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Abstract

Objective: To prospectively validate a previously discovered transcriptomic biomarker consisting
of 63 blood leukocyte gene expression (S63) values to discriminate between trauma patients who
rapidly recover and those with prolonged hospital stays who would benefit from early biological
interventions.

Background: Many severe trauma patients are successfully resuscitated but have complicated
clinical trajectories leading to long-term functional, physical, and cognitive deficiencies.
Identifying those trauma patients early would improve treatment plans and resource allocation.
Unfortunately, current clinical scores and biomarkers used in trauma clinical trials have typically
lacked adequate predictive ability.

Methods: An independent, prospective, observational cohort study was performed involving 127
trauma subjects. The prospective cohort included patients admitted between October 2013 and
August 2016 at 2 United States Level-1 trauma centers. An additional secondary analysis was
performed using the Activation of Coagulation and Inflammation in Trauma (ACIT2) database of
26 trauma patients.
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Results: The S63 transcriptomic metric (AUC 0.80) outperformed clinical markers and plasma
interleukin-6 for prospectively predicting trauma patients who require intensive care unit stays
longer than 5 days with ongoing organ dysfunction. The same metric applied to an existing dataset
(ACIT2) was similarly effective (AUC 0.85) at predicting multiorgan failure.

Conclusions: A single transcriptomic metric of blood leukocyte gene expression can be used in
blunt trauma cohorts at 24 hours to distinguish patients who rapidly recover from those with
complicated clinical trajectories. The transcriptomic metric has been operationalized on an Food
and Drug Administration 510(k)-cleared platform otherwise used for cancer diagnostics. This
metric is only modestly improved when combined with clinical markers.
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Advances in the delivery of critical care have reduced early mortality in critically ill trauma
patients.! Unfortunately, approximately 20% of these “trauma survivors” do not rapidly
recover, but rather develop chronic critical illness, leading to prolonged hospitalization with
increased morbidity, high resource utilization, disposition to a nonhome location, and poor
long-term survival.2=> Improved identification of patients likely to have difficult clinical
trajectories would assist caregivers in identifying patients who would benefit from current
and novel interventional therapies, and allocate resources more effectively. Clinical trials
aimed at immunomodulation in trauma have universally failed in part due to the inability to
adequately discriminate between patients who are most likely to have complicated clinical
trajectories and those who would rapidly recover.8” A reliable metric that could eliminate
subjects likely to rapidly recover would potentially enrich populations for those who may
benefit from clinical intervention. Such a prognostic metric could identify at-risk patients
and allow targeted clinical interventions such as early mobilization, physical therapy, lung-
protective ventilation, and high vigilance for organ dysfunction and infection. Such a metric
could also be used for clinical trials targeted at high-risk populations.

Progress in high-throughput technologies has encouraged the development of genomic
prognostic tools in trauma opening the door for a “precision medicine” approach to the
management of these patients.8-12 In sepsis, there have been multiple efforts to identify
transcriptomic metrics that can differentiate sepsis from noninfective critical illness in
adults19-13.14 and in children.15-18 Retrospective analyses usually of public databases have
proven, at least in principle, that such an approach may be prognostic in a critically ill
population.19:20 Prior work has shown that a “genomic storm” occurs following severe blunt
trauma, indicating a global reprioritization of over 80% of leukocyte cellular functions and
pathways.2! This identification of a common genomic change prompted further study into
potential prognostic applications of transcriptomic metrics following trauma.

We previously described a transcriptomic metric based on the expression pattern of 63 blood
leukocyte genes (S63) from 163 severely injured blunt trauma patients enrolled at 6
institutions between November 2003 and January 2005 and compared with 35 age and
gender matched, healthy control subjects.11 The S63 transcriptomic metric at 24hours post-
trauma significantly discriminated between trauma patients with uncomplicated versus
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complicated clinical trajectories over 28 days. We also operationalized this metric on an
Food and Drug Administration (FDA) 510(k)-cleared multiplex genomic platform that is
currently used for breast cancer prognostics (NanoString PAMS50, Prosigna).22 In this report,
we conducted a prospective clinical study to directly test this 63 gene metric for its ability to
distinguish clinical trajectories and outcomes in an independent cohort of severely injured
blunt trauma patients at 2 institutions. We also applied this transcriptomic metric to an
additional trauma cohort discoverable in the public domain.

