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Abstract

Background: Allergen-specific immunotherapy (IT) is widely used to treat allergic

diseases. The molecular mechanisms have not been clarified yet completely. The

present work was undertaken to analyze the effect of IT in the activation of NF-jB.
Methods: Neutrophils from 15 pollen-allergic IT-treated patients, 10 untreated pollen-

allergic patients, and 10 healthy donors were in vitro stimulated with LPS. NF-jB
activation (p65/p52) was measured in their nuclear extracts by enzyme-linked

immunosorbent assay (ELISA). IjBa phosphorylation, NF-jB-repressing factor

(NRF) activation, and thromboxane A2 (TXA2) and Interleukin-8 (IL-8) release were

measured by ELISA.

Results: There was a positive correlation between the score of symptoms and NF-jB
activation in human neutrophils. IT significantly decreased NF-jB activation levels in

neutrophils compared with neutrophils from untreated patients. IjBa phosphoryla-

tion and NRF activation levels were, respectively, significantly lower and higher in

neutrophils from IT-treated patients than from untreated patients. IL-8 and TXA2

release were significantly lower in neutrophils from IT-treated patients than from

untreated patients.

Conclusions: IT positive effects are at least in part mediated by the negative regulation

of NF-jB activation in human neutrophils. These observations represent a novel view

of neutrophils as possible cell target to treat IgE-dependent diseases through NF-jB
downmodulation.

There are three defined types of IgE receptors, all previously

described in neutrophils (FceRI, FceRII/CD23 and galectin-3)

(1–3) and reviewed in (4).We have previously shown that

neutrophils isolated from patients with allergies produce a

functional response to those allergens (Ags) that produce

clinical symptoms. For example, in neutrophils, Ags induce the

release of myeloperoxidase, IL-8, elastase, alpha defensins, the

downmodulation of L-selectin, and the respiratory burst and

intracellular increase in Ca2+ levels (5, 6) and reviewed in (4).

In addition, they induce the activation of important inflam-

matory transcription factors, such as nuclear factor jB (NF-

jB) and nuclear factor of activated T cells (NFAT) (6, 7), and

the expression of allergic inflammatory mediators, such as

cyclooxygenase-2, eosinophil cationic protein (ECP) (4, 8), and

histamine (9). There is increasing evidence of the participation

of neutrophils in allergic processes in general, and in asthma in

particular (10–14), and reviewed in (4).

Allergen-specific immunotherapy (IT) is effective to treat

allergic diseases (15, 16). This form of allergen desensitization

results in reduced symptoms upon exposure to the allergen

(17), and it is particularly effective in seasonal pollinosis (18,

19). In children, it prevents new sensitizations (20) and the

progression from rhinitis to asthma (21). However, IT down-

modulates the immune response by mechanisms that are not

yet fully understood.

The transcription factor nuclear factor-jB (NF-jB) has

pivotal roles in inflammatory disorders (22). There are several

NF-jB family members: NF-jB1 (also called p50), NF-jB2

(p52), RelA (p65), c-Rel, and RelB. NF-jB resides in the

cytoplasm in an inactive form and upon activation, translo-

cates to the nucleus regulating the expression of genes such as

TNF-a, IL-1b, IL-6, IL-8, and cyclooxygenase 2 (COX-2) (22).

RelA/p65 and NF-jB2/p52 are involved, respectively, in the

classical and alternative NF-jB activation pathways. Both
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pathways share some functions but also have distinct regula-

tory roles (23). In the cytoplasm, NF-jB is trapped in an

inactive complex by IjB, which upon cell activation is

phosphorylated, polyubiquitinated, and degraded at the pro-

teasome, leading to the NF-jB translocation to the nucleus

where it activates transcription. The best-characterized NF-jB
inhibitor is IjBa, which binds avidly to RelA/p65 (22).

However, it has been described as an IjB-independent repres-
sion mechanism of NF-jB (24). NF-jB-repressing factor

(NRF) is a nuclear transcription factor that binds to a specific

DNA sequence in NF-jB target promoters, interfering with

NF-jB transcriptional activity (24). The NRF-mediated silenc-

ing might be a general nuclear repression mechanism in NF-jB
activation (25).

The persistence of airway inflammation in asthma is likely to

be due to the sustained transcription and production of

inflammatory mediators. NF-jB plays an important role in

the airway inflammation, increasing the expression of key

inflammatory mediators through activation of their transcrip-

tion (26). IL-8 and COX-2 are two key inflammatory mediators

in asthma (27, 28). We have previously found that LPS induce

the activation of NF-jB and the production of IL-8 and TXA2

(a COX-2 product) dependent on NF-jB in human neutrophils

from allergic patients (6, 29).

