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Preface

Sepsis is a disease syndrome that is difficult to understand as well as to treat and has
plagued mankind for thousands of years. In this textbook, the editors and authors
sought to assemble relatively brief but detailed compilations of what is the state of
the science on a variety of key topics. We have chosen topics that range from molec-
ular biology to clinical practice. It is our hope that this text can be used by bench
scientists and clinicians alike as a reference to aid in their work. Clinicians can learn
more about the biology behind the disease they treat and scientists can gain deeper
understanding into how the disease they study plays out in intensive care unit.
Together the clinical and scientific elements of this text will hopefully make a refer-
ence that is of great value. We have picked as authors those who we feel are leaders
in the field they have written about and thus can provide vast experience as well as
data from years of study and practice.

Providence, RI, USA Nicholas S. Ward, MD, FCCM
Providence, RI, USA Mitchell M. Levy, MD, FCCM



Contents

Part I
1 INtroduction..........ccccooiiiiiiiiiiiii e e 3
Mitchell M. Levy and Nicholas S. Ward
2 Sepsis Definitions...............ccooveieiieiiinieieieeeee e 7

Debasree Banerjee and Mitchell M. Levy

Epidemiology of Sepsis: Current Data and Predictions
for the Future ... 25
Bashar Staitieh and Greg S. Martin

Part IT
4 Overview of the Molecular Pathways and Mediators of Sepsis.......... 47
Tristen T. Chun, Brittany A. Potz, Whitney A. Young,
and Alfred Ayala
5 Sepsis-Induced Immune SUPPression ............c.ccevceevveeenveniieeneeniveenieens 71
Nicholas Csikesz and Nicholas S. Ward
6 Molecular Targets for Therapy............cccoccevviieiiiieniniiieeeeee e 89

Andre C. Kalil and Steven M. Opal

Part III
7 Mechanisms of Organ Dysfunction and Altered
Metabolism in SePSis..........cccceevieriiiiiiiriieiiee e 107
Douglas R. Closser, Mathew C. Exline, and Elliott D. Crouser
8  Sepsis-Induced AKI ..........cccooiiiiiiiiiiiieeiece e 127

Hernando Gomez, Alex Zarbock, Raghavan Murugan,
and John A. Kellum

vii



viii

10

Sepsis and the Lung ..............cc.ccoooiiiiiiiiiiiieceeeen

MaryEllen Antkowiak, Lucas Mikulic, and Benjamin T. Suratt

Organ Dysfunction in Sepsis: Brain, Neuromuscular,

Cardiovascular, and Gastrointestinal...........................................

Brian J. Anderson and Mark E. Mikkelsen

Part IV

11

12

13

14

15

Diagnosis of Sepsis: Clinical Findings and the Role

Of BIOMATKEIS .......ooooiiiiiiiiiiiiiiiiiee e

Daithi S. Heffernan

Source Control in Sepsis..........cccoccvevieeiiieniiiniieieceeee e

Michael Connolly and Charles Adams

Hemodynamic Support in Sepsis.........c.ccccevvveerieniieenieenieeneennn

Jean-Louis Vincent

Bundled Therapies in Sepsis ..........cccoeeveriiiiieniieniieieeieeeeen

Laura Evans and William Bender

Genetics in the Prevention and Treatment of Sepsis...................

John P. Reilly, Nuala J. Meyer, and Jason D. Christie

Contents



Contributors

Charles Adams, MD Department of Surgery, Alpert/Brown Medical School,
Providence, RI, USA

Brian J. Anderson, MD, MSCE Pulmonary, Allergy and Critical Care Division,
Perelman School of Medicine at the University of Pennsylvania, Philadelphia,
PA, USA

MaryEllen Antkowiak, MD Division of Pulmonary and Critical Care Medicine,
University of Vermont College of Medicine, Burlington, VT, USA

Alfred Ayala, PhD Division of Surgical Research, Department of Surgery, Rhode
Island Hospital, Providence, RI, USA

Debasree Banerjee, MD Division of Pulmonary, Critical Care, and Sleep
Medicine, Alpert/Brown Medical School, Providence, RI, USA

William Bender Pulmonary, Critical Care and Sleep Medicine, Bellevue Hospital/
NYU School of Medicine, New York, NY, USA

Jason D. Christie Division of Pulmonary, Allergy, and Critical Care Medicine,
Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA

Tristen T. Chun, MD Division of Surgical Research, Department of Surgery,
Rhode Island Hospital, Providence, RI, USA

Douglas R. Closser, MD Division of Pulmonary, Critical Care, and Sleep
Medicine, The Ohio State University Wexner Medical Center, Columbus, OH, USA

Michael Connolly, MD Department of Surgery, Alpert/Brown Medical School,
Providence, RI, USA

Elliott D. Crouser, MD Division of Pulmonary, Critical Care, and Sleep Medicine,
The Ohio State University Wexner Medical Center, Columbus, OH, USA

Nicholas Csikesz Alpert Medical School of Brown University, Rhode Island
Hospital, Providence, RI, USA

ix



X Contributors

Laura Evans Pulmonary, Critical Care and Sleep Medicine, Bellevue Hospital/
NYU School of Medicine, New York, NY, USA

Mathew C. Exline, MD Division of Pulmonary, Critical Care, and Sleep Medicine,
The Ohio State University Wexner Medical Center, Columbus, OH, USA

Hernando Gomez, MD The Center for Critical Care Nephrology, University of
Pittsburgh, Pittsburgh, PA, USA
The CRISMA Center, Department of Critical Care Medicine, University of
Pittsburgh, Pittsburgh, PA, USA

Daithi S. Heffernan, MD, FACS, AFRCSI Division of Surgical Research,
Department of Surgery, Rhode Island Hospital/Brown University, Providence, RI, USA

Andre C. Kalil, MD Infectious Disease Division, Department of Internal
Medicine, University of Nebraska Medical Center, Omaha, NE, USA

John A. Kellum, MD The Center for Critical Care Nephrology, University of
Pittsburgh, Pittsburgh, PA, USA
The CRISMA Center, Department of Critical Care Medicine, University of
Pittsburgh, Pittsburgh, PA, USA

Mitchell M. Levy, MD, FCCM Division of Pulmonary, Critical Care, and Sleep
Medicine, Alpert/Brown Medical School, Providence, RI, USA

Greg S. Martin, MD, MSc Division of Pulmonary, Allergy, and Critical Care
Medicine, Emory University School of Medicine, Atlanta, GA, USA

Nuala J. Meyer Division of Pulmonary Allergy, and Critical Care Medicine,
Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA

Mark E. Mikkelsen, MD, MSCE Pulmonary, Allergy and Critical Care Division,
Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA,
USA

Lucas Mikulic, MD Division of Pulmonary and Critical Care Medicine, University
of Vermont College of Medicine, Burlington, VT, USA

Raghavan Murugan, MD The Center for Critical Care Nephrology, University of
Pittsburgh, Pittsburgh, PA, USA
The CRISMA Center, Department of Critical Care Medicine, University of
Pittsburgh, Pittsburgh, PA, USA

Steven M. Opal, MD Infectious Disease Division, Memorial Hospital of RI,
Alpert Medical School of Brown University, Pawtucket, RI, USA

Brittany A. Potz Division of Surgical Research, Department of Surgery, Rhode
Island Hospital, Providence, RI, USA

John P. Reilly Division of Pulmonary, Allergy, and Critical Care Medicine,
Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA



Contributors Xi

Bashar Staitieh, MD Division of Pulmonary, Allergy, and Critical Care Medicine,
Emory University School of Medicine, Atlanta, GA, USA

Benjamin T. Suratt, MD Division of Pulmonary and Critical Care Medicine,
University of Vermont College of Medicine, Burlington, VT, USA

Jean-Louis Vincent, MD Department of Intensive Care, Erasme Hospital,
Université Libre de Bruxelles, Brussels, Belgium

Nicholas S. Ward Division of Pulmonary, Critical Care, and Sleep Medicine,
Alpert/Brown Medical School, Providence, RI, USA

Whitney A. Young Division of Surgical Research, Department of Surgery, Rhode
Island Hospital, Providence, RI, USA

Alex Zarbock Department of Anesthesiology, Intensive Care and Pain Medicine,
University of Miinster, Miinster, Germany



Part I



Chapter 1
Introduction

Mitchell M. Levy and Nicholas S. Ward

Sepsis is a disease that has been known and studied for over 2000 years and yet
there is still so much of it we do not understand. Our ignorance is not for lack of
effort, however. In just the year 2015, PUBMED listed over 1400 articles published
with sepsis as a major topic. The journey to understand sepsis over the years has
been a microcosm of our progress all fields of medicine. It began as a common dis-
ease with varying outward manifestations and has progressed to become understood
as problem that encompasses organs, cells, organelles, cytokines, molecules, and
genetics of every part of the body. No longer just a clinical puzzle, it is now studied
and discussed in papers ranging from molecular biology, to health services research
and it remains a serious concern for practitioners of all branches of medicine.

The word “sepsis,” was first used by Hippocrates and derived from the Greek word
for “rot” to describe generally the decay or organic matter. Hippocrates went on to
associate this sepsis with the human colon and recognized that this process had the
ability to release toxins deadly to man. There are descriptions of the clinical entity
“sepsis” from Ancient Egypt dating back to 3000 BCE that reflect an understanding
similar to ours today of a local insult or injury that results in systemic complications
(e.g., a flesh wound resulting in fever). Roman physicians expanded on these ideas,
hypothesizing the existence of spontaneously generated invisible creatures in swamps
whose emission of putrid fumes (“miasma’) caused human disease. As a result, they
focused on water purification and the elimination of swamps [1].

In the seventeenth century, Leeuwenhoek’s invention of the microscope led to
the discovery of “animalcules,” the first description of directly observed bacteria,

M.M. Levy, MD, FCCM (<) ¢ N.S. Ward

Division of Pulmonary, Critical Care, and Sleep Medicine, Alpert/Brown Medical School,
Providence, RI, USA

e-mail: mitchell_levy @brown.edu; nward @lifespan.org

© Springer International Publishing AG 2017 3
N.S. Ward, M.M. Levy (eds.), Sepsis, Respiratory Medicine,
DOI 10.1007/978-3-319-48470-9_1


mailto:mitchell_levy@brown.edu
mailto:nward@lifespan.org

4 M.M. Levy and N.S. Ward

and paved the way for the development of germ theory and more targeted public
health initiatives. The next 100 years saw discoveries by Koch, Semmelweis,
Pasteur, and Lister create not only more understanding of infectious sepsis but
real-world methods for preventing it. Ignaz Semmelweis, through his pioneering
study of hand washing and puerperal sepsis, gave us one of the first highly effective
ways to prevent the disease and Lister followed by advancing these ideas to aseptic
surgical techniques. Tragically, Semmelweis was mocked for his research and likely
died from staphylococcal sepsis while in an insane asylum.

In the ensuing centuries, the understanding of sepsis showed an increasingly
complex disease syndrome triggered by infections with bacteria. For most of this
time, sepsis therapy focused heavily on the rapid and effective treatment of infec-
tions and the advent of antibiotics was groundbreaking in our ability to save patients
with this disease. Indeed, it was thought that antibiotics could possibly eliminate
sepsis as a deadly illness. What was found instead was that even when infections are
properly diagnosed and treated, patients with sepsis will frequently go on to have
organ dysfunction and death.

In the latter half of the twentieth century, this led to the realization that the source
of injury in sepsis may not be solely the bacteria. Pioneering researchers such as
Roger Bone and many others helped us to realize that it was the body’s response to
the infection that was causing most of the injury and organ dysfunction. Bone went
on to discover (along with others) that this over exuberant pro-inflammatory
response often coexisted with an exuberant anti-inflammatory response that limited
self injury but opened the door to more infections.

Restoring hemodynamic normalcy to patients with sepsis has been subject of
focus for many years as well. However, unlike other forms of shock, restoration of
hemodynamics in septic patients does not always prevent or repair organ dysfunc-
tion. It has now become clear that even though sepsis appears to exert much of its
injury through shock, the true mechanisms of injury are far more complex than just
insufficient oxygen delivery. As described in several chapters of this book, sepsis
causes dysfunction to occur not just at the organ level but at the cellular and molecular
levels. Problems with cell membranes, mitochondria, the coagulation system, and
pathologic amplification of inflammatory cascades are now being recognized and the
key factors leading to hemodynamic problems and organ dysfunction. These discov-
eries represent paradigm changing moments in the history of sepsis. Few if any of
our current therapies are able to address these problems in a direct fashion.

As the twenty-first century arrived new areas have become important in our
understanding and treatment of sepsis. Genetic analysis has shown the ways in
which predisposition to severe sepsis may differ among people and this informa-
tion may help guide both prevention and treatment in years to come. Therapeutically,
various other research groups have shown that by bundling well-established exist-
ing therapies and practices as part of a comprehensive targeted strategy, sepsis
mortality can be reduced. Multi-professional groups such as the Surviving Sepsis
Campaign have used data from all corners of research to put together new defini-
tions and treatment strategies, and help guide further research by analyzing where
deficiencies lay.
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It is our hope that the chapters of this textbook can be used to give researchers
and clinicians alike a broad understanding of multiple elements of sepsis while also
giving detailed descriptions of the most current evidence on mechanisms, diagnosis,
and treatments. The book is organized into four sections. The first is meant to give
a perspective the history and impact of sepsis on mankind with sections on epidemi-
ology and definitions. The second section discusses the known mechanisms of sep-
sis at the molecular, genetic, and cellular levels. The third section details what is
known about organ failure in sepsis with specific chapters discussing some of the
most important organs such as the lung, kidneys, and coagulation system. The final
section of the book discusses key topics in the treatment of the disease such as
bundled therapies, source control, and hemodynamic support.

It is a certainty that our understanding of sepsis will continue to grow in the years
to come. New technologies will aid this endeavor and enable progress to deeper levels
of understanding that are necessary to make new and effective therapies. As these
new discoveries coalesce, we will undoubtedly see very different sepsis therapies in
the years to come that push beyond antibiotics and vasopressors. It is clear to anyone
who studies or treats patients with the disease that we have far to go in eliminating a
condition that has threatened lives for millennia.

References

1. Funk DJ, Parrillo JE, Kumar A. Sepsis and septic shock: a history. Crit Care Clin. 2009;25:
83-101. viii



Chapter 2
Sepsis Definitions

Debasree Banerjee and Mitchell M. Levy

Introduction

Sepsis is the tenth leading cause of death in the United States [1]. Mortality in the
United States from sepsis is more than the total number of deaths caused by prostate
cancer, breast cancer, and AIDS combined [2]. It causes more hospitalizations than
acute myocardial infarction and has become a leading cause of hospital expenditure
[3, 4]. Ninety percent of physicians feel that sepsis is a “significant financial burden
on the health care system in their country” [5]. The Center for Disease Control and
Prevention cite an aging population, chronic illness, invasive procedures, immuno-
suppressive drugs, chemotherapy, organ transplantation, antibiotic resistance, and
increased awareness as causes for the increase in number of reported cases of sepsis
each year in the United States. Despite the significance held by this disease in medi-
cine it has been subject to many varying definitions over the years. The ongoing
changes in the “definition” of sepsis reflect both a new emphasis on precision,
needed for research, and an ever-expanding knowledge of its pathophysiology.

History of the Definition of Sepsis
Origins of the Definition of Sepsis

The word “sepsis” was first used over 2000 years ago [onyig] in ancient Greek
literature, referenced by Homer, Hippocrates, Aristotle, Plutarch, and Galen to
describe decay of organic material [6]. In its earliest derivation in 1989, Roger Bone
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and his colleagues introduced the concept of the “sepsis syndrome” which is the
foundation of our systemic inflammatory response syndrome (SIRS) criteria [7].
The sepsis syndrome was first described by Bone in his post hoc analysis of the
Methylprednisolone Severe Sepsis Study Group in 1989 where he defined it as “a
systemic response to a suspected or documented infection and at least one organ dys-
function” [7]. It consisted of hypothermia or hyperthermia, tachycardia, tachypnea,
infection, and end organ dysfunction from hypoperfusion.

1991 International Consensus Conference

Current use of the terminology “sepsis” was born out of the 1991 International
Consensus Conference: Distinctions in the Definition of Severe Sepsis (hosted by the
Society of Critical Care Medicine, European Society of Intensive Care Medicine, the
American College of Chest Physicians, the American Thoracic Society and Surgical
Infection Society) [8]. Bone’s work formed the basis of the first official definition for
sepsis as stipulated by the International Sepsis Definition Conference. Lynn ascribes
the philosophy of parsimony of the twentieth century as being one of the more influ-
ential factors in the creation of the definition [9]. This definition adopted both thresh-
old decision making and consensus theories. The former enables clinicians at the
bedside to ascertain a reasonable pretest probability for the pathology based on clini-
cal and supporting diagnostics such as easy-to-obtain vital signs, while the latter
utilizes expert opinion [10]. The goals of this conference were twofold: to allow early
bedside detection of disease and subsequent therapeutic intervention and also to stan-
dardize research protocols [11]. More modern definitions of sepsis had been based
on the central concept of SIRS, a term that describes both a complex immune cas-
cade in response to infection or injury and is also used to delineate the clinical char-
acteristics associated with that response. The clinical use of the term SIRS describes
derangements in respiratory rate, heart rate, temperature, and white blood cell count.
Meeting two of the four following criteria satisfies the requirement for SIRS: respira-
tory rate >20 breaths per min or a PaCo2 <32 mmHg, heart rate >90 beats per minute,
temperature >38 °C or <36 °C, and white blood cell count >12,000/mm? or <4000/
mm? or >10% bandemia [8]. Guidelines stated that sepsis is SIRS with suspected or
proven infection, while severe sepsis describes patients who fulfill the criteria for
sepsis and in addition have organ dysfunction [12]. In its most severe manifestation,
septic shock is defined as “acute circulatory failure characterized by persistent arte-
rial hypotension [including systolic <90 mmHg, mean arterial pressure <65 mmHg,
or a drop in systolic blood pressure of >40 mmHg from baseline after adequate fluid
resuscitation] unexplained by other causes” [11].
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2001 International Consensus Conference

In the interim between 1991 and 2001 when the professional societies decided to
revisit the definition, the SIRS criteria were widely used in research protocols [11, 13].
SIRS was acknowledged as a “systemic activation of the innate immune response,
regardless of the cause” and therefore not specific to sepsis [11]. This prompted the
professional societies consensus statement of 2001 to reject the use of the term
SIRS in favor of the “signs and symptoms of sepsis” [11]. This would allow for
early intervention as “findings indicative of early organ dysfunction may be the first
symptoms noted by clinicians when making [the] assessment [for sepsis]” [11].

It was the goal of this committee to “provide a conceptual and practical frame-
work to define the systemic inflammatory response to infection, which is a progres-
sive injurious process that falls under the generalized term ‘sepsis’ and includes
sepsis-associated organ dysfunction” [11]. The use of multiple organ dysfunction
syndrome defined by deranged organ function such that the body cannot heal without
intervention has become commonplace in critical care literature and is the basis for
the use of the SOFA [12, 14].

The revision in 2001 sought to improve the definition by including clinical symp-
toms and physical exam findings such as altered mental status, oliguria, decreased
capillary refill, and hyperglycemia without known diabetes [11] (Fig. 2.1). The use

Infection?
Documented or suspected and some of the following®

General parameters

Fever (core temperature >38.3°C)

Hypothermia (core temperature <36°C

Heart rate >90 bpm or >2 SD above the normal value for age

Tachypnea: >30 bpm

Altered mental status

Significant edema or positive fluid balance (>20 mlfkg over 24 h)

Hyperglycemia (plasma glucose >110 mg/dl or 7.7 mM/1) in the absence of diabetes

Inflammatory parameters

Leukocytosis (white blood cell count >12,000/ul)
Leukopenia (white blood cell count <4,00K/pl)

Normal white blood cell count with >10% immature forms
Plasma C reactive protein >2 SD above the normal value

*Defined as a pathological pro-
cess induced by a micro-organ-
ism

b Values above 70% are normal

in children (normally 75-80%)
and should therefore not be
used as a sign of sepsis in new-
borns or children

< Values of 3.5-5.5 are normal
in children and should there-
fore not be used as a sign of
sepsis in newborns or children
4 Diagnostic crileria for sepsis
in the pediatric population is
signs and symptoms of inflam-
mation plus infection with hy-
per- or hypothermia (rectal
temperature >38.5°C or
<35°C), tachycardia (may be
absent in hypothermic patients)
and at least one of the follow-
ing indications of altered organ
function: altered mental status,
hypoxemia, elevated serum lac-
tate level, and bounding pulses

Plasma procaleitonin >2 SD above the normal value

Hemodynamic parameters

Arterial hypotension® (systolic blood pressure <%0 mmHg, mean arterial pressure <70,
or a systolic blood pressure decrease >40 mmHg in adults or <2 SD below normal for age)

Mixed venous oxygen saturation >70%

Cardiac index >3.5 | min-! m-2¢

Organ dysfunction parameters

Arterial hypoxemia (Pa0,F102 <300)

Acute oliguria (urine output <0.5 ml kg~ h-'or 45 mM/1 for at least 2 h)

Creatinine increase 20.5 mg/dl

Coagulation abnormalities (international normalized ratio >1.5 or activated partial
thromboplastin time >60 5)

Ileus (absent bowel sounds)

Thrombocytopenia (platelet count < 100,000/l

Hyperbilirubinemia (plasma total bilirubin :-l mg}d] or 70 mmol/l)

Tissue perfusion parameters
Hyperlactatemia (>3 mmol/)
Decreased capillary refill or mottling

Fig. 2.1 Diagnostic criteria for sepsis; adapted from Levy, ICM, 2003;29:530-538
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of clinician judgment may seem nebulous but at least one study demonstrated good
inter-operator agreement between clinicians for identifying an infectious source in
septic patients in the intensive care unit (ICU), though the clinical decision-making
process becomes more complex and concordance diminishes as subsets of infec-
tions are studied [15, 16]. The authors explain that the thresholds chosen for their
criteria were selected to reflect the “‘reality’ for bedside physicians” [11]. The word
“some” is used purposefully to credit physician experience and detection of protean
and subtle clinical changes in a patient. This aim was specifically prioritized over
using a more clear-cut checklist for purposes of research enrollment [11]. This flexibil-
ity while reflecting a more accurate real-life scenario does not allow for easy stan-
dardization of the definition.

2010 Merinoff Symposium

Despite the further clarifications crafted at these conferences, it was felt that the
definitions did not adequately capture the underlying complex molecular pro-
cesses that drove the sepsis syndrome. The 2001 meeting had been notable for
giving more weight to the host response of severe sepsis rather than the virulence
of the specific microbe. This was a well-known concept dating back to William
Osler who said “except on few occasions, the patient appears to die from the
body’s response to infection rather than from [the infection itself]” [17]. However,
these earlier definitions still did not address how infection differs from sterile
inflammation as seen in severe burns and pancreatitis [18]. It is thought that on a
molecular level, the inflammatory cascade triggered by trauma for example is
similar to that caused by pathogens in regards to leading to cell death [19]. In
2010, the first meeting of the Global Sepsis Alliance with representatives from
various national governments and media was held at the Merinoff symposium to
create a “public definition” and a “molecular definition” of sepsis that focuses on
the deranged host response to the microbial insult [20]. The results were the
following:

1. Definition of sepsis: Sepsis is a life-threatening condition that arises when the
body’s response to an infection injures its own tissues and organs. Sepsis leads
to shock, multiple organ failure, and death, especially if not recognized early and
treated promptly [20].

2. Molecular definition of sepsis: Host-derived molecules and foreign products of
infection converge on molecular mechanisms that cause unbalanced activation of
innate immunity. Foreign and endogenous molecules interact with pathogen rec-
ognition receptors expressed on or in cells of the immune system. Activation of
pathogen recognition receptors culminates in the release of immune mediators
that produce the clinical signs and symptoms of sepsis [20].
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2016 The Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3)

The most recent definition of sepsis stems from a 2016 task force which resulted in
a change in terminology [21]. Simple infection with signs and symptoms of the
inflammatory response but without organ dysfunction, formerly defined as sepsis, is
now defined as infection. Sepsis is now defined as infection with evidence of organ
dysfunction (as evidenced by Sequential Organ Failure Assessment [SOFA]
score > 2). Previously, this was the definition of Severe Sepsis, a term that will no
longer be used. This change was instituted primarily because the field was already
using sepsis to imply a patient deteriorating with infection and organ dysfunction,
leading to considerable confusion between the terms sepsis and severe sepsis.
The definition of Septic Shock refers to patients with infection who also have hypo-
tension (MAP < 65 mmHg or systolic < 90 mmHg) and are receiving vasopressors
and with a lactate > 2 mmol/L.

Difficulties in Defining Sepsis

Shortcomings of the SIRS Criteria

The SIRS criteria are useful because they can facilitate enrollment for research pur-
poses and have been adopted for identification of potentially septic patients but their
utility is limited by the lack of specificity. Up to 90% of patients admitted to the ICU
fit the criteria for SIRS [22]. In an editorial by Vincent et al., the authors point out
fundamental limitations in the current definition of sepsis (SIRS criteria with infec-
tion), including, that while all patients with sepsis have a known or presumed infec-
tion, not all infected patients have a clinically appreciable physiologic response that
can be characterized as a syndrome thus making it challenging to create a practical
clinical definition of sepsis [23, 24].

Another concern regarding SIRS criteria is their utility in patients who were already
thought to have an acute injury or infection [25]. Gaieski and Goyal thus contend that
this method does not properly ascertain the ability of this tool to discriminate undif-
ferentiated patients for early intervention [25]. SIRS does however, have the ability to
capture a very high percentage of people with sepsis as studied by Rangel-Frausto, who
looked at the spectrum of SIRS/septic shock in the general hospital admissions of an
academic center and found 68% fit SIRS criteria, 26% developing sepsis, 18% severe
sepsis, and 4% septic shock with an inversely proportionate rate of mortality [26].
Reflecting these beliefs, the 2001 consensus meeting concluded that SIRS captured too
broad a population and as such, additional signs and symptoms were proposed to the
description and definition of sepsis. Only recently has the field begun to move away
from the use of SIRS, propelled by the 2016 consensus definition.
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Staging of Sepsis

Another problem with trying to define sepsis comes from the observation that sepsis
appears to have stages that can differ significantly in terms of clinical features and
immune system characteristics. In general, these stages can be thought of as initia-
tion, amplification, and resolution of the response but as time goes on, it appears
even these subcategories may be too general. The 2001 consensus statement
acknowledged potential limitations to the definition including the inability to stage
or prognosticate the host response to infection [11]. The authors acknowledged the
overly sensitive nature of SIRS and proposed PIRO—a hypothetical model for stag-
ing sepsis using premorbid conditions (P), the causative infection (I), host response
(R), and the severity of organ dysfunction (O) [11]. The PIRO model is a system that
allows staging of sepsis to risk stratify patients for illness and also for potential
response to therapy [11] (Fig. 2.2). Follow-up studies seem to validate the use of
PIRO to risk stratify patients with suspected infection [27].

Similar to oncologic staging, PIRO staging factors criteria such as variable
genetic susceptibility to illnesses. It was proposed that this model could also
describe the host response to infection [11], for example, a genetic polymorphism
that causes a more aggressive inflammatory response to an invading organism [11].
Additionally, early detection of a pathogen through sensitive assays of microbial
genomics or transcriptomics would allow further characterization of the host
response to infection. Although several studies validate PIRO, it remains to be seen
whether this system is robust enough for consistent application in the future.
The PIRO system is further limited by the lack of specific genotypic targets that can

Domain Present Fulure Rationale
Predisposition  Premorbid illness with reduced  Genetic polymorphi At the present, premorbid factors
probability of short tem survival.  of inflammatory n.spon\n. {c 2. “Toll-like impact on the potential attributable
Culwral or religious beliefs, receptor, tumor necrosis factor, interleukin 1, morbidity and mortality of an acute
age, gender CD14); enhanced understanding of specific  insult; deleterious consequences of
interactions between pathogens insult depend heavily on genetic
and host discases predisposition (future)
Insult Culwre and sensitivity Assay of microbial products Specific therapies directed against
(infection) of infecting pathogens; (lipopolysaccharide, mannan, bacterial DNA),  inciting insult require demonstration
detection of discase amenable gene transcript profiles and characterization of that insult
to source control
Response SIRS, other signs of sepsis, Nonspecific markers of activated inflammation  Both montality risk and potential
shock, C-reactive protein (e.g., procalcitonin or interleukin 6) to respond to therapy vary with
or impaired host responsiveness nonspecific measures of discase
(e.g.. HLA-DRY); specific detection of target  severity (e.g., shock);
of therapy (e.g., protein C, tumor necrosis specific m«]ialor—largclcd therapy
factor, platelet-activating factor) is predicated on presence
and activity of mediator
Organ Organ dysfunction as number Dynamic measures of cellular response Response Lo preemplive therapy

dysfunction of failing organs or composite

score (¢.g. multiple-organ

to insult — apoptosis, cytopathic hypoxia,
cell stress

(e.g., targeting micro-organism
or carly mediator) not possible if

dysfunction syndrome, logistic
organ dysfunction system,
Sequential Organ Failure

A Pediatric Multipl
Organ Dysfunction, Pediatric
Logistic Organ Dysfunction)

damage already present; therapies
targeting the injurious cellular
process require that it be present

Fig. 2.2 PIRO system for staging sepsis; adapted from Levy, ICM, 2003;29:530-538, CCM,
31(4):1250-1256, April 2003
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be analyzed quickly and are of phenotypic significance. Once this technology is
accessible to the majority of physicians, it could allow for tailored therapy and
prognosticating ability.

Problems with in Early Stage Sepsis

Ideally, the criteria by which to recognize a patient suffering from a complex process
such as sepsis should be one that is easily memorized, tabulated, and reproducible.
The invariable difficulties with recognizing patients early in the disease course for
quickly evolving and devastating disease processes such as pulmonary embolism,
acute coronary syndrome, and cerebrovascular accidents, for example, have led to
evidence-based protocols to allow early intervention when possible. Unfortunately,
the dynamic host-pathogen interaction that produces sepsis has not lent itself to
methodology with enough sensitivity and specificity to identify high-risk patients
without a high false-negative rate or alarm fatigue.

Currently, the focus on the early identification of septic patients includes the use
of electronic warning scores that can tabulate patient risk based on data available in
the patient chart [28]. Various systems for using the electronic patient record have
been studied to identify patients at risk for deterioration. The 2009 Joint Commission
stipulated a goal to improve the identification and response to sick ward patients
[29]. To implement these medical emergency teams, critical care outreach teams,
and rapid response systems to manage sick patients with infectious complications,
there needs to be a sensitive method for defining sepsis. This would allow crisis
detection of new physiologic deterioration in patients at risk of harm who requires
urgent response of a predetermined fashion, whether it is personnel, equipment, or
knowledge to then correct the imbalance in needs and care [30, 31].

These warning alert systems have evolved from single parameter tracking and trig-
gering that showed low sensitivity and specificity to multiple parameter system such as
the Patient at Risk score, to aggregate weighted systems that take into account the
degree of derangement as exemplified by the Modified Early Warning Score (MEWS),
which has improved sensitivity and specificity [32]. The MEWS is based on vital signs
and documentation of effect of end organ damage in the form of altered consciousness
and urine output. There is significant overlap between these chosen variables and those
outlined by the professional societies as part of the accepted sepsis criteria.

Adoption of the Term “Septic” in Medical Culture

Another barrier to effective use of sepsis definitions is the common use of the word
sepsis or septic by physicians to describe patients who appear very ill and are usu-
ally suffering from infection with end organ damage or shock. Patients who simply
have at least two of four SIRS criteria in addition to a suspected or proven infection
usually are admitted to the general wards and not often described as “septic” despite
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having fit the clinical definition prior to 2016. The colloquial use of the descriptor
“septic” in medical culture is acknowledged in the 2001 guidelines [11]. Other chal-
lenges in identifying an effective term include the diverse physiologic responses to
infection among individuals and lack of specific biomarkers.

Defining Sepsis Through Clinical or Administrative Data

Reporting of sepsis worldwide and nationally relies on proper documentation.
These data help determine epidemiology and trends for incidence, prevalence, mor-
tality, and specific infectious processes that have clinical and research-based public
health implications. Governing bodies such as the New York State Department of
Health has passed legislation, requiring hospitals to implement guideline-based
treatment of sepsis. In addition, this protocol requires that institutions use adminis-
trative data to report back to the state department of health regarding their adherence
and risk-stratified mortality rates. The Centers for Medicare and Medicaid Services
(CMS) has adopted the use of claims based data to ascertain hospital case mix index
and other indicators for reimbursement. CMS has required public reporting of hos-
pital outcomes as they relate to medical infections since 2003, when they imple-
mented the Hospital Inpatient Quality Reporting (Hospital IQR) program, as part of
Section 501(b) of the Medicare Prescription Drug, Improvement, and Modernization
Act. Since that time, more outcome measures on admission diagnoses coding such
as pneumonia have been evaluated as part of hospital compensation. The gradual
conversion of documentation to electronic medical records has made administrative
data use possible by searching diagnosis codes.

Coding

The accurate applicability of data gathered through the use of electronic medical
records relies heavily on physician documentation and understanding of coding. Little
formal training is done on proper coding and emphasis is placed for billing purposes.
Several studies including a recent systematic review have shown that ICD codes are
less accurate at capturing sepsis than are reference standards such as documentation in
notes [33, 34]. In this era of access to vast stores of data, much important information
can be gathered from administrative data, but this is ultimately limited by the accuracy
of coding. Coding also has implications for reimbursement and coders, trained to comb
charts and ascribe proper codes for billing may lack the perspective that accurate cod-
ing provides for research and epidemiologic purposes [35]. The particular instrument
used to abstract data should be matched to the outcome being evaluated as different
tools have lesser or greater sensitivity to capture the population of interest and will
capture a sample of mixed purity. Accurate estimation of sepsis incidence will be
important for resource allocation and public reporting [36].
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Criteria

Given the previously mentioned limitations of using billing data to identify sepsis
patients, there have been efforts to use other forms of data from the medical record.
The methods have sought to use existing medical data or specific data input from the
physician or nurse providers [33]. There have been few validated methods of medi-
cal record data extraction for estimating the incidence of sepsis. Even among these
protocols there is great variation in estimates, as wide as threefold [36]. Over the
last two decades, several groups have attempted to identify accurate instruments for
utilizing administrative data, specifically the International Classification of Disease
9 (ICD9). We anticipate that future studies will incorporate ICD10.

Angus Criteria

One of the first protocols using administrative data, the Angus criteria, was vali-
dated by comparing a nurse-driven identification of a population of patients with the
clinical syndrome of sepsis [3]. The algorithm for the Angus criteria first looks to
identify patients coded for severe sepsis or septic shock. If patients do not have this
code, all discharge diagnoses are reviewed for an infection code, if present then
procedure codes/diagnoses codes are checked for organ dysfunction codes. Upon
clinical review, the false-positive charts were most commonly found to have a dif-
ferent etiology of the organ dysfunction than sepsis.

Iwashyna et al. conducted a single center validation of the Angus implementation
[37] (Fig. 2.3). This group looked at all patients admitted to the general medical
wards from 2009 to 2010, reviewed by three internal medicine hospitalists by a

True Positives (n = 60) False Positives (n = 32)

Cardiovascular 27.6% 20.0%
95% CI 8.6%, 46.4% 0.8%, 39.3%
Neurological 26.4% 37.9%
95% CI 0.2%, 52.7% 0.0%, 87.4%
Hematologic 11.9% 18.0%
95% CI 0.0%, 27.2% 0.2%, 35.8%
Hepatic 0.8% 2.0%
95% CI 0.0%, 2.5% 0.0%, 6.4%
Renal 82.6% 32.1%
95% CI 71.4%, 93.8% 4.0%, 60.1%
Respiratory 9.9% 0.0%
95% CI 2.5%, 17.3% 0.0%, 10.9%

These values incorporate sampling weights.
CI indicates confidence interval.

Fig. 2.3 Prevalence of organ dysfunction by ICD9 among true positive and false-positive hos-
pitalizations meeting the Angus criteria; adapted from Iwashyna et al., Med Care. 2014
Jun;52(6):€39-43
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structured instrument (gold standard was clinical judgment from chart review of
randomly selected positive and negatively screened cases) [37]. This revealed over
3000 patients who met the criteria (13.5% of cases sampled) [37]. After review, the
Angus was found to have a positive predictive value of approximately 70%, negative
predictive value of 91.5%, with a sensitivity of 50% and specificity of 96% [37].
This captured mostly patients with severe sepsis but not exclusively and thus the
authors point out that its limitations should be noted, especially for the purposes of
use in research [37].

Martin Criteria

A model created by Martin et al. sorts patients either by codes for septicemia,
septicemic, bacteremia, disseminated fungal infection, disseminated candida infec-
tion or disseminated fungal endocarditis in addition to an organ dysfunction code or
an explicit diagnosis: severe sepsis or septic shock [37]. The Martin implementation
had a positive predictive value of 97.6% with a sensitivity of 16% [37]. The draw-
backs to this instrument include the less formal use by physicians of the term “sep-
ticemic” (not requiring microbiologic data which is in discordance with the
American Medical Association definition 2009 coding guidelines) [37]. Also, when
it is used properly, it will miss immunologic and coagulopathic organ dysfunction
caused by culture negative infection [37].

In this study, three trained hospitalists reviewed the charts sampled. This
approach allowed for a more thorough study but highlights the lack of inter-operator
agreement in chart review even for clinical judgment of sepsis, which was used as
the gold standard for determination. Using the explicit criteria for diagnosis, there
is a positive predictive value of 100% though sensitivity drops to less than 10% [37].
The authors point out that this is also limited to a single center and may vary across
institutions [37].

Comparison of Different Methods

The variability in cohorts identified by different methodologies for data abstraction
has been seen not only in the United States but globally, as reported by Wilhelms
et al. [38]. A retrospective study looking at data from 1987 to 2005 using both the
Angus and Martin implementation yielded widely different patient groups (with a
small percentage only [16.3%] being captured by both tools) [38]. It should be
noted that Sweden did not have a specific code for severe sepsis at the time of this
study. In addition, this study included data prior to the consensus statement from
1991 defining sepsis. Despite these limitations, there was a rising trend for capture
of sepsis coding irrespective of methodology used [38]. Practices surrounding
sepsis vary geographically as assessed by a survey-based study that demonstrated
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Martin, Angus

ICD-9
Organ
Dysfunction

ICD-9

Infection

Wang, Dombrovskiy

Fig. 2.4 Comparison of ICD classification systems; adapted from Gaieski et al. CCM 2013;
41:1167-74

different mortality based on place of admission to the ICU and different compliance
with the sepsis bundle which may affect coding [39].

Comparing four methods head to head, Gaieski found that annual incidence of
sepsis calculations varied up to 350%, with absolute values ranging from 300 per
100,000 to 1031 per 100,000 [36, 40, 41] (Fig. 2.4). This study was conducted over
a 6 year period from 2004 to 2009 and there was an annual increase in incidence in
sepsis independent of the method used [36]. ICD9 codes for sepsis, severe sepsis,
and septic shock were not implemented until 2002, and data extractions using these
terms were not examined until more recently. The divergence in estimates for the
incidence of sepsis may be attributed to the increase in ICD9 codes for sepsis, which
doubled during that period [36].

This group performed a retrospective cohort study using the nationwide inpatient
sample (NIS) which is a public database sponsored by the Agency for Healthcare
Research and Quality. In 2009, 44 states participated, capturing over 1000 hospitals
and eight million admissions and is thought to represent one-fifth of the national
sample [36]. The four techniques used were Angus, Martin, Wang, and Dombrovskiy,
the former two using ICD9 codes for infection and organ dysfunction to identify
severe sepsis and the latter pair using either infection plus organ dysfunction or a
specific severe sepsis code. Gaeiski mentions that there is more variability in the
ability to capture infection with the ICD9 which includes over 1000 codes infection
versus organ dysfunction that only encompasses 13 by comparison [36].

Annual growth was estimated by comparing 2009 data to 2004 data and assum-
ing proportional increase. The average age of septic patients was similar among the
four tools, while Angus and Wang captured more females, Wang and Dombrovskiy
captured patients with longer average length of stay and number of organ dysfunc-
tions. In this study period, approximately 40 million patients were found, thought to
represent 20% of the national average [36]. Mortality estimates were described by
total number of deaths and also case fatality rate and it was found that overall mortality
increased, however case fatality rate decreased over 6 years [36]. This is in part due
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Sensitivity to Identify Severe 95% Confidence
Code Abstraction Method Sepsis Cases (n = 1735) Interval
1. Severe sepsis (ICD-9-specific coding method, 995.92) 205% 18.6% to 22.4%
2. Combining end-organ dysfunction and infection codes 472% 44.8% to 495%
(the Angus coding method)
Sensitivity to Identify Septic 95% Confidence
Code Abstraction Method Shock Cases (n = 321) Interval
1. Severe sepsis (ICD-9-specific coding method, 995.92) 49.5%s 44.0% to 55.0%
2. Septic shock (ICD-9-specific coding method, 785.562) 42.4% 370% to 478%
3. Combining end-organ dysfunction and infection codes 75.1% 70.4% to 79.8%

(the Angus coding method)

ICD-9= Ci of Diseases, Sth Revision.
*Cases of septic shock (n = 321) were encompassed within the severe sepsis (n = 1735) population
[~ data are pr d as prop

Fig. 2.5 Sensitivities of two difference code abstraction methods for identifying cases of severe
sepsis and septic shock determined by patient-level data; adapted from Whittaker SA et al., Crit
Care Med. 2013:;41(4):945-53

to improved interventions for sepsis such as early identification, fluid resuscitation,
and timely administration of antibiotics despite a rise in the number of patients
suffering from sepsis.

Overall, although Angus and Wang may be more sensitive and therefore identify
patients with lower severity of illness, Dombrovskiy and Martin are less sensitive
but capture more severely ill patients [36]. Only a small percentage of patients iden-
tified with the four instruments were assigned a specific sepsis code [36]. It was also
found that of those patients with septic shock only half also were coded for severe
sepsis [36]. This implies that the singular use of either the severe sepsis or septic
shock code could greatly underestimate the incidence of both. Of those with specific
sepsis coding, more were likely to have had higher severity of illness and identified
with Dombrovskiy and Martin than with Angus and Wang [36]. A similar study in
Sweden by Wilhelms found a large variation in capture based on which methodol-
ogy was used for data abstraction [38]. It is important to note, however, in Gaeiski’s
study, organ dysfunction and mortality could not be attributed specifically to sepsis
as individual charts were not made available to the authors [36].

Whittaker et al. looked to study the sensitivity of various methods and assess
whether patient outcome differed among variable coding [35] (Fig. 2.5). This retro-
spective cohort focused on ED admissions and validated coding through chart
review. It was found that age, gender, and race did not affect specific coding for
sepsis [35]. Of 1735 patients admitted with severe sepsis or septic shock, only
21.5% received a corresponding ICD9 code from 2005 to 2009 [35]. Similar to prior
studies, the Angus classification was more sensitive than specific diagnostic coding
for severe sepsis and septic shock and that there was no added benefit to using a
combined approach [35]. Of those admitted directly to the ICU, 36% received the
specific ICD9 code versus 6% of ward patients who fulfilled the criteria [35]. In
addition, lower presenting systolic blood pressure, higher serum lactate measure-
ments, higher Acute Physiology and Chronic Health Evaluation (APACHE-II)
scores all correlated with proper coding [35].
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Trends in Mortality and Disability in Sepsis

Given what appears to be a decline in mortality in sepsis, the impetus for accurately
identifying hospitalized patients and therefore tracking trends in sepsis include
redistribution of funds to disease states that are emerging public health issues or
with increasing mortality and morbidity [42]. In addition, this further informs the
accurate measurement of quality improvement and therapeutic intervention outcomes
(accurately identifying secular trends in sepsis mortality) [42] (Fig. 2.6).

In an editorial by Iwashyna and Angus, the authors discuss the role of the Will
Rogers effect as initially published by Feinstein et al. that describes the role of
increased awareness and testing as well as the inclusion of less sick patients into the
category of severe sepsis, which might then give the appearance of increased
incidence and improved mortality [43]. Feinstein and colleagues described this
phenomenon as it relates to lead time bias for cancer diagnosis and prognosis but is
applicable to sepsis as pointed out by Iwashyna and Angus, who also suggest that
increased awareness may influence changes in practice, not only in terms of coding,
but for increasing admission to ICUs [44]. This may account for the observation that
the initial estimate of 750,000 of sepsis present in 1996 has increased through the
years to upward of three million [3, 36].

A meta-analysis to estimate the mortality trends in severe sepsis by Stevenson
et al. compared clinical trial data from usual care group in multicenter sepsis trials
searched on MEDLINE from 1991 to 2009 and data extraction from NIS samples

Current care

o s [T

Alternative mechanisms of potentially
decreasing short-term mortality

| a] Overall improvement:
more recovery, less morbidity

Full recovery Significant morbidity

[ B] Change viability threshold:
same recovery, more morbidity

Full recovery Significant morbidity m

[€] Trade-off:
less recovery, even more morbidity

Full recovery Significant morbidity m

Fig. 2.6 Potential mechanisms of decreasing short-term mortality among patients across a distri-
bution of illness severity; adapted from Iwashyna TJ, Angus DC. JAMA. 2014;311(13):1295-7




20 D. Banerjee and M.M. Levy

100 -
= Multicenter Trials

% 1 & Martin criteria

80 - o Angus criteria

70 | Multicenter trials reg line
60 Martin regression line
E - = =Angus regression line
g 50 &
=
E

30 -

20 -

o — o —-
10 °

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Number of No
Trial subjects 544 863 1682 1554 1148 97 882 1799 1670 537 @8 91 509 545 BM 400

trials
Nui of
.M'::.'d'w_m, 583 659 721 779 82 902 929 551 103 M8 134 151 170 188 211 250 272

Number of
‘Matin’ defintion® 207 233 259 2% 312 336 348 355 3M 449 513 609 690 791 88% 102 108

3 Survey-weighted number of patients identified each year through specified administrative data algorithm, x 10%

9

Fig. 2.7 Mortality trends in severe sepsis using martin and Angus criteria; adapted from Stevenson
et al., Crit Care Med. 2014 Mar;42(3):625-31

from 1993 to 2009, using both Angus and Martin definitions showed a similar trend
in decrease in case-specific mortality from sepsis in both arms (with a sample size
of 14,418, adjusted for case mix index among institutions, stratified by severity of
illness by several scoring systems) [42] (Fig. 2.7). This study was conducted because
of the suggestion that decreasing case-specific mortality was attributed to the way in
which ICDO9 coding was utilized. Coding of less severe cases of sepsis would result
in spurious decline in case fatality rate [42, 45-47]. Increase in coding for sepsis
might in part be financially driven [36]. Another phenomenon to explain this trend
is discharge from hospital to acute care prior to hospital death (increased survival to
discharge without significant improvement in functional status from prior). Kumar
et al. show significant increase in discharge to skilled nursing facilities from 2000 to
2007, using the Martin classification of severe sepsis on the NIS cohort. Interestingly,
they also note the increase in practice of appropriate transition to comfort care in
certain critically ill patients which would then magnify the decline of in-hospital mor-
tality [48]. One concern about using short-term mortality outcomes as primary end
points to critical care literature is the effect of discharging increasingly debilitated
patients to long-term care facilities. Iwashyna and Angus describe the “‘mortality/mor-
bidity trade off” when choosing a “viability threshold,” which is defined as the “degree
of severity of illness beyond which death is unavoidable” [44] (Fig. 2.8).

These estimates are subject to inaccuracies related to the way in which the data
is abstracted. Kaukonen and coauthors worked to eliminate some inflation bias by
using a bedside nurse to score and identify severe sepsis after the initial abstraction
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Fig. 2.8 Mean annual mortality in patients with severe sepsis; adapted from Kaukonen KM et al.,
JAMA. 2014;311(13):1308-16

through administrative claims to capture the patients admitted to the ICU with
infection [49]. The authors account for secular change in trends of mortality by
comparing death in sepsis to critically ill patients as a whole and also by adjusting
for death by the APACHE III score [49].

Future Directions

In daily practice, clinicians often use the word “septic” to describe a patient who
appears toxic and by strict definition usually qualifies as having severe sepsis
as evidenced by organ dysfunction usually among the neurologic, cardiovascular,
pulmonary, renal, and hepatic or coagulation systems. The 2001 review cited the
European Society of Intensive Care Medicine/Society of Critical Care Medicine
survey that demonstrated that 67% of physicians were concerned about not having
a common definition of sepsis and 17% of those interviewed provided a unified defini-
tion of sepsis despite the consensus statement produced in 1991 [5]. Gaieski and
Goyal proposed biomarker use, genetic profiling, and/or severity scores with bacterial
assays to bolster our diagnostic ability [25]. The hope is to put sepsis diagnosis
more in line with diseases such as acute myocardial infarction for which there is a
serum marker for testing [11]. Unfortunately, to date, no single or panel of biomark-
ers has been shown to have the balance of sensitivity and specificity to be clinically
useful. The current sepsis definition may cause a high false-positive rate; however,
we must decide as physicians whether a life-threatening illness is better served by a
simplified over-sensitive diagnostic tool or the one that may have a higher positive
predictive value for serious illness but may not capture a sizeable portion of patients
with the potential to become more ill and who may benefit from early intervention.
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Conclusions

As outlined in this chapter, there are various methods for defining sepsis and estimating
the incidence and trends in mortality from administrative data. With the advent of
the electronic medical record, vast amounts of data can be sorted to provide statistics
on large samples. Using administrative datasets for determination of sepsis incidence
and prevalence has significant flaws, which leads to great variability and ultimately,
inaccuracy in the estimate of sepsis. Earlier studies quoted a mortality rate between
28% and 50% [50]. The true estimate of sepsis-related mortality is now in flux as the
traditionally accepted values may be imprecise from variations in coding, inclusion
criteria for randomized, controlled trials, and other factors.

Even with the recent revision of sepsis definitions, the ability for clinicians to
identify patients with sepsis early remains a significant challenge. Twenty five years
after the first publication establishing sepsis definitions the field still lacks proven,
objective tools for diagnosing sepsis. For now, clinicians caring for patients with
sepsis must wait and hope that, similar to the fields of cardiology and oncology,
further research will provide the objective means necessary for early, accurate
diagnosis and treatment.
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Chapter 3
Epidemiology of Sepsis: Current Data
and Predictions for the Future

Bashar Staitieh and Greg S. Martin

Introduction

The history of sepsis is deeply intertwined with advancements in the study of infectious
diseases. As far back as Hippocrates (circa 400 BCE), sepsis has been understood to
be a destructive process that brings with it the release of systemic toxins, but it was
not until the discovery of microorganisms and the consequent recognition of their
relationship to infectious pathology that the study of sepsis as a field came into its
own. Modern discussions of sepsis have focused on the importance of early recogni-
tion and treatment of the disease. In this chapter, we will focus on the epidemiology
of sepsis in the light of its changing patterns over time across the globe.

Incidence and Outcome of Sepsis

The consensus definition of sepsis has enabled investigators to study the incidence
of the disease through time in different settings. Surveys have been conducted in
many, if not most, developed and undeveloped nations and offer a few general points
to review before delving into specific cohorts (Table 3.1). First, the incidence of
sepsis alone in hospitalized patients may not be as important or easy to quantify as
the number of patients who progress to severe sepsis and septic shock (particularly
those requiring ICU admission). Many patients requiring hospital admission will
meet criteria for the systemic inflammatory response syndrome (SIRS, detailed
elsewhere in this volume) and many will have at the very least a suspected infection
and will thus qualify for sepsis under traditional definitions. Clearly, if sepsis

B. Staitieh, MD ¢ G.S. Martin, MD, MSc (P4)

Division of Pulmonary, Allergy, and Critical Care Medicine, Emory University
School of Medicine, 615 Michael Street, Suite 205, Atlanta, GA 30322, USA
e-mail: bashar.staitich@emory.edu; greg.martin@emory.edu

© Springer International Publishing AG 2017 25
N.S. Ward, M.M. Levy (eds.), Sepsis, Respiratory Medicine,
DOI 10.1007/978-3-319-48470-9_3


mailto:bashar.staitieh@emory.edu
mailto:greg.martin@emory.edu

26 B. Staitieh and G.S. Martin

Table 3.1 Key studies of the epidemiology of sepsis

Study
Authors Methodology period Selected key findings
Rangel- Prospective cohort of patients 1992-1993 | Evolution of SIRS to sepsis
Frausto meeting SIRS criteria in study ICUs in 26%, to severe sepsis in
etal. [1] and wards in a single academic 18%, and septic shock in
center 4%
Angus etal. | Observational cohort study of 1995 Severe sepsis incidence of
[3] patients (hospital-wide) meeting ~2.3/100 hospital
criteria for severe sepsis using state discharges, mortality rate
hospital discharge records linked of ~29%, estimated annual
with population data cost of $16.7 billion
Brun- Two-month prospective survey of 1994 Severe sepsis in 6.3/100
Buisson all patients admitted to 170 French ICU admissions, ~60% 28
et al. (for ICUs meeting criteria for severe days mortality
French ICU | sepsis and septic shock
group) [22]
Martin et al. | Retrospective cohort study of all 1979-2000 | Increasing rates of sepsis
[7] hospitalized patients diagnosed with leading to increasing
sepsis (per ICD-9-CM codes) using absolute mortality (with
the National Hospital Discharge decrease in mortality rate)
Survey
Padkin et al. | A retrospective observational cohort | 1995-2000 | 27.1% of patients met
[41] study of prospectively-collected criteria for severe sepsis,
data from 91 ICUs in England, with mortality rates of 35%
Northern Ireland, and Wales. during ICU stay and 47%
Examined patients meeting criteria during hospital stay
for severe sepsis within the first day
of their ICU stay
Vincent et al. | One-day prospective, point- May 8, 51% of ICU patients
(for EPIC I | prevalence study of adult patients 2007 infected, hospital mortality
group) [4] from 1265 ICUs from 75 countries. rate 33% versus 15% in
uninfected patients

represents a clinically relevant spectrum of disease from infection to organ dysfunc-
tion to shock, then identifying and naming each stage of the disease is important. To
that end, a study by Rangel-Frausto in 1995 evaluated the incidence of SIRS and the
natural history of the syndrome [1]. The authors found that approximately 68% of
patients admitted to their survey units (both wards and ICU) met criteria for SIRS,
with 26% of that group developing sepsis, 18% developing severe sepsis, and 4%
developing septic shock. Furthermore, large studies of administrative data sets that
rely on coding for surrogates of sepsis (e.g., bacteremia) may underreport the true
prevalence. The setting of the cohort is also of paramount importance: one would
expect to see a high percentage of patients with sepsis in general medical wards or
trauma ICUs of large urban hospitals, and would expect to see far fewer in smaller
community facilities. One notable attempt to study the epidemiology of sepsis spe-
cifically in an academic setting was undertaken by Sands et al. in 1997 [2]. In a
study of eight academic medical centers in a prospective observational trial, the
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authors found an incidence of sepsis of 2.0 cases per 100 hospital admissions, septic
shock in 25% at onset of sepsis, and an overall mortality rate of 34% at 28 days.

