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Abstract

While the clinical definitions of sepsis and recommended treatments are regularly updated, a
systematic review has not been done for pre-clinical models. To address this deficit, a Wiggers-
Bernard Conference on pre-clinical sepsis modeling reviewed the 260 most highly cited papers
between 2003 and 2012 using sepsis models to create a series of recommendations. This Part 11
report provides recommendations for the types of infections and documentation of organ injury in
pre-clinical sepsis models. Concerning the types of infections, the review showed that the cecal
ligation and puncture model was used for 44% of the studies while 40% injected endotoxin.
Recommendation #8 (numbered sequentially from part I): endotoxin injection should not be
considered as a model of sepsis; live bacteria or fungal strains derived from clinical isolates are
more appropriate. Recommendation #9: microorganisms should replicate those typically found in
human sepsis. Sepsis-3 states that sepsis is life-threatening organ dysfunction caused by a
dysregulated host response to infection, but the review of the papers showed limited attempts to
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document organ dysfunction. Recommendation #10: organ dysfunction definitions should be used
in pre-clinical models. Recommendation #11: not all activities in an organ\system need to be
abnormal to verify organ dysfunction. Recommendation #12: organ dysfunction should be
measured in an objective manner using reproducible scoring systems. Recommendation #13: not
all experiments must measure all parameters of organ dysfunction, but investigators should attempt
to fully capture as much information as possible. These recommendations are proposed as “best
practices” for animal models of sepsis.
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INTRODUCTION

Preclinical sepsis models vary widely in terms of the pathogens used to induce sepsis, site of
infection and how organ injury is quantified. This heterogeneity creates difficulties when
comparing results from different studies. A 2017 review highlighted the need for using
different pathogens and sources of infection in pre-clinical models of sepsis (1). While this
prior paper did not propose a universal, standardized model of infection, it did advocate for
creating standards in two specific areas. The first area concerns the types of infections,
including the pathogens and the site of infection. The second area involves measurements of
organ injury, effectively replicating the new Sepsis-3 definitions for patients (2) in pre-
clinical models. A 2018 paper provided the scientific premise for attempting to create
standardized sepsis models that recognized that a single model will not be sufficient to
recapitulate the heterogeneity of sepsis (3).

To address these topics and other issues, an international Wiggers-Bernard Conference on
Sepsis Modeling was organized in May 2017 in Vienna. The goal of that meeting was to
identify the limitations of the pre-clinical models and to propose a set of guidelines, defined
as the “Minimum Quality Threshold in Pre-Clinical Sepsis Studies” (MQTIPSS; the
references to the executive summary in Shock will be inserted), to enhance the translational
value of the available and future sepsis models. Prior to the conference, participants
conducted a review of the literature between 2003 and 2012. We identified the 260 most
highly cited scientific articles on sepsis models as basis for the conference discussions by six
pre-defined working groups. The time period 2003 to 2012 was selected to allow sufficient
time for the papers to be referenced. The conference used the concept that the most highly
cited papers should provide the baseline information on the use of animal models, in effect
“crowd sourcing” which papers were felt to be the most important. These 260 papers were
referenced over 29,000 times in aggregate, demonstrating the power of this approach. The
analysis of the pre-clinical sepsis literature revealed many inadequacies in the use of models
of infection and organ dysfunction assessment protocols in sepsis research.

Overall, the Wiggers-Bernard initiative created three joint publications (insert the references
to papers | and I11) that we intend to serve as a MQTIiPSS guideline for establishing the basic
conditions in modeling of sepsis to improve their translational relevance. The current Part |1
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paper makes specific recommendations for preclinical models of sepsis within the areas of
types of infections and organ injury endpoints. The goal of the conference was to create
quality thresholds for future studies so that findings from models are more clinically
applicable and the studies themselves may be more comparable between laboratories and
species.

METHODS

The Wiggers-Bernard Conferences on Shock, Sepsis and Organ Failure is an opinion-
exchange platform for international scientists organized by the Ludwig Boltzmann Institute
of Experimental and Clinical Traumatology in the AUVA Research Center (LBI Trauma),
Vienna, Austria (http://trauma.lbg.ac.at/en). The conference series was named after two
outstanding scientists, one from the “New World” (Dr. Carl Wiggers) and one from the “Old
World” (Dr. Claude Bernard) who devoted their careers to critical care medicine and
experimental sciences. LBI Trauma is responsible for the topic selection while the Austrian
Society of Advancement of Research in Shock and Tissue Engineering provides sponsorship
for each Wiggers-Bernard conference.

