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Non-pharmaceutical COVID-19 interventions have dramatically modified the transmission dynamics of pathogens other than SARS-CoV-2. In many countries, reports have shown that implementation of population-wide lockdowns led to substantial reductions in invasive bacterial disease caused by respiratory bacteria such as Streptococcus pneumoniae. By contrast, most European countries reported increased antibiotic resistance among S. pneumoniae isolates from 2019 to 2020. To disentangle impacts of the COVID-19 pandemic responses on bacterial epidemiology in the community setting, we propose a mathematical model formalizing simultaneous transmission of SARS-CoV-2 and antibiotic-sensitive and -resistant strains of S. pneumoniae. The impacts of population-wide lockdowns, isolation of COVID-19 cases, changes in antibiotic consumption due to altered healthcare-seeking behavior and prophylactic use in the early pandemic were explored across six pandemic scenarios. Our model was able to reproduce the observed trends, showing how lockdowns substantially reduce invasive pneumococcal disease incidence, while surges in prophylactic antibiotic prescribing favor disease caused by resistant strains. Surges in COVID-19 cases were associated with increased antibiotic resistance rates across all pandemic scenarios. Introducing synergistic within-host SARS-CoV-2-pneumococcus interactions further exacerbates increasing incidence of resistant disease. When data availability is limited, mathematical modeling can help improve our understanding of the complex interactions between COVID-19 and antibiotic resistance.

Introduction

Responses to the coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have generated unprecedented changes in population mixing, healthcare-seeking behavior, and infection prevention and control practices, which have dramatically modified the ecology and epidemiology of infectious diseases at a global scale. Collateral impacts of COVID-19 on epidemiological dynamics have been reported for common viral and bacterial respiratory infections, sexually transmitted infections like HIV, vectorborne infections like dengue, and even non-communicable diseases [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF][START_REF] Palmer | The potential long-term impact of the COVID-19 outbreak on patients with non-communicable diseases in Europe: consequences for healthy ageing[END_REF][START_REF] Braunstein | Coronavirus Disease 2019 (COVID-19) infection among people with human immunodeficiency virus in New York City: a population-level analysis of linked surveillance data[END_REF][START_REF] Chen | Measuring the effects of COVID-19-related disruption on dengue transmission in southeast Asia and Latin America: a statistical modelling study[END_REF]. However, impacts of the COVID-19 pandemic on antimicrobial resistance (AMR) remain poorly understood, in part due to delayed or unavailable data.

AMR is one of the leading threats to global health. In 2019, AMR in clinically relevant bacteria were estimated to be associated with 4.95 million deaths, of which 1.27 million were directly attributable to resistance [START_REF]Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis[END_REF]. Although AMR continues to receive international attention through initiatives like the World Health Organization's Global Action Plan on AMR [START_REF]Global action plan on antimicrobial resistance[END_REF], AMR control is challenged by a wide range of biological, behavioral, and economic factors, from the evolution of novel multidrug-resistance genes, to pervasive inappropriate prescribing, to intensive prophylactic use in food-animal feedlots [START_REF] Holmes | Understanding the mechanisms and drivers of antimicrobial resistance[END_REF]. The ongoing COVID-19 pandemic has occurred during global efforts to combat AMR and has diverted considerable public health resources, redirecting them instead towards SARS-CoV-2 prevention and mitigation. According to The Centers for Disease Control and Prevention (CDC) report, repurposing of AMR surveillance infrastructure for COVID-19 surveillance led to substantial reductions in whole genome sequencing of bacterial isolates causing delay in AMR data reporting in the United States [START_REF]COVID-19: U.S. Impact on antimicrobial resistance, special report 2022[END_REF].

Several studies have raised concern about COVID-19-associated antimicrobial overuse or misuse exacerbating AMR, particularly during and following the first wave of the pandemic taking into consideration frequent administration of antibiotic prophylaxis, especially azithromycin, to COVID-19 patients [START_REF] Knight | Antimicrobial resistance and COVID-19: intersections and implications[END_REF][START_REF] Rusic | Implications of COVID-19 pandemic on the emergence of antimicrobial resistance: adjusting the response to future outbreaks[END_REF][START_REF] Langford | Bacterial co-infection and secondary infection in patients with COVID-19: a living rapid review and meta-analysis[END_REF]. On the other hand, non-pharmaceutical interventions (NPIs) implemented to control SARS-CoV-2 transmission -including lockdowns, physical distancing, travel restrictions, face mask use, and improved hygiene practices -may have had the opposite effect, concomitantly reducing the spread of antimicrobial-resistant pathogens [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF][START_REF] Kadambari | Indirect effects of the covid-19 pandemic on childhood infection in England: population based observational study[END_REF]. A wide range of other pandemic impacts, such as reduced surveillance capacity, disrupted antimicrobial supply chains, and modified composition of the human microbiota, may have, and continue to influence the epidemiological dynamics of AMR in ways that are as-yet poorly understood [START_REF] Knight | Antimicrobial resistance and COVID-19: intersections and implications[END_REF][START_REF] Finlay | The hygiene hypothesis, the COVID pandemic, and consequences for the human microbiome[END_REF][START_REF] Smith | COVID-19 containment measures and incidence of invasive bacterial disease[END_REF][START_REF] Årdal | Supply chain transparency and the availability of essential medicines[END_REF].

Three years after the onset of the pandemic, data on global AMR trends remain relatively sparse. However, a joint 2022 report on antimicrobial resistance during 2020 from World Health Organization (WHO) and European Centre for Disease Prevention and Control (ECDC) has reported AMR trends across 29 European countries for eight antibiotic-resistant bacterial pathogens of concern, including Streptococcus pneumoniae [START_REF]Antimicrobial resistance surveillance in Europe 2022 -2020 data[END_REF]. S. pneumoniae has a high rate of carriage in community settings, heterogenous levels of multidrug resistance across countries and demographic groups, and its transmission was effectively -but inadvertently -controlled by COVID-19 lockdowns in 2020 [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF]. In France, annual incidence of pneumococcal disease fell from 10.5 to 5.8 per 100,000 inhabitants from 2019 to 2020, representing a decline of 44.8% [START_REF]EPIBAC public health bulletin: surveillance of invasive bacterial infections in[END_REF]. On the other hand, most European countries, including France, reported an increase in pneumococcal resistance to penicillin and macrolides from 2019 to 2020 [START_REF]Antimicrobial resistance surveillance in Europe 2022 -2020 data[END_REF].

