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ABSTRACT

Introduction Sepsis is a major source of morbidity

and mortality in neonates; however, identification of the
causative pathogens is challenging. Many neonates have
negative blood cultures despite clinical evidence of sepsis.
Next-generation sequencing (NGS) is a high-throughput,
parallel sequencing technique for DNA. Pathogen-targeted
enrichment followed by NGS has the potential to be more
sensitive and faster than current gold-standard blood
culture. In this pilot study, we will test the feasibility

and pathogen detection patterns of pathogen-targeted
NGS in neonates with suspected sepsis. Additionally, the
distribution and diagnostic accuracy of biomarkers cell-
free DNA and protein C levels at two time points will be
explored.

Methods and analysis We will conduct a prospective,
pilot observational study. Neonates over 1kg with
suspected sepsis from a single tertiary care children’s
hospital will be recruited for the study. Recruitment will be
censored at 200 events or 6 months’ duration. Two blood
study samples will be taken: the first simultaneous to the
blood culture (time=0 hour, for NGS and biomarkers) via
an exception to consent (deferred consent) and another
24 hours later after prospective consent (biomarkers only).
Neonates will be adjudicated into those with clinical sepsis,
culture-proven sepsis and without sepsis based on clinical
criteria. Feasibility parameters (eg, recruitment) and NGS
process time will be reported.

For analysis, NGS results will be described in aggregate,
compared with the simultaneous blood culture (sensitivity
and specificity) and reviewed via expert panel for
plausibility. Pilot data for biomarker distribution and
diagnostic accuracy (sensitivity and specificity) for
distinguishing between septic and non-septic neonates will
be reported.

Ethics and dissemination Ethics approval has been
granted by the Hamilton Integrated Research Ethics Board.
We will seek publication of study results in peer-reviewed
journals.

What is already known on this topic?

» Sepsis is a major source of morbidity and mortality
in neonates.

» There is no true gold standard for the definition of
neonatal sepsis.

» Targeted next-generation sequencing (NGS) is a
high-throughput sequencing technique with the po-
tential to be more sensitive and faster than blood
culture.

What this study hopes to add?

» This pilot observational study explores the need for
a faster, more sensitive and specific test for neonatal
sepsis using novel methodology.

» The primary objective was to determine the feasibil-
ity of a trial of targeted NGS of DNA to identify blood
pathogens in neonates with suspected sepsis.

INTRODUCTION

Sepsis is a major source of mortality and
morbidity in neonates; however, there is
no consensus definition or standard for
neonatal sepsis.' * Blood culture sensitivity
can be limited in cases of low blood volume
(eg, under 1mL) or prior administration
of antibiotics.” Biomarkers for neonatal
sepsis have been studied extensively, but
so far, there is no single adequately rapid
and accurate biomarker or scoring system.
Procalcitonin-guided treatment reduces anti-
biotic duration in early onset neonatal sepsis
but requires serial measurements.” Due to the
lack of a rapid and accurate diagnostic test,
neonates are at risk of overtreatment with
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antimicrobials and their associated toxicities or inade-
quate antimicrobial treatment. These factors create an
ongoing need for a rapid and sensitive diagnostic test for
neonatal sepsis.

Next-generation sequencing

Next-generation sequencing (NGS) is a high-throughput,
parallel sequencing technique for DNA and RNA that
has correctly identified pathogens in septic adults.’ !
The theoretic clinical benefits of NGS include reduced
blood volume (<0.5mL), increased speed compared with
standard blood culture and fast antibiotic resistance gene
identification, aiding in diagnostic clarity and decisions
around antibiotic type and duration.” ® Total laboratory
process time is under 24hours, but time with real-life
conditions has yet to be assessed.” Since detection is not
based on growth, detection may be possible even after
antibiotic administration, and identification of polymi-
crobial infections may be improved. NGS can iden-
tify viral, bacterial and fungal DNA in one test, unlike
blood culture. Two small studies have shown increased
sensitivity of NGS relative to blood culture for pathogen
identification in septic adults.”? Gosiewski ¢t al detected
bacterial DNA using NGS in 23 healthy volunteers."
The taxonomy of the bacteria, predominately intestinal
microbiota in healthy volunteers, is significantly different
in septic patients. These findings indicate that NGS
requires stringent controls and interpretation.

Multiplex PCR has also been studied for rapid pathogen
detection in sepsis. However, limitations exist, including
alack of quantitative output for some PCR methods, vari-
able sensitivity and a restricted range of pathogen recog-
nition, with variable study quality.'' ' NGS offers the
advantage of semiquantitative output and a larger range
of pathogen recognition over PCR-based methods.

