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Background: Our current understanding of the pathophysiology and management of sepsis is associated
with a lack of progress in clinical trials, which partly reflects insufficient appreciation of the heteroge-
neity of this syndrome. Consequently, more patient-specific approaches to treatment should be explored.
Aims: To summarize the current evidence on precision medicine in sepsis, with an emphasis on trans-
lation from theory to clinical practice. A secondary objective is to develop a framework enclosing rec-
ommendations on management and priorities for further research.
Sources: A global search strategy was performed in the MEDLINE database through the PubMed search
engine (last search December 2017). No restrictions of study design, time, or language were imposed.
Content: The focus of this Position Paper is on the interplay between therapies, pathogens, and the host.
Regarding the pathogen, microbiologic diagnostic approaches (such as blood cultures (BCs) and rapid diag-
nostic tests (RDTs)) are discussed, aswell as targeted antibiotic treatment. Other topics include the disruption
of host immune system and the use of biomarkers in sepsis management, patient stratification, and future
clinical trial design. Lastly, personalized antibiotic treatment and stewardship are addressed (Fig. 1).
Implications: A road map provides recommendations and future perspectives. RDTs and identifying
drug-response phenotypes are clear challenges. The next step will be the implementation of precision
medicine to sepsis management, based on theranostic methodology. This highly individualized approach
will be essential for the design of novel clinical trials and improvement of care pathways. J. Rello, Clin
Microbiol Infect 2018;▪:1
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Introduction

Sepsis, defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection [1], is the major cause of
mortality from any infectious disease worldwide. Recent US data,
from two complementary hospital cohorts, found that sepsis
contributed to one in every two to three deaths [2]. Most of these
patients already had sepsis at admission [2]. In addition, sepsis is
associated with a high rate of late mortality up to 2 years after
hospital discharge, which is not explained by baseline health status
[3]. The incidence of sepsis continues to rise, partly because of an
ageing population, increased use of immunosuppressive drugs, and
antibiotic resistance [4].

Precision medicine provides an opportunity to improve the
outcomes of patients with sepsis [5,6] (see Box 1 for a list of
definitions). We aim to summarize the current evidence on
precision medicine in sepsis, with an emphasis on translation
from theory to clinical practice (Appendix I). It is intended to
provide an overview for clinical microbiologists, pharmacists,
infectious disease specialists, physicians on the ward, emer-
gency physicians, and intensive care physicians, and all those
managing patients with sepsis and/or who are involved in
research in this field. We provide a section on immune status,
dysbiosis of the microbiome, and implications in low- and
middle-income countries in the Supporting information
(Appendices SIeSIII).
Box 1

List of definitions

Precision medicine e When treatments are optimized for

genetics, lifestyle, and environment.

PersonalizedmedicineeWhen treatments prioritize patient

needs and preferences.

Endotype e Biological subtypes defined by distinct patho-

physiologic mechanisms within a phenotype, being clini-

cally observed characteristics that characterize a group of

patients within a disease or syndrome such as sepsis.

Biomarker - Defined by the National Institutes of Health as a

characteristic that is objectively measured and evaluated as

an indicator of normal biological processes, pathogenic

processes, or pharmacologic responses to a therapeutic

intervention.

Theranostics - The approach to use a biomarker to select a

specific therapy and simultaneously measure the response

to this treatment.

Omics technologies - Omics is the field of study that en-

compasses genomics, epigenomics, transcriptomics, pro-

teomics, and metabolomics. Omics-based technologies

characterize and quantify molecules that translate in the

structure, function, and dynamics of an organism.

Synbiotics - A combination of probiotics (living microor-

ganisms) and prebiotics (dietary components that enhance

the growth of these microorganisms), used to resupply the

gut with beneficial microbes when the microbiome is

disturbed because of critical illness or the interventions

from clinical care.

Adapted from reference [83].
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Rapid microbiologic diagnostic approaches

Blood cultures (BCs), aiming to detect viable microorganisms in
blood, are still considered to be the reference standard for the
microbiological diagnosis of bloodstream infections (BSIs) during
sepsis [7]. However, this culture-based method suffers from
important limitations, such as false-negative results because of
ongoing antimicrobial therapy, and long time to positivity (usually
from 12 hours to 72 hours). These drawbacks reflect the low
numbers of circulating microorganisms (from 1 to 10 CFU/mL), the
possible presence of fastidious or uncultivable pathogens, and
inadequate blood sample volumes (especially in children) [8e10].
Therefore, the overall sensitivity of BCs is sub-optimal; BC positivity
can be as low as 30e40% in septic patients [11]. However, BCs are
relatively inexpensive and use widely available/accepted technol-
ogies. Furthermore, BCs facilitate the evaluation of pathogen anti-
microbial susceptibility. Much can still be gained by optimizing BC
processes, such as adequate blood sample volume collection before
the start of antibiotics, more rapid work-up, and faster result
reporting to clinicians [12].

