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Abstract
The Southampton pneumococcal carriage study of children under five years old continued during the COVID-19 pandemic. Here, we present data from October 2018 to March 2023 describing prevalence of pneumococci and other pathobionts during the winter seasons before, during and after the introduction of non-pharmaceutical interventions (NPIs) to prevent SARS-CoV-2 transmission. Nasopharyngeal swabs were collected from children attending outpatient clinics at a secondary care hospital and community health-care sites. Pre-NPIs, in 2019/20, the carriage prevalence of pneumococci at the hospital site was 32% (n=161 positive/499 participants). During NPIs, this fell to 19% (n=12/64), although based on fewer participants compared to previous years due to COVID-19 restrictions on health-care attendance. In 2021/22, after NPIs had eased, prevalence rebounded to 33% (n=15/46) (compared to NPIs period, c2 (1, N=110) = 2.78, p=0.09)). Carriage prevalence at community health-care sites fell significantly from 27% (n=127/470) in 2019/20 to 19% during the NPIs period (n=44/228) in 2020/21 (c2 (1, N=698) = 4.95, p=0.026)). No rebound was observed in 2021/22 (19% (n=56/288). However, in a multivariate logistic regression model, neither site had a significantly lower carriage prevalence during the NPIs period compared to the post NPIs period.  A reduction in serotype diversity was observed 2020/21. Carriage of Haemophilus influenzae was particularly affected by NPIs with a significant reduction observed. In conclusion, among children under 5 years of age, transient, modest, and statistically non-significant alterations in carriage of both S. pneumoniae and H. influenzae were associated with SARS-CoV2 NPIs. 
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Importance
Streptococcus pneumoniae (the pneumococcus) continues to be a major contributor to global morbidity and mortality. Using our long-running paediatric study, we examined changes in pneumococcal carriage prevalence in nearly 3000 children under the age of five years between the winters of 2018/19 and 2022/23. This period coincided with the SARS-CoV2 pandemic and in particular the implementation of national strategies to limit disease transmission in the UK. We observed a transient reduction of both Streptococcus pneumoniae and Haemophilus influenzae in these populations during this period of non-pharmaceutical interventions (NPIs). This aligned with the reduction in invasive pneumococcal disease (IPD) seen in the UK and is therefore a likely contributor to this phenomenon.

Introduction
On 2 December 2020, 266 days after the World Health Organisation declared the novel coronavirus, SARS-CoV-2, outbreak a pandemic (1), UK regulators granted emergency use authorisation for the Pfizer BioNTech (BNT162b2) mRNA vaccine (2). The deployment of other vaccines swiftly followed, for example ChAdOx1 nCoV-19 (3). Prior to and for some period after implementation of vaccination, non-pharmaceutical interventions (NPIs) i.e., measures independent of drug or specific medical countermeasures, were used to try to reduce transmission, morbidity, and mortality. NPIs included sanitary practises such as handwashing and cough etiquette, as well as wearing masks, social distancing, travel restrictions and, at the most extreme, enforced stay-at-home periods termed “lockdowns”. 

Like most countries, the UK implemented a number of legally-binding restrictions to limit social interactions in an attempt to control SARS-CoV-2 transmission (4) that varied in the first two years of the pandemic. National lockdowns were first introduced on 16 March 2020, with a strict stay-at-home message. This continued until the beginning of June when, with cases falling, some relaxation allowed groups of up to six people to meet outside and by the 4 July, most lockdown restrictions had been lifted. In September it again became illegal to meet in groups of more than six people, and a national ‘tier’ system was introduced in October 2020 to enable restrictions to better reflect regional differences in disease prevalence. Despite these efforts, a second period of national restrictions began on the 5 November 2020. An effort to lift restrictions at the beginning of December, again under a tiered system, gradually failed with the introduction of a fourth tier within two weeks, a consequence of the emergence of a rapidly spreading SARS-CoV-2 lineage which later became known as the Alpha variant (5) and ultimately the third national lockdown on 6 January, 2021. With vaccines then available, a phased exit from lockdown was implemented from March 2021 with the eventual lifting of all restrictions in July 2021.

Although imperfect, NPIs succeeded in controlling or at least delaying the spread of SARS-CoV-2 (6). As NPIs are non-specific measures, the epidemiology of other respiratory pathogens was also impacted. Using data from the UK’s Health Security Agency (UKHSA) it was shown that the number of notifiable disease cases (including measles, mumps, meningococcal meningitis, scarlet fever, pertussis, food poisoning and invasive pneumococcal disease (IPD)) fell by over 80% in England (7) during the early periods of national lockdown. As Streptococcus pneumoniae, the pneumococcus, is transmitted via respiratory droplets (8), it is unsurprising that invasive disease and pneumonia associated with this pathogen fell as a consequence of NPIs, documented in the UK and across 26 other countries (9, 10). However, data suggest that although carriage density was impacted in some countries (11), in other areas the proportion of the community that carried this bacterium asymptomatically remained largely unaffected (12-14). 

