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ABSTRACT
Background
Peanut allergy is often life-long and affects quality of life since accidental
ingestion may lead to severe or even fatal reactions. Sensitization to peanut can
be due to genuine peanut allergy or to cross-sensitization due to birch pollen.
Peanut allergy diagnosis is usually based on clinical history, skin prick test (SPT)
and presence of IgE-antibodies (IgE-ab) to peanut but these tests often need to be
confirmed with an oral food challenge which may cause severe allergic
reactions. Measurements of IgE-ab to specific proteins in an allergen source
(component resolved diagnostics [CRD]) and basophil allergen threshold
sensitivity (CD-sens) may be valuable tools for diagnosis of peanut allergy.
Important allergen proteins in peanut are the storage proteins: Ara h 1, Ara h 2
and Ara h 3 and the PR-10 protein [birch-homologue] Ara h 8.
Aim
The aim of this thesis was to evaluate different diagnostic methods in children
IgE-sensitized to peanut with a suspected peanut allergy.
Method
Paper I investigated if it is possible to predict the outcome of double-blind
placebo-controlled food challenge (DBPCFC) with peanut by measuring CDsens to peanut and Ara h 2 as well as IgE-ab to peanut components (Ara h 1, Ara
h 2, Ara h 3, Ara h 8 or Ara h 9) (n=38). In Paper II, the reproducibility of
DBFCFC and CD-sens were investigated. Twenty-seven children underwent
DBPCFC followed by a single-blinded food challenge with peanut, and CD-sens
was measured before the two first peanut challenges. Paper III reports a birch
pollen allergic child with cross-sensitization to peanut who had a severe reaction
after eating a large amount of peanuts. The fourth paper investigated the
outcome of a peanut challenge in relation to IgG4-ab (n=58). Paper V studied 20
birch pollen allergic children cross-sensitized to peanut in relation to CD-sens to
peanut and Ara h 8.
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Results
In Paper I, 25 children had a positive DBPCFC and 92% of the children were
positive in CD-sens. The remaining two children were low responders and could
not be evaluated. Children with positive DBPCFC reactions had significantly
higher levels of IgE-ab to peanut, Ara h 1, Ara h 2 and Ara h 3 than children
with negative reactions. All children negative in CD-sens to peanut and Ara h 2
were also negative in challenge. In paper II, 14/27 children were positive at both
active challenges but not placebo. Only three of these children reacted
consistently at the same dose with the same severity score. All children with a
positive or a negative CD-sens at the first challenge were also CD-sens
positive/negative at the second challenge. Paper III revealed that the girl with
birch pollen allergy who reacted with anaphylaxis after peanut ingestion was
mono-sensitized to Ara h 8. Paper IV showed that children positive at peanut
challenge had significantly higher levels of IgG4-ab to peanut and Ara h 2 than
children negative at the challenge. The peanut and Ara h 2 IgG4/IgE-ab ratios
were significantly higher in children who tolerated peanut than in allergic
children. In Paper V, all children passed peanut challenge without any objective
symptoms, but five experienced subjective symptoms from the oral cavity. CDsens to peanut was negative in 19/20 children but 17/20 were positive in CDsens to Ara h 8.
Conclusion
CD-sens is a promising diagnostic method with good reproducibility in the
diagnosis of peanut allergy and may exclude a peanut allergy. IgE-ab to the
peanut storage proteins (Ara h 1, Ara h 2 and Ara h 3) seem to confirm a genuine
peanut allergy. A peanut challenge can discriminate between positive and
negative reactions but does not predict the severity of an allergic reaction. Birchpollen allergic children IgE-sensitized to peanut and Ara h 8 but not to Ara h 1,
Ara h 2 and Ara h 3 have basophils sensitized with IgE-ab to Ara h 8 which can
be activated by Ara h 8 proteins and initiate allergic inflammation. Children IgEsensitization to peanut who nonetheless tolerate peanuts are characterized by low
levels of IgG4-antibodies to peanut and Ara h 2 but relatively high IgG4/IgE
antibody ratios.
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1 INTRODUCTION
Peanut allergy is a potentially life-threatening condition of unprecedented
complexity and severity (1). Symptoms vary among individuals and accidental
ingestion of peanuts may results in anaphylactic reaction, which can be fatal (27). A peanut allergic individual needs to avoid a wide variety of foods containing
peanuts, including products with precautionary labeling (8). Due to risk of severe
reactions adrenaline auto-injectors are often prescribed. All aspects associated
with fear of an anaphylactic reaction can impair quality of life (7, 9-12).
Individuals IgE-sensitized to peanuts are often recommended to avoid peanuts
irrespective of whether they have experienced allergic symptoms or not (11, 13).
Therefore an accurate diagnosis is highly important to avoid serious
consequences for the affected child and his or her family. A peanut allergy
diagnosis is usually based on clinical history, skin prick test (SPT) and presence
of IgE-antibodies (IgE-ab) to peanut in serum. However, the diagnosis often
needs to be confirmed with an oral food challenge, preferably a double-blind
placebo-controlled food challenge (DBPCFC), which is the gold standard (14).
Oral food challenges are time consuming and pose a risk that the individual will
develop a severe allergic reaction. Therefore oral challenges often need to be
performed by specialized personnel who can handle that type of emergency.
There are now other promising diagnostic methods, such as component resolved
diagnostics (CRD) and CD-sens (basophil allergen threshold sensitivity). CRD
involves investigating the presence of antibodies to different peanut allergen
proteins. CD-sens evaluates allergen threshold sensitivity of basophils by using a
dose-response curve measuring percentage of activated basophils at different
concentration. This method has been shown to correlate with asthma sensitivity
and allergic rhinitis (15-18).
The aim of this thesis was to evaluate different diagnostic methods in children
IgE-sensitized to peanut with a suspected diagnosis of peanut allergy. The
terminology used in this thesis adheres to the recommended nomenclature for
allergy from WAO 2003 (19, 20).
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2 BACKGROUND
2.1

FOOD ALLERGY

Food allergy is a common disease in childhood. The condition is estimated to
affect 12% of children in Western countries when assessed from self-reported
symptoms and approximately 3% when based on clinical history or DBPCFC
(21). However, prevalence reports vary worldwide depending on differences in
allergy definitions, study populations, geographic variations and dietary
exposure (14, 21-23). Patients often confuse food intolerance with food allergies
and there is an unfounded belief that food allergy is more prevalent than it
actually is. An adverse food reaction can either be immune mediated (food
allergy) or non-immune mediated (food intolerance) as shown in Figure 1 (24).

Figure 1. Types of adverse reactions to food. With permission from Boyce et al (24).

Food intolerance is more common than genuine food allergy and is caused by the
pharmacological properties of the food, or by defects in metabolism of certain
food components (25). Examples of food intolerance are lactose intolerance and
toxic reactions, such as scromboid food poisoning (from eating spoiled fish).
Sometimes food intolerance reactions mimic an immune mediated reaction with
symptoms such as vomiting, flushing, and stomach ache shortly after ingestion.
An immune mediated food allergy is defined as “an adverse health effect arising
from a specific immune response that occurs reproducibly on exposure to a
given food”. This definition includes cell mediated, IgE-mediated, non IgEmediated or a combination of both IgE-mediated and non IgE-mediated allergy.
2

Example of a non IgE-mediated reaction is food protein induced enterocolitis
syndrome (FPIES) which can present with acute symptoms such as repetitive
emesis and dehydration a few hours after exposure. Eosinophilic esophagitis is a
combination of both IgE-mediated and non IgE-mediated reactions and involves
localized eosinophilic inflammation in the esophagus. Allergic contact dermatitis
is caused by cell mediated reactions to chemical haptens that are additives to
foods or occur naturally in foods, such as mango (24).
This thesis focuses on IgE-mediated food allergy, which is the most common
cause of food allergy in children. Over 170 foods have been reported to cause an
IgE-mediated allergy; however, by far most common foods to cause allergic
reactions are milk, egg, soy, wheat, peanut, tree nut, fish and shellfish (8, 24). A
food allergy is seldom an isolated phenomenon and children with allergy to milk
and/or egg in early infancy often develop additional food allergies, e.g. peanut
(26). However, in general, it is more likely that allergies to milk, egg, soy and
wheat resolve during childhood whereas allergy to peanut, tree nuts, fish and
shellfish is persistent (14).
In IgE-mediated allergy the immune system recognizes an otherwise harmless
substance as foreign (allergen). The immune system starts to produce IgE-ab and
the individual get sensitized to the specific allergen. Being sensitized to an
allergen is not equal to being allergic (27, 28). However, the probability of an
allergic reaction increases with increasing concentrations of IgE-ab but the levels
of IgE-ab do not seem to predict the severity of an allergic reaction (8, 29).
There are several proposed risk factors influencing food allergy and IgEsensitization (30). Boys have a higher risk of developing food allergy (31),
suggesting genetic or endocrinologic influences and a child with an allergic
parent or sibling has an increased risk to become allergic to food (30). Atopy,
defined as a personal/familiar tendency to produce IgE-ab to otherwise harmless
substances, is also a known risk factor for developing food allergy (19). Other
suggested risk factors are vitamin D insufficiency, low consumption of
3

antioxidants, certain timings and routes of exposure to foods and obesity (14, 30,
31).
2.2
2.2.1

IMMUNOLOGY
Overview of the immune system

The human immune system protects the body against pathogens that range in
size from small intracellular viruses to large parasitic organisms and has
developed a wide range of recognition and destruction mechanisms to combat
these diverse potential invaders (32, 33). An allergic reaction occurs if the
immune system recognizes an otherwise harmless substance as foreign (allergen)
and starts an immune response against the allergen (27).
Different kinds of white blood cells are needed to produce an intact immune
response and all these cells arise from a single cell type, hematopoietic stem cell
(HSC) found in the bone marrow. Figure 2 shows important immune cells
derived from the HSC.
NK-T cells

Common
lymphoid
progenitor cell

Leukocyte
precursors

Natural killer cells
(NK-cells)
B-cells
T-cells

Dendritic cell
precursor
Hematopoietic
stem cell

White
blood
cells

Dendritic cells
Monocytes

Macrophages

Neutrophils
Common
myeloid
progenitor cell

CFU

(Colony-forming-unit)

Precursor cells

Eosinophils

Granulocytes

Basophils
Mast cells

Megakaryocyte
precursor

Platelets

Erythrocyte
precursor

Erythrocytes

Figure 2. Hematopoiesis.
Self-renewing hematopoietic stem cells give rise to all cells involved in an immune response. Most cells
develop in the bone marrow and then travel to peripheral lymphoid organs. Mast cells and macrophages
continue to mature outside the bone marrow and T-cells mature in the thymus. Modified from Chaplin et al
and Owen et al (32, 34).
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Granulocytes play an important role in the immune response. Neutrophils have a
large phagocytic capability and accumulate in large quantities at sites of
infection. They produce reactive oxygen that is cytotoxic to bacterial pathogens
and the cells are also part of tissue remodeling following injury. Eosinophils,
baspohils and mast cells contain mediators that are released upon activation and
are known to protect the host from parasites and helminths but they are also
prominent cells in most allergic responses. Monocytes and macrophages are
highly phagocytic and are mobilized to the site of infection shortly after the
neutrophils. They often persist at the site of infection for a long time and produce
nitric oxide as a major mechanism of killing. Activated macrophages produce
large amounts of proinflammatory cytokines (34).
B-cells are the antibody-producing cells in the immune system. All B-cells
express a membrane bound immunoglobulin molecule (with or without antibody
activity): the B-cell receptor (BcR). The BcR has a unique antigen binding
specificity and activated B-cells can produce large amounts of antibodies with an
antigen-binding site identical to the BcR (32, 34). The immunoglobulins share a
common structure of two identical light chains and two identical heavy chains
and form a Y shape. (Figure 3) (35). All immunoglobulins are functionally
divided into two fragments, the Fab fragment and the Fc fragment. The Fab
fragment is the antigen binding site which is unique for each antibody. The base
of the antibody is called the Fc region. It is
IgE-ab
identical for all antibodies of a given class
Fab fragment
and binds into Fc receptors found on
different kinds of effector cells. There are
five classes of immunoglobulins (IgA, IgD,
Fc fragment
IgG, IgE and IgM) with different functions
in the immune system. In the circulation the
immunoglobulin of a certain class can be
Figure 3. Structure of IgE-ab.
bound together in complex (IgM circulates
Heavy chain (black), light chain (white)
Modified from Gould (35).
as a pentamer and IgA as a dimer).
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Depending on the cytokine milieu surrounding them, activated B-cells change
their production of immunoglobulins from one class to another (class-switch)
(34, 36).
T-cell derived cytokines induce class-switch of the immunoglobulins produced
by B-cells during an immune response. In the thymus T-cells mature into two
major subpopulations, cytotoxic T-cells and T-helper cells (TH-cells). Cytotoxic
T-cells are part of the cell mediated immune response to kill infected cells, while
TH-cells are involved in activation of B-cells (32, 33). The largest group of Tcells is the TH-cells. TH-cells can be activated by macrophages, dendritic cells
and activated B-cells (antigen presenting cells [APC]). Depending on type of
cytokine milieu at site of infection the TH-cells differentiate into different
subpopulations and secrete a unique mixture of cytokines with distinct effector
functions (33, 37). The different kinds of TH-cells are shown in Figure 4.

Naïve TH0
IL-2
TGF-β

Polarizering
mileu

Treg
Effector
mediators

Effector
functions

IL-10

Regulation,
supression of
inflammatory
response

IL-6
TGF-β

TH17
IL-17
IL-22

Inflammation

IL-4

TH2

IL-17
IFN-γ

IL-12
IFN-γ

TFH

TH1

IL-4
IL-5
IL-13

IL-4
IL-21

IFN-γ
TNF

Allergic and
helminth
inflammation

Germinal
center help

Macrophage
activation
inflammation

Figure 4. Subsetting T-cell responses based on TH-cell polarization.
T-cells becomes polarized into different effector TH-cells depending on polarizing cytokine milieu when
activated. Modified from Swain et al (37).
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2.2.2

Immune cells and antibodies

Mast cells
Mast cells are primarily located in the tissue near blood vessels and epithelial
surfaces and are long-lived cells that can stay in the tissue for months. They are
one of the major effector cells in IgE-mediated allergy but also of importance in
long term pathophysiological changes and tissue remodeling associated with
chronic inflammation (38). The mast cells express the activating receptor for
IgE-ab (FcεRI) which is up-regulated in presence of increased concentrations of
free IgE-molecules circulating in the blood. The biological function of mast cells
is unknown (39). It has been suggested that these cells are involved in regulation
of wound healing and protection from severe bacterial and parasitic skin
infections and from reactions after severe venom insects and snake bites (40).
Basophils
Like mast cells, basophils play a role in allergic inflammation and the two cell
types share several features, such as expression of FcεRI, secretion of TH2cytokines and histamine release on activation. Basophils are found in the
circulation and represent <1% of peripheral blood leukocytes (41, 42). The lifespan of the basophils is short, approximately 60 hours, but increases during
inflammation (43).The percentage of circulating basophils among different
individuals varies but there is currently no evidence that an increased number of
circulating basophils correlates with allergic diseases (44). Even though the
basophils share many features with mast cells, they represent a distinct cell
lineage and are not a population of immature circulating mast cells (45).
Basophils are known to have a strong association with helminth infections but
also with TH2 associated diseases. They are involved in delayed-type
hypersensitivity reactions in humans; they infiltrate the tissue following acute
allergic reactions and are for example found in the lungs in severe asthma, in the
upper respiratory tract in individuals with allergic rhinitis and in the skin of
individuals with atopic eczema (44). The basophils also represent an important
7

source of interleukin (IL)-4 / IL-13 and secrete histamine, proteases and
leukotrienes -all of central importance in promoting allergic inflammation and
allergic disease (42, 44, 46, 47).
IgE-antibodies
IgE was discovered simultaneously in 1967 by one Swedish and one American
research group working independently (48, 49). The discovery was a
breakthrough and had great impact on our understanding of the immunological
basis of allergic diseases (50).
IgE-ab is an important mediator in allergic inflammation and its production is
promoted by IL-4/IL-13, both of which are produced during a TH2-dependent
response. The concentration of IgE in serum is low compared to other
immunoglobulins and its half-life is short, approximately two days. Expression
of IgE-ab is normally strictly regulated but the concentration is elevated in atopic
and allergic individuals (46). There are two IgE-receptors: the low affinity
receptor FcεRII (CD23) and the high affinity receptor FcεRI. The latter is
expressed on both mast cells and basophils and has a crucial role in allergic
inflammation. The half-life of an unbound FcεRI on a mast cell is 24 hour in
vitro. However, the in vitro half-life of the IgE-FcεRI complex is considerably
longer and it appears to be expressed on the mast cells throughout the whole life
span of the cell. The low affinity receptor (FcεRII) is expressed on B-cells and
other hematopoietic cells, for example APC and intestinal epithelial cells.
Activation of the low affinity receptor leads to regulation of IgE-production,
killing of intracellular pathogens and facilitation of antigen presentation (38, 46).
IgG4-antibodies
IgG is the most common immunoglobulin in human. It is divided into four
subclasses (IgG1, IgG2, IgG3, IgG4) of which IgG4 is the least abundant (<5%).
The association of IgG4 with IgE-mediated allergic inflammation is known, but
its exact role is poorly understood (51). It has been hypothesized that IgG4-ab act
8

as blockers, binding to the allergen and inhibiting binding between the allergen
and IgE-ab (52, 53). IgG4-ab can also bind to the low affinity IgG-receptor
(FcγIIB) on mast cells and basophils, leading to inhibition of cell degranulation
(54, 55).
2.2.3

