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Abstract

Background: Plasma has been shown to mitigate the endotheliopathy of trauma (EOT).
Protection of the endothelium may be due in part to fibrinogen and other plasma-derived proteins
found in cryoprecipitate, however the exact mechanisms remain unknown. Clinical trials are
underway investigating early cryoprecipitate administration in trauma. In this study, we
hypothesize that cryoprecipitate will inhibit endothelial cell (EC) permeability in vitroand will
replicate the ability of plasma to attenuate pulmonary vascular permeability and inflammation
induced by hemorrhagic shock and trauma (HS/T) in mice.

Methods: /n vitro, barrier permeability of ECs subjected to thrombin challenge was measured by
trans-endothelial electrical resistance. /n vivo, using an established mouse model of HS/T, we
compared pulmonary vascular permeability among mice resuscitated with 1) lactated Ringer’s
(LR), 2) fresh frozen plasma (FFP), or 3) cryoprecipitate. Lung tissue from the mice in all groups
was analyzed for markers of vascular integrity, inflammation, and inflammatory gene expression
via NanoString mRNA quantification.

Results: Cryoprecipitate attenuates EC permeability and EC junctional compromise induced by
thrombin /n vitro in a dose-dependent fashion. /n vivo, resuscitation of HS/T mice with either FFP
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or cryoprecipitate attenuates pulmonary vascular permeability (sham: 297155, LR: 848+331,
FFP: 379+275, cryoprecipitate: 405+207; p<0.01 sham vs. LR, p<0.01 LR vs. FFP, and p<0.05 LR
Vs. cryoprecipitate). Lungs from cryoprecipitate- and FFP-treated mice demonstrate decreased
lung injury, decreased infiltration of neutrophils and activation of macrophages, and preserved
pericyte-endothelial interaction compared to LR-treated mice. Gene analysis of lung tissue from
cryoprecipitate- and FFP-treated mice demonstrates decreased inflammatory gene expression, in
particular IL-18and NLRP3, compared to LR-treated mice.

Conclusion: Our data suggest that cryoprecipitate attenuates the EOT in HS/T similar to FFP.
Further investigation is warranted on active components and their mechanisms of action.

Keywords

Cryoprecipitate; fresh frozen plasma; hemorrhagic shock; endotheliopathy of trauma; acute lung
injury

BACKGROUND

Traumatic injury is the leading cause of death in the United States among individuals from
ages 1 to 44.(1) Damage control resuscitation, which includes early administration of
balanced ratios of red blood cells, fresh frozen plasma, and platelets, has been a significant
advance in trauma and critical care and has improved outcomes such as decreasing
hemorrhage-related mortality.(2-6) However, hemorrhage continues to account for a
substantial portion of morbidity and mortality following trauma.(7-9) While the majority of
deaths in trauma occur within 24 hours after injury, an estimated 25% of deaths occur after
72 hours, most of which are attributed to inflammatory causes such as multiple organ failure,
acute respiratory distress syndrome (ARDS), sepsis, and venous thromboembolic disease.(7,
8, 10) These late deaths are potentially reflective of the endotheliopathy of trauma (EOT),
which refers to the combination of endothelial injury, endothelial barrier compromise,
systemic inflammation, dysfunctional coagulation, and ultimately multiple organ failure that
results from traumatic injury, shock, and resuscitation.(11, 12)

Traditionally plasma has been thought to exert its clinical benefits via improved hemostasis
and replacement of lost blood volume, however plasma-based resuscitation has also been
shown to mitigate the EOT in pre-clinical models of injury. In rodent models of hemorrhagic
shock and trauma (HS/T), fresh frozen plasma (FFP) transfusion has been shown to inhibit
vascular permeability and tissue edema, decrease inflammation, and reduce lung injury.
(13-17) Plasma also restores the endothelial glycocalyx, a network of glycoproteins and
proteoglycans on the lumenal surface of the endothelium that regulates vascular permeability
and leukocyte- and platelet-endothelial cell interactions.(18-23)

One limitation of FFP is that it contains low levels of fibrinogen and is therefore inefficient
in treating hypofibrinogenemia in the trauma patient. Fibrinogen is the first coagulation
factor to be depleted in massive hemorrhage.(24) Among severe trauma patients,
hypofibrinogenemia is common and is an independent predictor of the need for massive
transfusion and death.(24-28) There is a growing body of evidence demonstrating improved
outcomes with administration of fibrinogen concentrate versus FFP, which suggests that
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early replacement of fibrinogen in patients with hemorrhagic shock may be advantageous.
(23, 29-31)

In the United States cryoprecipitate is used to replace fibrinogen in bleeding trauma patients,
however it is typically given late in massive transfusion protocols or after
hypofibrinogenemia has already developed. Cryoprecipitate is prepared from plasma and
contains high levels of fibrinogen, von Willebrand factor, factor VIII, and factor XIII. Two
recently published small randomized controlled trials have demonstrated feasibility of early
administration of fibrinogen concentrate or cryoprecipitate in trauma patients with
hemorrhagic shock.(32, 33) The CRYOSTAT-2 (ISRCTN 14998314) randomized controlled
trial is currently underway in the United Kingdom and is the first to evaluate the effect of
early administration of high-dose cryoprecipitate versus standard therapy on mortality in
trauma patients requiring massive transfusion.

