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Abstract

Background and Objectives—There is growing interest in the clinical application of red
blood cell (RBC) microparticle (MP) enumeration as they have been postulated to be effectors of
coagulation and inflammation following transfusion and in sickle cell disease. No uniform
approach in MP enumeration exists and a key limitation is the lack of an internal validation
process. We present and validate a flow cytometric approach where an internal standard is
utilized.

Materials and Methods—Glycophorin A* Annexin V* events were enumerated using MPs
isolated from RBC units or plasma samples obtained from volunteers. A mixture of absolute
counting (746 um) and calibration beads (045, 0/9 and 3 um) at a fixed ratio was added to each
sample.

Results—RBC MPs were initially selected based upon a fluorescence threshold, and the 0/5-
and 04A9-um beads defined the upper and lower light scatter distribution of MPs. The ratio of
7/E6:3-um bead events was used as an internal standard to validate the precision of MP
enumeration across samples (coefficient of variation = 2.5-7-2%) and remained constant in both
platelet-rich plasma (PRP) and platelet-free plasma (PFP). RBC MP counts increased in both PRP
and PFP obtained from whole blood stimulated with ionophore and increasing calcium
concentrations, with PRP showing higher MP counts than PFP at every concentration studied.

Conclusion—This method is a useful strategy to detect RBC MP counts across bio-samples

provided that the flow cytometer can reliably discriminate the size of the calibration beads.
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Introduction

RBC microparticles (MPs) are shed from the membrane surface and express transmembrane
proteins band 3, glycophorins, and blood group antigens but are depleted of cytoskeletal
proteins such as spectrin and ankyrin [1]. Similar to MPs released from other cells, RBC
MPs show loss of phospholipid asymmetry and express surface phosphatidylserine [1].
Under homoeostatic conditions, RBC MPs account for approximately 7-3% of MPs found in
whole blood in contrast to the more numerous platelet-derived (38:5%) and endothelial-
derived MPs (43:5%) [2]. However, under conditions of haemolysis, such as sickle cell
anaemia [3], thalassaemia [4, 5], and malaria [6], the numbers of RBC MPs in circulation
increase and can predominate.

Others and we have shown that RBC MPs increase in numbers with storage duration [1, 7,
8], but the fate and function of MPs following tranfusion remain unclear. Although Kupffer
cells rapidly clear infused MPs in a rodent model [9], the capacity of the mononuclear
phagocyte system to clear circulating MPs can be overwhelmed in humans such as that
occurs in haemolytic states. It remains to be determined whether non-haemolytic states such
as in the case of transfusion during trauma or critical illness are associated with increased
circulating MP concentrations. Nonetheless, there is increasing recognition of the need for
precise and reproducible method of MP enumeration.

Currently, there is no standardized way to enumerate RBC MPs [7]. A flow cytometric
approach is generally utilized where fluorescent events, defined by glycophorin A and
Annexin V staining, are analysed within a specific size range (<1 um) based upon light
scatter parameters [2, 6, 7]. However, a key limitation is the lack of a validation process
where MP enumeration is compared against an internal standard. Here, we present a method
using a fixed ratio of calibration beads and counting beads that can be used to validate each
sample and allow for comparisons across samples. The approach can be used with any flow
cytometer that is able to discriminate the different-sized populations of calibration beads.

Materials and methods

Blood samples

Reagents

Adsol-preserved non-leukoreduced red cell units were obtained from the Institute of
Transfusion Medicine, Central Blood Bank of Pittsburgh, Pittsburgh, PA. For select
experiments, we obtained whole blood from healthy volunteers following written informed
consent. The Institutional Review Board of University of Pittsburgh approved the studies.

Glycophorin A-PE, Annexin V FITC, Mouse 1gG2b, k-PE, and annexin V-binding buffer
concentrate were purchased from BD Pharmingen (San Jose, CA). Flow Cytometry
Absolute Counting Standard microbeads (7-6 um) were purchased from Bangs Laboratories,
Inc. (Fishers, IN). Megamix™, a blend of monodisperse fluorescent beads of three diameters
(0-5, 0-9 and 3 um), was purchased from BioCytex (Marseille, France).
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Isolation and purification of red cell MPs from packed red blood cell (PRBC) units

A detailed method for isolation and purification of red cell MPs from PRBC units has been
previously described [8] and is a modification of the techniques described by Westerman et
al. [10] and Kriebardis et al. [11].

