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BACKGROUND. Prehospital plasma improves survival in severely injured patients transported
by air ambulance. We hypothesized that prehospital plasma would be associated with a
reduction in immune imbalance and endothelial damage.

METHODS. We sampled blood from 405 trauma patients enrolled in the Prehospital Air Medical
Plasma (PAMPer) trial upon hospital admission (0 hours) and 24 hours post admission across

6 U.S. sites. We assayed samples for 21 inflammatory mediators and 7 markers associated with
endothelial function and damage. We performed hierarchical clustering analysis (HCA) of these
biomarkers of the immune response and endothelial injury. Regression analysis was used to control
for differences across study and to assess any association with prehospital plasma resuscitation.

RESULTS. HCA distinguished two patient clusters with different injury patterns and outcomes.
Patients in cluster A had greater injury severity and incidence of blunt trauma, traumatic brain
injury, and mortality. Cluster A patients that received prehospital plasma showed improved 30-
day survival. Prehospital plasma did not improve survival in cluster B patients. In an adjusted
analysis of the most seriously injured patients, prehospital plasma was associated with an
increase in adiponectin, IL-13, IL-17A, 1L-23, and IL-17E upon admission, and a reduction in
syndecan-1, TM, VEGF, IL-6, IP-10, MCP-1, and TNF-o, and an increase in IL-33, IL-21, IL-23, and
IL-17E 24 hours later.

CONCLUSION. Prehospital plasma may ameliorate immune dysfunction and the endotheliopathy of
trauma. These effects of plasma may contribute to improved survival in injured patients.

TRIAL REGISTRATION. NCT01818427.

FUNDING. Department of Defense; National Institutes of Health, U.S. Army.
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Introduction

Injury and the associated hemorrhagic shock are leading causes of death (1). Emerging evidence
suggests that damage-control resuscitation strategies — which prioritize blood-component products,
including plasma, platelets, and packed RBCs (PRBCs) over crystalloid fluids — improve survival
following severe injury (2, 3). It is hypothesized that hemostatic resuscitation may prevent down-
stream complications of trauma, including coagulopathy, irreversible shock, and derangements to
the immune response (4). Studies from military settings demonstrate the importance of intervening
early (5). Thus, it was hypothesized that the administration of plasma in civilian prehospital settings
would improve survival as compared with conventional crystalloid resuscitation. The Prehospital
Air Medical Plasma (PAMPer) trial, a pragmatic, multicenter, cluster-randomized, phase 3 supe-
riority trial, demonstrated that prehospital plasma fluid resuscitation reduces 30-day mortality in
severely injured trauma patients at risk for hemorrhagic shock and transported by air ambulance
(6). However, the biological mechanisms conferring this survival benefit remain uncertain, making
it challenging to identify patients who are at the greatest risk of death and those who would benefit
from early and targeted interventions.

Tissue injury induced by massive trauma results in damage and stress to the endothelium (7). Dam-
age-associated molecular patterns (DAMPs) released by damaged and stressed tissues activate innate
immune responses, including the extracellular release of immune mediators (8—10). While most inflam-
matory mediators are pleiotropic in their functions, some can be defined as predominantly inflammato-
ry, antiinflammatory, or reparative (11). Abrupt changes in the levels of circulating markers of immune
and endothelial cell activation occur quickly after injury and correspond to quantitative and qualitative
aspects of the human response to injury (10, 12—-15). For example, the dysregulation of immune respons-
es leads to worsening short-term (<24 hours) and long-term (>30 days) outcomes related to infection
(16), persistent illness (17), and mortality (18). The dynamic patterns of immune mediator levels have
been correlated with injury characteristics (10), patient demographics (19, 20), and outcomes (16, 21).
Likewise, endothelial proteins such as syndecan-1 and thrombomodulin (TM) have been used to assess
the degree of endothelial glycocalyx damage and to predict mortality following trauma (22-24). The
immune system and endothelium operate in concert in the host response to injury; therefore, an impair-
ment in one of these systems would be expected to manifest as detectable alterations in the other. Princi-
pal component analysis (PCA) and hierarchical clustering analysis (HCA) of markers of inflammation
in trauma patients may distinguish important molecular and clinical patterns (16).

The host response to injury can manifest as a cycle of barrier stress, inflammation, and dan-
ger signaling, but whether prehospital plasma mitigates these processes is uncertain. Previous
research in laboratory experiments and animal models has suggested that plasma may have pro-
tective properties (12), acting to restore the glycocalyx (25), reduce endotheliopathy (26), and
decrease vascular hyperpermeability (27, 28). Endothelial dysfunction is thought to underlie
imbalances in perfusion, coagulation (12), and inflammation and has been implicated as a uni-
fying force in biological responses to injury (15, 29). However, no human study has assessed the
effect of plasma on the endotheliopathy of trauma (12, 30). Therefore, the extent to which pre-
hospital plasma alters aberrant immune or endothelial responses in humans is not known.

In a post hoc analysis of the PAMPer study, we sought to determine whether circulating
markers of inflammation and endothelial damage are associated with prehospital plasma admin-
istration and clinical outcomes. We hypothesized that trauma patients who receive prehospital
plasma would be less likely to suffer from dysregulated immune responses and have reduced
endothelial damage. Here, we present evidence in humans suggesting a favorable effect of pre-
hospital plasma on the evolution of inflammatory responses and the endotheliopathy of trauma.

