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Major Diagnostic Challenges in Infectious Diseases

Meningitis / Encephalitis

40 — 60% unknown cause

* Glaser, et al., (2006) CID 43:1565-1577
* Vora, et al., (2010) Neurology 82:443-451

Pneumonia
15 - 62% unknown cause

Fever / Sepsis

~20% unknown cause

- Van Gageldonk-Lafeber, (2005) CID 41:490-497
- Louie, et al., (2005) CID 41:822-828

Ewig, et al. (2002) Eur Respir J 20:1254-1262

Eber, et al. (2010) Arch Intern Med 170:347-353
« Jain, etal., (2015) NEJM 373(5)

* Vincent, et al. (2015) Critical Care Med 43(11).

Failure to obtain a timely diagnosis leads to delayed / inappropriate

therapy, increased mortality, and excess healthcare costs




All Microbes can be Uniquely Identified by mNGS

Bacteria Viruses

Fungi Parasites




Conventional
Microbiological Testing

Metagenomic
Next-Generation
Sequencing
(mNGS)
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The SURPI Bioinformatics Pipeline

“Sequence-based ultra-rapid pathogen identification” (minutes — hours)

* Directly addresses
computational
analysis bottleneck

 SURPI+ (clinical
version) — automated
analysis

Naccache, et al., 2014, Genome Research 24(7):1180-1192



I,
Precisqon [lagryosis of
~ a Mysterious Infection

3 hospitalizations over 4

months | -

44 days in the ICU y

>100 inconc.lusive tests

Brain biopsy and induced
coma

.
-

t
N faty £
on, et al., 2014, Néw England Journal of Medicine;
photo courtesy of the Osborn famil(;

v

+



SURPI Contact  SURPI Runs ~

118 _DNA

063_DNA

UC_0118_RNA
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The Precision Diagnosis of Acute Infectious

Diseases (PDAID) Study

CLINICAL LAB

Meningitis/Encephalitis

 —

7 hospitals in CA and nationwide ~ecelve

sample
Enroll/consent patients
204 total completed study
CSF collected
. . ) Isolate
Clinical chart review DNA/RNA
Construct
MNGS assay validated in CLIA lab :‘bN:rs

86% analytic sensitivity, 98% specificit

| Generate

sequence

Clinical report in data

patient EMR APQX

Clinical microbial
sequencing board

SEQUENCING

[Jaactcag aasacage

COMPUTATIONAL
ANALYSIS

Filter for
high-quality
sequences

Subtract
human
background
sequences

Detect
pathogens

Report results
in electronic
medical record

Miller, et al., 2018 (manuscript under review);
Wilson, et al., 2018 (manuscript under review)



58 y/o immunosuppressed woman with fever,
headache, nausea/vomiting

History of idiopathic pulmonary fibrosis status post bilateral lung transplant in 2011,
multiple sclerosis, on chronic immunosuppression

Admitted to hospital in October 2016 with 8 days of fever, headache (“worst in my
life”), nausea/vomiting, neck stiffness, and photophobia

Neurological symptoms: admitted to “5 years” of word-finding difficulty and slurred
speech, 1 year of dizziness / falls, and 1 month of leg weakness; also had first-time
seizure in March 2016

Resident of Orange County; no sick contacts; travel to mountains in Utah in August
2016, Carribean in 2010, and throughout Europe decades ago

Fever to 38.3°C, pancytopenic, transaminitis (negative for hepatitis A,B, and C); MRI
— white matter intensities related to MS

Started on empiric antimicrobials: IV vancomycin, ceftazidime, acyclovir, and

voriconzole
Murkey, et al., 2017, Open Forum Infectious Diseases, 4(3):0fx121



Lumbar puncture
done, showing a
lymphocytic
pleocytosis
Microbiology (non-HEV)

