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Cost-effective and actionable information for 
early treatment

Lower healthcare costs
Improved patient outcomes

Clinical Metagenomic Sequencing for
Diagnosis of Infectious Diseases

Turnaround time: hours – days (versus days – weeks)



Metagenomic 
Sequencing





Bacteria Viruses

Fungi Parasites

Nearly All Microbes can be Uniquely Identified by 
Metagenomic Next-Generation Sequencing (mNGS)



CLIA-Validated mNGS Assay at UCSF

http://nextgendiagnostics.ucsf.edu

http://nextgendiagnostics.ucsf.edu/


SURPI (Sequence-Based Ultra-Rapid Pathogen Identification)

Miller and Chiu, et al., Genome Research, 2019



The Precision Diagnosis of Acute Infectious Diseases (PDAID) Study

Meningitis/Encephalitis
40-60% unknown cause

8 hospitals in CA and nationwide
Enroll/consent patients

204 total completed study
CSF collected; clinical chart review

mNGS assay validated in 
CLIA lab

86% analytic sensitivity, 
98% specificity

Clinical microbial
sequencing board

Clinical report in patient EMR

Wilson et al., 2019 N Eng J Med 380:2327-2340



Diagnoses (n=58)

19 by both

13 - mNGS only

26 - All other methods

Clinical Utility

8 cases with direct clinical impact

• Neisseria sp. – changed antibiotics
• Nocardia farcinica – changed 

antibiotics
• Candida tropicalis – changed 

antibiotics, discontinued antifungals
• Hepatitis E virus – antiviral, stopped 

liver transplant
• Enterobacter aerogenes – changed 

antibiotics
• Enterococcus faecalis – changed 

antibiotics
• Streptococcus mitis – changed 

antibiotics
• Streptococcus agalactiae – changed 

antibiotics

n = 204

50% had no 
diagnosis

14% Other
8% 
Autoimmune

28% 
infectious

PDAID Trial Summary

Clinical Utility
Clinical false negatives by mNGS (n=26)

Ø Diagnosed by serology (n=11)
Ø Diagnosed by samples other than CSF (n=7)
Ø Low pathogen titer in CSF (n=8), 6 of 6 bacterial/

fungal cases  were “sub-reporting threshold”
detections 

Highest diagnostic yield results from combination of mNGS of CSF and conventional 
microbiologic testing (including serology and testing of different specimen sources)

Wilson et al., 2019 N Eng J Med 380:2327-2340



Unknown Case – Patient with Chronic Meningoencephalitis
• 60 y/o male from New England with history of mantle cell lymphoma in remission, on maintenance 

rituximab since 2014, developed fatigue, arthralgias, and weight loss over 6 months

• He was empirically treated for Lyme disease without improvement, developed progressive 
insomnia, inattention, and was admitted for workup of rapidly progressive dementia

• On exam, he had impaired arousal and attention (Montreal Cognitive Assessment score was 6 of 
30)

• Cranial nerve exam, muscle tone, strength, sensory, and reflex exams all normal. No ataxia.

Solomon, et al., Emerging Infectious Diseases, 2020, in press

• Brain MRI unremarkable; PET scan showed global 
hypometabolism

• CSF from multiple lumbar punctures à mild 
lymphocytic pleocytosis, elevated protein, and 
normal glucose

• Extensive laboratory workup was normal.



Clinical mNGS Testing

Solomon, et al., Emerging Infectious Diseases, 2020, in press



• mNGS testing was positive for California encephalitis virus most closely 
matching Jamestown Canyon virus (JCV); detected reads mapped to 2 of the 3 
segments of the viral genome

• Another CSF sample, obtained 3 weeks later, was negative for JCV by RT-PCR; 
however, serum JCV RT-PCR was positive

• JCV IgM and neutralizing antibody testing was negative in both CSF and blood.

• Patient was treated with IVIg (2 g/kg) followed by 2-week course of favipiravir
(an experimental inhibitor of viral RNA polymerase), without clinical 
improvement

• He became comatose and was transitioned to comfort care and died, 
approximately 1 year from suspected symptom onset

Solomon, et al., 2021, Emerging Infectious Diseases 27(1)



Plasma mNGS at UCSF

https://nextgendiagnostics.ucsf.edu

https://nextgendiagnostics.ucsf.edu/


Unknown Case

• 40 y/o male with AML s/p allogeneic stem-cell transplant in October of 
2019 admitted with cough, fever, and found to have relapse of AML

• Developed acute respiratory decompensation requiring intubation and 
progression with new nodular consolidation in the upper lobes that 
was concerning for invasive mold infection

• Repeat chest CT à evolution of upper lobe opacities, less nodular and 
more diffuse, with tree-in-bud abnormalities

• Workup for viral etiologies (RVP, adenovirus, CMV, HHV6) and PCP 
(beta-D-glucan, cytology) unrevealing, tracheal aspirates/BAL cultures 
negative

• On pip-tazo and ambisome but with increasing oxygen requirement
• Discussion to transition to comfort care









Unknown Case

• Patient started on azithromycin
• Improved rapidly and was extubated, on room air, and working with 

physical therapy
• Also had received steroids for possible pulmonary graft-versus-host-

disease that was continued
• Notably, he had received a five-day course of azithromycin as an 

outpatient, but this was thought insufficient to treat his fulminant 
disease given his degree of immunocompromise



Gu, et al., 2021, Nature Medicine, 25:115-124.
Zhang, et al., 2021, manuscript in preparation