Flow cytometric analysis and quantification of red cell MPs

Purified MPs from PRBC units or plasma were labelled with glycophorin A-PE and annexin
V FITC on ice and protected from light. The 7-6-pm absolute counting beads or a mixture of
Megamix™ and absolute counting beads were added to each sample at the last step and
vigorously vortexed just prior to flow cytometric analysis. Red cell MP enumeration was
obtained on FACSAria flow cytometer (BD Biosciences, San Jose, CA). The flow was
maintained at flow rate set at 1 with a sheath pressure of 70 psi.

Isotype control labelling of samples with mouse 1gG2b-PE confirmed specificity of
Glycophorin A-PE (CD235a-PE*) labelling of MPs. For red cell MP enumeration using the
single counting bead method, the side scatter channel (SSC) and forward scatter channel
(FSC) parameters were set to log scale. A predefined volume of the 7-6-um absolute
counting bead was added into each sample. Red cell MPs were defined as CD235a-PE*
Annexin V* events and further discriminated by size. Calculation of MP counts was based
upon the following equation: absolute number of 7-6-um counting beads added to each
sample x (number of MP events/number of 7-6-um bead events).

Defining the parameters using a mixture of Megamix and absolute counting standard
calibration beads

A mixture of Absolute Counting Standard microbead (7-6 um) and Megamix™ calibration
beads (0-5, 0-9 and 3 um) of differing ratios was generated. RBC MPs were defined as
CD235a-PE* Annexin V* events conforming to a light scatter distribution within the 0-5- to
0-9-um bead range. A discrete population of CD235a-PE* Annexin V* events was first
identified in the PE - FITC dot plot. By back gating, the position of the CD235a* Annexin
V* population could be confirmed relative to the distribution of calibration beads in both the
PE x FSC window and the SSC x FSC window.

Generation of MPs from whole blood in vitro using calcium and calcium ionophore

Whole blood was drawn from healthy volunteers and anticoagulated at 1:6 ratio of citrate
phosphate dextrose (CaridianBCT, Lakewood, CO) to blood. The samples were incubated in
the presence or absence of 1, 2 and 4 mM CaCl, + 5 uM ionophore at 37°C for 2 h as
previously described [12]. Following incubation, the samples were centrifuged at 100 g for
15 min producing the platelet-rich plasma (PRP) supernatant. Aliquots of the PRP were
saved for analysis and the remainder was centrifuged at 500 g for 5 min producing a
platelet-poor plasma (PPP) supernatant. The PPP was collected and centrifuged at 13 000 g
for 3 min to obtain platelet-free plasma. For plasma samples, the following protocol was
used. Each sample consisted of 1 pl mouse anti-human CD235a-PE, 5 pl Annexin V FITC
and 69 pul Annexin V-binding buffer in 2% FBS into 25 pl plasma for a total volume of 100
pl. To avoid pipetting errors, a master mixture of antibody, Annexin V FITC in Annexin V-
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binding buffer was generated and added to individual plasma samples. Subsequently, 400 pl
Annexin V-binding buffer in 2% FBS was added to the sample preparations. Immediately
prior to flow cytometric analysis, 150 pl of a master bead mixture consisting of one volume
of absolute counting beads (7-6 um) to two volumes of Megamix™ was vortexed and added
to each tube for a final volume of 650 pl. Acquisition for each sample was set to achieve
1000 events of the 3 um beads.

We performed linear regression modelling MP counts against sample input volume to
determine coefficients of variation (% CV) and thereby define the range of variability of the
enumeration method across experiments. Goodness-of-fit was obtained by determining the
r2 value for best-fit linear regression line. Statistics were performed using GRAPHPAD
PRISM5 (GraphPad software, La Jolla, CA). A P < 0:05 was considered significant.

