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Abstract
Innate immune cells experience long lasting metabolic and epigenetic changes after 
an encounter with specific stimuli. This facilitates enhanced immune responses upon 
secondary exposition to both the same and unrelated pathogens, a process termed 
trained immunity. Trained immunity-based vaccines (TIbV) are vaccines able to induce 
innate immune memory, thus conferring heterologous protection against a broad 
range of pathogens. While trained immunity has been well documented in the con-
text of infections and multiple immune-mediated diseases, the role of innate immune 
memory and its contribution to the initiation and maintenance of chronic allergic dis-
eases remains poorly understood. Over the last years, different studies attempting 
to uncover the role of trained immunity in allergy have emerged. Exposition to en-
vironmental factors impacting allergy development such as allergens or viruses in-
duces the reprogramming of innate immune cells to acquire a more pro-inflammatory 
phenotype in the context of asthma or food allergy. Several studies have convincingly 
demonstrated that prevention of viral infections using TIbV contributes to reduce 
wheezing attacks in children, which represent a high-risk factor for asthma develop-
ment later in life. Innate immune cells trained with specific stimuli might also acquire 
anti-inflammatory features and promote tolerance, which may have important impli-
cations for chronic inflammatory diseases such as allergies. Recent findings showed 
that allergoid-mannan conjugates, which are next generation vaccines for allergen-
specific immunotherapy (AIT), are able to reprogram monocytes into tolerogenic den-
dritic cells by mechanisms depending on metabolic and epigenetic rewiring. A better 
understanding of the underlying mechanisms of trained immunity in allergy will pave 
the way for the design of novel trained immunity-based allergen vaccines as potential 
alternative strategies for the prevention and treatment of allergic diseases.

K E Y W O R D S
allergy, asthma, basic immunology, clinical immunology, food allergy, innate immunity, trained 
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1  |  INTRODUC TION

Although the immune memory has been classically associated with 
the adaptive immune system, in the recent years several studies 
convincingly demonstrated that innate immune cells also exhibit 
memory. Trained immunity was defined by Netea and colleagues in 
2011 as the process by which innate immune cells display long-term 
functional reprogramming after an encounter with a primary stimu-
lus, resulting in an enhanced immune response against a secondary 
challenge.1 After recognition of the first stimulus, innate immune 
cells (monocytes, macrophages, NK cells, neutrophils, dendritic cells 
(DCs) and innate lymphoid cells (ILCs)) and bone marrow progeni-
tors undergo metabolic and epigenetic reprogramming, two major 
molecular mechanisms responsible for the induction of trained im-
munity.2 This process has also important applications in modern 
vaccinology. Trained immunity-based vaccines (TIbV) are defined as 
vaccines able to induce trained immunity, thus stimulating broader 
responses against both related and unrelated antigens contained in 
the vaccine formulation.3,4

Together with infections, allergic diseases are a major health 
problem whose prevalence is increasing around the world, mainly 
due to environmental factors, behavioural modifications or changes 
in lifestyle.5,6 Induction of trained immunity could play a central role 
within the mechanisms involved in the initiation and chronification of 
allergy, but data related to the actual role of trained innate cells in al-
lergy are scarce. Several studies reported that some allergens, virus, 
and other stimuli mediate training mechanisms that might contrib-
ute to the deleterious effects and aberrant innate immune responses 
reported in asthma and food allergy.7–9 In contrast, some bacterial 
preparations promote trained immunity granting protection against 
respiratory viral infections and wheezing attacks in children, which 
represent a high-risk factor for later asthma development.10,11 It has 
been suggested that allergen-specific immunotherapy (AIT) might 
induce trained immunity as a relevant mechanism contributing to 
the restoration of healthy immune responses to allergens.12 In this 
regard, allergoid-mannan conjugates are able to reprogram mono-
cytes into tolerogenic DCs through mechanisms depending on met-
abolic and epigenetic reprogramming. This suggests that this next 
generation AIT vaccine might have the potential to induce trained 
immunity.13 However, the detailed molecular mechanisms by which 
trained immunity contributes to allergy development and to suc-
cessful AIT remain largely unknown. In this article, we comprehen-
sively review the most recent findings related to the role of trained 
immunity in the context of allergy, which might pave the way for the 
development of future novel TIbV for AIT as potential novel thera-
peutic strategies for allergic diseases.

2  |  TR AINED IMMUNIT Y: DEFINITION, 
CELL S AND UNDERLYING MECHANISMS

The field of innate immune memory, also termed ‘trained immunity’, 
started one decade ago, when two studies respectively described 

the existence of enhanced responsiveness after sublethal Candida 
infection in mice, and the presence of increased cytokine produc-
tion after the stimulation of peripheral blood mononuclear cells ob-
tained from individuals vaccinated with the Bacille Calmette-Guérin 
(BCG).14,15 In the last years, we have witnessed a quick expansion of 
this field, with multiple studies describing a variety of mechanisms, 
stimuli inducing trained immunity, development of experimental 
models, and potential applications, besides showing the existence 
of these processes in multiple cell models and organisms (for review, 
see Ref. [2]). In this rapidly expanding context, it is important to re-
mind the definition of trained immunity and distinguish it from other 
related immunological processes such as priming or tolerance.16 
During trained immunity, an initial stimulus induces long-term epi-
genetic and metabolic changes that render the cells more responsive 
to secondary stimulation (Figure 1). Initially, trained immunity was 
described in differentiated innate immune cells such as monocytes, 
macrophages, and NK cells.2 However, other cell types such as epi-
thelial cells can also be trained.17 Among the different cell subsets 
that can undergo this process, there is one that stands out: the hae-
matopoietic stem cells of the bone marrow, which transmit their 
trained phenotype to their daughter cells allowing the long-term es-
tablishment of trained immunity responses that can last for weeks, 
months, and possible even years.18,19 These mechanisms allow that 
those immune responses that initially occur locally are transmitted 
to the rest of the body and generate long-term systemic immunity.

Importantly, after the initial stimulation ceases, the immune re-
sponse goes back to the steady state. Though the cells are trained, 
there is no maintained secretion of cytokines or chemokines 
(Figure  1). Nevertheless, trained cells undergo strong epigenetic 
and metabolic reprogramming, allowing them to present enhanced 
responsiveness upon secondary stimulation.20,21 In contrast to 
adaptive immune responses, the secondary stimulus that triggers in-
nate immune memory can be of the same or a different nature than 
the first one, so trained immunity induces heterologous, antigen-
independent secondary enhanced responses (Figure 1).

As mentioned before, the induction and maintenance of trained 
immunity relies on two main pillars: the epigenetic and metabolic 
reprogramming of the cells. Trained cells increase their basal meta-
bolic activities so they can use nutrients and energy faster and more 
efficiently.22 In this regard, they quickly rewire their glycolytic and 

Key messages

•	 Trained immunity-based vaccines induces innate im-
mune memory providing heterologous protection 
against different pathogens.

•	 Environmental factors driving allergy promote training 
of innate cells enhancing type 2 inflammatory responses.

