
Respiratory Medicine (2015) 109, 1089e1104
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/rmed
REVIEW ARTICLE
Allergy and asthma: Effects of the exposure
to particulate matter and biological allergens

S. Baldacci a,*,1, S. Maio a,1, S. Cerrai a, G. Sarno a, N. Baı̈z b,c,
M. Simoni a, I. Annesi-Maesano b,c,2, G. Viegi a,2 on behalf of the
HEALS Study
a Pulmonary Environmental Epidemiology Unit, Institute of Clinical Physiology, CNR, Pisa, Italy
b Sorbonne Universités, UPMC Univ Paris 06, UMR-S 1136, Institute Pierre Louis of Epidémiology and
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Abstract

The prevalence of asthma and allergies including atopy has increased during the past decades,
particularly in westernized countries. The rapid rise in the prevalence of such diseases cannot
be explained by genetic factors alone. Rapid urbanization and industrialization throughout the
world have increased air pollution and population exposures, so that most epidemiologic
studies are focusing on possible links between air pollution and respiratory diseases. Further-
more, a growing body of evidence shows that chemical air pollution may interact with airborne
allergens enhancing the risk of atopic sensitization and exacerbation of symptoms in sensitized
subjects. These phenomena are supported by current in vitro and animal studies showing that
the combined exposure to air pollutants and allergens may have a synergistic or additive effect
on asthma and allergies, although there is an insufficient evidence about this link at the pop-
ulation level.

Further research is needed in order to elucidate the mechanisms by which pollutants and
biological allergens induce damage in exposed subjects.

The abatement of the main risk factors for asthma and allergic diseases may achieve huge
health benefits. Thus, it is important to raise awareness of respiratory allergies as serious
chronic diseases which place a heavy burden on patients and on society as a whole.
ª 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The prevalence of asthma and allergies has increased during
the past decades, particularly in westernized countries
[1,2]. The rapid rise in the prevalence of these diseases since
the ’60s cannot be explained by genetic factors alone [3].
Rapid urbanization and industrialization have increased air
pollution and population exposures, thusmost epidemiologic
studies focus on possible links between air pollution and
respiratory diseases [1,4,5]. Exposure to particulate matter
(PM) may drive to reduced lung function, lower airways
inflammation and upper airways irritation [6], as well as
asthma hospital admissions, asthma incidence, asthma ex-
acerbations, respiratory allergy/hay fever and bronchodi-
lator usage [1]. Exposure to biological allergensmay produce
respiratory infections, sensitisation, respiratory allergic
diseases and wheezing [7e9]. A growing body of evidence
shows that chemical air pollution may interact with airborne
allergens enhancing risk of atopic sensitization and exacer-
bation of symptoms in sensitized subjects and of asthma and
asthma-like symptoms [10e13]. Current in vitro and animal
studies showed that the combined exposure to air pollutants
and allergens may have a synergistic effect on asthma and
allergies, although there is still an insufficient knowledge
about this link at the population level [14].

The specific aim of the present review is to gather
recent evidences concerning the relationship between
exposure to PM, biological allergens and allergic diseases.
2. Indoor and outdoor pollution sources

Worldwide, the main sources of outdoor pollutants are fuel
combustion from vehicular transportation, construction
and agricultural operations, power plants and industries.
Primary pollutants coming from these sources are: carbon
monoxide (CO), nitrogen dioxide (NO2), sulphur dioxide
(SO2) and polycyclic aromatic hydrocarbons (PAHs). Ozone
(O3) is classified as secondary pollutant since it is formed by
reaction between NO2 and volatile organic compounds
(VOCs) in the presence of heat and sunlight. PM can be
either primary PM or formed from gaseous precursors
(secondary PM), mainly SO2, oxides of nitrogen (NOx),
ammonia (NH3) and non-methane volatile organic com-
pounds (NMVOCs) [15].

Indoor environment is also an important source of health
risk factors, particularly considering that most people
spend more than 90% of their time indoors [16]. The indoor
environment quality depends on the air that penetrates
from outdoor and on the presence of indoor air pollution
sources. To improve energy efficiency, modern dwellings
are often thermally insulated and scarcely ventilated,
possibly resulting in deterioration of the air quality. More-
over, indoor environment is influenced by building systems,
construction techniques, contaminant sources and occu-
pants’ behavior. The most frequently investigated risk
factors for indoor pollution are Environmental Tobacco
Smoke (ETS), biomass fuel, cleaning products and biological
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allergens [1]. The main air pollutants are CO, carbon di-
oxide (CO2), NO2, SO2, VOCs, phthalates, formaldehyde, PM
and PAHs.

2.1. Particulate matter (PM)

PM is a mixture of solid and liquid particles suspended in air
and it can have different sizes, shapes and chemical
composition; it is divided into different categories
depending on the aerodynamic diameter of the particles
(Fig. 1): PM10 with an aerodynamic diameter of �10 mm;
PM2.5 with a diameter of �2.5 mm; PM0.1 with a diameter of
�0.1 mm. The particle size influences the capability of the
PM to penetrate deeply in the lung (Table 1) [15]. Primary
and secondary PM present in atmosphere can be trans-
ported over long distances and their removal may occur via
rainfall, gravitational sedimentation or coagulation with
other particles.

2.2. Biological allergens

Allergens are antigens that react with specific Immuno-
globulin E (IgE) antibodies, inducing an allergic state. They
originate from a wide range of animals, insects, mites,
plants, or fungi [17,18]. Indoor allergens are mainly origi-
nated from house dust mites, furred pets (primarily cat and
dog dander), cockroaches, moulds, plants and rodents [7].
Primary sources for outdoor allergens include plants, fungi,
molds and yeasts [18] (Table 2).

