Role of TRIM in Chronic Inflammatory Diseases

Sterile inflammation is a hallmark of autoimmune diseases, autoinflammatory diseases, and inflammatory diseases such as

atherosclerosis. Several danger-associated molecular patterns (DAMPs) have been shown to induce inflammation in

innate immune cells. Metabolic intermediates including oxidized low-density lipoprotein (ox-LDL) and mevalonate

induce epigenetic modifications and metabolic rewiring in monocytes and macrophages, resulting in a

hyperinflammatory, hypermetabolic state. These are produced in high levels in atherosclerosis and hyper-IgD syndrome,

respectively, and therefore TRIM may play an integral role in the chronic inflammation seen in these diseases. Other

DAMPs have been proposed as inducers of TRIM in autoimmunity, including citrullinated histones in RA, and

monosodium urate in SLE patients with cardiovascular comorbidities. The epigenetic reprogramming in TRIM results in

an increased production of pro-inflammatory cytokines, which is also consistently reflected in the serum levels of patients

with autoimmune and autoinflammatory diseases.
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infarction, and atherosclerosis (Karlmark et al., 2012; Ma et al., 2019; Shahid et al., 2018; Woollard and

Geissmann, 2010).

Exposures that Induce Trained Immunity

TRIM has been implicated in the heterologous (non-specific) effects of vaccines, which are those exerted

beyond the induction of antigen-specific memory in B and T cells against their target disease (Flanagan

et al., 2013). Epidemiological and clinical trial data have described heterologous effects for the bacille

Calmette-Guerin (BCG) (Aaby et al., 2011) and DTaP vaccines (Aaby et al., 2012), with the former associated

with significantly lower all-cause mortality rates in Africa, an effect that cannot be entirely attributed to

tuberculosis protection alone (Biering-Sorensen et al., 2017; Kristensen et al., 2000). Indeed, in recent years,

researchers have identified BCG as an inducer of trained immunity with epigenetic alterations as the under-

lying mechanism (Arts et al., 2018c; Bannister et al., 2020; Kaufmann et al., 2018; Kleinnijenhuis et al., 2012).

Results from BCG-vaccinated healthy volunteers showed a significant increase of monocyte-derived inter-

feron (IFN) gamma and pro-inflammatory cytokines (TNF, IL-1b, and IL-6) at 2 weeks (Kleinnijenhuis et al.,
iScience 23, 101171, June 26, 2020 3
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2012), 1 month (Arts et al., 2018c), and 3 months (Kleinnijenhuis et al., 2012) following vaccination. The hy-

perinflammatory response observed in monocytes following BCG exposure was attributed to the activation

of the intracellular pattern recognition receptor, NOD2, by mycobacterial peptidoglycans, causing NF-kb

translocation and downstream epigenetic changes (Kleinnijenhuis et al., 2012).

Infection by yeast and bacterial pathogens can also remodel monocytes to inducememory. Bacterial sepsis

and lipopolysaccharide (LPS)-induced endotoxemia are both associated with monocyte reprogramming to

induce a tolerized (immune-compromised) phenotype (Biswas and Lopez-Collazo, 2009; Kox et al., 2014;

Shalova et al., 2015). A landmark study showed that after in vitro exposure to LPS, TLR-dependent genes

can be divided into two subsets, toleriseable (transcriptionally non-responsive) genes and non-toleriseable

genes that evade repression and remain transcriptionally active (Foster et al., 2007). On the other side of

the priming spectrum, Candida albicans exposure remodels monocytes for a stronger response to a range

of pathogens (Quintin et al., 2012). b-glucan, an integral cell wall component of various fungi, was found to

be the key stimulus leading to TRIM, mediated through the dectin-1 receptor and activation of the mTOR

pathway (Arts et al., 2016a; Cheng et al., 2014).

