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Cellular microRNAs correlate with clinical parameters in
multiple injury patients
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he pathophysiology of the inflammatory response after major trauma is complex, and the magnitude correlates with severity of
tissue injury and outcomes. Study of infection-mediated immune pathways has demonstrated that cellular microRNAs may mod-
ulate the inflammatory response. The authors hypothesize that the expression of microRNAswould correlate to complicated recov-
eries in polytrauma patients (PtPs).
METHODS: P
olytrauma patients enrolled in the prospective observational Tissue and Data Acquisition Protocol with Injury Severity Score of
>15 were selected for this study. Polytrauma patients were divided into complicated recoveries and uncomplicated recovery groups.
Polytrauma patients' blood sampleswere obtained at the time of admission (T0). Established biomarkers of systemic inflammation,
including cytokines and chemokines, were measured using multiplexed Luminex-based methods, and novel microRNAs were
measured in plasma samples using multiplex RNA hybridization.
RESULTS: P
olytrauma patients (n = 180) had high Injury Severity Score (26 [20–34]) and complicated recovery rate of 33%.
MicroRNAs were lower in PtPs at T0 compared with healthy controls, and bivariate analysis demonstrated that variations
of microRNAs correlated with age, race, comorbidities, venous thromboembolism, pulmonary complications, complicated
recovery, and mortality. Positive correlations were noted between microRNAs and interleukin 10, vascular endothelial
growth factor, Acute Physiology and Chronic Health Evaluation, and Sequential Organ Failure Assessment scores. Multi-
variable Lasso regression analysis of predictors of complicated recovery based on microRNAs, cytokines, and chemokines
revealed that miR-21-3p and monocyte chemoattractant protein-1 were predictive of complicated recovery with an area under the
curve of 0.78.
CONCLUSION: S
ystemic microRNAs were associated with poor outcomes in PtPs, and results are consistent with previously described trends in
critically ill patients. These early biomarkers of inflammation might provide predictive utility in early complicated recovery diag-
nosis and prognosis. Because of their potential to regulate immune responses, microRNAs may provide therapeutic targets for im-
munomodulation. (J Trauma Acute Care Surg. 2022;93: 427–438. )
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T rauma remains a leading cause of death worldwide.1 In the
United States, injury severity has been increasing, with up

to 25% of civilian patients and 54% of combat wounded classi-
fied as severely injured.2 Advances in transport times and resus-
citation strategies have improved survival rates in several trauma
populations.3 Despite this reduction in mortality, severely in-
jured patients have high early and late morbidity including infec-
tious complications (33–52%)2,4,5 and an overall complicated
recovery (25%).6

Severe polytraumatic injury can lead to a dysregulated
systemic inflammatory response as well as profound immuno-
suppression, organ dysfunction, and death. This acute, diverse,
and excessive nonspecific host response to trauma leads to the
massive release of inflammatorymediators that results in suppressed
immunity and increased susceptibility to infectious compli-
cations, multiple organ failure, and persistent inflammation-
immunosuppression catabolism syndrome.7,8 Translational studies
have revealed several circulating biomarkers (e.g., interleukin
[IL]-6 and monocyte chemoattractant protein [MCP]-1) with
well-defined mechanisms in the inflammatory response,9 which
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correlate with initial tissue damage, ischemia-reperfusion injury,
and have also been predictive morbidity and mortality.10–12 At-
tempts to mitigate the immune response through modulation
of these inflammatory mediators have yielded limited clinical
benefit and knowledge gaps of the pathophysiology of trauma.3,10

Recent investigations suggest that circulating levels of posttran-
scriptional modifiers involved in the signaling pathways of these
molecules may provide insight into the links between systemic bio-
markers and clinical outcomes in inflammatory pathologies.13,14

Microribonucleic acids (miRNAs) are short noncoding RNAs
composed of ~21 nucleotides and are involved in posttran-
scriptional silencing of messenger RNA.13 These microRNAs
have been identified in various species, and modeling of miRNA
targets suggests that miRNAs are involved in the regulation of
more than 60% of human protein coding genes.15 Within blood,
these microRNAs travel in extracellular vesicles and are rela-
tively stable.16 Once released from cells in extracellular vesicles,
microRNAs can be delivered to recipients' cells where they have
the capacity to regulate their gene expression in regional and dis-
tant organs/tissues.17

Circulating levels of both viral and cellular microRNAs
have been reliably detected in the circulation of patients and
have demonstrated prognostic value in infectious, autoimmune,
and neoplastic diseases.13,16,18,19 Cellular microRNAs, such as
miR-16a-5p and miR-21-3p, target multiple downstream media-
tors of Toll-like receptors (TLRs) signaling, and variations in cir-
culating levels of these microRNAs are associated with poor
outcomes in septic patients.16,20

While there have been no dedicated studies assessing the
role of cellular microRNAs in polytrauma patients (PtPs) to date,
clinical and preclinical studies have demonstrated differential
expression of systemic microRNAs in mild traumatic brain injury
(TBI) compared with severe TBI.21 Given the shared signaling
pathways between trauma and sepsis3,8,12 and differential expres-
sion in TBI patients based on injury severity,21 the authors hypoth-
esized that microRNA profiles may be altered in severely injured
PtPs and that variations in systemic levels of these microRNAswill
be associated with clinical outcomes.

PATIENTS AND METHODS

Tissue and Data Acquisition Protocol Data Set
The Tissue and Data Acquisition Protocol (TDAP) is a

prospectively collected multi-institution data set that contains
clinical, proteomic, and genomic molecular data from patients
meeting inclusion and exclusion criteria defined by the Surgical
Critical Care Initiative, as previously described.14,22 In brief,
TDAP included females and males between the ages of 18 and
80 years with an injury or illness requiring surgical, critical, or
emergency care.

