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Welcome to our January Public Health Grand Rounds on Pathogen Genomics. I’m Dr. John Iskander with CDC’s Office of Science, thank you for joining us.. 

https://www.youtube.com/watch?v=jpXROWP6V74

Continuing Education Information

Continuing education: www.cdc.gov/getce

e After creating a TCEO account, click the “Search Courses” tab on the left and use
“Public Health Grand Rounds” as a keyword search.

e All PHGR sessions eligible for CE should display, select the link for today’s session
and then Continue button. Course Access Code is PHGR10.

e CE expires February 21, 2020 for live and February 21, 2022 for Web On Demand
courses.

e Issues regarding CE and CDC Grand Rounds, email: tceo@cdc.gov
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Public Health Grand Rounds has free continuing education available for physicians, nurses, pharmacists, veterinarians, health educators, and others.  The course code is PHGR10

Please see our website or the CDC continuing education website for more details. 




Disclosure Statement

CDC, our planners, presenters, and their spouses/partners wish to disclose they have no financial
interests or other relationships with the manufacturers of commercial products, suppliers of
commercial services, or commercial supporters.

Content will not include any discussion of the unlabeled use of a product or a product under
investigational use.

CDC did not accept commercial support for this continuing educational activity.

Brand names, images, and trademarks are used for identification purposes only.
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Here is our continuing education disclosure statement for this session. 


Public Health Grand Rounds Resources

Send comments or questions to:

grandrounds@cdc.gov
youtube.com/user/ facebook.com/CDC
CDCStreamingHealth Like CDC’s Facebook
Access full page to stay
PHGR sessions & informed on all
Beyond the Data things public health

Visit our website at: www.cdc.gov/grand-rounds



Presenter
Presentation Notes
Grand Rounds is available on the web and all your favorite social media sites. Please send questions to  grandrounds@cdc.gov  and we’ll try to include your question during our Q and A part of today’s session. 


Additional Resources

Beyond The Data sciencec I Eocs
“Take home” messages in a / \
short podcast at; STEPHEN B, THACKER
cdc.gov/grand-rounds L DC LIBRARY F
PUBLIC BEALTH Scientific publications about
| this topic at:
GRAND RIOUNDS cdc.gov/library/sciclips

\ BEYOND THE DATA /

Email grandrounds@cdc.gov with any questions or for help locating the additional resources
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Want to know more? 

New this month, we have a featured podcast on our website called “Beyond the Data”, which is posted after the session.  

We have also partnered with CDC Public Health Library to feature scientific articles about this session. The full listing is available at cdc.gov/scienceclips. 


 



Must Reads

April 25, 1953 NATURE

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt
of deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.
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For those of you who have not read Watson and Crick’s and Rosalind Franklin’s original papers on the structure of DNA, we have posted the to the GR website, along with a glossary of terms related to Advanced Molecular Detection that we have developed in conjunction with the program. 
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In addition to our outstanding speakers, I’d also like to acknowledge the important contributions of the individuals listed here.  Thank you. 

 







Upcoming Programs of Interest

February 18, 2020
Public Health Grand Rounds
Measles

March 17, 2020
Public Health Grand Rounds
Laboratory Response Network
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Here is a preview of upcoming Grand Rounds topics, please join us live or on the web at your convenience. 



CDC PUBLIC HEALTH GRAND ROUNDS

The Emerging Role of Pathogen Genomics
in Public Health

January 21, 2020



Presenter
Presentation Notes
It’s now my pleasure to introduce CDC’s Deputy Director for Infectious Diseases, Dr. Jay Butler
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Introduction to Advanced Molecular Detection
and Pathogen Genomics

Duncan MacCannell, PhD
Chief Science Officer,
Office of Advanced Molecular Detection
Centers for Disease Control and Prevention

U.S. Department of
Health and Human Services

Nt Centers for Disease
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Good afternoon. My name is Duncan MacCannell, and I serve as the chief science officer for the CDC’s Advanced Molecular Detection program. It’s an honor to be presenting here today.


Advanced Molecular Detection (AMD)

» AMD program established by Congress in 2014

e S30 million per year public health laboratory innovation program
e Focus on transformational laboratory tech and scientific computing

» Principal objectives of AMD

e Improve pathogen detection and characterization

e Enable new diagnostic methods to meet public health needs

e Support genomic and bioinformatics needs in the US public health system
e Implement enhanced, sustainable, integrated information systems

e Develop tools for prediction, modeling and early recognition of emerging
infectious threats

www.cdc.gov/amd
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It’s been just over six years since we first presented at Public Health Grand Rounds. At the time, the AMD program was a newly-proposed initiative in the President’s budget, and our presenters were focused on the vast potential of emerging laboratory technologies, such as next generation sequencing, and the applications of bioinformatics and scientific computing to advance and protect public health.

The Advanced Molecular Detection program, or AMD, was established in 2014 as a $30M/year public health laboratory innovation program, with an aim to: improve pathogen detection and characterization; to enable new diagnostic methods; to establish coordinated, sustainable and well integrated genomics and bioinformatics capacity across the public health system; and to apply these technologies for improved surveillance, outbreak response, modeling and prediction of infectious disease threats. 

Today, we'd like to talk about some of the progress we've made since then, with a specific focus on the public health applications of pathogen genomics.



Sequencing in Public Health
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So what do we mean by "pathogen genomics"? Microbial genomes range in size from a few thousand up to hundreds of millions or even billions of basepairs in length.

