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To the Editor,

Allergic diseases have become a global challenge during the last decades. Therefore, much effort
has gone into understanding the mechanisms of allergy and improving diagnostic measures and
treatment efficacy (precision medicine). Recently, the mechanistic understanding of immunity
and its characteristics was considerably renewed by the upcoming research field of ,trained
immunity”, where the classical principle that only the adaptive immune system is able to build up
a memory to reinfection with pathogens, was re-thought?.

Netea et al. defined “trained immunity” as a reaction to a pathogenic insult (“first hit”), including

environmental factors, microbial proteins and allergens, with subsequent epigenetic, metabolic
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and functional reprogramming of innate immune cells, resulting in a non-specific, modulated
response to secondary stimuli (“second hit”). The concept of an innate immune memory explains
why an ,immunological memory“ is even observed in plants and invertebrates, organisms lacking
adaptive immunity®2. As described several times for the tuberculosis vaccine bacillus Calmette-
Guérin (BCG), trained immunity also explains cross-protection, a heightened response to a
second infection, whereby it is independent whether this occurs to the same pathogen or a
different one®-2. This non-specific immune response seems unlikely for the classical highly specific
allergic response, however, helminth3 as well as virus infections* have been shown to affect
both, tolerance or the increased risk of reactions to allergens.

Figure 1 displays an overview on the different aspects of trained immunity and where this
concept is linked to allergy. Both, a systemic as well as a local trained immunity exist: Systemic
trained immunity is induced at the level of bone marrow progenitor cells due to stimulation of
these cells with BCG or the microbial B-glucan. The trained progenitor cells mature to monocytes
and differentiate to trained effector cells such as macrophages or NK cells at their respective
place of action?. In contrast, local training of differentiated effector cells takes place in the
peripheral tissue. Here, epithelial cells form the first line of defense, but this barrier can be
overcome/activated by allergens and microbial products and is key to allergenic sensitization.
Several allergens possess proteolytic activity and are able to cleave tight junctions and
consequently provide a way through the epithelial layer>. Der p 2 mimics the myeloid
differentiation protein-2 by binding LPS, which stimulates the Toll-like receptor 4 at the surface
of epithelial cells and induces an Ty2-like inflammation®. The paradigm that an allergen alone
cannot overcome the epithelial barrier without enzymatic function or adjuvants was overthrown
by the demonstration that grass pollen allergens were taken up by airway epithelial cells and
were transported as intact allergens through the epithelium®. Besides allergens also microbial
products can overcome/activate the epithelium, for example B-glucan for which trained
immunity effects have explicitly been observed?. Whether this activation of epithelial cells
already fits the trained immunity characteristic of a change in cell function will be part of future
research. Finally, environmental factors or respiratory diseases can increase the permeability of

the epithelial barrier for allergens>.
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The presence of a broad range of cytokines, chemokines, allergens, and microbial products
mediates complex cellular processes with innate and adaptive immune cells. The cytokines
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 were shown to induce trained immunity®
and are also involved in the development of allergic responses. TSLP and IL-33 are important for
the activation of group 2 innate lymphoid cells (ILC2s) which secrete IL-4, IL-5, and IL-13. IL-4
triggers the T2 immune response, and IL-5 is involved in the activation of B cells and mediates
eosinophilia, whereas IL-13 induces mucus secretion and airway hyperreactivity. ILC2s were
found to be sufficient to induce asthma-like pathological changes even in the absence of
adaptive immune cells, and trained ILC2s show enhanced secretion of Ty2-type cytokines after
re-stimulation’. Thus, ILC2s may have an enormous impact on the development of allergy, and
Ty2-type allergic airway inflammation can develop independently of adaptive immunity. A
second example therefore is the activation of an invariant NKT cell subpopulation after viral
infection, subsequently recruiting and activating lung macrophages, expressing IL-13 and its
receptor. This creates a positive feedback loop which results in a persistent expression of IL-13,
causing chronic mucous cell metaplasia and airway hyperreactivity®. The persistent expression of
cytokines displays no trained immunity effect by definition but leads to chronification of the
inflammation process.