•	 Allergoid-mannan conjugates AIT vaccines reprogram 
monocytes into tolerogenic DCs by promoting meta-
bolic and epigenetic rewiring.
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oxidative phosphorylation activities, by increasing their glucose con-
sumption, leading to enhanced production of lactate and ATP.23–25 
This is paralleled by an increased amino acid and fatty acid con-
sumption, so the cells extract the most of their available nutrients, 
using the necessary building blocks and energy to fuel and main-
tain the intracellular processes required for enhanced immune re-
sponsiveness.24 This increased metabolic activity is accompanied by 
the remodelling of the epigenetic architecture of the cell (Figure 1). 
The modification of the acetylation and methylation marks in the 
histones and the DNA remodels the three-dimensional structure 
of the chromatin in the cell nucleus.26 Through these mechanisms, 
the promoter regions of pro-inflammatory genes such as TNFA or 
IL6 maintain an open conformation after the first stimulus ceases, 
so the transcriptional machinery of the cell has a facilitated access 
to these genome regions. Similar processes have been suggested to 
mediate long-term enhanced type 2 responses important in allergies 
in ILC2 cells.27

The combination of an increased metabolic activity and the 
enhanced accessibility to several pro-inflammatory regions of the 
genome promotes the quick and enhanced transcription, transla-
tion, processing and secretion of the necessary factors to mount an 
immune response. Moreover, rewiring the cell metabolism induces 
the production and accumulation of multiple metabolites with di-
rect immunomodulatory activities, such as succinate, fumarate, or 
lactate.22 Accumulation of these metabolites contributes to ampli-
fication or modulation of trained immunity through inhibiting or 

activating multiple enzymes and pathways fundamental for immune 
responses and epigenetic processes. Therefore, the interplay be-
tween the metabolic and epigenetic rewiring of the cells is funda-
mental for the induction, maintenance, and regulation of trained 
immunity (Figure 1).

Innate immune tolerance, as opposite to trained immunity, 
is defined as the process by which innate cells are unable to acti-
vate gene transcription, preventing them from carrying out their 
functions after restimulation, such as macrophages upon repeated 
or sustained stimulation with LPS.16 In contrast, specific microbial 
products such as those derived from certain helminths might induce 
a so-called ‘anti-inflammatory’ trained immunity phenotype charac-
terized by epigenetic and metabolic reprograming leading to the pro-
duction of higher levels of anti-inflammatory cytokines such as IL-10 
or IL-1RA. This might have important implications in the context of 
allergy as discussed in more detail in the following sections.28

3  |  TR AINED IMMUNIT Y- BA SED 
VACCINES ( TIBV ) A S A NE W PAR ADIGM IN 
VACCINOLOGY

The change in paradigm towards the recognition of innate immune 
memory as an important mechanism contributing to immunological 
memory has opened a new avenue in modern vaccinology.29,30 While 
traditional vaccines promote adaptive immune responses acting on 

F I G U R E  1  Induction of trained immunity. Different pathogens, vaccines and stimuli induce long-term functional, metabolic and 
epigenetic reprogramming of innate, epithelial and haematopoietic stem cells. Trained immunity facilitates enhanced responsiveness 
after a second challenge with related or unrelated pathogens conferring heterologous protection. TCA cycle, tricarboxylic acid cycle; ATP, 
adenosine triphosphate; Ac, acetylation; Me, methylation
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antigen-specific memory B and T cells,31 trained immunity-based 
vaccines (TIbV) are defined as vaccines able to induce trained im-
munity, thus stimulating broader responses against both related and 
unrelated antigens contained in the vaccine formulations.3 Different 
vaccine preparations containing lived attenuated or inactivated 
pathogens might confer protection against target infections, but also 
exhibit heterologous effects by mechanisms combining enhanced in-
nate and adaptive immune responses (Figure 2).3,32

The paradigmatic example of TIbV is the live attenuated 
Mycobacterium bovis BCG vaccine, which has been shown to en-
hance both antigen-specific T cell responses and non-specific in-
nate immune responses.33,34 BCG administration in healthy adults 
induced heterologous responses in monocytes and NK cells in re-
sponse to mycobacteria and other unrelated pathogens such as 
Staphylococcus aureus or Candida albicans even 3 months after vac-
cination.15,35 BCG vaccination also imprints trained immunity prop-
erties in bone marrow haematopoietic stem cells and multipotent 
progenitors, which are essential to maintain the memory of circulat-
ing innate immune cells in blood and tissues.18 Epidemiological stud-
ies have convincingly demonstrated that BCG vaccination reduces 
all-cause mortality in children36,37 and increases the time to the first 
infection in the elderly.38 TIbV also provide protection against viral 
infections and, therefore, BCG has been suggested as a potential al-
ternative for SARS-CoV-2 virus infection with several clinical trials 
already published and others still ongoing.39,40 Other live attenuated 
formulations including measles-containing vaccines, oral polio, vac-
cinia virus and influenza vaccines provide protection against both 
homologous and heterologous diseases by promoting trained immu-
nity. Therefore, could be also considered as conventional vaccines 
displaying features related to TIbV.41–45

Interestingly, different types of bacterial formulations for recur-
rent respiratory tract infections (RRTIs) confer protection against a 

broad range of infectious diseases. Clinical data showed that OM-85, 
a formulation of 21 bacterial strain lysates from five genera (Moraxella, 
Haemophilus, Klebsiella, Staphylococcus and Streptococcus), reduced 
the infection rates in children and adults with RRTIs.46,47 In the same 
line, clinical studies demonstrated that MV130, a whole-heat inacti-
vated polybacterial preparation containing 90% of Gram-positive 
(Streptococcus pneumoniae, Staphylococcus aureus and Staphylococcus 
epidermidis) and a 10% of Gram-negative (Klebsiella pneumoniae, 
Moraxella catarrhalis and Haemophilus influenzae) bacteria, decreased 
the incidence and severity of RRTIs in adults.48,49 A randomized, 
double-blind, placebo-controlled phase III clinical trial also demon-
strated that sublingual MV130 prevents recurrent wheezing in children 
even after 6 months of treatment discontinuation.50 MV140, a whole 
heat-inactivated formulation with 75% Gram-negative (Escherichia 
coli, Klebsiella pneumoniae and Proteus vulgaris) and 25% Gram-positive 
(Enterococcus faecalis) bacteria, prevented recurrent urinary tract infec-
tions and promoted Th1/Th17 and IL-10 immune responses.51–53 The 
combination of MV140 with heat-inactivated Candida albicans (V132) 
in a single preparation induced metabolic and epigenetic reprograming 
in human DCs and enhanced antigen specific T cell responses.54

Several studies have shown that TIbV may be also employed to 
treat cancer and some autoimmune diseases such as multiple sclero-
sis or type 1 diabetes.55,56 In addition, BCG is a standard treatment 
for bladder cancer and the positive outcomes have been ascribed to 
the induction of trained immunity.55 BCG vaccination has important 
clinical benefits for multiple sclerosis with decreased tissue damage 
reported even 5 years after BCG vaccination.57,58 Mechanistically, 
BCG enhances glycolysis in conventional T cells, which in turn fa-
vours the generation of suppressive regulatory T cells (Tregs) that 
prevent neuronal damage.55,59 BCG-mediated enhanced glycoly-
sis also contributes to the control of blood sugar levels in type 1 
diabetes.56,60

