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Summary 
Asthma is a heterogeneous syndrome with a significant social and economic impact. While the knowledge of 
pheno-endotypes has advanced in severe asthma, little attention has been paid to the phenotypes of mild-
moderate asthma. Along this line, a systematic review of the current literature on pollen-induced asthma was 
carried out, targeting the question whether it can be considered a specific phenotype of disease, with a focus 
on the role of pollen and its interplay with asthma.  
This article reports the first part of the review, which covered background information on the multiple 
atmospheric and environmental factors affecting pollen concentration, the molecular bases of pollen-induced 
allergenicity and the pathogenic effector circuits that sustain and amplify inflammatory signals in response to 
allergens in sensitized subjects. 
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Impact statement 
Pollen-induced asthma could be considered a specific phenotype. Pollen allergenicity depends not only on 
genetic and environmental factors, but also on the immunostimulatory components of the pollen matrix, that 
contribute to airway disease and may represent a defining feature of allergic asthma. 

Introduction 
Currently, asthma is no longer considered a single disease but a complex and heterogeneous syndrome that 
includes variable clinical presentations (phenotypes) and specific pathophysiological mechanisms (endotypes) 
(1-6). 
Asthma impacts over 300 million individuals of all ages worldwide, with a high count of disabilities, and 
premature deaths (7). According to the Global Burden of Disease (GBD), asthma is the second leading cause 
of death among chronic respiratory diseases, with 457.01 thousand deaths in 2017 (7, 8 CBD, Yang 2023). 
Asthma is often associated with various comorbidities, such as allergic rhinitis, nasal polyps, gastroesophageal 
reflux disease, obstructive sleep apnoea, and anxiety, leading to increased morbidity and seriously affecting 
patients’ quality of life (7).  
Prevalence data on asthma are important for the understanding of the clinical and economic burden the disease. 
However, the estimation of the epidemiology of asthma at global level is challenging, because of the complex 
nature of the disease and the lack of universally accepted case definition and tests that are confirmatory for 
asthma (9-11). The results from a systematic analysis of the literature, including data extracted from the Global 
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Burden of Diseases, Injuries and Risk Factors Study 2019, show considerable variation across countries in the 
estimation of asthma prevalence, ranging from 1.43 to 11.25% (10).  Regarding incidence, an increase was 
observed globally over the 30-year period 1990-2019, which occurred especially in Africa countries, with the 
number rising from 6487957.18 (95 %UI:4578735.08–8736387.55) to 7604488.39 (95 % UI:5428024.98–
10177808.25) (7, 12). Mortality for asthma in adolescent and young adults has exhibited a consistent 
downward trend over a period of 30 years, which may be linked to improved asthma management. However, 
areas with lower socio-demographic index have higher age-standardized mortality rates for asthma and deserve 
attention and priority support for medical resources.  
Allergic asthma, usually defined as asthma associated with sensitization to by otherwise harmless 
environmental substances, i.e. allergens (as pollen, fungal spores, animal hair, house dust mite), is the most 
common asthma phenotype (13, 14). It is estimated that up to 80% of childhood asthma and more than 50% 
of adult asthma cases may have an allergic component (15, 16). Molecular studies by Kaur et al (2019) also 
found that T2 signature, with high sensitization to allergens, increased airway and blood eosinophils and good 
response to ICS, concerns a significant proportion of adult patients with asthma (6). The average age of onset 
of allergic asthma is younger than that of nonallergic asthma (13). Although the spectrum of allergic asthma 
may vary from mild to severe, studies have reported that allergic versus nonallergic asthma is less severe (13).  
Allergens are triggers for asthma symptoms and can lead to increased morbidity. The majority of children with 
asthma in US are found to be sensitive to at least one indoor allergen (mite, molds, cat, dog) (17). Exposure to 
airborne pollen grains is known to be associated with asthma exacerbations and hospital admissions, especially 
in sensitized individuals and in children (18, 19). A prospective cohort study demonstrated that the sensitization 
to specific aeroallergens differentially impacts the risk of developing asthma and rhinitis. Specifically, 
sensitization to perennial allergens, to dog in particular, was associated with higher asthma risk as compared 
to seasonal allergens. Poly-sensitization at all ages was greatly associated with increased asthma risk (17, 20). 
In the last decade, important knowledge milestones have been achieved in the description of the pheno-
endotypes of severe asthma, while little attention has been so far paid to the phenotypes of mild-moderate 
asthma (21). Indeed, while current clinical guidelines underline the importance of phenotyping severe asthma, 
to target the appropriate therapy (i.e. biologics), phenotyping mild-moderate asthma is not considered relevant, 
as the therapeutic approach recommended in these patients is considered to be independent of the phenotypes. 
In addition, the role of pollen, a major causal agent of respiratory allergy, in the complex interplay with asthma 
has not been completely elucidated. 
Along this line, the aim of our work is to investigate whether pollen-induced asthma (PIA) can be considered 
a specific phenotype in patients with mild-moderate asthma.  
 
Methods 
A systematic review of the literature was conducted on Medline to identify English papers published up to 
March 31, 2024. Hand searching of references of interest was also performed within the selected studies. The 
search strategy included at least one keyword, in the title/abstract, for each of the following domains: pollen 
as a source of allergens (factors affecting pollen concentration, pollen size, immunologic mechanisms of 
response to airborne allergens), pollen-induced asthma (epidemiology, pollen-induced airway inflammation).  
The research and selection of the studies were performed independently by five allergists, who collected and 
summarized the data from the studies. All the authors contributed to the definition of the research question and 
related keywords, and to the final selection of the studies to be included in the systematic review.  
 
Results 

Pollen as a source of allergens 
 
Factors affecting pollen and allergen concentration 
 
The concentration of pollens can be significantly affected by multiple atmospheric, environmental and 
botanical factors, thereby increasing the risk of respiratory symptoms and exacerbations in allergic pollen-
driven asthma (18, 22-24). 
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Most studies assessing the impact of pollen on respiratory health have used pollen count (number of airborne 
pollen grains) as a proxy for the concentration of airborne allergen. However, this may not reflect the true 
potential of allergens to exacerbate allergic respiratory symptoms, as subpollen particles (SPPs) carrying the 
allergens might come into play because of its size, small enough to reach the lower airways. The relationship 
between pollen count and pollen allergen levels (pollen potency, i.e. amount of allergen per pollen) has been 
shown to be nonlinear, as the amount of allergen released from grains may vary significantly according to 
factors such as geographic location, time of the year, plant growth, weather conditions (25-27). Altogether, 
these observations explain why allergy symptoms are experienced even on days with low pollen counts and 
suggest that pollen count may not be a reliable proxy of allergen exposure (27, 28). Notably, Fuerte et al. 
(2024) provided the first evidence that levels of airborne Phl p 5, an important grass pollen allergen, are more 
consistently associated with the occurrence of allergic and respiratory symptoms than pollen counts, after 
accounting for meteorological and environmental factors (27).  
The main factors affecting the concentration of pollen and allergens are reported in Table I. 
 
Atmospheric factors 
 
Temperature has been shown to be linked to an increase in sensitisation frequency and allergic diseases. The 
emission of anthropogenic carbon dioxide (CO2) into the atmosphere and global warming can fertilize 
vegetation, enhancing the photosynthetic capacity and the growth of the plants, and are associated to an 
extended duration (mainly due to an earlier start) of pollen season and higher peak of pollen concentration (29, 
30). 
The effects of precipitation and humidity levels on pollen emission are complex (31, 32) and may depend on 
the specific pollen type (33). Heavy short-term precipitation significantly reduces atmospheric pollen 
concentrations, but, on the other hand, high humidity may induce hydration of pollen grains, sometimes 
followed by osmotic rupture, with generation of fragments of sub-micron diameter (0.5-2.5 µm) carrying 
allergens that can be dispersed by the wind into the atmosphere (31). However, the role of precipitation and 
humidity is rather complex to analyse, because there is not a standard definition of precipitation used across 
the studies and different scales of measuring precipitation are used (32). 
Under current climate change scenarios, heavy rainfall episodes, such as thunderstorms, cyclones and 
hurricanes, are expected to increase in intensity and frequency. Although mechanisms remain to be fully 
clarified, there is evidence in favour of a causal relationship between thunderstorms and epidemics of asthma 
attacks, including fatal and near-fatal (34). The most prominent hypotheses for “thunderstorm asthma” is that 
these events may concentrate aeroallergens at ground level to release respirable allergenic particles or other 
paucimicronic components after rupture of pollen grains by a combination of osmotic, mechanical, and 
electrical shock related to humidity, rainfall, wind gusts, and lightning strikes (34-37). 
Wind speed and direction also play an important role in the process of lifting and transport of airborne pollen 
and allergens and in determining their load in the atmosphere (38, 39). The allergenic capacity of long-distance 
transport of pollen remains unclear. Pollen allergenicity could decrease or be lost altogether during flight in 
the higher layers of the atmosphere, where the action of factors such as air temperature, humidity and solar 
radiation on the pollen grains could impact on their ability to maintain allergenic potency (40). 
Air pollution may also aggravate the allergenicity of pollen (41-44) via different mechanisms: increase of 
pollen potency, damage of pollen surface with release of more allergens (45), change of its elemental 
composition, resulting in the release of more airborne SPPs. For instance, gaseous pollutants (nitrogen dioxide 
and ozone) have been shown to damage the pollen cell membranes in SPPs from plane tree pollen, leading to 
an increase in Pla 3 allergen released into the atmosphere (46). When investigating these interactions between 
pollution and pollen, several variables should be considered, as weather, urbanization, pollen species, type of 
pollutant, conditions of exposure, and individual susceptibility. 
 
