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Metagenomic next-generation sequencing (mNGS) for pan-pathogen detection has been successfully tested in proof-of-con-
cept case studies in patients with acute illness of unknown etiology but to date has been largely confined to research settings.
Here, we developed and validated a clinical mNGS assay for diagnosis of infectious causes of meningitis and encephalitis
from cerebrospinal fluid (CSF) in a licensed microbiology laboratory. A customized bioinformatics pipeline, SURPI+,
was developed to rapidly analyze mNGS data, generate an automated summary of detected pathogens, and provide a graph-
ical user interface for evaluating and interpreting results. We established quality metrics, threshold values, and limits of
detection of 0.2-313 genomic copies or colony forming units per milliliter for each representative organism type. Gross
hemolysis and excess host nucleic acid reduced assay sensitivity; however, spiked phages used as internal controls were re-
liable indicators of sensitivity loss. Diagnostic test accuracy was evaluated by blinded mNGS testing of 95 patient samples,
revealing 73% sensitivity and 99% specificity compared to original clinical test results, and 81% positive percent agreement
and 99% negative percent agreement after discrepancy analysis. Subsequent mNGS challenge testing of 20 positive CSF
samples prospectively collected from a cohort of pediatric patients hospitalized with meningitis, encephalitis, and/or my-
elitis showed 92% sensitivity and 96% specificity relative to conventional microbiological testing of CSF in identifying the
causative pathogen. These results demonstrate the analytic performance of a laboratory-validated mNGS assay for pan-
pathogen detection, to be used clinically for diagnosis of neurological infections from CSF.

[Supplemental material is available for this article.]

Metagenomic next-generation sequencing (mNGS) provides a
comprehensive method by which nearly all potential pathogens
—viruses, bacteria, fungi, and parasites—can be accurately identi-
fied in a single assay (Chiu 2013; Chiu and Miller 2016; Gu et al.
2018; Simner et al. 2018). This approach is attractive for diagnosis
of infectious diseases, as pathogens that cause an infectious
syndrome commonly have nonspecific, overlapping clinical pre-
sentations (Washington 1996). Recent advances in sequencing
technology and the development of rapid bioinformatics pipelines
have enabled mNGS testing to be performed within a clinically ac-
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tionable time frame (Cazanave et al. 2013; Naccache et al. 2014,
2015; Wilson et al. 2014; Frémond et al. 2015; Greninger et al.
2015; Quinn et al. 2016; Salzberg et al. 2016; Mongkolrattanothai
etal. 2017; Parize et al. 2017; Schlaberg et al. 2017b). However, nu-
merous challenges remain with migrating mNGS testing into the
clinical microbiology laboratory. These include (1) lack of an estab-
lished blueprint for mNGS clinical validation, (2) difficulty in dis-
criminating pathogens from colonizers or contaminants, (3)
paucity of bioinformatics software tailored for clinical diagnostic
use, (4) concern over quality and comprehensiveness of available
reference databases, and (5) requirement for regulatory compliance
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inherent to patient diagnostic testing in a Clinical Laboratory
Improvement Amendments (CLIA) environment.

Acute neurological illnesses such as meningitis and encepha-
litis are devastating syndromes, remaining undiagnosed in a ma-
jority of cases (Glaser et al. 2003, 2006; Granerod et al. 2010).
The diagnostic workup for many patients requires extensive, and
often negative, serial testing that utilizes a combination of culture,
antigen, serologic, and molecular methods, resulting in delayed or
missed diagnoses and increased costs. Cerebrospinal fluid (CSF)
sample volume is often limiting, so that only a fraction of desired
tests are able to be performed. Given the high burden of encepha-
litis-associated hospitalizations in the United States (Khetsuriani
et al. 2002), there is a large unmet clinical need for better and
more timely diagnostics for this syndrome, both to identify and
to exclude infectious etiologies.

Here, we present the development and validation of an
mNGS assay for comprehensive diagnosis of infectious causes of
meningitis and encephalitis from CSF, expanding on summary
data presented in a previously published review (Schlaberg et al.
2017a). The analytic performance of the mNGS assay was com-
pared to results from conventional clinical microbiological testing
performed in hospital or commercial diagnostic laboratories. We
also tested the assay by blinded retrospective analysis of a chal-
lenge set of 20 CSF samples collected from patients with diagnosed
neurological infections at a single pediatric tertiary care hospital.

Results

Sample processing and bioinformatics analysis

We developed an mNGS assay for pathogen identification from
CSF consisting of library preparation, sequencing, and bioinfor-
matics analysis for pathogen detection (Fig. 1) and validated the
performance of the assay in a CLIA-certified laboratory. Standard-
ized operating procedures for the “wet lab” protocols and sequenc-
ing runs for this analytic validation study were performed by state-
licensed clinical laboratory scientists. For each sequencing run,
NTC (“no template” control), PC (positive control), and both
RNA and DNA libraries from up to eight patient CSF samples
were processed in parallel. Steps included (1) microbial enrich-
ment, (2) nucleic acid extraction, (3) Nextera library construction
with two rounds of PCR, (4) library pooling in equimolar concen-
trations, and (5) rapid-run sequencing on an Illumina instrument,
targeting five to 20 million sequences per library (Fig. 1A,B). Raw
mNGS sequence data were analyzed using SURPI+, a bioinfor-
matics analysis pipeline for pathogen identification (Naccache
et al. 2014) that was modified for clinical use. Specifically, the
modified pipeline incorporated filtering algorithms for confirma-
tion of pathogen hits and taxonomic classification for accurate
species-level identification.

