CHAPTER 11

PRECISION ANTIMICROBIAL THERAPY AND ANTIMICROBIAL
STEWARDSHIP IN SEPSIS

Hatice Dilara Karakus,! Giilay Okay *

11.1. Introduction

Life-threatening organ failure brought on by a dysregulated host response to
infection is known as sepsis.' Severe sepsis and septic shock continue to be a
leading cause of morbidity and mortality in spite of several clinical trials and the
advancement of contemporary intensive care.

According to available epidemiologic studies, sepsis is responsible for
approximately 20% of annual global deaths. The mortality rate in intensive care
units (ICUs) is up to 35%. The incidence of sepsis continues to rise, in part due
to an aging population, increased use of immunosuppressive drugs (biologics,
corticosteroids, etc.), increased invasive procedures and intensive care practices,
and antibiotic resistance.>?

Personalized treatment aims to develop individualized therapeutic strategies
taking into account the patient’s clinical phenotype, immune response profile,
genetic predispositions, and microbiological factors. The proper medications may
be given to the right patients at the right time with this strategy, which is also
known as precision medicine.

Precision medicine has already shown promising results in other medical
fields, such as asthma and oncology, but it is still under exploration in sepsis.*

Antimicrobial stewardship refers to coordinated efforts to promote the optimal
use of antimicrobial agents, including drug selection, dosage, route, and duration
of administration.

Precision care offers the opportunity to improve outcomes for patients with
sepsis by designing a personalized antimicrobial strategy. This approach needs
to be integrated with the core elements of antimicrobial stewardship to become
embedded in organizations.
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11.2. Implementation of Antimicrobial Stewardship Programs in Sepsis
Patients

The Infectious Diseases Society of America (IDSA), the Healthcare
Epidemiology Association of America (SHEA), and the Pediatric Infectious
Diseases Society (PIDS) have issued a statement defining antimicrobial stewardship
(AMS) as coordinated interventions aimed at choosing the best antibiotic regimen,
including dosage, duration of treatment, and route of administration, in order
to improve and measure the use of these agents.” The main objectives of AMS
programs are:*

1. Prescribing antimicrobial therapy following the “5D” principle
(DIAGNOSIS - DRUG CHOICE - DOSE — DURATION - DE-
ESCALATION),

2. Prevent excessive, improper, and abusive use of antibiotics in community,
outpatient, and inpatient settings,

3. Reduce antibiotic-induced side effects such as C.difficile,
4. Reducing resistance to antimicrobials,

5. Reducing costs associated with health services.

Implementing ASPs (antimicrobial stewardship programs) in hospitals requires
a multidisciplinary team approach among staff, including infectious disease
specialists, critical care specialists, clinical pharmacists, clinical microbiologists,
infection control nurses, critical care nurses, and administrative staff.” The
implementation of ASPs in hospitals should be led by infectious disease specialists.
Additionally, successful ASPs in the ICU depend on the integration of specialist
critical care and ICU leadership.?

The administration of antibiotics, resource management, supportive therapy
for organ dysfunction, and appropriate fluid resuscitation are all essential
components of treating sepsis. Antibiotics must be administered swiftly and
correctly to treat sepsis; however, it has been observed that patients with non-
bacterial infections are frequently prescribed antibiotics.” As a result, there are
more multidrug-resistant microorganisms, more adverse effects like Clostridioides
difficile infections, and higher medical expenses.'

Within the framework of AMS programs, individualized sepsis treatments
should be used methodically and quantifiably on an institutional level to avoid
these limitations in the management of sepsis and septic shock.

11.3. Precision Medicine in Sepsis

Sepsis is not a “specific disease” but a “combination of various clinical signs
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and symptoms”. Immune status, genetic predisposition, history of comorbid
diseases, type of pathogen, location, and extent of infection vary in patients
with sepsis.!" Sepsis is therefore extremely complex and varied. Classical sepsis
treatment approaches may be inadequate considering the heterogeneous nature of
sepsis and patient characteristics. As a result, sepsis has been treated with elements
of precision medicine that have been shown to be beneficial in diseases including
cancer, asthma, and chronic obstructive pulmonary disease.’” The incorporation
of biomarkers, cellular function assessments, and high-throughput omics analysis
facilitates the implementation of precision medicine for patients with sepsis.'?