Given the inherent difficulties in studying SIRS and sepsis in isolation, far more
attention has been paid to patients meeting criteria for severe sepsis and septic
shock, a fact that reflects both the incredible amount of resources required to care for
these patients, as well as their high risk of death and other complications. A study
by Angus et al. in 2001 [3] linked discharge records to U.S. Census data and esti-
mated the incidence of severe sepsis in the United States at 300 cases per 100,000
people (studies of cohorts outside the United States have often found a lower inci-
dence, as discussed below). Over 50% of patients in the cohort who developed
severe sepsis required ICU services during the course of their hospital admissions.
Several studies have attempted to ascertain the prevalence of sepsis within intensive
care units generally. A seminal example of this effort was published in 2009 by
Vincent, who led a team of investigators in studying the prevalence of sepsis on 1
day across almost 1300 ICUs in 75 countries, encompassing almost 14,000 patients
in the EPIC II trial [4]. In that study, around 70% of patients were infected on arrival
to the ICU and infection independently increased the risk of mortality twofold both
in the ICU and in-hospital.

Also of note is a recent study by Whittaker et al. [5] that examined the trajectory
and outcomes of patients admitted through the emergency department to a non-ICU
setting. They found that approximately 45% of patients with severe sepsis were
admitted to a non-ICU setting between 2005 and 2009 (with the rate increasing over
time) and that 12.5% eventually required transfer to an ICU, particularly oncology
patients and patients with markers of higher illness severity on presentation. Another
recent study by Rohde et al. [6] examined the rates of recognition of sepsis as well
as the predominant organ dysfunctions outside the ICU. Using a random sampling
of patients from one tertiary care academic center, the authors found that severe
sepsis was documented appropriately in only 47% of cases and that cardiovascular
(hypotension) and renal dysfunction were the most common end-organ manifesta-
tions in patients admitted to non-ICU settings (66% and 64% of patients, respec-
tively). The authors conclude that severe sepsis on the wards is both poorly
documented and that the epidemiology is potentially different from what has been
seen previously in the ICU setting.

In terms of incidence over time, Martin et al. found an increase in both sepsis and
sepsis-related deaths over the past two decades in the United States using data col-
lected from the National Hospital Discharge Survey between 1979 and 2000 in a
study published in 2003 [7]. The incidence increased by approximately 13.7% per
year over the 22 year span studied. Importantly, although the overall mortality rate
declined over time (from 27.8% to 17.9%), the rising incidence resulted in an
increase in number of deaths overall (from 21.9 deaths/100,000 people in 1979 to
43.9/100,000 in 2000). More recently, another study of sepsis trends in the United
States by Kumar et al. in 2011 found similar results using the Healthcare Costs and
Utilization Project’s Nationwide Inpatient Sample, with the number of severe sepsis
hospitalizations increasing from 143/100,000 persons in 2000 to 343 in 2007 [8].
Mortality rate decreased from 39% to 27% and hospital length-of-stay decreased
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from 17.3 days to 14.9. Many other studies from across the world (some discussed
below) have found similar evidence of increasing incidence of sepsis over time as
mortality rates continue to decrease. Many explanations have been offered for these
findings, notably the increasing use of immunosuppressive medications for organ
transplantation and chemotherapy, as well as changes in coding rates of organ
dysfunction over time. In any case, these trends are expected to continue for the
foreseeable future, particularly in industrialized nations.

While administrative databases do carry the caveats described above, one recent
study by Stevenson et al. compared data from the “usual care” arms of severe sepsis
clinical trials to data from administrative data sets from 1991 to 2009 and found
similar mortality rates between the two groups, suggesting that administrative data
may be appropriate for use in monitoring mortality trends over time [9]. Despite
that, wide variability exists depending on the method used to study the incidence of
sepsis, as shown in a study by Gaieski et al. published in 2013 [10]. The authors
studied the period between 2004 and 2009 using several different methods, includ-
ing ICD-9 codes as well as methods published by Angus [3], Martin [7], Wang [11],
and Dombrovskiy [12]. Angus et al. [3] used hospital discharge records from seven
states and ICD-9-CM codes for infection and organ dysfunction. Martin et al. [7]
made use of the National Hospital Discharge Survey, a database containing the
records of a representative sample of hospitals across the United States, and used
ICD-9-CM codes for infection and organ dysfunction. Wang et al. [11] based their
study on the Compressed Mortality File, a database that contains demographic data
and causes for all deaths in the United States, and identified cases based on ICD-10
codes for infection and severe sepsis. The study by Dombrovskiy et al. [12] used the
Nationwide Inpatient Sample, a database sponsored by the Agency for Healthcare
Research and Quality, along with ICD-9-CM codes for infection and severe sepsis.
The incidence of sepsis varied markedly (up to 3.5-fold) depending on the method
used, with almost 300 cases/100,000 population using the methods of Dombrovskiy,
and 1031 cases/100,000 population using the methods of Wang. Rates of severe
sepsis were closer between methods (approximately 13.0-13.3%), but in-hospital
mortality rates showed a wider range (14.7% using the method of Wang et al. and
29.9% using the method of Dombrovskiy et al.). In addition, Gaieski et al. noted an
increase in the use of sepsis ICD-9 codes by more than double over the 6 year period
between 2004 and 2009. Additionally, as billing codes and quality improvement
data are increasingly used to identify sepsis, septic shock, and its mortality, incen-
tives to record or not record these data increase.

An attempt to validate the use of administrative data in epidemiologic studies of
sepsis was published by Iwashyna et al. [13]. The authors used the “Angus” imple-
mentation to identify cases of severe sepsis and septic shock (cases with ICD9 codes
for severe sepsis and septic shock or codes for infection and associated organ
dysfunction are termed “Angus-positive,” cases without such codes are termed
“Angus-negative”) and compared the results to the gold-standard of direct physician
review of cases. They found that the Angus method had a positive predictive value
of 70.7% and a negative predictive value of 91.5% when compared to direct physician
review. Sensitivity was 50.4% and specificity was 96.3%. The authors conclude that
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Angus implementation is a reasonable but imperfect method for identifying patients
with severe sepsis.

The improvement in mortality rates over time may be due in part to the development
of bundled care plans for septic patients. As shown by Barochia et al. in a study
published in 2010 that analyzed the use of bundle (i.e., protocolized) care versus
non-protocolized care found a consistent benefit to protocolized care (I* = 0%,
p = 0.87) in decreases of time to antibiotics and increases in appropriateness of
antibiotics (p < 0.0002 for both factors) [14]. A more recent study by Miller et al. in
2013 found a decrease in mortality in patients whose care complied with specific
sepsis care bundle components: inotropes, red cell transfusions, glucocorticoids, and
lung protective ventilation after adjusting for severity of illness [15]. They noted an
improvement in all-or-none bundle compliance over time (from 4.9% in 2004 to
73.4% in 2010) and a concomitant improvement in mortality during the study period
(from 21.2% in 2004 to 8.7% in 2010).

Another interesting effort to address the changing patterns of sepsis was published
by Gaieski et al. [16]. The authors examined the effects of severe sepsis case volume
on inpatient mortality and found an inverse relationship, with mortality varying
from 18.9% in lower volume centers (<50 cases/year) to 10.4% in higher volume
centers (>500 cases/year) over the period between 2004 and 2010 in a nationally
representative sample of hospital admissions.

Another recent study that examined the effect of sepsis admissions on overall
hospital mortality was published by Liu et al. in 2014 [17]. The study examined two
complementary inpatient cohorts, Kaiser Permanente Northern California and the
Nationwide Inpatient Sample using both explicit ICD9 codes for sepsis and implicit
codes (infection with associated organ dysfunction). Overall, the researchers found
that sepsis contributed to one in every two to three deaths, again highlighting both
the common and deadly nature of the disease.

Global Cohorts

Outside the United States, several other cohorts deserve mention. A study by
Harrison et al. in 2006 of the epidemiology of severe sepsis in the United Kingdom
using the Intensive Care National Audit and Research Centre Case Mix Programme
Database found a rate of 27% of ICU admissions with severe sepsis (up from 23.6%
in 1996 to 28.7% in 2004) [18]. As was seen in the United States, mortality rate
decreased (from 48.3% in 1996 to 44.7% in 2004) but absolute number of deaths
increased due to the higher incidence (from 9000 to 14,000 over the same period).
In 2004, van Gestel et al. examined the point prevalence of severe sepsis in the
Netherlands across 47 ICUs and found that it accounted for around 0.6% of hospital
admissions and 11% of ICU admissions [19]. Another point prevalence study of
severe sepsis in ICUs in Australia and New Zealand found an incidence of around
12% of ICU admissions and around .08% of the population [20]. A more recent
study of 171 ICUs in Australia and New Zealand found a decrease in mortality due
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to severe sepsis with and without shock in the period between 2000 and 2012 [21].
A French cohort studied by the EPISEPSIS group in 1995 had a prevalence of
severe sepsis of 6.5% in ICUs [22], up to almost 15% when the group published
findings on a similar cohort in 2004 [23]. An observational cohort of Emergency
Department admissions to a University hospital in the West Indies published by
Edwards et al. in 2013 found a rate of approximately 1.3% of patients with sepsis,
15.4% of whom had either severe sepsis or septic shock [24]. Overall mortality was
25%, despite a lack of protocols for early goal-directed therapy. One notable study
to examine total hospital incidence of [23] sepsis in a prospective cohort in Spain
was published by Esteban et al. in 2007. The incidence relative to total hospital
admissions was 4.4% and only 32% of patients with severe sepsis were cared for in
an ICU [25].

The reasons for such heterogeneity in sepsis incidence around the world are myr-
iad and have been discussed in several recent papers. Adhikari et al., in a study on
the global burden of critical illness published in 2010, detailed how different coun-
tries have wide ranges of ICU bed availability (e.g., 30.5 beds/100,000 people in the
United States versus 8.6/100,000 in the United Kingdom) [26]. Countries with
lower numbers of ICU beds will likely admit only the sickest patients, while coun-
tries with higher numbers will tend to accept patients who are not as critically ill. As
a result, those with fewer ICU beds will tend to under-report the total prevalence of
the disease [27]. Other complicating factors include the variety of hospital sizes
within a country, the variety of definitions for what constitutes an ICU, and the
problematic nature of risk-adjustment models in this setting [28].

The Cost of Sepsis

Many studies have evaluated the costs of caring for sepsis. A report by the Healthcare
Costs and Utilization Project found that sepsis resulted in the highest aggregate
costs of any hospital diagnosis in 2009 at 15.4 billion U.S. dollars [29]. The average
cost per stay was approximately $18,000 and costs grew at an average annual rate
of 11.3%. Sepsis ranked highest among the top three most expensive diagnoses
(the others being osteoarthritis and coronary atherosclerosis), with the rate of
increase in costs outpacing hospital spending by two to three times. A European
trial by Brun-Buisson et al. in 2003 found the total cost of sepsis care to be around
Euro 26,000 for sepsis (~USD 36,000), Euro 35,185 (~USD 48,000) for severe
sepsis, and Euro 27,083 (~USD 37,000) for septic shock [30]. Importantly, the
authors found a significant difference in cost depending on the route of acquisition
of sepsis, with ICU-acquired infections approximately 2.5 times as costly as other
cases. A UK group found a similar effect, with cost of care rising significantly in
patients who acquired sepsis after their second day in the ICU (up to a high of
around $18,000 in total costs) [31]. A study of German ICUs published in 2007 esti-
mated that care of the individual sepsis patient accounted for around Euro 1100 + 400
per day (roughly USD 1500) [32]. It should again be noted that countries with more
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ICU beds will tend to admit patients who are on the average less ill than patients in
countries with fewer beds and that the cost of care in ICUs is significantly higher than
on the wards.

The costs of postoperative sepsis were evaluated in a study by Vaughan-Sarrazin
et al. published in 2011 in a cohort of patients treated at 118 Veterans Affairs hospitals
in the United States [33]. In the cohort, 564 out of a total of 13,878 patients under-
going general surgery developed sepsis (a rate of 4.1%). Average cost for patients
who did not develop sepsis was $24,923 and average cost for patients who did
develop sepsis was $88,747, 3.6 times higher. With those data in mind, the authors
conclude that a strong financial incentive exists to prevent the development of sepsis
(in addition to implications for patient care well-being).

Long-Term Outcomes

It should be noted that many, if not most, studies of the sepsis spectrum report 30-day
and/or 90-day mortality. Emerging data suggests that even longer time points may
yield important data. A systematic review of long-term mortality and quality of life
(>3 months) in sepsis by Winters et al. in 2010 found ongoing mortality beyond
short-term end points and consistent impairment in quality of life as well [34]. The
authors suggest that longer-term endpoints may paint a more accurate picture of the
natural history of the disease and the interventions we use to mitigate it. A study by
Iwashyna et al. also published in 2010 supports that conclusion, finding an odds ratio
of 3.34 for moderate to severe cognitive impairment among survivors of severe sep-
sis in a cohort drawn from the Health and Retirement study (mean age 76.9 years old)
[35]. The authors also found a high rate of functional impairment among survivors,
with a mean increase of 1.57 limitations among those who had no limitations prior to
their hospital stay for severe sepsis. Another study by Iwashyna et al. in 2012 of a
large Medicare cohort also found that a large portion of survivors suffered from func-
tional disability (almost 480,000 out of the 640,000 patients studied) and moderate
to severe cognitive impairment (around 106,000 patients) [36]. There was little
change in sepsis mortality, however, from 73.5% to 71.3% over the span of 1996 to
2008. Another study by Storgaard et al. in 2013 found a mortality rate of 33% for
severe sepsis and septic shock at 30 days and a hazard ratio of 2.7 in the next 1 year
and a ratio of 2.3 over the next 3 years, again pointing to a significant long-term
impact of the disease [37]. A more recent study of healthcare utilization in survivors
of severe sepsis that made use of Medicare claims found a higher rate of post-dis-
charge mortality in sepsis versus non-sepsis admissions in the year after admission
(44.2% versus 31.4%), as well as a steeper decline in days spent at home (—38.6 days),
and a greater increase in the proportion of days spent alive in a facility (5.4%) [38].
Another recent study by Liu et al. [39] examined patient-level factors contributing to
readmissions and healthcare utilization after sepsis. They found that healthcare
utilization increased threefold after admission for sepsis and that most factors leading
to increased utilization were present prior to initial sepsis admission (e.g., comorbid
disease burden and high pre-sepsis healthcare utilization).
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Demographic and Genetic Factors

Gender

A number of demographic factors have been found to affect a person’s risk of develop-
ing sepsis. In the previously mentioned EPISEPSIS study, men were more likely to
develop sepsis by a ratio of almost 2:1 with an average age of around 65 [22].
Although the authors saw no difference in mortality between men and women, sur-
vivors tended to be younger than non-survivors (61 versus 70 years, p < .001). After
adjusting for sex in the population-at-large, Martin et al. showed a significantly
higher risk of sepsis in men as well, with a relative risk of 1.28. In addition, sepsis
developed later in life for women than men (62.1 versus 56.9 years), and the age of
the overall population increased over the duration of the study (from 57.4 in the
period between 1979 and 1984 to 60.8 years of age in the period between 1995 and
2000) [40]. A study by Padkin et al. of ICUs in the United Kingdom found an
increased rate of sepsis in men (54% of patients admitted to the ICU) and the median
age was 65 years [41]. A multicenter Italian study published in 2013 also found an
increased risk of sepsis in men (63.5% of patients admitted to ICUs with severe
sepsis), but interestingly found an increase in mortality among women with severe
sepsis (OR 2.33) despite similar rates of overall ICU mortality between men and
women [42]. The increased mortality in women may be explained at least partially
by experimental evidence that women demonstrate more robust inflammatory
responses to LPS than men [43]. Interestingly, an Austrian study of resource utiliza-
tion by men and women in the ICU found that, despite more severe illness among
women, men accounted for much greater levels of resource utilization and a higher
number of invasive procedures, neither of which translated into improvement in
mortality rate [44]. Both age and gender might be mitigated as risk factors by a
study of comorbid conditions (discussed below), but the fact remains that both factors
correlate well with the risk of sepsis in many different populations.

Race

The contribution of race to sepsis risk has been difficult to tease out, likely due to
the myriad variables complicating the equation. Race itself is a difficult concept to
study, owing to its changing definition over time. In addition, what was once con-
sidered a biological category influenced by genetics and ancestry is now thought to
be primarily a social construction of culture, class, and environment. Given the
complex nature of the terminology itself, it becomes difficult to study the epidemiol-
ogy of a particular disease within a specific racial group (as opposed to a particular
ethnic group, for example). That said, comorbid conditions such as end-stage renal
disease are more prevalent in certain ethnic groups than others, and competing
demographic factors such as socio-economic status (SES) certainly play an important
role in the overall burden of disease in a particular community (due to access to
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healthcare, etc.). For the purposes of this review, we will use the terminology
adhered to by the authors of the individual studies we discuss. In most larger cohorts,
whites have significantly lower rates of sepsis. In the cohort of Martin et al., blacks
and other non-whites had a relative risk of approximately 2.0 for the development
of sepsis. Blacks had the highest mortality rate from sepsis (23.3%) and developed
sepsis at the youngest ages (47.4 years on average). In a study by Mayr et al. of
seven US states and infection-related Emergency Department visits, black patients
had a 67% higher risk of severe sepsis when compared to white patients and an 80%
higher mortality rate. The authors also found an increased rate of infection in black
patients (47.3 versus 34.0 per 1000 population) and an increased risk of associated
organ dysfunction (OR 1.29), both of which help to explain the racial disparities
[45]. Barnato et al. found similar disparities in studying a cohort of six hospital
referral areas in the United States using data from the US Census that showed an
incidence of severe sepsis of 6.08/1000 population in black patients (versus 4.06
and 3.58/1000 for Hispanics and whites, respectively) [46]. After adjusting for SES,
black patients still had an adjusted rate ratio of 1.44 for the development of severe
sepsis. In addition, blacks had a higher case fatality rate than Hispanics and whites
(with rates of 32.1%, 30.4%, and 29.3% respectively). Slightly conflicting data were
found by Dombrovskiy et al. in a study of a New Jersey database published in 2008
[47]. In that cohort, black and white patients had similar case fatality rates from
severe sepsis, but black patients were of significantly lower age (61.6 versus
72.8 years), at significantly higher risk of comorbidities such as HIV and diabetes,
and were at much higher risk of poor health care coverage (3.96 times white
patients). Taken together, it is likely that black patients do indeed have a greater
predisposition to severe sepsis, but it is as yet unclear whether that predisposition
results from specific genetic factors, environmental factors, or comorbid conditions.
In terms of the level of care provided to patients of different races within the same
hospital, a study by Mayr et al. found no differences between the care received by
blacks and whites for pneumonia, but did note that hospitals that served primarily
black patients were less likely to provide timely antibiotics (OR .84) [48].

Interestingly, a study by Mendu et al. found improved survival in all-cause critical
illness among patients in Boston, Massachusetts who did not speak English as their
primary language (30-day odds ratio 0.69) [49]. The effect was not confounded by
indicators of severity of disease, specific language spoken, and neighborhood
poverty index (a proxy for SES). While the authors did not report the specific
difference in mortality rate for sepsis alone, they did note that controlling for sepsis
as an admitting diagnosis did not alter their primary conclusions.

Socioeconomic Status

In terms of SES itself, many studies have noted the relationship between SES and
access to ICU care, as well as overall intensity of care. A systematic review by
Fowler et al. noted that patients without health insurance are less likely to receive
critical care services (odds ratio 0.56) and may experience worse clinical outcomes [50].
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A Danish cohort studied by Koch et al. in 2013 found a strong association between
bacteremia and 30-day mortality (crude hazard ratio 1.38 between low and high
levels of education and 1.58 between low versus high income tertile) [51]. Substance
abuse rates, social support, pre-existing comorbidities, location of acquisition of
infection, and infectious agent were all significantly different between SES groups.
Correcting for those differences attenuated much of the difference in mortality
between SES groups (adjusted hazard ratio 1.15 between low and high levels of
education and 1.29 between low versus high income tertile).

A multicenter observational study by Mendu et al. [52] of almost 15,000 criti-
cally ill patients examined the relationship between neighborhood poverty rate and
the development of bloodstream infections. After multivariate analysis, neighbor-
hood poverty rates in the two highest quintiles (20—40% and >40%) were strongly
associated with an increased risk for bloodstream infection (26% and 49%, respec-
tively) relative to the lowest quintile (neighborhood poverty rate < 5%).

Biological Factors

Genetics also play a significant role in the development of sepsis and susceptibility
to infections and are discussed fully in a separate chapter. A study by Sgrenson et al.
published in 1998 looked at genetic susceptibilities to a range of diseases by follow-
ing a cohort of children in Denmark adopted between 1924 and 1926 [53].
Environmental factors seemed to play a role in the development of cancers and
vascular disease (odds ratio 5.16 and 3.02, respectively, for death of adoptee when
an adoptive parent died of one of those diseases), and genetic factors played a role
in cardio/cerebrovascular disease (OR 4.52) and infections (OR 5.81) when the
authors studied the frequency of adoptee death when the biologic parents died of
one of the above. More recently, Henckaerts et al. reviewed the DNA of 774 MICU
patients and found that polymorphisms in NOD2 and TLR4 (both important for
innate immunity) were associated with an increased risk of bacteremia and increased
in-hospital mortality (OR 4.26 and 2.27, respectively) [54]. Another study of genet-
ics in critically ill patients by Sutherland et al. found a significantly increased risk
of infection in patients with single nucleotide polymorphisms of CD14, mannose-
binding lectin, and TLR2 [55]. A polymorphism of Mal, an adaptor protein down-
stream of TLR2 and TLR4, was found by Kohr and colleagues to provide protection
against bacteremia and certain specific infectious pathogens [56]. A study by Agnese
et al. found a significantly increased risk of gram-negative infections in ICU patients
with specific TLR4 polymorphisms (79% versus 17%, p >.004) [57]. While mutations
in the pathways listed above have been well studied in the literature, it is important
to note that not every study evaluating them has shown consistent results. In addition,
a great many other genetic pathways are under investigation, more fully detailed in
arecent review by Waterer et al. [58]. Genetic polymorphisms have not yet cracked
the code for vulnerability to sepsis, but they hold out the promise of a more specific
biomarker in the near future.
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Comorbidities

Many diseases predispose patients to the development of sepsis, but a few specific
entities deserve special attention for their significant effects on overall rates and
outcomes. In particular, malignancy, HIV infection, obesity, and diabetes mellitus
all appear to increase susceptibility to infection.

Malignancy

Malignancy, particularly hematologic malignancy, seems to be the most significant
risk factor. A cohort study by Williams et al. in 2004 found, in a survey of hospital
data from six states in 1999, around 30,000 cases of severe sepsis out of a total of
around 606,000 total cancer cases (a rate of around 5%) [59]. Nationally, they esti-
mated around 126,000 cancer patients would develop sepsis (around 16 cases per
1000 cancer patients). The relative risk of hospitalization for severe sepsis in patients
with cancer was approximately 3.96, with a mortality rate of 8.5%, and a cost of 3.4
billion dollars annually. Analysis of the National Hospital Discharge Survey in 2006
by Danai et al. found even more dramatic results, with 1465 cases per 100,000 can-
cer patients, and a relative risk of 9.77 compared to patients without underlying
malignancy [60]. When the data were analyzed in terms of race, they found that
blacks and other non-white races had a higher incidence of sepsis relative to whites
(with relative risks of 1.28 and 1.47, respectively). Male cancer patients were more
likely to develop sepsis than female cancer patients with a relative risk of 1.98.
In addition, multivariate analysis found that the presence of cancer independently
increased the risk of death from sepsis with an adjusted odds ratio of 1.98. In terms
of specific cancer types, pancreatic cancer caused the greatest increase in the risk of
sepsis (with 14,468 cases/100,000 patients), followed by multiple myeloma, leukemia,
lung cancer, and lymphoma.

HIV

Despite the great advances made in the treatment of HIV with anti-retroviral therapies,
patients with HIV continue to be at increased risk of developing sepsis. A study by
Greenberg et al. found that 13.7% of ICU patients were HIV seropositive. Of that
group, the majority of their acute infections were nosocomial (112 out of a total of
194 infections) [61]. The inpatient mortality rate was 42% for HIV patients with
severe sepsis in the ICU. Interestingly, in a multivariate regression model, markers
associated with HIV were not independently predictive of hospital mortality
(e.g., CD4 count, use of HAART), but APACHE II score was (OR 1.12). A cohort
of patients studied by Coquet et al. found an increase in annual admissions of HIV
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patients to the ICU from 1996 to 2005, but a steady decrease in ICU and 90-day
mortality between 1996 and 1997 and between 2004 and 2005 from 25% and 37.5%,
respectively, to 8.6% [62]. Severe sepsis was among the strongest predictors of mor-
tality in HIV patients admitted to the ICU (behind specific organ failures and coma)
with an OR of 3.67. Those data were corroborated by another study by Japiassi
et al. of 88 HIV-infected patients admitted to the ICU of an infectious diseases
research center [63]. The rate of severe sepsis in that population was 50% and severe
sepsis was the strongest independent predictor of mortality, both 28-day (OR 3.13)
and 6-month (OR 3.35). Respiratory infections accounted for the majority of cases
of severe sepsis, as discussed further below.

Obesity

Obesity, defined as a body-mass index (BMI) > 30 kg/m?, is a tremendous public
health problem throughout the developed world. According to a recent systematic
review of the 2013 Global Burden of Disease Study, the proportion of adults with
a BMI of 25 kg/m? or higher increased from 28.8% to 36.9% between 1980 and
2013 in men and 29.8% to 38.0% in women [64]. The proportion of obese children
and adolescents in developed countries also increased substantially. In addition to
the well-established cardiovascular risks of obesity, patients are also at increased
risk of a range of other diseases, including malignancies of multiple types. Obese
patients also appear to be at significantly increased risk for infection. While the
mechanism of susceptibility is not fully understood, adipose tissue does appear to
contribute actively to inflammation, with both leptin and adiponectin playing
important roles in the balance of immune functions. A retrospective study by
Yaegashi et al. in 2004 of obese medical ICU patients found that morbid obesity
(BMI > 40 kg/m?) increases the risk of sepsis from 6.1% to 26.7% over obese
patients [65]. A matched cohort study published the same year by Bercault et al.
found similar results, with mechanically ventilated obese patients being signifi-
cantly more likely to acquire a diagnosis of septic shock during their ICU than their
non-obese counterparts (8% versus 3%, p < 0.05) [66]. In a more recent popula-
tion-based cohort study by Wang et al., the morbidly obese were more likely than
the non-obese to develop sepsis (HR 1.57) [67]. They also found increased waist
circumference (>102 cm in men and >88 cm in women) to be a better predictor for
the risk of sepsis than BMI (HR 1.34).

Interestingly, a large multinational cohort study by Arabi et al. published in 2013
found that obese patients had a lower mortality rate due to sepsis than non-obese
patients (OR 0.80 for obese patients, 0.61 for morbidly obese patients), but that the
association between obesity and survival disappeared when they controlled for
variations in sepsis management [68]. Specifically, obese patients seem to receive
less intravenous fluid per kilogram and lower antibiotic doses per kilogram than the
non-obese. A recent retrospective cohort study by Gaulton et al. corroborated those
data, finding no difference between mortality rates in the obese and non-obese due
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to sepsis. Another recent study by Prescott et al. again found that obesity conferred
a protective effect against mortality at 1 year (OR 0.59 for obese patients and 0.46
for morbidly obese patients) [69].

Diabetes

Diabetes mellitus (DM), defined as a fasting glucose >126 mg/dL, a 2-h glucose of
>200 mg/dL after a 75 g oral glucose challenge test, and/or a hemoglobin Alc level
of >6.5, carries with it an increased risk of infection and sepsis. In a prospective
cohort study published in 2005, Muller et al. found a higher risk of lower respiratory
tract infection (OR for patients with type I DM of 1.42 and for type 2 DM of 1.32)
and urinary tract infection (DM1 OR 1.96 and DM2 OR 1.24) as well as increased
risks of both mucus membrane and skin infections [70]. The incidence rate for sep-
sis in diabetes patients in the cohort of Danai et al. mentioned above was found to
be 700.8/100,000 [60] and Stegenga et al. found that 22.7% of all septic patients
were diabetic in a retrospective analysis of a clinical trial [71]. That cohort also
showed no increase in the mortality rate of sepsis in patients with underlying diabe-
tes. Other studies have found conflicting data, however [72], and the true impact of
sepsis on diabetic patients is as yet unclear.

Etiology and Source of Infection

In the cohort of Martin et al., gram-negative organisms dominated as the primary
etiology of sepsis between 1979 and 1987 [7]. After that period, gram-positive organ-
isms became the dominant bacteria. By 2000, gram-positive organisms accounted for
52.1% of infections, gram negatives for 37.6%, and fungi for 4.6%. Polymicrobial and
anerobic organisms accounted for the rest of the infections in the cohort. Overall, the
rate of gram-positive infections increased by the highest relative amount, an average
of 26.3% per year in the period studied. In addition, the rate of fungal infections
increased 207%, from 5321 cases in 1979 to 16,042 in 2000. The shift in etiologic
agent may be due to increases in invasive procedures and hospital infection rates.
In contrast, the EPIC II point prevalence study found a higher prevalence of gram-
negative infections than gram positive (62% versus 47%, with the overlap represent-
ing polymicrobial infections) [4]. An etiologic agent was isolated in 70% of the total
cohort. Staphylococcus aureus alone accounted for 20.5% of total infections and
Pseudomonas accounted for around 20%. Several agents were independently associ-
ated with hospital mortality in multivariate logistic regression analysis: Enterococcus,
Pseudomonas, and Acinetobacter [4]. A recent study by Ani et al. [73] that made use
of the Nationwide Inpatient Sample database found that between 1999 and 2008, the
most common causes of severe sepsis were gram-negative organisms, particularly
Escherichia coli, but that S. aureus had the highest mortality hazard ratio (1.38).
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In most cohorts, the lungs are the most common site of infection leading to sep-
sis. In the EPIC II cohort, the lungs accounted for approximately 64% of the total
infections, followed by abdominal (20%), bloodstream (15%), and renal/GU infec-
tions (14%). The first EPISEPSIS cohort found similar numbers, with respiratory
infections responsible for more cases of severe sepsis than any other site (41%)
[22]. In the cohort published by Angus et al. in 2001, respiratory infections accounted
for 45.8% of all severe sepsis, with bacteremia of unspecified site causing the high-
est relative mortality (41.2%) [3]. The cohort of community-acquired sepsis pub-
lished by Storgaard found that urinary infections accounted for the highest
percentage (36%) [37]; the discrepancy may be due to the selection of community-
acquired sepsis in particular, as the weight of evidence strongly supports the notion
that respiratory infections are the most common cause of sepsis by a wide margin.

A retrospective observational study of Canadian hospitals and ICUs by
Leligdowicz published in 2014 found an association between the etiologic agent
and the mortality rate [74]. With around 70% culture positivity in the cohort overall,
gram positives were the most common etiologic agent (34.2% versus 25.7% gram
negatives). As in prior cohorts, the lung was the most common site of infection for
the development of sepsis. After adjusting for a number of factors known to affect
mortality in sepsis, disseminated infections and intra-abdominal infections
accounted for the highest risk of mortality by source.

An interesting attempt to find the underlying connection between organism, site
of infection, and mortality rate was published in 2004 by Cohen et al. In a meta-
analysis of 510 articles encompassing over 55,000 patients with microbiologic
confirmation of infection, the authors demonstrated the importance of stratifying
clinical trials not just by source of infection and etiologic agent, but also by the inter-
action between the two. They note, for example, that catheter-related bloodstream
infection due to coagulase negative Staphylococcus is a wholly different process than
the same site of infection due to Candida [75].

Conclusions

Sepsis has been recognized as a severe inflammatory response to infection since the
days of the Ancient Greeks. Through the work of pioneering scientists and physi-
cians, the connection between causative agents and the response of the host came to
the fore. More recent advances in epidemiology have led to an understanding of
sepsis as a common disease with potentially catastrophic complications. Consensus
definitions have allowed sepsis to be studied as a global problem, with coordinated
networks analyzing trends in incidence and outcome and giving insights into demo-
graphic trends and comorbidities associated with the development of the disease.
Persons of non-white races appear more vulnerable to the disease, as do patients
with underlying malignancy, HIV, obesity, or diabetes. Despite improvements in
sepsis care, the rising incidence of the disease has resulted in an increase in mortal-
ity in the last few decades. Respiratory infections remain the primary source of
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infection, and gram-positive organisms appear to be eclipsing gram-negatives as the
primary etiologic agents driving the disease.

Advances in epidemiology have greatly improved our ability to understand who
is most vulnerable to the continuum of sepsis. These advances will point the way
toward ever more sophisticated mechanistic questions regarding the development
of the disease process. As our understanding of the disease improves and our treat-
ments become more targeted, these epidemiologic tools will help us understand
the effect of our interventions on the overall incidence and mortality of sepsis.
The recent increase in the number of sepsis cases has shown no sign of abating, and
we have every reason to expect the trend to continue into the future. We expect that
mortality rate will continue to decline, though, as advances in medical knowledge
enter the clinical arena. Concomitant advances in other fields will undoubtedly
change the spectrum of infectious source and agent, but coordinated networks will
balance those shifts by offering a greater understanding of the dynamics of the
disease across the world.
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Background

Sepsis is a common and expensive clinical entity in critically ill patient populations
and intensive care units in the United States and around the world. Sepsis is associ-
ated with high morbidity and mortality universally due to the lack of treatment
available to modulate this inflammatory syndrome aside from supportive care.
While supportive care has improved drastically over the last several decades it is
estimated that ~750,000 cases of sepsis occur annually in the US resulting in death
in 18—44% of cases. The US has spent as much at 17 billion dollars a year on sepsis
alone [1-3]. Thus, understanding the molecular pathways and immune dysfunction
in sepsis is critically important for both the bedside management of these patients
and the scientific community. Such insight into the natural history and the trajectory
of sepsis not only should enable a deeper scientific understanding of the molecular
pathways that drive this pathological condition but also should direct pharmacological
development of new and novel therapies to modulate this morbid syndrome.

In this respect, sepsis is considered a complex clinical syndrome that develops
when host response to pathogen and/or injured tissue becomes inappropriately
amplified. Dysregulation of this immune response to infection, thus, becomes a
harmful host response. This results in disruption of the balance between eliminating
invading pathogens and damage to host tissues, organs, and organ systems. Sustained
immunosuppression and infection occur with dysregulated immune response to
invading pathogens [4, 5].

Systemic Inflammatory Response Syndrome (SIRS) is defined by the presence of
two or more of the following criteria: body temperature <36 °C or >38 °C, heart rate
>90 beats per minute, respiratory rate > 20 or PaCO, < 32 mmHg, white blood cell
count <4000 cells/mm? (4 x 10° cells/L) or >12,000 cells/mm? (12 x 10° cells/L), or the
presence of greater than 10% immature (band forms) neutrophils [6]. SIRS is a sys-
temic inflammatory condition that can be induced by trauma, stress, or infection. Sepsis
exists when two or more SIRS criteria are met in the setting of a known infectious
source. When organ dysfunction, hypo-perfusion, and hypotension are evident, severe
sepsis is thought to be present [7]. Persistent dysregulation of the immune system and
presence of sustained infection can result in multisystem organ failure (MSOF).

Compensatory Anti-inflammatory Response Syndrome (CARS) is a hypo-
inflammatory phase that was initially thought to have evolved so as to offset the
pro-inflammatory response/SIRS. However, in sepsis, it was initially proposed that
when the CARS response predominated over SIRS, there was a state of immune
suppression, which predisposed patients to developing/being vulnerable to second-
ary infection [4, 5]. In Intensive Care Units (ICUs), these secondary infections are
often nosocomial infections like catheter-associated urinary tract infections
(CAUTYI), ventilator-associated pneumonia (VAP) and central line-associated blood
stream infections (CLABSI). However, over time it has become apparent that more
of a mixed antagonistic response syndrome (MARS) exists in which both aspects of
the pro- (SIRS) and anti-inflammatory response (CARS) are concomitantly altered
and/or dysregulated (Fig. 4.1).
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Fig. 4.1 Generalized indices of septic patients’ immune responsiveness as a function of time.
Both aspects of SIRS and CARS exist to comprise MARS (SIRS Systemic Inflammatory Response
Syndrome, CARS Compensatory Anti-inflammatory Response Syndrome, MARS Mixed
Antagonistic Response Syndrome)

Introduction to Innate and Adaptive Immune Responses

The innate immune system is the first line of host defense against foreign pathogens,
and is not specific to any particular antigen. It is older and more primitive than the
adaptive immune system and can be found in a wide range of plant and animal species.
It is comprised of physical barriers via cells of the epithelium (e.g. the skin and
mucosa), chemical barriers (e.g. acids in the stomach) and biological barriers
(e.g. normal microflora of the skin and the gastrointestinal tract). In addition, the
innate immune system is comprised of various cellular components and molecular
factors that are directly or indirectly microbicidal and can regulate the inflammatory
response (Fig. 4.2). Examples of these include the complement and coagulation
systems, histamines and lipid mediators, cytokines and chemokines and a variety of
leukocytes (or white blood cells) that circulate in the peripheral blood. The responses
are typically rapid and conserved (or generic) in nature. Unlike the adaptive immunity,
the innate immune system is triggered immediately upon challenge by offending
pathogens and exhibits no adaptation or memory characteristics to prior known
stimuli. Lastly, the innate immune response is believed to be a product of many
diverse processes, rather than a single defined physiological system.

Adaptive or acquired immunity is cell mediated. It is an evolutionarily young
system, restricted only to vertebrates. Adaptive immunity relies on the function of
RAG recombinase genes for somatic recombination of gene segments that code
for antigen receptors (i.e., novel immunoglobulin and T cell receptor molecules).
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Once antigen presenting cells (APCs) encounter bacterial or tissue damage-related
molecular patterns they present these antigens for immune response (Fig. 4.3).
Pathogen-associated molecular patterns (PAMPs) are unique and conserved molec-
ular patterns present in a variety of pathogens (bacterial, fungal, viral, protozoal
molecular sequences not found in mammalian cells) (Fig. 4.4). Examples of PAMPs
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Fig. 4.4 Pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns
(DAMPs). Subsequent molecular events in response to these stimuli are depicted in this diagram

include endotoxin/lipopolysaccharide (LPS), bacterial deoxyribonucleic acid (DNA),
soluble RNA (sRNA), double-stranded RNA (dsRNA), flagellin, peptidoglycan,
zymosan and fungal glucans (fungal cell wall components), and glycosylphospho-
lipids [8]. Danger-Associated Molecular Patterns (DAMPs) are endogenous cellular
components only present or released during necrotic cell injury/death. DAMPs
include heat shock proteins, fibrinogen, fibronectin, hyaluran, biglycans, uric acid,
high mobility group box-1 (HMGB-1), and mitochondrial components (a source of
fMLP) [9, 10]. Pattern recognition receptors (PRR) are the receptors on the surface
of immune and non-immune cells that recognize PAMPs and DAMPs.

Innate Immunity

The innate immune response occurs through pattern recognition receptors (PRRs)
on the surface of immune cells, which recognize and bind the conserved PAMPs of
the invading microorganism or the DAMPs from the injured/dying cells (mentioned
earlier) (Fig. 4.5). This triggers complex intracellular signaling cascades that result
in gene activation and secretion of a variety of pro-inflammatory mediators. A number
of families of surface PRRs have been described, including Toll-like receptors
(TLRs), scavenger receptors, formyl peptide receptors, integrin/dectin family
members, and mannose receptors.
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Fig. 4.5 Innate immune response occurs through pattern recognition receptors (PRRs) on the
surface of immune and non-immune cells that recognize pathogens (PAMPs, DAMPS, etc.)
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Fig. 4.6 Intracellular patterns recognition systems (iPRSs) also exist to perceive pathogens within
intracellular compartments or in the cytosol of immune and non-immune cells

Alternatively, a system of intracellular patterns recognition systems (iPRSs) also
appears to exist to perceive invasive intracellular pathogens, e.g., viruses and
intracellular bacteria (Fig. 4.6). This system can also respond to the PAMPs and the
DAMPs, and, when activated, it leads to the activation of transcription factors that
can also upregulate the expression of pro-inflammatory mediators. These iPRSs
include protein kinase R, nucleotide-oligomerization domain leucine-rich repeat
(NOD-LRR) proteins like inflammasome, cytoplasmic caspase activation, and recruiting
domain helicases such as retinoic-acid-inducible gene I (RIG-I)-like helicases. Natural
killer and invariant natural killer T cells, gamma-delta T cells and other cytotoxic
cells, e.g., innate lymphoid cells, can also become activated and stimulate a nonspe-
cific and rapid immune response to infection (Fig. 4.2). Overtime, the immune system
is then able to tolerate self antigens and attack anything that it perceives as foreign,
thereby defending the body against invading microorganisms.

Adaptive Immunity

APCs have major histocompatibility complexes which present antigen via CD4
receptors to T cells (CD4* or CD8* T cells) (Fig. 4.3). Major histocompatibility
complex (MHC) falls into two subtypes, MHC-I and MHC-II. MHCs are a group of
cell surface markers on vertebrates that mediate cell—cell interactions with leukocytes
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and other cells. Each MHC displays an epitope or portion of a protein. This epitope
can be foreign such as a particular molecular or protein pattern from a pathogen
(nonself) or from within the individual’s/host’s own molecular and cellular patterns
(self). MHC-II are present on APCs like macrophages, B cells, and dendritic cells.
An APC ingests an antigen and after processing the antigen displays a portion of it,
an epitope, in its MHC-II. MHC-II bind to CD4* or helper T cells which display
both CD4 receptors and T cell receptors (TCR). A naive helper T cell binds an
APC and the TCR comes in contact with the epitope from the APC’s MHC-II. Based
on the cytokines present and the local tissue environment the naive T cell (T,)
differentiates into an effector, memory, or regulatory T cell though the process of
polarization.

MHC-I on the other hand are present on most all nucleated cells and again through
the process of antigen presentation displays epitope, but in this case to cytotoxic
(CD8") T cells that can induce programmed cell death by apoptosis of infected target
cells containing (thus the term “cellular immunity”) pathogens like viruses and intra-
cellular microbes (mycoplasma, rickettsia). Importantly, for either of these forms of
T cell activation to move forward normally membrane bound co-stimulatory, co-
inhibitory and/or select secreted factors serve as up or downregulators (act as “check
point proteins”) of the antigen presentation cell and T cell binding interaction. Once
activated, CD4" and CD8" T cells stimulate B cells to produce antibodies via a Th-1
response. These antibodies persist in the body and result in long-term “humoral
immunity.” CD4* T cell can also act via a Th-2 response to present antigen to T effec-
tor cells. (Figs. 4.2 and 4.3). Eventually regulatory T cells (e.g., Th17 and T regula-
tory subpopulations) coordinate a shift from a Th-1 type response to a Th-2 response
allowing for long-term memory of the foreign antigen. Memory enables coordination
of an expedited immune response when a given foreign antigen is re-encountered in
the future. This memory is the mechanism by which vaccinations work to prevent
disease. Introduction of a killed or partial attenuated bacterial or viral pathogen stim-
ulates activation of T cells (CD8* T cells in a Th-1-dependent fashion resulting in
antibody production by B cells). When an antigen is re-encountered antibody
production is increased and the clonal population of immunoglobulin stimulates cell-
mediated immune response to infection. Through antigen-immunoglobulin binding
agglutination, macrophages become primed for phagocytosis and this stimulates the
complement pathway to neutralize infection [6, 11-13].

Cells Involved in Immune Response in Sepsis

The innate immune response is mediated by leukocytes (white blood cells) that are
initially derived from the bone marrow and/or thymus, circulate in the peripheral
blood and home to the site of inflammation early in the course of infection. These
include circulating monocytes, tissue macrophages, neutrophils and dendritic cells,
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natural killer cells, eosinophils, basophils, and mast cells. As described earlier,
some of these innate leukocytes have the ability to fight invading pathogens by
engulfing and destroying them through a process called phagocytosis (Fig. 4.2).
This process is critical in removing cellular debris and creating an optimal environ-
ment for tissue repair and healing. Some of these cells are capable of processing the
antigens of these pathogens and displaying them on their surfaces, resulting in anti-
gen presentation through the MHC to the TCR on the surface of T-cells (Fig. 4.3).
This provides an important link between innate and adaptive immune responses. We
will describe some of the leukocytes involved in innate immune response in detail
below with a particular focus on cellular and molecular changes that occur in
response to sepsis.

Monocytes and Macrophages

Monocytes are large leukocytes that arise from myeloid precursor cells in primary
lymphoid organs such as the fetal liver and bone marrow. These cells circulate in the
peripheral blood and are recruited into tissues at sites of inflammation, where they
differentiate into large phagocytic cells called macrophages. Monocytes and macro-
phages play an important role in innate immune response through their ability to
phagocytose and fight invading pathogens until effective adaptive response can
develop. In addition, they have a crucial role in coordinating an inflammatory
response, producing a variety of regulatory cytokines and chemokines, such as
tumor necrosis factor (TNF)-a, interleukin (IL)-1 and IL-6, and IL-8, as examples,
involved in recruiting other cells of innate immune response to the sites of inflam-
mation. Some of the cytokines released are responsible for causing fever upon
infection, thus, their effects can be both local and systemic. Monocytes and macro-
phages have an additional role in adaptive immune response as APCs. They can
capture and present these antigens to activated T cells in the lymph nodes. This
triggers a cascade of important cellular and molecular events in adaptive immunity.
In sepsis, it is known that the oxidative burst capacity in monocytes, which is impor-
tant in generating reactive oxygen species to fight and destroy pathogens in innate
immune response, is significantly attenuated [14]. The production of some inflam-
matory cytokines in response to select stimuli appears to be affected in sepsis as
well. Upon activation with LPS, (a component of bacterial endotoxin that can induce
a strong immune response in most eukaryotic species) monocytes appear to have a
diminished capacity to release TNF, IL-1a, IL-1, and IL-6 [14]. However, such
production of inflammatory cytokines appears to be unchanged or even enhanced
when other stimuli are used or when other cytokines are examined. There is no
global decrease in the release of cytokines in sepsis, but rather a specific alteration
of cytokine production in response to specific stimuli takes place. Thus, the term
“reprogrammation” of monocytes in sepsis may be appropriate [15, 16].
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Dendritic Cells

Dendritic cells (DCs) are potent antigen-presenting cells that have been recently
found to participate in innate immune response. These cells mostly arise from the
bone marrow, but are found in nearly every tissue in the body where they come in
contact with invading pathogens. Based on their function and origin, they can be
subcategorized into conventional dendritic cells, Langerhans cells, plasmacytoid
dendritic cells, and monocyte-derived dendritic cells [17]. During the early phase of
infection, immature DCs fight bacterial, viral, and fungal pathogens through secre-
tion of TNF-a and reactive nitrogen intermediates [18]. As DCs functionally mature,
they migrate into lymphoid organs to activate T and B lymphocytes to generate
adaptive immune response [19]. DCs also stimulate natural killer cells (NKs) in
secondary lymphoid organs through various cytokines, which results destruction
and elimination of invading pathogens at the site of infection [20]. Therefore, DCs are
becoming increasingly recognized as an important bridge between innate and adaptive
immune responses. In sepsis, several important alterations to this molecular
architecture can result. There is increased apoptosis of both immature and mature
DCs. T cell activation and release of certain cytokines by DCs are also impaired,
potentially leading to the development of immune suppression in sepsis [21].

Neutrophils

Neutrophils are the most common type of circulating leukocytes in mammals, and
they are a key component of innate immune response. Neutrophils arise from
myeloid precursor cells in the bone marrow, and are released into the systemic cir-
culation with a short lifespan of 24—48 h. Severe infection or inflammatory response
can result in release of immature neutrophils, such as band cells, meta-myelocytes,
and myelocytes, from the bone marrow, resulting in an increased number of imma-
ture cells in the peripheral blood. This phenomenon is known as the “left shift.” Like
macrophages, neutrophils can recognize invading pathogens through receptors on
their surface and eliminate them through phagocytosis. Neutrophils are also charac-
terized by the presence of cytoplasmic granules that are abundant in proteases and
oxidative enzymes. This allows them to penetrate cellular structures and destroy
invading microorganisms effectively. These granules can be subdivided into pri-
mary, secondary, and tertiary granules (or C particles). Primary granules contain
acid hydrolase, myeloperoxidase, elastase, lysozyme, and cathepsins. Secondary
granules contain collagenase, alkaline phosphatase, and lactoferin. Tertiary gran-
ules contain gelatinase and cathepsins. Once pathogens are phagocytosed by neu-
trophils, they are secluded in a cytoplasmic vesicle called a phagolysosome, where
degradation of the phagocytosed particle occurs through fusion with these cytoplasmic
granules. This entire process is enhanced by a variety of cytokines, including TNF-a,
IL-1, IL-6, and IL-8, which are implicated in “priming” neutrophils for increased
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efficacy [22]. The neutrophils’ short lifespan outside of the bone marrow is critically
important in maintaining a balance between their effectiveness in fighting patho-
gens and their potential to cause damage to surrounding tissue [23]. The generation
of reactive oxygen species and release of proteases from the granules have signifi-
cant cytotoxic effects and often cause damage to vascular endothelial cells as well
as parenchymal cells [24]. In the absence of inflammatory stimuli, however, neutro-
phils undergo constitutive apoptosis (or programmed cell death). Apoptotic neutro-
phils have impaired ability to migrate to the site of inflammation and dispense
granules to eliminate invading pathogens [25]. This delicate balance between
destruction of microorganism and its control through apoptosis is disrupted in sep-
sis. Neutrophils isolated from septic animal models and patients have been shown
to not only display reduced capacity to migrate to the site of inflammation, but also
have prolonged survival through delayed apoptosis, potentially contributing to tissue
injury and organ dysfunction in sepsis [26, 27].

Natural Killer Cells

Natural killer (NK) cells are another type of granular lymphocytes that have an
important role in cell-mediated, cytotoxic innate immunity. These cells arise from
common thymic lymphoid progenitor cells and express PRRs and/or a NK-cell
receptor complex on their surface that can recognize only a select conserved motif
on the surface of a variety of pathogens, including bacteria, viruses as well as certain
types of tumor cells. NK cells do not carry antigen-specific recognition molecules,
like the T-cell receptor complex of the classical alpha-beta CD4*/CD8* T cell, on
their surface, making them part of the innate immunity system. They are character-
ized by the presence of cytoplasmic granules containing lytic enzymes, called gran-
zymes, and perforin, which forms pores in the cellular membrane allowing the
granzymes to enter the target cells they can kill. This process ultimately leads to
apoptosis. Such cytotoxic mechanisms are crucial in fighting off pathogens early in
the course of host cell infection, before adaptive immune responses typically
develop. NK cells are also an important source of circulating cytokines, such as
interferon-y, IL-12, and IL-6, and are implicated in septic shock [28]. Increased
cytotoxic activity has been correlated with severe organ dysfunction and poor outcome
in severe sepsis and septic shock [29].

Other Innate Regulatory Cells

Gamma-delta (yd) T cells are a special subpopulation of T lymphocytes that develop
under the influence of other leukocytes in the thymus and in the periphery. Unlike
other T lymphocytes that contain TCRs comprised of alpha («) and beta () chains
on their surface, Y8 T cells, as their name suggests, have TCRs with one y chain and
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one & chain. yd T cells interact with B cells to develop immunologic memory
through TCRs as part of adaptive immunity. However, these cells often do not
require formal antigen presentation and processing, and are capable of rapidly
responding to a select group of antigens via their PPRs. Thus, y8 T cells are becom-
ing increasingly recognized as an important cellular component of the innate immu-
nity system as well.

Natural killer T (NKT) cells have the properties of both NK cells and T lympho-
cytes. Unlike other T lymphocytes that express TCRs with variable o and f§ chains,
the majority of NKT cells express TCRs that are extremely limited in diversity.
Therefore, these cells are often referred to as invariant NKT (iNKT) cells. NKT cells
recognize and respond to cells that contain lipid and glycolipid antigens presented by
the MHC I-like molecule named CD1d. NKT cells are activated nonspecifically by
cytokines and soluble mediators, and they are often capable of responding to anti-
gens that are ignored by conventional aff T cells. Therefore, NKT cells are described
to straddle the border between innate and adaptive immunity. Upon activation, NKT
cells produce both pro- and anti-inflammatory cytokines. In sepsis, NKT cells appear
to play a role in controlling immune response with their unique ability to interact
with components of the innate and the adaptive immune responses [30].

CD4*/CD8* T and B Lymphocyte Cells

B and T lymphocytes comprise approximately 2% of the peripheral blood cells; the
vast majority of lymphocytes are localized in hematopoietic tissue and lymphatics.
T progenitor cells are derived in the bone marrow, then migrate to the thymus and
once maturation occurs are released as mature T cells. Naive T cells are those
located in bone marrow or thymus, once mature T cells are activated through anti-
gen presentation they become effector T cells. CD4* or helper T cells are neither
cytotoxic nor phagocytitic, rather they modulate the immune response. CD4* T cells
become activated when they encounter a cognate antigen in the context of MHC-II
stimulating cytokine release from the CD4* T cell. Antigen presentation can induce
two subtypes of immune responses from the CD4* T helper cell. Th-1 type response
is generally stimulated by intracellular pathogens like virus and intracellular bacte-
ria. It is defined by interferon-gamma production, which induces macrophages and
stimulates B cells to generate oposin and complement (cell-mediated immunity).
A Th-2 response is defined by IL-4 production which activates B cells to make neu-
tralizing antibodies (humoral immunity). A Th-2 type response generally occurs
with extracellular bacteria, parasites, and toxin.

When intracellular bacteria or viruses replicate in a host cell, the host degrades
(processes) the pathogen and displays various protein epitopes in MHC-1. Naive
CDS8* T lymphocytes are activated through this process, differentiate and clonally
expand. These clones travel systemically to localize to cells in distal tissue sites
displaying MHC-I with that same protein epitope. When the protein epitope is
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encountered, the cytotoxic CD8" T lymphocytes release perforin and granulysin to
create pores in the host cell and induce apoptosis of the infected host cell. This pro-
cess must be tightly regulated to minimize bystander tissue damage. With the clear-
ance of the infected/target “nonself” antigen*~-MHC-I* cells, most of the effector
CDS8* T cells are then cleared by phagocytosis. However, memory of the event is
maintained by a few CD8* that are selectively retained.

B lymphocytes produce antibody or immunoglobulin. Immunoglobulin is a large
protein which can be membrane bound or free in circulation which recognizes,
binds, and neutralizes antigen. B cells have a B cell receptor, this receptor is limited
to recognizing only one antigen. Once the B cell receptor encounters its antigen, the
B cell differentiates into a plasma cell that secretes large amounts of immunoglobu-
lin (antigen specific), which in turn binds the antigen, flagging a cell for phagocyto-
sis by macrophages and/or the binding of complement.

Alterations in Sepsis

In sepsis, there is rapid decrease in the circulating lymphocyte population. The magni-
tude and persistence of lymphopenia correlates with risk of developing nosocomial
infection and mortality. Loss of B cells, CD4* T cells, and dendritic cells has been
observed in nonsurvivors of sepsis [31]. Sepsis is also associated with the development
of a state of lymphoid anergy, where less interferon-gamma production, as well as,
IL-2 and TNF-a production is evident in response to standard lymphoid T-cell recep-
tor-mediated stimuli. Greater anergy correlates with poorer septic outcome. It as also
been posited that the shift away from Th-1 response limits the effective host antimicro-
bial response to infection and hampers bacterial clearance, thus, resulting in persis-
tence of infection [32, 33]. T regulatory cells are a novel subset of CD4* and CD8* T
cells that exhibit an active suppressive phenotype. They negatively regulate the innate
and adaptive immune response. Sepsis is associated with an increased numbers/sur-
vival of T-regulatory cells in the peripheral blood and spleen of septic patients/animals.
It is unclear if this is protective or deleterious to septic morbidity or mortality.

