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Abstract

Background: Experimental challenge studies have shown that pollen can have early and delayed
effects on the lungs and airways. Here, we qualitatively and quantitatively synthesise the evidence
of outdoor pollen exposure on various lung function and airway inflammation markers in
community-based studies.

Methods: Four online databases were searched: Medline, Web of Science, CINAHL and Google
Scholar. The search strategy included terms relating to both exposure and outcomes. Inclusion
criteria were human-based studies published in English that were representative of the community.
Additionally, we only considered cross-sectional or short-term longitudinal studies which
investigated pollen exposure by levels or season. Study quality assessment was performed using
the Newcastle-Ottawa scale. Meta-analysis was conducted using random-effects models.

Results: We included 27 of 6,551 studies identified from the search. Qualitative synthesis
indicated associations between pollen exposure and predominantly type-2 inflammation in both
the upper and lower airways, but little evidence for lung function changes. People with ever
asthma and/or seasonal allergic rhinitis (SAR) were at higher risk of such airway inflammation.
Meta-analysis confirmed a positive relationship between pollen season, eosinophilia and
eosinophil cationic protein (ECP) in people with ever SAR but the results between studies were
highly variable. Heterogeneity was reduced after further subgrouping by age and the forest plots
indicated that eosinophilic airway inflammation to outdoor pollen exposure increased with age.
Conclusion: Among people with ever asthma and ever SAR, exposure to increased ambient
pollen triggers type-2 upper and lower airway inflammation rather than a non-specific or innate
inflammation. These findings can lead to the formulation of specific pollen immunotherapy for
susceptible individuals. Future research should be directed towards investigating lagged
associations and effect modifications using larger and more generalised populations.

Systematic review registration: CRD42020146981 (PROSPERO)

Key words: Airway inflammation, airway obstruction, lung function, lung health, pollen
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Introduction

Asthma is a complex disease which involves the interplay between epithelial activation, various
airway inflammatory and remodelling pathways, bronchial hyperresponsiveness, and usually
variable airflow obstruction ! 2. People with asthma often have allergic rhinitis, which is an upper
airway allergic disease 3 4. One of the major environmental triggers of asthma exacerbations is
exposure to pollen > °. While this has been established through community-based studies,
laboratory challenge studies have provided a more detailed understanding of the underlying

physiological changes that take place during a pollen-induced asthma exacerbation.

Laboratory challenge studies showed that pollen can have both early- and late-phase effects on the
upper and lower airways, but the reaction is more frequently early, particularly in people with
seasonal allergic rhinitis (SAR) and/or asthma 7-!0. Similarly for lung function, 81% of adult
asthmatics were shown to have decreased forced expiratory volume in 1 second (FEV,) following
bronchoprovocation with pollen: 40% had an early response, 25% had both early and late (i.e. up
to 7 hours after challenge) responses and 16% had just a late response '°. Two types of
inflammatory responses have been observed in these studies: Type-2 immune responses leading to
eosinophilic inflammation, and more non-specific inflammation likely due to activation of innate

inflammatory pathways 8 % 11-14,

At a community level, in addition to asthma hospitalisations !°, outdoor pollen has been shown to
trigger thunderstorm asthma events !¢ 7. Under extreme weather conditions, pollen is
hypothesised to rupture into small inhalable particles capable of triggering asthma even in
individuals without a documented clinical history of asthma !3-2!, It is suggested that the
associations between pollen exposure, asthma hospitalisations and thunderstorm asthma may be
the ‘tip of an iceberg’ of the community burden, as some studies have observed more subtle
associations between outdoor pollen exposure and lung function changes and airway inflammatory

responses 2224,

Although few community-based studies have assessed the relationship between outdoor pollen

exposure, lung function and airway inflammation, the findings have not been integrated
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systematically, especially at a detailed mechanistic level. Laboratory challenge studies may not be
representative of outdoor pollen exposure because they involve direct introduction of allergens
into the nostrils 2, do not take into account other seasonal factors or environmental co-stimulants
26 and often impose extremely high pollen concentrations that are unlikely to occur in pollen
seasons 27> 28, Here, we synthesised the available evidence to determine the strength and magnitude
of the association between outdoor pollen exposure and lung function and airway inflammation at
the community level. As an extension, we also aimed to classify whether the inflammatory data
reflect a predominantly type-2 immune response, or alternatively a more non-specific/innate

response.
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Methods

Our systematic review followed the MOOSE ?° and PRISMA 3° guidelines for reporting
systematic review and meta-analysis. A protocol was registered prospectively via the International

Prospective Register of Systematic Reviews (PROSPERO Registration no. CRD42020146981).

Search strategy

The online databases used were Medline, CINAHL, Web of Science and the first 100 records of
Google Scholar. The search strategy provided in the Online Data Supplement (Table E1) includes
terms related to pollen and lung function and airway inflammation, combined. Further searches
were conducted by looking through reference lists of included articles and any published reviews
on similar topics. Two reviewers (NSI and JZ) independently conducted a screening process to

identify eligible studies, with persisting disagreements settled by a third reviewer (SCD).

Eligibility criteria

The inclusion criteria were English language studies published until 16® of June 2020 that
investigated the relationship between outdoor pollen exposure, lung function measures and airway
inflammation markers. The studies must be representative of the community so only studies with
no inclusion criteria or with a reference group were eligible. If the studies examined different
groups (e.g. people with and without asthma) separately, the analysis results within each group
must be reported. Only cross-sectional or short-term longitudinal studies were eligible. Short-term
longitudinal studies were defined as studies that investigated exposure by pollen season compared
to non-pollen season while cross-sectional studies were defined as studies that investigated
exposure by daily average pollen levels i.e. the effects of pollen exposure on the day of clinical
testing (lag 0) and/or days before (e.g. lag 1= pollen exposure the day before testing). Studies that
compared participants living in high pollen load areas to those living in low pollen load areas were
also considered to be cross-sectional. As cross-sectional and short-term longitudinal studies may

not be comparable, the findings were reported separately.

Data extraction and quality assessment
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For every included study, where available, relevant data such as study design and characteristics,
exposure and outcome definitions and measurements, and findings were extracted. Airway
inflammation indices in the various studies were segregated into those suggestive of a type-2,
innate or non-specific inflammatory responses and whether they were derived from the upper or
lower airways. The methodological quality of the included studies in the review were formally

assessed using the Newcastle-Ottawa scale 3.

Assessments to conduct a meta-analysis

To be eligible for inclusion in meta-analyses, studies had to measure exposure in pollen season (of
any taxon) compared to non-pollen season with comparable outcome estimates. As only
eosinophils and eosinophil cationic protein (ECP) had comparable estimates, these two outcomes
only were considered for the meta-analysis. To allow inclusion in meta-analyses where different
outcome measures were reported, effect estimates were transformed to standardised mean
difference and standard deviation by using the methods formulated by Wan et al. 32. Meta-analysis
was conducted using a random-effects model, with small-study bias assessed by funnel plots. We
performed subgroup analyses defined by the presence or absence of ever SAR. Heterogeneity
between included studies’ results (I?) 33 was categorised into low (0% to 40%), moderate (30% to
60%), substantial (50% to 90%) and considerable (75% to 100%) 34 Meta-analyses were
conducted using Stata IC 16.0 3.
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Results

In total, 27 articles fulfilled the eligibility criteria (Figure 1). Approximately 80% of the 6,551
records were excluded at the initial screening stage because they were either non-human studies,
not related to exposure or outcome or were immunotherapy studies (Figure 1). Four articles 23 36-38
assessed lung function only as the outcome variable, 20 articles 2% 3957 assessed airway
inflammation only and three articles 38 assessed both lung function and airway inflammation.

Altogether, six articles 47-4% 313355 were included in the meta-analysis.

