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BACKGROUND: In retrospective and prospective observational studies, fresh frozen plasma (FFP) has been associated with a survival benefit in
massively transfused trauma patients. A dry plasma product, such as spray-dried plasma (SDP), offers logistical advantages over FFP.
Recent studies on FFP have demonstrated that FFP modulates systemic vascular stability and inflammation. The effect of SDP on these
measures has not been previously examined. This study compares SDPwith FFP using in vitro assays of endothelial function and in vivo
assays of lung injury using a mouse model of hemorrhagic shock (HS) and trauma.

METHODS: FFP, SDP, and lactated Ringer’s (LR) solution were compared in vitro using assays of endothelial cell (EC) permeability, cytokine
production and content, gene expression, as well as tight and adherens junction stability. All resuscitation products were also compared
in a murine model of HS. Mean arterial pressures and physiologic measures were assessed. Pulmonary vascular permeability was
measured using tagged dextran. Lung tissues were stained for CD68, VE-cadherin, and occludin.

RESULTS: Treatment of ECs with FFP and SDP, but not LR, preserved the integrity of EC monolayers in vitro and resulted in similar EC gene
expression patterns and cytokine/growth factor production. FFP and SDP also reduced HS-induced pulmonary vascular permeability in
vivo to the same extent. In mice with HS, mean arterial pressures and base excess were corrected by both FFP and SDP to levels
observed in sham-treated mice. Treatment after HS with FFP and SDP but not LR solution reduce alveolar wall thickening, leukocyte
infiltration, and the breakdown of EC junctions, as measured by staining for VE-cadherin, and occludin.

CONCLUSION: BothFFPandSDPsimilarlymodulate pulmonaryvascular integrity, permeability, and inflammation invitro and invivo in amurinemodel of
HS and trauma. (J Trauma Acute Care Surg. 2015;78: S7YS17. Copyright * 2015 Wolters Kluwer Health, Inc. All rights reserved.)
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Trauma is the leading cause of death in the United States for
individuals between the age of 1 and 44 years.1 Approxi-

mately 90,000 people die each year from traumatic injury in the
United States alone. In recent years, improved methods to stop
bleeding, optimally resuscitate, and correct coagulopathy have
increased the overall survival of severe traumatic injury with
hemorrhage.2 Aside from mortality, one of the main conse-
quences of severe traumatic injury is multiorgan failure. Lung
injury induced by hemorrhagic shock (HS) and trauma can
result in adult respiratory distress syndrome, while acute kid-
ney injury can lead to acute renal failure. Incidence of
multiorgan failure in trauma can be as high as 17%.3 There are
few if any effective therapeutic measures that can prevent or
mitigate these deleterious consequences of traumatic injury.

Blood products are routinely administered to patients
with HS. The traditional use of fresh frozen plasma (FFP) in
trauma and HS has been to provide a source of clotting factors
that commonly become depleted or diluted with hemorrhage,
massive transfusion, and fluid resuscitation. FFP is routinely
administered to bleeding patients to treat coagulopathy, achieve
hemostasis, and reduce death from hemorrhage.4 Current
studies, mostly retrospective and prospective observational,
suggest that the early administration of FFP and red blood cells
after injury is associated with dramatic increases in patient
survival and reduced death in both military combat hospitals
and civilian settings.5Y11 While the use of FFP is increasing
with potential demonstrated survival benefits, little is known
about FFP’s exact mechanisms of action. Recent studies sug-
gest that FFP’s mechanisms of action in HS are not solely
related to hemostasis but also due in part to plasma’s ability to
globally promote systemic vascular stability which mitigates
the endotheliopathy of trauma (EOT). EOT may be loosely
defined as increased endothelial cell (EC) permeability, dys-
functional coagulation, inflammation and hemodynamic in-
stability that can lead to organ injury after HS.4,12

In this article, we sought to determine if the process of
spray drying of a solvent detergentYtreated pooled plasma
product (SDP) affects the stabilizing effects of plasma on
vascular endothelial integrity and inflammation induced by
HS. In our previous work, we demonstrated that SDP and FFP
were equivalent in several in vitro assays of EC function.13 To
date, the effects of SDP on pulmonary vascular integrity and
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inflammation have not been studied in vivo. In this article, we
hypothesized that the stabilizing effects of SDP and FFP on the
endothelium in vitro and in vivo are equivalent and possibly
superior to lactated Ringer’s (LR) solution.