Inflammatory Cytokines and Chemokines

During the all stages of sepsis, the innate immune system releases large amounts of
cytokines, chemokines, complement activation products, coagulation factors, lipid
molecules, reactive oxygen species, reactive nitrogen species, antimicrobial peptides,
and intracellular defensins, which not only serve to regulate/activate the immune
response but also, in systemic excess, serve to drive the “cytokine storm” involved
in sepsis. The adaptive immune response is then induced upon interaction with
APCs which have ingested the foreign pathogen. These cells then proliferate to
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generate effectors cells which themselves release certain cytokines [34]. Cytokines
and chemokines are small proteins of substantial importance in tissue immunity.

TNF-a and IL-1

After being triggered by a stimulus (i.e., PAMPs and/or DAMPs), macrophages
release a number of early proinflammatory mediators including TNF-a, IL-1, IL-6,
Interferon-gamma (INF-gamma), IL-8, and monocyte chemotactic protein (MCP-1).
Two important pro-inflammatory cytokines produced during the initial and early
phase of the septic inflammatory response are TNF-a and IL-1. These cytokines tar-
get a broad range of cells including all leukocytes, endothelial cells, epithelial cells,
and organ-specific cells such as hepatocytes and fibroblasts. As a result, these cells
produce other pro-inflammatory mediators including (1) cytokines (IFN-y, IL-6,
IL-8, IL-12, IL-17, and macrophage migration inhibitory factor (MIF)); (2) che-
mokines (IL-8, macrophage inflammatory protein (MIP-1, -2), macrophage chemo-
kine protein, thymus activation-regulated chemokine (TARC)); (3) oxidative markers
(ROSs, RNSs, and eicosanoids); and (4) proteolytic enzymes [35].

MIF and HMGB-1

Migration Inhibitory Factor (MIF) and High Mobility Group Box (HMGB)-1 are
thought to be two central cytokines in critical illness induced by SIRS and sepsis.
MIF is a special regulatory cytokine with a unique protein structure and its receptor
is distinct from other cytokine receptor families. It is expressed constitutively and
stored in intracellular pools. Therefore, it does not require de novo synthesis before
secretion. It is produced in a wide spectrum of cells including DCs, monocytes,
macrophages, lymphocytes, neutrophils, eosinophils, basophils, mast cells, all non-
immune mucosal cell types that are in direct contact with the external environment,
and the skin. MIF is also produced in high levels in tissues involved in the stress
responses including the hypothalamus-pituitary-adrenal axis [36]. MIF acts as a
stress response mediator and pro-inflammatory cytokine upon induction by gluco-
corticoids, which are produced at high levels in sepsis. MIF sustains the inflamma-
tory response by delaying the removal of activated monocytes/macrophages by
apoptosis. This prolongs production of cytokines, nitric oxide (NO), matrix metal-
loproteinases (MMPs), and prostaglandins (PGs) [4]. HMGB-1 is a non-histone
nuclear DNA binding protein which regulates nucleosome structure and gene tran-
scription. It has also recently been identified as a DAMP/alarmin involved as a late
mediator in inflammatory sepsis. In sepsis, HMGB-1 is released in large quantities
into the extracellular environment, which allows it to act as a mediator of systemic
inflammation [4]. It induces DC maturation and migration of immune cells to the
site of injury as well as their release of cytokines and other inflammatory mediators.
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HMGB-1 also has pro-inflammatory effects on the endothelium, is involved in tissue
repair and regeneration, and stimulates angiogenesis [35]. HMGB-1 plasma levels
in intensive care patients correlated with the disseminated intravascular coagulation
(DIC) score and sepsis-induced multiple organ failure (MOF) [23]. Higher levels of
HMGB-1 in plasma have been found in nonsurvivable septic patients [35]. The number
of endogenous host cell molecules that serve as endogenous DAMPs and alarmins
is growing rapidly. Some other examples include uric acid, hyaluran, heat shock
protein (HSP) family members, fibrinogen, fibronectin, and certain endogenous
lipids [23].

Future Diagnostic Inflammatory Markers

The use of cytokines as inflammatory markers capable of predicting outcomes in
septic patients is still under research/debate and has been difficult as these are shared
with a variety of other inflammatory conditions/diseases. Some of the possible can-
didates are listed below.

Interleukin-6 is a pro inflammatory cytokine produced by lymphocytes, fibro-
blasts, and monocytes. IL-6 has a variety of broad effects including activation of B
and T lymphocytes, proliferative effects and induction of acute phase proteins pro-
duced in the liver. It has been suggested that IL-6 concentrations in sepsis is the best
marker of the severity and outcome for sepsis [37].

IL-8 is a CXC chemokine that is produced by mononuclear phagocytes, neutro-
phils, lymphocytes, endothelial cells, epithelial cells and a variety of mesothelial
cell types in response to endotoxin, IL-1f, and TNF-a during sepsis. IL-8 chemoat-
tracts and activates neutrophils to the site of tissue damage and inflammation.
Neutrophils respond by changing shape, adhering to endothelial cells, and increas-
ing production of ROSs. In septic patients, the plasma concentration on IL-8 has
been reported to peak at 3—4 h after the initial diagnosis of severe septic shock and
the concentrations of circulating IL-8 appear to correlate with worse outcomes [23].

IL-17A is pro inflammatory cytokine that is produced by Th17 cells (which we
briefly mentioned earlier), neutrophils, CD8" T cells, NK cells, and other T helper
and T cell subtypes during sepsis. IL-17A can trigger the production of many cyto-
kines including IL-1B, IL-6 and TNF-o which provides cross talk between
lymphocytes and phagocytes. It has been shown the increased IL-17A levels have
adverse effects during experimental sepsis and that neutralization of IL-17A mark-
edly improves survival in animals [34].

IL-7 is a hematopoietic growth factor that has recently been shown to have a role
in lymphocyte survival and expansion during sepsis. IL-7 is produced by stromal
cells in lymphoid tissues. It induces a T cell survival signal through the IL-7R recep-
tor. IL-7 also induces proliferation of naive CD4* and CD8* T cells. It is currently
being studied in clinical trials to boost immune effector cell functions in immune-
deficient patients [34].
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One study found that increased plasma concentrations of pro-inflammatory (IL-6,
TNF-a, IL-1f, KC, MIP-2, MCP-1 and eotaxin) and anti-inflammatory (TNF soluble
receptors, IL-10, IL-1 receptor antagonist [IL-1RA]) cytokines were observed in
early deaths (days 1-5) of septic patients. They found that plasma levels of IL-6,
TNF-a, KC, MIP-2, IL-1RA, TNF soluble receptor I and TNF soluble receptor II
accurately predicted mortality within 24 h. In contrast, these parameters were not
elevated in either the late deaths or survivors. This study suggests that initial inflam-
matory response correlates to early but not late septic mortality [38].

Anti-Inflammatory Cytokines

During the course of sepsis an anti-inflammatory response develops. This response
is made up of anti-inflammatory cytokines and mediators such as IL-10, IL-4, IL-6,
IL-13, P10, P75, P55, transforming growth factor-p (TGF-), IL-1RA, soluble TNF
receptors, soluble interleukin receptors (sIL-Rs), glucocorticoids, and eicosanoids.
These mediators are released from T regulatory cells, macrophages and PMNs
among other cells. Several anti-inflammatory cytokines; however, have both pro-
and anti-inflammatory properties depending on the nature of the danger signals, the
nature of the target cells and the timing of the exposure. In addition, some pro-
inflammatory cytokines may exert anti-inflammatory properties depending on the
cell:cell context and/or concentration of the cytokine [35].

IL-10

IL-10 is a potent anti-inflammatory cytokine released during sepsis. It is produced
by activated T helper 2 CD4*cells, T regulatory cells, B cells, monocytes, and sev-
eral other cell types. IL-10 can upregulate other regulatory molecules and/or recep-
tors as well including IL-1RA, CD32, and chemokine receptor 1 (CCR1) and CCR4.
During sepsis the expression of IL-10 is prolonged and sustained. Elevations of
blood monoctyes IL-10 mRNA expression or plasma IL-10 levels may be of prog-
nostic significance as high IL-10 expression has been found to be associated with
worse outcomes in pediatric patients with sepsis [23].

Chemotactic Cytokines

Certain chemotactic cytokines (chemokines) have also been linked to impaired
leukocyte responsiveness during sepsis, especially members of the CC chemokine
family. In addition to IL-8 discussed earlier; TARC (CCL17) and the macrophage-
derived chemokine (MDC/CCL22) are reported to be expressed in high
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concentrations by alternatively activated macrophages (cells activated by IL-4 and
IL-13) and, thus, serve as markers of this alternatively activated phenotype in mac-
rophages [23]. It has also been shown that decreased expression of key activating
chemokine receptors by various leukocyte subpopulations in sepsis may lead to
impaired chemokine responsiveness in these cells [39].

Complement and Coagulation Cascades

The inflammatory reaction in sepsis activates the complement and coagulation systems
which in turn promote inflammation. Complement may be activated through three
distinct routes (the classical, lectin and alternative pathways) which all converge at
the level of C3 [35]. Complement acts as both a pathogen recognition receptor and
an effector. The inflammatory properties of complement during sepsis are divided
into three categories: (1) opsonization; which contributes to phagocytosis and sub-
sequent killing of the pathogens via the membrane attack complex; (2) promotion
and expansion of the inflammatory cascade; and (3) coordination of inflammatory
events by the anaphylatoxins (C3a and C5a). C3a and C5a are anaphylatoxins
generated by activation of all three complement pathways. They serve to enhance
vascular permeability, smooth muscle contraction and serve as chemo-attractants
for leukocytes [35]. The terminal C5b-9 complement complex forms the membrane
attack complex (MAC) which is capable of creating a physical pore in the pathogen
membrane causing leakage and cell death [35].

Coagulation can be activated by two pathways: the Factor XII-dependent intrinsic
pathway and the Tissue Factor (TF)-dependent, extrinsic pathway. These converge at
factor X and ultimately result in thrombin formation. The release of thrombin amplifies
the production of more pro-inflammatory mediators. Thrombin can cleave C3 and C5 of
the complement cascade. C5a, in turn, can amplify the expression of TF. Binding of
other coagulation proteases to protease-activated receptors (PARs) is an important
mechanism in the modulation of inflammation by coagulation. For example, binding of
thrombin and TF-Factor VIIa complex to their respective PARs enhances production of
pro-inflammatory cytokines. In addition, TF is also produced directly in response to pro-
inflammatory cytokine activation by endothelial and mononuclear cells [23, 35].

The function of the three anticoagulant pathways that prevent systemic activation
of coagulation in normal conditions (anti-thrombin, activated protein C, and Tissue
factor pathway inhibitor) are impaired during sepsis leading to clinical DIC and
severe inflammation [4].

Antimicrobial Peptides

Antimicrobial peptides are defined as ribosomal-derived proteins that have microci-
dal activity. In sepsis, the cytokines produced by local innate immune cells (macro-
phages and dendritic cells) can induce the local production of antimicrobial products
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which are thought to be important in providing host defense at mucosal/epithelial
surfaces. Anti-microbial products defend against extracellular bacteria through per-
meabilization of the bacterial membrane, opsonization, chemokine function, and
modulation of cytokine production. Anti-microbial products are also thought to be
involved in pathogen recognition, inflammation, pathogen clearance, and resolution
of inflammation during sepsis [35].

In humans, two major classes of antimicrobial peptides, defensins and cathelicidin,
have been described. HCAP-18/LL-37, the only endogenous human cathelicidin-18
identified, is a major protein of the specific granules in neutrophils. It is also found
in monocytes, keratinocytes, and airway epithelia. Defensins make up 30-50% of
the granule proteins in human neutrophils and can structurally be defined as a- or
B-defensins. Alpha-defensins are mainly produced by neutrophils and intestinal
paneth cells whereas p-defensins are primarily expressed by epithelial cells of the
skin, urinary tract and tracheobronchial lining. There is constitutive production of
B-defensins at sites such as epithelial tissues that are steadily exposed to potentially
infectious microbes. Secretion is induced by the contact of cells with microbes and
pro-inflammatory mediators [23]. Other defensins include ¢ type lectins, S100
proteins, elastase inhibitors, and regenerating proteins [35].

Lipid Mediators

Adipose tissue has been found to secrete a variety of bioactive substances, adipo-
cytokines, which exert protective roles in different organs during the septic
inflammatory response. Adiponectine, an adipo-cytokine, has a strong ability to
exert several anti-inflammatory responses in macrophages and endothelial cells.
It has been shown to inhibit macrophage LPS-induced production of TNF-a, to
inhibit HMGBI1, and to induce various anti-inflammatory cytokines such as
IL-10R and IL-1R antagonists. Visfatin, a pre B cell colony enhancing factor, has
been shown to activate human leukocytes to release IL-1f3, TNF-p and IL-6 as
well as to increase the surface expression of co stimulatory molecules via MAPK
pathways [34].

In sepsis, high density lipoprotein (HDL), low density lipoprotein (LDL), and
very low density lipoprotein (VLDL) can bind and neutralize the bioactivity of bac-
terial components such as lipolysaccharide (LPS) and lipoteichoic acid (LTA).
During sepsis circulating levels of HDL decline resulting in elevated circulating
LPS levels. Native HDL can suppress the inhibitory activity of LPS binding protein
(LBP) which may contribute to its pro-inflammatory property by enhancing mono-
cyte responses to LPS [36].

Sphingosine-1 Phosphate (SIP) is a bioactive sphingolipid metabolite that
regulates diverse cellular processes, including cell growth, cellular differentiation,
lymphocyte trafficking, vascular integrity, and pro inflammatory cytokine produc-
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tion. S1P is formed by phosphorylation of sphingosin in a reaction catalyzed by two
isoforms of sphogosine kinase (Sphk1 and Sphk2). Sphkl1 is activated by numerous
stimuli including LPS and pro-inflammatory cytokines. In sepsis, the pro-inflammatory
cytokines promote the formation of S1P, which in turn activates lymphocytes and
promotes further cytokine release [34].

Prostanoids and Leukotriene

Prostanoids are a subclass of eicosanoids consisting of the prostaglandins (e.g.
PGE2), the thromboxanes (thromboxane A2) and the prostacyclins (PGI2) which
have been proven to play a role in the inflammatory reaction in sepsis. Prostaglandins
play an active role in inflammation and anaphylactic reactions. Thromboxanes play
a role in platelet aggregation and vasoconstriction and prostacyclins play a role in
platelet anti-aggregation and vasodilatation. Leukotrienes (LTB4), also a subclass
of eicosanoids, serve has inflammatory mediators produced in leukocytes.
Leukotrienes use lipid signaling to regulate the immune response. Both leukotrienes
and prostanoids are arachidonic metabolites and have been proven to participate in
the pathophysiology of shock. It is thought that the circulatory dysfunction associ-
ated with shock is a result of unfavorable balance of arachidonic acid metabolites.
Prophylactic and post-treatment regimes of nonsteroidal anti-inflammatory agents
that block all arachidonic acid cyclo-oxygenation products have been shown to
improve survival of and circulatory function in experimental setting of endotoxic
shock [40].

Reactive Oxygen Species (ROSs), Reactive Nitrogen Species
(RNSs), and Nitric Oxide (NO)

ROSs and RNSs are pivotal to the defense against invading pathogens during sepsis by
performing intracellular signaling for several cytokines and growth factors, acting as
second messenger for hormones, serving in redox regulation, and participating in intra-
cellular killing of bacterial pathogens in phagocytosis. ROS and RNS also participate
in modulation of ion channels, kinases, membrane receptors, apoptosis, transcription
factors, and gene expression [36]. Overwhelming production of ROSs and RNSs
results in oxidative and nitrosative stress, respectively, key elements in the deleterious
process of experimental sepsis. Neutrophils are the major source of ROS and RNS. ROS
and RNS are produced via the membrane bound enzyme complex nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase. Pro-inflammatory mediators, immune
complexes, and bacteria can activate NADPH oxidase to produce ROS and RNS. Excess
generation of ROSs and RNSs, in combination with depleted levels of reduced
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glutathione, an important intramitochondrial antioxidant, have been found to inhibit
adenosine triphosphate (ATP) generation. Myeloperoxidases, from neutrophil azuro-
philic granules, produce hypochlorous acid from hydrogen peroxide and chloride
anions. These superoxide free radicals are highly cytotoxic and neutrophils use them to
damage and destroy pathogens. During experimental sepsis, superoxide radicals and
NO generate peroxynitrite, which causes DNA strand breakage and initiate lipid per-
oxidation changing the functions of the ion channels, cell signaling proteins, receptors,
enzymes, and transcription factors [4, 23].

NO is produced as a pro-inflammatory mediator in response to inflammatory
stimuli by a number of cells. NO maintains normal homeostasis by reducing leukocyte
adhesion, platelet aggregation, relaxation of vascular smooth muscle and preserva-
tion of mucosal integrity. During experimental sepsis, NO is released at high con-
centrations causing vasodilation, increases in vascular permeability and inhibition
of mitochondrial respiration which leads to decreased ATP synthesis and cellular
apoptosis [23].

Immune Resolution of Sepsis

After tissue insult by pathogen or tissue damage, the pro-inflammatory state is
upregulated. However, for wound healing and recovery to commence the initial pro-
inflammatory state must be turned off or downregulated. Downregulation or anti-
inflammatory mechanisms of the immune system results in the arrest, quiescence, or
cell death by apoptosis of immune cells. Initially, dissipation of inflammatory signals
begins the process of downregulation. As pathogen, microbes and necrotic cell debris
is removed less inflammatory signal exists. The complement and coagulation cascade
are activated by injury and infection. As injury and infection resolve there is lack of
danger signals from these cascades decreases immune cell activation.

Active suppression by release of anti-inflammatory mediators also decreases
immune cell activation. Some anti-inflammatory mediators are glucocorticoids, cat-
echolamines, prostaglandin-E, nitric oxide, cytokines (IL-1, IL-4, IL-10, IL-13),
and TGF-f. These anti-inflammatory mediators act as competitive antagonist of
pro-inflammatory ligand and downregulate activating signal transduction. Anti-
inflammatory cytokines and TGF-p also actively suppress phagocytic cells and lym-
phocytes. Once an immune response has been ongoing there is a Th-1 to Th-2 shift
in T lymphocyte phenotype. CD4* and CD8* T suppressor cells become activated
suppressing the immune cell response. Dendritic cells also have immune suppres-
sive functions. Monocytes transition to a late response with a transition to an anti-
inflammatory phenotype and produce anti-inflammatory cytokines IL-6, IL-1, IL-10
and PGE,. Activation of co-inhibitory receptors can also block activating signals,
leading to T lymphocyte anergy and immune suppression/tolerance. Finally,
immune cell response is resolved by induction of apoptosis [41] (Fig. 4.7).
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Fig. 4.7 Immune resolution. Molecular pathways affected during immune resolution are depicted
in this diagram

Summary

In brief, we have generally (but not exhaustively) overviewed some of the salient
immunological pathways/processes that are involved/recruited during the response
to the diverse stimuli associated with the response severe injury and/or septic chal-
lenge. Hope here being that this provides a framework for understanding/consider-
ing the diverse nature of the therapeutic modalities that have been considered and
will be proposed for the treatment of the critically ill injured/septic patient.
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Chapter 5
Sepsis-Induced Immune Suppression

Nicholas Csikesz and Nicholas S. Ward

Introduction

Newton’s third law is commonly quoted as “for every action, there is an equal and
opposite reaction.” This concept was largely ignored in the initial theories regarding
the body’s response to overwhelming infection, which was characterized as a surge
of inflammation that arises to eliminate invading pathogens, and may injure the host
organism along with it. This leads to the concept that it may be possible to amelio-
rate the organ damage in sepsis by reining in this unmitigated inflammatory
response. Indeed, many early preclinical studies showed some initial promise in
mitigating sepsis mortality in animals by limiting the pro-inflammatory response.
However, a large number of clinical trials in humans of a variety of anti-inflammatory
therapies failed to demonstrate any improvement in the high mortality associated
with sepsis [1].

In 1996, Roger Bone invoked Isaac Newton in a landmark editorial discussing
possible explanations for the failure of anti-inflammatory therapies in sepsis [2].
Bone and others recognized that there was a growing body of evidence demonstrat-
ing immunosuppression following other forms of inflammation such as surgery or
trauma. He reviewed the existing evidence showing that the immune response to
sepsis is not nearly as straightforward as was originally held. In addition to the pro-
inflammatory response to sepsis, there is a concomitant anti-inflammatory response.
He postulated that the balance between these two intertwined responses largely
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determines the outcome in sepsis and coined the term “Compensatory Anti-
inflammatory Response Syndrome” (CARS) to describe the anti-inflammatory
response.

Thus was created a more nuanced view of sepsis as a pathologic dysregulation of
the immune system with both pro- and anti-inflammatory effects. Bone hypothesized
that overwhelming infection disrupts the body’s normal homeostasis such that at
different points within the time course of infection pro-inflammatory or anti-
inflammatory forces may predominate, either of which can be pathologic and con-
tribute to mortality. The most straightforward theory resulting from these ideas holds
that the early course of sepsis is characterized by the traditional pro-inflammatory
response, with capillary leak, organ dysfunction, and (if left unchecked) death. This
is then followed by a period of immune suppression during which the body is sus-
ceptible to secondary infections (and subsequent death) before returning to homeo-
stasis. The relative strength of the pro- and anti-inflammatory responses likely
depends on the host and the pathogen, as well as on external interventions (i.e.,
medical care), resulting in multiple potential immunologic responses.

Two terms critical to the discussion of this topic are immunosuppression and
immunoparalysis. For the purposes of this chapter, immunosuppression should be
considered to be the active anti-inflammatory responses (such as increased secretion
of anti-inflammatory cytokines, and increases in immune suppressor cell popula-
tions). Immunoparalysis should be considered the loss of any discernible function
that occurs in some cell populations in this process, i.e., anergy. There is now over-
whelming evidence demonstrating the clinical importance of sepsis-induced
immune suppression along with the general idea of an initial pro-inflammatory state
giving way to a later anti-inflammatory state. Almost 2/3 of deaths due to sepsis
occur after hospital day 5, during a phase marked by an increase in the percentage
of positive cultures due to normally nonpathogenic organisms [3]. Critically ill
patients have also been shown to have high rates of reactivation of dormant viruses
such as cytomegalovirus (CMV) and herpes simplex virus (HSV) [4, 5]. This chap-
ter will review the current understanding of sepsis-induced immune suppression.

Cytokines in Sepsis-Induced Immune Suppression

Cytokines play a significant role in mediating the immune response of the body. While
specific pathways of activation of individual cytokines are nuanced, many can be gen-
erally labeled as either pro-inflammatory or anti-inflammatory. Some well character-
ized pro-inflammatory cytokines include interleukin 1 (IL-1), IL-6, IL-12, tumor
necrosis factor a (TNFa), and interferon y (IFNy). Anti-inflammatory cytokines
include IL-4, IL-10, and transforming growth factor p (TGFp) although these cyto-
kines can have proinflammatory effects in other conditions [6, 7]. Both pro- and anti-
inflammatory cytokine production is stimulated early on in response to infection.
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An illustrative study demonstrating this was done by Novotny et al. [8].
Measurements of IL-6 and IL-10 were taken from human patients with postopera-
tive sepsis as well as in a murine model of septic peritonitis. The initial immune
response in both study populations was characterized by concomitant increases in
IL-6 and IL-10. Further, the relationship was exponential such that a linear increase
in the pro-inflammatory cytokine IL-6 correlated with an exponential increase in the
anti-inflammatory cytokine IL-10. This suggests that the body engages in an imme-
diate attempt to rein in the pro-inflammatory response that is unleashed in response
to infection.

IL-10 is currently thought to be the most important of the anti-inflammatory
cytokines [6]. It was first characterized around 1990 when it was shown to regulate
T-cell populations [9, 10]. It has now been established that IL-10 has multiple
immunosuppressive roles, with most important being the downregulation of TNF
[11]. In animal models of sepsis, the administration of IL-10 has been shown to
have both positive [12—14] and negative [15, 16] effects on outcome, which likely
depend on the time of administration and the severity of the infection. In one care-
fully done animal model, Ashare and colleagues [17] followed levels of pro-
inflammatory and anti-inflammatory cytokines throughout the whole course of
sepsis in mice. They found that bacterial levels in tissue correlated with IL-10 levels
and that if the pro-inflammatory response was blocked by pretreatment with IL-1
receptor antagonist, bacterial levels were higher, as was mortality. Similarly, Song
and colleagues [18] showed that blocking IL-10 activity early had no effect on mor-
tality, whereas blocking it late (12 h) after sepsis improved mortality. This suggests
that in the pro-inflammatory milieu of early sepsis, IL-10 does not have a major
role, whereas in the later phase of disease when immunosuppression predominates,
its effect is more pronounced.

The Role of Immune Cells in Sepsis-Induced
Immunosuppression

Impaired Immune Cell Function and Programmed Cell Death
in Sepsis

Activated by triggers such as antigens or inflammatory cytokines, immune cells
speed the death and clearance of infectious organisms in sepsis. This immune pro-
tection comes at a cost however, as immune cell activity can lead to tissue and organ
injury through the release of anti-infective products such as oxidants. As the sepsis
inflammatory cascade develops, the body begins the process of inhibiting these
immune cells through two processes, deactivation of immune cell function and
apoptosis.
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Some of the earliest studies in impaired immunity in states of inflammation
noted impaired immune cell function manifest as anergy [19]. Later studies were
able to characterize an array of immune cell dysfunction that accompanies severe
inflammation (reviewed below). Cell death is a common process and can occur via
two pathways, apoptosis or necrosis. Apoptosis, or programmed cell death, is a
carefully regulated process by which the body can allow for cell turnover without
inducing inflammation (as occurs with necrosis) [20]. Apoptosis of immune effector
cells is an important mechanism by which the body regulates the intensity and dura-
tion of a pro-inflammatory state. Many animal and human studies in sepsis have
shown extensive apoptosis of immune effector cells including B and CD4+ T lym-
phocytes, dendritic cells, and epithelial cells [21-24]. Additionally, the subsequent
burden that clearing these apoptic cells plays on the remaining immune cells is
thought to be a major contributor to immunoparalysis.

Neutrophils

Neutrophils play a critical role in the body’s response to infection, so it is not sur-
prising that they are intricately involved in the balance between pro- and anti-
inflammatory pathways in sepsis [25]. In contrast to many other immune cells, the
apoptosis of neutrophils is down-regulated in sepsis [26, 27]. This was shown by
Tamayo et al. in a prospective observational study of 80 septic patients and 25
healthy controls [27]. The rates of neutrophil apoptosis were decreased at 24 h,
5 days, and 12 days after diagnosis of sepsis in comparison to controls. There was
no difference seen between survivors and non-survivors of sepsis.

Additionally, immature neutrophils are released in a large number from the bone
marrow, resulting in the neutrophilia with bandemia seen in many patients present-
ing with sepsis [28]. These immature neutrophils are immunologically active. This
was shown in a prospective observational study by Drifte et al. [28]. Whole blood
from 33 ICU patients with sepsis, 12 ICU patients with SIRS, and 32 healthy vol-
unteers was taken and immune function was assessed in vitro. Immature neutro-
phils were able to engage in phagocytosis and bacterial killing via production of
reactive oxygen species, although less efficiently than mature neutrophils.
Interestingly, immature neutrophils exhibited a more pro-inflammatory state, as
evidenced by an elevated TNF-alpha/IL-10 ratio. This is important as mature neu-
trophils have been shown to be involved in the anti-inflammatory response of sepsis
via the production of IL-10 [29]. This balance between a pro-inflammatory and
anti-inflammatory state in neutrophils has been shown to predict the development
of secondary infections that are so often the actual cause of mortality in sepsis.
Stephan et al. studied in vitro neutrophil function in patients with sepsis 4 days
after they had been admitted [30]. They found that those patients who subsequently
developed a nosocomial infection exhibited impaired phagocytosis and bacterio-
cidal killing at day 4.
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Antigen Presenting Cells

Dendritic Cells

Antigen presenting phagocytes, including dendritic cells and macrophages, play a
critical role in the immune response to infection [20, 31, 32]. Tinsley et al. investi-
gated dendritic cell populations in a murine model of sepsis [24]. They found a
rapid proliferation in follicular dendritic cells in the first 36 h after infection that
was followed by extensive apoptosis, resulting in a net decrease in dendritic cell
numbers by 48 h. Fujita et al. identified a subset of regulatory dendritic cells that
activate anti-inflammatory pathways via the secretion of IL-10 [32]. Additional
studies have also identified a shift in phenotype of dendritic cells toward an anti-
inflammatory pathway in patients with sepsis-induced immunosuppression [33, 34].
These findings are in keeping with the model of sepsis as a balance between pro-
and anti-inflammatory immune responses.

Multiple studies have examined the importance of dendritic cells to the immune
response to sepsis. In a straightforward study, Guisset et al. measured peripheral
blood dendritic cell counts in patients with sepsis [35]. They found that an early
decrease in dendritic cell numbers correlated strongly with subsequent mortality
and hypothesized that this may be a useful prognostic biomarker in septic patients.
Toliver-Kinsky et al. have extensively studied the ability of a dendritic cell growth
factor, FLT3 ligand, to impact murine resistance to pseudomonal infection in burns.
They have shown that FLT3 ligand improves murine resistance to infection via
improved neutrophil function in a dendritic-cell-dependent manner [36, 37].

Monocytes/Macrophages

In contrast to dendritic cells, macrophage populations are not reduced in response
to sepsis [31]. However, numerous studies have demonstrated that monocytes/mac-
rophages effectively undergo “cellular reprogramming" with a transition from a
pro-inflammatory, immune activating response to an immunosuppressing anti-
inflammatory response [38, 39]. Indeed, the impaired monocyte response to lipo-
polysaccharide (LPS), the immunogenic cell membrane component of gram-negative
bacteria, seen in sepsis, labeled “endotoxin tolerance,” is considered to be a hall-
mark of the disorder. These alterations in monocyte function were shown in a study
by Munoz et al. using plasma from patients in the ICU with sepsis or non-septic
shock [40]. Monocytes isolated from patients with sepsis exhibited impaired release
of IL-1, IL-6, and TNF-alpha in response to LPS exposure. Further, sepsis survivors
recovered their capacity to respond to LPS exposure whereas non-survivors did not.
Monneret et al., while investigating the anti-inflammatory response in sepsis,
showed a down-regulation of HLA-receptor expression on monocytes which cor-
related strongly with levels of the anti-inflammatory cytokine IL-10 [41].
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Lymphocytes
Natural Killer Cells

Lymphopenia is a frequent finding in sepsis with reductions in all lymphocyte sub-
types [42]. In addition to a reduction in cell number, there is also evidence for
cellular reprogramming similar to that seen in antigen presenting cells. Natural
Killer (NK) cells are part of the innate immune response and were originally
described based on their ability to kill leukemic cells [43]. They play an important
role in the early response to infection, largely through production of IFNy. Similarly
to other lymphocyte populations, a reduction in NK cell numbers has been demon-
strated in septic patients [42, 44]. A higher percentage of NK cells correlates with
improved survival in septic patients [45]. Sepsis may result in NK cell tolerance to
antigen stimulation, resulting in impaired production of IFNy [44, 46, 47].

Chiche et al. demonstrated the clinical importance of this in a study of CMV
reactivation in septic patients in the ICU [48]. Patients with sepsis admitted to the
ICU were followed prospectively with serial monitoring of NK cell function while
assessing for CMV reactivation. At baseline there was no difference in NK cell
effector function between cases and controls. However, prior to CMV reactivation,
there was a decrease in the ability of NK cells to secrete IFN-gamma (and elevations
in serum IL-10 and IL-15 levels).

CD4+ Ty, Cells

CD4+ helper T cells are typically divided into two distinct subtypes, Thl and
Th2, based on their pattern of cytokine secretion in response to stimulation. Th1
cells release pro-inflammatory cytokines including TNF-a, IFN-g, and IL-2,
whereas Th2 cells release anti-inflammatory cytokines including IL-4 and IL-10
[6]. Sepsis has been shown in some studies to result in a shift toward a pro-Th2
response with the release of more anti-inflammatory cytokines, whereas other
studies have shown an overall suppression of both Thl and Th2 cells [6, 39].
These findings are consistent with the development of both immune suppression
and immunoparalysis.

A third population of helper T cells, Th17 cells, has also been identified as play-
ing an important role in sepsis-induced immune suppression. These cells are impor-
tant in protecting against extracellular bacterial and fungal infections via secretion
of IL-17 and IL-22. Th17 cells are also decreased in septic patients and loss of
effective Th17 function is thought to contribute to the occurrence of secondary fun-
gal infections in sepsis-induced immune suppression [39, 42, 49].
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yo T Cells

vO T cells are present in high numbers in the intestinal mucosa and can be consid-
ered first line defenders against particular pathogens. In 2005, Venet et al. showed
that y& T cells decrease in patients with sepsis [50]. In the largest study to date,
Andreu-Ballester et al. studied 135 patients with sepsis from an emergency depart-
ment and intensive care unit. All the y8 T cell populations decreased significantly as
the septic picture worsened. Almost 20% of patients died and the yd T cells were
significantly reduced in those septic patients who died. In this study, y& T cells
showed the largest decrease of any T cell population and the reduction correlated
with sepsis severity [51].

Regulatory T Cells

Regulatory T cells (Tg,), formerly known as suppressor T cells, are a subpopulation
of CD4+ T cells that play an important role in modulating the immune response [39].
Tre. levels are elevated in patients with sepsis compared to controls, and higher levels
(along with more immunoparalysis) are seen in non-survivors compared to survivors
[52, 53]. Several studies have attempted to elucidate the mechanisms by which Tk,
cells may directly contribute to immunoparalysis. T, cells have been shown to re-
direct monocytes and macrophages into an anti-inflammatory alternative activating
macrophages (AAM) pathway. This was partly through T, production of IL-10, but
also through a cytokine-independent pathway [54]. Tg,, cells also inhibit the memory
vS T cell production of IFN-y in response to antigen challenge [55].

Predicting Clinical Outcomes with Biomarkers of Sepsis-
Induced Immunosuppression

There have been many efforts to study the timing and magnitude of the immunosup-
pressive response in relation to patient outcomes which would create effective bio-
markers for prognosis and therapies [56]. In 1983, Keane et al. studied lymphocytes
cultured from 31 patients with severe trauma. They found that, overall, lymphocyte
response to stimulation with mitogens was markedly reduced from controls.
Furthermore, responses were lower and the duration of suppression longer in those
patients who became infected, and the suppression of response preceded the onset of
infection. Extremely low responses were found in three patients who later died [19].

More commonly, studies of patient’s monocytes and their own HLA receptor
down regulation have shown promise as a biomarker [57-66]. Asadulla et al. studied
57 neurosurgical patients and found that HLA-DR expression was lower in 14
patients who developed infection, compared with patients with an uncomplicated
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postoperative course [57]. Out of ten patients with less than 30% HLA-DR positive
monocytes, nine developed infection. They hypothesized that the mechanism of this
down regulation was high levels of endogenous cortisol as the effect coincided with
high ACTH and cortisol concentrations and similar down regulation was seen in
other patients who received high doses of exogenous corticosteroids. Subsequent
studies supported the theory that the magnitude of HLA-DR receptor down regula-
tion predicted a variety of other poor outcomes such as sepsis in liver transplant
patients [58], however that study was confounded by exogenous steroids in some
patients [60]. Allen et al. found HLA levels predicted sepsis in pediatric cardiac
surgery patients [67]. In a small study of septic adults, Su et al. found that levels of
HLA-DR positive monocytes <30% were more predictive of mortality than
APACHE II scores [65].

The predictive power of monocyte deactivation has not been shown consistently,
however and more recent studies have yielded different results. In 2003, three papers
were published that seemed to contradict earlier findings. Hynninen et al. evaluated
the HLA-DR expression of 61 patients with sepsis at admission and showed no
predictive power of HLA expression for survival [61]. Another study of 70 septic
patients also found no correlation between HLA expression and infectious or mor-
tality outcomes [63]. Interestingly, this study showed that if patients’ monocytes
were stimulated with G-CSF ex-vivo, their HLA expression increased. The third
study looked at 85 cardiac surgery patients. HLA expression was measured at
presurgery, immediately after and 1 day later. Their data showed that while all
patients’ HLA levels declined after surgery, the magnitude of the response did not
correlate with sepsis/SIRS, or other infectious complications [62]. Reasons for the
different results are unclear but may be the result of small sample sizes, timing, or
well-described variation caused by the different laboratory techniques used. In one
study, the same samples were analyzed in two different labs and differed by as much
as 20% [62].

Other studies have looked at anti-inflammatory cytokine levels as predictors of
poor outcomes; most of these studies have been on human patients and bore mixed
results. These data likely reflect the varied magnitudes and time courses of both pro
and anti-inflammatory cytokine expression in real patients. In 1998, Doughty et al.
sampled 53 pediatric ICU patients and found that high IL-10 levels correlated with
three or more organ dysfunction and mortality [68]. Ahlstrom found no predictive
value in IL-10 levels in patients with SIRS [64] but Simmons et al. found that IL-10
levels did correlate with mortality in a sample of 93 critically ill patients with acute
renal failure [69]. Perhaps the most interesting data comes from two studies that
looked at the ratio of IL-10 to TNF. In a large study of over 400 patients admitted to
the hospital for fever, van Dissel et al. showed that a higher IL-10 to TNF ratio was
predictive of mortality [70]. A similar study by Gogos et al. in a population of
patients with mixed sepsis showed the same results [56].

A postmortem study by Boomer et al. compared patients who died in the intensive
care unit (ICU) from severe sepsis with control patients who died of other causes.
They found evidence of both immunosuppression and immunoparalysis in patients
who died of sepsis. There was a marked change in the balance between suppressor
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cell populations and immunogenic cell lines including splenic CD4, CDS, and
HLA-DR cells. Additionally, they found that patients who died of sepsis had <10%
of the levels of both pro-inflammatory cytokines (TNF-a, IFN-y, IL-6) and anti-
inflammatory (IL-10) cytokines compared to patients dying of other causes [71].

Potential Therapeutic Interventions in Sepsis-Induced
Immune Suppression

Decades of research in sepsis-induced immunosuppression has fostered the concept
that both the pro and anti-inflammatory responses are necessary for recovery from
an overwhelming infection and that it is the imbalance of these forces that can lead
to organ injury and death. This has led some investigators to explore manipulation
of these systems to improve outcomes. While some animal studies in this field have
shown positive results, many have not and it is clear that in a system as complicated
as sepsis the timing and dose of any agent used to affect the degree of pro or anti-
inflammatory response are crucial factors.

Some of the first agents used to manipulate the balance of immunosuppression
were androgens and estrogens. The idea for hormonal therapy came from earlier
studies showing that testosterone seemed to have a negative impact on sepsis and
trauma outcomes and is believed to act through augmenting postinjury immunosup-
pression [72]. Two subsequent studies by the same investigators showed that admin-
istration of the estrogen-like drug DHEA reduced the immunosuppression and
improved mortality in septic mice [73, 74]. By far, most of the studies that have tried
to manipulate the balance of inflammation have involved using anti-inflammatory
cytokines that are here reviewed.

Interleukin-10

In animal models of sepsis, the administration of IL10 has been shown to have both
positive [12—14] and negative [15, 16] effects on outcome which likely are depen-
dent on the time of administration and the severity of the infection. In one carefully
done animal model, Ashare et al. followed levels of pro-inflammatory cytokines and
anti-inflammatory cytokines throughout the whole course of sepsis in mice. They
found that bacterial levels in tissue correlated with IL-10 levels and that if the
complementary pro-inflammatory response was blocked by pretreatment with IL-1
receptor antagonist, bacterial levels were higher as was mortality [17]. Similarly,
Song et al. showed that blocking IL-10 activity early had no effect on mortality,
blocking it late (12 h) after sepsis improved mortality [18]. These studies help illus-
trate how IL10 helps maintain a careful balance of the immune system in inflamma-
tion; thus, manipulation of it is so dangerous.
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Interleukin 7 (IL-7)

Interleukin 7 may be the immunomodulatory agent that is closest to clinical utility
in sepsis as it has shown positive results in animal trials of sepsis as well as has been
shown to be safe in clinical trials in humans for other disease processes. IL-7 plays
a critical role in T cell function. Mutations in IL-7 are one of the causes of severe
combined immunodeficiency (SCID) [75-77]. In a murine model of sepsis, IL-7 has
been shown to prevent loss of T-cells by both decreasing T-cell apoptosis and
increasing T-cell proliferation. This prevented the loss of delayed type hypersensi-
tivity (DTH) response and improved overall survival [78, 79]. A phase I/IIA study
in humans with HIV and persistent lymphopenia despite combination anti-retroviral
therapy demonstrated sustained increases in CD4 and CD8 T cells without signs of
a hyper-inflammatory response or other adverse effects [80].

Interleukin 15 (IL-15)

IL-15 is closely related to IL-7 [78]. It is an anti-apoptotic cytokine that is regarded
as a promising immunomodulatory therapy in cancer [81]. In murine models of
sepsis, it has been shown to block apoptosis through the BCL-2 pathway, resulting
in improved IFNy production and reversal of sepsis-induced immunosuppression,
which leads to improved survival [82]. Technical challenges related to rapid renal
clearance of its recombinant form have limited its efficacy in human studies to date,
but further trials are ongoing [81].

Programmed Cell Death Receptor-1 (PD-1) and Programmed
Cell Death Ligand-1 (PD-LI)

PD-1 and PD-L1 are part of a family of co-inhibitory cell surface molecules that
have been studied as another promising immunomodulatory therapy. PD-1 is
expressed by activated T-cells and PD-L1 by epithelial, endothelial, and antigen
presenting cells. PD-1/PD-L1 binding is thought to be part of the negative feedback
loop that is triggered by an activation of the immune system. In the presence of
prolonged antigen presence, this may lead to T cell exhaustion. Blocking the PD-1/
PD-L1 pathway has shown extreme promise in cancer immunotherapy in human
trials [83, 84]. In studies of human septic patients, PD-1 and PD-L1 expression has
been shown to be upregulated in T cells and monocytes respectively [85, 86].
Further, levels of expression of PD-1 and PD-L1 correlated with increased second-
ary infections and mortality [86]. In murine models of bacterial sepsis as well as in
both primary and secondary fungal sepsis, blockade of this pathway has resulted in
improved survival [87, 88]. Human studies of anti-PD-1 and anti-PD-L1 have not
yet been performed.
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Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF)

Loss of immune cells is an important factor in sepsis-induced immune suppression.
Stimulating immune cell production has been looked at as a therapeutic target.
Initial studies focused on granulocyte stimulating factor (G-CSF), which resulted in
a marked increase in neutrophil number, but no change in clinical outcomes [89,
90]. Given the loss of cell types other than neutrophil as well as the importance of
non-neutrophil immune cells in fighting the secondary viral and fungal infections
that are common in sepsis-induced immune suppression, subsequent studies have
focused on inducing a broader immune response with GM-CSFE. Two such studies
in humans have shown promising results, and are also notable for their use of a
biomarker-based approach for identifying patients in the immunosuppressed phase
of sepsis [91, 92]. While neither study was powered to show a difference in mortal-
ity, both showed improvement in markers of immune function (specifically TNF-a
production) in patients treated with GM-CSF.

Interferon-Gamma

IFNYy is a key downstream mediator activating the innate immune response. I[FNy
levels are decreased in patients with sepsis-induced immune suppression.
Administration of IFNy in uncontrolled studies has been shown to restore immune
function [93, 94]. At least five studies have examined the use of gamma interferon
which has been shown in-vivo to reverse monocyte deactivation [95, 96]. Two very
similar small trials were done on human subjects with sepsis [93, 97]. In both stud-
ies, subjects with sepsis and monocyte HLA-DR expression of 30% or less were
given interferon gamma. Both groups reported increases in HLA-DR expression,
usually after just one dose. One of the studies also examined the monocytes ex-vivo
and showed that interferon improved monocyte cytokine production as well [93]. A
third human trial was different in that it sought to study the effects of Interferon
gamma regionally [98]. In this study, the authors selected 21 patients with severe
trauma and alveolar macrophage dysfunction as determined by a bronchoalveolar
lavage sample showing macrophage HLA-DR expression of 30% or less. Interferon
gamma was administered via inhalation. They found about 50% of the subjects had
an increase in their alveolar macrophage HLA-DR expression. These patients had a
lower incidence of pneumonia but no other differences in outcomes. The small
numbers and lack of a control population in all three of these studies limit the con-
clusions that can be drawn, especially since HLA-DR expression is known to
increase as patients recover. A small randomized controlled trial of IFNy in sepsis is
ongoing (ClinicalTrials.gov number: NCT01649921).
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Conclusion

Sepsis-induced immune suppression is likely a major contributor to the morbidity
and mortality associated with sepsis. It is characterized by a decrease in immune
effector cell number as well as loss of function, which results in increased suscepti-
bility to secondary infections. Potential therapies to augment the immune response
show promise as a means to decrease sepsis-related mortality but large randomized
controlled trials have not yet been done.
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Chapter 6
Molecular Targets for Therapy

Andre C. Kalil and Steven M. Opal

Introduction

Defining potential molecular targets for sepsis therapeutics has proven to be a real
challenge in translating laboratory findings into effective clinical treatments. A myr-
iad of possible targets have been proposed from preclinical studies but they often have
overlapping pathologic functions, can differ depending upon the causative microbial
pathogen, site of infection, and status of the immune response of the host at the time
of treatment is initiated. When attempting to modulate the host response in critically
ill patients during an ongoing systemic infection, the capacity to do harm is substantial
and the net effects of such interventions on host defenses and antimicrobial clearance
mechanisms in individual patients are highly variable. Finding a final common path-
way that drives sepsis pathophysiology has been elusive and has limited progress in
developing new sepsis therapeutics. Current aims to improve outcomes in sepsis are
now focused upon regulation of the coagulation system; maintenance and repair of
endothelial surfaces and the blood compartment; epithelial membrane integrity;
regulating the dysfunctional systemic immune response in sepsis; and bolstering host
defenses against microbial toxins and virulence.

A.C. Kalil, MD, MPH (2<)

Infectious Disease Division, Department of Internal Medicine,
University of Nebraska Medical Center, Omaha, NE, USA
e-mail: AKalil@unmc.edu

S.M. Opal, MD

Infectious Disease Division, Memorial Hospital of RI, Alpert Medical School
of Brown University, 111 Brewster Street, Pawtucket, RI 02860, USA
e-mail: Steven_Opal@brown.edu

© Springer International Publishing AG 2017 89
N.S. Ward, M.M. Levy (eds.), Sepsis, Respiratory Medicine,
DOI 10.1007/978-3-319-48470-9_6


mailto:AKalil@unmc.edu
mailto:Steven_Opal@brown.edu

90 A.C. Kalil and S.M. Opal

Molecular Targets for Sepsis Therapies
Within the Endothelium and Coagulation System

The hemostatic system is among the oldest human evolutionary tools for humans to
defend themselves against invasions from microorganisms such as bacteria and fungi by
isolating them through the formation of micro clots, triggering an inflammatory
response, and then allowing the immune system to act more effectively within these
locations [1]. However, the derangement of this hemostatic system may lead to seri-
ous coagulation disturbances, including disseminated intravascular coagulation,
microvascular thrombosis, hypoperfusion, organ failure, and death; accordingly, cor-
rect modulation of this clotting system could reduce the development of organ failure
and death in patients with severe sepsis [2]. Thrombin and other serine proteases of
the clotting system are highly injurious when generated in the intravascular space and
are pro-thrombotic and pro-inflammatory mediators. There are three main regulators
of the coagulation system during sepsis: tissue factor pathway inhibitor, protein C, and
antithrombin. These three coagulation inhibitors work simultaneously on limiting the
excessive thrombin generation. When any of these molecules becomes qualitatively or
quantitatively dysfunctional, a hypercoagulable state evolves during sepsis. Therefore,
concentrates and recombinant forms of these molecules have been administered to
humans with the intent to improve outcomes of patients with sepsis-induced hyperco-
agulable states. We discuss the evidence in favor of and against the use of these molec-
ular targets as potential therapies system during sepsis and severe sepsis.

Antithrombin

Antithrombin is a direct inhibitor of thrombin and serine proteases factors Xa and
IXa, and leads to the formation of thrombin—anti-thrombin (TAT) complexes.
Antithrombin becomes depleted in patients with sepsis and its function is further
compromised by the reduction of glycosaminoglycans on the endothelial surface
during sepsis. High doses of antithrombin concentrates (plasma-derived) have been
used in clinical trials with the goal to achieve supra-physiologic plasma levels in
patients with sepsis and/or DIC. A large phase III clinical trial (KyberSept) [3] in
patients with severe sepsis showed no survival benefits with antithrombin; however,
the concomitant use of heparin and the heterogeneous population with and without
DIC may have precluded the detection of potential benefits.

A Cochrane systematic review [4] concluded that anti-thrombin was not associ-
ated with significant mortality reduction (RR = 0.96, 95% CI 0.89-1.03), and a
similar study done by the same authors [5] with the use of trial sequential analysis,
reached similar conclusions; in addition, they concluded that the sample size of
their meta-analysis was large enough to conclude that antithrombin was not associ-
ated with a 10% relative death reduction, but the available evidence could not rule
out a potential 5% relative death reduction. Another meta-analysis performed by
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Wiederman and Kaneider [6] evaluated only studies and patient subgroups that
received antithrombin, had both severe sepsis and DIC, and did not receive heparin.
They concluded that there was a significant (35%) reduction in the relative odds of
death (OR = 0.65, 95% CI 422-0.998; p = 0.049). However, their analysis was
based on the pooling of post-hoc subgroup data, which may have introduced both
multiplicity (higher probability of false-positive) and selection bias since the ran-
domization process for the subgroups was not followed as in the original studies.
Bleeding adverse events were more common in the large clinical trials as well as in the
Cochrane meta-analysis: RR = 1.52 (95% CI 1.30-1.78), and the concomitant use of
heparin further increased the rate of bleeding: RR = 1.77 (95% CI 1.43-2.18).

Many factors may have confounded the antithrombin trial results: baseline disease
severity, baseline level of sepsis-induced coagulopathy, heparin interaction, and rate
of antithrombin alpha-form in the concentrate formulations; thus, more evidence is
needed to better define the role of antithrombin in patients with severe sepsis and
coagulopathy. A new recombinant form of antithrombin (KW-3357) is currently
being evaluated in a clinical trial in Japan.

Recombinant Tissue Factor Pathway Inhibitor (TFPI)

Tissue Factor (TF) is the major initiator of coagulation in vivo and plays an integral role
in blood coagulation and thrombin generation. TF signaling proceeds with the sequen-
tial generation of coagulation mediators (FVIla, FXa, and FIla: active serine proteases)
and fibrin production, all of which further enhance the pro-inflammatory state via inter-
actions with protease activated receptors (PAR1-4) [7]. TFPI is an endogenous serine
protease inhibitor that inactivates factor Xa and VIla/tissue factor complex in a
Xa-dependent way. Two clinical trials on the use of a recombinant form of TFPI
(Tifacogin) have been performed in humans with severe sepsis [8, 9]. The phase II trial
[8] showed a nonsignificant trend to lower 28-day mortality by 13% (28% vs. 41%;
p = 0.14), but the small sample size of the study precluded further interpretation.
Subsequently, a larger phase III trial was executed, and the overall 28-day mortality
was not different between TFPI (32.4% [N = 880]) and placebo (33.9% [N = 874]);
p =0.88. Because heparin displaces TFPI from biding glycosaminoglycans on the sur-
face of endothelial cells, a subgroup analysis was done for the presence versus the
absence of heparin; the results suggested a potential survival benefit for patients who
received TFPI without concomitant heparin: 34.6% vs. 42.7% (p = 0.05). Different
baseline INR levels (lower or higher than 1.5) were not associated with changes in
survival benefits. However, bleeding as adverse events were more frequent in patients
who received TFPI (24%) compared to placebo (19%), p = 0.008. Questions about the
optimal dose of TFPI, best population target (sepsis-induced coagulopathy), ideal ratio
between TFPI-alpha and TFPI-beta, and its overall efficacy and safety remain ill defined.
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Recombinant Human Activated Protein C

Protein C is a vitamin K-dependent protein, which is activated by proteolysis on the
thrombin-thrombomodulin complex and by the endothelial protein C receptor. The
activated form of protein C decreases thrombin generation by an irreversible inhibition
of the acceleration factors of the coagulation system Factor Va and VIIIa. A recombi-
nant human form of activated protein C (drotrecogin alfa activated) has anticoagulant,
anti-inflammatory, profibrinolytic, and cytoprotective effects. Several experimental
studies in mice, rats, and baboons have shown the in vivo effect of activated protein C
and suggest that the cytoprotective effects of activated Protein C are more important
than its anticoagulant effects [10—12]. Two large meta-analyses have recently been per-
formed; the study by Marti-Carvajal et al. [13] included only randomized trials and
reached the conclusion that recombinant activated protein C was not associated with
mortality reduction (RR = 0.97, 95% CI 0.78-1.22), while the study by Kalil and
LaRosa [14] concluded this therapy was significantly associated with mortality reduc-
tion (RR = 0.82, 95% CI 0.78-0.87) in patients with severe sepsis. The major differ-
ence between these two meta-analyses was related to the evaluation of all available
evidence, including analytical and controlled studies that were included only in Kalil
and LaRosa’s study. Both meta-analyses showed significant increase in bleeding
adverse events with activated protein C compared to controls. The discordant results
between two of the largest phase III trials—PROWESS [15] and PROWESS-SHOCK
[16], were likely due to highly significant clinical and statistical heterogeneity between
these studies [17]. Thus, the final verdict on the efficacy of recombinant activated pro-
tein C in patients with severe sepsis is yet to be handed down.

Thrombomodulin

Thrombomodulin promotes the thrombin-mediated activation of protein C and during
severe sepsis and septic shock this molecule is downregulated, which corroborates to
a pro-coagulant and pro-inflammatory state. A recombinant form of soluble thrombo-
modulin has been approved for clinical use in Japan since 2008 based on a RCT which
enrolled 234 patients with hematologic malignancy or infection [18]; their results
showed a higher rate of DIC resolution: 66.1% in experimental therapy vs. 49.9% in
the control group (p < 0.05), and no differences were noted in bleeding rates.
Subsequently, a phase II placebo-controlled RCT was performed in patients with
severe sepsis [19], and the results showed no significant differences in mortality
(21.6% vs. 17.8%) or bleeding rates (5.1% vs. 4.6%). However, a subgroup of patients
with evidence of coagulation activation (thrombocytopenia and elevated international
normalized ratio [INR]) appeared to benefit from soluble thrombomodulin. A large
phase III trial is currently enrolling patients with severe sepsis and coagulopathy to
further evaluate the efficacy and safety of recombinant thrombomodulin.
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Heparins bind to antithrombin and lead to conformational changes that augment
its anticoagulant activity by several hundred times. A clinical trial on the effect of
heparin on the survival of patients with sepsis was completed in 2009 and no sig-
nificant 28-day survival benefit was observed [20] (14% vs. 16%; p = 0.652).
Another study, the XPRESS trial [21] showed a trend for survival benefit with
prophylactic doses of heparin (28.3% vs. 31.9%; p = 0.08). Several other studies
have been performed and a just published systematic review and meta-analysis by
Zarychanski et al. [22] showed significant mortality reduction with the use of
heparin (unfractionated—S§ trials, and low molecular weight—1 trial) compared
to placebo or usual care: RR = 0.88 (95% CI, 0.77-1.00; p = 0.05). The authors
noticed poor reporting of bleeding side effects in most studies, but suggested up
to twofold increase in bleeding events. The Canadian Critical Care Trials Group
is planning to perform a phase III RCT on the efficacy of heparin in patients with
severe sepsis.