Mathematical models are useful tools for the simulation and quantification of infectious disease dynamics, particularly when data are limited or lacking [START_REF] Heesterbeek | Modeling infectious disease dynamics in the complex landscape of global health[END_REF]. When factors driving the transmission of one pathogen also impact another -as in the present context of the COVID-19 pandemic and its impacts on antibiotic use and antibiotic-resistant bacteria -a co-circulation model is necessary to better understand mechanistic links between coinciding pathogens. Such cocirculation models must be carefully tailored to the respective pathogens under study to accurately represent the biological mechanisms that drive their transmission across scales, including ecological dynamics within the host (e.g., competitive interactions with other organisms) and epidemiological drivers at the between-host level (e.g., inter-individual contact behavior) [START_REF] Opatowski | Influenza interaction with cocirculating pathogens and its impact on surveillance, pathogenesis, and epidemic profile: A key role for mathematical modelling[END_REF][START_REF] Birkegård | Send more data: a systematic review of mathematical models of antimicrobial resistance[END_REF][START_REF] Ramsay | Application of dynamic modelling techniques to the problem of antibacterial use and resistance: a scoping review[END_REF]. Bacteria-virus interaction models have been used previously to disentangle the public health consequences of interactions between pathogens such as influenza and S. pneumoniae [START_REF] De Cellès | Unraveling the seasonal epidemiology of pneumococcus[END_REF][START_REF] Shrestha | Time and dosedependent risk of pneumococcal pneumonia following influenza: a model for within-host interaction between influenza and Streptococcus pneumoniae[END_REF][START_REF] Arduin | An agent-based model simulation of influenza interactions at the host level: insight into the influenzarelated burden of pneumococcal infections[END_REF]. However, in a systematic PubMed search conducted on 1 August 2022, we identified no epidemiological models describing the simultaneous transmission of SARS-CoV-2 and antibioticresistant bacteria (see Supporting Information, S1).

To disentangle how the COVID-19 pandemic has impacted the epidemiological dynamics of antibiotic resistance, we propose a mathematical model that formalizes simultaneous transmission of SARS-CoV-2 and both antibiotic-sensitive and -resistant strains of S. pneumoniae in the community setting, and which includes mechanistic impacts of SARS-CoV-2 infection burden on epidemiological parameters. We evaluate six different pandemic scenarios, each accounting for impacts of SARS-CoV-2 outbreak on healthcare-seeking, antibiotic prescribing and inter-individual contact behavior in the early months of the COVID-19 pandemic. Through simulation, we assess how these scenarios impact the prevalence of bacterial carriage, levels of antibiotic resistance in the community, and incidence of invasive bacterial disease (IBD) caused by both antibiotic-sensitive and -resistant bacteria. Furthermore, we assess how IBD incidence may be additionally impacted by other factors, such as within-host pathogen interactions, emerging SARS-CoV-2 variants with higher transmissibility, and varying levels of population immunity.

Results

Observed antibiotic resistance trends in Streptococcus pneumoniae

In routine surveillance data reported to the European Antimicrobial Resistance Surveillance Network (EARS-Net), most European countries reported an increase in antibiotic resistance in S. pneumoniae from 2019 to 2020, including increases in the proportion of invasive isolates with phenotypic resistance to both penicillin (Fig 1A ) and macrolides (Fig 1B). At the same time, the total number of reported isolates decreased by 44.3% from 2019 to 2020 in the European Union/European Economic Area (EU/EEA) [START_REF]Antimicrobial resistance surveillance in Europe 2022 -2020 data[END_REF] (see Supporting Information, Table S1). Responses to the COVID-19 pandemic -such as implementation of NPIs, modified antibiotic prescribing due to changes in healthcare-seeking behavior, and prescription of prophylactic antibiotics to COVID-19 patients -are hypothesized to underlie these observed trends (Fig 2A ).

A co-circulation model of SARS-CoV-2 infection and pneumococcal carriage transmission

To test mechanistic impacts of responses to the COVID-19 pandemic on bacterial epidemiology, we developed a compartmental, deterministic transmission model describing infection with SARS-CoV-2 and colonization with commensal respiratory bacteria in a large, well-mixed human population (Fig 2B). We assume that some individuals with symptomatic COVID-19 undergo isolation, reducing their transmission rates for SARS-CoV-2 and both strains of bacteria by a factor q, and also receive antibiotic prophylaxis for COVID-19, which increases their rate of antibiotic initiation by a factor A across simulation time (t = 365 days) (see Methods for more detail and Supporting Information S2). Parameterizing this model to S. pneumoniae, we then explored epidemiological impacts of six distinct pandemic scenarios in which, over a 90-day period coincident with the first wave of COVID-19, we simulated (i) population-wide increases or decreases in antibiotic prescribing and (i) the presence or absence of a population-wide lockdown (Fig 2C ; see Supporting Information Table S3 for assumed parameter values).

