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SUMMARY

Background—Microparticles (MPs) are submicron size cell fragments that are released from 

cells.

Objectives—We hypothesise that MPs increase during red blood cell (RBC) storage and are part 

of the pro-inflammatory activity, which accumulates in the RBC supernatant.

Methods/Materials—RBC units were separated from whole blood of eight healthy donors: 5 U 

were split, with 50% undergoing leucoreduction (LR) and the remaining left as unmodified 

controls. The remaining 3 U were leucoreduced. Samples were obtained at days (D) 1 and 42 and 

cell-free supernatants separated and stored. The supernatants were centrifuged at 17 000 × g (60 

min) or 100 000 × g (120 min) into microparticle-rich (MPR) and microparticle-poor (MPP) 

portions, resuspended in albumin, incubated with antibodies to CD235 (RBCs), CD45 [white 

blood cells (WBCs)] and CD41a [platelets (Plts)], and analysed by flow cytometry. Isolated 

neutrophils were incubated with these samples, and priming activity measured.

Results—Total MPs increased during storage; however, MPs that marked for precursor cell 

types did not. Significant priming accumulated in the MPP fraction during storage with some 

activity present in the MPR fraction from D1 and D42 LR-RBCs.

Conclusion—Most of the pro-inflammatory priming activity from stored RBCs resides in the 

MPP supernatant, although the MPR fraction from D42 LR-RBCs does contain some priming 

activity.
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Microparticles (MPs) are submicron size fragments which are released from leucocytes, 

platelets (Plts), red blood cells (RBCs) and endothelial cells (Dey-Hazra et al., 2010). 

Although their role in disease is still not completely known, they have been theorised to be 

involved in inflammation, atherosclerosis, coagulation and tumour metastasis (Piccin et al., 

2007; Italiano, et al., 2010; Grimshaw et al., 2011). Recently, MPs have been postulated to 

have a cyto-protective/anti-inflammatory effect in the transfused host (Sadallah et al., 2008; 

Morel et al., 2011).

One of the difficulties of assessing MPs has been detection and isolation due to their small 

size. MPs have multiple names, typically relating to their relative size. The smallest MPs, 

which are membrane-derived, are called ectosomes with diameters <200 nm. Larger 

membrane derived MPs, with sizes in the 200–1200 nm range, are referred to as 

microvessicles. The collective group of MPs typically range anywhere from 100 to 1000 nm 

(Distler et al., 2006; Jy et al., 2010). Other particles similar to MPs include exosomes and 

apoptotic bodies, the former are by-products of exocytosis, and the later are released from 

apoptotic bodies, both typically in the same size range as ectosomes (Mathivanan et al., 

2010). Careful analysis using flow cytometry can help identify MPs of varying sizes and the 

inclusion of sizing beads may help in identifying particles of the right size and determine the 

lower limit of detection for the flow cytometer (Lacroix et al., 2010).

One of the major interests in MPs relates to adverse events in the transfused host, namely 

transfusion-related reactions where MPs have been theorised to play a key role (Jy et al., 

2011; Belizaire et al., 2012; Kriebardis et al., 2012; Almizraq et al., 2013). Because MPs 

have been shown to contain pro-inflammatory activity, particularly neutrophil (PMN) 

priming, which has been linked to transfusion-related acute lung injury (TRALI), there has 

been interest in classifying and understanding their biology (Cardo et al., 2008; Jy et al., 

2011). In addition, MPs have been reported to increase during storage of RBC units and are 

considered part of the ‘storage lesion’ (Kim-Shapiro et al., 2011). Two recent studies have 

looked at indirect mediators of PMN priming, particularly via P-selectin: P-selectin 

glycoprotein ligand-1 (PSGL-1) interaction and elevation of C-receptors and 

immunoglobulins, as well as elevation of CD11b in supernatant from RBC’s (Cardo et al., 

2008; Jy et al., 2011). Pre-storage leucoreduction (LR) has been reported to decrease the risk 

of TRALI (Blumberg et al., 2010), which has been postulated to be due to a reduction in 

MPs (Sugawara et al., 2010).