Here we investigate the impacts of UK NPIs on pneumococcal carriage prevalence, as well impact on other common upper respiratory tract pathobionts Haemophilus influenzae, Moraxella catarrhalis, Staphylococcus aureus and non-pneumococci alpha-haemolytic Streptococci in our long-running paediatric carriage study.

Materials and Methods
Ethical Approval: The study was approved by the UK National Health Service (NHS) Research Ethics Service (06/Q1704/105 and 14/NS/1064). All methods and research practices outlined below were performed in accordance with relevant regulations which included taking written informed consent for participation from the legal guardians of all participants. 

Southampton pneumococcal carriage study: The paediatric carriage study has been described extensively. The study started in the winter of 2006/07 (15, 16) with previous carriage data published up to and including the winter of 2017/18 (17). Carriage prevalence for other pathobionts relevant to this study has also been previously explored (18). Each year the target for isolation was n=100 pneumococci. This original number was reached assuming a conservative carriage prevalence of 10%, and therefore would enable the detection of ~ 50% relative reduction with 80% power at a 5% significance level.

Population: Participants were recruited from two sites: University Hospital Southampton (UHS) NHS Foundation Trust (hereafter referred to as Site 1), which serves a population of approximately 1.9 million in Southampton and South Hampshire; a collection of community health care facilities within the Solent NHS Trust, covering Portsmouth, Southampton, Hampshire and the Isle of Wight, and included General Practitioners (n=3), health centres/clinics (n=6) and children’s centres (n=7) and serving the same size population but with a focus on regional/community health (referred to as Site 2). 

Swabbing, isolation and serotyping of pneumococci: nasopharyngeal swabs were collected from children aged <5 years in the winter (October to March) of 2018/19 and for each consecutive year until 2022/23. Parents/guardians were approached for written informed consent either prior to or following their child’s appointment in an outpatient department of Sites 1 or Site 2. Aside from age, the single exclusion criterion was that only one child per family was swabbed and that child was swabbed only once per winter season. Nasopharyngeal Rayon Tip Transwabs (Medical Wire, Corsham, UK) in charcoal Amies media were used for swabbing and then plated onto multiple media including CBA (Columbia blood agar with horse blood), CHOC (Columbia blood agar with chocolated horse blood), BACH (Columbia Agar with Chocolated Horse Blood and Bacitracin) and CNA (Columbia Blood Agar with Colisitin and Naladixic Acid) (all Oxoid, Basingstoke, UK) within 9 hours of swabbing. Confirmation of presumptive S. pneumoniae was done on CBA using optochin sensitivity indicated by a ⩾14 mm diameter inhibition zone around the disc (Thermo Scientificä, Loughborough, UK). H. influenzae was confirmed as colonies which require both X and V factors on BACH and was done by inoculating the plate with a bacterial suspension in PBS with X, V, and X+V discs (Oxoid, Basingstoke, UK) placed at equal distances. M. catarrhalis was confirmed as oxidase-positive, tributyrin-positive and DNase-positive isolates. Oxidase testing was done by transferring bacterial material onto an oxidase strip (Oxoid, Basingstoke, UK), tributyrin placing a tributyrin tablet (Sigma-Aldrich, UK) into a 5 ml bacterial suspension in PBS, and DNase by streaking onto a DNase methyl green agar plate (Oxoid, Basingstoke, UK). S. aureus was identified as characteristic coagulase-positive colonies using a Pastorex Staph Plus Kit (Bio-Rad, UK). Alpha-haemolytic Streptococci were identified as Gram-positive cocci, with incomplete haemolysis on CBA.  No further analysis was done on H. influenzae, M. catarrhalis, S. aureus or non-pneumococcal streptococci and only one colony of S. pneumoniae per participant swab was selected for whole genome sequencing. Pneumococcal isolates from skim milk, tryptone, glucose, and glycerin (STGG) stocks were cultured on CNA plates and incubated overnight at 37oC in 5% CO2 prior to DNA extraction. Extraction was carried out using QIAamp® DNA mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The DNA extracts were sent to the Wellcome Sanger Institute (WSI) for whole genome sequencing (WGS) using Illumina HiSeq or 10X platforms generating initially 2 ´ 75 bp and later 2 ´ 100bp paired-end reads from libraries prepared using TruSeq chemistry. Pneumococcal serotype was inferred using PneumoCaT version 1.0 (19). As stated above the goal was to sequence 100 pneumococcal isolates each year.  To enable accurate comparisons of pneumococcal serotype prevalence / diversity with previous years, and where pneumococcal isolate numbers exceeded one hundred, preference was given to sequencing of isolates collected at Site 1. Where numbers were low these were supplemented with isolates collected from Site 2. For years where less than one hundred isolates were available across both sites e.g., 2020/21 and 2021/22, all available pneumococcal isolates were sequenced.  Study timelines were such that sequence data were not available for the final year 2022/23 prior to the preparation of this manuscript. 

