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Abstract

A large number of studies investigating various biomarkers for allergy have been

published over the past decades. The aim of this review was to evaluate these

biomarkers on their diagnostic and/or predictive value. To this date, no single

or specific biomarker for allergy has been identified. As allergy is not one disease,

but a collection of a number of allergic conditions, it is more plausible a

combination of clinical history, clinical readouts, and diagnostic markers will be

needed.

Atopic individuals may or may not have symptoms of

allergy, but are genetically predisposed to develop one or

more allergic diseases (i.e., allergic rhinitis, hay fever, asthma,

atopic dermatitis, and food allergies) and have a strong

familial basis. These individuals may produce IgE antibodies

and develop an allergy against otherwise harmless environ-

mental substances. Effective management of allergic diseases

relies on the ability to make an accurate diagnosis. The

diagnosis of allergic disorders is most often made on clinical

history, supported by the results of skin tests and diagnostic

markers, for example, immunoglobulin E (IgE). Up to now,

the best way of diagnosing food allergy is a double-blind

placebo-controlled food challenge. Although skin testing has

advantages of relative sensitivity and specificity, rapid results,

and good tolerability, it is subject to some operator,

observer, and interpretation variability. IgE is also known

to be elevated in non-allergic conditions, and many allergic

patients have IgE levels within the normal range. Very

recently, Schoos et al. (1) discovered that there is a substan-

tial disagreement between skin prick test (SPT) and specific

IgE for diagnosing allergic sensitization in young children,

which increases with age for food sensitization. Therefore,

research efforts are focused on improving diagnostic tests

and on discovery of other allergic biomarkers that have

better predictive, diagnostic, or prognostic value. A systemic

database search was conducted using PubMed and Google

Scholar for studies of serum biomarkers in atopic dermatitis

(AD), asthma and allergic rhinitis, eosinophilic esophagitis

(EoE), and food allergy in children from 0 to 18 years of

age.

Immunoglobulin isotypes, subclasses, and free light

chains

IgE is known for its involvement in type I hypersensitivity

reactions; allergen-specific IgE binds to the receptor FceR on

mast cells and basophils. Re-exposure to the same allergen

results in cross-linking of cell-bound IgE, which evokes a

cascade of reactions. Longitudinal studies have shown that

levels of IgE increase with age from birth, regardless of atopic

status, but the increase in atopic children is faster and they

continue to have high levels in adulthood (2). The observation

of high levels of total IgE in allergic individuals compared to

healthy controls lead to determining a cutoff level of total IgE

for diagnosis of allergy. It was observed that the probability is

very high in predicting allergy when the total IgE level is above

200 kU/l (3). In AD patients, the total IgE was significantly

higher than that of control group (4). Nevertheless, a high total

IgE level alone is of limited value as a marker of allergy as it

does not give any clue to sensitizing allergens in an individual.

Hence, attention was paid more on specific IgE as a biomarker

(5). The presence of specific IgE in serum indicates that the

individual has been exposed to the allergen earlier (sensitized)

and specific IgE against a particular allergen above a level of

0.35 kU/l is considered positive for that allergen (6). It should

be noted that a positive result does not always correlate well

with the clinical features of a person. People with a positive test

for a specific allergen may not necessarily exhibit symptoms

when exposed to that allergen. Although a positive test for

aeroallergens generally correlates well with the clinical expres-

sion, much controversy exists for food allergens (5). Specific
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IgE can be used as a sensitization or predictive marker. Hen’s

egg-specific IgE at the age of 12 months may be a valuable

marker for subsequent allergic sensitization to allergens that

cause asthma, allergic rhinitis, and atopic dermatitis (7). In

children who were hospitalized for wheezing at <2 years of age,

it was found that specific IgE of ≥0.35 kU/l to wheat, egg

white, or inhalant allergens is predictive of later childhood

asthma (8). Molecular-based allergy diagnostics have recently

become available in the clinical practice and offer new

opportunities for improved characterization of the sensitiza-

tion profile by identifying potentially dangerous proteins and

suggesting a more precise prognosis and improvements in the

management of allergy (9). Using molecular-based allergy

diagnostics, prediction of peanut allergy in pediatric patients

was much improved showing Ara h 2 and Ara h 6 were the best

predictors of peanut allergy (10). Tosca et al. (11) studied egg

allergic children and concluded that molecular-based allergy

diagnostic should be performed in children with hen’s egg

allergy, especially with anaphylaxis, for better defining the

sensitization profile and improving the prognosis and manage-

ment of hen’s egg allergic children. An investigation of the

added value of measuring IgE to wheat components in a group

of children with a diagnosed wheat allergy even revealed that

levels of IgE to wheat gluten-derived components correlated

well with wheat challenge outcome and severity and that many

children diagnosed as wheat allergic had outgrown their allergy

and were unnecessarily on a wheat-free diet (12).

Besides IgE, other immunoglobulin isotypes may play a role

in allergic reactions. Immunoglobulin isotypes (IgG, IgA, IgM,

IgD, and IgE) were investigated in serum of children with mild

to moderately severe asthma. Serum levels of IgG, IgD, and

IgE were elevated significantly in patients with asthma com-

pared to controls, while IgA and IgM levels were normal (13).

Humoral responses to food antigens may reflect the tendency

of a child’s immune system to develop tolerance to antigens. In

an allergy prevention trial in high-risk children, it was found

that atopic children had higher ovalbumin (OVA)-IgA, OVA-

IgG, OVA-IgG1, and egg-IgE but lower OVA-IgG4/egg-IgE

ratios than non-atopic children. Therefore, allergy was asso-

ciated with more intense IgA and IgG responses to OVA.

Furthermore, OVA-specific IgA and IgG antibodies may help

in assessing the risk for atopy (14).

Serum and secretory IgA concentrations have been sug-

gested to be inversely associated with allergic symptoms in

children. A cohort of full-term newborns was prospectively

followed up from birth to age 20 years with measurement of

serum total IgA at ages two and six months and re-assessed for

the occurrence of allergic symptoms, with skin prick testing

and measurement of serum IgE. Children with respiratory

allergic symptoms and sensitization had a higher serum IgA

concentration at age two months than non-atopic subjects.

Increased serum IgA concentration at age two months was

associated with the development of subsequent allergic symp-

toms and sensitization in childhood and adolescence (15).

IgD may also have some role in allergic reactions. IgD was

found to bind to basophils and mast cells and activate these

cells to produce antimicrobial factors to participate in respi-

ratory immune defense in humans. Total IgD and IgE were

investigated in atopic subjects, showing that mean serum IgD

and IgE were significantly higher in atopic subjects than that in

normal subjects. However, total serum IgD was not signifi-

cantly correlated with total serum IgE, indicating that

immunoregulatory control of the basal levels of the two

isotypes is not linked (16). Serum IgD and IgE levels were also

measured in children with atopic asthma to determine the

relationship with clinical status. A significant increase in IgD

levels was observed in children at first signs of asthma, and the

following normalization after 18 months may represent a non-

specific response or an attempt of the organism to block

asthma, therefore favoring immunologic tolerance (17). Both

studies were conducted >15 years ago, and recent data on IgD

are therefore lacking.