Study characteristics
These are summarised in Table 1. Most studies were conducted in Europe 2324 36-4, 46, 47, 49, 5255, 57-

60  with some in North America 4>-3%-51.56 and one in Asia 3.

Most studies investigated exposure by pollen season compared to non-pollen season (short-term
longitudinal studies), others 2% 3% investigated exposure by daily average pollen levels (cross-
sectional studies), either during the pollen season only ** 37 or the entire study period which also
included the non-pollen season 3% 3% and one 3% assessed participants living in high pollen load

areas compared to those living in low pollen load areas (cross-sectional study).

Of the 27 studies, eight 24 3% 41,44, 47,52, 53,57 investigated grass pollen only, seven 2340, 48,49, 55, 58,59
investigated tree pollen only, four 46 30 51 356 investigated weed pollen only, four 38 42 45 54
investigated combined grass and tree pollen and one 3¢ investigated all three: grass, tree and weed
pollen, separately. Three studies 37> 43 0 did not state the type of pollen taxa they investigated.
Eleven studies 23 24 38-40, 47, 49, 52, 53, 57, 59 yged a Burkard volumetric spore trap and one ¢ used a
Rotorod sampler. Others 36 37, 41-46, 48, 50, 51, 54, 55, 38, 60 did not state the type of instrument used to
collect pollen data though they only investigated exposure by pollen season compared to non-

pollen season.
The sample sizes ranged from 14 to 2063, with a median of 55. Five studies 2% 37 38 33, 56

investigated children only (age range: 5-12), three 23 3% 35 investigated children and adolescents

(age range: 8-16), three 4+ 5234 investigated adolescents and adults (age range: 12-58), and sixteen
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39-43, 45-51, 57-60 jnvestigated adults only (age range: 17-68). In all studies, ‘ever asthma’ and ‘ever
SAR’ were defined by having (i) a history of asthma or allergic rhinitis that was confined to the
pollen season; plus (ii) a positive skin-prick test (SPT) and/or radioallergosorbent test (RAST) to
the pollen allergen in the study. In the context of this review, the reference group were (i)
participants who did not have ever asthma, ever SAR, atopy and nasal polyps; or (ii) participants
living in areas with a low pollen load. Non-pollen season was defined as before and/or after pollen

s€ason.

There were 23, 11, and 8 studies that included data on type-2, innate and non-specific immune
responses, respectively (Figure 2). Markers were sampled either from the upper and/or lower
airways (Figure 2). The studies that sampled markers from the upper airways used either nasal
lavage fluids 24 3% 40,45, 47-51, 33-57 ‘nagal scrapings 46, nasal biopsy #!' or nasal incubation samples 2.

Only one study #* did not state how the upper airway inflammation marker was obtained.

Quality assessment

The quality assessment of included studies is summarised in Table E2. The quality scores ranged
from 5 (i.e. satisfactory) to 9 (i.e. very good), with a median score of 8 (i.e. good). The main
limitations and biases arose from limited power and/or lack of justification on sample sizes 2324 36-
0 lack of information on pollen data collection 3¢, the use of a Rotorod sampler *¢ (lower
collection efficiency compared to Burkard ¢!), lack of information on outcome measurements +?
(measurement bias), lack of information on non-respondents 36 37. 40-31, 34, 56-60 (potential selection
bias) and lack of adjustment for a priori key confounders such as temperature and humidity >4 3¢
37,39 (confounding bias). Some studies 4> 43> 45 47. 33, 54 {id not state whether statistical methods
were used for within-group paired samples when it was appropriate to do so (appropriateness of

statistical testing).

Qutcome: Lung function

All seven studies which assessed lung function by pollen season 233860 pollen levels on the same
day of testing (lag 0) 3% 37 and pollen load 3* did not find evidence of an association (Table E3).
Only the study 3¢ that also investigated lagged effects of grass pollen exposure found a significant

reduction in FEV, and the forced vital capacity (FVC) at lag day 1, cumulative lag 3 and
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cumulative lag 7. This study 3¢ analysed 1838 8-year-old children and 2063 16-year-olds in the
BAMSE cohort, separately. The significant association with lung function was only observed

among 8-year-olds, with pollen sensitization as an effect modifier.

Outcome: Airway inflammation

Type-2 immune response

This inflammatory profile was categorised into three groups: (i) IL-4 and IgE-mediated, (ii)
eosinophilic and (iii) mast cell-mediated inflammation. Altogether, 23 studies 2% 3%-%0 included data
on this group of outcomes (Figure 2). The studies that examined upper airway samples identified
18 inflammatory markers (Table E4) but only 13 showed a positive association with pollen
exposure i.e. IL-4, IgE, eosinophils, eosinophil cationic protein (ECP), major basic protein (MBP)
(“total eosinophils”), EG2 (“activated eosinophils”), eosinophil peroxidase (EPO), TAME-
esterase, leukotriene C, (LTC,4), metachromatic (mast) cells, tryptase-only positive mast cells
(MCr) and mast cell-derived mediators such as histamine and tryptase. All four of the lower
airway markers identified from studies that examined lower airway samples (Table E4) showed a
positive association with pollen exposure i.e. nitric oxides (FeNO and JawNO), leukotriene
(LTE,), eosinophils and ECP. These are summarised below, according to their study designs.

Further details are provided in Table 2.

Short-term longitudinal studies (By pollen season) (n=21)

IL-4 and IgE-mediated inflammation in the upper airways

For IL-4, both studies 4% 3* found the levels to be higher when exposed to grass °* and tree % >4
pollen seasons compared to non-pollen seasons among adolescents >* and adults 4% 3* with ever
SAR. For IgE, an Italian study ** found significantly higher levels pre-peak compared to non-
pollen season among adolescents and adults with ever SAR (n=14), but among those with both
ever SAR and asthma (n=17), significantly higher levels were observed during pollen peak

compared to non-pollen season 2.
Eosinophilic inflammation in the upper airways

For eosinophils, the numbers were higher in grass 43 47- 33, tree 4> 4% 55 and weed 4 pollen seasons

compared to non-pollen season in pollen sensitised children (n=22) 33, adults with ragweed allergy
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but without nasal polyps (n=16) °, and people of all ages with ever SAR #-47-4%. 55 For ECP, the
levels were higher inside the grass 4% 47> 52 33 tree 42 3% and weed ' pollen seasons compared to
non-pollen season among pollen-sensitised children (n=22) >3 and people of all ages with ever
SAR and/or asthma 4> 47- 51, 52,55 Only one study each investigated MBP 4!, EG2 “!, EPO %7,
[TAME]-esterase 4° and LTC, %; the studies found higher levels in the grass #!-57, tree 4° and weed
36 pollen seasons compared to non-pollen season among adults 4% 41-37 and children (n=16) °¢ with

ever SAR.

Mast cell-mediated inflammation in the upper airways

One study each investigated metachromatic (mast) cells ¢ and MCr #!; they found higher numbers
in weed % and grass #! pollen seasons compared to non-pollen season among adults with ever
SAR. Of the two studies 473! that investigated histamine, only one 3! found higher levels in weed
pollen season compared to non-pollen season among adults with ever SAR (n=18). Both studies 47
>l that investigated tryptase reported higher levels among adults with ever SAR in grass 47 and

weed ! pollen seasons compared to non-pollen season.

Eosinophilic inflammation in the lower airways

All five studies 424353, 58,59 that investigated FeNO found higher levels in grass 4% 33, tree 4% 3859,
and unspecified 43 pollen seasons compared to non-pollen season in adults with ever asthma 3% 3°
and ever SAR 4% % and in pollen-sensitised children 3. One study each investigated JawNO 38 and
LTE, # from exhaled breath. they found higher levels in birch 3 and grass #* pollen seasons
compared to non-pollen season in adults with ever asthma (n=13) % and adolescents and adults

(n=28) * with ever SAR.