To address the deficits regarding management guidelines and standardization in the field of
pre-clinical sepsis research, in May 2017 LBI Trauma organized the 9th iteration of the
Wiggers-Bernard Conferences titled: “Pre-clinical Modeling in Sepsis: Exchanging
Opinions and Forming Recommendations”. The key goal of the conference was to create
publishable material that identifies essential elements that should be included in pre-clinical
sepsis studies and defined by the MQTIiPSS descriptor (4). A total of 31 experts from 12
countries (including five members of the Sepsis-3 definitions task force (2) were invited to
participate in the initiative based on their experience in experimental, clinical and
translational research.

The initiative consisted of three phases: a) three month preparatory phase where participants
performed a systematic review of the 260 top cited publications from 2003-2012 and
identified the key modeling topics to be discussed, b) discussions in Vienna (two days),
during which the participants drafted a list of guidelines and c) post-conference refinement
of the created works.

The preparatory phase review was conducted using ISI Web of Knowledge database (using
the query: “sepsis model”). The 260 most cited papers (the citation range 50-743, over
29,000 citations in aggregate) featuring total of 374 animal experiments were identified. The
time frame was subjectively defined as 10 consecutive years beginning with 2003 as the year
of publication of the second iteration of sepsis definitions (2). The results of that survey
pertinent to the topics covered in this paper are collated in Tables 1 and 3. Since the first
analysis showed that mice were used in 79% of the 2003-12 papers, a secondary smaller
search was performed and included all 2013-2017 studies (total of 190; irrespective of the
number of citations) with mouse sepsis models only (using PubMed and the query: “sepsis
AND mice’); to compare to selected endpoints reviewed in the main review that spanned
2003-2012. Overall, the preparatory phase aimed at identification of the most important
concepts in animal sepsis modeling to be addressed at the Viennese Wiggers-Bernard

Shock. Author manuscript; available in PMC 2020 January 01.


http://trauma.lbg.ac.at/en

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Libert et al.

Page 4

Conference. All participants were allocated into six specific thematic Working Groups
(WGs): 1) Study Design, 2) Humane Modeling, 3) Infection Type, 4) Organ Failure/
Dysfunction, 5) Fluid Resuscitation and 6) Antimicrobial Therapy Endpoints. Both analyses
were used during the meeting.

At the conference phase, each WG separately drafted a set of guideline points that formed
the basis for discussion and refinement in WGs or dismissed from further consideration (day
1). After improvements, the proposed points were voted on by all participants to reach
consensus (day 2). Overall, the Wiggers-Bernard Conference participants reached consensus
on 29 points; 20 at “recommendation” strength and 9 at “consideration” strength (the
WG-3/4 points are listed in Tables 2 and 4). Following the format used by the Sepsis-3 task
force (2), at least 2/3 (over 65%) of the votes were required for approval of a proposed point.
All consensus points were reached either unanimously or with no more than 2 abstentions
per point (i.e. Recommendation 8). The “recommendation” strength indicates virtually
unanimous agreement among the 31 participants, regarding both the content as well as the
need for rapid implementation. Issues that require additional discussion before final
recommendations could be made were classified as considerations.

In the post-conference phase, the work was primarily focused on the finalization of the
MQTIiPSS recommendations and considerations. This task was accomplished by
teleconferences and electronic-based discussion among WGs using a modified Delphi
method. Finally, a writing committee (formed at the conference) together with all
participants developed an Executive Summary for MQTIPSS (insert the reference for the
executive summary) and three full length publications (Insert the references for papers | and
[11). Each (of the three) publication focuses on two related working groups; the current Part
Il paper provides detailed discussion on the guideline points for Types of Infections and
Organ Injury/Dysfunction Endpoints.

CHAPTER 1: TYPES OF INFECTIONS

Sepsis 3.0 defines human sepsis as life-threatening organ dysfunction caused by a
dysregulated host response to infection (2). Septic shock is defined as a subset of sepsis in
which particularly profound circulatory, cellular, and metabolic abnormalities are associated
with a greater risk of mortality than with sepsis alone (2). Thus, the presence of an infection
constitutes one of the defining elements for the development and progression of sepsis.
Infection in sepsis is usually bacterial, most often located in the lungs, peritoneum or
urogenital system (5). When using animal models that replicate human sepsis, therefore,
infectious challenges using bacteria are most appropriate and preferred over bacterial
components such as molecules from the cell wall. The conference carefully reviewed the
most highly cited papers using pre-clinical models of sepsis to ascertain the types of
infection(s) that were used (Table 1). This analysis showed that most studies used the cecal
ligation and puncture (CLP) peritonitis model (44%), followed by the LPS model (40%),
and single infection models such as pneumonia (16%). Our subsequent smaller review of
190 murine sepsis studies in the years 2013-2017 showed that CLP was employed in 64% of
the studies while LPS was the second most common model used in 23% (both as single and
2-hit combination). The popularity of the CLP model was obvious in this review, but the
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extensive use of LPS (as a sepsis model) should be discouraged. Moreover, the relatively few
studies using organ-specific sepsis models (lung, urogenital system, blood stream) resulted
in a specific recommendation by the working group. The relatively simple model of septic
peritonitis induced by CLP (6, 7) was viewed favorably, especially when performed in
combination with resuscitation, antibiotics and infectious burden control. The model begins
with gut flora, which may or may not be in a dysbiotic condition (8). This model replicates
some but not all features of human sepsis (e.g. no acute lung injury (9)).