Patient Selection
Polytrauma patients from the TDAP data set were selected

for this subset analysis based on Injury Severity Scores (ISSs)
of >15 and available plasma samples from admission to the trauma
bay (T0), as previously described.14 To evaluate the prognostic
value of early systemic biomarkers for postinjury complications,
patients were then further selected for either no recovery com-
plications or severe complications (e.g., ventilator-associated
428
pneumonia [VAP] or organ space infection). Polytrauma pa-
tients from the initial selection with only minor complications
(i.e., urinary tract infection or surgical site infection) were not
included in this analysis.

Polytrauma patients in this subset analysis were categorized
into those with a complicated recovery or uncomplicated recov-
ery.14 A complicated recovery was defined as intensive care unit
(ICU) admission >14 days, mechanical ventilation >7 days, or
mortality within 28 days. The previously described intermediate
recovery patients were grouped into uncomplicated recovery in
this analysis.

Healthy volunteers (n = 12) between the age of 21 and
40 years without comorbidities and without recent injury served
as controls for the biomarker studies. The healthy volunteers in-
cluded 10 males and 2 females of varied race and ethnicity.

Clinical Data Collection
Variables with prognostic value in trauma were collected

from TDAP database and included baseline demographic data
(age, sex [determined based on chart review], body mass index,
race [determined based on chart review], comorbidities), injury
characteristics (mechanism, new ISS,23 Abbreviated Injury Scale
[AIS]), physiologic variables (Acute Physiology and Chronic
Health Evaluation, and Sequential Organ Failure Assessment),
interventions (blood products, surgical interventions), and recov-
ery variables (ICU days, ventilator days, complications, and ad-
mission laboratories [platelets (1,000/μL), absolute lymphocyte
count (cell/μL), platelet lymphocyte ratio, mortality within 28 days]).
Obesity was defined as body mass index of ≥30 kg/m2. Com-
plications were noted throughout hospital admission. Of note,
catheter-associated urinary tract infection, urinary tract infec-
tion, and superficial surgical site infection were considered less
severe complications, and the remainder of the complications
was considered severe complications in this analysis.

Blood Sample Collection
Healthy controls underwent collection of blood samples at

baseline health. The TDAP study patients underwent blood draws
upon arrival to the trauma bay (T0). Whole blood samples were
processed as previously described.14

Systemic Biomarkers
Serum and plasma samples were thawed and analyzed for

systemic biomarkers (cytokines, chemokines, and microRNAs)
as described hereinafter. All laboratory evaluations were con-
ducted by investigators blinded to patient characteristics associ-
ated with each sample.

Cytokine and Chemokine Analysis
Cytokine and chemokine expression were evaluated in

serum samples using a multiplex assay approach as previ-
ously described.5 Serum aliquots were thawed and filtered
(0.65 μm; Millipore, Billerica, MS). Human CytokineMagnetic
35-Plex Panel assays (cat. LHC6005M; ThermoFisher, Frederick,
MD) were performed on a Bio-Plex 200 Luminex system with
high-throughput fluidics (cat. no. 171000205; Bio-Rad,
Hercules, CA). Of the original 35 analytes tested, 11 cytokines
and chemokines (IL-1RA, IL-6, IL-8, IL-10, IL-12, hepatocyte
growth factor, vascular endothelial growth factor [VEGF], eotaxin,
MCP-1, macrophage inflammatory protein-1β, and Regulated
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upon Activation, Normal T-cell Expressed and Presumably Se-
creted) were selected for analysis in this study based on at least
65% of the measurements occurring within the linear dynamic
range of the target analyte's standard curve.

Multiplex Cellular miRNA Evaluation
Cellular microRNA levels were analyzed by FirePlexmiRNA

assay (Abcam, Waltham, MA) as previously described.24 For
each sample, 20 μL of plasma was mixed with 20 μL of H2O
and 40 μL of digestion mix and incubated at 60°C, and then,
25 μL of each sample was then added to a single well of a
96-well plate with 35 μL of Fireplex particles and 25 μL of hy-
bridization buffer and incubated at 37°C shaking. Of note,
Fireplex particles were manufactured such that each particle
contained capture probes complementary to a single miRNA
of interest, and ~100 particles for each miRNAwere mixed to-
gether in a single well, allowing for multiplexing of each sam-
ple. All samples were rinsed, and ligation of samples was per-
formed with 75 μL of 1� labeling buffer and allowed to incubate
at 37°C. Samples were rinsed again and then filtered through a
vacuum manifold with 65 μL of 95°C RNAse-free water added
twice to each well. The filtered Fireplex particles were stored at
4°C, and 30 μL of the eluent was added to a clean polymerase
chain reaction (PCR) plate. This eluent was mixed with 20 μL
of PCR master mix and underwent 32 cycles of PCR amplifica-
tion. Suction was then used to remove the previously filtered
Fireplex particles, and these particles were suspended in 60 μL
of hybridization buffer and then mixed with 20 μL of PCR prod-
uct. The plate was incubated at 37°C. The wells were then
rinsed, and 75 μL of 1� reporting buffer was added to each well.
The plate was then incubated at 37°C. The wells were then
rinsed, and 175 μL of run buffer was added to each well. At this
time, the particles were scanned through a 6HT flow cytometer.
microRNAs were recorded in arbitrary units.

