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Abstract
Rhinovirus is a common picornavirus with over 150 serotypes and three species, which is responsible for half of the human 
common cold cases. In people with chronic respiratory conditions and elders, it may also cause life-threatening diseases. 
Transmission routes are not definitively established but may involve direct human-to-human and indirect transmission 
(surfaces and aerosols based). In the present study, year-long presence of virus was tested by qPCR in the nostrils of young 
healthy volunteers and indoor and outdoor air samples. Results were correlated to atmospheric conditions (meteorologi-
cal and air quality parameters) and voluntaries immune system-related genetic polymorphisms (TOLLIP rs5743899, IL6 
rs1800795, IL1B rs16944, TNFA rs1800629) typed by PCR–RFLP. Nasal samples showed increased frequency and viral 
titers of Rhinovirus in spring and autumn. No indoor air samples tested positive for Rhinovirus, whereas outdoor air sam-
ples tested positive in late autumn. Sun radiation, atmospheric SO2, and benzene levels correlated with nostrils Rhinovirus 
detection. Both IL6 and TOLLIP polymorphisms but not TNFA or IL1B influenced Rhinovirus detection in the nostrils 
of voluntaries. Taken together, the results indicate that Rhinovirus circulation is determined by environmental conditions 
(weather, air-borne virus, and air pollution) and genetically encoded individual variation in immunity.
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Abbreviation
RHV	� Rhinovirus

Introduction

Human Rhinovirus (RHV) is a very common human virus 
with over 150 different serotypes and three species (Bas-
net et al. 2019; Palmenberg et al. 2009), causing more than 
half of the common cold cases (Blaas and Fuchs 2016). In 
addition to its involvement in this mild, naturally resolving 

infection, development of molecular-based multiplex detec-
tion has allowed the identification of its role among more 
severe acute respiratory infections (To et al. 2017). Indeed, 
it is now recognized as a frequent finding in acute respira-
tory infections (Jeon et al. 2019) leading to a significant 
risk (OR = 7.1) for this pathology in older adults (Shi et al. 
2019). It is also involved in life-threatening disease in elders 
and individuals with chronic respiratory diseases (asthma, 
pulmonary obstructive disease, and cystic fibrosis) (Blaas 
and Fuchs 2016; Linden et al. 2019), and has even been 
found in association with at least one case of encephalopathy 
(Hazama et al. 2019). Rhinovirus has also been a frequent 
finding among hospitalized patients, in particular among 
young babies (Leotte et al. 2017; Wildenbeest et al. 2016) 
and patients undergoing chemotherapy (Aydin-Köker et al. 
2019) or hematopoietic stem-cell transplantation (Pochon 
and Voigt 2019). Additionally, even if only common cold 
cases are taken into account, the abundance of these RHV-
induced cases presents a social and economic burden 
including school and work absenteeism that should not be 
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disregarded (Bertino 2002; Fendrick et al. 2003; Nichol et al. 
2005; Roelen et al. 2011).

RHV is among the smallest RNA viruses (picornavi-
rus = Pico RNA virus) and infects the upper and sometimes 
lower respiratory apparatus (Berrajah et al. 2018; Gern 2002; 
Jacobs et al. 2013; McErlean et al. 2008) via its cellular 
receptors (ICAM-1, LDLR, or CDHR3) (Basnet et al. 2019; 
Blaas and Fuchs 2016; Bochkov and Gern 2016). The large 
frequency of infection may be related to the large serologi-
cal diversity and the low immune response cross-reactivity 
(Blaas and Fuchs 2016). Additionally, interindividual vari-
ation in the susceptibility to RHV infection may be related 
to genetically encoded immunological variation (Drysdale 
et al. 2016), but this has not been clearly demonstrated.

Rhinovirus inoculation usually occurs via the nose, 
mouth, or eyes (Blaas and Fuchs 2016). An important sus-
ceptibility factor may be environmental temperature as it 
impacts on the viral activity, which could favor its infection 
during the cold season and in the upper respiratory tract 
(Blaas and Fuchs 2016). Rhinovirus transmission has been 
the subject of some controversy but there is direct evidence 
of person-to-person and indirect transmission (via surfaces 
or aerosols). RHV is clearly stable for hours in objects 
(Ikonen et al. 2018) but aerosol transmission is certainly also 
a transmission route (La-Rosa et al. 2013; Myatt et al. 2003, 
2004). RHV infection seasonality may be even related with 
viral stability in objects and aerosols which may be affected 
by meteorological conditions (temperature, humidity, UV 
index) (Du-Prel et al. 2009) or the chemical stability/reac-
tivity of the transmission route (air pollution) (Myatt et al. 
2003). However, a recent study has failed to detect signifi-
cant association between RHV positivity and temperature, 
humidity, or dew point (Price et al. 2019) clearly indicating 
that more studies are needed to clarify this point. Pollut-
ants such as ozone and nitrogen oxides and even air-borne 
particles may also impact on the respiratory tract immunol-
ogy (Kaan and Hegele 2003; Miller and Peden 2014; Peden 
and Bush 2015; Romero et al. 2011; Spannhake et al. 2002; 
Yang and Marr 2011), making air parameters a double sword 
affecting not only viral stability and activity but also poten-
tially modulating immune system responses.

In the last decades, polymorphisms in several cytokine 
genes (soluble modulators of immune system activity) 
have been described, indicating the genetically encoded 
immunological variation is not just MHC encoded. Thus, 
interindividual viral susceptibility may also be affected by 
these gene variations. Indeed, several studies have indicated 
polymorphisms in TOLLIP, lambda interferon, IL1B, IL8, 
IL6, and TNFA among others to influence immunological 
response to viral infections (Doyle et al. 2010; Huang et al. 
2016; Noah et al. 1995; Russell et al. 2014; Wine and Alper 
2012). Since the immune response to viral agents is sig-
nificantly different before and after viral cell entry, different 

polymorphisms impacting on different components of the 
immune system could have a different effect on viral infec-
tivity. In particular, TLR and TOLLIP polymorphisms can 
be expected to impact on the detection of free viral particles 
by TLR2 (Huang et al. 2016; Shah et al. 2012). Immune Sys-
tem response after infection may be more dependent on viral 
RNA recognition by TLR7 and TLR8, which is dependent 
on stress signals induced via IL6, making polymorphisms in 
these genes more relevant for viral clearance after infection 
(Doyle et al. 2007; O’Neill and Bowie 2007).