Heparin has a number of other anti-inflammatory effects that might be of thera-
peutic value n sepsis independent of its anticoagulant properties by activating anti-
thrombin. During blood stream infection, neutrophils aggregate and discharge their
DNA into an intricate network of fibers called neutrophil extracellular traps (NETs)
[23]. These NETSs function as intravascular nets that physically capture bacteria in
the circulation. In the process of forming NETs, extracellular histones are released
from the nucleus, which are strongly positively charged and induce generalized
inflammation via activation of the pattern recognition receptor Toll-like receptor 4
[24, 25]. Heparin is among the strongest negatively charged molecules known in
human biology and can avidly bind and inactivate histone signaling [26, 27]. Even
non-anticoagulant forms of heparin bind to circulating histones and are highly pro-
tective in animal models of sepsis [23]. The degree to which this and other anti-
inflammatory effects of heparin account for its potential protective effects in septic
patients is unknown at present.

The Vascular Endothelium as a Target for Sepsis Therapeutics

The endothelial surface regulates intravascular inflammation and to a lesser extent
extravascular inflammatory responses during sepsis [28, 29]. The innate immune
system and coagulation pathways coevolved to collaborate in protecting the host
from the simultaneous risk of exsanguination and invasive microbial infection
following any break in the integument. The interface between clotting and inflam-
mation is particularly critical in sepsis [2]. Dysfunction or disruption of the endo-
thelial barrier by injury or apoptosis exposed the fluid phase of the blood compartment
to subendothelial sources of tissue factor (TF), the main initiator of coagulation
activation in sepsis. Activated monocytes and macrophages are major sources of TF
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in severe sepsis. Even activated endothelial cells themselves can express TF along
their cell surface when exposed to high levels TNF or interleukin-1f. TF binds
circulating factor VII and this TF:FVIIa complex and activate factor X with genera-
tion of thrombin and fibrin. TF can also reside on microparticles (MPs) shed from
hematopoietic and endothelial cells. MPs can activate both coagulation and inflam-
mation in sepsis [30].

Platelet adhesion to activated endothelial cells is increased in sepsis by alterations
in von Willebrand factor. Final assembly of von Willebrand factor multimers occurs
on endothelial surfaces. Large multimers of von Willebrand factor, occur in sepsis
which avidly bind to platelet glycoprotein Iba under conditions of shear force [31].
These large von Willebrand factor multimers are normally cleaved by a protease
known as ADAMTS 13 (a disintegrin and metalloproteinase with a thrombospondin
type 1 motif, member 13). Sepsis induces an acquired deficiency of ADAMTS13,
resulting in ultra-large von Willebrand factor multimers and platelet adhesion to
injured endothelium [30, 31]. Expression of P-selectin on adherent platelet surfaces
link platelets to leukocytes and endothelial cells, further amplifying TF expression
on monocytes [32].

Thrombin and other activated clotting factors cleave a set of unusual seven-
transmembrane receptors known as protease-activated receptors (PARs) [33]. Four
PARs exist in humans and can either promote or disrupt endothelial barrier func-
tion, depending on which G-protein-linked intracellular signaling pathway is acti-
vated. Thrombin bound to PARI in early sepsis contributes to endothelial
dysfunction by GTPase RhoA-dependent cytoskeletal derangements in endothelial
cells and induces endothelial cell contraction and rounding [30, 33]. Endothelial
cell contraction disables extracellular membrane barrier function thereby increas-
ing vascular permeability. Macromolecules such as large proteins and white cells
can now exit the circulation into the extravascular space. Over time thrombin-
PARI complexes transactivate PAR2 and form PARI-PAR?2 heterodimers on
endothelium. This reverses the net effect of thrombin generation to an endothelial
barrier protection effect. This is mediated by PARI-PAR?2 switching of intracel-
lular GTPase signaling from the RhoA-mediated barrier disruptive pathway to a
PAR2-mediated Racl endothelial barrier protective function. This two way com-
peting pathway can be manipulated to a therapeutic advantage with agents that
target specific PARs [34-36].

Endothelial barrier function prevents vascular leak, maintains an anticoagulant
surface and prevents macromolecules from exiting the microcirculation. Endothelial
barriers are maintained by adherens junctions, consisting of vascular endothelial
(VE)-cadherin, and tight junctions (the zona occludens), formed by occludins and
claudins [33]. Intracellular actin filament networks maintain endothelial cell apposi-
tion and this is further supported by transmembrane Robo4-slit proteins [37, 38].
Several treatment options designed to retain endothelial barrier function are now
under preclinical and clinical investigation (see Table 6.1).
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Table 6.1 New treatment options targeting coagulation and the endothelium in sepsis

Molecule

Mechanism(s) of action

Current status

Heparin and
non-anticoagulant
heparin

Activate antithrombin, binds histones,
blocks endothelial cell adhesion

Nonanticoagulant
heparin preclinical;
heparin-P II1

Recombinant
antithrombin

Limits coagulation; anti-inflammatory limits
WBC migration and adherence

P II study in Japan

Non-anticoagulant
Activated Protein C

Cytoprotective activities, limits Endothelial
cell apoptosis

Preclinical studies

Anti-HMGB1 mAb Blocks HMGB 1-mediated loss of

endothelial barrier function

Preclinical studies

Fibrinopeptide Bf;5 4, | Fibrin split product binds VE-cadherin and | P II clinical trials

(FX06) stabilizes Endothelial junctions

Pepducins Lipidated peptides promote PAR2-Rac- Preclinical studies and
mediated endothelial barrier function early clinical studies

VEGEF receptor mAb | Prevents loss of VE-cadherin from Early clinical trials

endothelial junctions

Prevents endothelial apoptosis; degrades
C5a, limits neutrophil binding

Recombinant human
thrombomodulin

Available in Japan, in
Phase III clinical trials

P phase of clinical trial, HM GBI high-mobility group box 1, PAR2 protease-activated receptor 2,
Rac an intracellular signaling molecule from a subfamily of guanosine triphosphatases (GTPase),
VEGF vascular endothelial growth factor, VE vascular endothelium, mAb monoclonal antibody.
See Refs. 29, 33, 37, 39 for review

Epithelial Barrier Protection as a Therapeutic Target in Sepsis

Loss of epithelial mucosal barrier protection contributes to initiation and amplification
of systemic immune dysfunction in sepsis [39-41]. Mucosal ischemia and inflam-
matory changes are commonplace is septic shock patients and these events can per-
turb endothelial function and the resident microflora that inhabit these mucous
membranes. Epithelial membranes play an essential role in normal physiology.
Epithelial cells separate the parenchymal tissues from the external milieu and are
polarized with an apical surface and a basolateral surface. The feature selective
semipermeable membranes that determine the rate of water, solute, and macromol-
ecule flow, and segregate the endogenous microbiota, now referred to as the resident
microbiome, from host tissues [42].

The microbiome of the gut is best known by less complex microbiomes are now
recognized in the lower airways, oropharynx, skin, and genitourinary tract [42—44].
The gut microbiome contains 100-fold more expressed genes that the entire
complement of expressed human genes. The microbiome consists of over 10" bacterial
cells with is home to thousands of different species of bacteria, viruses, Archea,
fungi, and commensal protozoan parasites. Changes in the microbiome certainly
occur in critical illness and the relevance of these alterations on the human host is
only beginning to be understood. Attempts to regulate and reestablish a healthy
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microbiome might represent a novel strategy to promote the resolution of sepsis in
patients with persistent critical illness (PCI) [41, 45].

This might be feasible by probiotics (the placement of favorable bacterial strains
or fungi along the epithelium to reestablish a healthy microbiome) or prebiotics (the
process of placing a nonabsorbable complex polysaccharides or other macromole-
cules to alter the substrates for metabolism on the microbiome population and alter
its makeup of microorganisms). These efforts have already produced some limited
success, particularly in preventing necrotizing enterocolitis in critically ill neonates
and preventing recurrent respiratory infections in children [46]. Many other possi-
ble benefits could accrue by regulating the microbiome. Some preliminary studies
suggest that probiotics or prebiotics could be useful to prevent colonization and
infections from multidrug-resistant, nosocomial gram-negative bacterial pathogens
[47-51] and recurrent Clostridium difficile-associated colitis [52].

Another therapeutic option is to repair damaged epithelial cells or reestablish the
structure and functional junctions between adjacent epithelial cells. In the gut epi-
thelium cells are held together by intercellular adhesion molecules including occlu-
din, ZO-1, and claudin [39, 53]. Growth factors such as granulocyte-macrophage
colony stimulating factor [53] and hepatocyte growth factor [54], along with spe-
cific cytokines including interleukin-11 [55], IL-22 [56], and other epithelial growth
factors [57, 58] can reduce epithelial apoptosis, strengthen tight junctions, and stim-
ulate growth promote growth and repair and strengthen epithelial tight junctions.
New epithelial barrier defensive strategies to prevent or to treat sepsis are presented
in Table 6.2.

Table 6.2 New sepsis agents targeting the epithelium

Therapeutic agent Mechanism(s) of action Developmental status

GM-CSF Epithelial and myeloid cell growth Preclinical and pilot studies in
factor, limits colonic inflammation and | humans [53]
facilitates injury repair

Hepatocyte growth Epithelial growth factors, Preclinical studies [54]
factor (HGF) cytoprotective for intestinal epithelium
Interleukin-11 and Epithelial growth factor promotes tight | Preclinical studies and pilot
Interleukin-22 junctions and prevents epithelial clinical studies [55, 56]
permeability and apoptosis
Regulate the Tightens epithelial junctions, Preclinical studies [51, 52]
microbiome stimulates intestinal immunity, limits
MDR pathogens and C. difficile
Insulin-like growth Prevents sepsis-induced excess gut Preclinical studies [57]
factor-1 epithelial permeability and apoptosis
TNFAIP3 Maintains tight junction occludins and | Preclinical investigations [58]

epithelial barrier during sepsis

Anti-HMGB1 mAb | Limits gut permeability and lowers Preclinical investigations [59]
cytokine response following I/R

GM-CSF granulocyte-macrophage colony stimulating factor, MDR multidrug resistant, TNFAIP3
tumor necrosis factor alpha-induced protein 3, HMGBI high mobility group box, I/R ischemia
reperfusion injury
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Other Promising New Therapeutic Targets to Treat Sepsis

High Mobility Group Box 1

HMGBI is a nuclear 30 kDa DNA binding protein that is secreted from activated
immune effector cells and cells undergoing necrosis [59-61]. The disulfide form of
HMGBI signals through the LPS receptor MD2-TLR4 (myeloid differentiation 2
toll-like receptor 4) [61]. HMGBI1 disrupts endothelial barriers, and promotes the
release of large quantities of IL-1 alpha and beta from endothelial cells [62—64].
HMGB1 induces major defects in gut epithelial barrier function and induces mucosal
hyper-permeability in shock states [59]. HMGBI1 also contributes to mitochondrial
injury and cellular apoptosis [61]. Compelling evidence now supports the important
role of HMGBI in the perpetuation of septic shock in its later phases. Remarkably,
HMGBI also appears to play a role in the rather common occurrence of cognitive
decline as a late complication of severe sepsis, at last in mouse models [65].
Antibodies to HMGB1 and other inhibitory strategies to block HMGB1 actions are
protective in experimental sepsis. Hopefully therapies that specifically target HMGB 1
will be tested in human clinical trials in sepsis in the near future.

Another anti-HMGBI1 approach is blocking its activity at the tissue receptor
level. The receptor of advanced glycated end products (RAGE) is another HMGB 1
binding and signaling protein expressed on the surface of hematopoietic cells and
other tissues. Administration of a soluble inhibitor of RAGE known as sRAGE is
effective in preventing organ damage and lethality in animal models of sepsis [66].

Plasma levels of a ubiquitous human protein called gelsolin fall rapidly in severe
sepsis and the loss of this protein impairs actin clearance, reduces phagocytosis, and
promotes inflammatory cytokine generation [67]. Recombinant gelsolin is available
and could be a potential novel therapy for severe sepsis. There are a number of inno-
vative hemoperfusion devices that function as blood purification strategies. One
column is in phase III testing uses fixed polymyxin which binds endotoxin and other
inflammatory molecules [68]. Another column adsorbs cytokines from the circula-
tion and is available clinically in some European and Asian countries [69, 70].
Another uses the complement related pattern recognition receptor mannose binding
lectin to bind endotoxin and bacterial, viral, and fungal pathogens [71]. Another
promising blood purification strategy is heparin bound columns that avidly bind to
many bacterial pathogens to clear bacteremic infections [72]. These devices might
be particularly useful in clearance of blood stream infections with multidrug-
resistant bacteria no longer susceptible to standard antimicrobial agents.

Oral administration of protease inhibitors to prevent increased gut permeability
from pancreatic enzymes are in clinical trials at present [73]. Non-absorbed agents
like transexamic acid and related protease inhibitors remain in the gut lumen and pro-
tect the intestinal epithelium from protease-mediated excess permeability during sep-
tic shock. Other novel sepsis therapies are designed as mitochondrial sparing agents
to prevent intrinsic pathway activation of cellular apoptosis [74, 75]. Considerable
interest has recently developed in readily available methods of regulating the host
inflammatory status by immunometabolism approaches [76, 77].
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Table 6.3 Other molecular targets and treatments to prevent or manage sepsis

Therapeutic agent

Mechanism(s) of action

Developmental status

Recombinant gelsolin

Clears extracellular actin,
immunomodulatory activity

Early clinical trials in
pneumonia and sepsis
[67]

Polymyxin B perfusion
columns, other blood
purification strategies

Clears bacterial LPS, inflammatory
cytokines, HMGB 1, MDR pathogens,
inflammatory mediators

In early trials to phase 3
clinical trials [68-72]

Orally administered
protease inhibitors

Block pancreatic enzyme-mediated
gut injury and increased permeability

In phase 2 trials [73]

Mitochondrial sparing
agents

Improves cellular energetics and limits
intrinsic pathway apoptosis

Preclinical investigations
[74,75]

Immuno-nutrition
strategies

Can induce inhibitory phenotype of
macrophages and lymphocytes

Preclinical investigations
[76,77]

mAD to PCSK9

Promote clearance of LPS and other
pathologic lipids by the LDL receptor

Preclinical and early
human studies [78, 79]

Pro-resolving agents

Promote resolution of inflammation,
tissue repair, clear inflammatory cells

Preclinical investigations
[80]

LPS lipopolysaccharide, mAb monoclonal antibody, HMGBI high mobility group box 1, MDR
multidrug resistant, PCSK9 pro-protein convertase subtilisin kexin type 9, LDL low density
lipoprotein

Targeting specific proteases including PCSK9 (proprotein convertase subtilisin
kexin type 9) appear promising as methods to improve hepatic clearance of bacterial
endotoxin and removal of other injurious host-derived and pathogen-derived lipid
mediators from the circulation in sepsis [78, 79]. Moreover, evidence now exists
that recovery from sepsis and initiation of tissue repair is not a passive process of
simply the lack of active inflammation. Resolution from sepsis is not a passive event
but an active, organized process mediated by specific, lipooxygenase-derived, lipid
signaling molecules such as resolvins or protectins [80]. Synthetic proresolving
agonists might prove useful to prime the resolution phase of sepsis. The current
status of these and other promising agents are listed on Table 6.3.

Immune Regulation and Immune Reconstitution
as a Molecular Target

A myriad of immunologic findings clear demonstrate that sepsis-induced immune
dysfunction occurs in many patients with prolonged sepsis and PCI [39, 41].
Reduced T cell and B cell functions, reduced lymphocyte proliferative capacity
excess apoptosis, T cell exhaustion and dysregulated innate immune responses are
readily demonstrable and likely have important adverse clinical consequences [81].
Reduced expression of major histocompatibility complex (MHC) class II antigens
on antigen presenting cells frequently occur in severe sepsis [82]. Opportunistic
viral infections are reactivated in the majority of patients with severe sepsis after
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prolonged ICU care [83, 84] and closely replicate the occurrence of systemic oppor-
tunistic viral infections observed in organ transplant recipients [85]. Disseminated
cytomegalovirus infection and herpes simplex infection occur regularly in severe
sepsis patient. Opportunistic bacterial and fungal infections also occur at high fre-
quency in septic patients [82].

A number of therapeutic strategies to limit immune dysfunction or reconstitute
immune function following sepsis are now in early clinical development. These
include the T cell growth factor and thymic conditioning factor known as thymosin
alpha 1 [86], inhibitors of inhibitory control mechanisms such as anti-programmed
cell death ligand (PDL1) antibody [81], or anti-B and T lymphocyte attenuator
(BTLA) [82], or other immune support and T cell growth factors such as interleukin-
7 and IL-15 [87, 88]. Mesenchymal stem cells have remarkable immune regulation
activities and might prove useful to manage selected patients with septic shock [89].
Immunostimulatory oligodeoxynucleotides appear capable of restoring immune
competence in experimental models of sepsis and might find their way into clinical
trials in the future [90, 91].

What is not clear at present is whether sepsis-induced immune suppression is
primarily a physiologic, compensatory defense mechanism to control an overly exu-
berant systemic immune response in sepsis, or a pathological state of immune sup-
pression increasing the risk of secondary infections [92]. When, if ever, does this
compensatory anti-inflammatory state move from a necessary immune control
mechanism of net benefit to patients to a state of immunosuppression that puts the
patient at excess risk from opportunistic infection? It seems likely that status of the
dysregulated immune function in sepsis will vary between individual patients and
over time in the same septic patient. Interventions designed to regulate the systemic
immune response will need to be carefully conducted in controlled clinical studies
with regular monitoring of immune function to safely use these immune response
modifiers [93].

Finally, short peptide inhibitors of the CD28 homodimer interface during cell acti-
vation between the costimulatory signals on antigen presenting cells and T lympho-
cytes look promising in experimental studies in toxic shock syndromes and necrotizing
soft tissue infections [94, 95]. A recent phase II trial with a CD28 inhibitory peptide
known as AB103 was successful in a phase II trial in patients with necrotizing fasciitis
and is scheduled to enter phase III trials by the end of 2015 [96].

Conclusions

With the ever-increasing knowledge of the molecular and cellular mediators of sepsis
have come remarkable new targets for interventions. Recovery and maintenance of
epithelial and endothelial barriers are just some of the promising new targets for
new therapies for sepsis. Other experimental agents currently in development promote
cell survival by targeting mitochondria and cellular energetics. New strategies that
bolster immune defenses should be tested at this time when progressive antimicro-
bial resistance among bacterial and fungal pathogens threatens to efficacy of our



100 A.C. Kalil and S.M. Opal

most effective weapon against sepsis antibiotics. We anticipate that novel agents
targeting new molecular mediators, combined with appropriate biomarker-driven
trials using innovations in genomic medicine, will bring a new generation of adju-
vant therapies to benefit patients in septic shock.
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Chapter 7
Mechanisms of Organ Dysfunction
and Altered Metabolism in Sepsis

Douglas R. Closser, Mathew C. Exline, and Elliott D. Crouser

Sepsis Overview

The term “sepsis” was first described by Hippocrates (c.a. 460-370 BC) in reference
to blood putrefaction (septicemia) and fever, and the connection between sepsis and
bacteria was made by French chemist Louis Pasteur (1822—1895). No treatment has
been shown to prevent the onset or hasten recovery of failed organ systems during
sepsis, which often persists long after the infection has been eliminated and ultimately
leads to the death of the patient. Mechanisms linking host-pathogen interactions to
organ dysfunction remain poorly understood and related insights may provide the
key to more effectively treating sepsis-induced organ failures. This chapter will
discuss the current theories of sepsis-induced organ failure and potential future
therapies that might be derived from new understanding of the pathophysiology
of sepsis.

Severe Sepsis and Organ Dysfunction

As discussed in preceding chapters, sepsis is historically defined as the presence of
two of the four systemic inflammatory response syndrome (SIRS) criteria and a
known or suspected infection. The definition of sepsis is limited by the nonspecific
nature of the SIRS criteria which can be manifested in many diseases and even in
healthy subjects undergoing physical or emotional stress. It is also limited by the
difficulty in detecting or confirming infections.
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As displayed in Table 7.1, any vital organ can be adversely affected by sepsis.
The extreme diversity of presentations both in terms of severity of organ dysfunc-
tion and heterogeneity of organ involvement has historically prompted investigators
to look for systemic and unifying mechanisms of organ dysfunction, rather than
considering organ-specific mechanisms. In this regard, circulating toxins released
from infectious organisms and activated immune cells and/or alterations in the dis-
tribution of vital metabolic substrates are most commonly incriminated in the
pathogenesis of sepsis-induced organ failures. However, these simplistic models of
disease have not held up to scientific scrutiny, and new paradigms are emerging to
explain the vital organ dysfunction in the context of sepsis.

The Spectrum of Organ Damage during Human Sepsis
and Septic Shock

Before considering the likely mechanisms contributing to organ failures during
human sepsis, which is most often gleaned from animal models, it is important to
first establish what is observed to exist in humans. Beyond the physiological (e.g.,
fever, tachycardia, tachypnea, hypotension, lactic acidosis) and peripheral immune
(e.g., leukocytosis or leukopenia) manifestations of sepsis, relatively little is known
about the mechanisms contributing directly to organ failures in humans.
Unfortunately, meaningful real-time analyses of the altered cells and tissues of fail-
ing organs are not feasible in living humans in the hospital setting, and mechanisms
must be inferred from tissue specimens derived from nonvital organs (e.g., blood,
skeletal muscle), imaging studies, or from post-mortem examinations.
Post-mortem examination of failed organs in the context of sepsis is logistically
complicated and rarely feasible within a timeframe that would provide useful infor-
mation. This is mainly due to the rapid degradation of the tissues and the need for
immediate tissue harvesting. Several studies have overcome these obstacles and
have provided critical insights into the likely mechanisms of sepsis-induced organ
failures. An interesting series of investigations performed in the late 1970s sought to
determine the ultrastructural changes in vital organs in the context of acute, over-
whelming, and ultimately fatal septic shock [1, 2]. For example, one of the septic
patients selected for these studies developed refractory shock with multiple organ
failures and death within 24 h of acute bowel perforation. This scenario is uncom-
mon in modern ICUs due to rapid resuscitation protocols. Nonetheless, ultrastruc-
tural analysis of the vital organs in those who died acutely of septic shock revealed
widespread endoplasmic reticulum (ER) and mitochondrial swelling and disruption
of mitochondrial structures with evidence of extensive cell necrosis. By contrast,
those who survived the early phase of shock only to die of sustained multiple organ
failures had evidence of extensive autophagocytosis, which is in keeping with
attempts to remove damaged cellular components to avoid cell death. It was further
noted that delayed deaths in septic shock were associated with a discrepancy
between profound organ failure and the paucity of ultrastructural abnormalities.
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These early observations were substantiated in a more recent study by Takasu et al.
wherein immediate autopsy was performed on patients who survived the early
phases of severe sepsis or septic shock and had died thereafter during “chronic sepsis”
(on average ~6 days after sepsis onset). Despite ongoing hemodynamic instability
and renal dysfunction at the time of death, these patients were noted to have moder-
ate degrees of mitochondrial swelling and autophagocytosis in the heart and kidneys
with minimal cell death or signs of irreversible damage (e.g., fibrosis) [3]. In a
comparable study, cardiac magnetic resonance imaging performed on severe sepsis
survivors in a late stage of the disease (on average 6 days after sepsis onset) demon-
strated a dramatic increase in mid-myocardial T2 signal intensity, in a non-ischemic
pattern (i.e., sparing the endomyocardium), which implies altered metabolism or
inflammation [4]. These findings are consistent with other observations in septic
humans and animals, discussed in the following sections, challenging the notion
that impaired tissue perfusion is primarily responsible for altered organ function in
the setting of sepsis.

Host-Pathogen Interactions and Induction of Organ Failures

The observed nearly simultaneous or rapidly sequential failing of organs during sepsis
implies a common and widespread process. Though systemic oxygen and other energy
substrate deliveries (e.g., glucose, ketones) may be impaired under extreme circum-
stances with refractory septic shock, systemic blood flow is typically high and indices
of tissue hypoxia are lacking during most cases of established sepsis-induced organ
failures. It follows that circulating factors other than oxygen, glucose, or other metabolic
substrates are contributing to organ damage and dysfunction during sepsis.

The concept of “blood poisoning” originally applied to microbial factors that are
either directly or indirectly (through activation of immune cells) toxic to systemic
organs. Among the first bacterial toxins to be carefully described in septic humans
is a component of streptococcal bacteria that directly inhibits the action of coen-
zyme diphosphopyridine nucleotide (DPN). This compound inhibits numerous
metabolic pathways, including constituents of the citric acid cycle, which is vital for
mitochondrial oxidative metabolism [5]. There have been many other bacterial
toxins described, exhibiting an array of cytopathic effects and pathological manifes-
tations. These include virulence factors introduced into eukaryotic cells by gram-
negative organisms via a direct intercellular type III secretion mechanism.
Exoenzymes-S and -T are potentially cytotoxic through inhibition of vital signaling
pathways (e.g., RAS) and disruption of the cytoskeleton [6]. PA-I lectin/adhesin
potently disrupts vital barrier functions to allow the translocation of bacteria across
epithelial barriers (e.g., the gut) [7]. A comprehensive review of this topic is beyond
the scope of this chapter; however, a summary of the putative mechanisms linking
host-pathogen interactions to organ failures is provided in Fig. 7.1.

Bacteria, viruses, and other pathogens commonly promote cell and organ damage
indirectly through the activation of an intense immune response. This leads to the
destruction of the pathogen and simultaneously causes “collateral damage” to the host.
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Fig. 7.1 Mechanisms of host-pathogen interaction in sepsis-related organ failure

Eukaryotic organisms have evolved a system by which common pathogen-associated
molecular patterns (PAMPs) are identified to elicit a brisk counter-response by compo-
nents of the immune system. The pattern recognizing receptors of the immune system,
including Toll-like receptors (TLRs), nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), are somewhat specific in terms of the PAMPs to which
they respond. The pattern of receptor activations leads to specialized immune responses
designed to overcome the invasive features of each pathogen.

In the context of organ damage induced indirectly by the immune response to
PAMPs, an important breakthrough in understanding these mechanisms was pro-
vided by Kevin Tracey and colleagues in the late 1980s. This study was the first to
provide convincing evidence that tumor necrosis factor-alpha (TNFa) was produced
by the host in response to bacterial infection and that release of this immune mediator
was sufficient to produce a systemic inflammatory response and related organ injury
equivalent to that induced by the infection itself [8]. This observation spawned a
generation of research aimed to suppress the immune response during the early
phases of sepsis. Despite numerous encouraging preclinical studies in animals
wherein early inhibition of TNFx or other inflammatory mediators was shown to be
protective, no single immune-modulating agent has proven effective in human sepsis
clinical trials. The explanations for these failures are unclear, but presumably relates
to the timing of therapy relative to the onset of sepsis in humans, which is often
delayed by hours or days, and the complex nature of the host-immune response.
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In addition to PAMPs and the robust immune response, tissue damage is capable
of perpetuating the immune response through the release of host factors, referred to
as “danger associated molecular patterns (DAMPs).” DAMPs are mimics of bacte-
rial PAMPs. For instance, mitochondria are derived from bacterial ancestors and
retain many bacterial features, including N-formylated proteins, hypomethylated
CpG DNA, cardiolipin, ATP, and mitochondrial transcription factor A (TFAM). All
of these components are immunogenic in humans. Endogenous DAMPs are nor-
mally sequestered within intact host cells only to be released during cell damage or
apoptosis. There are a number of DAMPs that have been reported in the context of
trauma or tissue inflammation (e.g., arthritis), but only a few are implicated in the
context of sepsis. Among these, mitochondrial factors have been detected systemi-
cally during severe sepsis in animals and mitochondrial DNA is shown to serve as a
biomarker of mortality in septic humans [9, 10]. However, the contribution of mito-
chondrial and non-mitochondrial DAMPs to the pathogenesis of sepsis-induced
organ failures remains to be more clearly defined.

While it appears evident from this discussion that early intervention to prevent
excessive activation of the immune response in the setting of sepsis would help
reduce organ damage, there is little evidence supporting this approach in the clinical
setting. Despite numerous animal studies showing that pretreatment or early treat-
ment with anti-TNFa agents or inhibitors of PAMPS or their receptors is protective
against sepsis-induced organ failures, none of the subsequent human trials (>30
randomized controlled trials) have shown a benefit to these anti-inflammatory
approaches. Indeed, most patients have passed through the “hyperimmune” phase
of sepsis by the time they present to the healthcare providers, which explains why
these strategies are ineffective. Thus, the focus has turned to the mechanisms
responsible for organ failures in the later stages of sepsis during which most
mortality is observed.

Theories of Sepsis-Induced Organ Dysfunction

Oxygen Debt Versus Altered Oxygen Utilization

Early models of ICU care were based upon the premise that organ failures were
primarily caused by inadequate energy substrate delivery. An influential clinical
observation published in the journal Science in 1964 and coauthored by Max
H. Weil, one of the founding members of the Society of Critical Care Medicine,
demonstrated a dramatic correlation between lactic acidosis severity and mortality
in critically ill patients [11]. Since lactic acidosis often is associated with systemic
hypotension and with the development of organ failures, it was logical to assume
that the latter was a consequence of tissue hypoperfusion or “oxygen debt.”
This paradigm strongly influenced patient management in the ICU setting for the
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past 50 years, such as the standardized use of monitoring parameters relating to
tissue oxygen delivery (pulse oximetry, central venous oxygen probes), evolution of
invasive (e.g., pulmonary artery catheters) and noninvasive measures of cardiac out-
put, and efforts to monitor blood lactate levels. These parameters were used to guide
therapies designed to optimize systemic oxygen delivery, based upon Eq. (7.1),
wherein oxygen delivery (DO,) is directly related to cardiac output (CO; Eq. 7.1a)
and the amount of oxygen present in the blood (VO,; Eq. 7.1b). However, it is
becoming evident with time and further study that septic shock is distinct from other
forms of shock and new research calls into the question the role of tissue hypoxia as
a primary mechanism of organ failures in those with severe sepsis.

DO, =COxVO, (7.1)
CO = stroke volume x heart rate (7.1a)

(Hgb g/100mix1.34ml O, / gm HgbxSpO, ><0.01)
* | +(0.003 ml /mmHg x PaO, ) (7.1b)

Based upon the common finding of lactic acidosis in the context of severe sepsis
and septic shock, it has long been assumed and is presently taught in medical
schools worldwide that lactic acidosis equates with inadequate tissue perfusion
and portends ischemic organ injury and related organ failures. Many of the compo-
nents of the Surviving Sepsis Management Bundle endorsed by the Society of
Critical Care Medicine and many other institutions are focused on timely monitor-
ing of blood lactate and correction of hemodynamic variables during the early
phases of sepsis. Collectively, these measures to optimize hemodynamic parame-
ters and to reverse lactic acidosis during sepsis are referred to as “Early Goal-
Directed Therapy” (EGDT). However, a number of studies conducted in patients
with established severe sepsis (with organ failures) failed to show a benefit to
enhancing or “optimizing” systemic oxygen delivery either through the use of
ionotropic therapies or by increasing the oxygen carrying capacity of the blood
[12, 13]. In fact, the use of ionotropic agents showed a trend toward increased sep-
sis mortality. Likewise, efforts to optimize systemic oxygen delivery using pulmo-
nary artery catheters to guide therapy have not been shown to improve mortality
[14]. Most recently, the efficacy of EGDT has been questioned by a large study
published in the New England Journal of Medicine showing no clinical benefit
relative to standard care [15, 16]. Finally, efforts to augment tissue perfusion by
addressing potential mismatching of perfusion with energy substrate utilization at
the microvascular level (i.e., microcirculatory dysfunction) with a potent vasodilator
(nitric oxide) have shown no benefit in the setting of sepsis-induced organ failures
and did not reduce lactate levels [17, 18]. These studies imply that impaired tissue
perfusion at either macro- or micro-circulatory levels is not the primary cause of
organ failures during sepsis.
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The apparent disconnect between lactic acidosis and tissue perfusion is obviated
when one considers the challenges of interpreting lactic acidosis in critically ill
patients. In this regard, pyruvate is a critical metabolite of glucose metabolism that
serves as a substrate for the efficient formation of high energy phosphates through
aerobic respiration. The conversion of pyruvate to lactate is favored in the setting of
impaired mitochondrial respiration, disruption of the citric acid cycle, or inhibition
of pyruvate dehydrogenase (PDH). In the context of tissue hypoxia, the ratio of lactate
to pyruvate is relatively high, whereas there is a relative increase in pyruvate in the
setting of cytopathic alterations, such as PDH inhibition or mitochondrial dysfunc-
tion. Research studies conducted in septic humans confirm that the lactate/pyruvate
profile is not in keeping with the tissue hypoxia paradigm, and is more consistent
with inhibition of PDH, and/or altered mitochondrial respiration [19]. Indeed, animal
models indicate that both PDH inhibition and altered mitochondrial respiration, as
well as inhibited lactate clearance by the liver and kidneys, may all contribute to
elevated lactate levels during severe sepsis.

Given that the profile of lactic acidosis during sepsis is not adequately explained
by tissue hypoxia and assuming that tissue hypoxia is deleterious to organ function,
how do we interpret measures of tissue oxygen delivery in the clinical setting?
Systemic oxygen during sepsis is commonly elevated and is characterized by
increased cardiac output, low systemic vascular resistance, and enhanced tissue
blood flow (e.g., warm, hyperemic skin). Adequate tissue oxygen delivery during
septic shock is supported by measures of effluent venous blood (SvO,) and by indi-
rect measures of tissue oxygenation in animal sepsis models [20]. Moreover, serum
derived from patients with sepsis is capable of altering mitochondrial and cellular
respiration in normal human cells, indicating the presence of circulating factors
capable of altering oxygen metabolism at the cell and tissue level, and independent
of blood flow or tissue energy substrate availability [21].

Additional clinical evidence favoring a cytopathic cause of organ failures during
sepsis is provided by recent well-publicized clinical trials. As noted previously, a
large study (1600 septic patients) performed in Australia demonstrated that early,
aggressive resuscitation measures designed to optimize systemic oxygen delivery
using EGDT in the early phase of sepsis had no effect on any patient outcome (e.g.,
mortality, duration of organ support) [15]. Other studies have indicated that the only
interventions that significantly alter the clinical course of sepsis are early antibiotics
and strategies to reduce ventilator-associated lung injury [22, 23].

Furthermore, human studies show that altered mitochondrial function, particu-
larly Complex I-activity, and related changes in high energy phosphate levels are
highly predictive of sepsis mortality [24, 25]. Based upon the existing evidence, it
can be said that current sepsis protocols, which include intravascular volume resus-
citation to optimize systemic blood flow and related oxygen delivery, provide ade-
quate hemodynamic support during sepsis. Moreover, progress toward preventing
and reversing organ failures in the context of sepsis should consider other disease
mechanisms.
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Systemic Inflammation, Organ Injury, and the “Cytokine
Storm”

Another compelling explanation for the pathogenesis of sepsis-induced organ
dysfunction is the concept of an “inflammatory storm,” often attributed to Dr. Lewis
Thomas in his 1972 article [26]. The concept is that it is not the pathogen that results
in organ-failure, but rather it is the host’s immune response to infection and result-
ing “collateral damage” that is responsible. This theory was strongly supported by
investigations carried out by Kevin Tracey’s group in the 1980s showing for the first
time that cytokines, such as TNFa, are capable of recapitulating the systemic inflam-
matory response as occurs in the setting or experimental sepsis or endotoxemia [8].
The theory was further supported by preclinical studies showing that suppression of
TNFa prior to onset of sepsis, conferred potent protection in terms of mortality [27].
However, subsequent clinical trials have shown no benefit of anti-TNFa antibodies
or other proinflammatory molecule inhibitors (e.g., activated protein C) in septic
humans [28]. This is presumably because the recognition and treatment of sepsis in
humans is often delayed such that the therapeutic window is missed.

With advances in the supportive care of critically ill patients within the past
20 years, many more septic patients survive the acute hyper-inflammatory phase of
sepsis only to die days or weeks later. The cause of delayed deaths in septic patients
is currently unknown. It is noted that as many as 50% of these patients develop
secondary infections with organisms that are not typically pathogenic in immune
competent hosts (e.g., candida species) [29, 30]. Additionally, reactivation of latent
infections, such as CMV, has been shown to significantly increase mortality risk
[31]. The cause of immune suppression is complex and discussed in another chap-
ter. It is unclear if immune suppression and related secondary infections further
delay or exacerbate organ failures. However, it is apparent that suppression of the
immune response is not a viable treatment for patients during the late phases of
sepsis, which represents a growing majority of hospitalized and institutionalized
sepsis patients. Thus, other mechanisms to reverse organ failures need to be consid-
ered. If such therapies could be identified there is hope that septic patients will be
liberated from life support devices and discharged from ICUs and hospitals, such
that the associated risks of secondary infections would be minimized.

Mechanisms of Altered Metabolism during Sepsis

The Early “Cytopathic” Phase of Sepsis

The early phase of sepsis is often associated with dramatic changes in the patient as
they progress from localized infection to severe sepsis or septic shock (Table 7.2).
In cases of acutely fatal septic shock, there is widespread tissue damage evident
during histological and ultrastructural analyses in vital organs [1]. However, the
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Table 7.2 Common clinical manifestations of sepsis, severe sepsis, and septic shock

Clinical Localized
findings infection Sepsis Severe sepsis Septic shock
Symptoms | Fever e Fever * Altered ¢ Moribund
* Localized e Chills mental status
symptoms e Rigors * Oliguria
at the site * Malaise
of infection | Diaphoresis
* Hypokinetic
e Dyspnea
e Loss of appetite
e +/— Localizing
symptoms
Vital signs | ¢ Fever e Fever or * Meet multiple |* Meet multiple
e Otherwise hypothermia SIRS criteria SIRS criteria
stable e Tachycardia with normal e Hypotension

e Tachypnea

blood pressure

Exam e Localizing |+ Acutelyill * Somnolentor |* Unresponsive
findings signs of appearing disoriented or delirious
infection e Anxious, alert ¢ Warm
and responsive extremities
e +/— accessory (occasionally
respiratory cool
muscle use, extremities)
crackles on lung e Thready pulses
exam

¢ Warm extremities
¢ Normal pulses

severity and extent of vital organ injury is probably much less in most septic patients.
As will be discussed in the following sections, those who survive the early phase of
sepsis and go on to die days or weeks later have little evidence of cell death or irre-
versible cell or tissue damage. Despite the relatively favorable histology findings,
none of the treatments currently available have demonstrable benefits in terms of
reversing organ damage. Thus, a better understanding of the mechanisms contribut-
ing to organ failures during the late phase of sepsis will likely be required to identify
novel treatments.

Metabolic Compensation During Established Sepsis

Mitochondria are vital for the function of cells and organs, and are vulnerable to
injury during sepsis. In addition to their well-known functions relating to aerobic
energy metabolism, mitochondria are the major source of potentially toxic reac-
tive oxygen species (ROS) and are critical regulators of cell death. Mitochondria
are dynamic in that new ones are produced to match the metabolic needs of the
cell. Similarly, senescent or damaged mitochondria or unneeded mitochondria
(e.g., during fasting) are efficiently removed during the lifespan of most cells.
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This mitochondrial turnover allows for the adaptation of cells to the environment.
Changes in mitochondrial mass and increases in mitochondrial turnover are com-
mon during acute illnesses, such as the acute phase of sepsis. Autophagy selec-
tively targets de-energized mitochondria and leads to reduced mitochondrial mass
and net improvement in cellular efficiency [9].

Whereas many inflammatory mediators likely contribute to altered metabolism,
TNFa is a prototypical mediator of the sepsis syndrome [27] and is capable of caus-
ing profound mitochondrial dysfunction. TNFa is released from activated mono-
nuclear cells in response to various pathogen-associated mediators, such as
lipopolysaccharide, and the release of TNFa is further regulated by the sympathetic
and parasympathetic nervous systems [32]. TNFa binds to a number of TNF recep-
tors, which promotes the intracellular release of ceramide and also the production of
reactive oxygen species (ROS) formation, which are known to favor mitochondria
dysfunction. TNF receptor activation promotes NF-kB pro-inflammatory pathways
in various immune cells including PMNs and monocytes, which strongly induces
ROS formation leading to mitochondrial DNA damage and inhibition of mitochon-
drial complex activities in exposed cells. Inhibition of mitochondrial complexes
favors diversion of electrons through the Q-cycle to produce even more
ROS. Ultimately, the formation of ROS exceeds the robust mitochondrial antioxi-
dant mechanisms (manganese superoxide dismutase, glutathione reductase) which
can trigger a catastrophic mitochondrial deenergization relating to the opening of
mitochondrial “permeability transition pores” (PTP) [33]. The resulting mitochon-
drial permeability transition leads to dissolution of the electrochemical gradient
required to form ATP and these deenergized mitochondria are targeted for removal
via “self-ingestion” (i.e., autophagy) by lysosomes. Widespread induction of the
mitochondrial PTP involving many mitochondria simultaneously can promote
necrotic or programmed cell death (apoptosis). Finally, TNFa also inhibits mito-
chondrial biogenesis, in part through induction of HIFla by inflammatory mecha-
nisms [34, 35]. Thus, systemic TNFa release in the early phase of sepsis leads to a
net reduction in mitochondrial mass and impaired mitochondrial function. It is also
apparent that inflammatory mediators, such as TNFa, can alter the status of mito-
chondria during sepsis thereby influencing the viability and function of cells and
vital organs through the induction of cell death, as noted above. In keeping with the
notion that mitochondrial depletion contributes to organ failures, animal models of
sepsis indicate that restoration of mitochondrial populations through biogenesis
pathways is essential for recovery from sepsis [36].

Altered Function of Other Metabolic Pathways During Sepsis

In addition to changes in mitochondrial mass, qualitative changes in mitochondrial
function and a shift toward glycolytic pathways are regulated by various hormones,
enzymes, and regulatory pathways within the cells. Oxidant stress, particularly
reactive derivatives of nitric oxide and superoxide anion (peroxynitrite), promote
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glycolysis by activating the rate-limiting step of the pentose pathway, glucose-6-
phosphate dehydrogenase. The pentose pathway, in turn, leads to the formation of
NADPH in favor of NADH. Whereas NADH is the substrate for high-energy phos-
phate formation mitochondrial oxidative phosphorylation, NADPH is vital for the
formation and repair of proteins, DNA, and lipids. Consequently, by diverting gly-
colytic intermediates from the Kreb’s cycle to suppress aerobic mitochondrial res-
piration, the cells and tissues transition to a state of reduced oxygen consumption
and lower ATP production. This is commonly referred to (e.g., in the context of
cancer) as the “Warburg effect.” Under these circumstances, the cells and tissues are
less reliant upon oxidative metabolism, thereby reducing oxidative stress and pro-
moting the formation of reducing equivalents (e.g., Lactic acid, NADPH) that favor
cell repair [37]. The Warburg effect and related mediators, such as HIF1«, are shown
to be induced under conditions modeling sepsis [38] and confer cytoprotection in
vital organs and inhibit inflammation under conditions of acute cell stress [39, 40].
However, HIF-1a activation inimmune cells is shown to perpetuate pro-inflammatory
pathway activation as well [41]. This serves as to remind us of the complex mecha-
nisms at play during sepsis and why attempts to block any specific molecular target
have failed to improve outcomes.

In addition to altered glucose metabolism, sepsis promotes the mobilization of free
fatty acids (FFA) from fat stores and amino acids from skeletal muscle. FFA may be
converted to ketones by the liver or directly metabolized by tissues to promote mito-
chondrial ATP formation. Amino acids released from muscle, particularly glutamine,
are variably converted to acute phase proteins or deaminated to form urea by the liver
[42]. Alternatively, amino acids can also serve as a mitochondrial energy substrate or
can be recycled for the purpose of replacing damaged proteins in other vital organs.
Thus, nonvital fat and skeletal muscle is scavenged to preserve vital organs (Fig. 7.2).

The notion of “multiple organ failure” versus “multiple organ success” refers to
the benefits of adopting a lower resting metabolic state (impaired organ function)
and associated alterations of the metabolic profile to promote tissue repair following
the early phases of sepsis [43]. In this regard, and in contrast to current practice pat-
terns wherein adrenergic agonists are commonly used to provide hemodynamic
support in the setting of severe sepsis and septic shock, a recent clinical trial pro-
vides evidence that beta-adrenergic inhibition reduces metabolic demand (VO,),
reduces fluid resuscitation requirements, protects against organ damage, and appears
to reduce mortality in these patients [44, 45]. Moreover, measures to aggressively
correct hyperglycemia resulting in transient hypoglycemia or efforts to fully correct
protein catabolism by providing enteral protein-rich diets appear to be associated
with increased mortality [46].

Organ-Specific Mechanisms

In addition to the global changes in cellular metabolism incriminated in the patho-
genesis of organ failure, the mechanisms specifically contributing to altered organ
function may vary from one organ to the next. Moreover, host factors, including age
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Fig. 7.2 Altered lipid and protein metabolism in sepsis

and comorbid disease, contribute significantly to organ failures during sepsis. In this
regard, it is interesting to note that genetic variations associated with enhanced
mitochondrial function are the only known genetic predictors of sepsis mortality
[47]. Hence, it is likely that global metabolic alterations combined with organ-
specific mechanisms conspire to promote organ failures. Other chapters address the
organ-specific mechanisms that lead to impaired function, but the lung is special in
that damage to the vascular endothelium is sufficient to cause impaired lung func-
tion due to altered vascular permeability and increased lung fluid (non-cardiogenic
pulmonary edema). Support for the role of vascular injury (e.g., tissue edema or
impaired blood flow) in other vital organs is not as convincing. Recent studies of the
heart provide convincing evidence in support of the concept that altered energy
substrate delivery, the accepted paradigm, does not primarily promote organ failure
or damage in the context of sepsis.

Cardiac Dysfunction

Severe sepsis is commonly associated with reduced LVEF and troponin release.
Troponin elevation predicts mortality even in the absence of atherosclerotic coro-
nary disease and irrespective of hemodynamic status (e.g., shock) [48, 49]. This
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indicates that myocardial damage may be a manifestation of a more global process
affecting multiple organs. In this regard, the concept of “demand ischemia” has
been applied to the condition of myocardial injury in the setting of severe sepsis.
“Demand ischemia” is based on the premise that increased oxygen demands relating
to the septic response (i.e., tachycardia, increased cardiac output) lead to ischemic
injury. However, recent post-mortem analyses of the heart in the setting of fatal
sepsis show no evidence of myocardial ischemia [3]. Histologic analysis of cardiac
tissues shows no significant myocardial cell death by necrosis or apoptosis com-
pared to matching ICU controls. Ultrastructural evaluation (electron microscopy) of
the heart demonstrates moderate mitochondrial swelling and damage but the appear-
ance of the contractile units and all other cardiomyocyte structures largely appeared
normal [3]. In keeping with the post-mortem findings, in vitro cardiac magnetic
resonance imaging performed within days after the onset of sepsis revealed a non-
ischemic injury pattern characterized by epicardial and mid-myocardial T2 eleva-
tion. This pattern of T2 elevation is in contrast to ischemic heart disease which is
associated with an endomyocardial T2 pattern [4]. Thus, the mechanism of cardiac
injury in the context of severe sepsis is unlikely to relate to irreversible ischemic
damage (e.g., necrosis), and other explanations need to be considered.

The experimental evidence provided from animal models of sepsis points to
multiple potential mechanisms contributing to non-ischemic myocardial injury and
dysfunction (Fig. 7.3). A recent review by Antonucci et al. nicely summarizes many
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of these mechanisms, and further suggests that a single therapeutic treatment is
unlikely to normalize myocardial function or prevent myocardial injury [50].
Given the extensive research relating to cardiac dysfunction during sepsis, a full
review of all proposed mechanisms of myocardial injury and dysfunction is beyond
the scope of this chapter. Suffice it to say that more research is needed to explain the
early damage and adaptations of the heart to the stress of sepsis, a condition that is
associated with a nearly twofold higher risk of all-cause mortality [51, 52].

Evidence that Metabolic Alterations Contribute to Dysfunction
of Other Vital Organs

Other chapters will address organ-specific mechanisms of injury and altered func-
tion during sepsis. However, this chapter focuses on critical metabolic pathways
that are common to all vital organs and are likely to contribute independently to
altered organ function.

The kidneys are particularly sensitive to injury during sepsis, and some degree of
renal dysfunction is detected in a majority of patients with sepsis. Multiple mecha-
nisms including inflammation, oxidative stress, mitochondrial injury, and hypoper-
fusion all likely contribute to AKI during sepsis [53]. AKI in setting of experimental
sepsis is characterized by acute alterations of parenchymal mitochondrial function
and inactivation of endogenous mitochondrial antioxidant functions (e.g., manganese
superoxide dismutase) [54]. Protection is conferred through induction of mitochon-
drial biogenesis or by targeting antioxidants to mitochondria [54, 55]. Given that
delivery of mitochondrial targeted antioxidants and treatments designed to promote
mitochondrial biogenesis are feasible, it is reasonable to expect that such therapies
could prove to be protective against AKI during sepsis.

Altered mentation is the most common central nervous system clinical manifestation
of sepsis. However, little data exists regarding the mechanisms causing encephalopa-
thy during sepsis. There is evidence of neuronal apoptosis in specific regions of the
brain in fatal cases of septic shock [56]. Other studies incriminate alterations of the
blood-brain barrier relating to endothelial damage as a mechanism contributing to
inflammatory cytokine release into the brain [57]. Additionally, regional disruption of
vasoregulation and induction of coagulation pathways may occasionally lead to the
formation of hemorrhagic lesions [57]. Animal models also support the notion that
oxidative stress leads to metabolic reprogramming of neurons to favor cellular repair
(e.g., of DNA damage) while suppressing ATP formation via mitochondrial oxidative
phosphorylation [58]. This altered metabolic profile is equivalent to the “Warburg
effect” that occurs in the context of other pathological conditions.

The mechanisms of gastrointestinal damage during sepsis are complex, and
include oxidative damage to the contractile units and epithelium [59]. The source of
reactive oxidant species includes activated immune cells, damaged mitochondria,
and the intracellular release of highly reactive free iron. The ensuing damage to the gut
epithelium, with attendant release of “danger signals,” can promote the conversion
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of non-pathogenic colonizing bacteria into invasive and pathogenic organisms [59].
As such, preservation of intestinal barrier function may be of primary importance
during the progression and recovery from multiple organ failure during sepsis.

Clinical Implications of Sepsis-Related Metabolism
Alterations

Accepting that sepsis induces alterations of metabolism favoring cell and tissue
repair at the cost of impaired organ function, it follows that certain patient popula-
tions would be predisposed to organ failures during sepsis based upon the concept
of a metabolic “threshold” below which vital organs begin to fail. Direct support
for this concept is provided by compelling population-based genetic data, show-
ing that mitochondrial DNA (mtDNA) genetic variants promoting altered mito-
chondrial function are highly predictive of death due to sepsis. In this regard,
mtDNA haplotype associated with enhanced mitochondrial respiration, including
haplotype H in Europeans and haplotype R in Chinese populations, are highly
protective (OR ~ 0.5) [60, 61]. In contrast, the mtDNA allele 4216C is associated
with sepsis of greater severity in the setting of burn injury [62]. In addition to
these genetic mtDNA variants, it is well recognized that the humans acquire
mtDNA damage and associated loss of mitochondrial function with age, and the
elderly are at greatly increased risk of severe sepsis compared to younger adults
and children [63]. Together with data showing that altered mitochondrial function
is predictive of sepsis mortality, these data strongly suggest that conditions asso-
ciated with altered metabolic reserve predispose to organ failure and death in the
context of sepsis.

Altered glucose metabolism also has important implications for the manage-
ment of sepsis. Glycolysis is promoted in the setting of sepsis and even mild hypo-
glycemia in septic patients portends higher mortality and increased risk for ICU
complications [64, 65]. Indeed, the severity of hypoglycemia correlates strongly
with mortality risk and with adverse neurological outcome [66]. Since mitochon-
drial function is reduced during sepsis, inferring increased reliance on glycolysis
to maintain adequate ATP production, it follows that the combination of sepsis-
induced inhibition of mitochondrial ATP formation together with the lack of glu-
cose as a substrate for glycolytic ATP production would result in critically reduced
tissue ATP levels. Tissue ATP depletion, in turn, is shown to be associated with
increased sepsis mortality [24].

There are many other clinical implications of altered metabolism during sepsis
as relates to patient management. These include the potentially important effects of
commonly used medications that influence metabolic pathways (e.g., antimicro-
bial agents, hypoglycemic medications, lipid altering drugs), the implications
relating to changes in dietary requirements, and controversies relating to early
mobilization of critically patients, all of which have unclear implications in terms
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of metabolic adaptation during sepsis. Finally, it is further unclear how the early
management of septic patients influences organ recovery and quality-of-life in sep-
sis survivors. Extensive research is needed to resolve these controversies and to
better understand the mechanisms of organ failure, repair, and recovery in the context
of severe sepsis.
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Chapter 8
Sepsis-Induced AKI

Hernando Gomez, Alex Zarbock, Raghavan Murugan, and John A. Kellum

Introduction

Sepsis is thought to be the primary etiology of acute kidney injury (AKI) in 40-50%
of cases, making sepsis the most common cause of AKI in the critically ill [1].
Importantly, the development of AKI in the setting of sepsis increases the risk of
death in hospital six to eightfold [1, 2], and among survivors, the risk of developing
chronic kidney disease is also increased [3]. Despite this, the mechanisms by which
sepsis causes AKI are not well understood, and hence current therapy remains reac-
tive rather than preventive, and rather nonspecific. Given that the leading clinical
conditions associated with AKI, namely, sepsis, major surgery, heart failure, and
hypovolemia [1], are all associated with hypoperfusion, it is tempting to attribute all
AKI to ischemia. However, an increasing body of evidence suggests that at least in
a proportion of patients, AKI can occur in the absence of overt signs of hypoperfu-
sion. Langenberg et al. showed, for example, that AKI developed in septic animals
despite normal or increased renal blood flow [4]. In a human study, Prowle et al.
were able to demonstrate that decreased renal blood flow (RBF) was not a universal
finding even in patients with well-established sepsis-induced AKI [5]. Furthermore,
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in a large-scale study, including more than 1800 patients with community-acquired
pneumonia, Murugan et al. found that a fifth to a quarter of patients with non-severe
pneumonia, who were never admitted to an ICU, and who never displayed overt
signs of shock or hypoperfusion, still developed AKI [6]. Complementary to the
insights from clinical and in vivo studies, in vitro experiments where hemodynam-
ics are no longer relevant, have shown that incubation of human renal tubular epi-
thelial cells with plasma from septic patients induces damage of tubular epithelial
cells evidenced by the increased release of tubular enzymes, elevated permeability,
and the decreased expression of key molecules for tubular functional integrity [7].
Taken together these data provide evidence that, at least in some patients, renal
injury cannot be explained solely on the basis of the classic paradigm of hypoperfu-
sion and that other mechanisms must come into play.