Results

Sampled cohort mirrors the PAMUPer trial cohort. We obtained blood samples from patients enrolled the
PAMPer trial (Figure 1). Sampling was not feasible in some patients due to time-sensitive procedures
or early death. These patients without blood samples did not differ in injury severity score (ISS) but
did have higher 24-hour mortality. Missing samples did not vary across randomized arms, and the
comparison of patients in the standard care and plasma arms mirrors the comparison of patients in
the overall PAMPer cohort (Table 1) (6).
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https://doi.org/10.1172/jci.insight.135350

. CLINICAL MEDICINE

insight.jci.org

Unadjusted comparison of inflammatory mediators and endothelial damage markers. We first com-
pared circulating levels of 21 inflammatory mediators and 7 endothelial markers for all sampled
patients enrolled in the PAMPer trial at 0 and 24 hours as a function of survival. In this unadjusted
analysis, mean concentrations did not differ across the plasma and standard care arms. However,
immune mediators and endothelial markers were associated with 24-hour (not shown) and 30-day
mortality (Figure 2). Most markers differed for survivors at admission (18 immune mediators, 4 endo-
thelial markers), while most endothelial markers also differed 24 hours later (7 immune mediators, 5
endothelial markers). Survivors had lower concentrations of some proinflammatory mediators includ-
ing IL-6 and several endothelial damage markers such as syndecan-1. Survivors were associated with
higher concentrations of other mediators, including IL-1f, IL-17A, IL-23, and IL-33.

Clustering analysis based on early biomarker concentrations stratifies patients with different inju-
ry patterns and outcomes following prehospital plasma resuscitation. In order to assess the earliest
dynamic molecular immune responses occurring within hours of injury and prehospital plasma
administration, we employed HCA based on principal components (16). Clusters were determined
using only the earliest, hospital admission values of key markers of immune function and endo-
thelial damage. HCA resulted in 2 primary clusters, cluster A (n = 158) and cluster B (n = 179),
each with different injury severity and type, biomarker patterns, and clinical outcomes (Figure 3).
Cluster A patients are defined by lower levels of some mediators, including IL-22 and IL-33, and
higher levels of other mediators, including proinflammatory IL-6 and endothelial damage markers
syndecan-1, TM, and VEGF. Cluster B patients exhibit less endothelial damage and more of a
reparative, T cell-mediated immune response. Additionally, most reparative or T cell mediators
clustered together, and most damage or innate immune mediators clustered together, although not
every biomarker fits this distinction (e.g., TNF-o and GM-CSF).

Overall, patient demographics did not differ across clusters, and neither cluster included
more prehospital plasma patients. However, HCA did distinguish injury patterns. Patients in
cluster A had higher injury severity (median ISS, 23.00 [interquartile range (IQR) 17.00, 34.00]
versus 17.00 [IQR 10.00, 27.00], P < 0.001). Patients in cluster A were also more likely to suffer
blunt trauma and traumatic brain injury (TBI), while patients in cluster B were more likely to
suffer penetrating trauma. Mortality (24-hour and 30-day), incidence of coagulopathy, ventila-
tor days, and 24-hour transfusion requirements were greater for cluster A (Table 2). HCA also
identified a group of patients associated with more severe injury and a survival benefit follow-
ing prehospital plasma. Cluster A patients who received prehospital plasma showed improved
30-day survival (P = 0.016), while prehospital plasma did not alter survival in cluster B patients
(P = 0.66) (Figure 4). Patients grouped by neutrophil to platelet ratio (NPR) as a proxy for
systemic inflammation (not shown) did not differ in injury characteristics or outcomes. HCA
provides a unique method by which to understand the dynamic molecular immune patterns
and responses to interventions in injured patients.

Prehospital plasma is associated with modified immune mediator patterns and reduced endothelial dam-
age in the most severely injured patients. We hypothesized that injury severity may be associated with
some of the differences observed between clusters A and B derived from our HCA results. We expand-
ed our analysis in order to assess whether these differences vary across study arms among the most
severely injured patients. We assessed polynomial regression curves using locally estimated scatter
plot smoothing (LOESS) to explore and visualize possible relationships between ISS and admission
biomarker concentrations among survivors. Figure 5 illustrates that circulating levels of immune
mediators IL-6 and monocyte chemoattractant protein-1 (MCP-1), and endothelial damage markers
syndecan-1 and VEGF, may increase with increasing ISS for the standard care group. However, con-
centrations of these biomarkers may decrease with increasing ISS (>30) for the plasma group, suggest-
ing that there may be a greater response to plasma in patients with greater injury severity. These results
are exploratory in nature but were robust across fitting parameters and consistent with HCA results.

Based on HCA and the above relationships, we hypothesized that injury patterns and sever-
ity may affect the observed biological responses to prehospital plasma. To further explore this
relationship, we evaluated patterns of circulating inflammatory mediators and endothelial injury
markers in the most severely injured subgroup (75th percentile ISS, >30) and adjusted for known
differences across arms of the trial near the time of randomization.

https://doi.org/10.1172/jci.insight.135350 3
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Figure 1. Consort diagram. Screening, randomization, follow-up, and biomarker sampling.

