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Abstract: Rhinoviruses (RVs) constitute a substantial public health burden. To evaluate their abun-
dance and genetic diversity in adult patients, RV RNA in respiratory samples was assessed using
real-time RT-PCR and the partial nucleic acid sequencing of viral genomes. Additionally, clinical
data were retrieved from patient charts to determine the clinical significance of adult RV infections.
In total, the respiratory specimens of 284 adult patients (18–90 years), collected from 2013 to 2017,
were analyzed. Infections occurred throughout the entire year, with peaks occurring in fall and
winter, and showed a remarkably high intra- and interseasonal diversity of RV genotypes. RV species
were detected in the following ratios: 60.9% RV-A 173, 12.7% RV-B, and 26.4% RV-C. No correlations
between RV species and underlying comorbidities such as asthma (p = 0.167), COPD (p = 0.312) or
immunosuppression (p = 0.824) were found. However, 21.1% of the patients had co-infections with
other pathogens, which were associated with a longer hospital stay (p = 0.024), LRTI (p < 0.001), and
pneumonia (p = 0.01). Taken together, this study shows a pronounced genetic diversity of RV in
adults and underlines the important role of co-infections. No correlation of specific RV species with a
particular clinical presentation could be deduced.

Keywords: rhinovirus; molecular epidemiology; respiratory infections; respiratory viruses; adult patients

1. Introduction

Rhinoviruses (RV) are highly prevalent and can cause both upper (URTI) and lower
respiratory tract infections (LRTI). The clinical spectrum includes common colds [1], otitis
media, and sinusitis [2–5], as well as more severe conditions such as bronchiolitis or pneu-
monia [2,6]. Moreover, RVs have been associated with the development and exacerbation of
asthma and they are the main viral cause of exacerbations of chronic obstructive pulmonary
disease (COPD) [7–10].

Rhinoviruses (RV) belong to the genus Enterovirus (EV) within the family of Picornaviridae.
To date, at least 169 different RV genotypes are known, which can be subdivided into three
species: RV-A, RV-B, and RV-C [11]. While RV-A and RV-B have been known since the 1950s,
RV-C was first identified in 2006, as it cannot be propagated in standard cell cultures [2,3,12].

RVs are non-enveloped RNA viruses; their positive-sense, single-stranded genome
that is approximately 7200 nucleotides in size encodes for viral structural (VP) and non-
structural proteins (NSP) [11]. Four proteins, named VP1, VP2, VP3, and VP4, form the
viral capsid that encases the genome and interacts with the cell surface receptors.

Unlike human enteroviruses or other members of the Picornaviridae family, such as
parechoviruses, there is a lack of capsid recombination that is characteristic of RV [13]. Thus,
the genomic regions of VP1 and VP4/VP2 were both proposed for genotypic classification.
While the VP4/VP2 regions allow the genotypic analysis of all three RV species with the

Viruses 2021, 13, 2027. https://doi.org/10.3390/v13102027 https://www.mdpi.com/journal/viruses

https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0001-7517-402X
https://orcid.org/0000-0002-5129-0875
https://doi.org/10.3390/v13102027
https://doi.org/10.3390/v13102027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/v13102027
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v13102027?type=check_update&version=2


Viruses 2021, 13, 2027 2 of 11

same protocol, the VP1 region offers the highest precision and represents the cornerstone
for the assignment of newly discovered genotypes [14].

Though they represent an important public health burden, RVs’ epidemiology and
significance remain insufficiently studied. To evaluate the abundance of RVs and the local
genetic diversity of RVs in adult patients, the molecular epidemiology of RV was assessed
and analyzed between 2013 and 2017 at a tertiary care hospital in Germany. Additionally,
the clinical significance of the RV cases and the species-specific clinical significance were
analyzed based on the clinical data of the same patient group.

2. Materials and Methods
2.1. Sample Collection and Clinical Data

From 2013 to 2017, 11,650 respiratory samples from 5400 adult in- and outpatients
(>18 years) were collected and tested for viral respiratory infections. Samples included
nasal and/or naso-oropharyngeal swabs (16.0%, n = 1861), sputum (0.6%, n = 74),
throat rinsing fluid (65.2%, n = 7601), tracheal secretions (3.5%, n = 411), and broncho-
alveolar lavage fluids (14.6%, n = 1703). Testing was initiated at the discretion of the
attending physician.

To avoid a bias caused by follow-up samples, re-testing within six weeks after the
initial detection was defined as a single case. Data relating to underlying medical conditions
and clinical parameters on the day of RV detection were retrieved retrospectively from
patient charts. The classification of URTI and LRTI was carried out according to the
International Statistical Classification of Diseases and Related Health Problems (ICD-
10-WHO) and the diagnoses and information listed in the patients’ records. For LRTI,
an individual analysis for pneumonia was presented. Bacterial and fungal pathogens
were considered as co-infections if a cultural detection from respiratory samples or blood
was documented. Viral co-infections were assessed by a multiplex test for respiratory
viruses (see below) or a commercially available CMV assay (Abbott Realtime CMV, Abbott,
Chicago, IL, USA). RV seasons were defined as starting on 1 October and ending on
30 September of the following year.

The Leipzig University Ethics committee approved the study design (no. Az 301/16-ek).

2.2. Nucleic Acid (NA) Extraction and RV Detection

Total NA was extracted from 200 µL of the respiratory samples using the DNA and Viral
NA Small Volume Kit on a MagNA Pure 96 instrument (both, Roche, Mannheim, Germany)
according to the manufacturer’s instructions. Nucleic acids were stored in aliquots at
−80 ◦C until further use.

The presence of genomes of common respiratory viruses, including influenza viruses
A and B, respiratory syncytial viruses A and B, parainfluenza viruses 1 to 4, human
coronaviruses (including 229E, NL63, OC43, and HKU1), human metapneumoviruses, ade-
noviruses, human bocaviruses, rhinoviruses, and enteroviruses, was assessed using a mul-
tiplex panel assay (NxTAG RPP, Luminex corporation, Austin, TX, USA) according to the
manufacturer’s instructions. Samples that reacted to the combined enterovirus/rhinovirus
target of the assay were further analyzed to determine the presence of rhinovirus-specific
RNA. In brief, one-step real-time RT-PCR was performed using the QuantiFast® Multiplex
kit (Qiagen, Hilden, Germany) based on a previously proposed protocol [15] and a modi-
fied forward primer, which provides increased binding strength due to the incorporation
of locked nucleic acids (5′-CY+AGCCTGCGTGGC-3′).

2.3. Viral Genotyping and Phylogenetic Analysis

Partial viral VP1 and VP4/VP2 genes were amplified for viral genotyping [16,17]
using the BigDye Terminator Sequencing Kit v1.1 and an ABI 3500 Genetic Analyzer
(both Applied Biosystems, Foster City, CA, USA). The amplicon sizes depended on the
RV genotype and were about 340 bp for VP1 and 420 bp for VP4/VP2. If multiple RV-
RNA-positive samples of the same patient were available, the first one was used for
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genotyping. The obtained sequences were submitted to GenBank (accession numbers
MZ514934 to MZ515487).

Separate phylogenetic trees for VP1 and VP4/VP2 were constructed at the nucleotide
level using the MEGA software version 6 based on the maximum likelihood method.
Bootstrap analysis was performed with 1000 replicates [18]. The phylogenetic trees included
reference sequences proposed by the Picornavirus Study Group [11].

2.4. Statistical Analysis

Statistical analyses was performed using IBM SPSS Statistics for Windows, Version
24.0 (Armonk, NY, USA: IBM Corp.). Continuous values were expressed as means or
medians (range), and categorical data as frequencies (percentages). A Student’s t-test or an
ANOVA was performed to compare normally distributed continuous variables. Either a
Chi-square or Fisher’s exact test was performed for categorical variables. All tests were
two-tailed. A p-level of <0.05 was considered significant.

3. Results
3.1. Species Distribution and Seasonality

In total, the presence of RV RNA was confirmed in 506 samples (4.3%) by RT-qPCR.
Positivity rates ranged from 4.6% (133/2915) in the season of 2013/2014 to 4.3% (148/3484)
in the season of 2014/2015, while they were 4.3% (101/2339) in the season of 2015/2016 and
(124/2912) in the season of 2016/2017. Altogether, 410 (3.5%) individual cases were identi-
fied. RV infections occurred throughout the whole year without a strict seasonality. How-
ever, an increased prevalence was observed between October and November for the season
of 2013/2014 to the season of 2015/2016, but not for the season of 2016/2017 (Figure 1).
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Figure 2. Heat map of the total numbers of RV genotypes (n = 284) detected during the study period stratified by season. 
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Figure 1. Monthly total numbers of tested samples and rhinovirus cases (n = 410) stratified by species A, B, and C, as well
as untypable rhinoviruses. Note the two different y-axes: the left axis shows the absolute numbers of detected Rhinovirus
A, Rhinovirus B, and Rhinovirus C cases, as well as the absolute numbers of untyped cases, while the right axis shows the
absolute number of tested samples.