In the present work, we have searched for environment 
and genetic factors influencing the presence of RHV in the 
nostrils of young healthy volunteers. For that purpose, we 
tested by qPCR the year-long presence of RHV in the nos-
trils of a group of young volunteers. Concomitantly indoor 
and outdoor air samples were tested for the presence of 
RHV by the same method, and meteorological and air qual-
ity parameters have been recorded. Also, voluntaries were 
genotyped by PCR–RFLP for polymorphisms in 4 immune 
system-related genes (TOLLIP rs5743899, IL6 rs1800795, 
IL1B rs16944, TNFA rs1800629).

Materials and Methods

Population Studied

In this study, a total of 89 healthy young volunteers were 
enrolled, recruited from among the student population of 
the Faculty of Health Sciences of the Fernando Pessoa 
University in Porto, Portugal. The volunteers were aged 
between 20 and 41 years with females accounting for 2/3 
of the volunteers. Each student provided a monthly swab 
sample collected for the characterization of the year-long 
presence of rhinovirus in the nostrils, and once during the 
observation period a blood sample or mouth endothelial cell 
cotton swab (if unwilling to donate blood) for DNA extrac-
tion and purification. At first appointment, voluntaries were 
asked to fill in a questionnaire characterizing themselves on 
socio-demographic aspects, health living style, and known 
disease/allergy preconditions.

Nasal Sample Collection

Voluntaries came monthly for nasal swab collection. Sam-
ples were collected from each nostril using sterile cot-
ton swabs. Swabs from left and right nostrils were stored 
together in 200 µL of RNALatter (Invitrogen, USA) solution 
for 24 h at 4 °C as recommended by the manufacturer to 
allow the RNA stabilizer to embed the sample and prevent 
RNA decay, and then transferred to a deep freezer (− 70 °C) 
until RNA extraction procedures. At each appointment, 
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voluntaries were asked to fill in a questionnaire about symp-
toms experienced in the last 30 days.

Viral RNA Extraction

No viral elution from swabs or filters was performed as viral 
lysis was performed in the collection material. Viral RNA 
extraction was performed using QIAamp Viral RNA Mini 
Kit (Qiagen, Germany) following the manufacturer’s instruc-
tions. Final elution volume was 60 µL. RNA samples were 
stored at − 70 °C.

Rhinovirus RNA Detection and Quantification

Rhinovirus RNA amplification was performed by qPCR 
on a Lightcycler 1.1 (Roche, Switzerland) as previously 
described (Myatt et al. 2004). Briefly, the primers RAF (5′-
GAC​AGT​GTT​CYA​GCC​TGC​G-3′), RBF (5′-RACHGTG​
TCY​YAG​CCT​GCG-3′), and LR (5′-GAA​ACA​CGG​ACA​
CCC​AAA​GTA-3′) were used at a final concentration of 
800 nM together with the Taqman Probe (6-FAM-5′-TCC​
TCC​GGC​CCC​TGA​ATG​YGGC-3′-BHQ1) at 160 nM in a 
Quantitec Probe RT-PCR Master Mix (Qiagen, Germany). 
The reaction then took place on a Lightcycler 1.1 thermo-
cycler (Roche, Switzerland). First a reverse transcription 
step was performed at 50 °C for 20 min followed by the RT 
enzyme inactivation and polymerase activation at 95 °C for 
15 min. Real-time PCR was then performed using 45 cycles 
consisting of a denaturation step at 95 °C for zero seconds, 
and an annealing/polymerization step at 60 °C for 1 min. 
Fluorescence reading was done at the end of the amplifi-
cation step. Semi-quantification was obtained relative to a 
dilution series of a positive sample.

Air Sample Collection

Indoor and outdoor air samples were collected as previously 
described (Myatt et al. 2004). Briefly, air was filtered for 1 h 
at a 4 L/min rate using 37 mm 2.0 μm Teflon filters (SKC, 

UK) in closed cassettes with the help of an air pump (Leland 
legacy single pump, SKC, UK). Filters were then cut in 
small pieces under sterile conditions using fresh sterile dis-
posable scalpels and treated as described for the nasal sam-
ples. Air samples were always collected at the same spots. 
Outdoor air samples were collected outside a third-floor lab 
window at facilities not used for any other manipulation of 
the project samples. Indoor air samples were collected at a 
university cafeteria, a common meeting point for students 
and staff, on top of a balcony not usually manipulated by the 
cafeteria staff or clients.

Meteorological and Air Quality Data

Daily meteorological parameters were collected from the 
FP-ENAS meteorological station and the public air quality 
monitoring infrastructure. Data were used from the station 
closest to the university facilities where voluntaries spend 
most of their time. Meteorological parameters analyzed were 
wind speed, temperature, radiation, humidity, and air pres-
sure. Air quality parameters analyzed were ozone, nitrogen 
oxides, carbon monoxide, sulfur dioxide, and benzene levels.

DNA Preparation

Genomic DNA was extracted from blood or epithelial mouth 
cells using Qiamp mini Blood DNA kit (Qiagen, Germany) 
according to the manufacturer’s instruction. Genomic DNA 
was eluted with 200 μL of nuclease-free water and stored 
at − 20 °C.

Genotyping was performed by PCR–RFLP using pre-
viously described primers and enzymes as described in 
Table 1. Briefly 5 µL of DNA were mixed with iProof 
High-Fidelity Master Mix (BioRad, USA), and 1 µM of 
each primer in a total volume of 20 µL and subjected to the 
thermal cycling conditions in Table 1. After PCR, 10 µL 
of the amplicon was mixed with the manufacturer-provided 
enzyme buffer and respective restriction endonuclease 
(New England Biolabs, UK; Table 1) for 2 h at 37 °C. PCR 

Table 1   Experimental conditions used for genotyping

RE restriction endonuclease

Gene/SNP Primers PCR thermal cycling RE enzyme

TOLLIP (de Araujo et al. 2015) 
rs5743899

5′-GGC​AAT​GGC​AGT​GGC​CAC​CAG​TGA​-3′ 3 min—98 °C HhaI
5′-CCG​ATG​CCC​GCA​CAC​CTG​TGT​GAT​-3′ 35× [30 s—98 °C; 30 s—65 °C; 30 s—72 °C]

IL6 (Honsawek et al. 2011) 
rs1800795

5′-TGA​CTT​CAG​CTT​TAC​TCT​TTGT-3′ 3 min—98 °C SFaNI
5′-CTG​ATT​GGA​AAC​CTT​ATT​AAG-3′ 35× [30 s—98 °C; 30 s—55 °C; 30 s—72 °C]

IL1B (Ishii et al. 2000) 
rs16944

5′-TGG​CAT​TGA​TCT​GGT​TCA​TC-3′ 3 min—98 °C AvaI
5′-GTT​TAG​GAA​TCT​TCC​CAC​TT-3′ 35× [30 s—98 °C; 30 s—60 °C; 30 s—72 °C]

TNFA (Sandhya et al. 2013) 
rs1800629

5′AGG​CAA​TAG​GTT​TTG​AGG​GCCAT-3′ 3 min—98 °C NcoI
5′TCC​TCC​CTG​CTC​CGA​TTC​-3′ 35× [30 s—98 °C; 15 s—63 °C; 30 s—72 °C]
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restriction fragments were size separated by electrophoresis 
in 4% NuSieve 3:1 TAE agarose gel (FMC, USA).