Specific infection models may be more informative, because they allow pathogen dosing,
selection of the route of infection and strain of bacteria. Because not all animal species
respond with the same intensity to given bacterial strains, some bacterial species and strains
are only applicable in certain mammalian model systems (10).

The choice of the bacterial strain requires careful consideration. Although the bacterial
isolates from septic patients differ between neonatal, pediatric and adult sepsis patients, a
number of the same species are frequently found in clinical isolates. These include the
Gram- negative bacteria Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa
and Bacteroides fragilis and the Gram-positive bacteria Streptococcus pneumoniae,
Streptococcus pyogenes and Staphylococcus aureus. Using these species as infectious agents
in sepsis animal models would be a logical choice. One should realize that many strains of a
certain species are available to the researcher, however, in comparison to clinical isolates,
these strains may differ greatly in their virulence (11), their capacity to form biofilms, and
their antibiotic resistance profile (12, 13). Thus, working with bacterial isolates from sepsis
patients, provided that these are well characterized and pure populations, may be a choice to
consider. The route of infection is important and will depend on the specific interest of the
study, but should also follow simple concepts, e.g. infecting an animal intratracheally with a
bacterial species exclusively found in the lungs of human with pneumonia.

Specific recommendations for Types of Infections

The conference discussed several specific recommendations for preclinical models of sepsis.
The following recommendations and considerations from the Types of Infections working
group are numbered consecutively from the preceding companion paper Part | and start with
recommendation 8.

Recommendation 8: We recommend that challenge with LPS is not an appropriate model
for replicating human sepsis.

Lipopolysaccharide (LPS, endotoxin) is one of the most highly-studied molecules in modern
medical history (13). LPS, derived from the cell wall of Gram negative bacteria, features
many bacterial species-dependent variations. The toxin is inexpensive and can be reliably
administered even by a junior researcher. The response to LPS in several mammalian species
is robust, rapid and precisely characterized both in terms of pathophysiological reactions
(tachycardia, fever, circulatory failure after high doses) as well as biochemical alterations
(leukocytosis, cytokine release). Additionally, the LPS-induced response is highly
reproducible, opening a defined and stable window of opportunity in which interventions
can be tested (14). However, sepsis is a highly lethal clinical entity with a complex
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pathophysiology that evolves over days rather than hours. Multiple consensus conferences
were convened to develop a reasonably functioning diagnostic ‘umbrella’ definition for
human sepsis. Of note, the report from the 1992 conference (15) acknowledged that there are
multiple causative infectious agents for sepsis including bacteria but also parasites, fungi or
viruses, exposing the misleading assumption of LPS as the central trigger in the onset of the
disease.

The widespread use of LPS can be attributed, among other things, to the fact that its
administration mimics some of the acute clinical features of the sepsis syndrome, including
a systemic inflammatory response syndrome (e.g. fever, leukocytosis, cytokine release). Our
evaluation of the most cited recent literature on animal sepsis models showed that LPS was
used in one-third of the reviewed studies (Table 1). The current body of evidence, however,
clearly demonstrates that administration of LPS should not be accepted as a relevant model
of sepsis given the many differences between the sepsis phenotype and that induced by LPS.
For example, the robust but transient character of the inflammatory response after LPS
strongly differs from milder and protracted release of cytokines in the CLP model (16).
Studies demonstrated that anti-TNF treatment was beneficial in an LPS but not a CLP mouse
model (17). Furthermore, comparison of TNFa release profiles in human volunteers injected
with a low LPS dose (18, 19) and severely septic patients (20, 21) shows that peak TNFa.
concentration in the latter group never exceeded the one in the former. An emergence of a
new patient phenotype of “persistent critical illness” (PCI) (22, 23), further negates the
translational usefulness of (acute) LPS-based protocols. At best, researchers may claim that
some characteristics of the early septic reaction can be replicated by a challenge with LPS.

However, there continue to be studies using LPS as a model of sepsis. A researcher with
limited time, money and perhaps understanding of clinical sepsis may be tempted to use
LPS-based models, arguing that at least some patients with a Gram-negative infection
causing sepsis have been shown to have an elevated level of LPS in the blood (24), and that
such an LPS-exposure is an important part of the illness. Species differences in sensitivity to
LPS exist (25), with humans being very sensitive. A way forward is to continue accepting
data from research on LPS as relevant for the study of the first 24 hours of the septic
response. However funding agencies and the readership should always be reminded of the
unavoidable limitations in extrapolating any conclusions drawn in a study on LPS to clinical
sepsis.

