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Multiple technologies and knowledge bases including human genome sequence (1), 

microarrays (2), and human HapMaps (3) became available beginning in the late-1990s and 

they represented dramatic scientific and technological advances that could provide a 

wonderful opportunity to systematically explore how the genome and proteome of the 

human body respond to serious, potentially lethal injuries. Many investigators in trauma 

research recognized that top scientists in other medical fields, such as cancer and diabetes, 

would utilize these technological advances in their fields of interest. There was also a 

consensus among the trauma investigators that one tremendous obstacle to further advances 

in the field of injury research was an insufficient systematic understanding of the human 

response to potentially lethal injuries. It just felt right that injury research also should have 

this very important opportunity to advance our field.

Why Study Injury Genomics and Proteomics

If you think about it, the majority of NIH funding goes to study human diseases that are not 

only chronic in nature but even more important, the initiating features are not known and the 

disease is never cured, only treated. A few examples of these diseases include rheumatoid 

arthritis, cancer, and atherosclerosis.

Trauma, as a disease, is very different in that our patients are often young, previously 

healthy, and the disease's beginning is known precisely. Furthermore, it is generally believed 

that the genome and proteome rapidly change dramatically very soon after injury but it is 

also thought the genome and proteome return to a more normal pattern after some time 

interval. These temporal characteristics are shared with another disease state, serious and 

potentially lethal infection. If these new genomic technologies were used to study the human 

genome in injured patients who had a high risk of death, then this new knowledge also might 

be applicable to other disease processes like serious, potentially lethal infection. Possibly by 
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understanding the genomic effects of these stresses (serious injury and infection), new 

predictive tools and drug targets may be found to mitigate and improve upon the natural 

human responses to injury and by extension to serious infection.

The Clinical Paradigm

When the Glue Grant program began 15 years ago, the generally accepted clinical paradigm 

(Figure 1) described an initial phase of multiple organ dysfunction, which is associated with 

a Systemic Inflammatory Response Syndrome (SIRS) followed by a compensatory response, 

Compensatory Anti-inflammatory Response Syndrome (CARS), in which phenotypic 

markers of immunosuppression can be easily demonstrated (4). If for example, devitalized 

tissues remained or infections occurred, then the second phase of multiple organ 

dysfunction, CARS had an even higher rate of mortality. The Glue Grant investigators were 

interested to systematically explore the molecular basis for these phenotypes, in blood, 

which is the only tissue that can be routinely biopsied. The data that we will explore today 

comes from the circulating white blood cells (WBCs) and therefore as can be anticipated, 

the findings are dominated by the host's immune response (5). Genomic data from skin, fat 

and muscle are included in the Glue Grant datasets but time precludes presentation of these 

findings.

New Technologies

The Glue Grant datasets include gene expression data from microarrays as well as large-

scale proteomics from high throughput mass spectroscopy (6-12) as well as functional 

assays from multiplexed Fluorescence Activated Cell Sorting (FACS) (13-14). In these 

datasets, it becomes clear that technologies for genomics are far more advanced than for 

proteomics with one reason being genomics is a 4-letter alphabet (four different nucleic 

acids for both RNA and DNA), whereas, proteomics is a 20-letter alphabet (20 different 

amino acids in human tissues). Unfortunately, many of the complex pathophysiological 

features, for which we seek an understanding, lie in the complexity of proteomics for which 

multiplexed technology is not currently available.

During the conduct of the study, many new technologies were developed by the Glue Grant 

investigators including microfluidics for cellular separations (neutrophils, T-cells, and 

monocytes) (15-24), RNA isolation in critical care patients (25-26), and algorithms in 

computational biology (27-35) that were necessary for use in critically ill patients. 

Notwithstanding the technological advances in bioinformatics and computational biology 

expertly led by Wenzhong Xiao, the extraction of biological knowledge from the petabytes 

of data generated by the Glue Grant program continues to be a challenge.

Although there may be 20,000 or more human genes, each does not necessarily operate 

independently, but these molecules operate in small groupings or collections known as 

modules. Furthermore, within these modules, molecules tend to behave in concert implying 

that if one knows how a member of the module behaves, then the behavior of the other 

molecules can be predicted. The advantage of this concept is that the numbers problem can 

be reduced from understanding the random response of more than 20,000 molecules to a 

smaller, more manageable number of molecular responses (e.g. a few thousand). Taken 
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together, physiology or pathophysiology that is important to clinicians and scientists is 

created (e.g., secretion and phagocytosis). Perhaps based upon a better understanding of the 

genomics, we might learn that these later processes are driven by only a handful of genes. If 

this turns out to be true, then a very limited number of coordinated interventions could 

ultimately control these pathophysiologies, thereby creating a human response to injury that 

is more optimal for survival and recovery.

The Glue Grant Clinical Program

The Glue Grant program was funded for ten years and it remained active with an additional 

two-year no-cost extension. It was a program with 22 U.S. academic medical centers that 

truly represented a nationwide experience. With respect to the trauma clinical sites, the vast 

majority of the patients came from four Level 1 trauma centers: Harborview Medical 

Center-University of Washington (Ronald Maier and Joseph Cuschieri), Denver Health 

Medical Center-University of Colorado (Ernest Moore and Jeffrey Johnson), Parkland 

Memorial Hospital-University of Texas Southwestern Medical Center (Joseph Minei), and 

Presbyterian University Hospital-U Pittsburgh (Tim Billiar and Jason Sperry). A great deal 

of the success of the trauma component of the Glue Grant program is owed to Ron Maier, 

who was the principal investigator for trauma. David Herndon (UTMB and Shriners 

Hospital-Galveston), who was the principal investigator for burns, led the burn centers that 

also included Parkland Memorial Hospital-University of Texas Southwestern Medical 

Center (Brett Arnoldo), Loyola University Medical Center (Richard Gamelli), and 

Harborview Medical Center-University of Washington (Nicole Gibran and Matthew Klein).

