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cytokines in NAL were analyzed.  Results:  TLR4 expression 
increased in leukocytes in NAL, peripheral blood and bone 
marrow during symptomatic allergic rhinitis. A similar in-
crease was seen for TLR2 in neutrophils in blood. Nasal chal-
lenge with allergen followed by LPS augmented the release 
of IL-4, IL-5, IL-10, IL-13, IFN- �  and TNF- � .  Conclusion:  A sys-
temic up-regulation of TLR4 in symptomatic allergic rhinitis 
may explain why LPS preceded by allergen increases nasal 
cytokine release.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Like other atopic diseases, allergic rhinitis constitutes 
a systemic condition where local reactions might only be 
the most evident sign of a more general reaction involv-
ing not only the whole respiratory tract but also other 
compartments of the body  [1] . Upper and lower airways, 
peripheral blood, bone marrow and mucosa-associated 
lymphoid tissue are all systemically linked  [2, 3] . Aller-
gens are not the sole trigger of the inflammatory reaction 
in allergic rhinitis. Several studies suggest a synergistic 
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 Abstract 

  Background:  Allergic rhinitis is a systemic disorder, and it is 
clinically well recognized that it can be aggravated by infec-
tion. Activation of the innate immune system constitutes a 
critical element in the process. Toll-like receptors (TLRs) com-
prise a part of the innate immune system, and lipopolysac-
charide (LPS)-induced activation of TLR4 represents bacteri-
al-induced interactions in various model systems. The pres-
ent study examines how TLR2 and TLR4 expression is 
affected by symptomatic allergic rhinitis, and if LPS added 
upon allergen affects nasal cytokine release.  Methods:  In 
patients with pollen-induced allergic rhinitis and healthy 
non-allergic volunteers, nasal lavage (NAL), peripheral blood 
and bone marrow were sampled before and during the pol-
len season. TLR2 and TLR4 expression was determined flow 
cytometrically. Changes in the TLR receptor expression pat-
tern were evaluated by a nasal challenge with allergen fol-
lowed by LPS, or vice versa. Symptoms along with cells and 
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effect between allergen and various microbes  [4, 5] . The 
microbes trigger an inflammatory response by activating 
pattern-recognition receptors in the host.

  So far, Toll-like receptors (TLRs) are the best charac-
terized pattern-recognition receptors  [6] . There are at 
present 10 TLRs known in humans. TLR2 recognizes 
bacterial lipoproteins, and TLR4 is activated by lipopoly-
saccharide (LPS) from Gram-negative bacteria  [7] . Both 
receptors have been shown to affect atopic diseases such 
as allergic rhinitis and asthma  [8–10] .

  The present study was designed to examine if symp-
tomatic allergic rhinitis could affect TLR2 and TLR4 ex-
pression, not only in the nose, the primary target for the 
allergen, but also in the peripheral blood and bone mar-
row cells. We also aimed to determine if LPS stimulation 
in an allergic milieu, provided by an allergen challenge, 
could influence the cytokine release in the nose.

  Materials and Methods 

 Subjects 
 Samples of NAL, peripheral blood and bone marrow were ob-

tained during the season from 11 patients (7 men and 4 women) 
with a history of birch (n = 5) and grass pollen-induced rhinitis 
(n = 6). The same sampling was performed outside the season on 
another set of 10 patients with a similar history (6 men and 4 
women) and 9 healthy volunteers without symptoms/signs or a 
history of allergy (6 men and 3 women). Another 13 patients with 
seasonal allergic rhinitis were challenged outside the season with 
LPS, allergen, LPS followed by allergen or allergen followed by 
LPS (6 grass, 1 birch, and 6 both birch and grass; 4 men and 9 
women).

