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Abstract
Immunoglobulin E (IgE)- mediated food allergies are reported to affect around 3.5% 
of children and 2.4% of adults, with symptoms varying in range and severity. While 
being the gold standard for diagnosis, oral food challenges are burdensome, and 
diagnostic tools based on specific IgE can be flawed. Furthering our understanding of 
the mechanisms behind food allergy onset, severity and persistence could help reveal 
immune profiles associated with the disease, to ultimately aid in diagnosis. Alterations 
to cytokine levels and immune cell ratios have been identified, though further research 
is needed to fully capture the heterogenous nature of food allergy. Moreover, the 
existence of such immune alterations also raises the question of potential wider 
systemic effects. For example, recent research has emphasised the existence and 
impact of neuro- immune interactions and implicated behavioural and neurological 
changes associated with food allergy. This review will provide an overview of such 
food allergy- driven neuro- immune interactions, with the aim of emphasising the 
importance of furthering our understanding of the immune mechanisms underlying 
IgE- mediated food allergy.
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1  |  INTRODUCTION

Food allergies (FA) typically occur via two mediatory pathways; 
immunoglobulin E (IgE) mediated or non- IgE- mediated, that mani-
fest as distinct clinical phenotypes.1 The most common form, IgE- 
mediated FA, is considered to be rising in prevalence and severity, 
particularly in Western Europe.2- 4 However, discrepancies in self- 
reported, physician-  and oral food challenge-  (OFC) confirmed data 
lead to difficulties in quantifying the true incidences of FA.5,6 Indeed, 
a recent systematic review7 revealed that, while physician-  and OFC- 
diagnosed prevalence of any FA were 6.6% and 0.8%, respectively, 
self- reported figures were at 19.9%. Similarly, a population- based 
survey of US adults estimated that 10.8% had at least one con-
vincing FA, whereas self- reported values were 19.0%.8 Differences 
between clinically- confirmed and self- diagnosed food allergy rates 
have been attributed to experiential factors, such as psychosomatic 
reactions or coincidental pairing of food consumption with symp-
toms, but also due to misdiagnosis given the scarcity of allergy ser-
vices.9 These complications, alongside the differences in physician 
and OFC- confirmed rates of FA, attest to how differences in dis-
ease manifestation and the associated challenges in diagnosis can 
obscure true rates of FA.

While OFCs are considered the gold standard method for FA 
diagnosis, they are also time- consuming, costly and involve poten-
tial risk to the patient through the possibility of allergic reactions.10 
Thus, FA diagnosis is often based on the combination of skin prick 
test (SPT) results and serum levels of allergen specific- IgE (sIgE), 
along with patient history. Yet, sIgE levels and SPT results rely on 
IgE sensitisation, which does not necessarily correlate with clini-
cal manifestations of FA.11- 14 SPT and sIgE diagnostic tests are re-
ported to have low to moderate specificity and positive predictive 
value when compared to OFC diagnoses, and have been attributed 
to overdiagnoses.12,15 Moreover, sIgE does not appear to be capa-
ble of predicting FA persistence or transience,16 and may only be 
minimally useful for predicting the severity of allergy and conse-
quent reactions.17- 20 Consequently, identifying a greater range of 
FA- associated markers would not only benefit diagnosis, but also 
aid patients in managing their allergy through greater understand-
ing of its manifestation.

Furthermore, clarifying the mechanisms and markers associ-
ated with FA will help to uncover the wider, systemic effects of the 
disease. Numerous studies have described an association between 
FA and the nervous system, revealing bidirectional communication 
between mast cells and neurons, particularly within the enteric 
nervous system (ENS).21,22 Such interactions of the immune and 
nervous system in FA appear to play a role in influencing symptoms 
experienced following allergen exposure,23 as well as further down-
stream behavioural effects.24,25 Nonetheless, discrepancies across 
the literature regarding the occurrence and impact of neuro- immune 
interactions present a gap in our current knowledge.

To this end, this review will evaluate the current research on 
neuro- immune interactions in FA, in context of our current under-
standing of FA immune mechanisms. By exploring the wider effects 

of FA, we aim to highlight the importance of understanding such 
processes to minimise the systemic effects and reduce the disease 
burden.

2  | NEURO-IMMUNEINTERACTIONS
A SSOCIATED WITH FOOD ALLERGY AND 
FOOD ALLERGIC RE AC TIONS

IgE sensitisation and the onset of FA are associated with a switch 
to a type- 2 inflammatory response, initiated through the epithelial 
release of pro- inflammatory factors, including IL- 25, IL- 33 and 
TSLP.26 These mediators subsequently activate CD103+ dendritic 
cells26 (DCs) and cause them to release OX40L, which provokes 
naïve T cells to differentiate into Th2 cells.27 Th2 cells release 
further pro- inflammatory factors, including IL- 4, that induce B cell 
class switching to produce IgE.28 IgE then binds to the high affinity 
Fc epsilon receptor 1 (FcεRI) on mast cells (MC) and basophils. 
Consequent exposure of these effectors cells to food antigen leads 
to cross- linking of the IgE- FcεRI complex, which, in some individuals, 
results in MC and basophil degranulation29 (Figure 1). This involves 
the rapid release of preformed mediators, including histamine, TNF- 
α, tryptase and chymase, followed by the synthesis and release of 
prostaglandins and leukotrienes, and finally by cytokine production 
and release.30,31

