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Abstract

Background: Ragweed (Ambrosia artemisiifolia) is a strong elicitor of allergic air-

way inflammation with worldwide increasing prevalence. Various components of

ragweed pollen are thought to play a role in the development of allergic

responses. The aim of this study was to identify critical factors for allergenicity of

ragweed pollen in a physiological model of allergic airway inflammation.

Methods: Aqueous ragweed pollen extract, the low molecular weight fraction or the

major allergen Amb a 1 was instilled intranasally on 1–11 consecutive days, and

allergic airway inflammation was evaluated by bronchoalveolar lavage, lung histol-

ogy, serology, gene expression in lung tissue, and measurement of lung function.

Pollen-derived adenosine was removed from the extract enzymatically to analyze its

role in ragweed-induced allergy. Migration of human neutrophils and eosinophils

toward supernatants of ragweed-stimulated bronchial epithelial cells was analyzed.

Results: Instillation of ragweed pollen extract, but not of the major allergen or the low

molecular weight fraction, induced specific IgG1, pulmonary infiltration with inflam-

matory cells, a Th2-associated cytokine signature in pulmonary tissue, and impaired

lung function. Adenosine aggravated ragweed-induced allergic lung inflammation. In

vitro, human neutrophils and eosinophils migrated toward supernatants of bronchial

epithelial cells stimulated with ragweed extract only if adenosine was present.

Conclusions: Pollen-derived adenosine is a critical factor in ragweed-pollen-

induced allergic airway inflammation. Future studies aim at therapeutic strategies

to control these allergen-independent pathways.

Ragweed (Ambrosia artemisiifolia) pollen is a major cause for

hay fever and allergic asthma in Northern America and cur-

rently spreads as a neo-allergen in Europe, becoming one of

the main causes for allergic reactions in late summer or

autumn (1). Amb a 1 has been identified as the major rag-

weed allergen and belongs to the pectate lyase family of pro-

teins (2–4). The status as neo-allergen in European

populations and its high allergenicity makes ragweed an ideal

Abbreviations

<3kDa, low molecular weight fraction of ragweed pollen extract;

>3kDa, high molecular weight fraction of ragweed pollen extract;

ADO, adenosine; BAL, bronchoalveolar lavage; BALF,

bronchoalveolar lavage fluid; i.n., intranasal; i.p., intraperitoneal;

NHBE cells, normal human bronchial epithelial cells; OVA, chicken

ovalbumin; RWE, ragweed pollen extract.

Allergy 70 (2015) 944–954 © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd944

Allergy



allergen to study the course and adjuvant factors of allergic

sensitization toward pollen.

The sensitization process is initially driven by an epithelial

response to an allergen, which results in a pathogenic Th2

response in atopic eczema, allergic rhinitis, and allergic

asthma (5–7). It is still incompletely understood how these

initial steps are elicited and which pollen-intrinsic cofactors

play a role in triggering the induction of allergen-induced air-

way inflammation.

In the context of sensitization by pollen grains, it has been

shown that pollen is not only a carrier of allergen, but also

contains bioactive pollen-associated lipid mediators (PALMs)

(8). These small molecular biogenic cofactors lead to the

breaking of immunological tolerance by recruiting inflamma-

tory cells such as eosinophils and neutrophils to the site of

allergic sensitization (9–11), or generating a Th2-favoring mi-

cromilieu in pollen-exposed tissues (12–14). Adenosine, which

has been increasingly implicated in the pathophysiology of

asthma (15, 16), has been recently found to be contained in

pollen grains of different plant species (17), giving rise to

speculations of its possible role in pollen-induced allergic

reactions. In a murine model, it was shown that elevated

endogenous adenosine levels in adenosine-deaminase-deficient

mice induce pulmonary inflammation with infiltration of eo-

sinophils, mucus hypersecretion, and airway obstruction (18)

and that exogenous adenosine challenge in sensitized mice

leads to enhanced influx of inflammatory cells into the lung

(19).

The aim of this study was to analyze the sensitizing and

proinflammatory properties of ragweed pollen extract (RWE)

in an in vivo model that mimics the physiological route of

pollen exposure to the airways.

We demonstrated that intranasal (i.n.) instillations with

RWE lead to a rapid Th2-biased sensitization and inflamma-

tory airway infiltration, initiated by influx of neutrophils and

followed by eosinophils and lymphocytes. These subsequent

innate and adaptive immune responses were modulated by

adenosine contained naturally in ragweed pollen, which

resulted in a significant augmentation of the elicitation phase.

Methods

Animals

Female, 6- to 10-week-old BALB/c mice were obtained from

Charles River (Sulzfeld, Germany), housed under specific

pathogen-free conditions in individually ventilated cages

(VentiRack; Biozone, Margate, UK) and fed by standard

diet. The study was conducted under federal guidelines for

the use and care of laboratory animals and was approved by

the Government of the District of Upper Bavaria and the

Animal Care and Use Committee of the Helmholtz Center

Munich.

