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Aims and Scope
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 1.  Blood Component Collection and Production: Blood collection methods and devices (including apheresis); blood component preparation; inventory management; 

collection and storage of tissues; quality management and good manufacturing practice; automation and information technology; plasma fractionation techniques 
and plasma derivatives; 

 2.  Cellular Therapy: Cell-based therapies; CAR T-cell therapies; genetically modified cell therapies; cellular therapy (sources; products; processing and storage); stem 
cells; cell-based regenerative medicine; cellular immunotherapy; molecular therapy; 

 3.  Donors and Donations: Donor recruitment and retention; donor selection; donor health 
 4.  Haemovigliance: Adverse events in blood and blood component donors and transfusion recipients; corrective and preventive measures of complications; near-misses 

and errors in the transfusion chain; evaluation and outcomes of adverse events
 5.  Immunohaematology and Immunogenetics: autoimmunity in haematology; alloimmunity of blood; pre-transfusion testing; complement in immunohaematology; 

blood phenotyping and genotyping; genetic markers of blood cells and serum proteins: polymorphisms and function; parentage testing and forensic 
immunohaematology; 

 6.  International Forum:  Section in which topics related to any aspects of the transfusion chain (from technical to scientific, including socioeconomic and ethical facets) 
are discussed by invited participants and summarized by guest editors 

 7.  Patient Blood Management: Bloodless surgery; preoperative anaemia; minimizing blood loss during surgery; alternatives to blood transfusion; 
 8.  Review: Comprehensive reviews or short comments of any aspect related to transfusion medicine;
 9.  Transfusion Medicine: Transfusion indication, transfusion practice, thresholds and audits; transfusion efficacy assessment, clinical trials; therapeutic apheresis; 
10.  Transfusion-transmitted Disease and its Prevention: Identification and epidemiology of infectious pathogens transmissible by blood; donor testing for transfusion-

transmissible infectious pathogens; bacterial contamination of blood components; pathogen inactivation; 
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Abstract

Increased transplant activity calls for improved stem cell collection, especially when

peripheral blood is the preferred source of haematopoietic progenitor cells (HPCs).

Plerixafor is a bicyclam molecule that mobilizes CD34+ cells by reversibly disrupting

CXCR4-CXCL12-supported HPC retention. Plerixafor is given with granulocyte

colony-stimulating factor (G-CSF) to help harvest autologous CD34+ cells for trans-

plantation when mobilization with G-CSF fails. Mobilization protocols with the same

doses of plerixafor and G-CSF have been used off-label in healthy allogeneic donors,

with equal success and scarce side effects, both in adult and paediatric patients.

Plerixafor has also been used as a sole mobilization agent. Plerixafor alone or coupled

with G-CSF might lead to harvesting distinct cellular populations conferring improved

engraftment properties and increased survival. Those characteristics might make

plerixafor an especially attractive mobilization agent, particularly for non-related

donations. However, available data are limited, and long-term follow-up is needed to

clarify the best scenario for using plerixafor with or without G-CSF in healthy donors.

In this review, we will summarize the evidence supporting this practice, highlighting

the practical aspects and providing clues for an expanded use of plerixafor.

K E YWORD S

apheresis–donation, cellular therapy, donor health, hematopoietic stem cell, peripheral blood
stem cell, stem cell

INTRODUCTION AND OBJECTIVES

All modalities and clinical indications of haematopoietic cell transplan-

tation (HCT) have grown during the last 50 years. In 2019, the

European Society of Blood and Marrow Transplantation (EBMT)

recorded over 47,000 HCTs. Allogeneic HCTs have expanded faster

than autologous transplants, even more intensely for paediatric

patients [1]. According to the World Marrow Donor Association

(WMDA), non-related transplants have grown from 4,429 in 2000 to

23,181 in 2019 [2].

While bone marrow (BM)-derived donations confer a lower rate

of chronic graft versus host disease (GVHD) after allogeneic HCTs,

donation of haematopoietic progenitor cells (HPC) from peripheral

blood (PB) results in a faster neutrophil and platelet engraftment

and potentially shorter hospital stay and less transfusion support

[3]. Therefore, PB is the preferred source of HPCs, accounting for

99% of autologous transplants and 76% of allogeneic donations

(85% among unrelated donors) recorded by EBMT [1]. A similar his-

toric shift among allogeneic donations was recorded by the Center

for International Blood and Marrow Transplant Research [4]. Among

non-related transplants, the evolution is also striking: according to

WMDA, in 2000, BM comprised 3,514 donations (79%) for 4,429

transplants, while, in 2020, it amounted to only 3,914 (17%) dona-

tions for 23,181 transplants. Meanwhile, PB climbed from 24%

donations in 2000 (1049 of 4429) to 68% in 2020 (16,406 of

23,181) [2].