To achieve a faster andmore accurate diagnosis of sepsis, several
rapid, usually molecular diagnostic tests (RDTs) have been devel-
oped for BSI diagnosis [8,13e15]. Pathogen-specific assays have a
limited role because of the high variety of pathogens potentially
responsible for sepsis, but depending on the clinical and epidemi-
ological context, rapid tests to confirm or rule out malaria, Dengue
fever, or other non-bacterial infections that can lead to sepsis may
have focussed roles. For bacterial sepsis, many broad-range and
multiplex polymerase chain reaction (PCR) assays are commercially
available. From a practical point of view, RDTs for bacteraemia and
fungaemia can be divided into two main categories: assays per-
formed on positive BC bottles, and those performed directly on
blood samples [13e15]. RDTs are also used on samples from other
sites, such as respiratory secretions or urine. These RDTs are outside
the scope of this article.

For in vitro diagnostic use on positive BCs, there are different
types of approaches: non-molecular, PCR-based and non-PCR-
based methods (Table 1) [8,13e20]. The time to initiating appro-
priate treatment when the results of RDTs performed on positive
BCs are included (time to positivity 12e72 hours) adds
~0.2e3 hours (Table 1). The use of matrix-assisted laser desorption/
ionizationetime of flight (MALDI-TOF) mass spectrometry directly
from positive BCs has been extensively investigated, as it is a fast,
simple, and cost-effective approach; for example, using either a
commercially available (Sepsityper kit, Bruker Daltonics) or
laboratory-developed technique [21]. There are varied PCR-based
assays for the identification of bacteria and fungi from positive
BCs, but with similar analytical performances (sensitivity and
specificity usually >90%). Quantitative PCR assays can also be used
to measure bacterial load, which correlates with severity of sepsis;
for example, such biomarkers can estimate the risk of mechanical
ventilation, septic shock, and mortality in patients with pneumo-
coccal pneumonia in the Emergency Department [22]. Finally,
fluorescent in situ hybridization (FISH) using peptide nucleic acid
(PNA) probes (AdvanDx) can also be applied to positive BCs.

The fastest strategy to identify microorganisms is by direct
detection of DNA from blood, as this avoids the enrichment step in
BCs. The turn-around time of RDTs performed directly on blood
samples ranges from 3 to 12 hours (Table 2). However, this
approach has different drawbacks, such as false-positive results
because of contaminating bacterial or fungal DNA (from the envi-
ronment, from PCR reagents or from dead bacteria), the presence of
PCR inhibitors, including interference because of high levels of
human DNA. Several commercial assays have been developed
(Table 2) [7,9,13e15,23e26]. These tests have limits such as high
ine in sepsis: a position paper from the European Society of Clinical
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Table 1
Methods applied on positive BCs [8,13e20,28e30]

Kit/system (manufacturer) Principle TAT (h) Panel Resistance genes or antibiotics Sensitivity (%) Specificity (%) Cost

Instrument Test

Microflex LT (Bruker Daltonics)
Vitek MS (bioM�erieux)

MALDI-TOF 0.2e0.5 Not limited d 75a

92b
88a

81b
VVV V

PNA-FISH/QuickFISH (AdvanDx) Fluorescent in situ
hybridization
with PNA probes

1.5e3/0.5 4 different panels
(S. aureus/CoNS;
E. faecalis/Enterococcus
spp.; E. coli/K.
pneumoniae/P.
aeruginosa; Candida spp.)

d 88e100 97e100 V VV

Xpert MRSA/SA Blood Culture (Cepheid) Multiplex real-time PCR 1 S. aureus/CoNS mecA 98e99 99e100 VV VV

GeneOhm StaphSR (BD) Multiplex real-time PCR 1e1.5 S. aureus/CoNS mecA 94e99 96e98 VV VV

Prove-it Sepsis (Mobidiag) Broad-range PCR þ
microarray-based detection

3 60 bacteria, 13 fungi mecA, vanA, vanB 96e99 98e100 V VV

FilmArray Blood Culture
Identification [BCID] (bioM�erieux)

Multiplex real-time PCR 1 8 GP, 11 GN, 5
Candida

mecA, vanA/B, blaKPC 80e97 91e100 VV VVV

Verigene Gram-Positive
Blood Culture [BC-GP] (Luminex)

