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Abstract

Purpose of review: Pediatric sepsis is a heterogeneous state associated with significant
morbidity and mortality, but treatment strategies are limited. Clinical trials of immunomodulators
in sepsis have shown no benefit, despite having a strong biological rationale. There is considerable
interest in application of a precision medicine approach to pediatric sepsis to identify patients who
are more likely to benefit from targeted therapeutic interventions.

Recent findings: Precision medicine requires a clear understanding of the molecular basis of
disease. ‘Omics data’ and bioinformatics tools have enabled identification of endotypes of
pediatric septic shock, with corresponding biological pathways. Further, using a multi-biomarker
based approach, patients at highest risk of poor outcomes can be identified at disease onset.
Enrichment strategies, both predictive and prognostic, may be used to optimize patient selection in
clinical trials, and identify a sub-population in whom a therapy of interest may be trialed. A
bedside to bench to bedside model may offer clinicians pragmatic tools to aid in decision making.

Summary: Precision medicine approaches may be used to sub-classify, risk-stratify, and select
pediatric patients with sepsis who may benefit from new therapies. Application of precision
medicine will require robust basic and translational research, rigorous clinical trials, and
infrastructure to collect and analyze big data.
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Introduction:

Pediatric sepsis is a leading cause of infant and child morbidity and mortality across the
world.! The prevalence of pediatric sepsis has increased over the past two decades,? and an
increasing number of pediatric patients have co-morbid conditions.: Over time, mortality
from pediatric sepsis has greatly decreased with vaccines, antibiotics, and supportive care.
Contemporary data approximate mortality from pediatric severe sepsis to be 8-10%.2
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Sepsis serves as the final common pathway for children suffering various infections, and is
thought to be due to a dysregulated host response to an infectious agent. At present,
diagnosis of pediatric sepsis still relies on systemic inflammatory response syndrome (SIRS)
criteria and suspicion of infection. This approach toward recognition of sepsis has high
sensitivity, but suffers from a lack of specificity and does not identify the biological
underpinnings leading to pathology. Thus sepsis and septic shock, as currently defined,
represents a heterogeneous group of patients with varied underlying pathophysiological
mechanisms.*

At present, the management of septic shock is limited to fluid resuscitation, supportive care,
and achieving source control of infection. Over the last 5 decades, over 100 clinical trials to
modulate the host response in sepsis have shown no benefit.> Given the underlying
heterogeneity, it is conceivable that a subset of the population may benefit from a given
therapy and another potentially harmed, contributing to a net equivocal effect. Furthermore,
pediatric sepsis differs from adult sepsis, with developmental age playing a key role in the
host response to sepsis,® and interventions that show promise in adults may not show
similar results in pediatric patients.8

Precision medicine refers to approaches that match the ‘right treatment strategy’ to the ‘right
patient group’. There is considerable interest in its application to pediatric sepsis to reduce
associated morbidity and mortality.® This review provides a summary of research relying on
systems biology and bioinformatics to enable use of precision medicine in pediatric sepsis.
Sub-classification of pediatric sepsis, risk stratification, and enrichment strategies for
enrollment in clinical trials are emphasized. Finally, challenges to the successful application
of precision medicine in pediatric sepsis are highlighted.

Precision medicine versus personalized medicine:

Personalized and precision medicine refer to endeavors that seek to identify an individual’s
inherent risk, including genetic and environmental factors, and customize therapies
accordingly. To an extent, personalized medicine is practiced every day in the intensive care
unit. Medical providers use clinical examination findings to identify groups of patients that
may benefit from a given therapy. For instance, patients with delayed capillary refill and
high diastolic blood pressures are considered to have ‘cold shock’, and patients with flash
capillary refill and low diastolic blood pressures are considered to have ‘warm shock’. Here,
clinical exam findings are used as a surrogate for underlying pathophysiology- cold shock
thought to be due to high systemic vascular resistance (SVR) and warm shock due to low
SVR. Based on an underlying assumption, therapies are customized. For instance, milrinone,
a vasodilator, may be considered in those with ‘cold shock’, and vasopressors such as
norepinephrine or vasopressin may be considered for patients with ‘warm shock’.

