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Abstract

Platelets for transfusion are stored at room temperature (20–24˚C) up to 7 days but decline in

biochemical and morphological parameters during storage and can support bacterial prolifer-

ation. This decline is reduced with p38MAPK inhibitor, VX-702. Storage of platelets in the

cold (4–6˚C) can reduce bacterial proliferation but platelets get activated and have reduced

circulation when transfused. Thermocycling (cold storage with brief periodic warm ups)

reduces some of the effects of cold storage. We evaluated in vitro properties and in vivo cir-

culation in SCID mouse model of human platelet transfusion of platelets stored in cold or ther-

mocycled for 14 days with and without VX-702. Apheresis platelet units (N = 15) were each

aliquoted into five storage bags and stored under different conditions: room temperature;

cold temperature; thermocycled temperature; cold temperature with VX-702; thermocycled

temperature with VX-702. Platelet in vitro parameters were evaluated at 1, 7 and 14 days. On

day 14, platelets were infused into SCID mice to assess their retention in circulation by flow

cytometry. VX-702 reduced negative platelet parameters associated with cold and thermo-

cycled storage such as an increase in expression of activation markers CD62, CD63 and of

phosphatidylserine (marker of apoptosis measured by Annexin binding) and lowered the rise

in lactate (marker of increase in anaerobic metabolism). However, VX-702 did not inhibit ago-

nist-induced platelet aggregation indicating that it does not interfere with platelet hemostatic

function. In vivo, VX-702 improved initial recovery and area under the curve in circulation of

human platelets infused into a mouse model that has been previously validated against a

human platelet infusion clinical trial. In conclusion, inhibition of p38MAPK during 14-days

platelet storage in cold or thermocycling conditions improved in vitro platelet parameters and

platelet circulation in the mouse model indicating that VX-702 may improve cell physiology

and clinical performance of human platelets stored in cold conditions.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0250120 May 11, 2021 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Skripchenko A, Gelderman MP, Vostal JG

(2021) P38 mitogen activated protein kinase

inhibitor improves platelet in vitro parameters and

in vivo survival in a SCID mouse model of

transfusion for platelets stored at cold or

temperature cycled conditions for 14 days. PLoS

ONE 16(5): e0250120. https://doi.org/10.1371/

journal.pone.0250120

Editor: Habib Boukerche, "INSERM", FRANCE

Received: December 4, 2020

Accepted: March 30, 2021

Published: May 11, 2021

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All relevant data are

within the manuscript.

Funding: U.S. Food and Drug Administration,

CBER Internal funding.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0001-7979-5421
https://doi.org/10.1371/journal.pone.0250120
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250120&domain=pdf&date_stamp=2021-05-11
https://doi.org/10.1371/journal.pone.0250120
https://doi.org/10.1371/journal.pone.0250120
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


Introduction

Platelets for transfusion are generally stored at room temperature with agitation after Murphy

and Gardner demonstrated reduced in vivo recovery and survival of cold temperature stored

platelets (cold-stored platelets) against room temperature stored platelets (room-stored plate-

lets) [1]. Since their report, platelet storage has moved to room temperature in order to opti-

mize circulation of transfused platelets in patients with hypoproliferative platelet disorders.

However, limitations of room-stored platelets have emerged over the years and include prolif-

eration of bacteria during storage if the unit becomes contaminated during collection or pro-

cessing and development of a storage lesion that leads to declining platelet performance with

prolonged storage. In recent years, there has been renewed interest in cold-stored platelets

because of potential improvement in control of bacterial proliferation during storage and

enhanced hemostatic efficacy in bleeding patients due to platelet activation by cold exposure

[2–4]. Historically, cold storage of platelets is limited by regulation to 72 hours in the USA [5],

but recent research has suggested that platelets can be stored for extended periods of time at

cold temperature [6, 7]. Extended cold storage would increase platelet availability for use in

massive transfusion protocols [8] and surgical bleeding applications in both civilian and mili-

tary settings [9].

Platelets stored at cold temperature for longer than 24 hours show irreversible loss of dis-

coid morphology, decreased response to hypotonic shock and increased intracellular calcium,

but exhibit reduced metabolic rates leading to lesser glucose consumption and decreased lactic

acid production with better maintenance of pH levels [10]. Cold temperature storage also gen-

erates changes in cell surface glycoprotein glycosylation, GPIbα clustering [11, 12] and trans-

forms integrin αIIbβ3 conformation to an activated state [13]. Similarly, cold storage

manifests in platelet activation which results in lysosomal and granule release [13] as well as

increased microparticle formation [14]. Overall, the cold storage lesion appears to make plate-

lets more procoagulant [15] and likely to be effective when transfused into actively bleeding

patients [16] even though their circulation time is reduced [1].

Some aspects of the platelet changes induced by cold temperature can be reduced by storage

under temperature cycling conditions which periodically rewarm platelets to 37˚C for 1 hour

in a 12-hour cycle [17]. Thermocycling conditions for 7 days can improve the platelet in vivo

recovery and survival in healthy human volunteers compared to continuous cold temperature

storage [18].

The changes in platelets induced by cold temperature storage lesion are similar to the acti-

vation induced by prolonged room temperature storage [19] which correlates with activation

of p38 mitogen activated protein kinase (p38MAPK) [20]. The p38MAPK is involved in a vari-

ety of biological processes such as pro-apoptotic signaling, responses to stress and inflamma-

tion, regulation of proliferation, cell survival and differentiation [21]. Inhibition of p38MAPK

with the chemical compound VX-702 during 7-day storage of platelets at room temperature

resulted in better maintenance of platelet functional, structural, metabolic and mitochondrial

parameters [20].

The aim of this study was to compare properties of platelets stored in 100% plasma for

extended time at cold temperature or under thermocycling conditions with and without VX-702.

Materials and methods

Materials

This study was approved by FDA Institutional Review Board. Apheresis platelets were

obtained from the NIH blood bank (Bethesda, MD) under informed consent using a cell
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separator (Amicus, Fresenius Kabi USA, Lake Zurich, IL). Phosphate buffered saline (PBS),

Ethylenediaminetetraacetic acid (EDTA), dimethylsulfoxide (DMSO), double-distilled water,

human albumin and heparinized capillary tubes, were purchased from Thermo Fisher Scien-

tific (Waltham, MA). Adenosine diphosphate (ADP) and collagen were acquired from Chron-

olog Corporation (Havertown, PA). CD61 conjugated with fluorescein isothiocyanate (FITC),

CD62P, CD63, CD42b, CD29, and annexin V conjugated with phycoerythrin (PE), mouse

IgG1 PE and FITC platelet isotype control were procured from Becton Dickinson (BD Biosci-

ences, San Jose, CA). Anti-human CD41 antibodies conjugated with FITC were obtained from

Beckman Coulter (Indianapolis, IN). VX-702, was bought from Sellek Chemicals (Houston,

TX). Severe Combined Immunodeficient (SCID) mice (4 to 6 weeks old) were obtained from

Charles River Laboratories (Wilmington, MA). They were maintained in the pathogen-free

animal facility of the Food and Drug Administration (FDA) Center for Biologics Evaluation

and Research (CBER; Silver Spring, MD) and acclimated for at least 7 to 10 days before starting

the experiments. This study was reviewed and approved by FDA’s White Oak Animal Care

and Use Committee (OLAW Assurance D16-00655). All procedures were planned and per-

formed using humane practices in accordance with The Guide for the Care and Use of Labora-

tory Animals (8th Ed.) and standards for accreditation by AAALAC International.

Platelet collection and study design

Four to 6 hours after collection of single donor platelets by apheresis, platelets in 100% plasma

were aliquoted by 65 mL into CLX storage bags (Haemonetics Corporation, Covina, CA). Ali-

quot A) was stored at 20–24˚C with continuous agitation (room-stored platelets); aliquot B)

was incubated at 4–6˚C without agitation (cold-stored platelets); aliquot C) platelets were

stored in an thermocycling incubator (Panasonic, model MIR-154-PA, Wood Dale, IL) pro-

grammed to a cycle for 11 hours at 5˚C and 1 hour at 37˚C with 5 minutes of agitation during

the warm-up period using an indoor plug-in timer (Leviton Manufacturing Co., Inc., Melville,

NY) as described earlier (thermocycled-stored platelets) [17]; aliquot D) platelets were stored

as aliquot B with addition of 10 μM of VX-702 (cold-stored + VX-702 platelets); aliquot E)

platelets were stored as aliquot C with addition of 10 μM of VX-702 (thermocycled-stored

+ VX-702 platelets). Platelets were held at room temperature for 18–24 hours before all five

bags were placed under designated storage conditions. The study was carried out with fifteen

independent experiments for in vitro measures and five experiments for recovery and survival

in a mouse transfusion model.