Multiplex PCR þ
solid-microarray detection

2.5 11 GP mecA, vanA, vanB 93e100 94e100 VV VVV

Verigene Gram-Negative
Blood Culture [BC-GN] (Luminex)

Multiplex PCR þ
solid-microarray
detection

2 9 GN blaCTX-M, blaKPC, blaNDM, blaVIM,
blaIMP, blaOXA-48, blaOXA-23,
blaOXA-24/40, blaOXA-58

89e100 93e100 VV VVV

Sepsis Flow Chip (Master Diagnostica) Microarray-based assay 3 7 GP, 10 GN,
1 Candida

mecA, vanA/B, blaCTX-M, blaSHV,
blaKPC, blaNDM, blaIMP, blaOXA-48,
blaOXA-23, blaOXA-24/40, blaOXA-51, blaOXA-58

93 100 V VVV

Accelerate Pheno System
(Accelerate Diagnostics)

FISH (ID) Morphokinetic
cellular analysis (AST)

1.5 (ID)
7
(AST)

6 GP, 8 GN, 2
Candida

CFT, DAP, ERY, LZD, VAN (S. aureus); DAP,
VAN (CoNS); AMP, DAP, LZD (Enterococcus
spp.); AMK, ATM, CAZ, CIP, CRO, ERT, FEP,
GE, MEM, SAM, TOB, TZP (E. coli; Klebsiella
spp.; Proteus spp.), AMK, ATM, CAZ, CIP,
CRO, ERT, FEP, GE, MEM, SAM, TOB, TZP
(Enterobacter spp., Citrobacter spp.,
Serratia spp.), AMK, CAZ, CIP, FEP,
GE, MEM, TOB, TZP (P. aeruginosa);
AMK, TZP (A. baumannii)

89e96 (ID)
91e95 (AST)c

99e100 (ID) VV VVV

AMK, amikacin; AMP, ampicillin; AST, antimicrobial susceptibility testing; ATM, aztreonam; CAZ, ceftazidime; CFT, ceftaroline; CIP, ciprofloxacin; CoNS, coagulase-negative staphylococci; CRO, ceftriaxone; DAP, daptomycin;
ERT, ertapenem; ERY, erythromycin; FEP, cefepime; GEN, gentamicin; GN, Gram-negative bacteria; GP, Gram-positive bacteria; ID, identification; LZD, linezolid; MEM, meropenem; SAM, ampicillin-sulbactam; TAT, turn-around
time (in hours); TOB, tobramycin; TZP, piperacillin-tazobactam; VAN, vancomycin.

a Overall sensitivity and specificity values for identifications at the species level.
b Overall sensitivity and specificity values for identifications at the genus level.
c Overall categorical agreement.
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Table 2
Commercially available tests for pathogen detection directly from blood [7,9,13e15,23e25]

System (Manufacturer) Principle TAT (h) Blood
(mL)

Panel Resistance
genes

LoD
(CFU/mL)

Sensitivity
(%)

Specificity
(%)

Cost

Instrument Test

SepsiTest (Molzym) Broad-range
PCR þ sequencing

8e12 2 � 1 >345 bacteria
and fungi

d 20e460 21e87 85e96 VV VVV

SeptiFast (Roche
Molecular
Diagnostics)

Multiplex real-time PCR 4e6 1.5 9 GP, 10 GN,
6 fungi

mecA 3e30 25e86 74e97 VV VVV

MagicPlex Seegene) Multiplex real-time PCR 3e5 1 73 GP, 12 GN,
6 fungi

mecA, vanA,
vanB

30 37e65 66e92 VV VVV

VYOO (Analytic Jena) Multiplex PCR þ gel
electrophoresis

7e8 5 14 GP, 18 GN,
7 fungi

mecA, vanA,
vanB, blaSHV

3e10 60 70e75 VV VVV

Iridica
(Abbott Molecular)

Multiplex PCR þ ESI-MS 6e8 5 >750 bacteria
and fungi

mecA, vanA,
vanB, blaKPC

4e16 50e91 79 VVVV VVV

T2Candida panel
(T2 Biosystems)

PCR þ magnetic resonance
technology

3e4 4 5 Candida d 1 91e100 98 VVV VVV

GN, Gram-negative bacteria; GP, Gram-positive bacteria; LoD, limit of detection (in CFU/mL); TAT, turnaround time (in hours).

