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Abstract

:

Influenza-like illness (ILI) can be caused by a range of respiratory viruses. The present study investigates the contribution of influenza and other respiratory viruses, the occurrence of viral co-infections, and the persistence of the viruses after ILI onset in older adults. During the influenza season 2014–2015, 2366 generally healthy community-dwelling older adults (≥60 years) were enrolled in the study. Viruses were identified by multiplex ligation–dependent probe-amplification assay in naso- and oropharyngeal swabs taken during acute ILI phase, and 2 and 8 weeks later. The ILI incidence was 10.7%, which did not differ between vaccinated and unvaccinated older adults; influenza virus was the most frequently detected virus (39.4%). Other viruses with significant contribution were: rhinovirus (17.3%), seasonal coronavirus (9.8%), respiratory syncytial virus (6.7%), and human metapneumovirus (6.3%). Co-infections of influenza virus with other viruses were rare. The frequency of ILI cases in older adults in this 2014–2015 season with low vaccine effectiveness was comparable to that of the 2012–2013 season with moderate vaccine efficacy. The low rate of viral co-infections observed, especially for influenza virus, suggests that influenza virus infection reduces the risk of simultaneous infection with other viruses. Viral persistence or viral co-infections did not affect the clinical outcome of ILI.
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1. Introduction


Influenza is responsible for major morbidity and mortality burdens worldwide [1]. The elderly are at increased risk for severe disease and complications upon infection with influenza virus, and vaccination is considered important for prevention [1]. In the Netherlands, the annual seasonal influenza vaccination is offered to all older adults aged ≥60 years and to persons at high risk because of specific chronic comorbidities. Previously, we reported that influenza vaccination reduced the incidence of seasonal influenza virus infections in older adults, but did not reduce the overall incidence of influenza-like illness (ILI) cases in vaccinees [2]. The ILI incidence between vaccinated and nonvaccinated participants was similar, despite vaccination reducing the number of influenza virus infections. Apparently, other pathogens causing ILI are filling the gap. Influenza vaccination reduced the number of ILI cases caused by influenza virus infection by 73% and 51% in seasons 2011–2012 and 2012–2013, respectively. This, however, was offset by more ILI cases caused by other viruses, such as rhinovirus, seasonal coronavirus, human metapneumovirus (hMPV), or respiratory syncytial virus (RSV) [2]. Studies on viral etiology of ILI in community-dwelling older adults are scarce, and only a restricted number of viruses have been analyzed in these surveillance studies [3,4,5,6]. The aim of the present study was to investigate the contribution of influenza viruses, and other respiratory viruses to ILI in older adults (≥60 years) in an influenza season characterized by an influenza vaccine mismatch (2014–2015). For this purpose, naso- and oropharyngeal swabs from a cohort of 2366 older adults reporting ILI during the 2014–2015 influenza season were used to identify the respiratory viruses. In addition, the duration of the viral presence in the upper respiratory tract at 2 and 8 weeks after ILI onset was investigated. The impact of age, presence of having a chronic illness and/or clinical outcome of ILI on persistent virus was analyzed.



In children with respiratory illness, a high rate of virus/virus co-infection has been reported and has been associated with severity of disease [7,8,9]. Data on the occurrence of viral co-infections in older adults are scarce. To fill this gap in knowledge, we also assessed the occurrence of viral co-infections in older adults with ILI during two influenza seasons, i.e., 2012–2013 and 2014–2015.




2. Materials and Methods


2.1. Study Design


This prospective observational study in community-dwelling older adults, aged ≥60 years (60–94 years), was conducted from October 2014 through April 2015 in the Netherlands. Participants of the previous study (2012–2013) were re-invited and additional participants were recruited through the Civil Registry to reach the sample size of approximately 200 ILI cases [2]. Participants were part of the study for the entire duration of the season. The study was performed according to Good Clinical Practice, the Declaration of Helsinki and written informed consent was obtained from all participants. The study was approved by the ethical committee (http://www.trialregister.nl, accessed on 5 April 2022; NL4666).



The study design was similar to the previous studies [2]. Participants were instructed to report influenza-like illness (ILI) according to the Dutch Pel criteria, as defined by fever (≥37.8 °C) with at least one other symptom of coughing, headache, myalgia, sore throat, rhinitis, or chest pain [10]. A research nurse performed a home visit within 72 h of fever onset (acute phase) to collect naso- and oropharyngeal swab samples. A second and third visit was performed 2 weeks and 8 weeks (so-called “recovery visit”) later to investigate the duration of viral presence in the upper respiratory tract in this time frame. If a new ILI episode was reported, participants were visited again.



To compare the profile of the different viruses detected in ILI cases with that of participants without ILI, naso- and oropharyngeal swab samples were also collected from a group of asymptomatic participants at two sampling moments 14 days apart. To cover the whole period, a fixed number of participants aged ≥60 years and without ILI symptoms were invited every month of the study period up to a total of 200 asymptomatic persons, equally distributed over the different age groups of 60–64, 65–69, 70–74, 75–79 and >80 years. A consequence of this pragmatic approach was that the mean age as well as the vaccination coverage was slightly higher in this asymptomatic subset compared to the overall group (71.4 years with vaccination coverage of 80.5% versus 70.9 years and 68.2% vaccination coverage). Information on health, influenza vaccination status and demographics was recorded from all participants. The presence of respiratory symptoms and chronic illnesses was recorded in participants at home visits to collect swabs. To assess whether longer persistence of the detected virus(es) and/or the occurrence of viral co-infections affected the clinical outcome of ILI, it was monitored whether or not participants with ILI consulted a doctor for their ILI complaints.




