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The Role of Transcriptomics
in Redefining Critical lliness

T. M. Pelaia, M. Shojaei, and A. S. McLean

1.1 Introduction

Critical care medicine is rapidly evolving, with the approach to sepsis serving as a
paradigmatic example. Our understanding of sepsis has been subject to decades of
development and refinement, which reflects a continuous effort towards improving
the management of this burdensome medical problem. Sepsis was recently rede-
fined as “life-threatening organ dysfunction caused by a dysregulated host response
to an infection”, characterizing it as a syndrome that captures a vast heterogeneity
of patients [1]. The updated definition is the first to emphasize the primacy of the
non-homeostatic host response where the disruption of inflammatory, anti-
inflammatory, metabolic, and circulatory processes is driven by a complex array of
factors. Transcriptomics, the study of RNA transcripts in a specific cell or tissue, has
dramatically progressed alongside critical care medicine, and while there is an incli-
nation to associate key cellular pathways in sepsis with changes in gene expression
derived from messenger RNA (mRNA) levels, the role of the transcriptome has
expanded tremendously to non-coding RNAs (ncRNA) that possess dynamic regu-
latory functions.

Despite advancements in the comprehension of its pathophysiology, sepsis
remains one of the leading causes of morbidity and mortality in critically ill patients
[2]. As reinforced by the Surviving Sepsis Campaign, the current strengths in sepsis
management rely on early identification of patients at risk, initial fluid resuscitation,
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prompt antimicrobial therapy, as well as quickly identifying and controlling the
infection source [3]. Yet due to the notoriety of its heterogeneous manifestations,
there is a strong conviction for moving the current treatment paradigm toward a more
personalized approach [4-6]. The ultra-sensitivity of transcriptomic profiling sys-
tems, such as RNA-sequencing (RNA-Seq), quantitative polymerase chain reaction
(qPCR), and microarrays, means that interindividual variability in the host response
is provided with a high level of molecular detail. While important insights can be
drawn from these tools, the fundamental question is whether they translate to clinical
utility. This includes strengthening the existing approach to sepsis that rests on timely
intervention, as well as fostering a growing potential to redefine sepsis through the
lens of precision medicine. In this chapter, we provide an overview of how RNA
participates in sepsis pathophysiology, and give an update on the potential of tran-
scriptomics to uncover new tools in the early detection and treatment of sepsis.

1.2 Transcriptomes: An Indispensable Player in Unraveling
the Mechanisms of Sepsis

The growing body of data on sepsis pathophysiology has revealed an unprecedented
level of molecular complexity. Such intricate analyses may initially appear to be far
removed from the observable clinical characteristics of the critically ill patient.
However, it is at this mechanistic level where a profound source of heterogeneity is
discovered, providing a fresh outlook on developing rapid and precise methods for
managing septic patients. While it is outside the scope of this chapter to investigate
the pathophysiology in detail, highlighting the key cellular processes involved
assists in understanding the governing role of transcriptomes.

1.2.1 Overview of the Molecular Pathophysiology of Sepsis

The host response to sepsis begins with detecting the invading microorganism via
pathogen-associated molecular patterns (PAMPs). These foreign antigens interact
directly with pattern recognition receptors (PRRs) present at the cell surface or
intracellularly. This recognition event transduces the pathogenic signal to the cell
nucleus through multiple pathways. A core example involves nuclear factor kappa
B (NF-kB) signaling, which regulates the transcription of early-activation genes
that code for a myriad of pro-inflammatory cytokines. This inflammatory network is
crucial for the activation of innate immune cells and subsequent signaling cascades
that ultimately serve to eliminate invading pathogens from the host. During early
sepsis, however, this response is abruptly upregulated, leading to systemic inflam-
mation that can beget endothelial damage, increased vascular permeability, hyper-
coagulation and metabolic dysfunction [7]. Reciprocal damage-associated molecular
patterns (DAMPs) released from dying cells perpetuate the inflammatory and innate
immune response. The secretion of inflammatory mediators is therefore amplified,
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resulting in sustained tissue inflammation and injury from excessive leukocyte infil-
tration. End organ dysfunction manifests consequently, with complications like
acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), cardiomy-
opathy, and encephalopathy commonly experienced. Many patients also develop
secondary immunosuppression, typically characterized by a concurrent production
of anti-inflammatory cytokines to compensate for the overwhelming pro-
inflammatory response. An enhanced anti-inflammatory response is regulated by
molecular pathways that result in widespread loss of immune cells and an impaired
capacity for antigen presentation [7]. Thus, immunosuppressed patients are subser-
vient to ongoing primary infection, the development of secondary infection, and
viral reactivation.