Fig. 1. Precision medicine in sepsis. The focus of this Position Paper is on the interplay
between therapies, pathogens and the host. Regarding the pathogen, microbiologic
diagnostic approaches (such as blood cultures (BCs) and rapid diagnostic tests (RDTs))
are discussed, as well as targeted antibiotic treatment. Other topics include the
disruption of host immune system and the use of biomarkers in sepsis management,
patient stratification and future clinical trial design. Lastly, personalized antibiotic
treatment and stewardship are addressed.
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costs of equipment and reagents and the detection of circulating
microbial DNA (the so-called DNAemia), which may not be syn-
onymous with infection.

A pitfall of rapid molecular-based diagnostic tests for bacterial
pathogens is that most of them usually provide little information
on antimicrobial susceptibility, especially for Gram-negative bac-
teria. However, a few phenotypic tests have been developed for the
rapid evaluation of antimicrobial susceptibility, such as MALDI-TOF
mass spectrometry and chromogenic tests for the detection of b-
lactam resistance (i.e. ESBL- and carbapenemase-producing
Enterobacteriaceae), which could be used on positive BCs [21,27].
A novel and unique approach is the Accelerate Pheno system
(Accelerate Diagnostics) that allows identification of bacteria and
fungi (by FISH) as well as phenotypic antimicrobial susceptibility
testing (AST) (by morphokinetic cellular analysis) on positive BCs
[28e30]. Promising new advanced tools for AST are evolving
rapidly, which may be beneficial in sepsis management. A recently
developed point-of-care susceptibility test (based on direct single-
cell imaging) can determine Escherichia coli ciprofloxacin suscep-
tibility directly in 49 urine samples, with a total turn-around time
of 30 minutes [31]. Furthermore, AST results can be obtained by
using ultrafast digital nucleic acid quantification to measure the
phenotypic response of E. coli in urine samples exposed to an
antibiotic, also within 30 minutes [32]. Although some molecular-
based RDTs can detect antimicrobial resistance, they are not (yet)
able to quantify the extent of susceptibility (e.g. to measure anti-
biotic minimum inhibitory concentrations), whichmay be essential
to develop tailored antibiotic dosing strategies.

In conclusion, RDT have become useful tools for the diagnosis of
sepsis, but in their current status they complement rather than
replace BCs. Also, their clinical and economic benefits need to be
further investigated. Before implementing RDTs in clinical practice,
healthcare institutions should first optimize the use of BC di-
agnostics. The optimal BC diagnostic algorithm will vary between
institutions, according to patient types, local pathogen epidemi-
ology, including local resistance patterns, and antimicrobial pre-
scribing and stewardship policies [12]. Next-generation sequencing
(NGS) technologies will likely be a valuable tool for the diagnosis of
BSIs in the near future [33], although this approach is presently too
time-consuming (~30 hours) [34].

Biomarkers

Septic patients can have different underlying pathophysiological
mechanisms despite similar clinical presentations. Hence, bio-
markers can be the key to personalized medicine [35]. Current
biomarkers can be divided in diagnostic and prognostic markers:
Please cite this article in press as: Rello J, et al., Towards precision medic
Microbiology and Infectious Diseases, Clinical Microbiology and Infection
diagnostic biomarkers can discriminate sepsis from non-infectious
critical illness, can differentiate between causative organisms, and
may help assess severity of disease; prognostic biomarkers can
assign risk profiles to patients and predict their outcomes. Key to
precision medicine approach is the accuracy of biomarkers to
stratify patients into subgroups based on specific pathophysiolog-
ical features. A biomarker can aid in a theranostic approach to select
a specific therapy for an individual patient and simultaneously be
used to measure response to treatment [6].

When searching for novel biomarkers it is essential to assess
their clinical utility: they should be measurable in easy obtainable
samples, such as blood and urine, ideally as a rapid bedside test
with limited hands-on time or need for special laboratories, facil-
itating rapid decision-making [11]. The complex pathophysiology of
sepsis makes it unlikely that a single biomarker can provide suffi-
cient information about the derailment of the host response.
Instead, a panel of biomarkers may lead to sepsis-signatures
needed to develop targeted therapies [36,37].

Protein and cytokine biomarkers are regarded as ‘traditional’
biomarkers and over 178 have been evaluated in the context of
sepsis [38]. Procalcitonin is by far the most studied biomarker, and
ine in sepsis: a position paper from the European Society of Clinical
(2018), https://doi.org/10.1016/j.cmi.2018.03.011
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Box 2

Key risk factors for infection caused by MDR bacteria [48]

Antimicrobial therapy in preceding 90 days

Current hospitalization of �4 days

High frequency of antimicrobial resistance in the community or in the

specific hospital unit

Presence of risk factors for healthcare-associated infection

Hospitalization for >48 hours in the preceding 90 days

Residence in nursing home or extended care facility

At home infusion therapy

Chronic dialysis within 30 days

Home wound care

Family member with MDR pathogen

Immunosuppressive disease

Immunosuppressive therapy

MDR, multidrug-resistant.