Allergen-specific IgE antibodies are implicated in allergic

diseases, while allergen-specific IgG antibodies have been

proposed to prevent allergic reactions. In particular, IgG4 has

been hypothesized to act as blocking antibody, capable of

preventing IgE-mediated effector cell triggering. Serum IgE and

serum IgG4were evaluated in a group of asthmatic children that

were skin prick test positive to at least two allergens.A significant

decrease in serum-specific IgE to house dust mite and pollen

allergens was observed; however, no significant variations were

shown by IgG4 and IgG4/IgE ratio. The positive correlation

between specific IgE and specific IgG4 throughout the entire

study suggests a relationship between these classes of

immunoglobulins (18). Another study investigated whether the

immune response (IgG and IgG4) to peanut differs in IgE-

sensitized and non-sensitized young children who were followed

frombirth to 5 years of age. Here was found that peanut-specific

IgG or IgG4 levels were elevated in peanut-sensitized children

especially those avoidingpeanuts. In this study, IgGand IgG4do

not seem to indicate tolerance or protection from sensitization

(19). It is known that egg sensitization, particularly persistent

sensitization, is a risk factor for later asthma. However, little is

known about accompanying IgG and subclass responses and

how they might relate to asthmatic outcome. OVA-IgG and

subclass responses were assessed throughout the first 5 years of

life in relation to duration of egg sensitization and later asthma.

The kinetics of OVA-IgG and OVA-IgG1 responses, but not

OVA-IgG4, differed between egg sensitized and non-egg sensi-

tized children. Only persistently sensitized children had a rise in

OVA-IgG1 concentration through the first year of life, and at

1 year of age, they had significantly higher OVA-IgG and OVA-

IgG1 than either transiently sensitized or non-egg sensitized

children. High OVA-IgG1 was associated with later asthma.

OVA-IgG and subclass responses relate to the duration of egg

sensitization. Measurement of OVA-IgG1 concentration in

infancy might offer a useful adjunct to identify those at an

increased risk of asthma (20).

Immunoglobulin molecules are composed of heavy and light

chains that form whole intact Ig molecules in activated plasma

cells secreting antibodies. Heavy and light chains are assembled

in the endoplasmic reticulum, following a complex and highly

orchestrated process of B-cell development and immunoglob-

ulin synthesis. During these processes, light chains (both kappa

and lambda Ig-fLC) are always produced in slight excess over

heavy chains. Although immunoglobulin free light chains
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(Ig-fLCs) are considered to be spillover products, many studies

showed that an increased concentration of Ig-fLC can be seen

in a number of autoimmune/inflammatory diseases (21–23). In
addition, Ig-fLC might play a role in allergic responses. In

children with severe AD, an increase in Ig-fLC reflected disease

was found without association with total IgE levels. Therefore,

Ig-fLC might represent an additional diagnostic marker

independent of total IgE levels (24). In another study, increased

Ig-fLC levels were associated in infants with AD (25).

Recently, we analyzed allergy markers in 91 children (62 boys

and 29 girls) with EoE and a control group of 45 age-matched

children who had non-EoE gastrointestinal allergic symptoms.

Here, serum Ig-fLC appeared higher in females than in males

during EoE compared to the control group (26). An overview

of the immunoglobulins is depicted in Table S1.

Cytokines

Anti-inflammatory cytokines

In recent years, accumulatingdata inhumanshave identifiedTh2

cytokines (IL-4, IL-5, IL-10, and IL-13) asmajor contributors to

allergy and asthma and have shown to be elevated in allergic

patients (27, 28). IL-4 is a pleiotropic cytokine produced by

activated T cells, mast cells, and basophils. In allergic children,

serum levels of IL-4 were significantly elevated, particularly at

age 13–24 months. The serum levels of IL-4 did not differ in

children with different clinical manifestations of allergy, such as

bronchial asthma and AD (29), although one study in asthmatic

children suggests that serum level of IL-4 may be elevated in

concert with decreased level of IFN-c in asthma (30). IL-5 is

produced by a number of cell types and is responsible for the

maturation and release of eosinophils in the bone marrow. In

humans, IL-5 is a very selective cytokine as a result of the

restricted expression of the IL-5 receptor on eosinophils and

basophils. Eosinophils are a prominent feature in the pulmonary

inflammation that is associatedwith allergic airway diseases (31).

IL-5 has been studied in children with EoE, but no elevated

concentrations were detected (32). IL-10 is a cytokine with

pleiotropic effects in immune regulation and inflammation. It

downregulates the expression of Th1 cytokines, MHC class II

antigens, and costimulatory molecules on macrophages. It also

enhances B-cell survival, proliferation, and antibody produc-

tion. IL-10 can block NF-jB activity and is involved in the

regulation of the JAK–STAT signaling pathway. It was seen that

IL-10 levels in the asthmatic children were significantly lower

than those of the normal controls (33). IL-13 directs many of the

important features of airway inflammation and remodeling in

patients with allergic asthma. Several promising therapies for

asthma that target the IL-13/IL-4/signal transducer and activa-

tor of transcription 6 pathway are in development, including

anti-IL-13 mAbs and IL-4 receptor antagonists (34).

Proinflammatory cytokines

IL-16 is a pleiotropic cytokine that functions as a chemoat-

tractant and as a modulator of T-cell activation. Serum levels

of IL-16 of AD patients were significantly higher than those of

controls and declined significantly after treatment with clinical

improvement. A positive correlation was found between

SCORAD and IL-16 in the acute exacerbation phase (35).

IL-17 is a major cytokine player in T-cell-mediated leukocyte-

associated inflammation. Asthmatic children under the age of

5 years were divided into mild, moderate, or severe asthma.

Serum IL-17 concentrations were significantly higher in

patients with severe asthma than in the other two groups of

children with mild and moderate disease (36). IL-18 is a

cytokine that belongs to the IL-1 superfamily and is able to

induce severe inflammatory reactions, which suggests a role in

inflammatory disorders. In a study in patients with AD, it was

found that the mean serum level of IL-18 in the AD group was

significantly higher than that of controls. IL-18 was also

significantly higher in the sera of the patients with severe AD

than in those with milder disease, with a correlation to IgE

levels and SCORAD (37, 38). IL-18 was also studied in a group

of asthmatic children, and lower levels of serum IL-18 were

found in a group of asthmatic children especially during

exacerbation (39). IL-21 is a member of IL-2 family cytokine

has potent regulatory effects on cells of the immune system,

including natural killer (NK) cells and cytotoxic T cells. A

significantly decreased level of IL-21 was observed in children

suffering with severe AD compared with controls (4). IL-31 is a

novel Th-cell-derived cytokine that plays an important role in

human T-cell-mediated skin diseases. Serum IL-31 levels were

significantly higher whether during AD flare or quiescence than

those in controls. IL-31 levels were significantly higher in the

high disease severity group compared with the moderate or low

severity group. Moreover, serum IL-31 levels correlated

positively with SCORAD (40, 41). IL-33 is a member of the

IL-1 family that potently drives production of Th2-associated

cytokines. IL-33 was investigated in only one study in

asthmatic children, and IL-33 was found to be significantly

higher in the patient group compared to the control (42).

Thymic stromal lymphopoietin (TSLP) is an epithelial cell-

derived cytokine that can potently activate immature CD11c+
myeloid dendritic cells, which subsequently prime CD4 + T

cells to produce allergy-promoting cytokines such as IL-4, IL-

5, IL-13, and TNF-a, but downregulate IL-10 and interferon

(IFN)-c. Polymorphisms in the gene encoding the cytokine

TSLP are associated with the development of multiple allergic

disorders in humans, suggesting that TSLP is a critical

regulator of allergic diseases (43). In children with AD, it

was found that serum TSLP levels were significantly higher

than normal controls but there were no differences in children

with atopic and non-atopic eczema. Besides, serum TSLP levels

in children with AD were not significantly correlated with

disease severity, blood eosinophil counts, and serum total IgE

levels. This suggests that TSLP may play a contributory role in

the pathogenesis of AD regardless of the presence of atopy

(44). B-cell-activating factor (BAFF) is a cytokine that belongs

to the TNF superfamily, best known for its role in the survival

and maturation of B cells. Serum BAFF level in children with

atopic eczema was significantly higher than in non-atopic

eczema children or healthy controls. Serum BAFF level was

significantly correlated with total serum IgE level and total

eosinophil count. It was also positively correlated with serum
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BAFF and egg-specific IgE level in atopic eczema. This

indicates that BAFF level is high in atopic eczema and might

be a useful marker for atopic eczema (45). An overview of the

cytokines is depicted in Table S2.