WBC 10, 88%
lymphocytes,
protein 29,
glucose 48

Blood

CMV DNA quantitative PCR negative
Cryptococcal Ag negative

EBVY PCR detected <10

HSV-1/2 PCR negative

Fungal culture negative

Bacterial culture negative

Toxoplasma gondii DNA PCR negative
MTB Quantiferon-Gold assay negative
Adenovirus DNA PCR negative
Parvovirus B19 DNA PCR negative
West Nile IgG ./ IgM negative
Rickettsia RMSF and typhus 1gG / IgM negative
Varicella zoster DNA PCR negative
Coccidioides |gG and IgM EIA negative
Hepatitis A Ab total negative

Hepatitis A Ab IgM negative

CSF

Cryptococcal Ag negative

Enterovirus PCR negative

Fungal culture negative

Bacterial Gram stain and culture negative
VZV PCR negative

HSV-1/2 PCR negative

CMV DNA quantitative PCR negative

Nasopharyngeal swab
Respiratory Virus Panel (RVP) PCR negative

MRI brain: Stable periventricular and subcortical and
juxtacortical T2/FLAIR white matter intensities w/T1
hypointensity

Abdominal ultrasound:

Normal liver size, homogeneous in echogenicity.
Normal spleen size. No ascites. Normally distended
gallbladder centaining sludge, without stones.

Blood

Hepatitis A IgM negative

Hepatitis B core IlgM negative
Hepatitis B surface antigen negative
Hepatitis C Antibody negative

HBV DNA PCR negative
Cryptococcal antigen negative

HIV 4" generation Ag/Ab negative
JCV Ab 2.31 [>0.40 positive]

RPR negative

Aspergillus antigen EIA negative
Coccidioides 1gG/IgM EIA negative
Toxoplasma gondii DNA PCR negative

Peritoneal fluid
Bacterial gram stain and culture negative

MRI brain: Unchanged

Abdominal ultrasound: Cirrhotic appearing liver
without focal lesion, patent hepatic vessels, small
volume ascites. Spleen upper normal in size.

Liver ultrasound elastography: shear wave liver
stiffness 2.1m/sec consistent with METAVIR score
of F3-F4




coverage W

Hepatitis E virus
mapped to GenBank AB089824, 7,262 bp (Hepatitis E virus genomic RNA, complete genome, isolate: HE-JA10)
assembly 930% complete, 90.2% average pairwise identity
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e Patient treated with ribavirin and is clinically improved

e Thisis a likely case of donor-transmitted HEV (positive anti-HEV antibody testing of donor’s serum)



15 y/o child from Massachusetts with meningoencephalitis
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Lentivirus Human immunodeficiency virus 1 T T T T T T
Pegivirus GB virus C HEEEEEEREEN
Gammaretrovirus Murine leukemia virus 4 L |
Molluscipoxvirus Molluscum contagiosum virus URPI, o O B
Lentivirus * ....... .
< Flavivirus Powassan virus > INEEEEEEE
Gammaretrovirus * e

cell reads 88 100.0%
sample reads 847 10.4%
species reads 88 100.0%
total reads 22667 0.4%
Blast NCBI nt

- Caribou feces-associated gemycircularvirus
- Human papillomavirus type 174
Betapapillomavirus  Betapapillomavirus 1

Mastadenovirus Human mastadenovirus C

Cypovirus Dendrolimus cypovirus XY-2009a




Phylogeny of tickborne Powassan virus

YFV X03700.1, 17D vaccine strain
HM440563.1, 1964, USA: New York , 64-7062
NC_003687.1, LB
L06436.1, LB
KT224351.1, 1970, Russia: Far East, LEIV-5530
KT224350.1, 1977, Russia: Primorsky krai (Far East of Russia) , LEIV-3070Prm
EU770575.1, 15-Apr-1975, Russia, Spassk-9
EU543649.1, 2006, Russia, Partizansk/2006
igz EU670438.1 , Russia, Nadezdinsk-1991
37.3| HQ231415.1, 2006, Russia, Ternay
HQ231414.1, 2006, Russia, Ulysses
MGH Patient
100y MG647781.1, 2016, USA
87.1(} KJ746872.2, Apr-2013, USA
691_?2 MG647780.1, 2016, USA
09.§ MG647779.1, 2016, USA
37@53.2 HM440559.1, 1996, USA: Nantucket, MA, NFS001
|+ AF311056.1, ctb30
100| MG647783.1, 2016, USA
= KU886216.1, 2010, USA: Bridgeport, CT , P0O375
MG647782.1, 2016, USA
77.2 MF688929.1, Dec-2016, USA
100 HM440558.1, 1999, USA: Chippewa Falls, Wl , wicf9901
963 HM440562.1, 2008 , USA: Spooner, WI
97.7| HM440560.1, 2008 , USA: Spooner, WI
HM440561.1, 2008 , USA: Spooner, Wi

