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Parallel comparison of apheresis-collected platelet
concentrates stored in four different additive solutions

M. Nogawa,' Y. Naito,”? M. Chatani,® H. Onodera,® M. Shiba," H. Okazaki,' K. Matsuzaki,* M. Satake,' K. Nakajima*
& K. Tadokoro'

'Central Blood Institute, Blood Service Headquarters, Japanese Red Cross Society, Tokyo, Japan

? Japanese Red Cross Hokkaido Block Blood Center, Sapporo, Japan

3 Japanese Red Cross Kanto-Koshinetsu Block Blood Center, Tokyo, Japan

*Japanese Red Cross Tokyo Metropolitan Blood Center, Tokyo, Japan

Background and Objectives Partially replacing plasma with additive solutions in
platelet (PLT) concentrates (PCs} may help to reduce transfusion reactions. Con-
stituents of PLT additive solutions (PASs) have been revealed to affect the quality
of PCs. Previous studies involved pairwise comparison of identical PLTs with two
different PASs or multicomparison using random PLTs with three or more PASs.
In this study, we performed parallel comparison using PCs from identical donors
with four PASs. In addition to traditional parameters, the release of bioactive
substances and plasma proteins was assessed.

Materials and Methods Platelets collected four times by apheresis from three
donors were suspended in Intersol, SSP+, Composol or M-sol with 35% autologous
plasma. The PC parameters, including PLT activation markers, glucose consump-
tion, chemokines and plasma proteins, were assessed during 5-day storage.

Results Mean PLT volumes were decreased in SSP+ Composol and M-sol after
5-day storage, with significant differences, whereas the hypertonic shock response
(HSR) was decreased only in Intersol. Glucose consumption was faster in Intersol and
M-sol than in SSP+ or Composol. PLT activation, determined as CD62P, sCD62P,
sCD40L and RANTES, was significantly higher in Intersol than the other three PASs.
No marked change was observed in fibrinopeptide A and C3a in any PASs.

Conclusions M-sol, SSP+ and Composol effectively preserved the quality of PCs.
PLT activation was significantly enhanced in Intersol compared with the other
three PASs. These effects seem to depend on magnesium and potassium as a con-
stituent. Parallel comparison further verified that the PC quality largely depended
on PASs but not donors.
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Key words: C3a, CD62P, glucose consumption, platelet additive solution, RANTES,
sCD40L.

concentrates (PCs) has shifted to the prevention of non-

Introduction
haemolytic transfusion reactions from the collection of

During the past decade in Japan, the rationale for replac-
ing plasma with additive solutions in platelet (PLT)
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Japan

E-mail: m-nogawa@jrc.orjp

additional source plasma for the manufacture of fraction-
ated products such as coagulation factor VIIL In addition,
PLT additive solutions (PASs) may improve the retention
of PLT properties on storage compared with PCs stored in
plasma.

T-sol (PAS-IT}) and Intersol (PAS-III) were sequentially
developed in the 1990s and widely used in Europe. PCs
containing 70% T-sol and 30% autologous plasma
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provided an acceptable pH and glucose consumption
during 5-6 days’ storage [1]. Intersol consists of sodium
chloride, sodium citrate, sodium acetate and sodium
phosphate. However, the inclusion of phosphate was
found to lead to a significant increase in glycolysis even
though the pH remained satisfactory [2]. To further
improve the PC quality, magnesium and potassium were
added to Intersol to prepare SSP+ (PAS-TIM). PLTs
stored in SSP+ show decreased glycolysis and better
retention of the HSR response compared with those
stored in Intersol [3]. The combined presence of magne-
sium and potassium reduces the expression of CD62P on
PLTs [4]. Magnesium sulphate has been postulated to
interfere with the binding of fibrinogen to GPIIb/Illa,
resulting in the inhibition of PLT aggregation [5]. Besides
SSP+, Composol, another PAS that contains magnesium
and potassium, similarly stabilizes the pH during storage
[6]. ;