The clinical databases for the Glue Grant program described at www.gluegrant.org/ and 

www.igenomed.org/mgh are extensive and include data from more than 2,800 trauma and 

burn patients as well as normal human volunteers with more than 1,200 distinct data fields. 

This is a very large database that includes not only data from patients and normal human 

volunteers, but also 76,000 tissue samples and more than 5,000 microarrays organized and 

archived by principal investigator Lyle (Linc) Moldawer. The first half of the program used 

what was state-of-the-art at the time microarrays (Affymetrix U133 Plus 2) but during the 

second half of the program and lead by Wenzhong Xiao and Michael Mindrinos, the 

program created new microarrays in collaboration with Affymetrix (36). These are currently 

marketed as GeneChip® Human Transcriptome Array 2.0 (HTA 2.0) and GeneChip® 

Mouse Transcriptome Assay 1.0 (MTA 1.0) (www.affymetrix.com). As originally designed, 

these arrays contain >6.9 million features that encode gene exons, exon-exon junction, 

coding single nucleotide polymorphisms (SNPs) and drug metabolism enzymes and drug 

transporters (DMET) variations, noncoding functional RNA (f-ncRNA), non-coding 

antisense expression (as-ncRNA), unannotated transcribed units (UTUs). HTA 2.0 is an 

array design that covers both coding transcripts and non-coding transcripts. Seventy percent 

of the probes cover exons for coding transcripts, and the remaining 30% of probes on the 

array cover exon-exon splice junctions and non-coding transcripts. Although not 

commercially available yet, the human array also has been annotated for macaque monkeys, 

which makes these new microarrays useful for genomic studies in man, mouse, and monkey.
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In addition to the new arrays, many computational tools were created by the investigators 

within the program because computational tools at that time were inadequate to accomplish 

the goals of the Glue Grant. Examples of the new bioinformatics tools include the 

development of knowledge-based network analysis in collaboration with Ingenuity, Inc. 

(27), (Extraction of Differential Gene Expression (EDGE) (28,37,38), Surrogate Variable 

Analysis (SVA) (39), Time Course Analysis of Variance (TANOVA) (32), and Junction and 

Exon Toolkits for Transcriptome Analysis (JETTA) (40,41), and Significance Analysis for 

Large-scale Proteomics Studies (SALPS) (42). Together with the HTA described above, 

these bioinformatics tools have been excellent additions to the field with thousands of 

downloads significantly contributing to human systems biology.

The First Clinical Study

Of the 1,637 trauma patients over age 16 recruited into the study, one out of ten (167 

patients) underwent blood sampling for gene expression using the U133 Plus 2 microarrays. 

WBC gene expression was determined within 12 hours and 1, 4, 7, 14, and 28 days after 

their serious blunt trauma. All trauma patients had evidence of shock secondary to 

hemorrhage demonstrated by a base deficit, a reliable recorded blood pressure <90 mm Hg, 

and blood given within the first six hours of admission (5,43,44). The patients were treated 

using ten standard operating procedures (SOPs) that were developed by consensus prior to 

enrollment and these included SOPs for nutrition, resuscitation, and pulmonary 

management, among others all of which were published in the Journal of Trauma and Acute 

Care Surgery (45-55). Consensus SOPs for the treatment of patients with burn injury were 

also published (56). Even in these American College of Surgeons-verified Level 1 trauma 

centers, compliance with these SOPs for trauma patients was 10–40% when evaluated by 

external audit (43,44). However, compared to the general literature for compliance, these 

compliance rates should be considered to be excellent.

If we intended to recruit comparable patients today, one important change in the entry 

criteria must be considered. Today, clinicians tolerate much lower hemoglobin 

concentrations than a decade ago and therefore, the requirement for a blood transfusion 

within six hours should be extended to 24 hours or the requirement omitted altogether.

In the Glue Grant program using these inclusion criteria together with the SOPs, the patients 

had an average Injury Severity Score (ISS) of 32; an average incidence of multiple organ 

failure (MOF) of 35%; an average length of stay (LOS) of 14 days; and nearly ten days of 

mechanical ventilation (5,43,44). The majority of patients were discharged within two 

weeks, which is a measure of the high quality of care provided in these Level 1 trauma 

centers to these patients despite the serious extent of their injuries. The average mortality 

over the study was 16%, but this annual mortality rate declined from 22% to 11% over the 

last five years (44).

In the 1,637 trauma patients, the MOF scores decreased over time after injury as shown in 

Figure 2 (upper panel) (44). The clinical determination of MOF in the first 48 hours is 

nearly impossible to make for many reasons. These patients are typically either in surgery or 

otherwise heavily sedated receiving mechanical ventilation in the intensive care unit. Purple 
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represents no MOF; red indicates MOF; and black represents patient deaths. The patients in 

the upper portion of the figure did not demonstrate MOF. In the mid-portions of the figure, 

patients exhibited MOF that resolved by five to seven days post-injury and this improvement 

allowed their hospital discharge relatively early. A smaller portion of patients exhibited 

relatively severe MOF for two or three weeks but improved enough for discharge between 

14 – 28 days of admission. In the lower portion of the figure, a substantial number of 

patients demonstrated MOF that had not resolved by 28 days and out of the 1,637 patients, 

the remaining ones died at some time between 48 hours and 28 days after injury.