Chemokines

Chemokines are small, secreted molecules that regulate leuko-

cyte trafficking. The human chemokine system currently

includes more than 50 chemokines and 18 chemokine recep-

tors. Based on the position of the first two of the four

conserved cysteine residues, chemokines are divided into four

subfamilies: CXC, CC, C, and CX3C (46). Chemokines can be

divided into two categories in terms of their physiologic

features, inflammatory and homeostatic. Inflammatory

chemokines are expressed in inflamed tissues on stimulation

by proinflammatory cytokines. These chemokines are special-

ized for the recruitment of effector cells, including monocytes,

granulocytes, and effector T cells. Increased levels of various

chemokines and chemokine receptors have been found in tissue

samples collected from patients with allergic diseases, but the

role of individual chemokines and chemokine receptors in the

pathogenesis of allergic inflammation is not always known

(47). There are 13 inflammatory chemokines known; in this

review, only the chemokines with strong indications of their

involvement in allergic diseases in children are described.

Thymus and activation-regulated chemokine (TARC/

CCL17) is produced by dendritic cells, endothelial cells,

keratinocytes, and fibroblasts. TARC is designated a Th2 type

chemokine as it binds to CC chemokine receptor 4 (CCR4).

TARC is known to be especially involved in skin-related

allergies, and increased levels are found in children with AD

compared to controls. Moreover, TARC levels seem to be

specifically correlated to disease activity (48–54). Little is

known about TARC in other allergies like EoE, food allergy,

or asthma. In our own study of serum TSLP, TARC, and Ig-

fLC, we found that TARC levels did not play a role in EoE;

however, TARC levels were significantly higher in children

with gastrointestinal allergies other than EoE (26). In the

literature, three cases with high TARC levels of gastrointestinal

food allergies in neonates and infants were described (55).

These findings could indicate that serum TARC may be related

to the part of gastrointestinal food allergies in infancy, but

further research will be needed. Therefore, TARC may be a

useful laboratory marker for the diagnosis of AD, especially

cases which are moderate to severe, and for the evaluation of

disease activity of AD.

Cutaneous T-cell-attracting chemokine (CTACK/CCL27) is

a member of the CC chemokine family and a functional ligand

for CCR10. It is selectively expressed in skin and attracts

CCR10-expressing skin-homing memory T cells. The epider-

mal keratinocyte is a main source of CTACK, suggesting the

involvement of various inflammatory skin diseases. In many

studies was found that serum CTACK levels in patients with

AD were significantly higher than those in healthy control

subjects (52–54, 56) and CTACK levels in patients with AD

significantly correlated with severity, soluble IL-2 receptor,

soluble E-selectin, TARC, and macrophage-derived chemokine

(MDC) levels (57). Serum CTACK concentration appears to

be a skin-specific objective marker that correlates with various

clinical and laboratory parameters of AD. No involvement of

CTACK in other allergic disorders was yet reported.

Eotaxins are a CC chemokine subfamily of monocyte

chemotactic proteins, responsible for the recruitment of

eosinophils. In humans, three eotaxins are known: eotaxin-1

(CCL11), eotaxin-2 (CCL24), and eotaxin-3 (CCL26). Elevated

levels of only serum eotaxin-1 were found in children suffering

from food allergy (58).

Mucosa-associated epithelial chemokine (MEC/CCL28) is

considered to regulate the chemotaxis of cells that express the

CCR3 and CCR10. MEC is expressed by columnar epithelial

cells in the gut, lung, breast, and the salivary glands and drives

the mucosal homing of T and B cells that express CCR10, and

the migration of eosinophils expressing CCR3. MEC is highly

upregulated in inflammatory skin diseases such as AD. Serum

MEC levels in AD, whether during flare or quiescence, were

significantly higher than those in healthy children. Serum MEC

levels were not correlated with the serum total IgE values in

AD. MEC might contribute to the pathogenesis of AD,

probably through the selective migration and infiltration of

effector/memory Th2 cells in the skin. MEC may also represent

an objective prognostic marker for disease severity (59).

Macrophage-derived chemokine (MDC/CCL22) is a CC

chemokine and is a selective chemoattractant for CCR4-

expressing cells, in addition to TARC. In two studies in

children with AD, several chemokines were analyzed. Only

MDC and TARC serum levels correlated with SCORAD and

may be a useful inflammatory marker for assessing severity of

AD in infants and young children (60, 61). Both studies date

from 2002/2003, and recent data of MDC in allergic children

are lacking. An overview of the chemokines is depicted in

Table S2.

Markers of mast cell degranulation

Mast cells are the primary effector cells of immediate hyper-

sensitivity reactions in humans. Upon mast cell activation,

both preformed and newly synthesized mediators are secreted.

Preformed mediators are histamine, heparin, chondroitin

sulfate E, and several proteases such as tryptase (a-protryptase
and ß tryptase), chymase, mast cell carboxypeptidase, and

cathepsin G. Newly preformed mediators include leukotriene

C4, prostaglandin D2, and cytokines (tumor necrosis factor-a,
IL-4, 5, 6, and 13). The release of all these mediators can be

used as clinical markers for mast cell activation, where ß-

tryptase levels seem to be the most specific measure of mast cell

activation in biologic samples (62). An overview of the mast

cell degranulation markers is depicted in Table S3.

Markers of eosinophil activation

In addition to mast cells, eosinophils are also important

effector cells in human allergic diseases; they play a significant

role in promoting allergic inflammation through the release of
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proinflammatory mediators, and it is known that circulating

eosinophils are elevated in patients with asthma (63).

Eosinophil cationic protein (ECP) and eosinophil-derived

neurotoxin (EDN) are cytotoxic agents secreted by activated

eosinophils. Pucci et al. (64) found that serum ECP levels in

infants and young children with AD correlate with disease

severity, while other studies did find elevated levels, but no

correlation to disease severity (65, 66). Serum ECP was also

studied in asthma and allergic rhinitis. Patients with asthma

showed higher ECP levels than healthy children and partially

controlled asthmatics had significantly higher levels of ECP

than controlled asthmatics, whereas controlled asthma showed

no differences in ECP versus healthy children. Therefore, ECP

may be helpful in the assessment of asthma control (67). Like

serum ECP in AD, also in asthma, decreased ECP levels were

seen after treatment (68), suggesting ECP is a good marker for

monitoring effectiveness of treatment. In allergic rhinitis,

severity of nasal obstruction was positively correlated with

the duration of rhinitis and the levels of serum ECP in

childhood persistent allergic rhinitis, indicating that disease

severity might be related to chronic inflammatory process (69).

Like ECP, EDN is secreted by activated eosinophils during

allergic and inflammatory processes. It is suggested that EDN

is more useful than ECP in evaluating disease severity. This

may partially due to the recoverability of EDN (not sticky,

100% recovery rate), as ECP is a sticky and more highly

charged protein. In terms of clinical utility, EDN level is a

more accurate biomarker than ECP when analyzing the

underlying pathophysiology of asthma. As a monitoring tool,

EDN has shown good results in children with asthma as well as

other allergic diseases. In children too young to fully partic-

ipate in lung function tests, EDN levels may be useful as an

alternative measurement of eosinophilic inflammation. There-

fore, EDN may be a biomarker for the diagnosis, treatment,

and monitoring of asthma/allergic disease (70). Lee et al. (66)

studied, together with ECP, EDN as a marker for AD. In this

study, unlike ECP, EDN did correlate with disease severity and

a decrease of EDN after treatment was seen. Also in EoE,

serum EDN levels were significantly higher in subjects with

EoE than in controls, although more studies are needed to

assess serum EDN in establishing EoE diagnosis, assessing

response to therapy, and/or monitoring for relapse or quies-

cence (32). An overview of the eosinophil activation markers is

depicted in Table S3.