M-sol, a novel PAS developed by the Japanese Red
Cross Hokkaido Blood Center, was designed to be pre-
pared by mixing clinically approved crystalloid solutions
and includes both magnesium and potassium [7]. The
marked difference of M-sol from commercially available
PASs is that it contains glucose, calcium and bicarbonate.
M-sol is similar in composition to one of the first PASs
reported by Holme et al. [8]. PLTs stored in M-sol exhib-
ited more favourably maintained in wvitro properties for
up to 14 days compared with those stored in plasma or
SSP+ [7]. Recently, calcium in M-sol has been shown to
play an important role in preserving PLTs’ in vitro prop-
erties during storage [9] although some investigators have
questioned the role of calcium because it would be
chelated by citrate [10]. Moreover, undesirable effects of
glucose have been described regarding PLT activation,
the morphology score, swirling, glucose metabolism and
pH [11].

All PCs in Japan are collected by apheresis, and there-
fore, it is worthwhile to investigate the properties of PCs
in M-sol using apheresis PCs as well as the buffy coat-—
derived PCs used in the study reported by Hirayama et al.
[7]. In this study, we compared the in vitro properties of
apheresis PCs stored with M-sol as well as those stored
with Intersol, SSP+ or Composol. We collected PCs from
the same donor four times with an interval of more than
2 weeks, each of which was then treated with one of the
four PASs to allow parallel comparisons among PASs. In
addition, to investigate the effects of PAS on the release
of bioactive substances from PLTs during storage, we
included the measurement of bioactive substances
reported to be associated with non-haemolytic transfu-
sion reactions such as soluble CD40 ligands (sCD40L),
RANTES and C3a in addition to traditional PLT storage
parameters.

Materials and methods

Apheresis and storage of PCs

Platelet concentrates were collected from three donors.
Apheresis was performed four times for one donor with
an interval of more than 2 weeks. This study design was
approved by the Institutional Ethics Committee, and doc-
umented informed consent was obtained from the donors.
PLTs were collected using the MCS+ blood cell separator
(Haemonetics, Braintree, MA, USA) and automatically
suspended in either PAS, Intersol (Baxter, Deerfield, IL,
USA), SSP+ (MacoPharma, Mouvaux, France), Composol
(Fresenius, Bad Homburg, Germany) or M-sol [7], each
containing 35% autologous plasma. The composition of
the PASs used is shown in Table 1. The PLT yield was
targeted to 2-0 x 10'". Collected PCs were transferred
into a gas-permeable polyolefin bag (KBP100OFPN;
Kawasumi, Tokyo, Japan) through a leucocyte-removal
filter (LRF6-H; Pall, Tokyo, Japan). Contaminating leuco-
cytes were under the detection limit (<1 x 10°/bag) in all
PCs evaluated with a flow cytometric method using
LeucoCOUNT with FACSCalibur (BD Biosciences, Tokyo,
Japan). After standing for 1 h at room temperature with-
out agitation, PCs were stored at 22°C on a flatbed shaker
with reciprocal agitation (50 cycles/min) for 5 days. A
10 ml aliquot was taken into a polyvinyl chloride pouch
bag using a sterile connecting device (TSCD, Terumo,
Tokyo, Japan) for measurements before and after agita-
tion as day 0 and on days 1, 3 or 5, respectively.

Parameters of PCs

The PLT concentration and mean PLT volume (MPV)
were measured using an automated blood cell counter
(SF-3000; Sysmex, Kobe, Japan). The total PLT number
was calculated by multiplying the PLT concentration by

Table 1 Composition of platelet (PLT) additive solutions (PASs) (mmol/l)

Intersol SSP+ Composol M-sol
NaCl 77-3 69-3 90 77
KCl - 5 5 3
MgCl,/MgSO, - 1.5 15 16
CaCl, - - - 1
NaHCO5 - - - 42
Nas-citrate 10-8 10-8 10-9 9-4
Citric acid - - - 4.8
Na-acetate 32:3 32:3 27 21
NaH,PO, 67 6-7 - -
Na,HPO, 215 21-5 - -
Na-gluconate - - 23 -
Glucose - - - 15