Airborne biological particles are released from sources
into the air by wind, rain, mechanical disturbance, or
active discharge mechanisms; once particles have been
launched into the air, their concentration decreases with
increasing distance from the point of liberation. Particle
dispersion is largely dependent on air mass movement,
turbulence and thermal convection following the physical
laws that apply to all airborne particulate [19].
Fig. 1 Dimensional comparison between PM and human hair.
2.2.1. House dust
It is composed of organic and inorganic substances,
including fibers, mold spores, pollens, insects and insect
feces, mites and mite feces [20,21]. The principal domestic
mite species, Dermatophagoides and Euroglyphus, are
particularly abundant in mattresses, pillows, carpets or
fluffy toys and proliferate in warm (above 20 �C) and humid
conditions [18].

2.2.2. Pets
Cats and dogs are important sources of indoor allergens,
released through secretions, excretions and danders
[20,21]. The major cat allergen, Fel d1, is transported in
the air by particles >2.5 mm and can remain airborne for
long periods [18]. Dogs produce two important allergenic
proteins, Can f1 and Can f2, similar to those of cat allergens
[20,21].

2.2.3. Cockroaches
Of the 4500 species of cockroach 4 are known to be pests:
Blatta orientalis, Blattella germanica, Periplaneta ameri-
cana and Supella longipalpa. Even though most of the
studies on cockroaches and asthma have focused on inner-
city environments, cockroaches can also be found in
buildings located in suburban and rural environments,
regardless of the socioeconomic status of occupants [22].
The main allergens (Per a1, Bla g1, and Bla g2) have been
frequently found in floor dust, kitchen cabinets, bathrooms
and basements [21].

2.2.4. Mould/dampness
Major indoor sources of mould growth are flood, leaks,
condensation, and household moulds. They can also grow in
aeration/conditioning ducts and water pipes. Microscopic
fungi in homes are capable of producing spores all year
round and are responsible for persistent symptoms. Moulds
also grow on plants or on animal/vegetable waste, fur-
nishings, wallpaper, mattress dust and fluffy toys [18].

2.2.5. Fungi
Fungi and yeasts can be both indoor and outdoor airborne
allergens. Indoor fungi can grow in dark, humid, and
poorly ventilated areas and within the cooling, heating,
and humidification systems. Outdoor fungi tend to
release seasonal allergens [20,21]. The most commonly
studied allergenic fungi are Alternaria, Aspergillus,
Botrytis, Cladosporium, Epicoccum, Fusarium and Peni-
cillium [23].

2.2.6. Pollens
Pollen allergens come mainly from trees, grasses and weeds
and their air concentrations varies with location and at-
mospheric conditions [20,21]. Common plants causing al-
lergy in humans belong to the family Gramineae,
Betulaceae, Corylaceae, Fagaceae, Oleaceae, Cupressa-
ceae, Urticaceae, Compositae. In the last decades, the
increased use of ornamental plants in parks and gardens,
public and work places and houses provided new sources of
aeroallergens [24].



Table 1 Main characteristics and sources of PM.

PM fraction Characteristics Sources

PM10 (Inhalable PM ) PM10 has a diameter � 10 mm and it is able to penetrate
into the upper respiratory tract (nose, throat and larynx).

Outdoor

� Vehicular traffic
� Organic matter and
fossil fuel combustion

� Power stations/industry
� Marine aerosol
� Soil erosion
� Volcanic eruptions
� Windblown dust from
roadways, agriculture and
construction

� Bushfires/dust storms

Indoor

� Woodstoves
� Organic matter and fossil fuel
combustion for heating/cooking

� ETS

PM10-2.5 (Coarse particles) PM10-2.5 has a diameter ranging from 2.5 to 10 mm
and it is able to penetrate into the upper respiratory tract
(nose, throat and larynx).

PM2.5 (Fine PM ) PM2.5 has a diameter � 2.5 mm and it is able to penetrate
into the tracheobronchial tract (trachea, bronchi, bronchioli).

PM0.1 (Ultrafine PM ) PM0.1 has a diameter � 0.1 mm and it is able to penetrate
into alveolar region.

ETS: environmental tobacco smoke.
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3. Burden of asthma and allergic diseases

A wide variety of mechanisms are associated with allergic
diseases, but an IgE-mediated reaction is the most frequent
underlying trigger [25]. Currently, more than 25% of the
European population is affected by IgE-associated allergic
diseases [26]. The highest prevalence occurs in late
adolescence/early adulthood.

Different manifestations of allergic diseases involve
respiratory system (rhinoconjunctivitis, asthma), skin
(atopic eczema, dermatitis), and gastrointestinal tract
(food allergy and eosinophilic gastroenteritis) and may have
systemic manifestations (anaphylactic shock) [25].

The sequential development of allergic disease mani-
festations during early childhood is often referred to as the
“allergy march”. Epidemiological and birth-cohort studies
have begun to elucidate the effects of environmental fac-
tors and genetic predisposition on the “allergy march”.
Food allergy often precedes inhalant allergen allergy.
Atopic dermatitis and asthma are linked in the “allergy
march”, but atopic dermatitis does not necessarily precede
asthma, whereas allergic rhinitis is a risk factor for asthma
[27].
Table 2 Main biological pollutants and their sources.

Sources Allergens

Dust, beds, carpets House dust mites
Pets, birds, insects, rodents Specific allergens (i.e. Fel d1)
Cockroaches Specific allergens (i.e. Bla g1)
Dampness Moulds
Plants Pollens
Virus, bacteria Biological contaminants
Allergic rhinitis and asthma, the two principal closely
related allergic diseases, significantly reduce the quality of
life (QoL) and have a wide economic impact on patient,
patient’s family and society as a whole [28].