Allergen sensitization protocol

Mice were sensitized by bilateral i.n. instillations of RWE

pollen extract (10 mg/ml; 10 ll/nostril) or its fractions once

a day for up to 11 days. Control animals received the same

amount of PBS. For i.p. sensitization, mice were injected

with 1.5 ll RWE absorbed to 2 mg alum (Imject Alum;

Thermo Fisher Scientific, Rockford, IL, USA) in 200 ll
PBS.

Analysis of bronchoalveolar lavage, lung histology, and

allergen-specific serology

Measurement of IgE, bronchoalveolar lavage, and lung his-

tology was performed as described previously (20). Mucus

hypersecretion and inflammatory cell infiltration were graded

in a blinded fashion on a scale from 0 to 4 (0 = none,

1 = mild, 2 = moderate, 3 = marked, 4 = severe), reflecting

the degree of the pathological alteration (20). For the mea-

surement of Amb a 1-specific IgG1, 96-well plates were

coated with Amb a 1 and mouse plasma was added. Subse-

quently, a biotinylated detection antibody (BD Biosciences,

Heidelberg, Germany), streptavidin–horseradish peroxidase

(Calbiochem, Bad Soden, Germany), and tetramethylbenzi-

dine (Fluka, Neu-Ulm, Germany) were used according to the

manufacturers’ instructions.

RNA extraction and real-time PCR

RNA extraction and real-time PCR were performed as

described previously (21).

Lung function analysis

Lung function analysis was performed 24 h after the last

intranasal exposure in intubated, mechanically ventilated ani-

mals (n = 6–10/group; Buxco� Research Systems, Wilming-

ton, NC, USA) (22).

Neutrophil and eosinophil migration assay

Normal human bronchial epithelial (NHBE) cells were incu-

bated for 24 h with indicated stimulants in basal medium.

The chemotactic activity of NHBE supernatants was evalu-

ated by measuring neutrophil and eosinophil migration, as

described previously (10, 23). The granulocyte migration

index was calculated in relation to the migration toward su-

pernatants of unstimulated NHBE cells (Migration

index = number of migrated stimulated cells/number of

migrated control cells).

Additional details on pollen cultivation and preparation of

extracts and methods utilized in this study are provided in

the Data S1.

Data analysis

Results are shown as boxplots indicating minimum, 25% per-

centile, median, 75% percentile, and maximum, or as mean

� SD. Statistical significance was determined by Mann–Whit-

ney U-test and by two-way ANOVA with post hoc Bonferroni

test for lung function analysis. Results were considered signif-

icant as P ≤ 0.05.
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Results

Eleven i.n. instillations induce lung inflammation, IgG1

secretion, and airway hyperresponsiveness

To assess the kinetics of sensitization and elicitation of aller-

gic airway inflammation on cellular and serologic level,

BALB/c mice were instilled once, three, eight, or 11 times i.n.

with RWE. Control mice were either instilled i.n. 11 times

with PBS or left untreated (Fig. 1A). In RWE-instilled mice,

total BAL cells increased with increasing numbers of instilla-

tions. Numbers of macrophages did not change, but the

number of neutrophils in BALF started to increase after

three instillations, peaked after 8 instillations, and decreased

again after 11 instillations. Lymphocytes and eosinophils

started to rise after 8 instillations, but increased significantly

after 11 instillations. Eleven PBS instillations led to a minor

increase of total cells, neutrophils and lymphocytes, which

did not reach statistical significance (Fig. 1B). In plasma,

Amb a 1-specific IgG1 was initially detectable after 8 i.n. ins-

tillations, but showed significantly higher titers after 11 instil-

lations (Fig. 1C). The level of Amb a 1-specific IgE was

under detection limit (data not shown). Eleven RWE instilla-

tions significantly increased airway resistance and decreased

dynamic compliance following increasing methacholine con-

centrations compared to PBS (Fig. 1D). To assess the kinet-

ics of the serologic allergic response, mice were treated 11

times i.n. with RWE and boosted on days 21–23 (Fig. 1A).

Total IgE was slightly, but significantly, elevated on day 12

and more pronounced on day 24 after the booster instilla-

tions. Likewise, the levels of Amb a 1-specific IgG1 were ele-

vated significantly on day 12, but also reached much higher

levels on day 24 (Fig. 1E).

Eleven days of RWE instillation induces a systemic ragweed-

specific Th2 response

To judge the potential of intranasally administered RWE to

induce systemic Th2 responses, intranasal RWE exposure

was compared to classical i.p./alum sensitization protocol.