F I G U R E  2  Mechanisms of trained immunity-based vaccines (TIbV) for infections. TIbV are formed by two essential components: Trained 
Immunity (TI) inducers and TIbV-related antigens. TI inducers reprogram innate, epithelial and haematopoietic stem cells so that they can 
respond in a much more efficient manner against bystander pathogens (both related and unrelated to those contained in the formulation), 
thus resulting in a short/long-lasting memory. Under TI conditions, more potent adaptive responses are orchestrated by T and B cells against 
both the antigens contained in the vaccine formulation but also against antigens contained in encountered bystander pathogens. TIbV are 
able to confer broad protection against both related and unrelated bystander pathogens.
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While the concept of trained immunity is generally linked to 
higher responses after a secondary stimulation, trained innate im-
mune cells might also acquire and promote anti-inflammatory and 
tolerogenic profiles depending on the type of stimuli, the concen-
tration and duration of the stimulation, the type of TIbV or the spe-
cific pathological context.16,56,61 The understanding of the potential 
role of trained immunity in the initiation and maintenance of inflam-
matory immune-mediated diseases such as asthma and allergy is 
improving over the last years, which might well pave the way for 
the development of novel interventions to prevent and/or restore 
proper immune responses.

4  |  TR AINED IMMUNIT Y IN ALLERGY

Allergic diseases represent a global health problem of increasing 
prevalence with huge socio-economic impact worldwide.62,63 Allergic 
asthma, allergic rhinitis, food allergy, atopic eczema/dermatitis and 
anaphylaxis represent the most important chronic allergic diseases 
with a significant negative impact on patients' quality of life and 
health-associated costs. The immunological mechanisms underlying 
allergy can be divided into two phases: sensitization/memory and ef-
fector phase. Sensitization occurs during the first contact with the 
allergen and leads to the generation of allergen-specific CD4+ Th2 
cells and the production of allergen-specific IgE antibodies by B cells. 
Allergen-specific IgE binds to the high-affinity FcԐRI receptor on 
mast cells and basophils, thus leading to patient's sensitization.64–66 
New encounters with the allergen cause cross-linking of IgE-FcεRI 
complexes on sensitized mast cells and basophils, releasing a pleth-
ora of anaphylactic mediators that trigger the immediate clinical 
symptoms.64–66 Accumulation of anaphylactic mediators and activa-
tion of allergen-specific memory Th2 cells via IgE-facilitated presen-
tation by DC and B cells initiates late-phase reactions. IL-4, IL-5, IL-9 
and IL-13 produced by Th2 cells in cooperation with ILC2s activated 
by epithelial alarmins (TSLP, IL-33 or IL-25) contribute to allergen-
specific IgE levels, eosinophilia, mucus production, inflammatory 
cell recruitment and tissue inflammation. These effects are associ-
ated with the chronicity and more severe clinical manifestations.64 
Westernized lifestyle and exposome including all environmental ex-
posures such as chemicals, pollutants as well as lifestyle factors, die-
tary habits, drugs and infections agents are important risk factors for 
allergic sensitization.6,67,68 This association suggests the important 
role of gene-environmental interactions, supported by epigenetic 
and metabolic rewiring, in the development of allergic diseases.69,70 
Therefore, a better understanding of the potential role of trained im-
munity in the context of allergic diseases is of outmost importance 
for the development of future alternative interventions.

4.1  |  Trained immunity in allergic asthma

Asthma is one of the most prevalent inflammatory airway diseases 
affecting more than 330 million people in the world.71 Asthma is a 

heterogeneous syndrome characterized by reversible airway ob-
struction, bronchial hyperresponsiveness and inflammation, which 
progressively accelerate lung function decline and airway remod-
elling.71,72 Allergic asthma constitutes one of the most common 
phenotypes and it is characterized by increased levels of total and 
allergen-specific serum IgE and type 2 immune responses.64 Type 
2 asthma onset is associated with early life exposure to allergens, 
pollutants, irritants or viral infections. Many children suffer from 
recurrent wheezing episodes triggered by rhinovirus or respiratory 
syncytial virus that can diminish with age, but for some individuals 
can mark the beginning of asthma.73 As discussed above, the pro-
tective role of different bacterial preparations for preventing viral 
infections and wheezing attacks in children have been demonstrated 
in several clinical studies,46,50 and the mechanisms underlying their 
mode of action are starting to be elucidated.3,74 The bacterial lysate 
OM-85 increases protection against viral respiratory infections 
in murine models by enhancing mucosal antibody production.10 
Maternal oral OM-85 administration conferred protection to the 
offspring against neonatal respiratory viral infection by accelerating 
and enhancing innate immune responses.75 In humans, oral OM-85 
also prevented RRTI by mechanisms depending on immune train-
ing, but whether trained immunity is induced remains unknown.76 
Recently, it has been demonstrated that airway administration 
of OM-85 impairs asthma features by targeting DCs and IL-33-
activated ILC2s.77 The whole heat-inactivated polybacterial vaccine 
MV130 induced a robust activation of human DCs from healthy do-
nors and patients suffering from RRTI, thus promoting the genera-
tion of potent Th1, Th17, and IL-10-producing T cells against both 
related and unrelated antigens contained in the vaccine formula-
tion.78 In mice models, it has been also demonstrated that intranasal 
administration of MV130 confers protection against viral infections 
by mechanisms depending on the induction of trained immunity via 
metabolic and epigenetic reprogramming of myeloid immune cells 
and bone marrow progenitor cells,11 thus supporting the capacity of 
MV130 to prevent wheezing attacks in children previously reported 
in phase III clinical trials.50

Contrary to harmful effects widely associated with viral respira-
tory infections, it has been reported that murid gamma herpes virus 
(MuHV-4) infection prior to HDM experimental asthma induction, 
blocks asthma development.79 MuHV-4 infection induces the death 
of lung resident alveolar macrophages and the subsequent repopu-
lation of the lung niche by regulatory bone-marrow-derived mono-
cytes. Locally differentiated monocyte-derived macrophages block 
type 2 HDM-induced specific response mediated by DCs, resulting 
in lower pro-asthmatic type 2 cytokines in both the lungs and medi-
astinal lymph nodes.79 However, the mechanism by which MuHV-4 
infection reprograms bone marrow-derived monocytes remains 
unknown.