Whether cryoprecipitate replicates the beneficial effects of plasma in mitigating the EOT is
unknown. Recent studies have shown that fibrinogen and cryoprecipitate have protective
effects on the endothelial barrier /n vitro.(23, 34, 35) In this study we seek to further
investigate the physiological and biological effects of cryoprecipitate on the EOT both /in
vitro in endothelial cells (ECs) and after early administration /7 vivo in an established mouse
model of HS/T.(13, 36) We hypothesize that cryoprecipitate will attenuate injury-induced
pulmonary vascular endothelial permeability /n vitro and will replicate the ability of FFP to
attenuate pulmonary vascular permeability and inflammation induced by HS/T in mice.

METHODS

Reagents

Fresh frozen plasma (FFP) was obtained from Vitalant (Denver, CO). Cryoprecipitate was
obtained from Central California Blood Center (CCBC, Fresno, CA).

Quantitation of Endothelial Barrier Permeability in Vitro

Human umbilical vein endothelial cells (HUVECSs) were obtained from PromoCell
(Heidelberg, Germany) and maintained using Endothelial Cell Growth Medium 2
(PromoCell). The integrity of HUVEC monolayers was measured using an electric cell-
substrate impedance sensing system (ECIS 1600, Applied BioPhysics, Troy, NY). HUVECs
were grown to confluence on L-cysteine reduced 96-well plates containing electrodes in
each well. Cells were treated with cryoprecipitate (0.25%, 2.5%, 5%, and 10%) or 10% FFP
and were challenged after 30 minutes with thrombin 0.2U/ml (Sigma, St. Louis, MO).
Transendothelial electrical resistance (TEER), which correlates inversely with endothelial
paracellular permeability, was measured across HUVEC monolayers at 4/16/64 kHz in 8-
min intervals. Data were normalized to the mean resistance of cell monolayers measured
before the treatments.

Immunostaining of Endothelial Adherens Junction Proteins in Vitro

In a separate experiment, HUVECs were grown to confluence on 24-well culture plates.
Cryoprecipitate (5%) or FFP (10%) was added to the HUVEC monolayer for 30 minutes,
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followed by a 0.2U/ml thrombin challenge for 5 minutes at 37°C. Cells were then fixed with
4% paraformaldehyde. Adherens junctions were stained with antibodies against VE-
cadherin (Cell Signaling, Danvers, MA), and f-actin was detected with Texas Red Phalloidin
(Cell Signaling). Representative images were captured at 20x magnification using a Revolve
microscope (Echo Inc., San Diego, CA). Gap junction measurements were performed using
Celllnsight CX7 LZR (Thermo Fisher, Asheville, NC).

The animal studies were performed with approval of the Institutional Animal Care and Use
Committee (IACUC) at UCSF. The experiments were conducted in compliance with the
ARRIVE guidelines for animal models and National Institutes of Health (NIH) guidelines
on the use of laboratory animals. All animals were housed in a room with access to food and
water ad libitum, controlled temperature and 12:12-hour light-dark cycles.

Hemorrhagic Shock and Trauma Mouse Model

Male C57BL6 mice, 8-12 weeks old, were obtained from The Jackson Laboratory
(Sacramento, CA) (N=12-18 per group). Under inhaled isoflurane anesthesia, animals were
placed on a heating plank to maintain body temperature between 35°C and 37°C. Femoral
arterial catheters were flushed with 1,000-U/ml heparin and then cannulated into the femoral
arteries of both legs. No additional heparin was used. The right catheter was used for
continuous blood pressure monitoring (PowerLab 8, AD Instruments, Dunedin, New
Zealand), and the left catheter was used for blood withdrawal and resuscitation. A 2-cm
midline laparotomy was performed to induce trauma, and internal organs were inspected.
Mice were then bled to a mean arterial blood pressure (MAP) of 35 mmHg for 90 minutes.
(13, 36) After the 90-minute shock period, mice received low-volume resuscitation with 200
ul total of 1) lactated Ringer’s (LR), 2) fresh frozen plasma (FFP), or 3) cryoprecipitate (a
weight-based dose of 4.3 pl per mg of body weight plus additional LR to total 200 pl). This
dose of cryoprecipitate was chosen to approximate the dose of cryoprecipitate being
administered in the CRYOSTAT-2 trial (15 units) to a typical 70 kg adult. Sham mice
underwent cannulation without laparotomy or blood withdrawal. Mice were monitored for
an additional 30 minutes after resuscitation and were then allowed to ambulate freely for 60
minutes.