2.2. Nasopharyngeal and Oropharyngeal Swabs


Naso- and oropharyngeal samples were obtained with a flocked nylon tipped swab and stored in modified liquid Amies transport medium (Eswab, Copan, Brescia, Italy) at −80 °C within <8 h after sampling.




2.3. Analysis of Viruses by MLPA


Viruses were detected by analysis of DNA and RNA isolated from the swabs by Multiplex Ligation-dependent Probe Amplification (MLPA) assay (RespiFinder Smart 22 kit (Pathofinder, Maastricht, The Netherlands)), as described before [2]. Influenza virus-positive samples were subtyped by real-time RT-PCR using the Roche LightCycler 480 system with slightly modified protocols [11,12]. The gene coding for HA of influenza A(H3N2) viruses were Sanger-sequenced using universal influenza virus type A primers (available on request) directly from the clinical specimens. HA sequences were used to identify the phylogenetic clade to which the viruses belong. As reference for clade designation following phylogenetic analysis, guidance of WHO CC, London, UK is used (https://www.crick.ac.uk/partnerships/worldwide-influenza-centre/annual-and-interim-reports, accessed on 5 April 2022).




2.4. Statistical Analysis


In order to compare baseline characteristics, such as sex, vaccination status, chronic illness or persistent virus, and having ILI between the different groups, Pearson’s χ2 testing was applied. Differences in age were assessed using independent samples t test of the means, and the male/female distribution in infections with a given pathogen or presence of persistent virus was evaluated using the two-way Fisher’s exact test.



The level of significance (p value) was set to 0.05. These statistical analyses were performed using IBM SPSS Statistics version 24.0.0.1 (IBM Corporation, Armonk, NY, USA).



Vaccine-effectiveness (VE) was determined by test-negative design analysis of ILI positive participants in the influenza-active period in the Netherlands in 2014–2015 as previously described [2,13]. The VE is calculated as (1–odds ratio [OR]) × 100% with 95% confidence interval (CI) and is calculated per influenza virus subtype or lineage. Period in the season (early and late season), sex, smoking, chronic illness, and age were regarded as potential confounders and their association with influenza virus positivity was analyzed with univariate logistic regression [14]. Variables with p value < 0.20 were considered in the multivariable analysis. VE analysis was performed with SAS version 9.4 software.



In order to analyze the presence and frequency of viral co-infections at the genus level in the cohort, all virus variables were assessed in sets of two-virus combinations with the two-way Fisher’s exact test that was adjusted for multiple testing using the Benjamini-Hochberg procedure. Results of these analyses are presented as the OR of the odds of being infected with pathogen A when already infected with pathogen B compared to the odds of being infected with a singular pathogen A. The 95% CI is used to estimate the precision of the OR. Adjusted p-values (padj) were calculated after multiple testing correction, with the false discovery rate (FDR) set to 10%. To determine the frequencies of three-virus combinations, two-virus combinations with a significant result (padj < 0.10) were tested against remaining pathogens using the two-way Fisher’s exact test as described above. Statistical analysis for viral co-infections was performed using R version 3.4.3 (www.r-project.org, accessed on 5 April 2022).





3. Results


3.1. Study Cohort and ILI Incidence


In this prospective study, data were collected from influenza season 2014–2015 (from October 2014 to April 2015), a season with a vaccine mismatch [15,16]. From season 2012–2013, a longer influenza season than average, data on single respiratory infections were previously described. In this study we also included unpublished data on viral co-infections from 2012–2013 for comparison with season 2014–2015 [2]. A flow diagram for participants included in 2014–2015 is presented (Figure 1), the flow diagram of the seasonal cohort 2012–2013 was published previously [2]. A total of 2366 older adults from season 2014–2015 were included for statistical analysis, i.e., persons with ILI (n = 252), persons without ILI (2114). Two persons presented with two ILI episodes with a fever-free period of at least 2 weeks in between, resulting in two more acute ILI samples (n = 254). From the persons without ILI, a group of asymptomatic controls was selected (n = 205). This allowed us to compare the symptomatic group with an asymptomatic group with viral presence as carriage without ILI symptoms. The overall ILI incidence of season 2014–2015 was 10.7% (252/2366) and the influenza vaccination coverage was 68.2% (Table 1). The overall ILI incidence was not significantly different between vaccinated (10.4% (168/1614)) and unvaccinated persons (11.2% (84/752)). The average age of vaccinated individuals was significantly higher than the age of unvaccinated individuals (72.0 versus 68.5 years; p < 0.0001), and the average age of participants without ILI was slightly higher than ILI cases (71.1 versus 69.6 years; p = 0.001). Participants with chronic illness (i.e., having cardiovascular disease, auto-immunity, diabetes, chronic respiratory conditions and/or malignancy) were vaccinated significantly more often than participants without chronic illness (ILI cases: 79.6% versus 56.1%; p < 0.0001; asymptomatic controls: 88.2% versus 75%, p = 0.02). The percentage of participants with chronic illness was comparable in the ILI and asymptomatic group (Table 2).




3.2. Influenza Virus Infection in ILI Cases and Influenza Vaccine Effectiveness


The 2014/2015 influenza vaccine contained A/California/7/2009 (H1N1)pdm09-like virus, A/Texas/50/2012 (H3N2 clade 3c.1), and B/Massachusetts/2/2012-like virus (Yamagata lineage) strains. Influenza viruses were detected in 39.4% (100/254) of the acute ILI samples (Figure 2, Supplementary Table S1). Of the influenza viruses, 76% were of type A, of which 10.5% was subtype A(H1N1)pdm09 and 89.5% A(H3N2), and 24% were of type B, all belonged to the B/Yamagata lineage (Supplementary Table S1). The circulating H3N2 strains, i.e., A(H3N2) clade 3C.2a and clade 3C.3b, mismatched with the vaccine A/Texas/50/2012 (H3N2 clade 3c.1) strain [10,11]. Males were more often infected with influenza viruses than females during acute ILI phase: 47% versus 33% (p = 0.028), while vaccination status and age did not differ among male and female ILI cases. No sex preference was found for any specific influenza virus subtype.