Recommendation 9: We recommend that microorganisms used in animal models
preferentially replicate those commonly found in human sepsis.

Coze and Feltz (26) demonstrated for the first time in 1866 that the bacteria contained in the
blood of a sepsis patient could infect and kill rabbits, providing a clear example of a clinical
isolate used for a pre-clinical study. Currently, many investigators use laboratory bacterial
strains rather than clinical isolates. Studies with these laboratory strains do not account for
virulence genes (11) and the growing antibiotic resistance (27) that greatly impact sepsis
severity and outcome (13, 28). Laboratory strains subcultured long-term (e.g. £. coli K12
and P, aeruginosa PAO1) may lose important pathophysiological characteristics and will fail
to reflect “real world” pathogenesis (29). Bacterial genomes evolve during serial /n vitro
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passages as a result of specific growth conditions (29) and may actually become avirulent.
Laboratory strains gradually lose their ability to form a biofilm reducing their pathogenic
capability and antimicrobial resistance (30). Furthermore, virulent isolates and common
laboratory strains can display major metabolomic differences (31), possess different capacity
to bind host proteins, produce exotoxins and virulence factors. For example, laboratory
Gram-negative bacteria may modify their endotoxin to produce reduced acylation associated
with a poorly activating capacity compared to the LPS prepared from clinical isolates (32).
Of note, conducting planktonic versus biofilm cultures of bacteria may also result in
endotoxin modifications (33). Another important criterion that cannot be ignored is the viral
reactivation observed in sepsis patients (34) since several synergies between asymptomatic
viral infection and microbial products have been reported (35, 36).

However, pre-clinical sepsis modeling with non-identical pathogens should not be
completely dismissed. In some cases, non-identical pathogens can produce similar disease
phenotypes in animals when compared to patients. For example, a renal disease caused by a
Citrobacter infection in animals is identical to the one caused by £. coli-produced Shiga
toxin in humans. Similarly, 2 bergheif ANKA in C57BL/6 mice (partly) recapitulates
cerebral malaria caused by £, falciparum in humans.

Consideration e) Consider modeling sepsis syndromes that are initiated at
sites other than the peritoneal cavity (e.g. lung, urinary tract, brain).—Sepsis in
patients may originate from infections in different body compartments. Over the past 20
years the sites of infection in humans have remained essentially unchanged, with lungs being
the most frequent site followed by the abdominal cavity, urinary tract, and soft tissue (37,
38). In sharp contrast to these clinical data, nearly 60% of preclinical sepsis models rely on
infections originating from the abdominal cavity (Table 1). As such, the poly-microbial
models of CLP and colon ascendens stent peritonitis (CASP) or mono microbial settings
including the direct intraperitoneal or intravenous injections of bacteria are frequently
employed (38, 39). While these models provide important information, peritonitis models do
not replicate the most frequent site of infection in patients (the lung), a problem has been
addressed in prior publications (6, 40).

Considering these epidemiological clinical data, we propose that multiple preclinical models
would be appropriate for the study of sepsis. The specific model should attempt to closely
mirror clinical reality in order to identify relevant pathways and pathophysiological changes
at specific body sites. A better understanding of the dysregulated pathways will aid in the
design of more appropriate therapeutic interventions (1). Sepsis models where the infection
occurs in the lung have the greatest clinical relevance and such infections should be initiated
with causative organs such as Streptococcus pneumoniae, Klebsiella pneumoniae, or
Pseudomonas aeruginosa (40)to potentially identify distinct features. In a similar fashion,
models of urinary tract infection (41) or soft tissue infections, e.g. /Group A Streptococcus
(42) will provide valuable information. Using different models with different sites of
infection will allow the study of the natural course of infection(s) that may culminate in
sepsis.
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CHAPTER 2: ORGAN INJURY AND DYSFUNCTION

