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Abstract

The history of the National Institute of General Medical Sciences (NIGMS) Research Centers in
Peri-operative Sciences (RCIPS) is the history of clinical, translational and basic science research
into the etiology and treatment of posttraumatic multiple organ failure (MOF). Born out of the
activism of trauma and burn surgeons after the Viet Nam war, the P50 trauma research centers
have been a nidus of research advances in the field, and the training of future academic physician-
scientists in the fields of trauma, burns, sepsis and critical illness. For over 40 years, research
conducted under the aegis of this funding program has led to humerous contributions at both the
bedside and at the bench.

In fact, it has been this requirement for team science with a clinician scientist working closely with
basic scientists from multiple disciplines which has led the RCIPS to its unrivaled success in the
field. This review will briefly highlight some of the major accomplishments of the RCIPS program
since its inception, how they have both led and evolved as the field moved steadily forward, and
how they are responsible for much of our current understanding of the etiology and pathology of
MOF. This review is not intended to be all encompassing nor a historical reference. Rather, it
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serves as recognition to the foresight and support of many past and present individuals at the
NIGMS and at academic institutions who have understood the cost of critical illness and MOF to
the individual and to society.
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Introduction

In 1974, the National Institute of General Medical Sciences (NIGMS), under the leadership
of Dr. Ruth Kirschstein, initiated a new funding program, entitled “P50 Research Centers in
Injury and Peri-operative Sciences (P50 RCIPS)”. These large program project grants were
to foster multidisciplinary translational research related to multiple system responses
invoked by trauma, burns, and surgical injury. The history of these “team science” efforts
have had unrivaled success in transforming knowledge and fundamentally changing the care
for surgical intensive care unit (ICU) patients. Additionally, they have provided the research
training environments for two generations of trauma surgeons that have allowed them to be
active physician-scientists advancing basic knowledge related to their specialty. NIGMS has
recently allowed the P50 RCIPS program to expire in its current form, and intends to replace
it with a broader focused team science program. Given that the Coalition for National
Trauma Research was recently formed to advocate for continued federal funding for trauma
research, discussing the future of this type of trauma research funding is a timely topic (1).
This manuscript will provide an overview of the P50 RCIPS granting mechanism, describe
seminal contributions of the Trauma Research Centers (TRCs) in the context of the evolving
epidemiology of multiple organ failure (MOF) secondary to trauma and sepsis, and
summarize the lessons learned through these successful team science efforts.

Origins of the NIGMS P50 RCIPS

The Viet Nam War brought significant changes in the care of the severely injured soldier.
Battlefield mortality of wounded soldiers decreased from 30% in World War 11 to 23% in the
Viet Nam War (2). Trauma surgeon activists (including John Burke, William Curreri, C.
James Carrico, William Altimeir, William Blaisdale, Don Trunkey, and others) argued that
the progress made on the battlefield should be sustained and expanded for civilian
populations, in which death from motor vehicle accidents peaked between 1966 and 1975 at
rates 30% higher than the decade before and after (3) Senator Edward Kennedy (chairman of
the Subcommittee on Health and Scientific Research) was lobbied extensively in the 1970°s
to support the establishment of a National Institute of Trauma within the National Institutes
of Health (NIH). While this effort failed, Senator Kennedy did use his influence to establish
a research program dedicated to trauma, burn and perioperative injury. While this did not fall
within the NIGMS’s primary charter of “research in the general and basic medical sciences”,
the Institute also had the responsibility to assume research programs “outside the general
area of responsibility of any other Institute”. Thus, despite the lack of legislative-mandated
funding, Dr. Ruth Kirschstein, initially reluctant, championed the P50 RCIPS at the NIGMS.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

Page 3

During its early formative years, the survival of the program benefitted from a number of
strong advocates inside the Institute including Drs. Marvin Cassman, Lee Van Lenten,
Rochelle Long, Yvonne Maddox, and Bruce Wetzel.

After more than 40 years, the P50 RCIPS program today continues its original goal of
improving the basic understanding of the adaptive and maladaptive responses invoked by
trauma or burns, and to directly translate this new knowledge into improved patient care.
The program emphasizes hypothesis-based bi-directional bench to bedside research. It
requires multiple projects led by successful scientists who synergistically promote team
science that has value-added beyond a collection of independent RO1 type projects. In
general, these programs have focused on the greatest challenges of their time. The scope of
research spans the time of injury through critical illness and subsequent recovery. Unlike
other institutes under the NIH umbrella that focus on single disease, organ or system
response, NIGMS and the RCIPS focus on multiple system responses. For example,
traumatic brain injury and spinal cord injury are not within the specific mission of NIGMS,
but would be appropriate for the National Institute of Neurologic Diseases and Stroke
(NINDS). These P50 programs also have often included a component of mathematical and
computational approaches to systems biology, using all the tools available to address the
complex nature of illness. Some of the programs have included interventional studies, but
only when they were consistent with the overall goal of improving the understanding of the
underlying pathobiology. Figure 1 lists the NIGMS P50 RCIPS grants by first year funding
since the program’s inception, their general focus, and their program directors and host
institution.