Next, we evaluated whether influenza vaccination reduced the percentages of influenza virus infections or ILI cases. The percentages of overall influenza virus infections (Table 3) and ILI cases (Table 1) were not lower in vaccinated compared to unvaccinated individuals.



After correcting the data for potential confounders, the overall adjusted VE for all influenza vaccine strains of season 2014/2015 was −1% (95% CI, −88% to 46%). The VE for predominant influenza virus subtype A (H3N2) strain was −26% (95% CI, −161% to 39%), whereas the VE was highest for influenza B/Yamagata-like strain, i.e., 49% (95% CI, −39% to 81%). However, the point estimates of VE were not statistically significant. (Table 4). Additional sensitivity analyses for multiple ILIs, households with ILI, and the presence or absence of other virus infections did not affect data on vaccine effectiveness (data not shown).




3.3. Other Respiratory Viruses Detected in ILI Cases from Season 2014–2015


For the influenza season 2014–2015, in 78.7% (200/254) of the acute ILI samples, at least one respiratory virus was identified (Figure 2A; Supplementary Table S1). Apart from influenza virus (39.4%), other viruses were detected with substantial contribution to ILI cases. We only considered viruses with contribution to ILI cases of >5% here, which were human rhinoviruses (17.3%), seasonal coronaviruses (9.8%; of which 48% OC43, 36% 229E, 8% NL63, and 8% HKU1), respiratory syncytial virus (RSV) (6.7%), and human metapneumovirus (hMPV) (6.3%).




3.4. Persistence of Viruses in ILI Cases


The percentage of ILI samples in which at least one respiratory virus was identified was reduced from 78.7% at the acute phase to 28.7% at 14 days after ILI onset (Supplementary Table S1). Nevertheless, DNA/RNA of the same respiratory virus was detected in 19.3% (49/254) of the samples at 14 days. At the recovery time point, at 8 weeks after ILI onset, in 14.6% of the samples a respiratory virus was detected (Supplementary Table S1, Figure 2A), but in only 3% (8/254) of these ILI samples the same virus was detected as at ILI onset. In comparison, in the asymptomatic controls in 13.7% of the first samples, and in 14.1% of the samples taken 14 days later, respiratory viruses were detected (Supplementary Table S1). In 3% (6/205) of the ILI samples obtained from asymptomatic controls, the same virus was detected at both sampling time points.



In 11% (11/100) of the ILI cases with influenza virus infection, the same influenza virus strain was still detectable 14 days after ILI onset. This was observed in nine male and two female cases. In addition, nine out of the 11 cases where persistent influenza virus was detected had underlying chronic illness. Strikingly, six out of these nine cases had underlying chronic respiratory conditions, of which two also had cardiovascular disease, and another two cases had cardiovascular disease. Longer persistence of influenza virus in the respiratory tract was not associated with a more serious course of ILI, as no physician was consulted because of any ILI complaints by the participants with persistent influenza virus detected. Influenza viruses were detected in only 1.2% of the recovery samples collected at 8 weeks post ILI onset, which is comparable to the percentage of influenza positive samples of asymptomatic controls (0.5% and 1% in the two separate sample collections).



Other respiratory viruses that persisted for 14 days after ILI onset were found in 47.7% (21/44) of the rhinovirus cases, in 24% (6/25) of the seasonal coronavirus cases, in 23.5% (4/17) of the RSV cases and in 18.8% (3/16) of the cases where hMPV was detected at ILI onset. These viruses were present in lower frequency in recovery and asymptomatic control samples, although rhinoviruses and coronaviruses were still regularly detected in recovery samples of the ILI cases (respectively, 6.3% and 5.1%) and in the two samples of the asymptomatic group (respectively, 8.3%/5.9% and 3.9%/2.4%) (Figure 2, Supplementary Table S1). Only rhinoviruses were detected in both ILI and recovery samples of the same individual, in 9.1% (4/44) of the cases. However, rhinoviruses were not subtyped and therefore it cannot be excluded that these were of different subtypes and thus could be new infections rather than persistent infections.



The same viruses, including influenza viruses, were more often detected 14 days after ILI onset in participants with underlying chronic illness (p = 0.012). However, no severe infectious disease was reported in any of the ILI cases, and none of the participants with persistent virus(es) detected 2 weeks after ILI onset consulted a physician for ILI. In addition, no statistical significant differences in age (p = 0.17) or sex (p = 0.20) were observed between those with persistent virus(es) detected and those without.




3.5. Viral Co-Infections


In season 2014–2015, in 4.8% (12/254 of the samples from the acute ILI phase) more than one respiratory virus was detected in the nasopharyngeal and/or oropharyngeal swabs (Supplementary Table S2). In one ILI case more than two viruses were detected, i.e., influenza virus, seasonal coronavirus and RSV. There were no hospital admissions among the ILI cases with viral co-infections, and in this group of community-dwelling older adults the general practitioner was not consulted for ILI complaints, supportive of a relatively mild clinical course of ILI.