Non-i.p.-sensitized (NS) mice were instilled on 11 consecutive

days with RWE (NS/RWE) or with PBS (NS/PBS). Classi-

cally sensitized mice were i.p. injected with RWE (S) in com-

bination with alum and instilled with PBS (S/PBS) (Fig. 2A).

On day 12, splenocytes of mice of all three groups were resti-

mulated ex vivo with culture media, OVA (protein control),

Amb a 1, or RWE. After six days of restimulation, splenocytes

of i.p.-sensitized mice as well as mice that had received RWE

only intranasally secreted significantly increased levels of IL-5

and IL-13 compared to nonsensitized animals (Fig. 2B). In

contrast, the levels of IFN-c showed no significant changes.

Medium and protein controls did not affect cytokine secretion.

Only total ragweed is capable to induce allergic lung

inflammation

Because pollen release allergens and a multitude of low

molecular weight substances (8), we analyzed whether either

the major allergen Amb a 1 or the low molecular weight frac-

tion of RWE (<3 kDa RWE) is dominant in the induction of

airway inflammation. Mice were instilled with PBS, Amb a 1,

<3 kDa RWE, Amb a 1 in combination with <3 kDa RWE,

or total RWE (Fig. 3A). Total cell number and macrophages

were increased significantly after instillation with Amb a 1,

Amb a 1 plus <3 kDa, and total RWE compared to controls

(PBS) (Fig. S2B). Neutrophils were increased significantly in

all groups compared to PBS, including the group instilled

with the <3 kDa. Lymphocyte and eosinophil counts were

increased significantly only in animals treated with total

RWE when compared to PBS-treated animals (Fig. 3B).

Only total RWE, but neither the low molecular weight frac-

tion nor Amb a 1, induced Amb a 1-specific IgG1 (Fig. 3C).

Importantly, instillation of Amb a 1 or <3 kDa RWE alone

had only a minor effect on lung histopathology, whereas the

instillation of Amb a 1 in combination with <3 kDa RWE

led to mild cell infiltration (score >1, Fig. S2C,D) as well as

a minor increase in Amb a 1-specific IgG1 (Fig. 3C), suggest-

ing an adjuvant effect of low molecular weight substances.

A marked-to-severe inflammatory infiltration and mucus

hypersecretion were observed only after intranasal instillation

with total RWE (Fig. S2C,D).

Only total RWE instillation promotes a proinflammatory

micromilieu in pulmonary tissue

To decipher the pulmonary micromilieu of intranasally sen-

sitized mice, quantitative real-time PCR (qPCR) of lung tis-

sue was performed after 11 intranasal instillations (Fig. 3D,

Fig. S2E). Instillation of total RWE induced a significant

increase of mRNA expression of typical Th2-associated

cytokines (IL-4, IL-5, and IL-13) as well as IL-10. As

expected, RWE instillation did not affect the expression of

the Th1 cytokine IFN-c or TNF-a. The markers for alterna-

tive activation of macrophages Arg1, as well as mucin genes

(Muc 2 and Muc 5ac), were upregulated by total RWE.

Furthermore, instillation of total RWE led to a higher

expression of IL-22 and GM-CSF, but had no effect on IL-

33. Lastly, total RWE increased the expression of CCL24

and, although not significantly, of CCL11, crucial chemo-

kines in eosinophil chemotaxis. Importantly, gene expression

of the aforementioned genes remained unaffected by instilla-

tion with all investigated fractions of pollen extract includ-

ing Amb a 1.

Adenosine depletion abrogates RWE-induced local and

systemic Th2 responses

Adenosine was identified to be a potent immunoregulatory

substance in pollen (17). To evaluate the effect of pollen-

derived adenosine, adenosine was digested from total RWE

by adenosine deaminase treatment (Fig. S1A–C). Mice were

i.n. instilled on 11 consecutive days with RWE, with RWE

depleted of adenosine (RWE w/o ADO) or with adenosine

(ADO) alone (Fig. 4A). Depletion of adenosine from RWE

prevented the increase of total cells in BALF significantly

when compared to total RWE. This prevention could be
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attributed mainly to a significant reduction of lymphocyte and

eosinophil infiltration. Adenosine instillation alone did not

affect cell numbers in BALF (Fig. 4B). After 11 instillations

of RWE w/o ADO, plasma levels of Amb a 1-specific IgG1

were significantly lower when compared to those in mice

instilled with total RWE (Fig. 4C). To evaluate the systemic

A

B

C

D E

Figure 1 Intranasal ragweed extract induces allergic airway inflam-

mation. (A) Experimental setup. (B) BAL cell analysis. (C) Amb a 1-

specific IgG1 levels. n = 6 mice/group; *P ≤ 0.05; **P ≤ 0.01 vs

untreated. (D) Lung function analysis performed 24 h after 11 intra-

nasal exposures. n = 10 mice/group; *P ≤ 0.05, **P ≤ 0.01 vs PBS

at same methacholine concentrations. (E) Total IgE and Amb a 1-

specific IgG1 levels of extended protocol. n = 6 mice/group;