Using model simulations, we assessed how SARS-CoV-2 outbreaks and corresponding pandemic scenarios may impact bacterial carriage prevalence, antibiotic resistance rates, and IBD incidence in a simulated population of 100,000 individuals. Several epidemiological outcomes were calculated from simulation outputs: (i) daily prevalence of bacterial colonization (the proportion of individuals in the population colonized with antibiotic-sensitive bacteria, antibioticresistant bacteria, or co-colonized with both), (ii) daily prevalence of SARS-CoV-2 infection (the proportion of infectious individuals), and (iii) the antibiotic resistance rate, defined as the number of individuals colonized with the resistant strain over the total number colonized (Supporting Information, S2.4). Finally, we estimated the relative change in cumulative IBD incidence (total incidence and incidence due to each strain) during the intervention period (90 days) and change in the annual IBD incidence, as compared to a pre-pandemic period (i.e., over the same durations but assuming no SARS-CoV-2 circulation in the population).

Model simulations of antibiotic resistance and IBD incidence in Streptococcus pneumoniae

Model simulations of the pandemic scenarios without lockdown implementation (scenarios S0, S1, and S2) all result in a decrease in carriage of antibiotic-sensitive bacteria and an increase in antibiotic-resistant bacteria (Fig 3A). Total bacterial colonization prevalence in the population generally declines during SARS-CoV-2 outbreaks. However, all scenarios are accompanied by an increase in the antibiotic resistance rate, with the magnitude of increase depending on the pandemic scenario (Fig 3B ). A population-wide surge in antibiotic prescribing coincident with the peak in SARS-CoV-2 infection (scenario S1) moderately decreases total bacterial carriage but results in the greatest increase in the resistance rate (+ 22.6%). While total and antibiotic-sensitive IBD incidence both decrease in scenario S1 (Fig 3C ), annual incidence of antibiotic-resistant disease increases (+3.2%) compared to the pre-pandemic levels (Fig 3C). In scenario S2, reductions in overall community antibiotic prescribing are counteracted by the surge in individuals receiving antibiotic prophylaxis for COVID-19, resulting in a limited overall impact on bacterial epidemiology (Fig 3A).

The addition of a population-wide lockdown (scenarios S3, S4, and S5) not only limits the transmission of SARS-CoV-2 but also results in a large reduction in colonization prevalence for both strains of bacteria, regardless of a potential population-wide increase or decrease in antibiotic use. As a large share of the population remains susceptible to SARS-CoV-2 infection at the end of the lockdown, a second wave of COVID-19 follows several months later, which further increases the resistance rate due to COVID-19 prophylaxis. However, in all scenarios implementing a 90day lockdown, total annual incidence of IBD decreases substantially (-57% during lockdown and -48% annually, on average) (Fig 3C). Outcomes of the scenarios that combine lockdown implementation along with the changes in community antibiotic prescribing, isolation and prophylactic antibiotic use in COVID-19 cases (S3, S4, or S5) are consistent with the IBD decrease reported in France, where annual incidence of pneumococcal disease (per 100,000 inhabitants) fell from 10.5 to 5.8 from 2019 to 2020, representing a decline of 44.8% [START_REF]EPIBAC public health bulletin: surveillance of invasive bacterial infections in[END_REF], including the overall 44.3% reported decrease in invasive isolates in the European Union/European Economic Area (EU/EEA) [START_REF]Antimicrobial resistance surveillance in Europe 2022 -2020 data[END_REF].

Within-host interactions may favor incidence of antibiotic-resistant IBD during SARS-

CoV-2 outbreaks SARS-CoV-2 infection may impact progression from bacterial colonization to invasive bacterial disease at the within-host level. For instance, some respiratory viruses are known to favor bacterial disease (e.g., impacts of influenza infection on invasive pneumococcal disease [START_REF] Ke | Effect of the 2009 influenza A(H1N1) pandemic on invasive pneumococcal pneumonia[END_REF][START_REF] Weinberger | Impact of the 2009 influenza pandemic on pneumococcal pneumonia hospitalizations in the United States[END_REF]), while increased antibiotic exposure in response to COVID-19 may also favor the within-host outgrowth of antibiotic-resistant bacteria [START_REF] Jakobsson | Short-term antibiotic treatment has differing long-term impacts on the human throat and gut microbiome[END_REF][START_REF] Stecher | Blooming" in the gut: how dysbiosis might contribute to pathogen evolution[END_REF]. To incorporate these mechanisms in our model, we included two within-host interaction terms: the ecological interaction term (ψc) increases the rate of progression to invasive disease among colonized individuals who are also infected with SARS-CoV-2, while the antibiotic exposure interaction term (ψa) increases the rate of progression to invasive disease among individuals exposed to antibiotics and colonized with the antibioticresistant strain [START_REF] Jenkins | Risk factors for drug-resistant Streptococcus pneumoniae and antibiotic prescribing practices in outpatient community-acquired pneumonia[END_REF][START_REF] Bengoechea | SARS-CoV-2, bacterial co-infections, and AMR: the deadly trio in COVID-19?[END_REF][START_REF] Mirzaei | Bacterial coinfections with SARS-CoV-2[END_REF][START_REF] Aliberti | International prevalence and risk factors evaluation for drug-resistant Streptococcus pneumoniae pneumonia[END_REF]. The equations for calculating daily IBD incidence assuming within-host interactions due to SARS-CoV-2 co-infection and antibiotic exposure with accompanying details can be found in Supporting Information, S2.5.

When SARS-CoV-2 infection is assumed to favor progression from colonization to disease (ψc>1), and there is no lockdown, surges in COVID-19 lead to substantial increases in the daily incidence of antibiotic-resistant IBD (Fig 4A). Indeed, a rate of disease progression increased by a factor ψc=25, results in approximately 3.8 additional cases/100,000 of resistant disease over the course of one year in the absence of lockdown (Fig 4C). Although lockdown implementation can successfully reduce annual resistant IBD incidence, if pathogen interaction strength is >85, lockdown may not be able to fully mitigate this effect, resulting in a rise in resistant disease despite reduced transmission. When antibiotic use is assumed to favor progression from antibioticresistant colonization to disease (ψa>1), surges in SARS-CoV-2 infection coincide with daily increases in incidence of antibiotic-resistant IBD, except when surges coincide with reduced antibiotic prescribing (e.g., scenarios S0, S1 vs. scenario S2, Fig 4B). However, even small increases in antibiotic use may contribute to an increase in annual resistant disease incidence, where an increased rate of disease progression by ψa=12 leads to an increase by approximately 2.3 additional cases/100,000 of the annual incidence of antibiotic-resistant bacterial disease in the absence of 90-day lockdown compared to the pre-pandemic period (Fig 4D ).