Environmental and botanical factors 
 
Multiple atmospheric factors joint with environmental and botanical factors influence the concentration of 
allergens in pollen. Increasing evidence indicates that the microbial composition of pollen (pollen 
microbiome) may affect its allergenicity (47, 48), as suggested by the observation that significantly higher 
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amounts of major endotoxins synthesized by bacteria occur in high allergenic pollen in contrast to low 
allergenic pollen (48).   
Pollen release and allergenicity may be also affected by soil pollutants and contaminants, such as cadmium 
(49) and indirectly by factors that influence plant growth and development, such as biotic stressors (living 
organisms like virus, bacteria, fungi and insects) and abiotic stressors (pollution, heat, cold, drought, salinity, 
high UV light, wounding, hypoxia) (50, 51). 
Other environmental factors to be considered are land use (agriculture, pasture, plant varieties produced 
in cultivation by selective breeding), urbanization and urban infrastructure topology. Urban areas, where 
vegetation coverage is limited, may become “islands” of higher temperatures relative to outlying suburban or 
rural area (“urban heat island effect”), with possible impact on plant growth and pollen emission (52, 53). This 
may have implications in epidemiological studies, as large temperature differences between the pollen 
monitoring station and the study area could result in differences in pollen count and allergen content.  
 
In summary, pollen exposure and allergenicity is influenced by multiple specific and nonspecific 
environmental stressors (pollen exposome) and their consequences at organ and cell level are considered to 
play a role in the development, progression and exacerbation of pollen-induced asthma (28). 
An important question concerns pollen threshold used in warning systems, that are intended to inform people 
of the risk of developing allergy symptoms. There is no consensus about which pollen concentrations provoke 
allergy symptoms (54). First of all, pollen traps are usually installed on roofs at a height of 15–20 m, but the 
pollen concentrations may differ from ground level, where exposure mainly occurs (55), and where it is highly 
variable both locally and spatially (56).  Secondly, the clinical threshold of pollen is very variable as well. In 
fact, the relation between pollen/allergen exposure and symptom development is complex, and the dose 
threshold above which symptoms are experienced is influenced by factors as individual sensitivity, 
sensitization, allergen content of pollen, age, geographical areas (54, 57). 
 
Pollen and the airways: a matter of size 
 
Experimental models aimed at predicting the relationship between aerosol particle size and lung penetration 
show that large particles, with aerodynamic diameters > 6µm, mainly deposit at the oropharyngeal, whereas 
smaller particles penetrate the bronchiolar tree (58, 59). 
 
Factors influencing pollen deposition in the airways 
The deposition of pollens in the airways can be significantly affected by multiple factors (28, 31, 32). Besides 
the factors affecting pollen and allergen concentration reported in Table I, pollen-specific characteristics such 
as size and morphology may also play a role.  
Intact pollen grains are typically between 22 mm (birch) and 100 mm (corn) in size, thus too large to reach the 
lower airways where asthmatic reaction occur. For instance, grass pollen is present in the atmosphere both as 
whole grains (approx. 20 to 55 µm in diameter) and as smaller size fractions (< 2.5 µm) (60); ragweed pollen 
has a geometric diameter ranging between 16 and 27 μm (61), Parietaria pollen between 16-18 μm (62, 63). 
The question how the pollen grains may affect the respiratory system (the “size paradox”) and the processes 
by which pollen allergens become airborne particles of respirable size have been investigated. As previously 
reported, during heavy precipitation or periods of high humidity pollen grains are hydrated and may undergo 
osmotic rupturing into SPPs that can penetrate deeper into the lung (28, 31). These data are supported by recent 
studies based on the measurement of chemical and biological markers demonstrating a significant increase in 
the SPPs with diameters 0.25-2.5 μm during thunderstorms and rain events in the pollen season, with peak 
concentrations occurring during convective thunderstorms with strong downdrafts, high rates of rainfall, 
electrical ions, and lightning (64, 65). Importantly, SPPs derived from pollen after osmotic shock have been 
shown to retain allergenicity (37 Cecchi 2021). The main allergens of Parietaria Judaica (Par j 2), olive tree 
(Ole e 1) and grass pollen (Phl p 2 and Phl p 5) are detectable in SPPs and all of them are consistently associated 
with the epidemic of thunderstorm asthma (37). 
The impact of pollen morphology on its deposition in the airways has also been investigated. High-resolution 
imaging techniques have revealed pollen grain is commonly found in round, ellipsoidal, triangular, disc or 
bean-shape, with a smooth to spiky texture. Wind-pollinated plants produce lots of lightweight, smooth pollen, 
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whereas the pollen of insect-pollinated plants is heavy and sticky. Experimental studies by Hassan (2011) have 
investigated the effect of size and surface morphology of pollen-shape carriers on drug delivery performance. 
The results might be extrapolated to the actual pollen morphology and showed that, at low flow rates, sparse 
surface asperity was associated to a significant improvement in the delivery of the drug fine particle fraction 
(the dispersed drug powder with diameter ≤5 µm) as compared to pollen-shape carriers with dense surface 
asperity (66).  
In the study by Inthavong et al. (2021), pollen particles exhibited higher drag coefficients (i.e. resistance in a 
fluid environment, such as air or water) and lower particle density compared to aerodynamic equivalent 
spheres, suggesting that pollen has greater mobility in its aerodynamic flight and greater potential to penetrate 
the nasal cavity (67).  
 
Site of inhaled pollen airway deposition 
As the SPPs are several times smaller than intact pollen grains, they can evade filtration by the nasopharynx 
and penetrate deeper into the airways, provoking respiratory symptoms. 
The association between grass pollen exposure and early markers of asthma exacerbations, such as lung 
function changes and increase in airway inflammation, is limited, yet results from available studies suggest the 
evidence of a correlation (68). In a community-based cohort of 936 adult participants, increasing grass pollen 
concentrations were significantly associated to changes in FEF25%-75% and FEV1/FVC ratio, measured 2–3 
days after exposure, but not in FEV1, suggesting that the greatest impact might be on medium-sized to small 
airways (69). Modifications in lung function parameters (FEV1 and FVC) following pollen exposure have 
been reported also in children and in pollen sensitized adolescents (68). 
The study by Nassikas et al. (2024) on a large cohort of 490 adolescents exposed to high concentrations of 
pollen reported a significant increase in airway inflammation (assessed by the measurement of FeNO levels), 
even in the absence of allergic sensitization and asthma (70). 
The results from study on 85 asthmatic patients suggest that there are differences between house dust mite 
(HDM) mono-sensitized subjects and weed pollen mono-sensitized subjects, not only in airway wall thickness, 
but also the indices of small airway obstruction, reflecting airway remodeling (71). The results need to be 
confirmed on a larger population of patients.  
Altogether, increasing evidence suggests that a large proportion of allergens is associated with particles of 
respirable size, either fragments of pollen, soluble allergen adsorbed to air pollutants of various origin or part 
of the dehiscing anther releases at the time of pollen shedding. These particles are small enough to deposit in 
the peripheral airways and induce inflammation and respiratory symptoms in predisposed subjects. Limited 
evidence shows effects on lung function parameters, reflecting a deposition on medium to small airways. 
 
 

Mechanisms of innate and adaptive immune response to aeroallergen 
 

The concept of the pollen matrix in allergic sensitization 
Allergic asthma may involve various types of hypersensitivity reactions to allergens (antibody-mediated, 
immune cell-mediated, tissue-driven or linked to metabolic mechanisms), resulting in the development of 
symptoms (72). Classically, the mechanisms of allergies are associated with the type 1, IgE-dependent immune 
response, characterized by involvement of T helper 2 (T2) cells and production of cytokines including IL-4, 
IL-5, and IL-13. However, recent evidence shows endotypes of allergic diseases related to T1 or T3-driven 
activation pathways (72).   
Up to now, 987 different allergens have been officially described, of which 195 are registered as plant-derived 
airborne allergens ( https://www.allergen.org ).  
The key question is why only some environmental proteins cause allergic sensitization and others do not. The 
molecular bases of allergenicity, i.e. the capacity of certain molecules to induce type 2 inflammation and 
specific IgE antibodies, are not fully understood. Results from epidemiological and experimental studies 
support the notion that allergic sensitization is not only dependent on the genetics of the host and environmental 
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factors, but also on intrinsic features of the allergenic source itself, specifically the composition of the pollen 
matrix (73-80). 
 
The intrinsic and extrinsic compartment of the pollen matrix 
Pollen allergens are embedded in a complex and heterogeneous matrix composed of a various bioactive 
molecule that are co-delivered during the allergic sensitization. The pollen matrix can be divided into two 
compartments, an intrinsic part consisting of compounds inherent to the pollen (proteins, metabolites, lipids, 
carbohydrates) and an extrinsic fraction, that includes viruses, aerosols and particles from air pollutants and a 
pollen-linked microbiome (73, 81-87). Together these components of the matrix provide a specific context for 
the allergen and are determinant of T2 sensitization (figure 1). 
Specifically, the initiation of allergic sensitization to pollen is likely to occur via distinct molecular 
mechanisms, involving pollen species-specific immune adjuvants that may contribute to the generation of a 
pro-inflammatory microenvironment to favour T2 polarization. Indeed, experimental studies have shown that 
several purified allergens were lacking inherent sensitizing potential, supporting the role of pollen-derived 
components as key players in the initiation of the inflammatory allergic response in predisposed subjects (73, 
74, 82, 88). 
Pollen grains are rich in lipids displaying immunomodulatory effects (74). For instance, in sensitized 
individuals, but not in healthy controls, cypress pollen-derived phospholipids were shown to be presented to 
T cells by major histocompatibility complex (MHC)-related molecules on dendritic cells, an interaction 
causing T cell proliferation and secretion of IL-4 (playing a key role in the initiation of sensitization) and IFNy 
(73, 83, 84, 89).  
Further evidence comes from human studies with olive pollen and in vitro murine models with birch pollen, 
showing that pollen lipids activate invariant natural killer T cells by upregulating CD1d expression on dendritic 
cells (90, 91).  
Regarding the extrinsic compartment of the matrix, the pollen microbiota, whose composition is variable and 
specific for each pollen species (47, 92), seems to play a role in allergenic inflammation. In fact, besides 
intrinsic pollen-derived lipids, microbial lipids constitute a source of immunomodulators and act as strong 
adjuvant of the sensitization process (83, 87).  
The influence of plant viral infection on the sensitizing potential of pollen is still largely unknown. A pilot 
study on a small sample (n = 15) of subjects with a history of seasonal allergic rhino-conjunctivitis enrolled 
outside the pollen season observed that virus-induced modifications in components of grass pollen have the 
potential to alter its allergenic potency, as assessed by skin testing (85). The results suggest that virus infection 
of grasses deserves consideration as a factor in pollen-induced allergic disease. 
Additionally, air pollutants, such as diesel exhaust particles, ozone, carbon dioxide and nitrogen oxides, may 
influence the composition of the pollen matrix as well as of the pollen microbiota, displaying an assistive role 
in the development of the allergic inflammation (41-43, 93, 94). In this regard, a correlation between exposure 
to atmospheric pollutants and the content of allergens and immunostimulatory compounds in pollen was 
reported (95, 96).  
 