*P ≤ 0.05, **P ≤ 0.01 vs PBS. Representative data of two indepen-

dent experiments.
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effects of adenosine in RWE, splenocytes were isolated and

restimulated ex vivo with medium, control protein (OVA),

Amb a 1, or RWE. In supernatants of Amb a 1- or RWE-res-

timulated splenocytes from mice instilled with RWE w/o

ADO, the production of IL-5 and IL-13 (and even IFN-c)
was significantly lower when compared to that in mice

instilled with total RWE (gray-shaded bars compared to dark

gray bars) (Fig. 4D). No regulation was detected upon mock

stimulation with OVA.

Adenosine reconstitution reestablishes lung inflammation and

hyperresponsiveness

To verify whether adenosine removal abrogates airway

inflammation, adenosine was added in the original concentra-

tion to the adenosine-depleted RWE. Mice were instilled i.n.

either with RWE w/o ADO or with RWE w/o ADO supple-

mented with adenosine (RWE w/o ADO +ADO, Fig. 5A).

Reconstitution of adenosine significantly increased total cell

counts in BALF, mainly by increasing the number of eosin-

ophils. No significant effect was observed for other BAL

cells (Fig. 5B). Lung function tests showed that RWE w/o

ADO failed to induce the RWE-dependent increased airway

hyperresponsiveness. Importantly, reconstitution of adeno-

sine in RWE w/o ADO+ADO significantly increased airway

resistance compared to RWE w/o ADO, demonstrating an

important role of adenosine in pollen-induced airway inflam-

mation (Fig 5C).

Ragweed-pollen-derived adenosine augments the elicitation

phase of ragweed allergy

To clearly delineate the impact of adenosine during the sensi-

tization and the elicitation phase of allergic airway inflamma-

tion, two different approaches were used (Fig. 6A).

A limited number of instillations of total RWE did not

lead to a detectable cellular infiltration in BALF or to type

2-associated cytokine production from restimulated spleno-

cytes (Fig. 6B,C left). In contrast, instillation with RWE w/o

ADO resulted in enhanced antigen-specific secretion of IL-5

and IL-13 from restimulated splenocytes (Fig. 6C, left), but

had no effect on BALF cellular influx (Fig. 6B, left). To

address the impact of pollen-derived adenosine uniquely dur-

ing the elicitation phase, mice were i.p. treated with RWE/

alum to guarantee efficient sensitization to RWE (Fig. 2B)

and then challenged with RWE or RWE w/o ADO (Fig. 6A,

right). A strong influx of neutrophils, eosinophils, and lym-

phocytes into the BALF was observed upon challenge with

RWE (Fig. 6B, right). Interestingly, instillation with adeno-

sine-depleted RWE almost completely prevented cellular

A

B

Figure 2 Intranasal ragweed instillation induces systemic Th2

response. (A) Experimental setup. Mice were nonsensitized (NS), i.n.

treated with PBS or RWE, or i.p. sensitized with RWE/alum (S) plus

i.n. PBS. (B) Splenocytes were restimulated with medium, OVA

(10 lg/ml), Amb a 1 (10 lg/ml), or RWE (1.25 mg/ml). Supernatants

were analyzed for indicated cytokines. Data: mean+SD. n = 6 mice/

group. *P ≤ 0.05, **P ≤ 0.01 vs NS/PBS. #P < 0.05 vs OVA-restimu-

lated cells. Representative data of two independent experiments.

Allergy 70 (2015) 944–954 © 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd948

Pollen-derived adenosine as cofactor in ragweed allergy Wimmer et al.



influx and reduced production of IL-5/IL-13 effector cyto-

kines by splenocytes (Fig. 6B,C right).

Taken together, pollen-derived adenosine was necessary for

exacerbation of allergic airway inflammation during the elici-

tation phase in sensitized animals.

RWE induces secretion of neutrophil and eosinophil

chemoattractants by human bronchial epithelial cells

Intranasal RWE induced a significant granulocyte infiltration

into the lung in the in vivo model (Fig. 1B). To evaluate this

effect also in a human in vitro setting, we analyzed the effect

of the supernatants of RWE, RWE w/o ADO, or ADO-stim-

ulated normal human bronchial epithelial (NHBE) cells on

neutrophil and eosinophil migration. We observed an

increased IL-8 secretion induced by RWE (Fig. 7A) and an

enhanced neutrophil migration toward the supernatants of

RWE-stimulated NHBE cells (Fig. 7B). Stimulation of

NHBE cells with RWE w/o ADO significantly reduced neu-

trophil migration toward NHBE supernatants. This effect

was mirrored by reduced levels of IL-8 secretion by NHBE

cells in the absence of ADO. Stimulation of NHBE cells by

adenosine alone led to neither neutrophil migration by

NHBE supernatants, nor an induction of IL-8 secretion

(Fig. 7A,B). Similar to neutrophils, eosinophil migration was

increased toward supernatants of NHBE cells stimulated with

total RWE. This increase was significantly reduced by

removal of adenosine from the ragweed extract (Fig. 7C).