IgE-mediated allergic inflammation

In IgE-mediated allergy, the immune system responds to an otherwise harmless
substance in an inappropriate way involving both TH2-cell response and IgE-ab.
The reaction resembles the immune response to helminths and parasites which
has led to the idea that the immune system is deceived to react to otherwise
harmless antigens in the same way as it responds to helminth infections. After
the individual has been sensitized and started to produce IgE-ab, an allergic
reaction can occur. The reaction is divided into an acute IgE-mediated response
and a late phase response. After the initial exposure (sensitization) the immune
system has primed mast cells and basophils with IgE-ab and they are ready to
start an allergic inflammation if re-exposed to the allergen (22, 27, 56).
Sensitization and the acute phase of an allergic reaction are described in
Figure 5. Some individuals also develop a late phase response which typically
develops two to six hours after the initial reaction (57). During the IgE-ab
mediated activation, mast cells and basophils produce a wide range of cytokines,
chemokines and growth factors but these are released more slowly than the
preformed mediators. The newly produced cytokines facilitate the influx of more
TH-cells (which change the cytokine environment), monocytes, eosinophils,
basophils and neutrophils, causing mucus secretion, vasodilatation, increased
vascular permeability, constriction of the bronchi and tissue remodeling (22,
57).The late phase response often peaks after six to nine hours.
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Figure 5. Mechanism of acute IgE-mediated allergic inflammation.
1) Sensitization: The allergen penetrates the mucosa and is internalized by
antigen presenting cells (APC) through phagocytosis. The allergen is degraded
to peptides in the APC and presented to the TH2-cells through MHC II molecules
on the cell surface. Activation of the naïve TH2-cell occurs if the TH2-cell is
activated by three signals: 1) Recognition between the TcR and the MHC II
molecule. 2) Co-stimulatory interaction between T-cell and APC. 3) Paracrine
secretion of cytokines by APC. Once activated, the effector TH2-cell activates the
B-cell and secretes cytokines (IL-4/ IL-13) which induces class switch in B-cells
to IgE-ab production. IgE-ab binds to high affinity receptor (FcεRI) on mast
cells and basophils for a faster response on re-exposure to the allergen.
2) Acute effector phase: On re-exposure to the allergen, cross-linking of the
FcεRI-IgE-ab complex binds to the allergen and activates mast cells and
basophils, which then release mediators (e.g. histamine, cytokines, leukotrienes,
prostaglandins, proteolytic enzymes) leading to inflammation and tissue damage
(22, 27, 56).
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2.3

PLANT FOOD ALLERGENS

Allergen proteins are classified into families and super-families according to
structural and functional features. Many food allergens belong to the cupin and
prolamin super-families. The cupin super-family (7S and 11S storage seeds
proteins) is divided into vicilin and legumin protein families where soybean,
peanut and tree nut seed storage proteins are found. The prolamin super-family is
divided into three major groups: the seed storage 2S albumins found in tree nuts
and seeds, the non-specific lipid transfer proteins (LTP) found in soft fruits and
vegetables and cereal α-amylase/trypsin inhibitors (58, 59).
The pathogenesis-related proteins (PRs) are a heterogonous collection of 14
plant protein families which are involved in plant resistance to pathogens. Many
plant food allergens are homologous to PRs (59). The major birch pollen
allergen, Bet v 1, is a member of the PR-10 family and birch pollen allergic
individuals may experience symptoms from the oral cavity known as oral allergy
syndrome (OAS) when they eat certain plant foods. The majority of these
reactions occur after consumption of allergens of the Rosaceae fruits (e.g. apple,
apricots and pears) or Apiaceae vegetables (e.g. celery and carrots), which crossreact with allergens presented in pollen from birch (Bet v 1) and other trees.
Peanut contains Ara h 8, which is a Bet v 1 related allergen and a member of the
PR-10 family (58). This is the reason why birch pollen allergic individuals also
may experience OAS when eating peanuts.
2.4

PEANUT ALLERGY

Peanut allergy is a serious health concern affecting both children and adults.
Despite the risk for severe reaction there is currently no treatment; instead a strict
diet without peanuts is recommended (60, 61). Peanut allergy is also often
persistent. Only 20% of the individuals allergic to peanut grow out of their
allergy and even if they do, it sometimes recurs (61). Co-morbidity with other
allergy diseases is common and less than 5% of patients have mono-sensitization
to peanut. Peanut allergic individuals are also often atopic and their rates of
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asthma, atopic eczema and rhinitis are higher than in the general population (1,
61, 62).
Peanut sensitization is common and several studies indicate that the prevalence is
rising (14, 63-67). IgE-sensitization to peanut varies in different studies, from
1% -11% in Western countries and for challenge-proved peanut allergy the
prevalence ranges between 0.2 and 1.6% (21, 68, 69)
Clinical presentation and severity of peanut allergy
Symptoms of an IgE-mediated peanut allergy can occur within minutes after
exposure, but the reaction can also have a slower onset with up to two hours
delay (24). Symptoms
Table 1. Symptoms in IgE-mediated allergy reaction.
With permission from Boyce et al (24).
range from mild to lifethreatening anaphylactic
reaction. Common
symptoms are listed in
Table 1. Acute urticaria
and angioedema are
common clinical
manifestations which may
be triggered by ingestion
or by direct contact with
the skin, the latter causing
acute contact urticaria.
Even though hives and
swelling are common
symptoms of an allergic
reaction, severe reactions
do not necessarily include
urticaria. Twenty percent
of anaphylactic reactions
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do not involve the skin (70). Symptoms from the lower airways, presenting as
cough, wheezing and/or dyspnea, could be a sign of a more general allergic
reaction. Rhinoconjunctivitis is often observed but rarely as the only presenting
symptom (71). Gastrointestinal manifestations are often associated with IgEmediated food allergy and include pruritus and swelling of the mouth, abdominal
pain or cramps, vomiting and diarrhea (24). Upper gastric manifestations often
occur early after ingestion whereas low gastric symptoms may be delayed up to
two to six hours (71).
Anaphylaxis is a severe and potentially life-threatening systemic allergic
reaction. It is defined as presence of symptoms from two or more organ systems
after exposure to a likely allergen or hypotension alone after exposure to a
known allergen. Anaphylaxis can be biphasic in up to 20% of the reactions and
this pattern is more common in severe cases (72). Even though fatal reactions are
uncommon they pose a potential risk, especially for teenagers and young adults
with co-morbidity of asthma and peanut or tree nut allergy (3, 73). Other related
factors often associated with near fatal or fatal reactions are delayed treatment
with epinephrine, absence of skin symptoms, patient denial of symptoms and
concomitant use of alcohol (2, 3, 6, 71, 74). Foods are the most common cause
of anaphylactic reactions (75). This is in line with a Swedish population-based
case study investigating anaphylaxis among children 0-18 years at emergency
departments in Stockholm. The authors concluded that food was the triggering
factor in 92% of the cases and that tree nuts, peanuts, egg and milk were the
foods that most frequently elicit anaphylaxis in children (76).
Oral allergy syndrome (OAS) is an IgE-mediated reaction, typically observed in
patients allergic to pollen, after ingestion of certain fresh fruits, vegetables,
peanuts and tree nuts (77, 78). Symptoms such as itching, stinging pain and
vascular edema are restricted to the oral cavity. Itching in the ears and tightness
of the throat may occur but the symptoms usually gradually resolve after
exposure without treatment (78). OAS is sometimes referred to by the more
specific term pollen-food allergy syndrome (PFS) (79, 80).
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2.5

COMMON DIAGNOSTIC METHODS IN PEANUT ALLERGY

The first step when diagnosing a peanut allergy is to take a detailed medical
history and do a physical examination. It is important to exclude other causes of
an adverse reaction than IgE-mediated allergy (Figure 1). If the clinical history
provides a strong suspicion of IgE-mediated allergy, laboratory methods can be
used to identify presence of IgE-abs. The most widely recommended diagnostic
methods are skin prick test (SPT), IgE-ab measurements in serum and oral food
challenges (8, 24, 81-83). During the last decade, new diagnostic methods have
become available, such as CRD and CD-sens.
2.5.1

Skin prick test

SPT is a quick, inexpensive test utilizing the degree of cutaneous reactivity as a
marker for sensitivity. When an allergen is inserted into the skin in a sensitized
individual, IgE-ab bound to the mast cells are cross-linked and histamine and
other mediators are released. This produces a wheal and flare response (84). A
SPT is considered positive if the wheal diameter is larger than 3 mm. Compared
to oral challenges, the pooled sensitivity for SPT to peanut is estimated to 95%
(88-98%) and the specificity to 61% (47-74%) (85). However, in pollen related
food allergy (e.g. celery, carrots, cherries and hazelnuts) the sensitivity of SPT is
much lower (20-65%) (86). The source of the allergen used for SPT may also
influence the wheal size. Different batches of commercial allergen extracts may
contain different amounts of protein, affecting the allergenicity and the potency
of the extract (84, 86, 87). However, it is also possible to perform a prick-prick
test where native allergens (e.g. a fresh fruit) are used instead of commercial
extracts. The procedure of a prick-prick test is: one prick in the fresh food and
then a prick in the patient’s skin (88). The overall concordance between a
positive prick-prick test and a food challenge was 92% when fresh food was
used in comparison with 59% with commercial extracts (89).
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2.5.2

IgE-ab assays

IgE-ab assays detect and measure circulating IgE-ab that binds to specific
allergens in a patient’s serum. The IgE-ab assay is described in Figure 6. There
are different detection systems for IgE-ab in serum, e.g. HYTEC-288
(HycorBiomedical), Immulite (Siemens) and ImmunoCAP (Phadia). The amount
of IgE-ab bound in the assay is reported in arbitrary mass units (kilo international
units of allergen specific antibodies per unit volume of sample [kUA/L]).
In the ImmunoCAP system, one international unit is equal to 2.42 ng of IgE-ab.
No conversion ratio has been established in the other systems (90, 91). The
analytical sensitivity (lower
limit of quantification
[LLOQ]) is today 0.1 kUA/L
in all three systems but it
should be pointed out that a
result from an allergen in one
system is not equivalent in
another system (92).
The pooled sensitivity to
peanut IgE-ab is 96% (9298%) and the pooled
specificity is 59% (45-72%)
compared to oral challenges.
The results obtained with
pooled sensitivity and
specificity are similar to those
from SPT, with a high
sensitivity but poor
specificity (85).
Figure 6. Basic principles for IgE-ab assays.
With permission from Cox et al (91).
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SPT vs. IgE-ab assay
Serum IgE-ab assays and SPT have similar diagnostic properties. They can both
detect sensitization to an allergen. There is also a correlation between increasing
concentration of IgE-ab in serum and SPT wheal size and the probability to react
to the ingested food (8, 23, 29, 93).
Compared to SPT, IgE-ab assays are a more expensive method but on the other
hand the IgE-ab assay does not interfere with severe eczema and the test result is
not affected by antihistamine intake (92, 94). Another disadvantage for SPT is
that the results may differ depending on use of different skin test devices and
techniques (95).
Peanut allergen extract
Peanut extract is commonly used for SPT or IgE-ab assay in the diagnostic
work-up for peanut allergy. A benefit of using natural extracts are that ideally all
allergenic proteins are present but allergen extract has two main disadvantages.
First it is difficult to standardize; natural variability makes extracts differ in
allergenicity (28, 96, 97). Second, peanut allergen extract does not differentiate
between primary sensitization and immunological cross-reactivity (98).
2.5.3

Oral food challenge

An oral food challenge is performed to make an accurate diagnosis of adverse
reaction to foods (99-103). The challenge can be performed open or blinded and
the double-blind placebo-controlled food challenge (DBPCF) is the gold
standard. Open food challenge (OFC) is an unmasked challenge with foods in
their natural form. An OFC saves time compared to DBPCFC and is often used
in clinical practice, particularly since 2/3 of all food challenges are negative (99,
100). A negative OFC can rule out an adverse reaction but a positive test needs
to be confirmed with a blinded challenge. A blinded challenge can either be a
single-blind food challenge (SBFC) or a DBPCFC. In a SBFC the personnel but
not the patients know whether active or placebo food is being served. DBPCFC
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is often used for research purposes or when an OFC is not sufficient to rule out a
food allergy. At a DBPCFC neither the patient/family nor the personnel know
whether the active or placebo food is being served (99, 101).
A food challenge should be performed under medical supervision and without
any medication that can mask symptoms, e.g. oral steroids or antihistamines.
Challenges with high risk for a reaction should be done in hospital settings with
intravenous access. The start dose of a challenge should be low (<100 mg),
followed by increasing doses every 20-30 minutes. The challenge should be
stopped when objective symptoms occurs (101). A scoring system for severity of
food challenge outcome has been recommended in the consensus report for
standardizing of oral food challenge from 2012 (101). Unfortunately, this scoring
system does not combine the severity of the challenge reaction and the amount
of peanut eaten.
2.6

COMPONENT RESOLVED DIAGNOSTICS

CRD, also known as molecular-based allergy (MA) diagnosis, involves using
purified, native or recombinant allergen to detect IgE-sensitization to different
proteins in an allergen source (104). An allergen source (e.g. crude peanut)
contains many different proteins and some of them are associated with allergic
reactions. However, many different proteins share common epitopes (binding
site for ab) and the same IgE-ab can bind and cause an immune response to
proteins with similar structures from other sources (cross-reaction).The stability
of a protein also differs during exposure to heat and digestion, which explain
why some allergens are tolerated raw while others need to be cooked to be
tolerated (98, 104). Proteins in an allergen extract are defined as a major allergen
if IgE-ab binds to the protein in more than 50% of the patients with the same
allergy. A primary allergen is the original sensitization molecule, in contrast to
secondary sensitization caused by cross-reactivity (104). Through knowledge
about different protein structure and protein stability it might be possible to
differentiate genuine allergic reactions from cross-reactive sensitization (98,
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104). Allergenic proteins are designated by their Latin name (genus and species).
For example, an allergen that come from Arachis hypogaea (peanut) is named
Ara h and a number is used to distinguish various allergens from the same
species (e.g. Ara h 1, Ara h 2, Ara h 3) (104).
Peanut components
Twelve peanut allergen proteins have so far been discovered and all are listed in
the International Union of Immunological Societies Allergen Nomenclature
Subcommittee Database (www.allergen.org) (59, 105, 106). Six of these peanut
allergens are investigated in this thesis and type of allergen, biological function
and known cross-reactivity are listed in Table 2.
Table 2. Peanut allergens
*LTP Lipid transfer protein. Modified from Bublin et al (105).
Protein
superfamily

Cupin

Prolamin

Protein
family

Vilicin or
7S Globulin

Legumin or
11S Globulin

Allergen

Ara h 1

Ara h 3

Biological
function

provide nourishment for the growth
of seedlings

Crossreactivity

with other
legumes and
tree nuts vilicins,
and Ara h 2 and
Ara h 3

with other
legumes and
tree nuts
legumin and
Ara h 1, Ara h 2
and Ara h 6

2S Albumins
Ara h 2

Ara h 6

sources of amino acid for growth
of seedlings, involved in defense
against pathogens
with 2 S
albumins from
almond, brazil
nut, and Ara h
1, Ara h 3 and
Ara h 6.

with Ara h 1,
Ara h 2 and
Ara h 3

Bet v 1 like
LTP*

Bet v 1 family

Ara h 9

Ara h 8

involved in defense
against pathogens and
in the formation of
hydrophobic layers in
plants

might serve as a
delivery vehicle for
flavonoids

with peach and
hazelnut LTPs
(Pru p 3 and Cor a 8)

with Bet v 1 and
other PR-10
proteins e.g. soy
and lentil

The clinically most important peanut proteins were discovered by Burks and
colleagues. Ara h 1 and Ara h 2 were identified in the beginning of 1990s and
Ara h 3 and Ara h 8 were discovered a couple of years later (107-110). The
major proteins causing severe allergic reactions are Ara h 1, Ara h 2 and Ara h 3
(111, 112). However, there are geographic differences and all patients do not
necessarily react similarly or recognize the same allergens (113). IgEsensitization to peanut due to cross-sensitization between the major birch pollen
allergen Bet v 1 and the peanut allergen Ara h 8 is common in birch-rich areas
(68, 69, 113) whereas sensitization to Ara h 9, a member of the LTP allergen
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family, plays an important role in patients from the Mediterranean area (113,
114). The known peanut allergen classes constitute 85% of the total protein
content of peanut and most (75%) consists of Ara h 1, Ara h 2 and Ara h 3
proteins (115).
2.7

BASOPHIL ACTIVATION

Basophil activation test (BAT) is a functional test investigating basophil
activation after exposure to an allergen (116, 117). Basophil function can be
tested by using two different methodologies. It is possible to investigate
secretion of mediators from basophils (mediator release assays) or by detecting
expression of cellular markers after stimulation (flow cytometric assays). The
most well-known method of testing mediator release is the histamine release test
which relies on presence of preformed histamine in granules of basophils. The
basophil response is quantified as the amount of histamine released as a
percentage of the total histamine content (118). Flow cytometric assays are based
on unique surface markers, e.g. CD63 or CD203c, that are expressed on
basophils and can be measured with flow cytometry (119). In a resting basophil,
CD63 is located inside the cell granules. Upon activation, granules fuse with the
cell membrane and CD63 will be exposed on the cell surface (120). CD203c, on
the other hand, is constitutively expressed at low levels on the surface membrane
in resting basophils and is quickly up-regulated upon cell activation (121).
Activation of basophils is shown in Figure 7.
allergen
CD63
histamine

CD63
CD203c
CD203c

Figure 7. Activation of basophils.
In resting sensitized basophils, CD203c
is expressed on the surface together
with IgE-antibodies bound to the FcεRI
receptor. Activation occurs after crosslinking of FcεRI-IgE-ab with the
allergen and results in degranulation
and release of mediators, e.g.
histamine. CD203c is further upregulated and CD63 will be expressed
on the cell surface.
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Depending on how basophils are stimulated by an allergen, basophil reactivity
vs. basophil sensitivity will be measured (119). Basophil reactivity tests measure
the maximal response of the basophils at one allergen concentration while
basophil sensitivity tests investigate the basophils’ allergen sensitivity. An
important aspect in analyzing basophil sensitivity is the allergen dose-response
curve. The dose-response curve of IgE-mediated responses in human basophils
needs several 10-fold dilutions since there is a large variability of basophil
sensitivity and responsiveness to the same allergen in different individuals (122).
There is one study reporting that 10-20% of the human population are nonresponders, e.g. their basophils do not respond upon activation (123). Our
clinical experience indicates a lower figure of approximately 5-10 % (124).
However, in individuals with non-reacting basophils it is not possible to use any
basophil activation test.
The method used in this thesis is basophil allergen threshold sensitivity test
(CD-sens) (15). CD-sens is a functional in vitro test that determines the allergen
threshold sensitivity, i.e. the lowest allergen dose that gives a 50% CD63
activation of the basophils. Thus activation of basophils at lower concentrations
corresponds to high allergen sensitivity. Clinical research studies have shown
good correlation between CD-sens, SPT, IgE-ab levels and allergic rhinitis
Studies investigating allergen sensitivity of patients with allergic asthma and
showed also a good correlation with CD-sens (15-18).
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3 OBJECTIVES

GENERAL OBJECTIVES

3.1

The general objective of this thesis was to evaluate children IgE-sensitized to
peanut with a suspected IgE-mediated peanut allergy both clinically and
immunologically with different diagnostic methods.
SPECIFIC OBJECTIVES

3.2

The specific objectives were:
•

To evaluate CD-sens to peanut and Ara h 2 in relation to the outcome of
DBPCFC in peanut sensitized children.