1.2.2 Messenger RNA: The Driving Force of Transcriptomics

Inherent in the central dogma is the explicit role of mRNAs in sepsis pathophysi-
ology. PRRs, cytokines, signal transducers, and immune cells are all composed of
proteins that are coded, and thereby modulated, by mRNA expression. In this way,
coding RNA transcripts have substantially informed our understanding of the dys-
regulated host response, and methods to investigate gene expression have evolved
from microarrays that detect a predefined set of sequences, to RNA-Seq that cov-
ers the expression of the entire transcriptome. Dynamic gene expression profiles
can now be analyzed at the tissue or cellular level, where differentially expressed
genes that are up- or down-regulated between defined populations or time points
are identified and cataloged to specific biological pathways and functions. In sep-
sis, transcriptomic studies are typically poised towards analyzing mRNA profiles
from peripheral blood leukocytes, but have encompassed cecal ligation and punc-
ture (CLP) animal models, tightly controlled human endotoxemia experiments
with healthy volunteers, and clinical studies with critically ill patients that evi-
dently encounter more complexity. The consensus is that the transcriptional
response to sepsis is complex and highly protean, with up to thousands of differ-
entially expressed genes emerging simultaneously and progressively [8-10].
Indeed, the transcription of PRR genes, notably those of the Toll-like receptor
(TLR) family are upregulated during sepsis, as well as pro-inflammatory cyto-
kines such as tumor necrosis factor o (TNF-a), interleukins (IL)-la, -1, -6,
and -12, and type-I interferons (IFN) [8, 9]. Pathways associated with signal
transduction are also enriched, including NF-xB, mitogen activated protein kinase
(MAPK), janus kinase (JAK), and signaling transducer and activator of transcrip-
tion (STAT) [8-10]. RNA transcripts related to mitochondrial dysfunction, pro-
tein synthesis, T helper cell differentiation, endotoxin tolerance, cell death,
apoptosis, necrosis, and T-cell exhaustion are also profoundly modulated during
sepsis [8, 11]. Novel transcriptional patterns are observed in the dysfunction of
various organs, as well as among patients of different sex, age groups, and medi-
cal comorbidities [12].



6 T. M. Pelaia et al.

1.2.3 MicroRNA: The Master Regulators of Gene Expression

There is increasing acknowledgement that a transcriptome-level understanding of
sepsis exceeds mRNA expression, with ncRNAs emerging as a prominent feature.
In particular, microRNAs (miRNAs) are identified as ‘master regulators’ of gene
expression that primarily act post-transcriptionally by interacting with mRNAs to
induce mRNA degradation and inhibit translation, and can act intra- and extra-
cellularly [13]. The intricate crosstalk between miRNA and cellular pathways com-
bined with its systemic influence has prompted much research into the involvement
of miRNAs in sepsis. Transcriptomic profiling technologies, notably RNA-seq,
have been applied to analyze the sepsis-induced effect on miRNAs, and have docu-
mented the differential expression of various miRNAs in multiple cell types [13,
14]. These findings have been corroborated with numerous in vitro studies to eluci-
date the function of miRNAs in the immunoinflammatory response, where they are
shown to exhibit dynamic pro-inflammatory and anti-inflammatory activities. For
example, miR-146a can negatively regulate the TLR4/NF-«kB pathway, highlighting
its involvement in endotoxin tolerance and attenuating the inflammatory response,
thus its downregulation during sepsis worsens inflammation [14]. On the other
hand, miR-135a has a pro-inflammatory effect on cardiomyocytes by activating the
p38 MAPK/NF-kB pathway, and its expression is elevated in the serum of patients
with sepsis-induced cardiac dysfunction [15].

1.2.4 Long Non-coding RNA: The miRNA Sponges

Long ncRNAs (IncRNAs) were once regarded as transcriptional noise, but their
novel roles in gene regulation are now canonical. They have been classified as
‘miRNA sponges’ that bind to and sequester miRNAs, thereby reducing their regu-
latory effect on mRNAs. This adds another intricate dimension to the transcriptomic
mechanisms underpinning sepsis where many IncRNAs are aberrantly expressed
[16]. For example, the IncRNA THRIL is upregulated in human bronchial epithelial
cells in sepsis and sponges miR-19a, which resulted in increased expression of
TNF-a and promoted lung cell apoptosis [17]. Circular RNAs (circRNA) are a
novel member of the IncRNA family, with a circular conformation that affords sta-
bility and resistance. They too hold the putative function as miRNA sponges, but
also as ‘miRNA reservoirs’ that store and transport miRNAs to subcellular loca-
tions. Recent studies have elucidated the role of circRNAs in sepsis-induced organ
failure via their sponging effects, but this research is still at an early stage [18].