In Vivo Pulmonary Vascular Permeability

Three hours after the initiation of shock, mice were anesthetized with isoflurane and 0.2 ml
of 0.2 mg/ml 10 kDa dextran conjugated with Alexa Fluor 680 was administered via the
femoral cannula as previously reported.(16) 30 minutes after injection, the mice were
perfused with 30 ml of ice-cold phosphate-buffered saline via the left ventricle to flush the
blood from the lungs. The left lung was harvested and scanned on the Odyssey CLx Imager
(LI1-COR, Lincoln, NE), and the infrared signal was read at 700nm to detect the dye that had
extravasated out of the vasculature into the tissue. Using Image Studio Version 5.2 (LI-
COR), an average fluorescence intensity per area was quantitated for each lung.
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Histologic Analysis of Lung Injury and Immunostaining of Lungs for Inflammatory

Infiltrates

Lungs were post-fixed overnight in 4% PFA at 4°C and subsequently dehydrated in 30%
sucrose at 4°C for 3-5 days. Lungs were embedded in OCT and stored at —80°C until they
were sectioned on a Leica CM 1950 Cryostat (Wetzlar, Germany) at 10 um thickness. Tissue
sections were stained with Hematoxylin & Eosin at the Mouse Pathology Core (University
of California, San Francisco). Sections were imaged with a Revolve microscope (Echo Inc.,
San Diego, CA). Three H&E sections from each mouse were assessed for semi-quantitative
analysis of alveolar collapse, wall thickening, and inflammatory cell infiltrates.
Representative images based on the lung injury score were selected from each group.
Additional sections were stained with antibodies against Ly6G (Abcam, Burlingame, CA)
and CD68 (BioRad, Hercules, CA).

Scoring of Histologic Lung Injury

Two sections from each mouse were assessed for alveolar damage by two blinded
researchers before a representative image was selected from each group. Three or more
100X power fields per mouse were assessed by a scoring system from 1-4 to quantify
pulmonary alveolar injury and lung morphological changes. A score of 1 is the least injured
with less than 10% of the pulmonary area assessed demonstrating alveolar collapse or
inflammatory cell infiltration. A score of 2 indicates 20-40% collapse or inflammatory cell
infiltration, a score of 3 indicates 40-70% collapse or inflammatory cell infiltration, and a
score of 4 indicates 70-100% collapse or inflammatory cell infiltration.(37) Wall thickening
was assessed by the number of images with demonstrable thickened alveolar wall structures.

Immunostaining of Lungs for Markers of Endothelial Junctional Stability

A second cohort of animals was perfused with 10 ml of ice-cold PBS, and the left lung was
flash-frozen in isopentane and stored at —80°C until they were sectioned at 10 um thickness.
Isopentane sections were fixed in ice-cold 95% EtOH for 20 minutes then 100% acetone for
1 minute. Tissue sections were stained with antibodies against VE-cadherin (R&D System,
Minneapolis, MN), ZO-1 (Abcam), PDGFR-beta (Abcam), and CD31 (Millipore,
Burlingame, MA). Sections were imaged with a Nikon Eclipse 80i microscope (Nikon,
Melville, NY) with RT-scmos camera (SPOT Imaging, Sterling Heights, MI).

Gene Expression Analysis with NanoString nCounter

Using the second cohort of animals, gene expression in the lung was analyzed at 3 hours
post-shock. Briefly, total RNA was isolated from lung lysates using the ALLPrep
DNA/RNA mini kit (Qiagen, Germantown, MD) and quality control assessed with a
DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, DE). Using nCounter
technology from Nanostring, we then measured copy numbers of all 750 genes in the mouse
nCounter® Autoimmune Profiling Panel (NanoString, Seattle, WA). N=3 mice per group
(sham, cryoprecipitate, FFP) and N=6 mice (LR) were processed for gene expression.
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Statistical Analysis

RESULTS

Data comparison of more than two groups in the /n vitro or in vivo experiments were
analyzed using one-way ANOVA with Tukey’s post hoc tests. Mean arterial pressures were
compared using repeated measures two-way ANOVA followed by Tukey’s multiple
comparison test. P<0.05 was considered significant. These analyses were performed using
Prism 9.0 (Graphpad Inc., San Diego, CA). Data in this manuscript are presented as mean +
SD.

Differential gene expression was analyzed using nSolver Analysis Software 4.0 and
nCounter Advanced Analysis 2.0.134 (NanoString). Samples were normalized to positive
controls and housekeeping genes using the Advanced Analysis geNorm algorithm.(38) The
advanced analysis module performs linear regressions to calculate differential gene
expression between treatment groups with correction for multiple comparisons using the
Benjamini-Yekutieli false discovery rate method.(39)

Cryoprecipitate attenuates thrombin-induced endothelial barrier permeability in vitro.