 

The role of epithelium in the initiation of the sensitization process 
Increasing evidence suggests that an epithelial dysfunction, coupled with inherent properties of environmental 
allergens, can be responsible for the inflammatory response (97, 98).  
Epithelial cells are endowed with a series of specialized pattern recognition receptors (PRRs), such as Toll-
like receptors (TLRs) and protease activated receptors (PARs), which are required to provide first defense 
mechanisms towards pathogens. In atopic individuals, upon encounter with the epithelium, the pollen releases 
allergens and various matrix bioactive molecules that cause the disruption of the epithelial tight junctions, 
enabling the transportation of allergens across the membrane (81, 99-101), the activation of PRRs, the release 
of epithelial cytokines, like thymic stromal lymphopoietin (TSLP), IL-25, IL-33, and various pro-inflammatory 
cytokines (IL-8, IL-1, IL-6, TNFα). In turn, all these molecules activate the dendritic cell network and other 
innate immune cells, such as basophils and type 2 innate lymphoid cells, that drive pollen‐induced T2 
inflammation (88, 102-105). 
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In this context, evidence is emerging on the epithelial cytokine TSLP as a critical player in the development 
and progression of allergy and asthma (106). TSLP is positioned at the early phase of the inflammatory 
cascade, therefore, its inhibition could simultaneously suppress multiple pathways of inflammation. In allergic 
asthma, TSLP promotes the differentiation of T2 lymphocytes secreting T2 cytokines targeting B cells, 
eosinophils, mast cells and airway smooth muscle cells (106). The pollen-induced secretion of TSLP and the 
associated type 2 inflammation were shown to be dependent on TLR4 and myeloid differentiation primary 
response 88 (MyD88), and probably linked to oxidative stress (107-109). In this respect, stimulation of 
epithelial cells with pollen extracts from short ragweed, birch, timothy grass and mountain cedar caused 
elevation in the levels of reactive oxygen species (ROS) (110-113). In addition to TSPL, a TLR4/MyD88-
dependency was also observed for pollen-induced IL-33-mediated T2 responses for IL-25, which has the 
potential to initiate and activate type 2 innate lymphoid cells and T2 cells (73).  
Once activated by pro-inflammatory cytokines, dendritic cells instruct T2 polarization through three types of 
signals to naïve T cells: (i) antigen-derived peptides presented via MHC-II, (ii) expression of co-stimulatory 
molecules and (iii) secretion of pro-inflammatory cytokines and chemokines (114). In addition, activated 
dendritic cells secrete chemokines (CCL17, CCL22 and CXCL13) and chemokine receptors enable them to 
migrate to the lymph nodes, where they prime naïve T cells to become antigen-specific T2 cells (115-119).  
For efficient T2 priming IL-4 seems to be important. Basophils, mast cells and NKT cells were shown to 
produce IL-4 (120) and once generated, T2 cells themselves represent the most important source of IL-4.  
An overview of the initiation process of allergic sensitization is shown in Figure 2.  
In summary, the mechanisms involved in pollen-induced activation of the innate immune system and T2 
polarization are complex and not fully understood. It seems that different allergenic pollen sources interact 
with distinct innate receptors and signaling pathways, that are also influenced by genetic polymorphisms 
affecting epithelial pattern recognition, barrier function, and cytokine production. Altogether, the data suggest 
that allergic sensitization to pollen most likely results from particular combinations of pollen-specific signals 
rather than from a common determinant of allergenicity.  
 
 
Pollen-induced airway inflammation: specific features on allergic asthma 

 
Experimental evidence suggests that allergen-specific T2 cells and their cytokines orchestrate allergic airway 
inflammation, induce mucus production from airway epithelium and promote airway hyper-responsiveness 
(121-123).  
Along this line, studies on a human model of allergen-induced asthma exacerbation have been conducted aimed 
at exploring differences between allergic asthmatics and allergic non-asthmatic controls in the airway response 
to allergen, that could provide fundamental insights into asthma pathogenesis and possibly identify novel 
therapeutic targets (124, 125).  
Cho et al. (2016) showed that both groups developed prominent allergic airway type 2 inflammation in 
response to allergen. However, allergic asthmatic subjects compared to allergic non asthmatic controls had 
markedly higher levels of innate type 2 receptors on allergen-specific CD4+ T cells recruited into the airways 
and increased levels of type 2 cytokines, total mucin as well as airway baseline smooth muscle mass (124). 
Further research by Alladina et al (2023) showed that transcriptional profile of airway epithelial cells upon 
allergen challenge with allergens was markedly altered in allergic asthmatics subjects as compared to allergic 
non-asthmatic controls (125). Specifically, in asthmatic subjects a subset of epithelial cells – goblet and 
suprabasal quiescent goblet cells as well as basal cells – displayed the greatest response to allergen, with 
upregulation of genes involved in type 2 inflammatory cell recruitment and signaling, mucus metaplasia, and 
genes that promote extracellular matrix degradation and connective tissue regeneration. In contrast, in allergic 
non-asthmatic subjects the basal and suprabasal cells were able to promote an injury-repair response to allergen 
challenge, with increased expression of alarmins (IL33 and HMGB1) and neutrophil chemoattractants.  
Collectively, these results identify airway basal and secretory cells as highly dynamic cells during allergic 
inflammation and reveal mechanisms by which they may drive asthma pathogenesis. 
IL9-expressing pathogenic T2 cells, that amplify type 2 inflammation and promote the expression of 
profibrotic mediators and pathologic airway remodeling, have also been shown to be highly specific to 
asthmatic airways and were only observed after allergen challenge (125). 
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Additionally, airways of allergic asthmatics, after allergen challenge, were uniquely enriched for conventional 
type 2 dendritic cells (that express CD1C) and CCR2-expressing monocyte-derived cells, with up-regulation 
of genes that sustain type 2 inflammation and promote airway remodeling. In contrast, airways of allergic non-
asthmatic subjects were enriched for macrophage-like monocyte cells (MCs), characterized by production of 
factors modulating endocytic clearance, cell differentiation and survival, and expression of trophic factors 
promoting angiogenesis and tissue repair, as shown in animal models (126, 127). This finding suggests that 
these populations play an important role in the resolution of inflammation and protection against airway 
remodeling, as opposed to IL-4/IL-13 signaling via STAT6 in the airways of asthmatics, that may prevent or 
arrest macrophage differentiation and direct a pathogenic monocyte cell phenotype characterized by up-
regulation of genes involved in inflammatory signaling, antigen presentation, and pathologic airway 
remodeling. 
Cellular crosstalk between airway epithelial and immune cells is also critical to the initiation and resolution 
phases of allergic inflammation (128-130). Cellular communication pathways in allergic controls were 
characterized by growth factor signaling and injury-repair response to allergen, whereas asthmatics were 
dominated by basal cell-Th2-mononuclear phagocyte interactions that may sustain and amplify type 2 signals, 
leading to failure to engage antioxidant response, loss of growth factor signaling, increase in mediators of 
airway remodeling.  
In summary, allergen challenge leads to increased eosinophilia and type 2 cytokine levels in the airways of 
both allergic asthmatic and allergic non-asthmatic subjects, but the effector pathways elicited by T2 
inflammation are distinct. The airway epithelium of asthmatic subjects is highly dynamic, with basal and 
secretory epithelial cells up-regulating the genes involved in matrix degradation, mucus metaplasia, and 
remodeling, while failing to induce the epithelial injury-repair and antioxidant processes observed in non-
asthmatic controls, that are possibly protective against pathologic remodeling.  
How pollen interact with the respiratory mucosa remains largely unknown due to a lack of representative model 
systems. In this respect, Van Cleemput et al. (2019) demonstrated that pollen proteases of three plants, 
Kentucky bluegrass, white birch and hazel, selectively destroy the integrity and anchorage of columnar 
respiratory epithelial cells, but not of basal cells, in both ex vivo respiratory mucosal explants and in 
vitro primary equine respiratory epithelial cells (131). Interestingly, Blume et al. (2013) analysed the effect of 
grass pollen exposure on differentiated human primary bronchial epithelial cells derived from severe asthmatic 
donors and non-asthmatic controls. The results show a differential response in terms of inflammation mediator 
release, without any difference in physical barrier properties (132). 
 