The 2016 Sepsis-3 clinical definitions succinctly states that sepsis is “ ... /ife-threatening
organ dysfunction caused by a dysrequlated host response to infection.” (2). This definition
provides an imperative for pre-clinical studies to include an evaluation of organ dysfunction.
Measuring organ dysfunction in sepsis studies has the potential to provide insights into the
pathogenesis. The relevance of a particular pathway dysregulated in sepsis will be more
important if there is an established cause and effect relationship between that pathway and
organ dysfunction. The conference participants did a careful analysis of whether the most
highly cited papers documented organ dysfunction, and whether an organ injury scoring
system was used. Unfortunately, many of the highly cited papers on sepsis did not measure
organ dysfunction. As shown in table 3, out of the 260 most highly cited papers, only 204
(i.e. less than 60%) measured some aspect of organ dysfunction. Of these 204 papers, only
10 used a scoring system to quantify the injury, such as the quick Sequential Organ Injury
Score (43). Looking at the table more closely, 77 papers using sepsis models examined the
lungs but less than half (23 out of 77) included some measure of lung function, for example,
contents of the bronchoalveolar lavage fluid. The American Thoracic Society has published
guidelines on measurements of acute lung injury in animals (44), so criteria and methods are
readily available. The renal system was studied in 48 papers in table 3, but none measured
creatinine, an important element in the Risk Injury, Loss of kidney function and End stage
kidney disease scoring system (45). Using clinical scoring systems similar to those used in
patients would be a logical place to start, but there will need to be modifications so that the
measurements accurately reflect organ dysfunction in experimental animals. Failing to
measure organ dysfunction represents a lost opportunity to understand if the organs are
injured in sepsis models. Additionally, measuring organ dysfunction will add to the scientific
rigor of the experiments, an important scientific initiative (46).

Specific recommendations for Organ Injury and Dysfunction

The following recommendations from the Organ Injury and Dysfunction Endpoints working
group are numbered consecutively from the preceding chapter and start with
recommendation 10.

Recommendation 10: Organ/system dysfunction is defined as life threatening deviation
from normal for that organ/system based on objective evidence.

Organ dysfunction may be defined as a maladaptive response to a potentially harmful danger
signal or pathogen. Importantly, organ dysfunction caused by sepsis fundamentally differs
from adaptive responses that attempt to minimize harm. It is essential to develop objective,
readily measured criteria for dysfunction in individual organ systems and utilize these
criteria as outcome variables.

Both clinical and experimental investigations in sepsis have focused on two outcome
criteria; survival and/or biomarkers (47-50). In experimental animals, biomarkers are often
the measure of immune function, such as cytokine concentrations (51), e.g., IL-6 (52, 53) or
a white blood cell (WBC) count. Human biomarkers usually consist of composites of
commonly measured variables such as vital signs or standard laboratory tests such as WBC
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counts. For example, the systemic inflammatory response syndrome (SIRS) criteria measure
body temperature, heart rate, respiratory rate, and the WBC count (15, 54, 55). The Sepsis —
3 clinical criteria re-directed the focus towards organ dysfunction by making it one of the
two essential characteristics that define sepsis (2). Unfortunately, measures used to estimate
the presence of organ dysfunction are poor, failing to provide specificity. For example the
Sepsis - 3 task force used the Sequential Organ Failure Assessment (SOFA) score (56), a
composite of clinical measures that has prognostic value (57), as a proxy for global “organ
dysfunction”. However, the task force noted that points used by SOFA only linked to a given
organ system and did not specifically identify dysfunction in that organ. Consequently, the
task force also recommended derivation of an updated tool (2). Human studies are further
hampered by the lack of “gold standard” criteria that unequivocally identify sepsis; instead
surrogates that have either outcome (predicting mortality) or construct (identifying patients
that develop characteristics that “look like” sepsis, e.g., refractory lung injury) validity are
used to identify septic patients post-hoc (58, 59). Animal studies eliminate the need to use an
outcome to identify sepsis because both infection and sepsis are known to be present.
Therefore, preclinical models may be used to identify potentially translatable criteria for
organ dysfunction. In addition to assessing the effects of interventions on survival and the
development of the long-term abnormalities that plague sepsis survivors, animal studies
provide a unique opportunity to evaluate organ dysfunction, which is now required for the
clinical diagnosis of sepsis (2).

Recommendation 11: Not all activities in an individual organ/system need to be abnormal
for organ dysfunction to be present.

While the progression of acute illness to Multiple Organ Dysfunction Syndrome (MODS)
and the pattern of organ dysfunction has been addressed in clinical studies since the first
description of the syndrome by Tilney et al. in 1973 (59), many animal studies only measure
survival. However, quantifying conventional markers (platelets, creatinine, bilirubin etc.) of
organ dysfunction similar to the SOFA score is feasible (60-63), even in rodents. If
conventional biochemistry markers are used to describe organ dysfunction, they are typically
only used as a single endpoint assessment, unlike the clinical SOFA score measured
sequentially (the S in SOFA). Animal studies lack a validated and standardized panel of
markers similar to SOFA.