Up until about a decade ago, sequencing was a limited and time-consuming process, and it was challenging to use as a frontline technology, especially at the scale that many public health programs required.  In general, it was a good, but expensive fit for pathogens with small, well-conserved genomes or well-defined regions of interest, but a single sequencing reaction captured just a tiny fraction of the genomic information that was there – in the case of an average bacterial genome, less than one hundredth of a percent.

NGS allows public health scientists to look across the entire pathogen genome to understand what virulence or antimicrobial resistance genes might be there, to better understand disease transmission and potential sources of exposure, and to examine other features in the genome that might impact public health investigation or response. With the introduction of NGS, the cost of sequencing decreased dramatically and these new sequencing approaches could generate massive amounts of data for virtually any organism or biological sample -- by sequencing many thousands or even millions of nucleic acid molecules at once.
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So why is next generation sequencing such an exciting technology for public health?

The first thing to understand is that NGS is an incredibly powerful, amazingly flexible, and almost universally applicable technology. This is very unusual in public health microbiology. Because public health labs deal with so many different types of pathogens and so many different testing scenarios, the molecular techniques that they rely on are often highly specialized.  By contrast, NGS workflows are increasingly universal and can be performed almost anywhere -- from a well-equipped lab at CDC headquarters, to a temporary lab out in the field.

As the sequence data comes off the instrument, it can be analyzed by bioinformaticians using high-performance computing systems. 
They can analyze and compare these sequences using a growing repertoire of bioinformatic tools and pipelines and they can work with epidemiologists and other public health professionals to integrate information from other data sources and determine the best course of public health action. 



What Information can be Obtained from Pathogen Genomes?

» Pathogen Genomics
e Reference identification
e High-resolution genotyping
2 Clustering and phylogenetics

e Functional annotation and characterization

0 Virulence, antimicrobial resistance, signatures
0 Phenotype prediction

e Diagnostic development and validation
e Minor population variants, quasi-species
e Microbial ecology and diversity
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The other important thing to understand is that public health scientists can get lots of useful information from a single sequencing run: they can definitively identify and characterize pathogens; they can flag them for known markers of virulence and antimicrobial resistance; and they can use high resolution genotyping for phylogenetic analysis of potential outbreak clusters – often all from the same dataset. And by comparing these sequences to what is already known, they can predict phenotypes; they can build global databases of important and emerging strains; and they can use these data to build new, better diagnostics and therapeutics.

As we’ll see later on, NGS is starting to replace or enhance many traditional approaches, and is beginning to redefine what is possible in public health surveillance and outbreak response.



AMD Projects and Applications: 2019
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Just to give you some idea of the breadth of impact here, this is a rough list of the types of projects that the AMD Program has worked on over the past year.  These range from large-scale transformative projects, like PulseNet and seasonal influenza surveillance, to small high-risk, high-reward projects that we call “incubator projects”.

Because the AMD Program is so cross-cutting, we’re able to focus on impact and innovation. We can be strategic about these investments, coordinating across activities, introducing new technologies and partnerships, and building shared systems, simplified infrastructure and sharing knowledge wherever possible.


On the Front Lines: Transforming Influenza Surveillance
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Rambo-Martin et al, bioRxiv 2019
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But let’s zoom in for a second and look at a specific application -- at the very front lines of influenza surveillance and outbreak response, where the CDC’s Influenza Genomics and Diagnostic team has been working on portable sequencing platforms that can be deployed virtually anywhere. Including – as shown here – the livestock pens at a major animal exhibition -- just the type of setting where animal to human transmission is a potential public health concern.

The team was able to take existing influenza sequencing protocols, which normally require a full, well-resourced reference laboratory, and adapt them to run in the field on portable, nanopore-based sequencing devices.  The sequencing instruments that were used in this field test are about the size of a chocolate bar, and all of the necessary lab equipment and supplies to run the protocol fit in several large cases and coolers that can be deployed quickly in the field.

For an outbreak investigation, having this kind of high quality, realtime sequence information from the front lines is a complete game changer when it comes to understanding and preventing influenza transmission.


NGS Capacity in State Public Health Laboratories (2013-2018)
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So how are the state public health laboratories doing at implementing NGS-based methods?

In 2013, back before the AMD program really took off, only a handful of laboratories had NGS capacity. 


NGS Capacity in State Public Health Laboratories (2013-2018)

‘”' 2015

www.aphl.org/aboutAPHL/publications/Documents/ID_NGSSurveyReport_52015.pdf
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By 2015, thanks in large part to AMD and aligned funding, over half of the labs had sequencers.. 


NGS Capacity in State Public Health Laboratories (2013-2018)

‘“’ 2016

www.aphl.org/aboutAPHL/publications/Documents/ID_NGSSurveyReport_52015.pdf




NGS Capacity in State Public Health Laboratories (2013-2018)

‘”’ 2018

www.aphl.org/aboutAPHL/publications/Documents/ID_NGSSurveyReport_52015.pdf
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And by 2018, all 50 states had local sequencing capacity.

One of the key drivers for this expansion was surveillance for foodborne bacterial disease, and today, nearly all states are actively sequencing as part of PulseNet or FDA GenomeTrackr. But many states have started to apply NGS to other infectious disease applications of local, regional or national concern.  


NGS Capacity in State Public Health Laboratories (2013-2018)

www.aphl.org/aboutAPHL/publications/Documents/ID_NGSSurveyReport_52015.pdf

» A growing list of applications

PulseNet
Healthcare-associated infections
Bacterial meningitis
Cryptococcus
Cyclospora

Viral hepatitis
Gonococcus
Influenza
Legionella

Malaria
Streptococcus
Tickborne diseases
Tuberculosis

To be determined
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Some of these priorities include healthcare associated infections and antimicrobial resistance, viral hepatitis, legionella and tuberculosis. 