Recently, mouse studies showed that ILC2s, critical players in 
type 2 asthma development, might also acquire memory in an IL-33 
dependent manner.80–82 Different stimuli such as IL-33, Aspergillus 
protease, rhinovirus infection or papain allergen drives IL-33 pro-
duction by the epithelial cells, and consequently, this IL-33 leads to 
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the activation and proliferation of lung ILC2s. Following activation, 
a resting phase takes place with a decrease in ILC2 numbers in the 
lungs and a subsequent reduction of cytokine production. However, 
the re-stimulation with a second unrelated stimulus significantly en-
hances cytokine production by IL-33-trained ILC2s, which could be 
associated with an enhancement of allergic asthmatic inflammation 
(Figure 3).7,8,27

4.2  |  Trained Immunity in food allergy

The prevalence of food allergy is rising in westernized countries, af-
fecting approximately 6% of children and 4% of adults.83,84 Food al-
lergy arises from a breakdown of oral tolerance to ingested antigens 
in people genetically and possibly also environmentally predisposed 
to atopic disease.83 Therefore, the association of food allergy prev-
alence with lifestyles suggests that trained immunity mechanisms 
could be also involved in the development and persistence of food 
allergy.6

Regarding the potential role of innate immune memory in food 
allergy, some studies have reported excessive innate immune re-
sponses at birth in cord blood-derived mononuclear cells from aller-
gic children compared to non-allergic donors.85,86 These responses 
were characterized by large amounts of IL-6, IL-1β and TNF-α pro-
duction following in vitro Toll-like receptor stimulation. This study 
has reported that the predisposition for allergen-specific type 2 
responses is associated with the hyperinflammatory reaction in the 
perinatal period.85 To further confirm the hypothesis, naive CD4+ 
T cells from cord blood were stimulated with IL-1β and TNF-α (in 
combination with TGF-β), which resulted in an enhanced type 2 im-
mune response.86 Recent studies have confirmed the enhancement 
of innate immune responses in egg- and peanut-allergic 1-year-old 
infants compared to healthy donors.9,87,88 Egg-allergic paediatric pa-
tients showed a higher frequency of circulating monocytes and DCs. 
Moreover, monocytes stimulated with LPS produced higher amount 
of IL-6, IL-1β, IL-8 and TNF-α compared with non-allergic patients. 
However, levels of IL-12p70 were higher in non-allergic donors than 
in allergic children (before and after LPS stimulation).87 Egg-allergic 
infants also displayed a lower number of CD4+ Tregs and increased 

monocye:CD4+ T cell ratio.9 On the other hand, other study with 
peanut allergic infants demonstrated an increase in TNF-α produc-
tion after non-specific stimulation of total peripheral blood mono-
nuclear cells from one-year peanut-allergic donors compared to 
healthy infants.88 To confirm whether the enhanced innate immune 
response remains with ageing, the same parameters were evaluated 
in single peanut or multi-food allergic adolescences.89 Both single 
peanut and multi-food allergic adolescence displayed an increase in 
circulating levels of DCs and monocytes. A higher pro-inflammatory 
cytokine production after LPS stimulation of monocytes than in 
healthy donors was observed.89 Collectively, all these results sug-
gest an increase in innate immune response displaying trained immu-
nity features, which might favour DC and T cell interaction favouring 
type 2 immune responses early in life in food-allergic patients that 
might persist through adolescence (Figure 4).9,85–89

4.3  |  Trained Immunity in allergen-specific 
immunotherapy (AIT)

AIT is currently the only causative treatment for allergic diseases 
with potential disease-modifying capacity.90 AIT consists of the 
administration of high doses of the causative allergens to induce 
patient's desensitization and allergen tolerance after treatment 
cessation. Research on the mechanisms of action of AIT has been 
traditionally focused on the regulation of adaptive immune re-
sponses, however, recent findings suggest that innate immune re-
sponses might also be regulated during successful AIT.91 It has been 
shown that AIT restores the frequencies of different innate immune 
cell populations (ILCs, monocytes and DCs) to those observed in 
non-allergic individuals.12 Whether metabolic and epigenetic re-
programming driving trained immunity was also induced by AIT in 
these restored innate immune cell populations was not reported in 
this study. At this regard, subcutaneous and sublingual AIT as well 
as grass pollen-induced seasonal allergic rhinitis changed the chro-
matin landscape in circulating follicular helper T cells (TFH) and fol-
licular Tregs (TFR) compared with non-atopic patients and between 
groups.92 TFH from pollen allergic patients displayed more accessi-
ble chromatin regions associated with cell growth, differentiation, 

F I G U R E  3  Induction of trained immunity in ILC2 under allergy conditions. Different stimuli (IL-33, papain, Aspergillus protease 
and rhinovirus) induce IL-33 production by epithelial cells, which stimulate type 2 innate lymphoid cells (ILC2) activation and cytokine 
production. After stimulation a resting phase takes place with less ILC2 that also produce less IL-13 and IL-5. Second unrelated stimulation of 
ILC2 results in an enhanced response that could be associated with a worst asthmatic reaction
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and proliferation than TFR. Remarkably, AIT modified this chroma-
tin landscape and generated a more regulatory profile character-
ized by the induction of TFR and IL10+ TFH.92 Moreover, another 
clinical trial shows that sublingual AIT induces IL-10-producting 
ILCs in patients with grass-pollen allergy.93 It has been also dem-
onstrated that ILC2 can be converted into IL-10-producing ILC2, 

which plays a critical role in the restoration of epithelial cell integ-
rity, suppression of type 2 responses and promotion of tolerance 
to aeroallergens.94 This plasticity might be linked to epigenetic 
reviewing, but further research is needed to fully confirm it. The 
concept of trained immunity has been enlarged with reports 
showing that myeloid cells can be also trained in vitro or in vivo 
to be more anti-inflammatory following helminth exposure, which 
might confer protection against T cell-mediated autoimmunity.28 
Macrophages in vitro trained with Fasciola hepatica total extracts 
or F. hepatica excretory products (FHES) showed an increase in the 
anti-inflammatory cytokines IL-1RA and IL-10 and lower production 
of pro-inflammatory cytokines TNF-α and IL-12p70. In vivo admin-
istration of FHES resulted in hyporesponsive monocytes due to 
alterations of the haematopoietic stem cell niche in the bone mar-
row.28 The administration of helminth products produced an ‘anti-
inflammatory’ trained immunity associated with reduced Th1 and 
Th17 responses.28 Whether such helminth products could be also 
exploited in the field of AIT to restore healthy immune responses to 
allergens remains unknown. Up to date, the data related to allergen 
vaccines able to induce ‘anti-inflammatory’ trained immunity are 
still scarce. In this regard, allergoid-mannan conjugates, next gen-
eration AIT vaccines targeting DCs and promoting the generation 
of functional Tregs,95 are able to reprogram monocytes from aller-
gic and healthy donors into tolerogenic DCs with higher capacity 
to prime functional FOXP3+ Tregs.13 Allergoid-mannan conjugates 
imprint epigenetic and metabolic rewiring in monocyte-derived 
DCs that ensures an open chromatin status in tolerogenic genes 
and shifts metabolism into mitochondrial oxidative phosphoryla-
tion, thus suggesting that training immunity mechanisms might also 
take place and contribute to the beneficial reported effects of this 
next generation AIT vaccine.13

F I G U R E  4  Food allergic paediatric patients display early 
hyperinflammatory innate immune responses that are associated 
with type 2 immunity. Allergic patients show less baseline Treg 
frequency and IL-12p70 production than healthy children. Children 
with food allergy also display larger number of monocytes 
producing higher amounts of IL-6, IL-1β and TNF-α after LPS 
stimulation than monocytes from non-allergic children. Those 
differences between groups skew the balance in favour to type 
2 responses in allergic patients while maintaining a Th1:Th2 
balance in healthy children. Treg cells, regulatory T cells; LPS, 
lipopolysaccharide; TNF-α, tumour necrosis factor alpha