1.3 From Transcriptomics to Clinical Tools

Advances in transcriptomics have illuminated three major sources of heterogeneity
at the molecular level. First, the cellular functions involved in sepsis are governed
by extensive gene regulatory networks involving intricate interactions between
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mRNAs, miRNAs, and IncRNAs, with the potential to produce a variety of out-
comes. Second, expression patterns are highly dependent on the specialized func-
tions of the cell type. Third, the transcriptional response undergoes large dynamic
changes as sepsis progresses through different phases, thus giving rise to temporal
heterogeneity. The influence of demographic factors and other clinical features adds
to this mixed picture, and presents a huge challenge to translate this complexity into
clinical practice. Yet with improvements in technologies and clinical trial design,
this transcriptomic understanding of sepsis can be sensibly harnessed to address and
possibly redefine two fundamental goals of critical care medicine: early identifica-
tion and effective therapeutic intervention (Fig. 1.1).

TRANSCRIPTOMICS
mRNA

circRNA IncRNA

EARLY IDENTIFICATION THERAPEUTIC INTERVENTION

Rapid host biomarker detection Precision medicine

Fig. 1.1 The role of transcriptomics in the early detection of sepsis by developing rapid host
biomarkers, and in therapeutic intervention by facilitating a precision medicine approach
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1.3.1 Time s Critical: Current Challenges in the Early Detection
of Sepsis

Sepsis is associated with an increasing risk of mortality for every hour it goes unrec-
ognized, so an early diagnosis is crucial [19]. Ideally, a diagnosis of sepsis should
answer the questions that are drawn from its definition: identifying the type of infec-
tion, measuring the host response, and predicting the likelihood of organ dysfunc-
tion. Identifying the causative pathogen is currently achieved with blood culture, yet
a major limitation of this method is the delay to results (typically 48—72 h), which
are also frequently read as a false negative [20]. Initial screening tools like the
sequential organ failure assessment (SOFA) score can be laborious to calculate in a
time-critical emergency, and the use of simplified versions, such as quick SOFA
(qSOFA), can be to the detriment of prognostic accuracy [21]. The development of
precise and rapid diagnostics is therefore a necessary yet arduous feat in the critical
care setting, but biomarker tests for sepsis are emerging as promising candidates.
Well established markers such as C-reactive protein (CRP) and procalcitonin (PCT)
provide prompt and valuable glimpses into the host response, but discordances in
their diagnostic and prognostic performance create the need for a more holistic view
of the septic patient [20]. The transcriptomics approach proposes that novel RNA
biomarkers can expedite the diagnostic process by harnessing the host response.

1.3.1.1 Rapid Host Transcriptomic Biomarkers for Sepsis

The emergence of molecular diagnostics has garnered considerable attention in
recent years, whereby rapid gPCR techniques are considered the ‘gold standard’ for
detecting novel viruses such as the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), yet the same technology can be leveraged for measuring host RNA
biomarkers in the blood with fast turnaround times and high accuracy. Several mark-
ers warrant specific mention. The HLA-DRA gene may be a promising mRNA sur-
rogate of the surface protein HLA-DR on monocytes (mHLA-DR) as a marker of
immunosuppression that can be routinely measured with qPCR rather than flow
cytometry [22]. miR-150 is a well-investigated miRNA that can discriminate between
sepsis and non-infectious systemic inflammatory response syndrome (SIRS) [23].
The IncRNA GASS displays prognostic potential in predicting 28-day mortality risk
in septic patients [24]. Although far from exhaustive, these individual RNAs reflect
the wide-ranging potential of transcriptomics in deriving novel biomarkers for diag-
nosis and prognostic enrichment. However, a single-biomarker-driven approach
towards sepsis is unlikely to be achieved in clinical practice. Many of these biomark-
ers are only effective at a specific time, in a certain population, or even in a particular
tissue or cell, which underscores the perplexity of the sepsis response. Measuring a
panel of biomarkers has been advocated to provide greater accuracy and generaliz-
ability. As an example, the /FI27 gene is a well-characterized host biomarker for
viral infection [25], but incorporating other viral-induced mRNAs (JUP and LAX1),
as well as mRNAs that are upregulated in bacterial infections (HK3, TNIP1, GPAAI,
and CTSB) can yield a gene signature that robustly evaluates whether an infection is
likely to be of bacterial or viral origin [26]. This 7-mRNA “Bacterial-Viral Metascore”
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has recently formed part of a composite test alongside an 11-mRNA “Sepsis
Metascore” and an 11-mRNA “Stanford Mortality Score” to further affirm the
presence of an acute infection and to predict the risk of 30-day mortality (Table 1.1)
[26, 29, 30]. The resultant 29-Host-Immune-mRNA panel called InSep™
(Inflammatix, Bulingame, CA) integrates rapid transcriptomic profiling with
advanced machine learning to guide early clinical decisions in the emergency room
about administering antibiotics, the need for further diagnostic workup, and the like-
lihood of an intensive care unit (ICU) transfer [33]. Other groups have reported simi-
lar advances in host mRNA expression signatures that have been summarized in
Table 1.1 using areas under the curve (AUCs). Notably, SeptiCyte® RAPID
(Immunexpress, Seattle, WA), the first FDA-cleared test to differentiate sepsis from
non-infectious SIRS in 1 h, uses host response mRNA expression that is quantified
with real time qPCR [28]. It has been clinically validated in retrospective and pro-
spective studies (ClinicalTrials.gov Identifiers NCT01905033, NCT02127502, and
NCT05469048). The development of qPCR for host mRNA detection has advanced
towards point-of-care devices with the potential to address the unmet need of rapid