This switch to a type- 2 inflammatory response, and the pleth-
ora of factors released by MCs during allergic reactions have gen-
erated interest in the neuro- immune interactions associated with 
FA (Figure 2 and Box 1). These interactions are evidenced by the 
various neurological symptoms that can be experienced during 
allergic reactions, such as itchiness, sneezing, coughing and bron-
choconstriction,32 and the wider literature has described neuronal 
interactions with eosinophils, type 2 innate lymphoid cells (ILC2s), 
and DCs. Eosinophils localise around neurons in the lung and nasal 
cavity following allergen challenge,33,34 and in human atopic derma-
titis skin.35 ILC2s express the receptor for calcitonin gene- related 
peptide (CGRP),36- 38 a neuropeptide involved in immune function,39 
while the neuropeptide Neuromedin U activates ILC2s in vitro and 
amplifies allergic lung inflammation in vivo (when accompanied by 
IL- 25).40 Notably, TRPV1+ neurons can be directly activated by al-
lergen,41- 43 with Perner et al.42 reporting that direct neuronal acti-
vation by allergens was instrumental in triggering DC migration and, 
the consequent differentiation of Th2 cells.

To date, however, the focus of neuro- immune interactions in al-
lergy has been largely on asthma and dermatitis, with little on FA spe-
cifically. Yet, the fact that FA reactions often involve the gut, where 
the ENS is situated, indicates the possibility for such bidirectional 
interactions to occur. Indeed, mast cells are known as being in close 
proximity with neurons in the intestinal mucosa,44 as well as having 
the ability to bidirectionally communicate with them.22,45 This ef-
fect appears to be exacerbated in FA, as supported by the reported 
increase of mast cell- neuronal localisations in the gut of ovalbumin-  
(OVA) sensitised rodents compared to vehicle- sensitised controls.21 
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Focusing on MC proximity to CGRP- positive nerve fibres, Lee et al.46 
indicated that the area of these fibres are positively correlated with 
the number of OVA challenges in FA mice. Interestingly, treating FA 
mice with a CGRP receptor antagonist reduced the number of MCs 

in the proximal colon and also attenuated allergy- associated symp-
toms.47 While this may suggest an active role of MC- neuronal prox-
imity in FA, greater research is required before any such conclusion 
can be asserted.

F IGURE 1 Mast cell mediators and associated neuronal interactions. A visual summary of the mast cell mediators outlined in this review 
that have been shown to directly activate neurons and/or produce a physiological effect. Candidates for future research have also been 
identified from common mast cell mediators where there is no evidence on the neuro- immune interactions in the context of FA. Text colour 
indicates the stage at which the mediator is released upon degranulation: Blue represents preformed mediators, released rapidly upon 
degranulation; pink represents the release of rapidly synthesised lipid mediators; orange represents cytokines that are synthesised upon 
degranulation and subsequently released. *TNF- α has been shown to be released immediately at degranulation, in a manner distinguishable 
to the other cytokines listed. FcεRI, Fc epsilon receptor 1; IgE, Immunoglobulin E; IL, Interleukin; TGF, Transforming growth factor; TNF, 
Tumour necrosis factor.

F IGURE 2 Summary of the neuro- 
immune interactions associated with food 
allergy, split by biological mechanisms and 
behavioural & neurological phenotypes. 
All interactions outlined in this figure are 
described in greater detail in Section 2 of 
this review. All phenotypes are described 
as alterations in food allergy as compared 
to non- allergic controls. CGRP, Calcitonin 
gene- related peptide; CSF, Cerebrospinal 
fluid; MC, Mast cells.
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The vagus nerve has been implicated as having a functional role 
in FA symptom severity via MC communication. Stimulation of the 
vagus nerve significantly reduced MC numbers in duodenal tissue 

and reduced mRNA expression of IL- 4, IL- 5, IL- 6, IL- 13 and TSLP.23 
Notably, there was an accompanying reduction in plasma levels of 
mMCP- 1, a marker of MC degranulation, suggesting that the reduc-
tion in challenge- associated inflammation was driven by vagal nerve- 
mediated MC inhibition. Demonstrating the bidirectional nature of 
this communication, vagotomy was shown to prevent anaphylaxis 
in passive- IgE- sensitised mice, despite no differences in histamine 
levels.45 Of note, serotonin, another key MC- derived mediator with 
well- established neuronal actions, was identified as the key media-
tor driving anaphylaxis in this model, and its blockade led to similar 
results as vagotomy.

Evidence for MC- neuronal communication is not limited to the 
vagus nerve, though most of it centres on a unidirectional perspec-
tive of neuronal modulation by MCs. In cultured rat dorsal root 
ganglia (DRG) neurons, the mast cell mediator tryptase was shown 
to activate protease- activated receptor- 2, that led to the Ca2+- 
dependent release of CGRP and substance P.48 Interestingly, the 
authors went on to demonstrate that the PAR2- dependent release 
of such factors from spinal afferent neurons induced oedema in the 
rat paw via mast cell degranulation. Another study demonstrated 
ex vivo cholinergic neuronal activation following β- Lactoglobulin 
(βLG) incubation in submucosa/mucosa tissue from βLG- sensitised 
rodents, but not from non- sensitised, control animals.49 Blockading 

