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* The challenge

«  Technology revolution
= Proteomics
= NAATSs & sequencing-based diagnostics
= Qther diagnostic types (imaging, metabolomic)
= Point of care diagnostics
= Advanced host response assessment for infectious diseases

*  How to move to the future
= Demonstration of clinical utility

« The deliverables
= |mproved health
= Changes to healthcare delivery
= Better understanding of infectious diseases and their mimics
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The Challenge

* The need:
= Antimicrobial resistance
= Emerging infectious diseases
= Availability of better therapeutics

* The barriers:
= |nfectious diseases management predicated on “culture of empiricism”
= |nappropriate test utilization
= | ack of understanding of value of advanced diagnostics
= Cost of advanced diagnostics
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70% Clinical Decisions Substantially Based on Results of Diagnostic Tests

LABORATORY
COSTS ACCOUNT FOR

‘ 2 COSTS RISING
4%, 15-25%lyear

OF HEALTH CARE COSTS: - FASTER THAN OTHER
LABORATORY TESTS AREAS OF MEDICINE

SINGLE HIGHEST

VOLUME MEDICAL - MOSTLY DUE TO
ACTIVITY MOLECULAR TESTS

-# TESTS DOUBLED IN

20 YEARS (~3,500
( ) Rohr et al. PLoS One 2016;11:e0149856

Zhi et al. PLoS One. 2013;8(11):e78962
Riley Clin Microbiol Newslett 2017;39:69-73
Lippi et al. Ann Transl Med 2017;5(4):82

~45%

LABORATORY
TESTS
UNDERUTILIZED
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Technology Revolution

Proteomics

FDA clearance of
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Technology Revolution

MALDI ToF Mass Spectrometry
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Technology Revolution

NAAT and Sequencing-Based Diagnostics

e Cytomegalovirus

1983 1991 drug resistance offered
e Hepatitis C virus drug
resistance offered
DNA structure described Description of PCR Microbial 16S rRNA gene sequencing o Mycobacterium tuberculosis
(Nobel prize 1962) (Nobel prize 1993) PCR offered offered (isolates) drug resistance offered

1st capillary e 16S rRNA gene sequencing

Sanger sequencing Human . .
method published sequencer genome offered (direct patient samples)
(Nobel prize 1980) sequenced o Whole genome sequencing of

bacteria offered

1977
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Bordeaux

Technology Revolution: Microbial Real-Time PCR

Assays Developed @ Mayo Clinic, 2000-2020
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2000 Herpes simplex virus* 2009 Legionella species
2001 Bacillus anthracis blakpc
Cytomegalovirus* Mycobacterium tuberculosis complex
Toxoplasma gondii* 2010 Salmonella species
2002 Bordetella pertussis/parapertussis* Shigella species
Streptococcus pyogenes Campylobacter species
Enterovirus Yersinia species
Varicella zoster virus* Shiga toxin
2003 Tropheryma whipplei* 2011 Mycoplasma genitalium
Babesia microti* Mycoplasma hominis
BK virus* Ureaplasma urealyticum/parvum
Ehrlichia/Anaplasma species* Histoplasma/Blastomyces species
Epstein—Barr virus (qualitative)* 2012 Mycobacterium tuberculosis complex
JC virus* species
Borrelia burgdorferi* 2013 Coxiella burnetii
2004 Bartonella species* blaNPM
vanA/vanB* Mycoplasma pneumoniae
Parvovirus B19* 2014 Babesia species
2005 Influenza A/B Borrelia mayonii
Pneumocystis jirovecii 2015 Microsporidia
BK virus (quantitative) 2016 Borrelia miyamotoi
Epstein—Barr virus (quantitative) 2017 blqOXA48-like
Human herpesvirus-6 blaV'M
Plasmodium species Kingella kingae
West Nile virus |Acanthamoeba species
2007 Clostridioides difficile Free-living amoeba
Coccidioides immitis/posadasii Norovirus
Staphylococcus aureus 2020 mecA
Mycobacterium chelonae/abcessus Helicobacter pylori
2008 Adenovirus Candida auris

