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Summary

Antimicrobial resistance (AR) continues to be a growing threat globally, specifically in healthcare
settings where antimicrobial resistant pathogens cause a substantial proportion of healthcare-
associated infections (HAIs). Next generation sequencing (NGS) and the analysis of the data
produced therein (i.e., bioinformatics) represent an opportunity to enhance our capacity to address
these threats. The 3™ Infection Prevention and Control (IPC) Think Tank brought together experts
to identify gaps, propose solutions, and set priorities for the use of NGS for HAl/antimicrobial
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resistant pathogens. The major deliverable from this meeting was a proposed framework for
implementing sequencing of HAI pathogens, specifically those harboring AR mechanisms with
the following critical components: wet lab quality, sequence data quality, database and tool
selection, bioinformatic analyses, data sharing, and NGS data integration to support public
health and IPC actions. Here we detail the framework and discuss in the context for global
implementation, specifically in low- and middle- income countries.

[. Introduction

Antimicrobial resistance (AR) remains a critical global health crisis.} Healthcare settings
serve as amplifiers of both antimicrobial resistant and healthcare-associated infection (HAI)
pathogens through transmission within and across healthcare networks, where selective
pressure from antimicrobials is high.2=* Over the last decade, next generation sequencing
(NGS) and bioinformatic analyses of HAI pathogens and AR have increased, informing
surveillance, outbreak responses, and infection prevention and control (IPC) efforts.>
Healthcare-associated bacterial pathogens represent a quantitatively staggering and diverse
spectrum of genera. Worse, these pathogens can harbor complex genetic elements, including
AR, biocide, and other virulence determinants, that can be highly transmissible (e.g., via
mobile genetic elements). Although these represent a formidable challenge to the application
of NGS for HAl/antimicrobial resistant pathogens, once overcome, NGS will usher in
advantages of granular understanding of how those infections spread, their reservoirs, and
optimal mitigation measures. These advantages will support global efforts (e.g., national and
regional surveillance), local practices (e.g., healthcare facility IPC and healthcare network
quality), and clinical diagnostic applications.®

As with most healthcare-related challenges, increased complexity requires increased
cooperation for interventions to succeed. NGS and bioinformatics innately bring complexity
and variability to their applications, and there are many components that need to coalesce
for NGS to be useful in IPC and beyond. Given all we have learned to date, it is critical

to continue advancing new ideas while applying shared guiding principles and frameworks
for IPC and NGS. Thus, after a series of pre-meetings in Summer 2021 with over 60
experts with backgrounds in genomics, bioinformatics, AR, molecular epidemiology, IPC,
microbiology, infectious diseases, and healthcare epidemiology, this groups convened at the
3" Geneva IPC Think Tank, 13-14 September 2021, to address this topic. To ensure we
were able to address global implementation of NGS and bioinformatics for HAI pathogens
and AR, experts were invited from 16 countries (representing five continents: Asia, Africa,
Europe, North America, and South America), including those residing and/or working in
low- and middle- income countries (LMICs). The objectives were to explore the role of
NGS and bioinformatics in detecting and responding to HAI pathogens and AR, continue
to define IPC research and public health priorities related to these topics for the coming
years, streamline resources, and advance standards of practice for their use in public health
and healthcare. The structure of the 1.5-day meeting comprised multiple sessions where
several experts provided a landscape overview or pro/con discussion of a topic to set the
stage for moderated discussion. The following serves as a synthesis of perspectives from
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the pre-meetings, Think Tank meeting, as well as of literature and advancements in the
intervening period since the convening.

Applications and Challenges

NGS and bioinformatics have the potential to add new dimensions to our public

health capabilities, particularly in healthcare IPC and for local and global IPC and AR
detection and tracking. However, in considering the diversity, complexity, and burden

of HAI pathogens, the use of genomic science for HAIS/AR pathogens must be fit-for-
purpose according to the needs of the users, as opposed to one-size-fits-all.” For

the purposes of discussion, applications of NGS for IPC can be categorized based on
how sequencing is used: 1) individual diagnostics for patient management, 2) outbreak
response®’:9, and 3) surveillance® and with respect to when sequencing is performed:

1) prospective sequencing?®11 (i.e., sequence everything or a targeted set of pathogens
before other laboratory testing), or 2) retrospective sequencing®? (figure 1). These are
not discrete categories but scalable; different approaches may be selected based on many
factors, including the objectives, patient population, resources available, local and regional
epidemiology.’