BOX 1 Examplesofmastcell-neuronal
interactions

1. Mast cells colocalise with neurons in the gut, with in-
creased occurrence observed in allergic models.

2. Vagus nerve stimulation reduces the number and 
degranulation of MCs in food allergic rodent duodenal 
tissue.

3. Vagotomy prevents anaphylaxis in IgE- sensitised 
rodents via serotonin signalling.

4. Tryptase stimulates Ca2+ signalling and results in the 
release of CGRP and substance.

5. Ex vivo human models demonstrate neuronal activation 
following exposure to supernatant from activated mast 
cells.

6. Mast cell depletion prevents the emergence of allergen 
avoidance behaviours in sensitised rodents.

F IGURE 3 Adult Hippocampal 
Neurogenesis (AHN). Occurring along 
a highly vascularised niche, AHN 
proliferation, differentiation and 
maturation occurs along six stages, each 
characterised by a unique cell type. 
Proliferation, cell fate and survival can 
all be influenced by the systemic milieu. 
Cytokines have widely been described 
as playing a modulatory role on AHN 
across the cell life cycle, as indicated 
by the orange bars at the bottom of the 
image. CCL, C- C motif chemokine; IFN, 
Interferon; IL, Interleukin.
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prostaglandin synthesis or histamine receptors H1 and H2, inde-
pendently or altogether, significantly reduced the short- circuit cur-
rent response following βLG incubation, implicating a role of these 
MC mediators in the neuronal antigen response. ex vivo experiments 
have also provided preliminary evidence of neuronal activation by 
MCs in humans, with one study reporting an excitatory response 
(i.e. action potential) in 31% of enteric neurons following exposure to 
supernatant from activated human MCs.50 While these ex vivo stud-
ies do not offer insight into the physiological consequences of such 
MC- derived neuronal activation, they provide proof- of- concept of 
such interactions and warrant further in vivo research to understand 
the downstream effects.

One such study that identifies a physiological function of MC- 
neuronal interactions comes from Bao et al.,51 who revealed a role 
of MC- derived chymase as a neuronal modulator in the context of 
the hypothermic response associated with IgE- mediated anaphy-
laxis in mice. Specifically, both chymase- deficient Mcpt4−/− mice and 
wild- type mice treated with a chymase antagonist demonstrated an 
attenuated drop in core body temperature following OVA challenge. 
Similarly, blocking PAR1, a chymase receptor, expression in TRPV1+ 
neurons prevented their activation. While focused primarily on MC 
to neuronal unidirectional interactions, the authors also identified 
that, while chymase exposure did not directly lead to neuropeptide 
release, it did prime DRG neurons to release CGRP following hista-
mine exposure, demonstrating the possibility of bidirectional inter-
actions in the context of food allergy.

Of particular note from Bao et al., however, is the observation 
that wild- type mice who experienced IgE- mediated anaphylaxis dis-
played greater c- fos activation in the brain parabrachial nucleus, a re-
gion associated with thermoregulatory signalling, compared to both 
MC- deficient mice challenged with OVA and vehicle- challenged con-
trols. Whereas most research on neuro- immune interactions in FA to 
date have typically focused on the peripheral nervous system, these 
results indicate that the central nervous system, including the brain 
itself, may also undergo FA- associated alterations. Indeed, increased 
levels of IgE, IgG1 and IgG2a, as well as chymase and TNF- α levels, 
both mast cell mediators, have been observed not only in the serum, 
but also in the brain of OVA- sensitised mice, specifically in the cere-
bral cortex52 and the hippocampus.53 Intriguingly, the former study 
reported both elevated numbers of microglia and the percentage of 
those activated within the cerebral cortex and hippocampus of FA 
mice, with TNF- α showing limited co- localisation with Iba1+ cells, 
suggesting an alternative source of this cytokine.52 However, the 
exact impact of food allergies on the central nervous system neces-
sitates a deeper understanding of blood–brain barrier permeability 
during allergen challenges, an area yet to be fully explored.

The hippocampus may be prone to FA- related alterations, as MCs 
appear to contribute to normal hippocampal function. Up to 25% 
of total brain mast cells reportedly reside in the hippocampus, with 
their degranulation providing a significant source of serotonin in the 
region.54 In particular, MCs may regulate adult hippocampal neuro-
genesis (AHN), the continuation of newborn neurons postnatally and 
throughout life55,56 (Figure 3), under homeostatic conditions. Using 

the Wsh/Wsh and Wsh/+ MC knockout (KO) lines, one study revealed 
reduced doublecortin (DCX, a neuroblast marker) immunoreactivity 
in MC- deficient mice compared to those with brain- resident MCs 
only.54 However, another study using an alternative MC KO model 
found no changes to AHN, despite observing decreased prolifera-
tion and increased neuronal- lineage differentiation following in vitro 
co- culture of hippocampal- derived neural precursors and peritoneal 
MCs.57 Nonetheless, little research has investigated the effects of 
MC activation and degranulation on AHN, which would convey more 
relevance to a FA environment. One study, using a timothy grass 
pollen allergy model, demonstrated increased DCX and NeuN-  (a 
marker of mature neurons) positive cells in the hippocampal den-
tate gyrus, compared to non- allergic controls.58 While the exact 
functions of allergy- induced AHN remain unclear, in non- allergy set-
tings, this process has been widely associated with specific forms 
of memory.59- 61 Similar alterations have been alluded to in food al-
lergy, with the literature indicating increased repetitive behaviours 
in cow's milk- allergic mice, with allergic mice being shown to spend 
more time on self- grooming and to be less likely to alternate arm 
in the T- maze than control mice.62,63 Similarly, a positive correlation 
between allergic tendency (not FA- specific) and spatial ability has 
been reported in human adults.64 Nevertheless, further research will 
be instrumental in clarifying the role of AHN in food allergy.