The validity of conventional markers of organ impairment (platelets, creatinine, bilirubin
etc.) to quantify the injury to cells and tissues in this context is augmented by the ability to
study organ-specific dysfunction. This measurement of injury may be done using histology,
immunohistochemistry and other modalities, allowing in depth analysis of organ integrity
since tissue samples would be available. These techniques allow assessment of the severity
of dysfunction, to gather insights into the mode of injury, such as necrosis as opposed to
various forms of programmed cell death (64-66). In addition these techniques provide
information regarding the spatial distribution of injury. The option of “reverse translation”,
i.e. comparing patterns and severity of tissue damage in animal models, allows conventional
clinical markers to be more useful when interpreting the degree of protection provided by a
therapeutic intervention (61, 62, 65). Interestingly, in murine CLP it was shown that while
parameters indicative of organ dysfunction were greater in dying compared to surviving
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mice, they never exceeded the changes in surviving CLP mice in which cisplatin or carbon
tetrachloride were used to induce non-lethal hepatotoxicity and nephrotoxicity (67). In other
words, standard organ injury models which are non-lethal induce substantially more organ
injury than that observed in mice dying from CLP-induced sepsis. Given the central role of
the cardiovascular system in failing organs, a longitudinal assessment of clinical and
hemodynamic parameters using wireless biotelemetry monitoring is particularly promising
(68, 69). In the murine CLP model, telemetry has been used to define and validate criteria
for acute deterioration to mimic human sepsis studies (69). In addition, in small animal
models techniques applying /n vivo microscopy allow assessment of microcirculatory
disturbances beyond macrohemodynamic assessment even in internal organs such as liver
and kidney (63). Extrapolating from patients, reduced organ function in individual organs
would meet the definition of an inappropriate host response, albeit experimental studies
suggest that several tissues and organs are only mildly affected. ICU-specific interventions,
including mechanical and cardiovascular support, might be required to allow the
development of severe MODS (70).

This specific recommendation states that not all functions of an organ need to be disrupted
or abnormal in order to state that organ dysfunction is present. This recommendation is
specifically included because pre-clinical models offer opportunities to study multiple
parameters and provide tissue for in depth studies. The standard for organ dysfunction would
be too high if it was required that all functions were abnormal.

Recommendation 12: To define objective evidence of the severity of organ and system
dysfunction, a scoring system should be developed, validated and used, or use an existing
scoring system.

In disease and pathological conditions in patients, where individual or multiple organs are
involved e.g. sepsis, acute lung injury, or severe traumatic injury, diagnostic scoring systems
have been developed and validated which describe the organ(s) morbid status. Scoring
systems such as SOFA, qSOFA, SAPS, APACHE 2, (1, 2, 5) have been developed as an
index of the organ(s) function. Such scoring systems largely serve to provide a uniform
reference for the individual clinician’s assessment of organ function. With this common
basis, decisions can be made about the patient’s status which drive clinical decisions.
Databases of organ dysfunction have been created to allow study of the disease. In a similar
manner, scoring systems could be developed for experimental models of sepsis to allow
sharing of results. These scoring systems, similar to those used for patients, would consist of
biochemical indices, physiological indices, blood chemistry, coagulation system status,
discrete pathological changes (both gross and microscopic), and behavioral alterations.
Comorbid conditions, such as age, gender, nutritional status, etc. could also be included (2,
56, 71-76). Such scoring systems have been especially useful for stratifying the severely
injured (74, 75). Scoring systems for preclinical studies have not been applied in a consistent
manner. Consequently, they provide limited data for detailing the clinical condition of sepsis
they were attempting to model (4, 77). At the 91" Wiggers-Bernard- Conference on “Pre-
clinical Modeling in Sepsis” we reviewed 260 manuscripts looking at experimental sepsis
which included a total of 374 experimental studies that assessed the organ(s) for
dysfunction. There were 116 published studies that examined only a single organ injury/
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dysfunction endpoint, while 88 measured multiple organ dysfunction endpoints and 170
simply did not report any endpoints. Further, of those 374 experimental studies only 10 used
some form of clinical-like scoring system, while 364 did not. Finally, of those 374
experimental studies 118 used histological assessment of organ damage and 256 did not.
Although most of the recent studies did not use an organ injury score, guidelines have
already been published on which parameters should be measured, such as the American
Thoracic Society’s guidelines on experimental acute lung injury (44). These guidelines were
an attempt to encourage investigators to adopt standard approaches to measure dysfunction
in experimental models of lung injury. Measuring a common set of organ injury parameters
will allow better comparison between the animal models. If such guidelines exist or can be
established through scientific consensus for not only an organ (72, 76), but at a system level,
such as a rodent sepsis severity score (78), investigators attempting to document their animal
model of sepsis should incorporate such scoring systems.

Recommendation 13: Not all experiments must measure all parameters of organ
dysfunction but animal models should be fully exploited.

Conducting research and developing therapies and treatments for sepsis relies heavily on /n
vivo studies. Models of sepsis, however, can cause significant discomfort, pain, and distress
to the animals. Therefore, investigators should attempt to collect as much information as
their budgets allow and thus make the best possible use of the animals, while attempting to
reduce the numbers of animals needed.