The term precision medicine is preferred over personalized medicine, with a concern that the
latter could be misinterpreted to imply therapies that are customized to an individual patient,
rather than a groups of individuals.1% This approach has been effective in development of
growing number of therapeutic and biological agents against other heterogeneous groups of
diseases such as cancer.11: 12 Use of precision medicine in critical illness, such as sepsis,
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however poses unique challenges. The dynamic and multi-directional nature of host immune
response in sepsis, evolution of gene expression profiles over time in the same patient, and
the limited window of opportunity between detection and outcome during which a
intervention may be instituted are particularly daunting.13

Review of literature:

Precision medicine requires a clear understanding of the molecular basis of disease. Recent
developments in systems biology have equipped us with tools to begin to disentangle the
complex interconnected phenomenon at a cellular/sub-cellular level. ‘Omics data’ has
enabled us to gain new insights into the pathobiology of pediatric sepsis. Transcriptomics or
gene expression analysis relies of the identification of differences in the complete set of
MRNA transcripts produced by the genome using high throughput methods such as
microarray or RNA-seq. Genomics refers to the study of the entire genome, proteomics
refers to the study of proteins in cell/tissue, and metabolomics refers to the study of small
cell metabolites in cell/tissue/body fluid.14 The exponential growth of data produced from
these fields necessitates advanced statistical and bioinformatics tools to meaningfully
interpret data. An unbiased analysis of such datasets may facilitate generation of hypothesis
and identification of novel pathways that can be subject to further study.

Transcriptomics:

Over a decade ago, using discovery-oriented transcriptomics, whole blood RNA was first
used to identify genes that were up- and down-regulated in a cohort of pediatric patients
with septic shock compared with normal controls.15:16 These patients were also noted to
have a unique gene expression signature compared to those who meet SIRS criteria without
infection or those with sepsis but without evidence of shock.1’

By utilizing bioinformatics tools, 100 genes with the strongest predictive value were used to
identify subclasses of pediatric septic shock (subclass A,B, and C).18-20 A large proportion
of genes corresponded to pathways related to the adaptive immune system and the
glucocorticoid receptor pathway, and found to be repressed in patients categorized as
subclass A.18 Others genes repressed corresponded to zinc homeostasis'8 and mitochondrial
genes.2! These patients were noted to be phenotypically distinct; patients belonging to
subclass A were younger, had higher illness severity, lower co-morbidity, and independently
associated with increased risk of complicated course (defined as persistence of two or more
organ failure at Day 7 of septic shock or 28-day mortality).18: 20

The identification of endotypes-a subset of a disease state based on pathophysiological
mechanism, may assist in identifying patients who are more suited for a particular treatment.
22 By using a multiplex messenger RNA quantification platform (NanoString, Seattle, WA)
and computer-assisted image analysis, pediatric septic shock patients were classified into
two endotypes (endotype A and B), that corroborate with above mentioned subclasses.23 In
recent iterations, the process of identifying endotypes has been further simplified, and
utilizes as few as 4 genes.24 Patients categorized as endotype A, relative to endotype B, were
noted to have repression of genes corresponding to glucocorticoid receptor signaling, and
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use of adjunctive corticosteroids in this group was associated with a 4-fold increase in
mortality.23 Endotypes may also evolve and switch during critical illness. Pediatric patients
who have persistence of endotype A were noted to have a higher risk of poor outcomes.2®

Analogous sepsis endotypes have been identified in adults by making use of inter-individual
variations in host response to sepsis.28 There exists a weak positive correlation between
sepsis response signatures in adults (SRS1 and SRS2) and pediatric endotypes (A and B).27
The lack of substantial overlap between adults and children likely reflect developmental
differences in host response. However, a combination of the two approaches may provide
age-dependent prognostic information. Pooled analysis of adults and pediatric datasets have
led to the identification of unique subtypes of sepsis.28 Other research groups have had yet
different approaches to transcriptomic data; using analytic tools, researchers have sought to
identify new molecular targets?® and dysregulated pathways at the individual level.30