SARS coronavirus-2

Microorganisms marked by an asterisk (*)
were detected with conventional PCR assays
with Southern blot detection developed and
deployed in the 1990s prior to conversion to
real-time PCR assays

Patel. Clin Chem. 2022;68:10-15
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Technology Revolution:
Multiplex and Rapid Automated NAATS




Technology Revolution:

Improvements in DNA Sequencing Rates

Single molecule

sequencing

1,000,000,000 -
(O]
£ 100,000,000 -
[)
® i Massively parallel
€ 1 0:000,000 sequencing Short-read
[ sequencers
g 1,000,000 - =
>
8 1 OO OOO - Capillary sequencing Microwell
[ ’ pyrosequencing
()] .
% 1 0’000 Gel-based systems
(0] B Second-generation capillary
% 1 ’000 Automated slab sequen::er |
Q0
o 1 00 - Manual slab = First-generation
4 gel capillary

1 0 T T T T T T T 1

1980 1985 1990 1995 2000 2005 2010 2015

Based on Stratton et al. Nature 2009;458:719
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Technology Revolution: Whole Genome Sequencing

Neonatal Intensive Care Unit MRSA Cases by Initial Source & Interventions Taken

reinforcement reinforcement

reinforcement reinforcement environmental observe
of basic of basic of basic of basic sampling and deep practices
practices practices practices practices cleaning /

environmental
remodeling

HCW screening
—
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Neonatal Intensive
Care Unit Isolates
(Clinical &
Surveillance)
Neonates &
Healthcare Workers

Madigan et al. Infect Cont Hosp Epi 2018;39:1412-18
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Species Validated for WGS (cgMLST)

Acinetobacter .
baumannii
Campylobacter ¢
jejuni/coli .
Clostridioides

difficile .
Cutibacterium acnes
Enterobacter cloacae °
Enterococcus

faecalis o

o] 23es NI, Bordeaux du 15 au 17/06/2022

Enterococcus
faecium

Escherichia coli

Klebsiella
pneumoniae

Legionella
pneumophila

Pseudomonas
aeruginosa

Serratia marcescens

Staphylococcus
aureus

Staphylococcus
epidermidis
Staphylococcus
lugdunensis

Streptococcus
agalactiae

Streptococcus
pyogenes



Technology Revolution:

Targeted Metagenomic Sequencing (16S Ribosomal RNA Gene)

1 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp
V1 V2 V3 V4 V5 V6 V7 V8 V9

o 23es NI, Bordeaux du 15 au 17/06/2022



16S rRNA Gene PCR/Sanger Sequencing in Clinical Practice

* Retrospective analysis specimens clinically analyzed by 16S
rRNA PCR/Sanger sequencing (04-2017— 03-2019)

+ 566 specimens, 460 patients
* 17% (97/566)16S rRNA gene PCR/Sanger sequencing positive

= 90% (88/97) positive results — clinical infections

* 22% positive specimens (21/97), 16S rRNA gene detected but
bacterium not identified by Sanger sequencing (mixtures)

Fida et al. Clin Infect Dis. 2021;73:961-968




@ Sample processing

"
®

Fresh tissue
2X2X2mm

TN\

jver)

Body fluid
100pL

\‘///
FFPE tissue

10pm section Heat 60°C

for 2min

@ Digestion and lysis

Room temp:
Smin

Heat 60°C 300rpm for 1h then

100°C 2000rpm for Smin
in Thermomixer

@ Extraction

~N 7

\J

270pL of 2mL of
lysed sample prewarmed
lysis buffer

Centrifuge

*Tubes filled with
+20pL 0.1mm beads

+ 160pL proteinase K buffer

+ 20pL proteinase K

Separate
30s at sample from
12,000%g melted wax

erature

Centrifuge 30s at
10,000%xg

—

EMAG Biomerieux
Specific B - 50pL magnetic silica
50pL eluate

16S rRNA gene and primers
0 500

DPVIDOVI DI DO

Amplified region

16S rRNA PCR

96-well PCR

SpL of extracted
plate

15uL of Master
sample Mix

@ Sequencing algorithm

1000 1500 bp

DOTDOVIDOVIDOVLI DIV DI

Fluorescence

- Creles
Using SYBR Green DNA
detection a cycle threshold (Ct)
value is determined