MATERIALS AND METHODS

Primary Cells
Human umbilical vein ECs (HUVECs) were purchased

from Lonza (Walkersville, MD). HUVECs were maintained in
EGM-2 media (Lonza). All cells were maintained at 37-C and
5% CO2 in a humidified incubator.

Sourcing FFP and SDP
Three units of FFP were obtained by apheresis collection

from Blood Centers of the Pacific, San Francisco, CA. Donor 1
was female Type O+, Donor 2 was male Type O+, and Donor 3
was male Type O+. FFP was used freshly thawed on the same
day as thaw. SDP (Resusix) was obtained from Entegrion, Inc.
and is reconstituted with a supplied pH-adjusted phosphate
buffer. SDP is multidonor and solvent detergent treated.13 SDP
tested was from one lot derived from more than 150 pooled
Type AB donors.

In Vivo Immunocytochemistry
HUVECs were grown to confluence on 24-well plates.

Culture mediumwas switched to a serum-free endothelial basal
medium (EBM, Lonza Walkersville, Inc.) for 1 hour before the
treatmentswere administered.Cellswere then treatedwith culture
media that contained 10% by volume of either Resusix (SDP),
FFP, LR solution, or normal culture media. Heparin 10 U/mL
was added to all groups to prevent the plasma from clotting. One
hour following treatment, vascular EC growth factor (VEGF-A
[165] Sigma Aldrich, St. Louis, MO) was added to the wells at a
concentration of 50 ng/mL for 30 minutes before fixation and
staining. In brief, cells were fixed with 4% paraformaldehyde for
10minutes, permeabilizedwith0.1%TritonX-100 for10minutes,
and blocked in Tris-buffered saline +2.5% normal goat serum.
Antibodies used for immunofluorescence included a rabbit
antiYVE-cadherin antibody (1:200 dilution, Cell Signaling
#2500, Beverly, MA) and a mouse antiYA-catenin antibody
(1:200 dilution, Cell Signaling 2677, Beverly, MA), which were
applied in DAKO diluent at 4-C and detected using an Alexa
Fluor 488 antiYrabbit antibody (1:500 dilution, A11008, Life
Technologies, Carlsbad, CA) and an Alexa 568 anti-mouse
(1:500 dilution, A11004, Life Technologies). Finally, ProLong
Gold antifade reagent with 4¶,6-diamidino-2-phenylindole
(DAPI) was added, and monolayers were imaged using a Leica
DM6000 fluorescent microscope (Leica Microsystems, Buffalo
Grove, IL).

Gene Expression and Cytokine/Growth
Factor Assays

HUVECs were grown to 80% confluence in T175 flasks,
serum starved for 1 hour, and then treated with culture media
that contained10%byvolumeofSDP,FFP,LRsolution, or normal
culture media, all containing 10 U/mL heparin (n = 3 per group).
For gene expression experiments, cells were allowed to incubate
for 16 hours and 8 hours for cytokine assays. Media was

collected and frozen for cytokine assays, while cells destined
for gene expression were harvested via a cell scraper. The cells
was pelleted into RNAse later (Life Technologies) and stored
atj80-C. Later, the cells’ RNAwas harvested using a mirVana
RNA Isolation kit (Life Technologies) and analyzed using a
custom real-time polymerase chain reaction (PCR) array
(Qiagen, Inc., Redwood City, CA). Statistical analysis was
conducted usingRT2 Profiler PCRArrayDataAnalysis (Qiagen,
Inc.). The conditioned media were run on a Bio-Rad, Bio-Plex
Pro (Hercules, CA). Panels run were Human Cancer Biomark-
er Panel 1 (16 plex), Panel 2 (18 plex), and Cytokine/Chemokine
panels (21 and 27plex). Standard curveswere tested in duplicate,
and samples were tested in singlet. Standard curves measured a
5-log pg/mL range. Values that were out of range below the
standard curve were assigned 2 the lowest calculated value for
each analyte. Data were analyzed and graphed using GraphPad
Prism 6.0 (La Jolla, CA). Comparisons weremade by analysis of
variance (ANOVA), multiple comparisons were corrected by
Tukey or Bonferroni, and the adjusted p values are reported.