Soluble immune receptors

Soluble immune receptors have been proposed as biomarkers

in patients with AD, but their clinical applicability in affected

children has rarely been studied. Serum concentrations of

sCD14, sCD23, sCD25, and sCD30 did not significantly

correlate with disease severity in children with AD and were

not differentially expressed in patients of different AD pheno-

types. According to this study, these soluble receptors cannot

be regarded as clinically useful biomarkers for the assessment

of childhood AD (71). However, another study in allergic and

non-allergic children showed that serum level of sCD23 showed

an age-dependent change and was significantly higher in

allergic than in non-allergic infants aged 7–12 months, but

not in other age groups (29). Soluble cytokine receptors can

either act as inhibitors, by competitively inhibiting cytokines

from binding to their membrane-bound receptors, or as

enhancers, by serving as cytokine carriers. Serum levels of

soluble Il-2 receptor (sIL-2R) were examined in children with

allergic disease compared to age-matched controls. The results

showed age-related decreases in the serum levels of sIL-2R and

a significant elevation of sIL-2R was observed in sera from

children with atopic eczema or history of an anaphylactic

reaction to food (72). Both sCD23 and sIL-2R are studies

conducted in the early 90s, and more (recent) data will be

needed. In a population-based birth cohort, the relationship

between Interleukin-5 receptor a-subunit (IL-5Ra) and the

development of allergic phenotypes in childhood was investi-

gated. Increased serum s-IL-5Ra level at age 5 was associated

with atopic sensitization and with subsequent development of

eczema by age 8 (73). An overview of the soluble immune

receptors is depicted in Table S3.

Soluble adhesion molecules

The adhesion of leukocytes and thrombocytes to vascular

endothelium is considered a critical step in the immunologic

and inflammatory processes, leading to their migration from

the vascular compartments into the airway tissues and the

accumulation and expansion of their functions in the target

tissue. Soluble intercellular adhesion molecule-1 (sICAM-1)

was studied in children with mild or moderate asthma before

and three months after inhaled steroids. Significant higher

levels of sICAM-1 (but not vascular cell adhesion molecule-1

(sVCAM-1) or sP-selectin) were found before and after the

treatment, paralleled to clinical improvement. Reduction in the

level of sICAM-1 after the treatment may be related to the

decreased inflammation in response to therapy (74). In another

study in asthmatic children and adults was found that sICAM-

1 (but not sE-selectin) from patients with asthma was signif-

icantly higher than healthy controls. (75). For AD in children

are the results less clear. In one study, it was found that there

was a close correlation between serum ICAM-1 levels and the

disease severity (76), while other studies found a significant

correlation between the objective SCORAD before treatment

and the level of sE-selectin, but not for sICAM-1, sVCAM-1,

or sP-selectin (77, 78). An overview of the soluble adhesion

molecules is depicted in Table S3.

Neurotrophins

Neurotrophins are polypeptides that support growth, differ-

entiation, and survival of neurons in developing and adult

nervous systems. The prototypical neurotrophin is nerve

growth factor (NGF), and this family also includes brain-

derived neurotrophic factor (BDNF), neurotrophin 3 (NTF3),

and neurotrophin 4 (NTF4) (79). It was investigated whether

levels of neurotrophins in serum of asthmatic children were

influenced by the genotype of functional variants within genes
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encoding analyzed neurotrophins and their specific receptors.

Serum levels of four neurotrophins (BDNF, NGF, NTF3, and

NTF4) were analyzed during exacerbation of asthma symp-

toms. NGF serum levels may be influenced by the genotype of

NTRK1 gene individually as well as in the interaction with

NGF functional genetic variant suggesting their involvement in

allergic inflammation in asthma. Serum levels of the other

neurotrophins did not seem to be affected by the variants in the

analyzed genes (79), although serum NTF3 and NTF4 levels

have found to be associated with asthma severity in children

(80). BDNF gene polymorphisms have been associated with

asthma (81) and AD (82). Subjects with moderate and severe

asthma had higher BDNF levels than subjects with mild

asthma and controls (83). BDNF levels in AD were signifi-

cantly correlated with the SCORAD score (84). An overview of

neurotrophins is depicted in Table S3.

Other markers for allergy

Galectins are a family of proteins defined by their binding

specificity for b-galactoside sugars, which can be bound to

proteins by either N-linked or O-linked glycosylation. Increas-

ing evidence shows that galectins are involved in many funda-

mental biologic processes such as cellular communication,

inflammation, differentiation, and apoptosis. Galectin-9 was

first described as an eosinophil chemoattractant. With the

progress in research, galectin-9 has come to be known as a

versatile immunomodulator that is involved in various aspects of

immune regulations, but the exact function still remains elusive

(85).Galectin-9 attenuated asthmatic reaction in guinea pigs and

suppressed passive cutaneous anaphylaxis in mice. These results

indicate the mast cell stabilizing effect of galectin-9. In in vitro

studies of mast cell degranulation was seen that galectin-9

strongly and specifically bound IgE, which is a heavily glyco-

sylated immunoglobulin and that the interaction prevented IgE-

antigen complex formation, clarifying the mode of action of the

antidegranulation effect (86). Galectin-9 levels were measured in

the sera of infants with AD where increased serum galectin-9

levels correlated with reduced acute allergic skin reaction (87).

Human leukocyte antigen-G (HLA-G) is a non-classical

HLA class I molecule and showed an increased expression in

several immunologic diseases, including asthma and allergic

rhinitis (88, 89). Ciprandri et al. (89) describe that children

with allergic rhinitis had significantly higher levels of sHLA-G

molecules than healthy controls. In another study by Ciprandi

et al. (90) was found that sHLA-G was reduced in patients

with allergic rhinitis during sublingual immunotherapy and

sHLA-G could therefore be a marker for response to therapy.

Zheng et al. investigated sHLA-G in combination with IL-10.

Plasma sHLA-G in atopic asthma was dramatically higher

compared with that of the controls. IL-10 levels in the

asthmatic children were significantly lower than that of the

normal controls. These findings indicate that sHLA-G might

be considered as a biomarker for the atopic asthmatic patients

and dramatically increased sHLA-G combined with decreased

IL-10 levels may have implications in the pathogenesis of

atopic asthma (33).

YKL-40, also called human cartilage glycoprotein 39 or

chitinase 3-like-1, is a glycoprotein belonging to the chitinase

family. Serum YKL-40 has been reported to be elevated in a

number of diseases characterized by inflammatory and tissue

remodeling responses. It is known that YKL-40 is involved in

bronchial remodeling by promoting BSM cell proliferation and

migration through a PAR-2-dependent mechanism (91). YKL-

40 levels were significantly higher in asthmatics compared to a

control group. Although Konradsen et al. (92) found in a

study within a pediatric asthma group that YKL-40 levels were

increased in children with severe, therapy-resistant asthma

compared to children with controlled asthma, the usefulness of

YKL-40 as a marker for asthma severity, especially in children,

was later contradicted by Santos et al. (93).

The costimulatory molecule OX40 and its soluble ligand,

sOX40L, are key mediators of allergic airway inflammation,

including eosinophilic airway inflammation, airway hyper-

responsiveness, and Th2 polarization (94). Serum levels of

sOX40L were investigated in asthmatic children. The median

and mean serum sOX40L levels were significantly higher in

asthmatic patients during acute attacks in comparison with

patients in between asthma attacks and in comparison with

controls. sOX40L values were higher among patients who

presented with acute severe asthma exacerbations than in

patients with mild or moderate asthma exacerbations. During

stability, patients with severe persistent asthma had signifi-

cantly higher levels when compared with patients with mod-

erate or mild persistent asthma. Upregulation of sOX40L may

play a critical role in development of childhood atopic asthma

and is in favor of asthma severity (95).