The frequency for MOF, nosocomial infections, and death after admission are shown in 

Figure 2 (lower panel) (43). Patients who died within the first two days, which included the 

vast majority of deaths, were not included in the analysis. Of those alive after two days, 

subsequent deaths occurred at a very low and declining rate. The MOF frequency was 

greatest when it was first feasible to determine MOF and its frequency declined 

precipitously over the next few days. As shown in the panel, MOF did not show a secondary 

spike in frequency or occurrence. Nosocomial infections began to appear after two days, but 

the frequency maximum was five to ten days post-injury potentially associated with CARS. 

To summarize, these 1,637 patients did not show a delayed increase in MOF rates or deaths 

over the 28 days (Figure 2).

Mortality rates (relative to APACHE, TRISS, and ISS) were compared to the only national, 

publically-available dataset for trauma, the National Trauma Data Bank (NTDB) in Figure 3 
(44). The survival rates for the Glue Grant patients (solid lines) remained higher even when 

corrected for APACHE, TRISS, or ISS compared to patients in the NTDB database (dashed 

lines). These improved survival rates were attributed to the SOPs together with the 

associated external monitoring and audits (44).

The Genomic Response after Massive Blunt Trauma

In the circulating white cells in those 167 patients studied when compared to those of the 35 

normal volunteers, more than 80% of the WBC genes changed significantly during the 28 

days post-injury (5). The term, “genomic storm” has been applied to this dramatic 

reorganization of the human genome after massive injury. There have been no reports of any 

other in vivo or in vitro model systems or disease conditions in which a comparable massive 

genomic effect has been described (5).

Analysis of >80% of the genome simultaneously is not feasible. Using a false discovery rate 

(FDR) adjusted probability of <0.001 and a 1.5-fold difference, 10,001 genes changed 

significantly. Restricting the analysis only to those genes changing more than two-fold FDR 

of <0.001), 5,136 genes are under consideration. Each of the 5,136 genes is shown in Figure 
4B over time after injury with those same genes from the normal volunteers shown to the far 

left of the heat map (5).

The genes are clustered into 30 groups by similarity to temporal patterns (Figure 4B) (5). In 

cluster 1 (uppermost cluster), the genes are not normally expressed as shown in the normal 

volunteers but they are shown to be up-regulated as early as 12 hours post-injury. This 

cluster contains many of those genes that are familiar to us all including IL-1β and TNFα. 
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The genes in cluster 1 are also seen to recover to the pre-injury levels of expression within a 

day or so; other clusters take longer (days or weeks) before the genes begin to recover to 

their pre-injury expression levels. IL-10 would be an example of this latter category of 

genes. Some genes remain highly expressed even 28 days post-injury. As shown in the 

lower half of Figure 4B, many genes that are highly expressed in the normal volunteers are 

very significantly down-regulated post-injury. In fact, there are more genes down-regulated 

relative to normal volunteers than those up-regulated. The vast majority of the expression 

changes (both down and up-regulation) occur within the first 24 hours post-injury with the 

exception of only a relatively small proportion of the 5,136 genes with a delayed maximum 

change in regulation occurring days post-injury. They are an interesting subset of genes near 

the middle of the heat map, many of which control immunoglobulin responses for example 

(5).

The ten most significantly regulated pathways (p<10−16) are shown in Figure 4C and D (5). 

Of the most up-regulated pathways in the circulating WBCs, eight out of the ten are 

arguably components of the innate immune system, which is consistent with the massive 

innate immune SIRS response seen after injury. Of those most down-regulated pathways, 

nine out of the ten are included in the adaptive immune system (5). Many of these down-

regulated pathways involve antigen processing. This latter finding might be interesting if 

one considers that 40% of the new peptides and proteins that appear in the plasma after these 

injuries are thought to be exclusively intracellular molecules (57).

In the case of patients with complicated clinical trajectories (to be described later), there is 

likely a persistence of cellular necrosis, apoptosis, and autophagy in many damaged and 

other tissues after trauma. This cellular debris likely enters the circulation as many 

unprocessed, self-antigens. There are multiple publications that describe at least a few of 

these as examples of normally intracellular molecules that are found in the plasma of injured 

patients (58,59). To have competent antigen-processing pathways after serious injury might 

not be beneficial, if it only leads to a delayed onset of autoimmune diseases weeks post-

injury. It might turn out that restricting or limiting the antigen processing potential of so 

many self-antigens is a survival benefit.

How Well Do These Genomics of Trauma Mimic Those of Burn Injury?

In the Glue Grant Program, we have three human conditions in which to compare genomic 

responses: major blunt trauma, burns ≥20% Total Body Surface Area, and endotoxemia in 

healthy volunteers. The endotoxin studies, performed at UMDNJ by Steve Lowry and Steve 

Calvano in the first few years of the program (28), were extremely enlightening and guided 

us to optimize our subsequent genomic studies in patients with trauma and burn injuries. 

Comparing those genes that change two-fold between the WBCs after burn injury to those 

after blunt trauma, Pearson's correlation coefficients (R2) is 0.91 (5). Pearson's correlation 

coefficients can be interpreted to indicate that 91% of the variation in gene expression can 

be explained by injury mechanism alone (FIGURE 5 upper left) (5,60). The rank sum 

correlations were also published in the supplemental material and they showed the same 

pattern although rank sum correlations do not allow quantitative interpretation (60). 

Additionally, the single dose of endotoxin, which generates an inflammatory reaction 
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mimicking a flu-like syndrome in an otherwise healthy college student, results in an R2 of 

0.45. This suggests that the transient stimulation by a single low dose of endotoxin mimics 

change in 45% of the genes that are seen to respond in very serious injury.