Statistical Analysis

Data were statistically analyzed using Statistical Package for 
Social Sciences (SPSS) version 22. Comparisons between 
RHV-positive and RHV-negative samples and between indi-
viduals with or without a specific allele were done by the 
Student’s t test. Correlation between variables was analyzed 
using Pearson Correlation. All statistical analyses were per-
formed at a significance level of 95%.

Ethical and Legal Aspects

The study was approved by the Fernando Pessoa University 
Ethical Committee. All voluntaries were explained the study, 
signed an informed consent, and were given the possibility 
to drop the study at any moment. The database with the 
study results was authorized and registered by the Portu-
guese National Committee for Personal Data Protection.

Results

RHV Detection in Nostrils of Voluntaries

As can be seen in Fig. 1, RHV was detected in the nostrils 
of voluntaries during the entire observation period with 
the exception of January 2018. The monthly frequency 
of positive samples showed a minimum of 0% in January 
and peaked to over 40% in November. A similar trend was 
observed for the RHV titers with a maximum RHV concen-
tration in November but with a smaller peak in March/April.

Next, we tested the relation between detection of RHV 
in voluntaries and the self-reporting of common cold-asso-
ciated symptoms. Results showed that RHV was more fre-
quently found among individuals self-reporting the presence 
of common cold symptom (16%) then among individuals 
without them (6%). Interestingly, individuals with RHV 
in the nostrils but not reporting symptoms were very rare 
and only occurred from August to December, the period of 
increased RHV incidence, likely reflecting early RHV detec-
tion before symptoms arise which one would expect to be 
more likely in periods of high RHV circulation.

Fig. 1   Frequency of positive 
nasal swab samples (filled bars) 
versus nasal RHV RNA titer 
(continuous line) and outdoor 
air RHV RNA titer (dotted line). 
Concentration was measured as 
relative to one positive control 
sample from which a tenfold 
series dilution was performed 
and tested. Slashed bars indicate 
the frequency of RHV-positive 
nasal samples in individuals 
not reporting common cold 
symptoms
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RHV Detection in Air Samples

Contrary to our expectations, no indoor air samples were 
found positive for RHV. However, during the period of 
higher nostril RHV incidence, positive outdoor air samples 
were found from October to December, thus coincident to 
the months of higher frequency of RHV in the nostrils of 
voluntaries (Fig. 1). Furthermore, the observed RHV con-
centrations in nostrils and in Air samples showed a similar 
pattern, although with clearly different scales (Fig. 1). In 
fact, a statistically significant correlation was found between 
nostril RHV concentration and outdoor air RHV concentra-
tion (R = 0.985; p < 0.0001).

RHV Nostril Detection and Meteorological and Air 
Quality Parameters

Next, we investigated whether meteorological and air quality 
parameters were somehow related to the frequency of RHV-
positive samples. As can be seen in Fig. 2, sun radiation was 
significantly lower when positive RHV samples were found. 
This is also reflected on a tendency for a negative correlation 
between radiation and the percentage of RHV-positive sam-
ples, but it does not reach statistical significance. Similarly, 
levels of sulfur dioxide were significantly lower when posi-
tive samples were detected (p < 0.0001) allowing a negative 
correlation between maximum SO2 levels and the percent-
age of RHV+ nasal swabs (Fig. 3; R = − 0.843; p < 0.009). 
Interestingly, the inverse association was found between 

nasal swab RHV positivity and benzene atmospheric levels 
(Fig. 4). Higher benzene levels were associated with posi-
tive RHV samples, and a significant positive correlation was 
found (Fig. 4; R = 0.809; p < 0.001).

Influence of Genetic Polymorphisms on RHV Nostril 
Detection

No difference was found between individuals carrying the 
various alleles of IL1B (rs16944) and TNFA (rs1800629). 
However, the presence of the G allele of the TOLLIP 
rs5743899 SNP significantly increased (p < 0.048) the 
likelihood of testing negative for RHV during the entire 
observation period (Fig. 5). Additionally, if this effect of 
the TOLLIP SNP is excluded by considering only individu-
als without the TOLLIC G allele, a statistically significant 
(p < 0.028) higher viral titer is found among individuals with 
the IL6 rs1800795 C allele (Fig. 6).

Discussion

The present results indicate a year-long circulation of RHV, 
with an increase in incidence during late Autumn–early win-
ter period. Additionally, an extra peak of RHV activity was 
found in spring when viral concentrations were taken into 
consideration which suggests a seasonal variation not only in 
viral infectivity but also in infection severity indicating that 

Fig. 2   Maximum monthly 
radiation versus RHV detection 
in the nostril of voluntaries. a 
Negative samples are associ-
ated with higher levels of sun 
maximum radiation, and posi-
tive samples with lower levels. 
b This produces a negative 
correlation between maximum 
monthly radiation and the 
percentage of monthly positive 
samples, but it does not reach 
statistical significance (lack of 
significance can be attributed 
to two outliers with both low 
percentage of RHV+ samples 
and low maximum sun radiation 
corresponding to the observa-
tions of January and February 
2018)
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viral concentration should also be assayed when studying 
the epidemiology of RHV infection.

RHV aerosol transmission is surely an active transmis-
sion RHV route (La-Rosa et al. 2013; Myatt et al. 2003, 
2004), but is usually interpreted as only impacting on direct 

person–person transmissions. The present results support 
an outdoor air RHV transmission route as outdoor air RHV 
closely correlated to nasal RHV presence and concentra-
tion even if they do not allow to establish a definite causal 
effect. Confirmation of this would require the genotyping of 

Fig. 3   Levels of atmospheric 
Sulfur dioxide versus nasal 
swab RHV positivity. a Atmos-
pheric SO2 levels were found 
to be lower when nasal swabs 
test positive for RHV. b This 
produces a negative correla-
tion between maximum levels 
of SO2 in the atmosphere and 
the percentage of nasal swabs 
positive for RHV (R = − 0.843; 
p < 0.009)

Fig. 4   Levels of atmospheric 
benzene versus nasal swab 
RHV positivity. a Atmospheric 
benzene levels were found to 
be higher when nasal swabs 
test positive for RHV. b This 
produces a positive correlation 
between benzene atmospheric 
levels and the percentage of 
nasal swabs positive for RHV 
(R = − 0.809; p < 0.001)
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the viruses detected, something that should be addressed in 
follow-up studies. Furthermore, the availability of sequenc-
ing data would also help clarify whether voluntaries with 
consecutive positive samples result from persistent infec-
tions or from reinfections.