METHODS

Prospective Study Design

A prospective, observational cohort study was conducted between October 2013 and August
2016 at 2 United States Level 1-trauma centers: UFHealth Shands Hospital, Gainesville,
Florida, and Harborview Medical Center, Seattle, Washington. The Institutional Review
Board of each institution granted approval prior to study initiation, and signed informed
consent was obtained from the patient and/or their legally appointed representative. Key
aspects of study design are listed here, with additional in-depth methodologic description
regarding study sites, subject enroliment, outcomes definitions, and biostatistical analyses
provided in S1 Appendix, http://links.lww.com/SLA/B564. The study was prospectively
registered with clinicaltrials.gov (NCT 01810328).

Inclusion criteria included patients aged 18-years or older, confirmation of severe blunt
traumatic injury with shock defined as systolic blood pressure <90 mm Hg or base deficit of
>6 meg/L within 60 minutes of arrival. Patients expected to survive less than 48 hours and
those with severe traumatic brain injury (TBI; Glasgow Coma Scale <8 and abnormal head
computed tomography) were excluded.

Healthy Controls

Thirty-six healthy controls who were age-, race/ethnicity-, and gender-matched to the
trauma population were studied. Signed informed consent was obtained prior to blood
sampling.

Definition of Outcomes

The primary goal of the prospective trauma study was to validate the S63 transcriptomic
metric. The discovery cohort used time to recovery (TTR) to build the predictive model,
which was defined as the number of days after injury to resolution of multiple organ
dysfunction, without subsequent recurrence (Table 1). Data were discretely divided into 3
groups based on the TTR, as previously described.1? An uncomplicated outcome was
defined as a TTR of less than 5 days. In contrast, a complicated outcome was defined as
either in-hospital death, a TTR of greater than 14 days, or a TTR of greater than 5 days and
discharge to another health care facility with organ dysfunction. Patients with a TTR of
between 5 and 14 days were defined as an intermediate outcome. ATTR threshold of 5 or 14
days was selected for clinical reasons. Trauma patients with a TTR <5 days frequently have
a complete recovery and are discharged from the ICU for recovery and rehabilitation.® In
contrast, patients who take longer than 14 days to recover generally qualify as having
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chronic critical illness and demonstrate adverse long-term outcomes.> For the purpose of
predictive modeling, the outcomes were dichotomized so that patients with uncomplicated
clinical outcomes were compared with patients with intermediate or complicated outcomes
(TTR <5dvs TTR5 = d), or patients with complicated outcomes were compared with
patients with intermediate or uncomplicated outcomes (TTR =14 d vs <14 d) (S Table 1,
http://links.lww.com/SLA/B564).

Sample Collection and Laboratory Analyses

In the trauma cohort, ethylenediaminetetraacetic acid-anti-coagulated blood samples were
collected within 12 hours and at 24 hours following the traumatic insult. Gene expression
analysis was conducted on the NanoString nCounter gene expression platform (NanoString
Flex) using a custom code set consisting of a 63-gene panel as previously described (S1
Appendix, http://links.lww.com/SLA/B564).11

A single metric was derived from the difference in expression values for the 63 genes
(difference from reference; DFR) from age-, race/ethnicity-, and gender-matched healthy
subjects using the equation:

S63DFR = Z probesets(ei — Ml.)z/Vl.

where g; is the patient’s expression level for probe set 7, M; is the mean of all controls’
expression of probe set /, and Vj is the variance (squared standard deviation) of all patients’
expression of probe set / The equation has been modified from the original citation!! in
which originally V;was the control subject and not the trauma patient variance. Division by
the patient’s variance is a rescaling that prevents the DFR score from being dominated by
genes that are inherently more variable or more highly expressed.®

The 63 genes were also divided into functional groups based on the types of genes and
individual transcriptomic metrics were performed from groups of genes encompassing
inflammatory and adaptive immunity as well as endothelial activation.

Plasma interleukin (IL)-6 concentrations were determined using the Luminex Magpix
(Austin, TX) platform according to the manufacturer’s recommendations. Outcomes were
prospectively adjudicated, and the clinical dataset locked before predictive modeling
commenced.