© 2013 International Society of Blood Transfusion
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the PC volume (weight of PC/specific gravity, 1-01). The
pH at 37°C was measured using an automated gas ana-
lyzer (RapidPoint 405; Siemens Healthcare Diagnostics,
Munich, Germany). On diluting PLTs to 3-0 x 10°/ul with
autologous plasma, the hypertonic shock response (HSR)
was measured using a spectrophotometer (UV-2550; Shi-
madzu, Kyoto, Japan) according to the method described
by VandenBroeke et al. [12]. The amount of protein was
determined using a BCA protein assay kit (Pierce, Rock-
ford, IL, USA). The ratio of residual plasma in PCs was
calculated from the protein content of PC supernatant
divided by the value of autologous plasma.

A PC supernatant was prepared by centrifugation at
8000 g for 5 min at 22°C for the measurement of PLT-
derived microparticles (PMP), glucose and lactic acid. The
PMP were examined by sandwich ELISA employing
anti-GPIX and anti-GPIb monoclonal antibodies (Otsuka
Pharmaceutical, Tokyo, Japan). The amount of glucose or
lactic acid was determined by the Glucose CII Test Wako
(Wako Pure Chemical Industries, Osaka, Japan} and Deter-
miner LA kit (Kyowa Medex, Tokyo, Japan), respectively.

PLT activation markers

The surface expression of CD62P on PLTs was measured
with a flow cytometric method. After fixation with parafor-
maldehyde followed by washing, PLTs were stained with
anti-CD61-fluorescein isothiocyanate and anti-CD62P phy-
coerythrin (BD Biosciences) in one tube or with the corre-
sponding isotype antibodies as a negative control. The
CD61*" PLTs were counted for up to 10 000 events using an
FC 500 flow cytometer (Beckman Coulter, Tokyo, Japan).
The proportion of CD62P* PLTs was expressed as a fraction
of CD62P*/CD61" events in all CD617 events. The super-
natant prepared as described above was applied for the
measurement of sCD40L, RANTES and soluble P-selectin
(sCD62P). The ELISA kits for sCD40L and RANTES were
obtained from R&D Systems (Minneapolis, MN, USA) and
sCD62P from PromoCell (Heidelberg, Germany). ‘

Plasma proteins

Fibrinopeptide A (FPA) and C3a in the supernatant were
measured using Zymutest FPA ELISA kits from Hyphen
BioMed (Neuville-sur-Oise, France} and OptEIA human
C3a ELISA kits from BD Bioscience, respectively, accord-
ing to the manufacturer’s instructions.

Statistical analysis

Differences in the values between storage periods of days
0 and 5 were analysed by a paired t-test for each PAS
group using the computer software prism 5.0 (GraphPad

© 2013 International Society of Blood Transfusion
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software, San Diego, CA, USA). For glucose consumption,
the significant differences were analysed by one-way
anova followed by the Tukey-Kramer test using prism 5.0.
A P-value of <0-05 was considered significant.

Results

PC preparation

The characteristics of PCs are given in Table 2. The target
number of PLTs was collected in all four PAS units in the
range from 2:49 + 031 x 10'" to 2-74 + 0-19 x 10", In
one of three apheresis PCs using Intersol, the process was
cycled five times and resulted in an increase in the PC
volume, whereas the others were processed in four cycles.
Although the SD value of the volume in Intersol was
greater than those in the other three PASs, no significant
difference was detected. In addition, the contents of resid-
ual plasma were equivalent among the four PASs. These
results could additionally allow parallel comparisons of
the parameters among the four PAS units.

Changes in PC parameters during storage

No significant change in PLT concentrations was observed
in any PASs between day 0 and 5 values (Table 3). The
pH of M-sol was higher than those of the other three
PASs throughout the storage period. The increase in the
pH between days 0 and 5 was significant only in Compo-
sol. The MPV was significantly decreased in SSP+, Com-
posol and M-sol but not in Intersol. On the contrary,
a decrease in HSR was evident only in Intersol. PMP
increased in all PAS units with a significant increase only
in Intersol.