Table 1.1 Host mRNA signatures for the diagnosis and prognosis of sepsis

Performance Commercial
Setting [Ref] Transcriptomic score (validated AUC) platform
Sepsis vs. non-infectious 4-mRNA classifier 0.82-0.89 SeptiCyte™
SIRS on ICU admissionin  (SeptiCyte™ LAB LAB
adults [27] SeptiScore™) (Immunexpress,

Seattle, WA)

Sepsis vs. noninfectious Simpler version of Adult: >0.88 SeptiCyte®
SIRS in patients with SeptiCyte™ LAB Pediatric: >0.96 RAPID
malignancy or treated with  (SeptiCyte® RAPID (Immunexpress,
antineoplastic/ SeptiScore®) Seattle, WA)

immunosuppressant [28]
Sepsis vs. non-infectious
SIRS [29]

Bacterial vs. viral
infection [26]

30-day mortality prediction
in sepsis patients [30]

28-day mortality prediction
in pediatric septic

shock [31]

Abdominal sepsis vs.
post-op gastrointestinal
surgery control on ICU
admission [32]

11-mRNA classifier
(Sepsis MetaScore)

7-mRNA classifier
(Bacterial-Viral
MetaScore)

12-mRNA classifier
(Stanford Score)

4-mRNA + 12-protein
classifier
(PERSEVERE-XP)

3-mRNA classifier (sSNIP

score)

0.83 (0.73-0.89)

0.91 (0.82-0.96)

0.87 (0.64-1.0)

0.96 (0.91-1.0)

0.91 (0.84-0.97)

Component of
the InSep™ test
(Inflammatix,
Bulingame, CA)
Component of
the InSep™ test
(Inflammatix,
Bulingame, CA)
Component of
the InSep™ test
(Inflammatix,
Bulingame, CA)

AUC area under the curve, SIRS systemic inflammatory response syndrome, /CU intensive care unit
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and early detection of sepsis. Such technologies could also transform the approach to
other critical illnesses where a sense of urgency is essential in their management.
While the commercial availability of transcriptomic biomarker panels represents an
important interface between the bench and the bedside, continued external clinical
validation is required to ensure that reproducibility is upheld across heterogeneous
populations. The emergence of ncRNA signatures for sepsis diagnosis, including the
14-IncRNA “SepSiglnc”, also gives rise to the possibility of measuring a mixed
panel of circRNA, IncRNA, miRNA, and mRNA markers for a more complete and
interactive picture of the immuno-inflammatory status [34].

1.3.2 Trials and Tribulations: Current Challenges
in the Treatment of Sepsis

In a similar vein to diagnosis, therapeutic approaches to sepsis are guided by its
definition: controlling the infection, modulating the host response, and ameliorat-
ing organ dysfunction. Broad-spectrum antimicrobial therapy is prioritized due to
its association in reducing mortality when administered early [3]. Fluid resuscita-
tion and vasoactive agents are essential for the hemodynamic support of vital
organ functions. Yet given that the dysregulated host response, rather than the
infection itself, is the driver of adverse outcomes, host-directed-therapies have
been long-sought-after. After decades of clinical trials, immunomodulatory agents
that target PRRs, PAMPs, and pro-inflammatory cytokines have so far proven
unsuccessful [35]. This emphasizes the difficulty for preclinical models to fully
predict therapeutic efficacy at the bedside where tremendous heterogeneity exists.
Attempts have been made to circumvent this challenge by recruiting more homo-
geneous groups of patients [7]. One study used decreased mHLA-DR levels to
stratify sepsis patients for granulocyte-macrophage colony-stimulating factor
(GM-CSF) administration, which was found to restore monocyte immunocompe-
tence and shorten mechanical ventilation duration and length of ICU stay [36].
This study, among several others of a similar nature, represent the emergence of a
core component of the precision medicine dogma where enrichment strategies are
used to identify critically ill patients who could benefit from tailored therapies [6].
Once again, these examples rely on a single biomarker to define patient subsets,
which may not capture a holistic view of the complex sepsis response. This is
where transcriptomic profiling may facilitate with a more accurate identification
of such discrete groups.