A wide range of stimuli are capable of inducing TRIM in innate immune cells, thereby conferring a long-

term ‘‘mark’’ on these cells. Although the most widely studied are microbe-associated molecular patterns

or MAMPs (Netea et al., 2016), specific dietary components (Christ et al., 2018; Gianfrancesco et al., 2019)

and danger-associated molecular pattern (DAMPs) molecules (Arts et al., 2018a; Di Gioia et al., 2020; Jen-

tho et al., 2019) are also capable of inducing the hallmarks of TRIM by initiating functional reprogramming

of monocytes. Although each stimulus triggers a unique signaling pathway, they all influence the produc-

tion of metabolites affecting core metabolic pathways such as glycolysis, glutaminolysis, and cholesterol

synthesis (Arts et al., 2016a; Bekkering et al., 2018; Dominguez-Andres et al., 2019b). Overall, TRIM induc-

tion through epigenetic and metabolic reprogramming has been shown in monocytes in vitro and in vivo

(Arts et al., 2016b, 2018c; Kleinnijenhuis et al., 2012), tissue-specific macrophages (Haley et al., 2019), and

bone-marrow myeloid progenitors (Kaufmann et al., 2018; Mitroulis et al., 2018), suggesting that this pro-

cess is fundamental to a wide-range of organ functions and diseases.

Epigenetic Mechanisms Underpinning Trained Immunity

Epigenetic Mechanisms in Inflammatory Cells

The underlying mechanisms that confer trained immunity and inflammatory memory occur at the level of

epigenetic marks (Natoli and Ostuni, 2019). The term ‘‘epigenetics’’ is defined as ‘‘above DNA’’ and refers

to the study of molecular interactions that influence chromosome structure and gene activity. The epige-

netic ‘‘state’’ of a cell is determined by a combination of DNA and histone modifications and open chro-

matin patterns. The functional unit of chromatin is the nucleosome, which is comprised of core histones,

the tails of which can be post-translationally modified by specific enzymes (Bannister and Kouzarides,

2011). This epigenetic state dictates both the cell’s transcriptional profile and its response to stimuli (Bo-

nasio et al., 2010). Although most gene promoters remain open during differentiation, distal regulatory

elements (for example, enhancers) are much more dynamic and show cell-type-specific patterns (Heinz

et al., 2015). Lineage determining transcription factors (LDTFs) remodel chromatin during differentiation,

establishing a regulatory landscape within which stimulus determining TFs (SDTFs) can act to influence

gene expression in response to exogenous exposures (Figure 2) (Glass and Natoli, 2016). Around �35%

of all enhancers present in lymphoid and myeloid lineages are established during hematopoiesis and pre-

dict the transcriptional programs of differentiated cells (Lara-Astiaso et al., 2014). In monocytes/macro-

phages, PU.1, C/EBPs, AP-1 factors, RUNX1, and IRFs are LDTFs that establish the regulatory landscape,

and the vast majority of genomic regions that are activated in response to inflammatory stimuli are marked

by their motifs (DNA-binding sequences) and priming histone marks, such as histone 3 lysine 4 mono-

methylation (H3K4me1) (Ghisletti et al., 2010).

Transcription Factors and the Establishment of Accessible Chromatin in Macrophages

Only around 2% of all human DNA (genome) is ever accessible to interactions with regulatory proteins (such

as TFs) in any given cell type, with a high degree of cell-type specificity (Klemm et al., 2019; Thurman et al.,

2012). The genome exists in an accessibility continuum that ranges from tightly closed (compacted) chro-

matin to open and highly dynamic chromatin, dictated by a process known as ‘‘epigenetic remodeling’’ that

involves the interplay between transcription factors and epigenetic marks (Figure 2) (Klemm et al., 2019).

Epigenetic mechanisms such as the post-translational modifications of histones, DNA methylation, 3D
4 iScience 23, 101171, June 26, 2020
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Figure 2. Transcription Factors Remodel DNA Accessibility and Epigenetic Marks to Establish Cell Identity and

Response to Exogenous Signals

(A) LDTFs establish cell-type-specific DNA accessibility landscapes.

(B) Exposure of cells to environmental signals such as MAMPs and DAMPs induces remodeling of chromatin by SDTF and

chromatin remodeling complexes. This remodeling generally occurs at intermediately accessible regions, with

constitutively active promoters and heterochromatin not affected. The newly established active or inactive regions

influence the cell’s response to future environmental signals.
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chromatin structure, and non-coding RNAs have all, to some extent, been profiled in the context of innate

immune differentiation, response to stimulus, and TRIM (Fanucchi andMhlanga, 2019; Phan et al., 2017; van

der Heijden et al., 2018).