Viral Swabs and SARS-CoV-2 qPCR: An additional swab for the detection of SARS-CoV-2 was added to the study from 2020/21. Viral RNA was extracted from oropharyngeal (OP) swabs stored at -75oC in viral transport media (VTM; Sigma VIROCULTÒ) using the QIAamp Viral RNA Mini Kit (Qiagen, UK) per the manufacturer’s instructions. An MS2 bacteriophage extraction control (kindly donated by Dr Nusreen Ahmed, University Hospital Southampton NHS Trust Microbiology Laboratory) was added to each VTM aliquot prior to extraction. Following extraction, each sample underwent four PCR reactions - one for genes N1 and N2 (as a combined reaction) with RNAseP as an internal control (2019-nCoV RUO Kit, IDT, USA), E gene (E Assay_First Line Screening, IDT, USA), and finally MS2 (forward: 5’-TGGCACTACCCCTCTCCGTATTCACG-3’; reverse: 5’-GTACGGGCGACCCCACGATGAC-3’; probe: 5’-FAM-CACATCGATAGATCAAGGTGCCTACAAGC-BHQ1-3’). PCR reactions were run on a Rotor-GENE thermal cycler (Qiagen, UK) with 10 ml of sample, 5 ml of TaqPath mastermix (ThermoFisher, UK), 1.5 ml of each primer for N1/N2 and RNAseP, 2 ml for E and 3 ml for MS2. After adjusting with dH2O the final reaction volume for each PCR was 20 ml. Positive control materials (2019-CoV Plasmid Controls, IDT, USA) were used at concentrations of 200 copies/ml in place of samples.  Reaction conditions were 25oC for 1 minute; 50oC for 15 minutes; 95oC for 2 minutes followed by 40 cycles of 95oC for 3 seconds, 60oC for 30 seconds. Quantification was done using a standard curve generated by extraction of the WHO SARS-CoV-2 RNA standard at concentrations of 107 to 100 in 140 ml of VTM.

Statistical Analysis: All statistical analysis was done in R version 4.2.2 (2022-10-31) using RStudio version 2022.12.0+353 with graphics built using the grammar of graphics package, ggplot2 (20, 21). Children were grouped by age into 0-6, 6-11, 12-23, 24-35, 36-47 and 48-60 months. The first three categories (0-6, 6-11 and 12-23 months) are considered the most meaningful in relation to pneumococcal carriage and the influence of the childhood immunisation schedule in place prior to COVID-19. Moreover, these categories enable meaningful comparisons to previously published data from this cohort. The pre-NPIs period was defined as any sample collected on or before the 16 March 2020, with the 17 March 2020 to 1 July 2021 denoting the NPIs period and post-NPIs period being on or after the 1 August 2021. Chi-squared tests were used to examine pneumococcal carriage prevalence between sampling years. Simpsons index of diversity was computed for pneumococcal serotypes using the diversity() function from the R package vegan (22). To account for differences in sampling between pre-NPIs and during-/post-NPIs years, where in the latter recruitment was generally lower, this was done after rarefying each year to an even sampling depth (n=50). Odds ratios based on univariate and multivariable logistic regression analysis were done using the R package finalfit() and glmulti(). Both were reported given that it was unclear whether NPIs may impact the general features (age, gender etc) of the population recruited to the study. Thus, whilst multivariate analysis would ordinarily be sufficient to account for complex interactions of carriage predication, inter-period comparisons were not considered immune to these sampling differences.  Data were only used in models where questionnaire data were complete for age, gender and reported vaccine use to minimise reporting inaccuracies. For the model the dependent variable was carriage, the explanatory variables a character list of age group, whether the household had experienced a case of SARS-CoV-2 infection in the previous 30 days and NPIs period. 

Data Availability: All sequencing data (fastqs) have been deposited in the European Nucleotide Archive under study accession PRJEB2417 (Whole genome sequencing of carried Streptococcus pneumoniae during the implementation of pneumococcal conjugate vaccines in the UK).

Results
A total of 2966 children under the age of five years were recruited to the study between the winters of 2018/19 and 2022/23.  Recruitment numbers per year, with age, gender, and point prevalence of pneumococcal carriage are shown in Table 1. At Site 1 recruitment numbers ranged from a low of n=31 in 2022/23 to n=542 in 2018/19.  At Site 2 the lowest recruitment was in 2020/21 with n=228 and the highest of n=470 in 2019/20.  Most children (n=1784, 60.1%) were recruited from Site 2. There was no significant difference between sites in the ratio of males to females (p=0.35, row-wise z-test of proportions) with males accounting for 43% (n=513/1182) and 46% (n=820/1784) of the populations respectively at sites 1 and 2.  As shown in Figure 1 there was a significant (p < 0.001) difference in age between sites.  The mean age of children recruited in site 1 was 18.1 months (± 16.37; range: 0-59.9) compared to 11.1 months (± 10.5; range: 0.4-57.1) at site 2 (Figure 1A). There were also clear differences in age at recruitment between years at each site, as shown in Figure 1B. 