F I G U R E  5  Proposed mode of action of trained immunity-based allergen vaccines. Trained immunity-based allergen vaccines should 
contain two essential components: Tolerance inducers and specific allergens to which the patients are sensitized to. These components will 
reprogram innate, epithelial, and haematopoietic stem cells so that they can mount anti-inflammatory and tolerogenic responses against 
bystander allergens (both related and unrelated to those contained the formulation), thus resulting in a short/long-lasting memory. Under 
these conditions, more potent tolerogenic adaptive responses are orchestrated by T and B cells against both the allergens contained in the 
vaccine formulation but also against encountered bystander allergens. Trained immunity-based allergen vaccines can induce broad healthy 
immune responses to allergens in a non-specific and allergen-specific manner, thus conferring broad tolerance against related and bystander 
allergens
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5  |  CONCLUSION AND FUTURE 
PERSPEC TIVES

Our knowledge of the molecular mechanisms underlying trained im-
munity has significantly improved over the last decade. Nowadays 
it is widely accepted that innate immune cells also contribute to 
immunological memory. This change in paradigm has opened new 
alternatives in modern vaccinology. The use of TIbV has emerged 
as a useful approach to treating recurrent infections caused by 
related and heterologous pathogens. Different studies convinc-
ingly demonstrate that TIbV can be also successfully employed in 
other immune-mediated diseases such as cancer or autoimmunity. 
Recent findings showed that innate immune cells trained with a 
specific stimulus, such as helminth- and other specific bacterial- or 
yeast-derived products, might also acquire anti-inflammatory fea-
tures and promote tolerance, which may have important implica-
tions for chronic inflammatory diseases such as allergies. Although 
the potential contribution of trained immunity to the development 
and chronification of allergic diseases such as asthma or food al-
lergy is starting to be elucidated, the actual role of trained innate 
immune cells, epithelial cells or haematopoietic stem cell precur-
sors in these processes still remains largely unknown. From a pre-
ventive and therapeutic point of view, TIbV formulated with certain 
polybacterial components showed efficacy in preventing RRTI, in-
cluding viral-induced wheezing attacks in children, which represent 
a risk factor for asthma development. The restoration of proper 
innate immune responses might be also of great relevance during 
successful AIT. To date, allergen vaccines have not convincingly 
demonstrated yet capacity to induce trained immunity during AIT. 
In this regard, it has been previously shown that next generation 
allergoid-mannan conjugates reprogram monocytes into tolero-
genic DCs by mechanisms depending on metabolic and epigenetic 
reprogramming, suggesting that this next generation AIT vaccine 
might well promote additional trained tolerance mechanisms asso-
ciated with the reported clinical effects. However, further research 
is still needed to firmly demonstrate this capacity for allergoid-
mannan conjugates. The better understanding of the potential role 
of trained immunity in the initiation and maintenance of allergy is 
of utmost importance as it will help to pave the way for the devel-
opment of future novel TIbV for AIT (Figure 5), which might well 
contribute to improving preventive and/or therapeutic strategies 
for allergic diseases.

AUTHOR CONTRIBUTIONS
O.P. conceptualized and designed the scope of the review. L.M.-C., 
C.S.-O., A.A., J.D.-A., M.G.N., J.L.S. and O.P. wrote the manuscript. 
All the authors approved the final version of the paper.

ACKNOWLEDG EMENTS
The authors' laboratory is supported by grant PID2020-
114396RB-I00 to O.P. from MICINN, Spain, The Netherlands 
Organization for Scientific Research (VENI grant 09150161910024 
and Off Road grant 04510012010022) to JDA; ERC Advanced 

Grant (#833247) and a Spinoza Grant of the Netherlands 
Organization for Scientific Research to MGN. L.M.-C. was re-
cipient of a FPU fellowship from MINECO, C.S.-O. is recipient 
of a predoctoral fellowship from “Doctorado Industrial between 
UCM-Inmunotek # IND2019/BMD-17182 by CAM. A.A. is a post-
doctoral researcher ascribed to the project RTC2019-007097-1 
by MICINNIN.

CONFLIC T OF INTERE S T
O.P. has received fee for lectures or participation in Advisory Boards 
from Allergy Therapeutics, Amgen, AstraZeneca, Diater, GSK, 
Pfizer, Inmunotek SL, Novartis, Sanofi Genzyme, Stallergenes and 
Regeneron. O.P. has received research grants from Inmunotek SL, 
Novartis SL, MINECO, MICINNIN and CAM. JLS is the founder and 
CEO of Inmunotek SL. The rest of the authors declare no competing 
financial interests.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Leticia Martín-Cruz   https://orcid.org/0000-0002-2546-1183 
Carmen Sevilla-Ortega   https://orcid.org/0000-0003-3072-9903 

R E FE R E N C E S
	 1.	 Netea MG, Quintin J, van der Meer JW. Trained immunity: a mem-

ory for innate host defense. Cell Host Microbe. 2011;9(5):355-361.
	 2.	 Netea MG, Dominguez-Andres J, Barreiro LB, et al. Defining trained 

immunity and its role in health and disease. Nat Rev Immunol. 
2020;20(6):375-388.

	 3.	 Sanchez-Ramon S, Conejero L, Netea MG, Sancho D, Palomares O, 
Subiza JL. Trained immunity-based vaccines: a new paradigm for 
the development of broad-Spectrum anti-infectious formulations. 
Front Immunol. 2018;9:2936.

	 4.	 Netea MG, van Crevel R. BCG-induced protection: effects on in-
nate immune memory. Semin Immunol. 2014;26(6):512-517.

	 5.	 Simon D. Recent advances in clinical allergy and immunology. Int 
Arch Allergy Immunol. 2018;177(4):324-333.

	 6.	 Akdis CA. Does the epithelial barrier hypothesis explain the in-
crease in allergy, autoimmunity and other chronic conditions? Nat 
Rev Immunol. 2021;21(11):739-751.

	 7.	 Martinez-Gonzalez I, Matha L, Steer CA, Ghaedi M, Poon GF, Takei 
F. Allergen-experienced group 2 innate lymphoid cells acquire 
memory-like properties and enhance allergic lung inflammation. 
Immunity. 2016;45(1):198-208.

	 8.	 Rajput C, Han M, Ishikawa T, et al. Early-life heterologous rhino-
virus infections induce an exaggerated asthma-like phenotype. J 
Allergy Clin Immunol. 2020;146(3):571-82 e3.

	 9.	 Neeland MR, Novakovic B, Dang TD, Perrett KP, Koplin JJ, Saffery 
R. Hyper-inflammatory monocyte activation following endotoxin 
exposure in food allergic infants. Front Immunol. 2020;11:567981.

	10.	 Pasquali C, Salami O, Taneja M, et al. Enhanced mucosal antibody 
production and protection against respiratory infections follow-
ing an orally administered bacterial extract. Front Med (Lausanne). 
2014;1:41.

	11.	 Brandi P, Conejero L, Cueto FJ, et al. Trained immunity induction 
by the inactivated mucosal vaccine MV130 protects against exper-
imental viral respiratory infections. Cell Rep. 2022;38(1):110184.