We compared the effects of cryoprecipitate and FFP to media alone on barrier permeability
of HUVEC monolayers subjected to thrombin challenge. TEER tracings demonstrate that
similar to FFP, cryoprecipitate attenuated endothelial barrier permeability in a dose-
dependent fashion with the strongest effects at 5% cryoprecipitate (Area under the curve for
thrombin: —0.57+0.04, cryoprecipitate 0.25%: 0.02+0.08, cryoprecipitate 2.5%: 0.17+0.07,
cryoprecipitate 5%: 0.32+0.03, cryoprecipitate 10%: 0.13+0.04, FFP 10%: 0.63%0.06; all
groups p<0.0001 vs. thrombin) (Figure 1A).

Cryoprecipitate attenuates thrombin-induced breakdown of endothelial adherens junctions

in vitro.

We sought to determine if the protective effect of cryoprecipitate on endothelial barrier
permeability was secondary to protection of EC adherens junctions. Untreated ECs /n vitro
are packed tightly with strong staining for VE-cadherin (green), as well as a quiescent level
of F-actin (red). Following thrombin challenge, there was a loss of VE-cadherin expression
and an increase in f-actin expression levels, ultimately resulting in the formation of large
gaps throughout the EC monolayer. These effects were mitigated by FFP and cryoprecipitate
where images denote partial preservation of VE-cadherin in ECs. Quantification of gap
lengths between cells demonstrates that cryoprecipitate and FFP significantly attenuated
thrombin-induced paracellular gap formation in the ECs (Figure 1B).

Cryoprecipitate and FFP are superior to LR in restoring mean arterial pressures (MAPS)
and decreasing pulmonary vascular permeability in mice subjected to HS/T.

In vivo in a mouse model of HS/T, there was a significant treatment effect over time on
MAPs after resuscitation as determined by repeated measures two-way ANOVA (p<0.0001)
(Figure 1C). 30 minutes after resuscitation, both cryoprecipitate and FFP resulted in higher
MAPs than LR (p<0.0001). Although cryoprecipitate resulted in lower MAPs at 10-15
minutes compared to FFP (p<0.001), the MAPs became similar at 25 minutes post-
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resuscitation, and at 30 minutes MAPS were higher in the cryoprecipitate group than the
FFP group (p<0.05).

The average fluorescence intensity of extravasated dye in the harvested lung was measured
at three hours after initiation of shock (Figure 1D). HS/T resulted in increased permeability
in LR-treated animals compared to sham mice (sham: 297+155, LR: 848+331, p=0.003).
Both FFP and cryoprecipitate caused a dramatic attenuation of permeability compared to LR
(FFP: 379+275, p=0.009; cryoprecipitate: 405+207, p=0.015). The fluorescence intensities
of mice treated with FFP or cryoprecipitate were not significantly different from sham
(p=0.94 and p=0.87, respectively) or each other (p=0.99) (Figure 1D).

Cryoprecipitate and FFP decrease lung injury, inflammation, and loss of vascular adherens
and epithelial tight junctions in HS/T mice.

Histopathological analysis of the lungs reveals that HS/T mice treated with LR demonstrate
increased levels of pulmonary alveolar injury and inflammatory cell infiltrates compared to
FFP- or cryoprecipitate-treated mice (Figure 2). The percentage of images with alveolar wall
thickening was 21% among sham mice, 65% among LR-treated mice, 33% among FFP-
treated mice, and 8% among cryoprecipitate-treated mice. Immunofluorescent staining of
the lungs for CD68, a marker of monocytes and macrophages, demonstrates activation of
alveolar macrophages as evidenced by increased formation of cell membrane protrusions by
the macrophages in the LR group,(40) which were decreased in the FFP and cryoprecipitate
groups (Figure 3A, see arrows). Staining for the neutrophil marker Ly6G demonstrates
qualitative decreases in neutrophil infiltration induced by HS/T in mice treated with FFP and
cryoprecipitate compared to those treated with LR (Figure 3B).

The tight junction protein ZO-1 is a marker of both epithelial and endothelial tight junctions.
Z0-1 in the epithelial-lined airways was notably compromised by HS/T. Cryoprecipitate and
FFP both qualitatively attenuate the loss of epithelial ZO-1 compared to LR mice (Figure
4A). Furthermore, staining for vascular adherens junctions (VE-cadherin) demonstrates
diminished breakdown in FFP- and cryoprecipitate-treated mice compared to LR-treated
mice (Figure 4B). Pericytes play an important role in conferring vascular stability.(41) Our
data demonstrate a loss of pericytes along the vessel wall in LR-treated HS/T mice. In
contrast, FFP- and cryoprecipitate-treated mice demonstrate preserved pericyte coverage of
the abluminal vessel area (Supplemental Figure 1).

Cryoprecipitate and FFP decrease the upregulation of pro-inflammatory gene expression
in the lungs of HS/T mice.