The one study ©° that quantified eosinophils directly from sputum found a higher percentage
during the pollen season (species unspecified) compared to non-pollen season in adults with ever
SAR (n=52). The two studies ** ¢ that investigated ECP from sputum reported higher levels in
tree 4° and unspecified ® pollen seasons compared to non-pollen season in adults with ever SAR

49,60 or ever asthma 4°.

Cross-sectional studies (By the average daily pollen levels) (n=2)

Eosinophilic inflammation in the upper airways
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Both studies showed a positive association with ECP 2% 3% Higher grass pollen exposure at
cumulative lag 3 was associated with a higher ECP in (n=62) adults (unclear whether this was
found in the reference group, adults with ever SAR only or both) 3° but not at lag 0 2* 3% and

cumulative lag 7 3.

Eosinophilic inflammation in the lower airways

One of the studies showed a positive association with FeNO 24, Higher grass pollen exposure was
associated with a higher FeNO in all groups of children (n=119) at lag 0 but not at cumulative lag
7.

Innate immune response

This inflammatory profile was categorised into neutrophilic or macrophage inflammation.
Altogether, 11 studies 24 41 44, 46, 48,49, 51, 33, 55, 57, 60 jpyestigated indices related to these outcomes
derived from upper and/or lower airways (Figure 2). Of the studies that examined upper airway
samples, 8 inflammatory markers were identified (Table E4) but only four showed a positive
association with pollen exposure i.e. neutrophils, CD45/ICAM-1, MCAF/MCP-1 and IL-8. Of
those studies that examined lower airway samples, four inflammatory markers were identified
(Table E4) but only one showed a positive association with pollen exposure i.e. LTB,4. These are

summarised below, according to their study designs. Further details are provided in Table 2.

Short-term longitudinal studies (By pollen season) (n=10)

Neutrophilic inflammation in the upper airways

Two studies 4% 3° investigated neutrophils but only one ¢ found higher numbers among adults with
ever SAR (n=10) during weed pollen season compared to non-pollen season. Both studies 4% 48
that investigated CD45/ICAM-1, a neutrophil endothelial adhesion molecule, found higher levels

in weed ¢ and tree *® pollen seasons compared to non-pollen season among adults with ever SAR.
Macrophage inflammation in the upper airways
This study °' found MCAF/MCP-1 to be higher levels in weed pollen season compared to non-

pollen season among adults with ever SAR (n=18).

Neutrophilic inflammation in the lower airways
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The one study 4 that investigated LTB,, a neutrophil chemoattractant, in exhaled breath
condensate found the levels to be higher in grass pollen season compared to non-pollen season

among adolescents and adults with ever SAR (n=28).

Cross-sectional studies (By the average daily pollen levels) (n=1)

Neutrophilic inflammation in the upper airways

This study 2 found the levels of IL-8, a neutrophil chemoattractant, to be higher with increased
grass pollen exposure at lag 0 among the reference group (n=29) and pollen-sensitised children

(n=23) but not at cumulative lag 7.

Non-specific immune response

Altogether, eight studies 24 41- 30,31, 53-55, 59 ipvestigated such outcomes derived from upper and/or
lower airways (Figure 2). Of studies that examined upper airway samples, 12 inflammatory
markers were identified (Table E4) but only two showed a positive association with pollen
exposure i.e. IgA and IFN-y. Of the one study that examined lower airway samples, “total
particles” was identified (Table E4) and it showed a positive association with pollen exposure. All
positive associations were observed in short-term longitudinal studies only and are summarised

below. Further details are provided in Table 2.

IgA and IFN-y in the upper airways

In the one study > that investigated IgA, the levels of birch pollen allergen (Bet v 1)-specific IgA
and the ratio of Bet v 1-specific IgA to total IgA were significantly higher in tree pollen season
compared to the non-pollen season among children and adolescents with ever SAR (n=30). The
one study * that investigated IFN-y reported higher levels in grass and tree pollen seasons

compared to non-pollen season only among the reference group of adolescents and adults (n=19).
Total particles in the lower airways

The one study *° that investigated total mass of exhaled particles found lower levels in tree pollen

season compared to non-pollen season among adults with ever asthma (n=13).
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Meta-analysis

We were able to perform limited meta-analyses for eosinophils and ECP sampled from the upper
airways in pollen season versus out of pollen season, subgrouped by the presence or absence of
ever SAR (Figures E1-E2). In the pollen season, people with ever SAR were observed to have
relatively higher numbers/levels of eosinophilic inflammatory markers compared to people
without. However, given there was substantial heterogeneity within the ever SAR group for both
outcomes (I’=86.5% for eosinophils and 1=79.5% for ECP), we conducted a sensitivity analysis
by age group but, only within the ever SAR group. For eosinophils, the heterogeneity remained
substantial after this subgrouping (I>=77.9%, Figure E3). For ECP, the heterogeneity became
considerably lower after subgrouping by age (I>=0%, Figure E4). Both forest plots (Figures E3-
E4), nonetheless, showed a greater increase in the numbers/levels of inflammatory markers with
increased age among people with ever SAR in pollen season compared to out of the pollen season.

The asymmetrical funnel plots for both outcomes may indicate small-study bias (Figures E5-E6).
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Discussion

To our knowledge, this is the first systematic review of the associations between outdoor pollen
exposure, lung function changes and airway inflammation markers. There was substantial
evidence to suggest an association between pollen exposure and both upper and lower airway
inflammation. The data from the studies included in this review strongly reflected a type-2
inflammation rather than a more innate immune response, though some studies had non-specific
features. The evidence for an association between outdoor pollen exposure and lung function was

limited to lag effects.

People with ever asthma and/or ever SAR were more susceptible to increased airway
inflammation during pollen seasons. This may indicate a “priming” phenomenon, whereby
susceptible individuals have an increased sensitivity to allergens with repeated or persistent
exposure 4% 62, or they may have an increased barrier permeability at the mucosal surface 3. There
was little evidence of a lagged effect on airway inflammation among people with ever asthma
and/or ever SAR, but only two studies ?* 3° investigated this. The study 2* that did not find a
positive association only considered cumulative pollen exposure over 7 days in children aged 7 to
12. This may have been too long because eosinophils are believed to peak only 24 to 72 hours
after exposure takes place ®. This hypothesis is further supported by Klimek et al. 3° who found a

positive association with ECP when they investigated cumulative pollen exposure 3 days prior.

Furthermore, published evidence suggests that pollen exposure may increase the risk of both upper
and lower airway inflammation, consistent with those of experimental studies . One study
included in this review “° found TAME-esterase levels to increase in pollen season. This
biochemical marker was shown to correlate strongly with nasal symptoms in a laboratory setting
among people with ever SAR ¢ 97 Moreover, leukotrienes taken from both the exhaled breath
condensate (LTE, and LTB,) and the nasal lavage fluids (LTC,) were significantly higher in pollen
season among people with ever SAR 4+ 3¢, To further support this, some studies *% ¢ reported

increased sputum eosinophils and ECP, which are good markers of lower airway inflammation 6°.
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The meta-analyses showed higher numbers of eosinophils and ECP levels in the upper airways in
pollen season compared to non-pollen season among people with ever SAR, but variability
between studies limited interpretability. This could be due to a number of methodological factors
such as, but not limited to, the different pollen taxon investigated between countries, the year the
studies were conducted and publication bias. Nevertheless, further subgrouping by age within the
ever SAR group reduced the heterogeneity considerably for ECP and slightly for eosinophils. The
funnel plots also showed that adults had a greater increase in the numbers of eosinophils and
levels of ECP compared to children and adolescents in the pollen season, suggesting that
eosinophilic upper airway inflammation to pollen exposure increased with age. This provides a
biological plausibility for the recent findings on higher thunderstorm-asthma related
hospitalizations among adults aged 20 to 59 . Another explanation could be the length of time
with asthma/SAR. For example, adults who have had these conditions since childhood may be
more sensitive towards outdoor pollen exposure. However, none of the studies included provided

information on this.

