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Pęcak-Solińska, A.; Bil-Lula, I. The

Effect of Leukocyte Removal and

Matrix Metalloproteinase Inhibition

on Platelet Storage Lesions. Cells 2024,

13, 506. https://doi.org/10.3390/

cells13060506

Academic Editor: Francisco Rivero

Received: 6 February 2024

Revised: 11 March 2024

Accepted: 11 March 2024

Published: 13 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

The Effect of Leukocyte Removal and Matrix Metalloproteinase
Inhibition on Platelet Storage Lesions
Alina Rak-Pasikowska 1,*, Kornela Hałucha 1,2, Agnieszka Sapa-Wojciechowska 1, Aneta Wrzyszcz 2 ,
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Abstract: The reasons for unfavorable changes in platelet concentrate (PC) quality during storage
are not fully understood yet. We aimed to evaluate whether leukocytes and matrix metallopro-
teinases (MMPs) lead to a decrease in the quality of PCs and examine whether MMP inhibition will
slow down the platelets’ aging. Nine PCs were divided into three parts: (1) leukocyte-depleted
(F) PCs, (2) PCs with no additional procedures (NF), and (3) PCs with the addition of an MMP
inhibitor—doxycycline (D). Each PC was stored for 144 h, and a sample for testing was separated
from each part on the day of preparation and after 24, 48, 72 and 144 h of storage. Blood morphological
analysis, platelet aggregation, and the expression of activation markers were evaluated. MMP-2 and
MMP-9 concentration, activity, and gene expression were assessed. Platelet aggregation decreased,
and platelet activation marker expression increased during the storage. D concentrates showed the
lowest level of platelet activation. In turn, leukocyte-depleted PCs showed the highest level of platelet
activation in general. MMP-9 platelet activity was higher in leukocyte-containing concentrates at
the end of the storage period. We concluded that the filtration process leads to a higher platelet
activation level. The presence of doxycycline in PCs reduces the expression of the activation markers
as compared to leukocyte-depleted concentrates.

Keywords: blood platelets; matrix metalloproteinases; platelet activation; platelet transfusion

1. Introduction

Platelet concentrates (PCs) are components that require special storage conditions
and have a short, useful life of five to a maximum of seven days [1,2]. During the storage
of PCs, a deterioration in their quality is observed, including a loss of platelet function,
which is referred to as platelet storage lesions (PSLs) [3]. Adverse changes affect a platelet’s
structure and its function, which directly impacts the effectiveness of transfusion [4]. Along
with the development of bacterial detection systems and advances in microbial inactivation,
it may soon be possible to extend the shelf life of platelets to the extent that the progressive
reduction in platelet functionality in PCs will become a major limiting factor [1,3].

The factors leading to a progressive loss of platelet aggregation capacity and progres-
sive activation remain unclear. PSLs develop during both the preparation and storage of
PCs [5]. It has been reported that factors leading to platelet activation and damage include
contact with a charged surface, changes in temperature and oxygen availability, and the
presence of leukocytes and erythrocytes, cellular debris and enzymes. Researchers have
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studied the contents of RANTES, TGF-β, INF-γ, IL-1, IL-6, and IL-8 in PCs; the extracellular
accumulation of histamine, PAI-1,VEGF and IL-6; and platelet lipid profile changes [5–14].
Changes in pH and changes in the concentration of lactate dehydrogenase, which is used
as a marker of cell damage in cell cultures, were analyzed as potential causes of increased
platelet activation [15–20]. However, not all mechanisms have been successfully elucidated,
and PSLs continue to be one of the main lines of research in transfusion medicine. Giving a
comprehensive answer to the cause of these changes remains a challenge, but it offers hope
for improving the quality of PCs.

In addition to platelets and plasma, erythrocytes and leukocytes are also present in
PCs. Leukocytes contain and release growth factors, cytokines, and extracellular matrix
metalloproteinases (MMPs), among others, which can directly affect platelet activity. MMPs
play many roles in tissue remodeling and the degradation of various proteins in the ex-
tracellular matrix. MMPs participate in cell proliferation, migration, and differentiation,
among other activities, and are also involved in cell apoptosis, angiogenesis, tissue repair,
and the immune response. Changes in the expression and activity of MMPs occur in many
physiological processes, including pregnancy and wound healing, but the involvement
of MMPs in pathological processes has also been confirmed, e.g., in cardiovascular dis-
eases, primarily atherosclerosis, and disorders of the musculoskeletal system, including
osteoarthritis. MMPs also participate in the process of metastasis and cancer progres-
sion [21–24]. MMPs are also present in platelets and plasma and have been shown to
have multidirectional effects on thrombocytes [25]. Platelets are contained and released
during the activation of MMP-2, which has a pro-aggregative effect and is of particular
importance in platelet activation [26–28]. On the other hand, the presence of MMP-9 in
platelets remains a contentious issue. It has been suggested that the detection of MMP-9
in platelets is due to their mode of isolation, which determines the extent to which the
isolated PLTs are contaminated with leukocytes rich in MMP-9 [29–31]. Irrespective of the
presence of MMP-9 in platelets, its anti-aggregative effects have been demonstrated [32,33].
The presence and function of MMPs in the context of PSLs are subject to further research.