To evaluate changes in gene expression early after HS/T, we analyzed total RNA extracted
from lung tissue using the NanoString Mouse Autoimmune Profiling Panel of 750 genes.
There were 141 genes that were significantly up- or down-regulated in HS/T mice treated
with LR compared to sham mice based on an unadjusted p-value of 0.05. Figure 5A shows
the log, fold change in gene expression between HS/T mice compared to sham mice, and the
top 40 most statistically significant genes are presented in Table 1A. The figure and table
show that a number of pro-inflammatory genes were significantly upregulated in LR-treated
HS/T mice compared to sham mice, which was attenuated by FFP and to a lesser extent
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cryoprecipitate. Several of the genes involved in the innate immune system and
inflammasomes—including 11-18, NLRP3, NFKB2, CLECA4E, and CXCL10—were
expressed at significantly lower levels in both the FFP and cryoprecipitate groups compared
to LR, suggesting possible pathways by which FFP and cryoprecipitate mitigate HS/T-
induced inflammation in the lung (Figure 5B, Table 1B).

DISCUSSION

Our previous studies show that in mice, resuscitation with FFP mitigates HS/T-induced
pulmonary vascular permeability and inflammation.(13-17) Similarly, /in vitro
cryoprecipitate has protective effects on EC permeability and the EC glycocalyx.(23, 34, 35)
In this study we hypothesize that cryoprecipitate will have protective effects on pulmonary
injury, vascular compromise, and inflammation in an established animal model of HS/T.
Cryoprecipitate does indeed recapitulate many of the effects of FFP on EC permeability and
adherens junction breakdown in vitro. In vivo in a mouse model of HS/T we find that
pulmonary vascular permeability and junction breakdown is attenuated by FFP and
cryoprecipitate but not LR resuscitation. FFP and cryoprecipitate also attenuate
inflammatory infiltration of the lung, preserve pericytes that regulate vascular stability, and
decrease the expression of a number of genes associated with trauma-induced inflammation
and ARDS.

Utilizing NanoString technology, we demonstrate upregulation of inflammatory genes in the
lungs early after HS/T. The expression of pro-inflammatory and some anti-inflammatory
genes rises significantly after injury in LR-treated mice, whereas resuscitation with FFP and
to a lesser extent cryoprecipitate normalize many of these genes toward levels seen in sham
animals (Figure 5). There are several notable pro-inflammatory genes whose upregulation
was prevented by both FFP and cryoprecipitate, including IL-1p, NLRP3, CXCL10, TLR2,
TNF, NFKB2, and CLECA4E (Table 1). The corresponding proteins for several of these
genes, including NLRP3, TLR2, NF-xB, and IL-1p, are known to interact closely which
each other in mediating the systemic inflammatory response to danger-associated molecular
patterns (DAMPS).(42-44) These findings are concordant with studies that have shown that
NLRP3 inflammasomes and I1-1p play a critical role in acute lung injury,(45) HS-induced
lung injury,(46, 47) and uncontrolled inflammation in trauma.(48) Among mice resuscitated
with FFP or cryoprecipitate, there was also a substantial relative decrease in gene expression
for the chemokine CXCL10, which has been implicated in the development of ARDS.(49)
Expression of CLEC4E, which encodes for Mincle, a C-type lectin receptor that senses cell
death and induces inflammatory cytokine production and neutrophil infiltration into
damaged tissue,(50) was also reduced in these groups, however its role in HS/T has not been
investigated. Interestingly there were also several anti-inflammatory genes upregulated in
HS/T that were decreased by FFP and cryoprecipitate compared to LR. For example, the
expression of TNFAIP3, a known negative regulator of the NF-xB pathway,(51) was
significantly upregulated in the LR group, but this was not seen in the FFP- or
cryoprecipitate-treated mice. This suggests that there is activation of a number of pathways
after HS/T and the ultimate physiological and biological outcome depends on a balance of
these pro- and anti-inflammatory pathways. Further investigation in this area is currently
underway.
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The mechanisms by which FFP and cryoprecipitate mitigate the EOT are not completely
understood. FFP has been shown to decrease shedding of the endothelial glycocalyx, which
plays a critical role in the regulation of vascular permeability, microvascular perfusion, and
leukocyte and platelet adhesion to the inflamed endothelium.(18-23) Fibrinogen itself may
be one key mediator. A recent study showed that plasma but not fibrinogen-deficient plasma
reduced permeability of pulmonary endothelial cells /n vitro.(34) Fibrinogen appears to
stabilize endothelial cell surface syndecan-1,(34, 35) which is a key component of the
endothelial glycocalyx, and may protect against HS-induced endothelial cell apoptosis.(52)
Moreover, there have been hundreds of other proteins identified in FFP outside of clotting
factors, many of which have important biologic functions and could potentially mediate
some of these protective effects.(53) It is possible that many of these proteins are also
present in cryoprecipitate, and we hypothesize that the similar effects we find between FFP
and cryoprecipitate are due to these EOT-modulatory proteins common to both products.