MicroRNA targets were selected through literature review
of microRNAs involved in various pathways of the early response
to inflammatory stimuli and included miR-16-5p, miR-20a-5p,
miR-21-3p, miR-23a-3p, miR-26a-5p, miR-26b-5p, miR-92a-
3p, miR-103a-3p, miR-150-5p, miR-223-3p, miR-342-3p, and
miR-486-5p.13,16,19 The selected microRNAs, associated se-
quences, and limits of detection are listed in Supplemental Dig-
ital Content (Supplementary Table 1, http://links.lww.com/TA/
C624). Limit of detection was calculated using background signal
in the designatedwater wells in themultiplex assay. All results were
normalized to the geometric mean of all targets detected above a
given expression threshold.
STATISTICAL ANALYSIS

The primary outcome of differential expression of microRNAs
in polytrauma patients compared with controls and secondary
outcomes of differential expression of microRNAs based on
outcomes and baseline data were evaluated by standard statistical
analysis. Bivariate analyses were conducted with the systemic
biomarkers as well as the demographic, hospital course, injury se-
verity, and plasma and serum biomarker data. Categorical variables
were evaluated with theχ2 test. Continuous variables were eval-
uated with Kruskal-Wallis and t tests. Correlations between con-
tinuous variables were assessed with Pearson correlation, and
ordinal variables with Spearman correlation. Significant correla-
tion was defined as R > 0.3 and p < 0.05.

Independent bivariate analyses were conducted for pre-
dictors of complicated recovery (CR) based on the systemic
biomarkers (cytokines, chemokines, and microRNAs). Each
predictor was evaluated independently for its ability to predict
the complicated recovery outcome. Area under the receiver op-
erator characteristic curve analyses were performed to quantify
the predictive quality of each biomarker for complicated recov-
ery. Finally, critical biomarker concentrations were determined
using threshold analysis for prediction of complicated recovery.
The threshold was selected to maximize the product of bio-
marker predictive sensitivity and specificity.

Multivariable models were fitted to evaluate the predictive
value of measured systemic biomarkers at T0 relative to CR, aswell
as clinical and biomarker values relative tomicroRNAs at T0. These
results were reported in keepingwith the Transparent Reporting of a
Multivariable PredictionModel for Individual Prognosis or Diagno-
sis statement.25 Parsimonious models were preferred for consider-
ation by the clinical investigators; accordingly, we used Lasso regres-
sion (LASSO)26 and recursive partitioning via R package rPart
(https://CRAN.R-project.org/package=rpart), an R implementation
of Classification and Regression Trees.27 Missing values under-
went multiple imputations via the random forest algorithm (R pack-
age missForest) to reduce bias.28 All models were evaluated with
100-fold cross-validation. All analyses were done in R version 3.6.3.

RESULTS

Polytrauma patients (n = 180) were selected from the
TDAP database. From the 620 patients in the TDAP database
at the time of analysis, 239 were excluded for ISS of <16, and
a subsequent 181 were excluded for complications outside of
criteria. Finally, 20 were excluded based on absence of blood
sample. These remaining 180 patients were composed of pre-
dominantly young (32 [24–49] years) and male patients (77%)
with limited comorbidities and high ISS (32 [22–38]) associated
with chest or pelvic trauma (Table 1). The complicated recovery
(n = 60) group had more female patients (33% vs. 17%) and
higher ISS (34 vs. 25) associated with blunt injury (63% vs.
38%). Complicated recovery patients had higher rates of obesity
(28% vs. 14%), diabetes (12% vs. 3%), blood transfusion (83%
vs. 58%), mortality (10% vs. 0%), and Sequential Organ Failure
Assessment >4 (63% vs. 19%). While both the complicated re-
covery and uncomplicated recovery patients had high abdomen
AIS scores, only the complicated recovery patients had elevated
chest AIS scores. Complicated recovery patients also had higher
Acute Physiology and Chronic Health Evaluation scores on the
day of injury (14 vs. 5), aswell as longer ICU stay (26 vs. 2 days)
and days on mechanical ventilation (18 vs. 0 days). Moreover,
as shown in Supplemental Digital Content (Supplementary
Table 2, http://links.lww.com/TA/C625), complicated recov-
ery patients had more severe complications largely driven by
increased rates of VAP (62% vs. 1%).

MicroRNAs were detected in 99% of PtPs at T0 (median,
158 minutes from injury) as shown in Table 2. Only IL-6 was
noted to be elevated in PtPs (60 vs. 54 pg/mL) at this early time
point. The microRNAs varied significantly at T0 in PtPs com-
pared with healthy controls (n = 12). miR-16-5p, miR-20a-5p,
429
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TABLE 1. Demographics, Injury, Management Critical Care, and Recovery Data for Polytrauma Patients With Complicated Recovery
and Uncomplicated Recovery

PtP (n = 180), n (%)
or Median (IQR)

Complicated Recovery*
(n = 60), n (%) or Median (IQR)

Uncomplicated Recovery
(n = 120), n (%) or Median (IQR) p

Age, y 32 (24–49) 37 (25.75–51.25) 29 (23–45.25) 0.044

Race (African American) 115 (63.89%) 37 (61.67%) 78 (65%) 0.78

Sex (female) 139 (77.22%) 40 (66.67%) 99 (82.5%) 0.03

BMI (≥30 kg/m2) 34 (18.89%) 17 (28.33%) 17 (14.17%) 0.009

Comorbidity 116 (64.44%) 39 (65%) 77 (64.17%) >0.099

Diabetes 10 (5.56%) 7 (11.67%) 3 (2.5%) 0.03

Hypertension 15 (8.33%) 8 (13.33%) 7 (5.83%) 0.15

ISS 26 (20–34) 34 (25–42.25) 25 (19–29) <0.01

AIS head and neck (mode) 0 0 0

AIS face (mode) 0 0 0

AIS chest (mode) 3 3 0

AIS extremity (mode) 0 0 0

AIS abdominal (mode) 4 4 4

Injury mechanism (blunt) 83 (46.11%) 38 (63.33%) 45 (37.5%) <0.01

Crystalloid, mL 3,000 (2,000–4,500) 4,000 (2,900–5,000) 2,500 (1,500–3,900) <0.01

