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Washing or filtering of blood products does not improve outcome

in a rat model of trauma and multiple transfusion

Mathijs R. Wirtz,">* Jordy Jurgens," Coert J. Zuurbier,” Joris J.T.H. Roelofs,* Philip C. Spinella,’
Jennifer A. Muszynski,® J. Carel Goslings,” and Nicole P. Juffermans™*

BACKGROUND: Transfusion is associated with organ
failure and nosocomial infection in trauma patients,
which may be mediated by soluble bioactive substances
in blood products, including extracellular vesicles (EVs).
We hypothesize that removing EVs, by washing or
filtering of blood products, reduces organ failure and
improves host immune response.

MATERIALS AND METHODS: Blood products were
prepared from syngeneic rat blood. EVs were removed
from RBCs and platelets by washing. Plasma was
filtered through a 0.22-pm filter. Rats were traumatized
by crush injury to the intestines and liver, and a femur
was fractured. Rats were hemorrhaged until a mean
arterial pressure of 40 mm Hg and randomized to receive
resuscitation with standard or washed/filtered blood
products, in a 1:1:1 ratio. Sham controls were not
resuscitated. Ex vivo whole blood stimulation tests were
performed and histopathology was done.

RESULTS: Washing of blood products improved quality
metrics compared to standard products. Also, EV levels
reduced by 12% to 77%. The coagulation status, as
assessed by thromboelastometry, was deranged in both
groups and normalized during transfusion, without
significant differences. Use of washed/filtered products
did not reduce organ failure, as assessed by
histopathologic score and biochemical measurements.
Immune response ex vivo was decreased following
transfusion compared to sham but did not differ between
transfusion groups.

CONCLUSION: Filtering or washing of blood products
improved biochemical properties and reduced EV
counts, while maintaining coagulation abilities. However,
in this trauma and transfusion model, the use of
optimized blood components did not attenuate organ
injury or immune suppression.
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ypically, bleeding trauma patients develop a
hypocoagulopathy, referred to as trauma-induced
coagulopathy.”” Balanced resuscitation with
blood products in ratios similar to whole blood is
the mainstay to treat trauma-induced coagulopathy and
prevent exsanguination. However, transfusion is associated

ABBREVIATIONS: AST = aspartate transaminase; CINC-3 =
cytokine-induced neutrophil chemoattractant 3; EVs = extracellular
vesicles; FFP = fresh frozen plasma; LPS = lipopolysaccharide; MAP
= mean arterial pressure; MOF = multiple organ failure; PLT =
platelet; ROTEM = rotational thromboelastometry; SAGM = saline-
adenine-glucose-mannitol
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with adverse effects, including multiple organ failure
(MOF)*® and nosocomial infection.” The mechanisms by
which transfusion exerts these effects probably include
modulation of the host coagulation and immune response.
Several studies showed an association between trauma-
induced coagulopathy and the development of MOF.3™
Also, following trauma, both pro- and anti-inflammatory
profiles have been reported.” A proinflammatory response
can contribute to MOF,*® while an immunosuppressive
response following blood transfusion in trauma patients is
thought to predispose patients to postinjury infection.'®

During storage, a variety of biochemical changes occur in
blood products, collectively referred to as storage lesion."'™"
These biochemical changes include accumulation of
bioactive substances, such as lysophos.phatidylcholines,14 soluble
CD40-ligand"® and extracellular vesicles (EVs),"*'® and have the
ability to exert various proinflammatory processes, for example,
priming of neutrophils.'”*®

EVs, typically ranging from 50 to 500 nm,"° are pre-
sent in all blood components and are important contribu-
tors to their storage lesion.’’>* These EVs may contribute
to coagulation in trauma, as low levels have been associ-
ated with coagulopathy in trauma.® However, EVs in
blood products also activate the endothelium,?* which
may derange host response and contribute to organ fail-
ure. EVs also mediate proinflammatory and/or immune
suppressive processes in trauma.>®> Washing of cells or fil-
tration of plasma may improve blood product quality by
reducing EV concentration,?®?® as well as the amount of
other bioactive agents, including lysophosphatidylcho-
lines?® and soluble CD40-ligand *°and thereby decrease
transfusion-related adverse events. In line with this, in
murine models, washing of cells led to an abrogation of
lung injury*"*? and systemic inflammation® induced by
RBCs or platelets. Clinical studies show differential
results. Whereas washing of products seemed to reduce
systemic inflammation in children undergoing cardiac
surgery,®* this effect was not seen in adults.>” A Cochrane
review investigating the effect of transfusion of washed
RBCs in preterm infants also did not show any benefit.*®
However, these studies evaluated RBC transfusions only.
As organ failure associated with transfusion is dose
dependent,® modification of different blood products dur-
ing multiple transfusion may have a greater impact on
outcome.