As state sequencing capacity has evolved, the AMD program has worked with programs and key partners to provide the necessary funding, training and technical assistance to navigate their transition to NGS-based methods. 


Building Sustainable Public Health Bioinformatics Capacity

» Workforce development (recruitment and training)
e CDC and APHL Bioinformatic Fellowship Program
e AMD bioinformatics regional resources and training Leads
e Building community: state public health bioinformaticians (StaPH-B)
» Engage across the public health, academic, and private
sector communities.

» Bridge the gap between existing open source

bioinformatics software development and public health
users and applications.

AMD Bioinformatics Resource and Training Regions

www.aphl.org/bioinformatics

23 www.staphb.org
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Sequencing is often the easy part. One of the most important new challenges has been the development of standardized and reproducible bioinformatics and data management capacity across the public health system: many labs just don’t have the necessary IT infrastructure, bioinformatics and scientific computing expertise that are needed to analyze and manage the volumes of pathogen sequence data that they are now capable of generating.

The CDC/APHL Bioinformatics fellowship program – now in its sixth year -- has been an incredibly effective tool to connect new bioinformatic graduates with state and federal public health laboratories.  Recently, AMD also established regional training and support networks to begin to develop laboratory and bioinformatics skills across the public health workforce. And the State Public Health Bioinformatics group, or StaPH-B, has also been an enormous benefit to national capacity building, providing users with an active and thriving virtual community to support their learning and development efforts.

AMD has been helping to drive both consensus and innovation: establishing new partnerships and consortia with the global microbial genomics community, and engaging with academic and private sector partners on new and cutting edge technology and applications.  And we’ve been working to close the gap between existing open source software development, and the robust, sustainable tools and workflows that the global public health community needs to put these powerful new technologies into action.


AMD: In Summary

»> AMD program
e Working to foster multidisciplinary laboratory innovation in public health

e Helping to drive shift toward open data, standards, methodological
transparency and collaboration.

» With financial and technical support from CDC and key partners,
NGS capacity has spread nationwide over the past 6 years.

» HPC infrastructure, bioinformatics workforce capacity, quality,
and data management remain critical challenges.

www.cdc.gov/amd
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NGS represents a fundamental shift in public health and clinical microbiology, requiring sustained investments in laboratory, IT and workforce innovation. The AMD program has enabled CDC and its partners to leverage these technologies and incorporate them into routine practice, making the important work that we do faster, better and with the most advanced tools and resources available.  With so much change and so many new challenges, it’s an incredibly exciting time to be in public health.

Our next speakers will talk about how NGS is being used for large-scale molecular surveillance, and how implementation of NGS is working at the state and local level

With that, I’d like to introduce Dr. Heather Carleton.


Applications of Next-Generation Sequencing
to Foodborne Disease Prevention

Heather Carleton, MPH, PhD
Bioinformatics and Metagenomics Team Lead

Enteric Diseases Laboratory Branch
Division of Foodborne, Waterborne, and Environmental Diseases

U.S. Department of
Health and Human Services

Nt Centers for Disease




Foodborne illness: From Patient to Public Health Surveillance
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In the United States, 1 in 6 Americans get a foodborne illness each year
A subset of sick people will go to their doctor and a sample will be collected to identify the cause of illness, a clinical lab or diagnostic lab does this identification
If the cause of illness is an enteric bacteria, like Salmonella, shiga toxin producing E. coli, Listeria, or Campylobacter, a sample of that bacteria will be sent to state and local public health laboratories for molecular subtyping
The molecular subtyping information will be sent to the CDC as part of the PulseNet network and compared to other fingerprints across the United States 



What is PulseNet?

TGGTATTTATGCTGCTGGAGGTTCCACAA
SCCGCGTGCGGAGCCATATTTATTCCCCG
CCGCATACGCCAGGATAATCCAGCATAAA

STTCTTTCCGTATGTTTTGCGTTCATTTAA

GCTGCTGGAGGTTCGTGGTATTTCCACAA
I TTTGCGTTGAGCCATATTTATTCCCCGTC
CGCTTTATCGCCTAGACAAAACCTGCATA!
5CCCCGCCGTGTCGGGAAATGTGTTCAT"
ACCTGCATAAATTCGCTTTATCGCCTAGA
GGGAAATGTGTTCATTTAACATTGCCCC

Public health labs generate
molecular fingerprints using WGS
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PulseNet is a distributed molecular surveillance network for foodborne illnesses
Public health laboratories in all 50 states, some local, and federal laboratories are participants
All PulseNet participants used a standardized laboratory method for molecular surveillance and outbreak detection




What is PulseNet?
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Public health labs (like the ones highlighted here) generate molecular fingerprints by using WGS
Data from pathogens are transmitted to centralized database at CDC in Atlanta Georgia
PulseNet Monitors for clusters of illnesses with the same molecular “fingerprint”



What is PulseNet?
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Then tells epidemiologists about clusters to investigate
Bacteria with the same “fingerprint” are more likely to come from a common source



PulseNet 1996-2020: Disease Prevention and Cost Savings

Every year PulseNet saves
at least half a billion dollars

PulseNet connects the dots to detect in medical costs and lost productivity.
foodborne outbreaks and prevent
over 270,000 illnesses from

Salmonella, E. coli and Listeria every year.

$1 spent = $70 saved!

