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Abstract

Background: Considerable research effort has focused on the development of novel therapies for the treatment
of sepsis, yet after decades of clinical trials, few significant advances have been achieved. This limitation
persists despite a wealth of data yielded by basic science that has expanded our knowledge of the biology of this
disease exponentially.
Method: Review of the English-language literature.
Results: Translational researchers may address the resultant gap between the basic science laboratory and
clinical research worlds. Herein, we review potential causes for the challenges of translating basic laboratory
discovery into clinical benefit.
Conclusion: We propose conceptual platforms to further the development of translational sepsis research
efforts.
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Sepsis is common, debilitating, and deadly. Recent epi-
demiologic investigations estimate that annually more

than 1.7 million people will experience sepsis in the United
States, causing 270,000 deaths that represent 35% of inpa-
tient hospital deaths [1]. Although a multitude of advances in
modern medicine have improved nearly all of healthcare, the
realm of sepsis has remained nearly immune to any im-
provement. This perspective is manifested by the fact that
those dying of sepsis will receive the only therapeutics ap-
proved: Antibiotics, fluid resuscitation, source control when
possible, and supportive care for failing organ systems.

Yet sepsis is no less than oncology, human immunodefi-
ciency virus, and diabetes a focus of attention by both the
basic and clinical sciences attempting to translate biological
discovery into advances in healthcare. Research efforts have
reached from focused and mechanistic investigation seeking
to further the understanding of the disease to multi-center
randomized clinical trials testing biologic targets and the
agents used to modulate them. Unfortunately, none has
proved of utility when subjected to clinical trial. In fact, more
than 60 clinical trials have been conducted to test a variety of
biologic therapies: Steroids, anti-cytokine antibodies, and
coagulation network proteins [2]. Most of these studies were
backed by the latest advances from the basic science labo-

ratory but have failed to produce a novel therapy with con-
firmed benefit for septic patients.

Faced with an ever-present threat to their septic, critically
ill patients, clinicians and researchers are still on the hunt for
the next treatment breakthrough. However, the repeated
failure to obtain benefit from treatments initially reported as
effective in the laboratory has led investigators on both sides
of the translational chasm to question current research foci
and methodologies. One potential contributor to the failure of
progress in therapeutic trials is the perceived disconnect be-
tween laboratory and clinical research.

Translational Research

Translational research embodies the overarching com-
munity of scientists who strive to connect the traditionally
siloed realms of laboratory, patient-centered, and population-
based research [3,4]. Its members, unique in the research they
conduct, share the goal of forming novel connections be-
tween their traditional research disciplines so as to streamline
the science that transforms basic discovery into medicine.
The T1 research connects the laboratory with the patient, T2
research connects patient-centered research with population-
based studies, and T3 research explores ways of applying
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population-based research to general practice, yielding
knowledge about how interventions work in real-world set-
tings [4]. ‘‘Reverse translation,’’ the moniker for the
‘‘backwards’’ flow of information from patient-centered re-
search into the basic science laboratory, emphasizes that the
‘‘bridge’’ enabling the exchange of ideas is bidirectional
[4,5]. Conceptually, the translational researcher aims to
convert the discrete steps of scientific research into a more
continuous curve or even a circle. The remainder of this
article focuses primarily on the T1 translational research
paradigm.

Laboratory versus Clinic: The Disconnect

Researchers with experience in clinical and epidemiologic
research may harbor skepticism about laboratory research,
especially given the recently publicized reports questioning
the reproducibility of some findings [6,7]. Essential compo-
nents of trial design (population, enrollment, exposure, in-
tervention, endpoints) may not be clear in laboratory research
manuscripts [8]. A lack of familiarity with the study end-
points and methods, combined with terminology that may be
somewhat foreign, challenge interpretation, particularly as it
relates to appreciating clinical relevance. However, it is
crucial to realize that the hypotheses addressed shift as one
progresses from cell and tissue to animal-based to human
research. Basic science research at its core excels at exploring
causality, whereas clinical trials focus on efficacy and ef-
fectiveness of certain treatments or strategies, often in the
absence of the mechanistic biological underpinnings. There
are limits to what can be studied and answered using basic
laboratory techniques and a need by clinical scientists to
appreciate them. In turn, laboratory scientists may be able to
enhance the relevance of their investigations by open com-
munication and collaboration with practicing clinicians so as
to understand better what needs answering. So, although
laboratory and clinical research pursue distinct but laudable
immediate objectives, they share an overarching mission to
broaden knowledge and improve the human condition;
hence, efforts to narrow the void may facilitate a united effort
to achieve this common goal. The remainder of this discourse
focuses on moving basic investigation closer to the realm of
clinical research.