The present work was undertaken to analyze the effect of IT

on the activation of NF-jB pathway and IL-8/ TXA2

production by neutrophils from allergic patients with seasonal

asthma.

Material and methods

Reagents

LPS was purchased from Sigma-Aldrich Co (L2630). Ficoll–
Hypaque, phosphate-buffered saline, RPMI 1640, fetal bovine

serum, and penicillin/streptomycin were purchased from Bio-

Whittaker. All culture reagents used in this work (including

allergens) had endotoxin levels of ≤0.01 ng/ml, as verified by the

Coatest Limulus lysate assay (Chromogenix, M€olndal, Sweden).

Patients and controls

Three groups of Caucasian spanish children (aged 16–18 yr)

were examined and compared (summarized in Table 1):

IT-treated atopic patients with G3 (Dactylis glomerata) sea-

sonal allergic asthma (n = 15), non-IT-treated atopic patients

with G3 (D. glomerata) seasonal allergic asthma (n = 10), and

healthy non-atopic volunteer controls (n = 10) (30). The atopic

patients with intermittent bronchial asthma were included in

their respective groups (with or without IT) randomly. Inter-

mittent bronchial asthma was diagnosed on the basis of criteria

previously described in detail (31). All subjects were lifelong

non-smokers. The patients with G3 seasonal allergic asthma

had positive skin-prick test (SPT) (Diater Laboratorios,

Madrid. Spain) and serum-specific IgE (HYTEC 288; Hycor

Biomedical-IZASA, Barcelona, Spain) to G3. The sensitivity of

the assay was of 0.24 ng/ml to G3. The non-IT-asthmatic

group (n = 10) received no specific hyposensitization. The

IT-asthmatic group (n = 15) had been immunotherapy-treated

with D. glomerata extract (Diater Laboratorios) for the previ-

ous 3 yrs and continued to receive a maintenance dose within

the highest dose of the extract. The patients were not allowed

to take any bronchodilators within 8 h before challenge of

neutrophils in vitro. Oral bronchodilators and inhaled bron-

chial steroids were withheld for 24 h, and none of the subjects

had taken oral corticosteroids, disodium cromoglycate, or

nedocromil sodium in the previous week. The healthy group

had no history of allergy or bronchial symptoms and were

negative for the skin-prick and specific IgE tests to a battery of

inhalant antigens (house-dust mites, pollens, molds, and

animal danders). None of the studied subjects had experienced

respiratory-tract infections in the 4 wks before blood sampling.

The Hospital Universitario Virgen Macarena ethics committee

approved the study.

Symptom diary cards

All patients recorded daily chest symptoms (breathlessness,

wheeze, chest tightness, and cough) scores during the pollen

season on a scale ranging from 0 to 3 (0 = none; 1 = slight, the

symptom is clearly present but is not troublesome; 2 = mod-

erate, the symptom is present, it is troublesome, but is not

disabling or insufferable; and 3 = severe, the symptom is

severe, disabling, and/or insufferable).

Neutrophils isolation and culture

Whole blood (30 ml) was collected by venipuncture into

heparized tubes. Highly purified human neutrophils were

isolated exactly as previously described (7), which is a

modification of an earlier method (32). Briefly, after isolation,

neutrophil preparations were further purified, depleting CD9+

cells (eosinophils), CD203c+ cells (basophils), and CD14+

cells (monocytes) using a magnetic cell-sorting system (MACS)

by four rounds of incubation with mouse anti-human CD9,

anti-human CD203c, and anti-human CD14 Abs, and then

with anti-mouse IgG micromagnetic beads. The purity of the

neutrophil preparations was determined as previously

described (32). This purification method reduced contaminat-

ing eosinophils to 0.001–0.004% of the final cell population.