A number of simple behavioral and physiologic measurements can be obtained non-
invasively and without the need for sophisticated equipment. Cage activity, body weight, and
rectal temperature, for example, can be easily obtained and prior studies show that these
correlate with hypothalamic levels of proinflammatory cytokines (79). Vital signs such as
arterial blood pressure, heart rate, respiratory rate, and blood oxygen saturation can also be
easily measured non-invasively (80). These vital signs can be used to indicate septic shock,
increased sympathetic tone, metabolic acidosis, and pulmonary shunt. Furthermore,
investigators can use a sepsis severity score for later correlation with other variables (78).

Maximizing sample collection is also recommended. For example, if an animal is sacrificed,
plasma or serum should be collected, frozen, and stored for subsequent studies. Animals
euthanized due to humane endpoints or at the end of the study should be subjected to
necropsy, including external examination, exsanguination, exploratory dissection, gross
anatomy, weighing and preservation of key organs, including the heart, lungs, spleen, gut,
liver, and kidneys in fixative solution for later studies. Necropsy studies should be planned
before each study, as some organs require unique collection and fixation techniques (81, 82).
Ideally, the use of the animal data and samples can also be improved by collaboration among
investigators in various fields. An investigator studying sepsis-associated kidney injury, for
example, could share sepsis severity scores, blood oxygen saturation, and lung tissues with
investigators interested in lung injury, as well as body weight, serum, and gut tissue with
investigators interested in sepsis-associated gut dysfunction.

It is recognized that not all investigators will have the time, equipment or expertise to fully
define dysfunction in each organ. For example, it is possible to measure pulse oximetry and
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respiratory rate non-invasively in a mouse, although these measurements do not provide the
same level of detail as arterial blood gases, whole body plethysmography and histologic
examination of the lungs. However, if an investigator’s studies focus on the kidney, it would
be unreasonable to expect a detailed pulmonary study. It may be reasonable for the
investigator to non-invasively measure blood oxygenation and respiratory rate.

Consideration f) Avoid hypoglycemia—Metabolic disorders occurring in sepsis often
lead to hyperglycemia, which is frequently associated with worsened outcome in septic
patients (83) and experimental models of sepsis (84). The definition of acute hyperglycemia
varies by study ranging from 8 to 15 mmol/l (144 to 270 mg/dl) (85, 86). It has been shown
that the severity of sepsis is impacted by the occurrence of hyperglycemia, which appears as
a risk marker of morbidity and mortality (87). The latter is the reason for insulin therapy in
septic patients. However, intensive insulin therapy has repeatedly been associated with
increased incidence of hypoglycemia, defined as a blood glucose < 70 mg/dl (88). Two
studies in large observational cohorts have identified sepsis as an important risk factor for
the development of severe hypoglycemia predominantly due to insulin therapy (89, 90).
Even a single episode of severe hypoglycemia can substantially influence the severity of
sepsis (91) and significantly increase risk of mortality. Apart from hyperglycemia and
hypoglycemia, increased glycemic variability has been associated with substantially
increased mortality rate in septic patients (91-93). The effect of increased glycemic
variability was unexpectedly high; it was associated with nearly 10 fold increased mortality
in critical care patients (91).

The available data suggest that the levels of blood glucose critically influence the sepsis
outcome and should be considered in preclinical models with particular attention to the
glucose variability. If the effects of hyperglycemia and hypoglycemia are not in the scope of
a study, then it can be recommended keeping glucose levels in a normal range (79.2 to 110
mg/dL), and the daily variations should neither drop below 70 mg/dL nor exceed 140
mg/dL.

However, the glycemic response in septic mice is different from that in patients. CLP mice
typically develop a prolonged and profound hypoglycemia, whereas the hyperglycemia often
reported in patients does not occur in rodents (94). Hypoglycemia in rodents was associated
with increased sensitivity to insulin resulting in hypoglycemia at normal insulin levels (95).
However, even in rodents that are hypoglycemic insulin reduces inflammation and multiple
organ dysfunction (96). For these reasons investigators should consider preventing marked
changes in blood glucose levels in pre-clinical models of sepsis. We recognize that other
parameters are typically monitored in septic patients, e.g. blood pressure, urine output, and
these issues should be addressed in future discussions.

SUMMARY

This Part 11 manuscript details the recommendations and considerations of the two working
groups from the Wiggers-Bernard conference on pre-clinical models of sepsis. The intent
was to determine the current state of pre-clinical models by reviewing the most highly cited
articles on pre-clinical models. Analysis of the data showed great heterogeneity with regards

Shock. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Libert et al.