Results from SURPI+ were tabulated and used to populate a
web-based graphical user interface (SURPIviz) designed to facilitate
laboratory physician (e.g., microbiologist or pathologist) review
and reporting of mNGS findings (Figs. 1C, 2). Results accessible
to the laboratory physician included: (1) an automated mNGS re-
sults summary in Excel spreadsheet format providing QC run met-
rics and an overall clinical interpretation (Fig. 2A); (2) heat maps of
raw and normalized read counts in each sample (Fig. 2B); (3) indi-
vidual cells could be interrogated using BLASTn (Altschul et al.
1990) or downloaded in FASTA format for manual downstream
analyses; and (4) coverage maps of aligned hits against the most
closely matched microbial reference genome or sequence in the

NCBI GenBank nucleotide (nt) database (Fig. 2C). During review
of mNGS assay results, the laboratory physician assesses the dis-
played organism hits for clinical significance, taxonomic specific-
ity, and potential contamination. The SURPIviz graphical tools are
used to assist laboratory physicians in preparing a finalized clinical
results report that is submitted to the patient electronic medical re-
cord (EMR) and available for viewing by treating clinicians (Fig.
2D). The clinical report lists detected organisms by type (virus, bac-
teria, fungus, or parasite), often with an interpretation and citation
of relevant literature.

Establishing thresholds for reporting detected pathogens

To minimize false-positive results from low-level microbial con-
tamination, threshold criteria were established for organism detec-
tion (Fig. 1C). For viruses, we developed threshold criteria based on
the detection of nonoverlapping reads from >3 distinct genomic
regions. A viral species or genus meeting this threshold was report-
ed as “detected”; otherwise, the virus type (DNA or RNA) was re-
ported as “not detected.” Viruses comprising known body flora,
such as anelloviruses (Maggi and Bendinelli 2010; Moustafa et al.
2017) and papillomaviruses (Foulongne et al. 2012), or known
laboratory reagent contaminants (Zheng et al. 2011; Salter et al.
2014; Strong et al. 2014; Wilson et al. 2016) were not reported,
nor were viruses detected in the NTC and attributed to cross-
contamination.

For identification of bacteria, fungi, and parasites, we devel-
oped a reads per million (RPM) ratio metric, or RPM-r, defined as
RPM-r = RPMgampie/RPMnrc, with the minimum RPMyrc set to
1. This metric accounted for low-level microbial contamination
by normalizing detected pathogen reads with respect to the
NTC. To determine the optimal threshold value for RPM-r, we plot-
ted receiver operating characteristic (ROC) curves at varying ratios
corresponding to mNGS analysis of 95 clinical CSF samples used
for accuracy evaluation (Supplemental Fig. S1), showing that an
RPM-r of 10 maximized accuracy for organism detection. Thus, a
minimum threshold of 10 RPM-r was designated for reporting
the detection of a bacterium, fungus, or parasite as “detected”
(RPM-r > 10) or for reporting the pathogen type as “not detected”
(RPM-r< 10).

Limits of detection

To calculate the 95% limits of detection (LOD), defined as the low-
est concentration at which 95% of positive samples are detected,
we evaluated the PC at concentrations ranging from 0.005 to
5000 genome equivalents/mL across a minimum 4-log dilution
range per organism, testing three to 11 replicates at each concen-
tration. Using probit analysis, a 95% limit of detection was deter-
mined for each of the seven representative organisms in the PC
(Table 1). The final working PC consisted of the seven organisms
spiked at concentrations in a range of 0.5- to 2-log above the
95% LOD.

Precision

We demonstrated inter-assay reproducibility by mNGS testing of
the NTC and PC across 20 consecutive sequencing runs and in-
tra-assay reproducibility by testing of three independently generat-
ed sets of NTC and PC on the same run. Internal spiked phage
controls passed QC for every run, and only one PC RNA library
(out of 46 DNA and RNA libraries) had fewer than the minimum
cutoff of 5 million reads. All seven organisms were detected using

2 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.238170.118/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on April 22, 2019 - Published by Cold Spring Harbor Laboratory Press

Clinical mNGS assay for neurological infections

addition (”spiking”)

A of phage IC / A}w
\\ 4 S nucleic acid
—_ — —_ extraction
: 2
CSF sample bee_)d | 1
beating RNA DNA l
&b ® | ©||& || #=
enrichment for RNA viruses  enrichment for DNA viruses, bacteria, fungi, and parasites
(DNase treatment) (removal of CpG-methylated human DNA)
B
library quantitation
b, <ab \ and pooling
X X 8 clinical sam
) . ples
> \/ « 1 PC sample
«1NT |
transposase-mediated / C sample
library preparation PCR amplification L 10 RNA libraries 5 Ssequence 5-10 million
(2 rounds) 10 DNA libraries reads for each library
(pooled)
C
SU RPI+

r-—-—-———-—""""""""""-""-""-""-""""""—-""""—""—""""—"—"—"—"—"—"—"'—' —'— 1

preprocessing

(adapter trimming, low-quality

and low-complexity filtering)

microbial identification
(alignment to GenBank nt database)

human host
background subtraction

filtering and taxonomic
classification

Figure 1.

| I

I I

| |
CAATA c ™ >

I &xcr cr & || e = - I

I CAAAA TAT Y — s |

| CRATA }; T § | 2 > - | a» > family |
CCACG AAA D § > — a1 W genus

| CAARAA TAT - - VSpeciesl

| |

| ) graphical visualization interface for I

| automated results generation —_— review and clinical interpretation |

viral reference

I lenome I

| RNA virus detection e g ® seples > |
nonoverlapping species-specific = —_ = — + 3 \ \