RBC MP enumeration with absolute counting bead

Purified, concentrated MP samples were prepared from RBC units and utilized to test the
ability of 7-6-um counting beads to enumerate across a range of MP counts (Fig. 1 a—c).
Because the absolute numbers of MPs is not known a priori, increasing volumes of the MP-
containing preps were assayed to predictably increase the numbers of MPs. A known
amount of counting beads spiked into each sample was varied between experiments to
determine the optimal numbers required for MP enumeration. Within each experiment
where the numbers of counting beads was set constant, MP counts increased linearly in a
highly correlative fashion (R% = 0-99). Across experiments where the numbers of counting
beads varied, the ability to predict the same number of MPs for a given volume showed an
acceptable range of variability based upon the coefficient of variation (CV), particularly at
lower volumes (0-5 pl, CV 6:7%; 2:5 ul, CV 8:5%; 5 ul, CV 6:8%; 10 ul, CV 15:6%). Thus,
absolute counting beads allowed for enumeration of red cell MPs that are reproducible and
accurate.

RBC MP enumeration using a set ratio of absolute counting and calibration beads

Although the counting bead allows for the enumeration of red cell MPs across samples, this
method lacks internal validation. To more precisely characterize the light scatter distribution
of glycophorin A* annexin V* MPs within each sample, a known volume of Megamix™
calibration beads containing a mixture of 0-5-, 0-9- and 3-um-sized beads were added to a
known volume of the 7-6-um counting bead. This mixture of counting and calibration beads,
which we will refer to as a ‘master’ bead mixture, yields a histogram showing distinct peaks
for each sized bead without overlay (Fig. 2a). A known volume of the master mixture is
added to each sample, and MPs are initially identified based upon glycophorin A* annexin
V* events (Fig. 2d). Through back gating, we observe that RBC MPs fall within a light
scatter distribution between 0-5- and 0-9- um calibration beads in the SSC x FSC window
(Fig. 2b). Regardless of the volume of MP preps tested, the 7-6- and 3-um beads each
produced a discrete cloud of events that were easily distinguished above background noise
or debris independent of the parameters chosen to visualize the fluorescent signals (Fig. 2c).
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For enumeration purposes, acquisition was based upon achieving the same predefined
number of 3-Im bead events in each sample because the 3 um beads represented the fewest
number of events (Fig. 2a) relative to the other calibration beads. This approach provided an
additional component of standardization. We examined the ratio between the absolute
counting bead (7-6 um) and the 3-um bead events, as this relationship should remain
relatively constant across samples within a given experiment and provide an assessment of
the degree of precision in our enumeration method. Different volumes of counting to
calibration beads were used to generate differing ratios of 7-6:3-um bead events (5:1, 10:1,
18:1) and assess the precision of MP enumeration (Fig. 3a—c). Across experiments where the
ratio of bead events varied (5:1, 10:1, 18:1), the ability to predict the same number of RBC
MPs for a given volume showed an acceptable range of variability (0-5 ul, CV 2-5%; 2.5 pl,
CV 6:3%; 5 pl, CV 6:5%; 10 pl, CV 7-2%; 20 pl, CV 5:6%). Thus, a master mixture of
counting and calibration beads at a set ratio enhances the accuracy of MP enumeration by
providing a method to confirm the upper and lower light scatter distribution of MPs. In
addition, the ratio between the 7-6-um and the 3-um bead events provides a method to
validate the precision of enumeration across samples.

Enumeration of RBC MPs in human plasma samples

We next assessed the ability of the master bead mixture to enumerate RBC MPs in human
plasma samples. Whole blood was incubated with increasing concentrations of calcium in
the presence of ionophore, and both PRP and PFP were obtained. The ratio of 7.6:3-um
beads enumerated remained relatively constant within and across PRP and PFP samples
(PRP mean ratio £ SD: 10-2 £ 0:7, % CV = 6:5; PFP mean ratio £ SD: 9-3+ 0.8, % CV =
8-4) (Fig. 4a). As a comparator, the % CV for the flow cytometer setting to achieve a
predefined number of events for the 3 um bead is 4-7% (data not shown). The numbers of
RBC MPs increased in both PRP and PFP with increasing concentrations of calcium (Fig.
4b—c). PFP yielded MP counts that were approximately 3- to 8-fold less than that was
obtained in PRP from the same samples (Fig. 4b—c). This is consistent with prior
observations where the number of MPs obtained in the supernatant of PRBC concentrates
decreased with increasing centrifugation speed and the number of centrifugation steps [7,
13]. Thus, the method of enumeration shows precision in both PRP and PFP and the ability
to discriminate increases in MP counts following induction of microvesiculation across
samples.