The aim of this study was to investigate whether
reducing the amount of EVs in transfusion products, by
washing RBCs and platelets or filtering plasma, decreases
the inflammatory response and occurrence of MOF in a
trauma and multiple-transfusion model. Also, we hypothe-
sized that washed/filtered products would attenuate an
immunosuppressive effect on host immune response,
while maintaining oxygen-carrying and procoagulant
capacity.

OPTIMIZING BLOOD PRODUCTS IN TRAUMA

MATERIALS AND METHODS

Animal study design

The animal care and use committee of our tertiary hospital
approved this study. Animal procedures were carried out in
compliance with Institutional Standards for Use of Labora-
tory Animals. A pilot (n = 3) for the induction of trauma and
bleeding was performed to set up the model, resulting in
metabolic acidosis, as well as a hypocoagulopathic profile
as assessed by rotational thromboelastometry (ROTEM)
traces. A subsequent pilot (n = 3) was performed to estab-
lish the transfusion protocol that resulted in a correction of
the coagulopathy and pH levels.

Preparation of blood products

Rat blood products were obtained from syngeneic Sprague-
Dawley rats (Envigo). For each rat in the experiment, a donor
rat was available. Following anesthesia, using isoflurane,
blood was drawn by heart puncture into a syringe containing
1.25 mL of citrate-phosphate-dextrose (Fresenius HemoCare
GmbH). Blood was pooled for component preparation. Blood
was handled as we have reported before*** and stored
according to national standards for human blood (Sanquin
Blood Supply Foundation). In short, blood was centrifugated
for 10 minutes at 1892g and 20°C. Plasma was separated and
the buffy coat was removed from the packed erythrocytes.
Saline-adenine-glucose-mannitol (SAGM; Fresenius Hemo-
care) was added to the erythrocytes up to a hematocrit of
60%.%* The final products were stored at 4°C for 14 days
(equaling storage of human RBCs for 35 days).** For the
preparation of standard rat fresh frozen plasma (FFP) prod-
ucts, the plasma separated from the RBCs was frozen at
—80 °C and stored for 14 days. For the preparation of stan-
dard rat platelet (PLT) products, another batch of animals
was used. Whole blood was again collected by heart puncture
and centrifugated for 10 minutes at 1892g and 20°C. The
plasma was removed and the buffy coat was separated from
the RBCs. The buffy coat was diluted with pooled plasma to a
hematocrit of approximately 20% and again centrifugated for
10 minutes at 288g and 20°C to separate the majority of the
remaining erythrocytes and leucocytes from the platelets.>®
The supernatant, containing platelet-rich plasma, was trans-
ferred into culture flasks at 22°C under a 5% CO,/95% air
mixture for 5 days and was put on a PLT incubator (Helmer)
shaking horizontally with 1 cycle/second.®

Optimization of blood products

Both standard and optimized RBCs were kept at room temper-
ature approximately 1 hour before transfusion. To optimize
the RBC products, they were washed after 14 days of storage.
To obtain soluble factors from the product as much as possi-
ble, 0,9% saline was added before centrifugation. The
erythrocyte-saline mixture was centrifugated for 15 minutes at
1500g and 4 °C. The supernatant was removed and the
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erythrocytes were washed using SAGM (1:1) and centrifuged
for 15 minutes at 1250g and 4°C. The supernatant was
removed, and new SAGM was added to the erythrocytes up to
the original volume of the rat RBC product. This method was
adopted, as it was shown to augment lung injury.*>

FFP products were thawed for 45 to 60 minutes in ice
water. After thawing, plasma was kept at room temperature
for at least 10 minutes. To optimize the FFP products, the
plasma was filtered using a 0.22-pm filter. We chose this fil-
ter, as earlier studies showed a reduction in EVs, when a
0.2-pm pore size was used to filter plasma.?®

The rat PLT products were washed after 5 days of stor-
age. The standard PLT products stayed on the PLT incuba-
tor until right before transfusion. To optimize PLT products,
they were centrifuged for 15 minutes at 1250g and 22°C.
The supernatant of the product was removed. The PLTs
were then washed using a leukocyte-reduced apheresis
platelet concentrate (Intersol, Fresenius-Kabi), which was
added up to the original volume and centrifuged for
15 minutes at 1000g and 22°C. The supernatant was
removed, and Intersol was added up to the original volume
of the PLT product. This method was used, as it was shown
to mitigate lung injury.*'