11.3.1. Optimal Timing of Antibiotics in Sepsis

Sepsis is a medical emergency. As with multiple trauma, acute myocardial
infarction, and stroke, early diagnosis and appropriate emergency treatment in
the first hours after the development of sepsis improve outcomes. The Surviving
Sepsis Campaign recommendations advocate for the prompt delivery of empiric,
broad-spectrum antibiotics within one hour of triage for those diagnosed with
sepsis and septic shock.' This technique advocates for the prompt use of broad-
spectrum antibiotics for persons with a high probability of severe illness. This
may lead to careless and inappropriate use of antibiotics. Research in the United
States revealed that 18% of patients administered medications for sepsis in the
emergency room were subsequently proven to have no infection.”

In patients with severe infections, sepsis, and septic shock, these conditions
should be evaluated independently. Rapid and decisive treatment should not be
applied uniformly to all patients but rather tailored to the severity of the condition
and the correct diagnosis. For patients with septic shock requiring vasopressors, the
timing of successful antibiotic administration is crucial, especially rapid initiation
of antibiotic therapy within the first hour. Each one-hour delay in antibiotic
therapy has been associated with a 10% increase in mortality.’® In this patient
subgroup, the risk of delay in treatment while awaiting pathogen identification or
antibiotic susceptibility assessment should be avoided. In patients with sepsis, this
line is not clear. However, in patients where it is clearly established that the cause
of shock and rapid deterioration is non-bacterial infection, antibiotics should be
discontinued.

Despite the ongoing debate surrounding statistical corrections, two recent
retrospective studies have indicated a substantial correlation between delayed
antibiotic treatment and heightened mortality in patients experiencing septic
shock, although this correlation was found to be inconsequential in sepsis patients
not in shock.'”- 18
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11.3.2. Antimicrobial De-Escalation in Sepsis

While broad-spectrum antibiotics are crucial in the management of sepsis and
septic shock, particularly in the first stages when the infecting pathogen remains
unidentified, they adversely affect the host microbiome, resulting in the selection
of more resistant bacterial strains.

Therefore, it is important to take cultures before antibiotherapy, re-evaluate
clinical and laboratory responses within 48-72 hours, and switch broad-spectrum
antibiotics to narrow-spectrum agents according to the susceptibility pattern and
patient response. "’

In addition, switching antibiotics from intravenous to oral administration
has several advantages, including lower costs, a shorter hospital stay, fewer
complications, and less discomfort for patients. Oral therapy should be switched
when the agent has demonstrated susceptibility to an appropriate oral agent, the
patient is hemodynamically stable, source control measures have been taken, and
gastrointestinal absorption is adequate.”

11.3.3. Duration of Antibiotic Therapy in Sepsis

Prolonged and inappropriate antibiotic medication is widely recognized to
result in adverse responses, including Clostridioides difficile infections, acute renal
failure, drug-induced hepatitis, bone marrow suppression, severe rashes, and the
acquisition of multidrug-resistant organisms (MDROs). However, the deleterious
effects on the microbiota and mitochondrial toxicity are less recognized.®

In patients with sepsis and septic shock, it is particularly crucial to optimize
the duration of treatment according to the focus of infection, the resistance
pattern of the pathogen, and the host condition. Many studies have shown that
infections are often treated for longer than recommended by guidelines and that
each additional day of antibiotics increases the risk of patient harm.*!

Procalcitonin measurement has been frequently investigated in determining
antibiotic duration. The primary findings of this research indicate that procalcitonin
monitoring diminishes antibiotic usage, decreases the duration of hospital stays,
and lowers healthcare expenses.”

The duration and sufficiency of treatment in patients with sepsis and septic
shock must be evaluated periodically to enable the reduction of antibiotics and
shorter antibiotic therapy regimens for the majority of patients.