•

To investigate if concentrations of IgE-ab to peanut, Ara h 1, Ara h 2,
Ara h 3, Ara h 8 and Ara h 9 can predict the outcome of a DBPCFC.

•

To study the reproducibility of oral food challenge regarding severity of
reactions and eliciting dose and compare the reproducibility with the
CD-sens method.

•

To evaluate if concentrations of IgG4-antibodies to peanut, Ara h 1,
Ara h 2, Ara h 3 and Ara h 8 correlate to the outcome of oral peanut
challenges.

•

To investigate CD-sens to peanut and Ara h 8 in relation to oral peanut
challenge in children IgE-sensitized to peanut, birch and Ara h 8.
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4 MATERIAL AND METHODS
4.1

STUDY POPULATION AND STUDY DESIGN

Study subjects from two different populations are included in this thesis. The
two first papers (I and II) are based on subjects from Sach’s Children and Youth
Hospital, Stockholm, Sweden (study population 1). Paper III is a case report of a
child from study population 1. The fourth paper is based on subjects both from
Sach’s Children and Youth Hospital and from the 8-year follow-up of the
BAMSE Cohort (study population 2). Paper V includes patients from study
population 2. The number of patients and inclusion/exclusion criteria in the
different studies/papers are presented in Figure 8.
STUDY POPULATION 2
BAMSE survey
8-years follow up
n=62

Sach’s Children and Youth Hospital
Allergy department
n=98

Sensitized to brich, peanut and Ara h 8 (>0.35 kUA/L) but
not to Ara h 1, Ara h 2 or Ara h 3 (<0.35 kUA/L)
n= 160

STUDY POPULATION 1
Patients referred to Sach’s Children and Youth
Hospital with a suspected peanut allergy.
Sensitized to IgE-ab peanut (>0.35 kUA/L)
or a positive SPT
n=43

Reported no symptoms at
age of 8 in the BAMSE
cohort, Not contacted
n=47

Consuming peanuts during
the last 12 months. Considered
peanut tolerant
n=35

Loss of follow-up/
not possible to reach
n=16

5 patients excluded

Patients with a suspected peanut allergy avoiding
peanut.
n=62
Patients included in the data analysis
n=38

Paper I
Children with a
suspected peanut
allergy, IgE-ab to
peanut (> 0.35 kUA/L)
or a positive skinprick-test (SPT)
(≥ 3 mm)
n= 38

Paper II
Children with a suspected
peanut allergy, IgE-ab to
peanut (> 0.35 kUA/L) or a
positive skin- prick-test (SPT)
(≥ 3 mm) with two positive
peanut challenges
n=27

Paper III
Case report
Birch pollen allergic
child with sensitization
to Ara h 8 but not to Ara
h 1, Ara h 2 or Ara h 3
n=1

20 randomly selected
n=20

Paper IV
Children with a
suspected peanut
allergy, IgE-ab to peanut
(> 0.35 kUA/L) or a
positive skin- prick-test
(SPT) (≥ 3 mm).
n= 58

Paper V
Birch pollen allergic children
with a suspected peanut allergy
and sensitization to Ara h 8 but
not to Ara h 1, Ara h 2 or Ara h 3
n= 20

Figure 8. Study population 1 and 2 in relation to the five different papers in the thesis.
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Sach’s Children and Youth Hospital is one of two children’s hospital in the
Stockholm area. The Allergy department at the hospital has a food allergy unit
that diagnoses and treats children with moderate to severe food allergy.
The BAMSE survey (n=4089) is an on-going population based birth cohort from
predefined areas in Stockholm aiming at examining risk factors for allergy
related diseases in childhood (125).
4.1.1

Study population 1

Forty-three children, aged 4-19 years, were invited to participate. The children
were referred to the Allergy Department, Sach’s Children and Youth Hospital
due to a suspected peanut allergy.
Inclusion criteria were:
- IgE-ab to peanut (> 0.35 kUA/L) and/or a positive SPT to peanut (>3mm).
- Avoidance of peanuts for at least four weeks prior to inclusion.
Exclusion criteria were:
- History of anaphylaxis grade II-III to peanut confirmed in medical records.
Figure 9 describes the study design used with study population 1.
Children with a suspected peanut allergy, IgE-ab to peanut (>0.35 kU A/L) and /or
a positive SPT to peanut (>3mm)
n=38

DBPCFC
Peanut/placebo
n=38

Blood samples

IgG4-ab to peanut, Ara h 1,
Ara h 2, Ara h 3, Ara h 8, Ara h 9
IgE-ab to peanut, Ara h 1,
Ara h 2, h 3, Ara h 8, Ara h 9
CD-sens to peanut and Ara h 2

DBPCFC
Peanut/placebo
n=38

Blood samples

CD-sens to peanut and Ara h 2

SBFC
Peanut
n=27
Clinical evaluation

Figure 9. Study design study population 1.
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Five children were excluded from the data analysis (Paper I, II and IV). One
child did not complete the study, two other children did not follow the study
protocol and the last two were found not to fulfill the inclusion criteria. Up to
three challenges were performed, the first two were either placebo or active in
random order and the third challenge was always active for ethical reasons.
Venous blood samples were drawn before the first and second challenge for
blood analysis.
4.1.2

Study population 2

Twenty children, 5-18 years, IgE-sensitized to birch and peanut, with a suspected
peanut allergy were included. All children were part of another larger study at
the Allergy Department, Sach’s Children and Youth Hospital (n=160) (126). The
children in the present study were randomly selected by inviting the first two
study subjects each week that came to the clinic for an oral peanut challenge. All
patients were IgE-sensitized to birch, peanut and Ara h 8 (> 0.35 kUA/L) but not
to Ara h 1, Ara h 2 and Ara h 3 (< 0.35 kUA/L). Children were not included if
they had a history of anaphylaxis grade II-III to peanut confirmed in medical
records. Figure 10 describes the study design used with study population 2.
Children with a suspected peanut allergy, IgE-sensitized to birch,
peanut and Ara h 8 (>0.35 kU A/L) but not to Ara h 1, Ara h 2 or Ara h
3 (<0.35 kU A/L
n=20
OFC

Positive in challenge

Blood samples

Negative in challenge

DBPCFC

Clinical evaluation

Figure 10. Study design study population 2.
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IgG4 -ab to peanut, Ara h 1,
Ara h 2, h 3, Ara h 8
IgE-ab to peanut, Ara h 1,
Ara h 2, Ara h 3, Ara h 8 and Gly m 4
CD-sens to peanut, Ara h 8
and Gly m 4

Since only two of the children in study population 2 were recruited from the 8year follow-up of the BAMSE cohort, this birth cohort will not be further
discussed in this thesis. Information about the BAMSE cohort can be found
elsewhere (125). An OFC to peanut was performed and if objective symptoms
occurred a DBPCFC was scheduled. All blood samples were drawn before the
OFC.
4.2
4.2.1

STUDY METHODS
Study subject characteristics

Medical records
Paper I, II, IV and V: Doctors’ diagnosis of asthma, hay fever, eczema and food
allergy was based on the International Classification of Disease, tenth revision
(ICD-10) and collected from medical records.
In children reporting previous reactions to peanut, medical records were also
used to collect information and evaluate the severity of the allergic reaction.
Paper III: After permission from the patient and her parents’, information about
the clinical history and laboratory results was collected from the patient’s
medical record at Sach’s Children and Youth Hospital and from the Emergency
clinic at Södertälje Hospital.
Clinical investigations
Paper I, II, IV and V: A medical history with focus on peanut allergy and
medications was taken before the peanut challenges. Heart and lung auscultation,
blood pressure measurements, and inspection of the oral cavity and skin were
done before and during the challenges.
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Telephone interview
Paper III: The patient’s mother was interviewed over the telephone to collect
more information about the patient’s systemic reaction to peanut.
4.2.2

IgE-antibodies and IgG4-antibodies

During the time-span of these research projects, laboratory techniques have
developed and the Lower Limit of Quantification (LLOQ) for IgE-ab analysis
has decreased from 0.35 kUA/L to 0.1 kUA/L. Therefore an IgE-ab level >0.35
kUA/L was used at the inclusion to define a positive test.
Paper I, III-V: Circulating IgE and IgE-ab to birch (Betula verrucosa), peanut
(Arachis hypogaea), Ara h 1, Ara h 2, Ara h 3, Ara h 8, Ara h 9, Bet v 1 and Gly
m 4 were measured in serum with the ImmunoCAP® test (Phadia, Uppsala,
Sweden). A positive test was defined as an IgE-ab level >0.1 kUA/L.
Paper I: IgE-ab as a percentage of total IgE was calculated and designated “IgEab fraction”.
Paper III: The recombinant 2 S albumin IgE-ab to Ara h 6 (sequence Acc. No.
Q647G9) was analyzed at Thermo Fisher Scientific Diagnostic, Uppsala,
Sweden, using an experimental ImmunoCAP® test (127). A positive test was
defined as an IgE-ab level >0.1 kUA/L.
Paper IV: IgG4-ab to Ara h 1, Ara h 2, Ara h 3 and Ara h 8 in serum were
measured with the ImmunoCAP® test. A positive test was defined as an IgG4-ab
level >0.07 mg/L.
4.2.3

CD-sens method

Blood samples were stored at +4°C for a maximum of 24 hours before cell
analyses. Basophils from whole blood are stimulated with decreasing
concentrations of an allergen. The basophils were stimulated with decreasing
concentrations of desalted roasted peanut extract (final concentration 2.5-2500
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ng/ml) recombinant Ara h 8 (final concentration 0.05-500 ng/mL) and Gly m 4
(final concentration 0.05-500 ng/mL) (Thermo Fisher Scientific, Uppsala,
Sweden). Anti-FcεRI [IgE-dependent pathway] (Bühlmann Laboratories AG,
Schönenbuch, Switzerland) and N-formyl-methionyl-leucyl-phenylalanin, fMLP
[IgE-independent pathway] (Sigma Chemical Co, St. Louis, MO, USA) are used
as positive controls and stimulated basophils are stained for CD63 and CD203c
expression (Immunotech, Marseille, France). Cell surface expression of CD203c
is used for identification of basophils and CD63 for detection of activated
basophils. The basophils are finally analyzed in a Navios flow cytometer
(Beckman Coulter, Inc., Fullerton, CA, USA). A detailed description of the CDsens method is found in Figure 11.
8-10 tubes with 100 µl whole blood + 100 µl of each allergen dilution to each tube
(ten-fold dilutions of the allergen covering
a broad concentration range)
Metod
Two tubes with positive controls (anti-FcεRI and fMLP)
One tube with a negative control (RPMI)
Whole blood
Incubation 20 minutes at +37o C

Diluted allergen

Put on ice for 5 min.

Positive Negative
control control

CD63

Add conjugated CD63-antibodies (for detection of activated basophils)
and CD203c antibodies (for identification of basophils) to each tube.
CD203c

Incubate 25 minutes on ice, protected from light

Hemolysis of erythrocytes, wash and resuspened in PBS

Flow cytometric analyses

Figure 11. CD-sens method. Small volumes of blood (100 µl) are incubated at +37ºC for 20 min with
several dilutions of an allergen. An antibody is used as positive control. A phycoerythrin (PE) conjugated
anti-CD203c mAb is used for identification of basophils and a fluorescein isothiocyanate (FITC) conjugated
anti-CD63 mAb is used for detection of basophil activation. Following allergen stimulation the two
conjugated antibodies are added and incubated for 25 min at +4ºC. This is followed by lysis of the
erythrocytes. The remaining leukocytes are washed and re-suspended in phosphate buffered saline (PBS).
Surface CD203 and CD63 expression is measured by two-color flow cytometry.

27

The cut-off determining a positive test was set to 5%, i.e. twice the background.
Individuals whose basophils responded with 0-5% CD63-upreglation after
stimulation with anti-FcεRI, i.e. the positive control, are regarded as nonresponders (14, 120). For individuals with a response between 5-16 % (low
responders) the results should be interpreted with caution. The cut off 16% was
calculated (mean 76% -3SD) from the positive controls of an in-house reference
material from 264 allergic children and adults. The result from a CD-sens
analysis is presented as a dose response curve as shown in Figure 12. CD-sens is
measured as the lowest allergen concentration causing 50% of the maximum upregulation of CD63 (LC50) and is defined as the inverted value of LC50
multiplied by 100 [100(1/LC50)]. A high CD-sens indicates a high basophil
allergen threshold sensitivity (15).

Maximum CD63
up-regulation (100%)

50% of maximum
CD63 up-regulation

Peanut (ng/ml)
LC50

Figure 12. Dose–response curve. A dose-response curve from a CD-sens analysis in the study showing
increased expression of CD63 with increased allergen concentrations up to maximum CD63 up-regulation.

Paper I-II: CD-sens to peanut and Ara h 2 were analyzed in all 38 children who
participated in study population 1.
Paper III: CD-sens peanut and Ara h 8 were analyzed in the girl who participated
in the case report.
Paper V: CD-sens to peanut, Ara h 8 and Gly m 4 were analyzed in all 20
children who participated in study population 2.
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4.3

ORAL PEANUT CHALLENGES

The children had to be healthy at time of the challenge and no challenge was
performed if the child had an on-going infection or an allergic reaction to other
food or inhalant allergens. The challenge was also postponed if the child had
used antihistamine less than four days or steroids less than two weeks prior to the
challenge. Before challenge, medical treatment was prepared and a peripheral
venous catheter was provided after local anesthesia (EMLA®).
Study population 1 (Paper I-III, IV)
A DBPCFC to peanut was performed, followed by a SBFC to peanut. The study
design is shown in Figure 9. All three challenges were planned to be performed
within a month and at least one week was allowed to go by between the
challenges to avoid carry-over effects. For ethical reasons, children did not
perform the SBFC if they had a very severe reaction and/or experienced a lot of
discomfort at the DBPCFC. All challenges were performed using a validated
recipe for peanut challenge medium (chocolate balls) containing 11% roasted
peanuts and 7% fat (128). The challenge medium was given in increasing doses
in 5 steps from 1 mg to 5 g (1 mg, 10 mg, 100 mg, 1 g and 5 g) every 30
minutes; 6.1 g is equivalent to approximately 8-9 whole roasted peanuts. A
positive test was defined by objective symptoms and the severity of the reaction
was graded from 1 to 5 according to Astier et al. (129) as shown in Table 3.
Table 3. Severity scoring according to Astier (129).
Symptom
score
0
1
2

3
4
5

Symptoms
no symptoms
abdominal pain that resolved without medical treatment, rhinoconjunctivitis or
urticaria <10 papules, rash
one organ involved
*abdominal pain requiring treatment
*generalized urticaria
*non laryngeal angioedema
*mild asthma (cough, fall of peak expiratory flow <20%)
two organs involved (of symptoms mentioned under 2)
three organs involved (of symptoms mentioned under 2) or asthma requiring
treatment or laryngeal edema, or hypotension
cardiac and respiratory symptoms requiring hospitalization in the intensive care
unit
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A negative test was defined as no objective allergic symptoms within two hours
after the challenge was completed.
A dietitian without knowledge of the study subjects prepared the challenge
medium (chocolate balls) -two with peanut (active) and one without peanut
(placebo) for every study subject. The chocolate balls were labeled, with the
patient number and in random A and B for each patient, stored in a fridge and
taken out in random order before each challenge. The third chocolate ball labeled
C was always active and was used for the SBFC. The random code was
concealed to the study subject, parents, nurses and the doctor during the two first
challenges. The third challenge, when performed, was always done with a
chocolate ball containing peanuts. This was known to the doctor and the nurses
performing the challenges but not to the child or the parents.
Study population 2 (Paper IV-V)
An OFC to peanut was performed in all children. If an objective reaction
occurred during the OFC, a DBPCFC was planned. The study design is shown in
Figure 10.
The OFC was performed outside the pollen season; pure roasted peanut was
given every 20 minutes in four steps from 100 mg to 5 g (100 mg, 1 g, 5 g and an
additional 5 g). The total amount of peanut, 11.1 g corresponds to approximately
15-16 whole roasted peanuts. A negative challenge was defined as no objective
allergic symptoms during the first hour after the challenge was completed. OAS,
i.e. local symptoms from the oral cavity without symptoms from the skin,
gastrointestinal tract, breathing difficulties or tissue swelling (68), was regarded
as a negative outcome if the symptoms disappeared spontaneously without
medication. A challenge was defined as positive if objective symptoms from the
skin, gastrointestinal tract, respiratory tract and/or cardiovascular system
occurred.
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4.1

STATISTICAL ANALYSIS

The statistical analyses were performed using IBM SPSS v20.0, v22.0 (Chicago,
IL, USA) and SAS v9.1 (SAS Institute Inc., Cary, NC, USA). The distributions
of the variables from the two study populations were not normal distributed.
Apart from skewed distributions there were values outside the measuring ranges
and scores measured on ordinal scale. Therefore non-parametric statistical
methods were used. No adjustment for multiple testing has been performed.
Thus, significant results should be regarded as descriptive and explorative.
4.1.1

Wilcoxon rank-sum test (I, IV, V)

In paper I and IV Wilcoxon rank sum test was used to compare differences in
IgE-ab, IgG4-ab, CD-sens, eliciting dose and severity scoring in study subjects
positive or negative in peanut challenges. In Paper V the same test was used to
assess differences of CD-sens and IgE-ab in children with or without OAS.
4.1.2

Spearman rank-order correlation (I, II, IV)

Spearman rank-order correlation (rs) was used to assess the relation between the
cumulative amount of peanut tolerated before reaction at challenge and the
severity of the reaction, in paper I. Correlations between the first and second
value of severity score, eliciting dose and CD-sens were also estimated with
Spearman rank-order correlation in Paper II. In Paper IV correlations were
calculated between IgE-ab, IgG4-ab and the ratio of IgE/IgG4-ab.
4.1.3

Wilcoxon signed-rank test (II)

Wilcoxon signed-rank test was used to test differences between the first and the
second challenge for severity score, eliciting dose and CD-sens value in study
subjects who reacted to both active challenges. The value for eliciting dose and
the CD-sens value was tested on log-transformed values, thus testing the relative
change.
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4.1.4

Bland-Altman plot (II)

Bland-Altman plots were used to present the differences in severity score,
eliciting dose and CD-sens value from the first and second active challenge in
Paper II.
4.2

ETHICAL APPROVAL

The studies in the thesis were approved Regional Ethical Review Board at
Karolinska Institutet in Stockholm, Sweden. (Identification number 2008-100131/2 and 2010/133-31/3). Written informed consent was obtained from all study
subjects and their parents before the children were included in the study.
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5 RESULTS
5.1

PAPER I

Paper I demonstrates that CD-sens and CRD are useful tools for diagnosis of
peanut allergy.
DBPCFC to peanut

5.1.1

Thirty-eight children were evaluated and no child reacted to placebo. Twentyfive children (66%) reacted at challenge while thirteen children (34%) passed
without any objective symptoms. Ten children with a positive and eight with a
negative peanut challenge claimed they had never eaten peanuts. Five children
with negative challenges reported previous allergic reactions to peanut. The
symptoms were scored according to Astier et al (129), shown in Table 3, and the
severity of the reaction was mild to moderate (Grade 1-3) in fifteen children
(60%). Nine children (36%) had severe reactions and one child (4%) was sent to
the intensive care unit for observation (Grade 5) (Figure 13).