A new link between the two immune systems where the adaptive immune system activates the
innate immune memory, was described after a viral infection, inducing trained alveolar
macrophages with changed metabolism and anti-microbial responsiveness®. The education of
these macrophages required activated CD8* T-cells and the release of interferon y. This and other
described effects of trained immunity are mediated through modulation of transcription factors
and metabolic as well as epigenetic reprogramming of cells in contrast to gene rearrangement
and proliferation of antigen-specific lymphocyte clones, forming the base for adaptive immune
memory?.

Altogether, figure 1 illustrates that there are innate immune cells which developed a memory
effect without having changed their original function or which modulate/are modulated by the
adaptive immune system and thus are not part of the trained immunity concept even when they
differ considerably from the classical understanding of innate immune responses. Little is known

about the existence or mechanisms of allergic trained immunity but pathological outcomes of
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trained immunity were already shown for inflammatory and neurodegenerative diseases?, and
there is some evidence that this research field will reveal several well-guarded secrets about
allergenic processes. Most likely, the allergic response is a highly regulated and complex
mechanism with members of both, the innate and adaptive immune system, and this link is
maybe also the key feature of very potent allergens. However, since an association between
infections and allergy has been known for quite some time, it is most plausible that phenomena
of innate immune memory observed for infections are also active in the development of allergy.
First, in vitro studies could show how different innate immune cells react to allergen stimulation
after training with pathogens and in vivo experiments with allergic mouse models after

stimulation with pathogens/vaccines might support these investigations.

Figure 1: Impact of pathogens and foreign proteins/allergens on the development of allergy
with emphasis on links to trained immunity!. The immune stimulation with environmental
factors, pathogens and proteins can lead to an enhanced immune response or even to a
diminished immune reaction after re-stimulation as result of trained immunity. The training of
immune cells can take place systemically within the bone marrow or locally in tissue. Here,
diverse pathways are activated and linked to each other, and an orchestra of cytokines and
chemokines mediates the induction trained immunity (shown in violet). More detailed

description in the online supplement.
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Supplement — Description of Figure 1

The diversity of factors which influences the induction of trained immunity reaches from
environmental factors to different classes of pathogens such as viruses!, bacteria? and fungi®.
Nevertheless, the infection with a pathogen does not always result in an inflammatory response and a
development of allergy but it can modulate the immune responses in several ways. This modulation of
inflammation was described for helminth infections and allergy. Quinn et al. described a trained
immunity after helminth infection with anti-inflammatory effect %, and in line with the hygiene-
hypothesis a decrease in allergic diseases was observed in areas with a high prevalence of chronic
helminth infections®®. In contrast, the most common soil-transmitted nematode Ascaris lumbricoides
is very allergenic, and the IgE responses to this helminth are a risk factor for asthma at all ages’. It was
found that acute helminth infections enhance the allergic inflammation which can be directed against
parasites and non-parasites®. Chronic infections in areas with strong helminth infections can suppress
the allergic inflammation by immune modulation?. Thus, the stimulation of human innate immune cells
with helminths can result in tolerance or training of the innate immune cells. Similar results were
observed for virus infections (Figure part “Training or Tolerance?”). It was found that infections with
murine herpesvirus 4 can inhibit the development of house dust mite-induced asthma in mice®. In
contrast, respiratory syncytial virus (RSV) infections are able to train innate immune cells, especially
macrophages and dendritic cells to an enhanced response to unrelated exposures such as allergen
stimulation®. Only little is known about the determinants being responsible for the decision between
training or tolerance. It was shown that the pattern recognition receptors (PRR) which are engaged in
the mediation of the immunological response may have an impact on the immunological effect'®. The
activation of Nod-like receptors induces trained immunity whereas the activation of Toll-like receptors
(TLRs) with high doses of TLR ligand induces tolerance. In contrast, low doses of TLR ligands were
found to train the monocytes'®. The itaconate pathway was identified as mediator of the LPS induced
immune tolerance and was inhibited by B-glucan inducing the trained immunity effect!. Thus, the
induction of training or tolerance depends on the stimuli and the activated signaling pathways.