During macrophage polarization by stimuli such as IL-4, IFN-g, TNF, or LPS, an extensive network of SDTFs

bind primed enhancers and orchestrate their activation or repression (Czimmerer et al., 2018a; Kang et al.,

2017, 2019; Kusnadi et al., 2019; Park et al., 2017), by recruiting enzymes, known as chromatin remodelers,

which add or remove chemical groups from histone tail residues, and further modulate the chromatin
iScience 23, 101171, June 26, 2020 5



ll
OPEN ACCESS

iScience
Review
landscape to induce enhanced or tolerized transcriptional responses to subsequent stimuli (Czimmerer

et al., 2018a). There is an extensive functional overlap between TF binding (Czimmerer et al., 2018b; Daniel

et al., 2018; Wang et al., 2019) and a core TF complex likely involved in opposing inflammatory and alter-

native activation programs (Piccolo et al., 2017).

Role of Histone Modifications in Innate Immune Memory

The ‘‘histone code’’ posits that histone modifications influence gene expression by attracting TFs and other

proteins (Jenuwein and Allis, 2001). Although the actual histone code is extremely complex (with many po-

tential combinations of modifications), six specific marks have been used to establish a reference epige-

nome, including histone H3 lysine-4 trimethylation (H3K4me3) that specifies active promoters, H3K4me1

(primed enhancers), H3K27ac (active promoter or enhancer), H3K9me3 (repressive), H3K27me3 (repres-

sive), and H3K36me3 (active gene bodies) (Stunnenberg et al., 2016).

The role of histone modifications in regulating innate immune memory was demonstrated by showing that

genes downstream of TLR4 can be both primed or tolerized by LPS, indicating that the local chromatin

landscape, and not the signaling pathway per se, determines the priming state of specific genes (Foster

et al., 2007). Bromodomain and extra terminal domain (BET) family proteins are capable of regulating

gene expression upon recognition of acetylated histone domains. Studies have demonstrated that the syn-

thetic histone mimic, iBET, interferes with the recruitment of BET family proteins to H3K27ac-marked

genomic regions and blocks inflammation (Nicodeme et al., 2010). Accordingly, blocking the initial inflam-

matory transcriptional response with iBET also blocks the establishment of TRIM and tolerance by fungal

antigens and LPS, respectively (Dominguez-Andres et al., 2019a; Novakovic et al., 2016).

Across different studies, it appears that �15% of active enhancers (marked by H3K4me1 and H3K27ac) in

human monocytes can be remodeled by exogenous signals, such as LPS or different TRIM stimuli (Nova-

kovic et al., 2016; Ostuni et al., 2013), suggesting that this is the approximate limit of the number of remod-

eling events. Further, it was recently shown that most of these stimulus-induced remodeling events occur at

poorly positioned nucleosomes (Comoglio et al., 2019), which suggests that strong promoters and en-

hancers are essential for macrophage identity and cannot be remodeled by signals from the environment.

Other TRIM stimuli have subsequently been shown to induce remodeling of H3K27ac in vitro, such as the

metabolites fumarate and mevalonate (Arts et al., 2016a; Bekkering et al., 2018), danger-signals such heme

(Jentho et al., 2019), and in vivo exposure to BCG (Arts et al., 2018c). The extent of remodeling is dependent

on the stimulus, with receptor-mediated TRIM induction leading to a higher number of epigenetic changes,

whereas metabolite exposure induces a modest change in the H3K27ac signal.

The Emerging Role of Non-coding RNA and 3D Chromatin Structure in Innate Immunity

Estimates suggest that more than 85% of the human genome is transcribed (Consortium, 2012; Hangauer

et al., 2013), with the majority (�70%) of RNA polymerase II genomic enrichment found at enhancer regions

(De Santa et al., 2010). Genome-wide transcription of enhancers is induced during macrophage polariza-

tion by IL-4 or IFN-g (Denisenko et al., 2017), as well as during exposure to mycobacterium tuberculosis

infection (Denisenko et al., 2019). In addition, long non-coding RNAs (lncRNAs) have been shown to

mediate cholesterol homeostasis by altering the 3D chromatin structure at specific gene loci (Sallam

et al., 2018). Finally, a recent study defined a novel type of immune gene–priming lncRNAs (IPLs), which

facilitate deposition of H3K4me3 at primed genes by recruiting chromatin remodels, such as MLL1, to

gene promoters in humans (Fanucchi et al., 2019). In a series of elegant experiments, it was shown that

the absence of a specific IPL in mice is associated with loss of priming, which is restored by insertion of

the human IPL (Fanucchi et al., 2019). Collectively, these studies show that lncRNAs are fundamental to es-

tablishing epigenetic memory in TRIM (Fanucchi and Mhlanga, 2019; Fok et al., 2018).