3.1. Asthma

More than 300 million people worldwide are affected by
asthma [29] and asthma accounts for about 250,000 annual
deaths worldwide with large differences between countries
[20]. In Europe asthma affects about 30 million among
children and adults under 45 yrs age, with a prevalence
ranging from 3% to more than 9% in northern and western
countries among 18e44 yrs adults [30]. Some European
prevalence rates of diagnosed asthma are reported in
Fig. 2.
Fig. 2 Prevalence rates of asthma and allergic rhinitis in
Europe (modified from [34] and [29]).
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The prevalence of asthma increased worldwide in the
second half of the last century until the 1990s, but since
then, there has been no clear temporal pattern [31].
Although improved treatment efficiency, asthma preva-
lence continues to increase, particularly in low- and
middle-income countries, or in some ethnic groups [32] as
communities adopt modern lifestyles and become urban-
ized. It is estimated that there may be an additional 100
million people with asthma by 2025 [33,34]. In Italy, asthma
prevalence has increased by 38% during the past 20 yrs [31].
The ISAAC (International Study of Asthma and Allergies in
Childhood) study Phase Three (1999e2004) found an
increasing trend in the prevalence of asthma and allergies
particularly in urban areas [35].

European and USA studies indicate that about 33% of
school age children with asthma may be undiagnosed.
Adults and the elderly are also frequently undiagnosed.
Thus, asthma is often undertreated and this may lead on to
exacerbation and poor QoL [36].

Epidemiological studies have shown that rhinitis co-
exists in 70% of people with asthma [20]. Moreover,
allergic rhinitis is a risk factor for asthma [36], such as
active smoke [37] and obesity [38].

3.2. Allergic rhinitis

Hay fever characteristically occurs in three phases: sensi-
tization, early phase reaction, and late phase reaction. The
early phase reaction is initiated within minutes of a sensi-
tized person becoming exposed to an antigen and produces
the early symptoms of allergic rhinitis, including sneezing,
itching and rhinorrhea. In the late phase reaction, early
symptoms characteristically shift to nasal congestion and
obstruction [39].

Nasal congestion is an important factor contributing to
the impairment of study/work performance, since it dis-
turbs sleep causing daytime fatigue [39]. The prevalence of
allergic rhinitis ranges from 17% to 29% in Europe (Fig. 2). A
conservative estimate proposes that allergic rhinitis occurs
in approximately 500 million people. About 200 million
people have asthma as a comorbidity [29], suggesting the
concept of ‘one airway one disease’ [40]. However, not all
patients with rhinitis have asthma and there are differ-
ences between rhinitis and asthma [29].

The worldwide incidence and prevalence of allergic
rhinitis has been increasing since at least 1990 in almost all
westernized countries. Increasing air pollution, indoor
environment, improved hygiene practices, climatic changes
could be the cause of this upward trend [31]. In Italy, from
1991 to 2010, the prevalence of allergic rhinitis increased
continuously moving from 16.8% to 25.8% [31].

4. Environmental risk factors for asthma and
allergic diseases

The causal link between exposure to air pollutants/aller-
gens and allergic conditions is still debated despite its bio-
logical plausibility. The exposure-response relationship is
complex, depending on several factors, such as genetic
susceptibility or geneeenvironment interaction [4]. Even
though respiratory allergic diseases show strong familial
association, their rapid rise in prevalence occurred in recent
decades cannot be explained by genetic factors alone [41].
Allergic diseases are more common in highly developed
countries thus suggesting that urban life promotes allergy.
Indeed, the susceptibility to allergens may increase in
presence of chemicals and aerosols [41], or PM [42].

The present review will take into account PM, airborne
perennial allergens (house dust mites, pets, cockroach),
pollens and moulds/dampness as major risk factors.

4.1. Link with PM and PM sources

Considering that vast majority of European population lives
in urban areas where PM levels exceed the WHO 2005 Air
Quality Standards [43], and that there is no evidence of a
safe level of exposure [44], pollution derived from PM
creates a remarkable burden of disease.

Recently, the use of a dispersion model for estimating
exposure to outdoor air pollution showed that lifetime
allergic rhinitis was associated with PM10, and sensitization
against pollen with benzene and PM10 in a sample of French
children [45]. In a cohort of children living in 6 French
cities, an association between asthma, especially if atopic,
and dwellings in areas with a concentration of PM2.5>10 mg/
m3 was shown [46] (Table 3). These results were also
confirmed in the multicentric Traffic, Asthma, and Genetics
(TAG) study carried out on 6 birth-cohorts, showing a sig-
nificant association between PM2.5 and allergic rhinitis at
7e8 years of age (OR 1.37 per 5 mg/m3 PM2.5 mass con-
centration) [47] (Table 3).

Nanosize pollutants seem to have more aggressive im-
plications than other breathable fractions of urban aerosol,
both at respiratory and at molecular level: ultrafine parti-
cles (UfPs, PM < 0.1 mm) can lead molecular changes and
are proposed to represent the subclinical effects that
manifest disease exacerbations or subjects’ predisposition
to pathologies onset [48].

Indoor exposure to PM2.5 confirmed the same relationship
with asthma and asthma symptoms. In two Italian general
population samples, high indoor levels of PM2.5 were asso-
ciated with bronchial and asthmatic symptoms [49] (Table
3). In the 6 French cities study, a significant increased
prevalence of past year asthma in the classrooms with high
levels of PM2.5 was shown (OR 1.21) (Table 3), particularly
for allergic asthma (OR 1.42). A significant positive corre-
lation was found between exercise-induced asthma and
levels of PM2.5 and acrolein in the same week [50].

Living in close proximity to PM sources like roads with
high traffic density was shown to be a carrier factor for
increased allergic symptoms, reduced lung function,
increased sensitization to common aeroallergens [51e53].
In an Italian general population sample it was demonstrated
that people living within 100 m of heavy traffic roads
showed an increased adjusted risk for persistent wheeze
and reduced forced expiratory volume in the first second/
forced vital capacity ratio (FEV1/FVC) in males and for
positivity to skin prick test, asthma diagnosis and attacks of
shortness of breath with wheeze among females [53]
(Table 3). A significant association between heavy traffic
on the street of residence and asthma and rhinoconjuncti-
vitis was shown in a sample of adolescents (10e17 yrs)



Table 3 Link between allergic diseases and PM, PM sources.