If there is an induction of training within the innate immune cells, there are two possible concepts.
First, the systemic trained immunity, being observed in hematopoietic stem cells and multipotent
progenitors within the bone marrow of mice after intravenous vaccination with bacillus Calmette-
Guérin (BCG)? (Figure part “Systemic trained immunity in bone marrow”). The vaccination led to an
enhanced myelopoiesis and local cell expansion. The trained hematopoietic stem cells generated
epigenetically modified macrophages with improved protection against tuberculosis infection
compared to naive macrophages?. This training effect was also reported for hematopoietic progenitors
upon B-glucan stimulation?. A second vaccine with protective impact is the whole-cell pertussis
vaccination which results in a decreased risk of IgE-mediated food allergy but the molecular
mechanism remains unclear®3.

The second concept of trained immunity is the local immune memory in peripheral tissue, which is
observable in different cell types, the epithelial barrier being the starting point for these various
processes (Figure part: “local trained immunity in peripheral tissue”). Several allergens possess
proteolytic activity, such as the house dust mite (Dermatophagoides pteronyssinus) major allergen Der

p 1, which is able to cleave the tight junctions’ molecules occludin and claudin between epithelial cells
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and consequently provides a way through the epithelium layer®. Other allergens, like Der p 2, are
lipophilic proteins, able to bind lipids. The effect of such complexes in the allergen-barrier-interaction
is a receptor-mediated activation of epithelial cells via mimicry: Der p 2 mimics the myeloid
differentiation protein-2 (MD-2) by binding lipopolysaccharide (LPS), which stimulates the TLR 4 at the
surface of epithelial cells. Thus, the epithelial cells are stimulated and release mediators of the innate
immune response’®. The paradigm that an allergen/protein alone cannot activate the epithelial barrier
without enzymatic function or adjuvant lipids was overthrown by several further studies. Rdschmann
et al. demonstrated that purified timothy grass pollen (Phleum pratense) major allergen Phl p 1
stimulated airway epithelial cells and induced the modulation and release of a broad range of
mediators (e.g. IL-6, IL-8 and TGF-B) through a non-proteolytic activity'®. Moreover, the uptake of Phl
p 1 and Phl p 6 by bronchial epithelial cells and alveolar epithelial cells was observed. The intact
allergens were transported through the epithelial barrier and were released rapidly by exocytosis?’.
These allergens may also directly interact with dendritic cells within the epithelial cell layer and thus,
induce further immune processes?.

Allergens are often part of a mixture of proteins besides spores from fungi or microbial products from

19,20

resident bacteria or viruses , and also these microbial products can overcome or activate the

t?!, is described to

epithelium. B-glucan, a cell wall component of fungi and an element of house dus
bind the C-type lectin dectin-1%2, which was shown to be among others expressed on human bronchial
epithelial cells?®. Here, dectin-1 induces phagocytosis and prepares an immune response in
collaboration with Toll-like receptors (reviewed in 2%).