16S rRNA PCR
LightCycler 48011 -Roche

Sanger sequencing
(Applied Biosystems 3500xI. ThermoFisher)
Quality metrics: AQV's (FR) 230, 230
Length: 2400
Bioinformatic: Pathogenomix software

~ N

Uninterpretable or

Postive
negative

{

Ct 232 and =34

—

Defined
peak 20.4 peak

Undefined

Next Generation Sequencing
(MiSeq, lllumina)
Quality metrics: AQV's (FR) 230, 230
Length: 2210
Bioinformatic: Pathogenomix software

pd N
Negative

Postive Negative

Flurin et al. Clin Infect Dis. In Press.




Yield of next-generation sequencing (NGS)

Total samples (n=2146) X 4 8™
Total tissue samples (n=1296) R ] ] eoe%
Total fluid samples (n=850)
Perijoint tissue (n=463)
Bone (n=191)
Heart valve (n=233) ERRRRRRR +31%
Aorta (n=32)
Lung parenchyma (n=57)
Lymph node (n=48)
Deep tissue (n=89)
Wound biopsy (n=34)
Abscess tissue (n=39) RRRRRRRRRRRRRRR +65%
Other tissue (n=110)
Synovial fluid (n=411)
Cerebro-spinal fluid (n=173) ] ] +59%
Pleural fluid (n=116)
Peritoneal fluid (n=36)
Abscess fluid (n=44) o] Jesse
Pericardial fluid (n=29)
Eye fluid (n=16)
Other fluid (n=25) B R A A AR e i * 67%

[ Positivity by Sanger sequencing
EZ1 Positivity by NGS if Ct <32
[ Positivity by NGS if Ct =32

B olr aollz  lics cRes vl ol ocls B alen e aalis seln yelnoasBin vk 2B ool ke aoaleaea 8
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Positivity %

Flurin et al. Clin Infect Dis. In Press.









Time-lapse darkfield imaging, analysis of bacterial growth
= [ndividual bacterial response to single antibiotic concentration over time

E. colivs. 4 yg/mL piperacillin-tazobactam

LN(Clone Intensity)

LN(Clone Intensity)

JNI
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Technology Revolution: Metabolomics

Application: Antibacterial Susceptibility Testing

18 E. coli AR1059
16/ Meropenem Reference MIC 4 pg/ml
Reveal MIC 4 pg/ml

14
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Technology Revolution

Point of Care Diagnostics

Bordeaux
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TPP1: HOME

RDT (pregnancy-
type) or dipstick
Selfassessment
and referral

TPP2: COMMUNITY

Testingin the community
by health workers
{eg village workers,

paramedics)

User: Minimally trained

health worker
RDT

Triage and
referral

Simplest

/

HIV self-testing

-

Malana, HIV,
dengue

TPP3: CLINIC / HEALTH POST
(Out-patient)

Testing in the dinicby
healthcare providers
(e.g doctors, nurses)

User: Clinic staff
RDT, handheld
instruments

Device:

Purpose: Dlagnosls and
treatment

TPP4: PERIPHERAL LAB

Testing in the
peripheral laboratory
User Labtech

Device:

Purpose: Diagnosis
freatment

TPP5: HOSPITAL
(In-patient)

Testing of in-patients
in hospitals
(e.g. ER, OR, ICU)

Purpose: Dlagnosis
treatment

monitoring J

Reistively sophisticatec

HIV. malana, syphilis,
dengue, Strep A

TB, HIV, malaria, HBV, C.diff,

CD4, HCV, MRSA, flu,
UTI viral loads, ete

TB, HIV. malaria, HBV,
HCV, flu, MRSA CD4,
Strep A, C diff, ete

www.asm.org/index.php/colloquium-reports/item/6421-changing-diagnostic-paradigms-for-microbiology




Technology Revolution:

Advanced Host Response Assessment for Infectious Diseases

» Advanced human transcriptomic and/or
proteomic analyses may bhe able to

= Point to underlying viral, bacterial, fungal, parasitic
infections and non-infectious processes

= Possibly, point to specific microbial etiologies
= Blood, body fluids, tissues?