Number of patients

10

36%
32%

8
6
4

16%
12%

2

4%

Severity
score
Grade 0
Grade 1
Grade 2
Grade 3
Grade 4
Grade 5

Eliciting dose (g),
median (range)
5.1 (0.01-6.1)
0.1 (0.001-1.1)
1.1 (0.1-6.1)
1.1 (1.1-6.1)
1.1 (1.1-1.1)

0

1

2
3
Severity score

4

5

Figure 13. Severity score and eliciting dose in children positive in challenge from study population 1.

There was no association between the eliciting dose of peanut at the challenge
and the severity of the reactions (rs=0.21, p=0.32), which means that some
children reacted to low doses with severe symptoms while other children were
able to eat more peanut without severe symptoms.
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5.1.2

CD-sens to peanut and Ara h 2

Ninety-two percent (22 /24) of the children with a positive DBPCFC were
positive in CD-sens to peanut and ninety-two percent (23/25) were positive to
Ara h 2. Two children were classified as low responders, having too weak
response to the positive control, anti-FcεRI (<16%) to allow further evaluation.
Of the thirteen children with a negative DBPCFC 77% (10/13) were negative in
CD-sens after stimulation with peanut and Ara h 2 as shown in Figure 14.
1000

p<0.0001

p<0.0001

CDsens
Peanut

CD-sens

100

10

Ara h 2
1

0.1
Negative

Postivie
DBPCFC
241 (65%)

Negative
DBPCFC
13 (35%)

Negative

0 (0%)

10 (77%)

Positive

222 (92%)

3 (23%)

Low responders

2 (8%)

Total

Total

25 (66%)

13 (34%)

Negative

0 (0%)

10 (77%)

Positive

232 (92%)

3 (23%)

Low responders

2 (8%)

1 One

child was not tested in CD-sens (peanut).
2 One child was positive in CD-sens but the CD63 expression barely
reached the cut off, hence a CD-sens value could not numerically be
calculated

0.01

Peanut

Ara h 2

Figure 14. CD-sens to peanut in children with a positive (○) or negative (□) DBPCFC.
Horizontal bars, median.

Three children negative in challenge had positive values in CD-sens to peanut
and Ara h 2. All of these three had low concentrations of IgE-ab to Ara h 2 (0.2,
0.9 and 1.9 kUA/L). However, all children negative in CD-sens to peanut were
negative in DBPCFC as shown in Figure 14. Children with a positive DBPCFC
had significantly higher levels of peanut CD-sens, [1.3 (range 0.4-29.3)] than
children with negative DBPCFC [0 (range 0-0.5)] (p<0.0001). The value for CDsens to Ara h 2 differed also significantly between children positive, 84.5 (range
9.0-385.0) and negative 0 (range 0-33.2) in DBPCFC (p<0.0001). One child was
positive in CD-sens but the CD63 expression barely reached the 5% cut off,
therefore a CD-sens value could not be calculated.
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5.1.3

IgE-ab to peanut and peanut components

Children with a positive DBPCFC had significantly higher median
concentrations of IgE-ab to peanut, Ara h 1, Ara h 2 and Ara h 3 compared to
those negative at the challenge (p<0.0001 for all). No significant differences
were found for the median concentrations of IgE-ab to Ara h 8 and Ara h 9
between children positive vs. negative in DBPCFC (Figure 15). Two children
positive in DBPCFC had low IgE-ab concentrations (0.6 and <0.1 kUA/L) to Ara
h 2. Three children negative in DBPCFC had IgE-ab to Ara h 2 (0.2; 0.9; 1.9
kUA/L).
10000

p<0.0001

p<0.0001

p<0.0001

p<0.0001

ns

ns

Ara h 8

Ara h 9

1000

kUA/L

100

10

1

0.1

0.01

Peanut

Ara h 1

Ara h 2

Ara h 3

Figure 15. IgE-ab to peanut and peanut components in children with a positive (○) or negative (□)
DBPCFC. Horizontal bars = median, ns= not significant

The IgE-ab fraction was calculated and children positive in DBPCFC had a
median IgE-ab fraction of 26% (range 1-72%) for peanut and 11% (range 055%) for Ara h 2, while those negative in DBPCFC had 0% (range 0-10%) and 0
% (range 0-2%) p<0.0001 for both.
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5.1.4

Accuracy of peanut allergy diagnosis

All children in study population 1 had a suspected peanut allergy and had
previously been recommended by their doctor to avoid peanuts. Of the 38
children included, 53% (20/38) had a convincing history of peanut allergy.
However, 47% (18/38) children had been diagnosed via laboratory result
showing IgE-sensitization to peanut although they claimed that they had never
eaten peanuts. Forty percent (10/25) of peanut allergic children (positive in
peanut challenge) and sixty-two percent (8/13) of the tolerant children (negative
in challenge) had been diagnosed by clinical work-up without a previous
reaction. Adrenaline auto-injector had been prescribed before challenge to 76%
(19/25) of the children positive and 85% (11/13) of the children negative in
challenge (Figure 16).
A

B

Figure 16.
A. History of clinical reaction at inclusion and reaction in DBPCFC.
B. Prescribed adrenaline auto-injector before inclusion in the study.
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5.2

PAPER II

Paper II concludes that the reproducibility of a positive or negative test result is
100% for both CD-sens and peanut challenge. However, severity score and
eliciting dose were not reproducible for oral peanut challenges when the
challenge was repeated.
5.2.1

Reproducibility of oral peanut challenges

Of the 38 children in study population 1, 27 were performing three challenges
(two active and one placebo). Eleven children were excluded since they reacted
severely or experienced a lot of discomfort at the first DBPCFC. Fourteen
children (52%) reacted at both peanut challenges, but not to placebo and were
considered allergic to peanut. The severity of the challenge reactions was scored
and the eliciting doses were determined in every patient. Three children (J28,
J36, J41) reacted at the same severity score and had the same eliciting dose at the
two peanut challenges. All other children (n=11) scored differently or reacted at
different eliciting doses. (Figure 17 and Table 4).

Figure 17. Eliciting dose and severity scoring in the same peanut allergic child at the two peanut
challenges. The amount of peanut was the same for each child at the five dose steps:
Dose 1=0.01 g; Dose 2 = 0.01 g; Dose 3=0.1 g; Dose 4=1 g; Dose 5=3.6-5 g
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Table 4. Age, sex and challenge outcome in peanut allergic children.
1st

Patient

sex

J2

female

Age
(years)
12.7

J8

male

15.4

J15

female

17.4

J17

female

14.0

J19

male

J22

2nd

peanut challenge

Symptoms

peanut challenge
Severity
score
4

Peanut (g)

conjunctivitis,
rhinitis,
stomach-ache
mouth-itch,
stomach-ache,
urticaria, rhinitis
tiredness, stomachache, vomiting,
conjunctivitis
mouth-itch,
stomach-ache

2

1.1

3

1.1

2

6.1

1

3.6

conjunctivitis,
stomach-ache,
tiredness
mouth-itch

2

6.1

1

1.1

erythema,
stomach-ache,
tiredness
mouth-itch

1

6.1

1

0.01

6.1

stomach-ache,
tiredness

2

0.1

2

0.001

mouth-itch,
stomach-ache

2

0.001

2

0.01

4

6.1

2

1.1

hoarseness, cough,
mouth-itch,
conjunctivitis,
rhinitis, vomiting,
stomach-ache,
tiredness, urticaria
mouth-itch, asthma

4

1.1

2

0.1

mouth-itch,
stomach-ache,
tiredness

2

0.1

Severity
score
3

peanut (g)

Symptoms

1.1

asthma, skin-itch,
rhinitis, urticaria,
stomach-ache

2

0.1

stomach-ache,
mouth-itch

2

0.1

4

6.1

9.8

tiredness,
mild asthma,
mouth-itch
mouth-itch

1

0.01

male

5.4

stomach-ache

1

4.1

J24

female

17.6

3

6.1

J28

male

7.6

tiredness,
vomiting,
mouth- itch,
stomach-ache
urticaria
stomach-ache

1

6.1

J31

male

19.0

4

1.1

J33

female

12.2

1

J36

male

18.4

J38

female

7.9

mouth-itch,
urticaria, cough,
stomach-ache,
tiredness,
erythema
mouth-itch
tiredness,
stomach-ache
mouth-itch,
stomach-ache,
tiredness
cough, tiredness

J39

male

5.9

J41

female

11.8

mouth-itch ,
stomach-ache
tiredness
mouth-itch,
stomach-ache,
tiredness

urticaria,
stomach-ache
mouth-itch
tierdness
stomach-ache
mouth-itch

6.1

Thirteen children (48%) did not react at any of the three challenges. All children
negative at the challenges consumed full doses (6.1 g peanut). In children with a
positive challenge the arithmetic mean of difference in the severity scores
(challenge 2 - challenge 1) was 0.143 (p=ns) and the geometric mean of the ratio
of the doses (challenge 2/challenge 1) was 1.834 (p=ns). No association was
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obtained between the first and second challenge regarding severity score
(rs=0.11; p=ns) and eliciting dose (rs=0.35; p=ns).
5.2.2

Reproducibility of CD-sens to peanut

CD-sens was performed with blood drawn before the first and second challenges
in all children (n=26) except one. In this child, blood was collected at the second
and third challenges due to a misunderstanding. All children with a positive CDsens at the first challenge were also CD-sens positive at the second challenge.
Twelve of fourteen children with a positive challenge were also positive in CDsens to peanut (Figure 18). The remaining two could not be evaluated since they
were low responders i.e. had too weak response to the positive control antiFcεRI (<16%). Three children had slightly positive values in CD-sens (0.3-0.5)
but were negative in challenge. However, all ten children negative in CD-sens
were also negative at both peanut challenges. The geometric mean of the ratio of
CD-sens values (challenge 2 /challenge 1) in children with a positive challenge
was 1.035 (p=ns) and the association between the two CD-sens values was
strong (rs=0.94, P<0.001).

Figure 18. CD-sens to peanut in the same peanut allergic child before the two first challenges.
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5.3

PAPER III

Paper III and V show that CD-sens to Ara h 8 is positive in a majority of the
children IgE-sensitized to birch and Ara h 8 and indicate that IgE-sensitized
basophils can be activated by an intact Ara h 8 allergen and initiate allergic
inflammation.
5.3.1

Birch pollen allergy and cross-sensitization to peanut

Paper III is a case report describing a 16-year-old girl with rhinoconjunctivitis
during birch pollen season, who also experiences OAS when eating some fruits.
She passed two oral peanut challenges (study population 1) and started to eat
peanuts at home without objective symptoms. However, on one occasion she ate
a large amount of peanuts (approximately 300 g), developed a severe allergic
reaction and needed acute medical treatment.
At time of challenge she had IgE-ab to peanut and Ara h 8 but not to Ara h 1,
Ara h 2 or Ara h 3. CD-sens to peanut was also negative. After the acute reaction
when eating 300 g of peanuts she was re-evaluated for a suspected peanut
allergy. Interestingly, the IgE-ab pattern to the various peanut allergen
components was unchanged, which was also the case when the analyses were
repeated in 2013. CD-sens was also
Table 5. Immunological analysis.
re-analyzed in 2013, and was still
2008
2011
2013
#
IgE
297
n.t.
n.t.
zero to peanut but positive to
IgE-ab Bet v 1*
22
n.t.
n.t.
Ara h 8, as shown in Table 5. The
IgE-ab peanut*
1.0
2.4
1.1
IgE-ab Ara h 1*
<0.1
<0.1
<0.1
girl is still eating peanuts,
IgE-ab Ara h 2*
<0.1
<0.1
<0.1
approximately a handful at a time
IgE-ab Ara h 3*
<0.1
<0.1
<0.1
IgE-ab Ara h 6*
<0.1
<0.1
n.t.
(~ 40 g), but avoids larger amounts.
IgE-ab Ara h 8*
IgE-ab Ara h 9*
CD-sens peanut
CD-sens Ara h 8
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39.1
<0.1
0
n.t.

12.0
<0.1
n.t.
n.t.

12.7
<0.1
0
12.5

5.4

PAPER IV

Paper IV shows that tolerant children with peanut sensitization are characterized
by low levels of IgG4-ab to peanut and Ara h 2 but relatively high IgG4/IgEantibody ratios.
5.4.1

IgG4-antibodies and oral peanut challenges

Children from both study populations were included (study population 1 and 2).
Of 58 investigated patients 25 were considered as positive (allergic) at the
challenge and 33 as negative (tolerant).
Allergic children had low levels of IgG4-ab to peanut [median: 0.28 (range:
<0.07-10.7) mg/L] and Ara h 2 [0.15 (<0.07-2.3) mg/L] but nonetheless levels
significantly higher than those in tolerant children [peanut: 0.14 (<0.07-0.83)
mg/L and Ara h 2: <0.07 (<0.07-0.62) mg/L] p<0.05 and p<0.001, respectively.
However, tolerant children had higher concentrations of IgG4-ab to Ara h 8
[<0.07 (<0.07-2.2) mg/L] than allergic children [<0.07 (<0.07-0.56) mg/L;
p<0.05)] (Figure 19). The median levels of IgG4-ab to Ara h 1 and Ara h 3 in
tolerant children were <0.07 (<0.07-0.1) mg/L and <0.07 (<0.07-0.9) mg/L,
respectively and in allergic children <0.07 (<0.07-0.37) mg/L and <0.07 (<0.070.35) mg/L, respectively. Statistical analyses to compare differences in Ara h 1
and 3 were not done, since most IgG4-ab concentrations were below LLOQ in
both allergic and tolerant children.
Significant correlations were found between concentrations of IgE-ab and
IgG4-ab to Ara h 2 and peanut in the allergic children (rs=0.54; p<0.01 and
rs=0.44; p<0.05, respectively) but not for the other components or for the tolerant
children. The peanut- and Ara h 2 IgG4/IgE-antibody ratios in peanut tolerant
individuals were significantly higher than in the allergic children (p<0.05 and
p<0.001, respectively) (Figure 19). Most of the tolerant children had very low or
undetectable IgG4- or IgE-ab levels to Ara h 1 and 3, precluding antibody ratio
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calculations. There was no significant difference in the Ara h 8 IgG4-/IgE-ab
ratio between allergic and tolerant children.

negative

***

ns

*

10000
n=23

n=21

n=7

n=18

n=3

n=6

n=1

n=4

n=16

1000

Ratio IgG4/IgE

100

10

1

0.1

Peanut

Ara h1

Ara h 2

Ara h 3

Ara h 8

Positive peanut challenge
Negative peanut challenge
* = p<0.05
*** = p <0.0001
ns = not significant

Figure 19. IgG4-ab and IgG4-ab /IgE-ab ratio to peanut and peanut components in children positive (o) or
negative (□) in challenge. Median and interquartile range is included in the figure.
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5.5

PAPER V

In paper V, none of the children sensitized to Ara h 8 but not to Ara h 1, Ara h 2
or Ara h 3, had a systemic allergic reaction at the challenge. However, the
majority of children (85%) were positive in CD-sens to Ara h 8, indicating that
they had Ara h 8 IgE-ab sensitized basophils which could be activated by intact
Ara h 8 proteins and initiate an allergic inflammation.
5.5.1

CD-sens, Ara h 8 and oral peanut challenges

IgE-ab
At the time of challenge, all children had IgE-ab (>0.1 kAU/L) to peanut and Ara
h 8. The median (range) for peanut was 0.7 (0.1-16.1) kUA/L, for Ara h 8, 6.4
(0.5-131.7) kUA/L and for Bet v 1 30.1 (1.5-202.6) kUA/L. Three children had
low levels of IgE-ab to Ara h 2 (0.2-0.4) kUA/L. All children but one had IgE-ab
to Gly m 4 with a median of 4.9 (1.5-18.9) kUA/L. There was no significant
difference in IgE-ab levels to peanut (p=0.93) or Ara h 8 (p=0.93) in children
with or without OAS at the challenge.
CD-sens
All children but one (Patient 4) were negative in CD-sens to peanut. This child
had IgE-ab to Ara h 2 (0.4 kUA/L) at the time of challenge, but not at inclusion.
Seventeen children (85%) were positive in CD-sens to Ara h 8. At time of the
challenge the median of CD-sens to Ara h 8 was 5.9 (0-82.8). Concentrations of
IgE-ab to Ara h 8 in the three children with negative CD-sens to Ara h 8 were
0.5, 0.8 and 6.3 kUA/L and the corresponding IgE-ab fraction size to Ara h 8 was
0.03%, 0.04% and 4.9%, respectively (Table 6).
There were no significant difference in CD-sens to Ara h 8 (p=0.42) between
children with (n=5) and without (n=15) OAS at the peanut challenge.
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Table 6. Immunological analysis and symptoms at challenge