Emerging SARS-CoV-2 variants and population immunization levels may impact AMR

Impacts of SARS-CoV-2 on antibiotic-resistant IBD incidence may also depend on the characteristics of locally circulating SARS-CoV-2 variants and their immune escape properties. To account for potential mediating impacts of SARS-CoV-2 transmissibility and population immunity, in simulations we varied (i) values of R0 (basic reproduction number) for SARS-CoV-2 (0 ≤ 𝑅 ! ≤ 10) and (ii) the proportion of the population immunized against SARS-CoV-2 infection at simulation outset (from 0 % to 100 %).

Assuming different SARS-CoV-2 variant characteristics in the simplest scenario S0 (no lockdown, no community-level change in antibiotic prescribing, and no within-host interactions), we found that the annual cumulative incidence of antibiotic-resistant IBD increases with the higher R0 values of SARS-CoV-2, which is led by antibiotic prophylaxis for COVID-19 and decreases with the population immunity against SARS-CoV-2 infection (Fig 5).

Discussion

We propose a novel co-circulation model describing the spread of SARS-CoV-2 and antibioticresistant bacteria in a community setting and show how behavioral responses to the COVID-19 pandemic can differentially impact AMR. By simulating a range of lockdown and antibiotic use scenarios, we highlight potential direct and indirect consequences that outbreaks of novel viral respiratory pathogens like SARS-CoV-2 can have on epidemiological dynamics of antibiotic resistance. We find that incidence of invasive bacterial disease may either increase or decrease, depending on how overall antibiotic prescribing in the community changes in response to COVID-19, on implementation of measures to control viral transmission, and on potential within-host interactions between co-circulating pathogens. Impacts of COVID-19 on disease incidence and antibiotic resistance rate may linger long after extinction of SARS-CoV-2 outbreaks and the cessation of control measures.

Many studies have reported trends on the incidence of community-acquired bacterial infections since the onset of the pandemic. A comprehensive global analysis by Brueggemann et al. using national surveillance data from 26 countries identified substantial and sustained reductions in S. pneumoniae incidence after the implementation of COVID-19 control measures such as lockdowns and travel restrictions [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF]. Our model scenarios that most closely fit with early 2020 are scenarios including strict lockdown, with or without change in antibiotic use, which led to similar estimates of the relative (%) reduction in IBD incidence as observed in Brueggemann et al. [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF]. Similar findings have been observed in the context of sentinel community-acquired infections in New Zealand [START_REF] Duffy | The impacts of New Zealand's COVID-19 epidemic response on community antibiotic use and hospitalisation for pneumonia, peritonsillar abscess and rheumatic fever[END_REF], invasive pneumococcal disease (IPD) in Taiwan [START_REF] Chien | National surveillance of antimicrobial susceptibilities to dalbavancin, telavancin, tedizolid, eravacycline, omadacycline and other comparator antibiotics and serotype distribution of invasive Streptococcus pneumoniae isolates in adults: results from the Surveillance of Multicenter Antimicrobial Resistance in Taiwan (SMART) programme in 2017-2020[END_REF] and Hong Kong [START_REF] Teng | Substantial decline in invasive pneumococcal disease during coronavirus disease 2019 pandemic in Hong Kong[END_REF], and lower respiratory tract infection in China [START_REF] Chen | Effect of the "Normalized Epidemic Prevention and Control Requirements" on hospital-acquired and community-acquired infections in China[END_REF]. However, across these studies, data on the relative impacts of COVID-19 on drug-sensitive versus drug-resistant isolates have been unavailable.

Impacts of the COVID-19 pandemic on rates of antibiotic resistance among common bacterial pathogens in community settings are still being uncovered. European trends reported to EARS-Net (Fig 1) are perhaps the most comprehensive data available. An earlier study by Tomczyk et al. and the WHO AMR Surveillance Network from March 2021 highlighted that most of the 73 countries surveyed had incomplete data on changing AMR rates due to the pandemic, lack of funding, or disruption of surveillance systems [START_REF] Tomczyk | Impact of the COVID-19 pandemic on the surveillance, prevention and control of antimicrobial resistance: a global survey[END_REF]. Similarly, a surveillance report from June 2022 from the Centers for Disease Control and Prevention (CDC) shows increases in AMR rates among hospital-onset infections due to diverse nosocomial pathogens but highlights inconclusive findings for community-associated bacteria like S. pneumoniae due to missing and delayed data [START_REF]COVID-19: U.S. Impact on antimicrobial resistance, special report 2022[END_REF]. Further, routinely collected AMR surveillance data are typically based upon invasive disease isolates collected in acute care settings and may thus be poorly representative of the bacteria actively circulating in the community.