Scharff 2016. Am J Prev Med 50:5S66-S73



Presenter
Presentation Notes
Using PFGE alone, PulseNet Prevents over 270,000 illnesses from Salmonella, E. coli, and Listeria every year

PulseNet saves the US economy over half a billion dollars in medical costs and lost productivity each year

PulseNet also has a high return on investment, for 1 dollar spent on PulseNet, 70 dollars are saved

With the transition to whole genome sequencing, greater impact on disease prevented and savings is expected because more cases will be linked with more precision using WGS



Transition to Use of Whole Genome Sequencing in PulseNet
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PulseNet recently went through a transition in gold its standard molecular subtyping method; from pulsed field gel electrophoresis to whole genome sequencing
This transition was supported by the AMD program
This new molecular subtyping method has greater resolution – from 15-30 bands on a gel to 2 to 5 million base pairs from WGS
WGS also gives you information about serotype, antimicrobial resistance, and virulence



Transition to Use of Whole Genome Sequencing in PulseNet

Utility of WGS Data:

» Detecting outbreaks

F) FG E WG. with more precision
» More effective outbreak
investigations and trace

1996 2013 2019 back
(AMD)

*Modified from Carleton and Gerner-Smidt (ASM Microbe July 2016)
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PulseNet recently went through a transition in gold its standard molecular subtyping method; from pulsed field gel electrophoresis to whole genome sequencing
This transition was supported by the AMD program
This new molecular subtyping method has greater resolution – from 15-30 bands on a gel to 2 to 5 million base pairs from WGS
WGS also gives you information about serotype, antimicrobial resistance, and virulence


Putting Together the Picture of a Foodborne Outbreak
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To put together the picture of a potential outbreak, public health scientists use multiple sources of information
Through molecular surveillance by WGS, PulseNet is able to link cases that may have been exposed to the same outbreak source
Bacteria with the same “fingerprint” are more likely to come from a common source
2. Epidemiologists collect exposure information by conducting case interviews with patients including what food they ate in the past week or month, where they traveled, and other potential exposures
3. When a food is identified as a potential outbreak source, CDC works with federal regulatory partners including FSIS-USDA and FDA to trace back the food to a particular field or production facility. We work closely with our federal partners to put together the picture of a foodborne outbreak
-Molecular subtyping information plus patient exposure information and traceback information helps epidemiologists find outbreak sources
-With WGS, we have more precision when identify outbreaks and more confidence that potential sources and case patients are linked if they are closely genetically related


Using WGS to Link Clinical Cases with Outbreak Source
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-Shown here is one of the first outbreaks that we characterized with WGS. 
-It is an outbreak caused by the bacteria listeria monocytogenes, a bacteria associated with severe disease in pregnant mothers, older adults, and those with weakened immune systems.  
-We performed WGS on all isolates linked by the previous fingerprinting method, PFGE. 
-Using WGS we created a phylogenetic tree of all isolates of the same PFGE pattern. 
-By WGS we compared current clinical cases with known exposure to the outbreak source (in red), environmental isolates from the suspected facility that were collected over multiple years (in black) and historic clinical isolates with the same PFGE fingerprint (blue). The light blue box denotes those isolates that were closely related by WGS. 
-WGS was able to link cases with more precision, including historical clinical and environmental isolates and suggest this contamination may have occurred over multiple years. This study, and others like it, lead us to look at outbreaks differently and find potential cases associated with an ongoing outbreak from previous years.

Traceback showed that this outbreak was associated with a cheese producer in Wisconsin. There were 6 illnesses and hospitalizations in 5 states and 1 fetal loss and 1 death associated with the outbreak. The cheese manufacturer voluntarily recalled the contaminated product.



Using WGS to Track Reoccurring, Emerging, and Persisting Strains

WGS links cases that are associated with
reoccurring, emerging, and persisting strains

PFGE Fingerprints
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-We can use WGS to track reoccurring, emerging and persisting strains
-We could not do this with PFGE since it was a less precise technique, and in some cases many bacteria had the same molecular fingerprint and occurred every year
-With WGS we can link fingerprints with more precision and identify trends we could not identify otherwise; for example the blue fingerprint that occurs around the same time every year





Using WGS to Track Reoccurring, Emerging, and Persisting Strains

»WGS linked cases of E.coli 0157:H7 that occurred over a 4-year period
» Linked to a single growing region
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figures courtesy of Kane Patel
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In this example of Ecoli O157:H7, which has a 5 million base pair genome
-The phylogenetic tree show that several isolates, represented by different color boxes by year and outbreak event
-all are closely genetically related, with 6 or less genetic differences
On histogram, These cases were detected at the same time every year, July-Dec, over a 4 year period, 
linked to a single growing region, Santa Maria
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-E. coli O157 infections were linked to Romaine Lettuce from Yuma Growing Area in an outbreak in 2018
-WGS linked together 22 different PFGE patterns to 2 main branches on tree – highlighted in green
-Traceback to two dozen farms were all related, reflecting a  widespread contamination
-Confirmed that E. coli O157 isolated from the irrigation canal (in blue) matched main outbreak strains
-Showed isolates from previous year were closely genetically related
-New public health action
-Contaminated lettuce recalled
-New Requirement farmers to sanitize surface waters used for overhead irrigation during the last 21 days of production as part of Leafy Green Marketing Agreement
-Growing region labeled on bag



WGS Provides More Information Than Just Relatedness

38
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Previously, we used to characterize our bacteria using many different phenotypic tests; now we can extract much of that information, in addition to molecular fingerprint, from the WGS 