Clinical Nanopore
Metagenomic Sequencing



Group Training



Gu, et al., 2021, Nature Medicine, 25:115-124.

body fluid
(plasma)

DNA
extraction

next-generation sequencing
(5 - 20 million
reads/sample) computational analysis

pathogen
detection

body fluid
(plasma)

DNA
extraction

next-generation sequencing
(5 - 20 million
reads/sample) computational analysis

pathogen
detection

Metagenomic Sequencing of Body Fluids from 
Infected Patients

Wei Gu, MD/PhD



Unknown Case – 2 year old with new-onset seizures 
and large left brain abscess

• History of multiple ear infections and cellulitis

• treated with ceftriaxone and azithromycin

• Presented with seizures, wobbly gait, decreased use of right hand, hearing difficulties 
(associated with otitis media)

• No significant exposure history

• Admitted for workup





2-year with new-onset seizures and large left brain abscess

• Workup for immunodeficiency (lymphocyte subsets, HIV testing)

• Extraction of 40 cc of purulent fluid from abscess

• Differential diagnosis:
– Anaerobic infection

– Balamuthia mandrillaris

– Neurocysticercosis

– Nocardia spp.

– Mycobacterium tuberculosis

– Toxoplasmosis

– Listeria monocytogenes

– Non-infectious etiology (malignancy)



Streptococcus pyogenes abscess

• Direct DNA extraction à nanopore sequencing

• First read detected in 40 minutes

• Overall turnaround time from sample to answer: 3 hours

• 16S universal PCR also positive for S. pyogenes, cultures negative



Gu, et al., 2021, Nature Medicine, 25:115-124.
Zhang, et al., 2021, manuscript in preparation

Clinical Nanopore
Metagenomic Sequencing



Nanopore Sequencing of Borrelia burgdorferi
1 copy/mL



RNA Host Response Profiles of Febrile Infection

Lyme (n=29)
Babesia (n=20,

symptomatic + 
asymptomatic)

Anaplasma (n=4)

Influenza (n=18)

Bacterial
sepsis (n=5,
symptomatic + 
asymptomatic)

Ng, et al., 2020, manuscript under review



Lyme Disease Gene Classifier (LDC)
for Diagnosis of Early Lyme Disease

90% sensitivity
100% specificity



Transcriptome Profiling of Human (Patient) Host Responses using 
Machine Learning Analyses of RNA-Seq Data



69 viral
36 bacterial
14 fungal

18 autoimmune
25 other

1. Randomly split dataset 
to training & test subsets

80%

20%

training

testing

2. Train a ML model on 
training subset

model

prediction

3. Make predictions on 
testing subset

Features & Targets 4. Compare testing
predictions to actual 
target = accuracy

Predictive Model from CSF RNA-Seq (Transcriptome) Data

Santos and Chiu, et al., 2021 (manuscript in preparation)



Viral vs restBacterial vs 
rest AINI vs rest

Parasitic vs 
Autoimmune/
Noninfectious

Fungal vs rest

Consensus 
Classifier

Bacterial Bacterial 
Atypical Autoimmune Noninfectious

Consolidation

Consensus

Starting Classes

Classifiers

CSF Host Response Classifier Algorithm



Performance of the Spinal Fluid Classifier

• Bacterial infection (86% sensitivity, 93% specificity)
• Viral infection (81% sensitivity, 93% specificity)
• Fungal infection (75% sensitivity, 95% specificity)
• Parasitic infection (60% sensitivity, 100% specificity)
• Autoimmune / non-infectious etiology (83% sensitivity, 

96% specificity)



Host Response Classification of Metagenomic 
RNA-Seq Data for Infection Diagnosis



Diagnosis of Infections by “Nearest Neighbor”

Bacterial
(atypical)

Bacterial
(typical)

Fungal

Viral

Non-infectious,
Non-autoimmune

Non-infectious,
autoimmune

Parasitic

Borrelia burgdorferi
(n=2)



• Elderly male presenting with acute 
encephalopathy with lymphocytic
pleocytosis in CSF

• Microbiological workup negative
• Differential Dx: parasitic infection (positive
Toxocara Ab) versus autoimmune disease

Unknown Case



Host Response Classifier Analysis



Viral vs restBacterial vs 
rest AINI vs rest

Parasitic vs 
Autoimmune/
Noninfectious

Fungal vs rest

Consensus 
Classifier

Bacterial Bacterial 
Atypical Autoimmune Noninfectious

Consolidation

Consensus

Starting Classes

Classifiers

CSF Host Response Classifier Algorithm



• Scores on the y-axis (high 
= more like AINI, low = 
more like Parasitic

• 4 of the 5 parasites have 
reasonable scores

• The 5th parasite indicates 
that it is possible that a 
non-represented species 
could have a higher score

• Overall, however, this 
binary classifier suggests 
that this is not a parasitic 
sample

Most parasites in the 
training set score low

This parasite was 
misclassified in the 
training set

Patient has average score on binary 
classifier, far from the cutoff

Results from the Binary AINI / Parasite Classifier



Linear Discriminant Analysis Plot
(top 27 genes in AINI/parasitic binary classifier)

*



Tickborne Infections in the United States

CDC website

• Anaplasmosis
• Babesiosis
• Bourbon virus disease
• Colorado tick fever
• Ehrlichiosis
• Heartland virus disease
• Powassan disease

• Lyme disease
• Tickborne relapsing fever
• Rickettsia parkeri rickettsiosis
• Rocky Mountain spotted fever
• Borrelia miyamotoi infection
• Tularemia
• STARI
• 364D rickettsiosis
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