Blood transfusion (yes) 120 (66.67%) 50 (83.33%) 70 (58.33%) <0.01

pRBCs, mL 2,100 (700–4,900) 5,250 (2,975–7,875) 1,050 (87.5–2,450) <0.01

FFP, mL 380 (0–1,490) 1,490 (760–2,375) 0 (0–570) <0.01

Platelets, mL 0 (0–230) 230 (0–460) 0 (0–0)

Cryoprecipitate, mL 0 (0–0) 0 (0–11.5) 0 (0–0)

WBC (admission, 1,000/μL) 12.8 (10–18.6) 11.4 (9.9–17.7) 13.1 (10.08–18.7) 0.48

Platelets (admission, 1,000/μL) 226 (180.5–279) 233.5 (177–275.75) 226 (181–284) 0.68

Absolute lymphocyte count (admission, cells/μL) 1.73 (1.07–2.94) 1.61 (1.071–2.95) 1.75 (1.06–2.74) 0.31

Platelet lymphocyte ratio 122.70 (64.66–200.43) 122.70 (64.92–194.84) 122.89 (59.82–204.41) 0.55

Length of ICU stay, d 5 (1–17.25) 26 (17.75–42.75) 2 (0–5) <0.01

Length of ICU stay (>14 d) 50 (27.78%) 50 (83.33%) 0 (0%) <0.01

Mechanical ventilation, d 1 (0–10) 18.5 (10–28.5) 0 (0–1.025)

Mechanical ventilation (>7 d) 52 (28.89%) 52 (86.67%) 0 (0%) <0.01

SOFA >4 61 (33.89%) 38 (63.33%) 23 (19.17%) <0.01

APACHE scores 8 (2–14) 14 (10–21) 5 (1–10.25) <0.01

Mortality 6 (3.33%) 6 (10%) 0 (0%) <0.01

*Complicated recovery (ICU >14 days, ventilator >7 days, mortality within 28 days).
APACHE, Acute Physiology and Chronic Health Evaluation; BMI, body mass index; FFP, fresh frozen plasma; pRBC, packed red blood cell; SOFA, Sequential Organ Failure Assessment;

WBC, white blood cell.
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miR-23a-3p, miR-26a-5p, miR-26b-5p, miR-103a-3p, miR-150-
5p, and miR-223-3p were all found to be significantly down regu-
lated in PtP compared with controls, and microRNAs were found
significantly lower in complicated recovery group (miR-16-5p,
miR-20a-5p, miR-26b-5p, miR-150-5p, and miR-223-3p) and the
uncomplicated recovery group (miR-16-5p, miR-20a-5p, miR-
23a-3p, miR-26a-5p, miR-103a-3p, miR-150-5p, and miR-223-
3p) compared with controls.

Considering the associations between microRNAs and the
described baseline and recovery data in Table 1, Figure 1A to C
demonstrates significant (p < 0.05) associations including ele-
vated miR-23a-3p and miR-342-3p in younger patients and
lower levels of miR-16-5p, miR-26a-5p, and miR-103a-3p in
younger patients. miR-342-3p was higher in African American
patients, and miR-26a-5p and miR103a-3p were lower in patients
with comorbidities. Significant correlations were detected be-
tween microRNAs and continuous variables from admission
and recovery (data not shown). Sequential Organ Failure As-
430
sessment scores positively correlated to miR-26a-5p (R = 0.33,
p < 0.01), miR-26b-5p (R = 0.33, p < 0.01), and miR-103a-3p
(R = 0.41, p < 0.01). Acute Physiology and Chronic Health
Evaluation was positively correlated to miR-21-3p (R = 0.031,
p < 0.01) and miR-103a-3p (R = 0.39, p < 0.01).

Table 3 demonstrates the results of multivariable LASSO
modeling of predictors of microRNAs at T0 based on systemic
inflammatory mediators, available laboratory values, and clinical
variables. The largest log odds identified included the predictive
value of VEGF for miR-21-3p (log odds, 0.45) and miR-23a-3p
(log odds, 0.32), and protective value of Regulated upon Ac-
tivation, Normal T-cell Expressed and Presumably Secreted for
miR-23a-3p (log odds, −0.37).

Polytrauma patients with recovery complications had higher
levels ofmicroRNAs as seen in Figure 2A toD, and included recov-
eries complicated by acute respiratory distress syndrome (ARDS)
(miR-16-5p, miR-92a-3p, and miR-103a-3p), VAP (miR-21-3p,
miR-26a-5p, miR-26b-5p, miR-92a-3p, miR-103a-3p), venous
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Figure 1. (A–C) Significant (p < 0.05) associations noted between polytrauma patient's plasma levels of cellular miRNAs during
admission to the trauma bay and demographic variables.
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thromboembolic event (VTE) (miR-103a-3p) or PtPswho required
blood transfusions (miR-103a-3p, miR-26a-5p, miR-26b-5p, and
miR-223-3p). Polytrauma patients with recovery complicated by
mortality or PtPs categorized as complicated had higher values
of all studied microNRAs except miR-342-3p (Fig. 2E and F).