Another interesting evidence supporting the air RHV 
transmission was the finding that atmospheric parameters 
that may affect atmospheric viral stability such as sun radi-
ation (Myatt et al. 2003) and SO2 levels were negatively 
correlated to RHV nostril detection. Interestingly, these are 
exactly the parameters long ago described to show virucidal 
effect in an experimental aerosol exposure of Venezuelan 

Equine Encephalomyelitis Virus (Berendt et al. 1972) sug-
gesting a direct environmental exposure effect on the virus 
particles. However, experimental exposure of animals to 
viruses also showed a collaborative effect of SO2 and influ-
enza on short-term exposure (Lebowitz and Fairchild 1973), 
suggesting a dual role for SO2 (decreased viral stability but 
increased immune system susceptibility) that could compli-
cate analysis. This is also suggested by Asian results indicat-
ing a positive correlation between SO2 and lower respiratory 
infections, but only during the dry season (Le et al. 2012), 
a period with also high radiation levels, thus making the 
SO2 virucidal effect redundant and potentiating the effect 
of SO2 on the immune system. Interestingly, benzene, an 
air pollutant previously described to potentially condition 
immune system status by decreasing immune system cells 
in blood and spleen and decrease immune system progeni-
tor cells leaving the bone marrow (Wen et al. 2016; Zhang 
et al. 2010) showed a positive correlation with RHV detec-
tion in nostrils, further suggesting that air quality may affect 
not only virus stability and infectivity but also modulate 
immune system responses to virus. A similar effect has also 
been demonstrated by others for syncytial respiratory virus 
(Nenna et al. 2017) suggesting this to be an effect that may 
be relevant for several viral-associated pathologies.

The lack of detection of RHV in indoor air samples came 
as a surprising result. Previous work by others has shown 
the detection of RHV in closed environments reflecting 
virus shedding (Myatt et al. 2004). However, our results 
may reflect the unintended proximity of an air conditioning 
exhaust to the site of air collection, possibly indicating the 
efficiency of the air conditioning at clearing the air from 
viral particles. This result suggests that air conditioning fil-
ters should be examined in future experiments as it could 
indicate an easy to implement purification system during 
winter, especially in retirement houses where RHV infection 
severity and morbidity may be especially important.

TOLLIP is a negative regulator of TLR2 (Shah et al. 
2012; Zhang and Ghosh 2002). In turn, TLR2 is an impor-
tant immune system surveillance receptor needed for RHV 
capsid recognition before the virus enters the cells (Huang 
et al. 2016; Triantafilou et al. 2011). The TOLLIP rs5743899 
G allele is known to decrease TOLLIP expression (Huang 
et al. 2016), therefore increasing TLR2 expression, which 
in turn contributes to better RHV detection and clearance 
by the immune system before viral cell entry (Bentley et al. 
2019), effectively preventing infection. Additionally, a recent 
paper has shown that Tollip inhibits ST2 signaling in RHV-
exposed airway epithelial cells, making the lower expression 
of TOLLIP a way of counteracting this inhibitory pathway, 
and achieving better RHV particle detection and clearance, 
even if it may lead to increased neutrophilic inflammation 
(Dakhama et al. 2019). After RHV enters cells, its recogni-
tion shifts from TLR2 to TLR7 and TLR8 which recognize 

Fig. 5   The percentage of individuals that test negative for nasal RHV 
during the entire observation period is significantly higher (p < 0.048) 
among individuals with the TOLLIP rs5743899 G allele

Fig. 6   When considering only individuals without the TOLLIP 
rs5743899 G allele, the nasal RHV concentration was found to be 
dependent on the presence of the IL6 rs1800795 C allele, with a sig-
nificant (p < 0.028) lower RHV concentration being found among 
individuals with the IL6 C allele
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viral single-stranded RNA (O’Neill and Bowie 2007). These 
receptors are known to send an emergency signal via the 
induction of IL6 (Doyle et al. 2007) which is a critical anti-
inflammatory regulator of viral-induced immunopathology 
in the respiratory tract (Pyle et al. 2017). This IL6 pathway is 
therefore likely only relevant after viral cell entry and is thus 
independent of the TLR2-related TOLLIP effect we propose 
above. IL6 rs1800795 has been associated with lower gene 
expression which may counteract the increased expression 
stimulated by some viral components (Tanaka et al. 2014). 
However, since TOLLIP has been shown to sustain produc-
tion of IL6 in several inflammatory conditions (Humbert-
Claude et al. 2016; Kowalski and Li 2017), the effect of the 
IL6 gene polymorphism may only be seen when TOLLIP-
induced sustained IL6 production is not taking place, which 
may explain why, in our results, the presence of the TOLLIP 
G allele masks the IL6 C allele effect. In the absence of the 
TOLLIP G allele, the absence of the IL6 C allele decreases 
IL6 levels, thus decreasing the emergency response to RHV 
after infection is established leading to higher viral titers 
found.

Conclusions

The present results confirm an autumn/winter increase in 
the frequency of RHV infections as reported by others (Jeon 
et al. 2019; Price et al. 2019; Reis and Shaman 2018; To 
et al. 2017), while also revealing an increase in the viral 
titers in positive cases in early spring, which is also in agree-
ment with the previous reports (Leotte et al. 2017; Reis and 
Shaman 2018; To et al. 2017). A close association between 
the presence of RNA virus in the nostrils of voluntaries and 
the self-reporting of common cold symptoms was also found 
revealing that infection is usually associated with symptoms. 
The finding of air-borne RHV virus with a frequency and 
concentration closely resembling the nasal viral detection 
strongly suggests atmospheric air-carrying of virus as a 
potentially relevant transmission route. A similar conclu-
sion may be drawn from the finding of environmental fac-
tors such as sun radiation and air pollution correlating with 
virus nostril detection. Interestingly, specific pollutants such 
as SO2 or benzene showed differential effects, suggesting a 
dual-sword effect on virus stability in air and on immune 
system modulation effects. Both of these aspects deserve 
further clarification in controlled experimental conditions. 
Finally, two different polymorphisms have been found to 
differentially modulate the risk for RHV infection by two 
complementary mechanisms: TOLLIP rs5743899 G allele 
may increase resistance to infection, whereas IL6 rs1800795 
C allele may decrease RHV titers when infection occurs.

Thus, the present results show that RHV infection is influ-
enced by both environmental factors (meteorological factors, 

RHV air-borne particles, and air quality determinants) and 
by genetic-based differential susceptibility to RHV infection.