For lung function, there were some evidence to suggest a delayed response to pollen exposure.
This Swedish study 3¢ of the BAMSE cohort found a significant decrease in FEV; and FVC
associated with increased grass pollen exposure at lag day 1 and up to seven days before in 8-year-
olds but not in 16-year-olds, indicating that adolescents may be less susceptible possibly as a
result of asthma remission, physical maturation, time spent outdoors and/or development of
tolerance 3¢ %°. The lack of associations found for FEV, from studies that investigated pollen
seasons may leave the possibility that pollen induces obstruction in the more peripheral airways
(<2mm) instead of the more central airways (>2mm) as has been suggested by the impact on mid-
forced expiratory flow (FEF»s5.750,) 7°. None of the studies investigated FEF»5.750, so we were
unable to synthesise any evidence on this outcome. Nevertheless, a fall in FVC would also be
consistent with small airway obstruction with co-existent gas trapping 7!, and this was reflected in
the Swedish study 3¢ that showed some associations with pollen exposure. This hypothesis was

further supported by the elevation of NO derived from peripheral airways in one study 38
There are a number of limitations that need to be considered when interpreting the results of our

systematic review. There were some studies 37 43 60 that did not report the pollen type. Of those

that did, most classified pollen to the family level but some reported pollen at the genus or species
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level. Furthermore, the baseline prevalence of asthma and allergies and the types of allergenic
pollen differ between countries. Of the studies that investigated people with ever SAR, some
included information on whether the participants also had asthma while others did not. The
definitions for ‘non-pollen season’ also varied between studies. There could also be variation in
pollen levels between studies dependent on the geographic location and the year the study was
conducted. It is possible that the pollen concentration in a particular year and region may differ to
another region in the same year as there are many region-specific factors that impact on pollen
seasons. Climatic conditions have also changed resulting in increased pollen levels over the years
72 Higher levels during one year may provide more power for detectable human biological effects
and, therefore could affect such associations published. These issues provided some difficulty in
comparing some of the study findings. Moreover, none of the studies allowed for possible non-
linear associations, which is common in environmental exposure modelling 7> 74. Taken together
these issues, some associations could potentially be missed and it could cause some bias, but this
would have biased the associations towards the null. Similarly, most studies also had small sample
sizes, so there may have been insufficient power to detect real associations. Only one study 3¢
tested for interactions and found pollen sensitisation to modify the association between pollen
exposure and lung function in 8-year-old children. No other study tested for interactions especially
with SAR or asthma, although people with ever asthma and ever SAR were reported to have a
higher risk of airway inflammation. Additionally, not all lung function and airway inflammation
markers were considered in the included studies (e.g. bronchial hyperresponsiveness (BHR) and
innate lymphoid cells). Lastly, meta-analysis was only possible for eosinophilic inflammatory
markers related mainly to the upper airways as there was an insufficient number of studies that
investigated other inflammatory markers or the lower airways. There was also high heterogeneity
between the studies included in the meta-analyses, possibly due to differences in the study

methods, so more homogenous studies would be needed to allow for more accurate comparison.

In summary, outdoor pollen exposure is an important risk factor for type-2 airway inflammation
among people with ever asthma and/or SAR, but in general without lung function changes
reflective of larger airway narrowing. Future research should consider possible non-linear
associations and effect modifiers using larger, more general population-based studies. There is
also a need to examine lagged effects because very few studies investigated this. Better

understanding on the role of pollen on lung health can lead to precautionary measures pre-pollen
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season and improved clinical interventions that can target specific immune markers in susceptible

individuals.
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Table 1. Characteristics of included studies.

No. Author (Year), Country Study design Sample size Age range Study population Exposure definition
1. Gruzieva et al. 3¢ (2015), | Cross- 1838 children at the 8- | 8 and 16 All children from the Swedish birth | Grass, tree and weed pollen (Corylus,
Sweden sectional year follow-up cohort BAMSE Alnus, Ulmus, Betula, Pinus, Salix,
Quercus, Artemisia and Poaceae): Pollen
2063 adolescents at the levels per increase in 3 grains/m? at lag 0,
16-year follow-up lag 1, lag 0-3 and lag 0-6
2. Scarlett et al. 37 (1996), | Case- 154 children 7-11 None, all children were included. Pollen measured per grains/m?
United Kingdom crossover
*Species not specified
-Pollen data obtained from local authority
monitoring site (6 miles away).
3. Bake et al. % (2014), | Short-term 25 adults e 26-61 (Subjects) e 13 pollen allergic, non-smokers | Tree pollen (birch): During and after
Sweden longitudinal with ever asthma pollen season
study
e  34-67 (Controls)
e 12 healthy non-smokers
4. Ferdousi et al. 2> (2001), | Short-term 55 children & | 11-16 e All children were healthy (i.e. | Tree pollen (birch): All children were
Sweden longitudinal adolescents asymptomatic and non-allergic) | evaluated for 4 weeks during pollen
study season and 44 were evaluated for 4 weeks

*Total was 56 but one
child was excluded in

PEF statistical

during autumn season

-Collected using Burkard pollen trap
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comparison

Larsson et al. 3° (2017), | Short-term 26 adults e  22-61 (Subjects) e 13 patients with ever asthma | Tree pollen (birch): During and out of
Sweden longitudinal (Subjects) season
study e 17-63 (Controls)
e 13 healthy, non-smokers -Pollen collected using Burkard 7-day
recording volumetric spore trap
Panzner et al. © (2015), | Short-term 113 adults e Mean age of e 38 patients with ever SAR and | Before, during and after pollen season
Czech Republic longitudinal 32.3  (Subjects asthma
study with SAR and *Species not specified
asthma) e 52 patients with ever SAR but
no asthma
e Mean age of
38.8 (Subjects e 23 healthy controls
with SAR but no
asthma)
e Mean age of
43.3 (Controls)
Zwick et al3® (1991), | Cross- 400 children Mean age of 11.5 No inclusion criteria were applied, all | Grass and tree (birch) pollen: Children
Austria sectional children were included. living in high pollen load vs. low pollen

load
-Collected using Burkard pollen trap
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Klimek et al. ¥ (1996), | Cross- 18-49 (Subjects) e 43 patients with ever SAR (did | Grass pollen at cumulative lag 3:
Germany sectional 19-43 (Controls) not state whether the patients | 5 classes
also had asthma) (Subjects) e Class 1: 0-3 grains/m?
e (Class 2: 4-20 grains/m3
e 19 healthy volunteers with no e Class 3:21-50 grains/m?3
history of rhinitis (Controls) e Class 4: 50-100 grains/m3
e (Class 5:>100 grains/m?3
*Collected using Burkard trap
Steerenberg et al. 24| Cross- 119 children No inclusion criteria were applied, all | Grass pollen: Mean levels of from 0 to 24
(2003), Netherlands sectional children were included. However, they | hours (acute exposure) and the week
were categorised into subgroups in the | before (cumulative lag 7)
analysis:
e Non-atopic (n=29) *Collected using Burkard pollen sampler
e Pollen-sensitised (n=23)
e HDM-sensitised (n=34)
e Pollen and HDM-sensitised
(n=29)
Andersson et al. 40| Short-term 18-31 (Subjects) e 9 patients with ever SAR (did | Tree pollen (birch): Before and during
(1989), Sweden longitudinal not state whether the patients | pollen season
study 20-39 (Controls) also had asthma)

*Collected using Burkard pollen trap
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5 healthy, non-atopic controls