Received: 26 January 2021 Revised: 9 April 2021 Accepted: 29 April 2021

DOI: 10.1111/vox.13175
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BM harvest from healthy donors (HDs) has several disadvantages,

being an invasive procedure subject to the dangers of general anaes-

thesia and the logistic demand of a surgical theatre, anesthesiology and

haematological teams [5]. Moreover, as less BM collections take place,

hospitals find it more difficult to maintain competent harvesting teams,

making it harder to obtain adequate BM products. A recent study found

that while BM volumes collected increased with time, cell concentra-

tions decreased, putting both donors and patients at risk of adverse

outcomes [6]. As higher nucleated cell doses are associated with less

transplant-related mortality and improved survival after related and

unrelated donor HCT, the difficulty in obtaining high-quality BM prod-

ucts could in turn skewer the balance even more towards PB harvests.

Apart from the economical and logistical costs inherent to BM

harvesting, HDs refer fatigue, weakness and other negative effects on

quality of life several weeks after donation [7]. Besides, autologous

whole blood donation is generally collected before BM harvesting.

On the contrary, collection of HPCs from PB is performed with an

apheresis device using preferably peripheral veins that can be managed

by nursing staff in an outpatient environment [8, 9]. This makes PB a

more accessible and convenient source of HPCs for transplantation [5].

HPCs are recognized with the CD34 membrane marker. In physio-

logical conditions, CD34+ cells are located in the BM, and a very small

fraction (10–100 CD34+ cells/ml) is present in PB [10–12]. A mobiliza-

tion regime is needed to shift HPCs from BM niche to PB. Autologous

HPC donations rely on granulocyte colony-stimulating factor (G-CSF) as

a mobilization agent, but up to 40% of autologous mobilization attempts

fail to collect enough CD34+ cells for transplantation [13], and

plerixafor (Mozobil™, Bridgewater, NJ) is used as an adjuvant [14, 15].

In the allogeneic setting, mobilization regimes of PB HPCs also rely

on G-CSF. Successful mobilization rates among HDs vary greatly

according to different authors. Beelen et al., in 2002, reported up to 25%

failures to obtain ≥5 � 106 CD34+ cells/kg of recipient body weight in a

single leukocytapheresis product after administering G-CSF at a dose of

16 μg/kg per day [16]. More recent works, some including children,

reported that 2%–11% of G-CSF-based mobilization procedures fail to

obtain the desired amount of CD34+ cells [17–19]. Use of plerixafor in

this setting is considered off-label, as plerixafor is licensed by European

Medicines Agency in Europe [20] and by the Food and Drug Administra-

tion (FDA) in the United States [21] only in combination with G-CSF for

CD34+ cell mobilization failures for autologous HCT in lymphoma and

myeloma patients. As a result, evidence on the use of plerixafor as a

mobilization agent in HDs for allogeneic HCT is scarce [22–32].

The ideal mobilization regime should be fast, not needing several

days of injections, preferably only one dose given the same day the

apheresis is planned; efficient, obtaining a predictable and strong mobi-

lization allowing collection of target CD34+ cell amount in a single

apheresis session; with less adverse effects that actual regimes; yield a

HPC product that results in a quicker haematopoietic engraftment,

resulting in fewer infections, bleeding and potentially hospital stay and

desirably with a lower rate of acute and chronic GVHD [33].

In this paper, we will review the evidence on the use of plerixafor

as a mobilizing agent in HDs for allogeneic transplantation, with a spe-

cial interest on practical clinical aspects.

WHAT IS PLERIXAFOR?

Plerixafor (formerly known as AMD3100) is a small bicyclam molecule

that reversibly antagonizes the union between C-X-C motif chemo-

kine receptor 4 (CXCR4, CD184), located on CD34+ cell membrane,

and C-X-C motif chemokine 12 (CXCL12), located on the stromal cell

membrane, via selective blockade of CXCR4 [34–36]. The disruption

of CXCR4-CXCL12-supported HPC retention in the BM niche results

in migration of HPCs to PB.

CXCR4, a member of 7-transmembrane G-protein-coupled recep-

tors family, is expressed not only on HPCs but also on endothelial

cells, microglia, lymphocytes, stromal fibroblasts and cancer cells [37].

Therefore, the CXCR4/CXCL12 axis regulates tumour angiogenesis

and metastasis, mediates immune dysfunction and plays critical roles

in many other biological processes [38].

CXCL12, formerly known as stromal cell–derived factor

1 (SDF-1), is a chemokine expressed in many normal and cancer cells.

CXCL12 located on stromal cells binds to CXCR4 in CD34+ cells to

activate downstream signalling complexes involving cellular processes

including cell proliferation, migration and differentiation [38].

The use of plerixafor as a CD34+ cell mobilization agent was seren-

dipitously discovered while researching for human immunodeficiency

virus (HIV) medications, as plerixafor blocks HIV entry into T cells [34].

Initially considered an ‘impurity’ among the cyclam products under

study, it showed a higher antiviral activity than other compounds.