Discussion

This study shows that i.n. exposure with an aqueous ragweed

pollen extract rapidly induced a Th2-biased sensitization and

allergic airway inflammation. Neutrophils most likely played

a crucial role, as they were the first cells to infiltrate the lung

upon in vivo sensitization. Subsequent eosinophil and lym-

phocyte accumulation in the lung indicated the development

of an allergic adaptive immune response that was strongly

dependent on adenosine. Furthermore, human neutrophils

and eosinophils migrated toward the supernatants of human

bronchial epithelial cells stimulated by total ragweed extract.

Currently, there is no in vivo model of allergic airway

A

B
C

D

Figure 3 Intranasal instillation of RWE induces airway inflamma-

tion. (A) Experimental setup. (B) BAL cell analysis. (C) Amb a 1-spe-

cific IgG1 levels. (D) Gene expression in pulmonary tissue.

Pulmonary tissue was analyzed for mRNA expression of indicated

genes. Relative mRNA expression levels were calculated using the

2-DDCt method. GAPDH: housekeeping gene. Data are displayed as

boxplots. n = 6 mice/group. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 vs

PBS. Data are representative of two independent experiments.
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responses available allowing the examination of the pro-aller-

gic properties of ragweed via the physiological mucosal route.

Instead, most models of allergic airway inflammation use

intraperitoneal chicken ovalbumin (OVA) in combination

with alum as adjuvant. Although there are some asthma and

conjunctivitis models that use ragweed for sensitization, all

of these models need alum as adjuvant (24, 25). Only few

models exist that elicit sensitization against natural allergens

in wild type mice, such as house dust mite or Cupressaceae

pollen, without using adjuvant substances (26, 27). Our

model is characterized by rapid sensitization and induction

of allergic airway inflammation upon nasal exposure to rag-

weed pollen as an environmentally relevant allergen without

use of any additional adjuvants.

Human migrant studies revealed that manifestation of ato-

pic diseases in most cases requires more than two years, with

repeated periods of pollen exposure (28, 29). However, here

ragweed-specific T- and B-cell responses were detected after

11 days of intranasal instillation of RWE, which corresponds

to about half of the duration of a typical birch pollen season,

or about one-fourth of a ragweed pollen season (30). This

observation in allergy-prone BALB/c mice, which serve as a

A

B

C

D

Figure 4 Depletion of adenosine decreases Th2 response.

(A) Experimental setup. (B) BALF analysis. Data: boxplot analysis.

(C) Amb a 1-specific IgG1 levels. (D) Splenocytes restimulation

with medium, OVA, Amb a 1 or RWE. Supernatants were ana-

lyzed for indicated cytokines. Data are expressed as mean+SD.

n = 6 mice/group. *P ≤ 0.05, **P ≤ 0.01 vs PBS; +P ≤ 0.05,
++P ≤ 0.01 vs RWE. Representative data of two independent

experiments.
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surrogate for susceptible human individuals, provides experi-

mental support for the clinical observation that even adult

migrants or local residents, which are exposed to potent

(neo-)allergens, can rapidly develop sensitization upon aller-

gen exposure. Therefore, even after short-term exposure dur-

ing a period of high pollen counts, early testing for newly

developed sensitizations should be considered, when clinical

symptoms and allergen exposure are indicative for a neo-sen-

sitization.

Analysis of the differential impact of total RWE, Amb a 1,

and the low molecular weight fraction revealed that only

instillation with total RWE induced a complete allergic air-

way inflammation. However, the low molecular weight frac-

tion induced isolated proinflammatory influx of neutrophils

into the lung, confirming a physiological in vivo relevance of

human in vitro studies (10, 11). In contrast, cultured human

bronchial epithelial cells secreted large amounts of IL-8 and

induced recruitment of neutrophils only upon stimulation

with total RWE. Additionally, only total RWE, but not

Amb a 1 alone nor in combination with the low molecular

weight fraction, was able to induce ragweed-specific IgG1.

Thus, additional components present in total RWE were cru-

cial for the development of allergic lung inflammation.

Besides a typical Th2 expression pattern in lung tissue, an

elevated expression of Arg1 suggested alternative activation

of macrophages (31). This macrophage population can pro-

mote disease progression and therefore enforce a chronic

allergic airway inflammation (32). Further, mucins (Muc2

and Muc5ac) were upregulated after i.n. instillation of RWE

correlating well with secretory cell hyperplasia in histological

lung sections of RWE-treated mice (33).