Partial gene amplification was successful for 284 (69.3%) cases in the VP4/VP2 region
and for 270 (65.9%) cases in the VP1 region. Due to the insufficient quantities of RNA,
genotypic analysis could not be performed in 59 cases (14.4%). In addition, the genotyping
approach was unsuccessful for both genetic regions in 67 cases (16.3%). Cases with a
successful genotypic analysis were analyzed further. Within the genotyped subset, respi-
ratory specimens included 19 nasal and/or oropharyngeal swabs (6.7%), 4 sputa (1.4%),
193 throat rinsing fluids (68.0%), 12 tracheal secretions (4.2%), and 56 broncho-alveolar
lavage fluids (19.7%). Of these, 60 samples (21.1%) were collected in 2013/2014, 86 (30.3%)
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in 2014/2015, 57 (20.0%) in 2015/2016, and 81 (28.5%) in 2016/2017 (Table 1). Overall, RV-A
predominated with 173 detections (60.9%), followed by RV-C with 75 (26.4%) and RV-B
with 36 (12.7%) detections. While RV-A and RV-C could be found throughout the entire
year, RV-B was not detected from June to August in any of the seasons.

Table 1. Gender, age, and rhinovirus species distribution during the study period.

Season
2013/2014

Season
2014/2015

Season
2015/2016

Season
2016/2017 Total p-Value

mean age [mean ± SD] 55.25 ± 15.54 54.06 ± 14.59 55.44 ± 17.59 54.78 ± 17.35 54.79 ± 16.15 0.957
female [% (n/total)] 38.3 (23/60) 38.4 (33/86) 49.1 (28/57) 28.4 (23/81) 37.7 (107/284)
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Analyzed categories are displayed on the column to the left and either given as relative and absolute frequencies (% (n/total)) or ranges
(median ± SD). (n/total) indicates the total amount of cases for the respective season. The brackets indicate parameters that were analyzed
in the same contingency table.

Overall, almost two thirds of the established RV genotypes (111/169) were detected in
the present case cohort. Of these, four genotypes were shown in all four seasons—RV-A29,
RV-A32, RV-C7, and RV-C15—and another 16 could be detected in three seasons (Figure 2).
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Figure 2. Heat map of the total numbers of RV genotypes (n = 284) detected during the study period stratified by season.

Regarding the whole study period, the most frequent genotypes of each species were:
RV-A1 (3.9%, n = 11/284), RV-C15 (3.5%, n = 10/284), and RV-B72 (1.8%, n = 5/284).
No seasonal pattern was shown for the occurrence of specific genotypes either within
or between the studied seasons. In the subset of viruses with both VP1 and VP4/VP2
genes (n = 270), the genotyping results of the two genetic regions matched in all cases. For
the 14 samples for which VP1 sequencing was unsuccessful, the corresponding VP4/VP2
genotypes were RV-A28, RV-A45, RV-A60, RV-B69, RV-C7, RV-C15, RV-C16, RV-C28, RV-
C42, RV-C43, and RV-C56.

3.2. Study Population and Clinical Features

The mean age of the study population was 54.8 years, which did not differ significantly
between RV species (p = 0.193) or between seasons (p = 0.957). The gender was female for
37.7% and male for 62.3% of all patients. Again, no difference was noted between seasons
(p = 0.103) or between RV species (p = 0.548) (Table 2).
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Table 2. Study population and clinical features of RV cases.

RV-A
60.9% (173/284)

RV-B
12.7% (36/284)

RV-C
26.4% (75/284) Total p-Value

study population
female [% (n/total)] 36.4 (63/173) 33.3 (12/36) 42.7 (32/75) 37.7 (107/284)
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lung transplant  % (n/total)  11.6 (20/173)  13.9 (5/36)  12.0 (9/75)  12.0 (34/284)  0.926 

chronic kidney failure  % (n/total)  21.4 (37/173)  16.7 (6/36)  30.7 (23/75)  23.2 (66/284)  0.172 

cardiac insuffiency  % (n/total)  6.9 (12/173)  5.6 (2/36)  5.3 (4/75)  6.3 (18/284)  0.937 

cardiovascular diseases  % (n/total)  41.6 (72/173)  69.4 (25/36)  53.3 (40/75)  48.2 (137/284)  0.006 

diabetes  % (n/total)  23.7 (41/173)  16.7 (6/36)  17.3 (13/75)  21.1 (60/284)  0.414 

malignancy  % (n/total)  41.0 (71/173)  30.6 (11/36)  49.3 (37/75)  41.9 (119/284)  0.161 

immunosuppression  % (n/total)  37.0 (64/173)  41.7 (15/36)  40.0 (30/75)  38.4 (109/284)  0.824 

clinical presentation and features             

fever  % (n/total)  24.4 (19/78)  13.3 (2/15)  22.6 (7/31)  22.6 (28/124)  0.646 

URTI  % (n/total)  17.6 (26/148)  18.8 (6/32)  15.4 (10/65)  17.1 (42/245)  0.897 

LRTI  % (n/total)  29.1 (43/148)  31.3 (10/32)  26.2 (17/65)  28.6 (70/245)  0.854 

          pneumonia  % (n/total)  22.3 (33/148)  34.4 (11/32)  20.0 (13/65)  23.3 (57/245)  0.262 

co‐infection  % (n/total)  23.1 (40/173)  13.9 (5/36)  20.0 (15/75)  21.1 (60/284)  0.449 

bacterial  % (n/total)  16.8 (29/173)  13.9 (5/36)  12.0 (9/75)  15.1 (43/284)   

viral  % (n/total)  2.3 (4/173)  0.0 (0/36)  6.7 (5/75)  3.2 (9/284)   

0.362 
fungal  % (n/total)  1.7 (3/173)  0.0 (0/36)  0.0 (0/75)  1.1 (3/284) 

combined  % (n/total)  2.3 (4/173)  0.0 (0/36)  1.3 (1/75)  1.8 (5/284)   

ICU stay  % (n/total)  8.1 (14/173)  13.9 (5/36)  8.0 (6/75)  8.8 (25/284)  0.515 

ventilation  % (n/total)  9.2 (16/173)  8.3 (3/36)  14.7 (11/75)  10.6 (30/284)  0.398 

non‐invasive  % (n/total)  6.4 (11/173)  5.6 (2/36)  8.0 (6/75)  6.7 (19/284)   

0.648 
invasive  % (n/total)  2.9 (5/173)  2.8 (1/36)  6.7 (5/75)  3.9 (11/284) 

male [% (n/total)] 63.6 (110/173) 66.7 (24/36) 57.3 (43/75) 62.3 (177/284)
age[years] [mean ± SD] 54.4 ± 17.24 51.44 ± 13.7 57.31 ± 14.34 54.79 ± 16.15 0.193
inpatients [% (n/total)] 64.2 (111/173) 69.4 (25/36) 68.0 (51/75) 65.8 (187/284)
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The RV species‐specific patient characteristics and clinical parameters are presented 

in Table 2. The RV distribution was not statistically different in patients with chronic lung 

diseases such as asthma (p = 0.167) or COPD (p = 0.312). The highest frequency of patients 

with an underlying cardiovascular disease was found for RV‐B (p = 0.006), representing 69.4% 

(25/36) of all RV‐B cases. Upper and lower respiratory tract infections were noted in 14.7% and 

24.6% of all patients, respectively, and did not differ between the RV species detected. 

Furthermore, no significant difference in terms of length of stay (p = 0.418), ICU stay 

(p = 0.515), or need for ventilation (p = 0.648) was observed between the RV species. 

Table 2. Study population and clinical features of RV cases. 

Analyzed categories are displayed on the column to the left and are either given as frequencies (%), medians, and ranges 

(median  (range)) or as means and standard deviations  (mean±SD).  (n/total)  indicates  the respective cases  for  the  total 

amount of available data. The brackets indicate parameters that were analyzed in the same contingency table. Statistically 

significant p‐values (p < 0.05) are in bold. COPD, chronic obstructive pulmonary disease; URTI, upper respiratory tract 

infection; LRTI, lower respiratory tract infection; ICU, intensive care unit. 