Undoubtedly, there is a need to identify factors and platelet lesions directly related
to storage so that the mechanisms underlying platelet activation can be addressed and
progressive PSLs can be minimized [34]. The objective of the present paper was to in-
vestigate whether the presence of leukocytes, as well as MMP-2 and MMP-9, and the
leukocyte-removal procedure may contribute to the deterioration in the quality of platelet
concentrates during storage, and whether they are the cause of changes in platelet reac-
tivity and activation. Changes in the expression of MMP-2 and MMP-9 genes in platelets
during the storage of PCs were also investigated. Whether the use of the MMP inhibitor
doxycycline could lead to slower PSL progression was also assessed. The results of this
research may be a first step in further exploring the possibility of extending the storage
time of high-quality PCs.

2. Materials and Methods
2.1. Material

Nine PCs prepared in the Professor Tadeusz Dorobisz Regional Centre for Blood Dona-
tion and Haemotherapy in Wrocław constituted the primary research material. The study
material was prepared and stored precisely under the same conditions as is routine—in
accordance with national procedures and standards. The blood units used to prepare the
concentrates were obtained from anonymous donors. Each PC was prepared from five
buffy coats suspended in plasma and then divided into three equal parts: non-filtered PC
not subjected to any additional procedures (NF); leukocyte-depleted PC using a Teruflex
Imugard III filter (Terumo BCT, Tokyo, Japan) (F); and non-filtered PC, with the addition of
the doxycycline (doxycycline hydrochloride; cat. D3447, Sigma-Aldrich, Merck, Darmstadt,
Germany) dissolved in saline (final concentration 10 µM) (D). Each part was stored simul-
taneously in breathable containers (Platelet Storage Bag—VSE; 1000 mL (Macopharma,
Tourcoing, France)), under continuous agitation, in incubators ensuring a constant tem-



Cells 2024, 13, 506 3 of 19

perature of 20–24 ◦C (Helmer PC3200 incubator with PF84 shakers (Helmer, Noblesville,
IN, USA)).

On the day of preparation (0 h of storage) and then after 24 h, 48 h, 72 h and 144 h of
PC storage, a test sample was separated from each part (NF, F, and D). The research scheme
is shown in Figure 1.
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Figure 1. The research scheme of PC preparation and sampling at five points during the storage
period. Each PC (n = 9) was prepared from five buffy coats suspended in the plasma and then
divided into three equal parts: leukocyte-depleted PC (F); non-filtered PC, not subjected to any
additional procedures (NF); and non-filtered PC, with the addition of doxycycline (final concentration
10 µM) (D). On the day of preparation (0 h of storage), and after 24 h, 48 h, 72 h and 144 h of PC
storage, a test sample was separated from each part.

2.2. Methods

Assessments of blood count, platelet aggregation and cytofluorimetric analysis were
performed on each sample. Platelets were then isolated from each separated sample,
and a medium was prepared. The media was the environment in which platelets were
suspended during storage. In the isolated platelets, a relative gene expression was assessed.
In the isolated platelets and media, the MMP-2 and MMP-9 activity and concentration
were determined.

2.2.1. Blood Count Analysis

Platelet (PLT), leukocyte (WBC) and erythrocyte (RBC) counts, platelet–large-cell ratio
(P-LCR), platelet distribution width (PDW) and mean platelet volume (MPV) were assessed
using an automated 3-part differential Sysmex KX-21N hematology analyzer (Sysmex,
Kobe, Japan). In some cases, the 3-part differential hematology analyzer, especially in
samples after 144 h of storage, could not measure PLT or differentiate platelet aggregates
from leukocytes. Therefore, some of the samples were subjected to assessment using a
Mindray BC-5150 5-part differential hematology analyzer (Mindray, Shenzhen, China).

2.2.2. Aggregation of Platelets

A method using a flat-bottomed 96-well microtiter plate (F98 Maxisorp Nunc-
immunoplate, Thermo Fisher Scientific, Waltham, MA, USA) was used to assess aggre-
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gation. Aggregation was measured using a SPARK Tecan instrument (Tecan Trading AG,
Männedorf, Switzerland). Platelet aggregation was induced using adenosine diphosphate
(ADP; final sample concentration 5 µM; cat. AG001K), collagen (COL; final sample con-
centration 10 µg/mL; cat. AG005K), epinephrine (EPI; final sample concentration 5 µM;
cat. AG002K), and arachidonic acid (AA; final sample concentration 750 µM; cat. AG003K)
(Hyphen BioMed, Neuville-sur-Oise, France).

Before the measurement of aggregation, platelet counts were assessed in each sep-
arated PC sample. All samples were then diluted with Tyrode’s buffer (140 mM NaCl;
2.7 mM KCl; 12 mM NaHCO3; 0.4 mM KH2PO4; 2 mM CaCl2; 1 mM MgCl2; 0.35%
BSA; 0.1% glucose; 20 mM HEPES; pH 7.4), reaching a platelet count of approximately
300 × 103/µL. Subsequently, 10 µL of each agonist (ADP, COL, EPI, AA) and PBS buffer
were manually applied to the wells of the plate, always in duplicate for each agonist and
PC tested. The plate with the applied agonists was placed in the instrument at 37 ◦C. Using
an automatic dispensing system, 90 µL of the PC was added to each well. Absorbance was
measured at 580 nm for approximately 5.5 min—measurements were taken in 40 cycles,
with agitation after each cycle (measurement occurred every approximately 8.3 s according
to the characteristics of the instrument). After the completion of the aggregation of a
given PC and before filling the system with the next sample, the procedure of washing the
instrument with the HEPES buffer (140 mM NaCl, 20 mM HEPES, pH 7.4) was performed.
The degree of aggregation, expressed in %, was calculated according to the formula:

A580 PC with no agonist − A580 PC after the addition of the agonist
A580 PC with no agonist

× 100%

A580 PC with no agonist—mean absorbance of two measurements using 10 µL of PBS
solution instead of the agonist after 40 cycles.
A580 PC after the addition of the agonist—mean absorbance of two measurements using
10 µL of the appropriate agonist after 40 cycles.