Adenosine is an important mediator and is known for its

role in inflammation, but it also exerts immune regulatory

and suppressive effects and acts on a wide range of cells (34).

Both endogenous and exogenous adenosine sources have been

implicated in the asthma pathogenesis with increased adeno-

sine levels in BALF that correspond with airway inflamma-

tion and tissue damage (35). Furthermore, exogenous

adenosine causes potently bronchoconstriction in patients

with asthma but not in healthy subjects (15). In a murine

asthma model, adenosine challenge significantly enhanced the

influx of inflammatory cells into the lung (19). Adenosine has

been shown to mediate asthma features through its receptors

in experimental models, especially through A2A and A2B

receptor signaling (36, 37). Furthermore, an adenosine A3

receptor knockout mouse showed decreased neutrophils

A

B

C

Figure 5 Adenosine supplementation reestablished allergic airway

inflammation. (A) Experimental setup. (B) BAL cell analysis. Data are

displayed as boxplots. n = 6 mice/group. *P ≤ 0.05, **P ≤ 0.01 vs

RWE w/o ADO. (C) Lung function analysis was performed 24 h after

the last of 11 intranasal exposures. n = 6–10 mice/group. *P ≤ 0.05

vs PBS; +++P ≤ 0.001 vs RWE at same methacholine concentrations.
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recruitment into the lung (38). Adenosine also may promote

type 2 immunity as recent studies suggest that A2B adenosine

receptor signaling attenuates chronic pulmonary inflammation

(39) and induces protective antihelminth type 2 immune

responses (40). In the present study, we showed an important

effect of pollen-derived adenosine for neutrophil and eosino-

phil migration in a human in vitro setting as well as for the

reduction of symptoms in a novel allergic airway inflamma-

tion model. More precisely, adenosine had an effect as a co-

factor in combination with the proteins contained in RWE, as

there was no effect of adenosine instillation alone or the aden-

osine-rich <3 kDa RWE fraction.

Moreover, in a previous human in vitro study, pollen-

derived adenosine was shown to drive dendritic cell primed

T-cell responses toward a regulatory response, and the effect

was less pronounced if dendritic cells were derived from pol-

len-sensitized donors. This suggested a protective role of

adenosine during sensitization, whereas it might act aggravat-

ing in already sensitized individuals (17). This principle was

confirmed by our in vivo study exploring the effect of adeno-

A

B

C

Figure 6 Pollen-derived adenosine exacerbates the elicitation

phase. (A) Experimental setup. (B) BAL cell analysis. n = 6 mice/

group. **P ≤ 0.01. Data are displayed as boxplots. n = 6 mice/

group. (C) Splenocytes were restimulated with medium, OVA, Amb

a 1, or RWE. Supernatants were analyzed for indicated cytokines.

Data are expressed as mean+SD. n = 6 mice/group. *P ≤ 0.05.
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sine in the early sensitization and elicitation phase of rag-

weed-specific airway inflammation.

Taken together, we propose a physiological in vivo model

that mimics mucosal exposure of ragweed pollen to the air-

ways. We demonstrated that as early as 11 days after intra-

nasal allergen exposure, clinically relevant sensitization can

be induced and allergic airway inflammation elicited. Thus,

even short-term exposure to potent allergens sources can

induce clinically relevant de novo sensitizations. As pollen-

derived adenosine seems to play an important adjuvant role

during sensitization and elicitation of disease, these findings

potentially define adenosine receptors as drug targets for pre-

vention and treatment of IgE-mediated allergies.
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Methods14

Cultivation of ragweed pollen15

Seeds from a single plant were applied to standard soil in pots and plants were cultivated16 in Plexiglass sub-chambers placed within two phytotron walk-in chambers(1). The light17 regime, temperature and humidity were adapted to the seasonal cycle, starting with the18 climate conditions of May 2010. The light period was 14.5 h d-1; day/night temperatures19 were 20-30 °C/10-20 °C and relative humidities were 30-50%/80-85% (day/night).20 Irrigation was carried out by an automated watering system. Pollen were collected from21



2

July to August 30, using a modified ARACON system (BETATECH, Ghent, Belgium) that22 covered the male inflorescenses.23