Several studies have nonetheless reported resistance rates among colonizing bacteria from primary care and community settings since the onset of the COVID-19 pandemic. Data from primary care patients and nursing home residents in France have suggested a reduced proportion of extended spectrum-beta lactam producers among Escherichia coli urinary isolates after the national lockdown instated in March 2020 [START_REF] Lemenand | Decreasing proportion of extended-spectrum beta-lactamase among E. coli infections during the COVID-19 pandemic in France[END_REF]. In community residents in Botswana, the percentage of Enterobacterales isolates resistant to carbapenems and extended-spectrum cephalosporins also reduced after lockdowns [START_REF] Mannathoko | Colonization with extended-spectrum cephalosporin-resistant Enterobacterales (ESCrE) and carbapenem-resistant Enterobacterales (CRE) in healthcare and community settings in Botswana: an antibiotic resistance in communities and hospitals (ARCH) study[END_REF]. Conversely, using shotgun metagenomics on fecal samples, Peng et al. showed a decrease in Actinobacteria richness in the microbiota of healthy adults from Hong-Kong and an increase in resistance genes against 𝛽-lactam antibiotics during the first wave of the pandemic compared to a pre-pandemic period [START_REF] Peng | Gut microbiome and resistome changes during the first wave of the COVID-19 pandemic in comparison with prepandemic travel-related changes[END_REF]. Regarding pandemic impacts on microbiome composition, one simulation study suggests that lockdowns and associated reductions in mobility and human contact (informed by Portuguese mobility data) may have led to reductions in the diversity of antibiotic resistance genes found in the human microbiome [START_REF] Rebelo | COVID-19 lockdowns may reduce resistance genes diversity in the human microbiome and the need for antibiotics[END_REF]. Such disruptions to human microbiota may have further downstream impacts on colonization resistance and the propensity for antibiotic-resistant bacterial symbionts to transmit [START_REF] Finlay | The hygiene hypothesis, the COVID pandemic, and consequences for the human microbiome[END_REF][START_REF] Smith | Microbiome-pathogen interactions drive epidemiological dynamics of antibiotic resistance: A modeling study applied to nosocomial pathogen control[END_REF].

Relative to data on AMR trends in the community since the emergence of COVID-19, data on antibiotic prescribing in primary care are more widely available. Globally, community antibiotic prescribing dropped during the first year of the COVID-19 pandemic compared to the pre-pandemic period. In Europe, antibiotic consumption decreased by almost 20% in 2020 compared to 2019 [START_REF] Högberg | Decrease in community antibiotic consumption during the COVID-19 pandemic, EU/EEA[END_REF], with heterogeneity between countries and antibiotic classes. Similar temporal trends were observed in England [START_REF] Hussain | Impact of the COVID-19 pandemic on the prescribing patterns of first-line antibiotics in English primary care: a longitudinal analysis of national prescribing dataset[END_REF], Canada [START_REF] Mamun | Community antibiotic use at the population level during the SARS-CoV-2 pandemic in British Columbia, Canada[END_REF], the United States [START_REF] Buehrle | Trends in outpatient antibiotic prescriptions in the United States during the COVID-19 pandemic in 2020[END_REF], China [START_REF] Zhang | The impact of COVID-19 on primary health care and antibiotic prescribing in rural China: qualitative study[END_REF], South Korea [START_REF] Ryu | Decreased use of broadspectrum antibiotics during COVID-19 epidemic in South Korea[END_REF] and New Zealand [START_REF] Duffy | The impacts of New Zealand's COVID-19 epidemic response on community antibiotic use and hospitalisation for pneumonia, peritonsillar abscess and rheumatic fever[END_REF]. These trends may largely be explained by reduced incidence of seasonal respiratory tract infections, and reduced primary care consultations [START_REF] Andrews | Respiratory antibacterial prescribing in primary care and the COVID-19 pandemic in England, winter season 2020-21[END_REF][START_REF] Homeniuk | How COVID-19 has affected general practice consultations and income: general practitioner cross-sectional population survey evidence from Ireland[END_REF]. On the other hand, the advent of telemedicine, pandemic-related patient stress, and antibiotic demand may have to a certain extent mitigated reductions in prescribing owing to reduced consultation [START_REF] Hsu | How covid-19 is accelerating the threat of antimicrobial resistance[END_REF]. In a global analysis of antimicrobial sales, Khouja et al. found that antibiotic consumption initially increased by approximately 7% in March 2020, prior to subsequent declines through to August 2020 [START_REF] Weill | Usage des médicaments de ville en France durant l'épidémie de la Covid-19 -point de situation jusqu'au 25 avril 2021[END_REF]. Furthermore, while overall prescribing may have decreased, prescription of specific antibiotics has increased, particularly those associated with COVID-19 prophylaxis. For instance, community consumption of azithromycin increased during the first year of the pandemic in multiple countries [START_REF] Weill | Usage des médicaments de ville en France durant l'épidémie de la Covid-19 -point de situation jusqu'au 25 avril 2021[END_REF][START_REF] Parveen | Evidences on irrational anti-microbial prescribing and consumption among COVID-19 positive patients and possible mitigation strategies: a descriptive cross sectional study[END_REF][START_REF] Bogdanić | Azithromycin consumption during the COVID-19 pandemic in Croatia[END_REF]. Several studies have now characterized the wide range of antibiotics provided as prophylaxis to both mild and severe COVID-19 patients in 2020 [START_REF] Cong | Antimicrobial Use in COVID-19 patients in the first phase of the SARS-CoV-2 pandemic: a scoping review[END_REF][START_REF] Adebisi | The use of antibiotics in COVID-19 management: a rapid review of national treatment guidelines in 10 African countries[END_REF], though it remains unclear to what extent prophylaxis is appropriate for prevention of bacterial coinfection in COVID-19 patients, particularly for mild cases treated in the community. Therefore, testing different scenarios with both increases and decreases in antibiotic use seems appropriate due to spatial and temporal heterogeneity in impacts of COVID-19 on antibiotic exposure, especially considering that over time, many trends in antibiotic consumption observed early in the pandemic may have reversed or returned to the pre-pandemic baseline.