2.2.3. Cytofluorimetric Analysis

Cytofluorimetric assessment of platelets was performed using a CyFlow® Space flow
cytometer (Sysmex, Kobe, Japan). As markers of platelet activation, the surface expression
of P-selectin (CD62P; PE anti-human CD62P Antibody, Clone AK4, cat. 304906, BioLegend,
San Diego, CA, USA), activated receptor for fibrinogen—GPIIb/IIIa (PAC-1; FITC anti-
human CD41/CD61 Antibody, Clone PAC-1, cat. 362804, BioLegend, San Diego, CA,
USA) and the CD63 molecule (PE/Cy7 anti-human CD63 Antibody, Clone H5C6, cat.
353010, BioLegend, San Diego, CA, USA) were assessed. In each sample, 20,000 elements
were counted.

2.2.4. Isolation of Platelets

A method for platelet isolation was previously published [35]. The method allows a
platelet suspension to be obtained free from ‘contamination’ by other blood cellular ele-
ments as well as plasma components. Briefly, a 4-fold diluted PC (with prostacyclin (PGI2
sodium salt, cat. P6188, Sigma-Aldrich, Merck, Darmstadt, Germany) supplementation)
was layered onto OptiPrepTM with a density gradient of 1.063 g/mL (OptiPrepTM Density
Gradient Medium, cat. D1556, Sigma-Aldrich, Merck, Darmstadt, Germany). After centrifu-
gation (300× g, 20 min, room temperature), the PGI2 was again added to the supernatant,
which was followed by further centrifugation (900× g, 10 min, room temperature). The
platelet pellets were gently resuspended in 1 mL of the HEPES buffer by adding 1 µL of
the PGI2. The platelet suspension was pipetted into Eppendorf Tubes®, the samples were
centrifuged (600× g, 10 min, room temperature), and the resulting isolated platelet pellets
were frozen at −80 ◦C until the subsequent analyses were performed.
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2.2.5. Media Preparation

A part of the sample from each PC was centrifuged to obtain a platelet-free medium.
The medium constituted the environment in which the platelets were suspended during
their storage. A measure of 3 mL of each PC was centrifuged (900× g, 10 min, room temper-
ature), and the supernatant obtained was divided and transferred into Eppendorf Tubes®

(volume approximately 1.2 mL). Samples were centrifuged (600× g, 10 min, room temper-
ature), and the resulting medium was frozen in portions at −80 ◦C until the subsequent
analyses were performed.

2.2.6. RNA Isolation, Reverse Transcription and Real-Time PCR

Genetic material was obtained from the isolated frozen platelets. For RNA isolation
and purification, a two-phase RNA extraction was performed using TrizolTM Reagent
(cat. 15596026, Thermo Fisher Scientific, Waltham, MA, USA), chloroform (cat. 602-006-
00-4, P.P.H ‘Stanlab’, Lublin, Poland) and isopropanol (cat. 117515002, 2-propanol 99.7%
(isopropyl alcohol) p. a., Chempur, Piekary Śląskie, Poland) according to the manufacturer’s
instructions for TrizolTM Reagent. RNA concentration was measured using a Nanodrop
Lite Spectrophotometer (Thermo Scientific, Waltham, MA, USA).

The RNA obtained through the isolation process was subjected to a reverse transcrip-
tion (RT) to obtain cDNA. The procedure was carried out using the commercial iScript
cDNA Synthesis Kit (cat. 1708890, Bio-Rad, Hercules, CA, USA) according to the procedure
of the manufacturer. The resulting cDNA was frozen at −80 ◦C until the real-time PCR
reaction occurred.

The expression of the MMP-2 and MMP-9 genes, as well as of the β-actin gene as a
housekeeping gene [36], was assessed by real-time PCR. A commercially available kit con-
taining all reaction components at the optimal concentrations—the Quantum EvaGreen®

PCR Kit (cat. SY570711, Syngen Biotech, Wrocław, Poland)—was used to perform the PCR.
The procedure was performed according to the instructions of the manufacturer. Primers
with the following sequences were used: β-actin forward 5′-3′: CTCTTCCAGCCTTC-
CTTCCT; β-actin reverse 5′-3′: AGCACTGTGTTGGCGTACAG; MMP-2 forward 5′-3′:
ACAGCAGGTCTCAGCCTCAT; MMP-2 reverse 5′-3′: TGAAGCCAAGCGGTCTAAGT;
MMP-9 forward 5′-3′: TTGACAGCGACAAGAAGTGG; and MMP-9 reverse 5′-3′: CC-
CTCAGTGAAGCGGTACAT. The primers were synthesized by Syngen Biotech, and their
sequences were designed using Primer3Plus version 3.3.0 software. The reaction was
conducted in a CFX96 Touch Real-Time System thermocycler (Bio-Rad, Hercules, CA, USA).
Calculations were performed using the delta-delta Ct (2−∆∆Ct).