Cutaneous production of antimicrobial peptides (AMPs) is a

primary system for protection, and expression of some AMPs

further increases in response to microbial invasion. So far,

many different peptides with antimicrobial function in the skin

are known but probably best studied are the defensins and

cathelicidin. Cathelicidins are unique AMPs that protect the

skin through two distinct pathways, by direct antimicrobial

activity or initiation of a host response resulting in cytokine

release, inflammation, angiogenesis, and re-epithelialization

(96). Cathelicidin LL-37 dysfunction emerges as a central

factor in the pathogenesis of several cutaneous diseases,

including atopic dermatitis, in which cathelicidin is suppressed.

Serum LL-37 concentrations did not differ between eczema

patients and controls. However, serum LL-37 concentrations

increased with increasing eczema severity among the patients

and can therefore serve as a severity marker for eczema (97).

Osteopontin is an extracellular matrix protein with a wide

range of functions on tissue fibrosis, tumor progression, as well

as immune regulation, and plays a role in T-cell-mediated

immunity. Osteopontin levels have been extensively investi-

gated in adult patients with asthma, but only one study

investigated the role of osteopontin in childhood asthma.

Serum osteopontin levels were significantly higher in the

asthma group when compared to the control group, and in

the >5 years of age asthmatic group, osteopontin levels of the

patients with allergic rhinitis were higher than those of the

patients without allergic rhinitis (98).
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Matrix metalloproteinase-9 (MMP-9) has been shown to

play a role in the infiltration of inflammatory cells in various

tissues. It is part of the pathogenesis of many inflammatory

diseases, including asthma and allergic rhinitis/conjunctivitis.

Mean serum levels of MMP-9 in the children with asthma were

significantly higher than those in the healthy controls. Serum

levels of MMP-9 are associated with the occurrence of

childhood asthma; however, the MMP-9-1562C/T gene poly-

morphism has no correlation with the pathogenesis of child-

hood asthma (99).

Thrombomodulin is a receptor for thrombin on the vascular

endothelium and plays an essential role as a protein cofactor in

thrombin-catalyzed activation of protein C. Plasma thrombo-

modulin levels were measured in patients with AD, and levels

in patients with AD were significantly higher than those of

controls. A significant correlation was observed between

plasma thrombomodulin levels and SCORAD or peripheral

eosinophil counts. There was also a positive correlation

between plasma thrombomodulin and sVCAM-1 levels. These

results suggest that plasma thrombomodulin levels may reflect

a severity of AD and/or endothelial cell activation induced by

an allergic inflammation (100). An overview of other markers

for allergy is depicted in Table S3.

Biomarkers for allergy in other biologic fluid

A few studies have already been carried out in children to

identify allergy markers in less invasive biologic fluids like

urine (64, 101–109) and saliva (110–112). However, for both

urine and saliva, one should be aware that analysis of

biomarkers may run into some issues ranging from the fact

that it does not reflect the source of the biomarker, the

difficulty of adequate result expression, and method and timing

of collection can have an enormous impact on the results. To

investigate promising allergy markers in urine or serum, larger

prospective trials in patients are needed using well-defined

methods and disease characteristics.

Concluding remarks

To this date, no single or specific biomarker for allergy has

been identified. IgE, either total or allergen-specific, has been a

classical marker for allergic sensitization, but it is known that

IgE is not exclusive or specific for allergy, and also non-IgE-

mediated allergies are known. As allergy is not one disease, but

a collection of a number of allergic conditions, it is therefore

not very plausible that one marker would fit all, and therefore,

probably a more holistic approach using a combination of

clinical history, clinical readouts, and diagnostic markers will

be needed. Two of the most reliable and best-studied markers

in AD for disease activity and treatment seem to be TARC and

CTACK, which show a good correlation with the clinical

readout SCORAD. Of all the other markers described in this

review, although some are promising, there are either contra-

dictory results or not enough studies were conducted to

confirm the marker as a reliable biomarker. Therefore, the

search for new and reliable biomarker will continue. The

evolution in biomarker discovery has resulted in an ‘omics’

approach, in which hundreds of biomarkers in the field of

genomics, transcriptomics, proteomics, and metabolomics can

be simultaneously studied, and might be a promising future

approach for identifying new markers (113).

References

1. Schoos AM, Chawes BL, Folsgaard NV,

Samandari N, Bonnelykke K, Bisgaard H.

Disagreement between skin prick test and

specific IgE in young children. Allergy

2015: 70: 41–8.

2. Wittig HJ, Belloit J, De Fillippi I, Royal

G. Age-related serum immunoglobulin E

levels in healthy subjects and in patients

with allergic disease. J Allergy Clin

Immunol 1980: 66: 305–13.

3. Carosso A, Bugiani M, Migliore E, Ant�o

JM, DeMarco R. Reference values of total

serum IgE and their significance in the

diagnosis of allergy in young European

adults. Int Arch Allergy Immunol 2007: 142:

230–8.

4. Lin SC, Chuang YH, Yang YH, Chiang

BL. Decrease in interleukin-21 in children

suffering with severe atopic dermatitis.

Pediatr Allergy Immunol 2011: 22: 869–75.

5. Amarasekera M. Immunoglobulin E in

health and disease. Asia Pac Allergy 2011:

1: 12–5.

6. Johansson SG, Bieber T, Dahl R, 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: 832–6.

7. Nickel R, Kulig M, Forster J, et al.

Sensitization to hen’s egg at the age of

twelve months is predictive for allergic

sensitization to common indoor and

outdoor allergens at the age of three years.

J Allergy Clin Immunol 1997: 99: 613–7.

8. Kotaniemi-Syrjanen A, Reijonen TM,

Romppanen J, Korhonen K, Savolainen

K, Korppi M. Allergen-specific

immunoglobulin E antibodies in wheezing

infants: the risk for asthma in later

childhood. Pediatrics 2003: 111: e255–61.

9. Konradsen JR, Nordlund B, Onell A,

Borres MP, Gronlund H, Hedlin G. Severe

childhood asthma and allergy to furry

animals: refined assessment using

molecular-based allergy diagnostics.

Pediatr Allergy Immunol 2014: 25: 187–92.

10. Agabriel C, Ghazouani O, Birnbaum J,

et al. Ara h 2 and Ara h 6 sensitization

predicts peanut allergy in Mediterranean

pediatric patients. Pediatr Allergy Immunol

2014: 25: 662–7.

11. Tosca MA, Pistorio A, Accogli A, Silvestri

M, Rossi GA, Ciprandi G. Egg allergy: the

relevance of molecular-based allergy

diagnostics. Clin Exp Allergy 2014: 44:

1094–5.

12. Nilsson N, Sjolander S, Baar A, et al.

Wheat allergy in children evaluated with

challenge and IgE antibodies to wheat

components. Pediatr Allergy Immunol

2015: 26: 119–25.

13. Najam FI, Giasuddin AS, Shembesh AH.

Immunoglobulin isotypes in childhood

asthma. Indian J Pediatr 1999: 66: 337–44.

14. Kukkonen AK, Savilahti EM, Haahtela T,

Savilahti E, Kuitunen M. Ovalbumin-

specific immunoglobulins A and G levels at

age 2 years are associated with the

occurrence of atopic disorders. Clin Exp

Allergy 2011: 41: 1414–21.

15. Pesonen M, Kallio MJ, Siimes MA,

Savilahti E, Ranki A. Serum

immunoglobulin A concentration in

infancy, but not human milk

immunoglobulin A, is associated with

subsequent atopic manifestations in

children and adolescents: a 20-year

120 Pediatric Allergy and Immunology 28 (2017) 114–123 ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Serum biomarkers for allergy in children Knipping et al.