  The diagnosis of pollen-induced allergic rhinitis was based on 
a positive history of seasonal allergic rhinitis for at least 2 years 
and a positive skin prick test (SPT) to birch and/or timothy pollen. 
All patients were classified as having moderate/severe symptoms 
during the birch and/or grass pollen season, and in the previous 
years they had been treated with anti-histamines and nasal ste-
roids, often in combination with anti-histamine or cromoglycate 
eye drops. The patients had no symptoms of asthma at the time of 
visit and did not take any regular asthma medication. Exclusion 
criteria included a history of perennial symptoms, a history of up-
per airway infection within 2 weeks before the visit, and treatment 
with local or systemic corticosteroids within 2 months before the 
visit. All subjects were evaluated by an ear-, nose- and throat con-
sultant. Individuals with signs or symptoms of chronic rhinosi-
nusitis, hypertrophy of turbinates, severe septum deviation or na-
sal polyposis were excluded. The study was approved by the re-
gional ethics committee, and informed consent was obtained 
from all participants.

  Study Design 
 The during-season sampling was performed at the beginning 

of the pollen season on patients with substantial symptoms of rhi-
noconjunctivitis (itchy nose and eyes, sneezing, nasal secretion 

and nasal blockage) for at least 3 consecutive days. The majority 
of patients were seen within 5–10 days after the first appearance 
of symptoms. A local pollen count confirmed the presence of the 
relevant pollen in the air during this period. Leukocyte expres-
sion of TLR2 and TLR4 was investigated using flow cytometry.

  Outside-season challenges were performed by spraying 100  � l 
of a sterile physiological saline solution with 0.5  � g/ � l LPS ( Esch-
erichia coli , L-2654; Sigma, St. Louis, Mo., USA) in both nostrils, 
resulting in a total dose of 100  � g LPS. Twenty-four hours later, 
the same patients were challenged with 10,000 SQ/U per nostril 
of either birch (n = 6) or grass (n = 7) pollen extract. Only allergens 
with an ultra-low LPS content were used (special delivery from 
ALK). The same challenge procedure was then repeated 3–6 
weeks later, but this time the allergen preceded the LPS. Symptom 
scores were recorded 5 and 30 min and 6 h after allergen chal-
lenge, and 6 h after LPS challenge. NAL was performed before the 
first challenge and 6 h after each challenge. The total number of 
cells and the cell distribution in NAL was counted. Cytokine lev-
els were analyzed in samples from 6 of the patients.

  Symptom Scores 
 Subjects were asked to record the severity of three nasal symp-

toms, i.e. itching/sneezing, secretion and blockage, using a scale 
from 0 to 3 (0 = no symptoms, 1 = mild symptoms, 2 = moderate 
symptoms, 3 = severe symptoms). A total nasal score was calcu-
lated by addition of the three scores. Similarly, a total eye symp-
tom score (based on itch, tears and redness) and a total lung symp-
tom score (based on cough, wheeze and dyspnea) were calculated 
by addition of the three scores.

  Recovery of NAL 
 NAL was obtained as previously described  [11] . After clearing 

excess mucous by exsufflation, sterile saline solution (8–10 ml; 
0.9% NaCl) at room temperature (RT) was aerosolized into each 
nostril. The nasal fluid was allowed to return passively into a 
graded test tube, until 7 ml were recovered. The fluid was centri-
fuged for 10 min at 1,334  g  at 4   °   C. In subjects challenged with LPS 
and/or allergen, the total number of cells/ml was quantified in a 
Bürker chamber. The cell pellet was used to prepare slides that 
were May-Grünwald and Giemsa stained for morphological as-
sessment of the cells. Cell distribution in NAL after challenge 
with LPS/allergen or the combination was assessed in 12 allergic 
patients. Flow cytometry of NAL was conducted on samples from 
10 allergic patients during the season and 6 allergic patients out 
of the season, and 8 healthy controls.