2.2.7. Gelatin Zymography

The activity of the MMP-2 and MMP-9 genes was assessed in the homogenized
isolated platelets and in the 25-fold diluted media. Platelet homogenization was performed
by adding a homogenization buffer (0.05 M Tris-HCl, 0.15 M NaCl, 0.1% Triton X-100,
pH 7.4 with a 1:100 (v/v) protease inhibitor cocktail) to the pellet obtained during the
isolation step (Protease Inhibitors Cocktail, cat. P8340, Sigma-Aldrich, Merck, Darmstadt,
Germany). Then, the samples were mechanically homogenized on ice using a Pellet
Pestle® Motor (Kimble Kontes, Vineland, NJ, USA). The homogenates were centrifuged,
and the supernatants were then used to determine a protein concentration and assess a
metalloproteinase activity. Protein concentration was determined by the Bradford method
using the Protein Assay Dye Reagent Concentrate (cat. 500-0006, BioRad, Hercules, CA,
USA), following the procedure of the manufacturer.

The first stage of zymography was electrophoresis using 7.5% SDS-PAGE with copoly-
merized gelatin. Electrophoresis was carried out in a Mini-Protean II (BioRad, Hercules,
CA, USA). After electrophoresis, the gels were washed three times with 2.5% Triton X-100
to remove SDS and then incubated with an incubation buffer (0.05 M Tris-HCl, pH 7.5
containing 5 mM CaCl2, 0.2 M NaCl, 0.05% NaN3) at 37 ◦C for 18 h. Once incubated,
the gels were stained with 0.3% Coomassie® brilliant blue R-250 (cat. 04821616-CF, MP
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Biomedicals, Santa Ana, CA, USA) mixed with 0.2% Coomassie® brilliant blue G-250 (cat.
190343, ICN Biomedicals Inc., Santa Ana, CA, USA) and then decolorized until white bars
appeared on a blue background. To measure the activity of the MMPs, zymograms were
scanned with a densitometer (GS-800, BioRad, Hercules, CA, USA) and analyzed with the
Quantity One software version 4.6.9 (BioRad, Hercules, CA, USA). In each gel, capillary
blood was used as a standard, as described by Makowski and Ramsby [37], and the relative
MMP activity was expressed in arbitrary units (AUs) per µg of protein in the sample.

2.2.8. Immunoenzymatic Measurement of the MMP-2 and MMP-9 Concentrations

The MMP-2 and MMP-9 concentrations were measured in the isolated, homogenized
platelets and in the medium. The MMP-2 and MMP-9 concentrations were measured using
the commercial ELISA kits: the Human MMP2 (Matrix Metalloproteinase 2) ELISA Kit (cat.
ELK1121) and the Human MMP9 (Matrix Metalloproteinase 9) ELISA Kit (cat. ELK1262)
from ELK Biotechnology, USA. The procedure was performed according to the instructions
provided by the assay manufacturer. The metalloproteinase concentrations were expressed
per mg of protein.

2.3. Statistical Analysis

A statistical analysis was performed using Statistica 13.3 (TIBCO Software Inc., Palo
Alto, CA, USA). A Friedman repeated measure analysis of variance by ranks (ANOVA) with
Dunn’s post hoc test was used to compare a parameter change over time within a single
concentrate. The Wilcoxon test for related variables was used to compare the parameter
change between the different types of concentrates at a given time point. To investigate
the relationship between metalloproteinase activity and a concentration with the platelet
activation, the Spearman’s rank correlation coefficients were assessed. A p-value < 0.05 was
considered to be statistically significant. Results are presented as mean with the standard
error of the mean.

3. Results
3.1. Morphological Changes

During the storage of PCs, the platelet count was stable in every PC type and no
differences were found between the three types: F, D and NF. In F, after 144 h of storage,
the three-part differential analyzer flagged an ‘AG!’ next to PLT and could not measure PLT
or differentiate platelet aggregates and leukocytes. Consequently, changes were observed
in the platelet-related parameters—MPV, P-LCR and PDW. Concerning MPV, an increase
in this parameter was observed during storage in the F concentrate (p < 0.01), as well as
differences compared to the D concentrate after 72 h (p = 0.027) and after 144 h compared
to the D (p < 0.01) and to the NF (p < 0.01) types (the figure in Section 3.4). An analogous
situation occurred for the P-LCR and PDW. Changes in MPV, P-LCR and PDW in leukocyte-
depleted PCs are shown in Figure 2.
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Comparison of MPV (B), P-LCR (D) and PDW (F) between F—leukocyte-depleted PC, NF—non-
filtered PC and D—PC with doxycycline addition after 144 h of storage. The Friedman repeated
measure analysis of variance by ranks with Dunn’s post hoc test (A,C,E) and the Wilcoxon test (B,D,F)
were used; # p < 0.05. Data are presented as mean with SEM. n = 9.

3.2. Aggregation

A reduction in the ability of platelets to aggregate was observed during the storage of the
PCs. These changes were observed in all three types of PCs induced by each agonist—ADP,
COL, EPI and AA. Changes in platelet aggregation are shown in Figure 3.
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Figure 3. Changes in platelet aggregation induced by adenosine diphosphate (ADP; final sample
concentration 5 µM) (A), collagen (COL; final sample concentration 10 µg/mL) (B), epinephrine (EPI;
final sample concentration 5 µM) (C) and arachidonic acid (AA; final sample concentration 750 µM)
(D) in three types of platelet concentrates: F—leukocyte-depleted PC, NF—non-filtered PC, D—PC
with doxycycline addition during storage. The Friedman repeated measure analysis of variance by
ranks (ANOVA). Data are presented as mean with SEM. n = 9.