I reads mapping to 23 regions % il w“\ l

! o—| 3 |

| ) ; « normalize to RPM (reads per million) Qo @ |

| DNA virus, bacterium, fungus, RPM ratio 210, wh 0 e l b |

and parasite detection ratio 210, where ——
| RPM ratio = RPMsample/ RPM, 1 automated heat map coverage map |
I I

results report (read counts) (aligned reads)

Schematic of the mNGS assay workflow. (A) CSF is extracted after lysis by bead-beating and internal control addition to allow viral, bacterial,

fungal, and parasite nucleic acid retrieval. Total nucleic acid extracts are enriched for pathogen DNA by removal of methylated DNA (DNA libraries) and
treatment with DNase (RNA libraries). (B) Libraries are generated using the Nextera XT protocol and amplified using two rounds of PCR. Libraries are quan-
tified, pooled, and loaded onto the sequencer. (C) Sequences are processed using SURPI+ software for alignment and classification. Reads are preprocessed
by trimming of adapters and removal of low-quality/low-complexity sequences, followed by computational subtraction of human reads and taxonomic
classification of remaining microbial reads to family, genus, or species. For viruses, reads are mapped to the closest matched genome to identify nonover-
lapping regions; for bacteria, fungi, and parasites, a read per million (RPM) ratio (RPM-r) metric is calculated, defined as RPM-r=RPM,pie/nre. TO aid in
analysis, automated result summaries, heat maps of raw/normalized read counts, and coverage/pairwise identity plots are generated for use in review and

clinical interpretation.

pre-established threshold criteria for the intra-assay run and each
replicate inter-assay run (Table 1).

Accuracy

For evaluation of accuracy, a total of 95 CSF patient samples (73
positive with 79 organisms detected and 22 negative for any path-
ogen by conventional clinical testing) were tested using the mNGS

assay. A board-certified infectious diseases physician (C.Y.C.) and
pathologist (S.M.) independently performed in-depth, retrospec-
tive patient chart review to extract the results of conventional clin-
ical testing and final microbiological diagnosis. mNGS results were
compared to (1) original clinical test results, (2) results after dis-
crepancy testing, and (3) results after discrepancy testing and ex-
clusion of samples with high host background (Table 1; Fig. 3A,
B; Supplemental Table S2).
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Clinical Results Report

(to be submitted to patient
electronic medical record)

Identification and reporting of enterovirus infection in a patient with meningoencephalitis using a clinical CSF mNGS assay. SURPI+ provides
tools to aid clinical interpretation and graphical visualization (the SURPIviz package), including (A) an automated mNGS results summary, (B) a heat map of
aligned reads corresponding to detected pathogens, and (C) a coverage plot (green line) of reads corresponding to a detected pathogen that are mapped
to the most closely matched genome or gene in the reference database, along with a corresponding pairwise identity plot (purple line, sliding window =10
nt). Viral hits corresponding to one CSF patient sample (MNC_087_097, column highlighted in red in B) are taxonomically identified as enterovirus (en-
terovirus B and echovirus AMS721 species) and murine leukemia virus, a known reagent contaminant (Zheng et al. 2011). After an interpretive review, a
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laboratory physician prepares a clinical results report (D) that is submitted to the patient electronic medical record (EMR).
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Figure 3. Accuracy of mNGS relative to clinical testing of CSF. (A) Flow chart of results from samples evaluated in the accuracy study. Results are separated
by organism category (RNA virus, DNA virus, bacterium, fungus, and parasite). Shown are the number of samples positive or negative by clinical testing
(first row), agreement between mNGS results and positive clinical results and additional positive detections by mNGS (second row), and, in samples with
sufficient remaining volume (third row), the results of orthogonal confirmatory testing (fourth row). (B) 2 x 2 contingency tables comparing the perfor-
mance of mNGS relative to clinical testing of CSF. The composite reference standards used are original clinical testing (left), combined original clinical
and discrepancy testing (middle), and combined original clinical and discrepancy testing after excluding high host background samples (right). (PPA)
Positive predictive agreement, (NPA) negative predictive agreement. (C) 2 x 2 contingency table showing the results of challenge study. Twenty CSF sam-
ples were analyzed by mNGS and compared with the results of conventional clinical testing.

Overall, the mNGS assay showed 73% sensitivity and 99%
specificity compared to original clinical test results (Table 1; Fig.
3B, left). Twenty-one cases were initially classified as mNGS
false-negatives (Table 2; Supplemental Table S2); eight of 21 had
sufficient residual CSF volume available for discrepancy testing.
Among these eight mNGS-negative cases, five (two WNV, Proteus
mirabilis, Candida parapsilosis, and Cryptococcus neoformans) were
negative by follow-up clinical PCR testing and hence reclassified
as true-negative cases after discrepancy testing (Table 2; Fig. 3B,
middle). Three of eight mNGS-negative cases were positive by fol-
low-up PCR testing and hence considered bona fide mNGS false-
negative results. False-negative cases of Enterococcus gallinarum

and Aspergillus fumigatus were probably missed by mNGS testing
because they were high-background samples and weakly positive
by original clinical testing (the E. gallinarum grew from broth
only, and the A. fumigatus was galactomannan-positive but fungal
culture-negative). A case of Sporothrix schenckii was negative by
mNGS testing because the full ~32-megabase (Mb) genome of S.
schenckii, while publicly available (Cuomo et al. 2014), had not
yet been deposited in the GenBank nt reference database (March
2015 build) used by SURPI+.