To determine the impact of COVID-19 infection on pneumococcal carriage we screened participants for SARS-CoV-2 using qPCR for several viral targets. Infection in this instance was either early (pre-symptomatic) or asymptomatic. In 2020/21, the first year of viral swabbing, 198/292 participants (67.8%) consented to the additional swab, from whom no positives were identified. In 2021/22 participation in viral swabbing rose to 89.2% (n=298/334). From these, nine had weak PCR positives that did not meet the threshold of a Ct <30 for a valid positive. One participant, a 5-month-old infant, was positive for N1, N2 and E gene PCRs with Ct values <30. No SARS-CoV-2 had been reported in the household, although the child was reported to have had an ear and throat infection in the previous 30 days. The infant was not a pneumococcal carrier, with only M. catarrhalis isolated. One further child aged 7 months was also positive with a Ct value of <30 for both N and E targets with no reported respiratory symptoms, either personally or in the household, and was a pneumococcal carrier. In 2022/23 participation in viral swabbing fell to 71.0% (n=264/372).  Weak PCR positives that did not meet the threshold of a Ct <30 for a valid positive accounted for 11.7% of swabbed children (31/264). A further nine (3.4%) had qPCR positives with <30 Ct for N but not E gene targets even after multiple re-extractions and re-tests and therefore were not classed as positives.  Only two children had Ct values <30 for both N and E. They were both 7 months old. One child had no reported respiratory infection in the past 30 days and no history of SARS-CoV-2 infection, either personally or in a household contact.  The other child had tested positive five months prior to swabbing, had a household contact who also tested positive at the same time, and had cold-like symptoms in the 30 days to prior to recruitment. Stored STGG samples from Site 1 were also tested from 2019/20, noting that recruitment would have been during the very early phase of the pandemic in the UK. A number (n=95) failed either with extraction or PCR controls issues however, given the limited stored sample volumes, it was not possible to re-test. From the remaining samples (n=404) no positives were identified. 

Pneumococcal carriage ranged from 19% (n=44/228) to 42% (n=13/31) at Site 1 and 19% (n=56/288) to 34% (n=158/458) at Site 2. Carriage prevalence across all years is shown in Figure 2. A decrease in pneumococcal carriage was observed during the period of NPIs impacting year 2020/21. In 2019/20, pre-pandemic, carriage prevalence at site 1 was 32% (n=161/499) which fell in 2020/21 to 19% (n=12/64), although based on notably fewer children being recruited. In 2021/22, after NPIs had eased, prevalence rebounded to 33% (n=15/46). Although this increase was not significant when comparing proportion to the previous year (c2 (1, N=110) = 2.78, p =0.09)) it was nevertheless more reflective of pre-lockdown periods and was followed by a 42% (n=13/31) carriage prevalence in 2022/23. In comparison, carriage prevalence at Site 2 fell significantly from 27% (n=127/470) in 2019/20 to 19% (n=44/228) in 2020/21 (c2 (1, N=698) = 4.95, p=0.026)). No immediate rebound was observed in 2021/22 (19% (n=56/288)) but by 2022/23 carriage was closer to pre-NPIs levels at 25% (n=86/340). Using univariate and multivariate binary logistic regression analysis (Table 2) we saw, as expected based on our previous data published on this cohort (17), that pneumococcal carriage was significantly associated with age at both sites, with older age associated with higher odds. In the univariate model the odds ratio of pneumococcal carriage during NPIs was lower in both Site 1 (OR 0.51: 0.26-0.95 p=0.044) and Site 2 (OR 0.54: 0.37-0.77 p=0.001) and remained lower in Site 2 post-NPIs (OR 0.68: 0.53-0.86 p=0.002). However, these associations were not significant in the multivariate model. Interestingly, children recruited at Site 2 from households that had a SARS-CoV-2 infection in the previous 30 days were more likely to carry pneumococci (OR 1.51: 1.08-2.11 p=0.015), but again this was not significant in the multivariate model.  