In Vitro Endothelial Monolayer Resistance
and Permeability

HUVEC cell barrier function was assessed by measuring
changes in transendothelial electrical resistance (TEER) in real
time using an electric cell substrate impedance sensing (ECIS)
system (ECIS 1600, Applied BioPhysics, Troy, NY) as de-
scribed.14,15 A change in TEER across the cell monolayer indi-
cated increasedor decreased paracellular permeability.HUVECs
were grown to confluence on L-cysteine reduced, fibronectin-
coated 96W10E electrodes (Applied Biophysics) and serum
starved for 1 hour in EBM media before treatment. We treated
confluent HUVECs with culture media that contained 10%
volume of either Resusix (SDP), FFP, LR solution, or normal
culture media, all with 10 U/mL heparin, and measured the
TEERat 4/16/64 kHz continuously for 2.5 hours afterward (n = 6
for each group). Resistance measurements at 4 kHz were nor-
malized by dividing each well by its baseline resistance. For a
period of approximately 20 minutes after the plasma addition
period, changes in TEER from each well’s baseline (ratio of
posttreatment to pretreatment) were computed, averaged for each
group (with average control changes subtracted), and expressed
as the area under the curve for 2 hours.

Animals
The described research was performed with approval

of the Institutional Animal Care and Use Committee at ISIS
Services LLC (San Carlos, CA). The experiments were con-
ducted in compliance with the National Institutes of Health
guidelines on the use of laboratory animals. All animals were
housed at a controlled room temperature with a 12:12-hour
light-dark cycle with access to food and water ad libitum. Male
C57BL6 mice, 8 weeks to 12 weeks old, were used (Harlan
Laboratories, Livermore, CA). Under inhaled isoflurane an-
esthesia, animals were placed on a heating plank to maintain a
body temperature of 35-C to 37-C. A 2.5-cm midline laparot-
omy was performed and then sutured. Femoral arterial catheters
were flushed with 1,000-U/mL heparin and then placed into
the femoral arteries of both legs. No additional heparin was
used. The left catheter was connected to the corresponding fluid
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reservoir, and the right, to a blood pressuremonitor (PowerLab 8,
AD Instruments, Dunedin, New Zealand).

In Vivo Lung Vascular Hyperpermeability
With the use of an established model of HS and trauma,

mice were bled to a mean arterial blood pressure (MAP) of
35 mm Hg for 60 minutes.16,17 After the shock period, mice
received fluid treatments of FFP, SDP, or LR solution. FFP and
SDP mice were resuscitated with volumes equal to shed blood
at a rate of 25 KL/min. LR solution mice received a volume
equal to three times the shed blood. To correct for this extra-
cellular fluid deficit, infusion of isotonic crystalloid fluid in a
ratio of three volumes of crystalloid to one of blood is re-
quired.18,19 Shock controlswere allowed to self-resuscitate.Mice
weremonitored for an additional 30minutes after shock and then
they received 200 KL of 10 mg/mL Alexa Fluor 680 dextran
10kD through the cannula.After 30minutes, the animalwas then
perfused with 30 mL of ice cold phosphate-buffered saline via
the left ventricle. The lungs and the heart were then removed and
then perfused with an additional 30 mL of ice cold phosphate-
buffered saline, taking care that the lungs inflate and all blood
is flushed from the lungs. The lungswere then harvested, inflated
with OCT Tissue Tek (Andwin Scientific, Schaumburg, IL), and
placed on a Odyssey scanner (LI-COR Biosciences, Lincoln,
NE), and the fluorescence read at 700 nm. With the use of an
image studio software (LI-COR Biosciences), an average fluo-
rescence intensity per lung was quantitated and averaged with
others from the same treatment group after being normalized to
sham. Then, the lungswere frozen inOCT. Statistical differences
were determined by two-tailed t tests.

In Vivo Physiologic Assessment of Mice
With the use of an established model of HS and trauma,

mice were hemorrhaged to a MAP of 35 mm Hg for 90 mi-
nutes.16,17 Sixty-five microliters of blood was used for initial
blood gas measurement via ABL Flex blood gas analyzer
(Radiometer America, Westlake, OH). After the shock period,
mice were resuscitated as in the hyperpermeability experi-
ments. This practice is based on the laboratory findings dem-
onstrating that extracellular fluid redistributes during shock
into both the intravascular and intracellular spaces. Mice were
monitored for MAPs for an additional 30 minutes after shock.
Catheters were then removed and allowed to freely ambulate
for 60 minutes, after which the mouse was reanesthetized.
Arterial blood was sampled for physiologic measurements of
base excess, and then the mouse was exsanguinated via cardiac
blood draw. The left main bronchus of the lungs from the mice
that underwent the 90-minute shock procedure was tied off,
and the right lobes were inflated with OCT. The left lobes were
placed in a 1.5-mL centrifuge tube and snap frozen on dry ice
for future studies.