To be more specific comparing burns with trauma, there were 2,066 genes that are up-

regulated and 3,042 that were down-regulated. There were only 28 genes (out of the 5,036 

genes) that behaved differently between burns and trauma (5). This level of reproducibility 

in the human genomic response between burns and trauma is very surprising given that they 

are two conditions with very different time scales. Although a few trauma patients may still 

be affected many months after their injuries, many or most burn patients have lingering 

effects even a year or more. Both burns and trauma are severe stresses that create a very 

reproducible genomic response. Perhaps, other severe stresses (sepsis and major infections) 

also might demonstrate comparable genomic responses.

The Toll-like Receptor Responses

As examples, the genomic responses for TLR receptors can be compared among the three 

human conditions of trauma, burns, and endotoxemia (5). These receptors are molecular 

pattern receptors, which recognize and respond to chemical patterns that may be either 

intrinsic (e.g. self-antigens) or extrinsic (e.g. infectious agents). These receptors are an 

important component of the innate immune system that is immediately available but 

relatively non-specific in nature. Persistent up-regulation of many Toll-like receptors 

(TLR1, TLR2, TLR4, TLR5, TLR8, TLR 9, and TLR10) in all three conditions is consistent 

with the SIRS phenotype that characterizes many of our patients. TLR3, which recognizes 

double stranded RNA (ds-RNA), and TLR7, which recognizes single stranded (ss-RNA) in 

endosomes, are both down-regulated. These are remarkable similarities of TLR responses 

among the three human conditions especially when the comparable genomic responses 

among murine models of trauma, burns, and endotoxemia not only fail to mimic one 

another, but also fail to mimic those same responses in patients with injuries.

The Two Contrasting Patient Cohorts

To better understand these genomic responses in patients, let us compare two different 

patients cohorts: uncomplicated patients, who are simply responding to the severe injury, 

versus complicated patients, who are not only responding to the injury but in addition, 

suffering from complications (e.g. nosocomial infections and MOF) (5,43). An example of 

an uncomplicated patient might be a 20-year old who crashes his BMW into a tree. His 

injuries include a concussion, multiple left rib fractures with pulmonary contusion, splenic 

fracture, and a left femoral fracture. Depending upon the severities of each of these injuries, 

he is at risk of hemorrhagic shock. He arrives at a Level 1 trauma center within an hour, is 

taken to surgery for the fractured spleen and open reduction and internal fixation of the 

femur fracture. With supportive care, the cerebral and pulmonary contusions resolve quickly 

and the patient is discharged after only five to seven days of hospitalization. An example of 

a complicated patient might be a 55 year-old old, who sustains comparable, but slightly 

more severe individual organ injuries. He undergoes the same operation, but fails to resolve 

the pulmonary and cerebral contusions as rapidly. He remains sedated, intubated and 
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ventilated with moderate pulmonary failure, tachycardia, ileus, and other signs of sepsis 

even five or more days postoperatively.

These two cohorts are not distinguishable by cytokine or WBCs panels. In the Glue Grant 

study, dozens of cytokine plasma concentrations were compared between the two cohorts 

with only IL-6, IL1-RA, IL-8, and MCP1 being significantly different. When we checked, 

we found no differences in WBCs parameters between the two cohorts.

For patients with MOF, a new term, time to recovery (TTR), was created by the Glue Grant 

investigators (35,43,44). TTR not only reflects that an organ failed but it has a dynamic 

component to include the time that transpired before the organ recovered. Therefore the term 

TTR has both a frequency component as well as a temporal or dynamic influence. The 

patients can be categorized using TTR as uncomplicated (TTR <5 days), intermediate (TTR 

5–14 days), and complicated (TTR >14 days) (35).

The Genomics of Two Patient Cohorts

Before the Glue Grant studies, the gene expression profiles in the circulating WBCs of the 

two contrasting patient cohorts would have been expected to be very different (FIGURE 6). 

The uncomplicated patient is simply responding to serious blunt trauma and the complicated 

patient is not only responding to the blunt trauma but also to medical complications. Of the 

167 patients for whom there were genomic profiles, 55 patients were uncomplicated, 41 

patients were complicated, and the remaining 71 were intermediate (35). Of the 5,136 genes 

that were two-fold different between patients compared to normal volunteers, the gene 

expressions can be presented based upon the patient cohort: 55 uncomplicated patients 

(Figure 6, left panel) and 41 complicated patients (Figure 6, right panel). These two heat 

maps appear quite similar with very few visual differences, if any.

A statistical approach is required to identify differences. Of the 5,136 genes that were 

different by two-fold between patients and normal volunteers, there were 2,391 genes that 

were statistically different at any single time point comparing uncomplicated and 

complicated patients. Using a cutoff of more than two-fold, there were only 1,201 genes that 

were statistically different at one time point (FDR <0.001) (5). Cluster analysis of these 

1,201 genes into ten clusters genes are shown in Figure 7. Clusters 2 and 8 are shown with 

box plots for those genes in the two patient cohorts. These statistical analyses showed that 

the only differences that could be found between the genomics of the two cohorts were 

quantitative and not qualitative. The genomic patterns of the complicated patients showed 

higher deviations from normal gene expression and these changes quantitatively persisted 

longer than those same genes in the uncomplicated patients. Qualitatively, no genes were 

recruited, were omitted, or were regulated in a different direction in the genomic signature 

of the WBCs when complications developed (5).