Platelet in vitro parameter measurements

All platelet units were sampled aseptically by syringe (approximate volume of 3 mL) on Days

1, 7 and 14. Platelet concentrations and mean platelet volume (MPV) were measured using a

hematology analyzer (Poch-100i, Sysmex America Inc. Lincolnshire, IL).

Platelet extracellular pH was measured using a bench top meter (Orion Star A211, Thermo

Fisher Scientific) and pH electrode (Ross Ultra, Thermo Fisher Scientific). Glucose and lactate

concentrations as well as partial pressures of carbon dioxide (pCO2) and oxygen (pO2) were

measured using a blood gas analyzer (Stat Profile Prime, Nova Biomedical, Waltham, MA).

Bicarbonate concentration was calculated using Henderson-Hasselbalch equation from pH

and pCO2 (37˚C) levels.

The extent of platelets shape change (ESC), hypotonic stress response (HSR) and aggrega-

tion were measured turbimetrically using a Chrono-Log Model 700 (Chrono-log Corporation)

as previously described [22]. Measurements and data collection for these assays were carried

out using computer interface with AGGRO/LINK8 software version 1.2.797. All platelet
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samples were diluted with cold-stored concurrent plasma to obtain 3.0 x108 platelets/mL. ESC,

a quantitative measurement of the percentage of platelets that have a discoid shape capable of

transforming to spherical form, was performed using 20 μM ADP and 2 μM EDTA according

to the manufacturer’s protocol. HSR, a measurement of platelet ability to recover after expo-

sure to hypotonic environment, was executed using PBS and double-distilled water according

to the manufacturer’s protocol. Platelet aggregation was measured using 10 mM of ADP with

10 mg/mL of collagen (Chrono-Log), as final concentrations. Agonists were added in a rapid

succession one after the other to the platelet suspensions. Aggregation was expressed relative

to a maximum slope and amplitude of the instrument’s internal electronic standard. Area

under the curve (AUC) was automatically calculated by the instrument’s software.

Platelet activation was accessed by measuring p-selectin expression (CD62P) and Tetraspa-

nin 30 (Tspan-30, CD63) using FACSCalibur flow cytometer (BD Biosciences). Phosphatidyl-

serine exposure on platelet surface, as apoptotic marker, was measured by annexin V binding.

Platelet expression of glycoprotein GPIX and integrin β1 were quantified by binding of CD42a

and CD29 antibodies, respectively. Briefly, unfixed freshly collected platelet samples were

diluted to 1 x106 platelets/mL with PBS supplemented with 0.1% human albumin and were

incubated with CD61-FITC and CD62P-PE or CD63-PE or CD29-PE or CD42a-PE or

annexin V at saturating concentrations for 15 min at 22˚C immediately after sampling. Platelet

isotype controls use and color compensation were performed as described earlier [17]. Plate-

lets were gated by forward and side scattering and binding of CD61. P-selectin and Tspan-30

expression were reported as percent CD62P or CD63 positive platelets, respectively. GPIX and

integrin β1 expression were reported as mean fluorescence of binding CD42a and CD29,

respectively, and phosphatidylserine exposure was reported as percent annexin V positive

platelets.

Animal studies

On Day 14 of storage, cold-stored and thermocycled-stored platelets from 5 platelet apheresis

units were transfused into SCID mice. A single animal represented one experimental unit

within the compared groups. For this study we used the following number of animals in each

group: cold-stored platelets, N = 18; cold-stored + VX-702 platelets, N = 18; thermocycled-

stored platelets, N = 15; thermocycled-stored + VX-702 platelets, N = 15. The total number of

animals used in all experiments was N = 66. The sample sizes were determined based on previ-

ous published study results which refined the experimental design and to reduce variability

between platelet units from different donors and flow cytometry data variability [23]. A block

randomization was used to assign mice to specific groups. To minimize potential confounders,

a simple randomization was used for platelet administration within the group and between the

studied groups. The person who infused the mice was aware of the group allocation, the con-

duct of the experiment, the outcome of assessment and data analysis. The outcome of assess-

ment and the data analysis was also conducted by another team member. Animals were all

female SCID mice (CB17/lcr-PrkdcSCID/lcrCr) and were used in all experiments without any

anesthetics or analgesics administration. On the day of infusion, mice were acclimated for 2

hours in the procedure room prior to infusion. For the duration of each experiment, the fol-

lowing were employed: a) environmental stressors were kept to a minimum (ambient light

and temperature, low noise), b) mice were monitored for behavioral signs of distress, and c) all

mice were humanely euthanized immediately upon completion of each experiment. During all

experiments, no unanticipated adverse events occurred. The blood sample collections and

recovery of human platelets, defined as the percentage of CD41 positive human platelets in

murine blood, were managed as described earlier [17, 23]. Briefly, human platelets were
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supplemented with prostaglandin E1 (1μg/mL) and centrifuged (1000 x g, 20 minutes) to con-

centrate the platelets followed by adding small volumes of plasma to the pellets. Concentrated

human platelet aliquots (approximately 5 × 108 in 100 μL) were injected into the right lateral

tail vein within 5 minutes of preparation using a 1cc syringe fitted with a 27-gauge needle. All

mice were infused with human platelets only once at the beginning of the experiment. All

injected mice were included in the experiment except when an injection was not successful.

Murine whole blood samples were collected into heparinized capillary tubes using tail vein

nick technique at predetermined time points for 6 hours starting at 4 minutes after infusion.

After murine blood collections, samples were incubated with a monoclonal anti-human

CD41-FITC–conjugated antibodies for 20 minutes in the dark. The flow cytometry gate was

established for human platelets based on forward (FSC) and side (SSC) scatter and was used to

capture 25,000 events from collected mouse sample.

Statistics

Determination of means, standard deviations (SD) and standard errors (SE) of experimental

values and Analysis of Variance with repeated measures (ANOVA) were carried out by using

standard software (Instat, GraphPad Software, Version 3.10, San Diego, CA). A value of

p�0.001 for ANOVA analysis was considered significant accounting repeated measures for

the 16 platelet assays utilized in the study and three testing days [24]. If the ANOVA analysis

was significant, statistical differences between paired values of room-stored, cold-stored, ther-

mocycled-stored, cold-stored + VX-702, and thermocycled-stored + VX-702 platelet samples

were determined by post Hoc tests with Bonferroni corrections. A p value of<0.05 for post

Hoc test was considered as statistically significant. Instat software was also utilized to compare

human platelet recovery and survival in the animal model. Paired two-tail t test was used for

comparison between test and control (GraphPad InStat). Human platelet survival was

expressed as an area under the curve (AUC) and was calculated using the GraphPad Prizm

software (GraphPad, version 7.05). Two-tailed p value of�0.05 was considered significant in

paired tests for recovery and survival of human platelets in SCID mice. Two assumption tests

were performed when a p value was calculated: pairing effectiveness and normality test.

Results

Platelet concentration, mean platelet volume and functional parameters

On Day 1, concentration (cells/μL) and MPV values were similar in all platelets (Figs 1 and 2).

On Day 7, thermocycled-stored platelet concentration was less than that of thermocycled-

stored + VX-702, cold-stored, and cold-stored + VX-702 platelets. MPV values of cold-stored

+ VX-702 and thermocycled-stored + VX-702 platelets were less compared to those of cold-

stored and thermocycled-stored platelets respectively. MPV values of thermocycled-stored

+ VX-702 platelets were less than those of cold-stored + VX-702 platelets. On day 14, concen-

trations of cold-stored and thermocycled-stored platelets were less and MPV values were

greater compared to those of cold-stored + VX-702 and thermocycled-stored + VX-702 plate-

lets, respectively. In addition, concentration of cold-stored platelets was less than that of ther-

mocycled-stored and thermocycled-stored + VX-702 platelets (Fig 1).