Genetic Influence on Epigenetics and Immune Responses

Innate immune responses, such as cytokine release, are under strong genetic influence (Li et al., 2016) and

are therefore considered expression quantitative trait loci (eQTLs) (Barreiro et al., 2012; Fairfax et al., 2014).

Similarly, epigenetic marks are also influenced by genetic variation (e.g. methylation QTLs and histone

QTLs) (Chen et al., 2016; McVicker et al., 2013), and these in turn influence gene expression. A recent study

explored the relationship between inflammatory response eQTLs and chromatin accessibility QTLs

(caQTLs), revealing a 37% overlap, with genetic variation influencing both priming of macrophage-specific

enhancers as well as establishment of new enhancers (Alasoo et al., 2018). These studies highlight the need
6 iScience 23, 101171, June 26, 2020
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for next-generation studies aimed at fully understanding TRIM by incorporating genetic, epigenetic, tran-

scriptional, and phenotypic data.
IGE-MEDIATED FOOD ALLERGY

IgE-mediated food allergy is a rising global health concern. Approximately 5% of the population in devel-

oped countries suffers from themost common eight food allergies: peanuts, tree nuts, cow’s milk, egg, soy,

wheat, shellfish, and fish (Loh and Tang, 2018). It is clear that food allergy begins in early life, with up to 10%

of infants affected by 12 months of age (Osborne et al., 2011). Some food allergies, such as egg and milk,

are often outgrown in childhood, whereas others, including peanut and tree nut allergies, can persist into

later life, often in association with severe and life-threatening reactions (Berin, 2019; Sasaki et al., 2018).

The rising incidence of food allergy is occurring more rapidly than evolutionary changes to the genome

allow, suggesting the causes are multifactorial, and likely involve multiple gene-environmental interactions

that alter the immune response. These contributing factors have recently been summarized by three sepa-

rate hypotheses: the dual allergen exposure hypothesis, the hygiene hypothesis, and insufficient vitamin D

(Peters et al., 2017). However, despite the high burden of disease, the standard of care for patients with

food allergy is sub-optimal, consisting primarily of food allergen avoidance, which can be difficult to

achieve and may result in severe reactions upon accidental ingestion, requiring emergency treatment.

As such, substantial research efforts are now being employed to understand the causes of food allergy

at a mechanistic level, identify the immune factors governing the development of tolerance, and inform pri-

mary prevention and therapeutic strategies.
Immunology of Food Allergy

The induction of an allergic immune response to foods begins with a process known as sensitization, re-

viewed extensively in Sampson et al. (2018). Briefly, protein food antigens are processed by dendritic cells

and presented to antigen-specific naive CD4 T cells in local lymph nodes. A combination of co-stimulation

and the production of IL-4 leads to the differentiation and proliferation of antigen-specific Th2 cells. These

antigen-specific Th2 cells and associated cytokines provide ‘‘help’’ to B cells, leading to the production of

antigen-specific IgE antibodies. Following re-exposure to the antigen in a food-sensitized individual, it is

this specific IgE, bound to high-affinity receptors on mast cells and basophils, that triggers degranulation

and release of histamine and other mediators of an allergic response (Satitsuksanoa et al., 2018). Food

allergic reactions have several clinical manifestations, including gastrointestinal (nausea, abdominal

pain, vomiting), respiratory (wheezing), skin (urticaria, angioedema), and systemic responses. Anaphylaxis,

the most severe reaction, is a multi-system response and can be life-threatening (Yu et al., 2016).