Plerixafor finally did not qualify as antiviral due to its adverse cardiac

effects at antiviral doses, its lack of oral bioavailability and its inability to

block macrophage-tropic HIV strains [39]. During the pharmacokinetic

studies of plerixafor in HIV-1 phase-I clinical trials, a rapid increase in

white blood cell (WBC) counts was observed in PB, even at a low dos-

age of the drug. The increase peaked about 6 h following the intrave-

nous injection of plerixafor [34]. Liles et al. performed some of the

earliest studies to verify that increased WBCs included a high number

of CD34+ cells in healthy volunteers and that plerixafor acted synergis-

tically with G-CSF in mobilizing CD34+ cells from BM into PB circula-

tion, improving the mobilization and apheresis yield, which suggested

that the new agent could be used in mobilization regimes for HCT pur-

poses [40, 41]. Later, a pilot trial suggested that plerixafor could mobilize

enough functional CD34+ cells from healthy related donors for the

reconstitution of haematopoiesis in patients who received myeloablative

allogeneic HCT [22]. More recently, some authors suggested that

plerixafor could be the optimal mobilization agent for HDs [5].

HOW IS PLERIXAFOR USED? DOSING AND
ADMINISTRATION

Plerixafor has been used with HDs as a mobilization salvage agent

after mobilization failure or when failure is expected [42]. Like in

autologous transplantation, three different strategies have been

defined in the use of plerixafor: ‘delayed re-mobilization’ (when a pre-

vious mobilization cycle has failed), ‘up front’ (when a mobilization

failure is expected) and ‘pre-emptive use’ [43].
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Pre-emptive use, also known as ‘rescue’ or ‘just in time use’,
refers to the introduction of plerixafor in the course of a mobilization

episode in order to improve the collection of HPCs and is usually

guided by the scarce number of CD34+ cells circulating in PB before

starting leukocytapheresis (usually <10,000 cells/ml) [44, 45]. Up front

and pre-emptive use rely on the prediction of a poor mobilization.

Predictive factors for poor mobilization in HDs are still to be fully

understood, usually rely on experience from autologous donors, which

are usually inaccurate [11, 13]. Teipel et al., in a retrospective study of

7,216 HDs, found that female sex, older age, smoking, elevated lac-

tate dehydrogenase, higher lymphocyte count and large unstained cell

count were associated with poor CD34+ cell count after 4 days of

mobilization with G-CSF [17]. Kimura et al. analysed a series

of 109 allogeneic donors and 181 leucocytapheresis procedures, and

they found that donors’ cytomegalovirus (CMV) seronegative status

and male gender yielded better results [46]. In the same study, the

best yields happened in donors between 20 and 30 years old, with

yields decreasing in donors older than 40 years. Kong et al. analysed

175 donors, found 39% failure rate, where older age (i.e., older than

55 years), a lower platelet count (i.e., < 210 � 109/L) and lower CD34

+ cell in PB (i.e., <25,000/ml) were the main factors related with failed

mobilization [47]. Sadly, no validated score exists to help predict

mobilization failure.

In paediatric transplantation, an adverse donor/recipient weight

ratio (<0.75) can appear in 33% donor/recipient pairs and is usually a

source of special concern [29]. Other authors analysed 29 HDs

weighing ≤20 kg, where a third of subjects had a donor/recipient

weigh ratio ≤ 1. All donors achieved the desired CD34+ cell amount.

However, only one-third of cases succeeded with one apheresis ses-

sion, while 20% of them needed three apheresis procedures to

achieve the desired amount of CD34+ cells [48]. Truong et al.

described an 11% failure rate (4 out of 35 HDs), and only older age

was found significant, although older age correlated with lower CD34

+ cell count pre apheresis, being ≥20,000/ml the ideal value [19]. In a

small series with a median age of 16 years, authors found that age

was the only significant predictor of successful mobilization [49].

When administration of plerixafor to HDs is decided, several

caveats should be considered. Dose, route of administration and

timing from administration to leukocytapheresis start can be learned

from previous published experiences (Table 1) as well as adverse

events [22–25, 27, 28, 50–53].

First, the most commonly reported dose of plerixafor adminis-

tered to HDs is 0.24 mg/kg, but some authors have tried lower or

higher doses of plerixafor after G-CSF failure or using plerixafor alone

[24, 25]. In an attempt to overcome mobilization failures, Pantin et al.

conducted a trial in healthy volunteers comparing standard and dou-

ble doses of plerixafor (0.24 vs. 0.48 mg/kg given subcutaneously).

Double doses obtained a roughly 10% increase in peak CD34+ cell

count and an increase in the area under the curve, with improved

results in poor mobilizers. Another finding was that peak CD34+ cell

count was delayed by several hours. However, the trial did not per-

form apheresis. Adverse effects, especially neurological and intestinal,

increased slightly, but no subject suffered over grade-2 effects [54].

Second, subcutaneous injection is the most frequent way of

administration, but one group designed a phase I/II study to evaluate

the safety and efficacy of administering a single intravenous plerixafor

administration. Authors administered plerixafor at a range dose of

0.08–0.48 mg/kg, concluding that the maximally effective dose was

0.32 mg/kg, and they did not observe dose-limiting toxicities with

intravenous administration of plerixafor [25].