Study Country (n, sample) Exposure Health outcome Measures

Annesi-Maesano I,
2007 [46]

France
(5338, schoolchildren)

Outdoor PM2.5> 10 mg/m3 OR (95% CI):
Asthma 1.3 (1.0e1.7)
Atopic asthma 1.6 (1.2e2.1)

Fuertes E,
2013 [47]

Canada, Germany,
Swiss, Netherlandsa

(15,299, children)

Outdoor PM2.5 mass
concentration

OR (95% CI)
per 5 mg/m3

increase:
Allergic rhinitis 1.4 (1.0e1.9)

Simoni M,
2004 [49]

Italy (1090, adults) Indoor PM2.5 OR (95% CI):
Bronchitic/asthmatic
symptoms

1.4 (1.2e1.7)

Annesi-Maesano I,
2012 [50]

France
(6590, schoolchildren)

Indoor PM2.5 OR (95% CI):
Past year asthma 1.2 (1.1e1.4)

Nuvolone D,
2011 [53]

Italy
(2061, adults)

Living within 100 m of
heavy traffic roads

OR (95% CI):
Males
Persistent wheeze 1.8 (1.1e2.9)
FEV1/FVC 2.1 (1.1e3.9)
Females
positivity to SPT 1.8 (1.1e3.0)
asthma diagnosis 1.7 (1.0e2.9)
attacks of wheezeb 1.7 (1.0e2.8)

Cibella F,
2011 [54]

Italy
(2150, adolescents)

Heavy traffic on the
street of residence

OR (95% CI):
Asthma 1.8 (1.1e2.3)
Rhinoconjunctivitis 1.4 (1.1e1.8)

Robinson CL,
2011 [55]

Peru
(1441, adolescents)

Peri-urban environment OR (95% CI):
Asthma 2.6 (1.3e5.3)

Agrawal S,
2012 [63]

India
(156,316, adults)

Living in households using
biomass and solid fuels
Combined effects of
biomass and solid fuel
use and tobacco smoke

OR (95% CI):
Females
Asthma 1.3 (1.1e1.5)
Females
Asthma 2.2 (1.6e2.9)
Males
Asthma 1.3 (1.0e1.7)

Simoni M,
2007 [64]

Italy
(women,
never smoker)

ETS OR (95% CI):
Wheeze 1.7 (1.0e2.8)
Attacks of wheezeb 1.9 (1.1e3.3)
Asthma 1.5 (1.1e2.1)
Rhino-conjunctivitis 1.5 (1.1e1.9)

Jones LL,
2011 [66]

Meta-analysis
(infants)

ETS by both parents OR (95% CI):
LRI 1.6 (1.4e1.9)

Graif Y,
2013 [65]

Israel (10,298,
schoolchildren)

ETS at home OR (95% CI):
Asthma 1.3 (1.1e1.5)

PM2.5: particulate matter with aerodynamic diameter � 2.5 mm; FEV1/FVC: forced expiratory volume in the first second/forced vital
capacity; SPT: skin prick test; OR: odds ratio; 95% CI: 95% confidence intervals; ETS: environmental tobacco smoke; LRI: lower respi-
ratory infections.
a 6 birth-cohorts from CAPPS, SAGE, BAMSE, GINIplus, LISAplus and PIAMA studies.
b Attacks of shortness of breath with wheeze.
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living in Palermo [54] (Table 3). A recent survey carried out
in Peru demonstrated how adolescents living in peri-urban
setting presented a higher prevalence of asthma (13% vs
2%) and atopy (56% vs 38%) with respect to less polluted
rural setting, and peri-urban environment was associated
with a 2.6-fold greater odds of asthma [55] (Table 3).

Acute episodes of air pollution are clearly associated with
exacerbation of respiratory symptoms and allergic events
[56,57], particularly in subjects with airway diseases [58].

Worldwide, the huge use of biomass for heating, cooking
and lighting, raises a particular concern and it becomes the
main source of indoor PM exposure. Over two million people
rely on biomass fuels to supply their household energy
needs, with an estimated 3.5 million deaths annually being
attributable to biomass smoke exposure [59]. Several
studies have validated the association between biomass
smoke exposure and respiratory diseases [60,61], even
though no significant association has been found with
atopic dermatitis in the ISAAC study [62]. A recent Indian
study has shown that the indoor use of biomass and solid
fuels is associated with a significantly higher risk of asthma
for adult women [63] (Table 3).
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In indoor environments frequented by smokers, tobacco
smoke is the major source of PM, accounting for as much as
50e90% of the total indoor PM concentration. ETS is linked
to several acute and long-term adverse respiratory effects.
Some studies showed that women are at higher risk for ETS
exposure than men: living with smokers has been related to
asthma, attacks of shortness of breath with wheeze,
wheeze, current phlegm/cough and rhinoconjunctivitis [64]
(Table 3). A doseeresponse association study on 10,298
schoolchildren confirmed that exposure to ETS at home was
significantly associated with asthma [65] (Table 3) and
smoking by both parents increases the risk of lower respi-
ratory infections (LRI) in infants [66] (Table 3).

Recent epigenetic studies have shown that the exposure
to environmental factors (pollution and ETS) during early
childhood, may induce a long-lasting altered genetic state,
adapting to a persistent “Th2 state”, thus influencing the
development of asthma or atopic dermatitis [67].

Few reduction studies demonstrated how PM abatement
can decrease the respiratory health risk and improve health
conditions in asthmatic subjects. In a randomized
controlled study, a significant reduction in indoor PM con-
centrations and a significant increase in symptom-free days
in children with asthma were associated [68]. Some un-
planned events of PM concentration decrease had a positive
impact on health: the closure and reopening of a steel mill
in Utah Valley, in 1986-87, resulted in a 3-fold lower prev-
alence of children hospital admission for bronchitis and
asthma [69]; in the Swiss Study on Childhood Allergy and
Respiratory Symptoms with respect to Air Pollution,
Climate and Pollen, the falling levels of regional PM10 be-
tween 1992 and 2001 were associated with a declining
prevalence of bronchitis, nocturnal dry cough and
conjunctivitis symptoms [70]. Within the Swiss study on Air
Pollution and Lung Disease in adults (SAPALDIA) an associ-
ation between a reduced exposure to PM10 and an attenu-
ated age-related lung function decline has been found [71].
The results from the extended follow-up of the Harvard Six
Cities Study showed that an improved respiratory mortality
was associated with a 10 mg/m3 reduction of PM2.5 (RR,
0.43; 95% CI, 0.16e1.13) [72].