  Blood Sampling 
 One sample containing 4 ml of blood was collected in a test 

tube containing buffered trisodium citrate solution (0.129 mol/l, 
BD Vacutainer TM  367704; Becton-Dickinson, Plymouth, UK) and 
analyzed flow-cytometrically. Blood samples were obtained from 
all of the 11 patients studied during the season, the 10 patients 
outside the season and the 9 healthy volunteers.

  Bone Marrow Aspiration 
 One sample containing 1–2 ml of bone marrow was aspirated 

from the posterior iliac crest following local anesthesia with lido-
caine hydrochloride (10 mg/ml). The sample was immediately 
placed in a culture medium containing buffered trisodium citrate 
solution (0.129 mol/l), RPMI 1640 with 2 m M  HEPES and N-ace-
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tyl- L -alanyl- L -glutamine (Biochrom AG, Berlin, Germany). Bone 
marrow aspiration was obtained from 7 patients with symptom-
atic allergic rhinitis, 9 patients outside the pollen season and from 
8 healthy controls.

  Flow Cytometry on Leukocytes in Bone Marrow, Peripheral 
Blood and NAL 
 Samples of NAL, peripheral blood and bone marrow were used 

for cell analysis with flow cytometry. NAL and bone marrow sam-
ples were filtrated prior to preparation. Both cell surface and in-
tracellular levels of TLR2 and TLR4 were analyzed. All samples 
were labeled with CD16-Pcy5 (IM2642U, clone 3G8; Immuno-
tech, Marseille, France) and CD45-ECD (IM2710U, clone J.33; 
Immunotech) for 15 min at RT.

  For cell surface staining, cells were labeled with TLR2-PE 
(mouse monoclonal anti-TLR2, clone TL2.1; ImmunoKontakt, 
Oxon, UK) and TLR4-FITC (mouse monoclonal anti-TLR4, clone 
HTA125; ImmunoKontakt) for 15 min RT. Erythrocytes were lysed 
by mixing with 0.6 ml 0.1% (v/v) formic acid for 3–4 s. The ionic 
strength was rendered iso-osmotic by addition of 0.28 ml 51 m M  
Na 2 CO 3 , 0.20  M  Na 2 SO 4  and 0.22  M  NaCl, and cells were washed 
and fixed in PBS containing 1% formaldehyde prior to analysis.

  Intracellular staining was performed using the IntraPrep TM  
permeabilization reagent kit (Immunotech) according to the 
specifications of the manufacturer. Thus, the cells were fixed and 
permeabilized prior to incubation with TLR2-PE and TLR4-FITC 
for 15 min at RT. Cells were washed in PBS and resuspended in 
PBS containing 1% formaldehyde prior to analysis. In a subset of 
experiments, cells from healthy controls (n = 2) or allergic pa-
tients outside the season (n = 3) were also incubated with isotype 
control antibodies MsIgG2a-PE (Immunotech) for TLR2 and 
MsIgG2a-FITC (Immunotech) for TLR4.

  By gating intact leukocytes on forward scatter (FSC) and side 
scatter (SSC) properties as well as by their CD16 and CD45 sig-
nals, leukocytes were characterized as neutrophil granulocytes, 
eosinophil granulocytes, basophil granulocytes, monocytes and 
lymphocytes. Immature granulocytes were gated as high FSC, 
high SSC and low CD16. Neutrophil granulocytes were the only 
leukocyte type that could be clearly identified in NAL. The gating 
strategy and the definitions of the various cell types were carried 
out in the same manner as in one of our previous publications  [12] .

  A total of 30,000 events were collected in bone marrow and 
peripheral blood samples, and 3,000 events were collected in 
NAL. Data were analyzed using Expo32 ADC analysis software 
(Beckman Coulter). Cell surface staining in NAL proved unreli-
able. Staining was poor and could not be properly evaluated.