24

25

Preparation of pollen extracts26 Ragweed plants were grown under defined conditions in exposure chambers and its pollen27 were harvested and stored at -80°C until use. Aqueous ragweed pollen extract (RWE) was28 generated from pollen grains incubated in PBS (10mg/ml) for 30 min at 37°C. After29 pelleting (20 min at 3.345 g) the supernatant was passed through a 0.2 µm sterile filter30 (Millipore, Schwalbach/Germany). Lipopolysaccharide content in the RWE was measured31 by LAL assay (Lonza, Germany) and was below 1 EU/ml. RWE was passed three times over32 a 3 kDa cut-off filter (Amicon Ultra YM3, Millipore, Schwalbach/Germany), in order to gain33 a low-molecular weight fraction (RWE<3kDa) and a protein-containing fraction34 (RWE>3kDa). The absence of proteins and presence of adenosine in the RWE<3kDa was35 verified by Coomassie Protein Assay (Invitrogen, Karlsruhe/Germany) (Fig. S1). To36 generate RWE without adenosine, RWE was digested with adenosine deaminase (ADA);37 adenosine was quantified in RWE and its fractions by ultra-high performance liquid38 chromatography.  Adenosine (Sigma-Aldrich, Taufkirchen, Germany) was used in the same39 concentration contained in RWE (0.03 mM).40

41

42

43
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Purification of natural Amb a 144

Extracts of ragweed pollen (Allergon AB, Ängelholm, Sweden) were prepared by incubation45 of pollen in phosphate buffered saline for 2h at room temperature followed by46 centrifugation at 4°C for 15 min at 15000 g. Natural (n) Amb a 1 was purified from crude47 pollen extract by ion exchange chromatography using a 5ml Q Sepharose column (GE48 Healthcare, Little Chalfont, United Kingdom). Purified nAmb a 1 was physicochemically49 characterized in terms of purity (SDS-PAGE), aggregation behaviour in solution (dynamic50 light scattering, DLS), protein concentration was determined by amino acid analysis, and51 tryptic digestion analyses by mass spectrometry. Immunological characterization was52 performed by immunoblot using murine monoclonal anti nAmb a 1 antibodies, as well as53 ELISA and RBL (rat basophil leukemia cell assay) experiments using ragweed pollen54 allergic patients’ sera from Vienna and Munich.55

56

Preparation of total ragweed extract depleted of adenosine57

Total RWE was digested with 100U/ml adenosine deaminase for 1 hour at 28°C. The58 enzyme was removed by means of an ultracentrifugation step with a 3kDa cut off filter,59 gaining a small molecular weight fraction free of adenosine.  In order to obtain an60 adenosine-free total extract, this adenosine-free small molecular weight fraction was61 pooled with the >3kDa fraction from a mock-digested total RWE devoid of adenosine (Fig.62 S1 A).63

64



4

Quantification of adenosine using ultra high performance liquid chromatography65
(UHPLC)66 For quantification of adenosine the method described by Gilles, S. et al. was applied (2).67 Used chemicals were purchased by Sigma-Aldrich (Taufkirchen, Germany). The analyses68 were performed using an Acquity UPLC™ System coupled to a 2996 PDA detector (Waters69 Corporation, Milford, MA, USA) and equipped with a BEH C18 column (Waters70 Corporation) with the dimensions of 2.1 x 100 mm and 1.7 µm particle size. Acquired data71 were processed with Empower 2 (Waters corporation) and the adenosine concentrations72 were calculated in Excel (Microsoft) from determined peak areas (Fig. S1B).73

74

Isolation and restimulation of splenocytes75

Spleens and cervical lymph nodes were excised and single cell suspensions were generated76 using a 0.70 µm cell strainer. Following erythrocyte lysis cells were washed and77 resuspended in complete RPMI [RPMI 1640 supplemented by 2 mM glutamine, 100 U/ml78 penicillin, 100 µg/ml streptomycin, 50 µM β-mercaptoethanol, 1 mM minimum essential79 media (MEM) sodium pyruvate, 0.1 MEM nonessential amino acids, and 10% FCS (PAA,80 Coelbe, Germany)]. Lymph node and spleen cells were resuspended at a density of 2x10581 cells per well in complete RPMI and restimulated with either OVA (10 µg/ml, Sigma,82 Munich, Germany), Amb a 1 (10µg/ml), or RWE (1.25 mg/ml) in 96 well round-bottom83 plates (37°C, 5% CO2). For cytokine measurements, supernatants were collected at day 584 after restimulation, and IL-5, IL-13, and IFN-γ were measured by ELISA according to the85
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manufacturer’s instructions (BD Biosciences, Heidelberg, Germany; Biosource Deutschland86 GmbH, Solingen, Germany).87

88

RNA extraction and real-time RT-PCR89

Lungs were retrieved and homogenized one day after the last intranasal challenge. Total90 RNA was isolated using the RNeasy Mini kit (Qiagen GmbH/Germany) according to the91 manufacturer’s instructions. Complementary DNA (cDNA) was prepared by reverse92 transcription of 0.5 µg of each total RNA using the RevertedAid H Minus First Strand cDNA93 synthesis kit (Fermentas GmbH/Germany). Quantitative real-time PCR (qPCR) was94 conducted using SYBR green master mix and an ABI ViiA™ 7 System thermocycler (Applied95 Biosystems). 40ng of cDNA and 0.2 µM primers were used (Table S1). Relative expression96 levels were calculated using the 2-ΔΔCt method with GAPDH as housekeeping gene.97