Finally, although PM exposure and the associated respi-
ratory and allergic risks are a concern pertaining to all
people, the impact of this hazard is higher for susceptible
populations, such as women and elderly subjects, who
spend most of their daily-time indoor, subjects presenting
pre-existent comorbidities and children, who have a
morpho-structural immaturity and an underdeveloped im-
mune defense system.

Overall, the available evidence suggests a causal asso-
ciation between long- and short-term PM exposure and
respiratory morbidity. Further researches are still needed
to fully understand how PM affects human health. While
regional exposure data has become standard for PM
epidemiology, studies with true individual exposure have
still to be fully realized [73].

4.2. Link with biological allergens

In developed countries homes have been insulated for en-
ergy efficiency, thus creating an ideal habitat for indoor
allergens [21] cause of respiratory allergic diseases.
4.2.1. House dust mites (HDM)
House dust mites have been epidemiologically associated
with asthma development and exacerbations and with
allergic rhinitis. In a US birth-cohort, early exposure to
�10 mg/g levels of dust mite allergens was associated with
increased risk of asthma and wheeze at age 7; lower levels
(�2 to <10 mg/g) were associated with increased risk of
allergic rhinitis [74] (Table 4). Early-life exposure to carpet
in dwelling was associated with early-onset asthma and
ever-having asthma in Taiwan children; the study showed
higher risks considering the presence of carpet in the chil-
dren’s bedroom [12] (Table 4). A study on an Ethiopian
general population sample showed an elevated association
between dust mites exposure and asthma and wheeze in
the past year [75] (Table 4).

Continuous exposure to HDM may contribute to chronic
bronchial hyper-responsiveness [76] (Table 4) and to pul-
monary function reduction [77]; data from the European
Respiratory Community Health Survey (ECRHS) have indi-
cated that asthmatic subjects, sensitized to mites, had a
lower FEV1 and FEV1/FVC ratio than non-sensitized asth-
matics [77].

In the Chinese sample of the ISAAC study an increasing
sensitization to dust mites was associated with the
increased prevalence of wheeze; high degrees of sensiti-
zation were risk factors for asthma diagnosis (OR 3.44,
1.75e6.41) [78]. A German longitudinal study evaluated the
predictive value of sensitization to common aeroallergens
on the incidence of asthma and hay fever in children over 9
years: previous sensitization to Dermatophagoides was
associated with hay fever incidence (relative risk- RR 2.51,
1.63e3.87) [79].

4.2.2. Pets
The ARIA guideline on allergic rhinitis reports cats and dogs
as major allergens triggers in asthma, rhinitis or rhino-
conjunctivitis [28]; nevertheless, contradictory results
were found in the literature.

A Swedish study on an adult population sample showed
an association between keeping a dog in childhood, and
grade 2 dyspnoea in adulthood, as well as between keeping
a cat in childhood, and attacks of dyspnoea in adulthood
[80] (Fig. 3).

The Italian SIDRIA-2 Study (Italian studies on Respiratory
Disorders in Childhood and the Environment) showed that
cat, but not dog, exposure in the first year of life was
significantly and independently associated with wheezing
(OR 1.88, 1.33e2.68) and current asthma (OR 1.74,
1.10e2.78) at 7 years of age [81] (Fig. 3). Differently, a
Taiwan study showed a significant association between
early-life dog exposure and early asthma onset (before 5 yrs
old) (OR 2.40, 1.15e5.01); the same association was found
considering exposure to any pet (OR 2.50, 1.26e4.98) [12]
(Fig. 3). The 9 years German longitudinal study showed
associations between incident asthma, hay fever and pre-
vious sensitization to cat (RR 3.49, 1.57e7.74; RR 5.36,
2.87e9.99, respectively) [79]. On the other hand, other
scientific evidences seem to suggest that intensive expo-
sure to cat in early childhood may have a protective effect
for developing asthma [82,83] and prevent allergen sensi-
tization [84] (Fig. 3).



Table 4 Link between allergic diseases and biological allergens.

Study Country (n, sample) Exposure Health outcome Measures

Wong GW, 2002 [76] China (608, children) House dust mites OR (95% CI):
Bronchial hyper-responsiveness 3.7 (1.9e6.9)

Davey, 2005 [75] Ethiopia (7649, general population) House dust mites OR (95% CI):
Wheeze 1.2 (1.0e1.5)
Asthma 4.1 (2.9e5.8)

Celedon JC, 2007 [74] US (440, children) House dust mites:
high levels
low levels

OR (95% CI):
Wheeze 5.0 (1.5e16.4)
Asthma 3.0 (1.1e7.9)
Allergic rhinitis 3.2 (1.5e7.0)

Chen YeC, 2011 [12] Taiwan (579, children) Carpet in house
Carpet in children’s bedroom

OR (95% CI):
Early-onset asthma 2.9 (1.5e5.6)
Ever-having asthma 2.4 (1.4e4.1)
Early-onset asthma 3.5 (1.4e8.4)
Ever-having asthma 2.7 (1.3e5.6)

Silva JM, 2005 [88] Brazil (73, children) Cockroach OR (95% CI):
Wheeze 7.6 (1.4e4.1)

Davey G, 2005 [75] Ethiopia (7649, general population) Cockroach OR (95% CI):
Wheeze 1.3 (1.0e1.6)

Chen YeC, 2011 [12] Taiwan (579, children) Cockroach OR (95% CI):
Early-onset asthma 2.3 (1.0e4.9)
Ever-having asthma 2.2 (1.2e4.1)