Community Analyses

The transcriptomic metric was subsequently evaluated in an additional dataset of blunt
trauma patients. This was a secondary analysis of the Activation of Coagulation and
Inflammation in Trauma (ACIT2) study (NHS REC: 07/Q0603/29; E-MTAB-5882; https://
www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-5882/), conducted between December
2008 and June 2012, including 6 control subjects and 26 critically ill blunt trauma patients,23
as published in their correction.?4
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Blood samples were collected on arrival and within 12 hours of injury, and at 24 hours and
72 hours following admission. Transcriptomic analysis was performed on whole blood
collected with PAXGene tubes, and gene expression was measured with an Illumina
microarray platform. Since the expression of all 63 genes was not available, the
transcriptomic metric was constructed using the expression of 58 of the 63 genes (S2
Appendix, http://links.lww.com/SLA/B564). Due to the differing analysis and clinical
reporting, outcome variables were dichotomized based on available clinical outcomes used
in the original report.

Statistical Analyses

RESULTS

Data are presented as means with standard deviation for continuous variables and are
compared using analysis of variance, while those not satisfying normality are presented as
medians and quartiles, and are compared using the Kruskal-Wallis test. Categorical
variables are presented as frequencies and percentages, and are compared using Fisher exact
test. For all multivariate analyses, we report adjusted odds ratios with 95% confidence
intervals (95% CI). Area under the receiver operating curve values (AUC) and Hosmer—
Lemeshow goodness-of-fit test were used to assess model discrimination and fit. DeLong
test was used to compare differences among receiver operating curves. False discovery
correction for multiple comparisons was performed using the Benjamini-Hochberg
procedure. All analyses were performed using SAS (v.9.4, Cary, NC).

Prospective Validation

A total of 127 subjects were enrolled in the trauma cohort; 46 patients enrolled at the
University of Florida Health Shands Hospital and 81 patients at Harborview Medical Center,
University of Washington. The overall cohort was predominantly comprised of white (87%)
males (69%) with a mean age of 46 years (Table 2). Severity of injury, magnitude of
metabolic disturbances, and overall clinical outcomes were similar to that seen in the
discovery set.11

Overall inpatient mortality rate was 5.5% (Table 2). Median ICU and hospital length of stay
was eight and 18 days, respectively. Overall, 27% of the trauma cohort was defined as
having an uncomplicated recovery, 39% an intermediate recovery, and 35% a complicated
recovery.

Figure 1 presents the derived transcriptomic metric (Panel A) and plasma IL-6
concentrations (Panel B) obtained at <12 and 24 hours posttrauma in the 3 groups. The
magnitude of the disturbances in gene expression and IL-6 concentrations at both <12 and
24 hours increased among the groups of patients based on length of time to recovery. In the
uncomplicated clinical group, the transcriptomic metric peaked at <12 hours and declined at
24 hours. In contrast, in patients with either an intermediate or complicated outcome, S63
remained elevated at 24 hours. Correction for false discovery did not alter any significance
thresholds.
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Table 3 presents the correlations among the 24 hours S63, plasma IL-6 concentrations, and
several admission clinical indices. Not unexpectedly, strong positive correlations were seen.
The strongest correlations at 24 hours were between S63 and plasma IL-6 concentrations,
followed by S63 and clinical indices.

We then examined the ability of these transcriptomic metrics to predict clinical outcomes.
The initial selection of the 63 genes was based on a significant (£<0.001) 2-fold difference
in expression between subjects with an uncomplicated and complicated clinical outcome.11
Because the discovery cohort used TTR as the clinical outcome, patient outcomes in this
validation cohort also used TTR, and outcomes were first dichotomized between groups of
subjects with either an uncomplicated or complicated outcome (eliminating the intermediate
outcome group). Here, the area under the receiver operating curve (AUC) was 0.81 (P<
0.001), very comparable to the discovery data set.11

However, eliminating the intermediate group negates much of the value of the metric in real-
world use. What we really want to know is whether the transcriptomic metric can predict at
<12 and 24 hours posttrauma, differences in clinical trajectory among all 3 groups of trauma
patients. To achieve this, we dichotomized the patients into 2 groups by combining patients
with intermediate outcomes separately with either complicated or uncomplicated outcomes
(Table 2).