Finally, timing from plerixafor administration to start of leukocyta-

pheresis ranged from 4 to 11 h (Table 1). When published, the median

increase of CD34+ cells in PB before and after plerixafor administra-

tion ranged from 2 to 3, but there was a significant donor-to-donor

variability (Table 1). Recently, Hölig et al. found that CD34+ yield

increased up to five times, especially in donors with poor mobilization

[30]. Apheresis is usually performed on day +5 of mobilization with

G-CSF. However, one group took advantage of the fact that the

increase in CD34+ cells is variable, finding that up to a third of alloge-

neic donors mobilized efficiently by day +4 of mobilization, sparing

the donor side effects [55].

Success of a mobilization cycle also depends on apheresis collec-

tion efficiency [56]. High-volume apheresis protocols are commonly

used for autologous HPC collection. However, in the allogeneic set-

ting, apheresis procedures should be planned, customized and per-

formed on the day of maximum CD34+ cell count in PB to maximize

HPC yield. Facilities performing apheresis should know their collection

efficiency and should use the best-suited apheresis protocols to tailor

the process to the expected CD34+ cell yield, thus reducing the num-

ber of apheresis procedures needed and minimizing inconvenience

and adverse effects to the donor [13, 44, 54]. Bartnik et al. in a series

of 80 donors found that continuous mononuclear collection protocol

using a Spectra Optia platform (TerumoBCT, Leuven, Belgium)

impacted favourably in donors with negative collection predic-

tors [57].

In paediatric patients, Zubicaray et al. used the same doses and

schedules as in adults (G-CSF at a daily dose of 10 μg/kg for 5 days,

and plerixafor 0.24 mg/kg, administered 6–11 h before apheresis,

both injected subcutaneously) when mobilization was expected to be

unsuccessful due to unfavourable donor/receptor weight ratio.

Plerixafor was used ‘upfront’, not waiting for CD34+ cell count. This

strategy was more successful when compared with normal (10 μg/

kg/24 h) or high (10 μg/kg/12 h) doses of G-CSF, especially when ≥5

� 106 CD 34+ cells/kg of recipient weight were collected [29].

After reviewing existing studies, it seems reasonable administer-

ing subcutaneous plerixafor after G-CSF mobilization failure at a dose

of 0.24–0.32 mg/kg and starting leukocytapheresis as early as 4 h and

not longer than 12 h after plerixafor administration (Figure 1). Thus, a

CD34+ cell count can be performed in the morning, administering

plerixafor if the count is poor and performing an apheresis session in

the afternoon of the same day. Our group found that in autologous

donors, CD34+ cell collection efficiency of same-day processes was

higher when compared with next-day apheresis [58]. A Dutch group

has shown a good correlation between data obtained with a fully

automated haematology analyser and CD34+ cell count by flow cyto-

metry. The haematology analyser detected CD34+ cells based on cell

8 ROMON ET AL.
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size, internal complexity and fluorescence of immature cells. This

could provide a faster way to evaluate mobilization, further

streamlining the process [59].

RESULTS IN MOBILIZATION AND HCT
OUTCOMES

A successful mobilization cycle can be defined as one that collects

the desired amount of CD34+ cells to perform a transplant in the

defined time, ideally in a single apheresis session. A sufficient HPC

dose is a significant predictive factor in the outcome of HCT. In gen-

eral, a dose of ≥4.0 � 106 CD34+ cells/kg of recipients’ body weight

is usually considered optimal for allogeneic HCT, while doses

between 2 and 4 � 106 CD34+ cells/kg of recipient’s body weight

are considered suitable for transplantation, albeit with inferior

survival [60]. It should be also borne in mind that high doses of

CD34+ cells (>8.0 � 106/kg) in cases of allogeneic HLA-identical

sibling transplantation are associated with increased mortality from

chronic GVHD [61–63].

Table 1 summarizes mobilization data of HDs after receiving

plerixafor with or without G-CSF. In summary, plerixafor achieved

mobilization of CD34+ cells, and, in nearly all cases, enough

CD34+ cells for HCT could be collected, either in an upfront or in a

just in time context.

Table 2 shows main results of allogeneic HCT using CD34+ cells

collected from HDs who received plerixafor. Briefly, when plerixafor was

used as an adjuvant to G-CSF or as a sole mobilization agent, no signifi-

cant differences could be found in terms of time to haematopoietic

engraftment, acute and chronic GVHD or overall survival when com-

pared with similar patients who received G-CSF grafts. However, experi-

ence with this kind of products is still very limited to reach conclusions.

WHICH ARE THE ADVERSE EFFECTS?

Plerixafor is usually well tolerated, with rare serious adverse effects.

In autologous donors, common adverse effects are diarrhoea, nausea,

fatigue, injection site reactions, headache, arthralgia, dizziness and

vomiting. Thrombocytopaenia is also a known adverse effect of

plerixafor [20, 21].

