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Summary Iron deficiency is associated with atopy.
Iron deficiency during pregnancy increases the risk
of atopic diseases in children, while both allergic chil-
dren and adults are more likely to have iron deficiency
anemia. Immunologically, iron deficiency leads to ac-
tivation of antigen-presenting cells, promotion of Th2
cells and enables antibody class switch in B cells. In
addition, iron deficiency primes mast cells for degran-
ulation, while an increase in their iron content in-
hibits their degranulation. Many allergens, especially
those with lipocalin and lipocalin-like protein struc-
tures, are able to bind iron and either deprive or sup-
ply this trace element to immune cells. Thus, a local
induced iron deficiency will result in immune activa-
tion and allergic sensitization. However, lipocalin pro-
teins such as the whey protein β-lactoglobulin (BLG)
can also transport micronutrients into the defense
cells (holo-BLG: BLG with micronutrients) and hinder
their activation, thereby promoting tolerance and pro-
tecting against allergy. Since 2019, several clinical tri-
als have also been conducted in allergic subjects using
holo-BLG as a supplementary balanced diet, leading
to a reduction in symptom burden. Supplementation
with holo-BLG specifically supplied defense cells with
micronutrients such as iron and therefore represents
a new dietary approach to compensate for functional
iron deficiency in allergy sufferers.
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Abbreviations
AID Activation-induced cytidine deaminase
BLG β-Lactoglobulin
FSMP Food for special medical purpose (bal-

anced diets)
holo-BLG Loaded β-lactoglobulin
IgE Immunoglobulin E
LCN2 Lipocalin-2
MC Mast cells
Th1 T helper type 1 cells
Th2 T helper type 2 cells

Introduction

It is still unclear why the defense system of atopic sub-
jects reacts so excessively to environmental triggers
that their risk of developing allergies is increased. Fe-
male gender, low microbial exposure and the molecu-
lar properties of allergens themselves are well-estab-
lished risk factors for patients with allergies [1].

In contrast, growing up on a farm [2] with many sib-
lings [3], and pets [4] protects against atopic diseases.
Also drinking of raw milk, particularly with high whey
content, is a known independent factor that protects
against allergy development [5].

Also nutritional deficiencies, particularly of mi-
cronutrients such as vitamin D [6], β-carotenoids—
which are precursors of vitamin A—[7] as well as a de-
ficiencies of iron and folate are associated with atopy
[1, 8–11].

There exist two entities of iron deficiency: (a) abso-
lute iron deficiency and (b) functional iron deficiency,
whereby different degrees and mixed forms occur be-
tween these two forms. In the case of absolute iron
deficiency, also known as anemia, the iron stores are
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empty, whereas functional iron deficiency means that
the iron reserves are not exhausted, but these iron re-
serves cannot be mobilized and are not accessible for
cellular functions [1].

This situation is often encountered in cancer pa-
tients and in people with chronic inflammation.

Iron deficiency and allergy—clinical evidence

In recent years, large epidemiological studies with
children have demonstrated that children with aller-
gies have an up to 8-fold higher risk of being affected
by iron deficiency anemia than children without al-
lergies [10, 12]. Already the iron status of pregnant
women has an impact on the later risk to develop al-
lergies in children. Several studies demonstrated that
that the improved iron status of the expectant mother
[8, 13–16] went along with a reduced risk of develop-
ing atopic dermatitis or asthma in the children. An
inverse association also existed between the level of
iron in the umbilical cord blood at delivery and the
development of atopic urticaria, infantile eosinophilia
and asthma at age 6 [9, 16]. Even in adults, the risk
of suffering from iron deficiency anemia persist with
allergic males having a 3.5-fold higher risk, whereas in
allergic females the risk of anemia is “only” increased
by about 66% [17].

In summary, in all the epidemiological and clinical
studies, iron deficiency is a constant companion of
atopic individuals and contributes to their increased
risk to develop allergy.

Iron deprivation in immune cells favors
development of allergies

To understand the fine-tuning role of iron—or better
the lack of iron—with the increased risk to develop
atopic diseases, one must examine more closely the
influence of iron deficiency on our immune cells.

Iron deficiency favors sensitization

Allergy can only develop when concurrent to allergen
exposure (1) a Th2 dominance prevails, which is char-
acterized by the release of Th2-associated mediators
such as interleukin-4 and (2) the antibody-producing
B cells perform a class switch towards immunglobu-
lin E (IgE)-antibody production.

From cell culture studies it is known that under
iron-deficient conditions, especially Th2 cells rather
than other T-cells survive under these harsh condi-
tions and thus their survival is favored [18–23]. Im-
portantly, the preclinical studies have been replicated
in a clinical study that examined blood cells from
healthy children with or without iron deficiency. In
that study, interleukin-4 was significantly elevated in
healthy, iron-deficient compared to iron-repleted chil-
dren [24]. Consequently, iron deficiency per se favors

Th2 dominance and thus the first prerequisite for al-
lergic sensitization (Fig. 1).

The antibody-producing B cells are relatively unaf-
fected by iron deficiency. However, they do possess
an enzyme which is responsible for class switching as
well as affinity maturation of antibodies, the activa-
tion-induced cytidine deaminase, AID. Iron specifi-
cally suppresses the activation of this enzyme; in the
absence of iron, the deaminase is activated [25] and
class switching to immunoglobulin class E (IgE) oc-
curs (Fig. 1).

Finally, when a protein gets to the immune cells
under iron-deprived conditions, this antigen becomes
an allergen and the person becomes sensitized to it.