The immune mechanisms responsible for the persistence and resolution of food allergy throughout the life

course remain unclear. Due to their crucial role in initiating the allergen-specific response, CD4 T cells and

their functional subtypes are by far the most studied cell population, and the focus of many expert reviews

(Chinthrajah et al., 2016; Sampson et al., 2018; Satitsuksanoa et al., 2018; Yu et al., 2016). Accordingly,

changes in the transcriptional pattern and genome-wide DNA methylation landscape has been reported

in T cells from food allergic children (Do et al., 2020; Kosoy et al., 2016; Martino et al., 2014, 2018). The in-

duction of immune tolerance is thought to involve regulatory CD4 T cells (Tregs) and B cells (Bregs), as well

as the generation of allergen-specific IgG4. Increased frequency and tolerogenic function of Tregs has

been observed in children who naturally outgrow their food allergy (Qamar et al., 2015; Shreffler et al.,

2009). Likewise, greater frequency and proliferation of IL-10+ B regulatory cells has been observed in

non-allergic patients when compared with those with food allergy (Neeland et al., 2019; Noh et al., 2010).

Endotoxin Exposure and Allergic Outcomes

In support of the association between the hygiene hypothesis and allergic disease, a seminal study

comparing children from two genetically similar US farming populations, the Amish and the Hutterites,

showed that Amish children, who practice traditional farming and are exposed to a microbe-rich environ-

ment, show lower rates of asthma. Further mechanistic work revealed that innate immune responses to

endotoxin were significantly different between the two populations, with monocytes from Amish children

responding in a more regulated and anti-inflammatory manner compared with monocytes from the Hutter-

ite children (Stein et al., 2016). A recent study investigated the association between levels of endotoxin pre-

sent in house dust and sensitization to milk, egg, and peanut (Tsuang et al., 2020). Household endotoxin
iScience 23, 101171, June 26, 2020 7
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level was positively associated with sensitization (not clinical allergy) to milk and egg, but not peanut. Inter-

estingly, endotoxin-stimulated PBMCs from children allergic to milk or egg, but not peanut, produced less

of the Th1 cytokine IFNg than healthy controls, highlighting potential differential responses to endotoxin

depending on the type of food allergy.

A Potential Role for Trained Immunity in Food Allergy

In addition to T- and B-cell-mediated responses, several studies have investigated innate immune function

in food allergy. One of the first studies to investigate this reported an exaggerated innate immune

response at birth in cord blood mononuclear cells from allergic children (inclusive of patients with food al-

lergy, eczema, and/or asthma) relative to non-allergic controls (Tulic et al., 2011). This included elevated

production of IL-6, IL-1b, and TNFa following in vitro TLR stimulation. Unlike their non-allergic counter-

parts, allergic children showed an age-related decline in production of inflammatory cytokines, such that

TLR responses were attenuated by the age of five. An important finding of this study was that hyper-inflam-

matory responses in the perinatal period significantly correlated with the propensity for allergen-specific

Th2 responses at birth and during the first year of life, particularly for IL-13 production (Tulic et al., 2011).

Findings from this study were replicated in 2016, where cord-blood derived monocytes from children who

go on to develop food allergy showed elevated production of IL-6, IL-1b, and TNFa following stimulation

with endotoxin (TLR-4 stimulation) (Zhang et al., 2016). This study also showed that stimulating cord-blood

derived naive CD4 T cells with commercially available IL-1b or TNFa (both in combination with the regula-

tory cytokine TGF-b) could skew these naive CD4 T cells to produce Th2-associated cytokines. The authors

thus hypothesized that the increase in monocyte-derived inflammatory cytokines in the cord blood of food

allergic children directly contribute to the Th2 skew associated with allergic disease. However, it was not

clear from this study if naive CD4 T cell responses to stimulation with these inflammatory cytokines differed

between food allergic and non-allergic children or if the monocytes themselves were capable of skewing

naive CD4 T cells toward an allergic pathway.