In this adjusted analysis, elevated admission levels of adiponectin, IL-1p3, IL-17A, IL-23, and
IL-17E were associated with prehospital plasma (Table 3). Except for adiponenctin, which did not

differ for survivors and nonsurvivors, these markers were also higher for survivors at 0 hours.
Levels of 10 biomarkers also differed at 24 hours following admission (Table 4). Estimated coeffi-

cients reveal that plasma was associated with a reduction in endothelial damage markers syndecan-1,
TM, and VEGF; a reduction in proinflammatory mediators IL-6, IFN-y—inducible protein 10 (IP-10),
MCP-1, and TNF-a; and an increase in a subset of immune mediators that include IL-33, IL-21,
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Table 1. A comparison of demographics, injury and prehospital characteristics, and outcomes for the standard care and plasma arms in

the cohort sampled for biomarker analyses.

Variable

Demographics
Age (median [IQR])
Sex (% male)
Race (%)
White
Black
Asian
Other
Unknown
Injury characteristics
GCS (median [IQR])
GCS <8 (%)
ISS (median [IQR])
Head AIS (median [IQR])
TBI (%)
SBP <70 (%)
Blunt injury (%)
Penetrating injury (%)
Prehospital
Intubation (%)
CPR (%)
Crystalloid (median [IQR])
PRBC (median [IQR])
Blood (%)
Transport time (median [IQR])
Transferred from facility (%)
Hospital
INR (median [IQR])
PRBC in 24h (median [IQR])
Plasma in 24h (median [IQR])
Platelets in 24h (median [IQR])
Crystalloid in 24h (median [IQR])
Vasopressors 24h (%)
Massive transfusion (%)
Outcome
30-day mortality (%)
24-hour mortality (%)
Coagulopathy (%)
MOF (%)
ICU LOS (median [IQR])
Hospital LOS (median [IQR])
Vent days (median [IQR])

To calculate P values for between-g
test for nonparametric, continuous

Standard care Plasma P
(n=217) (n=188)
47.00 (26.00, 60.00) 44.00 (30.75, 59.50) 0.86
158 (72.8) 133 (70.7) 0.73
184 (84.8) 170 (90.4) 0.31
20(9.2) 10 (5.3)
1(0.5) 0(0.0)
6(2.8) 2 (11)
6(2.8) 6(3.2)
12.00 (3.00, 15.00) 12.00 (3.00, 15.00) 0.57
94 (43.3) 79 (42.0) 0.87
22.00 (12.00, 29.00) 22.00 (13.50, 33.50) 0.41
1.00 (0.00, 3.00) 2.00(0.00, 3.00) 0.65
74 (34.1) 59 (31.4) 0.64
104 (47.9) 83 (44.1) 0.51
183 (84.3) 152 (80.9) 0.43
38 (17.5) 39 (20.7) 0.48
101 (46.5) 85 (45.2) 0.87
6(2.8) 5(2.7) 1
940.00 (0.00, 1500.00) 500.00 (0.00, 1212.50) 0.004
0.00 (0.00, 2.00) 0.00 (0.00, 0.00) 0.001
129 (59.4) 142 (75.5) 0.001
40.00 (33.00, 51.00) 43.00 (35.00, 53.00) 0.092
50 (23.) 42 (22.5) 0.96
1.30 (110, 1.60) 1.20 (110, 1.30) <0.001
4.00 (1.00, 8.00) 3.00(0.00, 7.00) 0.049
0.00(0.00, 4.00) 0.00 (0.00, 3.00) 0.38
0.00 (0.00, 1.00) 0.00 (0.00, 1.00) 0.12
4875.00 (3047.00, 7510.00) 4762.50 (2500.75, 6891.00) 0.23
122 (56.2) 93 (49.5) 0.21
50 (23.0) 32 (17.0) 0.17
58 (26.7) 30 (16.0) 0.034
31(14.3) 11(5.9) 0.009
104 (48.1) 81(43.5) 0.41
135 (62.2) 132 (70.2) 0.1
5.00 (1.75, 11.00) 6.00(2.00, 13.25) 0.096
9.00 (3.00, 21.00) 13.00 (6.00, 24.00) 0.018
2.00(1.00, 8.00) 3.00(1.00, 10.00) 0.19

roup comparisons, we performed the following tests: Pearson’s 2 test for categorical variables; the Mann-Whitney U
variables with 2 or fewer group; and the Kruskal-Wallis test for nonparametric, continuous variables with more than 2

groups. GCS, Glasgow coma score; ISS, injury severity score; AlS, abbreviated injury score; TBI, traumatic brain injury; SBP, systolic blood pressure; PRBC,
packed red blood cells; INR, international normalized ratio; MOF, multiple organ failure; ICU, intensive care unit; LOS, length of stay.

insight.jci.org  https://doi.org/

1L-23, and IL-17E. Thus, after controlling for differences across arms within the patients with highest
injury severity, plasma is associated with lower levels of certain proinflammatory mediators and high-
er levels of other mediators, some of which are associated with repair and regeneration (e.g., IL-33
and IL-17E). Coefficients for endothelial damage markers syndecan-1, TM, and VEGF were also low-
er in the plasma group (4).Therefore, among the most severely injured patients, prehospital plasma is
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Figure 2. Circulating inflammatory and endothelial marker concentrations measured at 0 and 24 hours for 30-day survivors and nonsurvivors.
Lines within the bars represent medians. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles).
The whiskers extend from the hinge to the smallest and largest values, no further than 1.5x IQR from the hinge (where IQR is the interquartile
range). The asterisks denote significantly different (P < 0.05) time points as calculated by the Mann-Whitney U test. All inflammatory mediators
are reported in pg/mL, except IL-23, which is reported in ng/mL. We report adiponectin, S100A10, suPAR, syndecan-1, and TM, in ng/mL, and VEGF
in pg/mL. DNA (histone-complexed) is reported as relative units. Oh inflammatory mediators, n = 361; 24h inflammatory mediators, n = 312; Oh
endothelial markers n = 359; 24h endothelial markers, n = 316.

associated with a change in inflammatory mediator expression patterns and a reduction in endothelial
damage by 24 hours, some of which may be a result of early immune mediator differences.