98

99

Lung function tests100

Anesthesia was induced by an intraperitoneal injection of Ketamin (100 mg/kg) and101 Xylazine (5 mg/kg) in PBS. After cannulation of the trachea, the animals were ventilated102 with room air at rates of 130 breaths/minute. A protocol for measuring airway103 hyperreactivity was initiated by challenging the mice with increasing methacholine104 concentrations by inhalation, using an in-line nebulizer (5 µl methacholine solution in PBS105 delivered for 30 seconds at the following concentrations: 0, 1.25, 2.5, 5, 10, 20 and 40106
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mg/ml). The data were recorded using the FinePoint software (Buxco® Research Systems).107 The highest value of respiratory system resistance (R) and the lowest value of dynamic108 compliance (DC) were recorded every 5 seconds during the data recording interval set at 3109 min after each methacholine level. The heart rate of each animal was continuously110 monitored using an ECG device connected with three subcutaneous electrodes throughout111 the entire experiment (Buxco® Research Systems) (3).112

113

114

Figures legends115

Figure S1. Measurement of protein content and quantification of adenosine using ultra high116

performance liquid chromatography A, Protein content in total RWE, low-molecular fraction of117

RWE (RWE<3KDa) and protein-fraction of RWE (RWE>3kDa) was determined by Coomassie118

assay. Data are displayed as mean+SD. B, Adenosine content in RWE and its fractions. n.d.= non119

detectable. C, Adenosine calibration curve. n.d.= non detectable. D, Chromatograms and120

correlating UV-spectra.121

122

Figure S2, Intranasal instillation of RWE induces airway inflammation and a pulmonary123

proinflammatory micromilieu. A, Experimental setup. B, BALF analysis. C, Histological scores for124

mucus hypersecretion (left) and inflammatory cell infiltrate (right) according to the following definition:125

0=none, 1=mild, 2=moderate, 3=marked, 4=severe (see method section). D, Representative126



7

pulmonary PAS-stained sections. Arrows: inflammatory infiltrate; arrowheads: mucus hyper-127

secretion; scale bar: 100μm. E, Pulmonary tissue was analyzed for mRNA-expression of128

indicated genes. Relative mRNA expression-levels calculated using the 2-ΔΔCtmethod.  GAPDH:129

housekeeping gene. Data are displayed as boxplots. n=6 mice/group. *p≤0.05, ***p≤0.001 vs130

PBS.131

132

133
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Table S1: Primers used for real-time PCR

IL-4 Forward:
Reverse:

TGA ACG AGG TCA CAG GAG AA
CGA GCT CAC TCT CTG TGG TG

IL-13 Forward:
Reverse:

TGT GTC TCT CCC TCT GAC CC
CAC ACT CCA TAC CAT GCT GC

IFN-gamma Forward:
Reverse:

CAC GGC ACA GTC ATT GAA AG
GCT GAT GGC CTG ATT GTC TT

GM-CSF Forward:
Reverse:

CAT CAA AGA AGC CCT GAA CC
CGA ATA TCT TCA GGC GGG T

TNF-alpha Forward:
Reverse

CCA CCA CGC TCT TCT GTC TAC
AGG GTC TGG GCC ATA GAA CT

Muc5ac Forward:
Reverse:

TGG AGT CAG CAC GAA AAC AG
GCA CTG GGA AGT CAG TGT CA

IL-5 Forward:
Reverse:

AGC AGT GGT GAA AGA GAC CTT
TCA ATG CAT AGC TGG TGA TTT

IL-22 Forward:
Reverse

GCT CAG CTC CTG TCA CAT CA
TCG CCT TGA TCT CTC CAC TC

IL-10 Forward:
Reverse:

ATC GAT TTC TCC CCT GTG AA
TGT CAA ATT CAT  TCA TGG CCT

IL-33 Forward:
Reverse:

TGC GTC TGT TGA CAC ATT GA
GAC TTG CAG GAC AGG GAG AC

Arg 1 Forward:
Reverse:

AGA GAT TAT CGG AGC GCC TT
TTT TTC CAG CAG ACC AGC TT

Muc2 Forward:
Reverse:

TGA TGC CAA TGA CAA GGT GT
AGC CTG GAG ATG TTC ACC AC

CCL24 Forward:
Reverse

CTG TGA CCA TCC CCT CAT C
CTT ATG GCC CTT CTT GGT GA

CCL11 Forward:
Reverse:

CAT CTG TCT CCC TCC ACC AT
TAA AGC AGC AGG AAG TTG GG

GAPDH Forward:
Reverse

CGT CCC GTA GAC AAA ATG GT
TTG ATG GCA ACA ATC TCC AC
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