Biochemical changes in blood products

Blood products were sampled just before transfusion and
analyzed for pH, glucose, electrolytes, and lactate with a
blood gas analyzer (Rapidlab 865, Siemens Medical Solu-
tions Diagnostics). In the PLT products, the modified
Kunicki morphology score was calculated.*”

Extracellular vesicle measurements

EVs were measured in supernatant of all standard and opti-
mized blood products. A flow cytometer (Apogee A60-Micro,
Apogee Flow Systems), equipped with a 200-mW 405-nm laser,
was used to detect forward-scattered light, side-scattered light,
and fluorescence of EVs. This flow cytometer was used, as it is
able to detect smaller particles in comparison to conventional
flow cytometers.38 To remove cells, blood products were cen-
trifuged twice (1750g, 10 min, 20°C). After being stored in
—80°C, supernatant of each blood product was thawed at 37°C
and diluted to provide approximately 5.000 events per second
to prevent swarm detection of EVs.*® Twenty pL of prediluted
sample was stained with the following lineage-specific mono-
clonal antibodies to identify the cell of origin of EVs: integrin
B3 (sc-53351, Santa Cruz Biotechnology)*®*' for PLT-derived
EVs, erythroid cell antibody®® for RBC-derived EVs
(BioLegend), and anti-CD45 (NB100-64895APC, Novus Biologi-
cals)*® for WBC-derived EVs. Rosetta Calibration (Exometry)
was used determine the size of EVs* according to Mie the-
ory.* Data acquisition was performed with Apogee software,
and data were processed with FLOWJO v.10.3 (FlowJo LLC).
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Experimental protocol

Male Sprague-Dawley rats were approximately 12 weeks of
age, with an average weight around 350 g. Animals lived in
standard cages under normal conditions of a 12:12-hour
light:dark cycle and received standard lab chow and water
ad libitum. The experiments were performed every other
day and started around 08 a.m.

After sedation and analgesia with ketamine 100 mg/mL
(Eurovet), dexmedetomidine 0,5 mg/mL (Orion Pharma)
and atropine 0,5 mg/mL (Centrafarm), a tracheotomy was
performed in the rats and they were put on a mechanical
ventilator (Servo 900C, Siemens). Rats were ventilated in a
pressure-controlled mode, with 10 cm H,0 peak inspiratory
pressure and 5 cm H,O positive end expiratory pressure,
and FiO, was set at 30%. Recruitment maneuvers were per-
formed every 60 minutes by increasing peak inspiratory
pressure to 30 cm H,O during 5 breaths. Respiratory rate
was set at 35 breaths per minute.

Throughout the experiment, rats received ketamine as
maintenance anesthesia, and they were monitored using intra-
arterial blood pressure monitoring. Urine production was
recorded and collected using a suprapubic catheter. Poly-
trauma was induced by crush injury of the small intestines
and the left and medial liver lobes using a metal clamp cov-
ered with silicone tubing for 3 seconds.*® The right femur was
fractured using a blunt guillotine, in which a 650 g of steel
weight dropped on the right femur which was resting on two
supporting pillars, one under the hip and one under the knee
(see Fig. S1, available as supporting information in the online
version of this paper). The rats then underwent controlled
hemorrhage, by withdrawal of blood from a catheter in the
carotid artery, until mean arterial pressure (MAP) was 40 mm
Hg. This equated to approximately 30% of their estimated cir-
culating blood volume, thereby mimicking the clinical scenario
of acute massive bleeding leading to a shock state with severe
hypotension, and activation of the host immune response.

After approximately 45 minutes in a shocked state, ani-
mals were transfused with blood products in a 1:1:1 ratio of
RBC:FFP:PLTs until an MAP of 65 mm Hg was reached. To
achieve the 1:1:1 ratio, all blood products were pooled together
and transfused at a rate of 8 mL/h. Animals did not receive any
further fluids. Four hours after transfusion, rats were sacrificed
by exsanguination, as earlier models of hemorrhage and resus-
citation showed signs of MOF at this time point.*”

Randomization

Animals were randomized (n = 8 per group) to receive no
transfusion, transfusion with standard blood products, or
transfusion with optimized products. Because the adminis-
tration of crystalloids is also associated with MOF,’ rats
receiving no transfusion did not receive resuscitation of any
kind. A fourth group consisted of healthy rats that were
used as donors for blood product preparation and as con-
trols in the histopathologic organ examination.