Meeting in the Middle

Subjects

Efforts can and should be made to move animal studies
closer to human trials, especially pre-clinical experimenta-
tion that is conducted prior to clinical testing. The ‘‘subjects’’
of animal studies merit discussion, as they often are a focus of
criticism or projected blame when clinical trials fail to rep-
licate the observations of the compelling basic discovery that
supported them in the first place. Clearly, it is unfounded to
utilize data derived from mechanistic laboratory science
based on single molecules, cells, or tissue culture as the im-
petus for a clinical trial. However, on transitioning into pre-
clinical animal-based models, the expectations are elevated,
at least insofar as the path is perceived to lead to advances in
the treatment of disease.

The rodent model is emblematic of basic laboratory in-
vestigation. The considerable genetic overlap with human

beings renders mice and rats invaluable in conducting
mammalian studies that the ethical or financial constraints of
other models render unfeasible [9–12]. However, important
biologic, genetic, and immunologic distinctions remain
[2,13]. In the context of sepsis research, efforts are being
made to increase the homology between murine and human
models by generating ‘‘humanized’’ mice. Through the
transplantation of human CD34+ immune cells, scientists can
create a murine model that better replicates the human be-
ing’s adaptive and innate immune response to septic insult
[14–16]. Similarly, sepsis afflicts the extremes of age par-
ticularly, yet nearly all experimentation, prior to recent ef-
forts, has utilized relatively young (8–12-week-old) mice.
The human correlate is a teenager. More recently, attention
has been directed to characterizing the response of older mice
to septic insult, and the results have been profound [17–19].
Clearly, this has been a source of translational impedance. Its
remedy is simple, although the use of aged mice has not been
adopted universally [18–21]. And lastly remains the question
regarding if and when to progress into high-level vertebrate
animals and what the preferred progression should entail
[2,22]. Granted these animal subjects bring us closer to
testing in humans, that alone does not guarantee translational
success [2,23].

Models

Standardization of animal models will facilitate ease of
interpretation by investigators and clinicians alike [24].
Model selection is crucial and may differ depending on the
research intent and the hypothesis posed [25]. Cecal ligation
and puncture (CLP) was developed nearly 40 years ago and
remains a popular, indeed the standard, paradigm for study-
ing intra-abdominal sepsis. However, it possesses significant
sources of variability (amount of cecum ligated, number and
gauge of puncture needles, antibiotic use and choice, fluid
resuscitation protocol) [26–28]. The use of a single CLP
model severity in mice of identical age and strain does not
guarantee a homogeneous physiologic response in terms of
the timing of onset and magnitude of systemic illness [29].
Even ‘‘identical’’ mice will manifest a temporally different
unfolding of the physiologic changes consistent with a septic
state after CLP [30]. Although it may not be possible to
eliminate variability in the animal response to a septic insult,
addressing this variability is key.

A platform of biotelemetry-enhanced CLP has been de-
veloped that enables monitoring animal physiology in real
time. The method facilitates identification of distinct physi-
ologic states, independent of the time after CLP at which they
are attained, and randomization of mice to an interventional
arm [25,29,30]. It possesses face validity as a model more
representative of the physiology-based platform by which
randomized clinical trials test agents. Recently, the authors of
this paper presented data supporting construct validity that
the model is highly sensitive to testing differences in thera-
peutic interventions; e.g., enabling seven domains by physi-
cal examination of the murine response to polymicrobial
(CLP) sepsis: Appearance, level of consciousness, activity,
response to stimuli, eyes, ventilation rate, and respiration
quality of mice after CLP [31–33]. These are combined into a
composite ordinate score that is highly predictive of shock,
organ dysfunction, and death, although a notable limitation is
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the bias introduced by the need for animal handling. A final
method by which to stratify the septic response has been
achieved with rapid immunoassay of inflammatory cyto-
kines, which, although also prognostic, is limited to a single
cross-sectional time point of assessment [34–36]. Clearly, the
heterogeneity of the murine response to sepsis is recognized,
as is the need for methods to characterize this variability
better (i.e., inclusion and exclusion criteria) to enable a more
targeted and clinically relevant model platform to test ther-
apeutic discoveries. However, consensus regarding the opti-
mal stratification methods remains to be achieved. Recently,
the ‘‘Minimum Quality Threshold in Pre-clinical Sepsis
Studies’’ (MQTiPSS) project has been developed in the wake
of the publication of the Sepsis-3 guidelines. It, too, calls for a
more standardized approach to animal sepsis modeling, in-
cluding stratification of animals according to the degree of
physiologic derangement after septic insult [22].