3.3. Platelet Activation

One of the platelet activation markers assessed was the activated receptor for
fibrinogen—glycoprotein (GP) IIb/IIIa, which changes a conformation during the platelet
activation, resulting in increased binding to the PAC-1 antibody. An increase in the expres-
sion of PAC-1 was observed during storage in all three types of PC—the F (p < 0.01), the NF
(p < 0.01) and the D (p < 0.01) PCs. A trend towards less activation of this receptor at the
end of storage in the PC with doxycycline was also observed, which was confirmed after
144 h of storage, when the expression of PAC-1 was significantly lower in the D concentrate
compared to the NF one (p = 0.02), as shown in Figure 4A–D.

The second activation marker assessed was the cell adhesion molecule stored in the
α granules of platelets, P-selectin. An increase in expression was observed in all three
types of PCs during the storage: the F (p < 0.01), the NF (p < 0.01) and the D (p < 0.01)
PCs—Figure 4E–G. On the day of preparation (p = 0.02), after 24 h (p < 0.01) and after
144 h (p = 0.015) of storage, the expression of P-selectin was significantly higher in the F PC
compared to the NF PC. Moreover, comparing the F concentrate with the D concentrate
after 24 h of storage (p < 0.01), at all subsequent time points–48 h (p = 0.011), 72 h (p < 0.01)
and 144 h (p = 0.01)—the expression of this marker was higher in the F concentrate. At 72 h
of storage, a higher expression of P-selectin was also present in the NF PC compared to the
D PC (p = 0.02), whereas already after 48 h, a pronounced trend towards a lower expression
in the D concentrate can be observed. A comparison of the expression of P-selectin across
all types of PCs is shown in Figure 4H.
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Figure 4. Changes in the surface expression of platelet activation markers—activated receptor for fibrinogen—PAC-1 (A–D), P-selectin (E–H) and CD63 (I–L)—during
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with Dunn’s post hoc test (A–C,E–G,I–K) and the Wilcoxon test (D,H,L) were used; # p < 0.05. Data are presented as mean with SEM. n = 9.
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An increase in the expression of CD63 was found in all three types of the PCs during
storage: in the F PC (p < 0.01), the NF PC (p < 0.01) and the D PC (p < 0.01)—Figure 4I–K.
Differences were observed between the 0–24 h period and after 144 h of storage. Further-
more, only the PC with doxycycline in the post hoc test showed a difference between
48 h and 144 h of storage, at which point the expression of CD63 in the D concentrate still
remained relatively low. Following 24 h (p = 0.015) and after 48 h (p < 0.01) of storage, the
expression of CD63 was significantly higher in the leukocyte-depleted PC compared to the
NF PC. When comparing the NF concentrate with the D one, a higher expression of CD63
was found after 144 h of storage in the NF PC (p = 0.028). A comparison of the expression
of CD63 across all the types of PCs is shown in the Figure 4L.

3.4. Extracellular Matrix Metalloproteinases

Analysis of a zymogram showed that the highest activity of enzymes with a molec-
ular weight of 92 kDa corresponded to the proMMP-9 form, and a molecular weight of
72 kDa corresponded to the proMMP-2 form, which are referred to as MMP-9 and MMP-2,
respectively, throughout the rest of this paper.

In the isolated platelets, a reduction in the activity of MMP-2 was observed during
the storage of all three types of PCs: the F PC (p < 0.01), the NF PC (p = 0.01) and the D PC
(p < 0.01), as shown in Figure 5A–C. No differences were observed between the different
types of PCs during storage. Going further, no changes in MMP-2 activity were observed
in the medium during storage, and there were no differences between the PCs.

No change in the MMP-9 activity in platelets was observed during the storage of any
PC. However, a difference in activity was found between the F and NF PCs after 72 h of
storage (p = 0.01) and after 144 h of storage (p = 0.038), as well as between the F and D
concentrates after 72 h of storage (p = 0.01), as shown in Figure 5D. Whenever the PC was
filtered, the activity of MMP-9 was lower. No change in the MMP-9 activity was observed
during the storage of PCs for the medium, and no differences were found between the
different concentrate types.

The concentration of MMP-2 in platelets did not differ between days of storage in
any type of PC. Changes and differences in MMP-2 concentration in platelets are shown
in Figure 5E. A difference was observed between the F and NF PCs after 24 h of storage
(p = 0.038). Changes in the concentration of MMP-2 in the medium during the storage of
PCs were found in the F (p < 0.01) and D (p = 0.02) PCs, as shown in Figure 5F–G, while
no difference was observed in the NF PC (p = 0.06). In the NF and D PCs, the higher
concentrations of MMP-2 in the medium were observed compared to the F PC after 144 h
of storage (p < 0.01). However, the contrary observation was after 24 and 48 h of storage, as
shown in the Figure 5H. No differences in the concentration of MMP-9 in platelets were
observed during the storage of the PCs. The only observed difference in the concentration
of MMP-9 in the medium was during the storage of the F concentrate. No differences were
observed between the respective types of PCs.