Most HDs referred mild, grade-1 toxicity similar to that described

during autologous donation. The most commonly reported adverse

effects were digestive (loose stools, diarrhoea, nausea, bloating and

flatulence), light-headedness, diaphoresis, perioral paresthaesia

and erythema at the injection site. When donors received a second

Plerixafor

Timing

G-CSF Collection

Healthy
donor

Bone marrow
niche

CD34+
cell

Mesenchymal
stromal cell

Peripheral
blood

Apheresis
device

CXCR4

CXCL12

5TH DAY4 DAYS 5TH - 6TH DAY

CXXCCCXCXCCCXXCC

CXCCCXC

Plerixafor

Leukocytapheresis

F I GU R E 1 Schematic representation of CD34+ cell mobilization in healthy donors from bone marrow to peripheral blood using G-CSF and
plerixafor. When the number of CD34+ cells in peripheral blood on the fifth day after starting mobilization with G-CSF and/or the predicted
number of CD34+ cells collected are too low, the administration of subcutaneous plerixafor at a dose of 0.24–0.32 mg/kg blocks CXCR4 that is
located on CD34+ cell membrane, and its union to mesenchymal stromal cells via CXCL12 is disrupted. Therefore, CD34+ cells migrate from
bone marrow niche to peripheral blood. Leukocytapheresis can be started as early as 4 h and not longer than 12 h after plerixafor administration
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dose of plerixafor, there was no evidence of cumulative or more

severe toxicity [22–25, 27, 28]. Splenic rupture has also been

reported in HDs when plerixafor was used with G-CSF [20]. Hölig

et al. recently reported the use of plerixafor as salvage treatment for

poor mobilization. The application of plerixafor on the second aphere-

sis day changed the side effects from pain, associated with G-CSF,

towards gastrointestinal symptoms (diarrhoea, nausea, bloating) and

local itching, and two patients had grade-3 thrombocytopaenia. How-

ever, 86% of donors agreed to receive plerixafor again if needed, and

only one would have refused [30].

In healthy children, adverse effects were similar to those found in

adults and were difficult to separate from those induced by G-CSF

[64]. Among nine cases reported by Zubicaray et al. receiving plerixafor

and G-CSF, adverse events related to the mobilization regime were

found in five of nine donors (55.5%), each of them presenting one or

several simultaneous adverse events: three of them reported nausea,

two reported bone pain, one case of a low-grade fever, another of

myalgia and another one suffered abdominal discomfort [29].

There are insufficient data on the use of plerixafor in pregnant

women, but its pharmacodynamic mechanism of action suggests that

plerixafor may cause birth defects when administered during pregnancy.

Studies in animals have shown teratogenicity. Women of childbearing

age should take contraceptive measures while taking plerixafor [20].

Patients with sickle cell disease (SCD) cannot receive G-CSF due to

the risk of inducing vaso-occlusive and pain crises, but this has not been

observed in patients with sickle trait. This is also the case for HDs who

are heterozygous for sickle cell. In patients with SCD, plerixafor alone

can be used for HPC mobilization, albeit with care. In a study promoted

by the NIH, 15 patients were given plerixafor as a sole agent for CD34+

cell mobilization. Although a prophylactic RBC exchange had been per-

formed, seven grade-3 adverse events (two non-pain-related and five

pain-related) and one grade-4 haemolysis occurred, resolved with symp-

tomatic treatment. Eleven participants experienced pain (grade 1–4), with

three participants accounting for the five pain-related grade 3–4 AE [65].

In a recent paper, a group of 25 patients with SCD underwent HCT as a

curative option for their disease. All donors, all of whom had a sickle cell

trait, received G-CSF (10 μg/kg/24 h for 5 days) with upfront plerixafor

(0.24 mg/kg, administered 10–12 h before apheresis). All donors suf-

fered bone pain, but otherwise, the procedure was safe and all proce-

dures achieved enough CD34+ cells for HCT. Interestingly, an

autologous backup (>5 � 106 CD34+ cells/kg) was also collected from

all patients using 2–3 days of G-CSF (5–10 μg/kg) with plerixafor

(0.24 mg/kg 4–6 h prior to harvest). Only one patient needed exchange

transfusion due to occlusive crisis [31].

CELL COMPOSITION OF THE GRAFT AFTER
PLERIXAFOR USE

Outcomes of allogeneic HCTs performed using CD34+ cells collected

from HDs mobilized with plerixafor may be better than allogeneic HCTs

performed with CD34+ cells collected after mobilization of HDs without

plerixafor. This can be deduced from two phase I/II studies where

authors observed that the median time of neutrophil and platelet

engraftments was similar in plerixafor- and G-CSF-mobilized HCTs, but

the rates of acute and chronic GVHD could be lower when using

plerixafor-mobilized HCTs, either using plerixafor after G-CSF mobiliza-

tion failure or after using plerixafor alone [22, 25].

A possible explanation for the previous observations could be the

result of different mobilization capabilities of G-CSF and plerixafor,

resulting in a different transplant product when plerixafor is used

alone or associated with G-CSF. However, much of our knowledge

derives from autologous studies, where chemotherapy and the

patient’s disease can alter cellular populations in the BM or lymphoid

organs [60, 66]. This can be particularly important when the mobiliza-

tion regime includes chemotherapy.