Fisk WJ, 2007 [95] Meta-analysis (children)
(general population)

Mould/dampness OR (95% CI):
Wheeze 1.5 (1.4e1.7)
Current asthma 1.6 (1.3e1.9)
Wheeze 1.5 (1.4e1.6)

Pirastu R, 2009 [96] Italy (4122, children) Mould/dampness lifetime exposure
Mould/dampness current exposure

OR (95% CI):
Current wheeze 2.4 (1.6e3.7)
Current wheeze 1.9 (1.3e2.9)

Nguyen T, 2010 [13] New York States (1412, children)
(3315, adults)

Mould OR (95% CI):
Current asthma 2.1 (1.3e3.3)
Current asthma 2.5 (1.8e3.4)

Chen YeC, 2011 [12] Taiwan (579, children) Mould odor
early-life exposure
Visible mould
early-life exposure

OR (95% CI):
Late-onset asthma 3.2 (1.3e7.5)
Ever having asthma 1.8 (1.2e2.7)

Erbas B, 2013 [11] Australia (620, children) Pollens OR (95% CI):
Hay fever 1.1 (1.0e1.3)
Asthma 1.4 (1.1e1.7)

OR: odds ratio; 95% CI: 95% confidence intervals.
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Fig. 3 Link between allergic diseases and pets exposure.
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This health effect may vary according to the type of pet
and to the individuals’ allergic sensitization [85]. The
ECRHS study showed that atopic subjects, exposed to cat in
childhood, have a high risk of developing wheeze and other
asthma-like symptoms. The same effects, in non atopic
subjects, were due to dog exposure [85] (Fig. 3).

Such inconsistent findings may partly be due to different
study designs, type of exposure, health outcome [86],
recall or selection bias; further, interaction between gene
and environmental exposure was proposed to be a major
cause of the inconsistent observation [87].

4.2.3. Cockroach
Cockroach allergens, found in many poor inner-city areas,
have been associated with asthma onset or exacerbation in
many countries [75,88,12] (Table 4); 40e60% of patients
with asthma in urban and inner-city areas has Immuno-
globulin E (IgE) antibodies to cockroach allergens [89]. A
study on 2e4 years old children showed that exposure to
cockroach allergen in the kitchen was associated with three
or more wheezing episodes in the past 12 months [88]
(Table 4). Recently, early-life exposure to cockroach was
shown to be associated with early-onset asthma and ever-
having asthma in Taiwan children [12] (Table 4). In USA
children, aged 2 months to 10 years, cockroach sensitivity
showed a significant correlation with wheezing [90]. In
Italian children, a relationship between cockroach sensiti-
zation and rhinoconjunctivis was shown in older allergic
children (8e18 yrs) (OR 2.65, 1.06e6.59); the Population
Attributable Risk (PAR) was computed showing that the
abatement of cockroach exposure would prevent about
one-fifth of rhinoconjunctivitis cases (20.6%) [91].
In a US birth-cohort, the presence of anti-cockroach IgE
was linked to high risk of early wheeze (by 3 years of age)
(OR 3.25, 1.69e6.24) and the presence of both anti-
cockroach IgE and anti-mouse IgE was linked to rhinitis
(OR 6.64, 1.50e29.45); a doseeresponse relationship was
found between higher IgE and increased prevalence of
wheeze [92]. Exposure to cockroach is also associated with
asthma exacerbation: the National Cooperative Inner City
Asthma Study showed that home exposure and sensitization
to cockroach were associated with unscheduled visits for
asthma (RR 1.48, 1.07e2.05), hospitalizations (RR 3.55,
1.60e7.90) and steroid use (RR 1.63, 1.06e2.50) [93].

4.2.4. Mould/dampness and fungi
Dampness is present in 10e50% of houses. Moulds are a
source of allergens, Microbial Volatile Organic Compounds
(mVOCs) and mycotoxins. Building dampness and moulds
are associated with approximately 30e50% increases in
respiratory and asthma-related health outcomes. Epidemi-
ological studies and meta-analyses showed indoor damp-
ness/mould to be associated with increased asthma
development and exacerbations, current and ever asthma
diagnosis, dyspnea, wheeze, allergic rhinitis, eczema and
upper respiratory tract symptoms, regardless of atopy [94].
In children, an increased pooled risk for wheeze caused by
indoor mould/dampness has been estimated [95] (Table 4);
in Italian children, lifetime and current exposure to mould/
dampness were associated with higher risk of having cur-
rent wheeze [96] (Table 4). In the USA an increased risk of
having current asthma was shown in children exposed to
house mould [13] (Table 4). Early-life exposure to mould
odor was linked to late-onset asthma (after 5 yrs old) in
Taiwan children; the same study showed a relationship



1098 S. Baldacci et al.
between early-life exposure to visible moulds and ever-
having asthma [12] (Table 4).

Similar risks for wheeze and current asthma were
observed in adults and in general population samples
[13,95] (Table 4).

In Italy it was estimated that avoiding an early mould/
dampness exposure would abate 6% of wheeze, 7% of asthma
or cough/phlegm and 4% of rhinoconjunctivitis in children
and 4% of wheeze and 6% of asthma in adolescents [97].

Recently, a new method was developed to measure
fungal DNA as a mould marker in dust/air. Positive signifi-
cant associations were found between some specific fungal
DNA and wheeze, dry cough at night, daytime breathless-
ness or asthma diagnosis [98,99].

4.2.5. Pollens
Pollen allergy has a remarkable clinical impact. In most
European countries, grass pollen allergy is the 1st/2nd most
frequent respiratory allergy, with a median prevalence
value of 16.9% [100]. After grass, birch is a major allergenic
threat in Northern Europe, whilst olive and Parietaria in
Southern Europe [24]. In the Chinese sample of the ISAAC
study was shown a significant increase in the prevalence of
sensitization to mixed grass pollen from 0.5% in 2002 to
3.7% in 2010 [78].