Genomics:

Several gene association studies have evaluated single nucleotide polymorphisms (SNPs) in
pediatric sepsis and septic shock, and have been previously summarized.3! Genome-wide
association studies (GWAS), examine a large number of SNPs simultaneously, and identify
common variants associated with specific disease states.32 GWAS studies conducted in
neonates with sepsis have been unable identify any SNPs with genome wide significance.33

While no gene association study has to date altered the care of patients in the pediatric
intensive care unit (PICU), these types of studies remain an important avenue to explore
mechanistic pathways. In a recent study, Walley and colleagues evaluated the role of
proprotein convertase subtilisin/kexin 9 (PCSK9), a regulator of lipid metabolism, and found
that in adults with septic shock, subjects with at least one loss-of-function (LOF) variant of
the PCSK9 gene were noted to have a survival benefit.34 However, in pediatric patients with
septic shock, the association appears to be reversed,3® and presents an opportunity to
conduct further experimental studies.

Study of genetic polymorphisms may also serve as a tool to infer causality in observational
studies of biomarkers in sepsis, and identify pathways amenable to targeted therapies.36
Instrument variable analysis and specifically Mendelian randomization make use of genetic
variants that are associated with exposure of interest to infer causality between exposure and
outcome. Because genetic variants are determined at gametogenesis and not associated with
confounding factors, differences in outcome are attributed to the exposure of interest.3”

Metabolomics:

Nuclear magnetic resonance (NMR) spectroscopy based metabolomics have been used to
segregate survivors and non-survivors of pediatric septic shock, in addition to identifying
distinct metabolic profiles of patients with septic shock, SIRS, and healthy controls.38
Similar methods have been used in neonates.3% A combined metabolomics and inflammatory
protein mediator based approach has been proposed that may help risk stratify patients and
predict which patients will require care in the PICU.40
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Proteomics:

Recent studies have used proteomic approaches to differentiate late onset neonatal sepsis
where clinical diagnosis remains a challenge.*! If validated, such an approach may serve to
improve clinical decision making by helping in early and accurate diagnosis and targeting
high risk infants.

Integrated omics approach:

Emerging fields of such as epigenomics, microbiomics, and lipidomics hold promise.
Recently, an ‘integrated omics’ approach has been proposed, wherein data from multiple
complementary sources are used to understand biological pathways holistically, which may
otherwise be lost in one-dimensional analyses, and ultimately help drive drug discovery.42
Additionally, pharmacogenomics and pharmacometabolomics may help decipher variation
in response to drug therapies.

Risk stratification:

Currently available physiological scoring tools that incorporate clinical and laboratory
parameters approximate illness severity but provide little information about risk of poor
outcome at disease onset. Biomarkers are defined as accurate and reproducible tests,
performed on bodily fluids, which provide clinicians with an objective assessment of the
patients’ health, disease, or response to a therapeutic intervention.*3 Broadly, they may be
classified as diagnostic, monitoring, stratification, and surrogate biomarkers. A review of
biomarkers in pediatric sepsis have been previously published.*4-46 Of those used in clinical
practice, C-reactive protein, procalcitonin, and lactate are used as diagnostic and monitoring
biomarkers.*4

Stratification biomarkers may help identify patients and highest risk of poor outcome. Taken
alone, any given biomarker may provide limited information. A combination of biomarkers
may provide a more comprehensive understanding of patients’ inherent risk. Based on the
previously described transcriptomic studies,>:16:18 multiple serum protein biomarkers with
known biological mechanism were used to derive and validate a risk stratification tool to
identify pediatric patients with septic shock with highest risk of 28 day mortality —
PERSEVERE (Pediatrics Sepsis Biomarker Risk Model).*” PERSEVERE was noted to
provide more information than existing physiology based scoring system*® and have also
been validated for use in patients with distinct clinical phenotypes of septic shock.4?
Subsequent versions which included mRNA biomarkers in addition have been able to
improve the performance of this risk stratification tool.>°