J. Rello et al. / Clinical Microbiology and Infection xxx (2018) 1e9 5
is the only example that is often implemented as part of sepsis
management, to guide duration and doses of antibiotics [39]. Other
well-studied biomarkers are C-reactive protein (CRP), lipopolysac-
charide binding protein, IL-6, soluble triggering receptor expressed
on myeloid cells (TREM)-1, and soluble urokinase plasminogen
activator receptor (suPAR). None of these is specific enough to be
used alone in the management of the critically ill patient.

Omics techniques will enable us to stratify patients by pheno-
and genotyping, rather than merely by routine parameters, such as
age, sex, symptoms and signs of a disease, weight, height,
concomitant diseases, medications, medical history, epidemiolog-
ical and socio-economic context, and patient preference. Rapid
development in this field has shifted the focus from traditional to
omics biomarkers. Transcriptomics uses ribonucleic acid (RNA)
molecules as biomarkers that can be incorporated into bedside
tests. Diagnostic RNA biomarkers can already discriminate be-
tween infectious and non-infectious disease, such as in SeptiCyte
LAB, the first rapid molecular assay approved by the US Food and
Drug Administration to aid the Intensive Care physician as a
diagnostic tool in critically ill patients [40]. The FAIM3:PLAC8 gene
expression ratio was developed as a context-specific biomarker, to
diagnose community-acquired pneumonia [41]. Transcriptomic
biomarkers are also used to discriminate between causative
pathogens, such as bacterial or viral, or non-infectious origin [42];
with regards to personalized medicine, these could also be used to
stratify patients into subgroups based on their transcriptome of
peripheral blood leukocytes. Genome-wide blood gene expression
profiles have been used in prospective observational cohort
studies aiming to identify biologically relevant molecular endo-
types in patients with community-acquired pneumonia-associated
sepsis. One study defined two sepsis response signatures (SRS),
showing an immunosuppressive type (SRS1) when compared with
SRS2 [43]. Another study provided a method for the molecular
classification of patients with sepsis into four different endotypes
(designated Mars 1e4) [44]. The biomarkers BPGM and TAP2
reliably identified patients with Mars 1 endotype, which was
associated with increased mortality at day 28 [44]. Endotypes are
dynamic and a significant proportion of subjects transition endo-
types during the acute phase of septic shock. Changes in endotype
assignment have implications on response to corticosteroids and
outcomes [45]. These sepsis signatures or endotypes could
significantly add to traditional biomarkers, and aid a personalized
approach for subject selection in clinical trials and in sepsis
management.

Personalized antibiotic treatment in sepsis

Adequate antibiotic treatment, defined as using an agent(s) to
which the pathogen is ultimately shown to be susceptible, improves
survival in patients with sepsis and is therefore a key prognostic
factor [46]. In sepsis management, there is great focus on timely
administration of appropriate antimicrobial treatment. A triage
model with special attention to severe sepsis assessing 1837 pa-
tients in the Emergency Department in Sweden led to an improve-
ment in time to antibiotic treatment and reduction in length of
hospital stay [47]. Aside from triage and early drug administration
policies, it is crucial to take into account individualized patient-
related factors when selecting initial antibiotic treatment.

While antibiotic treatment guidelines consider infection source
and the presentation setting, community-acquired or healthcare-
associated sepsis, physicians should carefully evaluate further
patient-related factors. Initial broad-spectrum antimicrobial treat-
ment is recommended in patients with healthcare-associated
sepsis, which could be related to multidrug-resistant (MDR) bac-
teria (Box 2) [48].
Please cite this article in press as: Rello J, et al., Towards precision medic
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A recent large observational study confirmed that source con-
trol, predominately abdominal, urinary or soft-tissue infection, is
an important prognostic factor in patients with sepsis [49]. Time to
source control was not significantly associated with survival, but
this finding may reflect the limitations of the dataset. Local anti-
microbial resistance data are important, and should be taken into
account when the initial antibiotic regimen is prescribed, especially
as such decision-making is likely to be empirical.