29



« The challenge

« Technology revolution
= Proteomics
= NAATSs & sequencing-based diagnostics
= Qther diagnostic types (imaging, metabolomic)
= Point of care diagnostics
= Advanced host response assessment for infectious diseases

*  How to move to the future
= Demonstration of clinical utility

* The deliverables
= |mproved health
= Changes to healthcare delivery

= Better understanding of infectious diseases and their mimics
o0t 23es JNI, Bordeaux du 15 au 17/06/2022
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How to Move to the Future?

» MALDI-TOF mass spectrometry example

* Demonstration of clinical utility
= COVID-19 example

= Advanced diagnostics - sometimes not so clear...

31



Randomized Controlled Clinical Trial

BioFire BCID, Mayo Clinic 2013-2014

Patients with positive blood cultures

Stratified randomization (age, ICU, transplant service) o
CONTROL RAPID TEST RAPID g
ALONE TEST/STEWARDSHIP N
Gram stain called to Gram stain called to service Gram stain called to service
service Standard subculture and Standard subculture and ,
Standard subculture and susceptibility (1-3 d) susceptibility (1-3 d) 'y
susceptibility (1-3 d) Rapid test plus lab call with Rapid test plus lab call with -~
comments (1 h) comments (1 h) P
ID MD/pharmacist call with
specific treatment
recommendations
Banerjee et al. Clin Infect Dis 2015:61:1071 ;’

Supported by the National Institute of Allergy And Infectious Diseases of the National Institutes of
Health under Award Number UM1AI104681 (Antibacterial Resistance Leadership Group)

(>f ARLG S

23¢s NI, Bordeaux du 15 au 17/06/2022 Antibacterial Resistance Leadership Group
Bordeaux )



Comparison of Time To Identification, Susceptibility Results, and Antibiotic Modifications

0 12 24 36 48 60 72

Timeline, hours (h)
Control
e169) AH V ==
Rapid test -
(n=147) BA V ==
Rapid test + .y f
Stewardship (n=165) .A V -

| Antimicrobial stewardship oversight in second intervention group |

. Organism identification - P ic antimicrobial ibility report V De-escalation A Escalation

*Significant vs. control; tSignificant vs. control and rapid multiplex PCR alone

Banerjee et al. Clin Infect Dis 2015:61:1071
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Thoughtful, Clear and Informative Test Reporting

FilmArray BCID2 Result Report Isolate Comments

Staphylococcus + Staphylococcus | mecA detected

S. aureus + aureus complex | Methicillin (oxacillin)-resistant Staphylococcus aureus complex (MRSA).

mecA/C and MREJ (MRSA) + MRSA is predictably resistant to beta-lactam antibiotics (except ceftaroline).
Vancomycin or other anti-MRSA treatment recommended for initial therapy pending
susceptibility results.
Semi-Urgent Result
Consult Infectious Diseases

Staphylococcus + Staphylococcus | mecA not detected

S. aureus + aureus complex | Methicillin (oxacillin)-susceptible Staphylococcus aureus complex. An anti-

mecA/C and MREJ (MRSA) - staphylococcal beta-lactam, such as cefazolin, nafcillin or oxacillin, is recommended for
empiric therapy, unless clinically contraindicated.
Consult Infectious Diseases

Staphylococcus + Staphylococcus | mecA detected

S. epidermidis + epidermidis Methicillin (oxacillin)-resistant Staphylococcus epidermidis.

mecA/C + Possible blood culture contaminant (unless isolated from more than one blood culture

draw or clinical case suggests pathogenicity). No antibiotic treatment is indicated for
blood culture contaminants.