Independent bivariate analysis of predictors of complicated
recovery based on the evaluated systemic mediators of inflamma-
tion (microRNAs, cytokines, and chemokines) is listed in Supple-
mental Digital Content (Supplementary Table 3, http://links.lww.
com/TA/C626). The biomarkers with the most pronounced area
under the curve to predict complicated recovery include miR-
21-3p, miR-26b-5p, and miR-103a-3p as well as MCP-1, VEGF,
IL-1Ra, IL-6, and IL-10. The threshold values listed were se-
lected to maximize the product of sensitivity and specificity.

Multivariable LASSO modeling to predict complicated
recovery based on the evaluated systemic mediators of inflam-
mation is listed in Table 4 and suggests that miR-21-3p (log
odds, 0.96) and MCP-1 (log odds, 1.70) were the most robust
predictors. The optimal value of γ was chosen to maximize area
under the curve across cross-validations.

DISCUSSION

MicroRNAs are emerging as important systemic biomark-
ers in inflammatory conditions such as TBI and sepsis.16,19–21

Herein the authors have demonstrated in the first multicenter
prospectively collected trauma database that cellular microRNAs,
with key mechanisms in regulating the inflammatory response,
were reliably detected and differentially expressed in PtPs com-
pared with controls, and early differences in expression levels
were predictive of poor outcomes. These novelmicroRNA findings
in PtPs are consistent with previously described early variations in
432
systemic levels of inflammatory mediators, which have demon-
strated predictive value of poor outcomes in trauma patients.9

Within this study's subset analysis of PtPs, systemic levels of
microRNAs were also differentially expressed based on demo-
graphic variables, and higher levels of microRNAs were associ-
ated with subsequent diagnosis of ARDS, VAP, and VTE.
Limited correlations were noted between microRNAs and other
systemic markers of inflammation in admission blood samples,
although multivariable models demonstrated that VEGF and
IL-10 were predictive of multiple microRNAs and IL-8 was
found to be protective of two microRNAs. Among all measured
systemic mediators of inflammation, multivariable modeling
analysis revealed that miR-21-3p and MCP-1 were the strongest
predictors of complicated recovery in polytrauma patients based
on blood draws from trauma bay admission.

miR-21-3p is a well conserved microRNA located within
the intronic portion of transmembrane protein 49 (TMEM49)
gene and associated with an independent promoter region as
well as pleiotropic effects.29 miR-21-3p is induced by multiple
cytokines, including IL-6 and transforming growth factor β, and
promotes immunosuppression and angiogenesis while inhibiting
apoptosis by directly targeting programmed cell death 4 and phos-
phatase and tensin homolog (PTEN).29 Downstream impacts of
blocking these pathways have demonstrated suppression of tumor
necrosis factor α, IL-12, TLR2 and TLR4 signaling, and T-cell
activation as well as increased VEGF, IL-10, and promotion of
M2 macrophage phenotypes.17,20,29–31 Interestingly, when re-
leased in exosomes, miR-21-3p systemically also functions as
a proinflammatory mediator by directly binding TLR8 and in-
ducing release of IL-6 and tumor necrosis factor α in macro-
phages.17,32 Similar to well established markers of the inflamma-
tory response to trauma (i.e., MCP-1), the described impacted

http://links.lww.com/TA/C626
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TABLE 3. Multivariate LASSO Modeling of Predictors of Polytrauma Patient's Plasma Cellular microRNAs During Admission to the
Trauma Bay Based on Systemic Inflammatory Mediators, Available Blood Laboratory Values, and Clinical Variables

miR-16-5p miR-20a-5p

Variable Log Odds SE T p Variable Log Odds SE T p

(Intercept) 3.58 0.1 36.63 <0.001 (Intercept) 2.95 0.1 29.98 <0.001

Age 0 0 2.34 0.020 IL-8 −0.14 0.04 −3.97 <0.001

Crystalloid 0 0 3.31 0.001 VEGF 0.14 0.05 2.74 0.007

AIS pelvic score −0.04 0.01 −2.81 0.006

Platelets 0 0 −2.35 0.020 Full data R2 0.1

XV R2 0.13

Full data R
2

0.17

XV R2 0.16

miR-21-3p miR-23a-3p

Variable Log Odds SE T p Variable Log Odds SE T p

(Intercept) −0.7 0.12 −5.71 <0.001 (Intercept) 3.49 0.46 7.61 <0.001

VEGF 0.45 0.13 3.59 <0.001 IL-10 0.18 0.06 3.04 <0.001

APACHE 0.03 0.01 3.5 <0.001 VEGF 0.32 0.08 3.75 <0.001

AIS extremity score 0.04 0.02 2.18 0.031

Full data R2 0.17 IL-8 −0.13 0.05 −2.58 0.011

XV R2 0.19 RANTES −0.37 0.14 −2.61 0.010

Full data R2 0.19

XV R2 0.15

miR-26a-5p miR-26b-5p

Variable Log Odds SE T p Variable Log Odds SE T p

(Intercept) 1.98 0.06 32.06 <0.001 (Intercept) 0.58 0.05 11.12 <0.001

SOFA 0.02 0.01 2.74 0.007 SOFA 0.06 0.01 5.41 <0.001

IL-10 0.09 0.04 2.33 0.021

Full data R2 0.14

Full data R2 0.11 XV R2 0.16

XV R2 0.12

miR-92a-3p miR-103a-3p

Variable Log Odds SE T p Variable Log Odds SE T p

(Intercept) 3.26 0.1 33.87 <0.001 (Intercept) 2.16 0.04 49.23 <0.001

Platelets 0 0 −2.96 0.004 SOFA 0.03 0.01 4.49 <0.001

VEGF 0.09 0.04 2.22 0.028 Crystalloid 0 0 2.01 0.046

AIS pelvic score −0.04 0.02 −2.5 0.013

Crystalloid 0 0 2.31 0.022 Full data R2 0.15

XV R2 0.16

Full data R2 0.13

XV R2 0.1

APACHE, Acute Physiology and Chronic Health Evaluation; RANTES, Regulated upon Activation, Normal T-cell Expressed and Presumably Secreted; SOFA, Sequential Organ Failure
Assessment; XV, cross-validation.