Results of HSR measurements of all platelets during storage were comparable to each other

on Day 1 of storage (Fig 3). On Day 7, HSR of room-stored platelets were greater than those of

all other platelets (p<0.001). HSR levels of thermocycled-stored + VX-702 platelets were

greater than those of thermocycled-stored and cold-stored platelets. On day 14, cold-stored

+ VX-702 and thermocycled-stored + VX-702 platelets showed greater values of HSR com-

pared to those of cold-stored and thermocycled-stored platelets, respectively. Moreover,
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Fig 1. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet concentration. Grey

bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored

platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets.

Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical

differences; �—p<0.05, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g001

Fig 2. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet mean volume. Grey

bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored

platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets.

Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical

differences; ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g002
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thermocycled-stored + VX-702 platelets had greater values of HSR compared to those of cold-

stored + VX-702, cold-stored and room-stored platelets (Fig 3).

Results of ESC measurements are reported in the Tables 1 and 2. On Day 1, all platelets

demonstrated similar ESC levels. On Day 7, all platelet ESC levels stored either at cold or ther-

mocycled temperature were less than that of room temperature (p<0.001) but comparable to

each other. On Day 14, all ESC measurements were very low, although ESC values of all cold-

stored or thermocycled-stored platelets were greater than those of room-stored platelets but

similar to each other.

Platelet aggregations are presented in the Tables 1 and 2. All platelets demonstrated compa-

rable aggregation amplitude, slope and AUC on Day 1 of storage. On Day 7, all measurements

of aggregation slopes for cold-stored or thermocycled-stored platelets were less than those of

room-stored platelets but were close to each other. Aggregation amplitudes of thermocycled-

stored (p<0.001), thermocycled-stored + VX-702 (p<0.05) and cold-stored (p<0.001) plate-

lets were less than that of room-stored platelets. The aggregation amplitude of cold-stored

platelets was comparable to that of room-stored platelets and greater than that of thermo-

cycled-stored platelets (p<0.05). The AUC for aggregation curves followed the difference pat-

tern of aggregation amplitude measurements. On Day 14, all cold-stored or thermocycled-

stored platelets exhibited greater aggregation amplitudes, slopes, and AUCs than those of

room-stored platelets (p<0.001) but were similar to each other, except that all aggregation

measurements of cold-stored platelets were greater than those of thermocycled-stored

platelets.

Metabolic parameters

Evaluation of platelet metabolic parameters stored at all conditions are shown in Figs 4–6 and

Tables 1 and 2. On Day 1, glucose, lactate and pH levels were comparable to each other (Figs

Fig 3. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet hypotonic shock

response. Grey bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–

thermocycled-stored platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored

+ VX-702 platelets. Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired

statistical differences; ��—p<0.01, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g003
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4–6). Glucose and pH levels of room-stored platelets were less, and lactate levels were greater

than those of all cold-stored or thermocycled-stored platelets (p<0.001) on Days 7 and 14.

Glucose and pH levels of thermocycled-stored platelets were less and lactate levels were greater

compared to those of cold-stored, cold-stored + VX-702 and thermocycled-stored + VX-702

platelets on Days 7 and 14. On Day 14, glucose and pH levels of thermocycled-stored + VX-

702 platelets were less and lactate levels were greater than those of cold-stored + VX-702 plate-

lets. Lactate levels of cold-stored + VX-702 platelets were less compared to cold-stored platelets

on Day 14 (Figs 4 and 5). The pH levels of cold-stored + VX-702 platelets were greater than

Table 1. Values of platelet parameters on Days 1 and 7 of the storage�.

Parameters Room-stored

platelets

Cold-stored

platelets

Thermocycled-stored

platelets

Cold-stored + VX-702

platelets

Thermocycled-stored + VX-702

platelets

Aggregation Amplitude (%),

Day 1

92.6±6.1 96.3±9.0 92.4±9.8 94.1±10.1 94.6±9.2

Aggregation Amplitude (%),

Day 7

84.7±9.3 82.1±16.9 75.7±14.8d 75.9±77.9 77.9±17.7

Aggregation slope (%), Day 1 129.7±17.0 137.0±22.0 132.5±19.8 130.7±19.6 132.7±20.7

Aggregation slope (%), Day 7 87.7±16.6 62.1±13.5 60.1±12.3 57.0±12.2 62.8±13.6

Aggregation, area under

curve, Day 1

438±33 462±50 441±57 446±61 465±80

Aggregation, area under

curve, Day 7

390±46 365±83 333±72d 328±75 347±85

ESC (%), Day 1 31.8±12.3 32.6±11.2 31.7±10.6 31.7±11.9 32.9±11.7

ESC (%), Day 7 14.6±6.0 2.2±1.9 2.9±3.0 2.2±2.7 3.2±3.4

Bicarbonate (mM), Day 1 23.6±4.8 23.6±4.9 23.4±4.6 23.3±4.7 24.1±4.8

Bicarbonate (mM), Day 7 8.2±3.2 15.5±2.8 13.2±3.3a 17.0±3.1d 15.6±2.9ce

�—Data presented as mean ± one standard deviation. N = 15;
ap<0.001 compared to cold-stored platelets;
bp<0.001 compared to cold-stored + VX-702 platelets;
cp<0.05 compared to cold-stored + VX-702 platelets;
dp<0.05 compared to cold-stored platelets;
ep<0.001 compared to thermocycled-stored platelets.

https://doi.org/10.1371/journal.pone.0250120.t001

Table 2. Values of platelet parameters on Day 14 of the storage�.

Parameters Room-stored

platelets

Cold-stored

platelets

Thermocycled-stored

platelets

Cold-stored + VX-702

platelets

Thermocycled-stored + VX-702

platelets

Aggregation Amplitude

(%)

8.3±3.4 70.3±15.4 55.6±19.9e 65.4±18.9 60.1±20.4

Aggregation slope (%) 26.5±10.7 48.5±12.9 39.3±11.7e 44.3±12.8 42.6±14.9

Aggregation, area under

curve

27±17 286±72 227±92c 265±87 250±94

ESC (%) 0.0 1.3±1.5 1.6±2.3 1.6±1.9 2.3±2.8

Bicarbonate (mM) 0.4±0.1 6.2±2.0 3.2±1.8a 8.2±2.3a 5.9±2.6bd

�—Data presented as mean ± one standard deviation. N = 15;
ap<0.001 compared to cold-stored platelets;
bp<0.001 compared to cold-stored + VX-702 platelets;
cp<0.05 compared to cold-stored platelets;
dp<0.001 compared to thermocycled-stored platelets;
ep<0.01 compared to cold-stored platelets.

https://doi.org/10.1371/journal.pone.0250120.t002
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Fig 4. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet glucose levels. Grey

bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored

platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets.

Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical

differences; ��—p<0.01, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g004

Fig 5. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet lactate levels. Grey

bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored

platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets.

Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical

differences; ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g005
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those of thermocycled-stored + VX-702 platelets on Day 14 (Fig 6). Bicarbonate levels of all

platelets were comparable to each other on Day 1 (Table 1). On Day 7 and 14, bicarbonate lev-

els of -cold-stored + VX-702 and thermocycled-stored + VX-702 platelets were greater than

those of cold-stored and thermocycled-stored platelets, respectively (Tables 1 and 2). Bicar-

bonate levels of cold-stored and cold-stored + VX-702 platelets were greater compared to

those of thermocycled-stored and thermocycled-stored + VX-702 platelets, respectively, on

Days 7 and 14. Bicarbonate levels of cold-stored + VX-702 platelets were greater than those of

thermocycled-stored + VX-702 platelets on Days 7 and 14 (Tables 1 and 2).