OAS = Oral allergy syndrome
*kU/L
**kUA/L
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6 DISCUSSION
This thesis focuses on peanut allergy and the aim was to evaluate clinical and
immunological characteristics through peanut challenges, CRD and CD-sens in
children IgE-sensitized to peanut with a suspected peanut allergy.
6.1

ORAL PEANUT CHALLENGES

The main goal of a peanut challenge is to determine, under safe conditions, if a
patient is allergic or not. However, severe reactions do happen (130), and even
though DBPCFC is the gold standard for peanut allergy diagnosis, (99-103)
reactions to placebo also occur (131) and have been reported in significant
numbers (132, 133). Furthermore, performing DBPCFC is also difficult and the
procedure posses a number of practical problems and the method has several
pitfalls (134, 135).
In our study no child reacted to placebo and all the children who were positive in
the first active challenge were also positive in the second active challenge,
indicating that peanut challenge is reproducible for a positive or negative
challenge outcome.
Several factors affect the outcome of a peanut challenge in addition to the
amount of allergen given during challenge, for example gastric or respiratory
infections, hormonal factors (menstruation), psychogenic factors (stress) and
drugs (e.g. antihistamine, corticosteroids) (28, 136). A recently published study
investigating challenge outcome in peanut allergic individuals could not find any
consistent relationships between the severity of challenge outcome and the
cumulative dose given (130). This is in line with the results of Paper I, showing
that 66% of the children reacted to the peanut challenge but we were not able to
see any association between the severity of the reaction and the amount of
peanut eaten.
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Several studies have also tried to determine risk factors and eliciting dose in
peanut allergic patients to predict the clinical sensitivity (137-140). Skripak and
colleagues evaluated the effect of 23 weeks of oral immunotherapy with milk by
using DBPCFC before and after treatment (141). The outcome of the food
challenge was based on the lowest dose that caused a reaction and not on
changes in the severity of the reactions. In that study 29% of the patients in the
placebo group (n=7) did not react at the same dose when the DBPCFC was
repeated (141). Van der Zee and colleagues aimed to evaluate if presence of risk
factors for a severe peanut allergy is associated with the patient’s clinical
sensitivity. To do this they determined the eliciting dose of peanut in a DBPCFC
and examined whether this would predict the severity of the allergic reaction.
However, they were not able to find a relation between the eliciting dose in
DBPCFC and the severity of a reaction at home (137). This is in line with our
results showing that the severity score and the eliciting dose were not
reproducible in a repeated oral challenge and may indicate that a child with a
mild reaction could react severely on renewed exposure to peanuts or vice versa.
A positive food challenge reaction should always be based on objective
symptoms (99-103, 142). For ethical reasons it is not always possible to provoke
objective symptoms in all patients, which is a problem when evaluating
challenge outcome (136). This could also be demonstrated in Paper II. One girl
(J33) experienced symptoms from the mouth cavity (6.1 g) at the first challenge
but no medical treatment was needed. A few hours later she suffered a late
reaction with severe stomach ache and fell asleep. At the second active challenge
she reacted to a low dose (0.1 g) with severe stomach ache that required medical
treatment and the challenge were stopped. Another child (J36) refused to eat
more than the first dose (1 mg) because of mouth itch and stomach pain that
resolved after medication at both active challenges. He passed the placebo
challenge without any symptoms.
There are several guidelines for how to perform a DBPCFC (99, 100, 102, 103,
142). However, different research groups still use their own challenge schedules
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and severity symptom scores (63, 129, 137, 140, 143-145). In 2012 a new
consensus report for standardization of DBPCFC was published with practical
recommendations for both challenge schedules and severity scoring, which
hopefully will contribute to harmonizing the challenge procedure (101).
Unfortunately, there is still no objective measurement combining both severity
of the reaction and amount of peanut eaten at the challenge.
6.2

COMPONENT RESOLVED DIAGNOSTICS

There has been intense research worldwide concerning peanut allergy during the
last decade. In the beginning of 2007, when our studies were planned, CRD was
not yet in clinical use. Sensitization and the clinical importance of different
peanut allergens were widely discussed. More research was needed investigating
peanut components in relation to the gold standard, DBPCFC.
Peanut storage proteins
We found in Paper I that the IgE-ab levels to the storage proteins Ara h 1, Ara h
2, and Ara h 3 are significantly increased in children positive in DBPCFC to
peanut compared to those negative in challenge. This result is in line with other
reports investigating peanut allergy in relation storage proteins and Ara h 2
seems to be the most important allergen (111-113, 146-148). However, lack of
IgE-ab to Ara h 2 does not exclude a peanut allergy and sensitization patterns
vary in different regions worldwide (113, 149).
In Paper I, five patients negative at the peanut challenge had IgE-ab to the
storage proteins (>0.1 kUA/L). Three had IgE-ab to Ara h 2 (>0.1 - <2.0 kUA/L),
one child had IgE-ab Ara h 3 (5.8 kUA/L) and the fifth child had IgE-ab to Ara h
1 and Ara h 3 (14.1 and 0.8 kUA/L, respectively). Elevated levels of Ara h 2 in
peanut tolerant children have also been observed by others (150). Crossreactivity between the peanut and tree nut allergens has been described (105,
151) and could be a speculative explanation for the elevated levels of IgE-ab to
the peanut storage proteins. However, the three children with IgE-ab to Ara h 2
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but negative in challenge were also weakly positive in CD-sens to peanut, which
may be a sign of developing tolerance or a developing peanut allergy. Of the
children positive in challenge, all but one were positive for IgE-ab to Ara h 2.
This child was negative in all components including IgE-ab to Ara h 2 but
positive in IgE-ab to peanut. Unfortunately this child was a low responder in
CD-sens and could not be evaluated.
There is currently no treatment for peanut allergy except avoidance. However,
anti-IgE-ab treatment may be useful therapy in the future. An earlier study has
shown that a small IgE-ab fraction, <1% clinically relevant IgE-ab of IgE, is
important for successful anti-IgE treatment (152). In our study, the IgE-ab
fraction differs significantly between children positive and negative in DBPCFC.
Children positive in DBPCFC had significantly larger IgE-ab fractions (25% to
peanut and 11% to Ara h 2) than those who were negative. This suggests that the
fraction size should be considered before starting treatment with anti-IgE in
patients with food allergy.
6.3

CD-SENS

Peanut and Ara h 2
In Paper I we concluded that peanut allergic children have significantly higher
levels of CD-sens to peanut compared to tolerant children. CD-sens has earlier
been shown to correlate with asthma sensitivity in both stable and instable
asthma (16, 17). Recently published studies investigating tolerance to cow milk
showed that children with a severe milk allergy had more activated basophils
than children who tolerated milk. It was also possible to discriminate between
children who tolerated heated milk and those who did not (153, 154). This is in
line with our study showing that children who tolerated peanuts were negative in
CD-sens to peanut. These investigations may indicate that CD-sens can signal
presence or absence of tolerance and when CD-sens is negative the probability
for an allergic reaction is low.
48

A recent published study investigating peanut allergic children and severity of
the allergic reaction after accidental ingestion of peanut showed that children
with anaphylaxis had significant higher levels of CD-sens to peanut than
children without anaphylaxis (155). Paper II was planned to investigate the
severity of the outcome of peanut challenge and compare the results to peanut
CD-sens. This aim could not be achieved: the eliciting dose and symptoms
differed when the peanut challenge was repeated, making it impossible to
quantitatively estimate the severity of a peanut allergy on the basis of an oral
food challenge. However, the reproducibility of a negative or positive test was
100% for both challenge and CD-sens to peanut and Ara h 2.
The correlation between the two CD-sens values was strong. A good correlation
does not always mean a high reproducibility, but with a high reproducibility
there should be a good correlation. For the peanut challenge we could not
demonstrate any statistically significant differences or correlations for doses or
symptoms between the two challenges. Thus the low correlation supports that the
reproducibility of peanut challenge was poor for eliciting dose and severity
score. This is in contrast to CD-sens, where we did not find any significant
differences but a significant and strong correlation between the two occasions,
supporting that CD-sens results are strongly associated with each other.
We did not find any non-responders to CD-sens, which was surprising since 1020% of the population has been reported to have non-responding basophils on
activation (123), i.e. negative to the positive control (anti-FcεRI). However, in
our experience the figure is 5-10% (124). Two children in our study with a
positive DBPCFC had basophils with a weak response, <16%, to anti-FcεRI,
“low responders”. Thus, in patients with a convincing history of a peanut allergy
who are non- or low responders in CD-sens, an oral peanut challenge must be
recommended.
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Ninety-two percent of the children with a positive DBPCFC had a positive CDsens to peanut and Ara h 2, and if the low responders were excluded, the
concordance with a positive CD-sens was hundred percent.
All children positive in CD-sens to peanut were also positive in CD-sens to Ara
h 2. One benefit of using a recombinant allergen like Ara h 2 is that the exact
protein content is known. However, pure proteins can sometimes be difficult to
handle because of solubility issues and the extremely low concentrations needed.
The advantage of using a crude peanut extract is that the same raw material can
be used for both CD-sens stimulation and DBPCFC. However, as for other tests
using allergen extract, the CD-sens value completely depends on the
concentration and the purity of the allergen extract. It is not possible to compare
extracts of different allergens, as they are not standardized.
There is a considerable variation in the performance in flow cytometry assays
(119) and the European Interest Group for evaluation of BAT in clinical use
(EuroBAT) is working on a harmonized protocol to make results from different
international laboratories comparable (119).
PR-10 proteins
Ara h 8 belongs to the PR-10 protein family and is a homolog of the major
allergen in birch pollen (Bet v 1) (105). Sensitization to birch pollen can lead to
development of IgE-ab to PR-10 proteins in fruits and vegetables, such as soy
(Gly m 4) (156, 157) and hazelnut (Cor a 1) (158-160). Children sensitized to
Ara h 8 but not to the storage proteins mostly tolerate peanuts (126) whereas
severe reactions have been reported in children with isolated Gly m 4
sensitization (156, 161, 162). The amount of Ara h 8 in peanut is very low and it
is also known to have a low stability to heat and gastric degradation (163), which
could be a plausible explanation for why children with isolated Ara h 8
sensitization tolerate small amounts of peanut (126). However, a recent study
reported that in 1 g roasted peanuts, Ara h 8 represent 8 μg (0.8%) and that
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Ara h 8 has some proteolytic stability to gastric and pancreatic degradation, in
vitro (164).
In paper V, we were able to show that the majority of children with an isolated
Ara h 8 sensitization were positive in CD-sens to Ara h 8. This indicates that Ara
h 8 has the ability to initiate an allergic inflammation if basophils IgE-sensitized
to Ara h 8 become activated by an intact Ara h 8 allergen. The ability of Ara h 8
to cause an allergic inflammation has been shown by others (163). These
findings could be a plausible explanation for why the girl with birch pollen
allergy and mono sensitization to Ara h 8 in our case report (Paper III) tolerated
small amounts (<40 g) of peanut but had a severe reaction after eating a large
amount (approximately 300 grams). This observation might indicate that birchpollen allergic children with cross-sensitization to peanut can tolerate eating
some peanuts but need to be careful with larger amounts of peanuts.
We also investigated CD-sens to Gly m 4, in order to compare it with CD-sens to
Ara h 8. Previous reports have shown that among birch pollen-allergic
individuals, those who are also IgE-sensitized to Gly m 4 report more severe
symptoms after drinking soy milk during birch pollen season than those who are
sensitized to Ara h 8 who have eaten peanuts (126, 162, 165). The children in
our study were selected for having IgE-ab to Ara h 8, but 19/20 also had IgE-ab
to Gly m 4. However, only 11 were CD-sens positive to Gly m 4. We did not
perform soy challenges but it would be of great interest to investigate if the
children with positive CD-sens to Gly m 4 would react at an oral challenge to
soy.
6.4

IgG4-ANTIBODIES

In Paper IV we investigated the levels of IgG4-ab to peanut and peanut
components in comparison to DBPCFC. It has been reported that measurement
of IgG4-ab cannot be used to determine if a patient is peanut allergic or not (150,
166, 167) and that IgG4-ab only seem to be part of a physiological response after
prolonged antigen exposure (168). IgG4-ab concentrations in our study to peanut
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and Ara h 2 were low but significantly higher in children with peanut allergy.
However, tolerant children had significantly higher ratios of IgG4-ab/IgE-ab to
peanut compared to allergic children. This could indicate a protective role for
IgG4-ab against allergic reactions. IgG4-ab can bind to mast cells and basophils
via the FcγRIIB receptor. Cross-linking between the IgE/FcεRI and
IgG4/FcγRIIB complexes by allergens inhibits the IgE-mediated celldegranulation (54, 55). IgG4-ab may also act as blocking antibodies by
interfering with the binding between allergen and IgE antibodies (169, 170).
It has previously been reported that IgG4-ab correlate with IgE-ab levels to
peanut and peanut components especially in children avoiding peanuts (171). A
similar observation was done in the present study using peanut challenges and
the correlation could be due to that both IgE-ab and IgG4-ab production is
dependent on Th2-type cytokine synthesis (51).
All children in this study avoided peanuts thus the levels of IgG4-ab was not
depended on the amount of peanut eaten before the challenge. This could
indicate that the IgG4-ab levels could be associated with peanut allergy and not
only to allergen exposure (172).
Hong et al. previously published that IgG4-ab to peanut and its components were
not helpful when investigating the severity of peanut allergy since they did not
find any differences between allergic and tolerant children (167). I our study
there were a significant difference in IgG4-ab between allergic and tolerant
children but the range of the IgG4-ab levels was too wide to allow the IgG4-ab to
be used as reliable diagnostic markers.
The role of IgG4-ab has also been investigated, in other studies, in birch-allergic
individuals where a high ratio of IgG4-/IgE-ab to the PR-10 allergen in hazelnut
(Cor a 1) or apple (Mal d 1) correlated with tolerance (173). However, there was
a high individual variability between patients; hence no recommendation using
the antibody ratio in the prognosis of birch-related food allergy was made. In our
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study we did not find any differences in the IgG4-/IgE-ab ratio to the PR-10
allergen Ara h 8 between allergic and tolerant children.
6.5

ACCURACY OF PEANUT ALLERGY DIAGNOSIS

A diagnosis of peanut allergy has a great impact on a patient’s quality of life. It
necessitates a strict diet; the patient must avoid foods containing peanuts because
accidental ingestion may result in anaphylactic reactions, which can be fatal (24). Prescription of adrenaline auto-injectors is common because no diagnostic
method is available to predict the severity of a peanut allergy. All the fear and
worry related to the threat of an anaphylactic reaction also impairs quality of life
(9-11) and therefore an accurate diagnosis is highly important to avoid serious
consequences for the children and their families.
In our first study (study population 1) all 38 children had a suspected peanut
allergy and they had been recommended to avoid peanuts before inclusion in the
study. Eight of the thirteen children (62%) avoided peanuts before challenge due
to peanut IgE-sensitization and eleven children (85%) had been prescribed an
adrenaline auto-injector. On the other hand of twenty-five children positive in
challenge six of them (24%) had not an auto-injector prescribed. This indicates
how difficult it is to diagnose peanut allergy properly. It is also important to
avoid screening for peanut allergy without strong clinical suspicion of a clinical
reaction to peanut. However, with new diagnostic opportunities like the CRD
and CD-sens, the accuracy of peanut diagnoses will improve.
6.6
6.6.1

STRENGTHS AND LIMITATIONS
Study design

The strength of our study design was that all children were sensitized to peanut
and had a diet without peanuts. All children were also orally challenged, which is
a strength since many other studies rely on results of previous documented
reactions. Besides, the challenges were done in the same hospital, Sach’s
Children and Youth Hospital, where the personnel at the Allergy department
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have long experience of performing food challenges. Limitations were that the
patient groups are highly selected and not population based, which might have
led to a selection bias. The number of patients included was also limited for
practical reasons.
6.6.2

Oral peanut challenges

All children in study population 1 underwent DBPCFC. The challenge medium
recipe of chocolate balls was scientifically evaluated and contained low levels of
low levels of fat (7%). The completeness of challenge testing and the wellcharacterized challenge medium are two major strengths (128, 174). Another
strength is that all challenges were observed and severity scored by the same
senior physician. Thus, it is a subjective judgment when objective symptoms
occur but also a subjective decision when the challenge is stopped (136). A
limitation is the severity scoring, since the score system used did not differentiate
OAS (subjective symptoms) from no objective symptoms and furthermore there
were no scoring for late reactions. The children in our study were allowed to eat
breakfast before the challenges, which may have interfered with the challenge
outcome since a large amount of fat eaten before challenge may lead to a milder
reaction at challenge.
In paper II we compared the reaction to a DBPCFC with a repeated active
challenge to peanut (SBFC). This challenge was blinded for the patients and the
parents, but the doctor and the nurses knew that the challenge was active. This
knowledge might lead to bias; if the previous reaction had been severe the doctor
may have been more careful about provoking objective symptoms at the second
active challenge. Another limitation is that children who reacted with severe
symptoms at the first challenge were excluded for ethical reasons and did not
perform a second active challenge. This might have skewed the results since we
do not know how children with severe symptoms would have reacted at a
repeated challenge.
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We decided not to use DBPCFC when diagnosing peanut allergy in study
population 2, which is a limitation. However, we investigated children with
suspected cross-reactivity to peanut and did not expect any objective symptoms
at challenges. OFC is less time consuming and the method is has also been
accepted if the outcome of the food challenge is negative (101, 175). However, if
an objective reaction had occurred during OFC, a DBPCFC would have been
performed.
6.6.3

CD-sens

Major strengths of the CD-sens method are that the basophil threshold sensitivity
is measured at eight different concentrations and that this can be done without
any risk for the patient. Another strength is that it is possible to use the same
peanut raw material in CD-sens as is used in the oral challenges.
Limitations of the CD-sens method are the presence of non-responders and low
responders. Other limitations are that the CD-sens method is analyzed manually
and the method is only used in a few laboratories in Sweden. Furthermore, since
it is a new method, no reference values have been established at the time of these
studies. Compared to component resolved diagnostics it is an expensive method.
However, the outcome of the test result may be more clinically relevant since the
CD-sens assay is a functional assay in contrast to CRD which only shows
presence/absence of IgE-ab.
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7 ETHICAL CONSIDERATIONS
The studies in this thesis were all approved by the Regional Ethical Review
Board at Karolinska Institutet in Stockholm, Sweden and the studies were
performed according to good clinical practice based on the Helsinki declaration
for clinical investigations. All parents and children gave their informed written
consent to participate in the studies before inclusion. They were informed about
the study design and the purpose of the study by telephone, and written
information was sent home before they began participating in the study. If they
agreed to participate an appointment was booked with the doctor and the family
was free to ask questions. They were also informed that they could withdraw
from the study at any time without any effect on future treatment or care.
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8 CONCLUSSION
The results of this thesis highlight different diagnostic methods available for a
proper peanut diagnosis.
Based on the studies presented, the following conclusion can be drawn:
•

CD-sens is a promising diagnostic method with good reproducibility in
the diagnosis of peanut allergy and may exclude a peanut allergy.