An increase in the expression of MMP-2 mRNA was observed during the storage of
all three types of PCs: the F (p < 0.01), NF (p < 0.01) and D (p < 0.01) PCs. The differences
between the individual types of PCs were observed at all time points. The difference was
always between the NF and the F PCs (p = 0.02) and the D and the F PCs (p = 0.02), and
the expression was always lowest in the F PC, as shown in Figure 6A. An increase in
the expression of MMP-9 mRNA was also observed during the storage of two types of
PCs—the NF (p < 0.01) and D (p < 0.01) PCs, while no such changes were observed in the F
PC (p = 0.38). The differences between individual PC types were observed between the F
and NF PCs, and the F and D PCs from 24 h of storage (24 h, p = 0.02 and p = 0.046; 48 h,
p = 0.02 and p = 0.02; 72 h, p = 0.02 and p = 0.046; 144 h, p = 0.02 and p = 0.02, respectively).
The expression was always the lowest in the F concentrate. A comparison of the changes
over time between the three types of PCs is shown in Figure 6B.
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Figure 5. Changes in MMP-2 activity in platelets during storage of leukocyte-depleted (F) PC (A),
non-filtered (NF) (B) and PC with doxycycline addition (D) (C). Comparison of MMP-9 activity
in platelets in all types of platelet concentrates (PCs) (D). Comparison of MMP-2 concentration in
platelets in all types of platelet concentrates (E). Changes in MMP-2 concentration in media during
the storage of leukocyte-depleted (F) PCs (F) and PCs with doxycycline addition (D) (G). Comparison
of MMP-2 concentration in media in all types of platelets concentrates (H). The Friedman repeated
measure analysis of variance by ranks with Dunn’s post hoc test (A–C,F,G) and the Wilcoxon test
(D,E,H) were used; # p < 0.05. Data are presented as mean with SEM. n = 9.
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Figure 6. Differences in MMP-2 (A) and MMP-9 (B) gene expression in platelets between the three
platelet concentrates (PCs) types: leukocyte-depleted (F) PC, non-filtered (NF) PC and PC with the
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3.5. Relationship of Metalloproteinases with Platelet Activation and Leukocyte Count

A moderately strong correlation between the activity of MMP-2 and MMP-9 in the
media in which doxycycline was not used and the number of leukocytes was found
(due to the higher accuracy of the determinations, the measurement from the five-part
differential analyzer was used for calculations). In some cases, a statistical significance was
not obtained, which may have been due to the smaller number of samples subjected to
a five-part differential analysis. Figure 7 shows Spearman’s rank correlation coefficients
between the leukocyte count and the MMP activity.
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Figure 7. Spearman’s rank correlation coefficients for MMP-2 and MMP-9 activity in media and
leukocyte (WBC) count (5-diff measurement) in three types of platelet concentrates: leukocyte-
depleted (A,D), non-filtered (B,E) and with the addition of doxycycline (C,F); n = 3. Dots represents
data, two confidence bands (dotted lines) surrounding the best-fit line (solid line) define the 95%
confidence interval of the best-fit line.

There was no unambiguous relationship between the MMP activity in platelets and
activation markers. A summary of the Spearman’s rank correlation coefficients for the
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activity of the MMPs in platelets and the expression of activation markers is presented
collectively in Table 1. When analyzing the correlation of MMP-2 and MMP-9 concentra-
tions in the media with the PAC-1 activation marker, a moderate positive correlation was
observed in the concentrates containing leukocytes (NF and D). In the non-filtered PCs, the
correlation coefficient between the MMP-2 and the PAC-1 was r = 0.285 (p = 0.058), and
between MMP-9 and PAC-1 it was r = 0.330 (p = 0.027). In the doxycycline concentrate, the
correlation coefficients between MMP-2 and PAC-1 and MMP-9 and PAC-1 were r = 0.408
(p < 0.01) and r = 0.343 (p = 0.021), respectively.

Table 1. Spearman’s rank correlation coefficients for MMP-2 and MMP-9 activity in isolated platelets
and the expression of surface markers of platelet activation in three types of concentrates (PC):
leukocyte-depleted (F), non-filtered (NF) and with the addition of doxycycline (D).

Correlation between MMP Activity in Isolated Platelets and Activation Marker

PC Type PAC-1 Expression P-Selectin Expression CD63 Expression

MMP-2

F r = −0.218; p = 0.15 r = −0.270; p = 0.08 r = −0.269; p = 0.07

NF r = −0.383; p < 0.01 r = −0.330; p = 0.03 r = −0.336; p = 0.02

D r = −0.239; p = 0.11 r = 0.013; p = 0.93 r = −0.060; p = 0.69

MMP-9

F r = 0.060; p = 0.70 r = 0.026; p = 0.87 r = −0.038; p = 0.80

NF r = −0.059; p = 0.70 r = 0.138; p = 0.37 r = 0.033; p = 0.83

D r = 0.046; p = 0.77 r = 0.173; p = 0.26 r = 0.225; p = 0.14

4. Discussion

During the storage of the PCs, adverse changes in platelets—PSLs—occur [38]. The
reasons why platelets lose their ability to aggregate and undergo intensified activation
during storage remain unclarified [5,14]. Platelets, plasma and leukocytes present in the PC
contain and release, inter alia, extracellular matrix metalloproteinases that affect the activity
of platelets [25]. The aim of the study was to verify whether the presence of leukocytes and
MMPs or employing a leukocyte-removal procedure can contribute to PSL, and whether the
use of the MMP inhibitor doxycycline may lead to a slower progression of the PSL process.