23
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Randomized Trial Evaluating Clinical Impact of RAPid IDentification and

Susceptibility Testing for Gram-negative Bacteremia: RAPIDS-GN

Time to any antibiotic change

Time to GN antibiotic change

Cumulative percent

100

90

80

70

60

50

40

30+

20

10

SOC: mean (s.d.) = 24.7 (24.6) hours, median (IQR) = 14.9 (3.3, 41.1) hours
RAPID: mean (s.d.) = 19.0 (22.9) hours, median (IQR) = 8.6 (2.6, 27.6) hours
Difference in means (95% CI): 5.6 (1.2, 10.0) hours, t-test p = 0.0126

0 6 12 18

24 30 36 42 48 54 60 66 72
Time to first antibiotic modification (hours)

Standard culture and AST

[Randomization Rapid identification and AST |

Cumulative percent

100

90

80

70+

60

50

40

30

20

10

SOC: mean (s.d.) = 41.1 (28.3) hours, median (IQR) = 42.1 (10.1, 72.0) hours
RAPID: mean (s.d.) = 31.1 (28.9) hours, median (IQR) = 17.3 (4.9, 72.0) hours
Difference in means (95% Cl): 10.1 (4.8, 15.4) hours, t-test p = 0.0002

T T T T T T T T T T T T

24 30 36 42 48 54 60 66 72
Time to first GN modification (hours)

Standard culture and AST

[Randomization Rapid identification and AST |

Bordeaux
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RAPIDS-GN

Antibacterial Resistance Leadership Group

Banerjee et al. Clin Infect Dis 2021;73:€39-e46




Randomized Trial Evaluating Clinical Impact of RAPid IDentification

and Susceptibility Testing for Gram-negative Bacteremia: RAPIDS-GN

Time to antibiotic escalation Time to antibiotic de-escalation

100 155C, resistant org.- mean (s.) = 48.4 (27.1) hours, median (IQR) = 61.7 (30.4, 72.0) hours 100 4 1SGC, resistant org.. mean (5.4 = 51.2 (25.4) hours, median (1QR) = 72.0 (26.1, 72.0) houts
RAPID, resistant org.: mean (s.d.) = 30.7 (28.4) hours, median (IQR) = 18.4 (5.8, 72.0) hours RAPID, resistant org.: mean (s.d.) = 53.4 (25.8) hours, median (IQR) = 72.0 (27.5, 72.0) hours
904 Difference in means (95% CI): 17.6 (4.9, 30.3) hours, t-test p = 0.007 90 Difference in means (95% Cl): -2.2 (-13.9, 9.5) hours, t-test p = 0.71
80 80+
70 704
€ €
S 60 S o
Q Q
o Qo
2 50 2 501
kS| kS
> >
£ 40 £ 40+
3 =3
] (]
30 30
204 20
101 SOC, susceptible org.: mean (s.d.) = 53.5 (29.1) hours, median (IQR) = 72.0 (24.2, 72.0) hours 107 SOC, susceptible org.: mean (s.d.) = 42.8 (26.2) hours, median (IQR) = 42.4 (19.3, 72.0) hours
RAPID, susceptible org.: mean (s.d.) = 48.4 (31.2) hours, median (IQR) = 72.0 (6.2, 72.0) hours RAPID, susceptible org mean (s d) 36.6 (27.6) hours, median (IQR) = 29.4 (10.3, 72.0) hours
0 Difference in means (95% CI): 5.2 (-1.0, 11.3) hours, t-test p = 0.10 0 Difference in means (95% CI): 8, 11.8) hours, t-test p = 0.02
T T T T T T T T T T T T T T T T T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72 0 6 12 18 24 30 36 42 48 54 60 66 72
Time to first antibiotic escalation (hours) Time to first antibiotic de-escalation (hours)
RAPID, resistant org. == == RAPID, susceptible org. RAPID, resistant org. === === RAPID, susceptible org.
SOC, resistant org. === == SOC, susceptible org. SOC, resistant org. === == SOC, susceptible org.
23+
RAPIDS-GN Banerjee et al. Clin Infect Dis 2021;73:e39-e46
o] 23es NI, Bordeaux du 15 au 17/06/2022 a S d J ’
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Importance of Guidelines, Diagnostic Algorithms, Diagnostic Stewardship

[ |
Positive Negative

If surgical excision of valve performed

Histopathologic evaluation, valve’ Coxiella burnetii serology?
Bartonella serology
Tropheryma whipplei PCR, blood®
|
Microbiologic and
Histopathologic evaluation, valve? | Histopathologic evaluation, valve’