Blood and tissue sampling

Blood samples were collected prior to trauma (T = —1), at
the end of the shock period; just after resuscitation was ini-
tiated (T = 0); and at 1 (T = 1), 2 (T = 2), and 4 (T = 4) hours
(see Fig. 1). Plasma levels of aspartate transaminase (AST),
alanine transaminase and lactate dehydrogenase were mea-
sured using standard enzymatic reactions and spectropho-
tometric assays. Creatinine was measured by colorimetric
determination using creatinase. ROTEM (ROTEM Delta,
Werfen) EXTEM measurements were also performed, but
only in the transfused rats, since no extra blood could be
drawn in the nonresuscitated rats due to severe shock.

Every hour, arterial blood gas analysis was performed
(Rapidlab 865 blood gas analyzer, Siemens Medical Solu-
tions Diagnostics).

After sacrifice by exsanguination, the trachea and lungs
were taken out en bloc. Bronchoalveolar lavage fluid (BALF)
of the left lung was performed by instilling 2 mL of sterile
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0.9% saline in the trachea three times, using a syringe.
Immediately after instillation over 10 to 15 seconds, the
fluid was aspirated with the same syringe.

Organs were removed after exsanguination, fixed in
10% buffered formalin, embedded in paraffin and cut into
4-pm-thick slides for histopathologic examination. Organs
of the donor rats were harvested as healthy controls to the
other groups (n = 8).

Immune response

Ex vivo whole blood stimulation tests with lipopolysaccha-
ride (LPS; from Escherichia coli, lot number 064M4125V)
were performed by adding 250 pL of rat whole blood to
250 pL of prepared stimulation solution containing
0.5 ng/mL of LPS.*® Samples were then incubated for
24 hours at 37°C and 5% CO,. After 24 hours, samples were
centrifuged at 600g for 10 minutes at 4°C. The supernatant
was collected and stored at —80°C for later analysis of levels
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Fig. 1. Parameters of shock in different treatment groups over time. (A) Blood lactate levels expressed as medians. (B) Blood
glucose levels expressed as medians. (C) Base deficit levels expressed as medians. (D) Blood pH levels expressed as means.

(E) Hemoglobin levels in g/dL expressed as means. (F) Mean arterial pressure in mm Hg expressed as means. (G) Timeline of the
experiment. Every hour blood samples were collected for biochemical analysis, blood gas analysis, and ROTEM. WBS = whole blood

stimulations. * = p < 0.05.
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TABLE 1. Animal characteristics prior to and directly after trauma

No transfusion

Standard products

Optimized products

( (

pCO, (mm Hg)  38.2 (14.0-57.1) 36.9 (22.4—104.3)
HCO3;™ (mmol/L) 21.9 (10.1-24.9) 20.5 (14.4-24.7)
BD (mmol/L) -6.7 (-13.2--0.6) —-10.3 (-

Lactate (mmol/L) 1.06 (0.21-1.14) 1.74 (1.06-5.19)
Hemodynamics

MAP (mmHg) 105 (69-130) 48 (38-53)°

Hypovolemic Hypovolemic Hypovolemic
Baseline shock* Baseline shock* Baseline shock*
Clinical parameters .
Weight (g) 404.0 (401.5-405.5) 406.0 (398.0-416.0) 395.0 (393.3-401.3)™*
Chemical lab
Hemoglobin 10.1 (8.5-11.7) 9.1 (7.6-10.7) 9.1 (7.8-9.7) 9.9 (9.3-10.1) 9.4 (8.6-10.0) 9.2 (8.3-9.8)
level (mmol/L)
Hematocrit (%) NR 0.39 (0.36-0.42) 0.47 (0.31-0.56)  0.50 (0.38-0.56)  0.52 (0.49-0.64) 0.56 (0.51-0.62)
Creatinine 30.5 (26.0-35.0) 37.0 (33.0-64.0) 24.0 (20.0-26.0)" 34.0 (30.0-62.0)° 28.5 (26.3-39.8)" 42.0 (35.5-51.5)*
(pmol/L) .
AST (U/L) 51 (51-51) 61 (48-97) 56 (53-79) 110 (94—113).§ 73 (57-98) 105 (89-122)
ALT (U/L) 37 (35-39) 36 (36-76) 46 (38-54) 84 (67-89)° 53 (52-63) 84 (69-114)*
LDH (mmol/L) 80 (80-80) 221 (137-430) 237 (172-301) 505 (393-641)" 316 (188—499) 513 (425-728)
Blood gas
pH 7.42 (7.20-7.47) 7.40 (7.01-7.43) 7.28 (7.24-7.38) 7.36 (7.13-7.45)  7.47 (7.39-7.52 7.36 (7.23-7.39)