For the remaining 13 mNGS false-negative cases out of 21 that
had insufficient volume for follow-up discrepancy testing, we ex-
amined the clinical data for potential explanations (Table 2).
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Table 2. Discrepant mNGS negative results compared to original clinical testing (n=21)

Organism Organism detected by High host Results from discrepancy Final
type original clinical testing background? Results from original clinical testing testing call
RNA virus WNV N (+) CSF IgM Ab (=) WNV PCR TN
WNV N (+) CSF IgM Ab (=) WNV PCR ™
WNV N (+) CSF IgM Ab NT FN
EV N (+) CSF EV RT-PCR NT FN
DNA virus vzv Y (+) CSF vZV PCR? NT FN
vzv Y (+) CSF VZV PCRP NT FN
EBV N (+) CSF EBV PCR® NT FN
HSV-2 N (+) CSF HSV-2 PCR® NT FN
Bacterium Staphylococcus aureus Y (+) Bacterial culture, few organisms NT FN
S. aureus Y (+) Bacterial culture, rare organisms NT FN
Enterococcus gallinarum Y (+) Bacterial culture, growth in broth only  (+) Bacterial 16S rRNA PCR FN
for E. gallinarum
Proteus mirabilis Y (+) Bacterial culture, rare organisms (=) Bacterial 16S rRNA PCR TN
Escherichia coli Y (+) Bacterial culture, few organisms NT FN
E. coli N (+) Bacterial culture NT FN
E. coli Y (+) Bacterial culture, growth in broth only ~ NT FN
Acinetobacter baumannii Y (+) Bacterial culture, rare organisms NT FN
Enterobacter cloacae Y (+) Bacterial culture, rare organisms NT FN
Fungus Candida parapsilosis N (+) Bacterial culture, rare organisms (=) Fungal ITS PCR ™
Cryptococcus neoformans N (+) CSF CrAg 1:160, (-) fungal culture (=) Fungal ITS PCR TN
Aspergillus fumigatus Y (+) CSF galactomannan, (=) fungal culture  (+) Fungal ITS PCR for A. FN
fumigatus
Sporothrix schenckii N (+) Culture (+) Fungal ITS PCR for S. FN
schenckii

(TN) True-negative; (NT) not tested, as residual sample not available; (FN) false-negative; (Ab) antibody; (rRNA) ribosomal RNA; (PCR) polymerase
chain reaction; (CrAg) cryptococcal antigen; (WNV) West Nile virus; (EV) enterovirus; (VZV) varicella-zoster virus; (EBV) Epstein-Barr virus; (HSV-2)

herpes simplex virus 2); (ITS) internal transcribed spacer.
aVZV viral load <251 copies/mL.

byzV viral load 1400 copies/mL.

“PCR C; (cycle threshold) >37 cycles.

Among six viral cases, one (WNV) had been diagnosed via serology
only, and four (two VZV, one EBV, one HSV-2) had low viral loads
with high PCR cycle threshold (Cy) values (>37 cycles); two of four
additionally had high background. For six of seven missed bacte-
rial cases, cultures recovered few (n=2), rare (n=3), or broth only
growth (n=1), with all six being high-background samples.

In 18 cases, additional organisms were detected by mNGS that
had not been tested for clinically (Table 3). Nine cases (four HIV,
one CMV, two EBV, one HSV-1, one HHV-6) had sufficient CSF
sample available for discrepancy testing, and follow-up PCR testing
confirmed the positive mNGS results in all nine of these cases,
which were reclassified as true-positive cases. Given insufficient
CSF volume, the additional organisms detected by mNGS in the
nine remaining cases (three HIV, one rotavirus, one rhinovirus,
two parvovirus B19, one HHV7, Bacillus sp.) could not be indepen-
dently confirmed by follow-up discrepancy testing. Presumptive
evidence of infection from these organisms also could not be doc-
umented from patient chart review (serum antibody [Ab] positivity
alonein three cases of HIV was not deemed strong enough evidence
for CSF viremia). However, mNGS detection of one case of Bacillus
sp. was classified as false-positive, as it was from a culture-negative
CSF sample. Thus, eight of these nine cases overall were excluded
from the comparisons, as it could not be determined whether a giv-
en additional detection was a true- or false-positive. After discrep-
ancy testing, the mNGS assay overall yielded 81% positive
percent agreement and 99% negative percent agreement relative
to the combined original and discrepancy testing results (Table 1;
Fig. 3B, middle).

A third comparison was performed after exclusion of results
from CSF samples with an IC RPM of <100, indicating potential de-
creased mNGS assay sensitivity due to high background. A total of

26 samples had high background (one RNA virus, three DNA virus,
19 bacteria, two fungi, one negative), and exclusion of these yield-
ed 89% positive percent agreement and 99% negative percent
agreement for the mNGS assay overall. Notably, the 19 high-back-
ground bacterial samples comprised 70.4% of the total number of
culture-positive bacterial cases (n=27), consistent with the rela-
tively high leukocyte levels associated with bacterial meningitis.

Seven of the 95 CSF samples in the accuracy study yielded
mNGS results with multiple bacterial genera detected, all seven
of which were negative by original clinical testing. Detected genera
corresponded to low-virulence environmental and/or skin flora or-
ganisms not typically associated with cases of meningitis and/or
encephalitis (Supplemental Table S2). After clinical chart review,
none of these cases were consistent with culture-negative bacterial
meningitis, and residual sample was not available for discrepancy
testing. Thus, results were attributed to sample contamination, re-
ported as “multiple bacterial genera detected” (with an interpre-
tive comment indicating likely contamination), and considered
as negative for pathogen detection by mNGS.