11.3.4. Optimal Drug Selection in Sepsis

Selecting the appropriate antibiotic regimen for individuals with sepsis and
septic shock is frequently challenging. Adopting an optimal approach to antibiotic
selection can theoretically lead to better outcomes and reduce antibiotic side effects.
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Clinicians should consider many parameters, such as patient comorbidities,
the source of infection (whether community-acquired or healthcare-acquired),
patient weight, concomitant drug use and drug interactions, renal and liver
function, allergy history, and local antimicrobial resistance. Decision-making tools
that integrate these parameters using artificial intelligence can make a valuable
contribution to the workflow of busy clinicians.*

Another important factor in selecting the optimal antibiotic regimen is
knowledge of the antibiotic susceptibility of the pathogen. The use of one or more
agents to which the infectious agent is susceptible increases the survival rate of
patients with sepsis and is an important prognostic factor. Therefore, it is very
useful to obtain antibiotic susceptibilities rapidly.'

11.3.5. Rapid Microbiological Approaches

Blood cultures, designed to identify live bacteria in the bloodstream, remain the
definitive standard for microbiological diagnosis of bloodstream infections in sepsis.

However, this method has a long time to positivity (12 to 72 hours), and false-
negative results may occur. Factors contributing to false negativity encompass
modest concentrations of circulating microorganisms (1 to 10 CFU/mL), the
potential existence of fastidious or uncultivable infections, and inadequate blood
sample sizes (particularly in pediatric cases). Furthermore, contamination from
cutaneous bacteria is frequently evident. Consequently, the sensitivity of blood
cultures is suboptimal, potentially as low as 30-40%.%

Rapid diagnostic tests are designed as a solution to the limitations of blood
cultures in sepsis. The fastest strategy for identifying microorganisms is DNA
detection in blood. Tests that directly detect microorganism DNA in blood
samples have a faster turnaround time of 3-12 hours, which is very important
in the race against time in sepsis and septic shock. The tests can be categorized
into two primary groups: those conducted directly on blood samples and those
executed on positive blood cultures.'?

Methods for diagnosing positive blood cultures include non-molecular,
PCR-based, and non-PCR-based techniques. Matrix-assisted laser desorption/
ionization/time-of-flight mass spectrometry (MALDI-TOF MS) is a non-
molecular assay that ionizes microorganism proteins, then measures their mass
and compares them to established organisms in a reference database.

Accuracy for the identification of Gram-negative organisms is high (66-
100%), while accuracy for Gram-positive organisms is more variable (17-99%).
Identification of yeasts (20-100%) requires more standardization. Numerous
PCR-based assays have been established to detect bacteria and fungi in blood
cultures (e.g., BioFire FilmArray blood culture identification (BCID) panel), the
majority of which exhibit sensitivities exceeding 90%.
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Quantitative PCR tests can also measure the bacterial load in blood cultures,
which may correlate with the degree of sepsis.? ¢

Fluorescence in situ hybridization (FISH) employing peptide nucleic acid
(PNA) probes (AdvanDx) can furthermore be utilized for positive blood cultures.
This test can substantially reduce the duration needed for species identification
and antibiotic susceptibility testing, as well as the time to achieve appropriate
antimicrobial therapy.?®?’

Progress in the swift identification of microbial pathogens will be crucial
for the formulation of targeted medicines, including novel narrow-spectrum
antibiotics, monoclonal antibodies, immunotherapies, and bacteriophages.

By targeting identified bacterial or fungal species or bacterial toxins, side
effects to the patient’s flora can be minimized.'?