A calculation was made of how often a specific co-infection could be expected based on the frequency of the individual viruses detected per season. We assumed independence of the occurrence of the individual viruses when a joint occurrence of two viruses was observed. During ILI episodes, the co-infections of influenza virus on the one hand and rhinovirus, coronavirus, hMPV or parainfluenza virus on the other hand appeared to occur less often than expected if occurrences of these co-infections were random based on the frequency of the detected single pathogens (padj < 0.10) (Figure 3).



For comparison, the occurrence of viral co-infections in 2012–2013 was studied as well. Data from season 2011–2012 were not considered here as it was a mild influenza season with a small number of influenza cases and with consequently low statistical power for the analyses on viral co-infections. In 7.6% (21/275) of the acute ILI samples from season 2012–2013, viral co-infections were detected. In line with the findings from season 2014–2015, in 2012–2013 co-infections of influenza virus with rhinovirus, coronavirus, hMPV or parainfluenza virus were observed less often than expected if occurrence of co-infections were random (padj < 0.10). In addition, co-infections of influenza virus with RSV, and co-infections with rhinovirus and coronavirus, occurred less frequently than expected based on the frequency of these single pathogens detected in swabs from ILI cases (padj < 0.10) (Figure 3).





4. Discussion


In this prospective observational study performed in 2014–2015, in 78.7% of the acute influenza-like illness (ILI) samples at least one potential respiratory virus was identified. Influenza virus was involved in 39.4% of the ILI cases, comparable to the 34.2% observed in the study performed with this cohort of older adults (aged 60–94 years) in season 2012–2013, a season with moderate vaccine effectiveness [2]. Where the 2012–2013 season was the longest influenza epidemic of the previous 20 years, the season of a year earlier (2011–2012) proved to be mild. In 2011–2012, only 18.9% of the reported ILI cases were caused by influenza virus [2]. Our data are consistent with a recent literature and meta-analysis that found that laboratory-confirmed influenza accounted for approximately one third of all acute respiratory infections for which medical care was sought during influenza seasons (2004–2017) in the European region [17].



Apart from influenza virus, other respiratory viruses were also detected in the samples taken during acute ILI, i.e., rhinovirus (17.3%), seasonal coronavirus (9.8%), RSV (6.7%) and hMPV (6.3%) were detected. Most of these viruses were cleared 14 days after ILI onset, i.e., in approximately 80% of the cases. The same viruses were more often detected 14 days after ILI onset in participants with underlying chronic illness (p = 0.012). However, no severe infectious disease was reported in any of the ILI cases, and none of the participants with persistent viruses detected 2 or 8 weeks after ILI onset consulted a physician for ILI. No differences in age or sex were observed between ILI cases with and without persistent virus(es) detected. Only rhinoviruses were detected in both samples from the same individual taken during acute ILI and 8 weeks later. This could indicate that rhinovirus persisted longer, but we cannot exclude the occurrence of new infections because data on molecular subtyping of rhinovirus were not available. Moreover, rhinovirus was detected in 8.3% and 5.9% of the two samples taken from asymptomatic controls as well, indicating frequent occurrence of rhinovirus in this time of the season, even without ILI complaints. In this study, it is good to consider that for determining the viral etiology of ILI the presence of viral DNA/RNA was assessed instead of replicating virus.



ILI incidence of season 2014–2015 was 10.7% (252/2366) and vaccination coverage was 68.2%, in comparison in season 2011–2012 and in 2012–2013 ILI incidence was, respectively, 7.2% (143/1992) and 11.6% (275/2368), and vaccination coverage was 75.9% and 68.5% [2]. The number of influenza virus infections was not affected by vaccination in this season; the overall adjusted VE for all influenza vaccine strains of season 2014–2015 was low and the point value estimate of VE was not statistically significant (VE of −1% (95% CI, −88% to 46%)). Low VE against influenza A(H3N2) infection due to vaccine mismatch was also reported elsewhere in Europe in 2014–2015 and has been attributed to circulation of a drifted influenza A(H3N2) strain [15,16,18]. For the seasons 2011–2012 and in 2012–2013, with, respectively, high and moderate vaccine effectiveness (VE of 73% and 51%), we showed that although vaccination reduced the number of influenza virus infections, the overall number of ILI episodes, regardless of the pathogen causing it, was not reduced [2]. In line with this, we show here that, also in an influenza season with vaccine mismatch, vaccination did not affect the total number of ILI cases in a cohort of older adults.



Studies in children showed high rate of viral/viral co-infections (18−34%) [7,8,9,19], although it should be taken into account that children included in these studies were hospitalized for respiratory infections, which could explain the high percentage of co-infections. In these children, the occurrence of co-infections was associated with worse prognosis. Data on viral co-infections in the older adult population are scarce. We therefore investigated the occurrence of viral co-infections in older adults in the influenza seasons 2012–2013 and 2014–2015. In 7.6% (2012–2013) and 4.8% (2014–2015) of the ILI cases more than one respiratory virus was detected, which is considerably lower than has been reported from studies in hospitalized children [7,8,9]. In our study, the occurrence of viral co-infections in older adults with ILI did not affect the clinical outcome; none of the participants with viral co-infections visited a physician. Interestingly, it seems that co-infections did not occur randomly: infections of influenza virus together with rhinovirus, seasonal coronavirus, hMPV or parainfluenza virus were observed less frequently than expected based on the frequency of the detected single viruses. These findings are in agreement with a recent study that was based on virological data of 44,230 episodes of respiratory illness over a 9-year time frame, that provided strong statistical evidence for the existence of a negative interaction between seasonal influenza A virus and rhinovirus, at both the population and individual host scale [20]. Additionally, in another study, a lower prevalence of co-infection with influenza virus was found in rhinovirus-positive children compared to rhinovirus-negative children without symptoms of severe pneumonia [21].