 
Discussion and Conclusions 
Asthma is a global problem and a significant social and economic burden. Although specific epidemiological 
data on pollen-induced asthma are scarce, overall allergic asthma, which is the most common phenotype, is 
costly for the healthcare systems, with large additional societal costs due to lost work productivity. 
Clinical manifestations are intimately linked with the release of plant pollen into the environment. The factors 
that influence pollen concentration and potency are multiple, region- and species-specific, difficult to identify, 
quantify and predict in terms of type of effect, as it is increasingly clear that they all have independent and 
joint effects on respiratory health. The variability of pollen and allergen concentration is often overlooked in 
clinical studies, even in randomized controlled trials, suggesting that allergic-type asthma is not always 
properly investigated and introducing a possible bias in studies on allergic populations. 
In the future, temperature and precipitation are projected to increase, all factors that will potentially augment 
pollen emission and allergenicity, with negative impact on respiratory health. Also, urbanization will further 
increase in the next decades, with negative consequences on the health and survival of urban trees, leading to 
loss of biodiversity. In this context, tree urban planning and the integration of green infrastructure may mitigate 
the impact of urban development. 
The molecular bases of allergenicity are not fully understood. There is evidence that allergic sensitization 
dependents not only on the genetics of the individuals and the environmental factors, but also on species-
specific immunostimulatory components of the pollen matrix that may contribute to the generation of a pro-
inflammatory microenvironment to favour T2 polarization. Future investigation will contribute to elucidate 
the pathogenic effects of pollen in the airway. 
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Importantly, in allergic asthmatics, as compared to allergic non-asthmatics, the pathogenic effector circuits 
sustain and amplify T2 signals in response to allergens, while the circuits facilitating the resolution of 
inflammation and tissue repair are inhibited: therefore, tissue reprogramming in response to T2 inflammation 
could drive structural airway disease and may represent a defining feature of allergic asthma. 
The observation that many allergic individuals develop asthma over time (133), suggests that the pathogenic 
mechanisms leading to asthma may be incremental. Thus, a key question is whether a pharmacologic 
intervention may slow down or at least partially revert the cellular pathways driving airway remodeling.  
Inhaled glucocorticoids reduce airway inflammation and some aspects of remodeling, as proliferation of lung 
fibroblasts, metaplasia of goblet cells and thickening of subepithelial basal membrane (134, 135), but currently 
there are no drugs or other interventions available that can definitely reverse this process (134).  
In vivo animal models of allergen-induced airway inflammation, using sensitized rats exposed to repeated 
allergen challenge, showed established structural alterations of the airways could not be reversed by the 
treatment with inhaled corticosteroid administered post challenge, but concomitant treatment could partly 
prevent these changes (136). In addition, glucocorticoid could inhibit in vitro the differentiation of human lung 
fibroblasts to contractile myofibroblasts, that are involved in the development of the inflammatory cascade. 
The effect of reversion to the normal phenotype occurs both at the very early and also at a mild stage of the 
differentiation process (137). 
The clinical relevance of these findings is not known, since no animal model of allergic airways disease 
encompasses all features of the human disease, and results cannot be easily translated to the clinic; however, 
the data support the hypothesis that early intervention with inhaled glucocorticoids could at least in part prevent 
or slow down airway remodeling in asthma.   
Advances in the understanding of the molecular circuits underlying airway structural changes and remodeling 
in response to allergens as well as repair mechanisms may facilitate the development of novel and more 
effective therapeutic approaches.  
 
Funding 
GlaxoSmithKline S.p.A. provided financial and human resources to support the implementation of the project 
"The patient with pollen-induced asthma: from the unpredictability of risk to a possible management model." 
The company has been granted an exclusive license by AAIITO (Italian Association of Territorial and Hospital 
Allergologists and Immunologists) to access and use the information, results, and materials derived from the 
project. 
 
Contributions 
All authors equally contributed to the manuscript draft and critical revision for important intellectual content, 
to data collection, analysis and interpretation. All authors read and approved the final version of the manuscript. 
 
Conflict of Interest 
The Authors declare that they have no conflict of interest related to this topic. 
 
References 

1. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After asthma: redefining 
airways diseases.  Lancet. 2018; 391 (10118): 350-400. doi: 10.1016/S0140-6736(17)30879-6. 

2. Anderson GP. Endotyping asthma: new insights into key pathogenic mechanisms in a complex, 
heterogeneous disease. Lancet 2008 (9643); 372:1107-19. doi: 10.1016/S0140-6736(08)61452-X.  

3. Wenzel SE. Asthma: defining of the persistent adult phenotypes. Lancet 2006; 368 (9537): 804-13. 
doi: 10.1016/S0140-6736(06)69290-8. 

4. Corren J. Asthma phenotypes and endotypes: an evolving paradigm for classification. Discov Med 
2013; 15:243-9. PMID: 23636141 

5. Kuruvilla ME, Lee FE, Lee GB. Understanding asthma phenotypes, endotypes, and mechanisms of 
disease. Clin Rev Allergy Immunol 2019; 56 (2): 219-33. doi: 10.1007/s12016-018-8712-1 

6. Kaur R, Chupp G. Phenotypes and endotypes of adult asthma: moving toward precision medicine.                                                                                  
J Allergy Clin Immunol 2019; 144 (1): 1-12. doi: 10.1016/j.jaci.2019.05.031. 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 10 

7. Yang CH, Lv JJ, Li XY, Yang XT, Yin MY. Global burden of asthma in young adults in 204 countries 
and territories, 1990-2019: Systematic analysis of the Global burden of disease study 2019. Prev Med 
Rep. 2023 Dec 6; 37: 102531. doi: 10.1016/j.pmedr.2023.102531. PMID: 38162120; PMCID: 
PMC10755496. 

8. Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a systematic 
analysis for the Global Burden of Disease Study 2019. Lancet (London, England) 2020; 
396(10258):1204-1222. 

9. Song P, Adeloye D, Salim H, Dos Santos JP, Campbell H, Sheikh A, Rudan I. Global, regional, and 
national prevalence of asthma in 2019: a systematic analysis and modelling study. J Glob Health. 
2022;1 2:04052. doi: 10.7189/jogh.12.04052.  

10. Rabe APJ, Loke WJ, Gurjar K, Brackley A, Lucero-Prisno Iii DE. Global Burden of Asthma, and Its 
Impact on Specific Subgroups: Nasal Polyps, Allergic Rhinitis, Severe Asthma, Eosinophilic Asthma. 
J Asthma Allergy. 2023; 16:1097-1113. doi: 10.2147/JAA.S418145. 

11. Global Initiative for Asthma Management and Prevention (GINA) – update 2024. 
https://ginasthma.org/wp-content/uploads/2024/05/GINA-2024-Strategy-Report-
24_05_22_WMS.pdf 

12. HME. Global Burden of Disease Study 2019 (GBD 2019) Data Resources. Institute for health metrics 
and evaluation at the University of Washington; 2021. Available from: http://ghdx.healthdata.org/gbd-
2019 

13. Schatz M, Rosenwasser L. The allergic asthma phenotype. J Allergy Clin Immunol Pract. 2014;2(6): 
645-8;. doi: 10.1016/j.jaip.2014.09.004. 

14. Boonpiyathad T, Sozener ZC, Satitsuksanoa P, Akdis CA. Immunologic mechanisms in 
asthma. Semin Immunol. 2019; 46: 101333. doi: 10.1016/j.smim.2019.101333. 

15. Akar-Ghibril N, Casale T, Custovic A, Phipatanakul W. Allergic Endotypes and Phenotypes of 
Asthma. J Allergy Clin Immunol Pract. 2020 Feb;8(2):429-440. doi: 10.1016/j.jaip.2019.11.008. 
Erratum in: J Allergy Clin Immunol Pract. 2020 May;8(5):1779.  

16. Arbes SJ Jr, Gergen PJ, Vaughn B, Zeldin DC. Asthma cases attributable to atopy: results from the 
Third National Health and Nutrition Examination Survey. J Allergy Clin Immunol 2007; 120 (5): 
1139-45. doi: 10.1016/j.jaci.2007.07.056. 

17. Stern J, Pier J, Litonjua AA. Asthma epidemiology and risk factors. Semin Immunopathol. 2020 
Feb;42(1):5-15. doi: 10.1007/s00281-020-00785-1 

18. Erbas B, Jazayeri M, Lambert KA, Katelaris CH, Prendergast LA, Tham R et al. Outdoor pollen is a 
trigger of child and adolescent asthma emergency department presentations: a systematic review and 
meta-analysis. Allergy 2018; 73 (8): 1632–1641. https://doi.org/ 10.1111/all.13407. 

19. Annesi-Maesano I, Cecchi L, Biagioni B, Chung KF, Clot B, Collaud Coen M et al. Is exposure to 
pollen a risk factor for moderate and severe asthma exacerbations? Allergy. 2023 Aug;78(8):2121-
2147. doi: 10.1111/all.15724. Epub 2023 Apr 10. PMID: 36961370. 

20. Stoltz DJ, Jackson DJ, Evans MD, Gangnon RE, Tisler CJ, Gern JE, Lemanske RF Jr. Specific patterns 
of allergic sensitization in early childhood and asthma & rhinitis risk. Clin Exp Allergy. 2013; 
43(2):233-41. doi: 10.1111/cea.12050. 

21. Bourdin A, Brusselle G, Couillard S, Fajt ML, Heaney LG, Israel E et al. Phenotyping of Severe 
Asthma in the Era of Broad-Acting Anti-Asthma Biologics. J Allergy Clin Immunol Pract. 2024 
Apr;12(4):809-823. doi: 10.1016/j.jaip.2024.01.023. Epub 2024 Jan 25.  

22. Agache I, Annesi-Maesano I, Cecchi L, Biagioni B, Chung KF, Clot B, et al. EAACI Guidelines on 
Environmental Science for Allergy and Asthma: The impact of short-term exposure to outdoor air 
pollutants on asthma-related outcomes and recommendationsfor mitigation measures. Allergy. 2024; 
79(7):1656-1686. doi: 10.1111/all.16103.  