90.4
— 100

95.5

100

0.2



count

154

10+

Enhancing Metagenomic Detection Sensitivity

EBOV ZIKV

12 4

10 1

Count
[e)]

0O 5 10 15 20 25 30 35 40 45

20 30
Cycle threshold (Ct) Cycle Threshold

(Quick, et al., 2016, Nature 530:228-232) (Naccache, Thézé, et al., 2016, EID, 22:10)



Spiked Primer Strategy for Metagenomic Target Enrichment

set of reference genomes
A

l

multiple sequence alignment

S
—_— —

partition aligned genomes into
overlapping 250-nt segments
S

HIV
(3,571 genomes)

generate consensus sequence
and partition into 250-nt segments

select forward and reverse
spiked 13-nt primers

P
~ N
50-nt 50-nt
N | «

« filter primers by Tm (<2 SD from mean)
* remove self-dimers / cross-dimers
* remove homopolymer repeats (=5 nt)

Cell Host & Microbe, in press
manuscript in preparation

—
~ . B
ZIKV e S et et
(44 genomes) S [ [ « | B
: ] > spiked 13-nt
'.____l ________________ J_____' primer
50-nt 50-nt
N s
—

select forward and reverse

spiked 13-nt primers



MSSP (Metagenomic Sequencing with Spiked Primers) Enrichment

10000

1000

100

10

1.8X
1.1X Enrichment
B random metagenomic sequencing W arbovirus spiked primers Enric-hment (off-target)

14.1X
enrichment

I
ZIKV 1072 copies/ml (reads per million)

(off-target)
7.2X
enrichment

DENV ((1072 copies/mL) (reads per EBOV 10”3 copies/mL (reads per million)  MS2 phagel074 copies/mL (reads per
million) million)

Thézé, et al., 2018, Cell Host & Microbe, in press
Deng, et al., 2017, manuscript in preparation



fold
coverage

genome

position 10

Random Primers

Only
10-
ZIKV Reverse + 5
Random Primers 4
(5:1 Ratio) 3
2

ZIKV (100 copies/mL) HIV (1000 copies/mL),

unenriched

HCV (10,000 copies/mL),
unenriched

20

N WA O

' 0 2 4 6 8 10 kb 0 2 4 6 8 kb 0 2 4 6 8 10 kb
genome coverage = 35.8% genome coverage = 54.7% genome coverage = 93.6%
50
40
................................ - 30
20
10
5
4
3
2
i [ [ 1
0 2 4 6 8 10 kb 0 2 4 6 8 kb 0 2 4 6 8 10 kb

genome coverage = 92.6%
(1.0X RPM relative to random)

genome coverage = 80.1%
(1.5X RPM relative to random)

genome coverage = 88.6%
(8.3X RPM relative to random)
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Thézé, et al., 2018, Cell Host & Microbe, in press
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Thézé, et al., 2018, Cell Host & Microbe, in press



BloodSeq Panel

Borrelia sp.

Babesia sp.