   

    RV‐A 
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12.7% (36/284) 

RV‐C 
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Total  p‐Value 
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length of stay days  median(range)  9.0 (1–130)  9.0 (1–36)  8.0 (0–82)  9 (1–130)  0.364 

comorbidities and risk factors             
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lung transplant  % (n/total)  11.6 (20/173)  13.9 (5/36)  12.0 (9/75)  12.0 (34/284)  0.926 
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fever  % (n/total)  24.4 (19/78)  13.3 (2/15)  22.6 (7/31)  22.6 (28/124)  0.646 

URTI  % (n/total)  17.6 (26/148)  18.8 (6/32)  15.4 (10/65)  17.1 (42/245)  0.897 

LRTI  % (n/total)  29.1 (43/148)  31.3 (10/32)  26.2 (17/65)  28.6 (70/245)  0.854 

          pneumonia  % (n/total)  22.3 (33/148)  34.4 (11/32)  20.0 (13/65)  23.3 (57/245)  0.262 

co‐infection  % (n/total)  23.1 (40/173)  13.9 (5/36)  20.0 (15/75)  21.1 (60/284)  0.449 
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viral  % (n/total)  2.3 (4/173)  0.0 (0/36)  6.7 (5/75)  3.2 (9/284)   
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fungal  % (n/total)  1.7 (3/173)  0.0 (0/36)  0.0 (0/75)  1.1 (3/284) 

combined  % (n/total)  2.3 (4/173)  0.0 (0/36)  1.3 (1/75)  1.8 (5/284)   

ICU stay  % (n/total)  8.1 (14/173)  13.9 (5/36)  8.0 (6/75)  8.8 (25/284)  0.515 

ventilation  % (n/total)  9.2 (16/173)  8.3 (3/36)  14.7 (11/75)  10.6 (30/284)  0.398 

non‐invasive  % (n/total)  6.4 (11/173)  5.6 (2/36)  8.0 (6/75)  6.7 (19/284)   

0.648 
invasive  % (n/total)  2.9 (5/173)  2.8 (1/36)  6.7 (5/75)  3.9 (11/284) 

outpatients [% (n/total)] 35.8 (62/173) 30.6 (11/36) 32.0 (24/75) 34.2 (97/284)
length of stay [days] [median (range)] 9.0 (1–130) 9.0 (1–36) 8.0 (0–82) 9 (1–130) 0.364

comorbidities and risk factors
asthma [% (n/total)] 5.2 (9/173) 8.3 (3/36) 12.0 (9/75) 7.4 (21/284) 0.167
COPD [% (n/total)] 13.3 (23/173) 22.2 (8/36) 12.0 (9/75) 14.1 (40/284) 0.312
structural lung disease [% (n/total)] 2.9 (5/173) 5.6 (2/36) 8.2 (6/75) 4.6 (13/284) 0.178
lung transplant [% (n/total)] 11.6 (20/173) 13.9 (5/36) 12.0 (9/75) 12.0 (34/284) 0.926
chronic kidney failure [% (n/total)] 21.4 (37/173) 16.7 (6/36) 30.7 (23/75) 23.2 (66/284) 0.172
cardiac insuffiency [% (n/total)] 6.9 (12/173) 5.6 (2/36) 5.3 (4/75) 6.3 (18/284) 0.937
cardiovascular diseases [% (n/total)] 41.6 (72/173) 69.4 (25/36) 53.3 (40/75) 48.2 (137/284) 0.006
diabetes [% (n/total)] 23.7 (41/173) 16.7 (6/36) 17.3 (13/75) 21.1 (60/284) 0.414
malignancy [% (n/total)] 41.0 (71/173) 30.6 (11/36) 49.3 (37/75) 41.9 (119/284) 0.161
immunosuppression [% (n/total)] 37.0 (64/173) 41.7 (15/36) 40.0 (30/75) 38.4 (109/284) 0.824

clinical presentation and features
fever [% (n/total)] 24.4 (19/78) 13.3 (2/15) 22.6 (7/31) 22.6 (28/124) 0.646
URTI [% (n/total)] 17.6 (26/148) 18.8 (6/32) 15.4 (10/65) 17.1 (42/245) 0.897
LRTI [% (n/total)] 29.1 (43/148) 31.3 (10/32) 26.2 (17/65) 28.6 (70/245) 0.854

pneumonia [% (n/total)] 22.3 (33/148) 34.4 (11/32) 20.0 (13/65) 23.3 (57/245) 0.262
co-infection [% (n/total)] 23.1 (40/173) 13.9 (5/36) 20.0 (15/75) 21.1 (60/284) 0.449

bacterial [% (n/total)] 16.8 (29/173) 13.9 (5/36) 12.0 (9/75) 15.1 (43/284)

Viruses 2021, 13, 2027  5  of  12 
 

 

The RV species‐specific patient characteristics and clinical parameters are presented 

in Table 2. The RV distribution was not statistically different in patients with chronic lung 

diseases such as asthma (p = 0.167) or COPD (p = 0.312). The highest frequency of patients 

with an underlying cardiovascular disease was found for RV‐B (p = 0.006), representing 69.4% 

(25/36) of all RV‐B cases. Upper and lower respiratory tract infections were noted in 14.7% and 

24.6% of all patients, respectively, and did not differ between the RV species detected. 

Furthermore, no significant difference in terms of length of stay (p = 0.418), ICU stay 

(p = 0.515), or need for ventilation (p = 0.648) was observed between the RV species. 

Table 2. Study population and clinical features of RV cases. 

Analyzed categories are displayed on the column to the left and are either given as frequencies (%), medians, and ranges 

(median  (range)) or as means and standard deviations  (mean±SD).  (n/total)  indicates  the respective cases  for  the  total 

amount of available data. The brackets indicate parameters that were analyzed in the same contingency table. Statistically 

significant p‐values (p < 0.05) are in bold. COPD, chronic obstructive pulmonary disease; URTI, upper respiratory tract 

infection; LRTI, lower respiratory tract infection; ICU, intensive care unit. 

   

    RV‐A 

60.9% (173/284) 

RV‐B 

12.7% (36/284) 

RV‐C 

26.4% (75/284) 

Total  p‐Value 

study population             

female  % (n/total)  36.4 (63/173)  33.3 (12/36)  42.7 (32/75)  37.7 (107/284)   

0.548 
male  % (n/total)  63.6 (110/173)  66.7 (24/36)  57.3 (43/75)  62.3 (177/284) 

ageyears  mean  SD  54.4  17.24  51.44  13.7  57.31  14.34  54.79  16.15  0.193 

inpatients  % (n/total)  64.2 (111/173)  69.4 (25/36)  68.0 (51/75)  65.8 (187/284)   

0.748 
outpatients  % (n/total)  35.8 (62/173)  30.6 (11/36)  32.0 (24/75)  34.2 (97/284) 

length of stay days  median(range)  9.0 (1–130)  9.0 (1–36)  8.0 (0–82)  9 (1–130)  0.364 

comorbidities and risk factors             

asthma  % (n/total)  5.2 (9/173)  8.3 (3/36)  12.0 (9/75)  7.4 (21/284)  0.167 

COPD  % (n/total)  13.3 (23/173)  22.2 (8/36)  12.0 (9/75)  14.1 (40/284)  0.312 

structural lung disease  % (n/total)  2.9 (5/173)  5.6 (2/36)  8.2 (6/75)  4.6 (13/284)  0.178 

lung transplant  % (n/total)  11.6 (20/173)  13.9 (5/36)  12.0 (9/75)  12.0 (34/284)  0.926 

chronic kidney failure  % (n/total)  21.4 (37/173)  16.7 (6/36)  30.7 (23/75)  23.2 (66/284)  0.172 

cardiac insuffiency  % (n/total)  6.9 (12/173)  5.6 (2/36)  5.3 (4/75)  6.3 (18/284)  0.937 

cardiovascular diseases  % (n/total)  41.6 (72/173)  69.4 (25/36)  53.3 (40/75)  48.2 (137/284)  0.006 

diabetes  % (n/total)  23.7 (41/173)  16.7 (6/36)  17.3 (13/75)  21.1 (60/284)  0.414 

malignancy  % (n/total)  41.0 (71/173)  30.6 (11/36)  49.3 (37/75)  41.9 (119/284)  0.161 

immunosuppression  % (n/total)  37.0 (64/173)  41.7 (15/36)  40.0 (30/75)  38.4 (109/284)  0.824 

clinical presentation and features             

fever  % (n/total)  24.4 (19/78)  13.3 (2/15)  22.6 (7/31)  22.6 (28/124)  0.646 

URTI  % (n/total)  17.6 (26/148)  18.8 (6/32)  15.4 (10/65)  17.1 (42/245)  0.897 