The objective of this article is to determine if the pro-inflammatory activity that accumulates 

during RBC storage resides in the MPs or in the microparticle-poor (MPP) supernatant. To 

this end, the cell-free supernatant of RBC units was separated into microparticle-rich (MPR) 

and the MPP-supernatant, and we hypothesise that MPs increase during routine RBC 

storage, contribute to the priming activity that accumulates in the supernatant of RBCs, and 

that pre-storage LR affects these processes.
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MATERIALS AND METHODS

Materials

All chemicals unless otherwise specified were purchased from Sigma Chemical Corporation 

(St. Louis, MO, USA). Antibodies for flow cytometry were purchased from BD Biosciences 

(San Jose, CA, USA), including CD41a-PE, CD45-Per-CP and CD235-FITC. Counting 

beads (Flow-Count Fluorospheres™) were obtained from Beckman Coulter Inc. (Brea, CA, 

USA). Sizing beads were purchased from Spherotech Inc. (Lake Forest, IL, USA). Plasma, 

either fresh frozen plasma or FP24, was obtained from Bonfils Blood Center.

RBC collection and storage

Whole blood (500 mL) was collected from eight different healthy donors after informed 

consent was obtained in accordance with the Declaration of Helsinki under a protocol 

approved by the Colorado Multiple Internal Review Board at the University of Colorado, 

Denver. Whole blood was processed via industry standards which satisfy the AABB and the 

Food and Drug Administration (FDA) regulations and Circular of information in AS-5 

(FDA, 2011). Five RBC units were divided by equal weight with 50% w/w undergoing LR 

via filtration (Pall BPF4 leucoreduction filter, Pall Corporation, Westbury, NY, USA), and 

the residual 50% w/w left unmodified. The three additional RBC units were also 

leucoreduced. All units were stored in AS-5 at 4 °C according to AABB standards. Sterile 

couplers were inserted for sampling on day 1 (D1) and day 42 (D42) (the last day a unit can 

be transfused). The supernatant, plasma fraction, was isolated via centrifugation at 5000 × g 

for 7 min at room temperature, and then 12 500 × g for 6 min at 4 °C, and the cell-free 

supernatant aliquoted and stored at −80 °C for further use (Bercovitz et al., 2012).

MP isolation

The cell-free supernatant was thawed and centrifuged at either 17 000 × g for 60 min or 100 

000 × g for 120 min into MPR and MPP portions, and the MPR were resuspended in an 

equal volume of 1·25% fatty acid free, globulin free human serum albumin (HSA), which 

does not prime the PMN oxidase or cell-free plasma (FP).

Flow cytometry

MPs were incubated with CD235-fluorescein isothiocyanate (FITC) for RBCs, CD41a-PE 

for Plts and CD45-PerCP-Cy5·5 for leucocytes [white blood cells (WBCs)] for 30 min at 4 

°C, fixed with 4% paraformaldyde, and then diluted to 1% with buffer. Samples were 

analysed on a FACS Canto II™ flow cytometer with BD facs diva™ software v. 6·1.1. (BD 

Biosciences, Franklin Lakes, NJ, USA). The flow cytometer was calibrated daily with BD 

FACS™ 7-Color Setup Beads (BD Biosciences) containing seven different fluorescent 

beads. Size events were defined using flow cytometry size beads of 0·22–1 μm (Spherotech). 

For the different windows used, the flow cytometer was set on a logarithmic scale. The 

majority of MPs were found to be in the 0·44–0·88 μm range, and the individual sizes of 

respective RBC, PLT and WBC MPs was not assessed, as all groups fell in the 0·44–0·88 

μm. Samples were also analysed by flow cytometry utilising counting beads to determine 

relative quantities present. Means and the standard errors of the mean were calculated.
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Priming activity

Isolated neutrophils (PMNs) collected from multiple different volunteers were incubated 

with the MPR fraction and MPP supernatant at (10%) FINAL for 5 min at 37 °C. Following 

incubation, the PMN NADPH oxidase was activated with formyl-methionyl-leucyl-

phenylalanine (fMLF), and the maximal rate of O2
− production was measured as the 

superoxide dismutase (SOD)-inhibitable reduction of cytochrome c at 550 nm (Silliman et 

al., 1994). Priming is the augmentation of the maximal rate of fMLF-activation of the 

NADPH oxidase in direct comparison to the vehicle control (buffer or albumin), as 

published previously (Silliman et al., 1994). For all data we report the maximal rate of O2
− 

in response to fMLF as the gross numbers alone without data manipulation, and each assay 

had paired positive (Plt activating factor, a prototypical rapid priming agent) and negative 

(vehicle + albumin) controls (Silliman et al., 1994).