 13652222, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cea.14261 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-2546-1183
https://orcid.org/0000-0002-2546-1183
https://orcid.org/0000-0003-3072-9903
https://orcid.org/0000-0003-3072-9903


    |  9MARTÍN-­CRUZ et al.

	12.	 Eljaszewicz A, Ruchti F, Radzikowska U, et al. Trained immunity and 
tolerance in innate lymphoid cells, monocytes, and dendritic cells 
during allergen-specific immunotherapy. J Allergy Clin Immunol. 
2021;147(5):1865-1877.

	13.	 Benito-Villalvilla C, Perez-Diego M, Angelina A, et al. Allergoid-
mannan conjugates reprogram monocytes into tolerogenic den-
dritic cells via epigenetic and metabolic rewiring. J Allergy Clin 
Immunol. 2022;149(1):212-222. e9.

	14.	 Quintin J, Saeed S, Martens JHA, et al. Candida albicans infection 
affords protection against reinfection via functional reprogram-
ming of monocytes. Cell Host Microbe. 2012;12(2):223-232.

	15.	 Kleinnijenhuis J, Quintin J, Preijers F, et al. Bacille Calmette-Guerin 
induces NOD2-dependent nonspecific protection from reinfection 
via epigenetic reprogramming of monocytes. Proc Natl Acad Sci U S 
A. 2012;109(43):17537-17542.

	16.	 Divangahi M, Aaby P, Khader SA, et al. Trained immunity, tolerance, 
priming and differentiation: distinct immunological processes. Nat 
Immunol. 2021;22(1):2-6.

	17.	 Naik S, Larsen SB, Gomez NC, et al. Inflammatory memory 
sensitizes skin epithelial stem cells to tissue damage. Nature. 
2017;550(7677):475-480.

	18.	 Kaufmann E, Sanz J, Dunn JL, et al. BCG educates hematopoietic 
stem cells to generate protective innate immunity against tubercu-
losis. Cell. 2018;172(1–2):176-190. e19.

	19.	 Chavakis T, Mitroulis I, Hajishengallis G. Hematopoietic progenitor 
cells as integrative hubs for adaptation to and fine-tuning of inflam-
mation. Nat Immunol. 2019;20(7):802-811.

	20.	 Dominguez-Andres J, Netea MG. Long-term reprogramming of the 
innate immune system. J Leukoc Biol. 2019;105(2):329-338.

	21.	 Dominguez-Andres J, Arts RJW, Bekkering S, et al. In vitro induc-
tion of trained immunity in adherent human monocytes. STAR 
Protoc. 2021;2(1):100365.

	22.	 Fanucchi S, Dominguez-Andres J, Joosten LAB, Netea MG, Mhlanga 
MM. The intersection of epigenetics and metabolism in trained im-
munity. Immunity. 2021;54(1):32-43.

	23.	 Dominguez-Andres J, Novakovic B, Li Y, et al. The itaconate path-
way is a central regulatory node linking innate immune tolerance 
and trained immunity. Cell Metab. 2019;29(1):211-20 e5.

	24.	 Arts RJ, Novakovic B, Ter Horst R, et al. Glutaminolysis and fuma-
rate accumulation integrate Immunometabolic and epigenetic pro-
grams in trained immunity. Cell Metab. 2016;24(6):807-819.

	25.	 Cheng SC, Quintin J, Cramer RA, et al. mTOR- and HIF-1alpha-
mediated aerobic glycolysis as metabolic basis for trained immu-
nity. Science. 2014;345(6204):1250684.

	26.	 Dominguez-Andres J, Fanucchi S, Joosten LAB, Mhlanga MM, 
Netea MG. Advances in understanding molecular regulation of in-
nate immune memory. Curr Opin Cell Biol. 2020;63:68-75.

	27.	 Ebihara T, Tatematsu M, Fuchimukai A, et al. Trained innate lym-
phoid cells in allergic diseases. Allergol Int. 2021;70(2):174-180.

	28.	 Quinn SM, Cunningham K, Raverdeau M, et al. Anti-inflammatory 
trained immunity mediated by helminth products attenuates the 
induction of T cell-mediated autoimmune disease. Front Immunol. 
2019;10:1109.

	29.	 Gyssens IC, Netea MG. Heterologous effects of vaccination and 
trained immunity. Clin Microbiol Infect. 2019;25(12):1457-1458.

	30.	 Benn CS, Fisker AB, Rieckmann A, Sorup S, Aaby P. Vaccinology: 
time to change the paradigm? Lancet Infect Dis. 2020;20(10):e274
-e283.

	31.	 Boyd SD, Jackson KJL. Predicting vaccine responsiveness. Cell Host 
Microbe. 2015;17(3):301-307.

	32.	 de Bree LCJ, Koeken V, Joosten LAB, et al. Non-specific effects 
of vaccines: current evidence and potential implications. Semin 
Immunol. 2018;39:35-43.

	33.	 Kleinnijenhuis J, Quintin J, Preijers F, et al. Long-lasting effects of 
BCG vaccination on both heterologous Th1/Th17 responses and 
innate trained immunity. J Innate Immun. 2014;6(2):152-158.

	34.	 Arts RJW, Moorlag S, Novakovic B, et al. BCG vaccination pro-
tects against experimental viral infection in humans through the 
induction of cytokines associated with trained immunity. Cell Host 
Microbe. 2018;23(1):89-100 e5.

	35.	 Kleinnijenhuis J, Quintin J, Preijers F, et al. BCG-induced trained 
immunity in NK cells: role for non-specific protection to infection. 
Clin Immunol. 2014;155(2):213-219.

	36.	 Aaby P, Roth A, Ravn H, et al. Randomized trial of BCG vaccination 
at birth to low-birth-weight children: beneficial nonspecific effects 
in the neonatal period? J Infect Dis. 2011;204(2):245-252.

	37.	 Biering-Sorensen S, Aaby P, Lund N, et al. Early BCG-Denmark and 
neonatal mortality among infants weighing <2500 g: a randomized 
controlled trial. Clin Infect Dis. 2017;65(7):1183-1190.

	38.	 Giamarellos-Bourboulis EJ, Tsilika M, Moorlag S, et al. Activate: 
randomized clinical trial of BCG vaccination against infection in the 
elderly. Cell. 2020;183(2):315-23 e9.

	39.	 Brueggeman JM, Zhao J, Schank M, Yao ZQ, Moorman JP. Trained 
immunity: an overview and the impact on COVID-19. Front Immunol. 
2022;13:837524.

	40.	 Geckin B, Konstantin Fohse F, Dominguez-Andres J, Netea MG. 
Trained immunity: implications for vaccination. Curr Opin Immunol. 
2022;77:102190.

	41.	 Ovsyannikova IG, Reid KC, Jacobson RM, Oberg AL, Klee GG, 
Poland GA. Cytokine production patterns and antibody response 
to measles vaccine. Vaccine. 2003;21(25–26):3946-3953.

	42.	 Nielsen S, Sujan HM, Benn CS, Aaby P, Hanifi SMA. Oral polio vac-
cine campaigns may reduce the risk of death from respiratory infec-
tions. Vaccines (Basel). 2021;9(10):1133.