1.3.3 Deriving Transcriptomic Endotypes for Sepsis

As opposed to the top-down prognostic enrichment approach where a clinical
feature drives the discovery of transcriptomic signatures associated with it, ‘pre-
dictive enrichment’ is a bottom-up approach that is mechanistically driven [6].
Distinct transcriptomic signatures, known as endotypes, are clustered based on
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shared biological processes that enable the targeted selection of patients who
might benefit from targeted host-directed therapies. Several sepsis endotypes have
been comprehensively validated and reviewed elsewhere [37], but include the
immunosuppressed SRS1 and immunocompetent SRS2 endotypes [11]. Even
though they are solely defined by transcriptomic mechanisms, these endotypes
show significant differences in clinically relevant characteristics such as 30-day
mortality. A post-hoc analysis of the VANISH randomized trial revealed that
hydrocortisone administration was associated with higher mortality in the immu-
nocompetent SRS2 endotype compared to the immunosuppressed SRS1, thus
serving as an important consideration when designing future prospective trials
[38]. While these endotypes were defined according to blood samples collected in
the ICU, a recent addition was made to the literature with a multicohort study on
emergency room patients with suspicion of sepsis [39]. Patients were stratified
into five mechanistically diverse endotypes containing unique ~200-gene signa-
tures denoted as neutrophilic-suppressive (NPS), inflammatory (INF), innate host
defense (IHD), interferon (IFN), and adaptive (ADA). Patients with the NPS and
IFN endotypes had higher SOFA scores, longer hospital stays, and higher 28-day
organ failure. The study employs a theragnostic approach with dual benefit, allow-
ing for the early detection and prognostication of sepsis, and the potential selec-
tion of a personalized therapeutic regime. External validation and simpler
derivations of these ~200-gene endotypes will be required to improve their clini-
cal utility, before their potential role in informing prospective clinical trial design
is realized.

1.4 Challenges of Applying Transcriptomics in Critical Care

Several challenges lie ahead in realizing the full potential of transcriptomics in rede-
fining sepsis and critical care. Peripheral blood has been the pragmatic choice for
examining expression patterns, but these profiles may not be accurately extrapo-
lated to other relevant cells involved in sepsis, and important information about
specialized cell populations within this mixture may be lost. While methods such as
CIBERSORT have been developed to account for leukocyte subtypes in bulk data
[40], analyzing a single cell population, whether it be in the blood, the endothelium
or from the dysfunctional organ, may be more sensible. The advent of single-cell
RNA-seq can help to address this, having to date led to the discovery of novel sig-
natures in monocytes associated with the various immune states [41]. Another chal-
lenge involves using transcriptomics to inform and enhance clinical trial design.
Personalized approaches that combine prognostic and predictive enrichment strate-
gies have been proposed, whereby patients are stratified based on transcriptomic
signatures associated with the likelihood of developing adverse outcomes such as
mortality and organ dysfunction (prognostic enrichment), followed by the low-risk
patients receiving standard care and the high-risk patients being treated based on
their underlying endotype (predictive enrichment) [6]. This leads to another chal-
lenge in defining subtypes and signatures that are clinically relevant, molecularly
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precise, and uniformly applicable. When addressing this, it may be important to
realize that transcriptomics is just one dimension of an entire range of modalities
that can facilitate a more holistic understanding of the biological pathways in sepsis.
An ‘integrated omics’ approach combines data from genomics, epigenomics, tran-
scriptomics, proteomics, lipidomics, metabolomics, and mircobiomics, and can
help to build multimodal platforms for diagnosis, prognosis, and drug-discovery.
These datasets are open to findings that may address more formidable challenges,
particularly in dealing with the rapidly evolving pathophysiology of sepsis.
Technological advances that provide clinicians with real-time data at the bedside
will also help address this temporal heterogeneity. Importantly, interdisciplinary
collaborations between investigators, clinicians, and industry are required to
embrace new strategies driven by machine learning and high dimensional data, and
to develop cost-effective, rapid technologies that are clinically feasible.

1.5 Conclusion

In this chapter, we have demonstrated the powerful roles of coding and ncRNAs in
modulating the septic response. We have highlighted advances in transcriptomics
that have enabled the identification of rapid host RNA biomarkers and clinically
meaningful endotypes. Early recognition and treatment are the key tenets of cur-
rent sepsis management, but transcriptomics holds the capacity to view these
approaches from a revised angle—one that could facilitate a new era in critical care
medicine.
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2.1 Introduction

Infectious diseases, in particular respiratory and bloodstream infections, are a lead-
ing cause of intensive care unit (ICU) admission and death worldwide [1]. Identifying
the underlying pathogens responsible for infectious critical illness remains a major
challenge and delays timely and effective treatment. Indeed, pathogens remain
undetected in up to 60% of cases of pneumonia [2] and over 30% of cases of sepsis
[3, 4]. Appropriate antibiotic therapy is essential for effective management of criti-
cal infectious diseases; however, in most cases, treatment is empiric because exist-
ing microbiologic diagnostics are unable to identify an etiologic pathogen. This
approach also contributes to antimicrobial resistance, opportunistic pathogens such
as Clostridium difficile, and leads to other avoidable adverse drug effects [5, 6].
Rates of antimicrobial-resistant infections have markedly increased during the coro-
navirus disease 2019 (COVID-19) pandemic due in part to the overuse of broad-
spectrum antibiotics from clinicians suspecting secondary bacterial infections but
lacking diagnostics to confidently determine their existence [7, 8]. Thus, improve-
ment in diagnostics for pathogens causing infectious illness in critically ill patients
remains a major unmet need.