Enrichment:

The selection of patients with heterogeneous disease, such as sepsis, for enrollment in
clinical trials of therapeutic interventions remains a significant challenge. Enrichment
strategies refer to efforts to select a study population in which a drug or an intervention is
more likely to be effective, as compared to an unselected population.5! Broadly, enrichment
strategies may be classified as predictive and prognostic. Predictive enrichment refers to the
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selection of patients who are more likely to respond to an intervention based on underlying
biology. This requires an understanding of causal mechanisms and limited by extant
knowledge of disease. Prognostic enrichment refers to the selection of patients who are at
higher risk of disease related event. For instance, patients at risk of sepsis related organ
dysfunction or mortality.>1

A combination of predictive and prognostic enrichment can help optimize patient selection.
Where biologically appropriate, targeted therapies may be used in selected high risk patients.
Subjects deemed to have low risk of disease-related events may be randomized to receive
standard care. In a proof of concept study, such an approach was deployed to identify a
subset of pediatric septic shock patients who may respond to corticosteroids.>2 For
predictive enrichment, based on gene-expression analysis each patient was allocated to one
of 2 septic shock endotypes. For prognostic enrichment, the PERSEVERE biomarker risk
model was used to estimate a baseline mortality probability for each patient. In this cohort,
in patients with endotype B and intermediate to high PERSEVERE based mortality, the use
of corticosteroids was independently associated with a more than 10 fold reduction in risk of
complicated course. It is important to note that use of PERSEVERE alone in prior studies
was not able to detect benefit of steroids in the study population.53 If validated in clinical
trials, such a strategy may help provide definitive answers to important questions in the field.

Challenges to precision medicine in pediatric sepsis:

Application of precision medicine approach in pediatric sepsis requires simultaneous
advancement in three interconnected areas —pre-clinical studies, clinical trials, and
implementation science.>* Robust basic and translational research is necessary to identify
novel molecular targets. Rigorous clinical trials in humans are required to test safety and
efficacy of new therapies. Infrastructure to collect, analyze and store big data, to conduct
clinical trials, and implement scientific advances into practice will be essential.

A key challenge to application of precision medicine in pediatric sepsis is the time frame
within which clinicians must reach an accurate diagnosis and identify patients most likely to
benefit from an intervention. Molecular diagnostics hold promise in rapid diagnosis of
infection.®® With gene-expression data becoming available within a matter of hours, this
approach may help provide clinicians with real time data.23 Further gene-expression mosaics
that provide ‘heat maps’ may enable clinicians to visually predict endotypes with a
reasonable degree of confidence.55 56A bedside to bench to bedside approach may offer
clinicians pragmatic tools to aid in decision making

Conclusions:

Precision medicine approaches in pediatric sepsis aim to identify patients who are most
likely to benefit from a potential therapeutic intervention. Based on perturbations in shared
biological pathways, groups of patients may be sub-classified into endotypes and those at
risk of poor outcomes identified. Finally, select patients based on their inherent risk may be
subject to receive therapeutic interventions in clinical trials. Successful application of
precision medicine in clinical practice will require rigorous testing and validation.
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Key Bullet Points

. Advances in systems biology, bioinformatics, and availability of ‘omics’ data
have enabled the use of a precision medicine approach to pediatric sepsis.

. Based on shared biological pathways, distinct endotypes or subclasses of
pediatric septic shock can be identified.

. Pediatric sepsis patients can be risk stratified at disease onset by utilizing a
multi-biomarker model.

. Prognostic and predictive enrichment strategies can be used to optimize
selection of patients in clinical trials of adjunctive therapies in pediatric
sepsis.

. Application of precision medicine will require robust basic and translational
science, rigorous clinical trials, and infrastructure to collect and analyze big
data.
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