LRTI  % (n/total)  29.1 (43/148)  31.3 (10/32)  26.2 (17/65)  28.6 (70/245)  0.854 

          pneumonia  % (n/total)  22.3 (33/148)  34.4 (11/32)  20.0 (13/65)  23.3 (57/245)  0.262 

co‐infection  % (n/total)  23.1 (40/173)  13.9 (5/36)  20.0 (15/75)  21.1 (60/284)  0.449 

bacterial  % (n/total)  16.8 (29/173)  13.9 (5/36)  12.0 (9/75)  15.1 (43/284)   

viral  % (n/total)  2.3 (4/173)  0.0 (0/36)  6.7 (5/75)  3.2 (9/284)   

0.362 
fungal  % (n/total)  1.7 (3/173)  0.0 (0/36)  0.0 (0/75)  1.1 (3/284) 

combined  % (n/total)  2.3 (4/173)  0.0 (0/36)  1.3 (1/75)  1.8 (5/284)   

ICU stay  % (n/total)  8.1 (14/173)  13.9 (5/36)  8.0 (6/75)  8.8 (25/284)  0.515 

ventilation  % (n/total)  9.2 (16/173)  8.3 (3/36)  14.7 (11/75)  10.6 (30/284)  0.398 

non‐invasive  % (n/total)  6.4 (11/173)  5.6 (2/36)  8.0 (6/75)  6.7 (19/284)   

0.648 
invasive  % (n/total)  2.9 (5/173)  2.8 (1/36)  6.7 (5/75)  3.9 (11/284) 

viral [% (n/total)] 2.3 (4/173) 0.0 (0/36) 6.7 (5/75) 3.2 (9/284)
fungal [% (n/total)] 1.7 (3/173) 0.0 (0/36) 0.0 (0/75) 1.1 (3/284)
combined [% (n/total)] 2.3 (4/173) 0.0 (0/36) 1.3 (1/75) 1.8 (5/284)

ICU stay [% (n/total)] 8.1 (14/173) 13.9 (5/36) 8.0 (6/75) 8.8 (25/284) 0.515
ventilation [% (n/total)] 9.2 (16/173) 8.3 (3/36) 14.7 (11/75) 10.6 (30/284) 0.398

non-invasive [% (n/total)] 6.4 (11/173) 5.6 (2/36) 8.0 (6/75) 6.7 (19/284)

Viruses 2021, 13, 2027  5  of  12 
 

 

The RV species‐specific patient characteristics and clinical parameters are presented 

in Table 2. The RV distribution was not statistically different in patients with chronic lung 

diseases such as asthma (p = 0.167) or COPD (p = 0.312). The highest frequency of patients 

with an underlying cardiovascular disease was found for RV‐B (p = 0.006), representing 69.4% 

(25/36) of all RV‐B cases. Upper and lower respiratory tract infections were noted in 14.7% and 

24.6% of all patients, respectively, and did not differ between the RV species detected. 

Furthermore, no significant difference in terms of length of stay (p = 0.418), ICU stay 

(p = 0.515), or need for ventilation (p = 0.648) was observed between the RV species. 

Table 2. Study population and clinical features of RV cases. 

Analyzed categories are displayed on the column to the left and are either given as frequencies (%), medians, and ranges 

(median  (range)) or as means and standard deviations  (mean±SD).  (n/total)  indicates  the respective cases  for  the  total 

amount of available data. The brackets indicate parameters that were analyzed in the same contingency table. Statistically 

significant p‐values (p < 0.05) are in bold. COPD, chronic obstructive pulmonary disease; URTI, upper respiratory tract 

infection; LRTI, lower respiratory tract infection; ICU, intensive care unit. 

   

    RV‐A 

60.9% (173/284) 

RV‐B 

12.7% (36/284) 

RV‐C 

26.4% (75/284) 

Total  p‐Value 

study population             

female  % (n/total)  36.4 (63/173)  33.3 (12/36)  42.7 (32/75)  37.7 (107/284)   

0.548 
male  % (n/total)  63.6 (110/173)  66.7 (24/36)  57.3 (43/75)  62.3 (177/284) 

ageyears  mean  SD  54.4  17.24  51.44  13.7  57.31  14.34  54.79  16.15  0.193 

inpatients  % (n/total)  64.2 (111/173)  69.4 (25/36)  68.0 (51/75)  65.8 (187/284)   

0.748 
outpatients  % (n/total)  35.8 (62/173)  30.6 (11/36)  32.0 (24/75)  34.2 (97/284) 

length of stay days  median(range)  9.0 (1–130)  9.0 (1–36)  8.0 (0–82)  9 (1–130)  0.364 

comorbidities and risk factors             

asthma  % (n/total)  5.2 (9/173)  8.3 (3/36)  12.0 (9/75)  7.4 (21/284)  0.167 

COPD  % (n/total)  13.3 (23/173)  22.2 (8/36)  12.0 (9/75)  14.1 (40/284)  0.312 

structural lung disease  % (n/total)  2.9 (5/173)  5.6 (2/36)  8.2 (6/75)  4.6 (13/284)  0.178 

lung transplant  % (n/total)  11.6 (20/173)  13.9 (5/36)  12.0 (9/75)  12.0 (34/284)  0.926 

chronic kidney failure  % (n/total)  21.4 (37/173)  16.7 (6/36)  30.7 (23/75)  23.2 (66/284)  0.172 

cardiac insuffiency  % (n/total)  6.9 (12/173)  5.6 (2/36)  5.3 (4/75)  6.3 (18/284)  0.937 

cardiovascular diseases  % (n/total)  41.6 (72/173)  69.4 (25/36)  53.3 (40/75)  48.2 (137/284)  0.006 

diabetes  % (n/total)  23.7 (41/173)  16.7 (6/36)  17.3 (13/75)  21.1 (60/284)  0.414 

malignancy  % (n/total)  41.0 (71/173)  30.6 (11/36)  49.3 (37/75)  41.9 (119/284)  0.161 

immunosuppression  % (n/total)  37.0 (64/173)  41.7 (15/36)  40.0 (30/75)  38.4 (109/284)  0.824 

clinical presentation and features             

fever  % (n/total)  24.4 (19/78)  13.3 (2/15)  22.6 (7/31)  22.6 (28/124)  0.646 

URTI  % (n/total)  17.6 (26/148)  18.8 (6/32)  15.4 (10/65)  17.1 (42/245)  0.897 

LRTI  % (n/total)  29.1 (43/148)  31.3 (10/32)  26.2 (17/65)  28.6 (70/245)  0.854 

          pneumonia  % (n/total)  22.3 (33/148)  34.4 (11/32)  20.0 (13/65)  23.3 (57/245)  0.262 

co‐infection  % (n/total)  23.1 (40/173)  13.9 (5/36)  20.0 (15/75)  21.1 (60/284)  0.449 

bacterial  % (n/total)  16.8 (29/173)  13.9 (5/36)  12.0 (9/75)  15.1 (43/284)   

viral  % (n/total)  2.3 (4/173)  0.0 (0/36)  6.7 (5/75)  3.2 (9/284)   

0.362 
fungal  % (n/total)  1.7 (3/173)  0.0 (0/36)  0.0 (0/75)  1.1 (3/284) 

combined  % (n/total)  2.3 (4/173)  0.0 (0/36)  1.3 (1/75)  1.8 (5/284)   

ICU stay  % (n/total)  8.1 (14/173)  13.9 (5/36)  8.0 (6/75)  8.8 (25/284)  0.515 

ventilation  % (n/total)  9.2 (16/173)  8.3 (3/36)  14.7 (11/75)  10.6 (30/284)  0.398 

non‐invasive  % (n/total)  6.4 (11/173)  5.6 (2/36)  8.0 (6/75)  6.7 (19/284)   

0.648 
invasive  % (n/total)  2.9 (5/173)  2.8 (1/36)  6.7 (5/75)  3.9 (11/284) 

invasive [% (n/total)] 2.9 (5/173) 2.8 (1/36) 6.7 (5/75) 3.9 (11/284)

Analyzed categories are displayed on the column to the left and are either given as frequencies (%), medians, and ranges (median (range)) or
as means and standard deviations (mean ± SD). (n/total) indicates the respective cases for the total amount of available data. The brackets
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The RV species-specific patient characteristics and clinical parameters are presented
in Table 2. The RV distribution was not statistically different in patients with chronic
lung diseases such as asthma (p = 0.167) or COPD (p = 0.312). The highest frequency
of patients with an underlying cardiovascular disease was found for RV-B (p = 0.006),
representing 69.4% (25/36) of all RV-B cases. Upper and lower respiratory tract infections
were noted in 14.7% and 24.6% of all patients, respectively, and did not differ between the
RV species detected.