However, rapid diagnostic tests have limitations, such as colonization with
bacterial and fungal DNA, the presence of PCR inhibitors, and high costs.”
Furthermore, detection of circulating microbial DNA (DNAemia) may not always
indicate the presence of infection. While several molecular-based quick diagnostic
tests can identify antimicrobial resistance, they currently lack the capability to
quantify susceptibility (such as determining minimum inhibitory concentrations),
thereby impeding the advancement of tailored antibiotic dosage regimens.'**

11.3.6. Optimal Dosage of Antibiotic Therapy in Sepsis

Antibiotic doses may be inadequate in septic patients due to hyperdynamic
shock, large volume of distribution, low albumin levels, and diuretic use.”
Therapeutic blood level monitoring (or therapeutic drug monitoring,
TDM), although not routinely used for many antibiotics, shows promise for
optimizing dosing."

TDM allows antibiotics to be used more precisely by achieving established
pharmacokinetic/pharmacodynamic targets. Optimizing antibiotic doses in
patients using TDM or AUC (area under the curve) targeting approaches has been
shown to reduce nephrotoxicity and shorten the duration of treatment without
compromising efficacy.’

11.4. Biomarkers

Biomarkers are characterized by the National Institutes of Health (NIH) as
objectively measurable properties that serve as indicators of normal biological
processes, pathogenic processes, or pharmacological reactions to therapeutic
interventions.”” Biomarkers are essential components of precision medicine, and
they stand out as complementary tools for diagnosis, prognosis, and treatment
guidance in sepsis.
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11.4.1 Biomarkers Frequently Used in Sepsis

Protein and cytokine biomarkers are considered ‘traditional’ biomarkers,
and more than 178 biomarkers have been evaluated in the context of sepsis.”
Procalcitonin, a peptide produced by parafollicular cells of the thyroid, is released
as a result of the inflammatory cascade triggered during bacterial infection.
Procalcitonin is by far one of the most studied biomarkers and can guide the
duration and dosage of antibiotics as part of sepsis management.’!

Additional extensively researched biomarkers comprise C-reactive protein
(CRP), leukocyte count, lactate, presepsin, lipopolysaccharide-binding protein
(LBP), monocyte chemoattractant protein-1 (MCP-1), interleukin 6 (IL-6),
soluble trigger receptor expressed on myeloid cells (sSTREM-1), and soluble
urokinase plasminogen activator receptor (suPAR). While these may offer
insights into inflammation, none are sufficiently specific for the therapy of
critically ill patients.'>?”

Among biomarkers, IL6, IL8, IL10, TNFa, and interferon v levels indicate
hyperinflammation; decreased monocyte HLA DR expression, lymphopenia, and
high PD1/PDL1 expression indicate immune deficiency. The IFN y/IL 10 ratio is
a recommended parameter to guide corticosteroid use. Complement components
(C3a, C5a), endothelial damage markers (angiopoietin-2), and metabolic markers
(lactate) are also associated with immune status.'?

The absence of tumor necrosis factor oo (TNF @) production following ex
vivo lipopolysaccharide (LPS) stimulation may suggest that monocytes exhibit
hyporesponsiveness. The expression of HLA-DR on monocytes serves as a
significant marker of immunodeficiency and can be utilized to identify patients
suitable for immunostimulatory treatments. T cell proliferation and interferon y
release assays can be used to assess the competence of adaptive immunity."

11.4.2 Omics-Based Technologies

Omics-based technologies identify and measure chemicals that modify the
structure, function, and dynamics of an organism. This discipline encompasses
genomes, epigenomics, transcriptomics, proteomics, and metabolomics.” The
rapid development of omics-based technologies has shifted the focus from
traditional biomarkers to genome-wide blood gene expression profiles and site-
specific protein and metabolite profiles.

Many precision medicine methods use ‘omics’-based biomarkers to identify

sepsis endotypes, predict disease prognosis, and treatment response.*
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11.4.2.1. Proteomics

Proteomics is the analysis of peptides, intact proteins, and protein complexes
in a biological system. Liquid chromatography-based separation methods,
together with mass spectrometry, have contributed to the identification of up
to 3000 proteins involved in the pathology of sepsis (inflammatory response,
induction of oxidative stress and mitochondrial dysfunction, etc.).?® In the past
ten years, several research have investigated proteome alterations in animal

models of sepsis.*

11.4.2.2. Metabolomics

Metabolic pathways are essential for the control of immunological
responses. Metabolomics is the examination of physiologically significant small
molecules that govern metabolic processes in organisms.* Metabolomics offers
a unique approach to study the impact of sepsis on the metabolite profiles of
the host at specific times. Studies have demonstrated a dysregulation of amino
acid metabolism associated with inflammation and immunity in the plasma
of septic patients.”