Acknowledgements  This work was supported by Portuguese Sci-
ence Foundation (FCT) Grants UID/Multi/04546/2013, UID/
Multi/04546/2016, and UID/Multi/04546/2019. The funding agency 
took no part in study design, collection, analysis and interpretation of 
data, writing of the paper or on the decision to publish it.

Author Contributions  Conceptualization: JMC and MEB; Methodol-
ogy: JMC, MEB, AFR, AMS, AMF, and RM; Software development, 
Validation, Formal analysis, Resources, Data curation, Supervision, 
Project administration, Funding acquisition, and Writing—original 
draft preparation: JMC; Investigation: JMC, MEB, AFR, AMS, AMF, 
and RM; Writing—review and editing: JMC, MEB, AFR, AMS, AMF, 
and RM.

Compliance with Ethical Standards 

Conflict of interest  The authors declare no conflicts of interest.

Research Involving Human Participants and/or Animals  The work was 
approved by the University Fernando Pessoa Ethics committee and 
done in accordance with the ethical standards as laid down by the 
14964 Declaration of Helsinki and later amendments. All data acquisi-
tions were done using a Individual ID code known only to the volun-
tary subject. Database was authorized and registered with the National 
Individual Data Protection committee and contains no data capable of 
identifying the subject under study.

Informed Consent  Informed consent was obtained from all individual 
participants included in the study, prior to any sample or data acquisi-
tion. Informed consent forms were approved by the University ethics 
committee. Voluntaries were allowed to drop the study at any time 
during the observation period.

References

Aydin-Köker, S., Demirağ, B., Tahta, N., Bayram, N., Oymak, Y., 
Karapinar, T. H., et al. (2019). A 3-year retrospective study of 
the epidemiology of acute respiratory viral infections in pediatric 
patients with cancer undergoing chemotherapy. Journal of Pedi-
atric Hematology/Oncology. https​://doi.org/10.1097/mph.00000​
00000​00141​8.

Basnet, S., Palmenberg, A. C., & Gern, J. E. (2019). Rhinoviruses and 
their receptors. Chest. https​://doi.org/10.1016/j.chest​.2018.12.012.

Bentley, J. K., Han, M., Jaipalli, S., Hinde, J., Lei, J., Ishikawa, T., et al. 
(2019). Myristoylated rhinovirus VP4 protein activates TLR2-
dependent pro-inflammatory gene expression. American Journal 
of Physiology-Lung Cellular and Molecular Physiology. https​://
doi.org/10.1152/ajplu​ng.00365​.2018.

Berendt, R. F., Dorsey, E. L., & Hearn, H. J. (1972). Virucidal prop-
erties of light and SO2 I. Effect on aerosolized venezuelan 
equine encephalomyelitis virus. Proceedings of the Society for 
Experimental Biology and Medicine, 139(1), 1–5. https​://doi.
org/10.3181/00379​727-139-36063​.

Berrajah, L., Ben Slama, K. A., Khbou, I., Gargouri, S., Chtourou, 
A., Znazen, A., et al. (2018). Virus et bactéries atypiques détec-
tés dans les infections respiratoires basses communautaires de 
l’enfant dans la région de Sfax en Tunisie. Bulletin de la Société 
de Pathologie Exotique, 111(2), 90–98. https​://doi.org/10.3166/
bspe-2018-0024.

https://doi.org/10.1097/mph.0000000000001418
https://doi.org/10.1097/mph.0000000000001418
https://doi.org/10.1016/j.chest.2018.12.012
https://doi.org/10.1152/ajplung.00365.2018
https://doi.org/10.1152/ajplung.00365.2018
https://doi.org/10.3181/00379727-139-36063
https://doi.org/10.3181/00379727-139-36063
https://doi.org/10.3166/bspe-2018-0024
https://doi.org/10.3166/bspe-2018-0024


348	 Food and Environmental Virology (2019) 11:340–349

1 3

Bertino, J. S. (2002). Cost burden of viral respiratory infections: 
issues for formulary decision makers. The American Journal of 
Medicine, 112 Suppl 6A, 42S–49S. http://www.ncbi.nlm.nih.gov/
pubme​d/11955​459. Accessed 5 April 2019.

Blaas, D., & Fuchs, R. (2016). Mechanism of human rhinovirus infec-
tions. Molecular and Cellular Pediatrics, 3, 21–24. https​://doi.
org/10.1186/s4034​8-016-0049-3.

Bochkov, Y. A., & Gern, J. E. (2016). Rhinoviruses and their recep-
tors: implications for allergic disease. Current Allergy and 
Asthma Reports, 16(4), 30. https​://doi.org/10.1007/s1188​
2-016-0608-7.

Dakhama, A., Al Mubarak, R., Pavelka, N., Voelker, D., Seibold, M., 
Ledford, J. G., et al. (2019). Tollip inhibits ST2 signaling in air-
way epithelial cells exposed to type 2 cytokines and rhinovirus. 
Journal of Innate Immunity. https​://doi.org/10.1159/00049​7072.

de Araujo, F. J., da Silva, L. D. O., Mesquita, T. G., Pinheiro, S. K., de 
Seixas Vital, W., Chrusciak-Talhari, A., et al. (2015). Polymor-
phisms in the TOLLIP gene influence susceptibility to cutaneous 
leishmaniasis caused by leishmania guyanensis in the amazonas 
state of Brazil. PLoS Neglected Tropical Diseases, 9(6), 1–10. 
https​://doi.org/10.1371/journ​al.pntd.00038​75.

Doyle, W. J., Casselbrant, M. L., Li-Korotky, H., Cullen Doyle, A. 
P., Lo, C., Turner, R., et al. (2010). The interleukin 6–174 C/C 
genotype predicts greater rhinovirus illness. The Journal of Infec-
tious Diseases, 201(2), 199–206. https​://doi.org/10.1086/64955​9.

Doyle, S. L., Jefferies, C. A., Feighery, C., & O’Neill, L. A. J. (2007). 
Signaling by Toll-like receptors 8 and 9 requires Bruton’s tyrosine 
kinase. The Journal of Biological Chemistry, 282(51), 36953–
36960. https​://doi.org/10.1074/jbc.M7076​82200​.

Drysdale, S. B., Alcazar, M., Wilson, T., Smith, M., Zuckerman, M., 
Hodemaekers, H. M., et al. (2016). Functional and genetic pre-
disposition to rhinovirus lower respiratory tract infections in pre-
maturely born infants. European Journal of Pediatrics, 175(12), 
1943–1949. https​://doi.org/10.1007/s0043​1-016-2780-0.