First, regarding the characteristics of CD34+ cells mobilized with

plerixafor, data on HDs are scarcer than in autologous donors, and

one should also bear in mind that plerixafor is frequently given to bad

mobilizers after receiving G-CSF. However, when using plerixafor

alone, Schroeder et al. found that plerixafor mobilized more

CD34dimcells, with more CD34+ CD45RA+ CD123+ cells than when

using G-CSF. They also found that HPCs expressed increased CXCR4

that could promote faster homing and more stable graft [25]. More-

over, De Greef et al., after using plerixafor alone, found a higher pro-

portion of an immature CD34+ cell subset (lin-/CD34+/CD38low/

CD45RA-/CD90+) (31% vs. 15% with G-CSF) and 55% more commit-

ted progenitors (CD34+/CD45RA-/CD90+) versus 77% with G-CSF

[27]. Although limited data are available, it seems that more immature

CD34+ cells were mobilized with plerixafor alone in HDs.

Second, other cell populations collected after mobilization of HDs

with plerixafor alone showed differences when compared with mobiliza-

tion with G-CSF alone. Devine et al. obtained grafts with more CD3+

and CD4+ lymphocytes in HDs mobilized with plerixafor [22]. Teipel

et al. compared cellular products in G-CSF mobilized HDs before and

after additional plerixafor. Plerixafor induced a significant increase of

total nucleated cells, including CD19+ B cells, CD4+ and CD8+ T cells

and CD34+ haematopoietic stem and progenitor cells. More primitive

CD34+ cells were also mobilized (CD34+CD38-CD133+), with a higher

engraftment power. The number of plasmacytoid dendritic cells (DCs)

also increased significantly, a cellular subset known for its tolerogenic

properties inducing regulatory T cells (Treg), while no changes were

detected for myeloid DCs. Absolute count of Tregs increased, especially

naïve CD45RA+ Tregs, an unprimed or naïve Treg cell population. This

population could compensate the risk of chronic GVHD posed by the

increased number of CD8+ T cells mobilized after adding plerixafor.

Higher numbers of myeloid-derived suppressor cells were detected after

adding plerixafor [26]. Schroeder et al., using plerixafor alone, showed

that although CD34+CD45RA- showed a genetic pathway analysis com-

patible with GVHD, this finding did not result in an increased incidence

of GVHD, indeed the incidence was lower. They also found that

plerixafor mobilized a subset of CD34dimCD45RA+CD123++ pro-DC2

(progenitors of pre-DC 2), that produced interferon-α (IFN-α) similar to

mature p-DC2. This could explain the low incidence of CMV viremia in

their patients, perhaps due to reduced incidence of chronic GVHD and

immunosuppression [25]. Chen et al. detected that products obtained
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after mobilization with plerixafor alone were not only richer in CD3+,

CD4+ and CD8+ cells but also richer in CD8hi subset of T cells. This cel-

lular subset has been associated with improved survival due to less

relapse without increased GVHD and obtained from younger donors.

Importantly, this was achieved although donors were older than had

been previously published [28]. De Greef et al. found that after mobiliza-

tion with plerixafor alone, CD3+ cells were increased compared to G-

CSF, but CD4/CD8 ratios, frequency of Th2, Th17, NK cells (CD3-/

CD16+/CR56+) and regulatory T cells were comparable, and CD19+ B

cells were twice as high [27]. Couban et al. remarked that plerixafor

alone mobilized earlier CD34+ progenitor cells, but their number did not

correlate with their engraftment capability. They also found that

plerixafor alone mobilized CD56bright NKreg more efficiently than G-CSF

or G-CSF with plerixafor [5]. This could be explained because NK and

NKT populations express CXCR3 and CXCR4, essential for their homing

into secondary lymphoid organs. This could be a key finding, as products

containing CD56bright NKreg and pre-DC cells may result in a lower rate

of chronic GVHD, similar to recipients of BM grafts [67]. In summary,

plerixafor mobilized immature lymphoid populations that appeared to

yield a more tolerant product.

PLERIXAFOR AS A SOLE
MOBILIZATION AGENT

Plerixafor can be used as a sole mobilization agent when G-CSF can-

not be used due to allergy, previous adverse events or in the case of

patients with SCD [22, 25, 27, 28, 65].

In general, donor toxicity after administering plerixafor alone was

reduced when compared with G-CSF mobilized donors, with signifi-

cantly less grade-2 to -4 toxicity. The amount of CD34+ cells in PB

increased up to eight-fold in trials, but it was lower when compared

with G-CSF. As a result, mobilizations with plerixafor yielded fewer

CD34+ cells than G-CSF, and many donors failed to collect the desired

number of cells in a single apheresis session. In the largest trial, 98% of

64 donors achieved the desired CD34+ cell dose (>4 � 106/kg), but

only 27% achieved the ideal dose in one apheresis session. However,

the overall failure rate after two apheresis sessions was low (2%–8%),

and nearly all donations could be used for transplant [28]. Failure rates,

as defined by authors, ranged from 33% to 50% in other studies [22,

25, 27]. On the other hand, engraftment, immune reconstitution, CMV

reactivation or chronic GVHD did not differ significantly when com-

pared with HCT performed with CD34+ cells mobilized with G-CSF.