Furthermore, no significant difference in terms of length of stay (p = 0.418), ICU stay
(p = 0.515), or need for ventilation (p = 0.648) was observed between the RV species.

3.3. Co-Infections

In total, 60 (21.1%) of co-infections were identified, of which 43 (71.7%) were bacterial,
9 (15.0%) were viral, and 3 (5.0%) were fungal. In five cases (8.3%), co-infections with at
least two different pathogen types were observed. The most common bacterial pathogens
were Staphylococcus aureus (n = 8), Pseudomonas aeruginosa (n = 7), Haemophilus influenzae
(n = 6), Klebsiella pneumoniae (n = 5), and Escherichia coli (n = 4). Regarding viral and fungal
co-pathogens, respiratory syncytial virus (n = 3), CMV (n = 3), and Aspergillus spp. (n = 6)
were found most frequently (Table 3). No difference was observed for the number of co-
infections detected regarding the season (p = 0.196) or the gender of the patient (p = 0.167).
However, LRTI (p < 0.001) and pneumonia (p = 0.01) were seen more frequently in patients
with a co-infection compared to RV mono-infections. Additionally, the need for ventilation
and an ICU stay was significantly increased among co-infected patients (p = 0.002 and
p = 0.003, respectively, Table 4).
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Table 3. Distribution of co-infecting pathogens.

Bacteria n Viruses n Fungi n

Staphylococcus aureus 8 RSV 3 Aspergillus spp. 6
Pseudomonas aeruginosa 7 CMV 3 Pneumocystis jirovecii 1
Haemophilus influencae 6 Coronavirus 229 E 1
Klebsiella Pneumoniae 5 Coronavirus OC 43 1

Escherichia coli 4 Enterovirus B (Echovirus 18) 1
Haemophilus parainfluenzae 3 Influenza A Virus H3N2 1

Serratia marcescens 3 Parainfluenza Typ 4 1
Streptococcus pneumoniae 3

Acinetobacter baumanii 2
Burkholderia cenocepacia 2

Chlamydophila pneumoniae 2
Enterococcus faecium 2

Haemophylus parahaemolyticus 2
Proteus mirabilis 2

Citrobacter freundii 1
Enterococcus faecalis 1

Klebsiella oxytoca 1
Mycobacterium kansasii 1

Mykobakterium tuberkulosis 1
Raoutella planticola 1

staphylococcus hämolyticus 1
Streptococcus pyogenes 1

Streptococcus mitis 1

Pathogens detected by type, with n showing their frequencies of detection.

Table 4. Comparison of samples with and without co-infections.

RV Only RV + Co-Infection Total p-Value

total [% (n/total)] 78.9 (224/284) 21.1 (60/284) 284
season

season 2013/2014 [% (n/total)] 23.2 (52/224) 13.3 (8/60) 21.1 (60/284)
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4. Discussion

Rhinoviruses are highly prevalent and constitute a significant public health burden.
Therefore, the presented study aimed to investigate the epidemiology and clinical spectrum
of rhinovirus infections in adult patients in a German university medical center over four
consecutive seasons.
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It remains unknown whether a global circulation pattern, comparable to that of in-
fluenza viruses, exists for rhinoviruses [19]. However, the detections of identical genotypes
all over the globe point to a rapid spread of rhinoviruses and a circulation without geo-
graphic limitations [14]. It is remarkable that despite the limited sample set and the local
sampling approach used, the majority of the currently proposed RV genotypes were found.
The high rhinovirus diversity was evidenced by the different seasons displaying rapidly
changing genotype compositions, with the most common genotype RV-A1 representing
only 3.9% (11/284) of all detected rhinovirus cases. Only five genotypes, RV-A1, RV-A28
RV-A29, RV-A101, and RV-C15, were found more than seven times (>2.5%) during the study
period, making these the most prevalent genotypes. A ubiquitous year-round circulation
of a multitude of different RV genotypes has been reported before [20–22]. However, the
predominance of a single RV genotype in 15.5% [23] and 21.4% [24] of total cases was
also described. The observed differences in rhinovirus diversity may be attributed to
the divergent study set-ups used. Furthermore, factors originating in the patient popu-
lation itself may contribute to the more frequent detection of certain RVs. These factors
might be an undetected outbreak of RVs within a hospital setting or the introduction of an
emerging genotype in a designated geographic area. It is tempting to believe that there
are immunological differences that render certain populations more susceptible to infec-
tions with different RVs. This could be implied by the development of a serotype-specific
humoral immune response [25], representing a correlate of (at least) transient immunity.
Consequently, pre-existing immunity could lead to a higher rate of infections with heterol-
ogous viral strains, as has been shown for other respiratory viruses [26]. The occurrence
of locally restricted and time-limited rhinovirus outbreaks of distinct genotypes has been
hypothesized previously [27], which furthermore may contribute to the subtle differences
noted in seasonal RV prevalence.

In the present study, rhinovirus detections dropped continuously after February
throughout the spring months. Similar seasonal circulation patterns showing a higher
detection rate in fall and winter and a decline during the summer months have also been
described in Amsterdam [20]. Studies from the USA report a second peak in spring instead
of winter [2,21,28]. Then again, RV detection was found to be highest in winter and spring
in Nanjing [29]. Despite these differences in rhinovirus seasonality and the vast differences
in circulating genotypes, we found a remarkable stability in the ratio of RV species detected.
The ratio found in the present study is in line with that seen in previous investigations,
with values of 47–64% for RV-A, 2–13% for RV-B, and 21–46% for RV-C [20,30–32]. An
explanation for this finding might be the different number of genotypes existing for each
RV species, which decreases from RV-A to RV-C and RV-B. Potentially, a higher reservoir of
genotypes may be more successful in compensating for immunological adaptions in the
population and may therefore correlate with the overall RV species abundance.

The extraordinarily high diversity of rhinoviruses may also explain the divergent
findings regarding susceptible patient populations and clinical severity. It is of note that
associations between clinical differences and RV species seem to have been specific to
certain study populations and are not consistently reported. Additionally, the shedding of
RV RNA may be observed for more than 30 days in immunocompetent individuals [33–35]
and was reported for up to two years in a patient with cystic fibrosis [36]. It is thus likely
that laboratory detections of RV in clinical samples vary according to the stage of the
infection. Thus, the use of differing inclusion criteria mat result in noncongruent study
populations and impose major challenges regarding data interpretation and comparability.

Confirming the results of a previous study on hospitalized adults [37], the present
dataset did not show a RV species-specific association for all but one underlying comorbid-
ity, which was the presence of cardiovascular disease. This difference may be associated
with an increased risk of hospitalization due to cardiovascular risk factors at lower ambient
temperatures [38,39]. RV-B was not detected between June and August, which may have
led to the higher prevalence of this comorbidity in this specific subgroup compared to
RV-A and RV-C.
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No RV species could be associated with a higher probability of infections in patients
with preexisting respiratory conditions such as COPD, asthma, or structural lung diseases,
or in patients who have undergone lung transplantation. The COPD prevalence in the
present cohort (14.1%) was higher than that seen in the general population of Germany
(5.8%) [40], but consistent with previous studies on influenza and parainfluenza virus
type 3 (PIV-3)-infected patients at the same hospital [26,41]. A similar prevalence was also
noted for asthma and structural lung diseases when compared to these cohorts.

Furthermore, no differences between the RV species distribution and clinical manifes-
tations or outcome parameters were noted. However, RV species-specific differences have
been reported before. For instance, a reduced clinical severity was described for outpatients
in comparison to inpatients; this was linked to recombination events in the 5′ non-coding
region of RV-A and RV-C [30]. Moreover, a higher rate of ICU admission and a higher
rate of pneumonia were seen for RV-A infections [32]. RV-A and RV-B were associated
with a greater clinical severity than RV-C [42,43]. In contrast, RV-B was reported to be less
pathogenic than RV-A and RV-C, which was attributed to its lower replication efficiency
and cytokine production [21,44,45]. In a large European study investigating adult patients
with LRTI, RV-A was found to be the most prevalent species [22]. However, the symptom
scores and durations were similar for all RV species.

Due to the study site being a tertiary care hospital, severe outcome parameters such
as hospitalization itself are likely to be overrepresented. In particular, when compared to
influenza B virus-infected patients at the same hospital, the overall clinical severity of RV
infections in the current study was lower, as illustrated by their lower number of ICU stays
(8.8% vs. 24.9%) and need for invasive ventilation (3.9 vs. 13.3) [26].