Besides memory alterations, evidence links FA with various 
disease- associated behavioural changes, further stressing the need 
to understand its broader impacts. Neurological symptoms often 
accompany food allergic reactions, with one study revealing such 
symptoms in 40% of patients (with a history of an allergic reac-
tion).65 Specifically, 40% described feelings of unease, irritability, or 
anxiety, while 20% of children under six were reported as having a 
sudden behavioural change associated with their allergic reaction. 
Recently, Kalb et al.66 systematically investigated narcolepsy- like 
sleepiness as a symptom in FA, reporting its manifestation in 12.5% 
of children during OFCs, and its significant association with eczema 
and allergens such as hazelnut and other tree nuts. This supports 
that narcolepsy- like sleepiness is common in food allergies and is 
significantly associated with mild to severe allergic reactions, echo-
ing findings from a previously published case study.67 Currently an 
underexplored aspect of food allergic reactions, the underlying bio-
logical mechanisms of these symptoms remain poorly understood.

Beyond allergic reactions, studies using allergen- sensitised ro-
dents describe behavioural alterations, specifically in the context of 
allergen- avoidance,68- 71 as measured using the two- bottle preference 
test. In particular, both the Plum et al.68 and Florsheim et al69 studies 
describe the rapid emergence of OVA avoidance in OVA- sensitised 
mice, in contrast to the observed preference for OVA by their con-
trol counterparts. Mechanistically, this phenotype appears to be not 
only IgE- dependent, as demonstrated by both studies using IgE KO 
mice, but also MC- dependent, where MC- KO transgenic mice68 and 
diphtheria- driven MC- depleted mice69 did not demonstrate allergen 
avoidance. Specifically, both studies highlight the role of leukotriene 
synthesis in the onset of this behavioural phenotype, as its blockade 
resulted in reduced allergen avoidance. Yet the mechanisms by which 
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leukotrienes induce behavioural change remain unclear. Specifically, 
Plum et al. excluded the involvement of TPRV+ sensory neurons, 
and both studies reported that vagotomy had no impact on allergen 
avoidance behaviour, suggesting the involvement of other pathways 
downstream of mast cell activation. Florsheim et al. revealed the in-
volvement of growth and differentiation factor 15 (GDF15), a TGF- β 
cytokine family member, by demonstrating that MC- depleted mice 
displayed rescued allergen avoidance behaviour following treatment 
with recombinant GDF15. Notably, the observed increase of Gdf15 
mRNA in the colon of OVA- challenged BALB/c mice was shown to be 
derived from EPCAM+ epithelial cells in an IgE-  and MC- dependent 
manner, revealing the potential for wider circuitry involvement in FA 
neuro- immune interactions. Furthermore, the Florsheim et al. and 
Lemos et al.70 studies also provide evidence of alterations beyond 
the gut with their findings that allergen- challenged mice displayed 
increased c- fos activation in the brain, particularly in the central 
amygdala, an area associated with avoidance behaviour in asthma24 
and stress.72,73 Both studies suggested that these changes exist as a 
defence mechanism to reduce harmful effects of allergen consump-
tion, thereby indicating an evolutionary function of neuro- immune 
interactions in food allergy.

Nevertheless, not all behavioural changes associated with FA 
are necessarily beneficial for patients, particularly when focusing on 
mental health. Patients with FA are largely reported to have worse 
health- related quality of life74- 77 and higher risk and levels of anxi-
ety.78- 82 It has been suggested that increased anxiety in food allergic 
patients may be associated with increased vigilance,83,84 thus serv-
ing as an adaptive coping strategy to aid with behaviours such as 
label reading and safe food choices.79,85 However, one study found 
no association between adherence to medical management or “risk 
taking behaviour” for nut allergic children or their caregivers,86 and 
others have indicated that such safe, FA- associated behaviours neg-
atively impact quality of life.87,88 Considering that peanut allergy 
patients and caregivers reported their mental and psychological 
health as being more greatly affected than their physical health,77 
understanding the underlying biological mechanisms may be criti-
cal for future therapeutical targets. This is all the more emphasised 
with the observation that rodents with induced sensitisation go on 
to exhibit anxiety- like behaviours.25,89,90 For example, compared to 
controls, OVA- challenged, allergic mice were shown to spend signifi-
cantly less time exploring in the elevated plus maze (EPM),89 a be-
haviour indicative of greater anxiety. They also displayed increased 
c- fos expression in the amygdala and the paraventricular hypotha-
lamic nucleus (PVN), a region associated with anxiety behaviours,91 
via the involvement unmyelinated C- fibres.92 Yet, further research 
is required to understand the extent of the neuro- immune circuitry 
involved in the onset of FA- specific anxiety.

Further research has uncovered effects beyond FA diagno-
sis, with one study demonstrating significantly elevated levels of 
phosphorylated tau in the hippocampus and parietal cortex of 
OVA- allergic mice compared to non- allergic controls.53 Given that 
hyperphosphorylated tau aggregations are a hallmark of Alzheimer's 
Disease (as reviewed by Noble et al.93), these results align with those 

from a longitudinal study of 22,188 twins that uncovered a 16% 
increase in risk of Alzheimer's or any dementia in individuals with 
a history of atopic disease.94 Contrarily, another study revealed a 
potential protective effect of FA on Alzheimer's risk, as those with 
a diagnosed or self- reported allergy (including, but not limited to, 
FA) exhibited higher cognitive scores and reduced cerebrospinal 
fluid levels of amyloid- β42,95 a controversial marker of amyloidosis.96 
Despite uncovering wider behavioural and neurological effects of 
FA, the scarcity of research and existing discrepancies emphasise 
the need for further investigation into this area.