One of the limitations in advancing the understanding of sepsis-induced AKI is
the lack of pathologic specimens available, given that the risk of performing biop-
sies in this patient population outweighs any potential benefit. Recent studies in
septic animals and postmortem observations in septic humans have provided evi-
dence of what sepsis-induced AKI actually looks like. Despite representing the lat-
est stages of the disease, these kidneys were characterized by a strikingly bland
histology with focal areas of tubular injury, which was also entirely discordant with
the profound functional impairment seen pre-mortem. In addition, and contrary to
prior understanding, necrosis and apoptosis were largely absent [8, 9], which not
only argues in favor of the notion that sepsis-induced AKI is not equivalent to acute
tubular necrosis (ATN), but supports the hypothesis that at least in the early stages,
this phenotype may represent a concerted, organized, common underlying adaptive
mechanism [9]. A consistent observation in these studies, regardless of species, dis-
ease stage, severity, or organ examined, appears to be the presence of three main
alterations: inflammation [10, 11], diffuse microcirculatory flow abnormalities [12],
and cellular bioenergetic adaptive responses to injury [9, 13]. The study and under-
standing of these three domains may provide a roadmap to unravel the mechanisms
by which sepsis causes AKI and perhaps organ injury in general and may facilitate
the development of more targeted therapies. In this chapter, we will first consider
the current classification system for AKI and then briefly review the epidemiology;
then we will review the roles various mechanisms may play in the genesis of sepsis-
induced AKI and discuss potential therapeutic implications.

Definition of AKI in the Clinical Setting

The definition of AKI has undergone important transformations in recent years. The
definition of AKI has been traditionally based on the assessment of renal function,
and in particular, on the assessment of changes in glomerular filtration rate (GFR).
Although practical at the bedside, this approach is limited by the fact that functional
changes not necessarily reflect structural alterations [3]. This is particularly true in
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sepsis-induced AKI, where a dramatic alteration in renal function is associated with
very bland histology [8, 9]. An additional limitation is the assessment of GFR
through the quantification of creatinine. Although creatinine levels correlate well
with GFR in steady-state conditions, AKI usually occurs in the setting of changing
physiologic or pathologic conditions. Finally, the assessment of renal dysfunction
based on glomerular function does not take into account the presence of tubular
dysfunction, which has been increasingly recognized as an important pathophysi-
ogic event, and to be at least as important as the alterations in GFR. Despite these
limitations, the standardization of two measures of glomerular function has pro-
vided the scientific community with a tool, in a common language, to assess the
occurrence of AKI. These measures are serum creatinine and urine output. Today,
the evaluation of the presence and degree of severity of AKI can be standardized
with tools like the KDIGO criteria [14].

The Epidemiology of Sepsis-Induced AKI

Sepsis is the leading cause of acute kidney injury (AKI) in acutely ill patients. Acute
kidney injury occurs in as much as 40-50% of septic critically ill patients, which
increases the risk of death six- to eightfold [1, 2, 15, 16], and also the risk of advanc-
ing to renal fibrosis and chronic kidney disease [3]. Importantly, a large proportion
of patients who are usually considered to be less severely compromised and thus at
lower risk, still develop AKI. Murugan et al. showed in a large cohort of patients
admitted to the emergency department with non-severe community acquired pneu-
monia that 34% of these patients developed AKI many of whom never required
admission to an ICU [6]. This suggests that AKI is not only related to shock states
or critical illness, and that patients with non-life-threatening infections may also
be at high risk of developing renal dysfunction and its short and long-term
consequences.

Novel Concepts in the Pathophysiology of Sepsis-Induced AKI

Recent evidence suggests that the origin of most cases of AKI is multifaceted and
that several, concurrent mechanisms may be at play. These mechanisms include
inflammation, profound, heterogeneous distortion of microvascular flow at the peri-
tubular and glomerular levels, and tubular epithelial cell injury and impairment.
Given that these three major events occur early in the course of sepsis, and that cell
death seldom occurs, we conceptualize early sepsis-induced AKI as the clinical and
biochemical manifestation of tubular cell responses to injury. We further hypothe-
size that such response is, at least in part, adaptive in that it is driven by metabolic
down-regulation and reprioritization of energy expenditure to avoid energy
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imbalance and favors individual cell survival processes (such as maintenance of
membrane potential and cell cycle arrest), at the expense of organ function (i.e.,
tubular absorption and secretion of solutes).

The Renal Microcirculation during Sepsis-Induced AKI

Sepsis causes a profound alteration in microvascular blood flow distribution [12, 17].
Such alteration is characterized by an increase in the heterogeneity of regional blood
flow distribution, a decrease in the proportion of capillaries with “nutritive” (or con-
tinuous) blood flow, and an increase in the proportion of capillaries with intermittent
or no flow [12, 18]. The renal microcirculation is disturbed in a similar fashion, as
has been recently described in different models of sepsis-induced AKI [11, 19, 20],
even in the setting of normal or even increased RBF [21]. Multiple mechanisms
seem to frame this characteristic microcirculatory derangement, including endothe-
lial dysfunction, impaired red blood cell deformability, thinning and damage of the
glycocalyx layer, increased leukocyte activation and recruitment, and activation of
the coagulation cascade with fibrin deposition [18]. Importantly, these alterations in
microcirculatory flow and endothelial function are thought to contribute directly to
the development of organ dysfunction through multiple mechanisms.

Uncoupling of microcirculatory blood flow distribution from metabolic demand,
with the creation of microvascular shunts, has been proposed to result in areas of
hypoperfusion and hypoxia [22, 23]. In relation to this, the endothelium also pro-
vides an essential system of retrograde communication that allows the microcircula-
tion to fine tune and couple blood flow distribution to metabolic demand, which is
in essence the concept of regional autoregulation. Tyml et al. have shown that LPS-
induced endothelial injury results in loss of such retrograde communication rate
between microvessels 500 pm apart [23, 24], suggesting that sepsis may not only
impair the response to vasoactive mediators but also, the capacity of peripheral
microvascular beds to autoregulate.

Similarly, endothelial dysfunction results in increased vascular permeability and
worsening interstitial edema [25, 26], with two important consequences. First,
edema increases the diffusion distance oxygen has to travel to reach target cells [27]
further creating areas at risk for hypoxia. Second, given that the kidney is an encap-
sulated organ, tissue edema contributes to increased venous output pressures, aggra-
vating congestion and perpetuating microvascular perfusion alterations [28, 29].

Endothelial cells are also important determinants of vascular tone and play an
important role in the responsiveness to vasoactive mediators [30]. Injury to the arte-
rial and arteriolar endothelium has consistently shown to result in impaired respon-
siveness to vasoactive substances, which may explain the loss of vasomotor tone
during sepsis.

Nitric oxide (NO) has also been shown to have a potential role in the genesis of
microvascular dysfunction and in the pathophysiology of AKI. Although sepsis is
characterized by global increased NO production [31], the expression of one of the
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most important catalyzers of its production, inducible NO synthase (iNOS), is rather
heterogeneous [31]. Accordingly, it is possible that the heterogeneous expression of
iNOS may result in heterogeneous regional concentrations of NO, which could
result in the presence of vascular beds deprived of NO even in the setting of elevated
systemic levels [32]. This is important as it is reminiscent of the characteristic het-
erogeneous pattern of microvascular dysfunction described in sepsis, and may relate
pathophysiologically with areas of shunting and hypoxia [32]. Importantly, selec-
tive inhibition of iNOS not only can restore the renal microcirculatory derange-
ments during sepsis, but is also associated with decreased functional manifestations
of renal injury, suggesting that microcirculatory abnormalities may be in the mecha-
nistic pathway of sepsis-induced AKI [19]. However, the interactions between NO,
microvascular dysfunction, and AKI are not straightforward, as sepsis is also known
to result in iNOS-dependent decrease in endothelial-derived NO synthase activity,
which will also alter microvascular flow homeostasis [33, 34].

During sepsis, inflammation, oxidative stress, and the uncoupled eNOS [35] not
only induce endothelial cell dysfunction but also damage the glycocalyx. The gly-
cocalyx is a layer of organized glycosaminoglycan branches that protrudes from
the surface of the endothelial cell membrane into the capillary lumen, and that has
important biomechanical functions including maintenance of adequate capillary
flow, oncotic and hydrostatic pressure gradient balance to limit filtration, and avoid-
ing red and white cell adhesion [36]. Damage of the glycocalyx is thought to result
in capillary leak, altered red blood cell flow, and increased adhesion and rolling of
leukocytes after endothelial adhesion molecules are exposed, all of which contrib-
ute to the microvascular dysfunction phenotype characteristic of sepsis and to fur-
ther inflammation.

Finally, sluggish peritubular flow may also result in amplification of the inflam-
matory signal. As demonstrated by Goddard et al. [37] in myocardial capillaries
during a porcine model of endotoxemia, leukocytes decrease their velocities and
increase their transit time in these areas of sluggish flow. In addition, there is evi-
dence of upregulation of inflammatory molecules, such as intercellular adhesion
molecule 1 and vascular cell adhesion molecule 1 [38, 39] in these peritubular capil-
laries that would contribute to leukocyte activation and prolonged leukocyte transit.
This prolonged transit may directly translate into a greater time of exposure of the
endothelium and neighboring tubular epithelial cells to activated, cytokine secreting
leukocytes and to other pathogen and damage-associated molecular patterns
(PAMPs and DAMPs, respectively) that ultimately amplify the inflammatory signal,
and induce focal oxidative stress and tubular injury. The tubular epithelial cells
exposed to this amplified signal then act as primary targets for this alarm, and trig-
ger a response in the adjacent segments of the proximal tubule evidenced by the
induction of oxidative stress and vacuolization. The lack of apoptosis and necrosis
suggests this is an organized, adaptive response that ultimately signals other tubular
cells to shut down in a paracrine fashion. Importantly, this provides an explanation
for why only a few heterogeneous groups of tubular epithelial cells demonstrate the
typical histopathologic changes.
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Inflammation Propagates Renal Damage During Sepsis

A strong association between cytokine levels (interleukin (IL)-6, IL-10, and macro-
phage migration inhibitory factor) and the development of sepsis-induced AKI [6, 40]
supports the hypothesis that systemic inflammation is an important mediator of this
process. During sepsis, although the inflammatory response is fundamental to clear
the infection and later promote tissue recovery, it can also result in tissue damage and
organ dysfunction [41]. In addition to leukocytes, dendritic cells, and resident mac-
rophages, tubular epithelial cells are capable of recognizing and responding to patho-
gens-associated molecular patterns (PAMPs) through pattern-recognition receptors
including toll-like receptors (TLR), C-type lectin receptors, retinoic acid inducible
gene 1-like receptors, and nucleotide-binding oligomerization domain-like receptors
[42], which results in the up-regulation of inflammatory gene transcription and
initiation of innate immunity. This response is also stimulated by endogenous sub-
stances released by injured cells and tissues known as damage-associated molecular
patterns (DAMPs), which include DNA, RNA, histones, HMGB1, and S100 pro-
teins, and which are recognized by these same receptors [43].

Pro-inflammatory mediators activate endothelial cells and induce up-regulation
of adhesion molecules like E-selectin, which has been demonstrated to play a major
role in leukocyte recruitment into the kidney during the late stages of sepsis-induced
AKI [44]. Although not seen in all models of sepsis-induced AKI [45], elimination
of neutrophils or blocking adhesion molecules that are required for neutrophil
recruitment into the kidney completely abolished sepsis-induced AKI in a cecal
ligation and puncture (CLP)-induced sepsis model [44]. This observation can be
explained by the fact that leukocytes leaving peritubular capillaries have a close
proximity to tubular epithelial cells and can directly activate tubular epithelial and
dendritic cells by releasing pro-inflammatory mediators and DAMPs. The cycle is
then perpetuated by the release of mediators like leukotriene B,, and platelet-
activating factor which increase vascular permeability and up-regulate the expres-
sion of adhesion molecules that promote further inflammation [46—48]. In addition,
DAMPs, PAMPs, and pro-inflammatory cytokines that are readily filtered through
the glomerulus can activate these tubular epithelial cells from within the tubule
(Fig. 8.1) [46, 49]. It has been recently shown that mammalian tubular epithelial
cells (including human) express TLR2 and TLR4, and that these cells are capable of
recognizing inflammatory mediators such as lipopolysaccharide (LPS) in a TLR4-
dependent manner [50-53]. Furthermore, Kriiger et al. [50] demonstrated that
damaged human tubules stain positively for the TLR4 ligand, HMGBI1, and that
in vitro stimulation of human tubular epithelial cells with HMGBI1 stimulates pro-
inflammatory responses through TLR4 [50], suggesting that such mediators can act
in an autocrine and paracrine fashion and may contribute to further tubular cell
damage. The recognition that tubular epithelial cells are actually equipped with
machinery to recognize the inflammatory signal supports the hypothesis that their
response may be organized and not random. In support of this, Kalakeche et al. [51]
have elegantly shown that TLR4-dependent LPS recognition in the tubular epithelial
cells occurs in the S1 segment of the proximal tubule, that assembly of LPS with
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Fig. 8.1 Alterations in the Kidney During Sepsis. These alterations are characterized by increased
heterogeneity of flow, as well as an increase in the proportion of capillaries with sluggish or stop
flow (represented in the figure by darker hexagons in the peritubular capillary). We have concep-
tualized that these areas of sluggish peritubular flow increase the transit time of activated leuko-
cytes and that this may set the stage for an amplification of the “danger signal” in such areas. Note
that the expression of TNF receptors in the S2 segment tubular cells has led to the hypothesis that
S1 cells may actually signal distal segments in a paracrine fashion through secretion of TNF. Finally,
there are also data suggesting that this paracrine signal may include mediators of cell cycle arrest,
namely, TIMP-2 and IGFBP-7. Source: Gomez et al. Shock. 2014;41:3—11

TLR-4 in the tubular epithelial cell produces internalization of LPS through
fluid-filled endocytosis, and that this triggers an organized oxidative outburst in
epithelial cells of the adjacent tubular segments (S2 and S3) but not in the S1 seg-
ment. These findings have led Kalakeche et al. [51] to suggest that the S1 segment
of the proximal tubule may act as a sensor of danger that activates a series of events
resulting in oxidative stress within distal tubular segments (S2, S3) and that could
potentially explain tubular dysfunction in the setting of sepsis.

The (Adaptive) Responses of Tubular Cells to Inflammation

With the exception of T lymphocytes and intestinal epithelia, and despite multiple
triggering stimuli [54], significant necrosis or apoptosis does not occur during sep-
sis [8, 9], which suggests that during the acute phase, regardless of the consequences
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at the organ level, the cellular response is successful at preventing death. This
denotes a possible underlying adaptive mechanism [9, 46, 55], and an opportunity
to understand the response of the tubular epithelial cells to sepsis. Accordingly, it is
reasonable to think that the tubular epithelial cell response to injury may be charac-
terized at least in part by processes that limit pro-apoptotic triggers, by (a) priori-
tizing energy consumption and maintaining energy homeostasis, (b) maintaining
cellular organelle function through quality control processes (general autophagy
and mitophagy), and (c) limiting cell cycling and DNA replication.

Repriotitization of Energy Consumption

Energy balance dysregulation and mitochondrial injury are two major triggers of
apoptosis and consequently, two of the most highly regulated cellular defense
mechanisms to injury [56]. Although still controversial, sepsis seems to be asso-
ciated with maintenance of ATP levels in the kidney [57] albeit with a decrease
in production [58, 59], suggesting a significant decrease in ATP utilization.
Furthermore, analogous to the evolutionarily conserved defense response to
hypoxia, where nonvital functions are limited to avoid overtaxing energy expen-
diture [56], sterile inflammation by administration of lipopolysaccharide has
been shown to induce downregulation of renal tubular cell ion transporters [60],
which account for more than 70% of ATP cellular consumption [61]. Furthermore,
there is evidence that experimental sepsis induces similar effects. Gupta et al. [62]
showed that, in the presence of LPS, proximal tubules of mice have a delayed
uptake of low-molecular-weight dextran, a sign of reduced endocytic capacity.
Good et al. [63] have shown in an LPS-induced rodent sepsis model that LPS
inhibits NHE1 (Na+/H+ exchanger 1) and thus blocks bicarbonate reabsorption
in the medullary thick ascending limb of the loop of Henle. Finally, Hsiao et al.
have shown that sodium transport (tubular sodium reabsorption) is decreased as
early as 9 h after induction of sepsis by cecal ligation and puncture [64]. Taken
together this evidence suggests that during sepsis, the response of the tubular
epithelial cell may be characterized by an organized, hierarchical downregulation
of major energy sinks like ion transport, while only fueling processes necessary
to cell survival (i.e., maintenance of membrane potential) [65]. This is a highly
conserved mechanism across species that seems to frame the core strategy of cel-
lular response to threatening circumstances. It also provides the conceptual
ground to suggest that cellular metabolic downregulation and reprioritization of
energy consumption are pillars of the tubular epithelial response to sepsis and
furthermore explains why organ function may be sacrificed in benefit of indi-
vidual cell survival [62, 63].
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Mitochondrial Quality Control Processes: Mitophagy

Mitophagy is an evolutionarily conserved, quality control mechanism, by which
eukaryotic cells remove and digest dysfunctional mitochondria from the cytoplasm
[66, 67]. During sepsis, TLR-mediated inflammation [68], oxidative stress [69, 70],
and alterations in the electron transport chain that uncouple respiration and depolar-
ize the mitochondrial membrane are potent triggers of mitophagy [67]. This early
mitochondrial uncoupling characterized by an increment in O, consumption (VO,)
is not to be confused with the adaptive response it triggers, which is framed by the
activation of mitophagy, and is characterized by a decrement in VO, and conserva-
tion of energy. In the kidney, mitophagy is activated as early as 3 h after CLP-
induced sepsis [64], suggesting it is part of the early response of tubular epithelial
cells to injury. Importantly, insufficient activation of mitophagy has been associated
with worse outcome in critically ill patients, and it has been postulated to contribute
to cell and organ dysfunction [71]. On the other hand, stimulation of autophagy has
been shown to be effective at protecting cells [64] and organ function [71] in the
setting of experimental inflammatory insults. Furthermore, in the setting of experi-
mental sepsis induced by CLP, decreased autophagy has been associated with
increased blood urea nitrogen and creatinine levels and a decline in proximal tubu-
lar sodium transport [64]. As a protective response, mitophagy offers several advan-
tages, namely, removal of dysfunctional mitochondria, with subsequent decrement
in ROS/RNS production, energy conservation, limiting oxidative stress damage,
and importantly, intercepting proapoptotic signals at the mitochondrial level imped-
ing triggering of apoptosis [67, 72—74]. Indeed, Carchman et al. have shown that
inhibition of mitophagy results in a robust apoptotic signal in hepatocytes of ani-
mals subjected to CLP [58]. It is unknown, however, what mitophagy-induced
maintenance of renal function really means. The adaptive response, framed by met-
abolic downregulation, would most likely decrease tubular and renal function and
not promote it, just as hibernation promotes the loss of function. Indeed, increased
or preserved renal function in the setting of stress may result harmful in the long
run. Yet, animal and human data associate acute stimulation of autophagy with pre-
served renal function, and its faulty activation or decline with worse outcome. It is
possible that the interplay of autophagy and tubular cell function varies with time
and that persistence of the initial protective response may ultimately be deleterious
in the subacute or chronic phases.

Cell Cycle Arrest

There is a growing body of evidence indicating that mitochondria are intimately
involved in the regulation of the cell cycle [67]. The ability of mitochondria to move
within the cell, change shape, and coalesce in different ways has recently emerged
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as an important feature, which may influence the cell cycle [75]. Briefly, the cell
cycle is the progression of cells through a number of steps in preparation for mitosis
(GO, G1, S, G2, M). This preparation portrays several checkpoints in which the cell
seems to evaluate whether it is prepared to advance to the next phase. Of particular
interest to renal tubular injury in sepsis and the involvement of mitochondrial regu-
lation is the G1-S checkpoint. Only at and during this stage, mitochondria have been
shown to coalesce into a single, tubular network of mitochondria. This mesh seems
to act as syncytia, with electrical coupling and unusual hyperpolarization [76],
which fits well with prior studies showing an increase in O2 consumption during the
G1-S transition of the cell cycle [77]. This also relates to the finding that a reduction
in ATP production induced by specific ETC mutations produces cell cycle arrest at
the G1-S checkpoint [78]. Together, these data indicate that the formation of this
giant tubular network is necessary to meet the energy requirement needed to synthe-
size all the components for adequate cell division. It also suggests that the G1-S
border is an important checkpoint of the cycle, whereby the inability to meet such
energy requirements induces cell cycle arrest presumably to prevent a potentially
lethal energy imbalance [75]. Yang et al. [79] recently showed in a rodent model of
CLP-induced sepsis that G1-S cell cycle arrest was associated with kidney injury
and that recovery of renal function paralleled cell cycle progression 48 h after
CLP. These findings have become even more clinically relevant as tissue inhibitor
of metalloproteinases 2 (TIMP-2) and insulin-like growth factor-binding protein 7
(IGFBP-7), two markers involved in G1-S cycle arrest, have been identified as the
most sensitive and specific markers to predict risk of development of AKI in criti-
cally ill patients [80—82]. We speculate that the renal cell cycle arrest in the epithe-
lial tubular cell may provide an advantage by avoiding replication because (a) it
conserves energy and prevents triggering apoptosis or necrosis and (b) limiting rep-
lication diminishes the probability of DNA damage, reducing not only energy con-
sumption employed in DNA repair, but also decreases the chances of triggering
apoptosis.

Potential for Diagnostic and Therapeutic Targets

To date, no therapeutic measures are available to prevent or treat sepsis-induced
AKI. A potential reason for this may be that often therapy is started too late in the
disease process. The development of new biomarkers, which also provide insights
into the pathophysiology of the disease, makes it possible to detect kidneys at risk
for injury and thus enable earlier initiation of interventions [80-82].

The knowledge that inflammation, microvascular dysfunction, and adaptive
responses of tubular cells are involved in the development of sepsis-induced AKI
provides new diagnostic and therapeutic avenues. As these mechanisms are closely
interlinked with each other, modulating one of these components simultaneously
alters other components. As increased levels of pro-inflammatory mediators (e.g.,
IL-6) are associated with the development of AKI [40], it is tempting to speculate
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that eliminating these mediators or endotoxin can prevent sepsis-induced AKI.
Experimentally, it has been shown that removal of such mediators by hemoadsorp-
tion completely protects against AKI in a CLP model of sepsis [7, 83, 84], and a
clinical study demonstrated that reducing endotoxin by polymyxin-B hemoperfu-
sion reduced RIFLE scores and urine tubular enzymes [7]. Along the same lines,
Alkaline phosphatase (AP) is an endogenous enzyme that exerts detoxifying effects
through dephosphorylation of endotoxins and pro-inflammatory extracellular ATP
and is reduced during systemic inflammation. Heemskerk and colleagues [85] dem-
onstrated that administration of AP was associated with a decreased expression of
iNOS synthase in proximal tubule cells isolated from urine and that this related to
an attenuated urinary excretion of glutathione S-transferase A1-1, a proximal tubule
injury marker. In a small, randomized trial, Pickkers et al. showed that the adminis-
tration of exogenous AP in septic patients improved endogenous creatinine clear-
ance and reduced the requirement and duration of renal replacement therapy [86].
Modulating TNF-a signaling might be yet another therapeutic option, because a
polymorphism in the promoter region of the TNFA gene is associated with markers
of kidney disease severity and distant organ dysfunction [87].

To improve microcirculatory perfusion, vasodilators in the setting of sepsis are
currently under investigation including nitroglycerin [17, 88], NO administration,
and modulation of NO production [32, 34]. Furthermore, drugs with pleiotropic
effects on the vasculature, such as statins [89] and erythropoietin [90], have the
potential to prevent kidney injury by enhancing eNOS expression and decreasing
vascular permeability. However, it is important to consider that regional microcircu-
latory autoregulation is only possible if sufficient perfusion pressure is attained, and
thus early resuscitation goals still need to focus on achieving a mean arterial pres-
sure sufficient enough to ensure perfusion. Asfar et al. have shown that such a goal
must be a mean arterial pressure of 65-70 mmHg, and that higher levels of MAP
only result in improved outcomes (decreased need for RRT) in the subpopulation of
patients with chronic hypertension [91].

However, it is important to explore these treatment options bearing in mind that
these mechanisms are part of the natural host response to sepsis, and that although
known perpetrators of injury, they are also necessary for bacterial clearance, tissue
protection and repair, and ultimately survival. Accordingly, the reader must not
expect a single treatment modality to emerge as a magic bullet to prevention and/or
treatment sepsis-induced AKI.

Conclusions

Close examination of the histology of various organs of patients dying from sepsis
has dramatically changed the way we think of sepsis-induced organ dysfunction.
The recognition that in the case of the kidney, sepsis-induced AKI cannot be entirely
explained by the traditional concept of acute tubular necrosis, and that sepsis does
not cause overt apoptosis and necrosis in failing organs, has challenged the notion
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that ischemia is the only mechanism explaining organ dysfunction. Importantly, it
has also prompted many to suggest that the response to the septic environment may
early on be adaptive in nature. In this review, we have now put forth a conceptual
model that cellular energy regulation is fundamental to the adaptive response, and
that such regulation is driven at least in part by metabolic down-regulation and re-
prioritization of energy utilization and by mitochondrial quality control processes
like mitophagy. Further work is warranted to better understand the role, timing, and
reach of these multiple mechanisms in the pathogenesis of sepsis-induced AKI, and
if this can be translated into novel diagnostic and therapeutic interventions to
improve outcome in this patient population.
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Chapter 9
Sepsis and the Lung

MaryEllen Antkowiak, Lucas Mikulic, and Benjamin T. Suratt

Introduction

Infections of the lung and pleural space are frequently associated with the develop-
ment of sepsis syndromes. Nearly 50% of patients with bacterial pneumonia develop
severe sepsis, and around 5% develop septic shock, with consequent mortality rates
as high as 50% [1]. Additionally, sepsis from any source, pulmonary or extrapulmo-
nary, may result in additional injury to the lung, known as the acute respiratory
distress syndrome (ARDS), a syndrome characterized by an over-exuberant inflam-
matory response in the lung leading to increased alveolar-capillary permeability and
predominantly non-hydrostatic pulmonary edema and hypoxemia. Although this
syndrome and its associated histopathological findings (diffuse alveolar damage)
were first described in 1967 [2], the criteria for diagnosis remained loosely defined
for decades. In 1994, the American-European Consensus Conference (AECC) on
ARDS, comprised of members of the American Thoracic Society and the European
Society of Intensive Care Medicine, published the first standardized definition of
this syndrome, with the hopes that such a definition would serve to better clarify the
incidence, morbidity, and mortality associated with the syndrome, and provide
homogeneous criteria which could be used to enroll patients in research protocols
[3]. The committee established the following criteria, all of which were required to
establish a diagnosis of ARDS:

1. Acute onset
2. Hypoxemia, manifested by arterial partial pressure of oxygen to fraction of
inspired oxygen ratio (PaO,/FiO, ratio) < 200
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3. Bilateral infiltrates on chest radiography
4. Pulmonary artery wedge pressure (PAWP) < 18 mmHg or no clinical evidence of
left atrial hypertension

The committee also described a less severe form of injury, known as acute lung
injury (ALI), which followed the same set of criteria with the exception that it
encompassed patients with a PaO,/FiO, ratio of <300 [3].

This definition served the clinical and research community well for more than
15 years, but throughout that period, some concerns regarding the AECC criteria
were raised. The definition of acute onset was not clearly described. The clinical
diagnosis of ARDS or ALI did not always correlate well with histopathologic or
autopsy findings. Chest radiograph interpretation could be highly variable. PaO,/FiO,
ratios and PAWP could be affected by the use of varying levels of PEEP, and PAWP
assessment could also be affected by a variety of clinical factors. In 2012, new set
of criteria for the diagnosis of ARDS were proposed, termed the Berlin definition.
This specifies that the syndrome must occur within 1 week of a known insult or new
or worsening respiratory symptoms. Although chest imaging is required to show the
presence of bilateral infiltrates “not fully explained by effusions, lobar/lung col-
lapse, or nodules,” PAWP measurements are no longer required. Instead, the new
definition states only that respiratory failure “not be fully explained by cardiac fail-
ure or fluid overload” to be considered ARDS. Furthermore, the Berlin definition
establishes three categories of severity based on PaO,/FiO, ratio as measured on
mechanical ventilation with a PEEP of 5 cmH,O. Severe ARDS is defined as a
PaO,/FiO, ratio <100, moderate ARDS as a ratio >100 but <200, and mild ARDS
as a ratio > 200 but <300. The term acute lung injury has been removed from the
definition entirely [4]. Retrospective analysis comparing both definitions with
autopsy findings demonstrates that the Berlin criteria are more sensitive but less
specific than the AECC criteria for the detection of the histopathological finding of
diffuse alveolar damage [5].

Epidemiology

Patients with sepsis syndromes have a markedly increased risk for the development
of ARDS, with rates approaching 20%, as compared with less than 1% in inpatients
without evidence of sepsis [6]. Sepsis is indeed a leading risk factor for the develop-
ment of ARDS. Historically, observational studies identify sepsis as the inciting
insult in over 40% of cases of ARDS [7]. More recently, a large observational stud-
ies have estimated a wide range in the incidence of ARDS, between 7.2 and
58.7/100,000 patients/year, and that pneumonia and sepsis accounted for 42.3 and
31.4% of cases of ARDS, respectively [8—11]. Additionally, the risk of ARDS is
nearly three times higher in trauma patients who develop sepsis syndromes as compared
with trauma patients who do not (RR =2.94; 95% CI, 1.51-5.74) [7]. As the sever-
ity of the sepsis syndrome increases, the risk of ARDS appears to increase as well.
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In one series, 100% of patients with septic shock developed ARDS, yet only 15% of
septic patients without shock met criteria for ARDS [6].

Several comorbidities and patient factors have been observed to modify the risk
of developing ARDS in sepsis. Interestingly, diabetes has been found to be protec-
tive against the development of ARDS. Diabetic patients with sepsis are about half
as likely to develop ARDS compared to nondiabetic patients with sepsis [12].
Conversely, chronic alcohol abuse appears to increase the risk of ARDS in septic
patients. In one series, more than 50% of septic patients with a history of alcohol
abuse developed ARDS, while those without such history developed ARDS in only
20% of cases [13, 14].

A variety of genetic polymorphisms may also predispose patients with sepsis to
the development of ARDS. Certain variants of the genes encoding angiotensin-
converting enzyme (ACE) and IL-6 have been linked to increased risk for and sever-
ity of ARDS [15]. Several polymorphisms of sphingosine 1-phosphate receptor 3
appear to be strongly predictive ARDS risk in septic patients [16]. Furthermore,
although our understanding of the interplay between genetics and ARDS risk is still
limited, multistep genomic analyses of large databases of patients with sepsis from
both pulmonary and extrapulmonary sources have identified a variety of single
nucleotide polymorphisms (SNPs) that are associated with increased risk of the
development of ARDS, while still others have been identified as protective [17, 18].

Regardless of etiology, patients with ARDS are at substantially increased risk for
the development of further lung injury while undergoing mechanical ventilation
compared to ventilated patients without ARDS (e.g., patients intubated for airway
protection or respiratory failure due to neuromuscular weakness). This additional
injury, referred to as ventilator-induced lung injury (VILI), has been found to occur
in patients with ARDS at rates as high as 30-50% [19]. While it has been proposed
that patients with ARDS secondary to a septic etiology are at higher risk for VILI
than patients with ARDS of a non-septic etiology, at the time of the International
Consensus Conference on Ventilator-Associated Lung Injury in ARDS, which con-
vened in 1999, there was no definitive evidence of this phenomenon [19], and to
date this association has not been more fully elucidated.

Multiple observational trials, animal models, and small controlled trials have
suggested that there may be distinct differences between ARDS from “direct” pul-
monary sources (e.g., pneumonia or toxic inhalation) and “indirect” extrapulmo-
nary sources (e.g., sepsis of urinary origin or pancreatitis). Most observational
studies suggest a higher incidence of ARDS in patients with pneumonia-related
sepsis than in those with sepsis of an extrapulmonary source. One review of the
subject found that, although several published series demonstrate increased mortality
from ARDS due to pulmonary sepsis compared to extrapulmonary sepsis, others show
no difference in such rates [20]. Studies aimed at identifying genetic polymorphisms
associated with susceptibility to ARDS have demonstrated that polymorphisms that
may confer increased risk of the development of ARDS in patients with pulmonary
sepsis differ from those that may increase this risk in patients with extrapulmonary
sepsis [18]. The pathophysiologic mechanisms, which are discussed in the following
section, may differ. In pulmonary-related causes of ARDS, as might be expected,
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the inciting injury targets mostly the pulmonary epithelial cells; extrapulmonary
causes of ARDS however may target the pulmonary vascular endothelium instead
[20]. Mouse models have also demonstrated a significantly greater inflammatory
response in pulmonary as compared to extrapulmonary ARDS [21], and both lung
and chest wall mechanics may be affected differently by pulmonary and extrapul-
monary ARDS [22, 23]. The remodeling that occurs in the later stages of ARDS
may also differ, with higher levels of collagen deposition noted in pulmonary ARDS
as compared to extrapulmonary ARDS [20, 24]. Studies have also suggested a dif-
fering response to a variety of clinical and therapeutic strategies in direct pulmonary
versus indirect extrapulmonary ARDS, many of which are discussed later in this
chapter [20]. While these studies were not limited to patients with sepsis and ARDS
(e.g., pulmonary sources of ARDS included aspiration and pulmonary trauma),
taken together, these findings suggest that ARDS of pulmonary and extrapulmonary
etiologies may in fact represent different clinical entities, although to date there has
been little clinical evidence to suggest the utility of differing management strategies
for these two groups.

The development of ARDS carries a significant mortality risk in all patients,
reported between 31 and 60% [8-11, 25], and septic patients are no exception.
Septic patients who develop ARDS have an approximately 1.4-fold increase in mor-
tality than those admitted with sepsis syndromes of similar severity who do not
develop ARDS [7]. Likewise, the presence of sepsis is independently associated
with mortality in patients with ARDS, with reported odds ratios of 2.8-5.6 com-
pared to patients with ARDS from other causes [26, 27]. Chronic alcohol abuse
appears to further increase mortality risk in septic patients who develop ARDS: in
one series of patients with sepsis complicated by ARDS, preceding alcoholism was
associated with a 25% increase in the relative risk of mortality compared to patients
without a history of alcohol abuse [13, 14].

Given the substantial morbidity, mortality, and economic cost associated with
ARDS in septic patients, there has been extensive interest in developing an under-
standing of the complex pathophysiologic mechanisms underlying sepsis-related
ARDS in efforts to reduce both its incidence and severity.

Pathophysiology of Sepsis-Induced Lung Injury

As with all causes of ARDS, disruption of the alveolar-capillary membrane (ACM)
plays a key role in the development of sepsis-induced ARDS (Fig. 9.1). ACM integrity
is essential in preventing the uncontrolled passage of plasma blood into the airspace
while maintaining alveolar-capillary gas exchange. The ACM is composed of the
alveolar epithelial cells, the corresponding basement membrane, the interstitial or
intramembranous space, the capillary basement membrane, and the alveolar-
capillary endothelial cells. Ninety-five percent of the alveolar space is covered by
type I (flat) cells and the remaining 5% by type II (cuboidal) cells [28]. The latter
are responsible for the production of surfactant, and sodium and chloride ion
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transport, which plays a key role in removing fluid from the alveolar space. In addition,
type II cells are able to proliferate and differentiate into type I cells and thus are a
critical component of the response to lung injury [29, 30].

Both pulmonary and extrapulmonary sources of sepsis may lead to lung injury,
with the same common end point of loss of ACM integrity, the hallmark of ARDS [3].
Disruption of this membrane results in increased permeability edema, with subse-
quent alveolar flooding with proteinaceous fluid (plasma) which impairs gas exchange
and type II cell function. The latter leads to a decrease in surfactant production and
impaired fluid removal from the alveolar spaces (Fig. 9.1). Finally, disruption of this
barrier can itself lead to sepsis and septic shock due to bacterial translocation, as
leading to pulmonary fibrosis due to defective epithelial repair [30, 31].

Regardless of initiating injury, two phases have been described in ARDS pro-
gression—an early inflammatory or “exudative” phase (typically lasting 5-7 days),
in which both the capillary endothelium and the alveolar epithelium are affected,
and a later repair phase which typically begins 7-10 days after ARDS onset and in
some cases is pathologically “fibroproliferative,” driven by dysregulated alveolar
repair and the formation of granulation tissue and fibrosis in the airspace and
interstitium [31].

Exudative Phase

As with all causes of ARDS, sepsis-associated ARDS occurring as a result of a direct
pulmonary insult (e.g., severe pneumonia with sepsis) damages the ACM and initiates
local and systemic inflammatory cascades. In the case of extrapulmonary sepsis, sys-
temic release of cytokines is responsible for the cascade of events leading to ARDS,
and such injury is often just one element of multi-system organ failure (Fig. 9.1).

Mediators of Humoral and Cellular Mechanisms

Neutrophils have been shown to be the predominant cell type in bronchoalveolar
lavage fluid of patients who have ARDS, and these cells drive epithelial damage
through the release of reactive oxygen species, proteases, and procoagulant factors
[31-33]. Neutrophils are recruited to the lung and further activated by an array of
soluble mediators, both endogenous (such as complement fragments or cytokines)
and exogenous (such as lipopolysaccharide). The cytokine response to injury is sub-
ject to a balance between pro-inflammatory and anti-inflammatory mediators, and
pathological skewing toward persistent and excessive inflammation is believed to be
a major factor in ARDS pathogenesis [30, 31].

Inflammatory mediators are best characterized by the role that the innate immune
system plays in the development of this cascade. The innate immune system is com-
posed of both humoral and cellular components with the ability to recognize, via
Toll-like receptors (TLRs) and other “pattern recognition receptors” (PRRs), certain
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highly conserved pathogen-associated molecular patterns (PAMPs), in order to
provide the host with an immediate first line of defense prior to the development of
a more specific adaptive immune response. TLR4 recognizes lipopolysaccharide
(LPS), a component of the outer membrane of Gram-negative bacteria, and TLR2
recognizes peptidoglycan on Gram-positive bacteria. Following TLR activation
(primarily on alveolar macrophages and type II epithelia), TNF-a and IL-1p are
released, and these in turn induce transcription and release of additional pro-
inflammatory cytokines in these and other immune cells, amplifying the immune
response. Among these secondary cytokines, IL-6 and IL-8 play important roles in
the activation, recruitment, and survival of neutrophils [30, 31, 34].

Once neutrophils are activated, their rheological properties are altered by the
stiffening effects of intracellular actin polymerization, and these cells can no longer
readily deform to pass through the small capillaries of the alveoli [35]. TNF-a- and
IL-1p-mediated activation of the vascular endothelium and resulting expression of
adhesion molecules (selectins and integrins) [31] furthers neutrophil pulmonary
vascular sequestration and translocation to the alveolar space, thus injuring and
occluding the microcirculation of the lung and exacerbating the inflammatory
response. Many other inflammatory mediators have also been implicated in this early
phase of ARDS, among them are the vascular endothelial growth factor (VEGF),
high-mobility group box 1 protein (HMGB1), and thrombin, all of which contribute
to the increased permeability edema seen in the early phase of ARDS [36]. Among
the anti-inflammatory mediators present during the acute phase are the soluble
TNF-a receptor and IL-1p receptor antagonists, IL-4, and IL-10, the latter playing an
important role inhibiting the innate and adaptive immune system [34].

Fibrin and Platelets

Endothelial injury itself exerts an inflammatory response characterized by increased
levels of circulating Von Willebrand factor [37], tissue factor, and plasminogen
activator 1 inhibitor (PAI-1) [29, 31], which is responsible for the inhibition of
urokinase plasminogen activator [38]. This cascade of events results in a pro-
thrombotic state, leading to the formation of microthrombi in the pulmonary cap-
illaries and fibrin-rich hyaline membranes in the alveoli. Both fibrin and thrombi
may exacerbate this response by promoting the expression of adhesion molecules
and further activating neutrophils, resulting in even greater permeability of the
ACM [31].

Development of Pulmonary Hypertension

Several mechanisms are proposed for the often extreme pulmonary hypertension
seen in ARDS. Among others, increased expression of endothelin-1 and thrombox-
ane B2 has been reported [36]. This, together with thrombi deposition, formation of
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microthrombi, and vasoconstriction secondary to hypoxia, appears to drive this disorder,
which not only compromises gas exchange but may also lead to additional hemody-
namic instability with cardiogenic shock due to acute right heart failure.

Surfactant

Surfactant is a lipoprotein complex composed of phospholipids (90%) and four dif-
ferent surfactant proteins (SP) named SP-A, SP-B, SP-C, and SP-D. Surfactant’s
primary role appears to be the prevention of atelectasis by decreasing the alveolar
surface tension and maintaining their patency, which is particularly critical in the
setting of injury and plasma leakage into the airspace. During ACM disruption,
flooding of the alveoli with plasma, fibrin, and other proteins results in surfactant
dysfunction, alveolar collapse, impaired gas exchange, and drastically altered respi-
ratory mechanics. Further, injury to type II cells leads to a decrease in surfactant
production and worsening alveolar edema, exacerbating the process. It has also
been shown that surfactant proteins SP-A and SP-D participate in the innate immune
response by directly binding to antigens (such as bacteria, viruses, or fungi) and
exerting both opsonizing and cidal effects, as well as helping to regulate the innate
and adaptive immune responses in the lung [36, 39].

Ventilator-Induced Lung Injury

Though spatially heterogeneous, the lung in ARDS manifests three areas of alveo-
lar ventilation: well-ventilated areas of patent alveoli (typically ventral in the
supine patient), unventilated areas of fluid-filled or persistently collapsed alveoli
(usually posterior), and widely spread areas of cyclically atelectatic lung which are
subjected to repeated opening and closing with each respiratory cycle. Mechanical
ventilation may worsen ARDS in a process termed ventilator-induced lung injury
(VILI), by overdistending the patent alveoli (“volutrauma”) and by shear stress
injury of atelectatic areas from repeated alveolar opening, worsened by surfactant
depletion and dysfunction (“‘atelectrauma”). These two mechanisms not only lead
to direct injury but also promote the secretion of pro-inflammatory cytokines
(such as TNF-a, IL-1p, and IL-6), resulting in further neutrophil recruitment, ACM
damage, and impaired fluid clearance [31, 40]. Limitation of alveolar stretch in the
setting of an appropriate recruitment of the lung using positive end-expiratory
pressure (PEEP) decreases the release of inflammatory cytokines in both animals
and humans [40]. In this context, the use of lower tidal volumes (6 mL/kg as
opposed to 12 mL/kg) with scaled PEEP has been shown to decrease mortality
from 40 to 31% [25].
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Repair and the Fibroproliferative Phase

The regenerative phase of ARDS begins with the removal of alveolar fluid by active
sodium transport. Sodium enters alveolar epithelial cells via an epithelial sodium
channel, which is localized to their apical membranes, and water follows passively
both via this mechanism, as well as through aquaporins, which are mostly located
on type I cells. Subsequently, Na/K ATPases localized in the basolateral membrane
of both type I and type II cells and are responsible for removing sodium (and accom-
panying water) from the cells in exchange for potassium [32]. From the interstitium,
fluid is reabsorbed by lymphatics or the microcirculation or drains into the pleural
space, causing effusion [32]. Soluble proteins are removed through a process of
paracellular diffusion between alveolar cells [32], whereas insoluble proteins are
engulfed by macrophages or alveolar epithelial cells [30]. Clearance of apoptotic
neutrophils and epithelial cells by macrophages is a major mechanism of debris
removal from the alveolar space [41] and has been shown to drive resolution of the
inflammatory process through a mechanism called efferocytosis [42]. The delicate
balance between inflammation and fluid reabsorption is a key prognostic factor in
ARDS. Resolution of edema is associated with improved oxygenation, decreased
mechanical ventilation days, and decreased mortality [30].

The repair of the ACM begins with the proliferation and differentiation of type 11
cells into type I cells, as well as by recanalization of the microcirculation and repair
of damaged endothelium. Pulmonary fibroblasts play an important role during this
repair process, as they secrete epithelial growth factors and basement membrane
components. Although poorly understood, dysregulated repair leads to migration of
the fibroblasts into the alveolar space with subsequent formation of granulation
tissue and fibrosis, which impair gas exchange and may markedly decrease lung
compliance [31]. The incidence of fibroproliferative ARDS varies widely by series,
but may occur to some degree in more than 50% of ARDS patients based on lung
biopsy data [43]. Factors influencing the progression to fibrosis are poorly under-
stood, but its advent confers a worse prognosis for the affected patient including
increased mortality, days on ventilator, and long-term respiratory impairment [44].

Clinical Considerations

To date, no effective therapy has been devised that directly addresses the underlying
pathophysiology of ARDS, and treatment remains supportive. The mainstay of sup-
portive care for patients with ARDS of any etiology, including sepsis, includes treat-
ment of the underlying disorder and strict adherence to lung protective ventilation.

From 1996 to 1999, the ARDS Clinical Trials Network (ARDSNet) conducted
the ARMA study, a randomized controlled trial of over 800 patients at ten large
academic medical centers comparing low tidal volume ventilation (6 cc/kg of ideal
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body weight) to the standard tidal volume at the time (12 cc/kg). The protocol also
sought to maintain end-inspiratory (static/plateau) pressures at 30 cmH,O or lower
and protocolized the level of positive end-expiratory pressure (PEEP) for any given
level of fraction of inspired oxygen (FiO,). Oxygen and pH goals were an arterial
partial pressure of oxygen (Pa0O,) of 55-80 mmHg and a pH of 7.30-7.45. With this
strategy, the investigators demonstrated a reduction in 180-day mortality from
nearly 40% in the standard (12 cc/kg) tidal volume group to 31% in the intervention
(6 cc/kg tidal volume) group, as well as decreased days of mechanical ventilation
and extrapulmonary organ injury, and a reduction in the number of patients still
requiring mechanical ventilation at hospital discharge in the low tidal volume group
[25]. Since the publication of these findings in 2000, low tidal volume ventilation
strategies have been widely adopted in clinical practice.

Subsequently, given that morbidity and mortality in ARDS remain high despite
low tidal volume ventilation, alternative ventilatory strategies have been investi-
gated; though as of yet, none has been demonstrated to be superior to the protocol
used in the original ARDSNet ARMA trial. In 2013, two randomized trials compar-
ing early use of high-frequency oscillatory ventilation (HFOV) to usual care with
low tidal volume standard ventilation in patients with moderate to severe ARDS
reported no improvement in outcomes and possibly increased mortality in the
patients treated with HFOV [45, 46]. Consequently, although this mode of ventila-
tion is still considered in patients with ARDS and refractory hypoxemia, its use over
standard ventilator modes early in ARDS is not recommended.

Extracorporeal membrane oxygenation (ECMO), which allows for extreme lung
protective ventilation using cardiorespiratory bypass technology and “external
lungs,” may show promise in reducing mortality in severe cases of ARDS with
refractory hypoxemia or respiratory acidosis. The use of ECMO has not been com-
pared to low tidal volume ventilation in head-to-head randomized controlled trials.
However, one randomized control trial comparing patients with severe ARDS who
were referred to centers where ECMO was available to those who remained in hospitals
that did not have the capacity to perform ECMO demonstrated that those patients
who transferred had a 6-month survival of 63% compared to 47% survival in patients
who did not transfer [47]. Although these results are promising, it should be noted
that only 75% of patients transferred to centers where ECMO was available actually
received the therapy, and in fact transferred patients spent more of their ventilator
days on low tidal volume ventilation than those who were not transferred, suggesting
better compliance with traditional ARDS protocol ventilation at the referral centers.
Furthermore, the high cost, limited availability of equipment, and lack of expertise
in many centers remain barriers to ECMO as a first-line therapy.

A variety of other supportive strategies aimed at reducing further lung injury and
optimizing oxygenation have been evaluated in multiple trials. Traditionally, fluid
resuscitation has been a mainstay of treatment of sepsis and septic shock [48], yet
septic patients who develop ARDS may represent a subset in which overzealous
fluid administration is detrimental. Given the increased capillary permeability seen
in ARDS, it has been postulated that excessive fluid administration and volume
overload may exacerbate the injury and increase the amount of total lung water,
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thereby worsening oxygenation and worsening lung compliance. A retrospective
analysis of the ARDSNet ARMA trial compared patients whose fluid balance was
more than 3.5 L positive to those who had a negative fluid balance and found a
reduction in mortality in the latter (“dry”) cohort, with an odds ratio of 0.50 [49].
They also noted increased ventilator and ICU-free days in the patients with a nega-
tive fluid balance. These findings were echoed in a large randomized control trial of
1000 patients which compared a conservative and liberal fluid strategy [50]. Fluids,
diuretics, vasopressors, and inotropes were administered based on a study protocol
assessing central venous or pulmonary capillary wedge pressures, mean arterial
pressures, and other markers of hemodynamic status and organ perfusion. In the 7
days that patients remained on the protocol, the patients in the conservative fluid
strategy group had an average cumulative fluid balance of —136 mL compared with
the liberal fluid strategy group, who had an average cumulative fluid balance of
+6992 mL. Though the conservative fluid strategy did not yield a statistically sig-
nificant reduction in mortality, it was associated with fewer patient ventilator and
ICU days without an increase in adverse outcomes other than electrolyte abnormali-
ties. There was no increase in the rates of other organ failure in the conservative
fluid group, including acute kidney injury and need for dialysis [50].

Since resolution of alveolar edema is an important mechanism in the resolution
of ARDS and minimizing iatrogenic fluid administration has demonstrated benefit,
strategies aimed at accelerating the rate of resolution of edema have also been studied.
Inhaled B2-agonists have been demonstrated in vitro to stimulate cyclic AMP, leading
to upregulation of sodium and chloride channels and osmotic resorption of fluid
across type 1 and type 2 pneumocytes. The clinical implications of these findings
were investigated in a multicenter, randomized control trial of nearly 300 patients
[51]. Unfortunately, no treatment-associated reduction in mortality or days on
ventilator was found, and the strategy of using -agonists to improve alveolar edema
in ARDS is not recommended [51].

Many other strategies to improve oxygenation and mitigate ongoing lung injury
have been studied in patients with ARDS. Recently, several randomized controlled
trials and a meta-analysis have suggested that there may be significant mortality
benefit associated with the early use of both neuromuscular blocking agents and the
use of “proning” or periodically ventilating patients in the prone position [52-55].
Neuromuscular blockade is thought to improve oxygenation, reduce the work of
breathing, and improve patient ventilator synchrony, which may diminish the
propagation of lung injury. Prone positioning improves oxygenation through
improved ventilation/perfusion (V/Q) matching and may reduce ongoing lung
injury as it has been shown to promote recruitment of atelectatic areas of the lung
while reducing over distension in other regions. By minimizing atelectrauma and
volutrauma, these maneuvers may diminish ongoing lung injury.

Strategies targeting the inflammatory response have been studied in ARDS, as
well. Notably, early observational studies and a small randomized control trial sug-
gested a potential benefit from corticosteroid therapy in ARDS. This was investi-
gated in a larger randomized control trial of 180 patients all of whom had at least
moderate ARDS for 7 days. While patients treated with corticosteroids had more
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ventilator-free and septic shock-free days than patients who received placebo, there
was no reduction in mortality. Additionally, corticosteroid use was associated with
more neuropathy and weakness, and in patients who were enrolled late in ARDS
(more than 14 days after the onset of symptoms), mortality was increased [56].
Currently, corticosteroids are not recommended for routine use in patients with
ARDS, although the role of steroids in very early ARDS remains controversial.

Conclusions

ARDS remains a common, serious complication in patients with sepsis of both pul-
monary and extrapulmonary sources. Mortality, particularly in patients with severe
ARDS, remains high, and patients who survive experience increased duration of
ventilation and prolonged hospitalizations and often suffer from protracted disabili-
ties once discharged home. While the inflammatory pathways that characterize the
syndrome have been extensively described, these findings have not translated into
widely available, effective therapeutic options, and much of the clinical research
surrounding ARDS consists of negative trials. Treatment remains largely support-
ive, and although several recent therapeutic strategies show promise of mortality
benefit, to date, low tidal volume ventilation and conservative fluid management
remain the mainstays of clinical management.
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Chapter 10

Organ Dysfunction in Sepsis: Brain,
Neuromuscular, Cardiovascular,
and Gastrointestinal

Brian J. Anderson and Mark E. Mikkelsen

Introduction

Sepsis-related organ dysfunction is common, complex, and associated with significant
morbidity and mortality. Its presence defines sepsis, in addition to sepsis-related
hypotension and sepsis-related hypoperfusion [1], and it has utility as a risk stratifi-
cation tool to identify those at increased risk of death. Organ failure manifests in
myriad ways in sepsis, mediated by a complex interplay between preexisting organ
function and acute inflammation and endothelial and coagulation dysfunction
incited by the infectious insult. Given the pathophysiology of sepsis-associated
organ dysfunction, each organ in the body is known to manifest tissue injury in
response to sepsis that is clinically apparent to various degrees (Table 10.1).

Using readily available diagnostic criteria to define organ dysfunction, a num-
ber of scoring systems have been validated to define sepsis and predict outcomes
[1-3]. Given the prevalence and frequent need for life support in the setting of
sepsis-related respiratory and renal failure, lung injury and kidney injury are covered
in separate chapters. In this chapter, we focus on non-pulmonary, non-renal sepsis-
associated organ dysfunction. We begin by examining neurologic complications of
sepsis, followed by examination of cardiovascular and gastrointestinal organ
dysfunction.
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Table 10.1 Clinically apparent organ dysfunction related to sepsis and criteria established to

define sepsis [1-3]

Organ system Clinical manifestation Diagnostic criteria
Neurologic Altered mental status Glasgow Coma Scale
Consciousness level Richmond Agitation-Sedation Scale (RASS)
Delirium Sedation-Agitation Scale (SAS)
Confusion Assessment Method for the ICU
(CAM-ICU)
Neuromuscular | Myopathy Medical Research Council (MRC) score
Neuropathy Electrophysiology testing
Neuromyopathy Barthel Index
Functional impairment Functional Status Score for the ICU
Cardiovascular | Cardiomyopathy Echocardiogram
Arrythmia Electrocardiogram
Myocardial ischemia Cardiac biomarkers
Myocardial injury Systolic blood pressure
Hypotension Mean arterial pressure
Respiratory Tachypnea Use of mechanical ventilation
Hypoxemia Respiratory rate
PaO,:FiO,
Gastrointestinal | Hepatocellular injury Alanine aminotransferase
Biliary Aspartate aminotransferase
Intestinal Bilirubin
Ileus
Renal Acute kidney injury Serum creatinine
Urine output
Hematologic Thrombocytopenia Platelet count
Coagulopathy Protime
Disseminated intravascular | Activated partial thromboplastin time
coagulopathy Fibrinogen
Skin Reduced capillary refill Physical examination
Mottling
Livedo reticularis

Brain Dysfunction

Introduction

One of the initial signs of sepsis is often a change in mental status, one of many
clinical manifestations that define its presence. In the literature, this clinical mani-
festation is known as sepsis-associated encephalopathy or septic encephalopathy, in
addition to the more general terms of coma or delirium. Acute brain dysfunction,
defined as coma and/or delirium during the critical illness state, is common and is
associated with short- and long-term morbidity and mortality.
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Diagnosis

Sepsis-associated encephalopathy is defined variably in the literature, ranging from
objective measures such as an abnormal Glasgow Coma Score (GCS) to subjective
measures such as an abnormal mental status according to a health provider [4-9].
Many studies now use coma and delirium as outcomes to describe brain dysfunction
in critical illness because they utilize reliable and valid measurements to define
these states. However, as GCS is included in many well-accepted illness severity
scores, it remains an important measure of neurologic function that is routinely used
in clinical practice.