Novel pathogen-targeted NGS system

We have designed novel biotin-labelled pieces of RNA
termed baits. The baits are around 80 base pairs (bp)
long and map to unique regions (‘Kmers’) on a wide
variety of fungal, viral and bacterial species in a hier-
archical fashion. Pathogen DNA is enriched through
hybridisation with the baits, which are pulled out of solu-
tion using streptavidin-coated magnetic beads."”

Biomarkers in neonatal sepsis

Numerous biomarkers such as C reactive protein and
procalcitonin have been studied extensively in neonatal
sepsis." '* I However, there is not yet a biomarker with
the high diagnostic accuracy and short turnaround time
desired for clinical decisions around antibiotic therapy
and hospital admission.

Cell-free DNA (cfDNA) and protein G

cfDNA is freely circulating DNA and can be found in
blood plasma. Levels of cfDNA have shown prognostic
utility in adult trauma,'® cancer'” and sepsis."** In a
case—control study of 27 very preterm infants, the level
of cfDNA was elevated at late-onset sepsis diagnosis and

trended higher even days prior to the onset of necrotising
enterocolitis.”’

Protein C is a glycoprotein with anticoagulant activity
through regulation of thrombin activity. Protein C has
been studied as a potential treatment for severe neonatal
sepsis using activated protein C concentrate, although
there is no clear evidence of benefit.** Protein C levels
are significantly higher in healthy controls compared
with septic neonates, and protein C has been described
as a useful biomarker in severe sepsis.”” Protein C has also
demonstrated prognostic utility for mortality in septic
low birthweight neonates.** There is a paucity of research
on the diagnostic capability of protein C levels to identify
neonatal sepsis.

Rationale

Both NGS and the biomarkers ¢fDNA and protein C have
the potential to improve care for neonates with sepsis
through rapid and sensitive identification of pathogens
and improved diagnostic accuracy, respectively. In this
pilot study, we will test the feasibility and pathogen detec-
tion patterns of NGS in neonates with suspected sepsis.
Additionally, cfDNA and protein C levels at two time
points will be analysed for diagnostic capability of clinical
and culture-proven sepsis.

Objectives
The objectives of this study are shown in table 1.

METHODS

Design of study

Fast I(n)dentification of Pathogens in Neonates (FIND-
PATH-N) is a prospective, observational single-centre
cohort study in Hamilton, Ontario, Canada. The study
design is shown in figure 1.

Study setting

Potential patients will be from levels 2 and 3 neonatal
intensive care units (NICUs) in a paediatric tertiary care
hospital (McMaster Children’s Hospital) in Hamilton,
Ontario, Canada.

Eligibility criteria

Inclusion criteria

1. Patient in level 2 or level 3 NICU with physician or
nurse practitioner order to draw blood culture.

2. Current or birth weight over 1kg.

Exclusion criteria

1. Substitute decision maker (SDM) has previously de-
clined consent for FINDPATH-N.

2. Patient apprehended by Children’s Aid Society.

3. SDM is a known Jehovah’s witness.

Study processes

Patient recruitment and first sample

Study education sessions and posters will increase aware-
ness and inform staff about study processes. For the
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Table 1 Objectives, outcome measures and methods of analysis for Fast I(n)dentification of Pathogens in Neonates pilot

study

Objective

Outcome measure

Method of analysis

Co-primary objectives
1. Recruitment.

2. Sample collection.

Successful recruitment is defined as 280% of  Proportion
eligible patients.
Successful sample collection is defined as Proportion

>80% of the blood samples for recruited
patients at the first time point.

3. Ability to perform NGS on blood samples of
premature and term neonates at MCH with suspected
sepsis.

Secondary objectives

1. To describe the blood NGS pathogen output in
order to gain a preliminary understanding of the
potential clinical role of NGS testing in neonates with
suspected sepsis.

2. To describe the serum levels and diagnostic
accuracy of biomarkers cfDNA and protein C at time
points of 0 and 24 hours between neonates with
clinical sepsis, culture-proven sepsis and without
sepsis.

3. To compare the sensitivity and specificity of NGS
for bacterial identification compared with gold-
standard aerobic blood culture.

4. To determine blood sample NGS laboratory
process time.

5. To determine consent rate using an exception to

consent (deferred consent). approached

Description of mechanical or process issues

NGS pathogen output (taxonomy, reads,
plausibility from panel review)

Sensitivity and specificity (%)

The target consent rate is 280% of families

Descriptive only

Descriptive statistics + case
discussions

Levels of blood cfDNA and protein C, sensitivity Descriptive statistics, diagnostic
and specificity (%), likelihood ratios

accuracy measures with Cls

Proportion and Cls

Process time from thawing sample to sequence Descriptive only
acquisition (hours)

Proportion

cfDNA, cell-free DNA; Cl, confidence interval; MCH, McMaster Children’s Hospital; NGS, next-generation sequencing.