Although sequencing in healthcare and for IPC remains at present mainly a research tool,
there are increasing examples of its use and benefits in healthcare settings.>13 There might
be a day when it can replace the current standard identification and antibiotic susceptibility
testing (AST) tools/methods, though AST will require both qualitative and quantitative
NGS interpretations (i.e., to predict antibiotic susceptibility phenotype from genotype).14
Furthermore, for NGS to be useful for IPC and healthcare improvement, consistency

and comparability of methods and reporting, broad collaboration across institutions and
communities, and appropriate, accessible infrastructure will be required (figure 2).

To date, the application of NGS/bioinformatics has been primarily retrospective or reactive
to signals noted through other laboratory testing or astute healthcare staff and for public
health rather than diagnostic purposes. Sequence-first strategies in healthcare settings, which
rapidly generate and analyze genomes for all HAIs before or without any other laboratory
testing towards mitigating (rather than merely identifying) outbreaks, have not been well-
studied,>1% in part due to cost, resource-pull, and timeliness. Costs include staff and
resources required to stand up and maintain the system. Staffing is particularly challenging
in public health laboratories; public health departments are already overextended, often lack
bioinformatic-specific job series to aid in recruitment and are challenged to match salaries
industry can provide individuals with bioinformatics technical knowledge. Therefore, there
are concerns regarding cost-effectiveness and return on investment.16:17 Although costs have
improved, a blanket sequence-first approach remains unrealistic in most healthcare facilities
or country settings, particularly in LMICs.18 As groups are deciding whether to move to

a prospective sequencing approach for outbreak detection%.11, the framework of outbreak
detection and response must change as IPC actions become driven by genetic surveillance.
(figure 3) However, polyclonal and multi-species HAI outbreaks!® or promiscuous mobile
genetic elements harboring AR genes!? may be missed if prospective sequencing is not
attentive to the entire genetic landscape, not solely strain-based inclusivity/exclusivity
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(supplemental page 1). Although currently an outbreak often is detected through traditional
epidemiologic or laboratory methods, which are significantly less costly and faster to
implement, prospective sequencing may ultimately prevent or better mitigate healthcare
outbreaks, detect outbreaks that are not otherwise suspected, and refute suspected outbreaks
that are not what they seem.10 These also generate a wealth of data, which, if able to be
meaningfully analyzed in a timely way, can be valuable for continuous surveillance, locally
and globally.

Lastly, effective use of NGS requires a workforce of bioinformaticians. Many working

in bioinformatics are drawn to this field to innovate - developing novel approaches to
interpret complex data and identify emerging or new genetic signatures, AR genes, or other
virulence factors. Challenges in bioinformatician recruitment and retention are ubiquitous
but even more difficult in LMIC settings, where the pool is smaller and “brain drain’
abounds. Although such innovation is necessary, comparable data, e.g., using standardized
tools and curated databases, complying with regulatory requirements, are requisite for many
public health and healthcare use cases. Therefore, it remains vital to balance the needs

for standardization and innovation, as both are critical for public health and IPC success.

A recent example includes the novel implementation of machine learning and artificial
intelligence, which will likely be critical as sequencing/bioinformatics is implemented

in healthcare settings.1! Supplemental page 2 provides a high-level summary of selected
barriers and solutions discussed during the meeting (i.e., not comprehensive)

Best Practices for Implementation Framework

Reproducibility/Standards/Comparisons

One of the greatest barriers to leveraging the power of NGS data for HAl/antimicrobial
resistant pathogens is the lack of global standards. To maximize epidemiologic impact, we
must be able to compare all aspects of the process, from DNA extract quality to instrument
performance, raw data generated, genome assembly, and data sharing. Table 1 includes
quality metrics for data generation and interrogation, with a focus on metrics and parameters
that can be agreed upon to indicate high-quality data and what data and analytic outputs are
critical for IPC action.