•

An oral peanut challenge can discriminate between a positive and
negative challenge outcome, but does not predict the severity of an
allergic reaction.

•

Component resolved diagnostics is a valuable diagnostic tool in peanut
allergy diagnosis since eleveted concentration of IgE-ab to the peanut
storage proteins (Ara h 1, Ara h 2 and Ara h 3) is associated with peanut
allergy.

•

Birch-pollen allergic children IgE-sensitized to peanut (only to Ara h 8)
have basophils sensitized with Ara h 8 IgE-ab which can be activated by
Ara h 8 proteins and initiate allergic inflammation.

•

Peanut tolerant children IgE-sensitized to peanuts are characterized by
low levels of IgG4-antibodies but relatively high IgG4-/IgE-antibody ratio
to peanut and Ara h 2.
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9 CLINICAL IMPLICATIONS AND FUTURE
PERSPECTIVES
DBPCFC is considered the gold standard for diagnosis of peanut allergy, but
food challenges are time consuming and risky for the patients. Therefore, CDsens and CRD may contribute with valuable information in peanut allergy
diagnosis. CRD can distinguish between genuine peanut allergy and crosssensitization to the peanut and thus reduce unnecessary anxiety. In individuals
IgE-sensitized to peanut, CD-sens may distinguish between presence and
absence of tolerance and if CD-sens is negative the probability for an allergic
reaction is low.
CD-sens has also proven to be a good biological marker for immunological
changes during allergen specific immunotherapy (176). Therefore CD-sens may
be used to select patients with high allergen threshold sensitivity to a food
allergen, i.e. those who are likely to benefit from oral immunotherapy. In
addition, the response to oral immunotherapy may also be monitored with CDsens (176, 177). Another potential use for CD-sens may be to select and follow
patients who would benefit from Omalizumab treatment. The current indication
for Omalizumab is severe allergic asthma and chronic urticaria. Dosing of
Omalizumab is based on concentration of serum IgE and body weight. However,
CD-sens has potential as a way to follow Omalizumab treatment and may be a
better way to evaluate treatment response (178-181).
CRD has already been introduced into clinical practice and has improved the
diagnostic opportunities in peanut allergy, but more research is needed to
investigate the clinical use of CD-sens. Cross-sensitization between different tree
nuts is common and could be an interesting research area to explore both with
CRD and the CD-sens method. It is also of great interest to continue evaluating
the CD-sens method in comparison with oral food challenges in food allergic
children.
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10 SVENSK SAMMANFATTNING
Bakgrund: Jordnötsallergi kan orsaka svåra, ibland livshotande reaktioner. Att vara
allergisk mot ett födoämne innebär att immunförsvaret reagerar på ett i vanliga fall
ofarligt ämne och bildar allergiantikroppar (IgE-antikroppar). Individer med benägenhet
att bilda allergiantikroppar kan bli sensibiliserade om de kommer i kontakt med ämnet,
vilket vid förnyad kontakt kan leda till en allergisk reaktion. I Västeuropa är ca en
procent av alla individer jordnötsallergiska, men andelen sensibiliserade är högre och
varierar mellan en och elva procent i olika studier vilket kan bero på korsreaktioner
mellan olika proteiner som liknar varandra. I jordnöten finns ett protein (Ara h 8) som
har liknande proteinstruktur som huvudallergenet i björkpollen (Bet v 1). Följden blir att
björkpollenallergiska individer kan få allergiantikroppar mot jordnötter
(korssensibilisering). Dessa individer kan känna klåda i mun och svalg när de äter
jordnötter, men får sällan svåra allergiska reaktioner. En jordnötsallergi diagnostiseras
oftast genom anamnes, hudpricktest samt förekomst av IgE-antikroppar i blod mot
jordnötsextrakt. Då det är svårt att med säkerhet veta vilka individer med IgEantikroppar mot jordnöt som har en ”äkta allergi” och därmed riskerar att få en svår
allergisk reaktion, behöver diagnosen ofta bekräftas med en jordnötsprovokation. En
provokation är tidsödande och kan medföra svåra allergiska symptom.
Jordnötsproteinerna, Ara h 1, Ara h 2 och Ara h 3 är stabila lagringsproteiner. IgEantikroppar mot dessa kan mätas via ett blodprov och anses vara associerade till
jordnötsallergi. En annan diagnostisk metod är CD-sens där man fastställer minsta
mängd jordnötsprotein som stimulerar basofila celler i provrör. De basofila cellerna
medverkar vid uppkomsten av en IgE-förmedlad allergi och via ett blodprov kan man
mäta de basofila cellernas känslighet för jordnöt.
Syfte: Det övergripande syftet med avhandlingen var att utvärdera olika diagnostiska
metoder hos barn med IgE-antikroppar mot jordnöt som har en misstänkt jordnötsallergi.
.
Material och Metoder: Trettioåtta barn med misstänkt genomgick tre provokationer
blint (jordnötter två gånger och placebo en gång). Vilka symtom barnen fick och
mängden jordnötter de kunde äta dokumenterades. Blodprov togs vid de två första
provokationerna för CD-sens och IgE-antikroppsanalys. Vi har även undersökt
björkpollenallergiska barn med enbart allergiantikroppar mot björk, jordnöt och Ara h 8.
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Tjugo barn genomförde en öppen jordnötsprovokation och ett blodprov togs för att
undersöka CD-sens mot jordnöt och Ara h 8.
Resultat: Jordnötsallergiska barn hade förhöjda nivåer av IgE-antikroppar mot
lagringsproteinerna Ara h 1, Ara h 2 och Ara h 3 samt förhöjda nivåer av CD-sens mot
jordnöt och Ara h 2. Alla barn som var negativa i CD-sens tolererade jordnötter. Vi
undersökte även reproducerbarheten hos CD-sens metoden och jordnötsprovokationen
och fann att CD-sens nivåerna var jämförbara mellan de två mättillfällen medans vid en
upprepad jordnötsprovokation reagerade endast tre barn med samma svårighetsgrad och
på samma dos. Hos de 20 björkpollenallergiska barnen kunde alla äta jordnötter, men
fem barn fick övergående klåda och obehag i munnen som försvann utan behandling. De
flesta barn (17/20) reagerade i CD-sens mot Ara h 8 och endast ett barn var positiv i CDsens mot jordnöt. I avhandlingen beskrivs också en björkpollenallergisk flicka med
allergiantikroppar mot Ara h 8 som fick en svår allergisk reaktion efter att ätit 300 g
jordnötter hemma. Hon hade tidigare genomfört två stycken jordnötsprovokationer
(6.1g) utan att reagera. Flicka äter fortfarande jordnötter (<40 g) men undviker stora
mängder.
Slutsats: Utifrån resultatet i denna avhandling verkar CD-sens vara en tillförlitlig
diagnostisk metod som skulle kunna utesluta en jordnötsallergi. Förekomst av IgEantikroppar mot jordnötsproteinerna Ara h 1, Ara h 2 och Ara h 3 bekräftar en
jordnötsallergi. Såväl en jordnötsprovokation som CD-sens kan avgöra om en individ är
allergisk eller inte. Däremot går det inte med en jordnötsprovokation att förutsäga
svårighetsgraden av en allergisk reaktion. Björkpollenallergiska barn har basofila celler
som kan aktiveras av Ara h 8 proteiner och starta en allergisk inflammation. Att de flesta
inte reagerar kan troligen bero på att andelen Ara h 8 som finns i rostade jordnötter är
liten och att den lilla mängden som finns bryts ner i mag-tarmkanalen. Ett stort intag av
jordnötter hos en björkpollen allergisk individ som har bildat IgE-antikroppar mot
jordnötter på grund av korssensibilisering skulle kunna utlösa en allergisk reaktion.
Genom förbättrade diagnostiska metoder kan vi på ett bättre sätt avgöra vilka barn som
behöver undvika jordnötter. Många barn med misstänkt jordnötsallergi kan friskskrivas
och därigenom få en förbättrad livskvalitet.

60

11 ACKNOWLEDGEMENT
Many colleagues, family and friends have contributed to this thesis through the
years, each in their own way, with love and support, and I express my sincere
gratitude to you all!
First, I would like to thank all the participating children and families. Without
your contribution, this work would not have been possible.
Caroline Nilsson, Anna Nopp, Gunnar Johansson and Magnus Borres, I
think you are the best supervisors a PhD-student could have. During these years
you have always been supportive and generous with your time and knowledge.
Caroline, my supervisor, working with you is easy and inspiring! You have
been so generous with your knowledge and work. It is ten years since I started to
work at Sach’s Children and Youth Hospital and you have supported me all the
way. I have always felt prioritized!
Anna, my co-supervisor, thank you for stimulating discussions, good advice and
for valuable feedback on my work. I have always appreciated coming to
Karolinska on Thursdays. You have been very helpful, encouraging and willing
to share your immunological knowledge -especially about basophils and the CDsens method.
Gunnar, my co-supervisor, thank you for your kind generosity and for sharing
your vast scientific knowledge with me; it has been an honor to work with you.
You have introduced me to a new world of immunoglobulins and basophils. I
have learned a lot from you about scientific thinking, scientific writing and
nomenclature.
Magnus, my co-supervisor, I appreciate your kindness, generosity and scientific
knowledge. Your have kept me updated on frontline research in molecular
allergology and despite your busy agenda you take time to invite me to scientific
meetings and discussions.
61

Gunnar Lilja, my informal supervisor and co-author - always supportive,
encouraging and willing to share your knowledge. Thank you for your
invaluable involvement in my research and for your constant feedback on my
scientific work.
Fredrik Stenius, my external mentor and colleague, I have enjoyed our lunch
dates and small talk during these years. Thanks for relaxing discussions and
constant encouragement. I like your positive attitude.
Lotta Sundqvist, research nurse in the peanut allergy project. Thank you for all
your work with the patients and for skillfully performing all the peanut
challenges. I enjoy working with you! I would also like to thank Agneta
Jansson Roth for preparing the chocolate balls used at the peanut challenges.
Magnus Rudengren, my co-author, thank you for all your help and good
advice. Your guidance when performing statistical analysis has been invaluable.
Always friendly, supportive and patient!
Anna Asarnoj, my co-author and research friend. Thank you for good advice
and support. I have enjoyed your company especially when travelling together.
My co-authors, Magnus Wickman and Robert Movérare, thanks for good
advice and critical reading of the manuscripts.
Malin Berthold, thank you for valuable comments and ideas during the process
of writing the first papers.
All the staff at the Allergy department for the welcoming atmosphere at the unit.
Special thanks to Ingela Hult, Helena Elofson and Marie Soler for helping out
with the food challenges.
Lilly-Ann Mohlkert, for inspiring discussions and team work at SÖS
forskarskola! I enjoyed your company!
Justus Adédoyin and Åse Olerud for help with basophil analysis and
serological tests.
62

Elin Brander for the cover illustration and Janet Holmén and Helene Winther
for skillful language revisions.
Eva Berggren Boström, Per Sandstedt present and former Head of Sachs
Children and Youth Hospital and Bodil Schiller, my current boss, for support
and creating opportunities for research.
To all my colleagues and friends at Sach’s Children and Youth Hospital for
pleasant conversations, friendly support and for kind interest in my work. I am
looking forward to starting to work with you all again.
Mirja Vetander, my research friend, roommate and colleague at Sachs. Thank
you for fruitful discussions, generosity and support especially during the last
year!
My kind colleague Charlotta Flodström for introducing me to this peanut
project and for practical help with the peanut challenges.
Benita Lund at Sachs for you friendly attitude and for helping me collect
information about my study patients.
Thermo Fisher Scientific, former Phadia, for supply of reagents.
Everyone at KI SÖS, especially Maaret Castrén, Christer Svensén, Henrik
Ortsäter and Jeanette Brynholt Öhrman for help and support during my PhD
studies.
To all my friends and families who always offer me support whenever I need it.
My study friends from Linköping, Noni, Annelie, Merit, Sara, Helena and
Karolina. I really enjoy our friendship and have always felt that I can share
important personal and professional topics with you. To all my neighbors and
friends in Gustavsberg. Anna & Jacob, Magdalena & Marcus, Petra &
Magnus, Elin & Stefi, Mira & Gustav, Andrijana & Panos and to my friends
in Gothenburg, Hanna & Jesper, Carina & Jonas and Johan & Anneli. Thank
you for friendship, kind support and for showing interest in my work.
63

My wonderful parents, Yngve and Lilian, for you constant support and help no
matter what! You are unbelievable! Thank you for always being there for me!
And to my dear sister Christina and brother Anders with family for being
supportive and reliable. You and your families are very important to me!
My mother and father in-law, Eva and Ingmar for good advice and for giving us
the support and assistance we need as working parents.
My wonderful husband and best friend Martin. You mean so much to me!
Always loving, supporting and encouraging! And finally, my precious children
Albin and Alice. Thank you for being the most adorable children one could wish
for. You are my joy! I love you all so much!

Founding sources
This research project had not been possible without financial support from:
Foundation “Mjölkdroppen”, Centre for Allergy Research at Karolinska
Institutet, Hesselman Foundation, Konsul Th C Bergh Foundation, Foundation
Samariten, Princess Lovisa’s Association for Children’s Medical Care, Swedish
Asthma and Allergy Association’s Research Foundation, The Department of
Clinical Science and Education at Södersjukhuset, Sach’s Children and Youth
Hospital, MIAB Research Foundation and Swedish Association for Allergology.
64

12 REFERENCES
1. Hourihane JO. Peanut allergy. Pediatr Clin North Am. 2011;58(2):445-58, xi.
2. Bock SA, Munoz-Furlong A, Sampson HA. Further fatalities caused by
anaphylactic reactions to food, 2001-2006. J Allergy Clin Immunol.
2007;119(4):1016-8.
3. Bock SA, Munoz-Furlong A, Sampson HA. Fatalities due to anaphylactic
reactions to foods. J Allergy Clin Immunol. 2001;107(1):191-3.
4. Jarvinen KM. Food-induced anaphylaxis. Curr Opin Allergy Clin Immunol.
2011;11(3):255-61.
5. Atkins D, Bock SA. Fatal anaphylaxis to foods: epidemiology, recognition,
and prevention. Curr Allergy Asthma Rep. 2009;9(3):179-85.
6. Pumphrey RS, Gowland MH. Further fatal allergic reactions to food in the
United Kingdom, 1999-2006. J Allergy Clin Immunol. 2007;119(4):1018-9.
7. Longo G, Berti I, Burks AW, Krauss B, Barbi E. IgE-mediated food allergy in
children. Lancet. 2013;382(9905):1656-64.
8. Burks AW, Tang M, Sicherer S, Muraro A, Eigenmann PA, Ebisawa M, et al.
ICON: food allergy. J Allergy Clin Immunol. 2012;129(4):906-20.
9. King RM, Knibb RC, Hourihane JO. Impact of peanut allergy on quality of
life, stress and anxiety in the family. Allergy. 2009;64(3):461-8.
10. Marklund B, Ahlstedt S, Nordstrom G. Food hypersensitivity and quality of
life. Curr Opin Allergy Clin Immunol. 2007;7(3):279-87.
11. Ostblom E, Egmar AC, Gardulf A, Lilja G, Wickman M. The impact of food
hypersensitivity reported in 9-year-old children by their parents on health-related
quality of life. Allergy. 2008;63(2):211-8.
12. Cummings AJ, Knibb RC, Erlewyn-Lajeunesse M, King RM, Roberts G,
Lucas JS. Management of nut allergy influences quality of life and anxiety in
children and their mothers. Pediatr Allergy Immunol. 2010;21(4 Pt 1):586-94.
13. Fleischer DM, Bock SA, Spears GC, Wilson CG, Miyazawa NK, Gleason
MC, et al. Oral food challenges in children with a diagnosis of food allergy. J
Pediatr. 2011;158(4):578-83 e1.
65

14. Sicherer SH, Sampson HA. Food allergy: Epidemiology, pathogenesis,
diagnosis, and treatment. J Allergy Clin Immunol. 2014;133(2):291-307.
15. Johansson S.G.O., Nopp A, van Hage M, Olofsson N, Lundahl J, Wehlin L,
et al. Passive IgE-sensitization by blood transfusion. Allergy. 2005;60(9):1192-9.
16. Dahlen B, Nopp A, Johansson S.G.O., Eduards M, Skedinger M, Adedoyin
J. Basophil allergen threshold sensitivity, CD-sens, is a measure of allergen
sensitivity in asthma. Clin Exp Allergy. 2011;41(8):1091-7.
17. Konradsen JR, Nordlund B, Nilsson OB, van Hage M, Nopp A, Hedlin G, et
al. High basophil allergen sensitivity (CD-sens) is associated with severe allergic
asthma in children. Pediatr Allergy Immunol. 2012;23(4):376-84.
18. Nopp A, Cardell LO, Johansson S.G.O.. CD-sens can be a reliable and easyto-use complement in the diagnosis of allergic rhinitis. Int Arch Allergy
Immunol. 2013;161(1):87-90.
19. Johansson S.G.O., Bieber T, Dahl R, Friedmann PS, Lanier BQ, Lockey RF,
et al. Revised nomenclature for allergy for global use: Report of the
Nomenclature Review Committee of the World Allergy Organization, October
2003. J Allergy Clin Immunol. 2004;113(5):832-6.
20. Johansson S.G.O., Hourihane JO, Bousquet J, Bruijnzeel-Koomen C,
Dreborg S, Haahtela T, et al. A revised nomenclature for allergy. An EAACI
position statement from the EAACI nomenclature task force. Allergy.
2001;56(9):813-24.
21. Rona RJ, Keil T, Summers C, Gislason D, Zuidmeer L, Sodergren E, et al.
The prevalence of food allergy: a meta-analysis. J Allergy Clin Immunol.
2007;120(3):638-46.
22. Gomez E, Mayorga C, Gomez F, Blazquez AB, Diaz-Perales A, Blanca M,
et al. Food allergy: management, diagnosis and treatment strategies.
Immunotherapy. 2013;5(7):755-68.
23. Chafen JJ, Newberry SJ, Riedl MA, Bravata DM, Maglione M, Suttorp MJ,
et al. Diagnosing and managing common food allergies: a systematic review.
JAMA. 2010;303(18):1848-56.