Recent studies showed an association between pollens
and allergic diseases onset and exacerbations. In the ISAAC
Japanese sample there were positive correlations between
cedar or cypress pollen counts and allergic rhino-
conjunctivitis and between cedar pollen counts and
asthma, in 6e7 years children; a positive association was
found between cypress pollen counts and allergic rhino-
conjunctivitis in 13e14 years children [101]. The 9 years
German longitudinal study reported associations between
incident asthma and hay fever with previous sensitization
to grass pollen (RR 1.79, 1.01e3.19; RR 6.00, 4.04e8.90,
respectively); incident hay fever was linked to previous
sensitization to birch pollen too (RR 3.85, 2.31e6.40) [79].
A study on an Australian birth-cohort found the following
associations at 6e7 years of age: cumulative exposure to
pollen up to 3 months with hay fever; between 4 and 6
months with asthma [11] (Table 4). Grass pollen allergy was
related to seasonal asthma exacerbations in a large inter-
national epidemiological study: higher risks were found for
grass sensitized subjects in early summer in Southern
Europe (OR March/April 2.60, 1.70e3.97; OR May/June
4.43, 2.34e8.39); a similar result was observed for birch
sensitized subjects in Northern Europe (OR May/June 2.94,
1.92e4.50; OR July/August 2.01, 1.38e2.94) [102].

A French study identified a significant association be-
tween grass airborne pollens and asthma attacks requiring a
General Practitioner (GP) consultation, with a 54% increase
in the risk of asthma attacks for an interquartile range in-
crease of 17.6 grains/m3 of the Poaceae grass family [103].

4.3. Interaction between air pollution and
biological allergens

Many studies about respiratory and allergic risk factors
focused on the exposure to single pollutants. But in ‘real
life’ multiple exposures frequently occur. In the
environment, there are always complex mixtures of pol-
lutants from different sources, which may jointly
contribute to additive or synergic toxic effects [104,105].
Ambient inhalable PM, because of their intrinsic electro-
static properties and porous surfaces, readily adhere to
free airborne allergens released from animal dander, dust
mites, moulds and pollens. PM may interact with aero-
allergens, promoting airway sensitization by modulating the
allergenicity of airborne allergens [106,42]. In experimental
conditions, Phleum pratense pollen releases more allergen-
containing granules when treated with several concentra-
tions of NO2 and O3 than when exposed to air only. Effects
of traffic related pollutants might lead to increased
bioavailability of airborne pollen allergens [107]. The
airway mucosal damage and the impaired mucociliary
clearance induced by air pollution per se may facilitate the
access of inhaled allergens to the immune system [42]; this
link enhances the risk of atopic sensitization and exacer-
bation of symptoms in sensitized subjects [41].

Current knowledge about the pathogenesis of asthma
and allergies due to the combined exposure to air pollut-
ants and biologicals is primarily based on in vitro or animal
studies [14], since this kind of association is difficult to
analyze in uncontrolled settings; little is known about the
possible synergetic effect between air pollution and aller-
gens at the population level [14]. Several laboratory clinical
studies have demonstrated that the effect of allergen
challenge on asthma is higher after prior exposure to
ambient air pollutants. A recent publication [108] has
demonstrated that mice co-exposed to HDM and diesel
exhaust particles (DEPs) have significantly more HDM-
specific memory T cells in the lungs, with respect to mice
exposed to saline, DEPs, or HDM alone; these memory T
cells promote in mice a strong and rapid response on sec-
ondary exposure to allergen in vivo. On the basis of these
data, the authors hypothesized that if DEPs exposure po-
tentiates recall responses to allergen, early-life DEP expo-
sure might increase risk of developing allergic asthma in
children. Thus, the same researchers assessed the effect of
early-life exposure to high ECAT (elemental carbon attrib-
utable to traffic, a proxy of DEP exposure) levels in HDM
sensitized and not sensitized children of a US birth cohort:
sensitized children exposed to high ECAT level at birth had
a 2-fold higher prevalence of asthma at 7 years of age
compared with not sensitized ones [108].

However, the clinical significance of this effect modifi-
cation in the general population is uncertain [109], indeed
inconsistent results were found.

In a large French sample of patients suffering from se-
vere seasonal allergic rhinitis the link between the allergic
rhinitis severity and pollen counts, observed in clinical
practice and experimental studies, was confirmed at the
population level: such results persisted after controlling for
various air pollutants (NO2, SO2, PM10, O3), showing that air
pollution didn’t modify this link [110] (Table 5).

A Spanish study showed a higher risk of asthma emer-
gency room visits per 10 mg/m3 of SO2 and NO2 increments;
the combined exposure with both Urticaceae and Poaceae
didn’t change the risk level [111] (Table 5).

On the contrary, a US study showed that prenatal
exposure to cockroach allergens was associated with a
larger risk of allergic sensitization (RR 1.15, 1.07e1.25).



Table 5 Link between allergic diseases and combined exposures.

Study Country (n, sample) Health outcome Single exposure Combined exposure

Carlsten C, 2011 [114] Canada (380, children) OR (95% CI): OR (95% CI):
Dog allergens Dog allergens and NO2

Asthma 1.0 (0.2e5.2) 4.8 (1.1e21.5)
NO2

1.3 (0.4e4.5)
Annesi-Maesano I,

2012 [110]
France (36,397, adults) OR (95% CI): OR (95% CI):

Grass pollen Grass pollens and
air pollutants

Allergic rhinitis 1.08 (1.04e1.11) 1.08 (1.01e1.14)
Cirera L, 2012 [111] Spain (3939, hospital

ER visits)
RR% (95% CI): RR% (95% CI):
SO2 SO2 and pollens

Asthma ER visits 5.2 (0.5e10.1) 5.7 (0.9e10.6)
NO2 NO2 and pollens

Asthma ER visits 2.6 (0.3e5.0) 2.7 (0.4e5.1)
Perzanowski MS,

2013 [112]
US (727, young adults) RR (95% CI): RR (95% CI):