Cell surface parameters

CD62P expression (Fig 7) on cold-stored + VX-702 platelets was lower than that of cold-stored

platelets on Days 1 and 14, while CD63 expression (Fig 8) of those was lower on Days 1, 7 and

14. At the same time, CD62P and CD 63 expression of thermocycled-stored + VX-702 platelets

was lower than that of thermocycled-stored platelets on Days 1, 7 and 14. CD62P and CD 63

expression of cold-stored + VX-702 platelets was lower compared to thermocycled-stored

+ VX-702 platelets on Days 7 and 14 (Figs 7 and 8). CD62P and CD63 expression of thermo-

cycled-stored platelets was greater compared to those of room-stored (p<0.001), cold-stored

and cold-stored + VX-702 platelets on Days 7 and 14, except room-stored platelets on Day 14

when it was comparable for CD62P (Fig 7). Annexin V binding (Fig 9) of thermocycled-stored

+ VX-702 platelets was lower than that of thermocycled-stored platelets on Days 1, 7 and 14

Fig 6. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on platelet pH levels. Grey bar–

platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored platelets;

blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets. Data

represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical differences; �—

p<0.05, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g006
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Fig 7. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on CD62P expression on

platelets. Grey bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–

thermocycled-stored platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored

+ VX-702 platelets. Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired

statistical differences; ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g007

Fig 8. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on CD63 expression on

platelets. Grey bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–

thermocycled-stored platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored

+ VX-702 platelets. Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired

statistical differences; ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g008
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while it was lower in cold-stored + VX-702 platelets than that of cold-stored platelets only on

Day 1. On day 7, annexin V binding of room-stored platelets was lower compared to cold-

stored (p<0.001), thermocycled-stored (p<0.001) and cold-stored + VX-702 platelets

(p<0.05) but was comparable to that of thermocycled-stored + VX-702 platelets. Annexin V

binding on thermocycled-stored platelets was greater than that of cold-stored and cold-stored

+ VX-702 platelets on Days 7 and 14 (Fig 9).

CD29 and CD42a expression (Figs 10 and 11) of all platelets was comparable to each other

on Day 1. CD29 expression of thermocycled-stored was greater than that of room-stored

(p<0.001), cold-stored and cold-stored + VX-702 platelets on Days 7 and 14. CD29 and

CD42a expression of thermocycled-stored + VX-702 and cold-stored + VX-702 platelets was

less than that of thermocycled-stored and cold-stored platelets, respectively, on Day 7, while

CD42a expression of cold-stored + VX-702 platelets was less compared to that of cold-stored

platelets also on Day 14. CD29 expression of cold-stored platelets was greater than that of ther-

mocycled-stored + VX-702 platelets only on Day 7 (Fig 10), while CD42a expression of those

were greater on Days 7 and 14. Expression of CD 29 and CD42a was increased on thermo-

cycled-stored platelets compared to cold-stored and cold-stored + VX-702 platelets, on Days 7

and 14 (Figs 10 and 11).

Animal studies

The in vivo recoveries and survivals of human platelets after 14 days of storage (cold-stored,

thermocycled-stored, cold-stored + VX-702, and thermocycled-stored + VX-702 platelets) in

Fig 9. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on annexin V binding. Grey

bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–thermocycled-stored

platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored + VX-702 platelets.

Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired statistical

differences; �—p<0.05, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g009
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Fig 10. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on CD29 expression on

platelets. Grey bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–

thermocycled-stored platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored

+ VX-702 platelets. Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired

statistical differences; �—p<0.05, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g010

Fig 11. Effects of 14-day storage, temperature and presence of p38MAPK inhibitor on CD42a expression on

platelets. Grey bar–platelets stored at room temperature; blue solid bar–cold-stored platelets; red solid bar–

thermocycled-stored platelets; blue striped bar–cold-stored + VX-702 platelets; red striped bar–thermocycled-stored

+ VX-702 platelets. Data represents the mean of 15 experiments with one standard deviation. Arrows represent paired

statistical differences; ��—p<0.01, ���—p<0.001.

https://doi.org/10.1371/journal.pone.0250120.g011
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SCID mice are presented in Fig 12 and Table 3. Recoveries of cold-stored + VX-702 human

platelets were greater than those of cold-stored platelets during the first 20 minutes of human

platelet circulation in SCID mice (4 min p = 0.0001; 6 min p = 0.0126; 8 min p = 0.0127; 10

min p = 0.0053; 20 min p = 0.0177; 30 min p = 0.1402). Recoveries of thermocycled-stored

+ VX-702 human platelets were greater than those of thermocycled-stored platelets during

the first 6 minutes of human platelet circulation in SCID mice (4 min p = 0.0412; 6 min

p = 0.01353; 8 min p = 0.1059). The AUC, which represents availability of human platelets in

the murine circulation, was greater for cold-stored + VX-702 platelets (p = 0.03) compared to

that of cold-stored platelets but was comparable between thermocycled-stored and thermo-

cycled-stored + VX-702 platelets (p = 0.17).

Discussion

There are several potential benefits of cold-stored platelets: increased platelet hemostatic effi-

cacy immediately upon transfusion, reduction of bacterial proliferation and preservation of

platelet energy stores that would enable extended storage while maintaining hemostatic effi-

cacy. We focused on the latter benefit with the objective to show that platelet storage could be

extended to 2 weeks based on maintenance of in vitro responses that have been correlated with

preservation of in vivo circulation [25].

A variety of approaches have been tried by others to minimize the platelet activation

effects of cold temperature storage to preserve platelet circulation capacity post storage. One

approach was based on platelet storage media with second-messenger inhibitors during 9-day

of cold temperature storage [26]. These additives helped to prevent platelet count loss, restored

HSR and ESC to some extent, maintained surface GPIb and decreased p-selectin expression

on platelets. Another storage additive recently studied was N-acetylcysteine which limited

platelet activation, stabilized sialidase activity and further reduced metabolic activity [27].

Some physiologic inhibitors, such as prostacyclin and nitric oxide, can also inhibit activation

of cold-stored platelets [28]. So far none of these interventions have been accepted into general

practice.

Our approach was to inhibit p38MAPK which is a central mediator of multiple signaling

pathways in platelets and other cells [21]. In previous studies it has been reported that addition

of the inhibitor, VX-702, prevented p38MAPK activation and impeded decrements in many

platelet in vitro parameters after exposure to 16˚C without agitation for 24 hours [29]. How-

ever, VX-702 was less effective when platelets were stored for 7 days at 4˚C [30]. One plausible

explanation for these findings is that the severity of cold temperature storage lesion at 4˚C is

more extensive than at 16˚C. VX-702 is a competitive inhibitor of ATP binding to the

p38MAPK binding site with a half-life in solution between 16 to 20 hours. A single application

of 1 μM VX-702 to platelets may not offer enough inhibition for 7 days. An alternative expla-

nation could be that, VX-702, at higher concentration, may bind to off-target kinases or dis-

rupt other signal transducing enzymes that participate in cold induced transformation of

platelets. This is less likely since VX-702 has high specificity for inhibition of the p38α isoform

over the β, γ and δ p38 isoforms with no appreciable affinity for a panel of other kinases tested

[31, 32].

In the present study we stored platelets at cold temperature and thermocycled conditions

for 14 days with or without 10 μM VX-702. We showed that cold temperature storage induced

loss of platelets during storage, increased activation and reduced platelet responses in in vitro

tests after 14 days of storage which corroborates previously published data [26, 27]. The addi-

tion of VX-702 to cold temperature and thermocycled storage maintained platelet concentra-

tions up to 14 days of storage, reduced markers of platelet activation such as an increase in
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Fig 12. Recovery of human platelets stored for 14 days at cold and thermocycled temperatures. Panel A depicts the

recoveries of human platelets stored at cold temperature. Open circles and dashed line represent the recoveries of cold-

stored + VX-702 human platelets in SCID mice. Close circles and solid line illustrate the recoveries of cold-stored

human platelets in SCID mice; � 4 min p = 0.0001; 6 min p = 0.0126; 8 min p = 0.0127; 10 min p = 0.0053; 20 min

p = 0.0177; 30 min p = 0.1402. Panel B provides the recoveries of human platelets stored at thermocycled temperature.

Opened triangles and dashed line represent the recoveries of thermocycled-stored + VX-702 human platelets in SCID

mice. Closed triangles and solid line reproduce the recoveries of thermocycled-stored human platelets in SCID mice; �

4 min p = 0.0412; 6 min p = 0.01353; 8 min p = 0.1059.

https://doi.org/10.1371/journal.pone.0250120.g012
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MPV [33], p-selectin and Tspan30 expression and limited phosphatidylserine exposure which

is considered a consequence of cells going through apoptosis. P-selectin, recognized by CD62P

anti-human antibodies on the platelet surface, is a transmembrane protein stored in the α-

granules, which becomes translocated into platelet plasma membrane upon activation. P-selec-

tin is localized on the outer platelet membrane and promotes platelet aggregation at areas of

vascular injury. Another activation marker, Tspan30, which is located in the lysosomal gran-

ules and is also translocated into outer platelet membrane where it is recognized by CD63

anti-human antibodies. These reductions of platelet activation and apoptotic markers when

platelets are stored in the cold with the inhibitor VX-702 suggest that in vivo circulation of

extended cold storage of platelets could be improved. We previously reported a similar correla-

tion between improved in vitro parameters in platelets stored in thermocycled conditions and

better in vivo recovery and circulation of radiolabeled platelets infused into healthy human

volunteers [18].