In addition to the factors outlined above, the presence of
comorbidities and drug use should be evaluated before starting
antimicrobial treatment. To optimize the initial dosing regimen,
physicians should, preferably in the near future, be assisted by
computer algorithms identifying a dosage that considers patient
weight, concomitant medication for drug interactions, renal and
hepatic function, allergy history, pharmacogenetics, etc. Suboptimal
dosages of antibiotics are common inpatientswith sepsis, especially
in critically ill patients, because of hyperdynamic shock, large dis-
tribution volume, lowalbumin level, and diuretic use [50]. However,
over-dosing could be observed in patients with advanced age, and/
or renal failure. Therefore, attention to therapeutic drugmonitoring
of antibiotics is needed in patients with sepsis, and especially in
those with fluctuating organ function, to optimize efficacy and
prevent the harmful effects of over-dosing. Particular attention is
required for antibiotics with narrow therapeutic indices, such as
vancomycin and aminoglycosides. Acute kidney injury is an
ominous complication inpatientswith sepsis. The use of continuous
renal replacement therapy, or extracorporeal membrane oxygena-
tion increases antibiotic clearance, and so higher doses of antibiotics
should be given in patients receiving these interventions [51].

Immunosuppression is a well-known risk factor for viral, fungal,
and other opportunistic infections [52]. Investigations aiming at
diagnosing these infections should be routinely performed in
immunocompromised patients. COPD patients are at increased risk
for respiratory infections related to Pseudomonas aeruginosa, or
Aspergillus spp. when inhaled or systemic corticosteroids are pre-
scribed, and pulmonary function is severely altered [53].

Antimicrobial stewardship is now an established practice to
improve the quality of antimicrobial use. Active antimicrobial
stewardship teams can indeed improve patient outcomes in hos-
pitals, as well as reduce adverse events, costs, and bacterial resis-
tance rates [54]. Prescribing antibiotics in the ambulance has not
been associated with improved outcomes [55]. Moreover, imple-
menting bundles of immediate antibiotics in sepsis has been asso-
ciated with increased risk of C. difficile infection [56]. Antimicrobial
stewardship teams thereby represent an important opportunity for
the successful implementation of precision medicine in sepsis. A
notably controversial issue, which may become more relevant as
ine in sepsis: a position paper from the European Society of Clinical
(2018), https://doi.org/10.1016/j.cmi.2018.03.011
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antimicrobial stewardship evolves, is how antibiotic diversity (that
is, heterogeneous antibiotic use by varied use of antibiotic regimens
to ensure a balanced use of different agents) should influence
individualized prescribing decisions. Diversity of prescribing in an
intensive care setting can be associated with reduced rates of
resistance [57,58]. However, conventional institutional antibiotic
policies tend to drive the use of a limited number of antibiotics, and
often just one or two agents for any particular infection. Specialist
input, or feasibly use of information technology, in making pre-
scribing decisions could be used to increased antibiotic diversity,
while still optimizing the therapeutic choice for each patient.
Focus on research priorities: precision medicine considerations in
future clinical trials

The promise of precision medicine in advancing the care of
sepsis patients is fast approaching and highly anticipated to be a
breakthrough in the development of new sepsis therapeutics [59].
Failure to account for the intrinsic heterogeneity of septic patients
when constructing prospective clinical trials has been a long-
standing issue. We all acknowledge that a wide array of disparate
subpopulations of patients exist when we randomly assign them
into one of two groups, treatment with investigational medicinal
product (IMP) versus placebo and standard care. Variations in the
treatment effect size for the same experimental agent could
reasonably be expected because of variations across pathogens, site
of infection, pre-existing comorbidities and predisposing factors,
duration of sepsis, patient age and gender, and the state of immune
function at the time of randomization [59,60].

A myriad of other unmeasured patient and pathogen factors
likely play a significant role in determining patient outcome. With
the increasing availability of rapid nucleic acid sequencing, along
with epigenomic, metabolomic, and proteomic-based tools to
interrogate the molecular basis of host variability, the molecular
substrates that govern individual host responses are now coming
into focus [43]. This emerging field of genomic medicine has
already revolutionized the care of patients with malignancies,
where genomic signatures in cancer cells have proven to be more
reliable as prognostic indicators than traditional histopathologic
findings or standard clinical staging criteria [61e65]. Bioinformat-
ics and big data analyses to identify potential (rare) genotypes and
associations are expected to play a significant role in the future of
sepsis management. Challenges are to establish a proper infra-
structure to make optimal use of both clinical and ‘omics‘ big data.
Data should not only be shared within health institutions, but we
must strive towards a systemwhere worldwide sharing of big data
reaps benefits through collaboration [66,67].