Notwithstanding the evident benefits of this approach, mobiliza-

tion of CD34+ cells from BM to PB in HDs with G-CSF remains the

standard. However, the results of prospective, randomized controlled

trials are keenly awaited to support this new approach.

RESEARCH INITIATIVES

A need to improve HPC collection exists as more clinical conditions

can be successfully treated with HCTs and more patients gain access

to treatment, especially from alternative sources (haploidentic and

non-related donors who are under-represented in donor registries

[68] or in resource-strapped countries [31]). Moreover, mobilization

and collection of CD34+ cells form PB remain a complicated chore,

even if enough HPCs can be collected. Multiple injections over several

days can disrupt a donor’s lifestyle. Mobilization protocols with G-CSF

have side effects including bone pain, nausea, headache and fatigue,

both in auto- and allogeneic donors. More severe side effects, like

fatal spleen rupture, have also been reported [69]. The need of a

venous central catheter to gain an adequate venous access adds to

the inconvenience. In expert hands, about 10% of adult HDs need a

central vein catheter, but at least 40% of small children can need

a femoral catheter, in some cases for several days [48]. All these prob-

lems become more relevant for non-related HDs.

From the experiences mentioned above, some authors [5]

suggested using plerixafor alone as the optimal agent to mobilize

CD34+ cells for allogeneic HCT, as it can produce a HPC product

with good engraftment characteristics, less adverse events than

G-CSF mobilization, possibly equal or less chronic GVHD and more

convenience for the donor and hospital as fewer doses are needed

when compared with mobilization with G-CSF + plerixafor or just G-

CSF alone [70, 71]. The high cost of plerixafor hinders its widespread

use. However, Watts et al. found that in the autologous context,

plerixafor was not associated with increased cost when mobilizing

with G-CSF, due to the reduction in the number of aphesis and G-CSF

doses [72]. Andritsos et al. reported 241 myeloma patients mobilized

with upfront plerixafor, where enhanced collection efficiency, with

most patients achieving collection in 1 day, resulted in cost savings

[73]. Such studies have not been performed for HDs yet.

As a result, the search for the ideal mobilizing agent of CD34+

cells is ongoing. Inhibitors of integrin VLA4 (BIO5192), synthetic poly-

saccharides, proteasome inhibitors, inhibitors of prostaglandin E2 sig-

nalling (meloxicam) and interference with neuropeptide Y receptors

have been tested, alone or associated with G-CSF or plerixafor [36].

Some of the most promising studies have targeted CXCR2. Hoggat

et al. showed a fast and effective CD34+ cell mobilization when using

plerixafor associated with a truncated form of the chemokine GRO-β

[33]. Truncated GRO-β binds the CXCR2 receptor with greater

potency than full GRO-β. Their experiments showed that while

plerixafor acts by inhibiting CXCR4 directly on stem and progenitor

cells, GRO-β along with plerixafor causes mobilization by targeting

CXCR4 on neutrophils. In healthy volunteers, doses of GRO-β

≥ 60 μg/kg were capable to mobilize HPCs with apparently few

adverse effects but not enough for clinical collection. The maximum

tolerated dose was 200 μg/kg, and the main adverse effect was acute

back pain that affected nearly all subjects. Applied to mice models,

the association of GRO-β and plerixafor produced a peak mobilization

15 min after administration and achieved the collection of enough

CD34+ cells for HCT. While each agent individually mobilized less

than standard G-CSF regimes, the combination produced significantly

greater results, partly explained by enhanced BM permeability. In this

model, the transplant resulted a robust and stable haematopoietic

engraftment, with quicker haematopoietic recovery, with greater
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donor chimerism and which was more competitive than G-CSF mobi-

lized grafts co-transplants. Indeed, GRO-β-plerixafor mobilized cells

showed signatures in their transcriptome that resembled foetal

liver HPCs. If these results could be replicated in humans, it could

reduce the barriers to donation, especially for non-related donors.

An interesting proposal is using plerixafor to collect lymphoid cells

for post-transplant immunotherapy or even for CAR-T cell production

because plerixafor increased lymphoid populations in the transplant

product [26].

Finally, plerixafor is under study as part of chemotherapy

treatments for malignant diseases (mesothelioma, pancreatic cancer,

hepatocellular carcinoma, ovarian cancer), as well as for a rare syndrome

consisting of warts, hypogammaglobulinaemia, infections and

myelokathexis (WHIM syndrome) [74] and autoimmune conditions

(rheumatoid arthritis, systemic erythematous lupus) where the CXCR4

axis is involved [35].

CONCLUSIONS

Plerixafor is an effective and safe drug to overcome mobilization and

collection failure of CD34+ cells after G-CSF administration in HDs.