Serotype prevalence as a per-year proportion is shown in Figure 3A with counts shown in 3B. Over the four-year period for which we have data a total of 35 unique serotypes were identified (including three non-typeable/untypable groups). Pre-NPIs 28 and 30 unique serotypes in each year were identified for 2018/19 and 2019/20, respectively. In 2020/21 this dropped to n=19, and in 2021/22 was n=24. This resulted in a reduced diversity with Simpson’s indexes of 0.918, 0.913, 0.898 and 0.902. Importantly, these were calculated using an even sampling depth of n=50 isolates for each year to account for biased sampling between years. The most commonly identified serotype was 21A which accounted for 9% (n=43/479) and ranked as the most common serotype in 2018 to 2020, and then 6th and 4th in 2020/21 and 2021/22, respectively. Most serotypes were found in at least two years with only eight appearing in only one: serotypes 8 and 20 in 2018/19, serotypes 6C, 34 and 37 in 2019/20, serotype 12F in 2020/21 and serotypes 35D and 35A in 2021/22.  It is worth noting that post-NPIs there was consistency in the prevalence of common serotypes compared to pre-NPIs.  This is best reflected with 10A and 11A which accounted for 7.1% and 9.4% of all isolates, respectively, and were in the five most commonly identified serotypes in each year, apart from in 2019/20 where 11A dropped to 7th (5.1%; n=8/156). Low level PCV13 vaccine-type carriage remained post-NPIs with serotypes 19A, 3 and 19F all seen in each year. The exception was 2019/20 where 19A was not observed.

We next examined carriage of other common bacteria of the upper respiratory tract (Figure 4A-D). There appeared to be little impact on carriage of S. aureus (Fig. 4B), M. catarrhalis (Fig. 4C) or non-pneumococcal alpha-haemolytic Streptococci (Fig. 4D).  However, there was a clear reduction in H. influenzae carriage during the NPIs period, which was observed in children recruited at both sites (Fig. 4A). In the year preceding NPIs carriage was 31.3% (n=156/499) and 19.1% (n=90/470) for Sites 1 and 2 respectively.  This dropped 3.1% (n=2/64) and 5.3% (n=12/228) during NPIs (2020/21) before rebounding in 2021/22 to 28.3% (n=13/46) at Site 1 and 17.4% (n=20/288) at Site 2. Using the same model set-up as used for pneumococcal carriage, we observed increasing odds of H. influenzae carriage as age increased (Table 3). A decrease in odds for carriage in the univariate model was seen pre-NPIs to during NPIs (OR 0.08: 0.01-0.26, p<0.001 and 0.20: 0.11-0.36, p<0.001) for Sites 1 and 2, respectively. As for pneumococci there was an increased odds of carrying H. influenzae in children from households that had reported a SARS-CoV-2 episode in the previous 30 days, although this was not significant in the multivariate model (Table 3). 

Finally, given the recognised interactions between the two species in the upper airways (23), we explored if co-carriage of pneumococci and H. influenzae had also been impacted.  Here again a notable decrease in co-carriage was observed during NPIs (Supplementary Figure 1) where in the pre-NPI period co-carriage at both Site 1 and 2 was 11.5%, falling to 3 and 2% respectively in the NPI period. After NPI co-carriage rebounded to an average of 26.5% at Site 1 and 8.5% at Site 2, although again we highlight the lower numbers of participants recruited at site 1 during this period. We noted reductions in carriage also in those only carrying one of these two species, again more pronounced in H. influenzae carrying children, but irrespective of pneumococcal co-carriage (Supplementary Figure 2) which suggests there was an interaction which drove NPI-related carriage reductions in both. Nevertheless, in general this translated to an increased OR of co-carriage in the post-NPI period, compared to during NPIs, of 4.90 (2.24-12.34, p < 0.001) and 4.79 (2.03-13.26, p = 0.001) at the two sites respectively. 

Discussion
During the COVID-19 pandemic NPIs proved effective at reducing or delaying SARS-CoV-2 transmission and disease (24). These interventions also reduced disease from other respiratory pathogens (9). At least for IPD , earlier studies reported that the dynamic of this reduction was more linked to the control of other seasonal viruses rather than as a  consequence of any change in pneumococcal carriage per se (14). Using the long-running, cross-sectional paediatric pneumococcal carriage study in Southampton, UK, we sought to determine whether any changes in carriage took place. We also looked at serotype prevalence and diversity as well as the carriage of other pathobionts.  Although we observed no long-lasting changes in pneumococcal carriage, in keeping with data from Belgium and France (12, 13), we found a transient reduction during the NPIs period, similar to that observed in brief, post-NPIs periods in Israel (14) and Vietnam (11). However, we could not attribute this to any one serotype, as in Vietnam, nor to non-encapsulated pneumococci. 

Our finding of a reduction and swift rebound in paediatric H. influenzae carriage during the COVID-19 pandemic has not been described elsewhere and raises some interesting questions. For example, it is unclear why this pathobiont was more impacted than others, such as M. catarrhalis. For comparison, a study of younger children, aged 3-36 months, in the USA noted a decrease in both H. influenzae and M. catarrhalis during the pandemic, but not pneumococci (25) as did a recent study of South African children <60 months old (26). We have previously shown in our cohort that carriage of H. influenzae increases with age (18). As such perhaps it is possible that school attendance disruption was more consequential for older children in the context of Haemophilus transmission. While UK children aged 4-years-old usually attend school in the year in which they turn five and therefore would be eligible for study participation. All age groups experienced a drop in carriage, but additional stratified analysis was made difficult by the limited recruitment (n=3) of children aged 49-60 months old in the NPI period. Previous studies have highlighted the importance of transmission in child-primary caregiver dyads (27) and therefore the child-adult transmission link may be more important here. 