Lipid extractions and priming activity

Lipids were extracted from the MPP supernatants and the MPR fractions using a 1: 1: 1 

mixture of chloroform: methanol: water with 0·2% acetic acid, as previously published 

(Silliman et al., 1994). The lipid fractions were resuspended in the original starting volume 

with 1·25% albumin, and these extractions were assayed their ability to prime the fMLF-

activated respiratory burst.

Data analysis

The data are reported as the mean ± the standard error of the mean. The data were analysed 

for statistical differences via a paired analysis of variance (ANOVA) with a post hoc Bonferroni 

or Newman Keuls test for multiple comparisons based upon the equality of variance 

employing GB Stat version 8.0.

RESULTS

Quantification of MPs

To determine any differences between centrifugation speeds and the isolation of MPs from 

RBCs, MPs isolated by centrifugation at 17 000 × g (60 min) and 100 000 × g (120 min) 

were compared via flow cytometry (Fig. 1b,c). Irrespective of the centrifugation speeds the 

MPs evidenced virtually identical gating characteristics, forward scatter and side scatter, 

demonstrating that both isolation techniques yielded similar MP profiles (Fig. 1b,c). To 

count the number of MPs, the mean florescence values were collected via flow cytometry 

and both these mean values, as well as calibrated counting beads, were employed to 

calculate the total number of MPs present in each of the samples and a representative scatter 

plot is shown to demonstrate the relative sizes of the MPs analysed (Fig. 1a). In addition, to 

determine that relative amount of MPs in the MPP- vs the MPR-fraction flow cytometry was 

performed on these paired fractions, and centrifugation was able to enrich the MPR fraction 

by 80 ± 5% with analogous depletion of the MPP-fraction. As each sample was collected, 

processed, stored and analysed in an identical fashion, the samples were comparable. Using 

these numbers, the total MPs increased during routine storage in all units irrespective of LR; 

however, this increase at D42 of storage was not significant when compared with D1 (Table 
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1). Unexpectedly, the MPs, which were specifically labeled for precursor cells, namely: 

RBCs (CD235), WBCs (CD45) or Plts (CD41a), decreased with storage time, although this 

observed decrease on D42 was not statistically different from D1 (Table 1). Importantly, this 

decrease was irrespective of LR. Of the MPs that specifically marked for precursor cells, 

RBC MPs were the most numerous with Plt MPs the least. In the LR samples, a non-

significant increase in MP numbers was seen on D1 only (Table 1). However, when 

compared with the total number of MPs, the majority did not mark for the haematological 

cells tested.

PMN priming activity

As PMNs are a key aspect of innate immunity and have been linked to TRALI, PMN 

priming activity was measured in the MPR- and MPP-fractions of the RBC supernatants, 

and the effects of storage time and pre-storage LR were assessed. There was a significant 

increase in priming found in the D42 supernatants in both unmodified and LR, with 

significantly greater priming activity present in the unmodified D42 RBCs (Fig. 2a). 

Importantly, these data are congruous with previous data, which demonstrated that pre-

storage LR significantly decreased the accumulation of priming activity during routine 

storage (Silliman et al., 2011). When the supernatants were fractionated into MPR- and the 

MPP-supernatant, the priming activity was not present in the MPR-fraction; rather, it was 

present in the MPP supernatant (Fig. 2a). Surprisingly, PMN priming was found in the D1 

MPR-fraction from LR-RBC that was not found in the D1 RBC supernatants. To determine 

if this priming activity was a possible experimental artifact due to resuspension in 1·25% 

HSA rather than in plasma, the MPR-fractions from D1 and D42 were resuspended in 

plasma, and the MPR priming activity was again evaluated. The MPR-fraction from D1 LR-

RBCs suspended in plasma did not show significant priming activity compared with 

albumin-treated controls; however, the priming activity from the MPR-fraction from D42 

LR-RBCs was significant from the buffer-treated, control PMNs but not the D1 LR-RBC 

MPR-fraction (Fig. 2b).