In addition to the general reduction in platelet activation during cold storage, VX-702 also

produced some unexpected effects. While VX-702 reduced platelet cold storage induced acti-

vation, it did not inhibit agonist induced platelet aggregation. Others have also reported that

VX-702 does not impair agonist induced platelet activation during room temperature storage

[20, 34]. These results suggest that p38 MAPK is positioned to maintain platelet resting state

and its activity is independent of agonist induced signal transduction. Although platelet aggre-

gation in a synergistic response to ADP and collagen was not altered, more work is needed to

evaluate response to different agonists (e.g. epinephrine, arachidonic acid etc.) which involve

different signaling pathways.

Another unexpected finding was that addition of VX-702 to cold-stored platelets resulted

in similar glucose levels, compared to cold-stored platelets, but generated lower lactate levels

which suggest that VX-702 promotes alternate glucose utilization pathways. Besides conver-

sion of glucose to lactic acid by anaerobic metabolism platelets can utilize the pentose phos-

phate pathway, even when glucose utilization is unchanged to generate more reducing power

in the form of NADPH rather than lactic acid [35–37]. Alternatively, lower lactate levels in

presence of VX-702 may be explained by better maintenance of aerobic respiration, where

mitochondria play a pivotal role. A better preservation of mitochondrial function at cold tem-

perature compared to room temperature stored platelets has been previously reported [38]

and VX-702 may potentiate this further. More experimental data are needed to further rectify

the influence of VX-702 on platelet metabolism.

Greater protection of mitochondrial function is associated with higher quality of platelet

function, particularly with improved HSR [39]. In our experiments, addition of VX-702

resulted in increased HSR levels of cold-stored and thermocycled-stored platelets. After one

week of storage, room-stored platelets maintained HSR levels better than any cold conditions,

as has been described in the literature [14, 17, 29, 30, 40]. However, after two weeks of storage,

HSR levels were better preserved during storage at cold and thermocycled temperatures than

Table 3. Recovery and survival of human platelets following storage at different conditions and transfusion into SCID mice�.

Storage condition Cold-stored platelets Cold-stored + VX-702 platelets Thermocycled-stored platelets Thermocycled-stored + VX-702 platelets

Survival (area under the

curve)

1339±85 1605±160a 1525±192 1996±144b

�—Data presented as mean ± one standard error of mean.
ap = 0.03, compared to cold-stored platelets;
bp = 0.17, compared to thermocycled-stored platelets.

https://doi.org/10.1371/journal.pone.0250120.t003
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at room temperature and this was further improved in presence of VX-702. This effect on HSR

may be due to reduced platelet metabolism in presence of the inhibitor and preservation of

glucose along with the possibility of more efficient metabolism to maintain energy stores [37]

and platelet membrane integrity which may also lead to better survival in the circulation after

transfusion [41].

Membrane integrity depends on certain levels of platelet cell surface proteins expression

and is likely to contribute to clearance of platelets from circulation. Glycoprotein IX, which

was measured by binding of anti-human antibodies to CD42a, is essential protein on the plate-

let membrane surface which forms noncovalent complex with glycoprotein 1bα (GpIbα). This

complex is the receptor for von Willebrand factor and is important in platelet adhesion to

injured blood vessels. GPIX had stable expression during cold temperature storage but was

lower than on room-stored and thermocycled-stored platelets, which substantiated previous

data [13]. Signaling through GPIb-GPIX has been associated with accelerated clearance of

platelets from the circulation [42]. In one proposed model, cold temperature induces loss of

platelet surface GPIbα but also increase binding of vWF to GPIb-GPIX. This, in conjunction

with shear stress, may cause unfolding of mechanosensory domain and initiate intracellular

signaling that leads to platelet desialylation and phosphatidylserine exposure. These changes

were associated with fast platelet clearance from circulation in a mouse model [43–45]. It has

been previously reported that addition VX-702 to platelets stored at cold temperature for

24-hours restored GPIbα shedding to the levels found on room-stored platelets [29]. Our cur-

rent study demonstrates that VX-702 addition decreases GPIX expression on cold-stored and

thermocycled-stored platelets which may lead to diminished signaling through GPIb-GPIX

and preserve platelet circulation after transfusion. Addition of VX-702 to cold-stored and ther-

mocycled-stored platelets also diminished expression of CD29, a β1 integrin, which was mea-

sured by binding of anti-human CD29 antibodies. This integrin forms a complex with integrin

α1 and integrin α2 which function as a collagen receptor on platelet surface. In recent studies,

β1 integrin has been considered not only as an adhesive molecule but also as a signaling pro-

tein which regulates different aspects of platelet functions. For instance, platelet granule (α-

granules, dense and lysosomal) secretions were reported upon β1 integrin stimulation [46].

Similarly, VX-702 decreased cold temperature induced p-selectin and Tspan-30 expression,

which are released from α-granules and lysosomal granules, respectively. Moreover, it has

been known that integrin β1 regulates actin dynamics by actin polymerization after collagen

stimulation through β1 integrin activation [47–50]. At the same time, it has been shown that

activation of p38MAPK resulted in F-actin reorganization in rat cardiomyocytes as well as

actin polymerization in mouse lungs [51, 52]. It is not clear if inhibition of p38MAPK can

cause direct regulation of actin polymerization or if it occurs by signaling through β1 integrin

or if both pathways are affected simultaneously. More experiments are warranted to better

understand interaction of GPIb-GPIX, p-selectin, Tspan30 and different integrins with VX-

702 and the impact on platelet survival.

We used a mouse model of platelet transfusion to obtain data on the in vivo recovery and

survival of the human cold-stored and thermocycled-stored platelets from this study to deter-

mine if VX-702 addition may alleviate the effects of cold temperature storage lesion on platelet

circulation. We previously validated this model against a human clinical study of in vivo recov-

ery and survival of thermocycled-stored and cold-stored platelets [53]. Based on this valida-

tion, the difference for initial recovery in SCID mice between room-stored and cold-stored

platelets correlates with the differences for in vivo recovery of the same types of radiolabeled

platelets in healthy human volunteers [18]. For the current study, the animal model revealed

that cold-stored and thermocycled-stored platelets stored with VX-702 had an approximately

35% and 30% better initial recovery, respectively, than platelets stored without VX-702. These
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results suggest that VX-702 will improve recovery of cold-stored and thermocycled-stored

platelets in humans although the exact quantitative extent of the improvement is not predict-

able. A clinical trial of platelets stored at cold temperature in presence of VX-702 is needed to

define the exact benefits for platelet circulation.

Our report suggests that inhibition of p38MAPK limits the detrimental effects of platelet

extended cold storage as evidenced by in vitro parameters and improvements of platelet circu-

lation in an animal model that has been shown to correlate with circulation performance of

cold temperature stored platelets in humans. At the same time inhibition of p38MAPK does

not appear to reduce the potential hemostatic advantage of cold-stored platelets. Clinical safety

of this drug has been demonstrated in previous clinical trials when it was evaluated as a ther-

apy for immune disorders [54–56] and thus VX-702 would be a suitable candidate for clinical

investigations into extension of cold storage of platelets for transfusion. Future work can also

focus on combining VX-702 with other pharmacologic treatments that have shown efficacy

for preservation of platelets in cold storage.

Author Contributions

Conceptualization: Andrey Skripchenko, Jaroslav G. Vostal.

Data curation: Andrey Skripchenko, Jaroslav G. Vostal.

Formal analysis: Andrey Skripchenko, Monique P. Gelderman, Jaroslav G. Vostal.

Investigation: Andrey Skripchenko, Monique P. Gelderman.

Methodology: Andrey Skripchenko, Monique P. Gelderman, Jaroslav G. Vostal.

Project administration: Andrey Skripchenko.

Supervision: Jaroslav G. Vostal.

Visualization: Andrey Skripchenko.

Writing – original draft: Andrey Skripchenko, Monique P. Gelderman, Jaroslav G. Vostal.

Writing – review & editing: Andrey Skripchenko, Monique P. Gelderman, Jaroslav G. Vostal.