	43.	 Gillard GO, Bivas-Benita M, Hovav AH, et al. Thy1+ NK [corrected] 
cells from vaccinia virus-primed mice confer protection against vac-
cinia virus challenge in the absence of adaptive lymphocytes. PLoS 
Pathog. 2011;7(8):e1002141.

	44.	 Piedra PA, Gaglani MJ, Kozinetz CA, et al. Trivalent live attenuated 
intranasal influenza vaccine administered during the 2003-2004 
influenza type a (H3N2) outbreak provided immediate, direct, 
and indirect protection in children. Pediatrics. 2007;120(3):e553
-e564.

	45.	 Lee YJ, Lee JY, Jang YH, Seo SU, Chang J, Seong BL. Non-specific 
effect of vaccines: immediate protection against respiratory syn-
cytial virus infection by a live attenuated influenza vaccine. Front 
Microbiol. 2018;9:83.

	46.	 Razi CH, Harmanci K, Abaci A, et al. The immunostimulant OM-85 
BV prevents wheezing attacks in preschool children. J Allergy Clin 
Immunol. 2010;126(4):763-769.

	47.	 Koatz AM, Coe NA, Ciceran A, Alter AJ. Clinical and immunological 
benefits of OM-85 bacterial lysate in patients with allergic rhini-
tis, asthma, and COPD and recurrent respiratory infections. Lung. 
2016;194(4):687-697.

	48.	 Alecsandru D, Valor L, Sanchez-Ramon S, et al. Sublingual thera-
peutic immunization with a polyvalent bacterial preparation in 
patients with recurrent respiratory infections: immunomodulatory 
effect on antigen-specific memory CD4+ T cells and impact on clin-
ical outcome. Clin Exp Immunol. 2011;164(1):100-107.

	49.	 Garcia Gonzalez LA, Arrutia DF. Mucosal bacterial immunotherapy 
with MV130 highly reduces the need of tonsillectomy in adults with 
recurrent tonsillitis. Hum Vaccin Immunother. 2019;15(9):2150-2153.

	50.	 Nieto A, Mazon A, Nieto M, et al. Bacterial mucosal immunotherapy 
with MV130 prevents recurrent wheezing in children: a random-
ized, double-blind, placebo-controlled clinical trial. Am J Respir Crit 
Care Med. 2021;204(4):462-472.

	51.	 Yang B, Foley S. First experience in the UK of treating women 
with recurrent urinary tract infections with the bacterial vaccine 
Uromune((R)). BJU Int. 2018;121(2):289-292.

	52.	 Lorenzo-Gómez M-F, Foley S, Nickel JC, et al. Sublingual MV140 
for prevention of recurrent urinary tract infections. NEJM Evidence. 
2022;1(4):EVIDoa2100018.

 13652222, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cea.14261 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10  |    MARTÍN-­CRUZ et al.

	53.	 Benito-Villalvilla C, Cirauqui C, Diez-Rivero CM, Casanovas M, 
Subiza JL, Palomares O. MV140, a sublingual polyvalent bacterial 
preparation to treat recurrent urinary tract infections, licenses 
human dendritic cells for generating Th1, Th17, and IL-10 responses 
via Syk and MyD88. Mucosal Immunol. 2017;10(4):924-935.

	54.	 Martin-Cruz L, Sevilla-Ortega C, Benito-Villalvilla C, et al. A com-
bination of Polybacterial MV140 and Candida albicans V132 as a 
potential novel trained immunity-based vaccine for genitourinary 
tract infections. Front Immunol. 2020;11:612269.

	55.	 Guallar-Garrido S, Julian E. Bacillus Calmette-Guerin (BCG) therapy 
for bladder cancer: an update. Immunotargets Ther. 2020;9:1-11.

	56.	 Ristori G, Faustman D, Matarese G, Romano S, Salvetti M. Bridging 
the gap between vaccination with Bacille Calmette-Guerin (BCG) 
and immunological tolerance: the cases of type 1 diabetes and mul-
tiple sclerosis. Curr Opin Immunol. 2018;55:89-96.

	57.	 Ristori G, Buzzi MG, Sabatini U, et al. Use of Bacille Calmette-Guerin 
(BCG) in multiple sclerosis. Neurology. 1999;53(7):1588-1589.

	58.	 Ristori G, Romano S, Cannoni S, et al. Effects of Bacille Calmette-
Guerin after the first demyelinating event in the CNS. Neurology. 
2014;82(1):41-48.

	59.	 La Rocca C, Carbone F, De Rosa V, et al. Immunometabolic profiling 
of T cells from patients with relapsing-remitting multiple sclerosis 
reveals an impairment in glycolysis and mitochondrial respiration. 
Metabolism. 2017;77:39-46.

	60.	 Kuhtreiber WM, Tran L, Kim T, et al. Long-term reduction in hyper-
glycemia in advanced type 1 diabetes: the value of induced aerobic 
glycolysis with BCG vaccinations. NPJ Vaccines. 2018;3:23.

	61.	 Foster SL, Hargreaves DC, Medzhitov R. Gene-specific control of 
inflammation by TLR-induced chromatin modifications. Nature. 
2007;447(7147):972-978.

	62.	 Agache I, Annesi-Maesano I, Bonertz A, et al. Prioritizing research 
challenges and funding for allergy and asthma and the need for 
translational research-the European strategic forum on allergic dis-
eases. Allergy. 2019;74(11):2064-2076.

	63.	 Boyle RJ, Shamji MH. Developments in the field of allergy in 2020 
through the eyes of clinical and experimental allergy. Clin Exp 
Allergy. 2021;51(12):1531-1537.

	64.	 Akdis CA, Arkwright PD, Bruggen MC, et al. Type 2 immunity in the 
skin and lungs. Allergy. 2020;75(7):1582-1605.

	65.	 Palomares O, Akdis M, Martin-Fontecha M, Akdis CA. Mechanisms 
of immune regulation in allergic diseases: the role of regulatory T 
and B cells. Immunol Rev. 2017;278(1):219-236.

	66.	 Palomares O, Sanchez-Ramon S, Davila I, et al. dIvergEnt: how IgE 
Axis contributes to the continuum of allergic asthma and anti-IgE 
therapies. Int J Mol Sci. 2017;18(6):1328.

	67.	 Cecchi L, D'Amato G, Annesi-Maesano I. External exposome 
and allergic respiratory and skin diseases. J Allergy Clin Immunol. 
2018;141(3):846-857.

	68.	 Agache I, Sampath V, Aguilera J, et al. Climate change and 
global health: a call to more research and more action. Allergy. 
2022;77(5):1389-1407.

	69.	 Alashkar Alhamwe B, Alhamdan F, Ruhl A, Potaczek DP, Renz H. 
The role of epigenetics in allergy and asthma development. Curr 
Opin Allergy Clin Immunol. 2020;20(1):48-55.

	70.	 Agache I, Cojanu C, Laculiceanu A, Rogozea L. Genetics and epi-
genetics of allergy. Curr Opin Allergy Clin Immunol. 2020;20(3):223-232.