Immunofluorescence and Histologic Staining of
Lungs for Endothelial and Inflammatory Markers

Lung sections 5 Km in thickness were cut on a CM1859
UV cryostat (Leica Microsystems) and stained with antibodies
to VE-cadherin (1:200 dilution) (H-72, Santa Cruz Biotech-
nology, Dallas, TX), CD68 (C-18, 1:10 dilution, Santa Cruz
Biotechnology), occludin (M-20, 1:50 dilution, Santa Cruz

Biotechnology), and Alexa FluorYlabeled secondary antibodies
(A21208, A11057, A21206 Life Technologies). Sections were
mounted with FluorGold with DAPI. Images were taken on a
DM6000 (Leica Microsystems). Manual quantification of
CD68+ cells was performed using ImageJ (US National In-
stitutes of Health, Bethesda, MD). Intensity quantification of
VE-cadherin and occludin was performed using Cell Profiler’s
automatic thresholding (Broad Institute, Cambridge, MA).
Statistical analysis was performed using a two-tailed unpaired t
tests. Hematoxylin and eosin staining was performed using a kit
from IHCWorld, LLC (Woodstock, MD) and imaged on Nikon
Labophot-2 microscope (Nikon Corp, Tokyo, Japan).

Data Analysis and Tests of Statistical Significance
Significance of TEER data was assessed as p G 0.05, and

data were analyzed using ANOVAwith Tukey test for post hoc
analysis. Statistical tests of gene expression were performed
using Prism 6.0 (GraphPad Software, Inc., San Diego, CA),
while statistical differences between cytokines and growth factor
were determined by an ANOVA with Bonferroni group com-
parisons. Statistical analysis for staining of tissuewas performed
using a two-tailed unpaired t tests.

RESULTS

FFP and SDP Decreases Endothelial Permeability
In Vitro

Previously, we demonstrated that FFP and SDP decrease
endothelial permeability in transwell assays using fluorescein
isothiocyanateYlabeled dextran.13 Using novel methodology,
herein we investigated the potential of FFP and SDP to increase
endothelial monolayer electrical resistance, which is directly cor-
related to the permeability of an endothelial monolayer.14,15,17

Using the ECIS system, we found that both FFP and SDP in-
creased endothelial monolayer resistance. Figure 1A demon-
strates that FFP is more effective at increasing EC monolayer
resistance than SDP. Figure 1B shows that two other donors of
FFP display increases in resistance similar to SDP, suggesting
that donor variability exists in single-donor FFP on these out-
come measures of EC permeability. In contrast, LR solution
displayed no capacity to increase the EC monolayer resistance
over normal media controls.

To further understand at the molecular level the effects of
FFP and SDP on endothelial junctional stability, we investigated
the effects of bothECadherens junctions, composed ofA-catenin
and VE-cadherin. Adherens junctions are critical regulators of
vascular endothelial junctional stability.20Y24Monolayers of cells
that had been stimulated with VEGF-A were stained for both
A-catenin and VE-cadherin (Fig. 1C). FFP and SDP both qual-
itatively restored junctional integrity as depicted by an enhanced
and more organized pattern of VE-cadherin (green) and A-
catenin (red) staining of the cells. LR solution did not prevent
EC junctional breakdown induced by VEGF-A.

FFP and SDP Induce Similar Patterns of Gene
Expression and Cytokine Production in ECs

One of the first cell types that plasma comes into contact
with after transfusion is vascular ECs. The molecular and
genetic effects of plasma on the endothelium have not been
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characterized to date. To determine how FFP and SDP mod-
ulate gene expression and gene product secretion in ECs, we
treated ECs with the three fluid groups (FFP, SDP, and LR
solution). The expression of 89 genes were measured using a
real-time PCR array of genes selected for their relevance to
permeability and inflammation of ECs. Cells treated with either
FFP or SDP displayed a number of significantly up-regulated
and down-regulated genes (Table, Supplemental Digital Con-
tent 1, http://links.lww.com/TA/A555). Volcano plots of the
gene expression changes indicate that SDP and FFP do indeed
alter overall gene expression within treated ECs compared with
media alone (Fig. 2B). Gap junction A4 (GJA4) and angiotensin
converting enzyme (ACE) were down-regulated by both FFP and
SDP, while VCAM-1 was up-regulated. Comparison of FFP to
SDP reveals few significant changes indicating their overall sim-
ilarity; however, VCAM-1was significantly unregulated in FFP-
treatedECsby twofold comparedwithSDP (Fig. 2C). LR solution
showed few significant differences from control (Fig. 2D).