66

24. Boyce JA, Assa'ad A, Burks AW, Jones SM, Sampson HA, Wood RA, et al.
Guidelines for the diagnosis and management of food allergy in the United
States: report of the NIAID-sponsored expert panel. J Allergy Clin Immunol.
2010;126(6 Suppl):S1-58.
25. Sharma HP, Mansoor DK, Mikhail IJ, Nguyen C, Klein BL. Recognition and
management of pediatric food allergy in the emergency department. Pediatric
emergency care. 2013;29(4):527-36.
26. Du Toit G, Santos A, Roberts G, Fox AT, Smith P, Lack G. The diagnosis of
IgE-mediated food allergy in childhood. Pediatr Allergy Immunol.
2009;20(4):309-19.
27. Rindsjo E, Scheynius A. Mechanisms of IgE-mediated allergy. Experimental
cell research. 2010;316(8):1384-9.
28. Asero R, Ballmer-Weber BK, Beyer K, Conti A, Dubakiene R, FernandezRivas M, et al. IgE-mediated food allergy diagnosis: Current status and new
perspectives. Mol Nutr Food Res. 2007;51(1):135-47.
29. Lieberman JA, Sicherer SH. The diagnosis of food allergy. Am J Rhinol
Allergy. 2010;24(6):439-43.
30. Lack G. Update on risk factors for food allergy. J Allergy Clin Immunol.
2012;129(5):1187-97.
31. Liu AH, Jaramillo R, Sicherer SH, Wood RA, Bock SA, Burks AW, et al.
National prevalence and risk factors for food allergy and relationship to asthma:
results from the National Health and Nutrition Examination Survey 2005-2006. J
Allergy Clin Immunol. 2010;126(4):798-806.e13.
32. Chaplin DD. Overview of the immune response. J Allergy Clin Immunol.
2010;125(2 Suppl 2):S3-23.
33. Bonilla FA, Oettgen HC. Adaptive immunity. J Allergy Clin Immunol.
2010;125(2 Suppl 2):S33-40.
34. Owen J, Punt J, Standford S. Kuby Immunology. 2013;Seventh Edition, W.H
Freeman and Company, New York.
35. Gould HJ, Sutton BJ. IgE in allergy and asthma today. Nature reviews
Immunology. 2008;8(3):205-17.
67

36. Schroeder HW, Jr., Cavacini L. Structure and function of immunoglobulins.
J Allergy Clin Immunol. 2010;125(2 Suppl 2):S41-52.
37. Swain SL, McKinstry KK, Strutt TM. Expanding roles for CD4(+) T cells in
immunity to viruses. Nature reviews Immunology. 2012;12(2):136-48.
38. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nature medicine.
2012;18(5):693-704.
39. Amin K. The role of mast cells in allergic inflammation. Respiratory
medicine. 2012;106(1):9-14.
40. Harvima IT, Nilsson G. Mast cells as regulators of skin inflammation and
immunity. Acta dermato-venereologica. 2011;91(6):644-50.
41. Falcone FH, Knol EF, Gibbs BF. The role of basophils in the pathogenesis of
allergic disease. Clin Exp Allergy. 2011;41(7):939-47.
42. Siracusa MC, Kim BS, Spergel JM, Artis D. Basophils and allergic
inflammation. J Allergy Clin Immunol. 2013;132(4):789-801; quiz 788.
43. Ohnmacht C, Voehringer D. Basophil effector function and homeostasis
during helminth infection. Blood. 2009;113(12):2816-25.
44. Schroeder JT. Basophils: emerging roles in the pathogenesis of allergic
disease. Immunological reviews. 2011;242(1):144-60.
45. Voehringer D. Basophils in allergic immune responses. Curr Opin Immunol.
2011;23(6):789-93.
46. Stone KD, Prussin C, Metcalfe DD. IgE, mast cells, basophils, and
eosinophils. J Allergy Clin Immunol. 2010;125(2 Suppl 2):S73-80.
47. Schroeder JT. Basophils beyond effector cells of allergic inflammation. Adv
Immunol. 2009;101:123-61.
48. Johansson S.G.O., Bennich H. Immunological studies of an atypical
(myeloma) immunoglobulin. Immunology. 1967;13(4):381-94.
49. Ishizaka K, Ishizaka T, Menzel AE. Physicochemical properties of reaginic
antibody. VI. Effect of heat on gamma-E-, gamma-G- and gamma-A-antibodies
in the sera of ragweed sensitive patients. Journal of immunology (Baltimore, Md
: 1950). 1967;99(3):610-8.
68

50. Johansson S.G.O., Bennich HH. The clinical impact of the discovery of IgE.
Ann Allergy. 1982;48(6):325-30.
51. Aalberse RC, Stapel SO, Schuurman J, Rispens T. Immunoglobulin G4: an
odd antibody. Clin Exp Allergy. 2009;39(4):469-77.
52. Flicker S, Valenta R. Renaissance of the blocking antibody concept in type I
allergy. Int Arch Allergy Immunol. 2003;132(1):13-24.
53. van Neerven RJ, Knol EF, Ejrnaes A, Wurtzen PA. IgE-mediated allergen
presentation and blocking antibodies: regulation of T-cell activation in allergy.
Int Arch Allergy Immunol. 2006;141(2):119-29.
54. Daeron M, Malbec O, Latour S, Arock M, Fridman WH. Regulation of highaffinity IgE receptor-mediated mast cell activation by murine low-affinity IgG
receptors. J Clin Invest. 1995;95(2):577-85.
55. Uermosi C, Zabel F, Manolova V, Bauer M, Beerli RR, Senti G, et al. IgGmediated down-regulation of IgE bound to mast cells: a potential novel
mechanism of allergen-specific desensitization. Allergy. 2014;69(3):338-47.
56. Kumar S, Verma AK, Das M, Dwivedi PD. Molecular mechanisms of IgE
mediated food allergy. Int Immunopharmacol. 2012;13(4):432-9.
57. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation.
Nature. 2008;454(7203):445-54.
58. Chapman MD, Pomes A, Breiteneder H, Ferreira F. Nomenclature and
structural biology of allergens. J Allergy Clin Immunol. 2007;119(2):414-20.
59. Breiteneder H, Radauer C. A classification of plant food allergens. J Allergy
Clin Immunol. 2004;113(5):821-30; quiz 31.
60. Sicherer SH, Wood RA. Advances in diagnosing peanut allergy. J Allergy
Clin Immunol Pract. 2013;1(1):1-13; quiz 4.
61. Neuman-Sunshine DL, Eckman JA, Keet CA, Matsui EC, Peng RD,
Lenehan PJ, et al. The natural history of persistent peanut allergy. Ann Allergy
Asthma Immunol. 2012;108(5):326-31 e3.
62. Simpson AB, Yousef E, Hossain J. Association between peanut allergy and
asthma morbidity. J Pediatr. 2010;156(5):777-81, 81 e1.

69

63. Du Toit G, Katz Y, Sasieni P, Mesher D, Maleki SJ, Fisher HR, et al. Early
consumption of peanuts in infancy is associated with a low prevalence of peanut
allergy. J Allergy Clin Immunol. 2008;122(5):984-91.
64. Ben-Shoshan M, Kagan RS, Alizadehfar R, Joseph L, Turnbull E, St Pierre
Y, et al. Is the prevalence of peanut allergy increasing? A 5-year follow-up study
in children in Montreal. J Allergy Clin Immunol. 2009;123(4):783-8.
65. Mullins RJ, Dear KB, Tang ML. Characteristics of childhood peanut allergy
in the Australian Capital Territory, 1995 to 2007. J Allergy Clin Immunol.
2009;123(3):689-93.
66. Sicherer SH, Munoz-Furlong A, Godbold JH, Sampson HA. US prevalence
of self-reported peanut, tree nut, and sesame allergy: 11-year follow-up. J
Allergy Clin Immunol. 2010;125(6):1322-6.
67. Venter C, Hasan Arshad S, Grundy J, Pereira B, Bernie Clayton C, Voigt K,
et al. Time trends in the prevalence of peanut allergy: three cohorts of children
from the same geographical location in the UK. Allergy. 2010;65(1):103-8.
68. Asarnoj A, Ostblom E, Ahlstedt S, Hedlin G, Lilja G, van Hage M, et al.
Reported symptoms to peanut between 4 and 8 years among children sensitized
to peanut and birch pollen - results from the BAMSE birth cohort. Allergy.
2010;65(2):213-9.
69. Niggemann B, Schmitz R, Schlaud M. The high prevalence of peanut
sensitization in childhood is due to cross-reactivity to pollen. Allergy.
2011;66(7):980-1.
70. Simons FE. Anaphylaxis: Recent advances in assessment and treatment. J
Allergy Clin Immunol. 2009;124(4):625-36; quiz 37-8.
71. Mansoor DK, Sharma HP. Clinical presentations of food allergy. Pediatr Clin
North Am. 2011;58(2):315-26, ix.
72. Sampson HA, Munoz-Furlong A, Campbell RL, Adkinson NF, Jr., Bock SA,
Branum A, et al. Second symposium on the definition and management of
anaphylaxis: summary report--Second National Institute of Allergy and
Infectious Disease/Food Allergy and Anaphylaxis Network symposium. J
Allergy Clin Immunol. 2006;117(2):391-7.
73. Sampson HA, Mendelson L, Rosen JP. Fatal and near-fatal anaphylactic
reactions to food in children and adolescents. N Engl J Med. 1992;327(6):380-4.
70

74. Liew WK, Williamson E, Tang ML. Anaphylaxis fatalities and admissions in
Australia. J Allergy Clin Immunol. 2009;123(2):434-42.
75. Simons FE. Anaphylaxis. J Allergy Clin Immunol. 2010;125(2 Suppl
2):S161-81.
76. Vetander M, Helander D, Flodstrom C, Ostblom E, Alfven T, Ly DH, et al.
Anaphylaxis and reactions to foods in children--a population-based case study of
emergency department visits. Clin Exp Allergy. 2012;42(4):568-77.
77. Hurlburt BK, Offermann LR, McBride JK, Majorek KA, Maleki SJ,
Chruszcz M. Structure and function of the peanut panallergen Ara h 8. The
Journal of biological chemistry. 2013;288(52):36890-901.
78. Kondo Y, Urisu A. Oral allergy syndrome. Allergol Int. 2009;58(4):485-91.
79. Valenta R, Kraft D. Type 1 allergic reactions to plant-derived food: a
consequence of primary sensitization to pollen allergens. J Allergy Clin
Immunol. 1996;97(4):893-5.
80. Ma S, Sicherer SH, Nowak-Wegrzyn A. A survey on the management of
pollen-food allergy syndrome in allergy practices. J Allergy Clin Immunol.
2003;112(4):784-8.
81. Mullin GE, Swift KM, Lipski L, Turnbull LK, Rampertab SD. Testing for
food reactions: the good, the bad, and the ugly. Nutr Clin Pract. 2010;25(2):1928.
82. Eckman J, Saini SS, Hamilton RG. Diagnostic evaluation of food-related
allergic diseases. Allergy Asthma Clin Immunol. 2009;5(1):2.
83. Sheikh SZ, Burks AW. Recent advances in the diagnosis and therapy of
peanut allergy. Expert Rev Clin Immunol. 2013;9(6):551-60.
84. Heinzerling L, Mari A, Bergmann KC, Bresciani M, Burbach G, Darsow U,
et al. The skin prick test - European standards. Clinical and translational allergy.
2013;3(1):3.
85. Soares-Weiser K, Takwoingi Y, Panesar SS, Muraro A, Werfel T,
Hoffmann-Sommergruber K, et al. The diagnosis of food allergy: a systematic
review and meta-analysis. Allergy. 2014;69(1):76-86.
86. Ballmer-Weber BK. Value of allergy tests for the diagnosis of food allergy.
Digestive diseases (Basel, Switzerland). 2014;32(1-2):84-8.
71

87. Henzgen M, Ballmer-Weber BK, Erdmann S, Fuchs T, Kleine-Tebbe J, Lepp
U, et al. Skin testing with food allergens. Guideline of the German Society of
Allergology and Clinical Immunology (DGAKI), the Physicians' Association of
German Allergologists (ADA) and the Society of Pediatric Allergology (GPA)
together with the Swiss Society of Allergology. Journal der Deutschen
Dermatologischen Gesellschaft = Journal of the German Society of Dermatology
: JDDG. 2008;6(11):983-8.
88. Eigenmann PA, Oh JW, Beyer K. Diagnostic testing in the evaluation of
food allergy. Pediatr Clin North Am. 2011;58(2):351-62, ix.
89. Rance F, Juchet A, Bremont F, Dutau G. Correlations between skin prick
tests using commercial extracts and fresh foods, specific IgE, and food
challenges. Allergy. 1997;52(10):1031-5.
90. Bazaral M, Hamburger RN. Standardization and stability of immunoglobulin
E (IgE). J Allergy Clin Immunol. 1972;49(3):189-91.
91. Cox L, Williams B, Sicherer S, Oppenheimer J, Sher L, Hamilton R, et al.
Pearls and pitfalls of allergy diagnostic testing: report from the American
College of Allergy, Asthma and Immunology/American Academy of Allergy,
Asthma and Immunology Specific IgE Test Task Force. Ann Allergy Asthma
Immunol. 2008;101(6):580-92.
92. Sicherer SH, Wood RA. Allergy Testing in Childhood: Using AllergenSpecific IgE Tests. Pediatrics. 2012;129(1):193-7.
93. Bernstein IL, Li JT, Bernstein DI, Hamilton R, Spector SL, Tan R, et al.
Allergy diagnostic testing: an updated practice parameter. Ann Allergy Asthma
Immunol. 2008;100(3 Suppl 3):S1-148.
94. Cox L. Overview of serological-specific IgE antibody testing in children.
Curr Allergy Asthma Rep. 2011;11(6):447-53.
95. Peters RL, Gurrin LC, Allen KJ. The predictive value of skin prick testing
for challenge-proven food allergy: A systematic review. Pediatr Allergy
Immunol. 2012;23(4):347-52.
96. Maleki SJ, Casillas AM, Kaza U, Wilson BA, Nesbit JB, Reimoneqnue C, et
al. Differences among heat-treated, raw, and commercial peanut extracts by skin
testing and immunoblotting. Ann Allergy Asthma Immunol. 2010;105(6):451-7.
72

97. Steckelbroeck S, Ballmer-Weber BK, Vieths S. Potential, pitfalls, and
prospects of food allergy diagnostics with recombinant allergens or synthetic
sequential epitopes. J Allergy Clin Immunol. 2008;121(6):1323-30.
98. Borres MP, Ebisawa M, Eigenmann PA. Use of allergen components begins
a new era in pediatric allergology. Pediatr Allergy Immunol. 2011;22(5):454-61.
99. Nowak-Węgrzyn A, Assa'ad AH, Bahna SL, Bock SA, Sicherer SH, Teuber
SS. Work Group report: Oral food challenge testing. Journal of Allergy and
Clinical Immunology. 2009;123(6):S365-S83.
100. Bindslev-Jensen C, Ballmer-Weber BK, Bengtsson U, Blanco C, Ebner C,
Hourihane J, et al. Standardization of food challenges in patients with immediate
reactions to foods--position paper from the European Academy of Allergology
and Clinical Immunology. Allergy. 2004;59(7):690-7.
101. Sampson HA, Gerth van Wijk R, Bindslev-Jensen C, Sicherer S, Teuber
SS, Burks AW, et al. Standardizing double-blind, placebo-controlled oral food
challenges: American Academy of Allergy, Asthma & Immunology-European
Academy of Allergy and Clinical Immunology PRACTALL consensus report. J
Allergy Clin Immunol. 2012;130(6):1260-74.
102. Ito K, Urisu A. Diagnosis of food allergy based on oral food challenge test.
Allergol Int. 2009;58(4):467-74.
103. Rance F, Deschildre A, Villard-Truc F, Gomez SA, Paty E, Santos C, et al.
Oral food challenge in children: an expert review. Eur Ann Allergy Clin
Immunol. 2009;41(2):35-49.
104. Canonica GW, Ansotegui IJ, Pawankar R, Schmid-Grendelmeier P, van
Hage M, Baena-Cagnani CE, et al. A WAO - ARIA - GA(2)LEN consensus
document on molecular-based allergy diagnostics. The World Allergy
Organization journal. 2013;6(1):17.
105. Bublin M, Breiteneder H. Cross-reactivity of peanut allergens. Curr Allergy
Asthma Rep. 2014;14(4):426.
106. Saiz J, Montealegre C, Marina ML, Garcia-Ruiz C. Peanut allergens: an
overview. Crit Rev Food Sci Nutr. 2013;53(7):722-37.