 13993038, 2017, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.12649 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



prospective follow-up study. Clin Exp

Allergy 2011: 41: 688–96.

16. Peng Z, Fisher R, Adkinson NF Jr. Total

serum IgD is increased in atopic subjects.

Allergy 1991: 46: 436–44.

17. Salpietro DC, Masaracchio A, Turiaco A,

Di Bella MR, Toscano V, Merlino MV.

Serum IgD levels in children with atopic

asthma. A longitudinal study. Minerva

Pediatr 2001: 53: 1–5.

18. Piacentini GL, Guerresi S, Kantar A, et al.

A comparison between IgE and IgG4 as

markers of allergy in children: an

experimental trial in a model of natural

antigen avoidance. Int J Immunopathol

Pharmacol 2011: 24: 1049–56.

19. 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: 224–9.

20. Vance GH, Thornton CA, Bryant TN,

Warner JA, Warner JO. Ovalbumin-

specific immunoglobulin G and subclass

responses through the first 5 years of life in

relation to duration of egg sensitization

and the development of asthma. Clin Exp

Allergy 2004: 34: 1542–9.

21. Goffette S, Schluep M, Henry H, Duprez

T, Sindic CJ. Detection of oligoclonal free

kappa chains in the absence of oligoclonal

IgG in the CSF of patients with suspected

multiple sclerosis. J Neurol Neurosurg

Psychiatry 2004: 75: 308–10.

22. Kaplan B, Aizenbud BM, Golderman S,

Yaskariev R, Sela BA. Free light chain

monomers in the diagnosis of multiple

sclerosis. J Neuroimmunol 2010: 229: 263–71.

23. van der Heijden M, Kraneveld A,

Redegeld F. Free immunoglobulin light

chains as target in the treatment of chronic

inflammatory diseases. Eur J Pharmacol

2006: 533: 319–26.

24. Kayserova J, Capkova S, Skalicka A, et al.

Serum immunoglobulin free light chains in

severe forms of atopic dermatitis. Scand J

Immunol 2010: 71: 312–6.

25. Schouten B, Van Esch BC, Kormelink

TG, et al. Non-digestible oligosaccharides

reduce immunoglobulin free light-chain

concentrations in infants at risk for

allergy. Pediatr Allergy Immunol 2011: 22:

537–42.

26. Knipping K, Colson D, Soulaines P,

Redegeld F, Garssen J, Dupont C. Serum

immunoglobulin free light chain levels are

higher in girls than boys during

eosinophilic oesophagitis. Acta Paediatr

2014: 103: 766–74.

27. Ngoc PL, Gold DR, Tzianabos AO, Weiss

ST, Celed�on JC. Cytokines, allergy, and

asthma. Curr Opin Allergy Clin Immunol

2005: 5: 161–6.

28. Deo SS, Mistry KJ, Kakade AM,

Niphadkar PV. Role played by Th2 type

cytokines in IgE mediated allergy and

asthma. Lung India 2010: 27: 66–71.

29. Ohshima Y, Katamura K, Miura M,

Mikawa H, Mayumi M. Serum levels of

interleukin 4 and soluble CD23 in children

with allergic disorders. Eur J Pediatr 1995:

154: 723–8.

30. Lama M, Chatterjee M, Nayak CR,

Chaudhuri TK. Increased interleukin-4

and decreased interferon-gamma levels in

serum of children with asthma. Cytokine

2011: 55: 335–8.

31. Greenfeder S, Umland SP, Cuss FM,

Chapman RW, Egan RW. Th2 cytokines

and asthma. The role of interleukin-5 in

allergic eosinophilic disease. Respir Res

2001: 2: 71–9.

32. Subbarao G, Rosenman MB, Ohnuki L,

et al. Exploring potential noninvasive

biomarkers in eosinophilic esophagitis in

children. J Pediatr Gastroenterol Nutr

2011: 53: 651–8.

33. Zheng XQ, Li CC, Xu DP, et al. Analysis

of the plasma soluble human leukocyte

antigen-G and interleukin-10 levels in

childhood atopic asthma. Hum Immunol

2010: 71: 982–7.

34. Ingram JL, Kraft M. IL-13 in asthma and

allergic disease: asthma phenotypes and

targeted therapies. J Allergy Clin Immunol

2012: 130: 829–42.

35. Wu KG, Li TH, Chen CJ, Cheng HI,

Wang TY. Correlations of serum

Interleukin-16, total IgE, eosinophil

cationic protein and total eosinophil counts

with disease activity in children with atopic

dermatitis. Int J Immunopathol Pharmacol

2011: 24: 15–23.

36. Alyasin S, Karimi MH, Amin R, Babaei

M, Darougar S. Interleukin-17 gene

expression and serum levels in children

with severe asthma. Iran J Immunol 2013:

10: 177–85.

37. Hon KL, Leung TF, Ma KC, Wong CK,

Wan H, Lam CW. Serum concentration of

IL-18 correlates with disease extent in

young children with atopic dermatitis.

Pediatr Dermatol 2004: 21: 619–22.

38. Trzeciak M, Glen J, Bandurski T,

Sokolowska-Wojdylo M, Wilkowska A,

Roszkiewicz J. Relationship between serum

levels of interleukin-18, IgE and disease

severity in patients with atopic dermatitis.

Clin Exp Dermatol 2011: 36: 728–32.

39. Hossny EM, El-Sayed SS, El-Hadidi ES,

Moussa SR. Serum interleukin-18

expression in children with bronchial

asthma.WorldAllergyOrganJ2009:2: 63–8.

40. Ezzat MH, Hasan ZE, Shaheen KY.

Serum measurement of interleukin-31 (IL-

31) in paediatric atopic dermatitis: elevated

levels correlate with severity scoring. J Eur

Acad Dermatol Venereol 2011: 25: 334–9.

41. Raap U, Weißmantel S, Gehring M,

Eisenberg AM, Kapp A, F€olster-Holst R.

IL-31 significantly correlates with disease

activity and Th2 cytokine levels in children

with atopic dermatitis. Pediatr Allergy

Immunol 2012: 23: 285–8.

42. Chauhan A, Singh M, Agarwal A, Paul N.

Correlation of TSLP, IL-33, and CD4 +

CD25 + FOXP3 + T regulatory (Treg) in

pediatric asthma. J Asthma 2015: 52: 868–

72.

43. Siracusa MC, Saenz SA, Hill DA, et al.

TSLP promotes interleukin-3-independent

basophil haematopoiesis and type 2

inflammation. Nature 2011: 477: 229–33.

44. Lee EB, Kim KW, Hong JY, Jee HM,

Sohn MH, Kim KE. Increased serum

thymic stromal lymphopoietin in children

with atopic dermatitis. Pediatr Allergy

Immunol 2010: 21: e457–60.

45. Jee HM, Kim KW, Hong JY, Sohn MH,

Kim KE. Increased serum B cell-activating

factor level in children with atopic

dermatitis. Clin Exp Dermatol 2010: 35:

593–8.

46. Zlotnik A, Yoshie O. Chemokines: a new

classification system and their role in

immunity. Immunity 2000: 12: 121–7.

47. HogenEsch H. Chemokines in allergic

inflammation: human disease and animal

models. Curr Med Chem Anti Inflamm Anti

Allergy Agents 2004: 3: 351–61.

48. Sandoval-Lopez G, Teran LM. TARC:

novel mediator of allergic inflammation.

Clin Exp Allergy 2001: 31: 1809–12.

49. Saeki H, Tamaki K. Thymus and

activation regulated chemokine (TARC)/

CCL17 and skin diseases. J Dermatol Sci

2006: 43: 75–84.