J Trauma Acute Care Surg
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pathways and pleiotropic effects of miR-21-3p would be con-
sistent with an early biomarker to identify trauma patients at
risk for a dysregulated immune response and consistent with
the findings in our study of miR-21-3p's independent predic-
tive value for complicated recovery in PtPs. Furthermore,
miR-21-3p direct targeting of PTEN (a known regulator of
hypoxia inducing factor-1 α and VEGF) would be consistent
with the independent association with systemic VEGF demon-
strated in our multivariable model.9,33
Beyond polytrauma patients with complicated recoveries,
miR-21-3p has previously been demonstrated to be elevated in
most solid cancers, acute kidney injury patients, septic patients
with recovery complications, and TBI patients.17,20,21,29 Similar
to the findings in our study, prior studies evaluating miR-21-3p
levels in septic patients revealed no significant differences be-
tween plasma levels of miR-21-3p in septic patients compared
with controls.16 When considering septic patients with recovery
complications, however, systemic levels were noted to be elevated
433



Figure 2. (A–F) Significant (p < 0.05) associations noted between polytrauma patient's plasma levels of cellular miRNAs during
admission to the trauma bay and recovery complications.
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in patients with cardiac dysfunction.34 In TBI patients and acute
kidney injury patients, systemic miR-21-3p was found to be ele-
vated comparedwith healthy control patients and elevated in injured
tissues.21,30 Taken together with the mechanisms described pre-
viously, miR-21-3p is potentially an important biomarker of
tissue injury and plays an important role in modulating the in-
flammatory response with possible deleterious impacts (i.e., pro-
longed immunosuppression) if dysregulated. Additional studies
evaluating miR-21-3p at multiple time points in trauma patients
may yield further insight into its role in critically ill trauma pa-
tients and potential therapeutic applications.
434
Although not identified in the multivariable model predicting
complicated recovery, plasma levels at T0 of miR-16-5p, miR-
20a-5p,miR-23a-3p,miR-26a-5p,miR-26b-5p,miR-92a-3p,miR-
103a-3p, miR-150-5p, and miR-223-3p were found, in bivariate
analysis, to be elevated in PtPs who died within 30 days of trauma
and complicated recovery patients, and select microRNAs were also
elevated in patients with recoveries complicated by ARDS, VAP,
and VTE. Interestingly, with the exception of miR-92a-3p, all of
these microRNAs were lower in complicated recovery patients
than healthy controls. Similar to miR-21-3p, these individual
microRNAs affectmultiple signaling pathways in the inflammatory



TABLE 4. Multivariate LASSO Modeling to Predict Complicated
Recovery Based on the Evaluated Systemic Mediators of
Inflammation (Cellular MicroRNAs, Cytokines, and Chemokines)

Biomarker Log Odds SE Z p

(Intercept) −5.74 1.27 −4.54 <0.001

MCP-1 1.7 0.42 4.02 <0.001

miR-21-3p 0.96 0.24 3.97 <0.001

XVAUC 0.78

XV sensitivity 0.80

XV specificity 0.72

AUC, area under the curve; XV, cross-validation.
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response and include suppression of PTEN (miR23a-5p, miR-26a-
5p, miR-92a-3p), NF-κB (miR-16-5p, miR23a-5p), TLR signaling
(miR-16-5p, miR-92a-3p, miR-103a-3p), STAT3 (miR-223-3p),
T-cell activation (miR-16-5p, miR-103a-3p, miR-150-5p), and apo-
ptosis (miR-16-5p, miR23a-5p).18,35–40 Patients with uncompli-
cated recovery demonstrated more significant early suppression
of these microRNAs, suggesting that the early inflammatory re-
sponse to trauma includes downregulation of microRNAs that sup-
press immune signaling. By contrast, patients with complicated re-
covery hadmicroRNAs levels closer to healthy controls suggesting
limited suppression of these microRNAs, which may, at later time
points, be consistent with subsequent immune dysregulation asso-
ciated with complicated recovery. Prior studies in sepsis have dem-
onstrated similar findings with lower levels of microRNAs (miR-
23a-5p, miR-26a-5p, miR-26b-5p, miR-103a-3p, miR-150-5p) in
septic patients compared with healthy controls; however, sys-
temic levels of these cellular microRNAs were increased in pa-
tients with severe sepsis or sepsis mortality.16,20,37,41,42 Given
the concurrent findings between PtPs in our study and sepsis
studies, these microRNAs may yield early predictive value for
trauma patients at risk for infectious complications and poor
outcomes in trauma. Further evaluation of miR-103a-3p as a
marker ofVTE ismerited given that the association between elevated
levels of miR-103a-3p and VTE has been previously described
in patients with recurrent VTE and potential mechanisms of
action have been proposed.43

While some variations in microRNAs at T0 were noted in
PtPs with respect to baseline demographic data in this study, there
is a paucity of literature available on the associations of variables
such as age and race on expression levels of cellular microRNA in
response to inflammatory stimuli. In contrast to the findings in
our study, which demonstrated elevated miR-342-3p in African
American PtPs, Tudor et al.41 demonstrated lower levels of
systemic miR-16-5p, miR-21-3p, and miR26b-5p in African
American patients with sepsis compared with non–African
American patients and no significant difference in miR-342-3p
with respect to race in septic patients. These discordant findings
could be attributed to the timing of blood draws in trauma stud-
ies with defined on-set tissue injury and the less well-defined
onset of inflammatory stimuli from sepsis. Studies evaluating
subjects at baseline health and with underlying comorbidities
have previously demonstrated differential expression of microRNAs
based on age and race;44,45 however, given the potential broad
implications for microRNAs in the modulation of the early in-
flammatory response and disparities in trauma outcomes based
on demographics, additional studies to consider differences in
outcomes based on baseline demographics andmicroRNAs should
be considered in critically ill patients.