Anaplasma/Ehrlichia sp.
Tick-borne viruses (Heartland virus,

generate consensus sequence
and partition into 250-nt segments

. A
set of reference Powassan virus, etc.) —
genomes fhrom Bloodborne viruses (dengue virus,
targete pat ogens - - . .
Zika virus, West Nile virus, Ebola >
virus, Lassa virus, Japanese
encephalitis virus, etc.) > [[ J{ +
l 50-nt window 50-nt window
N __/
LTTEET IO CEL e Trrrr 1y celect forward and reverse
CEEEEererrer e trerr terrrrrrrrt spiked 13-nt primers
TR |
multipe ssquence (111 (111 I

alignment

spiked 13-nt
primer

spiked 13-nt primer
with 18-nt adapter




Rab 4

Whole-Genome Sequencing
of Asymptomatic Babesia microti
Infection in US Blood Donors

Bab 18
Bab 16

Bab 11
All samples to date have

M1341 mutation associated
with atovaquone resistance

Bab 17

Lemiewx BWH20 14

Lemieus Gray
Bab2

Lemieux Bab 5
Lemieux UMMS3
Rl

Lemiew ML Concatenated COX1-CYTB-COX3

— Lermieun Russia

e ABGZ24353 (Munich)

ABR2A35T {rodhaini)

0.05

Collaboration with Sue Stramer and Roger Dodd, American Red Cross



Usutu Virus Detection in an African
Blood Sample using HIV Primers

Sequencing
Stats
Read Type Runl Run2
Raw Data 19,969,548 690,200,472
Human
immunodeficiency
virus 1 69374 2384992
Usutu virus 201 6502
% Usutu virus 0.001% 0.001%

Collaboration with Mary Rodgers and John Hackett, Abbott Laboratories



Usutu Virus Detection using HIV Primers

Original sequencing (20%)

I1 5|74 1 ,(IJOO 2,OIOO 3,q00 4,q00 S,OIOO 6,0|00 7,OIOO 8,OIOO 9,0|00 WO,IOOO 1 1,06§
Consensus I o W mwoou [T | AT m
s | L
overage l
i = B = _ = a2 L =
I1 514 1 ,[IJ(JO Z,QOO 3,q00 4,q00 S,QOO 6,0|00 7,q00 S,QOO 9,q00 WO,IOOO 1 1,06(?
Bk KY263626 = nolyprotein CDS —
Deeper sequencing (29%)
j 1,000 2000 3000 389 5000 6000 7,000 BO00 9000 10000 1177
Consensus Fol R (ol Tm RN Hiw (RS T TR NERE T ]
1,035
Covera... m
i B e & oa__ L A
j 1,000 199 2984 3,603 4963 5,962 6917 891 B89t 9889 11,066
Lk KY263626.. ® polyprotein CDS E—
With Sanger sequencing (34%)
IW 5?1 1 ,{IJOO Z,OIOO 3,OIOO 4,OIOO S,OIOO 6,0|00 7,OIOO 8,OIOO 9,0|00 1 O,IOOO 1.1 8[|)
consensus -1 RN T WARTT WU O TR U [ ERR T TRTN B TERTTRETTE | 1K
1,EI3S[
Coverage
e d e & oa _ 0L .‘..I i -
j 6H 1 ,(I)OO 1 ,9|93 2,9|83 3,?71 4,9I6O 5,9|59 6,9|14 7,8|88 8,8I88 9,8l86 " ,O6|6
C# KY263626.. = polyprotein CDS E—




Metagenomics for Diagnosis of Sepsis
in Point-of-Care Settings

100% 100%

o —  80% 80%
=
46 N’
22

© g 80% 80%
= <
= o
) +

20 40% 40%
o2
T c
®©

& 20% 20%

O hours 2 3 4 5 6 9 12 24 36

_ _ Time to effective antibiotics
World Sepsis Day, lingruen-gmbh.com

Patient survival rate (%)



cumulative # of reads

Nanopore Sequencing — Sample-to-Answer Diagnosis in <3 hr

cumulative # of reads

10}

10°}

102}

10'}

Chik1 (9.1x107 copies/mL)

— All reads (n=19,452)
— CHIKV reads (n=556)

104}

10°

102 L

10°

10}

20 40 60 80 100 120

elapsed run time (min)

Ebola1 (1x107 copies/mL)

— All reads (n=13,090)
— EBOV reads (n=41)