The presence of co-infections may be a major contributor to the clinical severity of RV
infections. The number of cases of pneumonia (p = 0.01) and LRTIs (p < 0.001) was increased
amongst patients with at least one respiratory co-infection. Co-infections were reported in
66% to 78.9% [32,44] of patients in symptomatic and hospitalized cohorts. However, the
discrimination of a combined infection and molecular interactions between RVs and other
pathogens is challenging. Staphylococcus aureus infections could enhance RV replication
within airway epithelia cells in vitro; hence, an underlying Staphylococcus aureus coloniza-
tion could increase susceptibility to RV infections in the airway epithelium [46]. Likewise,
it was shown that an infection with Pseudomonas aeruginosa in primary bronchial epithelia
cells could aggravate cells’ inflammatory response to RV infections [47]. However, there
may be a bidirectional influence, as RV infections also seem to promote secondary bacterial
infections [2,48], which may be associated with the disruption of the epithelial barrier of
the respiratory tract [49]. Thus, the compound effect of having multiple infections could
thus enhance the rate of illness and its severity. Correspondingly, the need for ventilation
(p = 0.002) and for an ICU stay (p = 0.003) was significantly increased. Surprisingly, both
Streptococcus pneumoniae and influenza virus represented only a minority of the detected
co-infecting pathogens. One reason for this might be the comparatively low relative posi-
tivity rate of RV in respiratory samples during the seasonal peak of invasive pneumococcal
disease [50] and influenza virus [26] in February and March (Figure 1). Additionally, for
Streptococcus pneumoniae the use of an antibiotic before the collection of respiratory samples
cannot be ruled out and has been hypothesized before [51].

There are several limitations of this study, including the fact that genotyping was
not successful for all detected rhinoviruses, which may be a source of bias, although it
was also seen in other studies [44]. A possible explanation for this might be the higher
sensitivity of the nucleic acid amplification test used for rhinovirus detection, which targets
the highly conserved 5’UTR and amplifies a shorter fragment of 204 bp. Additionally,
species-specific differences in the sensitivity of the utilized genotyping protocols cannot
be ruled out. Nevertheless, the detection of almost two thirds of the currently proposed
rhinovirus genotypes in an overall limited number of patients illustrates the highly diverse
circulation pattern of this important respiratory pathogen. Due to the retrospective study
design, only associations could be shown, without proof of causality. Finally, patient
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selection favoring severe cases may have occurred due to our use of sampling at a tertiary
care hospital. This is underlined by the prevalence of 14.1% being found for COPD, which
was higher than the 5.8% that was found in the general population in Germany [40]. Thus,
the high percentage found for LRTI needs to be interpreted with caution.

5. Conclusions

This study reports on the epidemiology and associated clinical spectrum of RVs in
adult patients who were treated at a tertiary care university hospital in Germany. The
present report on circulation patterns is consistent with other studies and highlights the
complexity of rhinoviruses’ epidemiology and their tremendous genetic diversity. However,
larger epidemiologic studies and surveillance programs are needed for the determination
of genotype-specific disease associations, as species-specific differences in underlying
comorbidities or clinical severity could not be deduced. However, in addition to preexisting
medical conditions, the recognition of co-infections is of profound importance for the
assessment of RV-associated disease severity. The vast number of distinct genotypes found
necessitates the creation of new treatment and vaccination strategies [52] to overcome the
high economic burden of RV-associated illness.

Author Contributions: Conceptualization, M.H. and U.G.L.; methodology, P.G. and S.B.; formal
analysis, P.G. and M.H.; validation, M.H. and U.G.L.; writing—original draft preparation, P.G.;
writing—review and editing, P.G., M.H. and U.G.L.; visualization, P.G. and M.H.; supervision, U.G.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of Leipzig University (26.09.2016,
no. Az 301/16-ek).

Informed Consent Statement: This non-interventional study included no additional procedures.
Anonymized biological material was obtained only for standard viral diagnosis. Informed consent
for the storage and further use of samples was obtained from all patients.

Data Availability Statement: Identified sequences were submitted to GenBank (accession no.
MZ514934–MZ515487).

Acknowledgments: The authors would like to thank Corinna Pietsch for her critical review of the
manuscript and acknowledge the support from Leipzig University for Open Access Publishing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hayden, F.G. Rhinovirus and the lower respiratory tract. Rev. Med. Virol. 2004, 14, 17–31. [CrossRef]
2. Jacobs, S.; Lamson, D.M.; George, K.S.; Walsh, T.J. Human Rhinoviruses. Clin. Microbiol. Rev. 2013, 26, 135–162. [CrossRef]

[PubMed]
3. Winther, B. Rhinovirus Infections in the Upper Airway. Proc. Am. Thorac. Soc. 2011, 8, 79–89. [CrossRef] [PubMed]
4. Kiang, D.; Yagi, S.; Kantardjieff, K.A.; Kim, E.J.; Louie, J.K.; Schnurr, D.P. Molecular characterization of a variant rhinovirus from

an outbreak associated with uncommonly high mortality. J. Clin. Virol. 2007, 38, 227–237. [CrossRef] [PubMed]
5. Henquell, C.; Mirand, A.; Deusebis, A.-L.; Regagnon, C.; Archimbaud, C.; Chambon, M.; Bailly, J.-L.; Gourdon, F.; Hermet, E.;

Dauphin, J.-B.; et al. Prospective genotyping of human rhinoviruses in children and adults during the winter of 2009–2010. J. Clin.
Virol. 2012, 53, 280–284. [CrossRef] [PubMed]

6. Ison, M.G.; Hayden, F.G.; Kaiser, L.; Corey, L.; Boeckh, M. Rhinovirus Infections in Hematopoietic Stem Cell Transplant Recipients
with Pneumonia. Clin. Infect. Dis. 2003, 36, 1139–1143. [CrossRef] [PubMed]

7. Friedlander, S.L.; Busse, W.W. The role of rhinovirus in asthma exacerbations. J. Allergy Clin. Immunol. 2005, 116, 267–273.
[CrossRef] [PubMed]

8. McManus, T.E.; Marley, A.-M.; Baxter, N.; Christie, S.N.; O’Neill, H.J.; Elborn, J.; Coyle, P.V.; Kidney, J.C. Respiratory viral
infection in exacerbations of COPD. Respir. Med. 2008, 102, 1575–1580. [CrossRef] [PubMed]

9. Leigh, R.; Proud, D. Virus-induced modulation of lower airway diseases: Pathogenesis and pharmacologic approaches to
treatment. Pharmacol. Ther. 2015, 148, 185–198. [CrossRef]

http://doi.org/10.1002/rmv.406
http://doi.org/10.1128/CMR.00077-12
http://www.ncbi.nlm.nih.gov/pubmed/23297263
http://doi.org/10.1513/pats.201006-039RN
http://www.ncbi.nlm.nih.gov/pubmed/21364225
http://doi.org/10.1016/j.jcv.2006.12.016
http://www.ncbi.nlm.nih.gov/pubmed/17276135
http://doi.org/10.1016/j.jcv.2011.10.009
http://www.ncbi.nlm.nih.gov/pubmed/22265827
http://doi.org/10.1086/374340
http://www.ncbi.nlm.nih.gov/pubmed/12715308
http://doi.org/10.1016/j.jaci.2005.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16083778
http://doi.org/10.1016/j.rmed.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18672353
http://doi.org/10.1016/j.pharmthera.2014.12.005


Viruses 2021, 13, 2027 10 of 11

10. Ekurai, D.; Esaraya, T.; Eishii, H.; Etakizawa, H. Virus-induced exacerbations in asthma and COPD. Front. Microbiol. 2013, 4, 293.
[CrossRef]

11. Enterovirus. Available online: http://www.picornaviridae.com/enterovirus/enterovirus.htm (accessed on 23 August 2021).
12. Palmenberg, A.C.; Gern, J.E. Classification and Evolution of Human Rhinoviruses. In Rhinoviruses; Jans, D.A., Ghildyal, R., Eds.;

Springer: New York, NY, USA, 2015; Volume 1221, pp. 1–10. ISBN 978-1-4939-1570-5.
13. McIntyre, C.L.; Leitch, E.C.M.; Savolainen-Kopra, C.; Hovi, T.; Simmonds, P. Analysis of Genetic Diversity and Sites of Recombi-

nation in Human Rhinovirus Species C. J. Virol. 2010, 84, 10297–10310. [CrossRef] [PubMed]
14. McIntyre, C.L.; Knowles, N.J.; Simmonds, P. Proposals for the classification of human rhinovirus species A, B and C into

genotypically assigned types. J. Gen. Virol. 2013, 94, 1791–1806. [CrossRef]
15. Lu, X.; Holloway, B.; Dare, R.; Kuypers, J.; Yagi, S.; Williams, J.V.; Hall, C.B.; Erdman, D.D. Real-Time Reverse Transcription-PCR

Assay for Comprehensive Detection of Human Rhinoviruses. J. Clin. Microbiol. 2008, 46, 533–539. [CrossRef] [PubMed]
16. Mubareka, S.; Louie, L.; Wong, H.; Granados, A.; Chong, S.; Luinstra, K.; Petrich, A.; Smieja, M.; Vearncombe, M.; Mahony, J.; et al.