Many of the Centers have been refunded through several cycles with the longest program led
initially by Dr. John Burke and subsequently by Dr. Ronald Tompkins at Massachusetts
General Hospital having had continuous funding for over 40 years. Successfully refunded
P50 programs have evolved over time, and by necessity the program directors and project
program investigators have changed as the focus of the programs kept up with the advances
in the field. Although any attempt to summarize the accomplishments of this 40 plus year
program will be incomplete, progress in the field of trauma and burns has been due in
considerable part to the success of the RCIPS Program and the support of NIGMS
leadership even during periods of lean funding to the NIH.

Seminal Contributions Related to the Evolving Epidemiology of MOF

Despite tremendous advances in care over the last four decades, MOF following trauma and
sepsis has remained the leading cause of prolonged ICU stays and late mortality (4).
Therefore, it is not surprising that many of the trauma-related P50 programs focused on
some aspect of MOF. MOF emerged in the early 1970s as a result of advances in ICU
technology that allowed patients to survive single organ failure. Over the ensuing decades
with continued advances in the management of the critically ill patient, the epidemiology of
MOF has evolved (5). Figure 2 depicts the timeline of this evolution. The upper portion of
this timeline depicts major advances in care and the lower portion depicts a series of
predominant presentations (or phenotypes) that have been the focus of ongoing research
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efforts. The bottom of the figure lists various research topics that have been pursued by the
P50 programs and will be included in the following summary discussion.

Uncontrolled Sepsis

Initial case series in the 1970s concluded that MOF occurred due to uncontrolled sepsis (6).
Research efforts were directed at the prevention and treatment of surgical infections. It was
recognized that in large part these uncontrolled infections were due to failure in local and
systemic host defenses (7,8). The early P50 RCIPS programs led by John Border, John
Kinney, and Douglas Wilmore focused on the role of the injury stress response in MOF (9—
11). The injury stress response is initially considered essential in mobilizing substrates, but
when infections become uncontrolled, they induce “septic autocannibalism” (12). This term
was coined to explain the tremendous losses of lean body mass that occur despite exogenous
nutritional support. The associated hypermetabolism could be reproduced by the infusion of
counter regulatory hormones (i.e, hydrocortisone, epinephrine and glucagon), but this did
not fully recapitulate the ongoing catabolism, or the acute phase response. This could be
induced by creating concurrent inflammation (by intramuscular injection of etiocholanolone)
(11). At this time, expression cloning of new inflammation mediators was in its infancy, and
what is now know as “cytokines” had only functional monikers such ‘lymphocyte activating
factor’, ‘leukocyte endogenous mediator’, ‘cachectin’, among literally hundreds of
individual mediators (13). However, with the recognition that these proteins are produced by
every tissue of the body in massive quantities during sepsis, the term “cytokine storm”was
popularized to describe uncontrolled sepsis. Importantly, studies from Dr. G. Thomas Shire’s
program in New York City, initially showed that administration of key cytokines could
reproduce bacteremic or endotoxemic shock (14) Additionally, it was demonstrated that the
lethal administration of live bacteria or endotoxin produced a burst of TNFa followed by a
more sustained rise in other proinflammatory cytokines, and that the resulting death could be
prevented by blocking this endogenous TNFa response(15)

With the introduction of total parenteral nutrition (TPN) into clinical practice in the 1970’s,
it is not surprising that the P50 investigators became interested in optimizing the nutrient
composition of TPN to match the metabolic needs induced by injury stress response.
Research indicated that the sequence of surgery/trauma-immunosuppression-late sepsis-
MOF-death could be reversed by early TPN. (16,17). “Stress formula” TPNs enriched with
L-glutamine. L-arginine, and branched chain amino acids were developed, widely utilized
and subjected to clinical trials starting in the early 1980s. Unfortunately, their early use in
critically ill surgical patients failed to improve outcome. Additionally, the TRC at Denver
convincingly demonstrated in a series of clinical trials that early enteral nutrition (EEN)
reduced nosocomial infections compared to TPN (18). The exact explanation for this benefit
remained unclear, but it was presumed to be linked to beneficial effects on the gut. This
sparked interest in role of the gut as the “motor” of MOF which remained a research interest
in Denver and became a focus of subsequent P50 programs in both Houston and Newark
(19, 20).
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Sepsis Syndrome

In the mid-1980s, studies out of Europe reported that MOF frequently occurred after blunt
trauma with no identifiable site of infection (21). The term “sepsis syndrome” was
popularized to describe this phenomenon. (22) It became widely accepted that MOF could
ensue after both infectious and non-infectious insults by a similar auto-destructive, systemic
inflammatory response syndrome (SIRS). The research focus consequently shifted to
determining the underlying mechanism(s) of noninfectious SIRS induced MOF (22).
Multiple hypotheses have been put forward, including bacterial translocation (BT) (see
figure 3) (23). Experimental work from Dr. Edward Dietch’s group provided persuasive
evidence in support of BT and it became the accepted dogma (24). However, after the
Denver group pursued the BT hypothesis in the laboratory and in clinical studies, they
concluded that the BT hypothesis could not fully explain and was not likely a key a
mechanism in early noninfectious MOF (25,26).