23. Jariwala SP, Kurada S, Moday H, Thanjan A, Bastone L, Khananashvili M, et al. Association between 
tree pollen counts and asthma ED visits in a high-density urban center. J Asthma 2011; 48(5):442-8. 
doi: 10.3109/02770903.2011.567427.  

24. D’Amato G, Chong-Neto HJ, Monge Ortega OP, Vitale C, Ansotegui I, Rosario N et al. The effects 
of climate change on respiratory allergy and asthma induced by pollen and mold allergens. Allergy 
2020; 75 (9): 2219-2228. doi: 10.1111/all.14476 

25. Tegart LJ, Johnston FH, Borchers Arriagada N, Workman A, Dickinson JL, Green BJ et al. ‘Pollen 
potency’: the relationship between atmospheric pollen counts and allergen exposure. Aerobiologia 
2021; 37: 825-41. DOI: https://doi.org/10.1007/s10453-021-09726-3 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 11 

26. Buters J, Prank M, Sofiev M, Pusch G, Albertini R, Annesi-Maesano I et al. Variation of the group 5 
grass pollen allergen content of airborne pollen in relation to geographic location and time in season. 
J Allergy Clin Immunol 2015; 136:87-95. doi: 10.1016/j.jaci.2015.01.049 

27. Fuertes E, Jarvis D, Lam H,  Davies B, Fecht D, Candeias J et al. Phl p 5 levels more strongly 
associated than grass pollen counts with allergic respiratory health. J Allergy Clin Immunol 2024; 153 
(3): 844-851. doi: 10.1016/j.jaci.2023.11.011. 

28. Cecchi L, G, Annesi-Maesano I. Climate change and outdoor aeroallergens related to allergy and 
asthma: Taking the exposome into account. Allergy 2020; 75(9):2361-2363. doi: 10.1111/all.14286. 

29. Zhang Y, Steiner AL. Projected climate-driven changes in pollen emission season length and 
magnitude over the continental United States. Nat Commun 2022; 13: 1234. 
https://doi.org/10.1038/s41467-022-28764-0 

30. Ziska LH, Makra L, Harry SK, Bruffaerts N, Hendrickx M, Coates F, et al. Temperature-related 
changes in airborne allergenic pollen abundance and seasonality across the northern hemisphere: a 
retrospective data analysis. Lancet Planet Health. 2019; 3(3):e124-e131. doi: 10.1016/S2542-
5196(19)30015-4. 

31. Matthews BH, Alsante AN and Brooks SD. Pollen Emissions of Subpollen Particles and Ice 
Nucleating Particles. ACS Earth and Space Chemistry 2023; 7 (6): 1207-1218. DOI: 
10.1021/acsearthspacechem.3c00014 

32. Schramm PJ, Brown CL, Conlon KC et al. A systematic review of the effects of temperature and 
precipitation on pollen concentrations and season timing, and implications for human health. Int J 
Biometeorol. 2021; 65(10): 1615-1628. doi:10.1007/s00484-021-02128-7. 

33. Lara B, Rojo J, Costa AR, Burgos-Montero AM, Antunes CM, Pérez-Badia R. Atmospheric pollen 
allergen load and environmental patterns in central and southwestern Iberian Peninsula. Science of the 
Total Environment 2023; 858: 159630. doi: 10.1016/j.scitotenv.2022.159630 

34. D'Amato G, Annesi-Maesano I, Urrutia-Pereira M, Del Giacco S, Rosario Filho NA, Chong-Neto HJ 
et al. Thunderstorm allergy and asthma: state of the art. Multidisciplinary Respiratory Medicine 2021; 
16: 806. doi: 10.4081/mrm.2021.806 

35. D'Amato G, Annesi-Maesano I, Cecchi L, D'Amato M. Latest news on relationship between 
thunderstorms and respiratory allergy, severe asthma, and deaths for asthma. Allergy 2019; 74(1):9-
11. doi: 10.1111/all.13616. PMID: 30242857 

36. Emmerson KM, Silver JD, Thatcher M, Wain A, Jones PJ, Dowdy A, et al. (2021) Atmospheric 
modelling of grass pollen rupturing mechanisms for thunderstorm asthma prediction. PLoS ONE 
2021; 16(4): e0249488. https://doi.org/ 10.1371/journal.pone.0249488 

37. Cecchi L, Scala E, Caronni S, Citterio S, Aser R.  Allergenicity at component level of sub-pollen 
particles from different sources obtained by osmolar shock: A molecular approach to thunderstorm-
related asthma outbreaks. Clin Exp Allergy 2021; 51 (2): 253-261. doi: 10.1111/cea.13764.  

38. Negral L, Moreno-Grau S, Galera MD, Elvira-Rendueles B, Costa-Gómez I, Aznar F,  et al. The effects 
of continentality, marine nature and the recirculation of air masses on pollen concentration: Olea in a 
Mediterranean coastal enclave. Science of Total Enviroment 2021; 790, 147999. 
https://doi.org/10.1016/j.scitotenv.2021.147999 

39. Bayr D, Plaza MP, Gilles S, Kolek F, Leier-Wirtz V, Traidl-Hoffmann C, Damialis A. Pollen long-
distance transport associated with symptoms in pollen allergics on the German Alps: An old story with 
a new ending? Sci Total Environ. 2023 Jul 10; 881, 163310. doi: 10.1016/j.scitotenv.2023.163310.  

40. Cecchi L, Morabito M, Domeneghetti PM, Crisci A, Onorari M, Orlandini S. Long distance transport 
of ragweed pollen as a potential cause of allergy in central Italy. Ann Allergy Asthma Immunol. 2006; 
96(1):86-91. doi: 10.1016/s1081-1206(10)61045-9. PMID: 16440538. 

41. Sénéchal, H, Visez, N, Charpin, D, Shahali, Y, Peltre, G, Biolley, J-P, et al. A Review of the Effects 
of Major Atmospheric Pollutants on Pollen Grains, Pollen Content, and Allergenicity. Scientific World 
J 2015: 940243. doi:10. 1155/2015/940243. https:// doi.org/10.1155/2015/940243.  

42. Lam, HCY, Jarvis, D, and Fuertes, E. Interactive Effects of Allergens and Air Pollution on Respiratory 
Health: A Systematic Review. Sci Total Environ 2021; 757: 143924. doi: 
10.1016/j.scitotenv.2020.143924  

43. Gisler A. Allergies in Urban Areas on the Rise: The Combined Effect of Air Pollution and Pollen. 
International Journal of Public Health 2021; 66: 604022. doi: 10.3389/ijph.2021.1604022. 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 12 

44. Orellano P, Quaranta N, Reynoso J, Balbi B, Vasquez J. Effect of outdoor air pollution on asthma 
exacerbations in children and adults: systematic review and multi-level meta-analysis. PLoS One 
2017; 12 (3): 1–15. https://doi.org/10.1371/journal. pone.0174050.  

45. Ziemianin, M., Waga, J., Czarnobilska, E. et al. Changes in qualitative and quantitative traits of birch 
(Betula pendula) pollen allergenic proteins in relation to the pollution contamination. Environ Sci 
Pollut Res 2021; 28: 39952–39965 https://doi.org/10.1007/s11356-021-13483-8 

46. Zhou S, Wang X, Lu S, Yao C, Zhang L, Rao L, et al. Characterization of allergenicity of Platanus 
pollen allergen a 3 (Pla a 3) after exposure to NO2 and O3. Environ Pollut. 2021; 278:116913. doi: 
10.1016/j.envpol.2021.116913 

47. Obersteiner A, Gilles S, Frank U, Beck I, Haring F, Ernst D, et al. Pollen‐associated microbiome 
correlates with pollution parameters and the allergenicity of pollen. PLoS ONE. 2016;11(2): 
e0149545. https://doi. org/10.1371/journal.pone.0149545.  

48. Manirajan AB, Hinrichs AK, Ratering S, Rusch V, Schwiertz A, Geissler-Plaum R, Eichner G, 
Cardinale M, Kuntz S, Schnell S. Bacterial Species Associated with Highly Allergenic Plant Pollen 
Yield a High Level of Endotoxins and Induce Chemokine and Cytokine Release from Human A549 
Cells. Inflammation. 2022; 45(6):2186-2201. doi: 10.1007/s10753-022-01684-3.  

49. Aina R, Asero R, Ghiani A, Marconi G, Albertini E, Citterio S. Exposure to cadmium-contaminated 
soils increases allergenicity of Poa annua L. pollen. Allergy 2010; 65: 1313–1321. doi: 
10.1111/j.1398-9995.2010.02364.x. 

50. Bostock RM, Pye RF, Roubsova TV. Predisposition in plant disease. Exploiting the nexus in abiotic 
and biotic stress perception and response. Annu. Rev. Phytopathol. 2014; 52:517-49. 
DOI:10.1146/annurev-phyto-081211-172902 

51. Kelish EL, Zhao A, Heller F, W. et al. Ragweed (Ambrosia artemisiifolia) pollen allergenicity: 
SuperSAGE transcriptomic analysis upon elevated CO2 and drought stress. BMC Plant Biol 2014; 
114: 76. https://doi.org/10.1186/1471-2229-14-176 

52. Katz DSW, Dzul A, Kendel A, Batterman SA. Effect of intra-urban temperature variation on tree 
flowering phenology, airborne pollen, and measurement error in epidemiological studies of allergenic 
pollen. Sci Total Environ. 2019 Feb 25;653:1213-1222. doi: 10.1016/j.scitotenv.2018.11.020. Epub 
2018 Nov 5. PMID: 3075956; PMC6402594 

53. Hassan T, Zhang J, Prodhan FA, Pangali Sharma TP, Bashir B. Surface Urban Heat Islands Dynamics 
in Response to LULC and Vegetation across South Asia (2000–2019). Remote Sens. 2021; 13: 3177. 
https://doi.org/10.3390/ rs13163177. 