The purity of neutrophils was on average >99%. Monocytes,

Table 1 Demographic characteristics of the study groups

Parameter

Controls

(n = 10)

Non-IT treated

patients

(n = 10)

IT-treated

patients

(n = 15)

Age* 17.3 � 0.82 17.3 � 0.82 17.1 � 0.83

Gender

(male/female)

5/5 4/6 8/7

IgE (KU/l)* 9.5 � 5.1 141.2 � 58.7 124 � 42

Caucasian (%) 100 100 100

Score of

symptoms*

0 73 � 16.7 30.3 � 6.8

*Mean � SD.
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basophils and lymphocytes were not detected in the neutrophil

preparations as previously showed (7). Neutrophils were

cultured at a density of 5 x 106 cells/ml with LPS 1 lg/ml for

4 h in RPMI 1640 medium supplemented with 10% heat-

inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml

penicillin, and 100 lg/ml streptomycin and maintained at 37°C
in an atmosphere of 95%O2 and 5%CO2. The dose of LPS was

chosen based on a previous study from our laboratory (6, 7)

and on pilot experiments. None of the reagents affected the

viability of the cells at the concentrations used in this work, as

confirmed by the trypan blue dye exclusion test.

Measurement of DNA-binding activity of NF-jB, NRF nuclear

localization, and IjBa phosphorylation

Nuclear and cytosolic protein extracts of LPS-stimulated

neutrophils were prepared as previously described (7). Neu-

trophils were stimulated with LPS (1 lg/ml) for 4 h to quantify

p65/p52 activation (29, 33), IjBa phosphorylation (29, 33), and

NFR nuclear translocation (24). NF-jB (p65 and p52) nuclear

activation and the cytosolic active phosphorylated form of

IjB-a were quantified, respectively, using a Trans-AM Tran-

scription Factor Assay Kit and a Functional IjB-a ELISA kit

(Active Motif North America, Carlsbad, CA, USA) according

to the manufacturer’s instructions. All the experiments were

performed in triplicate and expressed as arbitrary units.

Nuclear NRF quantification was performed using the NRF

ELISA kit (Uscn Life Science Inc., Atlanta, GA, USA)

according to the manufacturer’s protocol. All the experiments

were performed in triplicate and expressed as ng/ml.

Measurement of TXA2 and IL-8 release

The concentrations of the released IL-8 and thromboxane A2

(TXA2) were measured in the culture supernatants using,

respectively, the IL-8 ELISA kit (Bender MedSystems, Vienna,

Austria) and the TXB2 enzyme immunoassay kit (Cayman

Chemical, Ann Arbor, MI, USA), according to the manufac-

turer’s protocol, as previously described (6, 29). As TXA2 has a

short half-life (37s), it is rapidly hydrolyzed non-enzymatically

to its stable derivative TXB2. TXA2 was measured indirectly by

measuring free TXB2 (29).

Statistics

All statistical analyses were performed using GraphPad Prism,

version 4.00 forWindows (GraphPad Software, SanDiego, CA,

USA).Normality distributionwas first examined using Shapiro–
Wilk normality test before analysis of statistical significance. The

data are expressed as the mean � s.e.m. A one-way ANOVA test

was used, and statistical significance was defined at p < 0.05.

Regression analysis was performed using Pearson rank correla-

tion coefficients. A p-value <0.05 was considered significant.

Results

Previous work has shown that expression of p65 in peripheral

blood mononuclear cells (MNCs) correlates with the severity of

asthma (34). This prompted us to analyze whether p65 and p52

activation levels in neutrophils are correlated with the level of

symptoms in asthmatic patients in season. As shown in Fig. 1,

in LPS-stimulated neutrophils from allergic asthmatic patients

(n = 10), the nuclear localization and DNA-binding activity of

p65 and p52 were correlated with the severity of asthma

symptoms (p = 0.001, p = 0.003).

Previous work has also shown that Dermatophagoides

pteronyssinus-IT prevents NF-jB nuclear translocation in

CD4+ CD25Hi+ TReg cells and TReg-depleted PBMCs (35). In

agreement with this report, LPS-stimulated neutrophils from

non-IT-treated patient showed significantly (p < 0.001) higher

amount of p65 and p52 localized into the nucleus in an active

manner than in neutrophils from IT-treated patients (Fig. 2a,b).

As also shown in Fig. 2, the activation of NF-jB is signifi-

cantly higher in neutrophils from allergic patients during
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Figure 1 p65 and p52 activation levels are correlated with the

severity of asthma. Neutrophils from allergic asthmatic patients

sensitized to G3 (Dactylis glomerata) (n = 10) (107 cells) were

stimulated with LPS 1 lg/ml for 4 h. Nuclear protein extracts were

extracted, and the levels of p65 (a) and p52 (b) were analyzed as

described in materials and methods. All the experiments were

expressed as arbitrary units (a.u.). Regression analysis was

performed using Pearson rank correlation coefficients. A p-value

<0.05 was considered significant.