References
1. Murphy S, Gardner FH. Effect of storage temperature on maintenance of platelet variability—deleteri-

ous effect of refrigerated storage. N Engl J Med 1969; 280:1094–8. https://doi.org/10.1056/

NEJM196905152802004 PMID: 5778424

2. Levin RH, Freireich EJ. Effect of storage up to 48 hours on response to transfusions of platelet rich

plasma. Transfusion 1964; 4:251–6. https://doi.org/10.1111/j.1537-2995.1964.tb02867.x PMID:

14177375

3. Ketter PM, Kamucheka R, Asulanandaman B, Akers K, Cap AP. Platelet enhancement of bacterial

growth during room temperature storage: mitigation through refrigeration. Transfusion 2019; 59:1479–

89. https://doi.org/10.1111/trf.15255 PMID: 30980761

4. Pidcoke HF, Spinella PC, Ramasubramanian AK, Strandenes G, Hervig T, Ness PM, et al. Refrigerated

platelets for the treatment of acute bleeding: a review of the literature and reexamination of current stan-

dards. Shock 2014; 41:51–3. https://doi.org/10.1097/SHK.0000000000000078 PMID: 24662779

5. Blood Products Advisory Committee meeting. Food and Drug Administration, Center for Biologics Eval-

uation and Research. November 2019. https://www.fda.gov/advisory-committees/blood-products-

advisory-committee-november-22-2019-meeting-announcement-11222019-11222019.

6. Reddoch-Cardenas KM, Montgomery RK, Lafleur CB, Peltier GC, Bynum JA, Cap AP. Cold storage of

platelets in platelet additive solution: an in vitro comparison of two Food and Drug Administration-

approved collection and storage system. Transfusion 2018; 58:1682–8. https://doi.org/10.1111/trf.

14603 PMID: 29603238

PLOS ONE p38MAPK inhibitor improve platelet cold storage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250120 May 11, 2021 18 / 21

https://doi.org/10.1056/NEJM196905152802004
https://doi.org/10.1056/NEJM196905152802004
http://www.ncbi.nlm.nih.gov/pubmed/5778424
https://doi.org/10.1111/j.1537-2995.1964.tb02867.x
http://www.ncbi.nlm.nih.gov/pubmed/14177375
https://doi.org/10.1111/trf.15255
http://www.ncbi.nlm.nih.gov/pubmed/30980761
https://doi.org/10.1097/SHK.0000000000000078
http://www.ncbi.nlm.nih.gov/pubmed/24662779
https://www.fda.gov/advisory-committees/blood-products-advisory-committee-november-22-2019-meeting-announcement-11222019-11222019
https://www.fda.gov/advisory-committees/blood-products-advisory-committee-november-22-2019-meeting-announcement-11222019-11222019
https://doi.org/10.1111/trf.14603
https://doi.org/10.1111/trf.14603
http://www.ncbi.nlm.nih.gov/pubmed/29603238
https://doi.org/10.1371/journal.pone.0250120


7. Stolla M, Fitzpatrick L, Gettinger I, Bailey SL, Pellham E, Christoffel T, et al. In vivo viability of extended

4˚C-stored autologous apheresis platelets. Transfusion 2018; 58:2407–13. https://doi.org/10.1111/trf.

14833 PMID: 30203458

8. Cap AP, Spinella PC, Borgman MA, Blackbourne LH, Perkins JG. Timing and location of blood product

transfusion and outcomes in massively transfused combat casualties. J Trauma Acute Care Surg 2012;

73:S89–94. https://doi.org/10.1097/TA.0b013e318260625a PMID: 22847102

9. Holcomb JB, del Junco DJ, Fox EE, Wade CE, Cohen MJ, Schreiber MA, et al. The prospective, obser-

vational, multicenter, major trauma transfusion (PROMMTT) study: comparative effectiveness of a

time-varying treatment with competing risks. JAMA Surg 2013; 148:127–36. https://doi.org/10.1001/

2013.jamasurg.387 PMID: 23560283

10. Getz TM. Physiology of cold-stored platelets. Transfus Apher Sci 2019; 58:12–5. https://doi.org/10.

1016/j.transci.2018.12.011 PMID: 30639086

11. Hoffmeister KM, Felbinger TW, Falet H, Denis CV, Bergmeier W, Mayadas TN, et al. The clearance

mechanism of chilled blood platelets. Cell 2003; 112:87–97. https://doi.org/10.1016/s0092-8674(02)

01253-9 PMID: 12526796

12. van der Wal DE, Du VX, Lo KSL, Rasmussen JT, Verhoef S, Akkerman JW. Platelet apoptosis by cold-

induced glycoprotein Ibα clustering. J Thromb Haemost 2010; 8:2554–62. https://doi.org/10.1111/j.

1538-7836.2010.04043.x PMID: 20735720

13. Wood B, Padula MP, Marks DC, Johnson L. Refrigerated storage of platelets initiates changes in plate-

let surface marker expression and localization of intracellular proteins. Transfusion 2016; 56:2548–59.

https://doi.org/10.1111/trf.13723 PMID: 27460096

14. Reddoch-Cardenas KM, Sharma U, Salgado C, Montgomery RK, Cantu C, Cingoz N, et al. An in vitro

pilot study of apheresis platelets collected on Trima Accel system and stored in T-PAS+ solution at

refrigeration temperature (1–6˚C). Transfusion 2019; 59:1789–98. https://doi.org/10.1111/trf.15150

PMID: 30725491

15. Jackson SP, Schoenwaelder SM. Procoagulant platelets: are they necrotic? Blood 2010; 116:2011–18.

https://doi.org/10.1182/blood-2010-01-261669 PMID: 20538794

16. Reddoch-Cardenas KM, Bynum JA, Meledeo MA, Nair PM, Wu X, Darlington DN, et al. Cold-stored

platelets: A product with function optimized for hemorrhage control. Transfus Apher Sci 2019; 58:16–

22. https://doi.org/10.1016/j.transci.2018.12.012 PMID: 30704925

17. Skripchenko A, Gelderman MP, Awatefe H, Turgeon A, Thompson-Montgomery D. Cheng C, et al.

Automated cold temperature cycling improves in vitro platelet properties and in vivo recovery in a

mouse model compared to continuous cold storage. Transfusion 2016; 56:24–32. https://doi.org/10.

1111/trf.13273 PMID: 26331697

18. Vostal JG, Gelderman MP, Skripchenko A, Xu F, Li Y, Ryan J, et al. Temperature cycling during platelet

cold storage improves in vivo recovery and survival in healthy volunteers. Transfusion 2018; 58:25–33.

https://doi.org/10.1111/trf.14392 PMID: 29119573

19. Ng MSY, Tung JP, Fraser JF. Platelet storage lesion: what more do we know now? Transfus Med Rev

2018; 32:144–54.

20. Skripchenko A, Awatefe H, Thompson-Montgomery D, Myrup A, Turgeon A, Wagner SJ. An inhibition

of p38 mitogen activated protein kinase delays the platelet storage lesion. PLoS ONE 2013: 8(8):

e70732. https://doi.org/10.1371/journal.pone.0070732 PMID: 23967093

21. Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK signalling. Biochem J 2010;

429:403–17. https://doi.org/10.1042/BJ20100323 PMID: 20626350

22. Holme S, Vaidja K, Murphy S. Platelet storage at 22˚C: effect of type of agitation on morphology, viabil-

ity, and function in vitro. Blood 1978; 52:425–35. PMID: 27264

23. Piper JT, Gelderman MP, Vostal JG. In vivo recovery of human platelets in severe combined immuno-

deficient mice as a measure of platelet damage. Transfusion 2007; 47:1540–9. https://doi.org/10.1111/

j.1537-2995.2007.01295.x PMID: 17655600

24. Gordi T, Khamis H. Simple solution to a common statistical problem: interpreting multiple tests. Clin

Ther 2004; 26:780–6. https://doi.org/10.1016/s0149-2918(04)90078-1 PMID: 15220022

25. Reddoch KM, Pidcoke HF, Montgomery RK, Fedyk CG, Aden JK, Ramasubramanian AK, et al. Hemo-

static function of apheresis platelets stored at 4˚C and 22˚C. Shock 2014; 41:54–61. https://doi.org/10.