To determine the effects of FFP and SDP on EC soluble
factor production, we treated ECs with the different fluid
groups (Fig. 3A). A similar experiment assayed the concen-
tration in the conditioned media of 61 soluble factors, including

cytokines and chemokines after 8 hours of treatment with 10%
FFP, SDP, LR solution, or control medium (Table, Supplemental
Digital Content 2, http://links.lww.com/TA/A556). Figure 3B
shows factors that displayed similar expression level changes in
ECs between FFP and SDP. Notably, the expression levels for
VEGF-A, VEGF-C, VEGF-D, and soluble Tie2 (sTie2), which
all play a role in EC permeability (Fig. 3C), are altered by both
FFP and SDP treatment of ECs.25,26 Supplementary Table 3
(http://links.lww.com/TA/A557) lists the differences in content
of cytokines, chemokines, and growth factors present in the
plasma itself.

SDP and FFP Equivalently Reduce Pulmonary
Vascular Leak Induced by HS

To evaluate the ability of FFP and SDP to reduce the
vascular leak associated with HS, we studied permeability in
the lungs of shocked mice (Fig. 4A). Mice were subjected to
60 minutes of shock, a time frame when active lung perme-
ability is maximal. Shock-induced mice were not resuscitated.
The lungs were harvested, and the leakage of the dye into the
lung tissue was quantitated (Fig. 4B). The data, expressed as
average pixel intensity, are normalized to the presence of dye in

Figure 1. A) Mean average ECIS generated traces of the TEER of HUVECs treated with 10% media (control), LR, FFP or SDP
B) Comparison of the TEER normalized values at 1 hour post treatment with three different FFP donors. Black lines indicate significant
difference (p G 0.05). C) Representative images of endothelial cells stained with antibodies reactive to VE-Cadherin (green) and
b-Catenin (red). Merged staining (yellow). Qualitatively, cells treated with FFP and SDP display reconstituted intact adherens
junctions post VEGF-A treatment. (Representative images are selected).
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Figure 2. A) RT-PCR array protocol and scheme. Endothelial cells were cultured in individual wells and starved for one hour prior to
treatment to decrease variability. 4 arrays were run for each treatment group. Cells were treated with 10% of each treatment group
for 16 hours. Cells were harvested, RNAwas amplified and analyzed on targeted endothelial RT PCR arrays (Qiagen Inc). B, C, D and E
Volcano plots of C) FFP vs. control, D) SDP vs. control, E) SDP vs. FFP and F) LR vs. Control. The horizontal line indicates p = 0.05, genes
above it are considered significant. Genes in red indicate a more than two fold up regulation, blue is a two fold or more down
regulation. SDP and FFP are similar to each other in profile. LR is similar to control.

J Trauma Acute Care Surg
Volume 78, Number 6, Supplement 1 Potter et al.

* 2015 Wolters Kluwer Health, Inc. All rights reserved. S11



the lungs of the sham animals, which have been through the
entire procedure (cannulation, anesthesia) without the hemor-
rhage or injury. Animals resuscitated with either of the FFP and
SDP resulted in significantly lower dye permeability compared
with shock-induced animals (shock, 3.37 T 1.18; FFP, 1.56 T
0.21; SDP, 1.61 T 0.13; and LR solution, 2.16 T 0.73; n = 4 per
group). FFP and SDP groups were significantly different from
shock and LR solution groups but not from each other (Fig. 4B).

SDP and FFP Equivalently Correct MAPs and Base
Excess in HS

To evaluate the effects of FFP and SDP transfusion onHS
and lung injury, we studied hemodynamic measures, lung in-
flammation, and lung vascular integrity in HS mice (Fig. 5A).
Mice were subjected to 90 minutes of hypotension to increase
the severity of the injury, necessary to study histopathologic
changes. TheMAPs for all groups are depicted in graph form in
Figure 5B. MAP traces from FFP and SDP mice were similar.