50. Fujisawa T, Nagao M, Hiraguchi Y, et al.

Serum measurement of thymus and

activation-regulated chemokine/CCL17 in

children with atopic dermatitis: elevated

normal levels in infancy and age-specific

analysis in atopic dermatitis. Pediatr

Allergy Immunol 2009: 20: 633–41.

51. Furue M, Matsumoto T, Yamamoto T,

et al. Correlation between serum thymus

and activation-regulated chemokine levels

and stratum corneum barrier function in

healthy individuals and patients with mild

atopic dermatitis. J Dermatol Sci 2012: 66:

60–3.

52. Hijnen D, De Bruin-Weller M, Oosting B,

et al. Serum thymus and activation-

regulated chemokine (TARC) and

cutaneous T cell- attracting chemokine

(CTACK) levels in allergic diseases: TARC

and CTACK are disease-specific markers

for atopic dermatitis. J Allergy Clin

Immunol 2004: 113: 334–40.

Pediatric Allergy and Immunology 28 (2017) 114–123 ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 121

Knipping et al. Serum biomarkers for allergy in children

 13993038, 2017, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.12649 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



53. Song TW, Sohn MH, Kim ES, Kim KW,

Kim KE. Increased serum thymus and

activation-regulated chemokine and

cutaneous T cell-attracting chemokine

levels in children with atopic dermatitis.

Clin Exp Allergy 2006: 36: 346–51.

54. Machura E, Rusek-Zychma M,

Jachimowicz M, Wrzask M, Mazur B,

Kasperska-Zajac A. Serum TARC and

CTACK concentrations in children with

atopic dermatitis, allergic asthma, and

urticaria. Pediatr Allergy Immunol 2011:

23: 278–84.

55. Oba K, Obana N, Hayashi K, et al. Three

cases with high TARC levels of

gastrointestinal food allergies in neonates

and infants. Arerugi 2012: 61: 970–5.

56. Hon KL, Leung TF, Ma KC, Li AM,

Wong Y, Fok TF. Serum levels of

cutaneous T-cell attracting chemokine

(CTACK) as a laboratory marker of the

severity of atopic dermatitis in children.

Clin Exp Dermatol 2004: 29: 293–6.

57. Kakinuma T, Saeki H, Tsunemi Y, et al.

Increased serum cutaneous T cell-

attracting chemokine (CCL27) levels in

patients with atopic dermatitis and

psoriasis vulgaris. J Allergy Clin Immunol

2003: 111: 592–7.

58. Matsuura H, Ishiguro A, Abe H, et al.

Elevation of plasma eotaxin levels in

children with food allergy. Nihon Rinsho

Meneki Gakkai Kaishi 2009: 32: 180–5.

59. Ezzat MH, Sallam MA, Shaheen KY.

Serum mucosa-associated epithelial

chemokine (MEC/CCL28) in atopic

dermatitis: a specific marker for severity.

Int J Dermatol 2009: 48: 822–9.

60. Leung TF, Ma KC, Hon KL, et al. Serum

concentration of macrophage-derived

chemokine may be a useful inflammatory

marker for assessing severity of atopic

dermatitis in infants and young children.

Pediatr Allergy Immunol 2003: 14: 296–

301.

61. Fujisawa T, Fujisawa R, Kato Y, et al.

Presence of high contents of thymus and

activation-regulated chemokine in platelets

and elevated plasma levels of thymus and

activation-regulated chemokine and

macrophage-derived chemokine in patients

with atopic dermatitis. J Allergy Clin

Immunol 2002: 110: 139–46.

62. Hogan AD, Schwartz LB. Markers of mast

cell degranulation.Methods 1997: 13: 43–52.

63. Bochner BS. Systemic activation of

basophils and eosinophils: markers and

consequences. J Allergy Clin Immunol

2000: 106: S292–302.

64. Pucci N, Lombardi E, Novembre E, et al.

Urinary eosinophil protein X and serum

eosinophil cationic protein in infants and

young children with atopic dermatitis:

correlation with disease activity. J Allergy

Clin Immunol 2000: 105: 353–7.

65. Murat-Susic S, Lipozencic J, Zizic V,

Husar K, Marinovic B. Serum eosinophil

cationic protein in children with atopic

dermatitis. Int J Dermatol 2006: 45: 1156–

60.

66. Lee KY, Cho KJ, Kim YT, Kim JT. Serum

eosinophil-derived neurotoxin in childhood

atopic dermatitis: a useful marker of

disease activity? Ann Allergy Asthma

Immunol 2009: 102: 532–4.

67. Zedan M, Settin A, El-Chennawi F, El-

Desouky T, Nasef N, Fouda A.

Eosinophilic cationic protein: is it useful in

assessing control of childhood asthma?

East Mediterr Health J 2010: 16: 1045–9.

68. Sj€osw€ard KN, Uppugunduri S, Schmekel

B. Decreased serum levels of P-selectin and

eosinophil cationic protein in patients with

mild asthma after inhaled salbutamol.

Respiration 2004: 71: 241–5.

69. Zhu XJ, Lu MP, Chen RX, et al.

Correlation of serum eosinophil cationic

protein with the severity of allergic rhinitis

in childhood. Zhonghua Er Bi Yan Hou

Tou Jing Wai Ke Za Zhi 2012: 47: 628–32.

70. Kim CK. Eosinophil-derived neurotoxin: a

novel biomarker for diagnosis and

monitoring of asthma. Korean J Pediatr

2013: 56: 8–12.

71. Ott H, Wilke J, Baron JM, Hoger PH,

Folster-Holst R. Soluble immune receptor

serum levels are associated with age, but

not with clinical phenotype or disease

severity in childhood atopic dermatitis. J

Eur Acad Dermatol Venereol 2009: 24: 395–

402.

72. Matsumoto T, Miike T, Yamaguchi K,

Murakami M, Kawabe T, Yodoi J. Serum

levels of soluble IL-2 receptor, IL-4 and IgE-

binding factors in childhood allergic diseases.

Clin Exp Immunol 1991: 85: 288–92.

73. Semic-Jusufagic A, Gevaert P, Bachert C,

Murray C, Simpson A, Custovic A.

Increased serum-soluble interleukin-5

receptor alpha level precedes the

development of eczema in children. Pediatr

Allergy Immunol 2010: 21: 1052–8.

74. Kose S, Karaman O, Islekel H, et al.

Circulating adhesion molecules in sera of

asthmatic children before and after steroid

therapy. Allergy Asthma Proc 2007: 28:

199–203.

75. Bijanzadeh M, Ramachandra NB, Mahesh

PA, et al. Soluble intercellular adhesion

molecule-1 and E-selectin in patients with

asthma exacerbation. Lung 2009: 187: 315–

20.

76. Kojima T, Ono A, Aoki T, Kameda-

Hayashi N, Kobayashi Y. Circulating

ICAM-1 levels in children with atopic

dermatitis. Ann Allergy 1994: 73: 351–5.

77. Wolkerstorfer A, Savelkoul HF, de Waard

van der Spek FB, Neijens HJ, van Meurs

T, Oranje AP. Soluble E-selectin and

soluble ICAM-1 levels as markers of the

activity of atopic dermatitis in children.

Pediatr Allergy Immunol 2003: 14: 302–6.

78. Wolkerstorfer A, Laan MP, Savelkoul HF,

et al. Soluble E-selectin, other markers of

inflammation and disease severity in

children with atopic dermatitis. Br J

Dermatol 1998: 138: 431–5.

79. Szczepankiewicz A, Rachel M, Sobkowiak

P, et al. Neurotrophin serum

concentrations and polymorphisms of

neurotrophins and their receptors in

children with asthma. Respir Med 2013:

107: 30–6.

80. Szczepankiewicz A, Rachel M, Sobkowiak

P, et al. Serum neurotrophin-3 and

neurotrophin-4 levels are associated with

asthma severity in children. Eur Respir J

2012: 39: 1035–7.