1097/SHK.0000000000000082 PMID: 24169210

26. Connor J, Currie LM, Allan H, Livesey SA. Recovery of in vitro functional activity of platelet concentrates

stored at 4 degrees C and treated with second-messenger effectors. Transfusion 1996; 36:691–8.

https://doi.org/10.1046/j.1537-2995.1996.36896374372.x PMID: 8780663

PLOS ONE p38MAPK inhibitor improve platelet cold storage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250120 May 11, 2021 19 / 21

https://doi.org/10.1111/trf.14833
https://doi.org/10.1111/trf.14833
http://www.ncbi.nlm.nih.gov/pubmed/30203458
https://doi.org/10.1097/TA.0b013e318260625a
http://www.ncbi.nlm.nih.gov/pubmed/22847102
https://doi.org/10.1001/2013.jamasurg.387
https://doi.org/10.1001/2013.jamasurg.387
http://www.ncbi.nlm.nih.gov/pubmed/23560283
https://doi.org/10.1016/j.transci.2018.12.011
https://doi.org/10.1016/j.transci.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30639086
https://doi.org/10.1016/s0092-8674%2802%2901253-9
https://doi.org/10.1016/s0092-8674%2802%2901253-9
http://www.ncbi.nlm.nih.gov/pubmed/12526796
https://doi.org/10.1111/j.1538-7836.2010.04043.x
https://doi.org/10.1111/j.1538-7836.2010.04043.x
http://www.ncbi.nlm.nih.gov/pubmed/20735720
https://doi.org/10.1111/trf.13723
http://www.ncbi.nlm.nih.gov/pubmed/27460096
https://doi.org/10.1111/trf.15150
http://www.ncbi.nlm.nih.gov/pubmed/30725491
https://doi.org/10.1182/blood-2010-01-261669
http://www.ncbi.nlm.nih.gov/pubmed/20538794
https://doi.org/10.1016/j.transci.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30704925
https://doi.org/10.1111/trf.13273
https://doi.org/10.1111/trf.13273
http://www.ncbi.nlm.nih.gov/pubmed/26331697
https://doi.org/10.1111/trf.14392
http://www.ncbi.nlm.nih.gov/pubmed/29119573
https://doi.org/10.1371/journal.pone.0070732
http://www.ncbi.nlm.nih.gov/pubmed/23967093
https://doi.org/10.1042/BJ20100323
http://www.ncbi.nlm.nih.gov/pubmed/20626350
http://www.ncbi.nlm.nih.gov/pubmed/27264
https://doi.org/10.1111/j.1537-2995.2007.01295.x
https://doi.org/10.1111/j.1537-2995.2007.01295.x
http://www.ncbi.nlm.nih.gov/pubmed/17655600
https://doi.org/10.1016/s0149-2918%2804%2990078-1
http://www.ncbi.nlm.nih.gov/pubmed/15220022
https://doi.org/10.1097/SHK.0000000000000082
https://doi.org/10.1097/SHK.0000000000000082
http://www.ncbi.nlm.nih.gov/pubmed/24169210
https://doi.org/10.1046/j.1537-2995.1996.36896374372.x
http://www.ncbi.nlm.nih.gov/pubmed/8780663
https://doi.org/10.1371/journal.pone.0250120


27. Handigund M, Bae TW, Lee J, Cho YG. Evaluation of in vitro storage characteristics of cold stored plate-

let concentrates with N acetylcysteine (NAC). Transfus Apher Sci 2016; 54:127–38 https://doi.org/10.

1016/j.transci.2016.01.006 PMID: 26847865

28. Reddoch KM, Montgomery RK, Rodriguez AC, Meledeo MA, Pidcoke HF, Ramasubramanian AK, et al.

Endothelium-derived inhibitors efficiently attenuate the aggregation and adhesion response of refriger-

ated platelets. Shock 2016; 45:220–7. https://doi.org/10.1097/SHK.0000000000000493 PMID:

26555740

29. Wagner SJ, Skripchenko A, Seetharaman S, Kurtz J. Amelioration of lesions associated with 24-hour

suboptimal platelet storage at 16˚C by a p38MAPK inhibitor, VX-702. Vox Sang 2015; 108:226–32.

https://doi.org/10.1111/vox.12221 PMID: 25471280

30. Skripchenko A, Thompson-Montgomery D, Awatefe H, Turgeon A, Wagner SJ. Addition of sialidase or

p38 MAPK inhibitors does not ameliorate decrements in platelet in vitro storage properties caused by

4˚C storage. Vox Sang 2014; 107:360–7. https://doi.org/10.1111/vox.12174 PMID: 24976248

31. Lee MR, Dominguez C. MAP Kinase p38 Inhibitors: Clinical results and an intimate look at their interac-

tions with p38 protein. Curr Med Chem. 2005; 12:2979–94. https://doi.org/10.2174/

092986705774462914 PMID: 16378500

32. Wrobleski ST, Doweyko AM. Structural comparison of p38 inhibitor-protein complexes: a review of

recent p38 inhibitors having unique binding interactions. Curr Top Med Chem. 2005; 5:1005–16. https://

doi.org/10.2174/1568026054985894 PMID: 16178743

33. Colkesen Y, Muderrisoglu H. The role of mean platelet volume in predicting thrombotic events. Clin

Chem Lab Med 2012; 50:631–4. https://doi.org/10.1515/CCLM.2011.806 PMID: 22112054

34. Kuliopulos A, Mohanlal R, Covic L. Effect of selective inhibition of the p38 MAP kinase pathway on plate-

let aggregation. Thromb Haemost. 2004; 92:1387–93. https://doi.org/10.1160/TH04-03-0187 PMID:

15583748

35. Baker JM, Candy DJ, Hawker RJ. Influence of pH on human platelet metabolism. Platelets 2001;

12:333–42. https://doi.org/10.1080/09537100120078412 PMID: 11672472

36. Ghigo D, Treves S, Bussolino F, Libero L, Orzan F, Bazzan M, et al. Platelet arachidonic acid metabo-

lism in patients with cardiovascular disorders. Biomed Biochim Acta 1988; 47:S299–302. PMID:

3248116

37. D’Alessandro A, Thomas KA, Stefanoni D, Gamboni F, Shea SM, Reisz JA, et al. Metabolic phenotypes

of standard and cold-stored platelets. Transfusion 2020; 60:S96–S106. https://doi.org/10.1111/trf.

15651 PMID: 31880330

38. Bynum JA, Meledeo MA, Getz TM, Rodriguez AC, Aden JK, Cap AP, et al. Bioenergetic profiling of

platelet mitochondria during storage: 4˚C storage extends platelet mitochondrial function and viability.

Transfusion 2016; 56:S76–S84. https://doi.org/10.1111/trf.13337 PMID: 27001365

39. Ravi S, Chacko B, Kramer PA, Sawada H, Johnson MS, Zhi D, et al. Defining the effects of storage on

platelet bioenergetics; the role of increased proton leak. Biochim Biophys Acta 2015; 1852:2525–34.

https://doi.org/10.1016/j.bbadis.2015.08.026 PMID: 26327682

40. Sørensen AL, Rumjantseva V, Nayeb-Hashemi S, Clausen H, Hartwig JH, Wandall HH, et al. Role of

sialic acid for platelet life span: exposure of beta-galactose results in the rapid clearance of platelets

from the circulation by asialoglycoprotein receptor-expressing liver macrophages and hepatocytes.

Blood 2009; 114:1645–1654. https://doi.org/10.1182/blood-2009-01-199414 PMID: 19520807

41. Kunicki TJ, Tuccelli M, Becker GA, Aster RH. A study of variables affecting the quality of platelets stored

at “room temperature”. Transfusion 1975; 15:414–21. https://doi.org/10.1046/j.1537-2995.1975.