PLT metabolism

Alterations in PLT metabolism were evaluated by measur-
ing glucose and lactate. Glucose was decreased and lactate
was increased with significant differences during 5 days of

Table 2 Characteristics of platelet concentrates

Intersol SSP+ Compesol M-sol
Volume 2373 £233 2231 +£35 2241 %51 2222 +£1.8
(m1)
Plasma 345+ 11 356 + 39 353 34 373 +09
fraction
(@)
Number 2:74 £ 019 2-49 + 0-31 2-63 £ 0-32 2-59 + 0-09

(x10™)

Data are expressed as means + SD.
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Table 3 Properties of PCs in PASs during 5-day storage

Days
In vitro variable PAS 0 1 3 5
PLT concentration (x10'/l) Intersol 109-4 + 12-3 107-8 £ 11-0 104-3 £ 12:6 104-5 + 10-7
SSP+ 105-6 + 13-0 1057 + 12-8 103-8 £ 12-6 103-8 £ 125
Composol 107-1 £ 10-8 106-5 £ 95 106:5 = 11-2 1044 + 8.5
M-sol 109-3 + 3-8 107.7 £ 2.5 106-7 + 2.7 104-8 + 26
pH (37°C) Intersol 7-07 £ 0-01 7-04 £ 0-02 7-03 £ 0-03 7-00 + 0-05
SSP+ 7-07 + 0-01 7-08 £ 0-01 7-15 £ 0:02 7-19 + 0-06
Composol 6-94 £ 0-18 7-01 £ 0-02 7-12 £ 0-03 7-17 + 0-05*
M-sol 7-41 £ 017 7-56 + 0-08 7-63 £ 0-:05 7-68 £ 0-05
MPV (f1) Intersol 78+ 04 7-8 £ 03 7-8 £ 04 79+ 04
SSP+ 83+ 04 82+ 03 7-9 £ 02 7-8 £0.2%
Composol 84+ 04 83 +0-2 8:1+02 7-9 £ 02"
M-sol 82+ 02 79 £ 03 79+ 02 7.9 +02F
HSR (%) Intersol 81:9 +12.0 751 £ 128 66-8 £ 2-7 66-7 + 12.6*
SSP+ 82-8 + 4.5 87-4+ 53 86-1 + 6-7 800 + 82
Composol 77-8 £ 20 83-0 £ 4.4 80-6 £ 6-9 793+ 11-5
M-sol 800 £ 6-8 880+ 76 78-:0 £ 3.9 784+ 7.7
PMP (U/‘IO8 PLT) Intersol 5-15 £ 0-93 596 + 0-4 9-49 + 1-99 10-38 + 1-91*
SSP+ 9-06 + 2-63 7-46 + 3-44 8:82 * 3-49 10:46 + 2.74
Composol 6-72 + 2-39 7-1 + 1-94 874 £ 1-1 12-03 £ 1-43
M-sol 13-85 + 3-82 11-66 * 4-59 13-33 £ 3-31 15-5 + 1.97
Glucose (mmol/l) Intersol 8.07 + 0-62 7-73 £ 0-81 6-70 £ 0-78 5-37 + 0-58*
SSP+ 7-77 £ 0-61 7-63 £ 0-38 6-97 + 0-40 6-13 + 0-45*
Composol 7-77 £ 0-46 7-50 + 0-54 6-97 £ 0-41 6-0 £ .0-41*
M-sol 16-3 + 0-46 16-1 £ 0-33 14-67 £ 0-39 13-5 + 0-22*
Lactate (mmol/l) Intersol 0-40 + 0-22 1-13 + 0-05 2.00 £ 0-16 52 + 0-41*
SSP+ 0-60 + 0-08 1-30 £ 0-08 2-37 £ 0-33 417 + 0-56*
Composol 0-43 = 0-09 117 £ 0-25 2-57 £ 0-83 4-17 £ 0-83*
M-sol 0-53 + 0-05 1-33 £ 0-09 313 £0:26 5-30 £ 0-14*
CD62P (% positive PLTs) Intersol 7.6 +2-0 19-8 + 6.5 261+ 75 323 £ 7.7*F
SSP+ 78+ 26 9.5+ 2.7 6:5 1 0-1 113+ 1-0
Composol 9.5+ 7.2 89+ 4.2 7-3+27 9-8 £ 3.0
M-sol 9.7+ 46 51+ 15 69 £ 32 120 £ 50
sCD62P (ng/ml) Intersol 429 + 2.2 69:2 + 224 133-6 + 51 194.2 + 57.9%F
SSP+ 45-1 £ 5-6 59-0 £ 10-7 720 £ 142 90-1 + 23.5*
Composol 52276 64-4 + 9-1 78-:3 £ 10-2 969 + 16-2
M-sol 516+ 1-6 599 + 5.5 84-8 £ 15-2 114.5 £ 23.6