Of these 1,201 genes that were significantly different by two-fold at least at one time point, 

there were only 63 genes that were different between those two cohorts at the two-fold level 

at all time points (FDR <0.001) (FIGURE 8, left panel) (35). More than two thirds of these 

genes were directly related to protective immunity. In fact, adaptive immunity pathways 

showed most notably the suppression of genes involved in antigen presentation (e.g. HLA-
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DQ, HLA-DR) and with interferon and interferon-inducible genes (e.g. IFIT 1,2,3,5). These 

HLA Class II and other interferon responsive genes that are downstream of the interferons 

are greatly suppressed in complicated patients relative to those genes in the uncomplicated 

patients. This means that there are two distinct genomic patterns or signatures that can be 

closely associated with very different patient outcomes (35).

The Two Major Objectives of the Glue Grant

Among others, there are two objectives that continue to motivate the Glue Grant 

investigators even today: the development of diagnostics to predict patient outcome and the 

identification of drug targets that might alter patient outcome. We did not anticipate that 

more than half of the few genes that were different between the two patient cohorts would 

be downstream of interferon gamma (IFN gamma). This discovery alone begs to be 

considered for a therapeutic intervention. To explain this rationale, we have identified a 

genomic signature that is closely associated with an adverse patient outcome. Many of the 

genes in this signature are downstream of the interferons (alpha, beta, and gamma). We 

believe that exogenous IFN gamma might alter this genomic pattern or signature toward the 

uncomplicated signature and as a result, this improved genomic signature might be clinically 

relevant and result in improved patient outcomes (i.e. a statistically significant reduction in 

TTR to <14 days). If this is true, this means that the patient would be discharged many days 

before s/he might have otherwise been predicted to have been discharged.

In summary, there were 5,136 genes changed at a two-fold level in the circulating WBCs of 

patients compared to normal volunteers. These changes were long-lasting and in the 

complicated patients, more than 50% of these genes remained abnormal even at 28 days 

post-injury. Of the patients discharged during those 28 days, the genomics were still grossly 

abnormal at the time of hospital discharge (5). In burn injuries, there were genomic changes 

present even after one year. Eight of ten innate immunity pathways were up-regulated and 

nine of ten adaptive immunity pathways were down-regulated after these serious injuries. 

There were two distinct patient cohorts, those who had an uncomplicated recovery and those 

with many complications. The genomic response in both these patient cohorts was identical 

qualitatively but different quantitatively. There were no new genes responding differently in 

the complicated patients relative to the uncomplicated patients. In the two patient cohorts, 

there were quantitative differences at the two-fold level at all time points in only 63 genes.

To put these findings on a gene level in terms of innate and adaptive immunity, there could 

be disagreement whether a gene belongs to one or another. Using categorizations from our 

publication in Nature (27), the data for these genes categorized by innate versus adaptive 

immunity are shown along with centroids in FIGURE 9. Nearly immediately after injury, 

there is a very significant up-regulation in the innate immunity genes and simultaneously, a 

very significant, almost mirror image, down-regulation in the adaptive immunity genes. 

These transcriptional changes in innate and adaptive immunity likely occur within hours of 

injury, while the phenotypic changes ultimately seen in our patients do not appear for days.
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A New Paradigm

These findings suggest a more relevant paradigm to genomically describe our patients after 

serious injury (FIGURE 10) (5). In terms of transcription, there is an immediate genomic 

response that triggers up-regulation of the innate immune response and a down-regulation of 

the adaptive immune response. These transcriptional changes are statistically more dramatic 

and longer lasting in the complicated than in the uncomplicated patient. It is likely that these 

genomic changes translate into the phenotypic changes of SIRS and CARS commonly seen 

on our critical care patients. There are features that differ from our traditional understanding 

about these syndromes: the transcriptional responses leading to SIRS and CARS are 

simultaneous, the CARS response is not a compensatory response, and the transcriptional 

responses are continuous in nature and do not wax and wane. This new insight is important 

because these immune responses have been triggered transcriptionally in the early hours 

post-injury. If an intervention intended to alter components of the innate immune or the 

adaptive immune response is contemplated, then it likely must be planned very early post-

injury.

Modulating Post-injury Immunity

These transcriptional changes are consistent with dramatically up-regulated innate 

inflammatory responses that are seen in our ICU patients. However, regarding the 

suppressed adaptive response, it is not entirely obvious that boosting this response is 

necessarily a good strategy. Forty percent of the new peptides and proteins that appear in 

plasma after these injuries are likely self-antigens (6-12,57). Processing these self-antigens 

and developing a specific response could trigger autoimmunity and death of the host.

On the other hand, maintenance of the critical components of the innate response including 

for example Fc-mediated phagocytosis, opsonization, and anti-bacterial peptides are 

essential to resolve nosocomial infections if they develop. Although adaptive immune 

responses develop over many days and weeks, they are not necessarily the reason that 

nosocomial infections resolve and the patients survive.

The Genomics of Murine Injury Versus Human Injury on a Molecular Basis

Now having described the human genomic response to injury, a reasonable question to ask is 

how well do the genomics of murine injury models mimic the human response on a 

molecular basis? Referring to Figure 5 (upper left nine squares), there are the Pearson 

Correlations (R2) between human burns, trauma, and endotoxemia (5). The remainder of the 

figure compares mouse burns, trauma, and endotoxemia to each other and to the human 

conditions (60). Looking at this figure, the genomic responses between the various mouse 

conditions (burns, trauma, and endotoxemia) are not reproducible among the three injuries 

nor do the mouse responses for any of the three injuries reproduce the genomics of the 

human conditions.