At the bedside, an objective evaluation of consciousness is a vital initial step in
the neurologic examination. Two of the more commonly used scales to assess con-
sciousness are the Richmond Agitation-Sedation Scale (RASS) [10] and the Riker
Sedation-Agitation Scale (SAS) [11], both of which can be used to screen for eligi-
bility for delirium assessment. The RASS is a 10-point scale ranging from —5 to +4
(Fig. 10.1). A score of O corresponds to an alert and calm state, increasingly nega-
tive values correspond to deeper degrees of sedation, and increasingly positive val-
ues correspond to an increasingly agitated state [10]. The RASS has been validated
against a variety of neurologic measures including neuropsychiatric evaluation,
GCS, and electroencephalography [10]. In addition, the RASS has excellent inter-
rater reliability that is superior to GCS [10]. Most studies define coma as a RASS of
—4 or —5 and define deep sedation as a RASS of —3, —4, or —5 [12-40].

The most frequently cited method for diagnosing delirium in critically ill patients
is the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) (Fig.
10.2) [12-37, 39-44]. The CAM-ICU is a well-validated screen for delirium with
high sensitivity and specificity when compared to expert evaluation using the
Diagnostic and Statistical Manual of Mental Disorders (DSM) criteria, has excel-
lent inter-rater reliability, and can be administered to the nonverbal mechanically
ventilated patient [43, 44]. Other strategies to identify delirium include the Intensive
Care Delirium Screening Checklist (ICDSC) [38, 45-49], the Neelon and
Champagne Confusion Scale [50], and the DSM criteria [45, 51, 52]. Strategies to
measure delirium severity appear promising [53], but require further investigation
before implementation in the clinical setting.

Ancillary neurologic testing, including EEG and brain imaging, frequently
reveals nonspecific findings. Recent evidence suggests that certain malignant EEG
patterns (e.g., triphasic spikes) correlate with abnormal brain MRI findings in sep-
sis (e.g., ischemic lesions, leukoencephalopathy) [54]. While these strategies have
the potential to enhance our understanding of the neuropathology of sepsis-associ-
ated brain dysfunction [55-57], the clinical utility of these diagnostic studies
remains uncertain.



162 B.J. Anderson and M.E. Mikkelsen

From: Monitoring Sedation Status Over Time in ICU Patients: Reliability
and Validity of the Riclunond Agitation-Sedation Scale (RASS) JAMA.
2003:289(22):2983-2991. doi:10.1001/jama.289.22.2983

]
Table 1. The Richmond Agitation-Sedation Scale (RASS)

Score Term Description
+4  Combative Overtly combative, violent, immediate danger to staff
+3  Very agitated  Pulls or removes tube(s) or catheter(s); aggressive
+2  Agitated Frequent nonpurposeful movement, fights ventilator
+1  Restless Anxious but movements not aggressive or vigorous
0  Alertand cam

-1 Drowsy Not fully alert, but has sustained awakening

(eye opening/eye contact) to voice (>10 seconds)
-2 Light sedation Briefly awakens with eye contact to voice Verbal

(<10 seconds) stimulation

-3  Moderate Movement or eye opening to voice (but no eye contact)
sedation .

-4  Deep sedation No response to voice, but movement or eye opening
to physical stimulation

-5 Unarousable Mo response to voice or physical stimulation -

Procedure for RASS Assessment
1. Observe patient
* Patient is alert, restless, or agitated. Score 0 to +4
2. If not alert, state patient's name and say to open eyes and look
at speaker.
« Patient awakens with sustained eye opening and eye Score -1
contact.
* Patient awakens with eye opening and eye contact, but not Score -2
sustained.
* Patient has any movement in response to voice but no eye Score -3
contact.
3. When no response to verbal stimulation, physically stimulate
patient by shaking shoulder and/or rubbing sternum.
* Patient has any movement to physical stimulation. Score -4
* Patient has no response to any stimulation. Score -5

Adapted with permission.™

Physical
stimulation

Fig. 10.1 Consciousness assessment: Richmond Agitation-Sedation Scale as an example. From:
Monitoring Sedation Status Over Time in ICU Patients: Reliability and Validity of the Richmond
Agitation-Sedation Scale (RASS)JAMA.2003;289(22):2983-2991 doi: 10.1001/jama.289.22.2983

Epidemiology

Acute brain dysfunction occurs in the majority of critically ill septic patients. Early
studies of sepsis-associated encephalopathy reported an incidence as high as 62 %
[4-8]. The incidence of coma and delirium among patients with sepsis is difficult to
know with certainty because most studies have enrolled critically ill patients with a
variety of diagnoses, and the rates may vary by disease process. Although few stud-
ies have evaluated coma as a distinct outcome from delirium, an incidence of coma
between 56 and 92 % [14, 15, 23, 38] with a median duration of approximately
2-3 days has been reported [12—14, 23]. However, many studies exclude patients
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Fig. 10.2 Delirium |
assessment according to Figure. Flow Diagram of Confusion

the Confusion Assessment Assessment Method for the ICU (CAM-ICU)
Method for the ICU

(CAM-ICU). From: Ely Feature 1
EW, Inouye SK, Bernard Acute Onset of Changes or

GR, Gordon S, Francis J, Fluctuations in the Course of Mental Status
May L, et al. Delirium in

mechanically ventilated AND
patients: Validity and Feature 2
reliability of the confusion Inattention
fissess.ment meth(.)d for the AND EITHER
intensive care unit
(CAM-ICU). JAMA. / \
2001;286(21):2703—-10
Feature 3 Feature 4
Disorganized OR Altered Level
Thinking of Consciousness

N

Delirium

with persistent coma, accounting for roughly 2—18 % of patients, so the true burden
of coma may be underestimated [13, 20-22, 33-36, 40, 41, 46]. As many as 75-90
% of critically ill patients suffer delirium during their illness [12-21, 33-38, 41, 42,
45-47, 50-52]. Delirium occurs early in the ICU course, with an onset usually
within the first 1-4 days [20, 41, 45, 51, 52], and lasts for an average of approximately
2-5days [12-14, 17, 18,20-22, 33, 35,41, 51, 52] representing approximately 50 %
of all ICU days in one study [21].

Risk Factors

Studies evaluating risk factors for delirium have not exclusively enrolled patients with
sepsis but provide some important findings. Observational studies in a variety of criti-
cally ill populations have reported that age [40], severity of illness [24, 40, 41, 46, 50],
dementia or preexisting cognitive impairment [16, 41, 50], hypertension [45, 46], cur-
rent smoking [45, 50], alcoholism [46, 50], and the use of restraints [58] are all risk
factors for delirium. Sedative medications have also been identified as risk factors for
delirium. While studies have reported conflicting results demonstrating a relationship
between opiates and delirium [33-35, 38, 40, 41, 45, 50], in part due to the association
between pain and delirium, benzodiazepines have more consistently been identified as
arisk factor [13, 24, 33-35, 38, 40, 41, 45, 46, 50]. Of interest, a genetic predisposi-
tion to delirium may exist, as apolipoprotein E epsilon 4 genotype has been associated
with increased risk and/or duration of delirium [36, 59-64].
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Although the pathophysiology of sepsis-associated delirium remains unclear,
inflammation, microglial activation, and disruption of the blood-brain barrier are
frequently implicated [55-57]. Based on the inflammatory hypothesis, a number of
studies have investigated statins as an intervention that may mitigate the risk of
delirium development or severity. While the effect of prehospital statin use remains
unclear in the surgical patient population [65—68], recent evidence suggests that
continuing statins in prehospital statin users may reduce the risk of delirium, and
this relationship may be of greatest benefit early in the course of critical illness in
patients with sepsis [32, 42].

Prognosis

Acute brain dysfunction during sepsis is associated with worse outcomes. Early
studies of sepsis-associated encephalopathy demonstrated an association with a lon-
ger duration of mechanical ventilation [7], longer ICU and hospital length of stay
[7], and higher mortality [4-9]. Early deep sedation (RASS < 2) has also been
shown to be associated with longer duration of mechanical ventilation and mortality
[37]. Delirium, more specifically, is associated with myriad sequelae including lon-
ger duration of mechanical ventilation [13, 34, 39], longer ICU and hospital length
of stay [19,21, 24, 34,39, 46, 51, 52], and mortality [13, 20, 24, 39, 46]. Furthermore,
there appears to be a dose-response relationship, with longer duration of delirium
(i.e., higher dose) being associated with future functional disability [12] and both
short- and long-term mortality [13, 21, 22, 39].

Patients who experience delirium are also at higher risk of long-term cognitive
impairment (LTCI) [13, 14, 17, 18]. LTCI has been reported in as many as 78 % of
critical illness survivors at 1 year depending on the type of cognitive test used [14, 15,
17, 69, 70]. In the largest study to date, which enrolled patients with shock or respira-
tory failure, 34 % of patients had cognitive impairment at 1 year similar in severity to
patients with moderate traumatic brain injury [14]. Radiographic studies in critical
illness survivors have revealed an association between delirium and volume loss in
specific brain regions, as well as disruption of the white matter tract integrity, pro-
viding further evidence for a link between delirium and LTCI [71, 72].

Prevention and Treatment

Several clinical trials in a variety of critically ill populations have evaluated
interventions aimed at preventing or treating coma and/or delirium. Interventions
have included pharmacological and non-pharmacological interventions, as well as
different sedation regimens.

The most successful strategies to date have prioritized daily sedation interruption,
sedation protocols, and early mobilization. Daily sedation interruption has been
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shown to reduce the duration of mechanical ventilation, the number of diagnostic
tests ordered to assess changes in mental status [73], and to reduce duration of coma
[30], but an effect on the incidence or duration of delirium has not been demonstrated
consistently [30, 47]. Implementation of a protocol for de-escalation of excess seda-
tion was associated with reduced odds of developing delirium in one before and after
study in a trauma-surgical ICU [31]. Finally, interruption of sedation, paired with
early mobilization, has been shown to reduce the duration of delirium [27].

Pharmacological interventions have included the use of antipsychotics, anticho-
linergics, and different sedation regimens. Antipsychotics may reduce the duration
of delirium [48], but additional studies are still ongoing [26]. In the absence of
demonstrative data to suggest the benefit of antipsychotic use to prevent or reduce
the duration of delirium, and given potential harm [74-76], current guidelines do
not recommend their routine use until additional data is available [77]. Rivastigmine,
a cholinesterase inhibitor, was associated with longer duration of delirium and
higher mortality in one study [25]. Several randomized clinical trials have suggested
that dexmedetomidine may be the preferred sedative in treatment of coma and/or
delirium [23, 28, 29, 78]. Sedation with dexmedetomidine is associated with lower
rates of coma and more coma/delirium-free days when compared to lorazepam [23, 78]
and with lower rates of delirium when compared to midazolam [29]. Ultimately,
further research is needed to identify preventive and treatment options aimed at
reducing rates and duration of acute brain dysfunction in order to potentially
improve outcomes.

Neuromuscular Dysfunction

Introduction

Neuromuscular dysfunction in sepsis has been defined by a variety of terms including
ICU-acquired weakness, ICU-acquired paresis, critical illness polyneuropathy, crit-
ical illness myopathy, or critical illness neuromyopathy. Its development is associ-
ated with functional disability that frequently endures and an increased risk of
long-term mortality [79].

Diagnosis

Neuromuscular dysfunction in critical illness has been variably defined with some
studies using clinical parameters such as muscle strength testing, others using elec-
trophysiological testing, and some using a combination of the two. In the literature,
the terms used to describe neuromuscular dysfunction are often used interchange-
ably prompting the proposal for uniform nomenclature and diagnostic criteria [80].
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Table 10.2 Strel’lgth testing Muscle Strength Score
for ICUAW®

No movement is observed

Fasciculation or trace movement observed

Movement against gravity

0
1
Movement if the resistance of gravity is removed |2
3
4

Movement against some resistance

Movement against full resistance 5

Adapted from Medical Research Council (MRC) Scale for
Muscle Strength [81]

“Testing for ICUAW involves bilateral evaluation using the
above scale of six muscles: shoulder abduction, elbow
flexion, wrist extension, hip flexion, knee extension, and
ankle dorsiflexion

For the purposes of this review, we refer to this complication as ICU-acquired
weakness (ICUAW). ICUAW describes clinically detectable weakness in the setting
of critical illness with no other identifiable causes [80]. Critical illness polyneuropa-
thy (CIP) refers to patients with ICUAW and evidence of axonal polyneuropathy on
electrophysiological testing [80]. Critical illness myopathy (CIM) describes patients
with ICUAW and either electrophysiological or histological myopathy [80]. Critical
illness neuromyopathy (CINM) refers to patients who have ICUAW and evidence of
both neuropathy and myopathy based on electrophysiological and/or histological
testing [80].

The most commonly published method for identifying clinical muscle weakness
is use of the Medical Research Council (MRC) muscle strength scale, which rates
the strength of 12 muscles on a scale from 0 to 5 (Table 10.2) [81]. Most studies
define ICUAW as a MRC sum score of <48 [82-89]. While the MRC scale has been
shown to have good inter-rater reliability [82, 83, 86, 88, 90], it requires an interac-
tive patient and is often not feasible to use early in critical illness given the fre-
quency of coma and/or delirium [82]. A less commonly used measure of strength is
the Function Disability Score [91, 92]. Some more recent studies have evaluated the
use of ultrasonography, handgrip strength [83, 90, 93, 94], or portable dynamometry
[94] as diagnostic tools or measures of clinical strength but additional studies are
necessary.

Epidemiology

The true incidence of neuromuscular dysfunction in sepsis is uncertain because
most studies enrolled patients with a variety of ICU diagnoses, evaluated patients at
different times across studies, and focused on the most severely ill (e.g., prolonged
ICU length of stay). In studies that enrolled septic patients, the incidence of abnor-
mal electrophysiological testing ranged from 50 to 76 % [95-97], supporting that
neuromuscular dysfunction is common after sepsis.
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Additional estimates of the incidence of neuromuscular dysfunction come
from studies enrolling all intensive care unit patients regardless of diagnosis or
duration of illness. In these studies, [CUAW was diagnosed in 11-18 % based on
MRC criteria [89, 98] and 21-57 % based on abnormal electrophysiological test-
ing alone [99, 100]. Among patients admitted with acute respiratory distress syn-
drome, the incidence of ICUAW appears higher, estimated at 54 % [101]. The rate
of neuromuscular dysfunction is higher in critically ill patients who remain in the
ICU for at least 3—7 days, with an incidence of ICUAW based on MRC score of
approximately 25 % [83, 84]. In this population, the combined incidence of CIP,
CIM, or CINM ranges from 33 to 57 % [91, 102, 103], and the incidence of abnor-
mal electrophysiological testing is 32-79 % [104—107]. Additional studies evalu-
ating patients who required at least 10-14 days of mechanical ventilation
demonstrated an incidence of ICUAW of 24 % by MRC criteria [98] and an inci-
dence of neuromuscular dysfunction diagnosed by electrophysiological testing
alone of 63-75 % [108, 109].

Risk Factors

A multitude of risk factors have been suggested to be associated with the develop-
ment of neuromuscular dysfunction in critical illness. Risk factors include age [85],
gender [84, 98], severity of illness [98], number of organ failures [84, 99], duration
of mechanical ventilation [84], renal replacement therapy [98], gram-negative
bacteremia [98], sepsis [107], hyperglycemia [98], aminoglycosides [98], and
corticosteroid use [84, 110, 111].

Prognosis

Patients with neuromuscular dysfunction in critical illness have longer ICU and
hospital lengths of stay [83, 84, 101, 107, 108], longer duration of mechanical
ventilation [83, 84, 91, 99, 101, 107, 108, 112, 113], higher ICU readmission rates
[83, 114], and higher mortality [79, 83, 96, 105, 108]. In addition, muscle weakness
in long-term ventilated patients is associated with pharyngeal dysfunction and symp-
tomatic aspiration [87]. Although patients with ICUAW can improve over time [84, 85],
additional evidence demonstrates that critical illness results in prolonged neuromus-
cular dysfunction and decreased long-term physical function. Survivors of the acute
respiratory distress syndrome, which is frequently the result of sepsis, have reduced
exercise capacity [15, 85, 115, 116] and report subjective muscle weakness up to 2
years after their illness [85, 115, 116]. In addition, approximately one third of criti-
cally ill patients report a disability with their activities of daily living (ADL) 1 year out
from critical illness [12]. Finally, studies evaluating quality of life in ICU survivors
show low physical function domain scores lasting for several years [117].
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Treatment and Prevention

Several studies have evaluated treatments and/or preventive strategies for neuro-
muscular dysfunction in critically ill patients, although these studies did not specifi-
cally enroll patients with ICUAW, CIP, CIM, or CINM. Early mobilization results
in improved neuromuscular outcomes including an increased proportion of patients
achieving functional independence at the time of hospital discharge [27], shorter
time for patients to reach specific milestones such as getting out of bed or walking
[27, 118], shorter ICU length of stay [118], shorter duration of mechanical ventila-
tion [27], and a trend toward lower rates of ICUAW [27]. Intensive insulin therapy
is associated with a reduced incidence of neuromuscular dysfunction diagnosed
based on electrophysiological testing [119-121]; however, additional studies have
reported higher risks of adverse events and mortality with intensive insulin therapy
[122-124]. Given recent evidence showing that early mobilization promotes eugly-
cemia, the preferred approach at present is to pair sedative interruption, spontaneous
breathing trials, and early mobilization with a less intensive insulin therapy protocol
[125, 126]. Transcutaneous neuromuscular electrical stimulation may lead to
improvement in muscle strength and reduce the incidence of ICUAW, but confirma-
tory trials are warranted before this technology can be recommended [127]. Recent
evidence also suggests that post-discharge rehabilitation after sepsis may reduce
long-term mortality, but further investigation is needed [128].

Cardiovascular Dysfunction

Introduction

Cardiovascular dysfunction in sepsis includes myocardial dysfunction, arrhythmias,
and reduced systemic vascular resistance that typifies sepsis and frequently requires
the use of vasoactive agents to support adequate perfusion pressures. In this chapter,
we focus on myocardial dysfunction and arrhythmias.

Myocardial Dysfunction

Myocardial dysfunction can include left ventricular (LV) systolic or diastolic
dysfunction as well as right ventricular (RV) systolic dysfunction and is most com-
monly diagnosed by echocardiography [129-141]. Some reports in the literature
have used direct hemodynamic measurements [134, 142—-149] to evaluate cardiac
function in sepsis, but this is challenging as sepsis is often characterized by a high-
output state, and the use of invasive hemodynamic monitoring has declined in recent
years. By echocardiogram, approximately 29-67% of patients with sepsis or septic
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shock have left ventricular (LV) systolic dysfunction (ejection fraction less than
45-55 %) [129-134], and approximately 15 % have severe LV systolic dysfunction
(ejection fraction <30 %) [140]. Using direct hemodynamics or radionucleotide
studies, as many as 56 % of septic ICU patients have LV systolic dysfunction [142,
143, 147]. LV diastolic dysfunction is also common [135, 139, 150], occurring in as
many as 57 % of patients with sepsis [130]. Few studies have specifically evaluated
right ventricular (RV) systolic dysfunction in sepsis, but it has been reported in as
many as 32-52 % of patients [129, 142, 145]. Biventricular systolic impairment has
been reported to occur in as many as 32 % of patients [142].

The presence of LV or RV systolic dysfunction in sepsis may be associated with
higher rates of mortality, although results have been inconsistent [129-131, 147-
149, 151, 152] across studies as the relationship may be modified by age and preex-
isting comorbid conditions [129-131, 147-149, 151, 152]. LV diastolic dysfunction
in sepsis, however, has been shown to be associated with mortality in several studies
[129, 130, 135, 141].

More recently, cardiac biomarkers have been evaluated as measures of myocardial
dysfunction and/or subclinical myocardial ischemia [130-132, 135-138, 153-160].
Brain natriuretic peptide (BNP) and the N-terminal fragment of its prohormone
(NT-proBNP), markers of left ventricular filling pressure and myocardial wall
stretch, have been evaluated as markers of sepsis-associated myocardial dysfunc-
tion. BNP is elevated in approximately 71 % of patients with sepsis [130] but is not
specific and may signify either LV systolic or diastolic dysfunction [131, 135, 159,
160]. Elevated BNP levels may be associated with mortality in septic patients,
although the data are not conclusive [130, 131, 135, 159]. NT-proBNP has also been
shown to be elevated in a wide range of 28-98 % of septic patients [130, 153, 161]
and similarly may also be associated with mortality [130, 161]. Both troponin-I and
troponin-T, markers of myocardial ischemia, are elevated in patients with sepsis.
Elevations in troponin-I have been reported in 41-85 % of patients with sepsis
[136-138, 154-158], while troponin-T has been reported to be elevated in 36-67 %
of patients with sepsis [130, 138]. Both troponin-I and troponin-T have been pro-
posed as markers of myocardial dysfunction [131, 136, 137] but are not specific and
may signify LV systolic or diastolic dysfunction [131, 136, 137]. Elevated troponin
in sepsis may be associated with longer ICU length of stay [137, 156] and increased
mortality [130, 131, 136, 137, 155-157], although the clinical utility of these
measures remains controversial.

Arrhythmias

The incidence of new-onset arrhythmias in critically patients is approximately 12 %
[162]. The majority of new-onset arrhythmias are supraventricular tachycardias,
most commonly atrial fibrillation [162]. New-onset ventricular arrhythmias are rare
with an incidence of approximately 2 % [162]. Additional studies specifically in
patients with sepsis report new-onset atrial fibrillation develops in approximately
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6-8 % of patients [8, 162—169]. Sepsis appears to be a risk factor for atrial fibrillation
and other tachyarrhythmias in both medical and surgical critically ill patients
[167, 168, 170-174]. Atrial fibrillation during sepsis occurs within the first 3 days
in the majority of patients [168, 169].

Risk factors for the development of arrhythmias in critical illness include age
[162, 165, 166, 168, 169], history of paroxysmal atrial fibrillation [165, 169], his-
tory of coronary bypass [166], higher severity of illness [165], higher organ failure
score [162, 168], lower left ventricular ejection fraction [165], need for mechanical
ventilation [166], use of vasopressors [162], and presence of at least one episode of
shock [163]. In addition, a recent clinical trial comparing low versus high blood
pressure targets in septic shock demonstrated an increased incidence of new-onset
atrial fibrillation in the high blood pressure target group presumably due to higher
doses of vasopressors [175].

Several studies of noncardiac ICU patients (not exclusive to sepsis) demonstrate
that patients with new-onset atrial fibrillation have longer ICU length of stay [163,
164, 168, 172, 173], a greater need for mechanical ventilation [163], and higher
mortality rates [163—165, 171-173]. Additional studies evaluating new-onset atrial
fibrillation specifically in patients with sepsis demonstrate an increased risk of
inhospital stroke and inhospital mortality [167].

To our knowledge, no randomized controlled trials have been performed evaluat-
ing treatment of arrhythmias during sepsis nor have studies examined the optimal
duration of therapy after developing new-onset atrial fibrillation related to sepsis.
One open-label randomized trial of esmolol in patients with septic shock requiring
vasopressor therapy with persistent tachycardia but not necessarily with an
arrhythmia demonstrated an improvement in heart rate and mortality, but further
studies are needed to confirm these findings [176].

Gastrointestinal Dysfunction

Introduction

Gastrointestinal dysfunction associated with sepsis includes liver dysfunction,
ischemic hepatitis, and gastrointestinal hemorrhage. In addition, a common mani-
festation of sepsis that defines sepsis is the development of an ileus.

Hepatobiliary Dysfunction

Hepatobiliary dysfunction is generally identified by lab abnormalities including
hyperbilirubinemia, elevated transaminases, and coagulopathy. See Chap. 10 for a
detailed discussion of coagulopathy and hematologic dysfunction (e.g., thrombocy-
topenia) associated with sepsis.
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The incidence of cholestasis is approximately 11 % in patients with sepsis [177],
with studies in patients with bacteremia or endocarditis with or without sepsis report-
ing an incidence of hyperbilirubinemia ranging from 20 % when using a cutoff of
serum bilirubin level > 2 mg/dL up to 53 % when using a cutoff of serum bilirubin
level > 1.2 mg/dL [178-182]. Several other studies enrolling critically ill patients with
a wide variety of ICU diagnoses report an incidence of hyperbilirubinemia ranging
from 8 to 31 % when defined as a total bilirubin level > 2 mg/dL [183—189]. Finally,
in a large cohort of critically ill patients requiring mechanical ventilation, the inci-
dence of hepatic failure was 6.3 % when defined as a total bilirubin > 2 mg/dL in
addition to elevated aminotransferase or lactate dehydrogenase levels [190].

Ischemic hepatitis can also complicate critical illness. To our knowledge, no study
has evaluated the incidence of ischemic hepatitis specifically in patients with sepsis.
However, in a study of 984 critically ill patients, the incidence of ischemic hepatitis
defined as a > 20-fold elevation of aminotransferase levels was 12 % [191]. In this
study as well as other series of ischemic hepatitis, sepsis was identified as the inciting
factor in 13-32 % of the cases [191-195]. Clinically relevant sequelae resulting from
ischemic hepatitis include vascular changes consistent with hepatopulmonary syn-
drome [196], as well as an increased risk for both hypoglycemia and death [191, 197].
Patients with ischemic hepatitis who develop hyperbilirubinemia concomitantly appear
to be at even higher risk for adverse outcomes, including nosocomial infections and
death [194]. Fulminant hepatic failure is a rare complication of sepsis [198].

Risk factors for hepatobiliary dysfunction in critical illness include age [177, 179,
183, 189], male gender [188], severity of illness [177], degree of organ failure
[177, 199], sepsis [184, 185, 199], presence of shock [183—185, 189], major surgery
[184], use of positive end-expiratory pressure (PEEP) ventilation [184], gram-
negative infection [177, 179, 184], number of blood transfusions [183, 185], and use
of total parenteral nutrition [199].

Critical illness associated with hepatobiliary dysfunction is associated with a
multitude of poor outcomes including longer ICU and hospital length of stay
[177, 183, 186, 189], increased risk for acute respiratory distress syndrome [188],
longer duration of mechanical ventilation [183], increased risk of gastrointestinal
bleeding [183], and increased mortality [177, 181, 183, 185-190, 200]. Importantly,
given the role of biliary transport in drug clearance and the frequency with which
renal and hepatic dysfunction coexist in sepsis, impaired drug (e.g., antibiotic)
clearance resulting in toxicity likely contributes to the adverse outcomes associated
with multisystem organ failure. No specific therapies are currently available for
treatment of hepatobiliary dysfunction outside of supportive care.

Gastrointestinal Hemorrhage

Gastrointestinal (GI) bleeding, usually the result of what has been termed stress
ulcers, is another feared gastrointestinal complication of critical illness. Several
studies have evaluated the incidence of GI bleeding in general critically ill patients,
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and estimates range from 8 to 20 % [201-206] down to 0.2-1.5 % [207, 208]
depending on the population studied, the definition used, and the frequency of pro-
phylaxis. Risk factors for the development of GI hemorrhage include age [207],
respiratory failure requiring mechanical ventilation [201, 204, 206, 208, 209], shock
[202, 209], sepsis [207, 209], postsurgical infection [202, 210], renal failure [206,
209], and thrombocytopenia or coagulopathy [201, 204, 206, 208, 211]. The source of
hemorrhage is most commonly ulceration of the stomach followed by the duodenum,
with esophageal being the least common [202, 206, 208, 210, 211]. GI bleeding in
critically ill patients is associated with a higher need for mechanical ventilation
[201], longer duration of mechanical ventilation [201], longer ICU length of stay
[207], and mortality [201, 206]. Although there have been no randomized controlled
trials of stress ulcer prophylaxis specifically in patients with sepsis, a significant
number of patients enrolled in the stress ulcer prophylaxis trials had a diagnosis of
sepsis. As a result, current recommendations include stress ulcer prophylaxis, using
proton pump inhibitors or H2-receptor antagonists, for patients with sepsis or septic
shock who have bleeding risk factors [125].

Conclusion

In summary, sepsis-associated organ dysfunction is common and its development is
associated with significant morbidity and mortality. In sepsis survivors, the conse-
quences of sepsis-related organ dysfunction frequently endure, which highlights the
importance of evaluation and identification of impairment and the timely use of
interventions and rehabilitation to restore function.
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Chapter 11
Diagnosis of Sepsis: Clinical Findings
and the Role of Biomarkers

Daithi S. Heffernan

Introduction

The concept of “sepsis” is derived from the ancient Greek understanding of the
decomposition and putrefaction of tissue. The word sepsis is derived from the Greek
meaning decomposition of organic matter and a derivative of the verb sepo meaning
“to rot” [1]. Sepsis is an increasingly common diagnosis among hospitalized and
critically ill patients. Despite significant advances in diagnosis and management,
mortality remains high. Severe sepsis and septic shock account for approximately
50% of ICU-related deaths [2, 3]. Reduction in sepsis-related morbidity and mortal-
ity starts with a rapid and accurate diagnosis. It has been clearly demonstrated
through the Surviving Sepsis Campaign (SSC) that a delay in diagnosis of sepsis is
associated with increasing morbidity and mortality [2]. However, inappropriate
antimicrobial usage can lead to complications such as secondary infections and the
emergence of multidrug-resistant organisms. Diagnosing sepsis can be especially
challenging in critically ill and immunocompromised patients, and many of the
clinical findings related to sepsis often overlap with those found in patients with
severe inflammation from noninfectious etiologies. Fortunately, several new bio-
markers have the potential for rapid and accurate identification of patients with
infections. Nevertheless, it is clear that significant progress in reducing the morbid-
ity and mortality from sepsis must begin with improvements in the diagnosis of
sepsis.
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Defining Sepsis

Sepsis is defined as the systemic inflammatory response syndrome (SIRS) in the
presence of an infection [4]. This classic approach to diagnosis is based on clinical
findings such as tachycardia and fevers and laboratory findings including leukocy-
tosis in the presence of relevant microbiological data. The sensitivity and specificity
of any one feature for the diagnosis of sepsis is very low, however. Furthermore,
there is considerable overlap in the clinical features of patients with SIRS from
sterile inflammation and patients with inflammation from infection (sepsis). Over
the years, lack of a unified definition has led to multiple problems from study design
to clinical practice. Additionally, this lack of a standardized definition led to remark-
able discrepancies between studies with respect to incidence of sepsis and mortality
rates from sepsis.

Bone et al. laid the foundations for our current definition of sepsis, wherein a
series of readily available noninvasive clinical parameters was set that could easily
define the early and progressive phases of a patient’s reaction to an infection [5].
The term “sepsis syndrome” was coined for patients with an infection, as well as
temperature and cardiopulmonary alterations in response to the infection, and was
used to stratify patients in a double-blind study of methylprednisolone for patients
with inflammation (SIRS) with or without shock [6]. The hope was to identify when
an infection occurred early in patients with systemic inflammation (SIRS), thereby
offering an early therapeutic intervention and thus preventing the progression to the
later stages of sepsis with multiple organ failure wherein the mortality was consid-
erably higher.

The “sepsis syndrome” described by Bone was noted to also include at least one
end organ with dysfunction and failed to capture the true clinical spectrum of the
septic cascade. In an attempt to form a unified approach to sepsis, a combined state-
ment was issued from the American College of Chest Physicians and Critical Care
Consensus Conference in 1992. Herein, diagnostic guidelines were issued for SIRS,
sepsis, severe sepsis, and septic shock [7]. SIRS is the inflammatory response to a
sterile insult such as traumatic or sterile injuries. SIRS was defined as the presence
of two or more of the four following criteria: hypo- or hyperthermia, tachycardia,
leukocytosis or leukopenia, and respiratory distress with either tachypnea or hypo-
capnia. Sepsis was defined as SIRS triggered by an infectious etiology. An infection
was defined as “a pathological process caused by invasion of normally sterile tissue,
fluid or body cavity by pathogenic or potentially pathogenic micro-organisms.”
Severe sepsis was defined as sepsis with the inclusion of multiple organ failure. Septic
shock was defined as the sepsis with the presence of hypotension unresponsive to
fluid resuscitation (Table 11.1). Thus, the term sepsis syndrome, which encom-
passed infection, systemic manifestations, and end-organ failure, has since been
replaced by the term severe sepsis. The presence of viable bacteria in the blood-
stream was defined as bacteremia. The term septicemia, although often used by
clinicians, adds nothing to the understanding of the progression of sepsis and is
considered too ambiguous and imprecise, and the use of this term is discouraged.
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Table 11.1 Systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis, and septic
shock

SIRS is the presence of at least two of the following four criteria

* Temperature greater than 38.3 °C or less than 36 °C

e Heart rate greater than 90 beats per minute

* Respiratory rate greater than 20 breaths per minute, or PaCO, less than 32 mmHg

*  White cell count greater than 12,000 cells/pL or less than 4000 cells/pL or the presence of
greater than 10% of immature neutrophils (bands)

Sepsis
* Sepsis is SIRS with an infection source
Severe sepsis

* Sepsis with evidence of organ dysfunction, hypoperfusion, or multiple organ failure

Septic shock

* Sepsis with shock (hypotension) with blood pressure less than 90 mmHg

In defining these broad and nonspecific criteria, several features were considered
critical. The definitions should not be overly complicated, which would potentially
limit their usage. The criteria should be useful both at the bedside for daily care and in
the design of trials for sepsis treatment. The inclusion of any laboratory-based criteria
needed to be easily available across a wide spectrum or treating centers and countries.
Finally, all criteria should be applicable across multiple patient populations.

In the years following those initial definitions, it was felt that the criteria for
SIRS were overly sensitive and nonspecific and often failed to capture other evi-
dence of inflammatory dysfunction and organ perfusion anomalies. The concept of
sepsis as being SIRS plus any source of infection was felt to be too simplistic. By
that definition over 90% of ICU patients fulfill sepsis criteria, and yet many ICU
admissions are for reasons other than infection related [8]. Furthermore, these crite-
ria did not factor the degree of physiologic response and failed to give weight to the
paradoxical inflammatory signs like leucopenia or hypothermia which may, in fact,
portend worse prognosis.

The 1992 definitions were updated and revised in 2003 to include other signs and
symptoms noted in critically ill patients based on a better understanding of the
pathophysiology of sepsis [4]. Although the basis remained the same, these defini-
tions considerably expanded clinical and biochemical criteria [4], recognizing the
wide diversity of the body’s response to an infection (Table 11.2). For example,
altered mental status was added to the general parameters, a finding that is very
common in elderly patients who may either have few systemic manifestations or
who are more likely to exhibit the hypoinflammatory response to an infection such
as leukopenia and hypothermia [9]. A large fluid resuscitation may denote a signifi-
cant neutrophil-mediated capillary and endothelial barrier dysfunction in response
to the infection. This neutrophil/endothelial interaction is often related to the nature of
the infection (primary versus nosocomial) and underlying patient characteristics [10].
It was recognized that the absolute value of the white cell count failed to capture
subtleties of the immune response to sepsis.
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Table 11.2 Generalized criteria for the diagnosis of sepsis

Sepsis diagnosed by the combination of documented or suspected infection, coupled with some
of the following

General variables
Fever (>38.3 °C)
Hypothermia (core temperature <36 °C)

Heart rate >90 min~' or more than 2 s.d. above the normal value for age
Tachypnea
Altered mental status

Significant edema or positive fluid balance (>20 mL/kg over 24 h)

Hyperglycemia (plasma glucose >140 mg/dL or 7.7 mmol/L) in the absence of diabetes
Inflammatory variables

Leukocytosis (WBC count >12,000/pL)

Leukopenia (WBC count < 4000/pL)

Normal WBC count with greater than 10% immature forms

Plasma C-reactive protein more than two standard deviations above the normal value

Plasma procalcitonin more than two standard deviations above the normal value
Hemodynamic variables

Arterial hypotension (SBP <90 mm Hg, MAP < 70 mm Hg, or an SBP decrease >40 mmHg
in adults or less than two standard deviations below normal for age)

Organ dysfunction variables

Arterial hypoxemia (Pao,/Fio, < 300)

Acute oliguria (urine output < 0.5 mL/kg/hour for at least 2 h despite adequate fluid resuscitation)
Creatinine increase > 0.5 mg/dL or 44.2 pmol/L

Coagulation abnormalities (INR > 1.5 or aPTT > 60 s)

Ileus (absent bowel sounds)

Thrombocytopenia (platelet count < 100,000 pL™")

Hyperbilirubinemia (plasma total bilirubin > 4 mg/dL or 70 pmol/L)
Tissue perfusion variables
Hyperlactatemia (> 1 mmol/L)

Decreased capillary refill or mottling

Table—adapted from Levy MM, Fink MP, Marshall JC et al. 2001 SCCM/ESICM/ACCP/ATS/SIS
International Sepsis Definitions Conference. Crit Care Med 2003; 31: 1250-1256 [4]

Given the nonspecific nature of a reactive leukocytosis, the selection of available
criteria included several biomarkers which may be more indicative of an infectious
etiology. These included procalcitonin (PCT) which was shown to be released from
the tissues in response to bacterial products. This expansion of the diagnostic crite-
ria also included specific defining criteria for acute lung injury (ALI/ARDS), acute
kidney injury, potential bowel or hepatic dysfunction, as well as anomalies of the
hematologic system. Defining tissue perfusion deficits as being a minor elevation of
lactic acid level (lactate >1 mmol/L) is a reflection of the need for early diagnosis
rather than waiting for overt tissue ischemia from hypoperfusion, as well as a reflec-
tion of the detrimental effects of even mild hypoperfusion on the, often elderly,
septic patient. In essence many authorities try to move beyond the mere “host
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Table 11.3 Definition of Sepsis-induced hypotension
severe sepsis

Lactate above upper limits of laboratory normal values

Urine output < 0.5 mL/kg/h for more than 2 h despite
adequate fluid resuscitation

Acute lung injury with Pao2/Fio2 < 250 in the absence of
pneumonia as infection source

Acute lung injury with Pao2/Fio2 < 200 in the presence of
pneumonia as infection source

Creatinine > 2.0 mg/dL (176.8 pmol/L)

Bilirubin > 2 mg/dL (34.2 pmol/L)

Platelet count < 100,000 pL

Coagulopathy (international normalized ratio > 1.5)

Severe sepsis is defined as sepsis-induced tissue hypoperfu-
sion or organ dysfunction as defined by the presence of any of
the following believed to be related to the infection
Adapted from Levy MM, Fink MP, Marshall JC, et al.: 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference. Crit Care Med 2003; 31: 1250-1256 [4]

response to an infection” as the definition of sepsis and rather aim to describe a
patient with cellular and organ dysfunction as a result of an infection. In a recent
International Sepsis Forum, a call was made to consider sepsis as a “life threatening
condition that arises when the body’s response to an infection injuries its own tis-
sues and organs” [11]. To echo this sentiment, Vincent et al. strongly contended that
sepsis be defined as “a systemic response to infection with the presence of some
degree of organ dysfunction” [12].

While the consensus panel felt that the basic categories continued to prove useful
and should remain, it was accepted that the criteria outlined failed to offer any dis-
ease stratification or prognostication. Thus the authors developed a classification
system they designated PIRO—the Predisposing conditions, the nature and extent
of the Insult, the magnitude of the host Response, and the degree of Organ failure/
dysfunction [4]. Predisposing factors would address both currently known features
such as comorbid diseases as well as laying ground for potentially uncovering future
genetic predispositions to an inappropriate inflammatory response to a pathogen.
For example, an overexuberant immune or inflammatory response may rapidly clear
microbes but in so doing may lead to considerable organ destruction. The nature of
the infection has been shown to carry significant prognostic value such that a noso-
comial infection is associated with higher mortality rates than a primary infection [13].
Although the literature vacillates on whether gram-positive or gram-negative infec-
tions carry a worse prognosis, the degree of organ failure induced by a specific
organism is more prognostic of outcome. It has been clearly demonstrated across a
number of well-validated scoring systems that with each failed organ, survival from
sepsis declines. The combination of the spectrum of virulence among organisms,
the susceptibility of the affected organ system, and the, as yet not fully defined,
genetic predisposition to an altered inflammatory response drive the morbidity and
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mortality of sepsis. Understanding the immune response to infection still remains
elusive but continues to grow and will likely to be incorporated into future iterations
of the definition of sepsis.

Many of the key principles used in diagnosing sepsis were utilized in the Surviving
Sepsis Campaign (SSC) which aimed to decrease sepsis mortality by increasing
awareness of the rising incidence of sepsis, as well as aimed to establish easily appli-
cable diagnosis and management guidelines which would improve survival from sep-
sis. Key to the SSC campaign was early and aggressive fluid resuscitation and
antibiotic administration. However, a cornerstone to this concept was early recogni-
tion and establishing a diagnosis of sepsis. The SSC adopted and has continued to
refine the definitions of sepsis as outlined by Levy et al. [4] (Table 11.3). Through
early diagnosis of sepsis, aggressive treatment, and compliance with sepsis bundles, a
25% relative risk reduction in mortality rate has been observed with the SSC [14, 15].

Several infection scoring systems have been described to try to predict the pres-
ence of an infection in a patient with acute inflammation (SIRS) in whom their
clinical and biochemical features cover both SIRS and sepsis. One such prediction
model is the Infection Probability Score (IPS) described by Peres-Bota [16]. Rather
than being a yes or no as in the consensus definition, the IPS gives variable weighted
points to clinical features including heart rate and temperature, basic laboratory test
including white cell count, biomarkers including C-reactive protein (CRP), and
organ failure. The IPS is scored on a range of 0-26. Peres-Bota et al. noted that a
score of 13 as a cutoff value led to a positive predictive value of 72% and negative
predictive value of 96% for the presence of an infection. Patients with a score of less
than 13 were noted to have a 10% risk of having an infection [16]. Scoring systems
continue to be proposed, but often fail to achieve a better sensitivity or specificity.
Establishing the presence of an infection and proving that this infection is the cause
to the profound physiological disturbance can remain elusive in a considerable
number of critically ill patients. Advances in medical care have led to increasing
numbers of sicker or older patients among the in-hospital population, including
patients who have undergone organ transplantation, chemotherapy, and high-dose
steroids or the super-elderly patient. Despite the myriad of diagnostic criteria and
scoring systems, the greatest impact on sepsis-related morbidity and mortality
remains with clinical vigilance and a heightened index of suspicion.

Identification of Bacteria

Diagnosis of sepsis is traditionally predicated upon detection of an infecting
organism. Microbial culture has remained the gold standard for the detection of
bacteria. However, such techniques are time-consuming and remain with significant
false-negative rates, especially in regard to fastidious or slow-growing organism or
in patients with ongoing antimicrobial exposure. Conventional blood culture tech-
niques have been reported to detect organisms in as few as 30% of patients with
known infectious sources [17]. Culture-negative patients are believed to potentially
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comprise up to 25% of patients with sepsis [18]. Further, the time-consuming nature
of conventional culture techniques may leave septic patients with inappropriate or
no antimicrobial cover for extended periods of time. Following the onset of shock
from sepsis, an approximate 8% decrease in survival has been reported for every
hour of delay in administering effective antimicrobial therapy [19]. Several tech-
nologies have emerged as potential alternatives to culture techniques.

Polymerase chain reaction (PCR), first described for diagnosing infections in
1987 [20], has been employed across the spectrum of screening for MRSA carriage
[21] to rapid detection of Clostridium difficile infection. Universal PCR amplifies
nucleic acids, specifically the 16S ribosomal RNA present in all bacteria, followed
by DNA sequencing of the amplification products. Specific PCR works via primers
complementary to known DNA sequences of specific bacteria. Specificity and time
to diagnosis are continuing to improve.

Microarray analysis detects and analyzes large numbers of microbial genes
including virulence and resistance genes. Oligonucleotide probes are bound to a
microchip in a defined array. Nucleic acids from a pathogen are labeled and then
hybridized to the complementary probe bound to the chip. A fluorescent scanner or
cytometer then measures this hybridization. Microbial microarrays have character-
ized E. coli, S. aureus, and P. aeruginosa [22] as well as identifying genes for toxin
production, resistance, and virulence [23, 24], as well as Staphylococcus aureus
coagulase profile differences [25].

Bacteriophages, or bacterial viruses, recognize and inject their genetic material
into their target host bacteria. The bacteriophage then rapidly reproduces within the
host bacteria. This kills the host bacteria releasing later numbers of bacteriophage
progeny. The presence of large quantities of rapidly produced bacteriophage is thus
a marker of the presence of a live offending bacterium. Bacteriophages rely upon the
presence of live organism which offers an advantage over PCR which may detect
already killed organisms. Further, in patients already undergoing antimicrobial ther-
apy, bacteriophage production and detection is only possible if the bacterium is
resistant to the patient’s current therapeutic regime. Bacteriophage technology is
being employed to detect multidrug-resistant S. aureus (KeyPath assay, MicroPhage)
and multidrug-resistant TB [26, 27]. MicroPhage technology yields diagnostic
results more than 30 h faster than conventional culture techniques.

Microfluidics involves analysis of droplets of fluid employing techniques includ-
ing microscale PCR [28], flow cytometry, and immunoassays [29]. This technology
is especially useful for difficult to culture microbes including M. pneumoniae, often
in half the time of conventional PCR methods. Advances in microfluidics techno-
logy have improved infection detection in developing countries with limited
resources [29].

Advances are currently being made with respect to implantable devices, such
as central venous catheters, being capable of diagnosing infections. These “smart
venous catheters” use a microelectrode to detect electrical impedance characteris-
tics of bacterial biofilm formation [30]. Such devices are capable of detecting bio-
impedance changes related to the biofilm formation with hours of the presence
of bacteria in the bloodstream. Furthermore, once bacteria have been detected or
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diagnosed by a “smart device,” further advances have been proposed to allow the
device to locally release antimicrobial agents capable of neutralizing the bacterial
biofilm production. However such devices may potentially be oversensitive, being
capable of detecting very low levels of bacteria. Redefining new thresholds for
detection of bacteria and potentially triggering antimicrobial release will be essen-
tial to future developments.

Special Populations

Individual immune responses vary based on age, gender, comorbidities, location of
the septic focus, and underlying immune status. However, there remain certain
populations in whom diagnosis of sepsis is difficult. The causes of an immunocom-
promised state are diverse, ranging from age, underlying infections such as HIV,
transplant recipients, and medication induced including steroids and cancer-related
chemotherapeutic regimes. Infections are an increasingly common complication
faced by immunocompromised patients as well as those at the extremes of age.
Common infectious presentations still include community-acquired pneumonia,
CNS infections, appendicitis, cholecystitis, and cellulitis. Further etiologies often
include implantable devices such as central venous catheters. Mortality from sepsis
among immunocompromised patients requiring ICU admission is noted to approxi-
mate 90%. As with all patients with sepsis, early diagnosis is critical to improving
survival. However, many of the classic clinical features of sepsis may not present in
patients who are immunocompromised. We herein focus on three patient groups—
neutropenic, geriatric, and neonatal patients.

Neutropenic Patients

Neutropenia is defined as having <1500 neutrophils/mm?®. However, a cutoff of <500
neutrophils/mm? is generally considered as the cut point for the increased risk of
development of sepsis. The risk of infection is related to the speed of the decline of the
neutrophil count as well as the duration of neutropenia. Although neutropenic patients
often lack many of the cardinal symptoms of sepsis, a persistently elevated unex-
plained fever is often considered diagnostic of an infection and should prompt early
initiation of antimicrobial agents. Clinicians must perform a meticulous and detailed
physical examination, noting even minor or subtle findings. Daily examinations
should focus on any minor changes from the prior day since the lack of an adequate
immune response will dampen the physical manifestations of an infection. A consen-
sus statement on the definition of sepsis in neutropenic patients concurred with the
already accepted expanded criteria for diagnosing sepsis [Table 11.2] [4] with the
caveat that alterations in white cell count or components thereof cannot be used.
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Geriatric Patients

Geriatric patients are the largest growing patient population at risk of both deve-
loping sepsis and dying from the sepsis. Geriatric patients often exhibit atypical
clinical manifestations of infections. The most common of these atypical findings
include confusion, agitation, or increasing somnolence, decline in mobility, and
overall lethargy. Elderly patients are more likely to demonstrate the hypoinflamma-
tory components of the SIRS response. A lack of a febrile response to an infection
may often be due to the fact that the average core body temperature of an older
patient is almost 1 °C lower than that of younger patient. It has been proposed that
for patients aged over 75 years, a temperature over 37.5 °C should be considered to
be a febrile response [31]. Given the changes in the cardiac and circulatory systems
associated with aging, as well as the incidence of cardiac disease such as hyperten-
sion and CHF, a better appreciation for “normal” vital signs in the elderly is essen-
tial [32]. Geriatric patients may not manifest tachycardia, and clinicians often fail
to recognize hypotension (greater than 40 mmHg change from baseline systolic
blood pressure).

The aging immune system displays immunosenescence, marked by a decline in
number and function or key aspects of the inflammatory and immune systems,
including a dampened cytokine and chemokine production and profound changes in
the lymphocyte populations [33, 34]. This decline also contributes to the lack of
systemic manifestations to an invading pathogen. This contributes to both the diffi-
culty in diagnosing infections and predisposes geriatric patients to secondary infec-
tions. Overtly this is often manifested by either a normal leukocyte count despite the
presence of a clinically evident infection or leukopenia which portends a worse
prognosis. Biomarkers, especially C-reactive protein (CRP) and procalcitonin
(PCT), may play a role when other indicators of infections are not supportive of the
clinician’s suspicion of an infection. In a meta-analysis of PCT in elderly patients,
Lee et al. noted no marked difference in the applicability when compared with non-
elderly adults. However, it remains a more useful tool for potentially ruling out
bacterial infections rather than diagnosing infections [35].

Neonatal Sepsis

Preterm neonates or very low birth weight (VLBW) infants, especially those with
comorbidities, are most at risk for both development of sepsis and succumbing to
the effects of the sepsis. Early-onset neonatal sepsis (EOS) is defined as infection
occurring within 72 h of life and occurs in approximately 2% of VLBW infants.
Late-onset neonatal sepsis (LOS) is defined as occurring after 72 h of life and is
noted to have a prevalence of approximately 20% of VLBW neonates. The findings
of sepsis in the neonate are often nonspecific and may include lethargy or irritabil-
ity, icterus, bulging or sunken fontanels, difficulty with feeding, abdominal
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Table 11.4 Characteristics Cost-efficient
of an ideal biomarker

Accurate reference standards

Applicable across a broad
spectrum of patient populations

Able to offer outcome prognosis

Well-known kinetics

distention, respiratory difficulties, or unexplained bleeding. Thus, a heightened
index of suspicion is essential, and early changes in behavior need prompt attention.
Preterm infants are more likely to develop a hypoinflammatory response than SIRS,
namely, hypothermia and leukopenia, as well as bradycardia [36]. Although the
diagnosis of sepsis is often dependent upon identifying an infecting organism, there
are significant limitations with current culture techniques. Neonates often have low
levels of bacteremia, and the optimal volume of 6 ml of blood is not feasible to be
obtained from low-weight neonates. Thus, a heavy emphasis is placed on both clinical
suspicion and potential biomarkers indicative of the presence of an infection [37].

Biomarkers

Despite advances in techniques to identify microbes, a microbiological diagnosis of
sepsis cannot be made in almost one third of patients with overt clinical manifesta-
tions of sepsis. To this end, several biomarkers have emerged in guiding the early
diagnosis of sepsis. A biomarker is a measurable entity denoting the presence or
progression of a disease. The NIH Biomarkers Definitions Working Group defined
a biomarker 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” [38]. The ideal characteristics of a bio-
marker should include ease of reproducibility, cost-effective, able to be objectively
measured, as well as capable of clearly distinguishing between infection and other
causes of critical illness (Table 11.4). Ideal biomarkers can aid in both the early
diagnosis and risk stratification and prognosis. Almost 200 biomarkers have been
studied in the evaluation of sepsis [39]. The updated criteria for the diagnosis
of sepsis (Table 11.2) now include two biomarkers, C-reactive protein (CRP) and
procalcitonin (PCT), as part of the inflammatory variables.

Cytokine analysis. Many cytokines including TNF-a, IL-6, IL-8, and IL-1p have
been demonstrated to be elevated early in the septic response [40]. They are often
elevated in response to microbial products and can produce fevers and cardiovascu-
lar collapse. These pro-inflammatory cytokines activate and alter many immune
cells. IL-6 has been the most studied cytokine for the diagnosis of sepsis and other
critical illnesses. IL-6 enhances production of CRP and other acute-phase reactants
from the liver. It has become evident that the degree of IL-6 elevation correlates
with risk of mortality from sepsis [41, 42].
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Gram-negative endotoxin-related sepsis leads to elevation of TNF and IL-1.
However, the usefulness of specific cytokines as sepsis biomarkers is rather limited
as such cytokines are also noted to be markedly elevated in patients with traumatic
injuries, complex elective surgical procedures, or stroke. The major role of cyto-
kines as biomarkers appears to be for prognostic rather than diagnostic value [43].
A specific cytokine profile does not correlate to any specific diagnosis. Recent work
has begun to focus on developing a potential panel of cytokines that might distin-
guish sepsis from other inflammatory conditions, but to date results have proven to
be limited [44—46].

C-reactive protein (CRP) is an acute-phase reactant synthesized in the liver in
response to infection and inflammation that was first identified in 1930 [47]. Despite
that, it is still commonly used both for acute diagnosis of sepsis and following
chronic courses of infections such as osteomyelitis. It is believed that CRP may bind
the phospholipid components of bacteria, thereby facilitating bacterial removal by
macrophages. However CRP is a very nonspecific marker of inflammation, noted to
increase after elective surgical procedures, traumatic injuries, burns, or myocardial
infarction. The sensitivity and specificity of CRP as a marker for bacterial infections
are 68-92% and 40-67%, respectively [48]. CRP remains useful for sepsis prog-
nosis and treatment progression. CRP levels correlate with degree of illness and
severity of infection, and declining CRP levels correlate with clinical resolution and
response to antimicrobial therapy [49, 50]. The widespread availability of CRP
makes it a useful adjunct for diagnostic criteria; however, the very nonspecific
nature of CRP greatly limits its specificity.

Procalcitonin (PCT) is often increased during systemic bacterial infection and
sepsis.

PCT is a precursor of calcitonin, a calcium-regulatory hormone secreted at low
levels by the C cells of the thyroid gland in healthy individuals. Healthy individuals
have a circulating level of PCT less than 0.05 ng/ml. However, in patients with
infections, PCT is noted to be released from a number of tissues and organs. PCT
has increasingly proven effective as a diagnostic marker of bacterial infection; the
use of which has been supported by both IDSA and the American College of Critical
Care Medicine [51]. However, unlike bacterial or fungal infections, in patients with
viral infections, PCT levels are noted to be low or normal. In response to either
injury or infection, PCT is noted to rapidly rise within 2—4 h [52, 53]. This is in
distinction to CRP which takes up to 24 h to rise. Furthermore, PCT levels are
unaffected by immunocompromised states, neutropenia, or use of immune-altering
drugs such as steroids. PCT levels have been shown to be associated with the sever-
ity of illness in septic patients, correlating with severity scores such as APACHE or
SOFA scores.