PLT, platelet; PCs, PLT concentrates; PAS, PLT additive solutions; HSR, hypertonic shock response; MPV, mean PLT volume; PMP, PLT-derived

microparticles

Data are shown as means * SD.

*P < 0-05, paired t-test between days 0 and 5.

TP < 0-05.

CD62p and sCD62p data on day 5 analysed by one-way anova followed by the Tukey—Kramer test.

storage in any PAS (Table 3). Furthermore, glucose
consumption was accelerated in the units of Intersol and
M-sol compared with those of Composol and SSP+ (Fig. 1).

PLT activation and bioactive substances

Surface expression of CD62P on PLTs was elevated in the
four PAS units with a storage time in parallel with the

increase in sCD62P. Both the ratio of CD62P™ PLTs and
the amount of sCD62P on day 5 were significantly higher
in Intersol than the other three PASs (Table 3).

The levels of sCD40L and RANTES in PC supernatant
elevated with an increasing storage time in all donors
(Fig. 2). The level of increase did not significantly differ
among donors, which is true for all PAS groups. How-
ever, the mean values for day 5 sCD40L and RANTES

© 2013 International Society of Blood Transfusion
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from the three donors were significantly higher in Intersol
than the other three PASs (P-value < 0-05).

Influence on coagulation cascade and complement
system

Because diluting plasma with PAS may disrupt the
plasma protein balance, we investigated the generation of
FPA and C3a as activation indexes of the coagulation
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Fig. 1 Glucose consumption rates of platelet (PLT) concentrates (PCs) in
PLT additive solutions {PASs) during 5-day storage. Data were analysed
by one-way anova followed by the Tukey—Kramer test. Columns and error
bars present the mean (n = 3) and SD, respectively. *P < 0-05.

cascade and complement system, respectively. Figure 3
shows that no significant change was observed in FPA
during the 5-day storage in any PAS. On the other hand,
C3a showed an increasing tendency during the storage
period without signilicance except for SSP+.

Discussion

We conducted a comparative investigation of the effects
of four PASs on apheresis PCs in the context of conven-
tional PLT storage parameters and levels of bioactive sub-
stances during the storage period. In order to allow
parallel comparison of PASs, we sequentially collected
four apheresis-derived PCs from one donor with intervals
of more than 2 weeks, which were each processed with
four kinds of PAS. This procedure was repeated for three
blood donors.

The pH of M-sol-PCs increased during storage up to
7-7 on day 5 in our study. This was probably caused by
the excessive loss of carbon dioxide from PCs that con-
tain a large amount of bicarbonate added as a principal
ingredient of M-sol. While concerns may arise regarding
the high pH of PCs in terms of the PLT function, Radwan-
ski et al. [13] recently reported no clear influences on
PLT function variables for PCs with a high pH due to
bicarbonate in PAS. In fact, a clinical trial using M-sol
revealed an acceptable 24-h corrected count increment
[14], although these results were observed in PCs with a
5% plasma carry-over.
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Fig. 2 Changes in sCD40L and RANTES contents in (PLT) concentrates (PCs) supernatant. Concentrations of sCD40L {a—c) and RANTES (d—f) in Intersol
(m), SSP+ (A), Composol () and M-sol (#) for donor 1 (a, d), donor 2 (b, €) or donor 3 (c, f).
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SD, respectively. TP < 0-05, paired t-test.