WGS Provides More Information Than Just Relatedness

» Genotyping provides
e Identification of organism

e Serotype (O and H genes; other
surface marker genes)
® Antibiotic resistance genes and WGS

mutations — which can be associated
with harder to treat infections

® Virulence genes — can lead to more
severe infections
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This WGS genotyping information provides:
Identification of organism
Serotype (O and H genes; other surface marker genes)
Antibiotic resistance genes and mutations – which can be associated with harder to treat infections
Virulence genes – can lead to more severe infections
We also get this information at the same time we are detecting foodborne outbreaks, which can better inform our response and public health action


PulseNet Uses a Distributed Analysis System

to Extract Information from WGS

State/local health laboratory NIH-NCBI

e _NWGS Data Lab WGS Data )Nano:fal.*.en;mutes
& 5y NCBI
o

nology Information

WGS Results

Molecular fingerprint
Genotype

Analysis
Engine
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To be able to determine relatedness between isolates and resistance, virulence, and serotype information, PulseNet provides software and an analysis engine for PulseNet members to use. When a state performs sequencing, they submit their sequence data for WGS analysis to a high performance computing system at the CDC that houses the analysis engine. 
After the analysis is complete, the state receives their results back in their state database, for local cluster detection, and submits their analyzed results to the PulseNet national database, for multistate cluster detection. The state also submits their sequence data to a database housed at the NIH called NCBI and their pathogen detection page to compare sequence data with sequenced isolates from around the world. 
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Challenges and Opportunities for WGS Analysis

» Challenges
e Amount of data
e Complex computing jobs
e Differing IT resources

» Opportunities
e Detect foodborne outbreaks
with more precision

e Receive genotyping and
molecular fingerprint results
for local cluster detection

Number of Samples
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3427
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3319

2831

7000
oo PulseNet Submissions (2013-2018):
108,235 total samples
5000 36.76 TB of data
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Mbps: megabits per second (1 Mbps = dialup internet, > 100 = “fast internet”)

Date by Year_Month

Terabyte: one trillion bytes of data; Library of Congress adds 5 Terabytes of data per month to its archives
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-One of the challenges of a distributed data analysis system in PulseNet include the volume of data
 -1-3 terabytes of data per month transmitted (1 terabyte is one trillion bytes of data; we receive a similar amount of data to that of the library of congress per month
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Challenges and Opportunities for WGS Analysis

» Challenges
e Amount of data
e Complex computing jobs
e Differing IT resources

» Opportunities

e Detect foodborne outbreaks
with more precision

e Receive genotyping and
molecular fingerprint results
for local cluster detection
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0

# Jobs per Week in 2019

40,644 jobs

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17

Mbps: megabits per second (1 Mbps = dialup internet, > 100 = “fast internet”)

Terabyte: one trillion bytes of data; Library of Congress adds 5 Terabytes of data per month to its archives
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-Another challenge is the complexity and number of computing jobs we receive 
 -we receive over 40,000 computing jobs per week
 -A computing job is equivalent to one analysis and varies in complexity from a quick data base search that takes seconds to an assembly that can take 1-2 hours 



Challenges and Opportunities for WGS Analysis

Public Health Lab Upload Speeds

» Challenges
e Amount of data
e Complex computing jobs
e Differing IT resources

» Opportunities

e Detect foodborne outbreaks
with more precision

e Receive genotyping and
molecular fingerprint results
for local cluster detection

; 'Indicates lab with less than
required minimum upload
speed

*|f state is white — did not
provide network speed
information

Upload Speed (Mbps)

600
600
400

200

I 20 (minimum)

Mbps: megabits per second (1 Mbps = dialup internet, > 100 = “fast internet”)

43 Terabyte: one trillion bytes of data; Library of Congress adds 5 Terabytes of data per month to its archives
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A third challenge is that state and local public health laboratories have greatly differing IT resources
  -internet connections ranging from near dialup speeds at less than 1MB per second to fast broadband connections that transfer over 100Mbps. 
  -Several states and local laboratories (represented in red) have internet speeds that present challenges for doing outbreak detection using WGS


Challenges and Opportunities for WGS Analysis

» Challenges
e Amount of data E (@@\
Wy

e Complex computing jobs /
e Differing IT resources Molecular fingerprint

> Opportunities \

e Detect foodborne outbreaks . .
_ o Analysis Engine
with more precision Genotype

e Receive genotyping and
molecular fingerprint results
for local cluster detection

Mbps: megabits per second (1 Mbps = dialup internet, > 100 = “fast internet”)

44 Terabyte: one trillion bytes of data; Library of Congress adds 5 Terabytes of data per month to its archives
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Even with these challenges the benefits are:
-Detect more outbreaks with more precision
-State receive genotyping and molecular fingerprint results to detect local outbreaks and better prevent disease and protect health




The Future of PulseNet

» With the transition to WGS,
PulseNet will be able to detect
outbreaks with more precision.

» This transition was made possible
with initial investments by AMD.

» Beyond WGS, PulseNet is

continuing to innovate by applying
novel technologies like
metagenomics to characterize
foodborne pathogens directly
from patient samples.
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With the transition to WGS – PulseNet will be able to detect outbreaks with more precision
This transition was made possible initial investments by AMD
Beyond WGS – PulseNet is continuing to innovate by applying novel technologies like metagenomics to characterize foodborne pathogens directly from patient samples



State-level AMD Applications
Across the Infectious Disease Spectrum

Lauren Turner, PhD
Foodborne and Advanced Pathogen Characterization Lead Scientist

Virginia Department of General Services, Division of Consolidated Laboratory Services

U.S. Department of
Health and Human Services

Nt Centers for Disease
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Hi, I am Lauren Turner, the Lead Scientist for the implementation of next-generation sequencing for advanced pathogen characterization at the Virginia state laboratory, the Division of Consolidated Laboratory Services, or DCLS for short. 