Persistent unrecognized shock (as a result of impaired flow dependent oxygen consumption)
was another popular alternative hypothesis for noninfectious MOF (22). Dr. William
Shoemaker championed this concept and proposed that “supranormal oxygen delivery
(DOy)” resuscitation was needed to eliminate it and thereby prevent MOF. As a result, in the
late 1980s, it became standard of care to presumptively place pulmonary artery catheters
(PACs) to guide early ICU resuscitation with the goal maximizing DO,. While this strategy
was ultimately disproven, the resulting resuscitation protocols provided convincing evidence
that the initial severity of shock plays a predominant role in the later development of MOF
(27). At the same time, there was considerable interest in investigating the role of ischemia/
reperfusion (IR) injury in noninfectious MOF. (22) Specifically, the Denver TRC focused on
determining how gut IR activates circulating polymorphonuclear neutrophils (PMNs) to
cause remote liver and lung injury (25). In the mid 1990’s, Dr. Polly Matzinger first
proposed the “danger hypothesis’ based on the recognition that the release of endogenous
compounds from dying, necrotic or pyrroptotic cells could act through the same signaling
pathways responsible for the recognition of microbial products (28) This provided the
mechanistic underpinnings for the role of damage associated molecular patterns (DAMPS)
molecules [including mitochondrial DNA (mtDNA), HMGB1, S100A, and heat shock
proteins] in eliciting inflammatory responses comparable to microbial DNA, endotoxin
(LPS) and proteoglycans (29)

Two-Hit Model

This paradigm (depicted in figure 4) was based on clinical observation that when high risk
trauma patients were subjected to supranormal DO> resuscitation, nonresponders died early
while the responders entered a quasi-stable state of systemic inflammation (22,27).
However, some of these patients were prone to secondary inflammatory insults (e.g.
aspiration, blood transfusion, femur fracture rodding) that precipitated MOF while others
appeared to be protected when exposed to same insults. Based on this concept, hemorrhagic
shock or gut IR models were modified to produce mild reversible MOF and then it was
demonstrated that an appropriately timed delayed low dose of LPS could function as a “two-
hit” in causing full blown MOF (30). PMNs were shown to play a key role in these two-hit
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models and this led to in-depth explorations of classic, G protein-coupled receptor
mechanisms of PMN priming and activation (31). The clinical relevance of these laboratory
observations was subsequently confirmed in high risk ICU patients (32).

Interest in the role of packed red blood cells (PRBC) transfusion as a second hit in this
paradigm came from a series of MOF database analyses that showed > 6 units PRBC
transfusion within the first 12 hours postinjury was a consistent, independent, and strong
predictor for early MOF (33). This finding plus other compelling evidence suggested that
PRBCs played a major role in the priming/activation of PMNs (34). It was found that during
PRBC storage, cell wall degradation produced pro-inflammatory lipids (e.g. platelet
activating factor) that were robust priming agents for PMN superoxide and elastase
production. Although washing PRBCs was reasonably effective in attenuating their priming
capacity, this was logistically problematic for patients requiring a massive transfusion (35).
Recognizing that patients in hemorrhagic shock require an oxygen carrier led to the
investigation of the potential role of a hemoglobin-based oxygen carrier for early
resuscitation. It was documented /n vivo that human polymerized hemoglobin avoided
transfusion induced PMN priming (36). Ultimately this work lead to a large multi-
institutional, FDA approved phase 111 clinical trial of PolyHeme™ for the early resuscitation
of critically injured patients. Patients resuscitated with PolyHeme, without stored blood for
up to 6 U in 12 hours postinjury, had outcomes comparable with those for the standard of
care. Although there were more adverse events in the PolyHeme group, the benefit-to-risk
ratio of PolyHeme is favorable when blood is needed but not available. (37)

Abdominal Compartment Syndrome (ACS)

During the 1980s, there were tremendous advances in trauma care including Advanced
Trauma Life Support, Trauma Systems, damage control surgery and surgical critical care. As
a result, early deaths from severe bleeding decreased substantially. Unfortunately, many of
the survivors developed ACS in the first days after ICU admission and died from fulminant
early MOF. By the early 1990s, this new MOF phenotype became a worldwide epidemic and
was initially poorly understood. As part of the Denver and Houston P50 programs, high risk
patients were managed by standard operating procedures (SOPs) and had their clinical
trajectories tracked prospectively in their MOF data bases (38). A series of database analyses
demonstrated that ACS was a surprisingly early event that could be predicted in the
emergency department (ED) in a patient arriving with severe bleeding. Ongoing laboratory
and clinical studies clarified underlying pathophysiology of ACS and its iatrogenic origins
(i.e. excessive ED crystalloids, inadequate hemorrhage control, and supranormal DO, ICU
resuscitation). Concerted efforts were directed at refinement of the SOPs that lead to
fundamental changes in early resuscitation [including a massive transfusion protocol (MTP)
emphasizing early fresh frozen plasma (FFP), avoidance ED crystalloids and abandonment
of PAC driven resuscitation) and the use of vacuum assisted wound closure in damage
control surgery (39-41). These P50 program studies had tremendous impact on civilian and
military trauma care. With these fundamental advances and more focus on initial
hemorrhage control, the epidemic of ACS disappeared by the early 2000s and has now
largely become an historic curiosity.
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Nitric Oxide (NO)