One limitation of the current study is that we cannot rule out that the effects of FFP and
cryoprecipitate on endothelial permeability and inflammation /7 vivo were due in part to
improved blood pressure resulting in a decreased hypoxic insult. Although equal volumes of
resuscitative fluid were administered across treatment groups in this study, FFP and
cryoprecipitate were superior to LR in restoring MAPs during the 30-minute monitoring
period after shock. However, it is important to note that in the past we and others have tested
LR at 3X the volume of shed blood in this mouse model of HS/T, which restored MAPS but
did not mitigate vascular leak, hence indicating that restoring blood pressures in itself is not
enough to mitigate the EOT caused by HS/T.(13, 15, 16) In the current study, rather than
using high volumes of crystalloid which are detrimental and now avoided in trauma patients,
(12, 54, 55) we instead employed a low-volume resuscitation approach, using only 200 ul of
fluid across the treatment groups, which corresponds to one-third to one-fourth of shed
blood volume. Another limitation is that we are studying the effects of treatment in an acute
3-hour model of injury, and the differences at later time points may be profoundly different.
We do plan to evaluate these treatments in a 24-hour model of HS/T.

In conclusion, this study demonstrates that cryoprecipitate decreases endothelial
permeability /n vitroand in vivo and reduces lung injury, inflammation, and vascular
instability /n vivo, similar to FFP. This suggests that the benefits of early administration of
cryoprecipitate to trauma patients with hemorrhagic shock may extend beyond improved
hemostasis alone through mitigation of the EQOT. Future studies should explore the exact
mechanisms by which plasma and plasma-derived products protect the injured endothelium
in hemorrhagic shock and trauma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryoprecipitate and FFP protect the endothelial barrier in vitro against thrombin
challenge and reduce vascular permeability in vivo in a mouse model of hemorrhagic shock and
trauma (HS/T).

(A) Transendothelial electrical resistance (TEER) tracings of human umbilical vein

endothelial cells (HUVECS) treated with FFP or cryoprecipitate at different concentrations.
Boxplots represent area under the curve quantitation of changes in barrier resistance.
****n<0.0001 vs. thrombin by one-way ANOVA with post-hoc Tukey’s tests. N=3-4 cell
replicates per treatment. Con=control, Thr=thrombin. (B) Representative images of
HUVEC:s stained for adherens junctions (VE-cadherin, green) and F-actin (Phalloidin, red),

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barry et al.

Page 15

and quantitation of gap formation between ECs. N=25 images per well, 3 wells per
condition. ****p<0.0001 vs. thrombin by one-way ANOVA with post-hoc Tukey’s tests. (C)
Mean arterial pressures (MAPS) in mice subjected to HS/T are presented during the 30
minutes following resuscitation with LR, FFP, or cryoprecipitate. Comparing LR-, FFP-, and
cryoprecipitate-treated animals, there was a significant treatment by time interaction with
repeated measures two-way ANOVA (p<0.0001). By Tukey’s multiple comparisons test, the
following comparisons were statistically significant: cryo vs. FFPp<0.0001 at 10 and 15
min, p<0.05 at 30 min; cryo vs. LR p<0.01 at 5 min, p<0.05 at 20 min, p<0.0001 at 25 and
30 min; FFP vs. LR p<0.0001 at 10, 15, 20, and 25 min, p<0.001 at 30 min. N=12-18 mice
per group. (D) Representative images of fluorescence intensity in the lung as a measure of
pulmonary vascular permeability, and quantitation of fluorescence intensity. Columns
indicate mean=SD *p<0.05, **p<0.01 by one-way ANOVA with Tukey’s post hoc tests
(Sham vs. LR p=0.003, LR vs. FFP p=0.009, LR vs. cryo p=0.01). NS=not significant.
N=6-8 mice per group.
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Figure 2. Histopathologic analysis of the lungs after H&E.
(A) Representative images of the lungs from each treatment group showing significant

alveolar injury only in the LR-treated mice. (B) Quantitation of alveolar collapse
demonstrated significantly reduced injury in HS/T animals treated with FFP or
cryoprecipitate compared to those treated with LR. N=4-8 mice per group. *p<0.05 by one-
way ANOVA with Tukey’s post hoc tests. (C) Quantitation of inflammatory cell infiltrates
demonstrated significantly reduced infiltration in HS/T animals treated with FFP or
cryoprecipitate compared to those treated with LR. N=4-8 mice per group. *p<0.05 by one-
way ANOVA with Tukey’s post hoc tests.
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Figure 3. Cryoprecipitate and FFP reduce hemorrhagic shock and trauma (HS/T)-induced
activation of macrophages and infiltration of neutrophils.

(A) Representative images stained for CD68 (green), a marker of monocytes and
macrophages. HS/T with LR resuscitation is associated with activated alveolar macrophage
morphology including increased membrane protrusions (marked by arrows). This was
decreased in mice treated with FFP or cryoprecipitate. (B) Lungs stained for Ly6G (red), a
marker of neutrophils, demonstrate neutrophil infiltration induced by HS/T in the LR-treated
group, which is attenuated in the FFP and cryoprecipitate groups. Nuclei are stained blue
with DAPI.
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20 pm

Figure 4. Cryoprecipitate and FFP attenuate the loss of epithelial and endothelial cell junctions
induced by hemorrhagic shock and trauma (HS/T).