The rapid rebound in carriage has been mirrored to some extent in disease. For example, annual incidences of H. influenzae disease, as recorded by Public Health Scotland, dipped to 0.93 cases per 100 000 in 2020 and 2021 but were back to 1.35/100 000 in 2022, more in keeping with 2018 (1.51) and 2019 (1.52) rates (28). Similar observations were made in England with cases rebounding in 2022 by 57% in comparison to 2021, but still with a low incidence (1.1/100 000) (29). Similarly, in France, children under 5-years-old showed the greatest increase in invasive Haemophilus disease following relaxation of restrictions, driven primarily by serotype b and to a lesser extent serotype a, although it was unclear if this was due to a rebound in circulation, an immunity gap caused by lower vaccine uptake or both (30). Data from China suggest a persistent reduction in childhood respiratory disease caused by H. influenzae, but not bacteraemia or meningitis, which impacted older children only (31). The authors of this study postulated this was due to an interruption in community transmission caused by NPIs. It is possible that the differences in NPI impact on respiratory pathobionts is a consequence of carriage duration variability, with those organisms experiencing regular turnover potentially being impacted more. Certainly, H. influenzae in children has been shown to be subject to frequent strain loss/acquisition (32) however carriage duration and turnover for pneumococci has been shown to be similar (33). There is a paucity of data related to duration of Moraxella sp. carriage in healthy children, but again the dynamic has been shown to be characterised as one of regular strain turnover (34). Unfortunately, it is impossible to determine exactly what drove the reduction using the data from this study but instead highlights an area for future exploration. 

This study had limitations. We did not explore changes in carriage density which, as discussed, were linked to NPIs in other countries (11).  The restrictions on hospital visits during the pandemic resulted in the lower recruitment at Site 1 compared to previous years. Ultimately, this meant that meaningful comparisons at this site alone were not possible which otherwise would have been a strength of the study given how long it had been running. Although we were able to recruit at other community health care settings, there may have been different demographics of sampling. We also do not report serotype data for 2022/23, however given the serotypes observed in 2021/22 we do not expect to have missed any NPIs-related impacts in prevalence and/or diversity. In all such studies, estimating changes in community-level carriage from a proxy-population is an imperfect approach and is subject to potential geographic and demographic biases. Finally, through the examination of only on pneumococcal isolate per participant it was not possible to examine whether co-carriage of multiple serotypes was impacted. Even accepting these limitations, the main strength of this study is that it is one of the longest running, cross sectional study of pneumococcal carriage of its kind and is one of the few datasets to examine prospectively the impacts of NPIs against existing baseline data.      

In conclusion, there was a transient and modest reduction in both serotype non-specific pneumococcal and H. influenzae carriage during the period of NPIs in our paediatric cohort.  This was accompanied by a reduced diversity of circulating pneumococcal serotypes. Long-lasting impacts of NPIs on pathobiont carriage among children were not observed.