ª 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 3

Ventura et al. IT decreases NF-jB responsiveness by human neutrophils



season than those from allergic patients before season and

healthy donors, before and during season. There are no

significant differences between the levels of NF-jB in neu-

trophils from healthy donors before and during season, allergic

patients before season, and IT-treated patients before and

during season. In concordance with these results, the amount

of cytosolic phosphorylated IjBa were significantly decreased

(p < 0.001) in LPS-stimulated neutrophils from IT-treated

patients compared with neutrophils from non-IT-treated

patients (Fig. 3a). In addition, LPS-stimulated neutrophils

from IT-treated patient had higher nuclear levels of NRF

than neutrophils from non-IT-treated patients (p < 0.001)

(Fig. 3b).

IL-8 and TXA2 are two important inflammatory media-

tors that we have previously found to be produced by

neutrophils from allergic patients in response to LPS by

a NF-jB-dependent mechanism (6, 29). In concordance

with the previous results, IT decreases the release of these

two mediators (IL-8, p < 0.001; TXA2, p < 0.001) by

LPS-stimulated neutrophils from allergic asthmatic patients

(Fig. 4a,b).

Discussion

We have previously shown that neutrophils isolated from

patients with allergies produce a functional response to those

allergens that produce clinical symptoms (4–9, 29) and

reviewed in (4). There is increasing evidence of the participa-

tion of neutrophils in allergic processes in general, and in

asthma in particular. Grass pollen immunotherapy has been

shown to be highly effective treating hay fever, even in patients

that did not respond to conventional pharmacotherapy

(19, 36–38), and it may confer long-term benefit for at least

3 yrs after discontinuation (16).

The molecular mechanisms regulated by IT are not com-

pletely understood. It has been described a decrease in the

number of effector cells, including mast cells, basophils, and

eosinophils, at the inflammation focus in IT-treated patients

together with a decrease in T-cell responsiveness to allergens.

IT also modifies the balance TH2/TH1 toward TH1 differenti-

ation and results in a new population of circulating T cells �
IL-10+CD4+CD25+ � after allergen restimulation (18,

37, 38).
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Figure 2 Allergen-specific immuno-

therapy downmodulates p65 and

p52 activation levels. Neutrophils

from IT-treated allergic asthmatic

patients (n = 15) and non-IT-treated

allergic asthmatic patients sensi-

tized to G3 (D. glomerata) (n = 10)

(107 cells) were stimulated with LPS

1 lg/ml for 4 h. Nuclear protein

extracts were extracted, and the

levels of p65 (a) and p52 (b) were

analyzed as described in materials

and methods. All the experiments

were expressed as arbitrary units

(a.u.). Normality distribution was

first examined using Shapiro–Wilk

normality test before analysis of

statistical significance. The data are

expressed as the mean � s.e.m. A

one-way ANOVA test was used and

statistical significance was defined

at p < 0.05.
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NF-jB has a key role in the regulation of proinflammatory

gene expression, leading to the synthesis of cytokines, adhesion

molecules, chemokines, growth factors, and enzymes (39).

These mediators play important roles in a variety of inflam-

matory diseases. NF-jB expression is increased in the airways

of patients with asthma, and this expression is reduced by IT

(34, 40). Moreover, the inhibition of NF-jB ameliorates allergy

symptoms (41, 42). Therefore, a possible IT-target could be

NF-jB. To date, the activation of the classical (p65) and the

alternative (p52) NF-jB pathways has not been evaluated in

IT-treated asthmatic patients. Here, we show for the first time

that the level of activation of two subunits of NF-jB in

neutrophils, p65 and p52, is correlated with the severity

of asthma symptoms. We also show that the levels of activation

of p65 and p52 are reduced in IT-treated asthmatic patients

compared with non-IT-treated asthmatic patients. In concor-

dance with these results, we found that IT decreases the levels

of p-IjBa whereas upregulates the nuclear amount of NRF in

neutrophils of IT-treated patients compared with neutrophils

from non-IT-treated patients. Furthermore, IT decreased IL-8

production by neutrophils as previously described for MNCs

(43). However, opposite results have also been shown (44),

(45). Thus, these differences may account to the cell type or the

cell culture conditions. Another goal of this study is that we

found for the first time that IT decreased the levels of TXA2

production by neutrophils. The abundance of novel data is

promising, but comes along with the awareness that this study

has some limitations. Firstly, the sample size is relatively small.