As improved clinical management continued, the evolving field of molecular genetics was
altering the research approaches to trauma and MOF. The Pittsburgh P50 TRC focused on
the question of how injury activates inflammatory responses and why this progresses to
immune dysfunction in some patients. One key inflammatory mechanism, the arginine —
NO pathway discovered in the late 1980s, had major implications for the field of shock
research. NO is a powerful endogenous vasorelaxant and can regulate many components of
the immune system. The Pittsburgh TRC was the first to show that humans express the high
output or inducible NO synthase (iNOS) and that iNOS is rapidly upregulated in severely
injured humans (42,43). Studies in animals allowed them to exclude a major role for iNOS
in decompensated hemorrhagic shock. They instead showed that iNOS contributes to the
amplification of early SIRS and organ injury. (44) They provided evidence that targeting
iNOS selectively or scavenging extracellular NO could protect animals subjected to
hemorrhagic shock alone or hemorrhagic shock with trauma. In fact, NO scavenging
prevented immune dysregulation manifested by SIRS, organ injury, or suppressed
lymphocyte responses (45). The Pittsburgh TRC also showed that preservation of endothelial
NOS (eNOS) function was an important consideration. This work would lead to patents
targeted at iINOS-selective inhibitors and NO scavengers to prevent immune dysregulation.

Toll Like Receptors

Coming off their seminal observations regarding the importance of NO, the Pittsburgh TRC
demonstrated that a series of pattern recognition receptors (PRR) known as toll-like
receptors (TLR), originally discovered for their roles in microbial recognition, contribute to
the activation of SIRS after hemorrhagic shock, tissue trauma, or a combination of
hemorrhagic shock plus tissue trauma (46,47). The field of innate immunity had been
revolutionized by the discovery of PRR that detect molecules expressed by invading
microbes (i.e. pathogen associated molecular patterns [PAMPs]) or released by tissue injury
or stress (i.e. DAMPs). Pittsburgh went on to show that TLR expression on both immune
and non-immune cells is key to the host response to injury. TLR2, TLR4, and TLR9 appear
to be especially relevant to the injury response and, in some cases, interact (i.e. TLR4-
dependent upregulation of TLR2) (48). Importantly, they demonstrated that TLRs can be an
appropriate therapeutic target to decrease organ damage and excessive inflammation. The
Pittsburgh TRC, in collaboration with Drs. Kevin Tracey and Ping Wang at the Feinstein
Institute, can be credited with showing that a prototypic DAMP, High Mobility Group Box-1
(HMGB1) is elevated early in humans after injury and that its concentration correlates with
delayed complication (e.g. nosocomial infection)(49,50). Experimental studies confirmed
that HMGBL is required for SIRS after traumatic shock and is potentially targetable in
preventing systemic injury.

SIRS/CARS

This paradigm (depicted in figure 5) was proposed in the mid-1990s to explain the
dysregulated immune response related to the bimodal presentation of MOF (51). During
successful resuscitation, patients develop SIRS (predominantly an innate immune response).
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If severe, it causes early fulminant MOF. Endogenous DAMPs or exogenous PAMPS
signaling through PRRs activate inflammation signaling via transcription factors NF-kB,
CREBL1, C/EBP and IRFs to express proximal, pro-inflammatory mediators that activate
overlapping cascades of other inflammatory mediators, effector cells and at the same time,
activate endothelial cell dysfunction and prothrombotic events. The end-result is often
inadequate tissue perfusion and organ injury. Fortunately, in the majority of patients SIRS
can be successfully managed, and at the time it was proposed that survival to SIRS is
followed by delayed immunosuppression, nosocomial infections and late onset MOF (52)
Delayed immunosuppression after major trauma and surgical insult had been previously
described, but its link to early SIRS was novel (53,54). In part this notion came from clinical
studies showing an early vulnerable window of PMN priming/activation was followed by a
period when circulating PMNSs were functionally effete and bone marrow granulopoiesis was
suppressed (32,53). This was also consistent with the observation that increase production of
anti-inflammatory cytokines (e.g. interleukin (IL)-10) and cytokine antagonists (e.g. IL-1
receptor antagonist and soluble TNF receptor I) were delayed and prolonged compared to
the early SIRS response meditators (54). Additionally, it was demonstrated that when
nonhuman primates were administered live bacteria, inhibitors of SIRS also suppressed the
later anti-inflammatory cytokine response (55). Thus, SIRS was viewed to be a pro-
inflammatory “cytokine storm”, while CARS was a compensatory anti-inflammatory
cytokine response to restore immunologic homeostasis.(56,57) However, the concept of
CARS evolved to include depression in the adaptive immune response. Immunologists in
late 1990s focused their effort on characterizing CARS to include increased lymphocyte and
dendritic cell apoptosis, macrophage paralysis, elevation in regulatory T cells, decreased
antigen presentation, suppressed T-cell proliferation, and a shift from type 1 helper T-cell
(TH1) to TH2 lymphocyte phenotype (58-62).