Representative images of lungs stained for VVE-cadherin (endothelial adherens junctions;
red), ZO-1 (endothelial and epithelial tight junctions; green), and DAPI (nuclei; blue). (A)
HS/T mice treated with LR demonstrate marked loss of ZO-1 staining between epithelial
cells (marked by arrows) in the airways compared to sham mice, which is recovered by
treatment with FFP and to a lesser extent cryoprecipitate. (B) LR-treated mice demonstrate a
loss of staining for VE-cadherin between endothelial cells in small vessels, which is restored
by FFP and cryoprecipitate. Arrows point to endothelial junctions.
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Figure 5. Differential inflammatory gene expression in hemorrhagic shock and trauma (HS/T)
analyzed by NanoString.

Volcano plots demonstrate the log, fold change in genes compared to sham mice. Values
higher on the y-axis have lower p-values, and values farther away from 0 on the x-axis have
higher differential expression compared to the baseline group. Red arrow indicates
upregulation; blue arrow indicates downregulation. Horizontal lines indicate adjusted p-
values by the Benjamini-Yekutieli method. (A) Differential gene expression compared to
sham mice. Dashed vertical lines are drawn to orient to a log, fold change equal to 3 as the
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x-axes differ. (B) Differential gene expression compared to HS/T mice treated with LR.
Dashed vertical lines are drawn to orient to a log, fold change equal to —2.
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Differential gene expression in HS/T versus sham mice. Genes from the NanoString Mouse Autoimmune
Panel with the 40 most statistically significant differences between LR-treated and sham mice are presented
here and sorted by log, fold change. Animals per group N=3 (sham, FFP, cryoprecipitate) and N=6 (LR).
Genes of interest discussed in this paper are highlighted in green. *P-values adjusted by Benjamini-Yekutieli
method. **Fold change of CXCL10 is skewed by one LR animal with very high expression of CXCL10;
excluding this value results in a log, fold change of 3.0 (LR vs. sham).

Lactated Ringers (LR) Fresh Frozen Plasma (FFP) Cryoprecipitate
Log, Fold Log, Fold Log, Fold
Gene Change vs. P Adjusted P* Change vs. P Adjusted P* Change vs. P Adjusted P*
Sham Sham Sham

Cxcl10 6.3** 9.6E-05 0.02 0.7 0.60 1 1.1 0.39 1
111b 4.6 5.6E-08 0.0003 18 0.001 1 2.0 0.0005 0.21
Ly6g 45 1.4E-06 0.002 3.8 1.01E-05 0.05 4.6 1.7E-06 0.008
Camp 45 7.0E-05 0.02 15 0.1 1 5.2 6.3E-05 0.11
Ccl4 4.3 9.7E-05 0.02 31 0.0023 1 3.8 0.0004 0.21
Clecde 4.1 1.9E-07 0.0005 12 0.02 1 24 0.0001 0.11
Nlrp3 3.9 2.6E-06 0.003 0.8 0.15 1 0.8 0.13 1
S100a8 3.7 0.0002 0.03 13 0.12 1 3.9 0.0004 0.20
Cxcl9 3.6 0.0007 0.08 0.9 0.35 1 18 0.06 1
Tnfaip3 34 3.3E-05 0.01 0.5 0.45 1 1.6 0.02 1
116 3.2 0.0002 0.03 3.0 0.001 1 2.3 0.006 0.88
Mmp9 3.1 1.3E-05 0.006 18 0.004 1 2.6 0.0003 0.16
Cd177 31 0.0006 0.07 0.4 0.57 1 2.6 0.004 0.88
S100a9 3.1 3.1E-05 0.01 2.1 0.002 1 2.8 0.0003 0.16
Hdc 29 5.9E-07 0.001 1.0 0.01 1 19 0.0001 0.11
11rn 2.8 6.0E-05 0.02 0.1 0.83 1 2.0 0.0020 0.54
Mefv 2.8 6.5E-05 0.02 0.6 0.27 1 1.7 0.005 0.88
Treml 2.7 6.2E-06 0.004 1.0 0.01 1 18 0.0009 0.30
Fprl 25 5.8E-06 0.004 0.5 0.23 1 2.0 0.0002 0.13
Padi4 24 8.1E-05 0.02 12 0.02 1 18 0.002 0.45
Tnf 2.3 0.0001 0.02 0.5 0.33 1 13 0.02 1
Tir2 2.2 3.5E-06 0.003 0.7 0.05 1 0.7 0.04 1
Nfkbiz 2.2 2.6E-05 0.008 0.7 0.08 1 1.0 0.02 1
Ebi3 2.2 0.0004 0.05 0.5 0.33 1 1.7 0.005 0.88
Cerl 21 2.5E-05 0.008 1.0 0.02 1 14 0.002 0.57
Lilrb4a 2.0 0.0002 0.04 -0.1 0.90 1 2.0 0.0007 0.26
Csf3r 19 0.0007 0.08 0.8 0.13 1 1.2 0.03 1
Cd14 1.9 7.2E-06 0.004 0.3 0.39 1 1.6 0.0001 0.11
Socs3 1.8 8.7E-05 0.02 0.9 0.03 1 1.2 0.005 0.88
Fas 1.7 8.9E-05 0.02 0.8 0.49 1 13 0.002 0.57
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Lactated Ringers (LR) Fresh Frozen Plasma (FFP) Cryoprecipitate
Log, Fold Log, Fold Log, Fold
Gene Change vs. P Adjusted P* Change vs. [ Adjusted P* | Change vs. [ Adjusted P*
Sham Sham Sham