Secondly, there were not included experiments pre- and post-

treatment. In conclusion, further cohort studies are needed to

confirm our results in a large population-based, prospective
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Figure 3 Allergen-specific immunotherapy downmodulates IjBa

phosphorylation and upregulates NFR activation levels. Neutrophils

from IT-treated allergic asthmatic patients (n = 15) and non-IT-treated

allergic asthmatic patients sensitized to G3 (D. glomerata) (n = 10)

(107 cells) were stimulated with LPS 1 lg/ml for 4 h. Cytosolic

protein extracts were extracted, and the levels of IjBa (a) and NFR

(b) were analyzed as described in materials and methods. Normality

distribution was first examined using Shapiro–Wilk normality test

before analysis of statistical significance. The data are expressed as

the mean � s.e.m. A one-way ANOVA test was used and statistical

significance was defined at p < 0.05.
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Figure 4 Allergen-specific immunotherapy downmodulates the

levels of IgE-dependent IL-8 and TXA2 production. Neutrophils from

IT-treated allergic asthmatic patients (n = 15) and non-IT-treated

allergic asthmatic patients sensitized to G3 (D. glomerata) (n = 10)

(107 cells) were stimulated with LPS 1 lg/ml for 24 h. The levels of

IL-8 (a) and TXA2 (b) were measured in the culture supernatant as

described in materials and methods. Normality distribution was first

examined using Shapiro–Wilk normality test before analysis of

statistical significance. The data are expressed as the

mean � s.e.m. A one-way ANOVA test was used and statistical

significance was defined at p < 0.05.
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placebo-controlled study examining NF-jB activation in neu-

trophils before, during, and after immunotherapy.

Neutrophils are usually viewed as terminal, short-lived,

innate effector cells that remove microbes and cellular debris at

sites of infection or inflammation by mediating phagocytosis

and releasing proteolytic enzymes, antimicrobial proteins, and

reactive oxygen species. Over the last decade, a number of

studies have shown that neutrophils have a lifespan longer than

originally thought and mediate diverse immune functions.

Although the importance of the quantification of neutrophil

half-lives and kinetics is evident, there is still many uncertainty

about neutrophil turnover in bone marrow and circulation.

Both old and new labeling experiments suffer from technical

limitations, such as the toxicity of the tracers that were used, ex

vivo manipulation affecting neutrophil kinetics and migration,

and the inability to distinguish between labeled cells residing in

the blood and those that are released by the bone marrow.

Alternative approaches that are based on the quantification of

neutrophil production in the bone marrow are hampered by

the lack of consistent data (46). In the search of the typical

neutrophil circulatory half-life, different methods have led to

different conclusions. The current paradigm is that neutrophils

have a circulatory half-life of only 6–18 h. This short half-life

arises from the fact that bloodstream neutrophils constitutively

undergo apoptosis. In contrast to the short half-life of

circulating cells, neutrophils recruited into tissues have a much

longer survival time (several days) because they become

rescued from the constitutive apoptotic pathway (47, 48).

Multiple studies support the view that neutrophil apoptosis

and/or clearance may be defective in patients with asthma and

show survival factors in the airway lining fluid, which are

specifically enriched in the context of severe asthma (48, 49).

Mast cells can enhance the survival of neutrophils due to

produced factors, such as tumor necrosis factor a (TNF-a) and
granulocyte macrophage colony-stimulating factor (GM-CSF),

which delay their apoptosis (49). Perturbation of the normal

apoptosis pathway of tissue neutrophils can enhance their

survival times and thereby extend their capacity to secrete their

products. On the other hand, in contrast to the traditional view

of neutrophils as unsophisticated cells of the phagocytic

system, neutrophils have emerged recently as an important

component of the effector and regulatory circuits that control

the magnitude and quality of an immune response. By

establishing bidirectional interactions with dendritic cells,

monocytes, macrophages, natural killer cells, B and T cells,

neutrophils modulate innate and adaptive immune responses in

health and disease states. In allergy, neutrophils may act as

primary or secondary effectors of these reactions (50–52).
In conclusion, here we report a novel molecular mechanism

of suppression of NF-jB activation by IT, acting through both

the classical – p65 – and the alternative – p52 – pathways. This

mechanism of suppression is translated into a reduced

production of two important NF-jB-dependent inflammatory

mediators, IL-8 and TXA2. This mechanism could explain, at

least in part, the effectiveness of IT. The understanding of the

cells and of the cellular signaling pathways that are involved in

IT not only helps us to understand the pathogenesis of asthma,

but is also important for the identification of new therapeutic

targets. Additional studies are required to illuminate this

important matter.
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