3  |  BEYONDsIgE:  IMMUNEPROFILES
OF FOOD ALLERGY AND FOOD ALLERGY 
REACTIONSINHUMANS

To elucidate the broader effects of FA on the wider system, it will be 
important to first strengthen our understanding of FA mechanisms 
and to identify immune patterns, or profiles, associated with FA 
patients (Figure 4). Here, we discuss emerging FA profiles, to 
evaluate them in context of existing neuro- immune interactions 
but also to highlight current gaps in our knowledge and potential 
avenues for future research.

3.1  |  Cytokines

With an interest in identifying FA- specific immune landscapes and 
profiles, many studies have focused on cytokine levels (Table 1). 
The T helper 2 response associated with FA involves increased 
expression of the Th2 cytokines IL- 4, IL- 5 and IL- 13. Levels of these 
cytokines in FA individuals have been measured through various 
methods, including direct measurements in plasma or serum and 
ex vivo measurements from stimulated patient peripheral blood 
mononuclear cells (PBMCs). For instance, IL- 4 and IL- 13 levels 
were elevated in plasma from sensitised- allergic (SA) patients, 
compared with non- sensitised, non- allergic (NSNA) controls.97 Such 
differences were observed between the sensitised, non- allergic (SN) 
group compared with controls, indicating that these cytokines may 
primarily indicate IgE sensitisation, rather than allergy. Equally, IL- 5 
was increased in plasma from patients with a suspected FA, regardless 
of OFC outcome, compared to non- allergic healthy controls.105 
These findings suggest that Th2 cytokines offer no greater insight 
into potential allergy beyond current sIgE measurements.

Nevertheless, mRNA analysis from unstimulated PBMCs col-
lected at baseline—thus reflecting resting state rather than an al-
lergic reaction—indicate that this may not always hold true. IL- 13 
levels were significantly higher in children with a suspected FA (both 
SA and SN) compared to healthy controls, with greater elevation 
seen in those with a consequent positive double- blinded, placebo- 
controlled, food challenge (DBPCFC), compared to those with a neg-
ative challenge.100 Furthermore, mRNA expression of both IL- 4 and 
IL- 13 increased tenfold in individuals who experienced anaphylaxis 
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during the challenge. While mRNA extraction would not be a cost- 
effective diagnostic tool, these studies highlight differences in in-
flammatory status between sensitised and non- sensitised patients, 
and potentially between SA and SN patients, raising questions about 
the downstream effects of these inflammatory changes. Notably, 
Florsheim et al.69 attributed IL- 4 and/or IL- 13 with the emergence 
of allergen avoidance, using IL- 4RA KO, OVA- sensitised mice, indi-
cating potential effects of these cytokines on behaviour. Moreover, 
along with their findings of increased neurogenesis, Klein et al.58 
also reported increased serum levels of IL- 5 and IL- 13 in allergic mice, 
highlighting a potential the relationship between these observed 
changes and thus emphasising the need for greater research to ad-
dress this knowledge gap.

Evidence for altered cytokines associated with FA extend be-
yond the Th2 response. One of common interest is IL- 10, a cy-
tokine involved in the regulation of both gut homeostasis110 and 
AHN.111,112 Yet, the results are discordant, with some studies 
describing decreased levels,97,102,103,104,107,113 while others have 
reported increased levels of IL- 10100,105,106,108 in FA, in a manner 
unrelated to the mode of measurement. There does, however, ap-
pear to be an effect of the specific allergen of interest, with egg 
allergic participants having reduced plasma levels compared with 

peanut allergics.97 Of particular note, two papers from the same 
team with similar methodologies revealed a decrease in PBMC IL- 
10 production for egg allergic individuals,107 but an increase for 
those with milk allergy,106 both compared to NSNA controls. While 
these studies highlight differences in cytokine levels between spe-
cific allergies, they do not offer any insight into any concomitant 
behavioural or neurological effects that may be associated with IL- 
10 alterations. Given that peripheral IL- 10 levels have been shown 
to be inversely correlated with general anxiety disorder scores,114 
with its KO leading to anxiety-  and depressive- like behaviour in 
mice,115 future research may benefit from exploring such a poten-
tial relationship in the context of FA.

IL- 1β is commonly indicated as being upregulated, whether look-
ing at FA in general (i.e., non- specific allergen)100,101,109 or specifi-
cally at egg103 and peanut108 allergies. Of note, IL- 1β has been shown 
to directly affect enteric neurons,116 as well as negatively regulate 
human hippocampal neurogenesis.117

Elevated levels of IL- 6 have also been shown to negatively 
regulate hippocampal neurogenesis,118- 120 and appear to be as-
sociated with the experience and risk of mental health disor-
ders.121- 123 In suspected and/or diagnosed FA patients, IL- 6 is 
primarily reported as being increased, based on PBMC expression 