Discussion

The present study presents a detailed method of RBC MP enumeration using a flow
cytometric approach for the purpose of analysing bio-samples. We first show the precision
and reproducibility of the method using the 7-6-um counting beads spiked into each sample.
We introduce a mixture of different-sized calibration beads to a known amount of 7-6-um
counting beads at a set ratio. While the initial selection criteria is based upon a fluorescence
threshold, the master bead mixture allows us to further define the relative side and forward
light scatter properties of the MP events and enhance the accuracy of the enumeration
process. Moreover, the estimation of the ratio of two different-sized beads provides internal

Vox Sang. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiong et al.

Page 6

validation of enumeration precision and serves as a quality measure across samples. This
method should provide a useful strategy to detect red cell MP counts across bio-samples.

There is no standardized way to enumerate RBC MPs [7]. Three major sources contribute to
variability in MP enumeration and these include (1) differences in how samples are
processed prior to analysis [2, 7, 13], (2) different definitions of MPs applied [2, 6-8, 13]
and (3) differences in flow cytometric settings and analysis of MPs [14, 15]. Ayers et al.
[13] have shown that different processing methods such as increasing the time between
venipuncture and centrifugation and single freeze-thaw cycle of samples increased the
number of MPs, whereas a washing step, increasing the number of centrifugation steps and
longterm storage of MP samples at —80°C reduced the numbers of Annexin V* MPs. In
contrast, others have shown that RBC MPs (defined as glycophorin A* Annexin V* events)
are much less affected by temperature and storage duration in —80°C than platelet-derived or
endothelial-derived MPs [2]. Our study showed that different processing methods (PRP vs.
PPP) of the same sample not surprisingly alters MP counts and are consistent with the
findings by Rubin et al. [7] that the number of RBC MPs was dependent upon the
centrifugation protocols. Controlling for these measures, however, our method shows that
accuracy and precision can be achieved across samples. Nonetheless, these and our findings
confirm that strict adherence to a protocol for sample collection, processing and storage are
necessary for comparison across bio-samples.

In our study, we defined red cell MPs as glycophorin A* Annexin V* events as previously
reported [6, 8] but not universally applied [7]. Defining MPs based upon the presence of a
cell-specific antigen (in the case for red cells, glycophorin A) and surface phosphatidylserine
using Annexin V binding increases the specificity of the assay and is in agreement with the
definition employed by the International Society on Thrombosis and Haemostasis (ISTH)
Scientific and Standardization Subcommittees for platelet MPs [14]. A distinct population
was identified using this definition and allowed us to compare the light scatter distribution
of RBC MPs relative to the calibration beads of known size. Regardless of the parameters
chosen to visualize the events, this method allowed us to visualize a discrete cloud of events
above background noise or debris. However, it is recognized that Annexin V"9 MPs exist
[7, 8, 13]. We have noted that purified MPs prepared from RBC units contained a number of
events that could be characterized as either glycophorin ANl Annexin V"9 or glycophorin
AloW Annexin V€9 (data not shown). These events may reflect different populations of RBC
MPs, but can prove challenging to discriminate fully from fluorescent noise. Thus, we have
chosen to use glycophorin A* Annexin V* events as the standard for defining red cell MPs
because this definition increases specificity and is easily applied.

There are two main strategies of analysing MPs by flow cytometry: (1) initial selection of
MPs based upon size by defining the light scatter parameters (i.e. scatter-based threshold),
and then analysing fluorescent signals that are limited to events preselected by size; (2)
selection based upon fluorescent signals (i.e. fluorescence threshold) and further restricting
the analysis by scatter gating [14]. The ISTH Scientific and Standardization Subcommittee
proposed a strategy to enumerate platelet-derived MPs using a size-standardized window,
employing a blend of calibration fluorescent beads to define the upper and lower limits prior
to the analysis of samples [14]. This strategy utilized the 0-9-um beads within the
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Megamix™ calibration mixture to help set the upper limit of the MP region and the 0-5-ym
beads to help establish the forward scatter (FS) threshold and lower MP limit at a
standardized level corresponding to the median value [14, 15].