Cockroach allergens Cockroach allergens
and nPAH

Allergic sensitization 1.15 (1.07e1.25) 1.22 (1.08e1.36)

OR: odds ratio; RR: relative risk; 95% CI: 95% confidence intervals; ER: emergency room; SO2: sulphur dioxide; NO2: nitrogen dioxide;
nPAH: nonvolatile polycyclic aromatic hydrocarbons.
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This risk was increased by exposure to nonvolatile PAHs (RR
1.22, 1.08e1.36), in particular in children null for the
glutathione-S-transferase m GSTM1 mutation (RR 1.54,
1.18e2.01) [112] (Table 5). The results of a study per-
formed in 11 Canadian cities between 1994 and 2007
showed a higher association between fungi and pollens
exposure and hospitalizations for asthma in the days of
higher air pollution (NO2, SO2, PM10, PM2.5) [109] (Fig. 4).

Early-life exposure to smoke and aeroallergens may in-
fluence pulmonary function development in childhood: a US
birth-cohort showed that exposure to second-hand smoke in
early-life produce a reduction in lung function (Forced
expiratory flowbetween 25% and 75%of forced vital capacity-
FEF25-75) in childhood; the number of aeroallergen-positive
skin prick tests at age 2 modified this relationship: FEF25-75
�0.06 in total sample;�0.09 in subjects with 1 sensitization;
�0.30 in subjects with more than 2 sensitizations [113].

In a study on a birth-cohort at high risk for asthma, co-
exposure to dog allergen and NO2, or to dog allergen and
ETS, appears to increase the risk for asthma (OR 4.8,
1.1e21.5 and OR 2.7, 1.1e7.1, respectively) [114] (Table
5). A letter commenting these results reported that in
‘real life’ it is unrealistic to separate the role of dog al-
lergens from that of other allergens commonly found in-
doors. The importance of both cat and dog allergens as risk
factors for induction of allergic sensitization and bronchial
asthma is not limited to shared indoor environments:
in vitro studies have shown cross-reactivity between these
allergens [115].

5. Research needs and conclusions

Although largely avoidable, asthma and allergic rhinitis
tend to occur as epidemics and hit young people both in
industrialized and in developing countries. Reasons for
increased susceptibility to developing allergy in response to
exposure to pollen allergens remain elusive, but environ-
mental and life style factors appear to drive these increases
[41]. Scientific evidences showed that air pollution and
biologicals are important risk factors for allergic diseases
onset and exacerbation; current in vitro and animal studies
showed a link between pathogenesis of asthma and al-
lergies and combined exposure to air pollutants and bi-
ologicals, but little is known about this possible synergetic
effect at the population level [14]. A growing body of evi-
dence shows that components of air pollution interact with
airborne allergens and enhance risk of atopic sensitization
and exacerbation of symptoms in sensitized subjects [10].

More research is needed in order to elucidate the
mechanisms by which pollutants and biologicals induce
damage in exposed subjects. Some recent evidences
showed that biological allergens can induce not only
allergic response, through the production of immunoglob-
ulins, but also non-atopic reactions like inflammation and
irritation [116]. Few data have taken into account the
separation between allergic and non-allergic asthmayrhi-
nitis, underlying mechanisms and management variation.
Considering that air pollution is the main risk factor for non-
allergic respiratory diseases, research on this topic is
advisable in order to evaluate relative weight of this factor
on the two sides of the coin (e.g. allergic and non-allergic
asthma) and to define the better strategy leading to their
optimal management. Important omic techniques are now
available for a deeper assessment of various biochemical
pathways operative in health and disease [117].

The abatement of the main risk factors for asthma and
allergic diseases may achieve huge health benefits. Thus, it
is important to raise awareness of respiratory allergies as
serious chronic diseases which place a heavy burden on
patients and on society as a whole. Meanwhile, the ability
of patients and their caregivers to identify early symptoms
in order to ensure an early diagnosis of allergic diseases
should be increased.



Fig. 4 Percentage increase of relative risk of asthma hospitalization for an interquartile range increase in aeroallergen con-
centration by particulate matter concentration (modified from [109]).
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Prevention of chronic diseases should start early in life
including healthy lifestyles in the school curricula; the
concept of exposure standards for allergens and respiratory
irritants must be promoted as a major primary prevention
initiative. Air pollution can influence the plant allergenic
content, and by affecting plant growth it can affect both
the amount of pollen produced and the amount of aller-
genic proteins contained in pollen grains. Thus, acting on
air pollution abatement will trigger a virtuous circle with
beneficial effects on air quality, climate, allergen exposure
and health status.

The WHO had suggested several options for achieving
acceptable indoor air quality [118,119]. Guidelines and
recommendations on indoor air quality in dwellings are also
reported in the EFA (European Federation of Allergy and
Airways Diseases Patients Associations) final document of
the THADE (Towards Healthy Air in Dwellings in Europe)
project [120,121]. Guidelines on indoor air quality cannot
be enforced in private buildings, but it is important that
people be aware of the health risks due to indoor pollution,
so that they can try to adopt healthy behaviors.

Within the 2013 EU Year of Air, a WHO technical report
from the REVIHAAP project (Review of evidence on health
aspects of air pollution) was published with the aim to re-
view and discuss the newly accumulated scientific evidence
on the health adverse effects of air pollution [43,14]. Eu-
ropean Respiratory Society Environment and Health Com-
mittee developed 10 concise principles for clean air, which
summarize the scientific state of the art and provide
guidance for public health policy [122]; in particular, the
principles highlighted that citizens are entitled to clean air
and that outdoor air pollution is one of the biggest envi-
ronmental health threats in Europe today, leading to sig-
nificant reductions of life expectancy and productivity. EU
policies to reduce air pollution are needed for having clean
air and no longer significant adverse effects on the health
of European citizens. The benefits of such policies outweigh
the costs by a large amount [122].
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