Division of Consolidated Laboratory Services (DCLS)
Virginia’'s State Laboratory

agriculture, and consumer protection laboratory
] Serving local, state, and federal agencies

] Comprehensive testing services including

J Neonatal screening

J Drugs of abuse testing

] Microbiology testing

) Food and water contamination monitoring
] Metal and pesticide analyses

) Chemical analyses

dgs.virginia.gov/division-of-consolidated-laboratory-services/
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DCLS is the consolidated state laboratory for the Commonwealth of Virginia that provides public health, environmental, agricultural and consumer product testing services to more than 26 Virginia localities, state agencies and federal partners
DCLS has a broad scope of testing services that range from newborn screening for metabolic and hereditary disorders for all babies born in VA, to emergency response, food safety, environmental and clinical testing


Infectious Disease Surveillance

The Not so Good Old Days

) Pre-AMD surveillance and outbreak detection tools
] Specimen culture and pathogen identification

1 Serovar or serotype subgrouping
) Virulence factor genotyping and phenotyping
1 DNA fingerprinting by pulsed-field gel electrophoresis (PFGE)
J Foodborne, healthcare-associated and community acquired outbreaks; >25 different organisms
] Constraints
 Costly and time intensive

) Loss of institutional knowledge with aging workforce
) Limited detection with targeted DNA-methods
) Limited resolution of pathogen genetic differences or similarity
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DCLS is the reference laboratory for microbiology testing for Virginia, and as such receives cultures for identification, as well as specimens and samples according to the Virginia Regulations for Reportable Diseases
DCLS also partners with epidemiologists to provide testing for patients with suspected outbreak association
Pre-AMD methods for surveillance and outbreak detection were used sub categorized pathogens by type, subtype, virulence profiles and PFGE DNA fingerprint type- to compare fragmentation patterns between pathogens from different people and sources.
Cost, time-intensive testing, loss of institutional knowledge, and limited resolution to differentiate between strains limited the accuracy, reliability and timeliness of these long standing surveillance approaches. 



Advancing Public Health Laboratory

Infectious Disease Surveillance

. e C1Pre-WGS (Sept 2012-Aug 2013) 104
J WGS improves accuracy - B WGS Year 1 (Sept 2013-Aug 2014)
1 Provides epidemiologists B WGS Year 2 (Sept 2014-Aug 2015)
and regulatory officials .
with actionable results i
] Improves use of laboratory
40
resources
. 19 21
] Reduces turnaround time 01 M o
6 6 5 6 4 ;
0 2
0
No. of clusters  No. of clusters No. of Median no. of No. of cases
detected detected outbreaks cases per linked to food
sooner or only solved cluster or source
by WGS* (food source outbreak
identified)

Jackson BR et al, Clin Infect Dis 2016
WGS: whole genome sequencing
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Federal government initiatives to adopt NGS as the primary method for pathogen surveillance and to inform outbreak investigations demonstrated the superiority of whole-genome sequencing, here abbreviated as “WGS”, as compared to pre-WGS surveillance in regards to the aforementioned limitations of accurately detecting clusters of illness, detecting clusters sooner, and solving outbreaks by identifying the source
Most notable is the large increase in the number of cases of foodborne illness linked to specific food source by WGS, increasing the possibility of preventive actions such as recalls 


Advancing Pathogen Surveillance through

Next-generation Sequencing (NGS)

Goals of Virginia DCLS

] Pragmatic implementation of NGS to meet
state and federal program needs

] Develop capacity for data analytics
(bioinformatics)

] Use pathogen genomics bioinformatics tools
] Pathogen identification
] Pathogen genotyping
) Early detection of possible outbreaks
) Enhanced evaluation of suspected outbreaks
) Outbreak tracking
) Source attribution
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The distribution of federal funding to states was critical for the adoption of AMD technologies in PHLs
Gaining access to NGS instrumentation, testing supplies, and training resources has helped DCLS to modernize testing, stay in step with national programs, and to also identify VA-specific needs for NGS implementation
DCLS’ primary goals for AMD implementation included developing onsite expertise and computational resource capacity for analysis of large datasets, commonly referred to as “big data”, that are produced by NGS, and also utilizing bioinformatics to replace or supplement existing methods for pathogen identification and typing, outbreak detection and source attribution


Emerging Applications of Next-generation Sequencing

] Began as primarily foodborne enteric bacterial pathogens
_INetwork-driven initiative (PulseNet)
JSurveillance and outbreak detection
I Transitioning from PFGE to WGS since 2014, beginning with Listeria
JHeavy reliance on federal partners for bioinformatics analysis

] Growing dependence on WGS data
JFoodborne pathogen surveillance solely by NGS in June 2019

1 Use of NGS expanding to tuberculosis, Legionnaires’ disease,
healthcare-associated infections, and more
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Implementation of AMD technologies at DCLS began as a foodborne initiative, as part of larger network-driven initiatives coordinated by the FDA GenomeTrakr and CDC PulseNet Programs
DCLS began generating WGS data in 2013 and, along with other public health labs, participated in a multi-year project to transition to a WGS-based foodborne disease surveillance system beginning 2014
This project was realized in 2019, when WGS became the sole method for foodborne pathogen surveillance in VA and nationally.
The significant investment in robust, accurate and standardized bioinformatics workflows by the CDC and development of state interfaces for access to calculation engines for data analytics have enabled states to perform onsite comparative genomics of pathogen data for local cluster of illness surveillance
NGS infrastructure that is now in place has provided a launching point for DCLS to apply this technology to other infectious conditions