( ) (
44.6 (31.9-64.1) ( ) (
21.4 (17.8-27.6) 21 2(18.8-225) 224 (18.7-25.6)  21.9 (18.1-23.5)
12.1--2.6) —4.4(-6.8——2.6) —3.3 (- (- ¥ (-
0.50 (0.31-0.58) 1. 11 (0.89-1.64)* ( ) (

125 (98-136)

35.7 (37.7-70.4)  30.9 (24.0-42.9 40.2 (32.2-52.9)

76--1.8) -1.2(-2.6-08)

0.78 (0.74-1.04

-2.6(—6.8—-2. 2)’
1.33 (1.07-1.93)"
50 (41-67)*

120 (114-128) 50 (41-51)°

Values are expressed as median and IQR.

+ p < 0.05 versus no transfusion group.

i p < 0.05 versus standard transfusion group.

§ p < 0.05 versus baseline value in same group.

NR = not recorded.

* Values are recorded after trauma and hemorrhage, just after transfusion therapy was given in the resuscitation groups.

ALT = alanine transaminase; AST = aspartate transaminase; BD = base deficit; LDH = lactic dehydrogenase; MAP = mean arterial pressure;

of IL-6 and cytokine-induced neutrophil chemoattractant
3 (CINC-3; R&D Systems). These cytokines were measured,
as they are usually elevated and frequently used in trauma
and transfusion models.>""#*48

Histopathologic examination of organ injury

For histopathologic examination, hematoxylin and eosin
staining was performed. A pathologist blinded to the treat-
ment groups examined the tissues and graded the severity
of injury to the organ on a scale of 0 to 3 (0 = absent,
1 = mild, 2 = moderate, 3 = severe), based on previously
published validated scoring systems.***® Severity of liver
injury was assessed by scoring the presence of necrosis,
hemorrhage, portal inflammation, and neutrophil infiltra-
tion. Kidney injury was scored on the presence of epithelial
necrosis or luminal necrotic debris in the cortical tubules,
tubular dilation, neutrophil extravasation, and hemorrhage.
Lung injury was assessed by scoring the presence of lung
edema, interstitial inflammatory cell infiltration, endothelitis
and hemorrhage. Injury to the small intestine was scored on
the presence of diffuse swelling of the villi, neutrophil infil-
tration in the submucosa, necrosis, and hemorrhage.

Statistical analyses

Acute lung injury is an important manifestation of MOF in
trauma patients.’”*> In a previous rat transfusion model,
washing of RBC products reduced IL-6 levels, with a mean
difference of of 8 ng/g (standard deviation, 4 ng/g).
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Therefore, to obtain a power of 80%, assuming a 5% signifi-
cance level and using a two-sided unpaired t test, a total of
six rats should be randomized to each group. As we
expected a mortality rate within the groups of around 20%,
we included eight rats in each group.

Normality for continuous variables was tested by
visual inspection of histograms and by Kolmogorov-Smir-
nov test. Results are expressed as either mean + standard
deviation or as median + interquartile range depending on
the distribution of the variables. To test for differences
between standard and optimized blood products, the Stu-
dent t test or Mann-Whitney U test was used. For compari-
sons between the experimental groups, a one-way analysis
of variance or Kruskal-Wallis test was used, both with a
Dunnett’s posttest for multiple comparisons. A p value of
less than 0.05 was considered to be statistically significant.
Statistics were done with computer sofware (SPSS Statistics
24, IBM).

RESULTS

At baseline (i.e., after tracheotomy but before trauma), ani-
mals in the optimized transfusion group had a lower base
deficit compared to the other groups (see Table 1). Base
deficit was not statistically different directly following
trauma and transfusion between groups. The nonresusci-
tated animals did not survive the follow-up period; 3 out of
8 animals survived until 3 hours follow-up, the others died



OPTIMIZING BLOOD PRODUCTS IN TRAUMA

TABLE 2. Biochemical properties of standard and optimized blood products
RBCs Fresh frozen plasma Platelets