P t h I " I If surgical excision of valve performed If surgical excision of valve performed
u n Retain tissue for molecular testing®

Dlag nostlc Culture and Gram stain, valve”

‘ —
A I g o rI t h m F o r Directed testing based on histopathology findings

LIV T ! |
n o c a r I I s Acute inflammation Chronic inflammation with No evidence of inflammation

+ microoganisms macrophage predominance or microorganisms

16S rRNA gene PCR/ PAS-D? histopathology stain Consider non-infectious
sequencing, valve T. whipplei PCR, valve etiologies
Positive Negative Positive Negative
C. burnetii PCR, valve 16S rRNA gene PCR/
Bartonella PCR, valve sequencing, valve
T. whipplei PCR, valve C. burnetii PCR, valve i i i i . . -
Ottt e SIL D Liesman et al J Clin Microbiol. 201;55(9):2599-608
23 PCR, valve?® Omermlcmogar':llse,m-spedﬁ:
PCR, val
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« The challenge

« Technology revolution
= Proteomics
= NAATSs & sequencing-based diagnostics
= Other diagnostic types (imaging, metabolomic)
= Point of care diagnostics
= Advanced host response assessment for infectious diseases

* How to move to the future
= Demonstration of clinical utility

« The deliverables
= |mproved health
= Changes to healthcare delivery
= Better understanding of infectious diseases and their mimics

o 23es NI, Bordeaux du 15 au 17/06/2022
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The Deliverables: Improved Patient Health

* Improved patient health and hopefully...
= Avoid unneeded testing and treatment (patient benefit)

= Decrease transmission of infectious diseases (societal
benefit)

= Curb emergence of antimicrobial resistance (patient and
societal benefit)

aux du 15 au 17/06/2022 39



The Deliverables: Changes in Healthcare Delivery

* Home-based testing
- Patient self-testing
 Testing @ non-traditional sites

* Test prioritization approaches in traditional healthcare
sites (e.g., emergency departments, urgent care settings)

 etc.
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The Deliverables: Better Understanding of Infectious Diseases and Their Mimics

* Discovery through testing
= Borrelia mayonii, E. muris subspecies eauclairensis, Yersinia rochesterensis
« Many more novel species remain to be described
= Understanding antimicrobial resistance
« Characterization of vancomycin resistance in Paenibacillus popilliae
« Recognition of the frequency of resistance in Helicobacter pylori
= New diseases — hyperammonemia associated with Ureaplasma species

o 23es NI, Bordeaux du 15 au 17/06/2022 4 1
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BRAIN, RIGHT- Tissue. Right frontal lobe
Fresh
31.86

Read length

Result
222Amoebophilus
225Cutibacterium acnes **
224Methylotenera
222Amoebophilus
Chryseobacterium lactis / Chryseobacterium aquaticum / Chryseobacterium aurantiacum /
223Chryseobacterium vietnamense
224Amoebophilus
222Enterococcus faecium / Enterococcus hirae / Enterococcus pseudoavium
222Amoebophilus
222Amoebophilus

222Amoebophilus
222Amoebophilus

228Amoebophilus

229Amoebophilus

226Cutibacterium acnes / Cutibacterium namnetense *

227Methylophilus

228Amoebophilus

228Amoebophilus
Enterococcus durans / Enterococcus faecium / Enterococcus hirae / Enterococcus ratti /
Enterococcus thailandicus / Enterococcus villorum / Enterococcus xinjiangensis / Enterococcus

227lactis / Enterococcus pseudoavium

Chryseobacterium artocarpi / Chryseobacterium antibioticum / Chryseobacterium carnipullorum
228/ Chryseobacterium shigense / Chryseobacterium ureilyticum / Chryseobacterium vrystaatense
228Amoebophilus
228Amoebophilus
228Amoebophilus







Conclusions

Many current microbiology diagnostics antiquated, poorly used

Technology revolution
= Bringing major advances

How to move to the future
= Demonstration of value

The deliverables
= |mproved health (patients, society, antimicrobial resistance)
= Changes to healthcare delivery
= Better understanding of infectious diseases and their mimics (discovery through testing)
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