6-month study period, a blood culture being ordered
will act as a cue for nursing staff to check eligibility.
Chart inserts and stickers will be used to identify patient
consentstatus. If eligible, 650 pL of blood will be collected
via deferred consent in two separate study tubes (one
350 pLL. EDTA tube for NGS and one 300 pL. EDTA tube
for biomarkers) at the same time as the blood culture,
which has a set minimum volume of 0.5 mL. The order of
priority is clinical samples first.

Consent window
for second sample

Suspected ( 24\h
sepsis 0 hours cLl > Chart Review
(BC ordered)
Clinical Sample: Second Study Sample
BC Consent: prospective

Blood:

(1) 300 pL biomarkers
(cfDNA and protein C)
Venous, arterial or capillary.

First Study Sample

Consent: deferred

Blood:

(1) 350 pL NGS

Aseptic. Venous or arterial.
(2) 300 pL biomarkers
(cfDNA and protein C)
Venous, arterial or capillary.

Figure 1 FINDPATH-N studyworkflow. Abbreviations: BC
(bloodculture), NGS (next generation sequencing), cfDNA
(cell-free DNA).

Consenting and second sample

Study personnel will approach SDMs for consent in
person or via telephone within 24hours of the first
blood sample. Before approaching the family, the study
personnel will make a reasonable effort to ensure that a
medical update has been given and obtain permission to
approach via a member of the circle of care. If consent
is obtained for a second sample (300 pL EDTA tube for
biomarker analysis), study personnel will write a ‘suggest
order’ in the chart for this to be drawn 24+4 hours from
the time of the first sample. If the SDM is not able to
be reached within 24hours, the second sample will not
be collected. Later attempts to contact the SDM will be
made so that the first sample may still be used. If consent
is not obtained for inclusion in the study, the blood
sample collected via an exception to consent will be
destroyed. Study personnel will maintain a master list to
log consent and sample acquisition throughout the study
period. Automated online searches for use of the study
code by nursing staff will serve as a backup to notification
from the clinical team.

Sample size calculation

We will censor the study at 200 events of suspected sepsis
or 6 months’ duration. In general, pilot studies do not
require sample size calculations.”” The 200 events will
allow a CI estimate of the primary feasibility outcomes
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with a margin of error less than 0.1 when expected rates
are 0.8.” Results from this study could serve to inform
the sample size of a larger trial.

Patient data collection methods

We have developed a detailed case report form. Trained
data abstractors will review the charts of participants
and record patient demographic data, timing of blood
culture and sample collection, treatment details, vital
signs, laboratory data and clinical outcomes data.

Definitions and adjudication

Patients will be adjudicated into those with and without
sepsis (subclassifications: culture-proven and clinical; see
online supplementary definitions 1) using definitions
adapted from previous literature.® ” There is currently
no consensus definition for neonatal sepsis.” All NGS-
positive results will be reviewed for plausibility by a panel,
which will include a neonatologist, a paediatrician and
a paediatric infectious disease specialist, and will use
majority voting.

Data management

Data with personal identifiers will be stored on an
encrypted USB in a locked drawer in a locked institution.
Data will be deidentified using a study code. REDCap, a
secure web application, will be used to build and manage
our study database.” Range checks will be performed for
all continuous data. Data will be destroyed after 10 years.

Monitoring

A data safety and monitoring committee was deemed
unnecessary due to the short study duration and this
being an observational, minimal-risk study. The primary
investigator will monitor recruitment, consent processes
and sample collection on a weekly basis.

Laboratory protocols for index tests

Storage

Samples for NGS will be frozen as whole blood at -20°C.
Biomarker samples will be frozen as plasma at -80°C.
Any remaining blood will be stored for up to 10 years for
future pathogen and biomarker analysis.

Biomarker analysis

Levels of ¢fDNA and protein C will be quantified from
plasma via a Qiagen cfDNA extraction kit, as previously
described,18 and an ELISA, respectively.

NGS library preparation

Total DNA is placed into double-stranded and single-
stranded DNA libraries using methodology designed at
McMaster University (H Poinar, personal communication
2019) and modified from previous work.?? DNA libraries
are then barcoded using indexed primers for each indi-
vidual blood sample. These indexed libraries are then
subjected to targeted enrichment.

Pathogen-targeted enrichment

We will use biotin-labelled RNA baits (80bp) corre-
sponding to unique regions in bacterial, fungal and
viral species genomes. The baits are manufactured using
myBaits (Arbour Biosciences, Michigan, USA). The large
list of pathogens was created via consensus decision
with infectious disease specialist input. Indexed library
samples will undergo hybridisation with the pathogen
baits for between 2 and 12hours (final sensitivity testing
pending) at 55°C-65°C followed by magnetic purifica-
tion using streptavidin-coated magnetic beads to enrich
the level of pathogen versus human DNA in the sample.”