  Mediators in NAL 
 NAL samples obtained from 6 patients before and 6 h after 

each challenge were analyzed by sandwich-based immunoassays. 
IL-1 � , IL-2, IL-4, IL-5, IL-8, IL-10, IL-12p70, IL-13, TNF- �  and 
IFN- �  were measured using a 10-spot multiplex electrogenerated 
chemiluminescence immunoassay (Human Th1/Th2 panel; 
Meso Scale Discovery, Gaithersburg, Md., USA; according to pro-
tocol 17061-v2-2006Okt). Spike recovery and freeze-thaw tests 
were performed for the NAL matrix for the assay. Detection lim-
its for the mediators analyzed were as follows: 0.3 pg/ml for IL-1 � , 
0.5 pg/ml for IL-2, 1.3 pg/ml for IL-4, 0.3 pg/ml for IL-5, 1.0 pg/
ml for IL-8, 1.9 pg/ml for IL-10, 1.1 pg/ml for IL-12p70, 2.8 pg/ml 
for IL-13, 0.3 pg/ml for TNF- �  and 0.8 pg/ml for IFN- � .

  Statistics 
 Statistical analysis was performed using the software Graph-

Pad Prism 5 (GraphPad Software, San Diego, Calif., USA). The 
non-parametric Kruskal-Wallis test (unpaired data) or the Fried-
man test (paired data) was used in combination with Dunn’s mul-
tiple comparison test to determine statistical differences. All data 
are expressed as medians and ranges (minimum to maximum), 
and n equals the number of subjects in each group. A value of p  !  
0.05 was considered statistically significant.

  Results 

 TLR2 and TLR4 Expression on Leukocytes in Various 
Compartments 
 TLR2 and TLR4 expression on leukocytes derived 

from NAL, peripheral blood and bone marrow was ana-
lyzed with flow cytometry before and during the pollen 
season as well as in healthy volunteers. Neutrophils were 
the only leukocyte type that could be clearly identified in 
NAL. They exhibited an increased intracellular expres-
sion of TLR4 during the season compared to that outside 
the season. No corresponding increase was observed for 
TLR2 ( fig. 1 ). Neutrophils in the peripheral blood from 
symptomatic patients displayed an increased intracellu-
lar expression of both TLR2 and TLR4 compared to pa-
tients outside the season and healthy controls. A similar 
increase in TLR4 was seen in eosinophils and monocytes 
( fig. 2 ). In bone marrow, a seasonal up-regulation of TLR4 
was seen in immature granulocytes and neutrophils 
( fig.  3 ). No corresponding up-regulation was seen for 
TLR2 and no up-regulation of either TLR could be seen 
in eosinophils, monocytes or lymphocytes. Leukocyte 
surface expression of TLR2 or TLR4 was not affected by 
the pollen season (data not shown).

  Symptom Scores, Cell Distribution and Cytokine 
Release after Challenge 
 Allergic subjects examined during the pollen season 

reported an increase in nasal and eye symptom scores 
(median value of 5 and 3, respectively) compared to sub-
jects examined outside the season (both median values: 
0; p  !  0.001, respectively) as well as compared to healthy 
controls (both median values: 0; p  !  0.001, respectively). 
No differences in lung symptom scores were seen be-
tween the three groups (data not shown).

  Within the concentration used, LPS caused no local 
symptoms, neither by itself nor when it was administered 
6 h after allergen challenge. The allergen challenge gave 
transient local symptoms, which had disappeared after 
6 h ( fig. 4 a). The total cell count in NAL was unaffected 
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by allergen challenge and LPS per se ( fig. 4 b), but LPS in-
creased the percentage of neutrophils ( fig. 4 c). Allergen 
or LPS alone did not affect the levels of any of the mea-
sured cytokines. Challenge with LPS following allergen 
caused an increase in the levels of the Th2 cytokines IL-4, 
IL-5, IL-10 and IL-13 compared to untreated controls. 
Furthermore, an increase in the levels of the Th1 cytokine 
IFN- �  and TNF- �  was also observed after LPS following 
allergen ( fig. 5 ). IL-1 � , IL-2, IL-8 and IL-12p70 were unaf-
fected by all treatment conditions (data not shown).