11. Bentley et al. 4! (1992), | Short-term 20 adults (pre-season) e  20-48 (Subjects) 13 patients with ever SAR (did | Grass pollen: In and out-of-pollen season
London, United | longitudinal not state whether the patients
Kingdom study 8 adults (during e  20-34 (Controls) also had asthma)
season)
7 normal healthy controls
12. Bergmann-Hug et al. 4 | Short-term 20 adults >18 years old 13 patients with ever SAR | Tree (birch) and grass pollen: Before,
(2009), Switzerland longitudinal without symptomatic asthma during and after pollen exposure
study 7 non-atopic controls
13. Bozek et al. ¥ (2011), | Short-term 733 adults e Mean age of 248 elderly patients with ever | During and after pollen season
Poland longitudinal 64.1  (Elderly SAR but without asthma
study subjects) *Species not stated
289 young patients with ever
e Mean age of SAR without asthma

23.7 (young SAR

patients)

e Mean age of 65
(non-allergic

elderly patients)

196 non-allergic elderly

controls
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14. Cap et al. * (2009), | Short-term 78 adolescents & adults 17-58 (Subjects) 28 patients with ever SAR but | Grass pollen: During and after 4 months
Prague, Czech Republic | longitudinal 16-55 (Controls) no asthma after pollen season
study
50 healthy, non-smokers
15. Choi et al. * (2014), | Short-term 39 adults 18-39 (Subjects) 19 patients with ever SAR (did | Tree and grass pollen: Before and during
United States of America | longitudinal not state whether the patients | pollen season
study 18-48 (Controls) also had asthma)
*Pollen count obtained from Chicago
20 healthy, non-allergic National Allergy Bureau station
controls
16. Ciprandi et al. 46 (1994), | Short-term 20 adults 18-43 (Subjects) 10 patients with ever SAR (did | Weed pollen (Parietaria Judaica): Before
Italy longitudinal 19-35 (Controls) not state whether the patients | and during season
study also had asthma).
10 healthy controls
17. Di Lorenzo et al. 47 | Short-term 30 adults 23-38 (Subjects) 20 patients with ever SAR but | Grass pollen: During and out of pollen
(1997), Italy longitudinal 22-35 (Controls) without asthma season
study
10 non-atopic controls *Collected using Burkard volumetric
pollen trap.
18. Kato et al. ¥ (1998), | Short-term 19 adults Mean age 36 12 patients with ever SAR (did | Tree (Japanese cedar) pollen: Pre-,
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Japan longitudinal (Subjects) not state whether the patients | early-, mid-, late and post-season
study also had asthma)
Mean age 35 *Pollen count obtained from the Aichi
(Controls) 7 controls with no history of | Prefecture Department of Health
nasal or allergic diseases
19. Kdmpe et al. #° (2007), | Short-term 21 adults 24-66 (Allergic 9 patients with ever SAR but | Tree pollen (birch): During and out of
Sweden longitudinal rhinitis without asthma season
study subjects) 7 ever asthma patients
-In season visit was made two to three
27-56  (Allergic 5 healthy non-atopic, non- weeks after pollen counts had reached
asthma smokers 4000 grains/m’
subjects)
-Pollen collected using Burkard 7-day
27.58 (Controls| recording volumetric spore trap
20. Keith et al. 3 (1994), | Short-term 64 adults 23-63 (patients 16 patients with nasal polyps | Weed (Ragweed) pollen: Before and
Canada longitudinal with nasal and ragweed allergy (did not | during pollen season
study polyps and state whether the patients also

ragweed

allergy)

21-61 (patients

with nasal

had asthma) — PRW+

16 patients with nasal polyps
but without ragweed allergy

(did not state whether the
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polyps but
without

ragweed

allergy)

23-68 (patients
without  nasal
polyps but with

ragweed

allergy)

23-66 (Controls
without  nasal

polyps and

patients also had asthma)-
PRW-
16 patients without nasal

polyps but with ragweed allergy
(did not state whether the
asthma)-

patients also had

NPRW+

16 healthy controls without
nasal polyps and ragweed

allergy- NPRW-

ragweed
allergy)
21. Kuna et al. 3! (1996), | Short-term 27 adults >18 years old 18 patients with ever SAR but | Weed (Ragweed) pollen: During and out
United States of America | longitudinal no asthma of pollen season
study
9 healthy, non-atopic controls
22. Marcucci et al. 32 (2001), | Short-term 36 adolescents & adults | 12-42 14 patients with ever SAR but | Grass pollen: Out of pollen season,
Italy longitudinal without asthma (Subject group | before pollen peak, during pollen peak and
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study 1) after pollen peak
e 17 patients with ever SAR and
asthma (Subject group 2) *Collected using Hirst pollen trap
e 10 age-matched, healthy, non-
allergic controls
23. Van Amsterdam et al. 33 | Short-term 504 children (before | 7-12 No inclusion criteria were applied, all | Grass pollen: Before and during pollen
(2003), Netherlands longitudinal pollen season) children were included. However, they | season
study were categorised into subgroups in the
119 children (during analysis: *Collected using Burkard pollen sampler
pollen season) e Non-atopic (n=31)
e Pollen-sensitised (n=22)
e HDM-sensitised (n=34)
e Pollen and HDM-sensitised
(n=32)
24. Keen et al. 5 (2005), | Short-term 60  children  and Median (range): e 30 patients with ever SAR but | Tree pollen (birch): Before and during
Sweden longitudinal adolescents 12.5 (11-16) without asthma pollen season
study (Subjects) e 30 healthy, non-atopic controls

Median (range):
134 (12-16)

(Controls)

*Pollen counts obtained from Department

of Botany at Goteborg University

This article is protected by copyright. All rights reserved




25. Volovitz et al. *° (1988), | Short-term 28 children 5-12 16 patients with ever SAR (did | Weed (ragweed) pollen: Before, during
United States of America | longitudinal not state whether the patients | and after pollen season
study also had asthma)
12 healthy, non-atopic controls *Pollen collected using a Rotorod sampler
26. Nielsen et al. 37 (1998), | Short-term 69 adults 19-59 (Subjects) 63 patients with ever SAR Grass pollen: Before and during pollen
Denmark longitudinal 31-45 (Controls) 6 healthy, non-atopic controls season
study
*Pollen collected using a Burkard trap
27. Benson et al. 3* (1997), | Short-term 57 adolescents and 12-20 (Subjects) 38 patients with ever SAR Tree (birch) and grass pollen: Before
Sweden longitudinal adults 13-19 (Controls) 19 healthy, non-atopic controls | and during pollen season
study
*Pollen counts obtained from Department
of Botany at Goteborg University
Table 2. Findings of included airway inflammation studies.
No. | Author (Year), | Outcome measures | Findings Confounders Effect Statistical tests
Country modifiers
1. Klimek et al. 3 | ECP taken from e Nasal ECP was significantly correlated to the cumulative pollen | None None e Spearman’s rank correlation
(1996), Germany | nasal secretions concentration at lag 3 (r=0.87; p<0.001). -graphical analysis tested coefficient
e There was no correlation with grass pollen count at lag O (data
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not shown).

Steerenberg et al.
2 (2003),
Netherlands

Exhaled NO; and
eosinophils, ECP,
IL-6 and IL-8
taken from nasal

lavage fluid

Pollen exposure at lag 0 was positively associated with exhaled
NO in all groups (i.e. non-atopic, pollen sensitised, HDM
sensitised, pollen + HDM sensitised).

Pollen exposure at cumulative lag 7 was not associated with
exhaled NO in all groups (i.e. non-atopic, pollen sensitised, HDM
sensitised, pollen + HDM sensitised).

Pollen exposure at lag 0 and cumulative lag 7 was not associated
with eosinophils in any of the groups.

Pollen exposure at lag 0 was negatively associated with ECP in
pollen sensitised children. No association in other groups.