The reduced frequency of certain combinations of viruses may indicate the occurrence of viral interference. Viral interference is a form of resistance that may occur after a host becomes infected with one virus, and prevents infection and replication of a second virus. It has been speculated that upon infection by the first virus, either through the cell-mediated response, or more likely, through the innate immune response, a rapid state of immune activation that protects against simultaneous infections by other viruses is induced causing a temporarily ‘antiviral state’ [20,22,23,24]. Several epidemiological studies have supported the occurrence of viral interference as well, in particular during the 2009 influenza pandemic [17,18,19,20]. Although, it should be considered that complex interactions exist between viruses, populations, and the environment [25].



In agreement with our finding that co-infections of influenza virus with rhinoviruses occurred less frequently than expected, several studies indicated that rhinovirus may have inhibited the circulation of A(H1N1)pdm09 virus in Norway and France [26,27]. In our study, in season 2012–2013, but not 2014–2015, influenza virus infections were also found to occur less frequently in combination with RSV. In line with this finding, early epidemics of influenza virus infection have been observed to delay RSV epidemics. In France, RSV emerged late at the end of December 2009, when A(H1N1)pdm09 started to decline, which was an unusual pattern compared with previous years [28]. Additionally, in Israel, RSV infections were delayed and started after A(H1N1)pdm09 had declined [29].



In an in vitro study using a mathematic model, it was found that a fast-growing virus may reduce replication of slow-growing viruses during a co-infection [30]. Interestingly, these epidemiological findings match with the replication parameters for these respiratory viruses. The growth rate of rhinovirus is higher than that of influenza virus, whereas the infection time is shorter, i.e., it takes less time for a newly produced infectious rhinovirus particle to infect a susceptible cell compared to an influenza virus particle [30]. This may explain why rhinovirus may have inhibited influenza virus infections. On the other hand, the growth rate of influenza virus is higher than that of RSV and has a shorter infection time [30], which may explain why the influenza pandemic in turn delayed the RSV epidemic. In light of the coronavirus disease−2019 (COVID-19) pandemic, it might be interesting to notice that in our study co-infections with seasonal coronavirus and influenza virus, and seasonal coronavirus with rhinovirus, occurred less often than expected, which may be indicative of the occurrence of viral interference.



As in our previous study [2], a limitation of the present study is that, due to our method of recruitment, the more frail institutionalized elderly are not included. Consequently, our data acquired from the generally healthy community-dwelling older adults do not necessarily apply to the group of more frail elderly, in which viral exposure and susceptibility to infections may be different. Furthermore, the Dutch Pel criteria (i.e., fever (≥37.8 °C) with at least one other symptom of coughing, headache, myalgia, sore throat, rhinitis, or chest pain) were used here for the definition of ILI [10]. It can be speculated that the specific ILI definition used in this study, although most other ILI definitions also include fever and cough [31,32,33], may have affected the number and type of pathogens that were detected.




5. Conclusions


In line with our previous studies [2], data of this study show that influenza virus is the most frequently detected pathogen in older adults presenting with ILI. Furthermore, we show that, also in an influenza season with vaccine mismatch, vaccination did not affect the total number of ILI cases. It is tempting to speculate that viral interference by influenza virus may be involved here. When vaccination is effective and influenza virus infection is prevented, viral interference by influenza virus will not take place and other viruses may therefore have more opportunities to infect and cause ILI. In this cohort of older adults, the percentage of co-infections of influenza virus together with other viruses was remarkably low.








Supplementary Materials


The following supplementary figures and tables are available online at https://www.mdpi.com/article/10.3390/v14040797/s1, Table S1: Viruses detected in naso- and oropharyngeal swabs. Table S2: Occurrence of virus co-infections.





Author Contributions


Conceptualization, M.A.v.H., N.Y.R., W.L. and J.v.B.; Methodology, R.A.J.v.B., J.P.B., A.M. and J.v.B.; Formal analysis, P.K., N.S., A.M.N., M.M.A.d.L. and J.v.B.; Writing—original draft preparation, P.K.; writing—review and editing, M.M.A.d.L., A.M., E.A.M.S., M.A.v.H., N.Y.R., W.L. and J.v.B.; Visualization, N.S., A.M.N. and M.M.A.d.L.; Supervision, M.A.v.H. and J.v.B. Project administration, R.A.J.v.B. and J.v.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Dutch Ministry of Health, Welfare and Sport.




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee METC Noord Holland (http://www.trialregister.nl, accessed on 5 April 2022; NL4666).




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the subjects to publish this paper.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors upon request, with consideration of the participants’ privacy and ethical rights.




Acknowledgments


We gratefully acknowledge all participants for their time and commitment to the study. We thank the study staff at the Spaarne Hospital, Hoofddorp—J. Zonneveld, and G. van Asselt—for recruiting and enrolling participants and managing visits; the laboratory staff at the Regional Laboratory Kennemerland, Haarlem—P. Badoux, R. van Schuijlenburg and L. Reijnen—and at the Centre for Infectious Disease Control, National Institute for Public Health and the Environment (RIVM), Bilthoven—R.H.J. Jacobi, L van Straalen, R. van Schuijlenburg, and M. Hendriks—for processing laboratory samples, and Pieter Overduin (RIVM) for the identification of the phylogenetic clades of the detected influenza A(H3N2) viruses.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO. Fact Sheet N°211: Influenza (Seasonal). Available online: http://www.who.int/mediacentre/factsheets/fs211/en/index.html (accessed on 5 April 2022).