  Discussion 

 The present study demonstrates an up-regulation of 
TLR4 on leukocytes derived from NAL, blood and bone 
marrow during on-going pollen-induced allergic rhinitis. 
Further, challenge with LPS in a milieu of allergic inflam-
mation causes release of cytokines from the nose which 
is not seen in response to either allergen or LPS alone, nor 
when LPS precedes allergen.

  We observed no change in the surface expression of 
the examined TLRs. TLR2 and TLR4 are often catego-
rized as cell surface receptors, but they are also found in-
tracellularly  [13–15] . There is a continuous circulation of 
TLR4 from the Golgi apparatus to the cell surface  [16] , 
demonstrating that these receptors are not restricted to 
the plasma membrane. An increased intracellular expres-
sion may therefore reflect an increased production and 
mobilization of these receptors to the cell surface. Fur-
thermore, since the subjects with symptomatic allergic 
rhinitis were sampled at the beginning of the pollen sea-
son, it is possible that the observed up-regulation would 
be more pronounced later in the pollen season. Hence, it 
is possible that the increased expression of intracellular 
TLRs might be followed by an increased expression of cell 
surface TLRs.

  We have previously observed an up-regulation of 
TLR4 in epithelial cells upon allergen exposure  [10] . 
Combined with the present findings of increased TLR4 
expression in leukocytes in the nose, blood and bone 
marrow as a consequence of the pollen season, this sug-
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gests a systemic role for TLR4 in allergic rhinitis. Previ-
ous studies have found an increased release of granulo-
cytes from the bone marrow in response to allergen. 
Those studies have suggested that this is due to granulo-
cyte maturation and proliferation caused by cytokine re-
lease from T cells attracted to the bone marrow during 
the early-phase response  [3, 17] . It may be speculated that 
the alteration in TLR4 expression seen in the bone mar-
row granulocytes is mediated by similar mechanisms and 
that the responsible cytokine is one which is also present 
locally.

  Furthermore, up-regulation of TLR4 in response to 
various inflammatory mediators has been described in 
other cell systems. Platelet-activating factor and granulo-
cyte macrophage colony-stimulating factor have both 
been shown to induce an increase in TLR4  [18, 19]  and 
are found in allergic inflammation  [20, 21] . Similarly, his-
tamine can cause an up-regulation of TLR4 and confer 
greater responsiveness to LPS  [22] .

  Allergen or LPS alone caused no persisting symptoms 
and no significant cytokine release. Trends were seen but 
significances were not reached. This might partly be re-
lated to the applied doses of allergen and LPS, but also to 
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the low number of patients examined. Along with sev-
eral groups, we have shown that challenge with allergen, 
but not LPS, can cause local nasal symptoms  [23]  and that 
both allergen and LPS have the ability to release an array 
of cytokines in the nose  [23–29] .

  In contrast to the present lack of response seen after 
allergen and LPS alone, the combination of allergen fol-
lowed by LPS caused a marked increase in Th2 cytokines 
in NAL such as IL-4, IL-5, IL-10 and IL-13. This increase 
was accompanied by a rise in IFN- � , which is considered 
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  Fig. 5.  The levels of IL-4 ( a ), IL-5 ( b ), IL-10 ( c ), IL-13 ( d ), IFN- �  ( e ), TNF- �  ( f ) secreted after treatment with LPS 
(6 h after the challenge), allergen (6 h after the challenge), LPS followed by allergen (30 h after the LPS challenge 
and 6 h after the allergen challenge) or allergen followed by LPS (30 h after the allergen challenge and 6 h after 
the LPS challenge) [medians and ranges (minimum to maximum)]. n = 6;  *  *  p  !  0.01,  *  **  p  !  0.001. vs. control.         
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