Radiometer measurements revealed that the human
plasma products significantly attenuated the depth of the shock
as measured by the base excess of the blood (Fig. 5C). A low
base excess is strongly correlated to mortality in patients who
have experienced both trauma and hemorrhage.27 Both FFP
and SDP but not LR solution significantly corrected base ex-
cess to normal levels. Base excess values determined at the
time of sacrifice 3 hours after initiation of hemorrhage are as
follows: (preshock,j1.05 T 2.35; sham,j1.93 T 1.55; shock,

j9.46 T 2.19; FFP, j2.78 T 2.139; SDP, j3.44 T 1.71; LR
solution, j13.38 T 4.08 mmol/L). Other blood parameters
were monitored (calcium, potassium, sodium, chloride, and
glucose). The only significant difference between FFP and SDP
was glucose levels found in the plasma after resuscitation. This
is likely caused by the lower levels of glucose present in SDP
compared with FFP. SDP is apheresis derived versus whole
blood derived for FFP, which results in higher glucose levels
due to differences in the storage buffer28 (Figures, Supplemental
Digital Contents 4 and 5, http://links.lww.com/TA/A558 and
http://links.lww.com/TA/A559).

SDP and FFP Equivalently Inhibit Leukocyte
Infiltration and Breakdown of Endothelial
Adherens and Tight Junctions Induced by HS

To study lung inflammation, lung tissue from all groups of
micewere sectioned and stained for CD68 andmyeloperoxidase
(MPO) as markers of infiltrating leukocytes. FFP and SDP
significantly attenuated the number of CD68+ cells compared
with the total cells (quantitated via DAPI staining) compared
with shock and LR solution (sham, 0.15 T 0.07; shock, 0.50 T
0.11; FFP, 0.22 T 0.12; SDP, 0.23 T 0.09; LR solution, 0.43 T
0.095; n = 4 mice per group; Fig. 6A and C). Yet, across all
groups, there was no change in MPO+ cells (Figure, Supple-
mentalDigitalContent 6, http://links.lww.com/TA/A560).There
seems to be a baseline level of MPO in sham mice likely due to
the initial instrumentation that they are subjected to before HS.

Figure 3. A) Scheme of EC cytokine/growth factor response to resuscitation products. Endothelial cells were cultured in individual
wells and starved for one hour to decrease variability. Four wells were run for each treatment group and cells were treatedwith 10%of
each treatment group for 8 hours. Conditioned media was harvested and run on a series of custom Luminex (Billerica, MA, USA)
panels. B) Graphs of selected cytokine concentrations, C) Graphs of a factors that influence permeability. Bars indicate significant
differences (p G 0.05). Each point indicates a single measurement.
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To study endothelial junctional integrity proteins, VE-cadherin
and occludin were stained for in lung sections, and they were
both compromised as measured by fluorescence intensity in
shock and LR solution mice compared with sham. FFP and SDP
preserved staining for both EC junctions. Occludin staining
valueswere as follows: sham, 1.00 T 0.29; shock, 0.36; FFP, 0.66
T 0.070; SDP, 0.77 T 0.26; LR solution, 0.22T 0.16.VE-cadherin

staining values were as follows: sham, 1.0 T 0.23; shock, 0.72 T
0.903; FFP, 1.247 T 0.33; SDP, 0.99 T 0.27; LR solution, 0.70 T
0.19. Although the trend for increased staining of VE-cadherin
waspresent inSDPmouse lungs, itwas not significantly different
from HS mice ( p = 0.105, Fig. 6). Histopathologic staining of
lung tissue sections with hematoxylin and eosin reveal signs of
lung injury in shock animals (see Figure, Supplemental Digital

Figure 4. A) Timeline of 60 minute shock experiments. Sixty minutes shock is the optimal time point for assessment of vascular
permeability in the lungs. B) Normalized pulmonary vascular permeability of mouse lungs to 10 kD Alexa Fluor 680 conjugated
dextran after mice underwent 60 minutes of shock followed by resuscitation. SDP and FFP groups are significantly decreased in
lung vascular permeability compared to LR treated mice and Shock mice. Sham animals were instrumented but not subjected to
shock or trauma. Experimental animals were either allowed to auto-resuscitate or resuscitated with plasma products equal to shed
blood (FFP or SDP) or 3x LR. (* = p G 0.5, n = 4 for all groups) LR. C) Representative scans of mouse lungs from each group.
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Content 7, http://links.lww.com/TA/A561). Alveolar wall thicken-
ing and increased inflammatory infiltrates were present in shock
mice comparedwith shammice. FFP, SDP, and to a lesser extent,
LR solution attenuated these inflammatory changes.