Wet Lab Processes and Sequencing Data: Given the complexity of sequencing and
the diversity of HAI/AR bacterial pathogens, establishing minimum quality metrics is not as
straightforward as a single metric. Leveraging multiple metrics to understand sequencing run
quality provides a more complete assessment (table 1). Individual laboratories generating
sequence data must validate wet lab methods locally and understand the use of controls

to monitor the performance of a given sequencing run. Processes to check for sample
contamination, quality of reads, cluster density, lack of contamination in the negative
control, number of contigs, and expected species based on phenotypic results are all

critical to address in such a plan. In addition, tracking run quality longitudinally can

help identify subtle declines in instrument performance and wet lab processes. Sequencing
data quality checks are critical, particularly for long-read platforms where error rates

have been historically higher than short-read platforms, though they are improving.
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Finally, understanding the amount of DNA fragmentation that occurs during extraction is
also critical for the analysis of mabile genetic elements where genomic context is key

to understanding the transmission and/or spread of AR gene-harboring mobile genetic
elements. In line with a quality control plan, it follows to utilize multiple components
together to assess each run.20:21

Bioinformatic Analyses: Gene identification: Bioinformatic analysis standards may
be the most diverse and problematic of the entire sequencing workflow. Even the presence/
absence of a given gene, which appears straightforward, remains complex — setting
thresholds for percent coverage and identity, comparison database selection, etc., does

not lend itself to a binary result (i.e., positive vs negative). Clinical and IPC applications

of NGS require robust, validated, version-controlled bioinformatics tools and databases.
Further, AR gene databases must be curated, maintained, and should only include clinically
significant AR genes, as exemplified by the mcr-9 gene, subsequently discovered to not
actually confer colistin resistance.22 Confirming clinically relevant genes and validating all
resistance phenotypes is a slow but necessary process. Re-validation of all tools and/or
datasets after any updates, in particular for open-source tools, is not always realistic for
real-time implementation (e.g., outbreak response).23 Despite these challenges, sequence
data have an important strength that traditional laboratory tests generally lack. Stored and
historical sequence data are readily available for re-analysis as new threats (e.g., AR genes,
virulence genes) are identified. These data allow for improved understanding of how and
when resistance may have emerged and spread, reconstructing outbreaks, and helping to
predict future threats.24

Bioinformatic Analyses: Phylogenetics and Relatedness: For phylogenetic
analyses to inform the relatedness of isolates on local, regional, or global levels, method
selection is key. Phylogenetics is a challenging area for standardization as the tools and
methods are contextual to the questions being asked and the selected dataset and involve
differing computational parameters/assumptions. Methods must evolve along with and/or
in response to the biology, epidemiology, and computational advances. High quality single
nucleotide variant (hgSNV) analyses are appropriate to determine relatedness at the most
granular level of a relatively small number of isolates hypothesized to be related (e.g.,
outbreak/cluster investigations). Larger datasets and/or isolates spanning longer periods
(e.g., years) and/or larger geography (e.g., surveillance efforts) may benefit from less
granular methods (e.g., k-mer- or Minhash-based approaches, multilocus sequence typing
[MLST], core genome or whole genome MLST [cgMLST, wgMLST]) to produce a
genomic landscape.?> Although not all HAI bacterial pathogens have established cgMLST
or wgMLST schemes, this approach also allows for rapid assessment of large isolate sets to
identify potential “hotspots” where subsequent granular (i.e., hqSNV) analyses are needed.
This approach may consequently save time and computational needs by bridging the global-
local paradigm.

Thresholds (e.g., hgSNV cut-offs) for clonal relatedness are not currently established for
most HAI pathogens. Although standards for what defines relatedness at the outbreak-
level have been proposed, these will not necessarily apply broadly to all bacterial
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species or across methods.26-28 Thresholds must consider expected species-level diversity,
evolutionary variation in strains (i.e., molecular clock), the analytic approach, reference
selection,?? and proportion of the genome analyzed.” Development of thresholds should
also consider the possibility of missed links in the transmission pathway (e.g., unidentified
reservoirs). Especially in healthcare settings, even prospective sequencing of only clinical
isolates will miss environmental, device, and other reservoirs that are often critical steps

of the transmission pathway and need to be remediated to halt infections. Finally, some
outbreaks occur over days to weeks, while others occur over months to years.1930 There

are many phylogenetic standardization challenges and thresholds that need to be sufficiently
robust to withstand these pathogen, host, and environmental factors.