There are several limitations to this study. We evaluated
a selected group of microRNAs with previously demonstrated
variations based on clinical studies in sepsis13,16,19 and TBI pa-
tients.21 While prior work has been conducted to evaluate the
mechanisms of actions of these microRNAs in in vitro and in vivo
models, there is limited literature to interpret the significance of
systemic variations of these microRNAs in trauma patients. Fur-
thermore, recent studies have demonstrated that microRNAs are
pleuripotent and will have differential impacts on individual
cells types based on the clinical context.46 Finally, the compli-
cated recovery and uncomplicated recovery groups considered
in this study varied at baseline with respect to age, sex, ISS,
and mechanism of injury, as well as incidence of obesity and di-
abetes. The impact of these differences in baseline data between
the groups on systemic microRNAs remains unclear given the
overall limited associations noted between baseline variables
and microRNAs demonstrated in the multivariate model. Com-
bined clinical and preclinical studies to evaluate whole genome
noncoding RNA expression in blood samples from a diverse
group of trauma patients and in tissue and blood samples from
high fidelity animal trauma models may shed insight into the
impact of systemic variations of microRNAs and the utility of
microRNAs as biomarkers.12,47 Despite these limitations, the
data presented here show improved microRNAs detection rate
in trauma patients compared with the previously established sys-
temic cytokines and chemokines, and taken together with the
predictive value of microRNAs in this study. MicroRNAs dem-
onstrate significant potential as new biomarkers in evaluating
trauma patients at risk for recovery complications (http://links.
lww.com/TA/C627).
CONCLUSION

The dysregulated inflammatory response associated with
severe injury drastically impacts the recovery of polytrauma pa-
tients, and despite an evolving understanding of the underlying
mechanisms, the primary therapy continues to be only supportive
care for these patients. Herein the authors identified the predictive
value of early systemic levels of cellular microRNAs in poly-
trauma patients with a 99% detection rate of these microRNAs
in trauma patients. ThesemicroRNAswere found to be associated
with multiple demographic and recovery variables aswell as other
markers of the inflammatory response. Future larger clinical
studies in trauma including evaluation of genome wide non-
coding miRNAs and a broader biomarker panel at additional
time points may yield further insight into the drivers of miRNA
transcription. Preclinical experiments to evaluate therapeutic po-
tential of microRNAs in trauma models should be considered in
future studies.
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MARTIN SCHREIBER, M.D. (Portland, Oregon):

Thank you. I just want to point out that the last two papers were
both from military sites and highlight the increasing participa-
tion of the military in this meeting and increasing collaborations
with civilian institutions.

And, in fact, in the last paper from Madigan, the pigs that
go to Madigan come from Southern California and they stop in
Oregon on the way up there at OHSU and that’s where we get
our pigs from, too. And thank you. It saves us a lot of money.

It’s a great collaboration and I appreciate the opportunity
to discuss this really interesting and well-done paper.

The authors have performed a substantive analysis of pa-
tients enrolled in the tissue and data acquisition protocol,
multi-institutional database focusing on patients with an ISS
greater than 15 in whom they assessed a number of inflamma-
tory parameters to include cellular microRNAs to test the hy-
pothesis that they are predictive of a complicated recovery.

The authors did confirm an association between cellular
microRNAs and poor outcomes. I have the following comments
and questions for the authors.

It looks like there are about 1183 patients in the t-DAP
database. The authors chose 180 patients or about 6 percent of
that database to evaluate for this study. How was this 6 per-
cent of the t-DAP database selected? And could there be bias
in that selection?

The complicated recovery group is very different from the
uncomplicated recovery group with respect to many demo-
graphic characteristics, to include ISS, sex, mechanism of injury,
incidence of obesity, diabetes and ISS.
How does this potentially affect the cellular microRNA
analysis? And could this also be a bias? Could the authors have
matched patients better to take away some of this bias?

The authors refer to the patients in the study as polytrauma
patients but only the mode for abdominal AIS is greater than
zero in the uncomplicated recovery group.

This also supplies additional potential for bias as the mode
for AIS chest and abdomen is higher than zero in the compli-
cated recovery group. Please comment.

Cellular microRNAs were down-regulated in injured pa-
tients compared to controls but were up-regulated in complicated
recovery patients compared to uncomplicated recovery patients.
This seems unusual to me in that if injury down-regulates cellular
microRNAs, shouldn’t severe injury down-regulate them more?

In your study, did cellular microRNAs perform better than
standard, clinical predictors like ISS and APACHE in predicting
outcomes? And in your opinion how realistic is it to believe that
they could be used either to predict outcomes in real-life scenar-
ios or to serve as therapeutic targets now or in the future?

Thank you
ROSEMARY A. KOZAR, M.D., Ph.D. (Baltimore,

Maryland): Really nice presentation, I’m incredibly jealous of
your findings. I’ve been very interested in microRNAs after
trauma and my data is definitely not as clean as yours.

I just have a couple of quick questions for you. First, could
you how you are reporting changes in microRNAs? Are you
reporting the full difference or the CTT value or how are you ex-
pressing these?