Discussion

Prehospital plasma improved survival in trauma patients transported by air ambulance (6). The
reasons for this survival benefit are unknown; however, several underlying mechanisms have been
hypothesized (4, 31). For example, plasma may attenuate inflammation (32), immune dysfunction
(28), and endothelial damage (12, 26). In this study, immune mediators and endothelial damage

insight.jci.org  https://doi.org/10.1172/jci.insight.135350 6
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Figure 3. Heatmap of scaled hospital admission marker concentrations corresponding to patients (n = 337) in the cluster dendrogram. Clusters
are denoted by A and B. Dark gray lines next to patients correspond to patients who received prehospital plasma, and light gray lines correspond
to patients who received standard care resuscitation. Markers of inflammation (circles) and endothelial damage (triangles) form clusters (denoted
1and 2) along the top and are labeled along the bottom of the heatmap. Higher-scaled values are represented by darker red lines, and low-
er-scaled values are represented by darker blue lines.

insight.jci.org

markers are altered in trauma patients who receive prehospital plasma and survive. An adjusted
analysis of the most severely injured patients reveals that patients who received plasma had low-
er concentrations of markers of endothelial damage and proinflammatory mediators, suggest-
ing a possible mechanism for the plasma benefit. Prehospital plasma may narrow the imbalance
between proinflammatory and protective cytokines, and a reduction in endothelial cell damage
may be a key factor in mitigating this response. This is the first translational evidence in humans

https://doi.org/10.1172/jci.insight.135350 7
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Table 2. Comparison of variables for patients in clusters A and B

Variable

Demographics
Age (median [IQR])
Sex (% male)
Race (%)
White
Black
Asian
Other
Unknown
Injury characteristics
GCS (median [IQR])
GCS <8 (%)
ISS (median [IQR])
Head AIS (median [IQR])
TBI (%)
SBP <70 (%)
Blunt injury (%)
Penetrating injury (%)
Prehospital
Intubation (%)
CPR (%)
Crystalloid (median [IQR])
PRBC (median [IQR])
Blood (%)
Transport time (median [IQR])
Transferred from facility (%)
Hospital
INR (median [IQR])
Transfusion in 24h (median [IQR])
PRBC in 24h (median [IQR])
Plasma in 24h (median [IQR])
Platelets in 24h (median [IQR])
Crystalloid in 24h (median [IQR])
Vasopressors 24h (%)
Massive transfusion (%)
Outcome
30-day mortality (%)
24-hour mortality (%)
Coagulopathy (%)
MOF (%)
ICU LOS (median [IQR])
Hospital LOS (median [IQR])
Vent days (median [IQR])

Cluster A
(n =158)

45.00 (30.00, 62.00)
18 (74.7)

143 (90.5)
7(4.4)
1(0.6)
3(1.9)
4(2.5)

8.00 (3.00, 15.00)
81(51.3)
23.00 (17.00, 34.00)
2.00(0.00, 3.75)
63(39.9)
81(51.3)
141(89.2)

18 (11.4)

81(51.3)

9(5.7)
1000.00 (0.00, 1600.00)
0.00 (0.00, 1.00)
52(32.9)

4150 (31.25, 55.75)
35(22.2)

1.31(1.20, 1.60)
7.00 (2.00, 16.00)
4.50 (2.00, 8.00)
2.00 (0.00, 5.00)

0.00 (0.00, 1.00)
5001.00 (3500.00, 7235.50)
104 (65.8)

38 (24.1)

46 (30.3)

27 (17)

94 (59.5)

106 (67.1)
6.00 (2.00, 14.00)
12.50 (4.25, 27.00)
3.00 (1.00, 11.00)

Cluster B
(n =179)

48.00 (30.00, 60.50)
130 (72.6)

154 (86.0)
17 (9.5)
0(0.0)
3(1.7)
5(2.8)

14.00 (3.00, 15.00)
62 (34.6)
17.00 (10.00, 27.00)
0.00(0.00, 3.00)
47 (26.3)

77 (43.0)

137 (76.5)

46 (25.7)

70 (39.1)
0(0.0)
£00.00 (0.00, 1200.00)
0.00 (0.00, 1.00)
57 (31.8)
41.00 (34.25, 50.00)
40 (22.5)

119 (110, 1.32)
3.00 (0.00, 10.00)
2.00 (0.00, 6.00)
0.00(0.00, 2.00)

0.00 (0.00, 0.50)
4340.00 (2849.50, 6546.00)
83 (46.4)

28 (15.6)

28 (16.7)

10 (5.6)

67 (37.9)