54. Steckling-Muschack N, Mertes H and Mittermeier I. A systematic review of threshold values of pollen 
concentrations for symptoms of allergy. Aerobiologia 2021; 37: 395-424. 
https://doi.org/10.1007/s10453-021-09709-4.  

55. Charalampopoulos A, Damialis A, Lazarina M, Halley JM and Vokou D. Spatio-temporal assessment 
of air borne pollen in the urban environment: The pollenscape of thessaloniki as a case study. Atmos. 
Environ. 2021; 247: 118185. https://doi.org/10.1016/j.atmos env.2021.118185.  

56. Dbouk T, Visez N, Samer A, Shahrour I and Drikakis D. Risk assessment of pollen allergy in urban 
environments. Sci Rep. 2022; 12: 21076.  doi: 10.1038/s41598-022-24819-w.  

57. Becker J, Steckling-Muschack N, Mittermeier I; Bergmann KC, Bose-O’Reilly S, Buters J, et al. 
Threshold values of grass pollen (Poaceae) concentrations and increase in emergency department 
visits, hospital admissions, drug consumption and allergic symptoms in patients with allergic rhinitis: 
a systematic review.  Aerobiologia 2021; 37: 633–662. https://doi.org/10.1007/s10453-021-09720-9 

58. Pritchard JN. The Influence of Lung Deposition on Clinical Response. Journal of Aerosol Medicine 
2001: 14, Supp. 1: S19-26. doi: 10.1089/08942680150506303. 

59. Kleinstreuer C, Zhang Z, and J F Donohue. Targeted Drug-Aerosol Delivery in the Human Respiratory 
System. Annual Rev Biomed Eng. 2008; 10:195-220. doi: 
10.1146/annurev.bioeng.10.061807.160544.  

60. Knox RB, Suphioglu C, Taylor P, Desai R, Watson HC, Peng JL, Bursill LA. Major grass pollen 
allergen Lol p 1 binds to diesel exhaust particles: implications for asthma and air pollution. Clin Exp 
Allergy 1997; 27(3):246-51. PMID: 9088650. 

61. Thio BJ, Lee JH, Meredith JC. Characterization of ragweed pollen adhesion to polyamides and 
polystyrene using atomic force microscopy. Environ Sci Technol. 2009; 43(12):4308-13. doi: 
10.1021/es803422s.  

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 13 

62. Ciprandi G, Puccinelli P, Incorvaia C, Masieri S. Parietaria Allergy: An Intriguing Challenge for the 
Allergist. Medicina (Kaunas). 2018; 54(6):106. doi: 10.3390/medicina54060106. 

63. Serafini U. Studies on hay fever with special regard to pollinosis due to parietaria officinalis. Allergy 
1957; 11(1):3-27. PMID: 13424012. 

64. Mampage CBA, Hughes DD, Jones LM, Metwali N, Thorne PS, Stone EA. Characterization of sub-
pollen particles in size-resolved atmospheric aerosol using chemical tracers. Atmos Environ X 2022; 
15:100177. doi: 10.1016/j.aeaoa.2022.100177  

65. Hughes DD, Mampage CBA, Jones LM, Liu Z, and Elizabeth A. Stone EA. Characterization of 
Atmospheric Pollen Fragments during Springtime Thunderstorms. Environ. Sci. Technol. Lett. 2020; 
7 (6): 409-414. https://doi.org/10.1021/acs.estlett.0c00213 

66. Hassan MS, Lau R. Inhalation performance of pollen-shape carrier in dry powder formulation: Effect 
of size and surface morphology. Journal of Pharmaceutics 2011; 413: 93-102. 
https://doi.org/10.1016/j.ijpharm.2011.04.033. 

67. Inthavong K, Shang Y, Del Gaudio JM, Wise SK, Edwards TS, Bradshaw K, et al. A Review of the 
Respiratory Health Burden Attributable to Short-Term Exposure to Pollen. Respir Physiol Neurobiol. 
2021; 294:103769. doi: 10.1016/j.resp.2021.103769.  

68. Idrose NS, Lodge CJ, Erbas B, Douglass JoA, Bui DS,  Dharmage SC. A Review of the Respiratory 
Health Burden Attributable to Short-Term Exposure to Pollen. Int. J. Environ. Res. Public Health 
2022; 19 (12):7541. https:// doi.org/10.3390/ijerph19127541. 

69. Idrose NS, Tham, RCA, Lodge CJ, Lowe AJ, Bui D, Perret JL, et al. Is short-term exposure to grass 
pollen adversely associated with lung function and airway inflammation in the community? Allergy 
2021; 76 (4): 1136-1146. doi: 10.1111/all.14566. 

70. Nassikas NJ, Luttmann-Gibson H, Rifas-Shiman S, Oken M, Gold DR, Rice MB. Acute exposure to 
pollen and airway inflammation in adolescents. Pediatric Pulmonology 2024; 59:1313-
1320. https://doi.org/10.1002/ppul.26908 

71. Liu L, Li G, Sun Y, Li J, Tang N, Dong L. Airway wall thickness of allergic asthma caused by weed 
pollen or house dust mite assessed by computed tomography. Respiratory Medicine 2015; 109 (3): 
339-346. doi: 10.1016/j.rmed.2014.11.011. 

72. Jutel M, Agache I, Zemelka-Wiacek M, Akdis M, Chivato T, Del Giacco S. Nomenclature of allergic 
diseases and hypersensitivity reactions: Adapted to modern needs: An EAACI position paper. Allergy. 
2023; 78(11):2851-2874. doi: 10.1111/all.15889. Epub 2023 Oct 10. Erratum in: Allergy. 2024 
Jan;79(1):269-273. doi: 10.1111/all.15983. 

73. Pointner L, Bethanis A, Thaler M, Traidl-Hoffmann C, Gilles S et al. Initiating pollen sensitization – 
complex source, complex mechanisms. Clin Transl Allergy 2020; 10: 36. 
https://doi.org/10.1186/s13601-020-00341-y 

74. Aglas L, Gilles S, Bauer R, Huber S, Araujo GR, Mueller G, et al. Context matters: TH2 polarization 
resulting from pollen composition and not from protein‐intrinsic allergenicity. J Allergy Clin 
Immunol. 2018;142(3):984-7 .e6.https://doi.org/10.1016/j.jaci.2018.05.004.  

75. Araujo GR, Aglas L, Vaz ER, Machado Y, Huber S, Himly M, et al. TGFbeta1 mimetic peptide 
modulates immune response to grass pollen allergens in mice. Allergy. 2019. 
https://doi.org/10.1111/all.14108.  

76. Wimmer M, Alessandrini F, Gilles S, Frank U, Oeder S, Hauser M, et al. Pollen‐derived adenosine is 
a necessary cofactor for ragweed allergy. Allergy. 2015; 70(8):944–54. 
https://doi.org/10.1111/all.12642.  

77. Wolf M, Twaroch TE, Huber S, Reithofer M, Steiner M, Aglas L, et al. Amb a 1 isoforms: unequal 
siblings with distinct immunological features. Allergy. 2017; 72(12):1874–82. 
https://doi.org/10.1111/all.13196.  

78. Eisenbarth SC, Zhadkevich A, Ranney P, Herrick CA, Bottomly K. IL‐ 4‐dependent Th2 collateral 
priming to inhaled antigens independent of toll‐like receptor 4 and myeloid differentiation factor 88. 
J Immunol. 2004; 172(7):4527–34. https://doi.org/10.4049/jimmunol.172.7.4527.  

79. Cadot P, Meyts I, Vanoirbeek JA, Vanaudenaerde B, Bullens DM. Ceup‐ pens JL. Sensitization to 
inhaled ryegrass pollen by collateral priming in a murine model of allergic respiratory disease. Int 
Arch Allergy Immunol. 2010; 152(3):233–42. https://doi.org/10.1159/000283031.  

80. Soh WT, Aglas L, Mueller GA, Gilles S, Weiss R, Scheiblhofer S, et al. Multiple roles of Bet v 1 
ligands in allergen stabilization and modulation of endosomal protease activity. Allergy. 2019; 
74(12):2382–93. https:// doi.org/10.1111/all.13948.  

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 14 

81. McKenna OE, Posselt G, Briza P, Lackner P, Schmitt AO, Gadermaier G, et al. Multi‐approach 
analysis for the identification of proteases within birch pollen. Int J Mol Sci. 2017; 18(7):1433. 
https://doi.org/10.3390/ ijms18071433.  

82. Gilles S, Behrendt H, Ring J, Traidl-Hoffmann C. The pollen enigma: modulation of the allergic 
immune response by non-allergenic, pollen-derived compounds. Curr Pharm Des. 2012;18(16):2314-
9. doi: 10.2174/138161212800166040.   

83. Bublin M, Eiwegger T, Breiteneder H. Do lipids influence the allergic sensitization process? J Allergy 
Clin Immunol. 2014; 134(3): 521-9. https ://doi.org/10.1016/j.jaci.2014.04.015.  

84. Bashir ME, Lui JH, Palnivelu R, Naclerio RM, Preuss D. Pollen lipidomics: lipid profiling exposes a 
notable diversity in 22 allergenic pollen and potential biomarkers of the allergic immune response. 
PLoS ONE. 2013; 8(2): e57566. https://doi.org/10.1371/journal.pone.0057566.  

85. Pallett DW, Soh E, Edwards ML, Bodey K, Lau LC, Cooper JI, et al. Proof of concept pilot study: 
prevalence of grass virus infection and the potential for effects on the allergenic potency of pollen. 
Environ Health. 2009; 8(Suppl 1): S10. https://doi.org/10.1186/1476‐069x‐8‐s1‐s10.  