Running all sequence data through the same or a centralized workflow and/or bioinformatics
pipeline would facilitate comparisons. However, this may not be realistic or simple. For
example, individual groups have invested significant time and resources in developing and
optimizing pipelines within their group and may be reluctant to adopt a different pipeline,
which may not be as optimal for their group, and there may be perceived and/or actual
performance differences. Though not a complete solution, collections of high-quality, highly
curated specimens support not only the comparison of wet and dry lab approaches across
laboratories but also assure accuracy and reproducibility within a single laboratory.31:32
(table 1) Designing and distributing a standard set of thoroughly characterized and curated
reference isolates for this purpose should be considered. Furthermore, if a centralized
workflow is implemented, care should be taken to ensure the data and bioinformatic outputs
and interpretations are fed back promptly to the submitters to connect with epidemiologic
and clinical data. Building an infrastructure that supports a complete communication loop is
critical as a source of data for action and to build and maintain collaborative relationship.
This infrastructure and the relationships will enhance our capacity to detect, characterize,
and respond to antimicrobial resistance locally and globally.

Low- and Middle-Income Countries (LMICs)

While the COVID-19 pandemic accelerated the use of NGS and bioinformatics for public
health and IPC, important limitations and challenges remain in LMIC settings, including
insufficient/substandard microbiology, resources, supply chains, data handling and sharing,
and expertise retention. Despite the potential value of NGS in LMIC settings,3* there are
many priorities for clinical diagnosis and IPC, as well as for public health, that may be
more pressing requirements, including those with more accessible solutions (e.g., rapid
point-of-care diagnostics) to support with limited resources.

There are important examples of LMIC sequence programs domiciled in national public
health institutes (e.g., NCID: National Institute for Communicable Diseases in South Africa,
RITM: the Research Institute for Tropical Medicine in The Philippines3® and INEI-ANLIS:
Argentina’s National Institute of Infectious Diseases), or operating with academic or private
institutions (often in high- and high-middle income countries (HMICs)) twinned with
national public health institutes (e.g., Nigeria,3* ACEGID: African Centre of Excellence

for Genomics and infectious Diseases,3® KEMRI: Kenya Medical Research Institute3?).
However, LMICs with sequencing capacity are too often centered at academic institutions
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rather than public health entities. Furthermore, where there are domestic programs, these
tend to be at national reference centers and, therefore, somewhat removed from healthcare
facilities battling to contain HAIs. Thus, these infrastructures can result in sequencing

that is done in isolation from infection prevention control or too focused on a particular
phenotype or other characteristic (e.g., convenience sampling, lacking rationale, missing
demographic data). NGS implementation efforts should support a public health-oriented
design.38 This includes building and maintaining important connections to ensure sequence
data and results are promptly shared from the sequencing groups to the submitting partners.
This infrastructure will enhance collaboration and strengthen the value of sequence data for
public health action.

Studies reporting sequencing data analyses from bacterial strains in LMICs are valuable as
surveillance efforts to assess the spread and landscape of major clones and may provide
critical data to further our understanding of transmission dynamics, including prevalence

in the community of pathogens that are typically healthcare-associated and vice versa.
Furthermore, improving the characterization of circulating pathogens in LMICs has a global
benefit, considering that pathogens cross borders freely with and without their human or
zoonotic hosts.

Although some sequencing platforms (e.g., Oxford Nanopore Technologies) are designed
to have a low barrier to entry, establishing the necessary NGS infrastructure in LMICs
may require specialized facilities, involve a considerable lag phase, and can be a struggle
to sustain. Many public health laboratories in LMICs lack molecular facilities; therefore,
there is a need for substantial investment in refurbishing existing laboratory infrastructure
to accommodate NGS requirements. Sequencing equipment is highly specialized and
expensive and must be installed, maintained, and managed at a high standard. Even

when financial resources are available to establish a facility, having ongoing resources