Pollen exposure at cumulative lag 7 was not associated with ECP
in any of the groups.

Pollen exposure at lag 0 was positively associated with IL-8 in
non-atopic children. No association in other groups.

Pollen exposure at lag 0 was not associated with IL-6 in any of
the groups.

Pollen exposure at cumulative lag 7 was negatively associated
with IL-6 in mite sensitised as well as pollen and mite sensitised
children. No association in other groups.

Pollen exposure at cumulative lag 7 was negatively associated

Age, gender,
environmental
tobacco smoke
exposure,
having a cold
during
sampling,
unvented
water  heater
and gas

cooking

None

tested

Linear and logistic regression

models
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with IL-8 in non-atopic children and positively associated in

pollen-sensitised children. No association in other groups.

Andersson et al. | Nasal N-alpha- e There was a significant (p<0.05) increase in TAME-esterase | None None Spearman’s rank sum test
4 (1989), | Tosyl  L-arginine activity in allergic rhinitis patients during pollen exposure despite ANOVA
Sweden methyl ester pollen count being low (graphical evidence). Wilcoxon’s signed rank sum
[TAME]- e There was no significant change in TAME-esterase activity in the test (intragroup analysis)
esterase levels healthy control group during pollen exposure (graphical Wilcoxon’s rank sum test
evidence). (intergroup analysis)
Bake et al. 3% | FeNOggs, FeNOy, e Pollen exposure was associated with increased FeNO among | None None Wilcoxon exact test
(2014), Sweden | FeNOy,;, maximal asthmatics. tested Wilcoxon signed rank test
flow of NO from e  Pollen exposure had no effect on FeENO among controls. Two-sided paired t-test
airways  (JawNO) e Pollen exposure was associated with increased JGawNO and
and alveolar NO unchanged CANO among asthmatics.
concentration e Pollen exposure had no effect on JawNO and CANO among
(CANO)
controls.
Bentley et al. 4! | Nasal CD45, CD3, | Nasal submucosa None None Wilcoxon’s matched-pairs
(1992), London CD4, CD8, IL-2R, e In rhinitis patients, there was a significant increase in total (i.e. tested signed-ranks test (intragroup

major basic protein
(MBP), CD68,
neutrophil elastase,
EG2, HLA-DR,
tryptase-only

MBP) and “activated” (i.e. EG2) eosinophils during season
compared to out of season and this increase was significant
when compared to controls.

In rhinitis patients, seasonal change did not have an effect on

analysis)
Mann-Whitney u test

(intergroup analysis)
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positive mast cell
(MCr), Chymase
plus tryptase
positive mast cell
(MCrc) taken from

nasal biopsy

MCrand MCqc.

No significant change in any of the other inflammatory
mediators among rhinitis patients between seasons.

No significant change in any of the inflammatory mediators

among controls between seasons.

Nasal epithelium

In rhinitis patients, there is a significant increase in total (i.e.
MBP) and “activated” (i.e. EG2) eosinophils during season
compared to out of season. This increase was only significant for
EG2 when compared to controls.

In rhinitis patients, there is a significant increase in MC; during
season compared to out of season and this increase was
significant when compared to controls.

No significant change in any of the other inflammatory
mediators among rhinitis patients between seasons.

No significant change in any of the inflammatory mediators

among controls between seasons.

Bergmann-Hug
et al. 42 (2009),

Switzerland

FeNO, ECP

Pollen exposure was associated with a significant increase in ECP
(p=0.03) in both groups.

In rhinitis patients, there was significant increase in FeNO (mean
difference=14.8ppb; p=0.017) during season compared to before

season.

None

None

tested

Non-parametric method
Brunner and Langer
analysing longitudinal data

Wilcoxon rank sum test

of

for
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In controls, there was a slight but non-significant decrease in
FeNO (mean difference=-0.1ppb; p=0.69) during season

compared to before season.

7. Bozek et al. 4 | FeNO (ppb) In elderly rhinitis patients, there was a significant decrease in | None None Chi-squared test
(2011), Poland FeNO after season compared to during season. tested Mann-Whitney U test
In young rhinitis patients, there was a significant decrease in
FeNO after season compared to during season.
No significant difference in FeNO between seasons in the young
and elderly control group.
8. Cap et al. * | Leukotrienes In rhinitis patients, there was a significant decrease in LTB, and | None None Analysis of variance model
(2009), Prague (LTB4 and LTE,) LTE, after season compared to during season. tested (ANOVA)
in exhaled breath In controls, there was no significant difference in LTB, and LTE, Wilcoxon matched-pair
condensate between seasons. signed-rank test
Mann-Whitney test
9. Choi et al. % | Nasal eosinophils No significant change in percentage of nasal eosinophil during | Age, sex, race | None Mann-Whitney
(2014),  United pollen season compared to outside of season (p>0.05) among nonparametric test
States of healthy controls.
America There was a significant increase in median nasal eosinophils
during pollen season compared to outside of season (p<0.05)
among seasonal allergic rhinitis patients.
10. | Ciprandi et al. 6 | Nasal neutrophil, In healthy controls, the results are the same as pre-seasonal | None None Wilcoxon signed rank test
(1994), Ttaly eosinophil, values. tested

(paired data)
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metachromatic
cells and CD54

expression

In rhinoconjunctivitis patients, there was a significant (p<0.001)
increase in neutrophils, eosinophils and metachromatic cells
during season compared to before season. This increase was
significant when compared to controls examined during season
(p<0.001). -graphical analysis

In rhinoconjunctivitis patients, there was a mild (i.e. positivity
score of 1 or 2) significant increase (p<0.001) in CD54 positive
expression on nasal epithelial cells during season compared to
before season. This increase was significant when compared to

controls examined during season (p<0.001). -graphical analysis

e Mann Whitney test
(intergroup analysis)

e Spearman test

11. | Di Lorenzo et al. | Eosinophils taken In healthy controls, there was no significant difference in the | None None e  Kruskal-Wallis non-parametric
47.(1997), Italy from nasal levels of histamine, tryptase, ECP and eosinophils during season tested test
scrapings; compared to out of season. e Spearman’s correlation
histamine, In rhinitis subjects, there was a significant increase in tryptase, coefficient
tryptase, ECP ECP and eosinophils during season compared to out of season.
taken from nasal No significant difference found in histamine between seasons.
fluids
12. | Kato et al. 4| Nasal IL-4 and The levels of nasal sICAM-1 during early and mid-season were | None None e  Wilcoxon's matched-pairs

(1998), Japan

soluble
intracellular
adhesion molecule

1 (SICAM-1)

significantly higher compared to pre-season in the allergic
rhinitis group (p<0.05) (graphical evidence).
The levels of nasal IL-4 were significantly higher post-season

compared to pre-season (p<0.02) in the allergic rhinitis group

signed-rank test (intragroup
analysis)
e  Mann-Whitney u test

(intergroup analysis)
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(graphical evidence).
There was no significant difference in both nasal sSICAM-1 and IL-

4 throughout all seasonal periods in the control group (graphical

Spearman’s rank correlation

coefficient

evidence).
13. | Kdmpe et al. ¥ | Eosinophils, ECP There was a significant (p<0.05) increase in sputum ECP among | None None Kruskal-Wallis test, ANOVA,
(2007), Sweden | and human rhinitis and asthma patients during season compared to out of tested Mann-Whitney U test
neutrophil season. No change in sputum ECP among controls between (intergroup analysis)
lipocalin  (HNL) seasons. Friedman’s ANOVA,
taken  from  nasal No change in other inflammatory mediators between seasons. Wilcoxon’s matched pairs test
lavage; sputum (intragroup analysis)
ECP and HNL
14. | Keith et al. ° | Nasal ECP, Only the patients without nasal polyp but with ragweed allergy | None None Variance analysis for repeated
(1994), Canada eosinophils and (NPRW+) were associated with a significant increase in nasal measurements
albumin eosinophils during season compared to pre-season (p=0.02) Student’s t tests (paired &
concentrations (graphical evidence). non-paired)
No significant change observed in nasal ECP or albumin for any Intraclass correlation
of the groups. coefficient
15. | Kuna et al. 3! | Nasal histamine, Seasonal allergic rhinitis patients had a significant increase in | None None Student’s paired t test and

(1996), United
States of

America

ECP, tryptase,
monocyte
chemotactic ~ and
activating

factor/monocyte

nasal ECP, histamine and tryptase levels.
Seasonal allergic rhinitis patients had a significant increase in
MCAF/MCP-1 and a significant decrease in IL-8 during season

compared to out of season.