Relb 1.6 0.0003 0.05 0.0 0.95 1 0.6 0.14 1

Sell 1.4 5.6E-05 0.02 0.4 0.11 1 0.9 0.004 0.88
Nfkb2 14 2.1E-05 0.008 -0.1 0.79 1 0.4 0.11 1
1110ra 1.2 1.5E-05 0.006 0.5 0.02 1 0.2 0.48 1
Cd8s3 1.2 0.0004 0.05 0.8 0.01 1 11 0.001 0.32
Nfkbia 11 7.1E-05 0.02 0.5 0.02 1 0.1 0.61 1
Ptprc 1.0 0.0003 0.05 0.2 0.36 1 0.4 0.07 1
Plaur 0.9 1.6E-05 0.006 0.5 0.005 1 0.3 0.04 1
Cd52 0.9 0.0004 0.05 0.4 0.06 1 0.8 0.003 0.75
Mcll 0.6 4.7E-05 0.01 0.1 0.30 1 0.5 0.0007 0.25
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Table 1B.

Differential gene expression in HS/T mice treated with FFP or cryoprecipitate versus LR. Genes from the
NanoString Mouse Autoimmune Panel with the 30 most statistically significant differences between FFP- and
LR-treated animals are presented here and sorted by log, fold change. Animals per group N=3 (FFP,
cryoprecipitate) and N=6 (LR). Genes of interest discussed in this paper are highlighted in green. *P-values
adjusted by Benjamini-Yekutieli method. **Fold change of CXCL10 is skewed by one LR animal with very
high expression of CXCL10; excluding this value results in a log, fold change of —2.2 (FFP vs. LR) and -2.1

(cryoprecipitate vs. LR).

Fresh Frozen Plasma (FFP) Cryoprecipitate

Gene Log, Fold Change vs. LR P Adjusted P* | Log, Fold Change vs. LR P Adjusted P*
Cxcl10 —-5.6** 0.0002 0.07 =5.1%* 0.0004 0.3
NIrp3 =31 1.9E-05 0.02 -3.0 2.3E-05 0.06
Clecde -29 4.8E-06 0.02 =17 0.0006 0.39
Tnfaip3 -2.9 0.0001 0.05 -18 0.004 1
111b -2.9 6.1E-06 0.02 -2.6 1.5E-05 0.06
111rn -2.6 8.6E-05 0.04 -0.7 0.13 1
Casp4 -25 8.0E-05 0.04 0.2 0.70 1
Dll1 -2.3 0.0008 0.14 -13 0.02 1
Mefv -2.2 0.0004 0.10 -1.0 0.04 1
Vcaml -2.1 0.0004 0.10 -0.6 0.16 1
Lilrb4a -21 0.0002 0.06 0.0 0.97 1
Fprl -2.1 3.2E-05 0.02 -0.5 0.11 1
Hdc -1.9 2.9E-05 0.02 -1.0 0.004 1
1118rap -19 0.001 0.21 -0.3 0.54 1
Tnf -1.8 0.0007 0.14 -1.0 0.022 1
Ms4ada -1.7 0.0005 0.10 -0.4 0.24 1
Cd14 -1.6 2.5E-05 0.02 -0.3 0.24 1
Relb -1.6 0.0003 0.08 -1.0 0.006 1
Tir2 -1.6 8.0E-05 0.04 -15 9.7E-05 0.12
Fas -15 0.0002 0.07 -0.4 0.17 1
Nfkbiz -15 0.0006 0.14 -1.2 0.002 0.92
Nfkb2 -14 1.4E-05 0.02 -1.0 0.0004 0.3
Cd40 -14 0.0004 0.10 -1.0 0.004 1
Ripk2 -14 0.0007 0.14 -1.0 0.006 1
Nfe2l2 -1.3 6.1E-05 0.04 -0.2 0.35 1
Stat3 -1.3 0.0001 0.06 -0.5 0.04 1
Sell -1.0 0.001 0.21 -0.5 0.05 1
Tbk1 -0.7 0.001 0.18 0.1 0.55 1
1110ra -0.7 0.002 0.22 -11 4.6E-05 0.08
Mcll -0.5 0.0003 0.08 -0.1 0.32 1
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