F IGURE 4 Exploring cytokine profiles associated with food allergy. (A) Common methods of measuring cytokine profiles in allergic and 
control individuals. Plasma and serum are analysed for analytes of interest, often with samples being collected before and after a double- 
blinded, placebo- controlled food challenge. Alternatively, peripheral blood mononuclear cells (PBMCs) can be collected, and expression 
levels can be measured before and/or after stimulation, often with allergen or lipopolysaccharide (LPS). (B) Summary of cytokine and PBMC 
ratios associated with food allergy. IL- 10 and TNF- α indicate current disparity across the literature. (C) Common factors that modify cytokine 
profiles and/or PBMC ratios in food allergy, indicating areas that require greater research. (D) Research methods and avenues to ensure a 
clear understanding of neuro- immune interactions in food allergy and the subsequent physiological and behavioural outcomes. FA, Food 
allergy; IL, Interleukin; OFC, Oral food challenge; PBMCs, Peripheral blood mononuclear cells.
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following stimulation with LPS (specifically for egg allergy),103 or 
allergen (peanut allergy).108 mRNA from unstimulated PBMCs re-
vealed a 100- fold increase in IL- 6 expression for individuals who 

experienced anaphylaxis during a DBPCFC, but only for samples 
that were collected 1 week after the challenge.100 Contrarily, 
plasma samples collected 1 hr. after an OFC were shown to have 

Direction altered in FAa
Modeof
measurement Allergy References

IL- 4

↑ Plasma Single egg/peanutb 97

Serum Unspecifiedc 98

C/PBMC expression Peanut 99

Unspecifiedc 100,101

IL- 13

↑ Plasma Single egg/peanutb 97

PBMC expression Peanut 99

Milk 102,103d

Unspecifiedc 100,104

IL- 5

↑ Plasma Peanut 105

Serum Unspecifiedc 98

PBMC expression Milk 106d

IL- 10

↓ Plasma Single egg/peanutb 97

C/PBMC expression Egg 107d

Milk 102

Unspecifiedc 104

↑ Plasma Peanut 105

PBMC expression Peanut 99,108

Egg 103

Milk 108d

Unspecifiedc 100

IL- 1β

↑ Serum Unspecifiedc 109

C/PBMC expression Peanut 108

Egg 103

Unspecifiedc 100,101

IL- 6

↓ Plasma Single egg/peanutb 97

↑ C/PBMC expression Peanut 108

Egg 103

Unspecifiedc 100,101

TNF- α

↓ PBMC expression Egg 107d

↑ PBMC expression Peanut 108

Egg 103

Unspecifiedc 100,101

aAs compared to non- allergic controls.
bSingle- egg or - peanut participants were grouped together.
cSignals studies where patients are grouped as ‘food allergic’ regardless of specific allergens.
dParticipants may have had multiple food allergies.

TA B L E  1  A summary of reported 
cytokine alterations associated with food 
allergy.
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decreased levels of IL- 6 for single- egg or - peanut allergic patients 
compared to NSNA controls,97 perhaps indicating an effect of time 
after reaction.

Finally, TNF- α levels have also been reported to be altered in FA, 
again in a manner related to specific allergens. While one study de-
scribed increased expression of TNF- α by peanut- allergic, peanut- 
stimulated PBMCs,108 another study described reduced levels of 
TNF- α from egg- allergic, OVA- stimulated PBMCs,107 both compared 
to non- allergic controls. Further complications arise when consider-
ing persistent and transient allergies, with Neeland et al.103 finding 
that TNF- α levels were only significantly increased for the persistent 
egg allergy group, compared with both non- allergic controls and also 
transient egg allergics. With rodent models indicating an increase in 
TNF- α in the brain of FA individuals,52 uncovering the exact mecha-
nisms associated with differential FA phenotypes will help to further 
understand their impact in a case- by- case manner.

3.2  |  ImmuneCellRatios

Beyond cytokine alterations, circulating immune cell ratios appear to 
be altered in FA. While the research on this limited, as most studies 
focus on PBMC cytokine production rather than cell proportions 
themselves, these changes present a potential avenue for future 
research into neuro- immune interactions in FA—particularly given 
that research focusing on the association between peripheral 
immune cells and the CNS has rapidly gained traction over the past 
few years.

One particular population that appears to be altered in FA are 
CD4+ T cells, with changes observed from birth. Specifically, one 
study described an increase in the proportion of cord- blood derived 
CD14+ monocytes over CD4+ T cells in children who received a 
FA diagnosis by 1 year of age, driven by a reduction in naïve Tregs 
compartments.101 Another study identified reduced percentages 
of CD4+CD25hiCD127loFoxp3+ Tregs in food allergic children aged 
0–6 years, though the effect was lost for children above this age. The 
authors emphasise the role of Tregs in the maintenance of allergen 
tolerance, a conclusion that is supported by findings from Klueber 
et al.105 In this study, peanut- sensitised children with a negative OFC 
had increased Treg frequencies post- OFC compared with baseline, 
whereas no such effect was described for OFC- positive children. 
Others studies have demonstrated an increase in CD4+CD25+ Tregs 
in children with acquired tolerance to cow's milk124 and egg or pea-
nut125 allergies. Interestingly, rodent models indicate that Treg mi-
gration to, and consequent proliferation in, the gut are required for 
the development of tolerance.126

Controversy persists regarding Treg populations in FA, exempli-
fied by conflicting results from two studies by the same team focus-
ing on the HealthNuts127 and SchoolNuts128 cohorts. Specifically, 
the former identified no differences in Treg populations among 
SA and non- allergic groups, despite its young sample size (11 to 
20 months). Conversely, the latter reported an increase in activated 
Treg frequency in single peanut allergic 10–14 year- olds, compared 

to non- allergics of a similar age. Thus, further research is required to 
elucidate the effects of specific FA, and single vs. multiple allergies 
on T cell populations of FA patients, as well as the association with 
age. Understanding these nuances will be crucial for understanding 
the downstream effects of such biological changes.