	



van Beek, J.; Veenhoven, R.H.; Bruin, J.P.; van Boxtel, R.A.J.; de Lange, M.M.A.; Meijer, A.; Sanders, E.A.M.; Rots, N.Y.; Luytjes, W. Influenza-like Illness Incidence Is Not Reduced by Influenza Vaccination in a Cohort of Older Adults, Despite Effectively Reducing Laboratory-Confirmed Influenza Virus Infections. J. Infect. Dis. 2017, 216, 415–424. [Google Scholar] [CrossRef] [PubMed]

	



Falsey, A.R.; McElhaney, J.E.; Beran, J.; van Essen, G.A.; Duval, X.; Esen, M.; Galtier, F.; Gervais, P.; Hwang, S.J.; Kremsner, P.; et al. Respiratory syncytial virus and other respiratory viral infections in older adults with moderate to severe influenza-like illness. J. Infect. Dis. 2014, 209, 1873–1881. [Google Scholar] [CrossRef] [PubMed]

	



Hara, M.; Sakamoto, T.; Tanaka, K. Influenza vaccine effectiveness among elderly persons living in the community during the 2003–2004 season. Vaccine 2008, 26, 6477–6480. [Google Scholar] [CrossRef]

	



Nicholson, K.G.; Kent, J.; Hammersley, V.; Cancio, E. Acute viral infections of upper respiratory tract in elderly people living in the community: Comparative, prospective, population based study of disease burden. BMJ 1997, 315, 1060–1064. [Google Scholar] [CrossRef] [PubMed]

	



van Gageldonk-Lafeber, A.B.; Heijnen, M.L.; Bartelds, A.I.; Peters, M.F.; van der Plas, S.M.; Wilbrink, B. A case-control study of acute respiratory tract infection in general practice patients in The Netherlands. Clin. Infect. Dis. 2005, 41, 490–497. [Google Scholar] [CrossRef]

	



Cilla, G.; Onate, E.; Perez-Yarza, E.G.; Montes, M.; Vicente, D.; Perez-Trallero, E. Viruses in community-acquired pneumonia in children aged less than 3 years old: High rate of viral coinfection. J. Med. Virol. 2008, 80, 1843–1849. [Google Scholar] [CrossRef]

	



Franz, A.; Adams, O.; Willems, R.; Bonzel, L.; Neuhausen, N.; Schweizer-Krantz, S.; Ruggeberg, J.U.; Willers, R.; Henrich, B.; Schroten, H.; et al. Correlation of viral load of respiratory pathogens and co-infections with disease severity in children hospitalized for lower respiratory tract infection. J. Clin. Virol. 2010, 48, 239–245. [Google Scholar] [CrossRef]

	



Martin, E.T.; Kuypers, J.; Wald, A.; Englund, J.A. Multiple versus single virus respiratory infections: Viral load and clinical disease severity in hospitalized children. Influenza Other Respir. Viruses 2012, 6, 71–77. [Google Scholar] [CrossRef]

	



Pel, J.Z.S. Proefonderzoek naar de frequentie en de aetiologie van griepachtige ziekten in de winter 1963–1964. Huisarts Wet. 1965, 86, 321. [Google Scholar]

	



Meijer, A.; Beerens, A.; Claas, E.; Hermans, M.; de Jong, A.; Molenkamp, R.; Niesters, H.; Overduin, P.; Rossen, J.; Schuurman, R.; et al. Preparing the outbreak assistance laboratory network in the Netherlands for the detection of the influenza virus A(H1N1) variant. J. Clin. Virol. 2009, 45, 179–184. [Google Scholar] [CrossRef]

	



Biere, B.; Bauer, B.; Schweiger, B. Differentiation of influenza B virus lineages Yamagata and Victoria by real-time PCR. J. Clin. Microbiol. 2010, 48, 1425–1427. [Google Scholar] [CrossRef] [PubMed]

	



van der Hoek, W.; Dijkstra, F.; de Lange, M.M.; Donker, G.A.; Meijer, A.; van der Sande, M.A. Letter to the editor: Influenza vaccine effectiveness: Heterogeneity in estimates for the 2012/13 season. Euro Surveill. 2013, 18, 5. [Google Scholar] [CrossRef] [PubMed]

	



Rose, A.; Kissling, E.; Emborg, H.D.; Larrauri, A.; McMenamin, J.; Pozo, F.; Trebbien, R.; Mazagatos, C.; Whitaker, H.; Valenciano, M.; et al. Interim 2019/20 influenza vaccine effectiveness: Six European studies, September 2019 to January 2020. Euro Surveill. 2020, 25, 2000153. [Google Scholar] [CrossRef]

	



Pebody, R.; Warburton, F.; Andrews, N.; Ellis, J.; von Wissmann, B.; Robertson, C.; Yonova, I.; Cottrell, S.; Gallagher, N.; Green, H.; et al. Effectiveness of seasonal influenza vaccine in preventing laboratory-confirmed influenza in primary care in the United Kingdom: 2014/15 end of season results. Euro Surveill. 2015, 20, 30013. [Google Scholar] [CrossRef] [PubMed]

	



Valenciano, M.; Kissling, E.; Reuss, A.; Rizzo, C.; Gherasim, A.; Horvath, J.K.; Domegan, L.; Pitigoi, D.; Machado, A.; Paradowska-Stankiewicz, I.A.; et al. Vaccine effectiveness in preventing laboratory-confirmed influenza in primary care patients in a season of co-circulation of influenza A(H1N1)pdm09, B and drifted A(H3N2), I-MOVE Multicentre Case-Control Study, Europe 2014/15. Euro Surveill. 2016, 21, 30139. [Google Scholar] [CrossRef] [PubMed]

	