for procurement and servicing/maintaining of laboratory equipment is difficult.18 Because
sequencing allows for subtyping of a broad range of bacterial pathogens, shifting from
traditional methods to WGS can simplify clinical microbiology supply chains. However,
despite what should have been a clear advantage for LMICs in this regard, sequencing,
and consumables currently remain challenging to procure in many settings. Sequencing
workflows must often be housed in laboratories that are air-conditioned/temperature

and humidity-regulated, vibration-free, isolated from other laboratory procedures, with
reliable electrical supply (e.g., for freezers and refrigerators) and molecular-grade water
source(s), having information technology support, and physical access security (i.e.,
restricted access). Absent or intermittent internet connection will also constitute a problem
in using bioinformatics tools or databases, requiring the development of offline tools

and systems administration of local servers. In addition to a lack of continuous internet
access and electrical supply lapses, setting up the initial IT infrastructure and data-sharing
policies between local hospitals and/or governmental/academic partners remains a hurdle.
Outbreaks are often sizeable, spanning lengthy time-periods, and ensuring quality control
of sequencing and analysis across long periods may be difficult. However, these scenarios
are when sequencing can produce significant impact. NGS training and expertise in LMICs
continue to lag; retention of scientists, particularly bioinformaticians, in LMICs is also poor.
Accordingly, NGS programs should include train-the-trainer efforts, not only from HMIC
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partners but also South-South cooperation and upskilling.3%40 Each of these components is
a challenging standard to meet individually, let alone in concert, but as there are several
exemplars where they have been met, achieving NGS capacity is possible.

Once established, the current cost of NGS remains a significant barrier — most LMICs set

a very low ceiling (<10USD) for blood culture, which includes the blood culture bottle,
media, and other supplies and reagents for antibiogram profiling. This limits further genomic
efforts because a clinical isolate will not be available. Most LMIC hospitals are not fully
publicly funded; thus, the costs of diagnostic tests are deferred to the patient (or patient’s
relatives), who are often uninsured and resource constrained. Thus, any diagnostic test
becomes secondary to affording life-saving antibiotics.*! Discharge against medical advice
is common (~15%), with diagnostic/treatment costs being a significant factor. Therefore,
finding 40-50USD for isolate sequencing when patients’ average wage is at the world
poverty level is unrealistic.4142

Despite these challenges, there can be a valuable return on investment.1” For example,
detection and identification of geographically dispersed outbreaks related to a common
source that might otherwise not be linked, such as a contaminated medication, device,

or product.194344 |n all settings, but especially in resource-limited settings, successful
application of NGS should be through defining a priori use cases where sequencing
provides the most utility. For example, identifying multiple clusters with distinct
transmission pathways during a general increase of a particular pathogen, like carbapenem-
resistant Acinetobacter baumannii*® Furthermore, because data can be analyzed remotely,
bioinformatics tools and analysis pipelines can be more portable than traditional laboratory
infrastructure. Centralized sequencing in a national or regional reference laboratory would
also minimize excess costs. Therefore, any investment made in NGS programs will
necessarily address specific research questions and identify critical data gaps, furthering
our understanding of what IPC interventions are realistically affordable and sustainable.
Ultimately, however, in the context of limited resources, priorities should be directed to
strengthening IPC measures. Without these capacities, sequencing is not actionable.

IV. Discussion/Conclusion

Next generation sequencing will continue to grow in its utility and accessibility for

public health and IPC. Although traditional laboratory approaches remain critical and
NGS/bioinformatics does not represent a panacea, we have an important opportunity to
intentionally integrate NGS/bioinformatics into routine practice in effective and practical
ways. While many healthcare facilities, academic and private laboratories, and public health
institutions have established and maintained sequencing capacity, there remain barriers

to implementing and increasing the use of HAIl/antimicrobial resistant bacterial pathogen
NGS for public health and regional IPC. Resource burden, sustainability, and limitations
on standardization are often top of the list, underlining the need to ensure sequencing is
applied in a flexible, fit-for-purpose manner that matches the objectives to consistently
generate comparable high-quality data. Despite this, instances of public health institutions
implementing NGS/bioinformatics are growing. For example, the aforementioned RITM
in the Philippines3°46 and INEI-ANLIS in Argentina. In addition, the Norwegian Institute
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of Public Health NOR-WGS program (NOR-WGS)# and the US CDC AR Laboratory
Network.#8 Efforts such as these will facilitate concrete advancement in the implementation
of sequencing for public health.