Using this approach, 3 findings are noteworthy. First, the ability of clinical indices, plasma
IL-6, and S63 to discriminate clinical outcomes was markedly better at 24 than <12 hours
(Table 4). Second, the S63 transcriptomic metric could better discriminate outcomes than
either IL-6 or any of the clinical measures obtained at 24 hours, although in the case of ISS,
the improvement was not significant. Using DelLong test, the predictive ability of the S63
metric at 24 hours was significantly better than either plasma IL-6 or APACHE I1, but not
ISS. Third and finally, the discriminative power of the S63 transcriptomic metric at 24 hours
was better at distinguishing patients with a time to recovery <5 days than patients with a
time to recovery =14 days (Table 4). S63 alone at 24 hours gave an AUC of 0.80 and a 1.014
odds ratio for predicting patients with uncomplicated outcomes compared with patients with
either intermediate or complicated outcomes (TTR <5 d vs TTR=5 d) (Fig. 2A), greater than
seen for plasma IL-6, ISS, and APACHE II score. When applied to the prediction of
Multiple Organ Dysfunction Syndrome (MODS, defined as Denver multiple organ failure
score =3), S63 alone had an AUC of 0.78.

An S63 threshold of 117 U could identify patients who would rapidly recover with a
sensitivity of 90% and a specificity of 59% (Fig. 2C). The positive and negative predictive
values of the 117 U threshold were 86% and 69%, respectively. Likewise, the corresponding
positive and negative likelihood ratios were 2.19 and 0.17, respectively. Meanwhile, a
threshold of 212 U yielded a 95% specificity of identifying subjects who would have a TTR
=5 days, but reduced the sensitivity to 45%. Addition of clinical scores and IL-6 to the S63
measurement only marginally improved the AUC to 0.86 (Fig. 2B).
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Community Validation

Raw expression data were obtained for 58 of the 63 genes in 26 critically ill trauma subjects
and 6 controls obtained from the available dataset (S2 Appendix, http://links.lww.com/SLA/
B564). Presence or absence of MODS was taken from the authors” own determination.
Using 12 and 14 trauma subjects with and without MODS, respectively, the 58 gene metric
could discriminate MODS/no MODS with an AUC of 0.85 (Fig. 2D).

Biological Insights

The individual genes used in the S63 metric were originally selected using an unsupervised
approach based solely on statistical and fold differences between extremes in clinical
outcomes among trauma subjects over 28 days.2! Analysis of the genes comprising the
metric revealed that 47 of these 63 genes were involved in the host immune response. It was
possible to apportion these genes into 3 functional groups based upon their primary roles in
host protective immunity: inflammatory, adaptive immunity and endothelial activation (S
Table 2, http://links.lww.com/SLA/B564), and then calculate single transcriptomic metrics
for each of these groups. Not surprisingly, the magnitude of the transcriptomic response for
all 3 subgroups was less in subjects with uncomplicated outcomes when compared with the
other clinical outcomes (Fig. 3). Interestingly, the magnitude of the disturbances in
expression of inflammation and endothelial activation genes was significantly higher at <12
than 24hours, whereas disturbances in adaptive immunity gene expression remained elevated
or actually increased significantly between 12 and 24 hours in patients with a complicated
outcome. Unexpectedly, the predictive ability of these individual metrics was not as strong
as the overall S63 metric (Table 4).

DISCUSSION

We report here for the first time both the prospective and subsequent community validation
of a transcriptomic expression metric obtained from blood leukocytes 24 hours after severe
blunt trauma that could discriminate different clinical outcomes. Importantly, this metric was
validated on an FDA 510(k)-cleared instrument currently used for the prediction of breast
cancer recurrence based on the expression pattern of 50 different genes.22