Metagenomics, the study of nucleotide sequences from all organisms in biologi-
cal samples, offers an unprecedented opportunity to rapidly identify and characterize
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infectious disease-causing pathogens, such as bacteria, viruses, and fungi, in a single
test without a need for culture. The term metagenomics traditionally refers to DNA
sequencing, whereas metatranscriptomics refers to RNA sequencing. However, the
term metagenomics is commonly used to refer to DNA and RNA sequencing, both
of which can be used for pathogen detection, with important differences and associ-
ated considerations. In this review, we will use the term metagenomics to refer to
both DNA and RNA sequencing.

This chapter begins with providing an overview of the current metagenomic
approaches used to identify pathogens. Next, we will describe examples of metage-
nomics applications and examine how the technique might be employed more
widely to study and treat infectious diseases in the ICU.

2.2 Current Standards in Pathogen Detection

Historically, the gold standard for identification of bacterial and fungal pathogens
has been culture [9]. Despite simplicity and low cost, the turnaround time for
culture-based methods can extend up to several days or even weeks [10], leading to
delayed diagnoses, inappropriate antimicrobial use, and in some cases excess dis-
ease transmission in the hospital due to missed infections [11]. While standard
blood and respiratory cultures are relatively inexpensive compared to many medical
diagnostic tests, in some countries, such as the USA, the cost of labor and routine
use of mass spectrometry for taxonomic identification have led to per-patient costs
of several hundred US dollars. Viral pathogens and some bacterial pathogens, such
as Mycoplasma pneumoniae or Legionella pneumophila, may be difficult to detect
with traditional culture-based methods [12]. Because empirical antibiotic treatment
is typically administered as early as possible in patients presenting with infection-
related symptoms, the use of culture-based identification might also lead to false
negative results as antibiotics can sterilize microbial cultures.

Immunological methods, such as serology, can also be used to determine the
presence of antibodies directed at the pathogen of interest. The major drawback of
using immunological assays for the detection of pathogens is that antibody produc-
tion requires several days to weeks following exposure to a pathogen, leading to
false negative tests during the period of acute illness [13]. Antigen tests directly
detect pathogen proteins and do have utility during acute illness; however, they are
only available for a limited number of organisms and in many cases have limited
sensitivity and/or specificity [13].

Viral detection, and increasingly Mycobacterium tuberculosis detection, is car-
ried out using polymerase chain reaction (PCR) assays. Many pathogen genomes
have been sequenced and are publicly available, which allows the design of species-
specific probes that can be used to find and amplify microorganism-specific nucleic
acid sequences, thus allowing the targeted detection of a set of pre-defined micro-
organisms, often within just a few hours [14]. However, despite the availability of
many Food and Drug Administration (FDA)-approved microbial tests [15] allowing
the identification of a range of different pathogens (bacteria, viruses, fungi, and
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parasites), only a handful of PCR-based assays are clinically accepted and available
in routine practice, and less common organisms, novel emerging pathogens, or
pathogen variants may be undetectable using such approaches.

All these methods are targeted, meaning that they focus on a pre-selected set of
organisms. In many cases, only common pathogens are sought, thus limiting the
chances of identifying less common pathogens of interest.

2.3 Principles of Metagenomics for Infectious
Disease Diagnosis

The potential of metagenomics to improve infectious disease diagnosis in the ICU,
where time to effective treatment is paramount [11], is significant. Metagenomics
allows the unbiased detection, quantification, and characterization of genetic mate-
rial from any organism within biological samples in a relatively short timeframe

(Table 2.1).

Table 2.1 Characteristics of commonly used pathogen identification strategies

Identification
method
Culture

Immunological
methods

PCR

Metagenomics

Principle
Growth and
isolation of
species
present in a
sample

Detection via
antibodies

Detection via
antigens

Targeted
amplification
of specific
pathogens

Nucleotide
sequences
capture and
amplification

PCR polymerase chain reaction

Cost
Low-
moderate

Low-
moderate

Moderate

High

Microbial
detection
Some species
are difficult to
culture or
cannot be
cultured (e.g.,
atypical
organisms,
viral, fungal
pathogens)
Determined by
the choice of
antibody/
antigen