Our model simulations show that antibiotic resistance rates increase with surges in SARS-CoV-2 infections when there is a corresponding increase in prophylactic antibiotic use, as expected, but that lockdowns can mitigate this increasing trend to some degree. One promising outcome of scenarios that assume a decrease in antibiotic prescribing is that increases in antibiotic resistance were minor (Fig 3B, S2 and S5), while changes in resistant IBD incidence were either negligible or negative (Fig 3C). Conversely, surges in overall antibiotic prescribing during SARS-CoV-2 outbreaks, as reported in certain regions and pandemic periods, may cause substantial increases in resistance rates and the total incidence of disease due to antibiotic-resistant strains. In these analyses, for simplicity we simulated lockdowns and modifications of antibiotic prescribing lasting for a single 90-day period. Real-life scenarios are significantly more complicated and may involve multiple alterations of these factors at different points in time and heterogeneity across populations (e.g., prescribing increases in some demographic groups and decreases in others). Over longer timescales, and in the context of successive COVID-19 outbreaks with heterogeneous public health responses and impacts on human behavior, it is unclear exactly how levels of resistance and burden of disease may be expected to evolve. SARS-CoV-2 bacterial coinfection has been reported relatively rarely over the course of the pandemic, suggesting that most COVID-19 patients probably do not require antibiotic therapy [START_REF] Langford | Bacterial co-infection and secondary infection in patients with COVID-19: a living rapid review and meta-analysis[END_REF][START_REF] Garcia-Vidal | Incidence of co-infections and superinfections in hospitalized patients with COVID-19: a retrospective cohort study[END_REF][START_REF] Karami | Few bacterial co-infections but frequent empiric antibiotic use in the early phase of hospitalized patients with COVID-19: results from a multicentre retrospective cohort study in The Netherlands[END_REF], although extensive antibiotic prophylaxis may have limited observed co-infection incidence. The inflammatory immune response resulting from COVID-19 likely predisposes patients to subsequent progression to IBD to some extent [START_REF] Sender | Virus-induced changes of the respiratory tract environment promote secondary infections with Streptococcus pneumoniae[END_REF], but antibiotic use may also favor progression to IBD for patients colonized with drug-resistant strains [START_REF] Baggs | Risk of subsequent sepsis within 90 days after a hospital stay by type of antibiotic exposure[END_REF]. The results presented here (Fig 4) suggest that such overlapping within-host interactions could have important consequences for the resistant IBD incidence during COVID-19 waves, especially in the elderly and high-risk groups. Future studies are needed to better understand the magnitude of these interactions for S. pneumoniae and other commensal, facultatively pathogenic bacteria [START_REF] Wong | The interactions of SARS-CoV-2 with co-circulating pathogens: Epidemiological implications and current knowledge gaps[END_REF].

Emerging SARS-CoV-2 variants, with varying transmissibility and severity, may be expected to have variant-specific impacts on AMR, especially in the context of the tightening and loosening of community control measures and their extensive heterogeneity both within and between countries. The highly heterogeneous distribution of diverse SARS-CoV-2 vaccines presents an additional mechanism that may further complexify interactions between antibiotic consumption, community control measures, circulating SARS-CoV-2 variants, and their cumulative impacts on antibiotic resistance. In our simulations, we used SARS-CoV-2 parameter values characteristic of the wild type or ancestral strain with R0 = 2.5 [START_REF] Sharma | Emerging evidence on Omicron (B.1.1.529) SARS-CoV-2 variant[END_REF][START_REF] Liu | The reproductive number of COVID-19 is higher compared to SARS coronavirus[END_REF] and in the absence of population immunity, best reflecting epidemiological dynamics from early in the pandemic. However, successive SARS-CoV-2 variants of concern, most notably Alpha, Delta, Omicron, and most recently Omicron sub-lineages BA.4 and BA.5 [START_REF] Ecdc | SARS-CoV-2 variants of concern as of 15 July 2022[END_REF], are highly variable in their transmissibility, and evade to some degree the immune protection induced by prior infection and/or vaccination, especially if it has waned over time. Our analysis demonstrates that these viral parameters may affect how SARS-CoV-2 outbreaks impact antibiotic-resistant IBD incidence at the community level and shows how increasing SARS-CoV-2 R0 values may exacerbate impacts of COVID-19 on antibiotic resistance, while increasing population immunity may mitigate them (Fig 5). However, the overall impacts of COVID-19 on AMR are difficult to predict, likely vary over the short, medium, and long term, and depend on the specific organism and setting considered.

Our model has focused on the general community, yet COVID-19 has had distinct impacts on AMR in other settings, particularly in hospitals and long-term care facilities. In these settings, an extensive antibiotic use in COVID-19 patients and disruption of antibiotic stewardship programs may have predisposed patients and healthcare workers to increased antibiotic-resistant carriage. In a meta-analysis conducted on studies published up to June 2020 [START_REF] Monnet | Will coronavirus disease (COVID-19) have an impact on antimicrobial resistance?[END_REF], an estimated 68-81% of patients hospitalized with COVID-19, and 74-94% of patients in intensive care, were treated with antibiotics. While hospital disorganization due to the COVID-19 pandemic may have led to decreased antibiotic resistance surveillance and detection promoting the dissemination of resistant organisms through rooms and wards, an implementation of antibiotic stewardship programs, as soon as March 2020, patient isolation, and an extensive use of personal protective equipment (PPE) have mitigated this increase [START_REF]COVID-19: U.S. Impact on antimicrobial resistance, special report 2022[END_REF][START_REF] Monnet | Will coronavirus disease (COVID-19) have an impact on antimicrobial resistance?[END_REF][START_REF] Henig | Antibiotic use during the COVID-19 pandemic in a tertiary hospital with an ongoing antibiotic stewardship program[END_REF][START_REF] Seaton | Survey of antibiotic and antifungal prescribing in patients with suspected and confirmed COVID-19 in Scottish hospitals[END_REF][START_REF] Van Laethem | Antibiotic prescriptions targeting bacterial respiratory infections in admitted patients with COVID-19: a prospective observational study[END_REF]. Models dedicated to the analysis of such impacts in the hospital could bring a better understanding of the specificities of different settings on the contribution of COVID-19 to the antibiotic resistance burden [START_REF] Smith | Collateral impacts of pandemic COVID-19 drive the nosocomial spread of antibiotic resistance[END_REF].