Role of The Gut in MOF

This was the focus of the Denver, Newark and Houston P50 programs (see figure 3).(19)
Shock after trauma and sepsis followed by resuscitation results in gut IR. This activates gut
phospholipase A, with the release of pro-inflammatory lipid mediators which in turn, can
prime/activate SIRS to cause early MOF (63). The mediators are released primarily via the
mesenteric lymph rather than the portal vein (64). These early gut IR induced systemic pro-
inflammatory events can be prevented by clinically relevant interventions (e.g. hypertonic
saline and Poloxamer 188) (65-67). Gut IR injury also initiates a local pro-inflammatory
response that results in a variety of gut dysfunctions (e.g. gastroparesis, gastric
alkalinization, ileus, duodenogastric reflux, impaired mucosal blood flow, epithelial
apoptosis, increased permeability, and impaired local gut immunity). Early crystalloid
resuscitation can amplify gut inflammation, cause problematic edema and worsen ileus
(68,69). Early laparotomy with bowel manipulation also promotes gut inflammation,
mucosal injury and worsened ileus (70). Of note, standard ICU interventions worsen these
gut dysfunctions, including the use of vasopressor agents (decrease mucosal perfusion),
stress gastritis prophylaxis (worsens gastric alkalinization), narcotics (worsen ileus),
antibiotics (promote bacterial overgrowth), and TPN (causes gut atrophy). Over a short
period of time, the normally sterile upper Gl tract becomes heavily colonized with drug
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resistant pathogens that are present in the ICU environment. Interestingly, stressful insults
have recently been shown to stimulate a genomic response in quiescent gut bacteria such
that they become more invasive and secrete more toxins (71). Additionally, the lack of
enteral stimulation (i.e. use of TPN) causes a rapid and progressive decrease gut associated
lymphoid tissue (GALT) which in turn adversely effects of the mucosal associated lymphoid
tissue (MALT) (72). As a result of these events, the gut becomes a reservoir for virulent
bacteria and toxic products which escape the gut via aspiration or translocation to cause late
nosocomial infections and ongoing sepsis that characterize late MOF. This increased the
susceptibility to the gut derived bacteria can be rapidly reserved by enteral feeding. This
explains the reduced infections observed in the previously mention EEN vs TPN clinical
trials as well as the more recent studies showing the added benefits using specialized
immune enhancing enteral diets fortified with nutrients such as arginine, glutamine, and
omega 3 fatty acids (73).

Post-Injury Fibrinolysis

In the 2000s, with renewed interest in optimizing MTPs to provide optimal blood products
in initial ED resuscitation, trauma-induced coagulopathy (T1C) became a focus of research
at the Denver TRC. They adopted whole blood viscoelastic assays [e.g. thrombelastography
(TEG)] to guide blood component transfusion in severely injured patients and identified a
surprisingly high incidence fibrinolysis (74). This was associated strongly with increased
mortality in patients presenting with severe bleeding. The subsequent CRASH-2 study
stimulated worldwide interest in the empiric administration of the antifibrinolytic agent
tranexamic (TXA) to mitigate the contribution of fibrinolysis in the patient at risk for TIC.
The unbridled use of TXA stimulated the Denver group to investigate the components of
TIC. Principal Component Analysis (PCA) suggested the fundamental mechanisms driving
inadequate clot formation were distinct from those responsible for enhanced clot
degradation. Further investigation identified three distinct phenotypes of fibrinolysis in
severely injured patients; i.e., hyperfibrinolysis (15%), physiologic fibrinolysis (20%), and
fibrinolysis shutdown (65%) (75). While hyperfibrinolysis was a risk factor for early death
due to uncontrolled bleeding, fibrinolysis shutdown was associated with late mortality due to
MOF. (76) Parallel experimental work suggested hyperfibrinolysis was due to endothelial
tissue plasminogen activator (tPA) release provoked by shock; whereas, tissue injury
stimulated fibrinolysis shutdown due to elevated plasminogen activator-1 (PAI-1) from
endothelium and platelet degranulation (77). To further refine the quantification of
fibrinolysis phenotypes, a tPA challenge TEG assay was developed in which varying
amounts of tPA were added to the patients’ whole blood to calibrate the responsiveness to
endogenous tPA (78). Collectively, these clinical data and experimental findings prompted
the recommendation for selective administration of TXA to injured patients (79). The
CRASH-2 database was reassessed. Using markers of shock and tissue injury, subgroups of
patients who likely benefit form TXA and those who may have adverse effects were
identified. Additionally, a randomized trial in the surgical intensive care unit
(NCT02901067) has been initiated, comparing heparin with or without the addition of
aspirin and a statin, to attenuate fibrinolysis shutdown and reduce thromboembolic events.
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Genomic Storm