N

f

0 107 10°

elapsed run time (min)

108

Chikungunya
Virus

Ebola
Virus

(Greninger, et al., 2015, Genome Medicine 7:99)



Differential Diagnosis of Tropical Febrile lliness

BACTERIAL

Rickettsioses

Bacillary Dysentery

Plague

Meningococcemia
Typhoid fever

Other bacterial septicemia
Leptospirosis

Ehrlichiosis

Tuberculosis

Bartonellosis

Brucellosis

VIRAL

Arboviral infections

Viral hepatitis

Enterovirus

Measles

Rubella

Acute Retroviral Syndrome (HIV)
Epstein-Barr virus

Parvovirus

Roseola vairus

Filovirus infection (Ebola, Marburg)
Lassa virus

bunyaviruses

OTHER

Malaria / Babesiosis
Amebiasis

Visceral leishmaniasis
Acute schistosomiasis
Filarial fever

Trypanosomiasis






Protocol Optimization on
the MinlON Nanopore
Sequencer

Wayne Deng, PhD

Dianna Ng, MD

Scot Federman, BA

Deng, et al., 2017, manuscript in preparation

ATGTGTGATGAGTA

Can analyze 1 million

v

=
=Ts

v

reads in 10 minutes

on a laptop

base calling

preprocessing
(debarcoding, removal
and masking of low-
complexity sequences)

reference database

alignment

filtering and
taxonomic
classification

microbial
identification



Pan-Bacterial Detection in <30 Min by CRISPR-CAS12

16S rDNA
gene
Conserved regions
Variable regions
3x10%
DETECTR s
E. coli | | %
)xQ Cas12a o e
Cji lysozyme  RPA  detection : ‘ ?
e . S —— % 0 5
O/ il 1omn S7C N n
15 min 30 min A

OO R\ R\ T\ T | S
SR B R\ S\ »

Cas12a:crRNA

nanopore
[

Chen, et al, 2018, Science, 360(6387):436-439

(collaboration with Janice Chen, Lucas
Harrington, and Jennifer Doudna, UC Berkeley



Real-Time Pathogen Detection in Infected
Body Fluids from Patients

. Pathogen Total # of Real-time Nanopore HiSeq
Sample 1D Nanopore Findings Reads Reads Detection RPM RPM
JDLOS2* (BAL) | Slreptecoccus g g6 | 400,000 2 min 13,819 | 22,663
pneumoniae ’ ’ (320/50,000) ’ ’
132 (plasma) ngmophllus 7 240,000 2 hr (7 reads) 28 69
influenzae
133 (BAL) Haemophilus 436 280,000 | 2 min (25/4,000) 2,718 11,096
influenzae
. . : Staphylococcus 2 min
81S (joint fluid) QUreUs 140 107,600 (1/4,000) 1,300 2,792
785* (pleural Staphylococcus 10 min
fluid) ** lugdunensis 24 60,000 (8/20,000) 400 3,737

*blinded sample

Deng, et al., 2017, manuscript in preparation

**90 minutes sample-to-result (direct sequencing)




Real-Time Pathogen Detection in Infected
Body Fluids from Patients

samble ID Nanopore | Pathogen| Total # of Real-time Nanopore HiSeq
P Findings Reads Reads Detection RPM RPM
695* (BAL) Streptococcus 8 600,000 30min 13.3 209
pneumoniae (3 reads)
83* (abscess fluid) Sl 5 3 million >2hr 1.7 ?
aureus
T el el | e 10 1.98 million >2hr 5.1 12.9
glabrata
Candida
89* (perihepatic fluid) o — 9 1 million >2hr 9 82.9
NP15* (plasma, HCV .
1072 copies/mL) HCV 9 200,000 30 min 45 —
NP28* (plasma, DENV .
1073 copies/mL) DENV 39 66,454 20 min 586 —