In many respects, personalized medicine has come at a critical
juncture in caring for septic patients as the spectre of extreme, MDR
pathogens is fast approaching, which demands a more precise and
individualized approach to the recognition and treatment of life-
threatening systemic infections [68e71]. While there is general
consensus that molecular diagnostics will have a major impact on
clinical trial design in sepsis in the future, challenges in study
Table 3
Limitations to develop precision medicine in sepsis and septic shock

It is necessary to find a way to stratify patients in relevant discrete groups.
The contribution of comorbidities in precision medicine should be determined. Comor

unrelated. Also, comorbidities may be causal with regards to the phenotypic variati
With the rapid technological advances such as next-generation sequencing, enormous

developed and integrated in the clinic.
In contrast to cancer, sepsis is a rapidly evolving process that changes on a minute-to

inflammatory responses provide a huge challenge for personalized medicine in sep
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design, ethics, and implementation remain before personalized
medicine becomes the norm in patients presentingwith sepsis [72].

A major unmet medical need in sepsis research and clinical trial
design is the ability to determine the functional immune status of
each patient with sepsis entering into a clinical trial. It is now
possible to categorize patients at the transcriptional level [43,44].
These critically important immune distinguishing events were not
detectable at the bed side using standard clinical, laboratory, or
hemodynamic measures. Such information will be essential before
safely choosing who should be given an experimental immune
inhibitory agent versus an immune adjuvant therapy. Other inno-
vative technologies such as rapid HLA haplotype measures [73], T
cell receptor diversity assays [74], or other rapid assays need to
become available to fully realize the promise of personalized
medicine in the ICU. Such companion assays that can predict
benefit or avoid toxicity will need to be co-developed, standard-
ized, and validated by regulatory agencies and researchers [74].

Advances in the rapid molecular diagnosis of microbial patho-
gens will be essential for the further clinical development of highly
specific therapeutics such asmonoclonal antibodies, novel, narrow-
spectrum antibiotics, or bacteriophage therapies [75,76]. Such
therapeutics may be limited to a specific, targeted species [75e78],
while others will require even more specific diagnostics such as
targeted monoclonal antibodies specific to single species bacterial
toxins, secretion apparatus, or serotype [75,79,80]. Further im-
provements in the rapid detection of microbial pathogens, sus-
ceptibility patterns, virulence factors, and antigen detection
instruments will be needed to fully implement precision medicine
when treating septic patients in the future [31,81,82].
Challenges and limitations

The successful uses of personalized medicine in oncology argue
for testing precision medicine, a more targeted approach, in the
management of sepsis. Identifying drug-response phenotypes by
examining interactions between phenotypes and sepsis therapies is
a priority to optimize clinical trials. Adaptive trials (response-
adaptive randomization) should be performed if endotypes are not
available or when multiple endotypes (identified by measuring
genomic, proteomic, and microbiome markers) are present. Use of
electronic health records should be explored to identify such
endotypes. Replication of these endotypes in multiple datasets
require big data with harmonization across multiple sites. Also,
validation studies will be required to determine the robustness of
such endotypes for sepsis prognosis.

However, a key limitation in observational studies is that results
may be confounded. Several challenges lay ahead when applying
precision medicine to acute critical illnesses such as sepsis, espe-
cially as management pathways are difficult to operationalize
because of the fast evolving pathophysiology, multisystemic organ
failure, and high mortality risk (Table 3) [83]. Last but not least, the
management of sepsis is complex and requires multidisciplinary
teamwork with strong expert leadership. Thus, a Road Map of
Recommendations and Perspectives is detailed in Table 4.
bidities could be part of the variables identifying discrete groups or it may be
on.
amounts of data are generated. New skills to analyse these data need to be

-minute basis and so needs rapid action. The rapid changes in these complex
sis.
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Table 4
Road Map of Recommendations and Perspectives for sepsis

Recommendations
1. RDTs have become useful tools for the diagnosis of sepsis complementing BCs. Their performance and accuracy (especially for AST), as well as their clinical and economic

benefits, need to be further investigated. RDTs will likely be valuable, future tools for the diagnosis of sepsis.
2. The combination of RDTs and BCs seems to be aworthwhile strategy to enhance themicrobiological diagnosis in patients with sepsis and to shorten the time to initiation

of appropriate antimicrobial therapy.
3. When assessing (new) RDTs, it is important to focus on outcomes, including time to appropriate antimicrobial therapy. Determining the identity of the pathogen is of

some importance for rapid molecular diagnosis, but the rapid determination of its antibiotic susceptibility is the key, and so this needs to have the highest priority.
4. To have a significant clinical impact, RDT results should be delivered with a real-time decision support, such as an automated information system and, ideally, infectious

disease/microbiology specialist consultation and an antimicrobial stewardship programme.
5. Regarding the host defence, the notion that the course of sepsis is now more protracted because of fast recognition and improved supportive care, is important for

understanding the pathophysiological mechanisms that impact on patient outcomes.
6. When searching for novel biomarkers for sepsis, it is essential to assess their clinical utility. They should be measurable in easy obtainable samples, ideally via a rapid

bedside test with limited hands-on time, and lead to rapid decision-making for the attending physician confronted with the septic patient. Investigators need to identify
biomarkers that are more or less likely to respond to a specific intervention (predictive markers).