Du-Prel, J., Puppe, W., Gröndahl, B., Knuf, M., Weigl, J. A. I., Schaaff, 
F., et al. (2009). Are meteorological parameters associated with 
acute respiratory tract infections? Clinical Infectious Diseases, 
49(6), 861–868. https​://doi.org/10.1086/60543​5.

Fendrick, A. M., Monto, A. S., Nightengale, B., & Sarnes, M. (2003). 
The economic burden of non-influenza-related viral respiratory 
tract infection in the United States. Archives of Internal Medicine, 
163(4), 487–94. http://www.ncbi.nlm.nih.gov/pubme​d/12588​210. 
Accessed 5 April 2019.

Gern, J. E. (2002). Rhinovirus respiratory infections and asthma. The 
American Journal of Medicine, 19S–27S. http://www.ncbi.nlm.
nih.gov/pubme​d/11955​456.

Hazama, K., Shiihara, T., Tsukagoshi, H., Matsushige, T., Dowa, Y., & 
Watanabe, M. (2019). Rhinovirus-associated acute encephalitis/
encephalopathy and cerebellitis. Brain and Development.. https​
://doi.org/10.1016/j.brain​dev.2019.02.014.

Honsawek, S., Deepaisarnsakul, B., Tanavalee, A., Yuktanandana, P., 
Bumrungpanichthaworn, P., Malila, S., et al. (2011). Association 
of the IL-6 -174G/C gene polymorphism with knee osteoarthritis 
in a Thai population. Genetics and Molecular Research, 10(3), 
1674–1680. https​://doi.org/10.4238/vol10​-3gmr1​161.

Huang, C., Jiang, D., Francisco, D., Berman, R., Wu, Q., Ledford, J. 
G., et al. (2016). Tollip SNP rs5743899 modulates human airway 
epithelial responses to rhinovirus infection. Clinical & Experi-
mental Allergy. https​://doi.org/10.1111/cea.12793​.

Humbert-Claude, M., Duc, D., Dwir, D., Thieren, L., Sandström von 
Tobel, J., Begka, C., et al. (2016). Tollip, an early regulator of 
the acute inflammatory response in the substantia nigra. Journal 
of Neuroinflammation, 13(1), 303. https​://doi.org/10.1186/s1297​
4-016-0766-5.

Ikonen, N., Savolainen-Kopra, C., Enstone, J. E., Kulmala, I., Pasanen, 
P., Salmela, A., et al. (2018). Deposition of respiratory virus 

pathogens on frequently touched surfaces at airports. BMC Infec-
tious Diseases. https​://doi.org/10.1186/s1287​9-018-3150-5.

Ishii, T., Matsuse, T., Teramoto, S., Matsui, H., Miyao, M., Hosoi, T., 
et al. (2000). Neither IL-1β, IL-1 receptor antagonist, nor TNF-α 
polymorphisms are associated with susceptibility to COPD. 
Respiratory Medicine, 94(9), 847–851. https​://doi.org/10.1053/
rmed.2000.0808.

Jacobs, S. E., Lamson, D. M., Kirsten, S., & Walsh, T. J. (2013). 
Human rhinoviruses. Clinical Microbiology Reviews, 26(1), 
135–162. https​://doi.org/10.1128/CMR.00077​-12.

Jeon, J., Han, M., Chang, H., Park, S., Lee, J., Ahn, Y., et al. (2019). 
Incidence and seasonality of respiratory viruses causing acute res-
piratory infections in the Northern United Arab Emirates. Journal 
of Medical Virology. https​://doi.org/10.1002/jmv.25464​.

Kaan, P. M., & Hegele, R. G. (2003). Interaction between respiratory 
syncytial virus and particulate matter in guinea pig alveolar mac-
rophages. American Journal of Respiratory Cell and Molecular 
Biology, 28(6), 697–704. https​://doi.org/10.1165/rcmb.2002-
0115O​C.

Kowalski, E. J. A., & Li, L. (2017). Toll-interacting protein in resolving 
and non-resolving inflammation. Frontiers in Immunology. https​
://doi.org/10.3389/fimmu​.2017.00511​.

La-Rosa, G., Fratini, M., Della Libera, S., Iaconelli, M., & Muscillo, 
M. (2013). Viral infections acquired indoors through airborne, 
droplet or contact transmission. Annali dell’Istituto Superiore di 
Sanita, 49(2), 124–132. https​://doi.org/10.4415/ANN_13_02_03.

Le, T. G., Ngo, L., Mehta, S., Do, V. D., Thach, T. Q., Vu, X. D., 
et al. (2012). Effects of short-term exposure to air pollution on 
hospital admissions of young children for acute lower respiratory 
infections in Ho Chi Minh City. Vietnam. Research report (Health 
Effects Institute), 169, 5–83.

Lebowitz, M. D., & Fairchild, G. A. (1973). The effects of sulfur diox-
ide and A2 influenza virus on pneumonia and weight reduction 
in mice: an analysis of stimulus-response relationships. Chemico-
Biological Interactions, 7(5), 317–326.

Leotte, J., Trombetta, H., Faggion, H. Z., Almeida, B. M., Nogue-
ira, M. B., Vidal, L. R., et al. (2017). Impact and seasonality of 
human rhinovirus infection in hospitalized patients for two con-
secutive years. Jornal de Pediatria, 93(3), 294–300. https​://doi.
org/10.1016/j.jped.2016.07.004.

Linden, D., Guo-Parke, H., Coyle, P. V., Fairley, D., McAuley, D. F., 
Taggart, C. C., et al. (2019). Respiratory viral infection: a poten-
tial “missing link” in the pathogenesis of COPD. European Res-
piratory Review, 28(151), 180063. https​://doi.org/10.1183/16000​
617.0063-2018.

McErlean, P., Shackelton, L. A., Andrews, E., Webster, D. R., Lam-
bert, S. B., Nissen, M. D., et al. (2008). Distinguishing molecular 
features and clinical characteristics of a putative new rhinovirus 
species, Human rhinovirus C (HRV C). PLoS ONE, 3(4), 15. https​
://doi.org/10.1371/journ​al.pone.00018​47.

Miller, R. L., & Peden, D. B. (2014). Environmental effects on immune 
responses in patients with atopy and asthma. The Journal of 
Allergy and Clinical Immunology, 134(5), 1001–1008. https​://
doi.org/10.1016/j.jaci.2014.07.064.

Myatt, T. A., Johnston, S. L., Rudnick, S., & Milton, D. K. (2003). 
Airborne rhinovirus detection and effect of ultraviolet irradiation 
on detection by a semi-nested RT-PCR assay. BMC Public Health, 
3, 5. https​://doi.org/10.1186/1471-2458-3-5.