We also evaluated contrived samples consisting of cultures
from uncommon pathogenic organisms spiked into negative CSF
matrix. All five organisms (Neisseria meningitidis, Streptococcus aga-
lactiae, Candida albicans, Mycobacterium fortuitum, Mycobacterium
abscessus) were correctly detected by mNGS testing.

Interference

We evaluated the effects of interference from human DNA and
RNA, red blood cell hemolysis, and mixtures of related species in
the same genus (Staphylococcus aureus and Staphylococcus epidermi-
dis) on mNGS assay performance (Table 1). Addition of exogenous
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Table 3. Discrepant mNGS additional positive results compared to original clinical testing (n=17)

Additional organism Results of Ancillary
Organism type detected by mNGS discrepancy testing clinical data Final call
RNA virus HIV (+) CSF HIV PCR (+) HIV serum Ab TP
HIV (+) CSF HIV PCR (+) HIV serum Ab TP
HIV (+) CSF HIV PCR (+) HIV serum Ab TP
HIV (+) CSF HIV PCR (+) HIV serum Ab TP
HIV NT? (+) HIV serum Ab NT?
HIV NT? (+) HIV serum Ab NT?
HIV NT? (+) HIV serum Ab NT?
Rhinovirus NT NT
Rotavirus NT NT
DNA virus CMV (+) CSF CMV PCR TP
Parvovirus B19 NT NT
Parvovirus B19 NT NT
EBV (+) CSF EBV PCR TP
EBV (+) CSF EBV PCR TP
HSV-1 (+) CSF HSV-1 PCR TP
HHV-6 (+) CSF HHV-6 PCR TP
HHV-7 NT NT
Bacterium Bacillus sp. NT (—) CSF bacterial culture FP

(TP) True-positive; (NT) not tested, as residual sample not available; (FP) false-positive; (Ab) antibody; (RT-PCR) reverse transcription polymerase chain
reaction; (PCR) polymerase chain reaction; (HIV) human immunodeficiency virus; (CMV) cytomegalovirus; (EBV) Epstein-Barr virus; (HSV-1) human

simplex virus 1; (HHV-6) human herpesvirus 6.

@Although residual CSF sample was not sufficient for discrepancy testing, positive HIV (+) serum Ab testing supported the mNGS result; however, sero-
logic evidence alone was deemed insufficient to reclassify the result as a true-positive.

DNA at alevel >1 x 10° cells/mL resulted in an approximately 2-log
reduction in the number of IC and PC reads (Supplemental Fig. S2),
impairing detection of DNA organisms in the PC. Addition of exog-
enous DNA at lower levels or RNA did not impact qualitative detec-
tion. Based on the interference results, a minimum RPM threshold
of 100 was chosen for the IC phage reads, with RPM values below
this level indicating that the sample library had high host back-
ground, along with an interpretive comment in the mNGS clini-
cal report regarding decreased assay sensitivity for detection of
RNA viruses (from RNA libraries) or DNA viruses, bacteria, fungi,
and parasites (from DNA libraries).

Available data from 55 CSF samples in the accuracy study
were used to evaluate the effect of WBC count, related to the level
of host background, on recovery of IC phage sequences. Among 26
samples with IC DNA phage counts of <100 RPM, indicating high
background, the average WBC was 5896 cells/mm?®, while 29 sam-
ples with IC counts of >100 RPM had an average WBC count of 27
cells/mm> (P=0.0498 by two-tailed t-test).

Gross hemolysis (dark red CSF) resulted in decreased sensitiv-
ity for RNA virus detection (HIV-1 in the PC) by mNGS but did
not affect detection sensitivity for DNA pathogens. Moderate to
low levels of hemolysis (pink to light red CSF) did not affect detec-
tion sensitivity for any of the PC organisms. Analysis of spiked
samples containing S. aureus and S. epidermidis with equivalent
RPM-r values at baseline demonstrated accurate discrimination
of species within the same genus when mixed at 1:1, 4:1, and
1:4 ratios, as both species were correctly identified and calculated
RPM-r values were within 7% of that expected on the basis of the
spiked proportions.

Stability

Analysis of replicates of the PC held at 4°C for O, 2, 5, and 6 d and
subjected to three freeze-thaw cycles demonstrated detection of all
organisms (Table 1).

Challenge study

Blinded evaluation of the mNGS assay was performed using a set of
20 CSF samples collected prospectively from pediatric patients hos-
pitalized at Children’s Hospital Colorado (CHCO) with meningitis,
encephalitis, and/or myelitis (Supplemental Table S3). The overall
sensitivity and specificity of mNGS relative to conventional clinical
microbiology testing (culture, serology, and/or PCR) were 92% and
96%, respectively. The causative pathogen was correctly identified
in 11 of 12 previously positive cases, including cases of entero-
virus (n=8), HSV-1 (n=1), HIV-1 (n=1), and WNV (n=1). The
mNGS assay failed to detect WNV in a second patient with positive
CSF IgM serology. Three additional organisms (Enterobacter sp.,
Corynebacterium sp., and EBV) were detected by mNGS testing,
each from a different sample. The detection of Enterobacter sp.
and Corynebacterium sp. were classified as false-positives, since the
two samples had previously tested negative by CSF culture. The pa-
tient with positive CSF mNGS testing for EBV was also positive for
EBV IgG antibodies in blood; however, this finding was excluded
from the comparison due to the lack of residual CSF sample volume
for confirmation. In addition, mNGS failed to detect organisms in
four cases presumptively diagnosed by testing at sites other than
CSF, including one case of Borrelia burgdorferi (blood serology),
two cases of Mycoplasma encephalitis (PCR-positive respiratory
but PCR-negative CSF samples), and one case of enterovius 71 in-
fection (positive rectal swab culture but negative CSF PCR). These
four cases were also excluded from the comparison, as the diagnosis
had not been made directly from CSF. Negative mNGS results were
concordant with negative clinical testing in four undiagnosed cas-
es, including one case of culture-negative bacterial meningitis and
three cases of idiopathic encephalitis.