To understand this figure, it is important to recognize that zero correlation means 

randomness. For example, mouse trauma reproduces human trauma at a 5% correlation – 

near randomness. Further studies show that when the murine trauma model includes more 
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extensive injury, the correlations improve to as much as 0.1 or 10% explanation of the 

variance (61). It should be recognized that the mouse in no way is treated exactly as we treat 

humans with an intensive care unit, for example, and therefore, the relative degree of injury 

is relatively less. However, the fact remains that there is only 10% or less reproducibility of 

the phenomenon on a molecular basis, which creates a philosophical decision about whether 

10% reproducibility is “good enough” to mimic human injury sufficiently to design 

therapies for humans (62).

The Murine Versus Human Genomics on a Pathway Basis

On a pathway basis, each of the three human conditions reproduces the responses of the 

other two conditions to a very high degree. In contrast however, the mouse models neither 

mimic other murine conditions nor do they mimic the human conditions to any significant 

degree on a pathway basis (60).

As an example, FC-mediated phagocytosis in monocytes and neutrophils, which is an 

essential innate immune response to injury, is poorly mimicked at the pathway level 

between the three mouse models and it is poorly correlated with those comparable pathways 

in the human conditions (60). This is a basic component of the innate immune response that 

is necessary to resolve nosocomial infections (pneumonias and wound infections) in our 

patients. These failures are also true for the down-regulated pathways. This lack of 

correlation at the molecular level of pathways is very troublesome and threatens the 

development of human therapeutics by necessarily requiring an efficacious effect to be 

demonstrated in a murine model.

Genomic Comparisons for Other Human Diseases – Sepsis, ARDS, and 

Infections

A reasonable question to ask is whether the poor correlation is only true for injuries like 

burns and trauma or endotoxemia. Using the data available in public databases including 

GEO, we can ask how well does the human genomic response to injury and endotoxemia 

mimic genomic responses for other human conditions including sepsis, ARDS, and 

infections. The answer is that there is an excellent correlation among the human responses to 

these other three conditions, which is nearly identical to those genomic responses seen in 

burns and trauma. In stark contrast, we see a familiar pattern emerging – the murine models 

of sepsis, ARDS, and infections not only poorly reproduce the genomic responses in other 

murine models, but also the genomic responses in these other murine models fail to mimic 

human genomic responses in the comparable human conditions (60).

There are multiple other very important differences that merit recognition and discussion in 

the genomic responses seen in our mice models as compared to the comparable human 

conditions (60). In terms of the genomic response, the number of genes that are changed 

significantly is very different; the murine response is far more attenuated relative to the 

response in humans. It is possible that humans became far more sensitive to the stress of 

injury as a result of evolution in our genomics with a survival benefit achieved by 

developing sensitivity in our immune response. Unlike the evolution of the mouse in which 
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after reproduction, the lifespan is brief, today, patients, who would have died in distant 

times, now fill our hospital beds and present us with the current day clinical challenges 

commonly seen in our modern day ICUs.

This difference in immune sensitivity is easily seen by examining the massive difference in 

the human versus the mouse response to endotoxin, which is highly tolerant to this immune 

stimulant (60). For example, the lethal doses of endotoxin is 5-25 mg/kg for most mice 

strains while a dose that is a million-fold less (30 ng/kg) has been reported to cause shock in 

humans (63). This sensitivity is not only to bacterial products including endotoxin but also 

to the microbe as well. There is a comparable major resistance to bacterial loads that is 

better tolerated by mice relative to that of humans by a million-fold.

If one restricts the comparisons between mice and humans to only those genes that change in 

both species and change in the same direction, then the correlations can be made to appear 

better (62,64). In Takao and Miyakawa 2014, the authors used p<0.05 and fold-change > 1.2 

(introducing significant uncertainties) to compare human burns and mouse infection models 

and identified 13,586 and 3,116 changed genes respectively. Only 1,992 are common to both 

species and of these, only 1,608 genes change in the same direction. Therefore, out of the 

13,586 genes that changed in the burn injury, only 12% (1,608) are changed in the same 

direction for both species. This leaves close to 90% of the genes that change significantly in 

human disease not modeled in mice. If one only considers a highly selected subset of genes 

that happen to behave similarly to develop a model, it becomes philosophical as to whether 

the results of the model should be trusted. Even with these reduced p-value and fold-change 

requirements, the correlation R2 improved to only 0.25 or 25% of the variation explained.

Another possible reason for the differences in the correlations between the human conditions 

and the murine models is that the injuries in the murine models are less severe than those 

seen in humans. In more recent studies, the injuries in the murine model were made to be 

more severe but even with these changes the R2 correlation increases to only 0.15 - 0.2 (61). 

These findings should not be surprising when one considers a very recent study, which 

evaluates the transcriptional landscapes of tissues comparing mice to humans (66). In their 

studies, “Overall, our results indicate that there is considerable RNA expression diversity 

between humans and mice, well beyond what was described previously, likely reflecting the 

fundamental physiological differences between these two organisms”.

The Same Response Times but Different Recovery Times for Genes

Another important difference involves the genomic response times in the human conditions 

versus murine models (60,65). The response time (time when the gene fold change reaches 

half of the maximum change) is very comparable in humans and mice; the vast majority of 

genes in both humans and mice have responded to near maximal levels within 12 hours post-

injury. However, the massive differences are seen when comparing recovery times (time 

when the gene fold change returns back to half after it reached the maximum). The recovery 

times are markedly longer in humans compared to those in mice. For example, HLA-DR, a 

very commonly-used example of HLA Class II receptors, is suppressed for many months 

after human burn injuries while in trauma, a similar depression occurs, but over a shorter 
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time period. In human endotoxemia, there is no consistent effect upon HLA-DR expression. 

In each of the murine model systems, no consistent changes are seen at all in any of the 

models.