In 2011, we reported that severe blunt trauma produced a “genomic storm” in which up to
70% of the blood leukocyte genome changed significantly over a 28-day period.2! More
importantly, we identified 2078 genes that were differentially expressed between trauma
patients who had a rapid recovery versus those with a sustained complicated outcome. Sixty-
three genes were not only statistically different, but had at least a 2-fold difference in gene
expression as measured with an Affymetrix GeneChip. The expression of these genes was
used to generate a metric based on the sum of the differences of normalized gene expression
compared with a cohort of healthy, age- and gender-matched control subjects.1! Here, we
have prospectively validated this metric in an additional 127 trauma subjects. This is to our
knowledge the first demonstration that a transcriptomic metric has been prospectively
validated, and additionally demonstrated to have predictive value when applied to a
completely independent public dataset.
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Biomarkers that can identify individual patients at risk and who would benefit from an
individual therapeutic are the basis for precision medicine. In trauma, the most commonly
used biomarkers are clinical scores based on the physiological disturbances observed at the
time of admission or at 24 hours. Although these scores have proven to be useful in
predicting mortality and are widely used, their precision in predicting other outcomes and
demonstrating response to interventions is less well accepted.2> In this report, our
transcriptomic metric significantly outperformed the APACHE Il measurement, but was only
marginally better than ISS. ISS, however, is not a clinically useful metric, as the score is not
available for real-time clinical use.

Importantly, mortality to severe blunt trauma without traumatic brain injury has dropped
nearly 75% in the past 15 years,® and the current challenge has focused on reducing
infectious and noninfectious complications and increasing early discharge. Protein
biomarkers like plasma IL-6, procalcitonin, and C-reactive protein have been promulgated as
predictors of outcome,28 but the general consensus is that they too lack sufficient predictive
capacity for routine clinical use.2>27 To our knowledge, they have never been applied to
discriminating time to recovery until now, and as shown in Table 4, the ability of plasma
IL-6 concentrations at 24 hours to predict clinical trajectories was not as good as S63.

Prognostic transcriptomic metrics have become state of the art in the cancer field.28.29
Unique expression patterns of tumor tissue have been associated with both long-term
prognostic outcomes, as well as therapeutic responsiveness.20 In fact, several commercially-
available, FDA-cleared transcriptomic prognostics are currently available for breast and
colorectal cancer (Oncotype DX, PAM50 Prosigna, EndoPredict).22:31-33 Application of this
approach to the host response to a variety of inflammatory diseases is also being actively
explored. In most cases, blood or blood leukocyte gene expression has been measured. We
reported that early changes in blood monocyte gene expression can predict success of lower
extremity angioplasty/stenting.34 Others have used transcriptomic metrics in infections and
sepsis to discriminate infectious and noninfectious critical illness, and survival.10.1316,20.35

Importantly, our S63 metric uses the same FDA-cleared analytical platform as the PAM50
Prosigna, but with a unique gene expression set. This metric can be used to identify patients
within the heterogeneous nature of trauma who may benefit from a potential therapeutic
intervention. Importantly, the platform has a rapid turnaround, less than 24 hours, making it
suitable for use in critically ill subjects. Additionally, the threshold can be adjusted (Fig. 2C)
depending upon the risk:benefit of the intervention.

In addition to demonstrating a prognostic ability, it is possible, if the genes are properly
selected, to use the multiplex transcriptomic markers to better understand the dynamic
immunological response to severe trauma. This approach recently identified 3 different
“endotypes” in human sepsis.38 Interestingly, earlier analysis of this trauma dataset revealed
that the greatest disturbance in genome-wide gene expression occurred within 12 hours and
returned to baseline over the subsequent 28 days.2! We see a comparable time course for
inflammatory and endothelial activation gene expression changes contained in the S63
metric over the first 24 hours. But the pattern is not the same for genes involved in adaptive
immunity (Fig. 3) where the deviation in expression is either constant or increasing over the
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first 24 hours. Changes in adaptive immune gene expression occur as rapidly as gene
expression involved in inflammation, but unlike inflammation which appears to be resolving
within the first 24 hours, changes in adaptive immunity at the level of gene expression are
maintained. The ability to endotype patients using the same metric makes it potentially
useful for exploring therapeutic interventions targeting individual components of the host
immune response.

There are a number of limitations to the study that require comment. Although the validation
studies were conducted at 2 independent institutions, and the metric was validated with an
additional dataset obtained from a prospective, multicenter clinical study, the total number of
included patients remains quite small. Second, both the discovery and validation studies
were conducted in patients sustaining blunt trauma without traumatic brain injury. Whether
this metric will apply to other forms of trauma, such as penetrating trauma or traumatic brain
injury will require verification, and therefore limits generalization. Additionally, the
discovery and validation cohorts consisted of predominantly Caucasian males; further
validation is required to determine if the metric performs well for patients of different
gender/race/ethnicity. The genomic response to trauma is dynamic and time-dependent,21
and the data presented here confirms that the transcriptomic metric is more predictive at 24
hours than <12 hours. Whether the metric has value at earlier or later time points will require
further validation.