Buy-in for animal modeling research may be improved by
clearly stating the clinical disease entity the investigators are
attempting to recreate. The correlation between mouse
models of pneumonia or urosepsis and human disease are
readily apparent. However, a clinician may less readily ap-
preciate the clinical correlate of a CLP model, which has been
likened to perforated diverticulitis or appendicitis with an
intra-abdominal abscess. In contrast, the colon ascendens
stent peritonitis model more closely approximates free per-
foration of a hollow viscus with diffuse peritonitis and pro-
duces a biologic and physiologic response distinct from that
generated by CLP [37,38]. Making pre-clinical experimen-
tation terminology relatable to the uninitiated reader en-
hances the interpretability of the science.

Not all sepsis is the same, and the heterogeneity in etiology
should be reflected in pre-clinical therapeutic testing strate-
gies. A good example is sepsis at the mucosal interface of the
lung versus the peritoneal cavity, where macrophages and the
local environment are very different [39]. Simply to find
positive results in a single model and apply it broadly to
sepsis of all etiologies may be erroneous. The number of
different models and the optimal progression through those
models could be a further focus of standardization in pre-
clinical sepsis modeling [22]. In addition, the decision to
enroll an animal in a pre-clinical therapeutic ‘‘trial’’ ideally
could be based on similar physiologic entry criteria between
models, which may manifest at various time points depend-
ing on the model selected. Theoretically, this would help
avoid testing treatments on mice that have not yet mounted a
systemic response to an infectious insult and similarly may
help avoid testing therapies on mice that are moribund and
not expected to survive regardless of therapy reducing type I
and type II errors. Further, use of objective enrollment cri-
teria such as physiologic changes more closely mirrors the
enrollment of patients in human clinical trials and enhances
the translational relevance of experimental results.

Study design

Regardless of the hypothesis being tested in the laboratory,
practices that are standard in clinical trials such as random-
ization, blinding, and unbiased study design should be im-
plemented by any laboratory. Although the laboratory focus
may be on discovery and innovation, these practices can
eliminate bias and render results reproducible without com-

promising creativity. Integrity in the randomization and
blinding process helps ensure the fidelity of experimental
results. However, as mentioned above, the enrollment criteria
for animal trials also should be considered. Sample size and
power estimations based on the expected magnitude of dif-
ference between experimental groups are key elements in
planning clinical trials but unfortunately all too often either
are not performed or at least are not reported in many pre-
clinical studies.

Reporting

The SPIRIT and CONSORT statements have been put
forth to improve reporting standards in human clinical trials.
Similarly, the ARRIVE guidelines offer a framework to
standardize the reporting of animal-based research, although
adoption has not been as universal as initially hoped [40–43].
Checklist-based approaches such as these may elevate re-
porting standards by offering a minimal set of necessary in-
formation that should be included in manuscripts, facilitating
interpretation by readers of all backgrounds. Ultimately, it
will be up to scientists and journals to decide to what degree
all published standards and guidelines are utilized, and this
will be the primary determinant of their longitudinal impact.

Training the Next Generation

A final consideration in bridging the translational gap lies
in the training of researchers who possess the necessary skills
to speak the languages of both the basic and clinical research
domains. In the past, this role frequently was performed by
physician-scientists, although a trend toward increasing the
number of specialized Ph.D. researchers and decreasing
physician involvement in research has broadened the gap
between the laboratory and the clinical environment [44,45].
The National Institutes of Health have responded by the
creation of the National Center for Advancing Translational
Sciences in 2012. As a result, more than 50 program hubs
have been established to offer formal training in clinical and
translational sciences [46]. This training will need to be
customized to the specific needs of each investigator, taking
into account previous experience and training [4]. Mentor-
ship from a complementary multidisciplinary team will play
a pivotal role [4]. Establishing a training pipeline to produce
dually trained translational scientists will help abrogate the
translational gap.

Conclusion

We need to acknowledge the inherent limitations of each
type of sepsis research, but this does not require us to be
complacent in accepting the present disconnect between the
laboratory and the clinic. Researchers must work to bring
the pre-clinical research models and methodology closer to
the reality of the clinical world. In turn, the clinical trial world
needs to expand efforts to understand the biological reasons
for differences in observed effectiveness, bringing the clini-
cal research world closer to the laboratory. Training re-
searchers with specific roles in translational science is key.
These translational interpreters will act as ambassadors to
unite laboratory and clinical research in the quest to improve
patient outcomes after sepsis.
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