No changes regarding the platelet count were observed during the storage of the
PCs. The platelet count was also not affected by the type of concentrate (F, NF or D). In
most of the available data, no changes in the platelet count were observed during the
storage, irrespective of the method of preparation [4,16,17,39–43], but there are also reports
indicating a decrease in the number of thrombocytes during the storage of PCs [44,45]. In
some papers, the MPV did not change over time [5,40,41], which is not consistent with
the results obtained by us. An increase in MPV was observed during the storage in the
leukocyte-depleted concentrates, as well as a higher MPV in the F PC compared to the
unfiltered concentrates (NF and D). Importantly, the occurrence of the “AG!” flag when
measuring the platelet count after 144 h in F concentrate means that the analyzer was
unable to determine the boundary separating platelet aggregates from leukocytes. This
undoubtedly affected the changes observed in the parameters related to platelets—MPV,
P-LCR and the PDW. It is worth noting that those indices increase in the presence of the
aggregates of platelets. Thus, the results suggest that the filtration process may have
contributed to the increased formation of the platelet aggregates during the last days of PC
storage. Seghatchian found no significant difference in MPV, PDW or P-LCR immediately
after the preparation of the PCs but found slightly higher values of P-LCR and PDW during
storage, suggesting the formation of aggregates [39]. On the other hand, Amorini et al.
showed significantly increased MPV after five days of PC storage, and a gradual increase
was observed by the eighth day of the storage. All concentrates were prepared from a buffy
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coat and were not subjected to filtration [45]. The present results indicate that the filtration
process itself contributes to the formation of aggregates in the PCs during storage, but this
may not be the only cause.

One of the more frequently discussed problems with PSL is the reduction in the ability
of platelets to aggregate, regardless of the agonists used. It was observed that after 5 days
of PC storage, the capability of thrombocytes to degranulate decreased [4]. It was found
that the aggregation induced by ADP decreased linearly during PC storage for 10 days [40].
Similar reductions in aggregation were observed with AA, thrombin receptor activator
peptide (TRAP), ristocetin, collagen, ADP and EPI [17,19,46]. In the present research, we
also found a reduction in the aggregation capability of platelets induced by all agonists
assessed (ADP, COL, EPI and AA). The preparation procedure had no effect on platelet
aggregation. The greatest reduction was observed when collagen was applied, with an
average reduction of 25.59% for the F PC, 27.91% for the NF PC, and 25.43% for the D PC.

One of the reasons for the loss of the capability of platelets to aggregate may be
their increasing activation during storage. An increase in the spontaneous (agonist-free)
expression of P-selectin on the platelet surface has been observed regardless of the filtration
technique of PCs, as well as in the case of the non-filtered concentrates [5,16,17,19,40,46–48],
which is consistent with the results obtained in this research. In all types of PCs, an increase
in the expression of P-selectin was observed. Remarkably, it was also observed that for
the PCs that were not subjected to the filtration process (NF and D), the expression of
P-selectin was significantly different after 0 h, 24 h and 48 h compared to after 144 h of
the storage—in the early days, it remained at a relatively low, constant level (in the D
PC there is a slight downward trend). No such observation was found in the leukocyte-
depleted PC, and an upward trend was observed after 24 h. It was also ascertained that
the leukocyte-depleted PCs were generally characterized by a higher expression level
of CD62P compared to the non-filtered concentrates (NF and D). This suggests that the
filtration process itself may lead to increased activation of platelets. The second marker
indicating the progressing activation process is the activated form of GPIIb/IIIa. In the
present research, an increase in the binding of PAC-1 was observed during the storage
of the PCs. There was also a tendency for a higher expression of PAC-1 on the day of
preparation of the concentrates (0 h of the storage) compared to the next day (24 h of
the storage), at which point platelets are subject to “silencing”. This suggests that the
preparation itself has a stimulatory effect on platelets. Other conclusions were reached by
Kicken et al. and Plaza et al., who showed that the storage of a PC had no significant effect
on the spontaneous activation of the GPIIb/IIIa receptor [40,46]. However, the stimulation
of platelets with ADP on the first day of the storage induced a conformational change
in the receptor in 56.4 ± 14.4% of platelets, as assessed by the binding of PAC-1. After
five days of storage, a reduction in this response was observed, and after 10 days, only
15.9 ± 5.1% of ADP-activated platelets bound PAC-1 [46]. The third platelet activation
marker was the CD63 molecule, a lysosome-related protein. As with PAC-1 and P-selectin,
an increase in the expression of CD63 was found in all types of PCs, which is consistent
with other studies [46,49]. Interestingly, in the case of PCs not subjected to filtration (NF
and D), a slight decreasing trend was observed during the first 48 h of storage. In addition,
it was observed that the leukocyte-depleted PC generally shows a higher expression of the
CD63 molecule compared to the unfiltered components (NF and D). This confirms again
that the filtration procedure of the PC itself can lead to an over-stimulation of platelets.
On the other hand, Vucic et al. found an increase in CD63 expression during the storage
PCs but a lower expression of this molecule in the leukocyte-depleted concentrates [49]. A
simultaneous assessment of different markers of platelet activation can be an effective tool
to assess the quality of the PC during storage. Unfortunately, there is also no established
benchmark that can be used to convert the measured loss of PLT function in vitro into a
corresponding quality evaluation of platelets in vivo. Given the above, it appears that a
better understanding of the activation of platelets during storage may provide new insights
into the development of novel approaches to the preparation of platelet concentrates [43,49].
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Moreover, researchers suggest that platelet subpopulations, distinguished based on the
expression of markers of activation, apoptosis (annexin V) and released microparticles,
also show different aggregation abilities. Platelet subpopulations may also differ in MPV,
and the centrifugation of concentrates during preparation may result in the loss of very
large or very small platelets. It appears that the isolation of functionally distinct platelet
subpopulations may be desirable when preparing platelet concentrates. The percentage of
a given type of platelet (procoagulant or apoptotic) may also be influenced by the method
of storage, e.g., cryopreservation [17,50–52].