References
1.	WHO Director-General’s opening remarks at the media briefing on COVID-19 [press release]. World Health Organization2020.
2.	Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. New England Journal of Medicine. 2020;383(27):2603-15.
3.	Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet. 2021;397(10269):99-111.
4.	Brown JK-W, Esme; Baker, Carl; Barber, Sarah Coronavirus: A history of English lockdown laws. House of Commons Library2021.
5.	Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B. 1.1. 7 in England. Science. 2021;372(6538):eabg3055.
6.	Knock ES, Whittles LK, Lees JA, Perez-Guzman PN, Verity R, FitzJohn RG, et al. Key epidemiological drivers and impact of interventions in the 2020 SARS-CoV-2 epidemic in England. Science Translational Medicine. 2021;13(602):eabg4262.
7.	Nash K, Lai J, Sandhu K, Chandan JS, Shantikumar S, Ogunlayi F, et al. Impact of national COVID-19 restrictions on incidence of notifiable communicable diseases in England: an interrupted time series analysis. BMC Public Health. 2022;22(1):2318.
8.	Weiser JN, Ferreira DM, Paton JC. Streptococcus pneumoniae: transmission, colonization and invasion. Nature Reviews Microbiology. 2018;16(6):355-67.
9.	Brueggemann AB, Jansen van Rensburg MJ, Shaw D, McCarthy ND, Jolley KA, Maiden MCJ, et al. Changes in the incidence of invasive disease due to <em>Streptococcus pneumoniae, Haemophilus influenzae</em>, and <em>Neisseria meningitidis</em> during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data. The Lancet Digital Health. 2021;3(6):e360-e70.
10.	Amin-Chowdhury Z, Aiano F, Mensah A, Sheppard CL, Litt D, Fry NK, et al. Impact of the Coronavirus Disease 2019 (COVID-19) Pandemic on Invasive Pneumococcal Disease and Risk of Pneumococcal Coinfection With Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2): Prospective National Cohort Study, England. Clin Infect Dis. 2021;72(5):e65-e75.
11.	Nation ML, Manna S, Tran HP, Nguyen CD, Vy LTT, Uyen DY, et al. Impact of COVID-19 Nonpharmaceutical Interventions on Pneumococcal Carriage Prevalence and Density in Vietnam. Microbiol Spectr. 2023;11(1):e0361522.
12.	Willen L, Ekinci E, Cuypers L, Theeten H, Desmet S. Infant Pneumococcal Carriage in Belgium Not Affected by COVID-19 Containment Measures. Frontiers in Cellular and Infection Microbiology. 2022;11.
13.	Rybak A, Levy C, Ouldali N, Bonacorsi S, Béchet S, Delobbe JF, et al. Dynamics of Antibiotic Resistance of Streptococcus pneumoniae in France: A Pediatric Prospective Nasopharyngeal Carriage Study from 2001 to 2022. Antibiotics (Basel). 2023;12(6).
14.	Danino D, Ben-Shimol S, Van der Beek BA, Givon-Lavi N, Avni YS, Greenberg D, et al. Decline in pneumococcal disease in young children during the coronavirus disease 2019 (COVID-19) pandemic in Israel associated with suppression of seasonal respiratory viruses, despite persistent pneumococcal carriage: a prospective cohort study. Clinical Infectious Diseases. 2022;75(1):e1154-e64.
15.	Gladstone RA, Jefferies JM, Tocheva AS, Beard KR, Garley D, Chong WW, et al. Five winters of pneumococcal serotype replacement in UK carriage following PCV introduction. Vaccine. 2015;33(17):2015-21.
16.	Devine VT, Cleary DW, Jefferies JMC, Anderson R, Morris DE, Tuck AC, et al. The rise and fall of pneumococcal serotypes carried in the PCV era. Vaccine. 2017;35(9):1293-8.
17.	Cleary DW, Jones J, Gladstone RA, Osman KL, Devine VT, Jefferies JM, et al. Changes in serotype prevalence of Streptococcus pneumoniae in Southampton, UK between 2006 and 2018. Scientific Reports. 2022;12(1):13332.
18.	Cleary DW, Devine VT, Morris DE, Osman KL, Gladstone RA, Bentley SD, et al. Pneumococcal vaccine impacts on the population genomics of non-typeable Haemophilus influenzae. Microb Genom. 2018;4(9).
19.	Kapatai G, Sheppard CL, Al-Shahib A, Litt DJ, Underwood AP, Harrison TG, et al. Whole genome sequencing of Streptococcus pneumoniae: development, evaluation and verification of targets for serogroup and serotype prediction using an automated pipeline. PeerJ. 2016;4:e2477.
20.	R Core Team. R: A language and environment for statistical computing.  [Available from: https://www.R-project.org/.
21.	Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer-Verlag New York; 2016.
22.	Oksanen J, Blanchet F, Kindt R, Legendre P, O’Hara R. Vegan: Community ecology package. R Packag. 2.3-3. 2016.
23.	Chien YW, Vidal JE, Grijalva CG, Bozio C, Edwards KM, Williams JV, et al. Density interactions among Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus in the nasopharynx of young Peruvian children. Pediatr Infect Dis J. 2013;32(1):72-7.
24.	Liu Y, Morgenstern C, Kelly J, Lowe R, Munday J, Villabona-Arenas CJ, et al. The impact of non-pharmaceutical interventions on SARS-CoV-2 transmission across 130 countries and territories. BMC Medicine. 2021;19(1):40.
25.	Kaur R, Schulz S, Fuji N, Pichichero M. COVID-19 Pandemic Impact on Respiratory Infectious Diseases in Primary Care Practice in Children. Frontiers in Pediatrics. 2021;9.
26.	Olwagen CP, Downs SL, Izu A, Tharasimbi L, Van Der Merwe L, Nunes MC, et al. Bacterial nasopharyngeal colonisation in children in South Africa before and during the COVID-19 pandemic: an observational study. The Lancet Microbe. 2024;5(1):e34-e42.
27.	Schumacher SK, Marchant CD, Loughlin AM, Bouchet V, Stevenson A, Pelton SI. Prevalence and genetic diversity of nontypeable haemophilus influenzae in the respiratory tract of infants and primary caregivers. Pediatr Infect Dis J. 2012;31(2):145-9.
28.	Immunisation and vaccine-preventable diseases quarterly report. Public Health Scotland; 2023.
29.	Laboratory reports of Haemophilus influenzae by age group and serotype, England: annual 2022 (and 2021) UKHSA.
30.	Deghmane A-E, Taha M-K. Changes in Invasive Neisseria meningitidis and Haemophilus influenzae Infections in France during the COVID-19 Pandemic. Microorganisms. 2022;10(5):907.
31.	Zhou J, Zhao P, Nie M, Gao K, Yang J, Sun J. Changes of Haemophilus influenzae infection in children before and after the COVID-19 pandemic, Henan, China. J Infect. 2023;86(1):66-117.
32.	Peerbooms PGH, Engelen MN, Stokman DAJ, Benthem BHBv, Weert M-Lv, Bruisten SM, et al. Nasopharyngeal Carriage of Potential Bacterial Pathogens Related to Day Care Attendance, with Special Reference to the Molecular Epidemiology of <i>Haemophilus influenzae</i>. Journal of Clinical Microbiology. 2002;40(8):2832-6.
33.	Dube FS, Ramjith J, Gardner-Lubbe S, Nduru P, Robberts FJL, Wolter N, et al. Longitudinal characterization of nasopharyngeal colonization with Streptococcus pneumoniae in a South African birth cohort post 13-valent pneumococcal conjugate vaccine implementation. Scientific Reports. 2018;8(1):12497.
34.	Faden H, Harabuchi Y, Hong JJ, Tonawanda/Williamsville P. Epidemiology of Moraxella catarrhalis in Children during the First 2 Years of Life: Relationship to Otitis Media. The Journal of Infectious Diseases. 1994;169(6):1312-7.