So How Should Murine Models be Used

Despite the many differences seen at the molecular level, studies in mice are very useful to 

provide valuable information about how molecules interact. Testing and understanding 

molecular interactions in animal models are essential but before any statements about their 

relevance in human disease, confirmation that these same molecules are active in the human 

condition should be required. Often a similar appearing phenotype can be created in an 

animal model, but the molecular details to create the phenotype may or may not be identical 

to a comparable phenotype in the human condition. In fact, the likelihood might be a near 

random one. It's not the mouse's fault that drugs developed to work in mice fail in humans. It 

is more likely that we failed to understand the human diseases at a detailed molecular level. 

To demonstrate the point that our understanding about molecules in human diseases are 

limited, there were two publications in highly cited journals within weeks of each other 

about Eritoran, which is a synthetic lipid A antagonist that blocks the binding of endotoxin 

to the MD2-TLR4 complex. It was thought that activation of this complex is very important 

in our response to inflammation and infections, but when tested in critically ill patients, the 

drug had no beneficial effects (67) while in mice, it protected from lethal influenza 

infections (68).

To be fair, animal models have also been very helpful to develop symptomatic therapies and 

to slow pathological processes for diseases, for example, in two rodent arthritis models of 

rheumatoid arthritis - rat adjuvant-induced arthritis and mouse collagen-induced arthritis 

(69). The rat model reproduces the pain symptoms quite well and much has been learned 

about non-steroidal anti-inflammatory drugs. The mouse collagen model has been 

particularly helpful to understand lymphocytic and monocytic as well as cytokine roles in 

the development of rheumatoid arthritis. Anti-TNF antibody therapy has become a gold 

standard in the treatment of rheumatoid arthritis and much has come from work with the 

murine model. In addition to our lack of understanding about the molecular details of human 

diseases, there are many other confounding features that are poorly mimicked in animal 

models (69). Animal models tend to be acute while the comparable human conditions are 

often chronic and these models most often do not enlighten about the cause(s) of human 

disease.

What Have We Learned from the Glue Grant Program?

The Glue Grant Program has made substantial contributions to improve our understanding 

about how humans respond to potentially lethal injuries. The computational analysis of these 

complex data is ongoing today and we continue to work to make biological sense of the 

human genomic and proteomic responses. There are so many insights yet to come from the 

data sets generated by the Glue Grant Program. Soon to be published data from studies of 

the separated cells (neutrophils, T-cells, and monocytes) and data identifying splice variants 

of many of the responsive genes and control regions of the genome will provide the field 
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with even greater information. With these new insights, we have the promise for a better 

modeling of organ failure, prediction of patient outcome, and possible new therapeutics to 

improve the patient outcome. Our genomic data from peripheral tissues (muscle, fat, and 

skin) in burn injured patients will provide us with a vastly improved understanding of the 

tissue-specific metabolic responses to severe injury.

If the Glue Grant has taught us anything, we now know that assuming a molecular 

mechanism found in a murine model is automatically relevant in humans is folly. Over the 

past 30 years to better understand human disease, our field has come to depend upon 

research heavily dominated by studies in mice. Recent data from the Glue Grant Program 

and other groups have shown that this reliance on murine data should come with limited 

expectations. This is not a failure of mice and their models but more our limited 

understanding of human disease. I believe that our genomics and proteomics data point us 

only in one direction – we are only going to better understand human diseases by studying 

diseases in humans.

There are multiple technologies that are already in place that can begin to provide us with a 

much better understanding of the molecular details of human diseases in humans. 

Quantitative imaging including dynamic MRI and positron emission tomography (PET) can 

now provide mechanistic information non-invasively in patients. Furthermore, the new 

genomic and proteomic technologies in use by our program and others now require only 

very small amounts of tissues (possibly from as little as that obtained by skinny needles) to 

derive genome-wide sequence and expression (21,36) and high throughput proteomic (57) 

information in patients.

The compelling need to improve our understanding of the human response to injury remains 

high because despite many billions of dollars and over 100 clinical trials, there has not been 

a single successful drug or biological agent found for sepsis therapeutics (70,71). We still 

fail to understand the basic problem inherent in the inflammatory response in sepsis. The 

only currently effective treatments remain the judicious usage of fluids and antibiotics along 

with other (surgical with incisions or interventional) physical treatments.

Efficacy will never come from murine studies unless the detailed molecular mechanism or 

pathways modeled in the mouse are found to be the same as those in the human disease. Our 

biggest challenge in studying the inflammatory response to potentially lethal injuries is to 

temper those harmful components of the innate immune response and to retain the essential 

components of that response for survival and successful recovery after the injury. In my 

view, this can only be accomplished by studying human inflammation in humans. And with 

that said, I wish to conclude. Thank you very much.
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Figure 1. 
Clinical paradigm for Multiple Organ Dysfunction (MOD). Patients initially present with 

SIRS during resuscitation and an early MOD syndrome with the potential for an early death. 

A compensatory period of CARS follows for those patients who survive the early 

inflammatory insult, but they are subject to a later “second hit” from a nosocomial infection, 

endotoxemia, or the persistence of devitalized tissue. A late, more severe MOD syndrome 

can develop with a higher risk of death. Substantial contributions to illustrate this concept 

came from Ron Maier and Linc Moldawer.
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Figure 2. 
Time to recovery and infections associated with severe blunt trauma. (Upper panel) Shown 

here is time to recovery (TTR) from multiple organ failure (MOF). Heat map of the MOF 

scores over time after injury up to 28 days for each of the 1,637 massive injured patients. 