Iron-deficiency primes mast cells

Iron deficiency also affects the cells which are mainly
responsible for allergic reactions, the mast cells. In-
tradermal application of the iron binder, desferriox-
amine, induces local iron deficiency and results in
histamine release and wheal formation [26]. In fact,
this iron binder, now used to treat chronic iron over-
load, is so effective in activating mast cells that there
have been efforts at times to use it as a positive con-
trol instead of histamine for skin testing. In turn, the
activation of mast cells can be hampered by the ad-
dition of iron-containing proteins such as transferrin,
lactoferrin, as well as by the iron-loaded whey protein
β-lactoglobulin (holo-BLG) [27–32].

Thus, the extent of iron repletion in mast cells de-
termines their priming state to release mediators such
as histamine that are responsible for allergy symp-
toms (Fig. 1).

Lipocalins transport micronutrients to immune
cells

Only very few protein families are prone to become
allergens. Consequently, almost all major allergens of
animal origin belong to the lipocalin family.

Lipocalin- and lipocalin-like proteins possess a ca-
lyx, which enables them to bind to micronutrient such
as iron [33, 34] and retinoic acid [35, 36] and to de-
liver, but also sequester these micronutrients specific
to, but also from immune cells [32, 36, 37].

A human analogue of BLG is lipocalin-2 (LCN2)
[38], which is an acute phase protein, that is abun-
dantly secreted during infections. As an innate de-
fense protein, it withholds nutrients from pathogens
and thereby acts bacericidic. However, in allergic peo-
ple too little LCN2 is present in their blood [39]. The
whey protein BLG seems to have a similar function as
LCN2 which is to protect the calf against infections.
Upon dietary ingestion, BLG, due to its similarity to
human lipocalin proteins, is primarily transported via
the lymphatic vessels directly to the human immune
cells. There, like LCN2, it can provide its micronutri-
ents in a receptor-mediated manner to immune cells
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Fig. 1 Impact on iron on immune cells. a Th2 cells, which
are crucial for allergy development, have a survival advantage
over Th1 cells under iron-deficient conditions. b Antigen pre-
sentation and thus immune activation is hampered by increas-
ing intracellular iron levels in antigen-presenting cells (DC). c In
B cells, iron suppresses the activation of the activation-in-

duced cytidine deaminase (AiD), an enzyme which is respon-
sible for the class switch to IgE as well as for affinity matu-
ration. d A local induced iron depletion activates mast cells
(MC) to degranulate. Conversely, iron supplementation de-
creases mast cell degranulation. (Note: The small horseshoes
stand for iron)

such as macrophages or mast cells that have this nu-
trient requirement. Thus, holo-lipocalins contribute
with their transport function to the proper equilib-
rium of our immune system via targeted micronutri-
tion.

Targeted provision of micronutrients via holo-
BLG prevents allergies—preclinical studies

In our recent murine studies, BLG only became an
allergen when it was not loaded with micronutrients
such as iron or vitamin A [36]. However, once the BLG
pocket was loaded with iron complexes (holo-BLG),
it prevented allergy development by directly trans-
porting its micronutrition cargo to the immune cells,
where it initiated anti-inflammatory, tolerogenic sig-
naling pathways [32].

Interestingly, carrying thesemicronutrients in holo-
BLG also covered parts of the BLG surface and thus
IgE epitopes. As a result, IgE antibodies from sera of
milk-allergic children with a positive reaction to milk
recognized the holo-BLG more poorly than antibod-
ies from children who were milk-sensitized but who
tolerated milk. This suggests that exposure to BLG
without ligands was the primary cause for sensitiza-
tion as IgE was generated to the empty form in milk-
allergic children.

In addition, we showed that loading BLG with iron
complexes also increased the iron content of immune
cells, while simultaneously immune activation was in-
hibited (Fig. 1) [32].

In another mouse study, prophylactic treatment
with holo-BLG also protected against any subsequent
allergic sensitization. Micronutrient supplementation
inhibited the activation of antigen-presenting cells
in an antigen-independent manner, so that specific

antibody development against different allergens was
also significantly suppressed [40].

Thus, these preclinical cellular and murine stud-
ies all showed that by targeting iron to immune cells,
allergies were prevented and alleviated from allergic
symptoms in an antigen-unspecific manner [32, 35,
40, 41].

Directing micronutrient with BLG to immune
cells as therapeutic approach—clinical studies

Based on the preclinical data, several clinical studies
have been conducted since 2019 demonstrating the
efficacy of holo-BLG in lozenge form (ImmunoBON®).
In a double-blind, placebo-controlled study with
pollen allergic women taking holo-BLG lozenges for
6 months, micronutrient supplementation with holo-
BLG not only reduced the daily symptom burden
during the birch pollen season, but also led to an in-
crease in iron levels in the antibody-producing B cells
[32, 35, 41]. Likewise, in house dust mite allergic
patients, whose symptoms were studied before and
after 3 months of holo-BLG in an allergen exposure
chamber, a significant reduction in symptom burden
were noted [42]. Due to the scientifically and clinically
proven benefit, the holo-BLG lozenge is now available
as food for special medical purpose (FSMP) (balanced
diets) for patients with seasonal and perennial allergy.

Conclusion

Functional iron deficiency not only facilitates allergy
development, but also heightens the clinical symp-
tom burden in allergy sufferers. Our preclinical as
well as clinical studies document that iron can be se-
lectively delivered to the immune cells by holo-BLG.
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This results in immune resilience in an antigen-in-
dependent manner that allows the immune system to
return to a normal and healthy status (= homeostasis).
Indeed, this mode of action completely redefines our
understanding of allergies. The allergen-independent
mechanism of targeted micronutrition, can be used
alongside specific allergen immunotherapy to combat
allergies.
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