73

107. Burks AW, Williams LW, Helm RM, Connaughton C, Cockrell G, O'Brien
T. Identification of a major peanut allergen, Ara h I, in patients with atopic
dermatitis and positive peanut challenges. J Allergy Clin Immunol.
1991;88(2):172-9.
108. Burks AW, Williams LW, Connaughton C, Cockrell G, O'Brien TJ, Helm
RM. Identification and characterization of a second major peanut allergen, Ara h
II, with use of the sera of patients with atopic dermatitis and positive peanut
challenge. J Allergy Clin Immunol. 1992;90(6 Pt 1):962-9.
109. Rabjohn P, Helm EM, Stanley JS, West CM, Sampson HA, Burks AW, et
al. Molecular cloning and epitope analysis of the peanut allergen Ara h 3. J Clin
Invest. 1999;103(4):535-42.
110. Eigenmann PA, Burks AW, Bannon GA, Sampson HA. Identification of
unique peanut and soy allergens in sera adsorbed with cross-reacting antibodies.
J Allergy Clin Immunol. 1996;98(5 Pt 1):969-78.
111. Nicolaou N, Poorafshar M, Murray C, Simpson A, Winell H, Kerry G, et al.
Allergy or tolerance in children sensitized to peanut: prevalence and
differentiation using component-resolved diagnostics. J Allergy Clin Immunol.
2010;125(1):191-7 e1-13.
112. Codreanu F, Collignon O, Roitel O, Thouvenot B, Sauvage C, Vilain AC, et
al. A novel immunoassay using recombinant allergens simplifies peanut allergy
diagnosis. Int Arch Allergy Immunol. 2011;154(3):216-26.
113. Vereda A, van Hage M, Ahlstedt S, Ibanez MD, Cuesta-Herranz J, van
Odijk J, et al. Peanut allergy: Clinical and immunologic differences among
patients from 3 different geographic regions. J Allergy Clin Immunol.
2011;127(3):603-7.
114. Krause S, Reese G, Randow S, Zennaro D, Quaratino D, Palazzo P, et al.
Lipid transfer protein (Ara h 9) as a new peanut allergen relevant for a
Mediterranean allergic population. J Allergy Clin Immunol. 2009;124(4):7718.e5.
115. Hebling CM, Ross MM, Callahan JH, McFarland MA. Size-selective
fractionation and visual mapping of allergen protein chemistry in Arachis
hypogaea. Journal of proteome research. 2012;11(11):5384-95.

74

116. Shreffler WG. Evaluation of basophil activation in food allergy: present and
future applications. Curr Opin Allergy Clin Immunol. 2006;6(3):226-33.
117. Kleine-Tebbe J, Erdmann S, Knol EF, MacGlashan DW, Jr., Poulsen LK,
Gibbs BF. Diagnostic tests based on human basophils: potentials, pitfalls and
perspectives. Int Arch Allergy Immunol. 2006;141(1):79-90.
118. MacGlashan DW, Jr. Basophil activation testing. J Allergy Clin Immunol.
2013;132(4):777-87.
119. McGowan EC, Saini S. Update on the Performance and Application of
Basophil Activation Tests. Curr Allergy Asthma Rep. 2013;13(1):101-9.
120. Knol EF, Mul FP, Jansen H, Calafat J, Roos D. Monitoring human basophil
activation via CD63 monoclonal antibody 435. J Allergy Clin Immunol.
1991;88(3 Pt 1):328-38.
121. Buhring HJ, Seiffert M, Giesert C, Marxer A, Kanz L, Valent P, et al. The
basophil activation marker defined by antibody 97A6 is identical to the
ectonucleotide pyrophosphatase/phosphodiesterase 3. Blood. 2001;97(10):33035.
122. Patil SU, Shreffler WG. Immunology in the Clinic Review Series; focus on
allergies: basophils as biomarkers for assessing immune modulation. Clin Exp
Immunol. 2012;167(1):59-66.
123. Nguyen KL, Gillis S, MacGlashan DW, Jr. A comparative study of
releasing and nonreleasing human basophils: nonreleasing basophils lack an
early component of the signal transduction pathway that follows IgE crosslinking. J Allergy Clin Immunol. 1990;85(6):1020-9.
124. Nopp A., Johansson S.G.O.. Personal communication. 2014.
125. Wickman M, Kull I, Pershagen G, Nordvall SL. The BAMSE project:
presentation of a prospective longitudinal birth cohort study. Pediatr Allergy
Immunol. 2002;13 Suppl 15:11-3.
126. Asarnoj A, Nilsson C, Lidholm J, Glaumann S, Östblom E, Hedlin G, et al.
Peanut component Ara h 8 sensitization and tolerance to peanut. Journal of
Allergy and Clinical Immunology. 2012;130(2):468-72.

75

127. Asarnoj A, Glaumann S, Elfstrom L, Lilja G, Lidholm J, Nilsson C, et al.
Anaphylaxis to peanut in a patient predominantly sensitized to Ara h 6. Int Arch
Allergy Immunol. 2012;159(2):209-12.
128. van Odijk J, Ahlstedt S, Bengtsson U, Borres MP, Hulthen L. Double-blind
placebo-controlled challenges for peanut allergy the efficiency of blinding
procedures and the allergenic activity of peanut availability in the recipes.
Allergy. 2005;60(5):602-5.
129. Astier C, Morisset M, Roitel O, Codreanu F, Jacquenet S, Franck P, et al.
Predictive value of skin prick tests using recombinant allergens for diagnosis of
peanut allergy. J Allergy Clin Immunol. 2006;118(1):250-6.
130. van Erp FC, Knulst AC, Kentie PA, Pasmans SG, van der Ent CK, Meijer
Y. Can we predict severe reactions during peanut challenges in children? Pediatr
Allergy Immunol. 2013;24(6):596-602.
131. Ahrens B, Niggemann B, Wahn U, Beyer K. Positive reactions to placebo
in children undergoing double-blind, placebo-controlled food challenge. Clin
Exp Allergy. 2014;44(4):572-8.
132. Vlieg-Boerstra BJ, van der Heide S, Bijleveld CM, Kukler J, Duiverman
EJ, Dubois AE. Placebo reactions in double-blind, placebo-controlled food
challenges in children. Allergy. 2007;62(8):905-12.
133. Oole-Groen CJ, Brand PL. Double-blind food challenges in children in
general paediatric practice: Useful and safe, but not without pitfalls. Allergol
Immunopathol (Madr). 2013. Epub ahead of print.
134. Asero R, Fernandez-Rivas M, Knulst AC, Bruijnzeel-Koomen CA. Doubleblind, placebo-controlled food challenge in adults in everyday clinical practice: a
reappraisal of their limitations and real indications. Curr Opin Allergy Clin
Immunol. 2009;9(4):379-85.
135. Niggemann B, Beyer K. Pitfalls in double-blind, placebo-controlled oral
food challenges. Allergy. 2007;62(7):729-32.
136. Niggemann B. When is an oral food challenge positive? Allergy.
2010;65(1):2-6.

76

137. van der Zee T, Dubois A, Kerkhof M, van der Heide S, Vlieg-Boerstra B.
The eliciting dose of peanut in double-blind, placebo-controlled food challenges
decreases with increasing age and specific IgE level in children and young
adults. J Allergy Clin Immunol. 2011;128(5):1031-6.
138. Eller E, Hansen TK, Bindslev-Jensen C. Clinical thresholds to egg,
hazelnut, milk and peanut: results from a single-center study using standardized
challenges. Ann Allergy Asthma Immunol. 2012;108(5):332-6.
139. Flinterman AE, Pasmans SG, Hoekstra MO, Meijer Y, van Hoffen E, Knol
EF, et al. Determination of no-observed-adverse-effect levels and eliciting doses
in a representative group of peanut-sensitized children. J Allergy Clin Immunol.
2006;117(2):448-54.
140. Hourihane JO, Grimshaw KE, Lewis SA, Briggs RA, Trewin JB, King RM,
et al. Does severity of low-dose, double-blind, placebo-controlled food
challenges reflect severity of allergic reactions to peanut in the community? Clin
Exp Allergy. 2005;35(9):1227-33.
141. Skripak JM, Nash SD, Rowley H, Brereton NH, Oh S, Hamilton RG, et al.
A randomized, double-blind, placebo-controlled study of milk oral
immunotherapy for cow's milk allergy. J Allergy Clin Immunol.
2008;122(6):1154-60.
142. Bock SA, Sampson HA, Atkins FM, Zeiger RS, Lehrer S, Sachs M, et al.
Double-blind, placebo-controlled food challenge (DBPCFC) as an office
procedure: a manual. J Allergy Clin Immunol. 1988;82(6):986-97.
143. Sampson HA. Anaphylaxis and emergency treatment. Pediatrics.
2003;111(6 Pt 3):1601-8.
144. Gellerstedt M, Bengtsson U, Niggemann B. Methodological issues in the
diagnostic work-up of food allergy: a real challenge. J Investig Allergol Clin
Immunol. 2007;17(6):350-6.
145. Ludman S, Wassenberg J, Du Toit G, Fox AT, Lack G, Eigenmann PA.
Paediatric oral peanut challenges: a comparison of practice in London and
western Switzerland. Allergy. 2013;68(4):539-41.
146. Lieberman JA, Sicherer SH. Diagnosis of Food Allergy: Epicutaneous Skin
Tests, In Vitro Tests, and Oral Food Challenge. Current Allergy and Asthma
Reports. 2010;11(1):58-64.
77

147. Eller E, Bindslev-Jensen C. Clinical value of component-resolved
diagnostics in peanut-allergic patients. Allergy. 2013;68(2):190-4.
148. Ebisawa M, Moverare R, Sato S, Maruyama N, Borres MP, Komata T.
Measurement of Ara h 1-, 2-, and 3-specific IgE antibodies is useful in diagnosis
of peanut allergy in Japanese children. Pediatr Allergy Immunol.
2012;23(6):573-81.
149. Lieberman JA, Glaumann S, Batelson S, Borres MP, Sampson HA, Nilsson
C. The Utility of Peanut Components in the Diagnosis of IgE-Mediated Peanut
Allergy Among Distinct Populations. J Allergy Clin Immunol Pract.
2013;1(1):75-82.
150. Lopes de Oliveira LC, Aderhold M, Brill M, Schulz G, RolinckWerninghaus C, Clare Mills EN, et al. The value of specific IgE to peanut and its
component Ara h 2 in the diagnosis of peanut allergy. J Allergy Clin Immunol
Pract. 2013;1(4):394-8.
151. Chan SM, Dumitru C, Turcanu V. Molecular diagnosis of peanut allergy.
Expert Rev Mol Diagn. 2012;12(8):879-91.
152. Johansson S.G.O., Nopp A, Oman H, Ankerst J, Cardell LO, Gronneberg R,
et al. The size of the disease relevant IgE antibody fraction in relation to 'totalIgE' predicts the efficacy of anti-IgE (Xolair) treatment. Allergy.
2009;64(10):1472-7.
153. Ford LS, Bloom KA, Nowak-Wegrzyn AH, Shreffler WG, Masilamani M,
Sampson HA. Basophil reactivity, wheal size, and immunoglobulin levels
distinguish degrees of cow's milk tolerance. J Allergy Clin Immunol.
2013;131(1):180-6.e1-3.
154. Wanich N, Nowak-Wegrzyn A, Sampson HA, Shreffler WG. Allergenspecific basophil suppression associated with clinical tolerance in patients with
milk allergy. J Allergy Clin Immunol. 2009;123(4):789-94 e20.
155. Homsak M, Silar M, Berce V, Tomazin M, Skerbinjek-Kavalar M, Celesnik
N, et al. The relevance of basophil allergen sensitivity testing to distinguish
between severe and mild peanut-allergic children. Int Arch Allergy Immunol.
2013;162(4):310-7.

78

156. Ballmer-Weber BK, Holzhauser T, Scibilia J, Mittag D, Zisa G, Ortolani C,
et al. Clinical characteristics of soybean allergy in Europe: a double-blind,
placebo-controlled food challenge study. J Allergy Clin Immunol.
2007;119(6):1489-96.
157. Mittag D, Vieths S, Vogel L, Becker WM, Rihs HP, Helbling A, et al.
Soybean allergy in patients allergic to birch pollen: clinical investigation and
molecular characterization of allergens. J Allergy Clin Immunol.
2004;113(1):148-54.
158. Flinterman AE, Akkerdaas JH, Knulst AC, van Ree R, Pasmans SG.
Hazelnut allergy: from pollen-associated mild allergy to severe anaphylactic
reactions. Curr Opin Allergy Clin Immunol. 2008;8(3):261-5.
159. Hansen KS, Ballmer-Weber BK, Sastre J, Lidholm J, Andersson K,
Oberhofer H, et al. Component-resolved in vitro diagnosis of hazelnut allergy in
Europe. J Allergy Clin Immunol. 2009;123(5):1134-41, 41.e1-3.
160. Ballmer-Weber BK, Vieths S. Soy allergy in perspective. Curr Opin
Allergy Clin Immunol. 2008;8(3):270-5.
161. van Zuuren EJ, Terreehorst I, Tupker RA, Hiemstra PS, Akkerdaas JH.
Anaphylaxis after consuming soy products in patients with birch pollinosis.
Allergy. 2010;65(10):1348-9.
162. Kosma P, Sjolander S, Landgren E, Borres MP, Hedlin G. Severe reactions
after the intake of soy drink in birch pollen-allergic children sensitized to Gly m
4. Acta Paediatr. 2011;100(2):305-6.
163. Mittag D, Akkerdaas J, Ballmer-Weber BK, Vogel L, Wensing M, Becker
WM, et al. Ara h 8, a Bet v 1-homologous allergen from peanut, is a major
allergen in patients with combined birch pollen and peanut allergy. J Allergy
Clin Immunol. 2004;114(6):1410-7.
164. Petersen A, Rennert S, Kull S, Becker WM, Notbohm H, Goldmann T, et
al. Roasting and lipid binding provide allergenic and proteolytic stability to the
peanut allergen Ara h 8. Biol Chem. 2014;395(2):239-50.
165. Fukutomi Y, Sjolander S, Nakazawa T, Borres MP, Ishii T, Nakayama S, et
al. Clinical relevance of IgE to recombinant Gly m 4 in the diagnosis of adult
soybean allergy. J Allergy Clin Immunol. 2012;129(3):860-3 e3.
79

166. Flinterman AE, Knol EF, Lencer DA, Bardina L, den Hartog Jager CF, Lin
J, et al. Peanut epitopes for IgE and IgG4 in peanut-sensitized children in relation
to severity of peanut allergy. J Allergy Clin Immunol. 2008;121(3):737-43 e10.
167. Hong X, Caruso D, Kumar R, Liu R, Liu X, Wang G, et al. IgE, but not
IgG4, antibodies to Ara h 2 distinguish peanut allergy from asymptomatic peanut
sensitization. Allergy. 2012;67(12):1538-46.
168. Stapel SO, Asero R, Ballmer-Weber BK, Knol EF, Strobel S, Vieths S, et
al. Testing for IgG4 against foods is not recommended as a diagnostic tool:
EAACI Task Force Report. Allergy. 2008;63(7):793-6.
169. Uermosi C, Beerli RR, Bauer M, Manolova V, Dietmeier K, Buser RB, et
al. Mechanisms of allergen-specific desensitization. J Allergy Clin Immunol.
2010;126(2):375-83.
170. Lichtenstein LM, Holtzman NA, Burnett LS. A quantitative in vitro study
of the chromatographic distribution and immunoglobulin characteristics of
human blocking antibody. Journal of immunology (Baltimore, Md : 1950).
1968;101(2):317-24.
171. Sverremark-Ekstrom E, Hultgren EH, Borres MP, Nilsson C. Peanut
sensitization during the first 5 yr of life is associated with elevated levels of
peanut-specific IgG. Pediatr Allergy Immunol. 2012;23(3):224-9.
172. Platts-Mills T, Vaughan J, Squillace S, Woodfolk J, Sporik R. Sensitisation,
asthma, and a modified Th2 response in children exposed to cat allergen: a
population-based cross-sectional study. Lancet. 2001;357(9258):752-6.
173. Geroldinger-Simic M, Zelniker T, Aberer W, Ebner C, Egger C, Greiderer
A, et al. Birch pollen-related food allergy: clinical aspects and the role of
allergen-specific IgE and IgG4 antibodies. J Allergy Clin Immunol.
2011;127(3):616-22 e1.
174. Mackie A, Knulst A, Le TM, Bures P, Salt L, Mills EN, et al. High fat food
increases gastric residence and thus thresholds for objective symptoms in allergic
patients. Mol Nutr Food Res. 2012;56(11):1708-14.
175. Venter C, Pereira B, Voigt K, Grundy J, Clayton CB, Gant C, et al.
Comparison of open and double-blind placebo-controlled food challenges in
diagnosis of food hypersensitivity amongst children. J Hum Nutr Diet.
2007;20(6):565-79.
80

176. Nopp A, Cardell LO, Johansson S.G.O., Oman H. CD-sens: a biological
measure of immunological changes stimulated by ASIT. Allergy.
2009;64(5):811-4.
177. Saini SS, MacGlashan DW, Jr. Assessing basophil functional measures
during monoclonal anti-IgE therapy. J Immunol Methods. 2012;383(1-2):60-4.
178. Nopp A, Johansson S.G.O., Ankerst J, Bylin G, Cardell LO, Gronneberg R,
et al. Basophil allergen threshold sensitivity: a useful approach to anti-IgE
treatment efficacy evaluation. Allergy. 2006;61(3):298-302.
179. Savage JH, Courneya JP, Sterba PM, Macglashan DW, Saini SS, Wood
RA. Kinetics of mast cell, basophil, and oral food challenge responses in
omalizumab-treated adults with peanut allergy. J Allergy Clin Immunol.
2012;130(5):1123-9.e2.
180. Nopp A, Johansson S.G.O., Ankerst J, Palmqvist M, Oman H. CD-sens and
clinical changes during withdrawal of Xolair after 6 years of treatment. Allergy.
2007;62(10):1175-81.
181. Nopp A, Johansson S.G.O., Adedoyin J, Ankerst J, Palmqvist M, Oman H.
After 6 years with Xolair; a 3-year withdrawal follow-up. Allergy.
2010;65(1):56-60.

81