Myatt, T. A., Johnston, S. L., Zuo, Z., Wand, M., Kebadze, T., Rudnick, 
S., et al. (2004). Detection of airborne rhinovirus and its relation 
to outdoor air supply in office environments. American Journal 
of Respiratory and Critical Care Medicine, 169(11), 1187–1190. 
https​://doi.org/10.1164/rccm.20030​6-760oc​.

Nenna, R., Evangelisti, M., Frassanito, A., Scagnolari, C., Pierangeli, 
A., Antonelli, G., et al. (2017). Respiratory syncytial virus bron-
chiolitis, weather conditions and air pollution in an Italian urban 

http://www.ncbi.nlm.nih.gov/pubmed/11955459
http://www.ncbi.nlm.nih.gov/pubmed/11955459
https://doi.org/10.1186/s40348-016-0049-3
https://doi.org/10.1186/s40348-016-0049-3
https://doi.org/10.1007/s11882-016-0608-7
https://doi.org/10.1007/s11882-016-0608-7
https://doi.org/10.1159/000497072
https://doi.org/10.1371/journal.pntd.0003875
https://doi.org/10.1086/649559
https://doi.org/10.1074/jbc.M707682200
https://doi.org/10.1007/s00431-016-2780-0
https://doi.org/10.1086/605435
http://www.ncbi.nlm.nih.gov/pubmed/12588210
http://www.ncbi.nlm.nih.gov/pubmed/11955456
http://www.ncbi.nlm.nih.gov/pubmed/11955456
https://doi.org/10.1016/j.braindev.2019.02.014
https://doi.org/10.1016/j.braindev.2019.02.014
https://doi.org/10.4238/vol10-3gmr1161
https://doi.org/10.1111/cea.12793
https://doi.org/10.1186/s12974-016-0766-5
https://doi.org/10.1186/s12974-016-0766-5
https://doi.org/10.1186/s12879-018-3150-5
https://doi.org/10.1053/rmed.2000.0808
https://doi.org/10.1053/rmed.2000.0808
https://doi.org/10.1128/CMR.00077-12
https://doi.org/10.1002/jmv.25464
https://doi.org/10.1165/rcmb.2002-0115OC
https://doi.org/10.1165/rcmb.2002-0115OC
https://doi.org/10.3389/fimmu.2017.00511
https://doi.org/10.3389/fimmu.2017.00511
https://doi.org/10.4415/ANN_13_02_03
https://doi.org/10.1016/j.jped.2016.07.004
https://doi.org/10.1016/j.jped.2016.07.004
https://doi.org/10.1183/16000617.0063-2018
https://doi.org/10.1183/16000617.0063-2018
https://doi.org/10.1371/journal.pone.0001847
https://doi.org/10.1371/journal.pone.0001847
https://doi.org/10.1016/j.jaci.2014.07.064
https://doi.org/10.1016/j.jaci.2014.07.064
https://doi.org/10.1186/1471-2458-3-5
https://doi.org/10.1164/rccm.200306-760oc


349Food and Environmental Virology (2019) 11:340–349	

1 3

area: an observational study. Environmental Research, 158, 188–
193. https​://doi.org/10.1016/j.envre​s.2017.06.014.

Nichol, K. L., Heilly, S. D., & Ehlinger, E. (2005). Colds and influenza-
like illnesses in university students: impact on health, academic 
and work performance, and health care use. Clinical Infectious 
Diseases, 40(9), 1263–1270. https​://doi.org/10.1086/42923​7.

Noah, T. L., Henderson, F. W., Wortman, I. A., Devlin, R. B., Handy, 
J., Koren, H. S., et al. (1995). Nasal cytokine production in viral 
acute upper respiratory infection of childhood. Journal of Infec-
tious Diseases, 171(3), 584–592. https​://doi.org/10.1093/infdi​
s/171.3.584.

O’Neill, L. A. J., & Bowie, A. G. (2007). The family of five: TIR-
domain-containing adaptors in Toll-like receptor signal-
ling. Nature Reviews Immunology, 7(5), 353–364. https​://doi.
org/10.1038/nri20​79.

Palmenberg, A. C., Spiro, D., Kuzmickas, R., Wang, S., Djikeng, A., 
Rathe, J. A., et al. (2009). Sequencing and analyses of all known 
human rhinovirus genomes reveal structure and evolution. Sci-
ence, 324(5923), 55–59. https​://doi.org/10.1126/scien​ce.11655​57.

Peden, D. B., & Bush, R. K. (2015). Advances in environmental and 
occupational disorders in 2014. Journal of Allergy and Clini-
cal Immunology, 136(4), 866–871. https​://doi.org/10.1016/j.
jaci.2015.08.008.

Pochon, C., & Voigt, S. (2019). Respiratory virus infections in hemat-
opoietic cell transplant recipients. Frontiers in Microbiology, 9, 
3294. https​://doi.org/10.3389/fmicb​.2018.03294​.

Price, R. H. M., Graham, C., & Ramalingam, S. (2019). Association 
between viral seasonality and meteorological factors. Scientific 
Reports, 9(1), 929. https​://doi.org/10.1038/s4159​8-018-37481​-y.

Pyle, C. J., Uwadiae, F. I., Swieboda, D. P., & Harker, J. A. (2017). 
Early IL-6 signalling promotes IL-27 dependent maturation of 
regulatory T cells in the lungs and resolution of viral immu-
nopathology. PLoS Pathogens, 13(9), e1006640. https​://doi.
org/10.1371/journ​al.ppat.10066​40.

Reis, J., & Shaman, J. (2018). Simulation of four respiratory viruses 
and inference of epidemiological parameters. Infectious Disease 
Modelling, 3, 23–34. https​://doi.org/10.1016/j.idm.2018.03.006.

Roelen, C. A. M., Koopmans, P. C., Notenbomer, A., & Groothoff, J. 
W. (2011). Job satisfaction and short sickness absence due to the 
common cold. Work (Reading, Mass), 39(3), 305–313. https​://doi.
org/10.3233/wor-2011-1178.

Romero, O. C., Straub, A. P., Kohn, T., & Nguyen, T. H. (2011). 
Role of temperature and suwannee river natural organic matter 
on inactivation kinetics of rotavirus and bacteriophage MS2 by 
solar irradiation. Environmental Science and Technology, 45(24), 
10385–10393. https​://doi.org/10.1021/es202​067f.

Russell, C. D., Griffiths, S. J., & Haas, J. (2014). Interferon lambda 
genetic polymorphisms and viral infection: the tip of the iceberg? 
DNA and Cell Biology, 33(2), 60–63. https​://doi.org/10.1089/
dna.2013.2261.