Proportions of CD14+ monocytes, being inversely correlated 
with that of CD4+ Tregs, appear to be increased in FA individu-
als.101,129 Such changes to monocyte population proportions may 
be related to specific FA and transient vs. persistence allergy. While 
transient egg- allergic infants showed increased percentages of cir-
culating classical monocytes (HLADR+CD14+CD16−) compared with 
non- allergic controls, those with persistent allergy also had increased 
proportions of nonclassical monocytes (HLADR+CD14lowCD16+) 
and intermediate monocytes (HLADR+CD14+ CD16+), as well as 
myeloid DCs (HLADR+CD14−CD16−CD11c+CD123−).103 Higher pro-
portions of classical DCs were also observed in both single- peanut 
and multi- food allergic participants compared to non- FA controls.128 
From the heterogeneous nature of FA, it is clear that further re-
search is needed to truly define its mechanisms to allow the identifi-
cation of immune patterns and profiles associated with the disorder.

While not explicitly explored within the context of FA, there is 
some evidence that alterations to circulating immune cell popula-
tions affects the brain and behaviour. In particular, CD4+CD25+130 
and Foxp3+131 Treg- depleted mice demonstrated increased anxiety- 
like behaviours in the EPM and light–dark tests (respectively), and 
greater immobility (i.e., despair behaviour) during the forced swim 
test, as compared to control mice. Interestingly, Kim et al.130 further 
reported reduced serotonin levels in the hippocampus, under both 
stressed and normal conditions. Whether these effects exist in a FA- 
specific context remains subject to future research.

4  | UTILITYANDCHALLENGESOF
UNDERSTANDINGIMMUNEMECHANISMS
OF FOOD ALLERGY

While the benefits of better defining FA mechanisms include 
alleviating patient burden and laying the groundwork for research 
on the wider effects of FA, there are still many barriers to doing so 
that mainly stem from the difficulty of exploring these mechanisms 
in vivo in humans.

Understanding the immune mechanisms of FA would directly 
benefit patients, through both aiding diagnoses and easing the bur-
den of allergy management. The low to moderate specificity and 
positive predictive value of sIgE levels and the burdensome nature 
of OFCs denote that new diagnostic tools are needed. Of particular 
note is the basophil activation test (BAT), an in vitro assay that uses 
patient basophils to quantify the expression of CD63 (a marker of 
basophil activation132) after exposure to the allergen of interest.133 
Unlike sIgE and SPT, BAT distinguishes between sensitised toler-
ance and allergy, as well as severity,134- 136 potentially improving the 
scope of information that can be provided to patients and enabling 
tailored allergy management plans. Recently included in the EAACI 
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guidelines on the diagnosis of IgE- mediated FA,13 its high reported 
accuracy, specificity and sensitivity indicate that BAT has the po-
tential to reduce the need of OFCs, thus further relieving patient 
burden.

Similarly, identifying immune profiles associated with FA onset 
would be useful to use in conjunction with, or even instead of, cur-
rent diagnostic methods. For instance, one study found differences 
in cord blood mononuclear cells in children who received a FA diag-
nosis by 1 year of age, compared to those who did not,101 showing 
that such profiles may predate FA onset. Utilising this approach in 
high- risk infants, for example, could help minimise the risk of acci-
dental allergen exposure. Similarly, as explored in Section 4, novel 
bioinformatic approaches could enhance current diagnostic methods 
by assessing a patient's mediator profile, to possibly identify their 
specific allergy/ies,97,106,107,128 the likelihood of allergy transience 
or persistence,103 as well as their risk of anaphylaxis.100 While such 
approaches require further research validation and methodological 
refinements to achieve feasibility of use in a healthcare setting, their 
value to the patient should not be understated, especially in light of 
the psychological impacts often described by FA patients and their 
caregivers, as previously outlined.85,86,137

Secondly, a deeper understanding of the mechanisms behind FA 
onset and persistence would facilitate targeted investigations into 
its broader effects, particularly regarding neuro- immune changes. 
Disparities across the literature investigating such alterations in FA, 
such as cytokine levels and immune cell ratios and activation, render 
it difficult to fully decipher the scope and impact of interactions with 
the nervous systems. Nonetheless, such interactions do occur and 
not in isolation. For example, rodent models have demonstrated the 
emergence of anxiety- like behaviours following FA induction, sug-
gesting a direct effect of FA beyond the typical disease phenotype. 
With mental health changes already considered a burdensome as-
pect and an unmet need of FA by patients and caregivers,138,139 it is 
clear that clarifying the biological processes behind these changes 
would enable future preventative strategies or treatments.

However, many barriers still exist to fully elucidating the im-
mune mechanisms associated with FA (Box 2). Firstly, most studies 
that investigate FA mechanisms generally utilise rodent models, 
often wild- type mice or rats—which do not spontaneously acquire 
FA.140,141 Instead, sensitisation is induced, often in concurrence with 
an adjuvant, thus providing little utility on sensitisation itself.142 The 
extent of, and phenotype associated with, sensitisation can also 

BOX 2 Currentbarriersinfoodallergyresearchandavenuesforfutureresearch

Current issues and barriers Avenuesforfutureresearch

Rodent models often require induced sensitisation, 
thus provide little utility on the process of attaining 
food allergies

• Focus on spontaneous- sensitised rodent models
• Further investigate the effects of mode of induced sensitisation (i.e. oral, nasal or 

percutaneous)