11.4.2.3. Transcriptomics

RNA (ribonucleic acid) sequencing uses RNA molecules as biomarkers. Rapid
molecular assays, such as SeptiCyte LAB, can differentiate between infectious
and non-infectious disorders; it is the first rapid molecular test approved by the
US Food and Drug Administration (FDA) to aid intensive care physicians in
managing critically ill patients.

Transcriptomic biomarkers are also used to distinguish between causative
pathogens, such as bacteria or viruses, or non-infectious origins; in terms of
personalized medicine, they can also be used to subgroup patients based on the
transcriptome of peripheral blood leukocyrtes.

11.5. Heterogeneity in Sepsis: Phenotypes and Subphenotypes

Even though sepsis patients have similar clinical symptoms, sepsis has a
complex and heterogeneous pathophysiology. Patients may not have the same
response to sepsis. Some patients may experience hyperinflammation, severe
immune response, and organ failure, while others may experience immune
paralysis, and the immune system may fail to function. Some patients may benefit
from an intervention, while others may not, or may even be harmed. To better
target treatments and deliver effective therapies, it is necessary to identify which
patients will benefit from which treatments.*

Identifying homogeneous patient subgroups with sepsis can enhance
comprehension of the underlying biology of the condition and facilitate the
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discovery of novel and effective therapeutics tailored to certain subgroups. Several
studies have identified sub-phenotypes derived from clinical data, gene expression
data, proteins, and inflammatory mediators.*® Machine learning methodologies
have been employed to discern patient subgroups.

Sub-phenotypes derived from clinical data: Seymour et al. categorized sepsis
patients into four main phenotypes using machine learning:¥

* o (a-phenotype): Generally younger, low-risk group with less organ
dysfunction.

* B (B-phenotype): Intermediate mortality risk group associated with chronic
comorbidities.

* y (y-phenotype): Characterized by liver dysfunction and sepsis-induced
inflammation.

* 0 (0- phenotype): High lactate, shock and multiple organ failure, with the
highest mortality rate.

Sub-phenotypes derived from proteins and inflammatory mediators: Sub-
phenotypes based on combining circulating proteins and clinical variables have
been best studied in ARDS (Acute Respiratory Distress Syndrome).** ARDS is
a clinical condition that significantly overlaps with sepsis, and there is increasing
evidence that these sub-phenotypes exist among septic populations.®’

 Hyperinflammatory type: A group with an intense cytokine storm and high
mortality in the early period.

* Immunoparalized type: A group with reduced monocyte HLA-DR

expression, prone to secondary infections.

Sub-phenotypes derived from gene expression data: By obtaining genome-
wide transcriptomic data from circulating lymphocytes through high-throughput
gene expression analysis, the immunological profiles of patients with sepsis were
examined in detail, and different endotypes were identified:** °

SRS1 (Sepsis Response Signature 1):

o Immunocompromised phenotype

o Lymphocyte apoptosis, low HLA-DR expression
o Associated with high mortality

SRS2 (Sepsis Response Signature 2):

o More balanced immune response

o Relatively better prognosis
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11.6. New Approaches in Personalized Sepsis Therapies

11.6.1 Personalized Immune Modulation

Patients may have different inflammatory responses to sepsis and septic shock
and immune activation profiles against pathogens. This indicates that personalized
immunomodulatory therapy tailored to the immunological profile may be more
effective than a universal strategy.*!