Discussion

We developed and analytically validated a clinical CSF mNGS as-
say intended to aid in the diagnosis of infectious etiologies of
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meningitis, encephalitis, and/or myelitis in hospitalized patients.
The mNGS assay has been subsequently evaluated for clinical util-
ity in a 1-yr prospective diagnostic trial in hospitalized patients
presenting acutely with suspected neurological infection (Wilson
et al. 2019). As CSF is considered a normally sterile site, we postu-
lated that interpretation of CSF mNGS data would be more
straightforward than data from nonsterile sites such as respiratory
secretions and stool. However, numerous challenges had to be
overcome for successful implementation of mNGS for broad-spec-
trum pathogen detection in the clinical laboratory. First, a univer-
sal sequencing library preparation protocol employing two rounds
of PCR was developed, robust across the wide range of human host
background seen in patient CSF (0-10® leukocytes/mm?). Second,
QC materials were incorporated, including external PC and NTC
samples that are run in parallel with CSF samples, as well as inter-
nally spiked RNA and DNA controls. Third, reproducible threshold
metrics were established and evaluated using ROC curve analysis
to enable correct identification of pathogens from mNGS data
above background noise and minimize false-positive results. The
final clinical mNGS protocol incorporated (1) a bead-beating step
for complete lysis of microbial cell walls, (2) separate construction
of RNA and DNA libraries from nucleic acid extracts for detection
of RNA viruses and DNA-based microorganisms, respectively, and
(3) SURPI+ bioinformatics analysis using the entirety of the NCBI
GenBank nt database as a comprehensive reference database.

Our clinical mNGS library preparation protocol uses a trans-
poson-based approach (Nextera). A key advantage of this approach
is the ease of use and rapid turnaround time for the protocol,
which is amenable to routine clinical laboratory workflows. This
method has been shown to exhibit a GC bias with respect to se-
quenced reads (Lan et al. 2015). However, here we tested represen-
tative organisms with GC content ranging from 35.4% to 57.4%,
core genomes tend to have a lower GC bias (Bohlin et al. 2018),
and detection by mNGS remains possible from less-biased geno-
mic regions. Of note, we have not observed an appreciable differ-
ence in mNGS assay sensitivity using adapter ligation-based kits
(Naccache et al. 2014; Luk et al. 2015). Nevertheless, further stud-
ies will be needed to establish whether mNGS is able to detect or-
ganisms at the extremes of GC content.

Based on the PC mix of seven representative organisms, as-
say limits of detection ranged from from 0.2 CFU/mL for C. neo-
formans to 313 copies/mL for HIV. Metagenomic sensitivity for
detection of a given organism is dependent on a number of fac-
tors, including extraction efficiency, size of the genome, library
preparation bias, and availability of matching reference genomes
in the database. We believe that C. neoformans was detected at
lower levels due to a number of factors. The relative large eukary-
otic genome size (~19 Mb) increases the amount of pathogen rel-
ative to human DNA, even for low numbers of organisms. C.
neoformans may also be more susceptible to lysis than organisms
with more rigid cell walls such as Aspergillus niger, so that more
DNA may be released after bead-beating and hence available for
sequencing. In addition, the complete sequences of all 14 C. neo-
formans chromosomes were available in the NCBI GenBank nt da-
tabase (March 2015 build) used by SURPI+, unlike for Toxoplasma
gondii, with only representation of a limited subset of genes or
gene regions.

Given the untargeted nature of mNGS, a key limitation for in-
fectious disease diagnostics is background interference, generally
from human host DNA. In addition to controlling for nucleic
acid extraction efficiency, the use of a spiked phage IC was found
to be useful for assessing whether high host background was pre-

sent, indicating decreased sensitivity of pathogen detection by
mNGS. Overall, 27.4% of DNA libraries and 6.3% of RNA libraries
in the accuracy study had fewer than 100 RPM IC phage reads re-
covered, making background interference a fairly common limita-
tion. Thus, in high-background samples, negative mNGS findings
may be less useful for excluding infection, and other diagnostic
tests that are less sensitive to background should be considered,
such as 16S rRNA bacterial PCR (Salipante et al. 2013) and ITS fun-
gal PCR (Pryce et al. 2006). This is especially relevant in cases of
bacterial meningitis with high leukocyte counts in CSF. Despite
this limitation, mNGS was still able to detect bacterial pathogens
in 12 of 19 culture-positive samples in the accuracy study with
high host background.

The overall accuracy of the mNGS assay for pathogen detec-
tion relative to conventional clinical testing was 90%, with 73%
sensitivity and 99% specificity. The calculated 73% sensitivity re-
fers to clinical sensitivity—sensitivity in diagnosis of infection,
and not analytical sensitivity—sensitivity in detection of patho-
gen nucleic acid. Factors impacting the clinical sensitivity of
mNGS include (1) cases diagnosed only by serology (e.g., WNV),
(2) use of clinical testing as an imperfect “gold standard,” with
some samples possibly representing false-positive detections
from contamination (e.g., Enterococcus faecalis with growth from
broth only), (3) analysis of remnant biobanked clinical samples
for mNGS accuracy testing, with degradation from prior freeze-
thaw steps likely decreasing sensitivity, (4) use of robust pre-estab-
lished thresholds to minimize false-positive detections, and (5)
role of human host background (e.g., high CSF pleocytosis) in lim-
iting sensitivity. Among the eight of 21 mNGS false-negative cases
with sufficient remaining CSF volume, follow-up discrepancy PCR
testing was negative for five of eight (62.5%), suggesting that sam-
ple degradation may have occurred over time or that the original
clinical result was incorrect. Indeed, positive percent agreement
rose to 81% after discrepancy testing of samples with sufficient
volume, and exclusion of samples with high host background in-
creased this further to 89%.