Mann-Whitney U test (paired
data)
Student’s t test (unpaired

data)
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chemoattractant

Most subjects (controls & SAR) did not have detectable

Spearman’s rank correlation

protein-1 quantities of CCL5 (RANTES) and MIP-1 coefficient
(MCAF/MCP-1), e No significant difference in the controls for any of the outcomes
IL-8, CCL5 during season compared to out of season.
(RANTES),
macrophage
inflammatory
protein 1-alpha
(MIP-1a)
16. | Larsson et al. 3° | Exhaled particles, | Exhaled particles None None e  Wilcoxon signed rank-sum
(2017), Sweden | exhaled NO e In asthmatics, the total mass of exhaled particles decreased tested

FeNO

significantly during pollen season compared to out of season
(median [25%" percentile, 75t percentile]: 900 pg I* [510, 1280]
vs. 1250 pg I'1 [790, 1790])

In both asthmatics and controls, the concentrations of albumin
and surfactant protein A (i.e. SP-A) in exhaled particles did not

differ significantly between seasons.

In asthmatics, there was a significant increase in season
compared to out of season.
In controls, there was no significant change in season compared

to out of season.

test (intragroup analysis)
Wilcoxon-Mann-Whitney U
test (intergroup analysis)
Spearman’s correlation

coefficient
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17. | Marcucci et al. 2 | IgE  specific to | Before pollen peak vs. out of season None None Non-parametric tests for non-
(2001), Italy timothy grass and e In the rhinitis only and rhinitis and asthma patients, there was a tested gaussian distribution of values
ECP taken from slight increase in nasal IgE, but the increase was only significant Mann Whitney test
nasal secretions for the rhinitis only group (p=0.02). (intergroup analysis)
e In both groups, there was a significant increase in nasal ECP Wilcoxon’s rank sum test
(p=0.02 for rhinitis only; p=0.005 for asthma and rhinitis group). - (intragroup analysis)
graphical analysis
e Controls were not assessed before peak.
Pollen peak vs. out of season
e Inthe rhinitis only and rhinitis and asthma patients, there was an
increase in nasal IgE, but the increase was only significant for the
rhinitis and asthma group (p=0.0076).
e In both groups, there was a significant increase in nasal ECP
(p=0.004 for rhinitis only; p=0.00065 for rhinitis and asthma
group). However, for the rhinitis and asthma group, the median
values were lower compared to before pollen peak.
e No difference in controls for IgE and ECP.
18. Panzner et al. © | ECP, eosinophils, e There was a significant increase in ECP levels during season | None None Variance analysis for repeated
(2015),  Czech | neutrophils  and compared to out of season only in seasonal allergic rhinitis only tested measurements
Republic macrophages taken patients (Geometric means [95% Cl]): 52.4 ng/ml [31.3, 88] vs. 19 Sidak’s test

from sputum

[11.9, 30]; p=0.006).

Pearson’s chi-squared test
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There was a significant increase in eosinophils during season
compared to out of season only in seasonal allergic rhinitis only
patients (Arithmetic means [95% Cl]): 1.0% [0, 2.2] vs. 0.7 [0,
1.6]; p=0.073).

No difference in macrophages and neutrophils in any of the

groups between seasons.

e Spearman’s correlation

coefficient

19. | Van Amsterdam | Exhaled NO; and Pollen-sensitised children had significantly higher eosinophils | None None One-way ANOVA
et al. ¥ (2003), | IL-6, IL-8, (mean [SD]: 7.3% [8.6] vs. 2.4% [6.8]; p<0.05) and ECP (mean tested
Netherlands albumin, uric acid, [SD]: 15.3ng/ml [21.3] vs. 4.4ng/ml [4.6]; p<0.05) levels during
urea, ECP, season compared to before season.
cosinophils  taken Pollen-sensitised children had significantly higher exhaled NO
from nasal lavage during season compared to before season (64.5ppb vs. 35.8 ppb;
fluid p<0.05).
No significant change for other inflammatory markers in other
groups (i.e. non-atopic, HDM-sensitised and pollen + HDM-
sensitised).
20. | Keen et al. 3 | Eosinophils, In SAR children, the percentage of eosinophils, levels of ECP, Bet | None None e  Wilcoxon’s signed-rank test
(2005), Sweden | albumin, ECP, v 1-specific IgA and ratio of Bet v 1-specific IgA to total IgA tested

neutrophils, total
IgA and Bet v 1-
specific IgA taken

from nasal lavage

significantly increased during pollen season compared to out of
season. Total IgA decreased during pollen season compared to
out of season.

In healthy children, no significant changed was observed in any

(intragroup analysis)
e  Wilcoxon-Mann-Whitney U-

test (intergroup analysis)
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fluid

of the inflammatory markers.

21. | Volovitz et al. 3¢ | Leukotriene Cy In SAR children, the individual and mean concentrations of LTC, | None None Two-tailed t test for
(1988),  United | (LTC,) taken from significantly increased during pollen season compared to out of tested dependent measures
States of | nasopharyngeal season.
America secretions In healthy children, there was no significant changes in the
individual and mean concentrations of LTC, during pollen season
compared to out of season.
22. | Nielsen et al. 7 | ECP,  eosinophil In SAR patients, there was a significant increase in EPO (p<0.05) | None None ANOVA
(1998), Denmark | peroxidase (EPO) but not ECP and HNL during season compared to out of season tested Wilcoxon rank sum test
and human (graphical analysis).
neutrophil In healthy controls, no significant change was observed in any of
lipocalin  (HNL) the markers during pollen season compared to out of season.
taken from nasal
lavage fluid
23. Benson et al. > | IL-4, IFN-y, IL- In SAR patients, there was a significant increase in IL-4 but not | None None Kruskal-Wallis test
(1997), Sweden | 4sR, IL-5 and IL- the other inflammatory cytokines during pollen season tested

10 taken from

nasal lavage fluid

compared to out of season.
In healthy controls, there was a significant increase in IFN-y and
IL-5 but not the other inflammatory cytokines during pollen

season compared to out of season

(intergroup analysis)
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Figure legends

Figure 1. PRISMA flow diagram

Figure 2. Summary of articles investigating airway inflammation markers.

Figure E1. Forest plot of studies investigating nasal eosinophils by the presence of ever SAR.

Figure E2. Forest plot of studies investigating nasal ECP by the presence of ever SAR.

Figure E3. Forest plot of studies investigating nasal eosinophils among people with ever SAR by age group.
Figure E4. Forest plot of studies investigating nasal ECP among people with ever SAR by age group.
Figure E5. Funnel plot of studies investigating nasal eosinophils.