15576082215.x PMID: 823

42. Quach ME, Chen W, Li R. Mechanism of platelet clearance and translation to improve platelet storage.

Blood 2018; 131:1512–21. https://doi.org/10.1182/blood-2017-08-743229 PMID: 29475962

43. Chen W, Druzak SA, Wang Y, Josephson CD, Hoffmeister KM, Ware J, et al. Refrigeration-induced

binding of von Willebrand factor facilitates fast clearance of refrigerated platelets. Arterioscler Thromb

Vasc Biol. 2017; 37:2271–79. https://doi.org/10.1161/ATVBAHA.117.310062 PMID: 29097365

44. Deng W, Xu Y, Chen W, Paul DS, Syed AK, Dragovich MA, et al. Platelet clearance via shear-induced

unfolding of a membrane mechanoreceptor. Nat Commun. 2016; 7:12863. https://doi.org/10.1038/

ncomms12863 PMID: 27670775

45. Rumjantseva V, Grewal PK, Wandall HH, Josefsson EC, Sørensen AL, Larson G, et al. Dual roles for

hepatic lectin receptors in the clearance of chilled platelets. Nat Med. 2009; 15:1273–80. https://doi.org/

10.1038/nm.2030 PMID: 19783995

46. Petzold T, Ruppert R, Pandey D, Barocke V, Meyer H, Lorenz M, et al. β1 integrin-mediated signals are

required for platelet granule secretion and hemostasis in mouse. Blood 2013; 122:2723–31. https://doi.

org/10.1182/blood-2013-06-508721 PMID: 24004668

PLOS ONE p38MAPK inhibitor improve platelet cold storage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250120 May 11, 2021 20 / 21

https://doi.org/10.1016/j.transci.2016.01.006
https://doi.org/10.1016/j.transci.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26847865
https://doi.org/10.1097/SHK.0000000000000493
http://www.ncbi.nlm.nih.gov/pubmed/26555740
https://doi.org/10.1111/vox.12221
http://www.ncbi.nlm.nih.gov/pubmed/25471280
https://doi.org/10.1111/vox.12174
http://www.ncbi.nlm.nih.gov/pubmed/24976248
https://doi.org/10.2174/092986705774462914
https://doi.org/10.2174/092986705774462914
http://www.ncbi.nlm.nih.gov/pubmed/16378500
https://doi.org/10.2174/1568026054985894
https://doi.org/10.2174/1568026054985894
http://www.ncbi.nlm.nih.gov/pubmed/16178743
https://doi.org/10.1515/CCLM.2011.806
http://www.ncbi.nlm.nih.gov/pubmed/22112054
https://doi.org/10.1160/TH04-03-0187
http://www.ncbi.nlm.nih.gov/pubmed/15583748
https://doi.org/10.1080/09537100120078412
http://www.ncbi.nlm.nih.gov/pubmed/11672472
http://www.ncbi.nlm.nih.gov/pubmed/3248116
https://doi.org/10.1111/trf.15651
https://doi.org/10.1111/trf.15651
http://www.ncbi.nlm.nih.gov/pubmed/31880330
https://doi.org/10.1111/trf.13337
http://www.ncbi.nlm.nih.gov/pubmed/27001365
https://doi.org/10.1016/j.bbadis.2015.08.026
http://www.ncbi.nlm.nih.gov/pubmed/26327682
https://doi.org/10.1182/blood-2009-01-199414
http://www.ncbi.nlm.nih.gov/pubmed/19520807
https://doi.org/10.1046/j.1537-2995.1975.15576082215.x
https://doi.org/10.1046/j.1537-2995.1975.15576082215.x
http://www.ncbi.nlm.nih.gov/pubmed/823
https://doi.org/10.1182/blood-2017-08-743229
http://www.ncbi.nlm.nih.gov/pubmed/29475962
https://doi.org/10.1161/ATVBAHA.117.310062
http://www.ncbi.nlm.nih.gov/pubmed/29097365
https://doi.org/10.1038/ncomms12863
https://doi.org/10.1038/ncomms12863
http://www.ncbi.nlm.nih.gov/pubmed/27670775
https://doi.org/10.1038/nm.2030
https://doi.org/10.1038/nm.2030
http://www.ncbi.nlm.nih.gov/pubmed/19783995
https://doi.org/10.1182/blood-2013-06-508721
https://doi.org/10.1182/blood-2013-06-508721
http://www.ncbi.nlm.nih.gov/pubmed/24004668
https://doi.org/10.1371/journal.pone.0250120


47. Lafrenie RM, Yamada KM. Integrin-dependent signal transduction. J Cell Biochem 1996; 61:543–53.

https://doi.org/10.1002/(sici)1097-4644(19960616)61:4<543::aid-jcb7>3.0.co;2-o PMID: 8806077

48. Otey CA, Pavalko FM, Burridge K. An interaction between alpha-actinin and the beta 1 integrin subunit

in vitro. J Cell Biol 1990; 111:721–29. https://doi.org/10.1083/jcb.111.2.721 PMID: 2116421

49. Burridge K, Chrzanowska-Wodnicka M. Focal adhesions, contractility, and signaling". Annu Rev Cell

Dev Biol 1996; 12: 463–518. https://doi.org/10.1146/annurev.cellbio.12.1.463 PMID: 8970735

50. Schwartz MA, Schaller MD, Ginsberg MH. Integrins: emerging paradigms of signal transduction. Annu

Rev Cell Dev Biol 1995; 11:549–99. https://doi.org/10.1146/annurev.cb.11.110195.003001 PMID:

8689569

51. Okada T, Otani H, Wu Y, Kyoi S, Enoki C, et al. (2005) Role of F-actin organization in p38 MAP kinase-

mediated apoptosis in neonatal rat cardiomyocytes subjected to simulated ischemia and reoxygenation.

Am J Physiol Heart Circ Physiol 289: H2310–2318. https://doi.org/10.1152/ajpheart.00462.2005 PMID:

16040713

52. Damarla M, Hasan E, Boueiz A, Le A, Pae HH, et al. (2009) Mitogen activated protein kinase activated

protein kinase 2 regulates actin polymerization and vascular leak in ventilator associated lung injury.

PLOS ONE 4: e4600. https://doi.org/10.1371/journal.pone.0004600 PMID: 19240800

53. Gelderman MP, Cheng C, Xu F, Skripchenko A, Ryan J, Li Y, et al. Validation of SCID mouse model for

transfusion by concurrent comparison of circulation kinetics of human platelets, stored under various

temperature conditions, between human volunteers and mice. Transfusion 2020; 60:2379–88. https://

doi.org/10.1111/trf.15953 PMID: 32762155

54. Damjanov N, Kauffman RS, Spencer-Green GT. Efficacy, pharmacodynamics, and safety of VX-702, a

novel p38 MAPK inhibitor, in rheumatoid arthritis: results of two randomized, double-blind, placebo-con-

trolled clinical studies. Arthritis Rheum. 2009; 60:1232–41. https://doi.org/10.1002/art.24485 PMID:

19404957

55. Goldstein DM, Kuglstatter A, Lou Y, Soth MJ. Selective p38α inhibitors clinically evaluated for the treat-

ment of chronic inflammatory disorders. J. Med. Chem. 2010; 53: 2345–53. https://doi.org/10.1021/

jm9012906 PMID: 19950901

56. Ding C. Drug evaluation: VX-702, a MAP kinase inhibitor for rheumatoid arthritis and acute coronary

syndrome. Curr Opin Investig Drugs. 2006 7:1020–5. PMID: 17117592

PLOS ONE p38MAPK inhibitor improve platelet cold storage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250120 May 11, 2021 21 / 21

https://doi.org/10.1002/%28sici%291097-4644%2819960616%2961%3A4%26lt%3B543%3A%3Aaid-jcb7%26gt%3B3.0.co%3B2-o
http://www.ncbi.nlm.nih.gov/pubmed/8806077
https://doi.org/10.1083/jcb.111.2.721
http://www.ncbi.nlm.nih.gov/pubmed/2116421
https://doi.org/10.1146/annurev.cellbio.12.1.463
http://www.ncbi.nlm.nih.gov/pubmed/8970735
https://doi.org/10.1146/annurev.cb.11.110195.003001
http://www.ncbi.nlm.nih.gov/pubmed/8689569
https://doi.org/10.1152/ajpheart.00462.2005
http://www.ncbi.nlm.nih.gov/pubmed/16040713
https://doi.org/10.1371/journal.pone.0004600
http://www.ncbi.nlm.nih.gov/pubmed/19240800
https://doi.org/10.1111/trf.15953
https://doi.org/10.1111/trf.15953
http://www.ncbi.nlm.nih.gov/pubmed/32762155
https://doi.org/10.1002/art.24485
http://www.ncbi.nlm.nih.gov/pubmed/19404957
https://doi.org/10.1021/jm9012906
https://doi.org/10.1021/jm9012906
http://www.ncbi.nlm.nih.gov/pubmed/19950901
http://www.ncbi.nlm.nih.gov/pubmed/17117592
https://doi.org/10.1371/journal.pone.0250120