We present here the first epidemiological model describing how the ongoing COVID-19 pandemic may have and may continue to influence the epidemiological dynamics of AMR in the community setting. Because this work was intended as a theoretical framework, we aimed at developing the simplest model possible. Nonetheless, an important limitation of our model is the lack of age structure, as SARS-CoV-2 infection risk, IBD risk, disease severity, bacterial carriage prevalence and antibiotic prescribing are all highly heterogeneous across age groups. Our model was also structured and parameterized based upon S. pneumoniae, limiting interpretation for other important community-associated bacteria such as E. coli, as their epidemiological and natural history characteristics differ substantially (e.g., differences in the within-host ecological niche, duration of colonization, baseline carriage prevalence). Nonetheless, by modulating model compartments and parameter values as necessary, our model could be applied to a wide variety of bacteria and epidemiological scenarios in the community (e.g., impacts of SARS-CoV-2-bacteria interactions in the context of seasonal outbreaks of endemic pathogens). Future work would benefit from fitting such a model to real-world data on AMR trends from different bacterial species. Although such data are currently lacking, especially in community settings, longitudinal microbiome sequencing in the context of ongoing SARS-CoV-2 outbreaks may facilitate better understanding of the impacts of COVID-19 on the transmission of antibiotic resistance into the future.

In conclusion, our work demonstrates how, in the case of delayed or limited data, a mathematical modeling approach can be useful to explain and anticipate how different COVID-19 pandemic responses may be expected to have impacted epidemiological dynamics of AMR in the community. Our model successfully captured the main trends of antibiotic resistance and IBD incidence observed in Europe in 2020 for S. pneumoniae. However, not all countries reported increases in AMR rates, and such inter-country heterogeneity may be attributed to other pandemic factors not directly implemented or assumed in model scenarios, such as different adherence to COVID-19 control measures, including impacts on disease surveillance and data reporting during the pandemic. In the current context where data remain limited and more studies are required to evaluate the consequences of the pandemic on the global burden of AMR, mathematical modeling remains an indispensable tool in helping improve our understanding of the complex, overlapping links between COVID-19 and the epidemiology of antibiotic resistance.

Methods

Streptococcus pneumoniae surveillance data

For antibiotic resistance trends reported in 2019 and 2020, we used data from EARS-Net (European Antimicrobial Resistance Surveillance Network) acquired from a joint 2022 report on antimicrobial resistance during 2020 by World Health Organization (WHO) and European Centre for Disease Prevention and Control (ECDC) [START_REF]Antimicrobial resistance surveillance in Europe 2022 -2020 data[END_REF]. The annual incidence of S. pneumoniae invasive isolates for 2019 and 2020 was measured as the number of isolates from blood or cerebrospinal fluid. The proportion of resistant isolates represents the proportion of isolates with phenotypic resistance to penicillin and macrolides using standardized bacterial culture methods and EUCAST breakpoints. Out of 28 European countries that reported antibiotic resistance data, 24 countries had a sufficient number of samples to establish 2019-2020 resistance trends for penicillin and macrolides.

Developing a co-circulation model of SARS-CoV-2 infection and pneumococcal carriage

We developed a pathogen co-circulation model written using systems of ordinary differential equations (ODEs) (see Supplementary Information S2 for full model description and equations and R files available online at https://github.com/alekskovacevic/antibiotic_resistance). The model simultaneously describes potential infection with SARS-CoV-2 and colonization with antibioticsensitive and/or -resistant strains of a commensal respiratory bacterium in a well-mixed community population. SARS-CoV-2 infection is modeled by a Susceptible-Exposed-Infectious-Recovered (SEIR) process where individuals become infected with SARS-CoV-2 at rate 𝛽 " upon contact with other infectious individuals. Infection begins with a non-infectious exposed period lasting 𝛼 -1 days and is followed by an infectious period lasting 𝛾 # -1 days, eventually leading to recovery and immunization against future re-infection. Waning immunity and competitive multistrain SARS-CoV-2 dynamics are not considered, since we are interested in the impact of a single COVID-19 wave on bacterial carriage and IBD disease dynamics (Supporting Information S2. [START_REF] Brueggemann | Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data[END_REF]Fig S1).

Individuals in S, E, I, and R compartments can be uncolonized with the focal bacterial species (U), colonized with either a drug-sensitive (C S ) or a drug-resistant strain (C R ), or cocolonized with both strains (C SR ). Colonization with each respective strain is acquired at rates 𝛽 $ and 𝛽 % upon contact with other colonized individuals (Supporting Information, Table S2). We assume a metabolic cost of resistance c, whereby the drug-resistant strain has a reduced intrinsic transmission rate relative to the drug-sensitive strain, 𝛽 % = 𝛽 $ (1 -𝑐). Bacterial carriage is cleared naturally after an average duration of 𝛾 & -1 days. We further assume that some share of the population is exposed to antibiotics at any given time, independently of bacterial carriage, with individuals initiating antibiotic therapy at rate 𝜏, which lasts for an average duration of d days. Individuals exposed to antibiotics are unable to acquire the sensitive strain. Antibiotics are assumed to clear colonization with sensitive strains at a rate 𝜔 while having no direct impact on colonization with resistant strains. This bacterial colonization process results in antibiotic selection for resistance via competition for limited hosts, facilitates epidemiological coexistence between strains and is adapted from previous models of S. pneumoniae [START_REF] Colijn | What is the mechanism for persistent coexistence of drug-susceptible and drug-resistant strains of Streptococcus pneumoniae?[END_REF][START_REF] Mulberry | Systematic comparison of coexistence in models of drug-sensitive and drug-resistant pathogen strains[END_REF]. We base both bacterial and antibiotic use model parameters on values estimated from prior studies using French data (Supporting Information, Table S2).