DISCUSSION

Previously, we have demonstrated that freshly thawed
FFP and SDP (spray-dried, solvent detergentYtreated plasma)
have potent protective effects on endothelial permeability and
inflammation in vitro.17,29 In this article, we hypothesized that
the stabilizing effects of SDP and FFP on the endothelium in
vitro and in vivo in a mouse model of HS are equivalent and
superior to LR. We demonstrate that FFP and SDP modulate
EC permeability and gene expression in vitro and mitigate
pulmonary vascular permeability and lung inflammation in-
duced by HS in vivo.17 In vivo, we specifically chose, as we have
in the past, an early 3-hour time point after HS to evaluate lung
injury. This time point was based on past studies demonstrating
partial restoration of the endothelial glycocalyx at 3 hours.17,30

It is important to note that this early time point primarily ad-
dresses the development of pulmonary hyperpermeability, in-
flammation, and not the full manifestation of acute lung injury
or adult respiratory distress syndrome.17

In vitro, our data support our previously published results
that FFP and SDP, but not LR solution, reduce the permeability
of the EC monolayer. With the use of a novel approach, our
data in Figure 1 demonstrate that both FFP and SDP increase
transendothelial resistances (TEER) as measured by an endo-
thelial impedance system (ECIS). TEER measurements indicate
the electrical resistance of the EC monolayer, where increased

TEER is associated with decreased EC permeability.14,15 SDP is
a pooled product in which only one lot was tested. It is not
surprising that there are individual FFP donors that are more
or less effective at increasing the resistance of an EC monolayer
and decreasing endothelial permeability. The clinical conse-
quences of this variability in FFP and lot-to-lot variability in
a pooled product such as SDP are of interest and have yet to
be determined.

The gene expression studies suggest the FFP and SDP
are relatively equivalent in their effects on EC gene expression
(Fig. 2E). These data also generate several interesting targets
that may allow us a starting point for elucidating the mecha-
nism of plasma’s action on ECs. Interestingly, VCAM-1 was
up-regulated by both FFP and SDP after 16 hours of treatment,
suggesting a possible proinflammatory effect of plasma on
ECs. VCAM-1 mediates leukocyte and platelet binding and is
generally associated with an inflammatory phenotype.31 This is
contrary to our previously reported findings where VCAM-1
levels and leukocyte-endothelial binding are unchanged on
ECs after plasma treatment.13 This difference may be caused by
the effect of longer treatment with plasma (16 hours) in a static,
no-flow system. Down-regulation of GJA4 is of interest since it
codes for connexin 37, a gap junction protein involved in nitric
oxide signaling and is inhibitory to vascular remodeling.32 It is
also of interest that ACE is down-regulated by plasma. The
downstream effect of ACE at low levels could be peripheral
end-organ vasodilation and increased perfusion as less angio-
tensin I is converted to angiotensin II.31 Taken together, these
data suggest that plasma may regulate cell-cell communication
and vasoreactivity of the endothelium. All of these data are
hypotheses generating and warrant further investigation.

Figure 5. A) Timeline of 90 minute shock experiments. B) Resuscitation mean arterial pressures (MAPs) for shock mice are shown.
N = 7mice/group. Note:Mice that received human SDP or FFP experienced an initial rise in blood pressure in response to resuscitation
but then a transient drop followed by MAP recovery after resuscitation ended. Error bars indicate +/- SEM. C) Base excess
obtained from blood gas measurements. Pre-shock is all the measurements taken before hemorrhage from all groups.
Each point is a single measurement, error bars show standard deviation. All readings were assessed on a hospital grade ABL90
Flex analyzer (Radiometer America Inc.) for physiologic measures.
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Cytokine and chemokine profiles between FFP- and SDP-
treated cells were also similar, particularly for gene products that
have an impact on EC permeability (Fig. 3C). VEGF-A and
VEGF-D are both significantly reduced compared with controls,
which can contribute to reduced EC permeability.25,33 However,
other markers that may modulate endothelial activation and
promote permeability are increased, such as increased sTie2,
which modulates angiopoietin 1 and 2 signaling.26,34,35 Al-
though these results are mixed, the net result is likely caused by
the balance between stabilizing and destabilizing factors, which
in the case of FFP and SDP results in a net decrease in EC

permeability in vitro and in vivo. Some differences were noted
betweenFFP andSDP, including expression ofRANTES, leptin,
and interleukin 4 (Supplementary Table 2). These differences
may be caused by inherent donor variability in FFP, a topic of
future investigation for our laboratory.