DCLS’ AMD Capacity Building: Number of Trained

Staff, Samples, and Public Health Applications

> 2013 > 2014 > 2015 > 2016 > 2017 > 2018 > 2019 >
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At DCLS NGS capacity was progressively built over several years. 
Early benchmarks in 2013 were acquiring instrumentation and developing proficiency in sequencing protocols
Increased testing in 2014 – 2015 made workforce development a priority and led to the development of an internal training program for increased scientist coverage and capacity for nucleic acid extraction and sequencing 
Early on, DCLS generated data but did not have the capacity to analyze on site, in 2016 DCLS began to focus on developing state lab capacity for bioinformatics, this required identifying scientists with  bioinformatics knowledge, skills and abilities that could be leveraged by the lab
2017 – 2019 also saw the expansion of NGS to non-foodborne diseases, including tuberculosis, healthcare-associated infections and drug-resistant pathogens



AMD Applications: Listeriosis Outbreak Source Tracking

MD: 7 cases
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There are many examples of how NGS data has informed public health response, I am going to describe briefly a few VA-specific examples
In 2014, we saw firsthand the advantages of NGS for outbreak source tracking when we partnered with MD and the CDC on an investigation of a cluster of severe Listeriosis illnesses among 8 people, including 2 newborn infants infected in utero. 
The Listeria isolated from these patients is indicated here in red lettering. 
Cheese implicated by MD patients was collected from a Virginia retailer and tested positive for Listeria monocytogenes 
Sequencing of Listeria isolated from the cheese samples, shown here in yellow lettering, showed genetic relatedness with isolates from patients, providing genomic evidence that the cheese was the source of the outbreak. This is indicated by the close grouping between the cheese and patient samples on the branches of this tree and the minimal genetic differences between the pathogens. 
These findings informed further regulatory actions to recall the cheese and address issues at the point of manufacture. 



AMD Applications: Infection Transmission and Control

in Healthcare Settings

Jlnvestigating transmission of pathogens
ls transmission occurring between facilities?
ls this strain regionally or locally persistent?
ls there asymptomatic infection among healthcare providers?
INGS to assess severe invasive Group A Streptococcus
(GAS) outbreaks

IMultiple facilities
JRegional occurrence
12013-2017
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We have also applied NGS to investigate disease outbreaks in healthcare settings.
In healthcare associated outbreaks, there are several questions that need to be addressed to inform infection control and prevention
Whether transmission is restricted to a single facility or may be occurring between facilities? 
Whether the infectious strain is regionally or locally persistent?
If asymptomatic healthcare providers might be inadvertently infecting patients?
DCLS applied NGS to investigate regional invasive Group A Streptococcus outbreaks over a 4-year period, including two concurrent outbreaks in 2017 to determine answers to these questions


AMD Applications: Infection Transmission and Control

in Healthcare Settings

Group A Streptococcus (GAS) Isolates from Clinical Facilities
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DCLS collaborated with CDC and other state PHL for development of an analytical workflow for the GAS genetic sequences.
The analysis of GAS data across institutions from 2013 to 2017 indicated that two outbreaks occurring in real-time were unrelated, 
Thus  transmission between these facilities was not a factor in the outbreaks, as shown in the demarcation of samples from the two facilities, A and B.
The Facility outbreaks were also distinct from historical outbreaks [CLICK], suggesting that illness was not due to a common strain or infectious point. 



sample

isolate001
isolate002
isolate003
isolate004
isolate005
isolate006

AMD Applications: Pathogen Identification and Genotyping

1 Applying predictive analytics for pathogen identification from sequence

data

] Reference database comparison
) Species identification

J Genotyping serotype prediction
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Beyond outbreak detection, DCLS has also developed programs that can be used to identify a pathogen from the sequencing reads generated; in the future these software may be used to adopt NGS as the primary test to provide pathogen identification, subtyping information, and pathogen trait predictions, in addition to outbreak detection.



Challenges to AMD Integration

] Development of scientist knowledge, skills, and abilities
) Next-generation sequencing (NGS) methods and instrumentation
) Bioinformatics analysis of NGS data

] Building of NGS infrastructure

] Procurement, installation, and maintenance
] Data storage and transfer solutions for terabytes of NGS data
J Computational resources for data analysis

]l Policies and procedures to support expanding use of NGS and efficient
analysis of data

] Funding to sustain and capitalize on AMD investments
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It is important to note that despite these successes, the emerging use of NGS has presented new challenges to state PHL 
These include developing scientist capacity to perform testing, manage equipment, sustain testing and to analyze results
The need for NGS and bioinformatics have revealed limitations of PHL IT infrastructure for transmission and storage of large amounts of genome data and computational resources, as well as policies that support the use of these resources



Opportunities Through AMD Integration

I Many different approaches to achieve state capacity for AMD
JInvestment in different IT structures and software applications for data analysis
I Different avenues for computational resources

= <

l

Academic Cloud

On-premises .
partnerships

hardware computing
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States have had to adopt many different strategies to overcome these obstacles, and no one solution has worked for all states
Some have formed new partnerships with universities or commercial cloud providers for cost-efficient access to computers for data analysis, others have built onsite infrastructure and expertise for managing hardware 



Opportunities Through AMD Integration

AMD Training & Bioinformatics Resource Support

o — ) Modernization of public health lab

o testing

1 Novel partnerships to strengthen state
programs

1 Regional training and bioinformatics resource
support

GA DPH Training Lead
& FL BPHL BRR

) University partnerships
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Informed guidance through CDC partnerships has provided an exceptional opportunity for modernization of PHL infrastructure and testing services.
VA and other states have also benefitted from CDC’s strategic funding of state bioinformatics resources that are assigned regionally within the United States 
These regional contacts provide subject matter expertise and guidance from the perspective of a state public health lab to support workforce development for bioinformatics, and work with state contacts to identify solutions for computational data analysis 
Novel partnerships with universities have also been used to develop collaborative training programs for the PHL workforce.