Belazi, S.; Olsen, S.J.; Brown, C.; Green, H.K.; Mook, P.; Nguyen-Van-Tam, J.; Penttinen, P.; Lansbury, L. Spotlight influenza: Laboratory-confirmed seasonal influenza in people with acute respiratory illness: A literature review and meta-analysis, WHO European Region, 2004 to 2017. Euro Surveill. 2021, 26, 2000343. [Google Scholar] [CrossRef] [PubMed]

	



Bednarska, K.; Hallmann-Szelinska, E.; Kondratiuk, K.; Brydak, L.B. Antigenic Drift of A/H3N2/Virus and Circulation of Influenza-Like Viruses during the 2014/2015 Influenza Season in Poland. Adv. Exp. Med. Biol. 2016, 905, 33–38. [Google Scholar] [CrossRef]

	



Petat, H.; Gajdos, V.; Angoulvant, F.; Vidalain, P.O.; Corbet, S.; Marguet, C.; Brouard, J.; Vabret, A.; Gouilh, M.A. High Frequency of Viral Co-Detections in Acute Bronchiolitis. Viruses 2021, 13, 990. [Google Scholar] [CrossRef]

	



Nickbakhsh, S.; Mair, C.; Matthews, L.; Reeve, R.; Johnson, P.C.D.; Thorburn, F.; von Wissmann, B.; Reynolds, A.; McMenamin, J.; Gunson, R.N.; et al. Virus-virus interactions impact the population dynamics of influenza and the common cold. Proc. Natl. Acad. Sci. USA 2019, 16, 27142–27150. [Google Scholar] [CrossRef]

	



Baillie, V.L.; Moore, D.P.; Mathunjwa, A.; Baggett, H.C.; Brooks, A.; Feikin, D.R.; Hammitt, L.L.; Howie, S.R.C.; Knoll, M.D.; Kotloff, K.L.; et al. Epidemiology of the Rhinovirus (RV) in African and Southeast Asian Children: A Case-Control Pneumonia Etiology Study. Viruses 2021, 13, 1249. [Google Scholar] [CrossRef]

	



Isaacs, A.; Lindenmann, J. Virus interference. I. The interferon. Proc. R. Soc. Lond. B Biol. Sci. 1957, 147, 258–267. [Google Scholar] [PubMed]

	



Lindenmann, J. From interference to interferon: A brief historical introduction. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1982, 299, 3–6. [Google Scholar] [PubMed]

	



DaPalma, T.; Doonan, B.P.; Trager, N.M.; Kasman, L.M. A systematic approach to virus-virus interactions. Virus Res. 2010, 149, 1–9. [Google Scholar] [CrossRef]

	



Callahan, Z.Y.; Smith, T.K.; Ingersoll, C.; Gardner, R.; Korgenski, E.K.; Sloan, C.D. Comparative Seasonal Respiratory Virus Epidemic Timing in Utah. Viruses 2020, 12, 275. [Google Scholar] [CrossRef] [PubMed]

	



Casalegno, J.S.; Ottmann, M.; Duchamp, M.B.; Escuret, V.; Billaud, G.; Frobert, E.; Morfin, F.; Lina, B. Rhinoviruses delayed the circulation of the pandemic influenza A (H1N1) 2009 virus in France. Clin. Microbiol. Infect. 2010, 16, 326–329. [Google Scholar] [CrossRef] [PubMed]

	



Anestad, G.; Nordbo, S.A. Virus interference. Did rhinoviruses activity hamper the progress of the 2009 influenza A (H1N1) pandemic in Norway? Med. Hypotheses 2011, 77, 1132–1134. [Google Scholar] [CrossRef]

	



Casalegno, J.S.; Ottmann, M.; Bouscambert-Duchamp, M.; Valette, M.; Morfin, F.; Lina, B. Impact of the 2009 influenza A(H1N1) pandemic wave on the pattern of hibernal respiratory virus epidemics, France, 2009. Euro Surveill. 2010, 15, 19485. [Google Scholar] [CrossRef]

	



Hirsh, S.; Hindiyeh, M.; Kolet, L.; Regev, L.; Sherbany, H.; Yaary, K.; Mendelson, E.; Mandelboim, M. Epidemiological changes of respiratory syncytial virus (RSV) infections in Israel. PLoS ONE 2014, 9, e90515. [Google Scholar] [CrossRef]

	



Pinky, L.; Dobrovolny, H.M. Coinfections of the Respiratory Tract: Viral Competition for Resources. PLoS ONE 2016, 11, e0155589. [Google Scholar] [CrossRef]

	



ECDC. Influenza Case Definitions. Available online: http://ecdc.europa.eu/en/healthtopics/influenza/surveillance/Pages/influenza_case_definitions.aspx (accessed on 1 March 2022).

	



WHO. ILI SARI Surveillance Case Definition. Available online: http://www.who.int/influenza/surveillance_monitoring/ili_sari_surveillance_case_definition/en/ (accessed on 1 March 2022).

	



CDC. Overview of Influenza Surveillance in the United States. Available online: http://www.cdc.gov/flu/weekly/overview.htm (accessed on 1 March 2022).