Much of MOF research has been a reductionist approach of studying individual mediators.
In the late 1990s, the Human Genome Program challenged this approach. Shortly thereafter,
NIGMS (under Dr. Marvin Cassman) initiated the Glue Grant (GG) funding mechanism.
This was envisioned to be a “P50 grant on steroids” with substantial funding (~ $5-8
million/year) to address questions of seminal importance. Ronald Tompkins from Boston
developed a trauma/burn consortium GG called the “Inflammation and the Host Response to
Injury”. The goal of the program was to describe the host response to trauma and burns
using high-throughput genome-wide transcriptomics and proteomics (80) The most striking
observation of this GG program was that severe trauma or burns caused a genome-wide
expression in blood leukocyte populations of as many as 17,000 genes, representing greater
than 75% of the human genome that are altered in response to these injurious signals (81).
The term “ genomic storm’was coined to reflect the broad diversity of the host response.
Even more surprising was the high correlation in the initial rapid gene expression after
trauma and burns. The principle difference was the duration of the response with resolution
and return to homeostasis being notably longer in burns (>one year) compared to trauma
(>one month) (82). The genomic and proteomic data has already resulted in early
biomarkers for the development of MOF (83)

The other notable finding was the problematic observation that at the transcriptome level, the
changes in gene expression in murine models of trauma and burn did not correlate well with
their human orthologues (84) The results have been broadly misinterpreted to suggest that
murine models have no value in burn and trauma research (85) In fact, the original report
and subsequent reports have demonstrated that for many genes and gene pathways, there is
good correlation between murine and human responses (86) What the report apparently
failed to transmit was a warning that results from murine studies could not be universally
accepted as equivalent to humans, and investigators should be required to validate their
murine findings in patients.

Chronic Critical lliness (CCI) and the Emergence of the Persistent,

Inflammation, Immunosupression, Catabolism Syndrome (PICS)

Starting in the late 1990’s, reports describing chronic critical illness (CCI) emerged under a
variety of descriptive terms including the “neuropathy of critical illness”, “myopathy of
critical illness”, “ICU acquired weakness” and most recently “post intensive care unit
syndrome”. These reports largely originated from medical ICU’s, and included individuals
with a wide variety of admission diagnoses, most commonly acute exacerbations of chronic
diseases, who required prolonged mechanical ventilation and were often discharged to long-
term care facilities. Given the clinical heterogeneity of this patient population, the
underlying pathophysiology of CCI has remained ill defined. However, in more recent years
as a result of improved implementation of evidence-based ICU care (e.g. Glue Grant SOPs
and the Surviving Sepsis Campaign), the epidemiology of MOF has evolved. (87,88) Early
in hospital mortality has decreased substantially and the incidence of late onset MOF deaths
in the ICU has largely disappeared (89). As a result protracted low grade MOF has become a
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common cause of CCI. Based on substantial laboratory and clinical research data, the P50
program in Gainesville, Florida proposed the PICS paradigm (Figure 7) as a mechanistic
framework in which to explain the increased incidence of CCl in surgical ICUs (5).
Following an inflammatory insult, the host response can become overwhelming leading to
an early fulminant MOF trajectory. Fortunately, earlier recognition and implementation of
modern ICU care has reduced this trajectory’s fatal expression. If the severely insulted
patients do not die of early MOF, there are two clinical outcomes. They can either rapidly
recover, or their dysregulated immune response persists and many progress into this new
predominant MOF phenotype that we have termed PICS. PICS is characterized by a
persistent inflammatory and acute phase response with ongoing protein catabolism. Despite
aggressive nutritional intervention, there is a tremendous loss of lean body mass and a
proportional decrease in functional status and poor wound healing. Clinically, PICS patients
are immunosuppressed and suffer from recurrent nosocomial infections, poor wound healing
and are commonly discharged to long-term acute care facilities where they commonly
experience sepsis recidivism requiring re-hospitalization, failure to rehabilitate and an
indolent death. The value of the PICS paradigm is that it apportions CCI into a collection of
testable hypotheses, and provides a framework for testing novel interventions. For example,
recent laboratory work in chronic murine models of sepsis and trauma have identified the
expansion of myeloid derived suppressor cells (MDSCs) to explain the persistent immune
dysregulation observed in PICS patients. (90,91) A recent focused translational study of
surgical patients with severe sepsis confirmed the clinical relevance of these laboratory
observations. It showed that the numbers of MDSCs rapidly increase after sepsis and are
persistently elevated out to 28 days (92). Importantly, these MDCSs were shown to suppress
T lymphocyte proliferation and decrease the release of Ty and T cytokines. Moreover,
MDSC expansion correlated with adverse outcomes including: a) early increased expansion
was associated with early mortality, b) persistent expansion was associated with prolonged
ICU stays and c) persistent expansion was a strong independent predictor of nosocomial
infections and poor post discharge disposition. These data provide the theoretical basis for
the use of immune-stimulants that modulate MDCSs similar to what has been successfully
utilized in advanced malignancies to achieve durable response rates. However,
monotherapies will likely be ineffective and multimodality intervention will be required to
interrupt the inflammation, immunosuppression, and protein catabolism that characterizes
PICS. Additionally early prediction models to identify appropriate candidates and novel
biomarkers to assess responses will be needed to conduct these future interventional studies.