One limitation of this approach is that the calibration strategy of predefining scatter
parameters for MP analysis could be achieved reliably only with instruments that measure
FS parameter with a wide solid angle (1-19°; Beckman-Coulter, Inc., Miami, FL, USA) but
was inapplicable with instruments utilizing FS signal height (FSC-H) measured with a lower
solid angle (1-8°; Beckton-Dickinson, Franklin Lakes, NJ) without substantial
modifications [16]. In our study, we employed the latter strategy where the initial detection
was based upon the identification of fluorescent signals (i.e. glycophorin A* Annexin V*
events) but improved upon the events analysis by incorporating the same Megamix™
calibration mixture used by the ISTH in each sample to ensure that the MPs conform to the
defined light scatter distribution criteria.

In summary, our study utilizes a mixture of calibration and counting beads at a predefined
ratio for RBC MP enumeration that is precise but can be theoretically applied to all flow
cytometers with the technical capability to discriminate discrete fluorescent signals for each
size population of calibration beads. The novelty of this approach is that it incorporates the
bead mixture as an internal standard that allows not only the operator to define the upper and
lower limit of detection based upon the light scatter distribution profile of MPs, but also to
validate enumeration precision across samples. A stock mixture of beads can be generated,
the ratio confirmed, and aliquots of the mixture at this confirmed ratio utilized to assay
samples. It is well recognized that there are many sources of variability in MP enumeration.
Protocolizing the sample collection, processing and storage of bio-samples can minimize the
pre-analytic conditions that contribute to variability. Defining red cell MPs as glycophorin
A Annexin V' events enhances specificity and is easily applicable. Finally, the use of the
master mixture of beads in each sample helps better define the scatter parameters and
minimizes variability.
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Red cell microparticle (MP) enumeration with varying numbers of 7-6-pum counting beads.
MP preps isolated from RBC units were utilized to test the ability of absolute counting beads
of 7.6 um size to enumerate as the volume of MP-containing samples increased (a—c). A

known amount of 7-6-pm counting beads spiked into each sample was varied between

experiments (a: 2 x 10° counting beads), (b: 1 x 10° counting beads), (c: 0-5 x 10° counting

beads). MP counts increased linearly in a highly correlative fashion (RZ = 0-99).

Representative of three independent experiments is shown.
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Fig. 2.
Identification of RBC microparticles (MPs) based upon a fluorescent threshold and utilizing

the mixture of absolute counting and calibration beads to define the light scatter parameters.
Representative histogram of the mixture of absolute counting standard microbead (7-6 um)
and calibration beads (0-5, 0-9 and 3 pm) (a). Side scatter (SSC) and forward scatter (FSC)
parameters of RBC MPs in relation to the 0-5-, 0-9-, 3- and 7-6-um beads mixture spiked
into the sample (b). Identification of RBC MPs through back gating of CD235a* AnnexinV*
events observed in (d) relative to the 3- and 7-6-um beads observed in the phycoerythrin
(PE) x FSC channel (c). MPs are defined as glycophorin A* (CD235a-PE+) and annexin V
FITC* events (d).
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Red cell microparticle (MP) enumeration utilizing varying ratios of the counting and
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calibration bead mixture. RBC MP counts increased linearly (set at log scale) as the volume

of MP-containing samples increased (R2 = 1-0) (a). The ratio of 7-6:3-um bead events
remained constant throughout the range of MP volumes tested for samples containing

different ratios (a: 5:1), (b: 10:1), (c: 18:1).
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Fig. 4.
Red cell microparticle (MP) enumeration of platelet-rich plasma (PRP) and platelet-free

plasma (PFP) samples. The coefficient of variation (% CV) for the ratio of 7-6:3-um bead
events in both PRP and PFP samples were obtained (a). Increases in MP counts in PRP and
PFP isolated from whole blood anticoagulated with citrate phosphate dextrose and
stimulated with 0, 1, 2 or 4 mM concentrations of calcium (Ca2*) in the presence of 5 pM
calcium ionophore ex vivo from three subjects (S1, S2, S3) (b—c).
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