Page 13

to types of models and how the animals were monitored to evaluate organ injury. The
participants were aware of the 2016 Sepsis - 3 definition stating that sepsis was organ
dysfunction due to an infection (2). The working group made specific recommendations
about the types of infections as well as monitoring organ dysfunction. We hope that these
recommendations and considerations will serve to bring a level of standardization to pre-
clinical models of sepsis and ultimately improve the translation of pre-clinical findings. We
acknowledge that new challenges based on new information from the clinical and bench
studies will continue to arise. A close collaborative work between basic scientists and
clinicians is critical for a thoughtful (re)interpretation of any existing and newly posited
principles.
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Table 1.

Infection Type Endpoints in Sepsis Models (2003-2012")

Types of sepsis-initiating infection

Specific pathogens used

CLP:134

Escherichia coli: 33

LPS/E i.v.: 125

Pseudomonas aeruginosa: 19

LPS/Bacteria i.p.: 49

Streptococcus pneumoniae. 13

2-hit: 22

Staphylococcus aureus: 11

pneumonia: 20

Streptococcus agalactiae: 6

PIFP: 6

Bacillus anthracis. 5

CASP: 5

Klebsiella pneumoniae: 4

bacteria s.c.: 2

Listeria monocytogenes. 3

urosepsis:

Salmonella typhimurium. 3

bacteria p.o.:

Streptococcus GBS: 3

bacteria mucosa:

Group A Streptococcus. 2

bacteria urethra:

Salmonella enteritidis: 2

Acinetobacter baumannii: 2

bacteria intranasal:

Candida albicans: 2

malaria i.p.:

Neisseria lactamica: 2

fungemia via catheter:

Neisseria meningitidis: 2

1
1
1
1
bacteria bile duct: 1
1
1
1
3

bacteria (undefined) inj.:

Plasmodium chabaudi: 2

Proteus mirabilis: 1

Salmonella suis: 1

Burkholderia: 1

Salmonella enterica: 1

Aspergillus fumigatus: 1

Bacillus subtilis.: 1

Citrobacter rodentium.1

polymicrobial (undefined). 2

*

Collated data is obtained from review of the 260 most-cited papers (featuring total of 374 animal experiments) identified with IS Web of
Knowledge database (using the query:”sepsis model”). LPS: lipopolysaccharide; CLP: cecal ligation and puncture; LPS/E: intravenous (i.v.)
endotoxemia via lipopolysaccharide or inactivated/live bacterial administration (any live strain); CASP: colon ascendens stent peritonitis; P/FP:
pallet and/or fecal/fibrin peritonitis; 2-hit: two different challenges combined with at least one sepsis model included in the list. p.o.: per os; i.p.
intraperitoneal; s.c.: subcutaneous; inj: injection
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Table 2.

Infection Type Endpoints Working Group (WG): Recommendations (R) and Considerations (C)

Infection Types (WG-3)

8. We recommend that challenge with LPS is not an appropriate model for replicating human sepsis
9. We recommend that microorganisms used in animal models preferentially replicate those commonly found R
in human sepsis

1. Consider modeling sepsis syndromes that are initiated at sites other than the peritoneal cavity (e.g. lung, c
urinary tract, brain)

Shock. Author manuscript; available in PMC 2020 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Libert et al.

Table 3.

Organ Failure/Dysfunction Endpoints in Sepsis Models (2003-2012")

Page 21

Organ Injury/Dysfunction studied

Specific organs/systems studied

Any defined clinical-like scoring system
used

Histology studied

yes: 204

lungs: 77

used: 10

yes: 118

a) single organ: 116

liver: 62

not used: 364

no: 256

b) multiple organs: 88

leukocytes: 7

no: 170

kidney: 48

circulation: 36

spleen: 29

gut: 23

heart: 22

coagulation: 20

CNS/brain: 12

muscle: 6

mitochondria: 5

vasculature/endothelium: 4

pancreas:

skin:

3
metabolism: 3
3
1

adrenals:

thymus: 1

thyroid: 1

diaphragm: 1

*
Collated data is obtained from review of the 260 most-cited papers (featuring total of 374 animal experiments) identified with ISI Web of
Knowledge database (using the query:”sepsis model”).
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Table 4.

Organ Failure/Dysfunction Endpoints Working Group (WG): Recommendations (R) and Considerations (C).

Organ Failure/Dysfunction (WG-4)

10. Organ/system dysfunction is defined as life threatening deviation from normal for that organ/
system based on objective evidence

11. Not all activities in an individual organ/system need to be abnormal for organ dysfunction to
be present

R
12. To define objective evidence of the severity of organ and system dysfunction, a scoring
system should be developed, validated and used, or use an existing scoring system
13. Not all experiments must measure all parameters of organ dysfunction but animal models
should be fully exploited
f. Avoid hypoglycemia C
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