In the present study, glucose consumption was lower,
and PLT functional variables such as HSR and CD62P
expression were maintained more favourably in SSP+ or
Composol than in Intersol units. This indicates that the
magnesium and potassium in SSP+ and Composol are
effective for both preserving the in wvitro properties of
PLTs and preventing accelerated glycolysis. These results
are in accordance with those reported by Gullikson et al.
and de Wildt-Eggen et al., who described the preferential
effects of potassium and magnesium in PAS on in vitro
PLT functions [3, 4]. It is intriguing that in M-sol units
that also contain magnesium and potassium, PLT proper-
ties are well preserved in spite of the enhanced glycoly-
sis. While the higher glucose content in the initial M-sol
unit might have triggered glycolysis enhancement, a
recent experiment showed that the high pH in PAS aug-
ments glucose metabolism [15]. It is certain that PLT
activation and other functional properties are regulated
complexly by multiple factors, and further study is
needed to elucidate to what extent each of the factors of
a high glucose content, high pH or other factor(s) in the
initial M-sol units contributes to the augmented glycoly-
sis. It is also necessary to conduct a study to evaluate
the post-transfusion recovery or survival of PLTs stored
in magnesium- and potassium-containing PAS in a clini-
cal setting.

Recently, calcium was proposed as a key constituent for
the maintenance of in vitro PLT properties for PCs with a
low plasma carry-over (<5%) [9]. In the present study, how-
ever, no significant difference in PLT properties was
observed between calcium-containing M-sol and SSP+ or
Composol that do not contain calcium at a 35% plasma
carry-over for 5-day storage. In agreement with this, Sand-
gren et al. [16] reported no significant difference between
calcium-containing and calcium-free PAS using PCs with a
20% plasma carry-over. The discordant results among these
studies were probably derived from the difference in the
plasma carry-over rate in the PCs used.

Microparticles derived from the cell membrane in blood
are potential agents that modulate thrombosis and
inflammation [17]. PMP have been observed to be gener-
ated in blood products during storage [18, 19]. Although
the starting level of PMP varied among PAS units in this
study, the PMP concentration generally tended to increase
with storage in all PAS groups. The significantly higher
level of PMP throughout storage observed in M-sol may
have resulted from the fragility of the cell membrane
against the high extracellular pH [20]. In SSP+ and M-sol
groups, the amount of PMP decreased on day 1 as com-
pared to day O. In one of the three subjects, two (SSP+
and M-sol} of the four samples collected on day 0 showed
a markedly higher level of PMP, which elevated the mean
value for the day O PMP. Possibly, the PLTs from this
subject were vulnerable to mechanical damage, and sam-
ple manipulation might have caused the degradation of
PLT membranes particularly on day O just after apheresis
collection. Recently, it was reported that PMP are
involved in the amplification of inflammation in rheuma-
toid arthritis via the production of IL-1 [21]. It might
therefore be beneficial to keep the PMP content low dur-
ing storage, although direct evidence for the pathogenic-
ity of PMP in PCs has yet to be presented.

Numbers of studies have argued that cytokines accu-
mulated in PCs during storage are responsible for trans-
fusion reactions [22-24]. The accumulation of cytokines
or chemokines produced by leucocytes, but not PLTs, can
be reduced by prestorage leucoreduction [25, 26], whereas
factors released from PLTs such as RANTES or sCD40L
[27] could accumulate in PCs during storage even after
leucoreduction [28]. All these factors are known to cause
some of the transfusion reactions [29, 30], which provides
another rationale for replacing plasma with PASs in PCs
[14]. For this reason, we measured the amount of bio-
active substances accumulated in PCs in relation to the
storage period. As shown in Fig. 2, sCD40L and RANTES
increased more slowly in SSP+, Composol and M-sol as
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