*blinded sample

Deng, et al., 2017, manuscript in preparation




Nanopore Sequencing of Clinical Samples

Sample ID Nanopore Pathogen A Total # of Real-time
P Findings Reads Reads Detection
BM1 (pl.asma, 40 Babesia microti 31 40,000 20 min
parasites/ul)
1 1 '
AR (ol PR S Barlel e 15 50,000 20 min
parasites/pl) falciparum
N
Mex1 (p!asma, 1073 DENV - 50,000 50 min
copies/mL)
Mex2 (nasal swab, :
1074 copies/mL) Influenza B 4 50,000 20 min
DRC1 (nasal swab) Influenza A 2 40,000 20 min

Deng, et al., 2017, manuscript in preparation




INRB (Institut National de Recherche Biomedicale)
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Identification of Bloodborne Infections by Host Response Analysis

100% —
-1 Erythema Migrans (Rash)
- + [- fever, achiness, fatigue
50 - Late Musculoskeletal Disease
. Early Neurologic
§ Disease
] /\ Late Neurologic Disease
0 r T ) ) T T T 1 T T 1
- [ 2 3 4 S 6 7 8 9 10 11 12 months
. Spirochetemia IgM
1 (bacteria detectable (early immune response)
50 - i
i in blood)
< (late immune response)
100% — IgG

4

“window period”

Antibody testing misses the window period for diagnosing early Lyme disease



Machine Learning of RNA-Seq Data to Predict Causes of Infection

& — & — 27—l

Input Feature extraction Classification Output

features Toyota Camry

Honda Accord

Image ) Learned Prediction:
features j [model Tesla (Model S) ‘/]




Machine Learning-Based Analyses of Host Response

1.0

0.8 4

o
o
L
\

True Positive Rate
o
oy
!
\
Ay

90% accuracy in discriminating
bacterial from viral infection from
CSF (preliminary analysis)

0.2 1 e
0.0 adl ; . ; .
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
« Training set: 25 bacterial positive cases, 48 viral positive ca
« Test set: 6 bacterial positive cases, 9 viral positive cases
CV RSME Score CV RSME STD CV Accuracy
Linear SVM 0.221034 0.226150 0.900000
Logistic Regression 0.250920 0.265278 0.866667
Polynomial SVM 0.323491 0.220651 0.846667
Stochastic Gradient Descent 0.241841 0.248018 0.840000
AdaBoost 0.274579 0.290871 0.806667

(with Matt Massie and Anthony Joseph, UC Berkeley)

Aditi Paranjpe, MS

Tony Li, MS



(n=72)
CA, MD

Whole transcriptome analysis

Machine Learning-Based

41 clinical Lyme patients

31 controls

Construction of

Y

(TREX) sequencing
(n=220 total)

Targeted RNA expression

Diagnostic Panel for Early
Lyme Disease

90 clinical Lyme patients

130 controls

Y

Machine learning (ML)
based gene pruning
(n=190, 86 genes)
BC, CA, MD

seronegative patients
with presumptive
Lyme disease (n=30)

‘AO:SU split,

blinded analysis

Training set
(n=95)
30 Lyme seropositive 65 controls
—>
10X cross- )
validation comparison of 10

ML methods

Reduced gene panel (20 genes)
and best-performing ML algorithm

Validation set
(n=95)

30 Lyme seropositive

65 controls

+

seronegative patients with
presumptive Lyme disease (n=30) | !
1

Jerome Bouquet, PhD

(Bouquet, et al., 2018, under review)



Accuracy and Kappa Statistics for 10 Different
Machine Learning Methods

Accuracy Kappa
generalized linear models — —o— — =
radial support vector machine — —— — =
linear support vector machine — —5— — —
random forest =~ — —S— - =
naive Bayes  — —_—— — =)
neural networks — —a— — — e
nearest shrunken centroids — = — &
classification and
regression trees
k-nearest neighbor — —e— — &
linear discriminant analysis = —— — =

I | I | I I I I | I | I
0% 20% 40% 60% 80% 100% 000 02 04 06 08 1.0

(Bouquet, et al., 2018, under review)



20-Gene Lyme Classifier Panel for Diagnosis of Early Lyme Disease
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