PCT levels have been noted to decline with bacterial clearance, with some inves-
tigators noting a halving of PCT levels within 24 h of controlling an infection. Thus,
several authors have advocated using PCT levels to guide and potentially shorten
duration of antimicrobial agents. Both a Cochrane review and a meta-analysis of
PCT-directed duration of antimicrobial agents noted markedly reduced total antibi-
otic exposure with no adverse effect upon mortality or treatment failure [54].
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Although specific cutoffs for the diagnosis of sepsis or for the guidance of
antimicrobial usage have yet to be full elucidated, Schuetz et al. contended that
antibiotics may be withheld in patients with PCT levels <0.25 ng/mL [55]. Meta-
analyses of PCT for diagnosing sepsis from bacterial infections were noted to have
a sensitivity and specificity of 75 and 80%, respectively [48, 56]. PCT does not have
equal predictive value across all infection types. In a meta-analysis of six studies, it
was noted that although CRP outperformed PCT for the diagnosis of endocarditis [57],
the authors contended that neither CRP nor PCT be used to rule out endocarditis.

PCT clearly can distinguish patients with infection from healthy controls.
However, PCT has limitations in critically ill patients with severe inflammation,
especially seen in surgical and trauma patients. Products of tissue damage which
may be released in noninfected patients with SIRS, traumatic injuries, or immedi-
ately after an operation are also noted to stimulate PCT release as well as activate
other biomarkers. Several meta-analyses and reviews have been performed looking
at the role of PCT for sepsis diagnosis as well as comparing PCT to CRP. Although
early reports were encouraging in believing that PCT was superior to CRP and
could distinguish SIRS from sepsis, the subsequent studies and meta-analyses have
revealed conflicting data [37, 58—60].

Uzzan et al. reviewed 33 studies of exclusively surgical and trauma patients for
the ability of PCT to aid in diagnosis of an infection in these critically ill patients
[59]. For comparing septic patients to noninfected patients with SIRS, PCT fared
better than CRP and was noted to have a global diagnostic accuracy odds ratio of
15.7 (95% CI 9.1-27.1). However the overall specificity and sensitivity remained
low. Yu et al. noted that the overall accuracy of PCT was better than CRP, but this
was attributed to the timing of testing and the fact that PCT rises sooner than CRP.
A limitation to this work was the inclusion of neonates and the fact that a significant
number of studies reviewed mandating documentation of infection [37]. A similar
comparison of CRP to PCT in burn patients also failed to show superiority of either
test for diagnosis of infection [60].

Tang et al. undertook a review of a broader group of critically ill patients [58].
This included surgical and medical patients and excluded studies in which the
diagnoses were considered “too narrow” such as exclusively abdominal sources of
critical illness. The authors concluded that the addition of PCT to pretest probability
was insufficient to justify altering clinical care and should not influence either admin-
istering or withholding antimicrobial agents. A significant finding from the analysis
of Tang et al. was that small studies tended to overestimate the ability of PCT to add
to diagnostic decision-making. Overall, Tang et al. noted a pooled diagnostic OR of
7.8 which implies that PCT would be very unlikely to clinically aid in accurately
diagnosing or excluding sepsis in critically ill patients with SIRS. A significant limi-
tation of the analysis was the inclusion of studies that only demonstrated proof of
infection [58]. Since it is now accepted that bacteremia is not an absolute prerequisite
for diagnosing sepsis, the conclusions of the analysis are limited.

Overall, these meta-analyses have demonstrated several important points about
biomarkers in general and specifically PCT. Patients with critical illness from surgi-
cal or traumatic causes may need a higher cutoff point for the diagnosis of sepsis



11 Diagnosis of Sepsis: Clinical Findings and the Role of Biomarkers 199

may be needed. Many of the studies assessed the association between PCT levels
drawn early in the course, but it has been demonstrated that PCT, CRP, or other
biomarkers may vary in their onset, peak, and duration in the early phase. Repeat
PCT testing has been advocated, with guidelines advocating that repeatedly normal
PCT levels be used to exclude an infectious etiology. Further, initially elevated lev-
els of PCT that rapidly normalize may not reflect infection but rather a transient
inflammatory response. The Procalcitonin and Survival Study (PASS), a large ran-
domized trial, assessed the value and clinical applicability of following repeated
PCT levels over time [61]. Interestingly, patients in the PCT group were noted to
have a longer hospital length of stay as well as a greater degree of impaired renal
function. The authors speculated that PCT patients were more likely to be exposed
to a greater duration of broader-spectrum antibiotics which may have been harmful.
A significant, but obvious, conclusion from the study was to reaffirm that PCT
should not be used exclusively to diagnose sepsis or to determine the need for anti-
microbial agents. Rather, as with any individual clinical finding or test, PCT should
guide judgment in the broader context of the compendium of the patient’s clinical
presentation and laboratory investigations.

High-mobility group box 1 protein (HMGB-1) is a cytoplasmic and nuclear pro-
tein that is normally undetectable in normal individuals. Although there are multiple
sources of HMGB-1, it is released from monocytes following activation during
infection. The HMGB-1is rapidly released following the onset of infection. Plasma
levels of HMGB-1 have been shown to correlate with the degree of sepsis as well as
organ failure in septic patients [62, 63]. As early as day 3 following presentation
with sepsis, plasma HMGB-1 levels were notably different between ultimate survi-
vors and non-survivors. Plasma levels of HMGB-1 exceeding 4 ng/ml on day 3 were
associated with over a fivefold increase risk of death [64]. Although a useful tool in
patients with sepsis, HMGB-1 can also be released in response to sterile necrosis,
thereby limiting its usefulness.

The soluble form of the receptor for advanced glycation end products (SRAGE)
is a useful marker for the activation of monocytes and has been considered a poten-
tial biomarker of sepsis. RAGE is DAMP receptor capable of binding several pattern
recognition molecules. HMGB-1 is capable of signaling through RAGE. However
RAGE activation is also signaled by necrotic cells. RAGE activation by ligands
results in pro-inflammatory gene expression. Elevated RAGE levels are predictive
of survival in patients with pneumonia [65]. However, since lung alveolar cells are
capable of normally expressing high levels of RAGE, it is possible that pulmonary
inflammation from causes other than infection may induce high levels of SRAGE,
thus limiting the utility of this biomarker for the diagnosis of sepsis.

sTREM-1—the triggering receptor expressed on myeloid cells-1 (TREM-1)—is
a member of the immunoglobulin super family. TREM-1 expression on phagocyto-
sis is upregulated in the presence of bacteria and fungi [66, 67]. The soluble fraction
of STREM-1 has been studied as a predictive tool for sepsis, septic shock, and death
in adults [68]. The sensitivity and specificity of STREM-1 for distinguishing infec-
tion were similar to those of CRP or PCT. However, unlike many of the studies
involving PCT, it was noted that sSTREM-1 upon admission correlated with survival
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from sepsis [43, 69], noting that a rapid decline in STREM-1 levels after initiation
of therapy correlates with better odds of survival [67]. STREM-1 has not shown
promise in helping diagnose infection in patients with SIRS.

Neutrophil surface receptor expression. The Fc receptor (FcR) is a protein
expressed on the surface of many immune cells. FcRs mediate immune cell response
to a variety of antigenic stimuli. In the setting of infection, FcRs enable immune
cells to bind to antibodies attached to microbial surfaces or microbe-infected cells,
leading to elimination of microbes. Fc-gamma receptor-1 (FcyR1) (also known as
CD64) is an integral membrane glycoprotein constitutively expressed on macro-
phages and monocytes. CD64 is only expressed at low levels of neutrophils in
healthy individuals [70]. However, following inflammation or in the setting of active
infection, there is a significant elevation of CD64 expression on neutrophils. Davis
et al. [71] reported a sensitivity of 88% and specificity of 77% for the presence of
infection. Neutrophil CD64 (nCD64) expression has been shown to correlate with
the presence of infection versus SIRS [72], as well as the degree of sepsis (sepsis
versus severe sepsis versus septic shock) [73]. nCD64 has also shown correlation
with prognosis and survival from sepsis [40, 73]. nCD64, while predicting infec-
tion, was unable to distinguish bacterial from viral infections [74]. When nCD64
was simultaneously measured with neutrophil CD35 (complement receptor-1)
expression, distinct pattern was noted that could distinguish viral infections from
bacterial infection and sterile inflammation (SIRS) [75]. FcRIIIb (CD16b) is noted
to be shed from the cell surface following trauma and infection, leading to decreased
neutrophil surface expression of CD16b and increased soluble CD16b. Levels of
soluble CD16b correlate with sepsis disease severity [76]. Interestingly, Hsu et al.
noted that CD64 and CD64/CD16 ratio had better abilities than PCT in distinguish-
ing sepsis from SIRS in critically ill patients. Further, it was noted that CD64
expression and the CD64/CD16 ratio predicted survival from sepsis, whereas nei-
ther PCT nor CD16 were significantly different between sepsis survivors and non-
survivors [73]. CD64 is proving a potentially valuable resource in sepsis diagnosis
in neonates.

Other Biomarkers

Mid-regional pro-adrenomedullin (MR-proADM) is a fragment of adrenomedullin,
apeptide produced by the adrenal gland in response to physiological stress. ProADM
modulates vasodilation and demonstrates bactericidal activity. MR-proADM was
noted to be significantly higher in patients with infections when compared to
patients with sterile inflammation (SIRS) [77]. ProADM showed a dose response
for predicting mortality. When proADM was combined with PCT, the posttest prob-
ability was noted to be 0.99 [78]. Soluble urokinase plasminogen activator receptor
(suPAR) plays a role in migration of immune cells from the bloodstream into tissues
during an infection. It was first reported in 1990 to be elevated in patients with sep-
sis as well as other inflammatory conditions. The correlation between suPAR and
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sepsis is inferior to PCT or CRP [79]; however, suPAR levels do associate with
severity of sepsis as well as 30- and 90-day mortalities [80]. Angiopoietin (Ang)-1
and Ang-2 are endothelial-derived vascular growth factors that play modulating
roles in the inflammatory and immune responses to sepsis. Ang-1 is noted to stabi-
lize the endothelium, whereas Ang-2 induces loss of endothelial integrity and vas-
cularleakage. Both Ang-1 and Ang-2 mediate their action through the transmembrane
endothelial tyrosine kinase Tie2. Elevated levels of Ang-2 were noted in severe sep-
sis. Elevated Ang-1 and lower levels of Ang-2 were noted in sepsis survivors [81].
Plasma macrophage migration inhibitory factor (MIF) levels are noted to elevate in
response to sepsis and septic shock, and MIF levels have been noted to potentially
correlate with sepsis prognosis [82, 83]. Beta-d-glucan has been used for atypical
infections and has been proven to be an effective adjunct in the diagnosis of invasive
candidiasis.

Biomarker combinations and panels. Given the redundancy in the immune and
inflammatory systems, several authors have contended that combinations or panels
of biomarkers [79, 84, 85] may be more useful in distinguishing sepsis from
SIRS. The diagnostic criteria already reflect this understanding that sepsis is not
based on a single criterion or laboratory test (Table 11.2). As mentioned previously,
some biomarkers may be used in combination with clinical indicators to develop
scoring systems such as the IPS [16]. Combining PCT and MR-proADM was shown
to have a posttest probability of 0.998 for diagnosing septic patients. The combina-
tion of as many as six pro-inflammatory biomarkers more accurately identifies sep-
sis. Shapiro et al. narrowed down over 150 biomarkers to three reported as a “sepsis
score” [85]. Interestingly this panel does not include previously mentioned bio-
markers but included IL-1 receptor antagonist (IL-1ra), protein c, and neutrophil
gelatinase-associated lipocalin (NAGL). Gibot et al. described a “bioscore” for the
combination of multiple biomarkers [84]. The bioscore combined sSTREM-1, PCT,
and CD64. The most predictive of these three was the neutrophil CD64 index; how-
ever, combining all three offered a superior ability to diagnose sepsis in critically ill
patients. Future directions appear to be aimed at a better understanding of gene
expression profiles of septic versus noninfected critically ill patients. However, this
work remains hampered by many of the issues with the abovementioned clinical or
laboratory findings, namely, the remarkable overlap in the immune and inflamma-
tory cascades in patients with an acute illness whether it’s from a sterile inflam-
mation or related to a septic event.

Conclusions

Sepsis remains a leading cause of death among hospitalized patients, and early and
accurate diagnosis is critical to improving sepsis-related outcomes. Standard defini-
tions of sepsis and severe sepsis are critical to effective communication among pro-
viders as well as to frame future sepsis-related studies. The clinical manifestations
of severe infections often mimic other, noninfectious, processes. An oversimplified
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set of diagnostic criteria for the diagnosis of sepsis leads to potentially inappropriate
antimicrobial exposure. Thus, the current set of criteria includes an expansion of
markers of organ dysfunction and offers potential biomarkers. The gold standard for
diagnosing sepsis has always been considered the demonstration of an infecting
organism. However, it has become evident that current culture-based techniques
have severe limitations and advances in methods for routine detection of bacterial,
fungal, and other atypical organisms are needed. Although many biomarkers have
been described over the years, there remains no current consensus regarding the
optimal biomarker or combination of biomarkers. Advances in the care of septic
patients are predicated upon effective, timely, and efficient diagnosis of sepsis.
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Chapter 12
Source Control in Sepsis

Michael Connolly and Charles Adams

Introduction

Source control is generally accepted to be a key component in the treatment and
reversal of sepsis. It is comprised of the physical efforts to remove or contain a focus
of invasive infection in order to restore normal function [1]. The principles of source
control for sepsis have been known for centuries, but only recently have prioritizing
and achieving source control in sepsis become more recognized due to the height-
ened awareness of sepsis as a result of the Surviving Sepsis Campaign [2]. The
majority of research in sepsis has focused on early diagnosis, resuscitation, antibiot-
ics, and other therapies, and despite source control being the cornerstone of therapy
for sepsis for centuries, it has not been widely studied. Due to this lack of evidence,
source control is often overlooked or underutilized much to the detriment of septic
patients.

Definition

Source control is generally defined as an intervention designed to eradicate or limit
a focus of infection and is achieved in one of three ways: drainage, debridement, or
definitive control via resection or device removal [3]. Traditionally source control
was achieved through surgical intervention, but due to technological advancements,
source control is increasingly achieved via less invasive measures such as
radiological-directed percutaneous drainage. Regardless of the method, source

M. Connolly, MD (<) « C. Adams, MD

Department of Surgery, Alpert/Brown Medical School, 593 Eddy St, APL 453,
Providence, R1 02903, USA

e-mail: Connolly @brown.edu; MConnolly5 @Lifespan.org

© Springer International Publishing AG 2017 207
N.S. Ward, M.M. Levy (eds.), Sepsis, Respiratory Medicine,
DOI 10.1007/978-3-319-48470-9_12


mailto:Connolly@brown.edu
mailto:MConnolly5@Lifespan.org

208 M. Connolly and C. Adams

control must provide a prompt, effective means to allow egress of infection from the
infected site or complete removal of the offending source (necrotic organ, dead
tissue, or infected foreign body).

Diagnosis

Patients with evidence of infection should be thoroughly evaluated for the source of
infection. The Surviving Sepsis Campaign urges routine screening of potentially
infected seriously ill patients for severe sepsis in order to provide earlier therapeutic
interventions [2]. Despite increases in technology, the key to detecting patients with
severe infections remains a thorough history and physical exam. A majority of
infections requiring source control can be identified early on with this simple evalu-
ation alone. Laboratory testing should then be undertaken to narrow the differential
diagnosis and alert the clinician to significant physiologic derangements requiring
intervention. Finally, multiple radiographic modalities are available to aid in diag-
nosis with the choice of study determined by the clinical suspicion of the treating
provider. Although modern radiographic techniques deliver exceptional quality
images and frequently identify the source of infection, there are some disease pro-
cesses in which obvious emergent source control should be undertaken and radio-
graphic imaging omitted to avoid delays to definitive therapy. The best example of
this is the patient with florid peritonitis who needs no further diagnostic imaging
and should be taken to the operating room for exploration. In this setting, further
diagnostic workup only delays source control and sets the stage for worsened
outcomes.

Drainage

Drainage is the evacuation of infected fluid from a closed abscess space. Drainage
may be achieved via a surgical incision, or for infections not requiring operative
intervention, with placement of a percutaneous catheter. The goal of drainage pro-
cedures is to convert an uncontrolled, closed-space infection under pressure into a
controlled sinus or fistula that freely drains the infection. Frequently, the systemic
manifestations of sepsis are abrogated by draining the infection, and this serves as
the physiological basis of the clinical axiom that “pus under pressure” kills patients.

Superficial abscesses that can be easily accessed should be opened surgically;
however, deeper space infections frequently require an intervention using radio-
graphic guidance. Using ultrasound or CT guidance, a catheter can be inserted into
the abscess to achieve decompression and drainage of the abscess. Percutaneous
drainage using radiographic imaging has been demonstrated to be a safe and effective
method of controlling sepsis in both intra-abdominal and thoracic abscesses [4, 5].
Percutaneous drainage techniques are most effective when the abscess is uniloculated.
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Cinat et al. demonstrated that a successful outcome following percutaneous drainage
is most likely when abscesses are postoperative, not pancreatic, and not infected with
yeast [6].

Despite significant advances in radiographic techniques and percutaneous
catheters, deep-space infections, particularly those with a large burden of necrotic
tissue, cannot always be treated with percutaneous drainage. In patients with multi-
loculated abscesses, in patients with anatomically inaccessible abscesses, or in
patients who have failed percutaneous drainage, open drainage is often required to
achieve adequate drainage. The failure to recognize unsuccessful drainage or delays
in operative drainage frequently lead to worsened outcomes in septic patients.
It should be noted that a partially effective drainage procedure may be an effective
temporizing maneuver that allows correction of severe physiologic derangements
such that definitive, operative intervention may be performed in a more stable
patient.

Debridement/Device Removal

Infected or necrotic tissue incites a vigorous inflammatory response in patients and
should be excised when possible. Necrotizing soft tissue infections can spread
rapidly and require early and extensive debridement to control the infection. Other
necrotizing processes without infection, such as necrotizing pancreatitis, may be
debrided after demarcation of the necrotizing tissue provided that the patient is stable
enough to undergo surgical exploration. In fact, delayed debridement of necrotizing
pancreatitis may lead to improved outcomes, but this remains controversial [7, 8].

Medical devices are frequently the source of infection in septic patients.
Infections of these foreign bodies are difficult to eradicate due to the bacteria’s abil-
ity to generate a biofilm that promotes adherence to the foreign body and prevents
effective penetration of host defenses and antibiotics. Due to these factors, device
removal is recommended whenever possible. Attempts to “eradicate” infection from
an infected foreign body are rarely successful, and the infection typically flares as
soon as the suppressive effect of antibiotics is removed.

Definitive Control

The ultimate source control frequently requires operative intervention to remove the
focus of infection and repair the affected organ. This category includes resection for
appendicitis or cholecystitis, repair of intestinal perforations, and resection of non-
viable bowel or organs. Although these interventions frequently require the most
invasive procedure, the operations result in the most definitive source control and
frequently eliminate the need for any further interventions. For example, cholecys-
tectomy for gangrenous cholecystitis completely removes the source of sepsis,
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unlike decompression with a cholecystostomy tube which only drains the infection,
leaving the infected wall of the gallbladder to drive the host’s septic response and
may ultimately require future cholecystectomy for definitive restoration of normal
function.

Indications for Source Control

Early goal-directed therapy increases survival in patients with severe sepsis or sep-
tic shock, but fluid resuscitation and antibiotics may not be sufficient therapy for
patients with infections requiring source control [9]. As outlined in the Surviving
Sepsis Guidelines [2], a specific anatomical diagnosis of infection should be sought
as quickly as possible. In many cases, the identification of the infectious source of
sepsis is frequently delayed or overlooked as the clinician focuses on the resuscita-
tion of the critically ill patient. In fact, patients may be admitted to the intensive care
unit with a diagnosis of sepsis, without a differential diagnosis of the source of
sepsis and often without a clear-cut diagnosis other than “sepsis.” All patients with
severe sepsis or septic shock should have an attempt at identifying the source of
infection because emergent source control is as important, if not more important, as
the early recognition of sepsis and resuscitation in patients.

When source control is deemed necessary, interventions aimed to obtain it should
be made as soon as possible. Invariably some procedures can be delayed for a lim-
ited period of time as the necessary institutional resources are mobilized and per-
sonnel become available, but it is imperative that patients are closely monitored
during these inevitable delays. Additional therapies such as fluid and blood admin-
istration and antibiotics should be given during this period of preparation. Thus, the
timing of source control depends on the severity of the patient’s illness and can be
broadly divided into emergent or urgent interventions.

Emergent source control is required in patients with severe, life-threatening
infections or in those patients with poor premorbid physiological reserve who will
not tolerate the sequelae of the septic response. These patients typically present
with extensive physiologic derangements and organ failure. Patients in this group
should be quickly identified, and immediate resuscitation and antibiotic therapy
should be initiated. Source control should then be obtained, even if the patient has
not been fully resuscitated, as the resuscitation can be continued in the operating
room or interventional radiology suite. Although surgeons have classically per-
formed emergent source control as part of their standard care of septic patients,
there is a paucity of data on the effect of timing on patient outcomes. Nonetheless,
some examples of infections requiring immediate source control include diffuse
peritonitis, necrotizing soft tissue infections, and infections causing hemodynamic
instability [10-12]. In patients requiring emergent source control, time is critical,
and delays in obtaining source control in this patient group are associated with
worsened outcomes [13].
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For those patients whose physiological derangements are less severe or in those
patients who have greater physiological reserve and less medical comorbidities,
delayed source control may be desirable. In these patients, the risk of emergent
intervention may be unnecessarily high and may be lessened by a brief period to
allow adequate fluid resuscitation, correction of electrolyte abnormalities, reversal
of coagulopathy, etc. A short delay in order to maximize surgical and anesthesiolo-
gist technical ability, operating room preparedness, and other resources may also be
acceptable. Finally, image-guided drainage of an abscess is frequently the initial
intervention of choice, but this may necessitate a delay until the interventional radi-
ology team is available. While the concept of an “acceptable delay” seems counter
to the expressed concept of emergent source control, this delay should only be
undertaken if the cost in terms of time delay will be offset with a significant reduc-
tion in risk to the patient, or added benefit. In essence, a brief delay that favorably
alters the risk to benefit ratio to the patient is worth undertaking, but any delay that
does not yield reduced risk or added benefit must be avoided.

The appropriate delay to source control in non-emergent cases remains contro-
versial because there is limited evidence. One consensus of experts accepts a delay
of up to 24 h for patients with intra-abdominal sepsis in hemodynamically stable
patients without peritonitis [14]. Appendicitis is the best-studied disease process
looking at delays in source control. Although there is still some debate over delay-
ing appendectomy, it appears that for most patients an in-hospital delay of less than
24 his acceptable [15, 16]. However, in all cases of delayed source control, patients
must be carefully monitored to ensure no deterioration in their clinical status. If they
do worsen, immediate source control should be undertaken. Additionally, if there
are no barriers to early source control, intervention should be undertaken as soon as
possible to minimize complications.

Method of Source Control

The method used to obtain source control will vary depending on multiple factors,
but ideally the method that results in adequate source control through the least inva-
sive means is generally the most desirable. The clinician must weigh the risks and
benefits of less or more invasive methods of source control to determine the appro-
priate modality. Integral to this decision process is an understanding of the natural
history of each proposed therapy, as well as an understanding of limitations, com-
mon pitfalls, and complications since all of these factors must be considered in the
decision analysis process. Often, the most invasive intervention must be performed
in order to achieve rapid, effective source control.

Traditionally source control required surgical intervention to drain or remove the
source of infection. The advent of advanced radiographic imaging and access tech-
niques has allowed many infections to be controlled with less invasive procedures.
Gerzoff et al. demonstrated that percutaneous drainage of intra-abdominal abscesses
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could be done safely and effectively using radiographic guidance [4]. The use of
percutaneous drainage of both intra-abdominal and intra-thoracic infections is now
commonplace [5, 17]. Successful percutaneous drainage of deep space infections
controls the source of sepsis and delays or even eliminates the need for surgical
intervention. Generally, percutaneous drainage procedures minimize the anatomic
and physiologic derangements compared with surgical intervention, but the efficacy
of drainage may be less definitive than surgical methods.

Despite significant advances in imaging and drainage techniques, treatment fail-
ures with percutaneous drainage still occur. Success rates for percutaneous drainage
range from 70 to 90% depending on the source (location) of the infection [4, 6, 18, 19].
Multiple factors have been identified that predict failure of percutaneous drainage,
including size of the abscess, poorly defined abscess, abscess that is not postopera-
tive, abscess with yeast infection, residual collection after first drainage attempt, and
increased number of drainage attempts [4, 17-19]. Patients being managed with
percutaneous source control require frequent reassessment of the adequacy of
source control, and if the patient clinically deteriorates, then more aggressive, and
typically more invasive, source control is warranted.

Operative intervention is often required to obtain the best source control. Surgery
facilitates drainage of abscesses and has the added benefit of removal of the offend-
ing source of the infection. Surgical therapy may employ resection (appendix,
gallbladder, ischemic bowel, necrotizing soft tissue infection) or repair (duodenal
ulcer, intestinal perforation). This intervention frequently controls the source of sep-
sis more completely, which may ultimately shorten the duration of physiological
derangement and generally decreases the need for future interventions. It is notable
though that once multisystem organ failure has occurred, surgical source control of
the infection may not result in reversal of organ failure [20, 21].

Severe intra-abdominal infections resulting in sepsis are frequently complicated
by postoperative abdominal compartment syndrome (ACS). ACS is defined as intra-
abdominal hypertension resulting in multisystem organ failure driven by the accu-
mulation of fluid within the abdomen and its contents restricted by the noncompliant
abdominal fascia. The fluid may be tissue fluid or blood that exceeds the capaci-
tance of the abdominal cavity leading to increased pressure. A planned open-
abdomen approach, in which the abdomen is closed with a temporary abdominal
dressing, is an accepted method of preventing ACS. Recurrent ACS may occur even
in the setting of an open abdomen and portends a dismal prognosis. The open abdo-
men may facilitate repeat laparotomy and washout of intra-abdominal sepsis; how-
ever, there has been no convincing data that planned re-laparotomy improves
outcomes in these patients [22]. The benefits of an open abdomen must be balanced
against the complications since these patients have higher rates of anastomotic leak,
entero-cutaneous fistula, and massive hernia [22-24]. Therefore, a planned open
abdomen should be reserved for cases requiring a second look (bowel ischemia), to
restore intestinal continuity after an abbreviated laparotomy in a critically ill patient
or in patients with abdominal compartment syndrome. At present time there is
insufficient data to recommend that the abdomen be left open in order to enhance
source control [25].
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Treatment of Selected Diseases

Gastrointestinal Tract

The gastrointestinal tract frequently is a source of severe sepsis and septic shock,
with appendicitis ranking as the most common source of infection [26]. Although a
short delay in appendectomy appears reasonable, patients with appendicitis should
undergo appendectomy as soon as feasible in order to eliminate the infectious
source. Like many surgical infectious diseases, the severity of the infection is on a
continuum from mild physiological derangements extending all the way up to florid
septic shock and multisystem organ failure. Accordingly, the optimal timing of
intervention also spans a continuum, but it is critical that surgical source control not
be deferred in patients manifesting clinical deterioration. In contrast to appendicitis,
patients with intestinal perforations generally require emergent operative interven-
tion to control the source of sepsis. The site of perforation will determine the extent
of surgery required. The goals of therapy in these patients are to physically clear the
infection as well as restore normal function if possible.

Sepsis from small and large bowel perforations requires an operation to control the
perforation. Traditionally, control was obtained via resection of the diseased intestine,
and in cases of severe sepsis and septic shock, bowel resection with a diverting ostomy
remains the preferred method of source control. If the patient’s physiology and comor-
bidities allow, lesser operations may suffice in obtaining some degree of source con-
trol without the additional burden of more invasive or definitive surgery. For example,
in diverticulitis, an option may be laparoscopic drainage and lavage of the infection
with definitive resection and anastomosis delayed until the sepsis and inflammation
have resolved. A procedure such as this allows creation of a controlled fistula and
avoidance of a colostomy while still draining the abscess in most patients [27].

Intestinal ischemia resulting in bowel compromise is a feared source of
intra-abdominal sepsis. In some cases of intestinal ischemia, patients can be treated
non-operatively with resuscitation and correction of the underlying cause of the
ischemia; however intestinal infarction requires emergent operation to resect the
segment of bowel affected. The diagnosis of intestinal ischemia can be challenging
as physical exam, laboratory testing, and radiography can lack sensitivity; therefore,
if suspected in a critically ill patient, operative exploration should be performed.
Patients undergoing resection of necrotic bowel due to vascular catastrophe are best
managed with a planned open abdomen and “second look™ laparotomy to assure
viable bowel prior to restoring bowel continuity [28].

Biliary Tract

The biliary tract is another frequent source of intra-abdominal sepsis, and the spec-
trum of illnesses ranges from simple non-complicated cholecystitis all the way up
to ascending cholangitis and septic shock. Acute cholangitis is caused by biliary
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obstruction and systemic spread of the bacterial infection from the biliary tree into
the liver and beyond. Obstruction of the biliary tree results in an increase in intra-
ductal pressure leading quickly to translocation of bacteria into the bloodstream,
resulting in severe sepsis and shock, with a high rate of mortality if not treated
promptly. Acute cholangitis is often diagnosed based on the presence of three clas-
sic findings: right upper quadrant abdominal pain, fever, and jaundice. The mortal-
ity rate for this disease entity has traditionally been very high; prior to 1980, the
mortality rate was 50 %, but this rate has dropped significantly in recent years with
the rise of endoscopic decompression [29].

Treatment of acute cholangitis requires early diagnosis, prompt antibiotic ther-
apy, and decompression of the biliary tree for source control. In severe cholangitis,
antibiotics alone are insufficient, and emergent decompression must be performed.
Decompression of the biliary tree can be accomplished via endoscopic, percutane-
ous, or surgical methods. The use of endoscopic retrograde cholangiopancreatogra-
phy (ERCP) is effective in controlling sepsis and has been shown to have a lower
morbidity and mortality than surgical approaches [30]. Delays in performing ERCP
for cholangitis result in increased mortality, length of hospital stay, and readmission
rates [31, 32].

Acute cholecystitis is a more common source of biliary sepsis, but usually causes
less severe sepsis and shock than cholangitis. Laparoscopic cholecystectomy is the
preferred method of source control when possible; however, in patients that are poor
operative risk candidates, percutaneous drainage with a cholecystostomy tube is
adequate to control the infection. A notable exception may be the previously noted
condition of emphysematous cholecystitis in which bacterial invasion of the gall-
bladder wall by gas-forming organisms results in a gangrenous cholecystitis. In this
setting, drainage procedures alone may be inadequate in controlling the source of
infection, and extirpation of the infected organ may be necessary.

Pancreatitis

Pancreatitis, like many surgical infections, spans a range from chemical pancreatitis
marked by mild elevations of laboratory tests to severe necrotizing pancreatic infec-
tions leading to death. Pancreatitis follows a variable and unpredictable course both
in timing of disease progression and disease severity, making this a particularly dan-
gerous and difficult disease to treat for clinicians. Patients with pancreatic infarction
or necrosis are at risk of developing infected necrosis; however, the diagnosis is
difficult to make on clinical grounds alone because the findings of fever, leukocyto-
sis, and worsening organ failure are nonspecific and frequently occur in patients
with severe pancreatitis with and without infection. Abdominal computed tomogra-
phy is helpful in identifying pancreatic necrosis as well as the stigmata of infected
pancreatic necrosis and is particularly helpful in guiding therapy. When infected
pancreatic necrosis is identified, prompt drainage of the infection is required.
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The timing and method of this drainage has been contested, but delayed surgical
debridement appears to decrease the morbidity and mortality of pancreatic necrosec-
tomy [7, 33, 34]. Therefore, initial control of infected pancreatic necrosis with per-
cutaneous drainage should be considered in most patients with open necrosectomy
reserved for only the sickest patients or those developing ACS. Percutaneous pan-
creatic drainage controls the liquid component of the infection and is a temporizing
maneuver, but true source control requires surgical debridement of the solid, necrotic
debris. Utilizing this “step-up” approach, true source control may be obtained in a
way that has been shown to significantly reduce the mortality associated with opera-
tion for infected pancreatic necrosis [8].

Necrotizing Soft Tissue Infection

Necrotizing soft tissue infections have a mortality rate of 25-35% and an even
higher rate of significant morbidity [35]. One of the most feared types of necrotizing
soft tissue infections is necrotizing fasciitis. This rapidly progressive form of soft
tissue infection can spread in a matter of hours, resulting in death of the patient.
Source control via surgical debridement must be performed emergently if there is
any hope of patient salvage, and the most important factor in preventing morbidity
and mortality is time to surgical debridement. Indeed, multiple series have demon-
strated that the only factor predictive of survival in the setting of necrotizing soft
tissue infection is time to operative intervention [36, 37]. Patients with necrotizing
soft tissue infections should be taken emergently to the operating room for wide
excision and debridement. The extent of excision should extend beyond the obvi-
ously affected areas and frequently results in large open wounds. Although these
wounds may result in significant morbidity, the risk of mortality increases substan-
tially when debridement is incomplete [37]. After the initial debridement, wounds
should be inspected within hours to ensure control of the infection, as many patients
require serial debridement. In extreme cases, amputation of an extremity may be
necessary because of rapidly spreading infection or worsening muscle necrosis due
to bacterial invasion.

Infected Devices

The use of invasive medical devices is commonplace. Medical devices can range
from simple devices used almost daily in the intensive care unit (urinary catheters,
central venous catheters) to complex, life-saving devices (valve replacements, left
ventricular assist devices). Unfortunately, medical devices frequently provide the
nidus for infection in septic patients. Microbes are able to bind to these medical
devices based upon the cell surface characteristics of the microorganisms and the
type of foreign body material [38]. Once the device is colonized, the organisms
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produce a biofilm that protects the organisms from antibiotic therapy and results in
persistent or difficult to eradicate infections [39].

The optimal treatment of an infected medical device is removal. Any patient with
severe sepsis or septic shock related to a medical device should have prompt removal
of the device and antibiotic therapy. Similarly to other infections, the urgency of
removal depends on the clinical condition of the patient, but should be performed
soon after identifying the device as the source.

Patients with implanted medical devices often have other potential sites for
infection, making definitive diagnosis challenging. However, when possible or if a
high degree of suspicion exists, the device should be removed. Additionally, the
device should be removed if there is local skin infection, metastatic infective com-
plications, or recurrence of infection after cessation of antibiotics [38]. Removal of
the device can carry significant morbidity, such as in a patient with difficult vascular
access or infected mesh from a hernia repair. Salvage therapy with antibiotics can
be performed in stable patients in an attempt to avoid removal of the device; how-
ever, the presence of the foreign body and biofilm makes salvage attempts unsuc-
cessful. Contingency plans should be arranged in the meantime in case of treatment
failure, and salvage should not be attempted in patients with severe sepsis or shock.

Conclusion

Source control is a critical element in managing patients with sepsis, yet it is often
overlooked by clinicians as they focus on fluid resuscitation, timing and selection of
antibiotics, etc. In certain disease processes, such as necrotizing fasciitis or ascend-
ing cholangitis, source control is the most important step; therefore, early consider-
ation of the source and prompt intervention are imperative. The timing of source
control should be determined by the severity of the patient’s condition, the expected
course for that disease process, and the overall condition of the patient. The optimal
method of source control is determined by evaluating the risks and benefits of the
invasiveness of the therapy versus the need for partial or complete eradication of the
source. In general, the method that provides the most complete control with the least
disruption of anatomy is preferred.
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Chapter 13
Hemodynamic Support in Sepsis

Jean-Louis Vincent

Introduction

Hemodynamic support in sepsis is more complex than it may seem at initial glance
with multiple components thatneed to be considered, including choice of fluid and
vasoactive agent, which variables to monitor and which targets to aimfor. Further com-
plexity is added by the fact that the overall hemodynamic status of any patient is a
reflection not only oftheir macro-hemodynamic situation but also of their micro-hemo-
dynamics. Each patient must therefore be assessed andtreated on an individual basis to
ensure that the most appropriate support is offered. Importantly, hemodynamic status is
adynamic event, changing with the evolution of the disease and a patient’s response to
treatment so that interventions must berepeatedly adapted and reassessed.

Fluid Administration

The release of many inflammatory mediators in sepsis results in vasodilation and
increased microvascular permeability, leading to increased extravascular losses
associated with the need for a larger blood volume. There may also be fluid deficits
due to lack of fluid intake, severe sweating, and sometimes gastrointestinal losses.
All these elements contribute to the need for considerable volume administration in
these patients. Moreover, fluid administration is required to achieve a hyperdynamic
state, which is a typical feature of sepsis. A large cardiac preload is also required in
the presence of myocardial depression associated with a decreased ventricular ejec-
tion fraction. Fig. 13.1 represents these elements.

J.-L. Vincent, MD (I)

Department of Intensive Care, Erasme Hospital, Université Libre de Bruxelles,
Route de Lennik 808, Brussels 1070, Belgium

e-mail: jlvincent@intensive.org

© Springer International Publishing AG 2017 219
N.S. Ward, M.M. Levy (eds.), Sepsis, Respiratory Medicine,
DOI 10.1007/978-3-319-48470-9_13


mailto:jlvincent@intensive.org

220 J.-L. Vincent

Fig. 13.1 The reasons for _

abundant fluid

requirements in sepsis Decreased

( fluid intake
VOLUME
DEFICITS

External losses

q, cutaneous...)

\Internal losses
(edema formation)

Reduced
venous return

BLOOD
POOLING

Vasodilatation

Maldistribution

However, excessive fluid administration can result in increased morbidity and
mortality [3, 4] so that careful monitoring of fluid balance is required. The time fac-
tor is also very important, and fluid administration should be considered as a
dynamic process changing as the patient’s status evolves, with initial, generous fluid
resuscitation if septic shock is present followed by later elimination of excess fluid.
The SOSD—salvage, optimization, stabilization, de-escalation—strategy should be
used to guide fluid administration according to the phase of the disease [5, 6]:

Salvage: During the early salvage phase, the most important consideration is to
provide adequate, lifesaving fluid resuscitation. Fluids should therefore be given
liberally, e.g., at 20-30 ml/kg, depending on the severity of the shock state; a
slightly lower amount may be preferred in patients with profound hypoxemia
from a pulmonary source. This initial phase should be quite short, before a moni-
tor is in place to assess patient response.

Optimization: During the optimization phase, the patient is no longer in immediate
danger, and fluid administration should be titrated according to patient needs, the
aim being to optimize tissue perfusion and limit the development of organ dysfunc-
tion. Some monitoring is needed to assess the effects of the fluid administration
while avoiding the development of pulmonary edema. A given level of cardiac fill-
ing pressures does not tell much about the potential response to fluids (except when
it is very low), so that a dynamic approach is preferable. A fluid challenge technique
[7] is the most obvious physiological approach, based on the Frank-Starling relation
[8]. It is essential that the fluid challenge follows a strict protocol: too often, vague
instructions are given making interpretation of the results difficult. The amount of
fluid prescribed is also often too large (“give 500 mL of saline and we will see...”),
so that the effects of the fluid challenge may become harmful.

The fluid challenge technique can be summarized by the four letters, TROL,
signifying the type of fluid (see below), the rate (typically 150-250 mL in 10 min,
depending on the weight of the patient), the objective (referring to an objective
variable, such as arterial pressure or heart rate or cardiac output if measured), and
the limit (a predefined maximal increase in a cardiac filling pressure, usually the
central venous pressure (CVP)) [9]. The fluid challenge can be repeated as
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necessary but must be discontinued if the limits are reached before the objective
is achieved. Passive leg raising can be used as a sort of “internal” fluid challenge
by shifting fluid from the legs to the thorax, but although at first glance the pro-
cedure seems simple, it is more complex than commonly thought [10]. Indeed,
the response is very short-lasting and cannot be appreciated simply by a change
in blood pressure, but requires continuous measurement of stroke volume (SV).
In mechanically ventilated patients, one can also use the pulse pressure variation
(PPV) if an arterial catheter is in place or the SV variation (SVV) if cardiac out-
put is being monitored [11, 12], but this requires a fully controlled ventilator
mode, with no triggering of the respirator by the patient. However, as sedative
agents are now being used less because of their adverse effects on vascular tone
and myocardial function, most ventilated patients will trigger the respirator at
some point. Moreover, the use of relatively small tidal volumes, as recom-
mended, decreases the amplitude of the signal and major arrhythmias also influ-
ence the measurements. Hence, PPV and SVV can be helpful signs, but only in
very specific conditions, which are seldom present.

Stabilization: At this point, the patient is no longer in or at risk of shock and has reached
a steady state so that only maintenance fluid therapy is required. Fluid infusion may
still be required, but oral intake may be sufficient if this is possible.

De-escalation: In this phase, the patient is recovering and excess fluid must be removed,
preferably by spontaneous diuresis. Furosemide is seldom needed, because if there
is inadequate spontaneous diuresis, it is likely that kidney function is sufficiently
impaired to necessitate the use of renal replacement therapy for fluid removal.

Choice of fluid is a complex issue and remains a matter of ongoing debate. The
use of colloid solutions is associated with less fluid requirement and less edema
formation, even in the presence of altered capillary permeability [13], but colloid
choices are limited. The use of albumin may result in improved survival rates in
sepsis, especially when shock is present [14, 15]. Hydroxyethyl starch (HES) solu-
tions may be preferred because of their lower costs compared to albumin, but they
may be associated with serious adverse effects in sepsis [16] and should therefore
be avoided in these conditions. The place of gelatins is not well defined, largely
because these solutions are not available in the USA. In the absence of a demon-
strated benefit of colloid solutions, crystalloid solutions are usually recommended
as first-line solutions, but they have their own problems. For example, large amounts
of saline solution can induce hyperchloremic acidosis [17], which may have some
adverse effects, including on renal function [18]. The so-called “balanced” fluids
include other molecules (e.g., lactate, gluconate, malate) to act as buffers, but these
may also have unwanted effects [19].

Vasoactive Agents

The presence of hypotension requires the use of vasopressor agents. Until recently,
it was generally proposed that vasopressor therapy should be started only when the
response to fluid was inadequate to restore an adequate perfusion pressure, but this
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approach is no longer recommended. Indeed, even when there is a good response to
fluid, a patient may experience transient hypotension, and even short-lived episodes
of hypotension can be deleterious to the organs [20]. It is, therefore, preferable to
administer vasopressor agents, however briefly, in all cases of arterial hypotension.
Norepinephrine is the vasopressor agent of choice as it has strong alpha-adrenergic
properties but also some milder beta-adrenergic properties that help to maintain
cardiac output. Dopamine is associated with higher mortality rates and it should not
be used in these patients [21]. The use of epinephrine should be restricted to very
severe cases, as it may affect the distribution of blood flow and alter cellular metab-
olism, as reflected by an increase in blood lactate levels [22]. Whether vasopressin
analogs may be of use is still unclear, but it is possible that early use may protect the
endothelial cell barrier and limit edema formation [23].

If there is evidence of myocardial depression, addition of dobutamine may be
useful to increase blood flow and oxygen delivery (DO,) to the organs. Although
there are no prospective randomized controlled trials demonstrating the beneficial
effects of dobutamine on outcomes in this setting, clinical experience shows that
dobutamine administration can be associated with a rapid improvement in tissue
perfusion [24]. The doses required are usually very limited (around 5 pg/kg/min). If
the result is unsatisfactory, the dobutamine infusion can be discontinued, and the
effect will rapidly disappear because of its short half-life. There may be a decrease
in blood pressure when the dobutamine infusion is started, but this often reflects
some underlying hypovolemia and should trigger another fluid challenge.

Monitoring

Monitoring of the central venous oxygen saturation (ScvO,) can be useful in
complex cases, when the adequacy of DO, is questioned. The typical hemodynamic
pattern of sepsis is a high cardiac output associated with a normal or high ScvO,, so
that a low ScvO, suggests inadequate DO,. A low ScvO, should, therefore, encour-
age administration of more intravenous fluids, including transfusions in patients
with anemia, and the use of dobutamine. Large multicenter trials [25-27] did not
confirm the improvement in survival reported in the study by Rivers et al. [28] on
early goal-directed therapy, but many of the patients enrolled in these later studies
had already been resuscitated and were not very ill [29]. Importantly, ScvO, mea-
surements should not be used as the basis for a simple protocol [30], but integrated
and interpreted with other variables so that the full picture of hemodynamic altera-
tions can be appreciated and treatment oriented most effectively.

Measurements of blood lactate levels are essential to assess the severity of shock
and, equally importantly, the response to treatment. Shock is associated with a blood
lactate level >2 mmol/L [31]. Repeated lactate levels are very important to provide
an indication of evolution and response to treatment; decreasing lactate levels are
associated with a better prognosis [32-34]. Importantly, although the decrease in
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lactate concentrations has been referred to as lactate “clearance,” this term is incor-
rect because the change in lactate concentrations reflects changes in both production
and elimination of lactate [35].

Conclusion

The hemodynamic management of patients with sepsis is more complex than at first
glance with multiple components that need to be considered in order to maintain
organ function and prevent death. Importantly, each patient must be assessed and
treated on an individual basis to ensure that the most appropriate support is offered.
There is no optimal arterial pressure or cardiac output for all patients, and multiple
variables should be assessed together to provide a full picture of each patient’s
hemodynamic status. Whether directing therapy at improving the microcirculation
is beneficial remains a matter of ongoing research [36]. Analysis of trends in values
over time is more useful than single measures and can help indicate whether or not
a patient is responding to treatment.
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Chapter 14
Bundled Therapies in Sepsis

Laura Evans and William Bender

Introduction

In recent years, there has been an increased focus on delivering appropriate, effi-
cient, and effective medical care. As a result of this, a number of tools and tech-
niques have been developed and increasingly used to assist in this process. One such
entity is that of care bundles or, more simply, bundles. These are a set of evidence-
based interventions that, when implemented together, tend to result in significantly
better outcomes than when implemented individually [1]. Bundles usually consis-
tent of three to five elements and are targeted for a defined patient population or care
setting. Their effectiveness is centered on bringing together independent practices
and tying them into a package that needs to be completed for each encounter with
these patients or care settings [2].

A variety of key factors are associated with the development of bundles. Each
individual element within the bundle, when possible, should be based upon well-
established evidence. If lower grade evidence including expert opinion is utilized,
ongoing re-evaluation and periodic updating of the bundles and their associated
elements should occur. As a general recommendation, the included elements should
be between three and five in number and descriptive in manner rather than proscrip-
tive, so as to aid in appropriate local customization [1]. In addition, a multidisci-
plinary approach should be used in their development and implementation. This not
only ensures broad acceptance of the reasoning behind them but also allows for a
consistent focus on how they should be utilized to deliver the most effective care
possible. This broad, team-based approach to bundles also prevents them from
devolving into simple checklists.
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Checklists, while helpful, tend to contain a series of tasks and processes that
often fall under either the “nice to do” or “have to do” categories [2]. They also have
the potential to get overloaded with an increased number of elements while lacking
a well-delineated owner. Their utilization also tends to be extremely broad and not
targeted toward specific patients or care settings. As a result of all of this, omission
of various elements within a checklist, or the entire list altogether, may not neces-
sarily impact a patient to a large degree. This is in stark contrast to a bundle,
however, given their focused usage and more scientifically robust construction.
An omission of an element within a bundle, or a bundle altogether, is much more
likely to result in a negative outcome for a patient.

This leads to arguably the most important factor associated with the development
of care bundles: compliance with them is measured in an “all or none” approach. If
all elements have been completed, or if an element was not completed but docu-
mented as contradicted for a specific reason, then the bundle is counted as complete
for that specific patient or setting. If any element is absent in the documentation,
then the bundle is incomplete. The “all or none” method limits variability and
assures that evidenced-based care is being delivered consistently. In addition, it also
promotes improvement methods to focus on processes of care so as to facilitate
improved bundle usage, and ultimately patient outcomes [1].

History

Care bundles were initially developed around 20 years ago. They have been used
within a number of different medical and surgical specialties and perhaps most
prominently within cardiology [3]. In recent years, their use has been increasingly
explored and utilized within the field of critical care. [4, 5]. Berenholtz et al. further
advanced this idea with an article published in 2002. The authors reviewed 35 years’
worth of critical care literature for interventions that could prevent avoidable mor-
bidity and mortality in intensive care [6]. Six evidence-based interventions were
ultimately identified that were felt to be able to improve intensive care outcomes:
effective assessment of pain, appropriate use of blood transfusions, prevention of
ventilator-associated pneumonia, appropriate sedation, appropriate peptic ulcer dis-
ease prophylaxis, and appropriate deep vein thrombosis prophylaxis [7]. The latter
four of these interventions were subsequently clustered together to form a ventilator
care bundle.

The Institute of Healthcare Improvement (IHI) then used these works to help
develop two care bundles that ultimately were a key part of the “100,000 Lives
Campaign” and the ““5 Million Lives Campaign” [8]. The IHI Ventilator Bundle was
the first of these and consisted of four elements: elevation of the head of the bed to
between 30° and 45°, daily “sedation” vacations and assessment of readiness to
extubate, peptic ulcer disease prophylaxis, and deep venous thrombosis prophylaxis.
A fifth element, “daily oral care with chlorhexidine,” was added a few years later [9].
The overall goal with this tool was to reliably provide care that prevented certain
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adverse events associated with patients receiving mechanical ventilation. The second
bundle that was developed was the IHI Central Line Bundle. The five elements with
this tool consisted of hand hygiene, maximal harrier precautions, chlorhexidine skin
antisepsis, optimal catheter site selection, and daily review of line necessity with
prompt removal of unnecessary lines [10]. Both these bundles were noted to have a
positive effect with increasing rates of compliance resulting in decreased rates of
ventilator adverse events and central line associated infections [11-13]. These suc-
cesses subsequently allowed the bundle concept to be more easily applied to other
areas within the field of critical care including severe sepsis and septic shock.

The Surviving Sepsis Campaign and Initial Care Bundles

The Surviving Sepsis Campaign was created in 2002 to increase awareness and
improve care for patients with severe sepsis and septic shock. This movement
represented a combined effort from multiple professional societies including the
European Society of Intensive Care Medicine, and the Society of Critical Care
Medicine with the overall goal of reducing mortality from sepsis by 25% by 2009,
which represented the 5-year anniversary of its initial release of guidelines in 2004
[14]. The campaign has consisted of four phases. The first was undertaken in early
2002 and 2003 and consisted of an introduction to the campaign and along with a
push to define the scope of the problem posed by sepsis and to also increase aware-
ness [15]. The second phase consisted of the creation of evidence-based guidelines
for the management of severe sepsis and septic shock via an international consensus
committee and the initial set, as previously noted, was published in 2004. The third
phase of the Surviving Sepsis Campaign was then undertaken with collaboration
with the Institute of Healthcare Improvement. The goal of this step was to dissemi-
nate the guidelines into everyday clinical care while also gathering data on their
implementation and effect [15].

This was accomplished using a variety of instruments including educational
programs to continue to increase awareness and adherence with the guidelines as
well as performance measures and quality improvement indicators deigned to provide
feedback regarding how often patients were receiving guideline-based care [15, 16].
In addition, and arguably most importantly, two sepsis care bundles were created
from elements within the Surviving Sepsis Guidelines. In keeping with the one of
core mantras associated with care bundles, “the aim of the sepsis bundle is twofold:
first, to eliminate the piecemeal application of guidelines that characterizes the
majority of clinical environments today, and second, to make it easier for clinicians
to bring the guidelines into practice” [16].

The initial bundles that were created from the Campaign’s evidence-based guide-
lines were the Sepsis Resuscitation Bundle and the Sepsis Management Bundle.
The Resuscitation Bundle consisted of six elements to be completed within the first
6 h of a patient’s presentation. The elements included checking a serum lactate,
obtaining blood cultures prior to the administration of antibiotics, administering
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broad spectrum antibiotics within 3 h of emergency department admission or within
1 h for non-emergency department intensive care unit admissions, delivering an
initial fluid bolus of 20 mL/kg of crystalloid (or colloid equivalent) in the event of
hypotension and/or a lactate level greater than 4 mmol/L followed by the adminis-
tration of vasopressors for hypotension not responding to initial fluid resuscitation
to maintain a mean arterial pressure (MAP ) greater than or equal to 65, and lastly,
in the event of persistent hypotension despite fluid resuscitation and/or a lactate
level greater than 4 mmol/L achieving a central venous pressure (CVP) greater than
8 mmHg and/or a central venous oxygen saturation (S.,0,) of greater than 70%
[17]. The Management Bundle consisted of four elements that recommended to be
accomplished within the first 24 h of presentation. These included the administra-
tion of low-dose steroids for septic shock in accordance with standardized hospital
policy, drotrecogin alfa (activated) administered in accordance with standardized
hospital policy, glucose control maintained greater than the lower limit of normal
but less than 150 mg/dL and inspiratory plateau pressures maintained less than
30 cmH,0 for mechanically ventilated patients (see Fig. 14.1) [17].

These two bundles were subsequently disseminated with the rest of the
Campaign’s educational materials and quality indicators. To fully facilitate the
improvement of the delivery of care for sepsis, an international registry was also
created as part of the Surviving Sepsis Campaign and a number of regional net-
works were established to facilitate data collection and assistance with perfor-
mance improvement [15]. The first large-scale analysis of the Campaign and its
participating sites was published in 2010. A total of 165 participating sites with
15,022 subjects between January 2005 and March 2008 were examined. Initial
compliance at all sites in the first quarter with both bundles was noted to be low, at
only 10.9% for the resuscitation bundle and 18.4% for the management bundle.
These rates were noted to increase linearly with time, however, up to 31.3%
(p» <0.001) by the end of 2 years for the resuscitation bundle and 36.1% (p = 0.008)
for the management bundle (see Fig. 14.2). In addition, compliance with each indi-

Severe Sepsis Bundles:
Sepsis Resuscitation Bundle
(To be i as soon as possible and scored over first 6 hours):
1. Serum lactate measured.
2. Blood cultures obtained prior to antibiotic administration.

3. From the time of presentation, broad-spectrum antibiotics administered within 3 hours for ED admissions and 1 hour for non-ED ICU admissions.
4. In the event of hypotension and/or lactate > 4 mmol/L (36 mg/dl): a) Deliver an initial minimum of 20 mi/kg of crystalloid (or colloid equivalent). b) Apply
vasopressors for hypotension not responding to initial fluid resuscitation to
maintain mean arterial pressure (MAP) > 65mm Hg.

5. In the event of persistent hypotension despite fluid resuscitation (septic shock) and/or lactate > 4 mmol/L (36 mg/dI):

a) Achieve central venous pressure (CVP) of > 8mm Hg.

b) Achieve central venous oxygen saturation (ScvO2) of > 70%.*

Sepsis Management Bundle
(To be It as soon as ible and scored over first 24 hours):

1 Low-dose steroids administered for septic shock in accordance with a standardized hospital policy.

2 Drotrecogin alfa (activated) administered in accordance with a standardized hospital policy.

3 Glucose control maintained > lower limit of normal. but < 150 mg/dl (8.3 mmol/L).

4 Inspiratory plateau pressures maintained < 30 cm H20 for mechanically ventilated patients.

*Achieving a mixed venous oxygen saturation (SvO2) of 65% is an acceptable alternative.