Although mortality to severe blunt trauma has declined dramatically over the past 2 decades,
a significant fraction of survivors have a protracted clinical course characterized by
secondary infectious and noninfectious complications. Identification of these patients early
in their clinical course would provide earlier opportunities for intervention. Here, we
prospectively validated an operationalized 63 gene metric (S63) obtained at 24 hours after
blunt trauma that can better predict a rapid recovery than either clinical indices or plasma
IL-6 concentrations. It is built around a platform already FDA-cleared for genomic analyses.
Such a tool would provide the clinician with a rapid test that may assist with clinical
management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mean IL-6 Levels
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Mean transcriptomic and plasma IL-6 concentrations in trauma patients with different
clinical outcomes. S63 (A) gene expression scores and plasma IL-6 concentrations (B) in
patients stratified into uncomplicated, intermediate, and complicated trajectories. S63 (A)
scores for the 3 stratified groups were significantly different at 24 hours; TP< 0.05). At <12
h, only the levels of S63 in the uncomplicated group significantly differed from the other 2
groups (*P< 0.05 by ANOVA and Tukey post-hoc comparison). In contrast, IL-6
concentrations at both <12 and 24 h were significantly greater in complicated patients than

in the other 2 groups (*P < 0.05).
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FIGURE 2.
Predictive modeling of clinical outcome. A, Univariate predictive modeling of complicated/

intermediate versus uncomplicated outcome for trauma cohort based on values at 24 h.
Curves corresponding to ISS, APACHE, IL-6, and S63 models were created with univariate
AUC provided in parentheses. B, Multivariate predictive modeling of complicated/
intermediate versus uncomplicated outcome for trauma cohort based on values at 24 h.
Curves corresponding to multivariate models of S63+IL-6, S63+APACHE+ISS, and
S63+APACHE+ISS+IL-6 were created with AUC provided in parentheses. C, S63
Threshold optimization. Here the predictive probability was plotted against the scores for the
2 outcome groups and optimized thresholds identified. D, Predictive modeling of multiple
organ dysfunction syndrome versus no multiple organ dysfunction syndrome for community
cohort. The community dataset utilized illumina rather than nanostring transcriptomic
analysis and reported data on 58 of 63 genes. A curve corresponding to S58 prediction of
MODS was created with corresponding AUC in parentheses.
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FIGURE 3.
Transcriptomic metrics derived from S63 focused on inflammation, adaptive immunity, and

endothelial activation. Individual metrics derived from subsets of genes involved in
inflammation, endothelial activation, and adaptive immunity (S Table 2, http://
links.lww.com/SLA/B564) were calculated in the 3 discrete outcomes. All values from
trauma patients at <12 and 24 h were significantly greater than seen in healthy controls ().
For endothelial activation and inflammation, 24 h metrics were significantly lower than <12
h (P< 0.05 by paired- ttest). (*P< 0.05; ™ P< 0.01 vs complicated outcome).
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TABLE 1.

Parameters for Time to Recovery

Definition of time to recovery (TTR) *
1st day meeting organ failure recovery criteria in all systems listed below, without any subsequent days with further organ system failure
Cardiovascular recovery

Mean arterial pressure >60 mm Hg and no inotropic/vasopressor support (dopamine, dobutamine, epinephrine, norepinephrine, phenylephrine,
or vasopressin)

Hematologic recovery

Platelet count >120,000/uL

Hepatic recovery

Serum bilirubin <3 mg/dL

Renal recovery

No dialysis and creatinine <1.3 mg/dL
Respiratory recovery

No mechanical ventilation or PaO2/FiO2 >300

Organ injury was derived from a composite of the Denver and Marshall MOF Scores, adding hematologic recovery to the Denver score, and
removing the Glasgow Coma Scale (GCS) from the Marshall score. GCS is more subjective and clinician-dependent, and subjects with significant
TBI were purposefully excluded from enroliment.

*
A surviving patient who did not recover by day 28 was assigned a TTR value of 29 days, whereas a patient who died prior to day 28 was assigned

a TTR value of 30 days.
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