Limited by
PCR primer
panel

Unbiased

Additional
considerations
* Medium-
dependent

¢ Prior use of
antimicrobial

agents will affect

sensitivity

* Antibody testing
may not be useful

during acute
disease

* Limited by
sensitivity/
specificity

* Detects only a
few pre-selected
microbes

* Some species
might be
preferentially
amplified

* Host
background will
be dominant
 Contamination

will greatly affect

utility

Turnaround

Days to
weeks

Minutes to
days

Minutes to
days

Hours to
days
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Fig. 2.1 Simplified overview of a metagenomics workflow, which is broken down into two main
steps. Sample collection, nucleic acid extraction, library preparation, and sequencing are depicted
in the orange panel. Once reads are sequenced, data are fed into a bioinformatics pipeline (blue
panel) for quality control, host subtraction, and taxonomic alignment, followed by identification
and quantification of microbial species, and functional analysis. Two possible analyses are depicted
and consist of pathogen detection and disease classification (figures adapted from Kalantar et al.
[16]). Created with BioRender.com

The general metagenomics workflow (Fig. 2.1) begins with nucleic acid extrac-
tion (DNA and/or RNA) from the biological sample of interest. This step is fol-
lowed by library preparation, during which nucleic acid is fragmented, and short
adapter sequences are ligated onto the ends of the fragments to permit PCR ampli-
fication and binding to the sequencer flow cell. Samples are typically barcoded to
enable multiplexing. Long-read (e.g., Oxford nanopore, Oxford, UK) and short-
read (e.g., [llumina, San Diego, CA, USA) sequencing platforms can be used clini-
cally, with turnaround times ranging from 6 h to several days depending on
instrumentation, degree of sample multiplexing, and infrastructure [17].

Prior to analysis, raw sequencing reads must be demultiplexed based on bar-
codes, filtered for quality and complexity, and trimmed to remove adapters and
barcodes. The resulting sequencing data contains both host and non-host (i.e.,
microbial) components, which vary in proportions depending on type of biological
specimen, though host data often represent the vast majority. The host reads can
either be discarded from further analysis or, in the case of RNA sequencing, ana-
lyzed to assess host gene expression. To identify microbial taxa present in the sam-
ple, non-host sequences are aligned to reference databases, such as the NCBI
nucleotide database, containing reference pathogen genomes. In cases of novel
pathogens, reference database alignment will be imperfect, but generally capable of
providing insight regarding the most similarly related microbes. Alternatively, to
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detect species and strains that might not be present in the reference database, a de
novo assembly and annotation approach can be taken.

Additionally, quantification can be performed to estimate the relative abundance
of different taxonomic groups, and functional analysis can be carried out (Fig. 2.1).
Functional analysis can involve the identification of antimicrobial resistance and/or
virulence factor genes, using for example publicly available databases.

2.4 DNA Sequencing vs. RNA Sequencing

DNA sequencing is considered the usual method of choice for the detection of
pathogens in a range of different sample types [18] because it targets all DNA pres-
ent in a sample and will capture non-actively transcribed or non-functional genes as
well, providing additional taxonomic and functional information. However, DNA
sequencing will not allow detection of RNA viruses, as only DNA will be amplified
during the sequencing process. Conversely, metatranscriptomics can be used to
detect RNA as well as replicating DNA viruses and might thus allow a broader
detection of pathogens. For the detection of bacterial species when performing
RNA sequencing, even though more bacterial sequences will be detected, differ-
ences in bacterial transcript abundances might lead to fewer species being detected
as a species might be contributing more transcripts than others [19]. To add more
complexity, organisms detected via DNA sequencing might not reflect active infec-
tion, but may instead represent nonviable organisms and/or environmental deposi-
tion [20]. For researchers interested in the interplay between pathogens and the host
response, RNA sequencing enables simultaneous sequencing of pathogens and host
gene expression from a single sample to provide a comprehensive snapshot of inter-
actions [21].

While each sequencing approach provides complementary and valuable infor-
mation, conducting both DNA and RNA sequencing is often prohibitively expen-
sive and/or time-consuming. In essence, the decision to sequence one or the other
should be carefully considered in the early phases of the project and should be based
on the questions and samples of interest.

2.5 Proof of Concept and Clinical Trial Data
for Metagenomic Diagnostics

Metagenomic strategies have been successfully used for the diagnosis of infec-
tions in critically ill patients using a variety of sample types, such as cerebrospinal
fluid (CSF) to identify meningitis and/or encephalitis [22-24], circulating blood to
identify sepsis [18, 24], and respiratory samples (tracheal aspirate [25] and bron-
choalveolar lavage [BAL] [23, 24]) to diagnose lower respiratory tract infections,
among others.
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In one of the initial demonstrations of the clinical utility of this approach,
metagenomics for diagnosis of central nervous system infections in CSF samples
was investigated in 204 severely ill hospitalized patients [22]; 58 infections were
identified, 13 of which had not been identified via clinical testing but were solely
diagnosed using metagenomics testing. In seven of these cases, the results of
metagenomics testing led to clinically impactful changes in antibiotic treatment
(i.e., extension, narrowing, or adjusting of spectrum) and enabled timely resolution
of the infection. Notably, metagenomic testing also had a significant false negative
rate, with 26/58 (45%) clinically confirmed infections not detected by metagenomic
sequencing. Gu and colleagues [23] reported the results of metagenomic sequenc-
ing in 182 samples from 160 patients with acute illness, with comparison to culture
and PCR testing as the gold standard for infection diagnosis. Body fluid samples
included abscess aspirate, synovial fluid, pleural fluid, ascites, CSF, BAL, and oth-
ers. In this dataset, the sensitivity of metagenomic sequencing for bacterial infection
ranged from 75% to 79% (depending on the sequencing method), with specificity of
81-91%, with even higher sensitivity and specificity for fungal species. With the
important exception of plasma, metagenomic sequencing appeared to perform well
across body fluid sample types studied.