NGS/bioinformatics for IPC must be more than academic; we must create opportunities
and systems to use sequence data and bioinformatic analyses to address pragmatic needs
for IPC and public health action. Bridging the gap between laboratory, clinical, IPC, and
epidemiology domains will enhance implementation. Each of these groups must bring their
expertise to the effort, but cross-training and continuing education to ensure all sides can
effectively communicate and leverage sequencing in the prevention and containment of
HAl/antimicrobial resistant pathogens is critical and remains an ongoing barrier to fully
implementing sequencing for IPC.

Other opportunities remain to be fully explored, including how NGS data can drive

our fundamental knowledge of healthcare and advance our capability to perform more
granular attribution analyses. Unlike other organisms, such as Mycobacterium tuberculosis,
prediction of phenotype from the genomic data remains a challenge specifically for HAI
pathogens but, when used appropriately, may be incredibly informative and support public
health as well clinical applications. Finally, in the coming years, discussions around
balancing data sharing and privacy, as well as the use of novel tools versus standard
methods, will be critical.

These discussions could not provide all the answers, but they aim to foster continued
discussion and energy in the effort to implement meaningful NGS/bioinformatics for IPC
and combat HAIs and AR. These tools will only continue to advance and evolve. We

must find creative approaches to ensure that the need for perfection does not derail current
opportunities to leverage NGS/bioinformatics as another tool for preventing infections and
saving lives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Sliding scale of NGS Applications. *Indicates public health interface and utility is
applicable for more than one purpose. Acronyms: Antimicrobial resistance (AR); Core
genome multilocus sequence typing (cgMLST); High quality single nucleotide variant
(hgSNV); Identification (ID); Infection prevention and control (IPC)
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Gith Standard interpret results in
Genomic and context

turnaround  Pipeline(s) for Surveillance
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that quality check compara - | )
supports and initial analyses and . t;omtpuntng interventions
e esuiis reporting infrastructure based on
genomic

epidemiology

Considerations _ Clostridioides difficile as example

e i =B d[ <8 Data integration and management which Clostridioides difficile is not unusual, but a cluster

alerts IPC to unusual patterns of cases would be

Microbiology Microbiology laboratory prospectively C. difficile is not typically cultured in most
sequencing isolates or, if not possible, labs making this an especially challenging organism
saves specific, high priority isolates from a logistics standpoint (i.e., labs would have to

identify and purify/grow the isolate in culture)

Strain diversity If the same strains are found in both For some pathogens, the same strains are
community and healthcare, it may predominant in the community and healthcare,
be challenging to use WGS data to but this is not often true for C. difficile

differentiate between importation and
transmission

LCTGETCILERA A Need results and analysis in an actionable  Results must be available in real-time to be
timeframe relevant for IPC decision-making and action

Reliable Both wet lab and dry lab processes Lab and computing infrastructure can process
sequencing are standardized to be useful to isolates reliably, as too many “inconclusive” results
inform interventions can erode trust in the utility/application

IPC Intervention Defining how genomic results and genomic  Often, results are not necessary to initiate
epidemiology findings would alter/inform intervention(s), such as cleaning or improved hand
IPC action hygiene

Figure2.
Collaboration and infrastructure are critical for implementing next generation sequencing

(NGS). This figure provides a detailed example of how NGS for infection prevention
and control (IPC) could be implemented to inform actions and a complementary table of
considerations for NGS/IPC applications. Acronyms: Infection prevention and control (IPC)
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Figure 3.
Standard versus Prospective Sequencing approaches for healthcare outbreak response.

Demonstration of how sequencing prospectively may change the framework and timing

of outbreak detection and response. Sequencing run times vary based on the instrument
selected, throughput, read length, and coverage: lllumina MiSeq instruments run

~17-56 hours, Illumina NextSeq instruments run ~11-30 hours, and Oxford Nanopore
Technology instruments run ~6-24 hours. Infection prevention investigations (i.e., evaluating
epidemiologic, clinical, and laboratory data) timing will vary based on the facility’s
resources.
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