The most investigated approaches to modulate the state of excessive
inflammation are anti-TNF a antibodies, anti-endotoxin antibodies, and IL1
receptor antagonists, which are therapies that inhibit the innate immune response.
The main non-pharmacologic treatments studied in sepsis are immunotherapy and
blood purification procedures. These methods may provide benefits through the
removal of endotoxins, the modification of cytokine levels, cytokine mobilization
from local tissues, or more complex immune modulation processes.** Disseminated
intravascular coagulation (DIC) and loss of endothelial barrier integrity are
important key points in the pathogenesis of sepsis. Therefore, activated protein
C, antithrombin therapy, and thrombomodulin are other treatment options that
target coagulation pathways and endothelial dysfunction. Substances with effects
other than those for which they were developed are called pleiotropic drugs.
Corticosteroids, antibiotics (especially macrolides), statins, and vitamin C are the
most commonly used pleiotropic drugs in sepsis.*!

Immunostimulant cytokines and growth factors (G-CSF, GM-CSEF, IL-7) are
the main drugs that act through an immune stimulation strategy. Intravenous
immunoglobulins (IVIG) can provide immune stimulation and reduce
inflammation by opsonizing and neutralizing pathogens and toxins. Mesenchymal
stem cells augment bacterial elimination and regulate the immunological response.
Immunological checkpoint inhibitors, such as Anti-PD-1 antibodies, can also
serve as agents for immunological stimulation.*!

11.6.2 Microbiome

The gut microbiota provides trophic, metabolic, and defensive signals that
benefit the host.” Sepsis can affect the gut flora due to reduced blood flow,
autonomic dysfunction, starvation, antibiotics, and medications such as proton
pump inhibitors."

Intestinal dysbiosis is a commonly studied phenomenon that can contribute
to the onset or persistence of septic shock.* The use of probiotics and prebiotics
in the diet, known as “personalized nutrition,” can affect pathogen colonization,
stabilize or enhance bacterial homeostasis, optimize intestinal transit, increase
vitamin availability, and exert immunomodulatory effects.*® Microbiota
modulation protocols, such as genetically modified probiotic strains or fecal
transplantation, could be interesting alternatives.“
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11.6.3 Genetically Based Sepsis Interventions

Genetic-based approaches aim to personalize the diagnosis, prognosis, and
treatment plan by revealing individual differences in sepsis pathogenesis.

Many genetic variants influence the development and prognosis of sepsis.
Genome-wide association studies (GWAS) have provided the ability to study
genetic variants that are common in a population and identify those that may
be associated with a particular disease. This holds significant ramifications for
pharmaceutical development.* Single-nucleotide polymorphisms associated
with sepsis pathophysiology have been identified. Toll-like receptor (TLR)
polymorphisms alter pathogen recognition capacity and modify the infection
response. Cytokine gene variants (IL-6, TNF-a, IL-10) determine the severity
of the inflammatory response. Plasminogen activator inhibitor-1 (PAI-1) may
increase the risk of coagulopathy and DIC.*

DNA methylation, histone modifications, and microRNA regulation shape
the immune response during sepsis. HDAC (histone deacetylase) inhibitors and
DNA methyltransferase inhibitors have played a role in suppressing inflammation
in experimental models. MicroRNAs, such as miR-146a and miR-223, are
being investigated as both diagnostic and therapeutic targets. siRNA-containing
nanoparticles are an interesting tool for delivering therapeutic molecules to
infected cells and could make drug development faster, cheaper, and safer by
hitting targets identified by genome-wide studies.*

Understanding genetic diversity is essential for grasping the molecular basis
of complex diseases and how people respond to treatment as a population or as
individuals.

11.7. Conclusion

Sepsis is a heterogeneous syndrome with high morbidity and mortality, where
standard treatment strategies are often insufficient. Integrating precision medicine
with antimicrobial stewardship programs (ASP) enables timely empiric therapy
while limiting unnecessary antibiotic exposure. Advances in biomarkers, rapid
molecular diagnostics, and genomic/transcriptomic profiling have improved the
understanding of host—pathogen interactions. Incorporating these innovations
into practice may shift sepsis management, improving outcomes, reducing
resistance, and lowering mortality.
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