Another class of microbial products, which is associated with allergic inflammation, are bacterial
superantigens. One prominent example is staphylococcal enterotoxin B (SEB), a soluble exotoxin from
Staphylococcus aureus®. Staphylococcus aureus is for about 25 % of the population a permanent part
of the microflora of the skin, the upper respiratory tract as well as the intestinal tract?®. The
staphylococcal superantigens are released within the airway epithelium and act on B lymphocytes
where they induce an antibody class switch to the production of polyclonal IgE and IgE against the
superantigen itself, showing that the superantigen becomes a superallergen. Superallergens are able
to activate human basophils and mast cells to release proinflammatory mediators and cytokines 2728,
Environmental factors like cigarette smoke or respiratory diseases such as COPD, infections, and
asthma can also increase the permeability of the epithelial barrier?3! thus, there is a broad variation
of possibilities to overcome or activate the epithelium, and the allergens and microbial products are
together with mediator molecules now accessible behind the epithelial barrier and activate and
modulate diverse pathways and cell types. Important mediators of inflammation are the thymic
stromal lymphopoietin (TSLP), an interleukin 7 (IL-7)-like cytokine, being among others produced by
epithelial lung cells*? and IL-33, a member of the IL-1 family, which is released by damaged epithelial
cells, dendritic cells, and macrophages 3* and is a modulator of type 2 innate and adaptive immunity
and inflammation 34, This was shown for a specific subset of lymphoid cells in the lung of mice which
was found to produce the Ty2-type cytokines IL-5 and IL-13 in response to IL-33 and TSLP during allergic
airway inflammation and in murine models of allergic asthma3>%’. These cells are necessary and
sufficient to induce airway eosinophilia and asthma-like pathological changes to fungal allergens

(Alternaria alternata) even in the absence of cells of the adaptive immune system . The authors
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conclude that Ty2-type allergic airway inflammation can develop independently of adaptive immunity
3536 These results were confirmed by Kim et al., who described the development of airway
hyperreactivity by innate lymphoid cells in the absence of Tu2 cells and adaptive immunity . Here, a
pathway including IL-13 and IL-33, cytokines of the innate immune system, leads to the pathological
lung reaction 3383 These cytokines play also a role in the development of chronic lung diseases which
was shown in a synchronized analysis of a mouse model and human samples “°. After a viral infection,
an invariant NKT cell subpopulation is activated and recruits and activates lung macrophages, which
express IL-13 and the IL-13 receptor, creating a positive feedback loop. This results in a persistent
expression of IL-13, causing chronic mucous cell metaplasia and airway hyperreactivity, characteristics
of chronic inflammatory lung diseases “°. Further studies with NKT-deficient mice report that the NKT
cells are necessary to develop allergen-induced airway hyperreactivity even when the T2 helper cells
are present 442,

Previous studies by Martinez-Gonzalez et al. describe a training effect also in group 2 innate lymphoid
cells (ILCs) and show simultaneously the enormous impact on allergy*®. Intranasal injections of 1L.-33
stimulated ILCs in mice. A second stimulation with the allergen papain led to an enhanced secondary
response of ILCs as well as increased cell proliferation and production of type 2 cytokines®. This
heightened response to re-stimulation shows a training effect, but the definition of ,,trained immunity*
is only partly fulfilled because the ILCs do not acquire a new function®?,

Finally, Yao et al. described in recent studies a new link between the two immune systems where the
adaptive immune system activates the unspecific innate immune memory and thus, a new way to
educate innate immune cells®. Here, an acute respiratory viral infection induced trained alveolar
macrophages with changed surface marker and gene expression, metabolism and an anti-microbial
responsiveness®. The education of these macrophages required activated CD8* T-cells and the release
of interferon y. Interferon y seems to be a key mediator in trained immunity, because it is not only
elementary for the local induction of innate immune memory in the respiratory tract but also for the
systemic trained immunity in the education of myeloid progenitor cells within the bone marrow 2.
The basis of these training effects in innate immune cells is the epigenetic reprogramming of
transcriptional pathways which enables these cells to react with a faster, increased response to
different stimuli and modulates the cellular metabolism (figure part: “epigenetic and metabolic re-
programming”). The complex molecular basis of these reprogramming processes is subject of ongoing
studies and has only partly been elucidated but includes changes in chromatin organization at the level
of the topologically associated domains (TADs), transcription of long non-coding RNAs (IncRNAs), DNA
methylation and reprogramming of cellular metabolisms like the mTOR and HIF-1a mediated aerobic
glycolysis***®, Interestingly, the different stimuli such as BCG vaccine or B-glucan can induce different
trained immunity programmes, reviewed in detail by Netea et al. 6, and demonstrating the complexity

of this new concept.
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