[image: Viruses 14 00797 g001 550] 





Figure 1. Flow diagram of enrollments. Influenza-like illness (ILI) cases (2014–2015) (A) and the subgroup of asymptomatic controls (B). A subject could have multiple ILI episodes per season. Per protocol was defined when the sample was taken <72 h after start of fever. For the recovery visit, the window was 7–9 weeks after ILI onset. Subjects were considered lost to follow-up if they did not respond to the end of study mailing and had no ILI visit. Every month of the study period a fixed number of asymptomatic participants, equally distributed over the different age groups, were invited for swab sampling. 
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Figure 2. Incidence per virus that were detected in naso- and oropharyngeal swabs of influenza-like illness (ILI) cases in the acute phase (left panel) and at recovery (i.e., 8 weeks later) (right panel) (A) and of first samples of asymptomatic controls, i.e., participants aged ≥60 years, and without ILI symptoms (B) in influenza season 2014–2015. The percentages were calculated per ILI event. Multiple pathogens could be detected in a single event and therefore contribute to the incidence for multiple pathogens. Abbreviations: hMPV, human metapneumovirus; ILI, influenza-like illness; RSV, respiratory syncytial virus. 
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Figure 3. A calculation was made whether a specific virus co-infection appeared to occur less often than expected based on the frequency of the detected single pathogens in season 2014–2015 (squares). For comparison, the occurrence of viral co-infections in 2012–2013 was studied as well (circles). Results of these analyses are presented as the OR of the odds of being infected with pathogen A when already infected with pathogen B compared to the odds of being infected with a singular pathogen A. The 95% CI, presented as bars, was used to estimate the precision of the OR. Adjusted p-values (padj) were calculated, and padj < 0.10 was considered as significantly different (indicated with black lines), padj > 0.10 was considered as not significantly different (indicated with grey lines). 
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Table 1. Demographic characteristics of participants.
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2014/2015

	

	

	

	

	

	




	

	
All

(n = 2366)

	
ILI

(n = 252)

	
No ILI

(n = 2114)

	
Asymptomatic Controls (n = 205)

	
p Value

ILI vs. No ILI

	
p Value

ILI vs. Asymptomic Controls






	
Male sex

	
1205 (50.9%)

	
121 (48.0%)

	
1084 (51.3%)

	
107 (52.2%)

	
NS

	
NS




	
Age, y, mean (range)

	
70.9 (60–94)

	
69.6 (60–88)

	
71.1 (60–94)

	
71.4 (60–88)

	
0.001

	
0.001




	
Influenza vaccination

2014/2015

	
1614 (68.2%)

	
168 (66.7%)

	
1446 (68.4%)

	
165 (80.5%)

	
NS

	
0.001








Data are presented as No. (%). Abbreviations: ILI, influenza-like illness; No ILI, without symptoms of influenza-like illness; NS, not significant.
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Table 2. Occurrence of chronic illness in combination with vaccination status.
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	ILI

(n = 252)
	Asymptomatic Controls

(n = 205)
	p Value





	Any chronic illness *
	113 (44.8%)
	85 (41.5%)
	NS



	% vaccinated with any chronic illness
	90 (79.6%)
	75 (88.2%)
	



	% vaccinated without chronic illness
	78 (56.1%)
	90 (75%)
	



	p value (Pearson χ2 test)
	0.0001
	0.02
	







Data are presented as No. (%). Abbreviations: ILI, influenza-like illness; NS, not significant. * Participants in this study with chronic illness had cardiovascular disease, auto-immunity, diabetes, chronic respiratory conditions and/or malignancy.
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Table 3. Pathogens detected in participants with acute ILI relative to vaccination status in season 2014/2015.
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Vaccinated

	
Non-Vaccinated

	
p Value




	
(n = 168 Participants)

	
(n = 84 Participants)






	
Influenza virus

	
69 (41.1%)

	
31 (36.9%)

	
NS




	
Influenza virus A

	
57 (33.9%)

	
19 (22.6%)

	
NS




	
A(H3N2)

	
52 (31.0%)

	
16 (19.0%)

	
NS




	

	-

	
3C.2a







	
31 (18.4%)

	
8 (9.5%)

	
NS




	

	-

	
3C.3b







	
14 (8.3%)

	
8 (9.5%)

	
NS




	
A(H1N1)pdm09

	
5 (3.0%)

	
3 (3.6%)

	
NS




	
Influenza virus B

	
12 (7.1%)

	
12 (14.3%)

	
NS




	

	-

	
Yamagata-like










	
Coronavirus

	
16 (9.5%)

	
9 (10.7%)

	
NS




	
hMPV

	
13 (7.7%)

	
3 (3.6%)

	
NS




	
RSV

	
9 (5.4%)

	
8 (9.5%)

	
NS




	
Rhinoviruses

	
28 (16.7%)

	
16 (19.0%)

	
NS




	
Parainfluenza virus

	
6 (3.6%)

	
5 (6.0%)

	
NS








Data are presented as No. (%). Abbreviations: hMPV, human metapneumovirus; RSV, respiratory syncytial virus; NS, not significant (p value > 0.05).
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Table 4. Vaccine effectiveness during influenza active period 2014–2015.
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n

	
Odds Ratio (95% CI)

	
VE (95% CI)




	
2014/2015

	

	

	

	

	






	
Influenza virus

	

	

	
210

	
1.005 [0.538–1.878]

	
−1% [−88–46%]




	

	
A

	

	
186

	
1.170 [0.571–2.399]

	
−17% [−140–43%]




	

	

	
A(H3N2)

	
178

	
1.261 [0.609–2.610]

	
−26% [−161–39%]




	

	

	

	-

	
3C.2a







	
149

	
1.965 [0.733–5.270]

	
−96% [−427–27%]




	

	

	

	-

	
3C.3b







	
132

	
0.400 [0.131–1.222]

	
60% [−22–87%]




	

	

	
A(H1N1)pdm09

	
118

	
1.339 [0.274–6.555]

	
−34% [−555–73%]




	

	
B

	
B/Yamagata-like

	
134

	
0.509 [0.187–1.389]

	
49% [−39–81%]








Abbreviations: CI, confidence interval; VE, vaccine effectiveness.
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