The diagnostic utility of metagenomics has also been studied in sepsis. In one
cohort of 350 patients [18] a 94% concordance between blood culture and plasma-
based metagenomics testing was reported. Metagenomics also permitted the identi-
fication of disease-causing organisms in more cases than culture (169 vs. 132,
respectively). In another study of 193 patients with sepsis, a higher rate of pathogen
detection was reported using metagenomics (85%) when compared to culture (31%)
[24]. In that study, concordance for metagenomics testing and culture was 30%, and
55% of microbial species were detected solely with metagenomics. These results
were consistent across several samples, including CSF, circulating blood, and
BAL. Of note, in this study, metagenomics showed high detection rates for bacteria
and viruses, but lower rates than culture when considering fungal species such as
Candida.

Metagenomics has also been evaluated for the diagnosis of lower respiratory
tract infections in the ICU using BAL samples. In one study of 22 hematopoietic
stem cell transplant patients [25], identification of a putative pathogen was reported
in 12 patients; 6 had not been detected using routine clinical diagnostic tests.
Another larger study of lower respiratory tract infection in 92 patients with acute
respiratory failure found that metagenomic analyses of tracheal aspirate could iden-
tify pathogens with 96% accuracy compared to culture, and also identify putative
missed pathogens in over 60% of cases with clinically suspected lower respiratory
tract infection but negative standard of care microbiologic testing [26]. More
recently, a similar study focusing on children with lower respiratory tract infection
investigated the use of metagenomics for diagnosis and pathogen identification in
397 individuals [27]. In that analysis, the disease-causing organism was identified
in 92% of lower respiratory tract infection cases, and the integration of clinical test-
ing and metagenomics enabled a diagnosis in 90% of cases vs. 67% for routinely
ordered testing.
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Table 2.2 Case examples using metagenomics for the diagnosis of infectious disease and identi-
fication of disease-causing organisms

Disease of interest Samples Studies [Ref]
CNS infection CSF Wilson et al. [22]
Gu et al. [23]
Sepsis Plasma Blauwkamp et al. [18]

Ren et al. [24]
Kalantar et al. [16]

Respiratory infection BAL Gu et al. [23]
Pleural fluid Langelier et al. [25]
Tracheal aspirate Langelier et al. [26]
Tsitsiklis et al. [27]
Abscess Abscess fluid Gu et al. [23]
Peritonitis Peritoneal fluid Gu et al. [23]
Urinary tract infection Urine Gu et al. [23]
Septic arthritis Joint fluid Gu et al. [23]

CNS central nervous system, CSF cerebrospinal fluid, BAL bronchoalveolar lavage

An overview of these studies and selected additional exemplary clinical investi-
gations of metagenomic studies is presented in Table 2.2.

2.6 Metagenomics for Prediction of Pathogen
Antimicrobial Resistance

Antimicrobial resistance is one of the most urgent threats to human health and a
major challenge for managing infections in the ICU [28, 29]. Historically, detec-
tion of antimicrobial resistant pathogens has necessitated phenotypic susceptibil-
ity testing of clinician-ordered bacterial cultures. Direct detection of antimicrobial
resistance gene products through metagenomics offers an opportunity to over-
come the limitations of culture by directly detecting the pathogen genes confer-
ring antimicrobial resistance. Databases such as the Comprehensive Antibiotic
Resistance Gene Database (CARD) [30] can map reads to known antimicrobial
resistance genes from a diverse set of organisms [31]. Further, some bioinformat-
ics pipelines, such as the ID-seq pipeline [32], enable integrated taxonomic and
antimicrobial resistance gene identification. Metagenomics has been employed in
hospital settings to study the distribution of resistant organisms [33-35], and a
recent proof of concept study demonstrated utility for antimicrobial resistance
prediction in critically ill patients with pneumonia [29]. Advances in machine
learning algorithms may ultimately enable genotype to phenotype prediction for a
broad range of organisms, although limitations in genome coverage of low abun-
dance resistance genes in metagenomic datasets are currently an important barrier
to overcome [36]. Metagenomics holds promise for expanding the functionality of
existing public health surveillance systems by enabling surveillance for known
and emerging antimicrobial resistant pathogens in the hospital, community, and
environment [31].