Lipid priming activity

Lipid extractions from D42 MPP-fraction primed the PMN oxidase while the MPR fractions 

did not: albumin/fMLF: 3·2 ± 0·3, D1 Supernatant-MPP: 3·0 ± 0·6, D1 MPR: 1·2 ± 1·1, D42 

supernatant-MPP: 4·5 ± 0·7*, D42 MPR: 1·5 ± 0·7 (n = 4, *P < 0·05). These data indicate 

that the pro-inflammatory lipids reside in the MPF fraction most likely bound to albumin.

DISCUSSION

During routine storage of LR- and unmodified-RBCs, MPs increased in the supernatant; 

however, the numbers of MPs that can be associated with specific cell types, i.e. RBCs, 

WBCs or Plts, did not increase. In fact, the number of MPs that specifically marked for 

haematological cells actually decreased, although not significantly. While it is unclear as to 

the reason for this decrease, it may be due to: (i) ‘non-specific antigen loss’, (ii) proteolysis, 

as proteases are released and increase during RBC storage, or (iii) internalisation/capping of 

surface markers leading to MPs that do not have surface antigens for a specific cell type (de 

Angelis et al., 1990). The presence of MPs from Plts and WBCs In LR-RBC units are likely 
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due to the filtration process, which is known to cause the release of WBC-derived proteins, 

which may be represented by the MPs. There remains debate as to whether LR leads to a 

decrease in MPs. Similar to the presented data, LR of apheresis Plt concentrates did not 

affect MP formation (Nollet et al., 2013). In contrast, the same research group demonstrated 

that whole blood LR did decrease MP formation (Sugawara et al., 2010). The discrepancy 

between these results may be related to different flow techniques because MPs are a very 

heterogeneous group of cells and different gating would lead to increased or decreased 

numbers of MPs; moreover, the inclusion of cellular debris could lead to a false increase in 

MPs, especially if sizing beads are not employed Second, whole blood LR, employed in the 

Sugawara article is not the same as LR following component separation (Sugawara et al., 

2010). Importantly, in both D1 and D42 the MP fractions from LR-RBC supernatants did 

exhibit significant priming activity, likely a result of leukocyte activation caused by 

filtration. Upon resuspension in plasma, the pro-inflammatory activity from the MPs from 

D1 LR-RBC supernatants was inhibited back to the priming activity of the D1 LR-RBC 

supernatant. However, the pro-inflammatory activity of the MPR fraction from D42 LR-

RBCs was unaffected. Lastly, this priming activity is not lipid in nature, and although 

significantly increased vs albumin controls, this activity did not differ from the priming 

activity of the D1 LR-RBC MPR fraction both resuspended in plasma.

MPs have been reported to cause the pro-inflammatory activity that accumulates during the 

routine storage of RBC units (Cardo et al., 2008; Grimshaw et al., 2011; Jy et al., 2011; 

Belizaire et al., 2012). In contrast, when the supernatant from unmodified RBCs was 

separated into MPR and MPP fractions, the PMN priming activity, was present in the MPP 

the supernatant, which would contain the lipids bound to albumin (Silliman et al., 1994; 

Silliman et al., 2011). In contrast, when the MPR- and MPF-fractions of the LR-RBC 

supernatants were assayed priming activity was present in both the MPR- and MPP-fractions 

of the supernatants on both D1 and D42. This activity in the MPs from D1 LR-RBC 

supernatants is likely due to filtration, although not lipid in nature.

The presence of lipid priming activity in the MPF fraction is not surprising as free fatty 

acids are known to avidly bind to albumin, a well-known lipid carrier in human plasma, and 

albumin and albumin-bound mediators would be expected to reside in the MPP fraction of 

the supernatant. (Shanbhag & Johansson, 1979; Silliman et al., 1994; Silliman et al., 2011). 

Moreover, the increased priming activity in the D42 supernatant from unmodified RBCs was 

not completely removed by pre-storage LR, although there was a significant reduction in 

priming activity most likely due to non-polar lipids and confirmed by the presence of AA 

and lipid priming activity as previously reported (Silliman et al., 2011).