Sandhya, P., Danda, S., Danda, D., Lonarkar, S., Luke, S. S., Sinha, 
S., et al. (2013). Tumour necrosis factor (TNF)-α-308 gene poly-
morphism in Indian patients with Takayasu’s arteritis—a pilot 
study. The Indian journal of Medical Research, 137(4), 749–752.

Shah, J. A., Vary, J. C., Chau, T. T. H., Bang, N. D., Yen, N. T. B., Far-
rar, J. J., et al. (2012). Human TOLLIP regulates TLR2 and TLR4 

signaling and its polymorphisms are associated with susceptibility 
to tuberculosis. Journal of Immunology (Baltimore, Md.: 1950), 
189(4), 1737–1746. https​://doi.org/10.4049/jimmu​nol.11035​41.

Shi, T., Arnott, A., Semogas, I., Falsey, A. R., Openshaw, P., Wedzicha, 
J. A., et al. (2019). The etiological role of common respiratory 
viruses in acute respiratory infections in older adults: a system-
atic review and meta-analysis. The Journal of Infectious Diseases. 
https​://doi.org/10.1093/infdi​s/jiy66​2.

Spannhake, E. W., Reddy, S. P. M., Jacoby, D. B., Yu, X.-Y., Saatian, 
B., & Tian, J. (2002). Synergism between rhinovirus infection 
and oxidant pollutant exposure enhances airway epithelial cell 
cytokine production. Environmental Health Perspectives, 110(7), 
665–670. https​://doi.org/10.1289/ehp.02110​665.

Tanaka, T., Narazaki, M., & Kishimoto, T. (2014). Il-6 in inflammation, 
immunity, and disease. Cold Spring Harbor Perspectives in Biol-
ogy, 6(10), 1–16. https​://doi.org/10.1101/cshpe​rspec​t.a0162​95.

To, K. K. W., Yip, C. C. Y., & Yuen, K.-Y. (2017). Rhinovirus—from 
bench to bedside. Journal of the Formosan Medical Association, 
116(7), 496–504. https​://doi.org/10.1016/j.jfma.2017.04.009.

Triantafilou, K., Vakakis, E., Richer, E. A. J., Evans, G. L., Villiers, J. 
P., & Triantafilou, M. (2011). Human rhinovirus recognition in 
non-immune cells is mediated by toll-like receptors and MDA-5, 
which trigger a synergetic pro-inflammatory immune response. 
Virulence, 2(1), 22–29. https​://doi.org/10.4161/viru.2.1.13807​.

Wen, H., Yuan, L., Wei, C., Zhao, Y., Qian, Y., Ma, P., et al. (2016). 
Effects of combined exposure to formaldehyde and benzene on 
immune cells in the blood and spleen in Balb/c mice. Environ-
mental Toxicology and Pharmacology, 45, 265–273. https​://doi.
org/10.1016/j.etap.2016.05.007.

Wildenbeest, J. G., van der Schee, M. P., Hashimoto, S., Benschop, K. 
S. M., Minnaar, R. P., Sprikkelman, A. B., et al. (2016). Preva-
lence of rhinoviruses in young children of an unselected birth 
cohort from the Netherlands. Clinical Microbiology & Infection, 
22(8), 736.e9–736.e15. https​://doi.org/10.1016/j.cmi.2016.05.022.

Wine, T. M., & Alper, C. M. (2012). Cytokine responses in the com-
mon cold and otitis media. Current Allergy and Asthma Reports, 
12(6), 574–581. https​://doi.org/10.1007/s1188​2-012-0306-z.

Yang, W., & Marr, L. C. (2011). Dynamics of airborne influenza a 
viruses indoors and dependence on humidity. PLoS ONE, 6(6), 
e21481. https​://doi.org/10.1371/journ​al.pone.00214​81.

Zhang, G., & Ghosh, S. (2002). Negative regulation of toll-like recep-
tor-mediated signaling by Tollip. Journal of Biological Chemistry, 
277(9), 7059–7065. https​://doi.org/10.1074/jbc.M1095​37200​.

Zhang, L., McHale, C. M., Rothman, N., Li, G., Ji, Z., Vermeulen, 
R., et al. (2010). Systems biology of human benzene exposure. 
Chemico-Biological Interactions, 184(1–2), 86–93. https​://doi.
org/10.1016/j.cbi.2009.12.011.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.envres.2017.06.014
https://doi.org/10.1086/429237
https://doi.org/10.1093/infdis/171.3.584
https://doi.org/10.1093/infdis/171.3.584
https://doi.org/10.1038/nri2079
https://doi.org/10.1038/nri2079
https://doi.org/10.1126/science.1165557
https://doi.org/10.1016/j.jaci.2015.08.008
https://doi.org/10.1016/j.jaci.2015.08.008
https://doi.org/10.3389/fmicb.2018.03294
https://doi.org/10.1038/s41598-018-37481-y
https://doi.org/10.1371/journal.ppat.1006640
https://doi.org/10.1371/journal.ppat.1006640
https://doi.org/10.1016/j.idm.2018.03.006
https://doi.org/10.3233/wor-2011-1178
https://doi.org/10.3233/wor-2011-1178
https://doi.org/10.1021/es202067f
https://doi.org/10.1089/dna.2013.2261
https://doi.org/10.1089/dna.2013.2261
https://doi.org/10.4049/jimmunol.1103541
https://doi.org/10.1093/infdis/jiy662
https://doi.org/10.1289/ehp.02110665
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1016/j.jfma.2017.04.009
https://doi.org/10.4161/viru.2.1.13807
https://doi.org/10.1016/j.etap.2016.05.007
https://doi.org/10.1016/j.etap.2016.05.007
https://doi.org/10.1016/j.cmi.2016.05.022
https://doi.org/10.1007/s11882-012-0306-z
https://doi.org/10.1371/journal.pone.0021481
https://doi.org/10.1074/jbc.M109537200
https://doi.org/10.1016/j.cbi.2009.12.011
https://doi.org/10.1016/j.cbi.2009.12.011

	Year-Long Rhinovirus Infection is Influenced by Atmospheric Conditions, Outdoor Air Virus Presence, and Immune System-Related Genetic Polymorphisms
	Abstract
	Introduction
	Materials and Methods
	Population Studied
	Nasal Sample Collection
	Viral RNA Extraction
	Rhinovirus RNA Detection and Quantification
	Air Sample Collection
	Meteorological and Air Quality Data
	DNA Preparation
	Statistical Analysis
	Ethical and Legal Aspects

	Results
	RHV Detection in Nostrils of Voluntaries
	RHV Detection in Air Samples
	RHV Nostril Detection and Meteorological and Air Quality Parameters
	Influence of Genetic Polymorphisms on RHV Nostril Detection

	Discussion
	Conclusions
	Acknowledgements 
	References