Sequencing

Enriched samples will undergo NGS using an Illumina
HiSeq 1500flx sequencing platform in the Farncombe
Family Digestive Health Research Institute, McMaster
University.” ' ** We will use three biological replicates
per sample group where possible, with a minimum of two
technical repetitions. Sequences will be analysed using
a proprietary pipeline that trims, merges and collapses
sequences for final comparison using metagenomic
analysis software. Analysis software includes DUDes,
Kraken2, DIAMOND, MegaBlast and direct mapping
using Burrows-Wheeler Alignment.”” Healthy adult
blood samples will serve as negative controls, and blood
samples spiked with multiple bacterial strains with vari-
able genome size and guanine or cytosine content will
serve as positive controls. Future research may explore
whether healthy neonatal controls have differing levels of
pathogen DNA than adult healthy controls.

Quality controls

Any thick, red plasmasampleswill be excluded due to likely
hemolysis. The purity of cfDNA isolate will be assessed
and reported using an absorbance (260nm/280nm)
ratio via spectrophotometer. The protein C ELISA will
have duplicate samples where possible and concentra-
tion standards.

For every five sequencing reactions, we will include
an extraction, an indexing, a library preparation and
an enrichment control. All sequences found within the
controls are used as a decontamination database to assess
potential contamination in our clean room facilities.

ANALYSIS
Co-primary outcomes
Co-primary outcomes are described in table 1.

Secondary outcomes

NGS pathogen output

Types of bacteria, fungi and viruses identified will be
described using both species-level terminologyand higher-
level taxonomy. Taxonomy patterns will be compared in
relation to the adjudicated clinical subgroups (culture-
proven sepsis, clinical sepsis and no sepsis) with descrip-
tive statistics. Plausibility of NGS results by panel review
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will be reported using descriptive statistics. Individual
case data have the potential to suggest increased sensi-
tivity of NGS if a blood culture-negative patient is NGS-
positive for a corresponding pathogen found in a culture
of the patient’s cerebrospinal fluid or urine. Quantitative
or semiquantitative NGS output will be reported with
descriptive statistics.

cfDNA and protein C distribution and diagnostic accuracy

Levels of c¢fDNA and protein C at 0 and 24hours will be
described with descriptive statistics by clinical groups.
Levels of ¢fDNA and protein C at 0 and 24hours will
be assessed for ability to discriminate between patients
who have clinical or culture-proven sepsis and those who
do not. Sensitivity and specificity will be reported for
multiple potential cut-off values. If there are adequate
data available, receiver operator curves will be created.
Likelihood ratios will also be reported.

Sensitivity and specificity of NGS versus gold-standard aerobic
blood culture

The number of species-corresponding NGS-positive and
blood culture-positive samples will be divided by the total
number of blood culture-positive samples to calculate the
sensitivity. The sensitivity and specificity of NGS vs blood
culture will be reported as a per cent with an associated
95% CI.

NGS laboratory process time
The process time from thawing the sample to sequence
acquisition will be recorded in hours.

Consent rate using initial exception to consent (deferred consent)
Our target consent rate is 280% of families approached
for consent.

Patient and public involvement
There was no patient or public involvement in this study
creation.

ETHICS AND DISSEMINATION

Ethics approval

This study was approved by the Hamilton Integrated
Research Ethics Board (HiREB) on 2 August 2019
(project #5869). Any modifications to the study protocol
will be communicated to HiREB.

Consent and recruitment

An exception to consent (deferred consent) will be
used for the first biological specimen because prospec-
tive consent is not feasible; sample acquisition poses
very minimal harm; and research on neonatal sepsis has
significant potential future benefit. Prospective consent
is not feasible because the NGS sample must be simulta-
neous to the current gold-standard blood culture, which
is typically acquired in a timely fashion prior to antibi-
otic administration. Administration of antibiotics in
suspected sepsis should be within 1hour.** Additionally,

in a prospective consent model, SDMs would likely be
under emotional stress and not able to optimally listen
to the study team members for urgent informed consent.

This study poses very minimal harm to the neonate.
Exception to consent is for a single-study sample of
650 pLL or 0.65mL. Our smallest study participant would
be 1kg, making this less than 1 per cent of our smallest
study participant’s estimated total blood volume. When
using an exception to consent, there will be no additional
venous pokes for the study.

Dissemination

We will seek publication in a peer-reviewed journal and
presentation at conferences and share these data within
the Canadian Critical Care Translational Biology Group.

Current status of the study

Recruitment started on 15 October 2019 and will be
complete by 14 April 2020. As of 24 January 2019, 24
events have been enrolled.
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