Standard Optimized Standard Optimized Standard Optimized

product product product product product product
pH 6.6 (0.0) 7.1 (0.0)* 7.52 (0.01) NR 6.74 (0) 6.98 (0)*
Lactate (mmol/L) 21.2(1.7) 1.6 (0.1)* 22(1.2) 1.5(0.1) NR NR
Na* (mmol/L) 132.5 (0.1) 143.5 (0.6)* 145.2 (3.5) 140.4 (0.9) 130.5 (0.7) 147.0 (1.4)*
K* (mmol/L) 31.2 (2.1) 1.4 (0.1)* 4.0 (0.9) 4.7 (0.0) 9.0 (0) 5.8 (0.1)*
Ca®" (mmol/L) 0.21 (0) 0.23 (0) NR NR 0.25 (0) 0.25 (0)
CI~ (mmol/L) 114.0 (0.7) 137.0 (12.7) 78.0 (5.2) 82.3 (0.6) NR NR
Glucose (mmol/L) 19.4 (0.1) 39.4 (0.6)* 30.1 (1.8) 26.6 (0.4) 5.1 (0) 1.1 (0)*
Morphology, Kunicki score NA NA NA NA 224 (215-224) 217 (216-217)
Platelet-derived EVs (x10° EVs/mL) 100 (165) 85.5 (145) 32.8 (19.2) 14.4 (14.1) 289 (193) 50.2 (29.5)
Leucocyte-derived EVs (x10° 74(1.7) 2.7 (1.6)* 22.3 (9.6) 10.3 (1.1) 187 (186) 65.7 (65.5)

EVs/mL)

RBC-derived EVs (x10° EVs/mL) 135 (119) 125 (107) 19.2 (3.1) 5.6 (1.5)* 116 (33.2) 19.7 (13.9)*
Total EVs (x108 EVs/mL) 243 (64.7) 214 (39.8) 74.3 (31.4) 30.3 (16.4) 593 (403) 136 (106)
Values are expressed as mean and SD.
EVs = extracellular vesicles; NA = not applicable; NR = not recorded.
* P < 0.05 vs. standard product.

after 2 hours. The resuscitated animals survived throughout
the experiment. All animals were severely injured and in
shock, reflected by low blood pressure as well as an
increased base deficit (see Fig. 1). Following resuscitation,
MAP increased in both groups receiving transfusion. The

group receiving no resuscitation remained on a MAP of
40 mm Hg. The volume of products needed to reach a MAP
of 65 mm Hg did not differ between groups (14.7 & 2.8 mL/kg
in the standard transfusion group vs. 14.6 + 2.7 mL/kg in
the optimized group; p = NS). Hemoglobin level did not
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Fig. 2. Coagulation parameters over time as measured by rotation thromboelastometry. Values are presented as median values. (A) Clotting
time (CT) measured in seconds (dotted lines are reference values*: 38-79 seconds). (B) Maximum clot firmness (MCF) measured in mm
(dotted lines are reference values*: 50-72 mm). (C) a-angle measured in degrees (dotted lines are reference values*: 61-83 degrees). (D) G-
value measured in dynes/cm2 (dotted lines are reference values*: 5-11.7 dynes/cm2)." * = Based on human reference values.
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Fig. 3. Histopathologic examination of organ injury. (A) Organ injury score based on histopathologic examination, presented as

median and interquartile ranges. (B) Representative microphotographs of lung tissue (magnification 100x).

drop in the group receiving no resuscitation, which may be
due to severe fluid depletion, as animals did not receive any
fluids and were put on a mechanical ventilator. In line with
this, their hematocrit levels increased during the experiment
(data not shown).

Effect of filtering or washing on biochemical
properties of blood products

Washing of cellular products resulted in an increase in
pH and sodium levels, while potassium and lactate levels
dropped significantly (see Table 2). Glucose levels of the
products increased after washing. Filtration of the
plasma products did not lead to any significant
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differences in biochemical properties compared to the
nonfiltered product.

Numbers of microparticles reduced by filtering or
washing blood products

RBC products showed low levels of platelet-derived EVs
and WBC-derived EVs, but high levels of erythrocyte-
derived EVs. Washing led to a reduction of 12% in the
total number of EVs. FFP showed relatively low numbers
of EVs/mL, which decreased 59% following filtration of
plasma products. The PLT product showed the highest
amount of EVs in the product. A reduction of 77% was
found in the number of EVs in the PLT products (see
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Fig. 4. Markers of organ injury over time. Values are given in median and interquartile ranges. (A) AST levels measured in arterial blood
samples (p value determined by Mann-Whitney U test). (B) Creatinine levels measured in arterial blood samples. (C) ALT levels
measured in arterial blood samples. (D) Lactate dehydrogenase (LDH) levels measured in arterial blood samples.* = p < 0.05.