Figure E6. Funnel plot of studies investigating nasal ECP.
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Online Data Supplement (Text)

Table E1. Search strategy

Exposure

Outcome

pollen OR grass OR Poaceae OR
ryegrass OR “secale cereale” OR
timothy OR “Phleum pratense”
OR tree OR birch OR Betula* OR
weed OR ragweed OR Ambrosia
OR nettle OR Urticaceae OR

season

“lung function” OR “lung volume measurement” OR “respiratory function test” OR “pulmonary function test” OR “breathing
test” OR spirometry OR FEV1 OR “forced expiratory volume in 1 second” OR “FEV1/FVC” OR FVC OR “forced vital capacity” OR
FEF OR “mid forced expiratory flow” OR “peak expiratory flow” OR PEF OR PEFR OR “peak expiratory flow rate” OR “airway
inflammation” OR “airway obstruction” OR “airway resistance” OR FeNO OR “fractional exhaled nitric oxide” OR EBC OR

“exhaled breath condensate” OR eosinophil* OR neutrophil* OR “mast cell*” OR basophil* OR lavage




Table E2. Quality assessment of included studies using the Newcastle-Ottawa scale.

Selection Comparability Outcome Total
Studies Representativeness | Sample size | Non-respondents | Ascertainment of the Assessment of | Statistical test
of the sample exposure outcome
Andersson et al. ! * - - ok ok ok * 8 stars
Bake et al. 2 * - - ** *x ** * 8 stars
Bentley et al. 3 * - - ** *x ** * 8 stars
Bergmann-Hug et al. * * - - o o * - 6 stars
Bozek et al. ® * - - ** *x ** - 7 stars
Capetal.® * - - *x *x ** * 8 stars
Choietal.’ * - - ** ** - - 5 stars
Ciprandietal.® * - - ** ** ** * 8 stars
Di Lorenzo et al. ® * - - ** ** ** - 7 stars
Ferdousi et al. © * - * ** ** ** * 9 stars
Gruzieva et al. 1! * - - * * ** * 6 stars
Kato et al. 2 * - - ** ** ** * 8 stars
Kdampe et al. 13 * - - ** ** ** * 8 stars
Keith et al. 4 * - - ** ** ** * 8 stars
Klimek et al. *° * - * ** - ** * 7 stars
Kuna et al. ¢ * - - ** ** ** * 8 stars
Larsson etal. ¥’ * - - ** ** ** * 8 stars
Marcucci et al. 8 * - * *x ** ** * 9 stars
Panzneretal.® * - - *x ** ** * 8 stars
Scarlett et al. 2° * - - *x - ** * 6 stars
Steerenberg et al. #* * - * *x * ** * 8 stars
Van Amsterdam et al. 22 * - * *x ** ** - 8 stars
Zwick et al. 23 * - * *x ** ** * 9 stars
Keen et al. % * - * *x ** ** * 9 stars
Volovitz et al. 2° * - - * ** ** * 7 stars
Nielsen et al. 2° * - - *x ** ** * 8 stars
Benson et al. %’ * - - % *ox ** - 7 stars

Quality of studies: 0-4 points= unsatisfactory; 5-6 points=Satisfactory; 7-8 points= Good; 9-10= Very good




Table E3. Findings of included lung function studies.

No.

Author

Country

(Year),

Outcome measures

Findings

Confounders

Effect

modifiers

Statistical tests

Gruzieva et al. 1!

(2015), Sweden

FEV4, FVC, FEV1/FVC ratio

8-year-olds

Increased grass pollen exposure at lag 1 were
associated with lower FEV; (Coef. [95% Cl]: -32.4ml
[-50.6, -14.2]) and FVC (data not shown). Similar
was observed for exposure periods up to a week.
No significant association was observed for
FEV:/FVC ratio at all lags.

Significant interaction found between grass pollen
exposure and pollen sensitization (p-int= 0.05 for
FEV: and p-int=0.01 for FVC). Children who were
sensitized to only one pollen had a less pronounced
effect.

No significant association was found between other

pollen types and lung function.

16-year-olds

No significant association was found between any

pollen type and lung function.

Sex, height, age,

allergic heredity

Pollen

sensitization

Linear regression analysis

Scarlett et al. 2°

(1996),
Kingdom

United

FEVo.7s5, FVC, FEVo.75/FVC ratio.

All presented as percentage

change.

Pollen at lag 0 is not significantly associated with

FEVo.7s, FVC and FEV, 75/FVC ratio.

None

None tested

e  Multiple

analysis

regression




Cochrane-Orcutt

regression
Bake et al. 2| FEVy FVC No significant difference in both FEV: and FVC | None None tested Wilcoxon exact test
(2014), Sweden between seasons (in/out) in either groups. Wilcoxon signed rank test
Two-sided paired t-test
Ferdousi et al. 1° | PEF The variation of PEF is higher during birch pollen | None None tested Wilcoxon paired test
(2001), Sweden season compared to autumn Spearman’s rank
There is a significant decrease in PEF variability from correlation analysis
birch pollen season (median [95% Cl]: 8% [7.8-10.2])
to autumn (median [95% Cl]: 6% [6.1-8.9]).
Larsson et al. ¥ | FEV; (% of predicted normal Normal spirometry values during and outside pollen | None None tested Wilcoxon signed rank-sum
(2017), Sweden value), FVC (% of predicted season for both asthmatics and controls. test
normal value), FEV;/FVC ratio Wilcoxon-Mann-Whitney
(%), post-bronchodilator FEV; U test
(% of predicted normal value) Spearman correlation
Panzner et al. ¥ | FEV; (% of predicted value) No significant changes and differences were found | None None tested Variance  analysis  for

(2015), Czech

Republic

in any of the groups before, during and after pollen

season.

repeated measurements
Sidak’s test

Pearson’s chi-squared test
Spearman’s correlation

coefficient




Zwick et al.

(1991), Austria

23

FEVi, FVC, FEV1/FVC, maximal
expiratory flow at 50%
expiration (MEFso),
MEFso/FVC, FEV1<80%
predicted, MEFso/FVC<75%

None of the lung function measures were

significantly associated with pollen load.

Sex, age, air
pollution and
meteorological

conditions

None tested

Chi-squared test

Kolmogoroff-Smirnoff test




Table E4. The inflammatory markers identified from included studies, categorised by the type of inflammatory profile.

Type of inflammatory profile

Markers

Type-2 immune response 283>

Upper airways (n=18)

Positive association (n=13): Eosinophils, MBP (”total eosinophils”), EG2 (“activated eosinophils”), Eosinophil peroxidase
(EPO), ECP, TAME-esterase, Leukotriene (LTC4), Metachromatic (mast) cells, Tryptase-only positive mast cells (MCy),
Histamine, Tryptase, IL-4, IgE

No association (n=5): Chymase plus tryptase positive mast cell (MCrc), IL-4sR, IL-5, IL-10, CD4

Lower airways (n=4)

Exhaled breath (n=2)
Positive association (n=2): Nitric oxides (FeNO, maximal flow of NO from airways (JAwNO), alveolar NO concentration
(CANO)), Leukotriene (LTE4)

Sputum (n=2)

Positive association (n=2): Eosinophils, ECP

Innate immune response 3640

Upper airways (n=8)

Positive association (n=4): Neutrophils, IL-8, CD54/ICAM-1, Monocyte chemotactic and activating factor/monocyte
chemoattractant protein (MCAF/MCP-1)

No association (n=4): Macrophage inflammatory protein 1-alpha (MIP-1a), Neutrophil elastase, Human neutrophil lipocalin

(HNL), CD68

Lower airways (n=4)

Exhaled breath (n=1)
Positive association (n=1): Leukotriene (LTBa)




Sputum (n=3)

No association (n=3): Neutrophils, Macrophages, HNL

Upper airways (n=12)
Positive association (n=2): Bet v 1-specific IgA, IFN-y

Non-specific immune response No association (n=10): IL-6, IL-2R, Uric acid, CD3, CD45, CCL5 (RANTES), Albumin, HLA-DR, Urea, CD8

14, 41-48

Lower airways (n=1)

Exhaled breath (n=1)
Positive association (n=1): Total mass of exhaled particles

N.B. n=number of markers.
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