86. Reinmuth‐Selzle K, Kampf CJ, Lucas K, Lang‐Yona N, Frohlich‐Nowoisky J, Shiraiwa M, et al. Air 
pollution and climate change effects on allergies in the anthropocene: abundance, interaction, and 
modification of allergens and adjuvants. Environ Sci Technol. 2017; 51(8):4119–411. https:// 
doi.org/10.1021/acs.est.6b04908.  

87. Heydenreich B, Bellinghausen I, Konig B, Becker WM, Grabbe S, Petersen A, et al. Gram‐positive 
bacteria on grass pollen exhibit adjuvant activity inducing inflammatory T cell responses. Clin Exp 
Allergy. 2012; 42(1):76-84. https://doi.org/10.1111/j.1365‐2222.2011.03888.x.  

88. Gilles S, Mariani V, Bryce M, Mueller MJ, Ring J, Behrendt H, et al. Pollen allergens do not come 
alone: pollen associated lipid mediators (PALMS) shift the human immune systems towards a T(H)2‐
dominated response. Allergy Asthma Clin Immunol. 2009;5(1):3. https://doi. org/10.1186/1710‐1492‐
5‐3.  

89. Agea E, Russano A, Bistoni O, Mannucci R, Nicoletti I, Corazzi L, et al. Human CD1‐restricted T cell 
recognition of lipids from pollens. J Exp Med. 2005; 202(2):295–308. 
https://doi.org/10.1084/jem.20050773.  

90. Abos‐Gracia B, del Moral MG, Lopez‐Relano J, Viana‐Huete V, Castro L, Villalba M, et al. Olea 
europaea pollen lipids activate invariant natural killer T cells by upregulating CD1d expression on 
dendritic cells. J Allergy Clin Immunol. 2013;131(5):1393–9.e5. https://doi.org/10.1016/j. 
jaci.2012.11.014.  

91. Gonzalez Roldan N, Engel R, Dupow S, Jakob K, Koops F, Orinska Z, et al. Lipid mediators from 
timothy grass pollen contribute to the effector phase of allergy and prime dendritic cells for glycolipid 
presentation. Front Immunol.2019;10:974. https://doi.org/10.3389/fimmu.2019.00974  

92. Zasloff M. Pollen has a microbiome: implications for plant reproduction, insect pollination and human 
allergies. Environ Microbiol. 2017;1 9(1):1-2. https://doi.org/10.1111/1462‐2920.13661.  

93. Darbah JN, Kubiske ME, Nelson N, Oksanen E, Vaapavuori E, Karnosky DF. Impacts of elevated 
atmospheric CO2 and O3 on paper birch (Betula papyrifera): reproductive fitness. Scientific World 
Journal 2007; 7(Suppl 1):240–6. https://doi.org/10.1100/tsw.2007.42.  

94. Sedghy F, Sankian M, Moghadam M, Ghasemi Z, Mahmoudi M, Varasteh AR. Impact of traffic‐
related air pollution on the expression of Platanus orientalis pollen allergens. Int J Biometeorol. 
2017;61(1):1–9. https://doi. org/10.1007/s00484‐016‐1186‐z.  

95. Kanter U, Heller W, Durner J, Winkler JB, Engel M, Behrendt H, et al. Molecular and immunological 
characterization of ragweed (Ambrosia artemisiifolia L.) pollen after exposure of the plants to elevated 
ozone over a whole growing season. PLoS ONE. 2013; 8(4):e61518. https://doi. 
org/10.1371/journal.pone.0061518.  

96. Beck I, Jochner S, Gilles S, McIntyre M, Buters JT, Schmidt‐Weber C et al. High environmental ozone 
levels lead to enhanced allergenicity of birch pollen. PLoS ONE 2013; 8(11):be80147. doi: 
10.1371/journal.pone.0080147. 

97. Papazian D, Hansen S, Würtzen PA. Airway responses towards allergens - from the airway epithelium 
to T cells. Clin Exp Allergy. 2015; 45(8):1268-87. doi: 10.1111/cea.12451. 

98. Mattila P, Joenvaara S, Renkonen J, Toppila‐Salmi S, Renkonen R. Allergy as an epithelial barrier 
disease. Clin Transl Allergy. 2011;1(1):5. https:// doi.org/10.1186/2045‐7022‐1‐5.  

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 15 

99. Raftery MJ, Saldanha RG, Geczy CL, Kumar RK. Mass spectrometric analysis of electrophoretically 
separated allergens and pro‐ teases in grass pollen diffusates. Respir Res. 2003; 4:10. https://doi. 
org/10.1186/1465‐9921‐4‐10.  

100. Mabalirajan U. Possible involvement of protease‐mediated neutrophil recruitment and epithelial 
barrier disruption in ragweed pollen sensitization. Am J Respir Cell Mol Biol. 2017; 56(2):271–2. 
https://doi. org/10.1165/rcmb.2016‐0148LE.  

101. Hosoki K, Brasier AR, Kurosky A, Boldogh I, Sur S. Reply: protease plays a role in ragweed pollen‐
induced neutrophil recruitment and epithelial barrier disruption. Am J Respir Cell Mol Biol. 2017; 
56(2):272–3. https:// doi.org/10.1165/rcmb.2016‐0281LE.  

102. Bacher P, Heinrich F, Stervbo U, Nienen M, Vahldieck M, Iwert C, et al. Regulatory T cell specificity 
directs tolerance versus allergy against aeroantigens in humans. Cell. 2016;167(4):1067–78.e16. 
https://doi. org/10.1016/j.cell.2016.09.050.  

103. Mjösberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, et al. Human IL‐25‐ and IL‐
33‐responsive type 2 innate lymphoid cells are defined by expression of CRTH2 and CD161. Nat 
Immunol. 2011;12(11):1055–62. https://doi.org/10.1038/ni.2104.  

104. Kouzaki H, Kikuoka H, Matsumoto K, Kato T, Tojima I, Shimizu S, et al. A mechanism of interleukin‐
25 production from airway epithelial cells induced by Japanese cedar pollen. Clin Immunol. 2018;1 
93:46–51. https://doi.org/10.1016/j.clim.2018.01.009.  

105. Akasaki S, Matsushita K, Kato Y, Fukuoka A, Iwasaki N, Nakahira M, et al. Murine allergic rhinitis 
and nasal Th2 activation are mediated via TSLP‐ and IL‐33‐signaling pathways. Int Immunol. 
2016;28(2):65–766. https://doi.org/10.1093/intimm/dxv055. 

106. Smolinska S. Antolín-Amérigo D, Dan Popescu and Jutel M. Thymic Stromal Lymphopoietin (TSLP), 
Its Isoforms and the Interplay with the Epithelium in Allergy and Asthma. Int. J. Mol. Sci. 2023; 24: 
12725. https://doi.org/10.3390/ijms241612725. 

107. Ochiai S, Jagot F, Kyle RL, Hyde E, White RF, Prout M, et al. Thymic stromal lymphopoietin drives 
the development of IL‐13(+) Th2 cells. Proc Natl Acad Sci U S A. 2018; 115(5):1033–8. 
https://doi.org/10.1073/ pnas.1714348115. 

108. Deng R, Chen X, Zhang Y, Bian F, Gao N, Hu J et al. Short ragweed pollen promotes M2 macrophage 
polarization via TSLP/TSLPR/OX40L signaling in allergic inflammation. Mucosal Immunol. 2019; 
12(5):1141-9. https://doi.org/10.1038/s41385‐019‐0187‐8.  

109. Li DQ, Zhang L, Pflugfelder SC, De Paiva CS, Zhang X, Zhao G, et al. Short ragweed pollen triggers 
allergic inflammation through Toll‐like receptor 4‐dependent thymic stromal lymphopoietin/OX40 
ligand/ OX40 signaling pathways. J Allergy Clin Immunol. 2011; 128 (6):1318-25. e2. 
https://doi.org/10.1016/j.jaci.2011.06.041.  

110. Lee SI, le Pham D, Shin YS, Suh DH, Park HS. Environmental changes could enhance the biological 
effect of Hop J pollens on human airway epithelial cells. J Allergy Clin Immunol. 2014;134(2):470–
2. https://doi. org/10.1016/j.jaci.2014.01.034.  

111. Shalaby KH, Allard‐Coutu A, O’Sullivan MJ, Nakada E, Qureshi ST, Day BJ, et al. Inhaled birch 
pollen extract induces airway hyperresponsiveness via oxidative stress but independently of pollen‐
intrinsic NADPH oxi‐ dase activity, or the TLR4‐TRIF pathway. J Immunol. 2013;191(2): 922-33. 
https://doi.org/10.4049/jimmunol.1103644.  

112. Yadav UC, Ramana KV, Srivastava SK. Aldose reductase inhibition sup‐ presses airway 
inflammation. Chem Biol Interact. 2011;191(1–3):339–45. https://doi.org/10.1016/j.cbi.2011.02.014.  

113. Hosoki K, Redding D, Itazawa T, Chakraborty A, Tapryal N, Qian S, et al. Innate mechanism of 
pollen‐ and cat dander‐induced oxidative stress and DNA damage in the airways. J Allergy Clin 
Immunol. 2017;140(5):1436–9.e5. https://doi.org/10.1016/j.jaci.2017.04.04  

114. Yang D, Han Z, Oppenheim JJ. Alarmins and immunity. Immunol Rev. 2017;280(1):41–56. 
https://doi.org/10.1111/imr.12577.  

115. Han M, Hu R, Ma J, Zhang B, Chen C, Li H, et al. Fas signaling in dendritic cells mediates Th2 
polarization in HDM‐induced allergic pulmonary inflammation. Front Immunol. 2018; 9:3045. 
https://doi.org/10.3389/ fimmu.2018.03045.  