Only a fraction of all possible diagnostic tests for pathogens
are performed in clinical microbiology laboratories given cost, lim-
ited CSF sample volume, and long turnaround times for reference
(send out) laboratory testing. We decided to exclude additional or-
ganism detections by mNGS (n=18) in the initial assessment
of specificity, as no clinical reference result was available.
However, in nine cases out of 18 with sufficient CSF volume for dis-
crepancy testing, all nine were found to be analytical true-positives.
Furthermore, an additional three cases had peripheral blood serol-
ogy results consistent with neurological infection by the organism
detected by mNGS (Table 3). Thus, at least 12 of 18 (66.7%) addi-
tional organisms identified by mNGS are likely true-positive detec-
tions, with only one of 18 (5.6%), a culture-negative case positive
by mNGS for Bacillus sp., classified as a false-positive.

As with any diagnostic assay, mNGS testing is prone to
contamination. Often, the identity of the species detected can pro-
vide clues as to the contamination source, such as skin flora (e.g.,
S. epidermidis, papillomaviruses), laboratory reagents (murine gam-
maretroviruses, E. coli, insect viruses), body flora (e.g., anellovi-
ruses), or environmental flora (e.g., Thermus sp., Bacillus sp.).
Cross-contamination in particular is a major concern given that
the mNGS protocol involves PCR amplification. Strict processing
controls to minimize contamination are essential and include uni-
directional workflow, positive pressure ventilation in pre-amplifi-
cation areas, and workspace separation for different assay steps.
To monitor for contamination, we also developed standardized
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protocols for QC testing of new reagents and periodic swipe testing
of instruments and laboratory surfaces (Supplemental Methods).
Continual tracking of contaminants seen in the NTC or PC is also
done, and conservative threshold criteria are used to minimize
the reporting of false-positive results. The development and use
of ultraclean reagents with no or extremely low levels of DNA con-
tamination may also help in minimizing assay contamination
(Motley et al. 2014).

Approximately 7% of the clinical samples in the accuracy
study had multiple bacterial genera detected above pre-established
thresholds, generally consisting of environmental or skin flora.
The challenge of determining the clinical significance of detecting
organisms that may be contaminants is a classical problem in clin-
ical microbiology and often requires clinical context for interpre-
tation. As CSF is a normally sterile site, rarely are bacterial or fungal
co-infections causative for cases of meningitis or encephalitis,
with the possible exception of foreign body infections or polymi-
crobial brain abscesses communicating with CSF (Martin et al.
2018). Thus, detection of multiple bacterial and/or fungal genera
are noted in the mNGS results report as probable sample contam-
ination and were considered negative in our evaluation of assay
performance.

The challenge study evaluated CSF mNGS testing as a first-
line diagnostic assay for neurological infections and demonstrated
that mNGS detected the same organism identified via convention-
al microbiological testing of CSF in 11 of 12 (91.7%) cases. The
missed case of WNV was diagnosed by serologic IgM testing of
CSF. This case and a presumptive Lyme disease case diagnosed
by serologic testing of peripheral blood underscore the critical de-
pendence of mNGS detection on the presence of nucleic acid from
the organism at the time of sample collection. As a direct detection
method, mNGS can miss infections that are often only successfully
diagnosed using serology (e.g., WNV, Lyme neuroborreliosis, and
neurosyphilis), given that the causative pathogen may be absent
or only transiently present in CSF. For these cases, direct detection
testing approaches such as PCR and mNGS lack sensitivity, and
there should be a low threshold for indirect serologic testing or lab-
oratory testing from other body sites to establish the diagnosis
(DeBiasi and Tyler 2004).

While mNGS testing can provide broad-spectrum pathogen
identification, assessment of the clinical significance of the report-
ed findings may require interpretation. Direct discussions or tele-
conferences can be set up with treating clinicians to clarify and
review mNGS results in clinical context. These forums can also
be used to communicate results of secondary analyses of mNGS
data, including (1) genome assembly for characterization of pre-
dicted antibiotic or antiviral resistance mutations, (2) phylogenet-
ic analysis for genotyping and strain-level identification, and (3)
disclosure of reads from potential pathogens below formal report-
ing thresholds. Thus, the clinical relevance of mNGS findings can
be efficiently communicated to physicians, potentially informing
the next steps in management and treatment of the patient, and
may also prove informative for public health surveillance and out-
break investigation (Chiu et al. 2017).

Methods

mNGS assay

We developed standard operating procedures (SOPs) in the clinical
laboratory for processing and analyzing CSF samples by mNGS.
Each of the “wet lab” and bioinformatics processing steps was op-

timized to ensure sensitive and accurate organism detection
(Schlaberg et al. 2017a). The mNGS assay workflow was performed
as follows (Fig. 1), with a more detailed description provided in the
Supplemental Methods. Briefly, each CSF sample was first subject-
ed to bead-beating to lyse organisms (Fig. 1A), followed by addition
(“spiking”) of T1 (DNA) and MS2 (RNA) bacteriophages as an
internal control (IC). Total nucleic acid was then extracted and
split into two aliquots for construction of separate DNA and RNA
libraries. Microbial sequences were enriched by antibody-based re-
moval of methylated host DNA (for DNA libraries) or DNase treat-
ment (for RNA libraries), followed by transposon-based library
construction (Fig. 1B). Each sequencing run on an Illumina
HiSeq instrument included up to eight samples, along with a neg-
ative “no template” control consisting of elution buffer, intended
to allow for sensitive detection of contamination, and a positive
control consisting of a mixture of seven representative pathogenic
organisms (RNA virus, DNA virus, Gram-positive bacterium,
Gram-negative bacterium, fungus, mold, and parasite).