81. Szczepankiewicz A, Brezborowicz A,

Sobkowiak P, Popiel A. Association of

BDNF gene polymorphism with asthma in

polish children. World Allergy Organ J

2010: 3: 235–8.

82. Ma L, Gao XH, Zhao LP, et al. Brain-

derived neurotrophic factor gene

polymorphisms and serum levels in

Chinese atopic dermatitis patients. J Eur

Acad Dermatol Venereol 2009: 23: 1277–81.

83. Muller GC, Pitrez PM, Teixeira AL, et al.

Plasma brain-derived neurotrophic factor

levels are associated with clinical severity in

school age children with asthma. Clin Exp

Allergy 2010: 40: 1755–9.

84. Hon KL, Lam MC, Wong KY, Leung TF,

Ng PC. Pathophysiology of nocturnal

scratching in childhood atopic dermatitis:

the role of brain-derived neurotrophic

factor and substance P. Br J Dermatol

2007: 157: 922–5.

85. Liu FT, Yang RY, Hsu DK. Galectins in

acute and chronic inflammation. Ann N Y

Acad Sci 2012: 1253: 80–91.

86. Niki T, Tsutsui S, Hirose S, et al. Galectin-

9 is a high affinity IgE-binding lectin with

anti-allergic effect by blocking IgE-antigen

complex formation. J Biol Chem 2009: 284:

32344–52.

87. de Kivit S, Saeland E, Kraneveld AD,

et al. Galectin-9 induced by dietary

synbiotics is involved in suppression of

allergic symptoms in mice and humans.

Allergy 2012: 67: 343–52.

88. White SR. Human leucocyte antigen-G:

expression and function in airway allergic

disease. Clin Exp Allergy 2012: 42: 208–17.

89. Ciprandi G, De Amici M, Caimmi S, et al.

Soluble serum HLA-G in children with

allergic rhinitis and asthma. J Biol Regul

Homeost Agents 2010: 24: 221–4.

122 Pediatric Allergy and Immunology 28 (2017) 114–123 ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Serum biomarkers for allergy in children Knipping et al.

 13993038, 2017, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.12649 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



90. Ciprandi G, Contini P, Pistorio A,

Murdaca G, Puppo F. Sublingual

immunotherapy reduces soluble HLA-G

and HLA-A,-B,-C serum levels in patients

with allergic rhinitis. Int Immunopharmacol

2009: 9: 253–7.

91. Bara I, Ozier A, Girodet PO, et al. Role of

YKL-40 in bronchial smooth muscle

remodeling in asthma. Am J Respir Crit

Care Med 2012: 185: 715–22.

92. Konradsen JR, James A, Nordlund B, et al.

The chitinase-like protein YKL-40: a

possible biomarker of inflammation and

airway remodeling in severe pediatric

asthma. J Allergy Clin Immunol 2013: 132:

328–35.e5.

93. Santos CB, Davidson J, Covar RA, Spahn

JD. The chitinase-like protein YKL-40 is

not a useful biomarker for severe persistent

asthma in children. Ann Allergy Asthma

Immunol 2014: 113: 263–6.

94. Arestides RS, He H, Westlake RM, et al.

Costimulatory molecule OX40L is critical

for both Th1 and Th2 responses in allergic

inflammation. Eur J Immunol 2002: 32:

2874–80.

95. Ezzat MH, Imam SS, Shaheen KY,

Elbrhami EM. Serum OX40 ligand levels in

asthmatic children: a potential biomarker

of severity and persistence. Allergy 2011:

32: 313–8.

96. Roider E,RuzickaT, Schauber J.Vitamind,

the cutaneous barrier, antimicrobial

peptides and allergies: is there a link?Allergy

Asthma Immunol Res 2013: 5: 119–28.

97. Leung T, Ching K, Kong A, Wong G,

Chan J, Hon K. Circulating LL-37 is a

biomarker for eczema severity in children.

J Eur Acad Dermatol Venereol 2011: 26:

518–22.

98. Akelma AZ, Cizmeci MN, Kanburoglu

MK, et al. Elevated level of serum

osteopontin in school-age children with

asthma. Allergol Immunopathol 2013: 42:

275–81.

99. Hong Z, Lin YM, Qin X, Peng JL. Serum

MMP-9 is elevated in children with

asthma. Mol Med Rep 2012: 5: 462–4.

100. Yoshijima S,Kojima T, SasaiM,Hattori K,

Taniuchi S, Kobayashi Y. Plasma

thrombomodulin levels in children with

atopic dermatitis. Acta Paediatr 2001: 90:

130–2.

101. Oymar K, Aksnes L. Urinary

9alpha,11beta-prostaglandin F(2) in

children with atopic eczema/dermatitis

syndrome: an indicator of mast cell

activation? Acta Derm Venereol 2004: 84:

359–62.

102. Di ZH, Lv YN, Zhang L, et al. Urinary

aquaporin-2 is elevated in infant atopic

dermatitis.Br JDermatol 2010: 163: 1132–4.

103. Devenney I, Norrman G, Forslund T,

Falth-Magnusson K, Sundqvist T. Urinary

nitric oxide excretion in infants with eczema.

Pediatr Allergy Immunol 2009: 21: 229–34.

104. Chawes BL, Bonnelykke K, Bisgaard H.

Elevated eosinophil protein X in urine

from healthy neonates precedes

development of atopy in the first 6 years of

life. Am J Respir Crit Care Med 2011: 184:

656–61.

105. Uzoigwe J, Sauter E. Urinary eosinophil

protein X: a novel inflammatory biomarker

that identifies children at risk of developing

atopic disease. Biomark Med 2011: 5: 654.

106. Wedes SH, Wu W, Comhair SA, et al.

Urinary bromotyrosine measures asthma

control and predicts asthma exacerbations

in children. J Pediatr 2011: 159: 248–55.e1.

107. Rabinovitch N. Urinary leukotriene E4 as

a biomarker of exposure, susceptibility and

risk in asthma. Immunol Allergy Clin North

Am 2012: 32: 433–45.

108. Marmarinos A, Saxoni-Papageorgio P,

Cassimos D, et al. Urinary Leukotriene E4

levels in atopic and non-atopic preschool

children with recurrent episodic(viral)

wheezing: a potential marker? J Asthma

2015: 52: 554–9.

109. Bertelsen RJ, Carlsen KC, Calafat AM,

et al. Urinary biomarkers for phthalates

associated with asthma in Norwegian

children. Environ Health Perspect 2013:

121: 251–6.

110. Miranda DO, Silva DA, Fernandes JF,

et al. Serum and salivary IgE, IgA, and

IgG4 antibodies to Dermatophagoides

pteronyssinus and its major allergens, Der

p1 and Der p2, in allergic and nonallergic

children. Clin Dev Immunol 2011: 2011:

302739.

111. Stenius F, Borres M, Bottai M, et al.

Salivary cortisol levels and allergy in

children: the ALADDIN birth cohort. J

Allergy Clin Immunol 2011: 128: 1335–9.

112. Little FF, Delgado DM, Wexler PJ, et al.

Salivary inflammatory mediator profiling

and correlation to clinical disease markers

in asthma. PLoS ONE 2014: 9: e84449.

113. Kussmann M, Raymond F, Affolter M.

OMICS-driven biomarker discovery in

nutrition and health. J Biotechnol 2006:

124: 758–87.

Supporting Information

Additional Supporting Information may be found in the online version of

this article:

Table S1. Summary of immunoglobulin isotypes, subclasses, and free light

chains as biomarkers for allergy.

Table S2. Summary of cytokines and chemokines as biomarkers for allergy.

Table S3. Summary of other biomarkers for allergy.

Pediatric Allergy and Immunology 28 (2017) 114–123 ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 123

Knipping et al. Serum biomarkers for allergy in children

 13993038, 2017, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.12649 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