Table 2). In particular, the number of vesicles 200 nM or
more were reduced in FFP and PLT products after wash-
ing or filtering. However, to some extent, smaller EVs

were also reduced (see Fig. S2, available as supporting
information in the online version of this paper). Wash-
ing of the RBC products did not reduce EVs much.
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Fig. 5. Cytokine levels in plasma over time and in lungs at sacrifice. (A) Plasma IL-6 levels over time in the different groups. (B) IL-6 levels
in bronchoalveolar lavage fluid taken at exsanguination in the different groups. Values are given in median and interquartile ranges.
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Fig. 6. Whole blood stimulations with LPS in different treatment groups. Cytokine levels after whole blood stimulation of samples taken

at exsanguination and stimulated with LPS. Values are given in mean and standard deviation.

Effect of filtering or washing of blood products on
coagulation capacity

ROTEM was performed in the transfusion groups but was not
feasible in the nontransfused control group. Following trauma
and initiation of transfusion, measurements were taken in
both transfusion groups. Trauma resulted in hypocoagulo-
pathic traces, as reflected by a decrease in maximum clot firm-
ness and alfa angle when compared to baseline. Resuscitation
improved the coagulation status of the rats (see Fig. 2A-D).
There were no significant differences in coagulation profile
between rats treated with optimized blood products compared
to standard blood products.

Effect of filtering or washing of blood products on
organ dysfunction

Compared to healthy controls, the trauma model resulted in
organ injury when assessed by histopathology, including kid-
ney injury (p = 0.034) and lung injury (p = 0.031), whereas a
trend was found in the induction of gut injury (p = 0.089). Liver
injury was not increased when compared to healthy controls.
The total organ injury score was significantly higher in shocked
rats when compared to healthy rat (p = 0.022). Pulmonary
edema was increased in the rats receiving transfusion com-
pared to sham controls and healthy rats (see Fig. 3B). However,
the amount of organ injury did not differ between the transfu-
sion groups (see Fig. 3A). Also, trauma and transfusion resulted
in increased levels of creatinine, AST and alanine transaminase
when compared to baseline (see Table 1). The rats receiving
optimized blood products had significantly lower AST levels
compared to the rats receiving standard blood products
(p = 0.009), but this difference was gone at the 4-hour time
point (p = 0.085). In the other organ systems, no significant dif-
ferences between the transfusion groups were found (see
Fig. 4A-D).

Effect of filtering or washing of blood products on
host response

Trauma and shock resulted in increased systemic levels of IL-6
in plasma over time in all groups. Also, bronchoalveolar lavage
fluid samples showed increased levels of IL-6. There was no
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difference in IL-6 levels between transfusion groups, however
(see Fig. 5A-B).

In ex vivo whole blood stimulation experiments, rats
receiving no transfusion showed an intact immune response,
as assessed by increased IL-6 levels in response to LPS stimula-
tion, which was abrogated in the transfused rats (p = 0.007).
CINC-3 levels were nonsignificantly decreased in the trans-
fused rats (p = 0.280). However, IL-6 and CINC-3 levels did not
differ significantly between the group transfused with standard
products compared to the optimized products (see Fig. 6A-B).

DISCUSSION

Hemorrhagic shock and multiple transfusion in trauma
patients often results in coagulopathy and organ damage.’
Our model reflected these derangements. Also, the storage
lesion in the rat blood products reflected the storage lesion
of expired human blood.?***® Washing or filtering of blood
products improved quality metrics of the blood products but
did not attenuate the occurrence of organ failure, nor did it
improve host response to bacterial antigen LPS in our model.

Improvement of products by reducing soluble media-
tors is gaining attention as an intervention to decrease
transfusion-related adverse events. Although concerns have
been raised both about decreasing the oxygen-delivering
capacity of the products® and about feasibility,*” a trial with
washed RBCs in cardiac surgery patients is currently ongo-
ing.”® Biochemical changes in blood products during stor-
age'” include accumulation of procoagulant and
inflammatory EVs,>"%” which can be altered by washing of
these products.”*®® In vitro, electrolyte balance seems to
stabilize and microaggregates are removed from the
products.>*®! This is in line with our results because elec-
trolyte balance and lactate levels stabilized in our washed
cellular products and the numbers of EVs dropped mark-
edly in all blood products after washing or filtering. How-
ever, the effect of RBC washing on the amount of EVs was
modest. A possible explanation could be that washing may
have contributed to increased membrane instability and EV
formation. This is supported by the fact that we measured
so-called ghost erythrocytes in our washed RBC products,
which are 6- to 8-pm empty cell fragments.®*