Sequence analysis was performed using the SURPI+ computa-
tional pipeline (Fig. 1C; Supplemental Methods), an automated
clinical version of the previously published SURPI (“sequence-
based ultrarapid pathogen identification”) research pipeline
(Naccache et al. 2014). Receiver-operator curve analyses were per-
formed as part of the accuracy study to determine optimal thresh-
old values for organism detection (Supplemental Methods), using
95 clinical CSF samples with established microbiological results.
These pre-established thresholds were then finalized and used
for all subsequent clinical mNGS runs. Each mNGS run was ana-
lyzed by experienced laboratory physicians (S.M. and C.Y.C)),
and results were generated for five categories per sample (RNA vi-
rus, DNA virus, bacteria, fungi, and parasite). Run quality control
(QC) metrics included a minimum of 5 million reads per library,
>100 reads per million for the IC T1 and MS2 phages in the
DNA and RNA libraries, respectively, and positive qualitative
detection of each of the seven organisms in the PC.

Evaluation of mNGS analytical performance characteristics

A detailed description of the methods used to evaluate mNGS an-
alytical performance characteristics is provided in the Supplemen-
tal Methods. Briefly, limits of detection were determined for each
of the seven representative organisms in the PC by probit analysis
using a series of dilutions across a minimum 4-log range. Precision
was determined using repeat analysis of the PC and NTC over 20
consecutive sequencing runs (inter-assay reproducibility) and
three sets of separate PCs and NTCs processed in parallel on the
same run (intra-assay reproducibility). Test stability was deter-
mined using control samples held at various temperatures and sub-
ject to multiple freeze/thaw cycles. Interference was determined
using PC spiked with known amounts of human DNA or RNA ma-
terial. Results were assessed for qualitative detection of organisms
in the PC.

Accuracy was determined using 95 clinical CSF samples com-
prising 73 positive samples containing 79 detected organisms in
total and 22 negative samples (Fig. 3A). Samples were obtained
from patients at the University of California, San Francisco
(UCSF) (n=359), Children’s National Medical Center (CNMC) (n=
19), Children’s Hospital Colorado (CHCO) (n=1), and Quest
Diagnostics (n=16). Three composite reference standards were
generated for comparisons of mNGS assay performance with
“gold standard” clinical microbiological testing (Fig. 3B): (1) orig-
inal clinical testing results; (2) combined results from original clin-
ical testing and additional discrepancy testing of initial false-
negative or false-positive samples for which sufficient residual
CSF volume was available; and (3) original and discrepancy testing
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results after exclusion of samples with high background corre-
sponding to the human host (see “Interference,” above). The sec-
ond and third comparisons are reported as positive percent
agreement (PPA) and negative percent agreement (NPA), as selec-
tive discrepancy testing can bias estimates of test sensitivity and
specificity (U.S. Food and Drug Administration 2007). To evaluate
mNGS detection performance for additional organism types not
readily available from clinical CSF samples, the accuracy study
also included mNGS testing of contrived samples of five known or-
ganisms (N. meningitidis, S. agalactiae, C. albicans, M. fortuitum, M.
abscessus) spiked into negative CSF at defined concentrations.

Challenge study

The Aseptic Meningitis and Encephalitis Study (AMES) is a pro-
spective cohort study enrolling children presenting to CHCO
with culture-negative meningitis and encephalitis since 2012. A
subset of CSF samples (n=20) with sufficient residual volume of
600 pL from subjects with known and unknown etiologies was
coded for mNGS testing as a challenge set. Samples were processed
in a blinded fashion at UCSF and results discussed in clinical
context with site investigators at CHCO over web-based
teleconferencing.

Software availability

The SURPI+ computational pipeline software used by the
UCSF clinical CSF mNGS assay consists of publicly available
source code and proprietary binaries and is available for download
on GitHub (https://github.com/chiulab/SURPI-plus-dist). Shell
scripts to reconstruct the essential NCBI GenBank nt reference da-
tabases using the alignment programs (SNAP [Naccache et al.
2014], Bowtie 2 [Langmead and Salzberg 2012], and BLASTn
[Altschul et al. 1990]) are also provided in this distribution. Note
that the databases used are from the March 2015 distribution of
GenBank nt and use GI instead of accession numbers. The source
code includes the following external open-source tools: BLAST
v2.7.1 (Altschul et al. 1990), Bowtie 2 v2.3.2 (Langmead and
Salzberg 2012), cutadapt v1.2.1 (Martin 2011), PRINSEQ-lite
v0.20.3 (Schmieder and Edwards 2011), and SNAP v0.15.4
(Naccache et al. 2014).

Data access

Metagenomic reads from patient CSF samples from this study
were depleted of human host sequences and have been submitted
to the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject) under accession number PRINA516289. Sequences cor-
responding to the HIV-1 and CMV controls in the PC and the MS2
(RNA) phage and T1 (DNA) phage spiked IC samples from this
study have been submitted to NCBI GenBank (https://www.ncbi
.nlm.nih.gov/genbank/) under accession numbers MK214316,
MK213797, MK213795, and MK213796, respectively.
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