Co-circulation of multiple genotypes of human rhinovirus during a large outbreak of respiratory illness in a veterans’ long-term
care home. J. Clin. Virol. 2013, 58, 455–460. [CrossRef] [PubMed]

17. Savolainen, C.; Blomqvist, S.; Mulders, M.N.; Hovi, T. Genetic clustering of all 102 human rhinovirus prototype strains: Serotype
87 is close to human enterovirus 70. J. Gen. Virol. 2002, 83, 333–340. [CrossRef]

18. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis Version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef]

19. Petrova, V.N.; Russell, C.A. The evolution of seasonal influenza viruses. Nat. Rev. Genet. 2018, 16, 47–60. [CrossRef] [PubMed]
20. van der Linden, L.; Bruning, A.; Thomas, X.; Minnaar, R.; Rebers, S.; Schinkel, J.; de Jong, M.; Pajkrt, D.; Wolthers, K. A molecular

epidemiological perspective of rhinovirus types circulating in Amsterdam from 2007 to 2012. Clin. Microbiol. Infect. 2016, 22,
1002.e9–1002.e14. [CrossRef] [PubMed]

21. Lee, W.-M.; Lemanske, R.F.; Evans, M.; Vang, F.; Pappas, T.; Gangnon, R.; Jackson, D.J.; Gern, J.E. Human Rhinovirus Species and
Season of Infection Determine Illness Severity. Am. J. Respir. Crit. Care Med. 2012, 186, 886–891. [CrossRef]

22. Zlateva, K.T.; Van Rijn, A.L.; Simmonds, P.; Coenjaerts, F.E.J.; Van Loon, A.M.; Verheij, T.J.M.; De Vries, J.J.C.; Little, P.; Butler, C.C.;
Van Zwet, E.W.; et al. Molecular epidemiology and clinical impact of rhinovirus infections in adults during three epidemic
seasons in 11 European countries (2007–2010). Thorax 2020, 75, 882–890. [CrossRef] [PubMed]

23. Tran, D.N.; Trinh, Q.D.; Pham, N.T.K.; Pham, T.M.H.; Ha, M.T.; Nguyen, T.Q.N.; Okitsu, S.; Shimizu, H.; Hayakawa, S.;
Mizuguchi, M.; et al. Human rhinovirus infections in hospitalized children: Clinical, epidemiological and virological features.
Epidemiol. Infect. 2015, 144, 346–354. [CrossRef] [PubMed]

24. Ren, L.; Yang, D.; Ren, X.; Li, M.; Mu, X.; Wang, Q.; Cao, J.; Hu, K.; Yan, C.; Fan, H.; et al. Genotyping of human rhinovirus
in adult patients with acute respiratory infections identified predominant infections of genotype A21. Sci. Rep. 2017, 7, 41601.
[CrossRef] [PubMed]

25. Barclay, W.S.; Al-Nakib, W.; Higgins, P.G.; Tyrrell, D.A.J. The time course of the humoral immune response to rhinovirus infection.
Epidemiol. Infect. 1989, 103, 659–669. [CrossRef] [PubMed]

26. Hönemann, M.; Martin, D.; Pietsch, C.; Maier, M.; Bergs, S.; Bieck, E.; Liebert, U. Influenza B virus infections in Western Saxony,
Germany in three consecutive seasons between 2015 and 2018: Analysis of molecular and clinical features. Vaccine 2019, 37, 6550–6557.
[CrossRef] [PubMed]

27. Sansone, M.; Andersson, M.; Brittain-Long, R.; Andersson, L.-M.; Olofsson, S.; Westin, J.; Lindh, M. Rhinovirus infections in
western Sweden: A four-year molecular epidemiology study comparing local and globally appearing types. Eur. J. Clin. Microbiol.
Infect. Dis. 2013, 32, 947–954. [CrossRef]

28. Monto, A.S. The seasonality of rhinovirus infections and its implications for clinical recognition. Clin. Ther. 2002, 24, 1987–1997.
[CrossRef]

29. Jin, Y.; Yuan, X.-H.; Xie, Z.-P.; Gao, H.-C.; Song, J.-R.; Zhang, R.-F.; Xu, Z.-Q.; Zheng, L.-S.; Hou, Y.-D.; Duan, Z.-J. Prevalence and
Clinical Characterization of a Newly Identified Human Rhinovirus C Species in Children with Acute Respiratory Tract Infections.
J. Clin. Microbiol. 2009, 47, 2895–2900. [CrossRef] [PubMed]

30. Ratnamohan, V.M.; Zeng, F.; Donovan, L.; MacIntyre, C.R.; Kok, J.; Dwyer, D.E. Phylogenetic analysis of human rhinoviruses
collected over four successive years in Sydney, Australia. Influ. Other Respir. Viruses 2016, 10, 493–503. [CrossRef] [PubMed]

31. Kim, H.; Kim, K.; Kim, D.-W.; Jung, H.-D.; Cheong, H.M.; Kim, K.H.; Kim, D.S.; Kim, Y.-J. Identification of Recombinant Human
Rhinovirus A and C in Circulating Strains from Upper and Lower Respiratory Infections. PLoS ONE 2013, 8, e68081. [CrossRef]
[PubMed]

32. Hung, H.-M.; Yang, S.-L.; Chen, C.-J.; Chiu, C.-H.; Kuo, C.-Y.; Huang, K.-Y.A.; Lin, T.-Y.; Hsieh, Y.-C.; Gong, Y.-N.; Tsao, K.-C.; et al.
Molecular epidemiology and clinical features of rhinovirus infections among hospitalized patients in a medical center in Taiwan.
J. Microbiol. Immunol. Infect. 2019, 52, 233–241. [CrossRef]

33. Loeffelholz, M.J.; Trujillo, R.; Pyles, R.B.; Miller, A.L.; Alvarez-Fernandez, P.; Pong, D.L.; Chonmaitree, T. Duration of Rhinovirus
Shedding in the Upper Respiratory Tract in the First Year of Life. Pediatrics 2014, 134, 1144–1150. [CrossRef] [PubMed]

34. Wood, L.G.; Powell, H.; Grissell, T.V.; Davies, B.; Shafren, D.R.; Whitehead, B.F.; Hensley, M.J.; Gibson, P.G. Persistence of
rhinovirus RNA and IP-10 gene expression after acute asthma. Respirology 2010, 16, 291–299. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2013.00293
http://www.picornaviridae.com/enterovirus/enterovirus.htm
http://doi.org/10.1128/JVI.00962-10
http://www.ncbi.nlm.nih.gov/pubmed/20668080
http://doi.org/10.1099/vir.0.053686-0
http://doi.org/10.1128/JCM.01739-07
http://www.ncbi.nlm.nih.gov/pubmed/18057136
http://doi.org/10.1016/j.jcv.2013.06.037
http://www.ncbi.nlm.nih.gov/pubmed/23910934
http://doi.org/10.1099/0022-1317-83-2-333
http://doi.org/10.1093/molbev/mst197
http://doi.org/10.1038/nrmicro.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29081496
http://doi.org/10.1016/j.cmi.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27554204
http://doi.org/10.1164/rccm.201202-0330OC
http://doi.org/10.1136/thoraxjnl-2019-214317
http://www.ncbi.nlm.nih.gov/pubmed/32820081
http://doi.org/10.1017/S0950268815000953
http://www.ncbi.nlm.nih.gov/pubmed/26112743
http://doi.org/10.1038/srep41601
http://www.ncbi.nlm.nih.gov/pubmed/28128353
http://doi.org/10.1017/S095026880003106X
http://www.ncbi.nlm.nih.gov/pubmed/2558033
http://doi.org/10.1016/j.vaccine.2019.08.027
http://www.ncbi.nlm.nih.gov/pubmed/31521415
http://doi.org/10.1007/s10096-013-1832-x
http://doi.org/10.1016/S0149-2918(02)80093-5
http://doi.org/10.1128/JCM.00745-09
http://www.ncbi.nlm.nih.gov/pubmed/19625482
http://doi.org/10.1111/irv.12404
http://www.ncbi.nlm.nih.gov/pubmed/27383422
http://doi.org/10.1371/journal.pone.0068081
http://www.ncbi.nlm.nih.gov/pubmed/23826363
http://doi.org/10.1016/j.jmii.2018.08.009
http://doi.org/10.1542/peds.2014-2132
http://www.ncbi.nlm.nih.gov/pubmed/25404719
http://doi.org/10.1111/j.1440-1843.2010.01897.x
http://www.ncbi.nlm.nih.gov/pubmed/21054674