110 (61.5)
4.00(2.00,10.00)
10.00 (4.00, 20.00)

2.00 (1.00, 7.00)

0.89
0.76

0.36

0.003
0.003
<0.001
0.044
0.01
0.16
0.004
0.001

0.033
0.004
0.17
0.75
0.93
0.74

<0.001
<0.001
<0.001
<0.001
0.004
0.025
0.001
0.07

0.006
0.001
<0.001
0.336
0.057
042
0.025

Demographics, injury characteristics, prehospital interventions, and outcomes. To calculate P values for between-group comparisons, we performed the
following tests: Pearson’s x2 test for categorical variables; the Mann-Whitney U test for nonparametric, continuous variables with 2 or fewer group; and the
Kruskal-Wallis test for nonparametric, continuous variables with more than 2 groups. GCS, Glasgow coma score; ISS, injury severity score; AlS, abbreviated
injury score; TBI, traumatic brain injury; SBP, systolic blood pressure; PRBC, packed red blood cells; INR, international normalized ratio; MOF, multiple organ
failure; ICU, intensive care unit; LOS, length of stay.

to suggest that prehospital plasma may intervene on the underlying biology of trauma. We sug-

gest that these markers of inflammation and tissue damage reveal associations that may improve

our understanding of how prehospital plasma affects aberrant immune responses and improves

survival following trauma.
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Figure 4. Kaplan Meier survival curves for cluster A and cluster B. Cluster A, n =158, log-rank, P = 0.016.
Cluster B, n =179, log-rank, P = 0.66. Time is in hours (to 30 days).

In our analysis, PCA and HCA identified clinically relevant patterns in immune function
and endothelial damage. Although raw circulating inflammatory mediator and endothelial dam-
age marker concentrations did not differ across arms of the PAMPer trial, it has been shown
that computational methods are necessary to distinguish patient phenotypes (33) and underly-
ing dynamic responses of the immune system (16). In this study, survival following prehospital
plasma differed for patients clustered by hospital admission values of inflammatory mediators
and endothelial damage markers. In the more severely injured cluster, plasma was associated
with improved survival, whereas mortality did not differ with plasma administration in the less
severely—injured cohort. This stratification may reflect differences in treatment or host response
to prehospital interventions following trauma. In prior studies, multiple measurements made over
24 hours were needed in order to establish patient clusters (16). Our unbiased clustering analysis
demonstrates that a single measurement made upon admission distinguishes clinically relevant
groups of patients. This approach may improve predictive capacity following injury or inform the
prospective stratification of patients for early interventions.

Markers of inflammation and endothelial damage may also suggest mechanisms by which patients
benefit from prehospital plasma. We found potentially important relationships among the 7 markers
of endothelial damage and the 21 inflammatory mediators in our panel. Several mediators linked
with the proinflammatory response were higher in severely injured patients who exhibited evidence
of endothelial injury, while other mediators were significantly higher when endothelial injury markers
were suppressed. Cytokines such as IL-33 and IL-17E (IL-25), known to be involved in epithelial
cell repair (34, 35), were higher in the plasma group. A plasma-associated increase in IL-23, a
driver of TH17 cell differentiation (18), was also observed. Based on these findings, it is reason-
able that plasma had less of an effect in the cluster B patients, who had overall greater survival
and less endothelial injury than cluster A. We hypothesize that plasma may suppress endotheli-
al injury — and subsequent inflammation — and activate a reparative response. However, this
requires further exploration in mechanistic models.

Prehospital plasma appears to have a beneficial, pleiotropic effect on endotheliopathy.
In our analysis, plasma was associated with lower concentrations of circulating syndecan-1,
TM, and VEGTF, reflecting a reduction in damage to the glycocalyx, the protein C system, and
the tight junctions, respectively (29). While the link between plasma and glycocalyx integrity
remains poorly understood, our results are consistent with previous animal and laborato-
ry studies that suggest that plasma may protect the glycocalyx following trauma (12, 36).
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Figure 5. Early (0 hours) inflammatory and endothelial marker concentrations plotted against injury severity score (ISS) in patients who
survived to 30 days. Gray triangles represent patients in the standard care arm, and red circles represent patients in the prehospital plasma arm.
Shading represents the 95% Cl. Inflammatory mediators IL-6 and MCP-1 are reported in pg/mL (n = 263). Endothelial marker syndecan-1is reported
in ng/mL, and VEGF is reported in pg/mL (n = 262).

Because the half lives of syndecan-1 and TM are short, persistently elevated levels may indi-
cate sustained production (37). Our analysis also demonstrated a plasma-associated increase
in adiponectin upon admission. It has been previously suggested that resuscitation with plas-
ma increases adiponectin, which may protect vascular barrier function (38). These results
suggest that prehospital plasma may protect or restore the endothelium following severe inju-
ry. The current analysis is the first to our knowledge to demonstrate any prehospital plas-
ma—associated change in inflammatory mediators and endothelial markers in human trauma
patients. Figure 6 illustrates the proposed relationships between the endothelium, immune
response, and prehospital resuscitation following injury. Based on the results of HCA and
adjusted analyses of the most severely injured patients, we depict a possible mechanism for
the survival benefit following prehospital plasma.