Studies on protease inhibitors have revealed that metalloproteinases are mainly re-
sponsible for proteolytic changes during the storage of PCs. Incubation of human platelets
for up to seven days with marimastat, a broad-spectrum MMP inhibitor, showed improved
platelet response to agonists, supporting the hypothesis that marimastat inhibits platelet
activation during storage [53]. The only inhibitor of MMPs approved by the FDA is doxy-
cycline. Moreover, doxycycline was confirmed not to hyperactivate platelets [54]. Thus,
in the present research, an attempt was made to reduce the activity of MMPs in the PCs
to slow down the activation of platelets and thereby improve the quality of the PCs by
adding doxycycline. After 144 h of storage, lower concentrations of MMP-2 were found
in the leukocyte-depleted PC. This observation might suggest that the progressive break-
down of leukocytes (as indicated by the results from the five-part differentiation analyzer)
contributes to an increase in the concentrations of metalloproteinases. However, this in-
crease was not confirmed for MMP-9. It was demonstrated that the activity of MMP-2 in
platelets was reduced during their storage, irrespective of platelet preparation. MMP-2
is involved in the adhesion and aggregation of platelets, which also decreased during
storage. The activity of MMP-9 in platelets did not change significantly during the storage
of the different types of the PCs, but in the leukocyte-depleted concentrate, the activity
was lower as compared to the PCs containing leukocytes (NF and D). Despite the inability
to demonstrate reduced gelatinolytic activity in PCs with the addition of doxycycline,
a moderately strong correlation was found between the activity of MMP-2 and MMP-9
and the number of leukocytes only in the medium of the PCs without the addition of
doxycycline (F and NF). Going further, no clear correlation was observed between the
activation of platelets and the activity of metalloproteinases. However, it was observed that
in leukocyte-containing concentrate media, MMP-2 and MMP-9 concentrations showed a
moderate correlation with the expression of the activated GPIIb/IIIa. After 144 h of storage,
the activation of GPIIb/IIIa was lower in the D concentrate compared to the NF one. Also,
the expression of P-selectin in the D PC was lower (at 24 h of storage) compared to the
other two types of PC. A similar observation was made in the case of CD63, where from
24 h of storage, the doxycycline-enhanced concentrate also had the lowest expression of
this molecule. The results suggest that the addition of doxycycline may have a beneficial
effect on the progressive activation of platelets during storage. Undoubtedly, research is
still needed on whether preserving human platelets with an MMP inhibitor will provide
benefits after transfusion. It has been shown that MMP inhibition (by the addition of
GM6001) significantly improved the recovery of mouse platelets after transfusion. The
inhibition of metalloproteinases also prevented the proteolysis of GPIbα on the platelet
storage lesions, thereby improving the hemostatic function of thrombocytes in vivo [55].

Mature platelets receive many of the components necessary for gene regulation from
megakaryocytes (mRNA, pre-miRNA). During storage, platelets continue to translate
mRNA into proteins and process pre-miRNAs into mature miRNAs. There is a strong
correlation between the platelet transcriptome and their proteomic profile, which confirms
the existence of de novo platelet translation capacity. This suggests the possibility of a post-
transcriptional regulation of gene expression in platelets under the storage conditions [56].
In this study, the expression of the MMP-2 gene was observed to increase during storage in
all types of PCs, while the expression of the MMP-9 gene increased only in the preparations
containing leukocytes, the breakdown of which can be a source of mRNA for platelets.
During storage, differences in the expression of both genes were found in different types
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of PCs—in F concentrates, this expression was at the lowest level. This observation may
support the hypothesis that since platelets sequester RNA [57,58], it is possible that when
stored in an environment where it is present, they have the ability to ‘absorb’ it. The
hypothesis of the capability of platelets to absorb substances from the external environment
is also supported by the fact that the concentration of this gelatinase in platelets increased
with the decrease in the concentration of MMP-2 in the media.

The limitation of the study is the lack of assessment of pH, LDH or glucose changes in
concentrates during their storage. It should be noted that the concentrates were prepared
and stored in accordance with national procedures, and the Quality Assurance Depart-
ment at the center is responsible for their appropriate quality. Nevertheless, LDH assay
or blood gas analysis parameters would be valuable additional information regarding
platelet viability.

To sum up, it has been shown that platelets do not remain indifferent to the process
of leukocyte removal, as it causes their activation. On the other hand, one of the sources
of MMPs in PCs may be leukocytes, and inhibiting the activity of these enzymes seems
to be a promising tool for improving platelet function during their storage. Of course,
whether storing human platelets with an MMP inhibitor will provide benefits after trans-
fusion remains to be investigated. The results of our research may be the next step in
further searching for possibilities for extending the storage time of high-quality platelet
concentrates and modifying the process of their preparation.

5. Conclusions

This study confirms the involvement of metalloproteinases in the PSL process. It
cannot be concluded that MMPs are the main cause of quality deterioration during storage;
however, the presence of the MMP inhibitor doxycycline may have a beneficial effect on
the progressive activation of platelets. The results of our research may be the next step in
further searching for possibilities for extending the storage time of high-quality platelet
concentrates and modifying the process of their preparation.
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