From top to bottom, patients are ordered according to the TTR days. Source: Cuschieri et 

al.44 © 2012 Lippincott Williams & Wilkins. Reproduced with permission from Wolters 

Kluwer Health. (Lower panel) Day of onset and frequency of multiple organ failure (MOF), 

nosocomial infection (NI), and death. Source: Minei et al.43 © 2012 Lippincott Williams & 

Wilkins. Reproduced with permission from Wolters Kluwer Health.
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Figure 3. 
Mortality. Patients divided into quintiles in Panels B, C, and D based underlying score or 

injury severity. Panel A shows mortality over the entire study period. Observed (solid lines) 

versus expected (dashed line) outcome for Panel B) mortality by TRISS (P < 0.001), Panel 

C) mortality by APACHE II (P < 0.001), and Panel D) mortality by NTDB (P < 0.001). 
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Source: Cuschieri et al.44 © 2012 Lippincott Williams & Wilkins. Reproduced with 

permission from Wolters Kluwer Health.
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Figure 4. 
Organ injury and genomic changes associated with severe blunt trauma. (A) The presence 

and severity of organ injury is represented by colors from blue (least severe) to red (most 

severe). Black indicates death. (B) K-means clustering of the genes into 30 clusters based on 

patterns of expression over time. Red indicates increased and blue indicates decreased 

expression relative to the mean (white). 5,136 genes were differentially expressed between 

patients and controls (ctrl; FDR <0.001 and at least twofold change). (C and D) Summary of 

the canonical pathways most affected by trauma. The graph shows the −log10 (p value) of 

the enrichment of the pathway. © 2011 Xiao et al.5 Originally published in Journal of 

Experimental Medicine.2011 Nov;208(13):2581-2590. doi: 10.1084/jem.20111354.
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Figure 5. 
Correlations of the gene changes among human burns, trauma, and endotoxin and the 

corresponding mouse models. Scatter plots and Pearson correlations (R2) of the log twofold 

changes of 4,918 human genes responsive to trauma, burns, or endotoxemia (FDR < 0.001; 

fold change ≥ 2) and their murine orthologs in the murine models. As shown in the upper 

left, the genomic responses to human trauma and burns are highly correlated (R2 = 0.91). In 

contrast, as shown in the lower right, the murine models correlate poorly with each other (R2 

= 0.00–0.13) and almost randomly with the corresponding human conditions (R2 = 0.00–

0.09). Similar results were seen with rank correlation. © 2013 Seok et al.60 Originally 

published in Proceedings of the National Academy of Sciences of the United States of 

America. 2013 Feb;110(9):3507-12. doi: 10.1073/pnas.1222878110.
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Figure 6. 
Comparisons of the time-course changes between complicated and uncomplicated patients. 

This is a subset of the data from Figure 4B of the K-means clustering of the genes based 

upon patterns of gene expression over time in the complicated and uncomplicated patient 

cohorts. To the left are the 55 uncomplicated patients and to the right are the 41 complicated 

patients. Red indicates increased and blue indicates decreased expression relative to the 

mean (white).
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Figure 7. 
Differences in gene expression patterns between patients with a complicated and 

uncomplicated clinical recovery. Heat map of 1,201 genes whose expression was at least 

twofold different at any time point when compared with controls (CTRL) for patients with a 

complicated (Comp) or uncomplicated recovery (Uncomp). (A) Cluster analysis of the two 

cohorts. The brackets to the right of the cluster indicate cluster 2 and 8 shown in B and C, 

respectively. (B) One cluster of genes whose expression was up-regulated in patients with a 

complicated recovery. (C) One cluster of genes whose expression was down-regulated in 

patients with a complicated recovery. © 2011 Xiao et al.5 Originally published in Journal of 

Experimental Medicine.2011 Nov;208(13):2581-2590. doi: 10.1084/jem.20111354.
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Figure 8. 
Differences in gene expression patterns of the 63 genes. (A) Pearson correlation between the 

microarray and nanoString™ expression level of the 63 genes found to be differentially 

regulated between uncomplicated and complicated patient cohorts. Values represent fold 

change over control expression values. Source: Cuenca et al.35 © 2013 Lippincott Williams 

& Wilkins. Reproduced with permission from Wolters Kluwer Health. (B) Variance 

normalized mean expression for all the genes up-regulated and down-regulated differentially 

between the two cohorts, and fitted curve. The differences in expression between the two 

cohorts could be primarily explained by the magnitude of the response and the duration.
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Figure 9. 
Expression patterns of selected genes involved in innate and adaptive immunity 152 genes 

directly associated with either innate or adaptive immune processes were selected, and their 

expression patterns evaluated in the uncomplicated and complicated patient cohorts. Panel A 

and B represent cluster analyses of the probe sets involved in innate and adaptive immunity, 

respectively, while Panels C and D represent a summary of the variance normalized mean 

gene expression for the individual probe sets. The primary differences in the patterns of gene 

expression are in the duration of the response, rather than in the magnitude or the timing of 

the changes.
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Figure 10. 
A genomic storm: refining the immune, inflammatory paradigm in trauma (A) The current 

paradigm explains complications of severe injury as a result of excessive proinflammatory 

responses (SIRS) followed temporally by compensatory antiinflammatory responses 

(CARS) and suppression of adaptive immunity. A second-hit phenomenon results from 

sequential insults, which leads to more severe, recurrent SIRS and organ dysfunction. (B) 

The proposed new paradigm involves simultaneous and rapid induction of innate (both pro- 

and antiinflammatory genes) and suppression of adaptive immunity genes. Complicated 

recoveries are delayed, resulting in a prolonged, dysregulated immune–inflammatory state. 

© 2011 Xiao et al.5 Originally published in Journal of Experimental Medicine.2011 Nov;

208(13):2581-2590. doi: 10.1084/jem.20111354.

Tompkins Page 32

J Trauma Acute Care Surg. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