Importantly, in vivo coagulation ability as measured by
ROTEM was not adversely affected by washing or filtering of
blood products. Several studies have shown the procoagulant
potential of EVs in blood products in vitro.?**® Earlier studies
in rats have shown that transfusion of washed RBC products
leads to a prolongation of the clotting time and a reduction in
clot strength, compared to transfusion of standard RBCs.** It is
thought that washing of RBC products with normal saline
removes residual plasma proteins, leading to a reduction in the
hemostatic properties of RBCs.’’ In our study however,
removal of these EVs did not alter the in vivo coagulation prop-
erties in our model. Both transfusion groups received FFP and
platelets next to RBCs, possibly eliminating any effect of
washed RBCs on the coagulation status of the rats. Also, lactate
levels were similar in the transfusion groups, which may reflect
an equal ability of washed RBCs to deliver oxygen to tissues
when compared to standard RBCs.

Despite improved biochemical properties of the blood
products and a reduction in the amount of EVs, we found
little effect of washing or filtering on organ functioning. The
only exception was that AST levels were decreased after
transfusion with optimized products compared to standard
products. This may be in line with a study in a rat hemor-
rhage model, where it was shown that liver injury was lower
in animals receiving fresh blood compared to stored
blood.®® The limited benefit of washing of products in our
study reflects findings in a porcine model, in which washing
of RBC products did not reduce organ injury compared to
standard transfusion products.®® These previous studies
focused on transfusion of RBC blood products only. In a set-
ting of transfusion of multiple modified blood products, the
possible mitigating effect of washing of products on organ
damage would be expected to be greater. Our results, how-
ever, suggest that optimizing blood products in the setting
of multiple transfusion also does not limit organ damage.

Furthermore, washing or filtering of blood products did
not affect host immune response. Our model was character-
ized by a systemic proinflammatory response, as reflected
by increased plasma and bronchoalveolar lavage fluid IL-6
levels, as shown before in vitro.®” There were no differences
between transfusion groups on IL-6 levels in our study. Pre-
vious studies have shown contrasting results of washing of
RBCs, with both a decrease in cytokine production as well
as no effect at all.'®3'~3*

Concurrent with systemic inflammation, a simulta-
neous immune depression of the innate immune cells may
occur after transfusion.”®” In line with this, we observed a
decreased cytokine response to stimulation with LPS in
transfused rats compared to the rats receiving no transfu-
sion. However, this immunosuppressive effect of transfusion
was not altered by washing or filtering of the blood prod-
ucts. An explanation may be that the cellular component of
products are responsible for the immunomodulatory effect.
This is underlined by an in vitro study in which the cellular
component of autologous collected blood induced anti-

OPTIMIZING BLOOD PRODUCTS IN TRAUMA

inflammatory cytokine production, whereas no effect was
found after the cells from the salvaged blood were
removed.®® Also, residual WBCs may play a role in the
occurrence of transfusion-related immunomodulation.®

The study had some limitations. The time frame of 4 hours
of follow-up may not have been sufficient for an intervention
to modulate a difference in organ damage. Also, the measure-
ment of EVs using flow cytometry may have failed to detect the
smallest EVs and may have underestimated the amount of ves-
icles in the products. Furthermore, apart from EVs, we did not
measure any other bioactive mediators in the blood products.
However, washing and filtering protocols have previously
shown to reduce lysophosphatidylcholines and CD40-ligand. A
strong aspect of our study is that this is the first preclinical
study investigating transfusion of several modified blood prod-
ucts (RBCs, PLTs, and FFP) simultaneously.

CONCLUSION

Filtering or washing of blood products reduces aspects of
storage lesion, without affecting the hemostatic capacity of
the products but does not result in reduced organ injury,
nor does it improve the immunosuppressed host response
in our model. These results suggest that washing or filtering
of blood products may have no relevant clinical effects.
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Additional Supporting Information may be found in the

online version of this article.

Fig. S1. Blunt guillotine used for the femur fracture of all

traumatized rats. Tubes are 23 cm in height. A marking is
placed at 14 cm (height from which the weight should be
dropped). Weight of the cross bar is 650 grams. Distance
between the supporting pillars for the femur is 2 cm.

Fig. S2. Size characterization of extracellular vesicles based
on cell of origin.
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