Opportunities Through AMD Integration

] States can tailor AMD to meet local disease control needs

Tuberculosis Hepatitis C Respiratory Vectorborne
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Viruses
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VPD: vaccine-preventable disease
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Integration of NGS technologies and capacity for testing and data analytics have catalyzed the expansion of AMD by state laboratories to focus on emerging pathogens or and critical jurisdictional needs, which is transforming how states approach infectious disease detection, surveillance and response.
There are states in the US developing AMD capacity for each of the conditions shown here, and more!



Future Virginia Laboratory Priorities and Needs

I Data integration and visualization

_IData sharing agreements

1 Guidance for alignment with clinical laboratory requirements
1 Applying AMD to detect pathogens in clinical samples
_lInterdisciplinary workforce capacity building
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So much progress has been made in the past 5 years, 
Looking to the future, new tools for integration of NGS data and visualization of results to aid in communication with interdisciplinary laboratory, epi and regulatory teams are needed. 
Also data sharing agreements to capitalize on work across the public health and laboratory community, especially as more sequencing is performed at clinical laboratories for patient diagnosis and care
More definitive guidance is needed for NGS and bioinformatics so that accredited laboratories can replace traditional laboratory tests with AMD tests
As more laboratory tests are moving away from isolating pathogens and moving toward detecting the presence of the pathogen in a sample, PHLs are also looking toward applying NGS directly to the sample types they will receive
Finally, ensuring utilization of NGS data through workforce training of epidemiologists and regulatory officials is a key priority for the future



Where Does Pathogen Genomics Go from Here?

Gregory L. Armstrong, MD
Director, AMD Program
Centers for Disease Control and Prevention

U.S. Department of
Health and Human Services

Centers for Disease
Control and Prevention
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Hello, I’m Gregory Armstrong, director of the AMD Program here at CDC.
The last three presentations give a sense of how next-generation sequencing, bioinformatics, and related technologies—what we call, collectively, AMD technologies—have become a core part of infectious disease practice in the US public health system.  




NGS capacity

Bioinformatics
capacity

Capacity in
state/local health
departments

AMD before 2013

One sequencer

<10 bioinformaticians

NGS capacity in one laboratory

AMD in 2020

Capacity in all
Infectious disease laboratories

~60 bioinformaticians;
widespread experience and expertise
iIn microbial genomics

NGS capacity in all state and many local
laboratories; 7 regional bioinformaticians
and an increasing number of
state-based bioinformaticians
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When we last presented at Public Health Grand Rounds in 2013  (CLICK), the AMD program was just beginning and there was very little capacity for next-generation sequencing or bioinformatics here.
Today in 2020 (CLICK), we’re in a completely different position:  
Next-generation sequencing is now in use in all of CDC’s infectious disease laboratories.
The agency has robust bioinformatics capacity and in our laboratories, there’s widespread expertise in microbial genomics
Outside of CDC, all state public health laboratories now have sequencing capacity and there is a growing network of state-based bioinformaticians.
In short, AMD technologies are now being used across the spectrum of infectious diseases of public health importance.



» Continued adaptation of NGS to public health priorities

» Emerging areas of interest
e New sequencing technologies

e Metagenomics (sequencing directly from samples, rather than
from cultured isolates)

e Data integration and modernization
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When we last presented at Public Health Grand Rounds in 2013  (CLICK), the AMD program was just beginning and there was very little capacity for next-generation sequencing or bioinformatics here.
Today in 2020 (CLICK), we’re in a completely different position:  
Next-generation sequencing is now in use in all of CDC’s infectious disease laboratories.
The agency has robust bioinformatics capacity and in our laboratories, there’s widespread expertise in microbial genomics
Outside of CDC, all state public health laboratories now have sequencing capacity and there is a growing network of state-based bioinformaticians.
In short, AMD technologies are now being used across the spectrum of infectious diseases of public health importance.



cdc.gov/amd
@cdc_amd

The findings and conclusions in this presentation are those of the author and do not necessarily represent the official position of the Centers for
Disease Control and Prevention.
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When we last presented at Public Health Grand Rounds in 2013  (CLICK), the AMD program was just beginning and there was very little capacity for next-generation sequencing or bioinformatics here.
Today in 2020 (CLICK), we’re in a completely different position:  
Next-generation sequencing is now in use in all of CDC’s infectious disease laboratories.
The agency has robust bioinformatics capacity and in our laboratories, there’s widespread expertise in microbial genomics
Outside of CDC, all state public health laboratories now have sequencing capacity and there is a growing network of state-based bioinformaticians.
In short, AMD technologies are now being used across the spectrum of infectious diseases of public health importance.



Apply to Become a Bioinformatics Fellow

» Applications Due: February 29, 2020

The APHL-CDC Bioinformatics Fellowship aims to train and prepare
bioinformaticians to apply their expertise within public health and design
tools to aid existing public health personnel in the use of bioinformatics.
Post-master’s and postdoctoral-level professionals can apply their skills
to a range of important and emerging public health problems, while
gaining experience in their fields. Whether your specialty is
metagenomics, algorithm/software development, microbial genomics,
or another research area, we have a place for you!

www.aphl.org/fellowships/Pages/Bioinformatics.aspx



https://www.aphl.org/fellowships/Documents/Bioinformatics_Fellowship_Description2019.pdf
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