Viruses 2021, 13, 2027 11 of 11

35. Jartti, T.; Lehtinen, P.; Vuorinen, T.; Koskenvuo, M.; Ruuskanen, O. Persistence of rhinovirus and enterovirus RNA after acute
respiratory illness in children. J. Med. Virol. 2004, 72, 695–699. [CrossRef]

36. Flight, W.G.; Bright-Thomas, R.J.; Tilston, P.; Mutton, K.J.; Guiver, M.; Webb, A.K.; Jones, A.M. Chronic Rhinovirus Infection in an
Adult with Cystic Fibrosis. J. Clin. Microbiol. 2013, 51, 3893–3896. [CrossRef]

37. McCulloch, D.J.; Sears, M.H.; Jacob, J.T.; Lyon, G.M.; Burd, E.M.; Caliendo, A.M.; Hill, C.E.; Nix, W.A.; Oberste, M.S.; Kraft, C.S.
Severity of Rhinovirus Infection in Hospitalized Adults Is Unrelated to Genotype. Am. J. Clin. Pathol. 2014, 142, 165–172.
[CrossRef]

38. Lu, P.; Xia, G.; Zhao, Q.; Xu, R.; Li, S.; Guo, Y. Temporal trends of the association between ambient temperature and hospitalisations
for cardiovascular diseases in Queensland, Australia from 1995 to 2016: A time-stratified case-crossover study. PLoS Med. 2020,
17, e1003176. [CrossRef] [PubMed]

39. Ikäheimo, T.M. Cardiovascular diseases, cold exposure and exercise. Temperature 2018, 5, 123–146. [CrossRef] [PubMed]
40. Robert-Koch Institute. Available online: https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/

GBEDownloadsJ/FactSheets/JoHM_03_2017_Praevalenz_chronisch_obstruktive_Lungenerkrankung.pdf?__blob=publicationFile
(accessed on 2 August 2021).

41. Martin, D.; Hönemann, M. Dynamics of Nosocomial Parainfluenza Virus Type 3 and Influenza Virus Infections at a Large German
University Hospital between 2012 and 2019. Diagn. Microbiol. Infect. Dis. 2021, 7, 115244. [CrossRef]

42. Calvo, C.; Casas, I.; García-García, M.L.; Pozo, F.; Reyes, N.; Cruz, N.; García-Cuenllas, L.; Pérez-Breña, P. Role of Rhinovirus C
Respiratory Infections in Sick and Healthy Children in Spain. Pediatr. Infect. Dis. J. 2010, 29, 717–720. [CrossRef] [PubMed]

43. Arakawa, M.; Okamoto-Nakagawa, R.; Toda, S.; Tsukagoshi, H.; Kobayashi, M.; Ryo, A.; Mizuta, K.; Hasegawa, S.; Hirano, R.;
Wakiguchi, H.; et al. Molecular epidemiological study of human rhinovirus species A, B and C from patients with acute respiratory
illnesses in Japan. J. Med. Microbiol. 2012, 61, 410–419. [CrossRef]

44. L’Huillier, A.G.; Kaiser, L.; Petty, T.J.; Kilowoko, M.; Kyungu, E.; Hongoa, P.; Vieille, G.; Turin, L.; Genton, B.; D’Acremont, V.; et al.
Molecular Epidemiology of Human Rhinoviruses and Enteroviruses Highlights Their Diversity in Sub-Saharan Africa. Viruses
2015, 7, 6412–6423. [CrossRef]

45. Nakagome, K.; Bochkov, Y.A.; Ashraf, S.; Brockman-Schneider, R.A.; Evans, M.D.; Pasic, T.R.; Gern, J.E. Effects of rhinovirus
species on viral replication and cytokine production. J. Allergy Clin. Immunol. 2014, 134, 332–341.e10. [CrossRef] [PubMed]

46. Dissanayake, E.; Brockman-Schneider, R.; Stubbendieck, R.; Currie, C.; Gern, J. Staphylococcus aureus Increases Rhinovirus
Replication and Synergistically Enhances Cytotoxicity During Co-infection of the Airway Epithelium. J. Allergy Clin. Immunol.
2021, 147, AB173. [CrossRef]

47. Endres, A.; Bellinghausen, C.; Hogardt, M.; Schubert, R.; Braubach, P.; Jonigk, D.; Rohde, G. ePS3.07 Pseudomonas aeruginosa
influences the susceptibility and changes the inflammatory response of primary bronchial epithelial cells (pBECS) to rhinovirus
infection. J. Cyst. Fibros. 2020, 19, S44–S45. [CrossRef]

48. Kurai, D.; Sasaki, Y.; Saraya, T.; Ishii, H.; Tsukagoshi, H.; Kozawa, K.; Ryo, A.; Ishioka, T.; Kuroda, M.; Oishi, K.; et al. Pathogen
profiles and molecular epidemiology of respiratory viruses in Japanese inpatients with community-acquired pneumonia. Respir.
Investig. 2016, 54, 255–263. [CrossRef] [PubMed]

49. Sajjan, U.; Wang, Q.; Zhao, Y.; Gruenert, D.C.; Hershenson, M.B. Rhinovirus Disrupts the Barrier Function of Polarized Airway
Epithelial Cells. Am. J. Respir. Crit. Care Med. 2008, 178, 1271–1281. [CrossRef] [PubMed]

50. RKI—Pneumoweb-Sentinel—PneumoWeb. Available online: https://www.rki.de/DE/Content/Infekt/Sentinel/Pneumoweb/
Monatsstatistik.html (accessed on 2 October 2021).

51. Jain, S.; Self, W.H.; Wunderink, R.G.; Fakhran, S.; Balk, R.; Bramley, A.M.; Reed, C.; Grijalva, C.G.; Anderson, E.J.;
Courtney, D.M.; et al. Community-Acquired Pneumonia Requiring Hospitalization among U.S. Adults. N. Engl. J. Med. 2015,
373, 415–427. [CrossRef]

52. McLean, G.R. Vaccine strategies to induce broadly protective immunity to rhinoviruses. Hum. Vaccines Immunother. 2020, 16, 684–686.
[CrossRef] [PubMed]

http://doi.org/10.1002/jmv.20027
http://doi.org/10.1128/JCM.01604-13
http://doi.org/10.1309/AJCPHIKRJC67AAZJ
http://doi.org/10.1371/journal.pmed.1003176
http://www.ncbi.nlm.nih.gov/pubmed/32692738
http://doi.org/10.1080/23328940.2017.1414014
http://www.ncbi.nlm.nih.gov/pubmed/30377633
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GBEDownloadsJ/FactSheets/JoHM_03_2017_Praevalenz_chronisch_obstruktive_Lungenerkrankung.pdf?__blob=publicationFile
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GBEDownloadsJ/FactSheets/JoHM_03_2017_Praevalenz_chronisch_obstruktive_Lungenerkrankung.pdf?__blob=publicationFile
http://doi.org/10.1016/j.diagmicrobio.2020.115244
http://doi.org/10.1097/INF.0b013e3181d7a708
http://www.ncbi.nlm.nih.gov/pubmed/20305581
http://doi.org/10.1099/jmm.0.035006-0
http://doi.org/10.3390/v7122948
http://doi.org/10.1016/j.jaci.2014.01.029
http://www.ncbi.nlm.nih.gov/pubmed/24636084
http://doi.org/10.1016/j.jaci.2020.12.611
http://doi.org/10.1016/S1569-1993(20)30307-6
http://doi.org/10.1016/j.resinv.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/27424825
http://doi.org/10.1164/rccm.200801-136OC
http://www.ncbi.nlm.nih.gov/pubmed/18787220
https://www.rki.de/DE/Content/Infekt/Sentinel/Pneumoweb/Monatsstatistik.html
https://www.rki.de/DE/Content/Infekt/Sentinel/Pneumoweb/Monatsstatistik.html
http://doi.org/10.1056/NEJMoa1500245
http://doi.org/10.1080/21645515.2019.1661207
http://www.ncbi.nlm.nih.gov/pubmed/31464554

	Introduction 
	Materials and Methods 
	Sample Collection and Clinical Data 
	Nucleic Acid (NA) Extraction and RV Detection 
	Viral Genotyping and Phylogenetic Analysis 
	Statistical Analysis 

	Results 
	Species Distribution and Seasonality 
	Study Population and Clinical Features 
	Co-Infections 

	Discussion 
	Conclusions 
	References