Ongoing studies have revealed the complexity of the inflammatory response. Like many
biological processes, inflammation is multi-dimensional. The advent of multiplexed
platforms for gathering biological data, while providing an unprecedented level of detailed
information, has paradoxically also flooded investigators with data they are often unable to
utilize effectively. This problem is especially acute when the datasets involve time courses,
since typical statistical analyses and data-driven modeling are geared towards single time
points (93). The Pittsburgh TRC has addressed this complexity using dynamic approaches to
data-driven and mechanistic computational modeling in order to decipher the dynamic
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patterns characteristic of inflammation and its attendant impact on immune dysregulation,
organ dysfunction, and downstream clinical outcomes (94). Data-driven modeling describes
a suite of tools that utilize the data themselves to define principal drivers and dynamic
networks of a given biological system, and to infer putative central regulators of the
underlying dynamic processes (95). The Pittsburgh group has focused gaining insights into
trauma-induced inflammation using methods such as PCA, Dynamic Network Analysis
(DyNA), and Dynamic Bayesian Network (DyBN) inference on human and animal data sets
(96-99). Mechanistic modeling refers to an orthogonal, but synergistic, approach to
understanding dynamic biological processes. In mechanistic modeling, one creates
abstractions of the underlying biology at the molecular, cellular, tissue, organ, and/or whole-
organism level using mathematical equations or computational rules. Mechanistic models
can then be calibrated to data, and can allow for non-intuitive predictions and so-called
“emergent phenomena”. They have used mechanistic modeling to carry out simulations of
the host’s response to injury, both in pre-clinical settings and at the single-patient and
population levels. These combined modeling studies have led to insights regarding dynamic
networks, feedbacks, and regulatory switches; to /n sifico models of critically ill individuals
and populations; and to methods for integrating data-driven and mechanistic modeling (100).

A large clinical translational database were initially developed in the late 1980s by the
Denver group to prospectively characterize MOF and to provide patients for focused
observational studies and interventional trials. This dataset was refined and expanded as it
was incorporated into Houston P50 TRC and the Glue Grant databases. Most recently, data
related to surgical sepsis has been incorporated into the dataset for the Gainesville TRC
database and REDCap™ is now being utilized as a web based case report form to collect
data for ongoing epidemiology studies and clinical trials. Over the years, this MOF dataset
has produced a multitude of publications related to the evolving MOF epidemiology, MOF
scoring, risk factors, biomarkers, prediction models, dysregulated immunity, cytokine
patterns, genomics, acute kidney injury, ACS, resuscitation strategies, enteral nutrition, ICU
monitoring, ARDS management, massive transfusions, coagulopathy, computerized clinical
decision support, SOP performance improvement, sepsis screening, and sepsis management.
This dataset has been an integral tool in promoting bi-directional bench to bedside research
and multi-institutional collaborations.