Our results suggest that the timing of marker expression patterns is important and war-
rants further investigation. Prehospital plasma was associated with reduced endothelial dam-
age 24 hours following admission; however, this effect was not apparent at 0 hours. Although
the timing of biological responses to trauma is poorly understood, immune markers change
quickly following trauma (14), may decrease significantly within 24 hours (39, 40), and exhibit
heterogeneous response times (41). We hypothesize that traumatic injury and fluid resuscita-
tion trigger both immediate and delayed changes in immune and damage expression patterns.
It is possible that there may also be a dose-dependent aspect to plasma resuscitation and that
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Table 3. Model estimated coefficients for hospital admission markers

Marker
Adiponectin
IL1B
IL17A
1L-23
IL17E
MCP-1
VEGF
IL-6
1L-22
IL-8
IL-2
IL-33
IL-21
1L-27
IL-9
HcDNA
IL-5
IP-10
IL-4
GM-CSF
IL-7
™
TNF-a
MIG
Syndecan-1
suPAR
IL-10
S100A10

Type Coefficient P
E 1749.00 0.016
| 2.59 0.020
| 4.04 0.033
| 5.78 0.035
| 88.64 0.047
| -1147.22 0.051
E -192.31 0.069
| -232.14 0.085
| 268.47 0.094
| -78.63 01
| 116 013
| 29.38 0.14
| 18.55 0.15
| 282.28 017
| 745 017
E -9.80 017
| 0.77 0.20
| -592.35 0.21
| 13.20 0.21
| 4.25 0.23
| 414 0.32
E 0.40 0.55
| -4.50 0.56
| 4119.83 0.63
E -6.73 0.66
E 0.09 0.74
| -34.79 0.81
E -0.01 0.99

Coefficient value represents the amount by which the marker is lower (negative coefficient) or higher (positive coefficient) in the plasma group relative

to the standard care group in each marker’s respective units of measurement. Inflammatory mediators are reported in pg/mL, except IL-23, which is
reported in ng/mL. Adiponectin, ST00A10, suPAR, syndecan-1, and TM are reported in ng/mL, and VEGF is reported in pg/mL. HcDNA is reported as relative
units. Type refers to marker of immune function (I) or endothelial damage/function (E). Markers are sorted by P value (low to high). Model coefficients
were calculated using robust standard errors with a sandwich estimator to account for clustering by randomization site. IL, interleukin; MCP, monocyte
chemoattractant protein; VEGF, vascular endothelial growth factor; HCDNA, histone-complexed deoxyribonucleic acid; IP, IFN-y-inducible protein; GM-CSF,
Granulocyte-macrophage colony-stimulating factor; TM, thrombomodulin; TNF, tumor necrosis factor; MIG, monokine induced by gamma interferon;
suPAR, soluble urokinase-type plasminogen activator receptor.

patients benefit after receiving a threshold fluid volume. The time course of endothelial dam-
age differences in the plasma group paired with the improved survival add further weight to
amelioration of endothelial damage as a potential mechanism of the survival benefit, rather
than being simply an injury severity marker.

Taken together, our results may partly explain clinical outcomes previously observed. The
PAMPer trial showed a survival advantage for patients who received prehospital plasma (6);
however, other studies have shown no survival benefit associated with prehospital plasma (42).
This discordance may be due to differences in patient populations and injury patterns. In our
analyses, the most severely injured trauma patients who experienced blunt trauma and TBI
showed the greatest improvement in survival following prehospital plasma. This suggests that,
with greater injury severity (and presumably greater shock severity and endothelial damage),
there may be an increased benefit of plasma. Previous work has also suggested that injury
severity may differentially affect inflammatory responses (43). Moreover, it has been previous-
ly shown that the most severely injured patients transported by air ambulance who received
prehospital blood products have the greatest reduction in risk of death (5, 44). Therefore, it
is possible that the PAMPer trial was enriched in an inherently more responsive subgroup of
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Table 4. Model estimated coefficients for markers 24 hours following admission

Marker
VEGF
Syndecan-1
IL-33
IL-17E
IL-23
IP-10
IL-21
IL-6
™
TNF-a
MCP-1
MIG
=5)
Adiponectin
suPAR
IL-8
IL-10
HcDNA
1L-22
IL-2
IL1B
IL-4
IL-5
GM-CSF
S100A10
IL-27
IL-7
IL-17A

Type Coefficient P
E -405.48 0.0008
E -43.65 0.0047
| 37.73 0.0048
| 7414 0.0072
| 543 0.0077
| -859.04 0.0Mm
| 21.94 0.0m
| -1771.66 0.014
E -3.24 0.016
| -38.24 0.021
| -963.76 0.025
| -5214.44 0.055
| 15.32 0.058
E 997.99 0.071
E =i,/ 0.07
| -550.86 0.074
| -885.34 0.16
E -4.47 018
| 138.08 0.21
| -1.20 0.24
| -4.00 0.27
| 9.40 0.31
| -0.94 0.36
| -11.18 0.36
E -0.25 0.38
| 196.84 0.42
| 1.36 0.62
| 0.86 0.65