Simulating pandemic scenarios

First, assuming that the bacteria under study are endemic, ODEs were integrated numerically using the R package deSolve to simulate and quantify epidemiological dynamics [START_REF] Soetaert | Solving Differential Equations in R: Package deSolve[END_REF]. Bacterial dynamics were simulated until endemic equilibrium was achieved. Second, using equilibrium states as initial conditions, two SARS-CoV-2 infected cases were introduced into the population on day 0 (t=0), simulation time was re-initialized to t=0, and ODEs were again integrated numerically to t=365 days across each pandemic scenario. Parameter values used for simulation were taken from prior studies prioritizing French data and are provided in Table S2, Supporting Information. Each scenario involved the modification of epidemiological parameters across the entire population for a 90-day period starting on day 120 in response to a surge in COVID-19 cases (see Table S3, Supporting Information). Two such modifications were considered separately and in combination: changes in population-wide antibiotic initiation rate by a factor a (representing modified healthcare-seeking behavior and/or prescribing behavior), and changes in pathogen transmissibility by a factor 𝜃 ' (representing population-wide lockdowns). In the absence of lockdowns, all scenarios (S0, S1, S2) lead to reduced total IBD incidence, but increased antibiotic-resistant IBD incidence in some scenarios and decreased incidence in others. Bars labelled "prepandemic" represent cumulative 90-day and annual IBD incidence (per 100,000) assuming pre-pandemic scenario with no SARS-CoV-2 circulating in the population. 
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 2 Figure 2. A modeling framework for the selection and transmission of antibiotic-resistant bacteria in the community incorporating responses to the first wave of the COVID-19 pandemic. (A) The COVID-19 pandemic impacts modify community antibiotic prescribing and pathogen transmission. (B) Diagram depicting the main epidemiological processes included in the model, including SARS-CoV-2 infection, bacterial colonization, and antibiotic prescribing. Antibiotic initiation is assumed independent of bacterial carriage, reflecting widespread bystander selection for commensal bacteria like S. pneumoniae. (C) Pandemic scenarios (S0-S5) included in the model and implemented over a 90-day period combine factors leading to modifications in community antibiotic prescribing relative to the pre-pandemic period (no change/ increase/ decrease) and modifications in pathogen transmission due to presence or absence of lockdown. Quarantine and use of antibiotic prophylaxis assumed for a portion of symptomatic COVID-19 cases in all scenarios.
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 3 Figure 3. Impacts of pandemic scenarios on bacterial carriage, rates of antibiotic resistance, and incidence of invasive bacterial disease (IBD) in the community setting. (A) Dynamics of bacterial carriage and SARS-CoV-2 infection. Scenarios without lockdown implementation (S0, S1, S2) lead to a decrease in antibiotic-sensitive and an increase in antibiotic-resistant bacterial carriage. In scenario S2, reductions in overall community antibiotic prescribing are counteracted by the surge in individuals receiving antibiotic prophylaxis for COVID-19, resulting in a limited overall impact on bacterial epidemiology. Lockdown scenarios (S3, S4, S5) substantially reduce the prevalence of bacterial colonization. Highlighted time intervals (days 120-210) represent the 90-day period when lockdown and antibiotic use modifications were put in place. SARS-CoV-2 is introduced at initial time t=0. (B) Rate of antibiotic resistance over time. All scenarios are accompanied by an increase in the antibiotic resistance rate with a generally smaller magnitudes of increase in lockdown scenarios. A surge in community antibiotic prescribing coincident with the SARS-CoV-2 outbreak results in the greatest increase in antibiotic resistance rate (S1), which is somewhat controlled with lockdown implementation (S4). (C) Change in the cumulative IBD incidence over 90 and 365 days. Surge in the community antibiotic prescribing coincident with SARS-CoV-2 outbreak results in the greatest increases in the annual antibiotic-resistant IBD incidence (S1). Lockdown scenarios substantially reduce IBD incidence for both strains of bacteria.
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 4 Figure 4. Within-host interactions favor the incidence of antibiotic-resistant invasive bacterial disease (IBD) across pandemic scenarios. (A) Impacts of ecological interactions. When SARS-CoV-2 infection leads to faster progression from bacterial colonization to disease (ψc>1), surges in COVID-19 cases lead to a greater daily incidence of antibiotic-resistant IBD, except in the context of lockdowns that dramatically reduce both the number of COVID-19 cases and bacterial colonization. (B) Impacts of antibiotic interactions. When antibiotic exposure leads to faster progression from antibiotic-resistant bacterial colonization to disease (ψa>1), surges in COVID-19 cases also lead to a greater daily incidence of antibioticresistant IBD, but to a smaller degree. Note different scales for y-axis in panels A and B. (C) Annual change in cumulative IBD incidence due to synergistic within-host ecological interactions. In the absence of lockdown (scenarios S0, S1, and S2), SARS-CoV-2 outbreaks increase annual antibioticresistant IBD incidence compared to the pre-pandemic period (6.26 cases per 100,000 inhabitants). If pathogen interaction strength is high (>85), total antibiotic-resistant IBD incidence increases even with lockdown implementation. (D) Annual change in cumulative IBD incidence due to within-host antibiotic interactions. Compared to the impacts of ecological interactions, impacts of within-host antibiotic interactions on annual change in antibiotic-resistant IBD incidence are smaller, but still noteworthy.

Figure 5 .

 5 Figure 5. Annual cumulative incidence of antibiotic-resistant invasive bacterial disease (IBD) across different levels of R0 for SARS-CoV-2 (x-axis) and population immunity against SARS-CoV-2 at simulation outset (y-axis) in scenario S0 (no lockdown, no changes in the antibiotic prescribing). The cumulative incidence of antibiotic-resistant IBD increases with the increasing values of R0 for SARS-CoV-2 and decreases with the proportion of the population immunized against SARS-CoV-2 infection. The red square indicates baseline antibiotic-resistant IBD incidence when there is no SARS-CoV-2 circulating in the population and there is no immunity. R0 estimates for different SARS-CoV-2 variants of concern (Wuhan, Alpha, Delta, and Omicron) are also depicted [63,64,75,76].
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