116. Leon B, Ballesteros‐Tato A, Browning JL, Dunn R, Randall TD, Lund FE. Regulation of T(H)2 
development by CXCR5+ dendritic cells and lymphotoxin‐expressing B cells. Nat Immunol. 2012; 
13(7):681–90. https ://doi.org/10.1038/ni.2309.  

117. Kikuchi K, Yanagawa Y, Onoé K. CCR7 Ligand‐enhanced phagocy‐ tosis of various antigens in 
mature dendritic cells—time course and antigen distribution different from phagocytosis in immature 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 16 

dendritic cells. Microbiol Immunol. 2005; 49(6):535–44. https://doi. org/10.1111/j.1348‐
0421.2005.tb03759.x.  

118. Kucharczyk A, Jahnz‐Rózyk K, Targowski T, Grabowska‐Krawiec P, Owc‐ zarek W, Kucharczyk P. 
Evaluation of CCL22 AND CCL17 Concentrations in Patients Sensitized To Grass Pollen Grains 
During Specific Immuno‐ therapy. Int Rev. 2010; 16(3–4):63–70.  

119. Batsalova T, Kostova Z, Moten D, Teneva I, Dzhambazov B. Serum levels of certain CC and CXC 
chemokines in birch pollen allergic individuals out of the pollen season. Adv Biol. Earth Sci. 2017; 
2(1):23–33. 

120. Zhong W, Su W, Zhang Y, Liu Q, Wu J, Di C, et al. Basophils as a primary inducer of the T helper 
type 2 immunity in ovalbumin‐induced allergic airway inflammation. Immunology. 2014; 142(2): 
202-15. https://doi. org/10.1111/imm.12240.  

121. Locksley RM. Asthma and allergic inflammation. Cell. 2010; 140:777-783. doi: 
10.1016/j.cell.2010.03.004.  

122. Kuperman DA, Huang X, Koth LL, Chang GH, Dolganov GM, Zhu Z, et al. Direct effects of 
interleukin-13 on epithelial cells cause airway hyperreactivity and mucusaoverproduction in asthma. 
Nature Medicine. 2002; 8 (8): 885–889. doi: 10.1038/nm734. 

123. Martin JG, Duguet A, Eidelman DH. The contribution of airway smooth muscle to airwaya narrowing 
and airway hyperresponsiveness in disease. The European Respiratory Journal. 2000; 16 (2): 349–354. 
doi: 10.1034/j.1399-3003.2000.16b25.x. 

124. Cho JL, Ling MF, Adams DC, Faustino L, Islam SA, Afshar R, et al. Allergic asthma is distinguished 
by sensitivity of allergen-specific CD4+ T cells and airway structural cells to type 2 inflammation. 
Sci. Transl. Med. 2016; 8 (359):359ra132. doi: 10.1126/scitranslmed.aag1370.  

125. Alladina J, Smith NP, Kooistra T, Slowikowski K, Kernin IJ, Deguine J, et al. A human model of 
asthma exacerbation reveals transcriptional programs and cell circuits specific to allergic asthma. Sci 
Immunol. 2023 May 12;8(83): eabq6352. doi: 10.1126/sciimmunol.abq6352.  

126. Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation and antigen-presenting functions. 
Nat. Rev. Immunol. 2017; 17: 349-362. doi: 10.1038/nri.2017.28. 

127. Guilliams M, Mildner A, Yona S. Developmental and functional heterogeneity of monocytes. 
Immunity 2018; 49: 595-613. doi: 10.1016/j.immuni.2018.10.005. PMID: 30332628. 

128. Hewitt RJ, Lloyd CM. Regulation of immune responses by the airway epithelial cell landscape. Nat. 
Rev. Immunol. 2021; 21, 347–362. https://doi.org/10.1038/s41577-020-00477-9 

129. Holgate ST, Lackie P, Wilson S, Roche W, Davies D. Bronchial epithelium as a key regulator of 
airway allergen sensitization and remodeling in asthma. Am. J. Respir. Crit. Care Med. 2000; 162: 
S113–S117. doi: 10.1164/ajrccm.162.supplement_2.ras-12. PMID: 10988164. 

130. Lambrecht BN, Hammad H. Allergens and the airway epithelium response: Gateway to allergic 
sensitization. J. Allergy Clin. Immunol. 2014; 134: 499–507 doi: 10.1016/j.jaci.2014.06.036. PMID: 
25171864 

131. Van Cleemput, J., Poelaert, K.C.K., Laval, K. et al. Pollens destroy respiratory epithelial cell anchors 
and drive alphaherpesvirus infection. Sci Rep 2019; 9: 4787. https://doi.org/10.1038/s41598-019-
41305-y 

132. Blume C, Swindle EJ, Dennison P, Jayasekera NP, Dudley S, Monk P et al. Barrier responses of human 
bronchial epithelial cells to grass pollen exposure. Eur Respir J. 2013; 42(1):87-97. doi: 
10.1183/09031936.00075612 

133. Shaaban R, Zureik M, Soussan D, Anto JM, Heinrich J, Janson C, et al. Allergic rhinitis and onset of 
bronchial hyperresponsiveness: a population-based study. Am J Respir Crit Care Med. 2007; 176:659–
666. https://doi.org/10.1164/rccm.200703-427OC 

134. Huang Y, Qiu C. Research advances in airway remodeling in asthma: a narrative review. Ann Transl 
Med 2022; 10(18):1023. https://dx.doi.org/10.21037/atm-22-2835  

135. Dekkers BG, Pehlic A, Mariani R, Bos IS, Meurs H, Zaagsma J.  Glucocorticosteroids and β₂-
adrenoceptor agonists synergize to inhibit airway smooth muscle remodeling. J Pharmacol Exp Ther 
2012; 342: 780-7. doi: 10.1124/jpet.112.195867.  

136. Vanacker NJ, Palmans E, Kips JC, Pauwels RA. Fluticasone inhibits but does not reverse allergen-
induced structural airway changes. Am J Respir Crit Care Med 2001; 163: 674-9. doi: 
10.1164/ajrccm.163.3.2004160. PMID: 11254522. 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 17 

137. Cazes E, Giron-Michel J, Baouz S, Doucet C, Cagnoni F, Oddera S, et al. Novel Anti-inflammatory 
Effects of the Inhaled Corticosteroid Fluticasone Propionate During Lung Myofibroblastic 
Differentiation. J Immunol 2001; 167 (9): 5329–5337. https://doi.org/10.4049/jimmunol.167.9.5329 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

M
an

us
cr

ip
t a

cc
ep

te
d 

fo
r p

ub
lic

at
io

n



 18 

 
Table I - Main factors affecting the concentration of pollen and allergens 
 
 

 
 
 
 
 
 
 
 
 
  

Atmospheric factors 

•Temperature
•Humidity
•UV radiation
•Thunderstorms
•Wind speed, distance, and direction (long-distance transport, air mass trajectories)
•Pollution 

Environmental and botanical factors 

•Soil contaminants
•Microbiome
•Tree biotic and abiotic stressors (e.g. infections, other cultivated or native plants)
•Urbanization and urban infrastructure topology 
•Tree urban planning (type and topology of trees)
•Cultivar (plant variety that has been produced in cultivation)
•Land use
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Figure 1 - The composition of the pollen matrix influencing the sensitizing potential of allergenic pollen source 
(adapted from ref. 73). 
 

 
 
Figure 2 - Pollen‐induced activation of the innate immune system and T2 polarization (reproduced from ref. 
73). Upon encounter with the epithelium the pollen hydrates and releases its content including allergens and 
various other bioactive molecules (1). At the epithelium (2), this immunogenic cocktail causes the disruption 
of the epithelial membrane, activates PRRs such as TLR4 and PAR2, triggers the release of alarmins (TSLP, 
IL‐25 and IL‐33), and induces oxidative stress and secretion of IL‐8 and other pro‐inflammatory cytokines (IL‐
1, IL‐6 and TNFα). In turn, DCs are activated (upregulation of surface markers including OX40L and notch 
ligands), migrate to the lymph nodes (expression of CXCR5), where they present processed antigens via MHC‐
II to naïve T cells (3). Th2 polarization occurs either STAT6/GATA‐3/IL‐4‐dependent (4A) or ‐independent via 
the NF‐κB/STAT5 pathway and the contribution of ILC2s (4B). The origin of initial IL‐4 for Th2 polarization 
is still a matter of discussion; proposed candidate are basophils and NKT cells. Once a Th2 immune response 
has been initiated, a class‐switch of B cells to antigen‐specific IgE‐producing plasma cells occurs resulting in 
the sensitization of susceptible individuals to pollen allergens (5).  
CCL17, CCL22 chemokine (C–C motif ) ligand 17 and 22, CCR7 C–C chemokine receptor type 7, CD80, 
CD86 and CD40 cluster of differentiation 80, 86 and 40, CXCL-13 C‐X‐C motif chemokine 13, CXCR5 C‐X‐
C chemokine receptor type 5, DCs dendritic cells, GATA-3 GATA binding protein 3, IL- Interleukin, ILC2 type 
2 innate lymphoid cells, IRF4 interferon regulatory factor 4, NF-κB nuclear factor ’kappa‐light‐chain‐
enhancer’ of activated B cells, NKT natural killer T, OX40L OX40 ligand, PARs protease activated receptors, 
PRRs pattern recognition receptors, ROS reactive oxygen species, ST2 IL‐33 receptor, STAT5, STAT6 signal 
transducer and activator of transcription 5 and 6, Th T helper cells, TLR4 toll‐like receptor 4, TNFα Tumor 
necrosis factor alpha, TSLP thymic stromal lymphopoietin.  
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