Coefficient value represents the amount by which the marker is lower (negative coefficient) or higher (positive coefficient) in the plasma group relative

to the standard care group in each marker’s respective units of measurement. Inflammatory mediators are reported in pg/mL, except IL-23, which is
reported in ng/mL. Adiponectin, ST00A10, suPAR, syndecan-1, and TM are reported in ng/mL, and VEGF is reported in pg/mL. HcDNA is reported as relative
units. Type refers to marker of immune function (I) or endothelial damage/function (E). Markers are sorted by P value (low to high). Model coefficients
were calculated using robust standard errors with a sandwich estimator to account for clustering by randomization site. IL, interleukin; MCP, monocyte
chemoattractant protein; VEGF, vascular endothelial growth factor; HCDNA, histone-complexed deoxyribonucleic acid; IP, IFN-y-inducible protein; GM-CSF,
Granulocyte-macrophage colony-stimulating factor; TM, thrombomodulin; TNF, tumor necrosis factor; MIG, monokine induced by gamma interferon;
suPAR, soluble urokinase-type plasminogen activator receptor.

patients. Consistent with our HCA results, other secondary analyses of the PAMPer trial have
shown that the survival benefit of prehospital plasma is principally in blunt, as compared with
penetrating, trauma patients (45). Patients with penetrating trauma likely had more hemor-
rhage, while patients with blunt injuries likely had more endotheliopathy. Thus, we hypothesize
that the patients who showed the greatest increase in survival following plasma were those who
were most likely to experience endothelial dysfunction.

The clinical data collected for this study are from a multicenter randomized trial. How-
ever, this study involves a secondary analysis of prospective data and has several limitations.
Samples were not collected specifically for characterizing underlying mechanisms involved in
plasma resuscitation. Only a subset of cytokines and no endothelial cell markers were specified
a priori. This exploratory analysis did not adjust for multiple comparisons. Microvascular dys-
function is a key component of shock, but our measurements are limited to circulating fluids.
Systemic plasma level measurements may not reflect the local milieu, and the absence of a
systemic change may not imply a lack of effect. The roles of the inflammatory mediators and endothelial
damage markers are simplified in this study. Some markers may have nonspecific origins or functions,
and more mechanistic studies are needed in order to determine the functional relationship between plas-
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represented as previously depicted (10).

ma, the mediators studied, and mortality. However, samples were taken immediately following acute,

severe injury, presumably before other complex interactions have manifested in these patients. The

LOESS curves are exploratory and may be sensitive to smoothing parameters and the small sample sizes

at the highest ISS values. The limitations of sampling and variability in pre- and in-hospital factors (pre-

hospital times and provider-level differences) introduce bias. The majority of hospital admission samples

were collected within the first 3 hours following admission; however, markers of immune function and

endothelial damage may be in different phases of the response to trauma. The source and age of donor

plasma may be a potential confounder, but no unit of plasma was older than 4 days, and we found no dif-

ferences in clinical outcome associated with plasma age in the PAMPer trial. Many of our results are

hypothesis generating and require further mechanistic assessment. We cannot prove responsiveness

or definitively ascertain an underlying mechanism. For instance, it is possible that prehospital plas-

ma reduces the volume of prehospital crystalloid, thereby decreasing endothelial injury, as shown in
sepsis patients (46). Conclusions of this study are also limited by survivor bias and by the fact that

samples could not be collected from patients prior to injury or intervention. Finally, a spectrum bias

exists, as some patients did not receive additional lab samples due to early death or time-sensitive

interventions. However, this would tend to bias our findings to the null.

HCA based on inflammatory mediator and endothelial marker concentrations measured

upon hospital admission defines groups of patients with different injury patterns, outcomes, and surviv-

al following the administration of prehospital plasma. Regression analysis reveals that the most severely

injured patients who received prehospital plasma express different inflammatory mediator and endothe-

lial marker patterns. Our results suggest that prehospital plasma may attenuate inflammation and reduce

endothelial damage, thereby leading to a survival benefit. Future mechanistic studies will be important

for understanding these differences.
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Methods

Trial design and study population. The PAMPer trial was a prospective, randomized trial designed to
test the effect of administering prehospital plasma to severely injured trauma patients on air ambulanc-
es within approximately 1 hour of injury and prior to arrival at the hospital. We randomized patients
by air ambulance base to receive either standard care fluid (crystalloid or crystalloid and PRBCs)
resuscitation or 2 units of freshly thawed plasma, followed by the standard care fluid resuscitation.
The full study protocol is publicly available (https://clinicaltrials.gov/ct2/show/NCT(01818427).

Sample collection and measurement. We collected blood samples from PAMPer trial patients upon
hospital admission (the first blood draw, referred to as 0 hours) and at 24 hours after admission. We
assayed plasma collected at 0 and 24 hours for 21 inflammatory mediators and 7 putative endothelial
damage markers or markers hypothesized to be involved with endothelial function.

Inflammatory mediators were assayed using a Luminex MAGPIX (Luminex, Luminex
Corp). GM-CSF, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-17A, IFN-y—IP-10, MCP-1
(MilliporeSigma), and TNF-a were measured using a MilliporeSigma 13-plex kit (catalog HCY-
TOMAG-60K). IL-9, IL-17E/IL-25, IL-21, IL-22, 1L-23, IL-27, and IL-33 (MilliporeSigma)
were measured using a MilliporeSigma 7-plex kit (catalog HTH17Mag-14k). Monokine induced
by IFN-y (MIG) was measured using a separate MilliporeSigma kit (catalog HCYP3MAG-63K).
‘We report all inflammatory markers in pg/mL except IL-23 (reported in ng/mL).