	71.	 Agache I, Akdis CA, Akdis M, et al. EAACI biologicals guidelines-
recommendations for severe asthma. Allergy. 2021;76(1):14-44.

	72.	 Hassoun D, Malard O, Barbarot S, Magnan A, Colas L. Type 2 
immunity-driven diseases: towards a multidisciplinary approach. 
Clin Exp Allergy. 2021;51(12):1538-1552.

	73.	 Feleszko W, Jartti T, Bacharier LB. Current strategies for phenotyp-
ing and managing asthma in preschool children. Curr Opin Allergy 
Clin Immunol. 2022;22(2):107-114.

	74.	 Esposito S, Soto-Martinez ME, Feleszko W, Jones MH, Shen 
KL, Schaad UB. Nonspecific immunomodulators for recurrent 

respiratory tract infections, wheezing and asthma in children: a 
systematic review of mechanistic and clinical evidence. Curr Opin 
Allergy Clin Immunol. 2018;18(3):198-209.

	75.	 Lauzon-Joset JF, Mincham KT, Scott NM, et al. Protection against 
neonatal respiratory viral infection via maternal treatment during 
pregnancy with the benign immune training agent OM-85. Clin 
Transl Immunol. 2021;10(7):e1303.

	76.	 Troy NM, Strickland D, Serralha M, et al. Protection against severe 
infant lower respiratory tract infections by immune training: mech-
anistic studies. J Allergy Clin Immunol. 2022;150(1):93-103.

	77.	 Pivniouk V, Gimenes-Junior JA, Ezeh P, et al. Airway administration 
of OM-85, a bacterial lysate, blocks experimental asthma by target-
ing dendritic cells and the epithelium/IL-33/ILC2 axis. J Allergy Clin 
Immunol. 2022;149(3):943-956.

	78.	 Cirauqui C, Benito-Villalvilla C, Sanchez-Ramon S, et al. Human 
dendritic cells activated with MV130 induce Th1, Th17 and IL-10 re-
sponses via RIPK2 and MyD88 signalling pathways. Eur J Immunol. 
2018;48(1):180-193.

	79.	 Machiels B, Dourcy M, Xiao X, et al. A gammaherpesvirus provides 
protection against allergic asthma by inducing the replacement of 
resident alveolar macrophages with regulatory monocytes. Nat 
Immunol. 2017;18(12):1310-1320.

	80.	 Steer CA, Matha L, Shim H, Takei F. Lung group 2 innate lymphoid 
cells are trained by endogenous IL-33 in the neonatal period. JCI 
Insight. 2020;5(14):e135961.

	81.	 Hurrell BP, Shafiei Jahani P, Akbari O. Social networking of group 
two innate lymphoid cells in allergy and asthma. Front Immunol. 
2018;9:2694.

	82.	 Matha L, Martinez-Gonzalez I, Steer CA, Takei F. The fate of acti-
vated group 2 innate lymphoid cells. Front Immunol. 2021;12:671966.

	83.	 Yu W, Freeland DMH, Nadeau KC. Food allergy: immune mechanisms, 
diagnosis and immunotherapy. Nat Rev Immunol. 2016;16(12):751-765.

	84.	 Sicherer SH, Warren CM, Dant C, Gupta RS, Nadeau KC. Food al-
lergy from infancy through adulthood. J Allergy Clin Immunol Pract. 
2020;8(6):1854-1864.

	85.	 Tulic MK, Hodder M, Forsberg A, et al. Differences in innate immune 
function between allergic and nonallergic children: new insights into 
immune ontogeny. J Allergy Clin Immunol. 2011;127(2):470-478. e1.

	86.	 Zhang Y, Collier F, Naselli G, et al. Cord blood monocyte-derived 
inflammatory cytokines suppress IL-2 and induce nonclassic "T(H)2-
type" immunity associated with development of food allergy. Sci 
Transl Med. 2016;8(321):321ra8.

	87.	 Neeland MR, Koplin JJ, Dang TD, et al. Early life innate immune 
signatures of persistent food allergy. J Allergy Clin Immunol. 
2018;142(3):857-64 e3.

	88.	 Neeland MR, Andorf S, Manohar M, et al. Mass cytometry reveals 
cellular fingerprint associated with IgE+ peanut tolerance and al-
lergy in early life. Nat Commun. 2020;11(1):1091.

	89.	 Neeland MR, Andorf S, Dang TD, et al. Altered immune cell profiles 
and impaired CD4 T-cell activation in single and multi-food allergic 
adolescents. Clin Exp Allergy. 2021;51(5):674-684.

	90.	 Pfaar O, Creticos PS, Kleine-Tebbe J, Canonica GW, Palomares 
O, Schulke S. One hundred ten years of allergen immunother-
apy: a broad look into the future. J Allergy Clin Immunol Pract. 
2021;9(5):1791-1803.

	91.	 Shamji MH, Sharif H, Layhadi JA, Zhu R, Kishore U, Renz H. 
Diverse immune mechanisms of allergen immunotherapy for al-
lergic rhinitis with and without asthma. J Allergy Clin Immunol. 
2022;149(3):791-801.

	92.	 Sharif H, Acharya S, Dhondalay GKR, et al. Altered chromatin land-
scape in circulating T follicular helper and regulatory cells following 
grass pollen subcutaneous and sublingual immunotherapy. J Allergy 
Clin Immunol. 2021;147(2):663-676.

	93.	 Golebski K, Layhadi JA, Sahiner U, et al. Induction of IL-10-producing 
type 2 innate lymphoid cells by allergen immunotherapy is associ-
ated with clinical response. Immunity. 2021;54(2):291-307. e7.

 13652222, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cea.14261 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  11MARTÍN-­CRUZ et al.

	94.	 Morita H, Kubo T, Ruckert B, et al. Induction of human regulatory 
innate lymphoid cells from group 2 innate lymphoid cells by retinoic 
acid. J Allergy Clin Immunol. 2019;143(6):2190-2201. e9.

	95.	 Sirvent S, Soria I, Cirauqui C, et al. Novel vaccines targeting den-
dritic cells by coupling allergoids to nonoxidized mannan enhance 
allergen uptake and induce functional regulatory T cells through 
programmed death ligand 1. J Allergy Clin Immunol. 2016;138(2):558-
567. e11.

How to cite this article: Martín-Cruz L, Sevilla-Ortega C, 
Angelina A, et al. From trained immunity in allergy to trained 
immunity-based allergen vaccines. Clin Exp Allergy. 
2022;00:1-11. doi:10.1111/cea.14261

 13652222, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cea.14261 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/cea.14261

	From trained immunity in allergy to trained immunity-­based allergen vaccines
	Abstract
	1|INTRODUCTION
	2|TRAINED IMMUNITY: DEFINITION, CELLS AND UNDERLYING MECHANISMS
	3|TRAINED IMMUNITY-­BASED VACCINES (TIBV) AS A NEW PARADIGM IN VACCINOLOGY
	4|TRAINED IMMUNITY IN ALLERGY
	4.1|Trained immunity in allergic asthma
	4.2|Trained Immunity in food allergy
	4.3|Trained Immunity in allergen-­specific immunotherapy (AIT)

	5|CONCLUSION AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