Allergic phenotypes in rodents can vary by sex 
and strain, potentially acting as a limiting factor for 
reproducibility across the literature

• Ensure robust sample sizes are attained that include male and female animals
• Employ ex vivo human models to better translate findings from rodent models to 

the humans

Many studies do not capture transient vs. persistent 
allergy, despite these having been shown to have 
altered inflammatory profiles

• Consider longitudinal designs with detailed allergy reports to better observe 
effects of allergy persistence

Food allergy does not present as a homogenous 
phenotype, with symptomatic differences arising 
across patients with single or multiple allergies, and 
even within patients

• Include stringent allergy classification methods that capture the full atopic 
history of patients, not just focusing on the allergy of interest, to ensure a well- 
defined allergic population

• Where possible, aim for sufficient samples sizes to allow examination across 
allergy phenotypes

The mechanisms driving increased anxiety levels in 
food allergy patients are little understood and often 
overlooked

• Explore the biological mechanisms driving the emergence of anxiety in food 
allergy using currently available animal models

• Continue to develop and utilise food allergy- specific anxiety scales, along 
with general and quality of life scales, in human studies to provide a better 
understanding of anxiety prevalence

Despite strong evidence of neuro- immune 
interactions in the context of food allergy, there 
is still a gap in our understanding of their overall 
mechanisms and long- term implications

• Further establish tissue- specific and systemic mechanistic models of neuro- 
immune interactions in food allergy

• Expand focus of current rodent and human studies to include relevant 
psychological, cognitive, and neurological measures to decipher the effects of 
such neuro- immune interactions

Studies into neuro- immune interactions often focus 
on allergic reactions, overlooking the effects of 
more muted, but longer- term, inflammatory changes 
associated with food allergy

• Include sensitised controls without challenge as an experimental group when 
utilising sensitised/allergic mice

• Human studies include both baseline and allergic reaction- associated assessment 
of cytokine levels—from circulating levels or PBMC production—and investigate 
the effects on in vitro neuronal cultures
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differ based on the strain used, as shown by Mirotti et al.71 with 
their observed differences in sIgE between BALB/c and C57BL/6 
mice following sensitisation and challenge to OVA. C57BL/6 mice 
also displayed a higher preference for sweetness, which may act 
as a confounding variable in studies exploring allergen avoidance. 
Other considerations involve sensitisation and challenge dosage, as 
well as route (intraperitoneal, nasal, oral, etc.), as reviewed by Bøgh 
et al.143 Thus, human ex vivo models, such as precision cut intestinal 
slice models which integrate immune cells and innervation in the GI- 
tract,144 are essential to help translate some findings from rodent 
models into the human situation.

Methodological variations do also exist across human ex vivo 
studies, however. Often, these involve PBMC isolation and stimu-
lation to identify key cell types, their activation and expression. It's 
important to point out that studies differ on their use of stimulant; 
while many may use allergen, some also use LPS, to which reactions 
can vary based on environmental exposure.108,145,146 Similar to ro-
dent models, human PBMC stimulation models may differ in dose 
and length of stimulation, and it is thus important to maintain this in 
mind when interpreting results.

Yet perhaps the largest challenge of studying FA mechanisms 
comes from disease's complexity. Patients experience diverse 
phenotypes and symptoms of differing severity, both across and 
within specific allergies. For instance, while tree nut and pea-
nut allergies are generally considered persistent, cow's milk and 
hen's egg allergies can often be transient, with many children out-
growing their symptoms.147 Similarly, the symptoms experienced 
during a food allergic reaction are highly heterogeneous across 
patients—and even within patients with multiple FA—and severity 
of reactions vary without necessarily correlating with sIgE levels. 
Moreover, differences in cell ratios128 and plasma cytokine lev-
els97 have been observed between single and multiple food aller-
gic children, an extremely pertinent finding considering 40% of FA 
children are reported to have multiple FA.148 Thus, FA does not 
present as a single, homogenous phenotype and, resultantly, there 
is great need for future research to take these factors into consid-
eration to best reflect the patient population. Other potential con-
founding factors that may affect the mechanisms associated with 
FA, such as age on the proportion of Tregs,149 or levels of platelet- 
activating factor on risk of anaphylaxis,150,151 should also be con-
sidered. Altogether, these challenges emphasise the requirement 
for comprehensive research with well- defined allergic populations 
and sufficient sample sizes to best capture the heterogeneity of 
the disease.

5  |  CONCLUSION

FA diagnoses have been increasing in recent decades,4 yet our un-
derstanding of the disease mechanisms involved in its onset and 
persistence are not complete. In addition to the direct disease phe-
notype, it is becoming more and more apparent that FA may also 
lead to wider, downstream effects stemming from the underlying 

immune mechanisms. Of particular note, MCs and neurons bidi-
rectionally communicate, with potential impacts on food allergic 
reaction symptoms and severity.23,45,47 FA- associated changes to 
behaviour have also been reported, with allergen- sensitised rodents 
demonstrating aversive68,69 and anxiety- like behaviours,25,89,90 and 
a timothy grass pollen sensitisation rodent model indicate poten-
tial alterations in AHN.58 However, the exact processes underlying 
these alterations are poorly understood, though some attention has 
been given to MC- derived mediators49 and the cytokines associated 
with type- 2 immune response.52,58 Still, with the heterogeneity as-
sociated with FA, there is a clear need for greater research to fully 
elucidate not only the wider systemic effects of the disease, but also 
the underlying mechanisms driving such changes, which can poten-
tially be target therapeutically in the future.
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