Summary of Success

Over the past four decades, the NIGMS P50 RCIPS translational research program has had
unrivaled success in transforming our understanding of the host response to trauma and
burn, including MOF. This program has led directly to fundamental changes in the care of
the critically ill surgical ICU patients with resultant substantial reductions in mortality.
Successful programs have been led by clinician-scientists who have tackled an
insurmountable clinical problem and in collaboration with basic scientists (who understand
the complexity of the related science) developed a novel testable paradigm. This serves as
the common theme around which a multidisciplinary team develops a program project that
emphasizes bidirectional bench to bedside research. Understanding the requirement for a
multidisciplinary approach, the P50 granting mechanism is unique because it has provided
sufficient funding (beyond the financial scope of multiple R0O1s) to provide the core research
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infrastructure that facilitates synergy, economy and outreach. This involves a ‘teams of
teams’ approach. An obligate Administrative Core assures meticulous financial oversight,
ethical compliance and achievement of proposed research milestones. Additionally, this core
organizes additional institutional support, fosters institutional collaboration, resolves
academic or personnel issues and coordinates communication with the NIGMS. A requisite
Clinical Core facilitates translational clinical studies central to the center’s success. Its key
resource is a research nurse and laboratory technician capability, in many cases with 24/7
availability, to facilitate patient screening, consent and enrollment, prospectively collect
clinical data and obtain/process biologic samples. Many of the centers have also employed
an Animal Core which develops clinically relevant standardized laboratory models that are
used in the different projects, but tailored to their specific needs. In addition, as the trend to
larger more complex studies employing larger volumes of data, including -omics data, a
Data Management and Biostatisical Core has become the de facto standard to assure correct/
accurate data are being collected and ultimately made available to the scientific community.
A computational modeling and systems biology expertise has also become essential to
analyze diverse types of data to generate new alternative hypotheses and to understand the
diversity of the human response for the development of personalized interventions and
accurate patient stratification in clinical trials. What has been generally unappreciated by the
broader scientific community, although not to NIGMS, has been the success of the program
in developing young investigators who are often the catalyst for ongoing research, and in
turn absorbing the cultural and scientific philosophies of team science which cannot be
gained by working in a typical RO1 funded investigator lab. Not only are they mentored by
older, more established physician-scientists, but they frequently have close interactions with
basic health scientists, biomedical engineers, biostatisticians, computational biologists and
medical ethicists. These trainees quickly become credible investigators who can
independently pursue complementary lines of research which enhance the overall program
evolution. One particular challenge to all of the centers has been the necessity to build and
develop a successful infrastructure. The initial funding is generally viewed as an investment;
successful centers continually grow and evolve, and require multiple funding cycle to
achieve their ultimate success. Ongoing outreach is imperative to attract new investigators,
novel investigative methods, interventions and additional funding. This outreach is also
needed to attract divergent established investigators worldwide who through ongoing
interactions add considerable insight and expertize into the complex problem being studied.
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Depicts the P50 NIGMS RCIPS grants by first year of funding, general focus, program
director(s) and host institution. Many were funding through multiple cycles and therefore
had multiple program directors.
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Figure2.
Depicts timeline of evolving epidemiology of multiple organ failure (MOF). ICU, intensive

care unit; PACs, pulmonary artery catheters; TPN, total parenteral nutrition;VVO5, oxygen
consumption; ATLS, advanced trauma life support; PMN, neutrophil; SIRS, systemic
inflammatory response syndrome; CARS, compensatory anti-inflammatory response
syndrome; DAMP; damage associated molecular patterns; PAMPs, pathogen associated
molecular patterns; IEDs, immune enhancing diets SOPs, standard operating procedures;
PICS, persistent, inflammation, immunosuppression, catabolism syndrome. (Reprinted with
permission of Wolters Kluwer Health, Inc, from Gentile LF, Cuenca AG, Efron PA, Ang D,
Bihorac A, McKinley BA, Moldawer LL, Moore FA. Persistent inflammation and
immunosuppression: a common syndrome and new horizon for surgical intensive care. J
Trauma Acute Care Surg. 2012; volume 72, issue 6:1491-501).
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The gut is the starter and the liver is the motor of MOF. Complement factors C3a and Cba;
PGEy, prostaglandin E»; IL-1, interleukin-1; O™, superoxide radical; ATN, acute tubular
necrosis; ARDS, acute respiratory distress syndrome. (Reprinted with permission of Wolters
Kluwer Health, Inc, from Moore FA, Moore EE, Jones TN, McCroskey BL, Peterson VM.
TEN versus TPN Following Major Abdominal Trauma — Reduced Septic Morbidity. J

Trauma.1989; volume 29, issue 7:916-23).
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Multiple
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Depicts the “two hit” model of multiple organ failure (MOF). (Reprinted with permission of
Elsevier from Moore FA. Presidential Address: Imagination Trumps Knowledge. Am J Surg.

2010, volume 200, issue 6:671-77).
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Figure5.
Depicts the SIRS/CARS paradigm for bimodal multiple organ failure (MOF). SIRS,

systemic inflammatory response syndrome; CARS, compensatory anti-inflammatory
response syndrome. (Reprinted with permission of Wolters Kluwer Health, Inc, from Moore
FA, Sauaia A, Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury multiple organ
failure: a bimodal phenomenon. J 7rauma. 1996, volume 40, issue 4, pp 501-12).

J Trauma Acute Care Surg. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Moore et al.

Page 25

GUT IS THE INSTIGATOR & VICTIM OF THIS RESPONSE
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Figure 6.

Depicts the role of the gut in multiple organ failure (MOF). SIRS, systemic inflammatory

SEPSIS

response syndrome; CARS, compensatory anti-inflammatory response syndrome. (Reprinted
with permission of Elsevier from Moore FA. The Role of the Gastrointestinal Tract in
Postinjury Multiple Organ Failure. Am J Surg. 1999, volume 78, issue 6:449-53).
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Figure7.

Depicts the persistent, inflammation, immunosuppression, catabolism syndrome (PICS).
SIRS, systemic inflammatory response syndrome; CARS, compensatory anti-inflammatory
response syndrome; CCI, chronic critical illness. (Reprinted with permission of Wolters
Kluwer Health, Inc, from Gentile LF, Cuenca AG, Efron PA, Ang D, Bihorac A, McKinley
BA, Moldawer LL, Moore FA. Persistent inflammation and immunosuppression: a common
syndrome and new horizon for surgical intensive care. J Trauma Acute Care Surg. 2012;
volume 72, issue 6:1491-501).
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