More recently, a study comparing single-sensitized egg-allergic one-year-old infants with non-sensitized

healthy controls showed increased frequency of circulating monocytes and dendritic cells in infants with

egg allergy (Neeland et al., 2018). Circulating monocytes from egg allergic infants also expressed higher

levels of the activation marker HLA-DR relative to non-allergic controls. Within the egg-allergic infants,

those who remained egg-allergic at follow-up (age 2–4 years had higher circulating levels of monocytes

at age one than infants who naturally resolved their egg allergy by 4 years old. When assessing the non-

T cell fraction for functional responses, this study showed that non-T cells from egg-allergic infants were

hyper-responsive to stimulation with endotoxin, producing more TNFa, IL-6, IL-1b, and IL-8 relative to

non-allergic controls. This effect was more pronounced in infants with persistent egg allergy outcomes,

particularly for TNF-a and IL-1b, when compared with infants with transient egg allergy. Interestingly,

constitutive production of IL-6, IL-1b, and IL-8 remained elevated into childhood in children with persistent

egg allergy relative to children whose allergy had naturally resolved by this age. As this study assessed a

mixed population of non-T cells, it remained unclear if this heightened inflammatory response was due

to the monocyte fraction. However, further studies have revealed that purified monocytes from egg-

allergic infants are hyper-responsive to stimulation with LPS relative to non-allergic infants, confirming

that the global inflammatory response observed in this study was a monocyte-specific signature (manu-

script in preparation).

Another study from this group recently showed that infants with peanut allergy show greater production of

TNFa following non-specific stimulation of total PBMCs relative to non-allergic infants (Neeland et al.,

2020). This increased cytokine production was observed within the monocyte and DC fractions, suggesting

that increased innate inflammation is present in both egg and peanut allergy during the first year of life.

Interestingly, infants with peanut-sensitized tolerance showed greater numbers of circulating plasmacytoid

dendritic cells, known for their tolerogenic immune properties against innocuous antigens, relative to non-

allergic controls. Combined, these findings confirm a central role for innate immune cells in the develop-

ment of allergic immune responses in early life, as well as highlight the potential role for a subset of

dendritic cells in averting clinical allergy in the presence of allergen-specific IgE.

Emerging evidence therefore reveals a remarkable similarity of food allergic immune cell phenotypes to

those that define trained immunity, primarily the skew toward higher myeloid cells in the circulation and
8 iScience 23, 101171, June 26, 2020
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a hyper-inflammatory phenotype (Netea et al., 2020). Combined with the observation that several features

of allergic disease overlap with TRIM-associated diseases, including the increasing trends in prevalence of

TRIM disease in westernized countries (Table 1), it is reasonable to hypothesize a similar role for TRIM in

atopic diseases. However, this field is in its infancy and further work is required. At the forefront of this

will be investigation of epigenetic reprogramming of innate immune cells from food-allergic patients

following in vitro or environmental exposure to MAMPs. It will also be important to determine the role

of specific innate immune cells—monocytes, dendritic cells, natural killer cells—in food allergy over the life-

course, as these still remain relatively unexplored. It will also be interesting to study resolved allergy cases

to see if innate immune memory persists in these individuals, as has been shown in mice upon cessation of

western diet (Christ et al., 2018) and after in hypercholesterolemia patients following several months of lipid

lowering with statins (Bekkering et al., 2019). This analysis would indicate if allergy induced longer term

TRIM, which may have implications for future microbial responses.
Potential Applications of Trained Immunity in Food Allergy

The potential role of TRIM-related epigenetic remodeling in food allergy provides an opportunity to

improve the diagnosis of food allergy and may even help in the development of primary prevention and

treatment strategies. Current allergy diagnostic methods rely on measuring allergen-specific IgE, either

through a skin prick test or in the serum, followed by a formal oral food challenge. Tests of IgE sensitization

can lead to over-diagnosis, as they are not necessarily indicative of clinical reactivity to allergens (Heinzerl-

ing et al., 2013) and should be interpreted carefully in light of the patient’s history. On the other hand, the

gold standard test, the oral food challenge, is associated with a risk of adverse outcomes, including

anaphylaxis, and is usually reserved for testing for the development of tolerance. In addition, there are

no clinically approved treatments for food allergy, and current management strategies can result in severe

reactions upon accidental exposure to allergenic foods. Emerging therapies of food allergy include oral

immunotherapy (OIT), which involves giving gradually increasing amounts of food allergen under medical

supervision and continued daily ingestion of the allergen. However, a recent meta-analysis has shown that

this form of treatment results in more frequent allergic reactions, including anaphylaxis (Chu et al., 2019). If

future studies show that innate cell frequency or activation status in early life could accurately predict the

development or persistence of food allergy, this could be used in combination with clinical testing to

improve currently suboptimal diagnostic and management strategies.