Fig. 14.1 Initial resuscitation and management bundles produced by the Surviving Sepsis
Campaign in 2004. Reproduced from Levy MM, Dellinger RP, Townsend SR et al. The Surviving
Sepsis Campaign: results of an international guideline-based performance improvement program
targeting severe sepsis. Crit Care Med. 2010; 38:367-374
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Fig. 14.2 Compliance and mortality change over time. (a) Change in the percentage of patients
compliant with all elements of the resuscitation bundle (dotted line) and the management bundle
(solid line) over 2 years of data collection (*p < 0.01 compared with the first quarter). Note that
both Y axes are truncated at 40% to emphasize relative change over time as opposed to absolute
change. (b) Change in hospital mortality over time (*p < 0.01 compared with first quarter).
Reproduced from Levy MM, Dellinger RP, Townsend SR et al. The Surviving Sepsis Campaign:
results of an international guideline-based performance improvement program targeting severe
sepsis. Crit Care Med. 2010; 38:367-374

vidual bundle element was noted to increase significantly as well, with the excep-
tion of inspiratory plateau pressure, which was high at baseline [17]. Unadjusted
hospital mortality was noted to decrease during this 2 year period from 37 to 30.8%
(p =0.001) and the adjusted odds ratio for mortality was noted to improve for each
successive quarter that a site participated in the Campaign. This resulted in an
adjusted absolute drop of 0.8% per quarter with an overall drop of 5.4% (95%
confidence interval 2.5-8.4) over 2 years [17]. These results were interpreted as
encouraging but a definitive relationship between increased compliance and mor-
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tality reduction could not be directly established given the overall study design.
There was clear association, however, with participation in the Surviving Sepsis
Campaign and continuous quality improvement in sepsis care as well as decreased
hospital mortality [3, 17]. This relationship continued to be demonstrated in the
most recent analysis of the Campaign as well. Over a period of now seven and a
half years, increased compliance was noted to be associated with a 25% relative
risk reduction in mortality [18].

A similar trend was also noted in studies performed outside the Surviving Sepsis
Campaign but still utilizing both care bundles. In a prospective observational study
published by Gao et al. in 2005, which was one of the first studies examining bundle
compliance and hospital mortality, the impact of compliance with both the resusci-
tation and management bundles was examined in 101 consecutive critically ill
patients with severe sepsis and septic shock at two teaching hospitals in England
[19]. The rate of compliance with the resuscitation bundle was noted to be 52% and
the management bundle was 30%. Noncompliance with the resuscitation bundle
was associated with a relative risk of in-hospital mortality of 2.12 (95% confidence
interval 1.20-3.76) while noncompliance with the management bundle was associ-
ated with a relative risk of in-hospital mortality of 1.76, although this did not achieve
statistical significance [19].

A prospective observational study performed at a teaching hospital in Belgium
examined not only bundle compliance and mortality but also the time to compliance
[20]. Among 69 consecutive patients admitted to the intensive care unit with severe
sepsis or septic shock, compliance with the resuscitation bundle was obtained in
72%. This cohort had a significant lower mortality rate of 16% as compared to a
mortality rate of 44% among those patients whose care was not compliant with the
resuscitation bundle [20]. No significant difference in mortality was noted in the
patients whose care was compliant with the management bundle, but among patients
whose care was compliant with the management bundle after only 12 h, a statisti-
cally significant lower mortality rate of 10% was noted as compared to 39% among
whose who were compliant after 24 h [20].

A subsequent meta-analysis, which consisted of a total of 21 studies including
the two highlighted above, examined the use of both the resuscitation and manage-
ment bundles and their association with survival among patients with severe sepsis
and septic shock. A total of 23,438 patients were pooled for analysis and the overall
compliance rate with the bundles was noted to be around 50% [21]. Compliance
with the resuscitation bundle was noted to be two times more likely to be associated
with survival (odds ratio of 2.124, 95% confidence interval 1.701-2.651), while
compliance with both bundles together demonstrated a slightly lower but still sig-
nificant impact (odds ratio 1.744, 95% 1.421-2.141) [21].

More recently, significant improvements were noted in mortality in conjunction
with an increase in bundle compliance among 4329 adults admitted with severe
sepsis or septic shock among a group of 18 ICUs in both Utah and Idaho from 2004
through 2010 [22]. In this particular cohort, mortality was observed to decrease
from 21.2% in 2004 to 8.7% in 2010 while all-or-none total bundle compliance
simultaneously increased from 4.9 to 73.4%. Interestingly, and not overly surprising,
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increased compliance with the initial resuscitation bundle was noted to be associated
with a lower probability of being eligible for further resuscitation and the need for
management bundle elements [22].

Current Sepsis Bundle Practices

As the Surviving Sepsis Campaign moved through its third phase and into its fourth,
which is focused on reinvigorating the campaign and recommitting to improving
mortality from sepsis, two revised sets of guidelines were released, first in 2008 and
then again most recently in 2012 [15]. With both updates, changes were made
reflective of the most recent evidence available for the evaluation and treatment of
sepsis [23]. As a result of the most recent guideline changes in 2012, along with
continued evaluation of data from the international registry, two major changes
were made to the care bundles.

The first of these was that the management bundle, which consisted of several
elements targeted for completion within the first 24 h, was removed in its entirety
[22]. After analyzing the series of well-designed randomized controlled trials
examining the use of steroids in adult septic shock, no benefit was noted on outcome
[23, 24]. A lack of definitive conclusiveness was also noted for the management of
blood sugars [23, 25, 26]. At the same time, given the results of the PROWESS-
SHOCK trial, which showed no benefit for droctrecogin alfa (recombinant human
activated protein C) in patients with severe septic shock as well as its subsequent
removal from the market by the FDA, its role in the guidelines and subsequent care
bundles was negated [23, 27]. In the SSC dataset, compliance with the inspiratory
plateau pressure target of less than 30 cmH,O was consistently over 80% and thus
it was dropped as a target for performance improvement.

The second major change was to the resuscitation bundle. The major impetus for
this change was tied to one of the important premises associated with care bundles,
that there should be constant reevaluation of the bundle elements with periodic
updating so as to encourage continuous improvement of both care process and out-
comes [1, 5]. A recent review of seven and a half year’s worth of data consisting of
nearly 30,000 patients in the Surviving Sepsis Campaign database revealed a 25%
relative risk reduction in mortality associated with a statistically significant increase
in bundle compliance and for every hour delay seen with antibiotic administration,
a 5-7% increase in mortality was noted [18, 28, 29]. In addition, lactate, blood cul-
ture obtainment, antibiotic administration, intravenous fluid administration, central
venous pressure, and central venous oxygen saturation (ScvO,) were all noted to be
statistically significant independently and significantly associated with a decreased
odds ratio of mortality (see Table 14.1) [18, 29].

As a result of these findings, the resuscitation bundle was divided into two parts,
with the goal of emphasizing early detection and early intervention. The first
component, the initial resuscitation bundle, currently consists of four elements to be
completed within the first 3 h of a patient’s presentation: measure a lactate level,
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Table 14.1 Hospital mortality adjusted odds ratio modeled individually for each element in bundle
compliance using a generalized estimating equation population-averaged logistic regression

Participation in Hospital
SSC, year mortality OR* 95% C1 p

Initial care bundle (first 6 h of presentation)

Measured lactate <2 0.80 0.73-0.89 <0.001
2to<3 0.67 0.59-0.76 | <0.001
>3 069 0.63-0.75 <0.001

Blood cultures before Not applicable® 0.82 0.77-0.87 <0.001

antibiotics

Broad-spectrum antibiotics | Not applicable® 0.85 0.81-0.90 <0.0001

Fluids and vasopressors <2 0.86 0.73—-1.01 0.074
2to<3 0.63 0.48-0.81 <0.001
>3 0.74 0.62-0.88  |0.001

CVP > 8mmHg Not applicable® 0.84 0.78—-0.91 <0.0001

Scvo, > 70% Not applicable® 0.83 0.76—0.90 <0.001

All resuscitation measures Not applicable® 0.79 0.73-0.85 <05001

Management bundle (First 24 h after presentation)

Steroid policy <2 0.96 0.84—-1.09 0.527
2to <3 0.76 0.64-0.89  |0.001
>3 0.88 0.79-0.99  |0.031

rhAPC policy Not applicable 0.93 0.87-1.00 | 0.061

Glucose policy Not applicable 0.71 0.68—0.75 < 0.001

Plateau pressure control Not applicable 0.81 0.74-0.89 < 0.001

All management measures Not applicable 0.74 0,69-0.79 | <0.001

Reproduced from Levy MM, Rhodes A, Phillips GS et al. Surviving Sepsis Campaign: Association
between performance metrics and outcomes in a 7.5-year study. Crit Care Med. 2014; October 1.
Epub ahead of print

SSC surviving sepsis campaign, OR odds ratio, CVP central venous pressure, Scvo, central venous
oxygen saturation, rhA PC recombinant human activated protein C

“Hospital mortality odds ratio for those patients where the bundle- element was achieved compared
to when the bundle was not achieved, and the results are adjusted by sight quarter of participation
and the Sepsis Severity Score

"No significant interaction (p < 0.05) between the bundle element and years of participation in the
Surviving Sepsis Campaign. If the interaction was significant, then the odds-ratio is given for each
level of participation

obtain blood cultures prior to administration of antibiotics, administer broad spectrum
antibiotics, and administer 30 mL/kg of crystalloid fluid for hypotension or a lactate
level greater than 4 mmol/L [23]. The second part, the septic shock bundle, currently
consists of three elements to be completed within 6 h of a patient’s presentation;
apply vasopressors for hypotension that does not respond to initial fluid resuscita-
tion to maintain a mean arterial pressure (MAP) greater than or equal to 65, in the
event of persistent arterial hypotension despite volume resuscitation or an initial
lactate greater than or equal to 4 mmol/L a central venous pressure (CVP) and/or
central venous oxygen saturation (ScvO,) should be measured, and lastly, to re-measure
a lactate level if the initial lactate was elevated (see Fig. 14.3) [23].
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SURVIVING SEPSIS CAMPAIGN BUNDLES

TO BE COMPLETED WITHIN 3 HOURS:

1) Measure lactate level

2) Obtain blood cultures prior to administration of antibiotics

3) Administer broad spectrum antibiotics

4) Administer 30 mL/kg cry stalloid for hypotension or lactate >4mmol/L

TO BE COMPLETED WITHIN 6 HOURS:
5) Apply vasopressors (for hypotension that does not respond to initial fluid resuscitation)
to maintain a mean arterial pressure (MAP) > 65 mm Hg
6) In the event of persistent arterial hypotension despite volume resuscitation (septic
shock) or initial lactate >4 mmol/L (36 mg/dL):
- Measure central venous pressure (CVP)*
- Measure central venous oxygen saturation (Scvo,)*
7) Remeasure lactate if initial lactate was elevated*

*Targets for quantitative resuscitation included in the guidelines are CVP of >8 mm Hg.
Scvo, of 270%, and normalization of lactate.

Fig. 14.3 Current surviving sepsis campaign bundles. Reproduced from Dellinger RP, Levy MM,
Rhodes A et al. Surviving Sepsis Campaign: International Guidelines for Management of Severe
Sepsis and Septic Shock: 2012. Crit Care Med. 2013; 41:580-637

Controversies with Sepsis Bundle Practices

Despite the increased uptake of care bundles within the field of critical care, a number
of criticisms of them exist along with criticisms regarding their usage in the evalua-
tion and treatment of patients with severe sepsis and septic shock. These critiques
are varied in their approach and reasoning and they often cite a number of reasons
for opposition to the idea of using care bundles. These range from arguing that the
bundles are used by industries as a marketing tool or that they are inefficient due to
the inclusion of too many individual elements [30, 31].

One of the major and often repeated criticisms is that there is a lack of formal
evidence supporting the process of bundling. Opponents note that the idea of bundle
synergy has not been clearly examined. In addition, it is argued that results from
before and after the implementation of bundles are not definitive “proof-of-concept”
demonstrations or are appropriate substitutes for prospective randomized trials [32].
This point regarding a lack of robust scientific evaluation of the impact of bundles
on clinical outcomes has been acknowledged by bundle proponents, including the
Surviving Sepsis Campaign, and thus studies demonstrating their effectiveness
should be interpreted with some degree of caution [17, 19]. At the same time, how-
ever, there has been no data demonstrating any degree of harm posited by the use of
care bundles and their established trend of effectiveness has continued with their
continued use [28, 33]. In addition, bundles are reflective of a method focused on
overall performance improvement for the entire process of care associated with a
particular patient or care setting [2, 11]. Thus, standardized controlled trials and
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their associated outcomes may be insensitive in their ability to capture all of the
relevant results from this method.

A second major criticism of the use of care bundles in sepsis is that in adopting
an “all or none” approach to bundle compliance, a lack of clinical autonomy and a
failure to tailor therapy to each individual patient develops [32, 34]. An element
that seems to get missed in this argument, however, is that all the elements within
the sepsis care bundles have always been acknowledged to potentially not apply to
every patient with severe sepsis or septic shock [33]. If a particular element is felt
to not apply to a particular patient or care setting, as long as that reasoning is
documented and acknowledged then the bundle may still be counted as complete
[1,33]. In recent years, this issue has centered on the use of central venous pressure
for assistance with guiding volume resuscitation [32, 34, 35]. Given the presence
of new data from both inside and outside the Campaign, the Surviving Sepsis
Campaign’s bundles have subsequently reflected this change and as previously
noted, it is now part of the septic shock bundle to simply be checked within the first
6 h in the presence of persistent hypotension or hyperlactatemia [23, 33]. The sim-
ple act of transducing a central venous pressure in a patient with septic shock is
unlikely to be harmful and the subsequent result can be added to the clinical data
available to the clinician at the bedside to then make an informed decision regard-
ing further therapy. At the same time, the majority of the critiques of this “all or
none” approach are centered in tertiary or quaternary centers where more often than
not, multiple advanced therapies and providers are available at the bedside in a
moment’s notice [30, 34, 35]. A large number of smaller institutions exist, however,
and may not have these same resources and advanced capabilities. Thus, relying on
an “all or none” approach with these care bundles in these settings limits potentially
harmful variability and allows the delivery of consistent, performance improvement
driven care [33, 36].

Conclusion

In closing, it is clear that care bundles seem to be effective instruments in delivering
consistent care and improving patient outcomes across the field of medicine. Over
the past few years, they seem to have been particularly effective in improving the
processes of care and outcomes associated with sepsis, largely through the work of
the Surviving Sepsis Campaign [18, 28]. One of key tenets of care bundles, how-
ever, is that they are reflective of an ongoing improvement process that is embraced
by the entire environment around them [1, 6]. As the field of critical care continues
to embrace this concept in increasing numbers, bundled care for sepsis as well as
sepsis care overall, will undoubtedly continue to improve and the elements included
in care bundles will change and evolve over time as the evidence base changes and
the field moves forward [37].
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Chapter 15
Genetics in the Prevention and Treatment
of Sepsis

John P. Reilly, Nuala J. Meyer, and Jason D. Christie

Introduction

Sepsis, the systemic response to acute infection, continues to be a leading cause of
hospitalization, intensive care unit admission, and mortality in the United States
despite significant advances in our understanding of sepsis pathogenesis and
improvements in hospital-provided medical care [1, 2]. Modern hospital and inten-
sive care unit practices, including early administration of antibiotics, fluid resuscita-
tion, hemodynamic support, and mechanical ventilation, appear to be improving
outcomes among patients with sepsis and septic shock [2, 3]. However, despite
decades of research, the majority of clinic trials evaluating pharmacologic therapies
targeting the host response to infection have demonstrated inconsistent or negative
results [4—14]. The potential of genetics to improve the prevention and treatment of
sepsis lies in furthering our understanding of the heterogeneity in host responses to
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infection, identifying those infected individuals at highest risk of incident sepsis,
multi-organ system failure, or death, and selecting patients most likely to benefit
from therapies targeted at sepsis pathogenesis.

The Heritability of Sepsis Susceptibility and Outcomes

An individuals’ response to infection can vary greatly from mild symptoms that
improve without intervention, to multi-organ system failure, septic shock, and
death. Important clinical factors, including pathogen and host factors, are respon-
sible for a large proportion of this heterogeneity. There is significant variability in
each pathogen’s virulence, invasiveness, and antibiotic resistance, which all contrib-
ute to the likelihood and severity of an infection [15]. Additionally, clinical factors
of the host, including age, comorbidities, and site of infection, also contribute to the
risk and prognosis of sepsis [16—19]. However, just as genetic variability in a given
pathogen can determine virulence or antibiotic resistance, it has long been recog-
nized that there is a strong heritable component to an individual’s susceptibility and
host response to infection [20].

Until recently, infectious diseases have been a leading cause of death in human
populations and have exerted strong evolutionary pressures that have shaped the
genetic diversity seen in today’s human populations [21, 22]. In fact, genes involved
in the immune system’s response to infection are some of the most diverse in the
human genome [23]. Classic examples of host-pathogen interactions resulting in
genetic heterogeneity include several genotypes common in populations evolution-
arily exposed to malaria. The hemoglobin S polymorphism of the $-globin (HBB)
gene results in sickle cell disease in those with two copies of the polymorphism (i.e.,
hemoglobin S homozygotes), but also results in resistance from malarial infection
in those with one copy (i.e., heterozygotes) [24]. Additionally, the Duffy null geno-
type results in the absence of the Duffy antigen receptor for chemokines on erythro-
cytes and is associated with protection from malarial infection [25]. These two
functional genetic variants are very common in West African populations but are
extremely rare in individuals of European or Asian ancestry. They likely persist at
high frequencies due to selective pressures from historic host-pathogen interactions
between African populations and malaria. Interestingly, the Duffy null genotype has
recently been associated with increased risk of the acute respiratory distress syndrome,
a common complication of sepsis, supporting the inference that evolutionary
pressures result in genetic variability that alters risk of today’s diseases [26].

The strongest evidence that the susceptibility and response to infectious disease
is heritable comes from a landmark study of adopted children in Denmark in the
pre-antibiotic era [20]. This study of the Danish Adoption Register found that
adopted children had a nearly sixfold greater risk of premature death from infection
if their biological parent also died prematurely from infection. However, if an adop-
tive parent died prematurely from infection, an increased risk of premature death
from infection was not observed in his/her adopted children. Together, their findings
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support a strong genetic heritability contributing to risk and prognosis of infection
and likely sepsis. In fact, in the Danish study, the heritability of premature death
from infection was greater than that of vascular disease and cancer. Since Sorensen
and colleagues’ publication, several researchers have confirmed that susceptibility
to and outcomes from infection are heritable [27-29]. Given this evidence, sepsis
can be conceptualized as arising from the complex interaction of the environment,
including pathogen exposure, and individual genetic factors important in the host
response to infection.

With the completion of the Human Genome Project in 2003, investigators now
have enhanced tools to not only estimate the heritability of infectious disease sus-
ceptibility and outcomes but also to determine the specific genetic variation that
results in altered risk [30]. Over the last several decades, numerous associations
between genetic variants and infectious disease risk and/or outcomes have been
reported. While this chapter is by no means an exhaustive review of all reported
genetic associations with infectious disease and/or sepsis, we will review the meth-
ods being implemented to study the genetics of sepsis, highlight several key reported
and replicated genetic factors associated with sepsis, and discuss potential future
applications of genetics to sepsis prevention and treatment.

Currently, the growing literature reporting genetic associations with acute
infection and sepsis risk and/or outcomes has not yet translated to clinically appli-
cable advancements. However, there is potential for genetic research to improve
future patient care on many levels including (1) improved prediction of those at
highest risk for sepsis allowing individuals to be targeted for preventative thera-
pies or clinical trial enrollment, (2) improved evaluation of sepsis prognosis
allowing for better triage to more or less intensive care, (3) development of new
insight into sepsis pathogenesis by identifying unexpected genetic associations
with sepsis risk or outcomes, and (4) identification of subgroups of patients most
likely to respond to specific pharmacologic therapies targeted at specific sepsis
mechanisms.

Approach to the Study of Sepsis Genetics

Sepsis is a clinical syndrome that results from an individual’s physiologic response
to an acute infection, a response that is at least in part genetically determined [20].
A large number of rare single gene disorders, exhibiting Mendelian inheritance,
produce primary immunodeficiencies [31, 32]. These rare disorders often result in
profound immunosuppression and can confer a dramatic increase risk of infection
and sepsis. However, the majority of genetic factors that influence sepsis suscepti-
bility and outcomes likely make modest contributions to altered risk. It is likely the
interplay of multiple modest genetic factors and the environment that results in the
complex and heterogeneous syndrome, sepsis. By identifying these genetic factors,
we may begin to more accurately assess individual risk and develop therapies tar-
geted at mechanisms uncovered by genetic investigation.
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Fig. 15.1 Components of sepsis pathogenesis that are potentially influenced by an individual’s
genetics. A genotype may alter risk of infection once exposed to a pathogen; influence the host
response to infection; alter risk of organ failure (e.g., acute respiratory distress syndrome, acute
kidney injury), progression to septic shock, or death; or influence an individual’s response to treat-
ment and/or preventative therapies (e.g., vaccination)

In order to identify genetic variants altering the risk of sepsis or outcomes from
sepsis, we must first develop a conceptual framework for the components of sepsis
that may be influenced by an individual’s genetics (Fig. 15.1). First, the likelihood
of infection by a particular pathogen once an individual is exposed is potentially
modified by genetics. In this light, specific genetic variants may alter risk of infec-
tion to all pathogens, a particular class of pathogen, or a very specific pathogen.
Second, genetic variation in genes of the immune system may result in a host
response to infection that varies across individuals, resulting in distinct genetic risk
factors for the development of sepsis once an individual is infected. The pathophysi-
ology of genetic variation and altered sepsis risk is likely complex. Whereas some
genetic variants may result in a relative immunodeficiency enhancing a pathogen’s
invasiveness and therefore a host’s severity of illness, other variants may result in an
enhanced immune reaction to infection that promotes the physiology defining the
sepsis syndrome. Third, among those patients who develop sepsis, genetic variation
may alter risk of a specific organ system failure (e.g., acute kidney injury, acute
respiratory distress syndrome), progression to septic shock, and/or mortality. Lastly,
genetic variation may determine the likelihood of an individual to respond to par-
ticular sepsis therapies, such as fluid resuscitation, vasopressors, corticosteroids, or
novel pharmacologic agents. Each of these components of sepsis susceptibility and
outcomes may possess unique genetic risk factors, while there may be certain
genetic variants that are common to multiple aspects of sepsis pathophysiology.

The complexity and heterogeneity of the immune response to infection and the
subsequent development of sepsis present unique challenges to the study of sepsis
genetics. The complexity of sepsis begins with an imperfect syndrome definition
that relies on highly sensitive, but often not specific, clinical parameters [33, 34].
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The importance of identifying the correct sepsis phenotype is paramount to
conducting genetic association studies and may be enhanced in the future by the use
of molecular biomarkers in sepsis diagnosis. Additionally, numerous and diverse
environmental factors likely interact with an individual’s genetics to determine the
host response to infection, most importantly, the characteristics of the infecting
pathogens. The study of sepsis genetics is also limited by the complexity of sepsis
pathogenesis. The possible initial hyperimmune response followed by a relatively
immunosuppressed state seen in sepsis pathogenesis may result in the identification
of genes that have roles in altering risk specific to the early or late stages of sepsis.
Additionally, patients enrolled in genetic association studies of sepsis are most often
enrolled while hospitalized. Septic patients, who do not develop severe enough
illness to present for medical care, have poor access to medical care or die prior to
presenting to a hospital are often excluded from studies of sepsis genetics. Limiting
the window of observation to the hospital has the potential to introduce ascertain-
ment bias if a genetic variant is associated with the likelihood of presenting to the
hospital. Despite these complexities, a significant number of genetic association
studies have been conducted to date that provide insight into the genetic regulation
of an individual’s response to infection.

The focus of a genetic association study is to examine the association of one or
many genetic polymorphisms with a phenotypic trait, such as sepsis. Genetic poly-
morphisms are inherited variations in human DNA sequence that occur in a least 1%
of the population. The most common and well-studied genetic polymorphisms are
single-base pair substitutions (i.e., single nucleotide polymorphisms, or SNPs), base
pair deletions, and base pair insertions. With modern techniques, the detection of
SNPs is straightforward and can be performed by an assay for an SNP or with the
use of multiplexed DNA arrays whereby the genotype of multiple SNPs is deter-
mined simultaneously. Genetic polymorphisms can be present in portions of a gene
that code for a protein, referred to as exons, and may therefore change the amino
acid structure of a translated protein, potentially resulting in alterations of protein
function. Alternatively, polymorphisms can exist in regions of a gene that do not
specifically code for a protein, including the promoter, a region responsible for reg-
ulating gene transcription, and the introns, regions of the gene that are removed by
RNA splicing prior to translation of RNA into proteins. Promoter and intronic poly-
morphisms often affect gene regulation and therefore dynamic levels of a protein at
a given time. Importantly, specific combinations of genetic polymorphisms, often in
close proximity to one another, tend to be inherited together in a haplotype block,
referred to as linkage disequilibrium [35]. Therefore, the identification of a specific
variant and disease association does not necessarily indicate that the specific
polymorphism tested is the polymorphism responsible for the association. Further
studies of the genetic locus identified, along with functional studies of the effects of a
given polymorphism on protein level, structure, or function, are needed to determine
the genetic variation responsible for altered disease risk.

Once the population of interest is defined, there are several approaches of identi-
fying genetic associations. The genetic basis of classic Mendelian disorders is often
studied using an approach referred to as linkage analysis [36]. In linkage analysis,
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genetic associations are identified by examining the inheritance of genetic markers
relative to the inheritance of a disease in families with multiple affected individuals.
The linkage-based approach is limited in complex diseases with a strong environ-
mental component, such as infection and sepsis, because of the requirement for
multiple affected family members. The most common approach used in studies of
sepsis genetics has been the candidate gene association study [37]. In candidate
gene studies, functional variants in a gene hypothesized to be important in sepsis are
tested for an association with sepsis risk or outcomes in a case-control or cohort
study design. To date, the candidate gene approach has most often focused on
known genes involved in the innate immune system, cytokine responses, and coagu-
lation pathways. The advantages of the candidate gene approach include a simple
relatively inexpensive study design and the requirement for significantly smaller
sample sizes than larger-scale approaches. Unfortunately, there are several disad-
vantages to the candidate gene approach and the quality of studies reported in the
literature is highly variable [38]. The first main disadvantage is the requirement of a
biologically plausible “candidate gene” and the “candidate” genetic variation within
that gene. Therefore, the candidate gene approach limits the discovery of novel
genetic factors [28, 39]. Additionally, findings of candidate gene studies often fail to
replicate in other study populations, possibly reflecting limited study power, failure
to correct for multiple hypothesis testing, or unidentified population stratification.
Population stratification refers to the existence of subpopulations within a study
population (e.g., ethnicities or racial groups) that differ in genetic characteristics
and disease risk resulting in potential confounding of the genotype-phenotype
relationship [40]. Despite these limitations, the candidate gene approach has iden-
tified several genetic variants that have replicated in multiple populations and
likely represent true genetic risk factors for sepsis. Several of these variants are
discussed below.

With the advent of microarray-based high-throughput genotyping technology,
hundreds of thousands of polymorphisms across the genome can now be quickly
assayed, and genome-wide association studies (GWAS) are increasingly being per-
formed. The GWAS approach includes the genotype determination of >500,000
polymorphisms, capturing >80% of the variation in the genome. Each polymor-
phism is then tested for enrichment in the case or control population of a genetic
association study. The advantages of GWAS include the assessment of the majority
of individual’s genetic variation, the ability to discover novel, previously unstudied
associations, and the ability to adjust for genetic ancestry (i.e., population stratifica-
tion). Given the huge amount of hypotheses tested in a GWAS, the current standard
for determining statistical significance is p-value of < 5 x 107%; therefore, the main
limitation of GWAS is the requirement for huge sample sizes and/or large effect
sizes to achieve stringent statistical thresholds [41]. Additionally, GWAS does not
provide information regarding polymorphism function and focuses on common
variants in the human genome potentially missing rare variant explaining a degree
of sepsis heritability. GWAS has only very recently begun to be applied to sepsis
research; however, future studies will certainly be conducted in increasingly large
patient populations.
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Other approaches to studying sepsis genetics have included the evaluation of
gene expression (MRNA quantification in specific cell populations) during infection
and sepsis and/or determining the association between genetic polymorphisms and
the gene expression of certain components of the immune system important in sep-
sis. Additionally, future genetic association studies will include exome- or genome-
wide sequencing, whereby the DNA sequence of all exons or the entire genome is
performed. While this approach is currently expensive and computationally intense,
whole exome or genome sequencing can identify rare variants that confer signifi-
cant altered risk of sepsis. Furthermore, enhanced understanding of transcriptional
regulation from the ENCODE project will likely lead to further understanding of
genetic influences on disease risk and outcomes [42].

Candidate Gene Associations

As discussed above, a large number of candidate gene association studies have been
conducted to identify genetic risk factors for sepsis and/or outcomes from sepsis [39,
43-46]. Table 15.1 provides a list of candidate genes that have been associated with
sepsis risk or outcome to date. The findings of studies conducted thus far range from
single-center studies in one population to associations that have been replicated in
several independent populations. Importantly, as discussed above, candidate gene studies,

Table 15.1 Candidate genes associated with sepsis risk or mortality

Candidate gene/gene product

‘ Hypothesized role in sepsis

‘ References

Antigen/pathogen recognition

Mannose-binding lectin (MBL) Pattern recognition of carbohydrates | [51, 54-60, 63]

MBL-associated serine protease 2 Activated by MBL and cleaves [191]

(MASP2) complement components

Toll-like receptor 1 (TLRI) Pattern recognition of peptidoglycan | [68, 69]
and lipoproteins

Toll-like receptor 2 (TLR2) Pattern recognition of lipoteichoic [60, 70, 71]
acid and peptidoglycan

Toll-like receptor 4 (TLR4) Pattern recognition of [72-76]
lipopolysaccharide (LPS)

Toll-like receptor 5 (TLR5) Pattern recognition of flagellin [71,77]

CDI14 Pattern recognition of LPS [60, 93-96]

LPS binding protein (LBP) Binding to LPS and presenting to [100, 101]
macrophages

Nucleotide-binding oligomerization | Pattern recognition of muramy]l [192]

domain-containing protein 2 (NOD2) | dipeptide moieties

1gG2 receptor (FyRIla, FCGR2A) Receptor for immunoglobulin G [193-195]
antibodies

Bacterial permeability-increasing Binding to LPS [100, 196]

protein (BPI)

(continued)
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Candidate gene/gene product ‘ Hypothesized role in sepsis ‘ References
Inflammatory response
Tumor necrosis factor-a (TNFx) Pro-inflammatory cytokine [102, 107,
111-113]
Lymphotoxin o (LTA) Pro-inflammatory cytokine [111, 112]
Interleukin-la (IL1A) Pro-inflammatory cytokine [118, 122, 124]
Interleukin-1f (/L1B) Pro-inflammatory cytokine [117-119,
122-124]
IL-1 receptor antagonist (/L/RN) Competitive inhibitor of IL-1o and [120-125, 127,
IL-1B 128]
Interleukin-6 (/L-6) Pro-inflammatory cytokine [129-131, 133,
134]
Interleukin-18 (IL-18) Pro-inflammatory cytokine [197]
Interleukin-10 (/L-10) Anti-inflammatory cytokine [136-141]
Heat shock protein 70 (HSP70) Multitude of immune-modulating [115]
effects
Myeloid differentiation factor 88 Activated by TLRs resulting in [78]
(MYDSS) pro-inflammatory signals
IL-1 receptor-associated kinase 1 Downstream from TLRs, pro- [86]
(IRAK-1) inflammatory signaling
IL-1 receptor-associated kinase 4 Downstream from TLRs, pro- [79]
(IRAK-4) inflammatory signaling
Macrophage migration inhibitory Pro-inflammatory cytokine [198-201]
factor (MIF)
Interferon y (IFNG) Pro-inflammatory cytokine [202]
CXCL2 Pro-inflammatory chemokine [203]
Tissue inhibitor of matrix Inhibitor of matrix [204]
metalloproteinase-1 (TIMP1) metalloproteinases
Apolipoprotein E (APOE) Binds and traffic antigens, resulting [205]
in immune activation
SVEPI Cell adhesion molecule [206]
Coagulation
Plasminogen activator inhibitor Inhibits tissue plasminogen, [146-155]
(PAID) procoagulant
Protein C (PROC) Coagulation factor [156-159]
Factor V (F5) Coagulation factor activates [161-163]
thrombin
Regulators of cardiovascular response
{3, adrenergic receptor (ADRB2) Blood pressure and cardiac output [167]
regulation
Vasopressinase (LNPEP) Clearance of vasopressin [168]
Angiotensin II type 1 receptor- Vascular reactivity [169]
associated protein (AGTRAP)
Angiotensin converting enzyme Effects on vascular tone and [207, 208]
(ACE) inflammatory response
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to date, have been limited in many instances by small sample sizes, poor reproducibility,
and possible false positive results. Therefore, many of these associations may not be
confirmed as future studies are conducted in large cohorts of patients with the assess-
ment of larger-scale genetic variation. Those genes representing promising avenues
for future research are discussed below. They have been grouped into several common
categories, antigen or pathogen recognition, cytokines, coagulation pathways, and
regulators of cardiovascular response to sepsis.

Antigen/Pathogen Recognition

The innate immune system includes extensive processes whereby the host recognizes
conserved structures of microbes called pathogen-associated molecular patterns [47, 48].
Genes that encode specific pattern recognition receptors exhibit significant variability
possibly conferring altered susceptibility to infection, ranging from severe immuno-
deficiency to moderate increases in infection and/or sepsis risk [48].

Mannose-Binding Lectin (MBL)

The soluble serum protein MBL functions as a pattern recognition receptor by bind-
ing to carbohydrate structures of microorganisms, resulting in activation of compli-
ment via the lectin pathway and phagocytosis by macrophages [49]. Relatively low
levels of MBL are common in the population and have been associated with increased
risk of sepsis and pneumonia in several independent studies [50-53]. Multiple SNPs
within the MBL gene modulate levels and function of MBL and are therefore strong
candidate variants for an association with sepsis risk or outcomes [54]. These SNPs
include those located in the coding region resulting in altered protein structure and
function, in addition to promoter polymorphisms that alter transcription and, there-
fore, serum levels of the MBL protein. A large number of candidate gene studies
have examined associations between MBL polymorphisms and either sepsis risk,
outcomes, or infection with particular pathogens [51, 55-60]. Many of these studies
demonstrate a strong association between specific SNPs, known to alter MBL func-
tion or transcription, and sepsis or infection; however, replication of these associa-
tions has been inconsistent [61, 62]. A recent meta-analysis supports the conclusion
that genetic variation in the MBL gene confers altered risk of sepsis; however, this
conclusion was not true for all genetic variation reported in the literature, may be
affected by publication bias, and requires larger confirmatory studies [63].

Toll-Like Receptors (TLR)

TLRs are a large family of pattern recognition receptors that are responsible for
activating the innate immune system upon recognition of conserved microbial struc-
tures [64, 65]. Each member of the TLR family recognizes different microbial
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patterns; therefore, impairment of any particular TLR may result in increased sus-
ceptibility to particular classes of pathogens [66]. For example, TLR2 recognizes
lipoteichoic acid and peptidoglycan, cell wall components of Gram-positive bacte-
ria, whereas TLR4 recognizes lipopolysaccharide from Gram-negative bacteria, and
TLRS recognizes flagellin present on organisms such as Legionella pneumophila
[67]. Genetic variation in the genes encoding TLR1, TLR2, TLR4, and TLRS, in addi-
tion to the downstream signaling molecules myeloid differentiation factor 88 (MyD88)
and interleukin 1 receptor-associated kinase—1 and —4 (IRAK-1, IRAK-4), has been
reported to confer altered risk of sepsis or sepsis outcomes [60, 68—79]. Again, these
studies are all limited by small sample sizes and often conflicting results.

In one particular study, investigators evaluated the whole blood inflammatory
response to pathogen-associated molecules in healthy volunteers based on genetic
variation in 49 TLR related genes. They identified variants in 7LR/ gene that modify
this inflammatory response and, subsequently, demonstrated an increased risk of
organ dysfunction and death in septic patients possessing these variants [68]. TLR1
was the first human TLR identified and recognizes lipopeptides on bacterial cell
walls [80]. Subsequent investigators have examined further genetic variation in
TLRI, demonstrating further associations and partially replicated previous findings
in populations of septic patients [69].

The receptor TLR2 recognizes Gram-positive bacteria and is coded for by the
highly polymorphic 7LR2 gene. Studies have focused on several non-synonymous
SNPs in the coding region of the TLR2 gene. The first SNP results in a substitution
of arginine for glutamine at amino acid 753 and was initially reported to increase
risk of Gram-positive sepsis [70]; however, several subsequent studies have not rep-
licated this association [8§1-83]. Other TLR2 SNPs have been reported to alter sepsis
risk or outcomes, but require further evaluation [60, 71].

Unlike TLR2, TLR4 recognizes components of Gram-negative bacteria and has
genetic variation associated with decreased immune response to inhaled endotoxin
in healthy volunteers [72, 73]. This same variation has been associated with Gram-
negative infections and meningococcal disease is some reports [74—76], but not oth-
ers [84, 85]. Additionally, studies have reported associations between TLR5 genetic
variation and infection and/or sepsis [71, 77]. Genetic variation in the downstream
mediators, MyD88, IRAK-1, and IRAK-4, have also been reported to be association
with infection and/or sepsis [78, 79, 86].

CD14 and Lipopolysaccharide Binding Protein (LBP)

CD14 is a receptor that recognizes LPS on Gram-negative bacteria in association
with TLR4 and MD2, resulting in activation of the innate immune system and
release of cytokines [87]. Levels of soluble serum CD14 are associated with infec-
tion, sepsis, and death [88-92]. A promoter polymorphism in the CDI4 gene
(—159C/T) results in altered CD14 levels and has been associated with increased
susceptibility and outcome from septic shock [60, 93, 94]. A second promoter
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polymorphism (=260C/T) has also been reported to alter CD/4 transcription and
therefore risk of sepsis, septic shock, and mortality [94-96]; however, others have
reported no association between —260C/T and sepsis [75, 97, 98]. Given CD14 is
responsible for activating the innate immune response in the setting of infection
with Gram-negative bacteria, it is possible that some of the different conclusions of
prior studies result from the use populations with different amounts of Gram-
positive and Gram-negative infections.

LBP is responsible for binding lipopolysaccharide from Gram-negative bacteria,
presenting it to the TLR4-CD14-MD2 complex on macrophages, activating the
innate immune response [99]. Studies of LBP genetic variation and Gram-negative
sepsis demonstrate inconsistent results [100, 101]; therefore, more research is
needed to determine the role of LBP variation in sepsis.

Cytokines

Examining variation in the genes encoding cytokines was a logical first step for
candidate gene association studies in sepsis. Cytokines have long been recognized
as an important component of the host response to infection and have been subject
to many genetic association studies in sepsis.

Tumor Necrosis Factor-a (TNFo)

One of the first genetic associations with sepsis reported in the literature was the
—308 G/A SNP in the TNF gene [102]. TNFa is an important pro-inflammatory
cytokine recognized as a primary mediator of sepsis pathophysiology [103]. Animal
studies have demonstrated the ability of anti-TNFa therapy to prevent the develop-
ment of sepsis [104, 105]. However, several prior randomized controlled trials
examined the effectiveness of anti-TNFa therapy in human sepsis, only to produce
negative results [8, 10]. The —308G to A SNP is located in the promoter region of
the TNF gene and is associated with increased production of TNFa [106]. The
—308A allele has been associated with increased risk of septic shock and mortality
from septic shock [102, 107]. Therefore, individuals possessing the high-risk allele
possibly represent the ideal target population for future studies of anti-TNF thera-
pies. Unfortunately, several more recent studies have failed to replicate these previ-
ous genetic associations [108, 109]. A particular challenging aspect of genetic
association studies linking TNFa to sepsis is the presence of the TNF gene in a
highly polymorphic region of the major histocompatibility complex on chromo-
some 6. Linkage disequilibrium between multiple inflammatory genes in the region
makes identification of the causal variant conferring altered risk challenging and
may explain some of the inconsistent results seen in the literature.
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Lymphotoxin Alpha (LTA)

LTA, formerly referred to as TNFp, is a cytokine produced by lymphocytes that
results in induction of the inflammatory response [110]. Several early genetic asso-
ciation studies reported an association between the +252G/A SNP in the first intron
of the LTA gene [111, 112]; however, more recent studies have not supported these
findings [113, 114]. The LTA gene is located on chromosome 6 in the same major
histocompatibility complex region as 7NF, in addition to heat shock protein 70
(HSP70) among other inflammatory genes. Polymorphisms in HSP70 have also
been reported to be associated with risk of septic shock [115]; therefore, associa-
tions in the LTA gene may be the result of linkage disequilibrium with other genes
located in the same region.

Interleukin-1 (IL-1) Family

The IL-1 family consists of two pro-inflammatory cytokines, IL-lo and IL-1p,
which are important mediators of the sepsis immune response, in addition to the
anti-inflammatory cytokine, IL-1 receptor antagonist (IL-1RA) [116]. IL-1RA
binds to the IL-1 receptor but does not produce an inflammatory response, competi-
tively inhibiting IL-1a and IL-1P. The ILIA, ILIB, and ILIRN genes encode for
IL-1a, IL-1P, and IL-1RA, respectively, and are located close together on human
chromosome 2. A clinical trial of a recombinant form of IL-1RA in the treatment of
sepsis failed to demonstrate positive results; however, investigations of genetic het-
erogeneity in the IL-1 family of genes may identify patients more likely to respond
to anti-IL-1 therapy [11]. Five polymorphisms in IL-1 genes have been reported to
be associated with sepsis risk [117-126]. These polymorphisms include the SNPs
—889 in the promoter region of the /L/A gene, —511 and —31 in the promoter region
of IL1B gene, +3954 in exon 5 of the /LIB gene, and a variable number of tandem
repeats in intron 2 of the /L/RN gene. A recent meta-analysis supports the associa-
tion of the ILIA —889, ILIB +3954, and the IL/RN variable number of tandem
repeats with sepsis susceptibility, but not the other two reported variants [124].
However, the meta-analysis may be limited by publication bias and study heteroge-
neity and requires further replication in larger populations. Additionally, a synony-
mous coding variant in /L/RN not included in the meta-analysis has also been
associated with increased LPS-evoked IL-1RA plasma protein and improved sur-
vival during septic shock [127]. While this association has not been replicated as a
sepsis mortality factor, the same variant has consistently been associated with
reduced risk of acute respiratory distress syndrome [128].

Interleukin-6 (IL-6)

IL-6 is an important pro-inflammatory cytokine secreted in the setting of infection.
Several genetic association studies of the /L-6 gene and sepsis have been conducted
only to produce conflicting results. Specifically, several studies have focused on the
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—174G/C promoter SNP, which has been associated with IL-6 levels and improved
survival among septic patients [129-131]. Other studies have not confirmed these
associations [132, 133]. Taking an alternative approach, haplotypes made up of sev-
eral SNPs in the /L-6 gene have also been reported to be strongly associated with
mortality and organ dysfunction among the septic [133, 134]. However, future
research is needed in order to understand the functional significance of these haplo-
types and how they translate to altered sepsis outcomes.

Interleukin-10 (IL-10)

IL-10 is an anti-inflammatory cytokine that is responsible for suppression of antigen
presenting cells and downregulation of pro-inflammatory cytokines [135]. The most
extensively studied genetic variants of /L-10 in sepsis include three promoter
polymorphisms (—1082G/A, —819T/C, and —592C/A) [136-140]. Specifically, the
—1082G/A is associated with altered levels of IL-10 and altered Gram-positive sepsis
risk and outcomes [137]. Additionally, a haplotype of three SNPs was found to be
associated with mortality in pulmonary sepsis but not extrapulmonary sepsis [141].

Coagulation Pathways

A hallmark of the sepsis syndrome is activation of coagulation pathways, which
may contribute to multi-organ system failure during sepsis. Interest in coagulation
in sepsis peaked with the development of recombinant human activated protein C
(rhAPC) or drotrecogin alfa. This therapy promotes fibrinolysis and inhibits throm-
bosis and was initially demonstrated to improve 28-day mortality in sepsis [5].
However confirmatory studies failed to demonstrate improved mortality and rhAPC
was withdrawn from the marked in 2011 [7]. Several investigators have examined
candidate genes important in coagulation as risk factors for sepsis. These investiga-
tions have the potential to identify particular subgroups of sepsis that may be most
likely to respond to future therapies targeting coagulation.

Plasminogen Activator Inhibitor-1 (PAI-1)

PAI-1 inhibits tissue plasminogen activator and urokinase, functioning as a proco-
agulant factor that inhibits fibrinolysis [142]. Elevation in PAI-1 levels in plasma
and bronchoalveolar lavage fluid is associated with worse outcomes in sepsis, pneu-
monia, and acute respiratory distress syndrome [143-145]. An insertion/deletion
polymorphism in the promoter of the PAII gene, —675 5G/4G, results in altered
transcription and therefore altered levels of PAI-1 [146]. The 4G allele results in
higher PAI-1 levels and has been reported to confer higher risk of mortality from
meningococcal sepsis and severe pneumonia [147-155]. Supporting the biological
plausibility of a PAII variant and sepsis associations, the 4G allele also confers an



250 J.P. Reilly et al.

exaggerated response in PAI-1 levels following ex vivo whole blood stimulation
with LPS [154]. These findings elegantly demonstrate how a genetic risk factor for
sepsis can have minimal effects of an individual in steady state, but can result in
significant impacts after exposure to an environmental pathogen.

Protein C and Factor V Leiden

Protein C is an important coagulation factor with significant genetic variation. Two
promoter SNPs in the protein C gene (PROC), —1654C/T and —1641G/A, have
been reported to alter blood levels of protein C and sepsis outcomes [156—159].
Further research is needed to confirm these findings.

Factor V is a protein important in the coagulation cascade that serves to activate
thrombin and generate fibrin deposition. A coding SNP with the factor V gene (F5)
is responsible for the Factor V Leiden polymorphism, the most common inherited
thrombophilia in European ancestry populations [160]. Several studies have reported
an association between the Factor V Leiden polymorphism and sepsis susceptibility
and/or outcomes [161-163]; however, other studies have not confirmed these find-
ings [164, 165]. In a recent meta-analysis of eight studies, the Factor V Leiden
polymorphism was not associated with sepsis risk or outcomes [166], highlighting
the challenges of interpreting small candidate gene studies and the need for larger
studies.

Regulators of Cardiovascular Response

In patients with septic shock, exogenous vasopressors are often used to augment the
body’s own mechanisms to maintain blood pressure. The most common vasopres-
sors used to treat septic shock include the adrenergic vasopressors, norepinephrine
and epinephrine, in addition to vasopressin. Therefore, genetic polymorphisms in
genes involved in vascular reactivity or response to vasopressors are potential can-
didate risk factors for mortality among patients with sepsis and/or septic shock.
Additionally, these genetic polymorphisms also represent candidate polymorphisms
that may predict an individual’s response to vasopressor therapy. Several studies
have examined the associations of genetic variants in the P, adrenergic receptor,
vasopressin pathway genes, and angiotensin pathway genes with sepsis outcomes in
multiple populations [167-169]. Nakada and colleagues identified a haplotype of
three SNPs in the P, adrenergic receptor gene (ADRB2), known to be associated
with response to adrenergic agonists in asthmatics, and tested the association
between this haplotype and mortality in sepsis [167]. In two independent cohorts,
the risk haplotype was associated with increased norepinephrine dose and ultimately
mortality. In another study, the same authors examined 17 SNPs in five vasopressin
pathway genes and identified an SNP in the vasopressinase gene (LNPEP) that con-
ferred a higher plasma vasopressin clearance and increased 28-day mortality [168].



15  Genetics in the Prevention and Treatment of Sepsis 251

In addition, an association between an SNP in the angiotensin II type 1 receptor-
associated protein and increased protein expression, decreased blood pressure, and
increased mortality was detected in a study of angiotensin pathway genes [169]. These
associations require further validation; however, they represent promising avenues of
research that could provide prognostic information for patients with sepsis or lead to
future studies of determining genotype to guide vasopressor management.

Genome-Wide Association Studies

Only recently have patient cohorts been large enough to perform GWAS in infection
and/or sepsis; therefore, large-scale data continues to be limited. However, several
large GWAS relevant to sepsis are currently being performed, including a GWAS of
bacteremia by the Wellcome Trust and of sepsis by the UK Critical Care Genomics
Group. While limited, the GWAS in infection and/or sepsis, published to date, pro-
vide insight into the power of GWAS to identify novel variants associated with
disease, assess treatment affects by genotype, and implicate novel pathways in dis-
ease susceptibility and/or outcomes. The first published GWAS studying a hetero-
geneous population of patients with severe sepsis was performed in those patient
enrolled in the PROWESS randomized controlled trial of rhAPC [170]. These
authors conducted several GWA analyses in the PROWESS population. In the first
analysis, the authors sought to determine a population with improved response to
rhAPC therapy based on genetic variants. Using a gene-environment interaction
analysis, in this case SNP-by-treatment group interaction, the authors identified an
SNP in the 5’ untranslated region of LOC222052 near to the insulin-like growth
factor I (IGF1)—binding protein gene associated with improved treatment effect on
mortality. Additionally, in a multimarker analysis where the authors considered
gene-gene interactions, they identified combinations of three variants, rs7725278 in
the intergenic region near the dopamine receptor D1, rs2256527 in the intergenic
region near LOC391273, and rs10910651 in an intron of pecanex-like 2, associated
with improved response to thAPC. The functional significance of these variants is
unknown, and thAPC is no longer available in the United States; however, this study
demonstrates how novel genetic associations between genetic variants and treatment
effects can be identified in the future. In addition to the gene-treatment interaction
analyses, the authors also tested whether any single SNPs could identify a subgroup
with a 20% difference in mortality in the placebo group. In this population of
approximately 700 subjects, no genetic variant reached statistical significance,
possibly reflecting the small sample size and heterogeneous population.

While not specifically performed in septic populations, several GWA studies have
been performed examining the association of genetic variants with severity of spe-
cific infections. These studies demonstrate how some genetic variants may alter the
host response to specific infectious pathogens, while others may alter host response
to all infections or particular categories of infections. The largest published GWA
studies that have some relevance to sepsis are those performed in meningococcemia,
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malaria, and acute viral infections [171-175]. Neisseria meningitidis is a Gram-
negative, polysaccharide-encapsulated bacterium that is responsible for meningo-
coccal meningitis and sepsis and is associated with high mortality and morbidity.
In a recent case-control GWAS in European discovery and validation populations,
variants in the Factor H (CFH) and CFH-related genes (CFHR3, CFHR1) were asso-
ciated with decreased susceptibility to meningococcal disease [171]. Complement
deficiency is a known risk factor for Neisseria infection [176]; however, specific
components of the complement pathway have not been identified to be associated with
meningococcemia risk. The proteins coded for by the CFH and related genes are impor-
tant negative regulators of complement signaling and therefore may be novel therapeutic
targets for preventing meningococcal sepsis. Importantly, genes in the CFH pathway
have not been previously studied in the candidate gene approach, demonstrating the
power of GWAS to identify novel genetic variants in sepsis and infection.

Several GWA studies have examined the association of genetic variants and risk
of severe malaria resulting from infection with Plasmodium falciparum [172—174].
These studies have demonstrated consistent signals in two genes, HBB and ABO,
confirming previous epidemiologic studies demonstrating these associations, in
addition to identifying two novel loci in the ATP2B4 gene and in an intergenic region
near the tight-junction protein gene MARVELD3. The hemoglobin S polymorphism
responsible for sickle cell disease and malaria resistance is located in the HBB gene,
so it is not surprising this polymorphism was identified in the GWAS. Additionally,
polymorphisms in the ABO gene are responsible for determining ABO blood type.
Blood type O has previously been reported to confer resistance to severe malarial
infection [177], a finding that is now confirmed by GWAS. ABO blood type has also
been reported to be associated with altered risk of the acute respiratory distress syn-
drome in patients with severe sepsis, possibly indicating overlapping genetically
influenced mechanisms for severe malarial infection and sepsis outcomes [178]. In
addition to studies of host genetics, a GWAS of Plasmodium falciparum genetic
variation exhibited a strong association between variation in the pathogen’s drug
transporter genes and resistance to antimalarial agents, suggesting the need for future
studies of host-pathogen genetic interactions [179].

Other approaches to identifying genetic associations with sepsis include conduct-
ing GWAS of levels of inflammatory mediators or of an individual’s response to an
inflammation-inducing agent. In a large population of individuals from Sardinia,
researchers conducted a GWAS examining the association of genetic variation with
blood levels of several inflammatory biomarkers, specifically, interleukin-6 (IL-6),
erythrocyte sedimentation rate (ESR), monocyte chemotactic protein-1 (MCP-1), and
C-reactive protein (CRP) [180]. They identified several variants associated with each
biomarker, many of which were novel. Another study identified genome-wide varia-
tion associated with whole blood responses of IL-6, IL-1p, and TNF-a production to
a TLR1/2 lipopeptide agonist in healthy individuals [181]. Genetic variation within
the TLR10/1/6 locus on chromosome 4 was noted to be associated with the cytokine
response. Future studies of human models of sepsis could focus on genetic predictors
of response to various pro-inflammatory agents, possibly identifying pathways unique
to individual infections or classes of infection.
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Gene Expression Studies

The objective of gene expression profiling is to quantify mRNA expression of
thousands of genes simultaneously in a particular setting, such as sepsis. By linking
gene expression to a sepsis phenotype, the approach has the potential to lead to
discovery of novel mechanistic pathways or therapeutic targets for sepsis, biomark-
ers to aid in outcome prediction, or gene-expression-based subclasses of sepsis that
may require unique therapeutic approaches. Gene expression profiling also pro-
vides a molecular signature of sepsis made up of hundreds to thousands of changes
in gene expression from the baseline resting state. Beyond the complexity of the
data produced, a limitation of gene expression studies is that they provide a single
snapshot of time within a very dynamic process, such as sepsis. In addition, the
mRNA expression pattern is often cell type specific, and the target cell in sepsis is
far from clear. Despite these challenges, several genome-wide expression studies
of whole blood or circulating white blood cells have been performed in adult and
pediatric populations with sepsis or human volunteers challenged with endotoxin
[182-189]. These studies have focused on several aspects of sepsis including pre-
dicting mortality, differentiating Gram-negative and Gram-positive responses, and
examining the effects of corticosteroids on gene expression in pediatric septic
shock. Regardless of the study focus, gene expression studies have consistently
demonstrated a considerable upregulation of inflammation and innate immunity
related genes in sepsis.

Future Directions

Despite a tremendous amount of research and advancement, investigations of genet-
ics in sepsis have not yet translated into improved prediction, prevention, or treat-
ment of the over one million Americans who develop sepsis each year [190].
However, the potential of genetic investigation to transform sepsis care remains,
particularly given the evidence that sepsis risk and outcomes are genetically deter-
mined and that mortality from infection is a major evolutionary pressure. Future
research should include investigations in larger cohorts of patients utilizing increas-
ingly advanced analytic techniques. These future investigations will likely include
larger population genome-wide association, gene expression, and sequencing stud-
ies; studies of gene-gene, gene-environment, and epigenetic interactions; identifica-
tion of genetic predictors of response to therapy (pharmacogenomics); and analysis
of the complicated interactions of host and pathogen genetics. With the future
research these approaches may produce, the potential impact of genetic investigation
on sepsis care may include enhanced risk stratification, discovery of novel thera-
pies, and identification of subgroups of patients most likely to respond to targeted
and personalized therapies.
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