Second, I was curious where you got your platform from
that you chose your different microRNAs. It doesn’t sound like
you did a complete array but it was a targeted array.

Really nice work and thank you very much.
DIEGOVICENTE,M.D. (Chicago, Illinois): Thank you

so much, everybody. I’m sorry I can’t be there with you all in
Atlanta but I really appreciate Dr. Pritts, Dr. Gurney, and the op-
portunity to present and then Dr. Schreiber and Dr. Kozar for
their questions.

I’ll briefly speak to the military-civilian partnerships and
collaborations. They’re phenomenally strong and I think this
project is one of those settings.

I’ll also note there are a few military folks in the audi-
ence there today and I certainly appreciate their support. I really
appreciate the AAST entertaining me as a surgical oncologist
within your presentations today, and I look forward to continu-
ing this partnership.

To address Dr. Schreiber’s questions, the 180 patients
were selected back in 2018 when we had initially conceptualized
this idea. And there were about 600 patients in the TDAP data-
base at that point.

Given that there hadn’t been a dedicated study of cellular
microRNAs within a trauma population, outside of TBI, we
didn’t know if we were going to find a signal at all and so we
started looking at which patients are we going to see that are go-
ing to demonstrate a signal, if one is available.

With that, we chose specifically patients with ventilator-
associated pneumonia or organ space infection or some equiv-
alent severe complication after polytrauma in order to start
stratifying our patients and then compared those to patients
that had no severe recovery complications.
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So cutoff from that initial analysis would have been pa-
tients with UTIs or cellulitis after trauma, that would have
counted as a complication but not necessarily given the associ-
ated inflammatory response which would have been associated
with a prolonged ICU stay which was really what wewere think-
ing about in the background.

So from the 600 patients we initially selected out about
240 patients that didn’t meet that complication. Another 180
patients were excluded based on the complication definition
and then 20 patients were excluded from not having blood
samples available and so that’s how we went from 600 down
to 180.

With regard to the question of demographics, this is abso-
lutely an important point and when we were trying to answer the
question of well, what do these cellular microRNAs mean in the
context of a patient that shows up in the trauma bay and you are
able to get an indicator of whether or not they are going to be
sick in the ICU for a long time.

We selected the patients initially but then split the
groups based on the complicated versus uncomplicated recov-
ery definition.

There were significant differences in the baseline demo-
graphics between those two groups. But, interestingly, on the
multivariate analysis and then in the standard statistical analysis
we didn’t see a lot of associations between those baseline dem-
ographics and the resulting cellular microRNAs, even when
we were using multivariate modeling.

I think it speaks to the same point as what was found in the
Glue Grant Study, which was that we all may look different at
baseline on the outside but then when you expose us to severe
trauma we do start looking more similar. And so, despite some
baseline demographic differences, they would not appear to im-
pact the cellular microRNAs.

With respect to the biases of the chest and abdominal
trauma, these studies were conducted at other institutions where
the surgical critical care initiative had ongoing protocols and so
there was a heavy selection against traumatic brain injury as
most of those patients went into another protocol.

I’ve been working on trauma databases for a while and I
still don’t have a great way to demonstrate the AIS that reflects
the ISS and mode is what our statisticians gave us their best ap-
proximation.

Separately, I can comment on the means on each of those
but at the end of the day these patients were all severely injured
with ISS well above 16.

Regarding to the overall mechanism of cellular microRNAs
being lower in the injured patients compared to controls, youwould
expect to have an ongoing titration effect of the microRNAs being
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lower in patients that hadmore severe injury or were going to go on
to have complications.

With that, you know, I’ve got to tell you the first time I re-
ceived this data analysis back from our statisticians I thought
that maybe we had flipped something and so I sent it back
for another analysis.

And, interestingly, they were absolutely right and no mat-
ter which way we ran it the folks that went on to have a compli-
cated recovery had levels of microRNAs that were closer to the
healthy controls.

Given that most of these microRNAs regulate early in-
flammatory pathways, this may speak to an early sign of im-
mune dysregulation where if you are going to have an uncompli-
cated recovery then maybe your cellular microRNAs are sup-
posed to suppress to a certain level and if they don’t that may
be speaking to the underlying mechanism that sets you up for
a dysregulated immune response and a prolonged ICU stay.

The therapeutic target applications for microRNAs I think
are absolutely huge. In the world of trauma we are developing
preclinical models in our lab and we have a lot of potential tar-
gets to look at, down-regulating inflammatory response and
modulating early responses to injury that may dampen the in-
flammatory response and maybe give us a chance of mitigating
some of the consequences.

I think there are ongoing therapeutic miRNA clinical trials
in auto-immune diseases and certainly in the oncology world that
are demonstrating some promising results. And so I think that
microRNAs are going to make their way into trauma, as well.

To Dr. Kozar’s questions, how we expressed these levels
was in arbitrary units. The reason that it’s listed under arbitrary
units is how we evaluated them with Abcam in their multiplex
assays so it’s not strictly a QPCR assay. I can send you further
information from Abcam on how that is conducted.

The reason for the arbitrary units is that we did not follow
the typical standard curve analysis but, rather, this was a relative
comparison for an exploratory study.

Finally, I think the last question from Dr. Kozar was how
did we select these targets. And, basically, I went down the same
pathways that I did when I was developing these biomarker
panels and I was a resident in Dr. Elster’s lab a few years ago.

I looked at the relevant inflammatory pathways, then most
likely microRNAs that would be involved in those pathways,
and then I was able to customize a biomarker panel based on
these microRNAs with the folks at Abcam.

I think that covers all of the previously-presented ques-
tions. Once again, thank you all for this presentation and thank
you for the surgical critical care initiative folks for all their sup-
port on this project.