Damage markers adiponectin, histone-complexed DNA (HcDNA) fragments, human S100
calcium-binding protein A10 (S100A10), soluble urokinase receptor (suPAR), syndecan-1, TM,
and vascular endothelial growth factor (VEGF) were assayed by commercially available immu-
noassays in EDTA plasma according to the manufacturer’s recommendations as previously report-
ed (15). We analyzed soluble biomarkers representing damage to the glycocalyx (syndecan-1, cat-
alog 950.640.192, lot no. 0138-62 + 0138-66, Nordic Biosite ApS), endothelium (TM, catalog
850.720.192, lot no. 0141-47, Nordic Biosite ApS), and endothelial tight-junction (VEGF-R1/
Flt-1, catalog DVR100C, lot no. P186961, Bio-Techne). We also analyzed markers of cell death as
cell-free DNA (HcDNA, catalog 11774425001, lot no. 29876600, Sigma-Aldrich), immunologically
active endothelial cells (suPAR, catalog E001, lot no. XS2141, suPARnostic, ViroGates), mediators of
fibrinolysis (S100A10, catalog abx152996, lot no. E1905813M, Abbexa Ltd.), and an adipokine related
to endothelial function (adiponectin, catalog DRP300, lot no. P186579, Bio-Techne). We report adi-
ponectin, SI00A10, suPAR, syndecan-1, and TM in ng/mL, and we report VEGF in pg/mL. HcDNA
is reported as relative units. Some of these markers (HcDNA, S100A10, suPAR) may be nonspecific
markers of damage and derived from multiple cell types, but they all have a hypothesized association
with endothelial cell damage or function (9, 47, 48). It is also hypothesized that adiponectin, produced
by adipocytes, may play a restorative role in endothelial function (12, 15, 49). Syndecan-1, TM, and
VEGTF have been associated with endothelial damage following trauma (15, 23). Because of the poten-
tial relationship between these markers and endothelial function, we categorized these 7 markers as
endothelial cell markers (as opposed to putative immune mediators) for the purposes of this study.

Clustering and regression analysis. We applied unsupervised HCA to identify possible underlying biolog-
ical patterns following trauma. We assessed standardized concentrations of circulating inflammatory media-
tors and endothelial markers measured upon admission to reduce differences associated with in-hospital care
and to assess the value of the earliest laboratory values. Due to sampling limitations and to reduce the loss of
data, we included patients in this analysis if they had marker concentrations for all inflammatory mediators
and 3 endothelial damage markers (syndecan-1, TM, and VEGF) measured upon hospital admission, and we
excluded 1 outlier (n = 346). We assessed clustering parameters and identified the optimal number of clusters
using 30 indices in the NbClust v 3 (50) package. In order to improve the stability of clusters, we performed
PCA as an initial step on standardized concentrations of circulating mediators. We kept 7 principal compo-
nents, retaining approximately 75% variance. HCA was performed using a Spearman distance matrix and
Ward D2 cluster analysis method. We used summary statistics to assess injury, demographic, and clinical
differences across clusters for all patients with outcome information (n = 337). Kaplan-Meier survival curves
were built for each cluster, and log-rank P values were calculated using the Survminer v 0.4.3 (51) package.
‘We compared our results with an analysis of NPR as a proxy for systemic inflammation (52).

In order to explore and visualize possible relationships between marker concentration and
injury severity, we generated local polynomial regression curves using LOESS. We regressed all
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markers of inflammation and endothelial damage against ISS across arms of the PAMPer trial.
‘We evaluated whether relationships were robust across a range of fitting parameters, and we pres-
ent figures for span = 0.9.

To more quantitatively assess marker concentrations among the most severely injured patients,
we built a generalized linear model (GLM), adjusting for potential confounders across trial arms. We
evaluated biomarkers measured at hospital admission (0 hours) and 24 hours following admission. We
included the 75th percentile of ISS (ISS > 30) and controlled for differences across arms of the trial
near the time of randomization and for known clinical confounders. We included ISS, Glasgow Coma
Score (GCS), prehospital shock (systolic blood pressure < 70), prehospital fluid resuscitation (crystal-
loid, PRBCs, and plasma), and international normalized ratio (INR). We performed a sensitivity anal-
ysis to ensure our results were robust across a range of parameters, and we minimized the number of
variables included to avoid overfitting our model. We analyzed the resulting model coefficients using
robust standard errors with a sandwich estimator to account for clustering by randomization site.

Statistics. We analyzed clinical and biomarker data and performed summary statistics using R
Version 3.4.1 (53). The analysis code is publicly available (https://github.com/dgru/pamper-car;
branch: master; commit ID: €729fd6). To calculate P values for between-group comparisons, we
performed the following tests: Pearson’s y? test with continuity correction for categorical variables;
the Mann-Whitney U test for nonparametric, continuous variables with 2 or fewer groups; the Kru-
skal-Wallis test for nonparametric, continuous variables with more than 2 groups; and the log-rank
test for survival curves. Statistical significance was determined at the P < 0.05 level.

Study approval. This study was registered with ClinicalTrials.gov (NCT01818427) and approved
by the University of Pittsburgh (Pittsburgh, Pennsylvania, USA) IRB as previously described (6). The
study was approved under an Emergency Exception From Informed Consent (EFIC) protocol from
the Human Research Protection Office of the US Army Medical Research and Material Command.
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