In vivo, our model of shock aptly demonstrates that both
SDP and FFP equally attenuate acute lung injuryYinduced
permeability. In this model, we find that SDP and FFP, but not
LR solution, equivalently decrease pulmonary inflammation
and vascular integrity. We found a transient suppression of
MAP after the start of resuscitation with SDP and FFP. This

Figure 6. A) Representational images of lung tissue sections stained with antibodies against VE-Cadherin, CD68 and Occludin.
All scale bars are 100 Hm. N = 4 mice/group for all quantification. B) Average mean intensity normalized to sham for
VE-Cadherin positive vessels is identified through cell profiler’s automatic threshold generation. C) The proportion of
CD68 positive cells in the lung sections were compared to DAPI positive cells, thereby giving us a relative value of inflammatory
infiltrating CD68 cells to all cells in the region assessed. Cells near or within vessel walls were excluded. D) Average mean
intensity normalized to sham of Occludin positive vessels, identified through automatic threshold generation.
Error bars represent STD, significance of p G 0.05 designated & vs. Sham, * vs HS, # vs. FFP, † vs. SDP and ‡ vs. LR.)
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effect may be caused by a xenogeneic reaction in the mouse to
the human plasma and seemed to be transitory as has been
noted in our past studies with human FFP.17 LR solution re-
suscitation exhibited no such decline. Our main reason for
using human plasma was to test the actual clinical product that
would be used in human trials. This is an acute model of injury
(3 hours), and in this short time, we have not noted any dele-
terious effects aside from the dip in MAP after infusion.
However, we acknowledge that in a more chronic model of
injury, this may not be the case. We have published in our past
work the effects of human FFP in this same acute shock model
in mice and have not found any deleterious consequences.17 In
future studies, we will consider the use of immunodeficient
mouse models to avoid this potential complication.36

Our studies are based on the central hypothesis that FFP
has the capacity to repair injured endothelium and the EOT by
inhibiting and repairing the damage from a number of detri-
mental processes induced by HS: prolonged vascular perme-
ability, nonspecific initiation of coagulation, endothelial
contraction and death, interstitial edema, leukocyte infiltration,
inflammation, and tissue hypoxia.4,12,29 FFP resuscitation in an
HS rat model has also been shown to partially restore a dam-
aged endothelial glycocalyx and syndecan-1 expression.17,37,38

Restoration of the glycocalyx physically reinforces the endo-
thelial barrier and attenuates leukocyte-EC adhesion.17,37,38

Work by Alam et al. demonstrated that FFP administration can
decreasemortality, blood-brain barrier compromise, and cerebral
edema in a swine model of traumatic brain injury.39Y41 Fur-
thermore, our group has shown that the beneficial effects of FFP
onendothelial functionand hemodynamic stability invitro and in
vivo decrease after just 5 days of storage at 4-C.29 Increased
transforming growth factorA in Day 5 FFPmay be the reason for
these changes, which potentially result in diminished repair of
injured vessels during trauma and HS.42

Our data support the premise that plasma (both FFP and
SDP) has potent effects on the vascular endothelium and
mitigates the EOT.4,12 One of the hallmarks of EOT is the
development of vascular hyperpermeability. Vascular perme-
ability has been implicated in HS to lead to end-organ dys-
function and increased mortality, suggesting that this may be
one of the mechanisms by which increased plasma use de-
creases mortality in trauma. We hypothesize that the plasma’s
effects are systemic and not solely limited to mitigating pul-
monary vascular injury in HS.

In conclusion, the need for a dry plasma product for
clinical use is clear. The main goal is rapid implementation of
plasma in bleeding patients, an early intervention that retro-
spective and prospective observational studies support.5,10,43,44

Despite its potential benefits, the use of FFP in traumatic injury
comes with the significant burden of shipping and storage of
frozen blood products around the world. In addition, the delay
required for thawing plasma at nonYhigh-volume trauma centers
may increase mortality secondary to hemorrhage. Conversely,
SDP, which is still in the clinical development stage, can be
stored at room temperature, transported easily, and reconstituted
rapidly. Because SDP can be administered rapidly after injury,
much earlier than frozen FFP, logistical benefits of SDP could
potentially lead to cost benefits and improved outcomes in
traumatically injured patients at risk of death.13 Lyophilized or

freeze-dried plasma has also been shown to have similar bene-
ficial effects in reducing inflammation and mortality after
HS.20,21,45Y47 The significance of some of the differences found
between FFP and SDP warrant further investigation and may be
caused by fact that single-donor FFP was compared with SDP.
Clinical efficacy and safety of SDP and lyophilized plasma
products require additional study. The drying phase of devel-
opment alters its protein content, and as a result, it may affect its
hemostatic capacity and safety profile. The logistical benefits of
dried plasma products will need to be balanced with its efficacy
and safety comparedwithFFPorother standardplasmaproducts.
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