TRIM-based vaccine strategies, which would specifically exploit the heterologous effects of certain widely

used vaccines, are of increasing interest in the prevention of disease (Sánchez-Ramón et al., 2018). For

example, the non-specific benefits of the BCG vaccine range from the prevention of cancer recurrence

in superficial bladder cancer (Sylvester et al., 2002), to protection against all-cause mortality in infants in

high-mortality settings (Higgins et al., 2016). There is also growing evidence from both human and animal

studies that BCG protects against allergic diseases. BCG is proposed to act as an early life microbial expo-

sure, thus promoting the switch to a T helper (Th1) immune response and thereby preventing the persistent

Th2 responses associated with development of allergic disease (Figure 3) (Gouveia et al., 2013; Herz et al.,

1998; Hopfenspirger and Agrawal, 2002; Libraty et al., 2014; Ozer et al., 2003; Yang et al., 1999). Neverthe-

less, a meta-analysis of 22 studies found that BCG vaccination had no significant effect on specific IgE or

allergic sensitization as determined by skin prick test (SPT) (Linehan et al., 2014). More recent RCTs have

come to the same conclusion, showing that neonatal BCG vaccination had no effect on allergic sensitiza-

tion or asthma/wheeze (Thostesen et al., 2017a, 2017b). Another existing vaccine that may influence allergy

is the whole-cell killed pertussis (wP) vaccine (Estcourt et al., 2019). In a recently published Australian case-

control study, infants who received the first dose of wP were 23% less likely to be diagnosed with food al-

lergy (Estcourt et al., 2019). Many factors are likely to contribute to the variability seen in the potential for a

vaccine to prevent allergy including age at vaccination, vaccine strain used (Shann, 2016), maternal vacci-

nation status (Berendsen et al., 2020), as well as environmental and population (e.g. genetic) factors. Thus,

although there remains potential for BCG and other vaccines to be developed as a preventative strategy for

allergy, further determination of its potential efficacy and optimal usage are needed.

Synthetic drug development that targets TRIM pathways at multiple levels—the immunological/cellular

landscape, the metabolome, and the epigenome (Mourits et al., 2018)—is a possibility for potential

food allergy treatment. TRIM is mediated through epigenetic remodeling, and the phenotype can be offset

at the epigenetic level by histone mimics (such as iBETs) (Dominguez-Andres et al., 2019a; Nicodeme et al.,

2010). At the metabolic level, a number of key pathways may be targeted, including glutaminolysis and
iScience 23, 101171, June 26, 2020 9
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glycolysis, to alter the innate immune phenotype (Cheng et al., 2016). A wide-range of drug targets for

trained immunity pathways in various diseases have already been proposed, discussed in detail in a recent

review (Mulder et al., 2019).
Future Studies

As outlined in this review, there is compelling evidence linking certain aspects of the TRIM phenotype to

food allergy. However, the epigenetic and metabolic basis for this potential link remains poorly character-

ized, requiring further research into the immune cell profiles of allergic individuals. Likewise, further work is

required to determine if innate hyper-responsiveness continues into later life in persistently food-allergic

children or whether this signature returns to baseline if food allergy naturally resolves in childhood. Differ-

ences between innate immune responses in the different types of food allergies and their associated

pathologies will also be important to investigate. This work demands a thorough multi-omics approach,

integrating immunological data along with genetic, transcriptomic, epigenomic, and phenotypic profiling

of each cell type in food-allergic, allergic/sensitized but clinically tolerant and non-allergic individuals over

the lifecourse. With recent advances in high-throughput technologies and computational techniques, it is

now possible to simultaneously quantify a large number of analytes or cellular components within a single

sample (Dhondalay et al., 2018; Suprun et al., 2019; Wen and Rothenberg, 2019). Applying these ap-

proaches, in combination with well-defined sample collection, clinical phenotyping, and environmental

data, will rapidly accelerate our understanding of TRIM in food allergy, as well as aid in discovery of new

diagnostic tools and potential treatment strategies. TRIM-based therapies may represent novel, safe,

and effective measures for the prevention and potential treatment of allergic disorders.
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