7. Molecular signatures should be evaluated to distinguish sterile, non-infectious systemic inflammatory states from systemic infection.
8. Physicians should carefully evaluate patient-related factors when prescribing antibiotic treatment. Local antimicrobial resistance data should be taken into account as

part of good antibiotic stewardship, when an initial empirical antibiotic regimen is started.
9. When confronted with septic shock patients in need of vasopressors, it is imperative to start antimicrobials quickly. One should avoid the risk of delay in treatment, for

instance because of pathogen identification or antibiotic susceptibility assessment, in this subset of patients.
10. It is essential to educate all healthcare workers for rapid diagnosis, team working, and personalized management.
Perspectives
1. Pathogen detection will remain most critical during the acute phases of sepsis for early targeted antimicrobial therapy. It implies the need for the development of ultra-

rapid tests (under 30 minutes) at the patient's bedside for both microorganism identification and resistance detection.
2. Microbial load (quantitativemass or pathogen burden) is an important parameter that will requiremore attention. The load predicts outcome, risk of death and failure of

antibiotics and need to drain the primary site, and helps to distinguish colonization versus infection using samples taken from mucosal surfaces (sputum BAL,
gastrointestinal tract, etc.). Rapid measures of bacterial load need to be improved and are a priority for the future.

3. Data on the monitoring of hospitalized patients should be integrated into a continuous assessment of vital signs and oxygen saturation for early detection of sepsis. An
electronic alert should be able to detect deterioration and notify healthcare providers. This technology already exists and is largely implemented on ICUs, but these big
data processes also need to become standard practice on general wards.

4. As for care of patients with cancer, the advent of NGS technologies may be the next step of precision medicine in sepsis. In contrast to cancer, sepsis is a rapidly evolving
process and the NGS-based tests need to be performed in a short time period, directly from clinical specimens, and should be optimized to be faster, simple-to-use, and
cost-effective.

5. To restore the microbiome after antibiotic treatment or to promote a functional microbiome, novel strategies are being evaluated. The indications for (modified) fecal
microbiota transplantation (FMT) are currently broadening. However, the use of certain strains or (next generation) probiotics may be more feasible as future therapies
to restore ‘healthy’ microbiomes in the critically ill.

6. The rapid development of omics-based technologies has shifted the focus from traditional biomarkers to genome-wide blood gene expression profiles, in addition to
compartment specific protein and metabolite profiles. Big data analyses to identify these genotypes and associations will increase the need for the expertise of
computational biologists in the sepsis field.

7. Identifying drug-response phenotypes is a priority. The further development of specific sepsis signatures or endotypes will have a major impact on future clinical trial
design in sepsis and sepsis management in general. Challenges in trial design, clinical trial ethics, and study execution remain before precision medicine becomes the
norm in patients presenting with sepsis.

8. Systematic reviews are required of the impacts of delays in appropriate therapy for patients with sepsis. The ultimate goal is to develop evidence to help physicians
identify the patients in their clinical practices and guide their treatment decisions, so that they will have improved chance of providing appropriate therapy without
delay (without affecting diagnostic tests or inducing ecological adverse events).

9. Bioinformaticians should collaborate with clinicians in developing big data analyses in sepsis. It is important to identify critical variables that can be easily obtained from
clinical records and which can be combined with endotypes, and genetic and immunologic information. This is crucial to identify rare associations and subgroups
suitable for different therapeutic interventions. Novel statistical methods, including machine learning, latent class analyses, and principal components analyses will be
needed.

10. Development of resource-limited setting, specific recommendations for treatment of sepsis are required, whereas global sepsis registries are needed to capture sepsis
causes and their associated mortality in LMIC.

Table 3 (continued )

Another challenge lies in the potential increased complexity for healthcare providers, when confronted with the introduction of novel diagnostic or therapeutic measures
while their time is often already limited. The rapid interpretation of various (novel) diagnostic tests in the dynamic clinical context of sepsis requires training, especially
if these yield contradictory/misleading data, which may occur because of limited sensitivity and specificity.

Sepsis often presents in patients withmultiple comorbidities whomay be treated primarily by physicians in variedmedical specialties. It is essential and our responsibility
to educate all healthcare providers that may encounter septic patients about this complex syndrome.
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