The presented data agree that MPs may play a role in PMN priming leading to TRALI 

secondary to stored LR-RBC units (Jy et al., 2011); however, there is no PMN priming 

activity present in the MPR fraction from unmodified RBC units, and this activity is not 

lipid in nature. Pre-storage LR appears to impart a PMN priming activity that is present on 

D1 and persists to D42 which is not lipid in nature. In addition the priming activity from the 

D1 MPR fraction is inhibited by autologous plasma whereas the MPR-fraction from D42 

RBCs was not. The lipid priming activity does not reside in the MPs and is present in the 

MPP supernatant. Thus, the pro-inflammatory activity in LR-RBCs consisted of activity in 
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both MPR- and MPP-fractions of the supernatant and the persistence of this activity when 

the MPs were resuspended in plasma is indicative of possible in vivo activity. Previous data 

from this laboratory has demonstrated that non-polar lipids accumulate during the routine 

storage of LR-RBC units and cause pro-inflammatory activity, and these lipids require 

albumin binding for activity (Silliman et al., 2011). While it still appears that the majority of 

priming resided in the MPP fraction, there does appear to be some effect from the MPR 

fraction, both of which may represent a possible second event in the two-event pathogenesis 

of TRALI caused by stored LR-RBCs (Silliman et al., 1994; Silliman et al., 2003; Silliman 

et al., 2011).
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Fig. 1. 
Flow cytometric analyses of sizing beads and the MPs from the supernatants of stored D42 

LR-RBCs. Panel a depicts scatter plots of the sizing beads with the fluorescence of the FITC 

channel as a function of forward scatter. As can be seen the specific sizing beads were 

present at 0·22, 0·45, 0·88 and 1·33 μm with a debris field at the bottom. The panel on the 

left shows the gating used for the MPs as defined by the sizing beads with the side scatter 

depicted as a function of the forward scatter of the sizing beads with the debris field not 

included in the MP gates. Panel b demonstrates the scatter plot of the MPs from the 

supernatant from D42 LR-RBCs isolated by centrifugation at 17 000 × g for 60 min. Panel c 

demonstrates the scatterplot of MPs isolated from the identical supernatants from D42 LR-

RBCs isolated by centrifugation at 100 000 × g for 120 min. These data are virtually 

identical and represent a sample size of 6.
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Fig. 2. 
Priming activity of the supernatants of D1 vs D42 RBCs and LR-RBCs separated into MPR 

and MPP fractions and the role of plasma resuspension. The maximal rate of superoxide 

anion production in PMNs stimulated with 1 μM fMLF is shown as a function of treatment 

group in both panels. In panel a, significant PMN priming activity was present in the 

supernatants from D42 unmodified RBCs and the D42 RBC MPP-fraction; however, there 

was no priming activity in the MPR fraction of D42 RBCs. For LR-RBCs both the 

supernatants and the MPF-fractions from D42 had significant priming activity compared 

with the albumin-primed controls and the D1 LR-RBC supernatants. In contrast to RBCs, 

both the D1 and D42 MPR-fractions demonstrated significant priming activity vs the 

albumin-primed controls PMNs. *P < 0·05 as compared with the albumin-primed controls 

and the D1 RBC or D1 LR-RBC supernatants, n = 14 for each bar. In addition, both the D42 

LR-RBC supernatants and the D42 LR RBC MPP-fractions were significantly decreased vs 

the supernatants from and the MPP-fractions of D42 RBCs; #P < 0·05 vs D42 supernatant 

and D42 MPP-fractions, respectively. In panel b, the MPR priming activity from D1 LR-

RBCs was not present when the MPR-fraction was resuspended in plasma (v:v). In contrast, 

plasma resuspension did not alter the priming activity of the D42 LR-RBC MPR fractions vs 

the plasma primed control PMNs. The sample size for each bar in panel b was 6; *P < 0·05 

as compared with plasma-primed PMNs activated with fMLF.
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Table 1

Microparticle counts in unmodified and LR-RBCs

Flow cytometry: counts

Total (unlabeled) RBC (CD235)% Total MP Platelet (CD41a)% Total MP WBC (CD45)% Total MP

NLR D1 146 336±15 560 41 293 (51·5%)±5121 11 443 (14·3%)±3249 27 431 (34·2%)±1527

NLR D42 188 944±4284 25 836 (53·7%)±7095 7374 (15·3%)±1537 14 954 (31·0%)±5189

LR D1 157 492±19 489 41 302 (47·8%)±3676 8866 (10·3%)±2719 36 173 (41·9%)±5612

LR D42 173 421±19 892 33 957 (48·5%)±3920 6854 (10%)±683 29 063 (41·5%)±5797

LR, pre-storage leucoreduction by filtration (n=5); NLR, unmodified.
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