Table Legends

Table 1. Number of children recruited each year (2017/18 to 2022/23) at each site (Site 1 – hospital, Site 2 – community clinics), showing age (minimum, maximum, mean and standard deviation), gender, and carriage of Streptococcus pneumoniae. 

Table 2. Odds ratio for pneumococcal carriage by recruitment site (Site 1 – hospital, Site 2 – community clinics) using univariable and multivariable binary logistic regression.  The dependent variable was carriage, with explanatory variables being age group, recent household SARS-CoV2 infection and NPIs period. Significant results are shown in bold. * denotes an infinite OR value given few data points for that group.

Table 3. Odds ratio for carriage of H. influenzae by recruitment site (Site 1 – hospital, Site 2 – community clinics) using univariable and multivariable binary logistic regression.  The dependent variable was carriage, with explanatory variables being age group, recent household SARS-CoV2 infection and NPIs period. Significant results are shown in bold.

Figure Legends

Figure 1. Box and whisker plot showing the comparison of child age between sites (A) and density plot showing distribution across age for each site by recruitment year (B).  Sites are coloured: orange (Site 1, hospital) and blue (Site 2, community clinics). Boxes show the interquartile range with whiskers denoting minimum and maximum values.  Outliers are shown as black points.  Individual data points are shown in grey. Children recruited at Site 1 between 2017/18 and 2022/23 were significantly (p < 0.001) older than those at Site 2.

Figure 2. Carriage prevalence of S. pneumoniae shown for each year of the study and split by Site 1 (hospital, orange) and Site 2 (community clinics, blue). The dashed lines highlight the pre-NPIs and post-NPIs periods.  Only one period of recruitment was done within the period of NPIs lockdowns in the UK, 2020/21. Carriage prevalence at Site 2 fell significantly from 27% (n=127/470) in 2019/20 to 19% (n=44/228) in 2020/21 (c2 (1, N=698) = 4.95, p=0.026)). No immediate rebound was observed in 2021/22 but by 2022/23 carriage was closer to pre-NPIs. Error bars show 95% CI.

Figure 3. Pneumococcal serotypes isolated (n=35) shown as a per-year proportion (A) with individual counts for each serotype split by year (B). Data presented are based on a subsample of isolates from each year (n=50) to allow for meaningful comparisons between pre-NPIs years and during-NPIs periods when both recruitment and pneumococcal carriage was lower. Only three vaccine-type serotypes were isolated (19F, 3 and 19A) and were isolated each year apart from 2020/21 when 19A was not observed. Fewer serotypes were seen during the NPIs period (n=19) compared to both pre- and post-NPIs periods.

Figure 4. Carriage prevalence of Haemophilus influenzae (A), Staphylococcus aureus (B), Moraxella catarrhalis (C) and non-pneumococci Alpha-haemolytic Streptococci (D). Carriage for each pathobiont in each year is shown split by Site 1 (hospital, orange) and Site 2 (community clinics, blue). Error bars show 95% CI. The only significant decrease in carriage was observed for H. influenzae during the NPIs period (2020/21) where carriage fell to 3.1% (n=2/64) and 5.3% (n=12/228) for Sites 1 and 2 respectively. 
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