Plerixafor may also be used as a sole mobilization agent, with fewer

side effects and more convenience than G-CSF mobilization protocols,

but usually needing more than one apheresis session and probably

would benefit from the assistance of other mobilizing drugs, still under

research. However, more data and long-term follow-up are necessary

to definitively establish the role of plerixafor in healthy allogeneic

donors.
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Fern�andez-Avilés F, et al. Allogeneic transplantation of CD34(+)

selected cells from peripheral blood from human leukocyte antigen-

identical siblings: detrimental effect of a high number of donor CD34

(+) cells? Blood. 2001;98:2352–7.
64. Karres D, Ali S, van Hennik PB, Straus S, Josephson F, Thole G, et al.

EMA recommendation for the pediatric indications of plerixafor

(Mozobil) to enhance mobilization of hematopoietic stem cells for

collection and subsequent autologous transplantation in children

with lymphoma or malignant solid tumors. Oncologist. 2020;25:

e976-e81.

65. Uchida N, Leonard A, Stroncek D, Panch SR, West K, Molloy E, et al.

Safe and efficient peripheral blood stem cell collection in patients

with sickle cell disease using plerixafor. Haematologica. 2020;105:

e497.

66. Worel N, Frank N, Frech C, Fritsch G. Influence of plerixafor on the

mobilization of CD34+ cell subpopulations and lymphocyte sub-

types. Transfusion. 2017;57:2206–15.
67. Waller EK, Logan BR, Harris WA, Devine SM, Porter DL, Mineishi S,

et al. Improved survival after transplantation of more donor plas-

macytoid dendritic or naive T cells from unrelated-donor marrow

grafts: results from BMTCTN 0201. J Clin Oncol. 2014;32:2365–72.
68. Gragert L, Eapen M, Williams E, Freeman J, Spellman S, Baitty R,

et al. HLA match likelihoods for hematopoietic stem-cell grafts in the

U.S. registry. N Engl J Med. 2014;371:339–48.
69. Benguerfi S, Thepault F, Lena H, Ricordel C. Spontaneous splenic

rupture as a rare complication of G-CSF injection. BMJ Case Rep.

2018;2018.

70. Azar N, Ouzegdouh M, Choquet S, Leblond V. Impact of plerixafor

(mozobil) on hospital efficiency: a single center experience. J Clin

Apher. 2018;33:5–13.
71. Verlinden A, Van de Velde A, Verpooten GA, van Doorn KJ. Deter-

mining factors predictive of CD34+ cell collection efficiency in an

effort to avoid extended and repeated apheresis sessions. J Clin

Apher. 2013;28:404–10.
72. Watts NL, Marques MB, Peavey DB, Innis-Shelton R, Saad A, AD S,

et al. Mobilization of hematopoietic progenitor cells for autologous

transplantation using Pegfilgrastim and Plerixafor: efficacy and cost

implications. Biol Blood Marrow Transplant. 2019;25:233–8.
73. Andritsos LA, Huang Y, Abraham I, Huff K, Scrape SR, Fan T, et al.

Clinical and cost outcomes of pre-emptive plerixafor administration

in patients with multiple myeloma undergoing stem cell mobilization.

Leuk Res. 2019;85:106215.

74. McDermott DH, Pastrana DV, Calvo KR, Pittaluga S, Velez D, Cho E,

et al. Plerixafor for the treatment of WHIM syndrome. N Engl J Med.

2019;380:163–70.

How to cite this article: Romon I, Castillo C, Cid J, Lozano M.

Use of plerixafor to mobilize haematopoietic progenitor cells

in healthy donors. Vox Sang. 2022;117:6–16.

16 ROMON ET AL.

 14230410, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vox.13175 by N

at Prov Indonesia, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



OR I G I N A L A R T I C L E

The impact of donor ferritin testing on blood availability
in Canada

John T. Blake1,2 | Sheila F. O’Brien2,3 | Mindy Goldman2,4

1Industrial Engineering, Dalhousie University,

Halifax, Nova Scotia, Canada

2Canadian Blood Services, Centre for

Innovation, Ottawa, Ontario, Canada

3School of Epidemiology and Public Health,

University of Ottawa, Ottawa, Ontario,

Canada

4Department of Pathology & Laboratory

Medicine, University of Ottawa, Ottawa,

Ontario, Canada

Correspondence

John T. Blake, Industrial Engineering,

Dalhousie University, Halifax, Nova Scotia,

Canada.

Email: john.blake@dal.ca

Funding information

Canadian Blood Services, Grant/Award

Number: Operating Grant; Canadian Network

for Research and Innovation in Machining

Technology, Natural Sciences and Engineering

Research Council of Canada, Grant/Award

Number: RGPIN-2014-06278

Abstract

Background and Objectives: Iron depletion is a side effect of blood donation.

Agencies have developed policies to test donors and to extend inter-donation inter-

vals (IDIs) for individuals with low ferritin levels. Ferritin testing, however, has an

impact on product availability due to longer IDIs and the effect of test results on

donor behaviour. In this paper we apply a model to evaluate the impact of ferritin

testing in the Canadian donor population on whole blood donations.

Materials and Methods: A discrete event simulation was adopted for the study. The

model represents a population of individuals that donate blood, are tested for ferritin

levels, and may exit the system. Data for the simulation was derived from operational

data, donor research studies from Canadian Blood Services and previously published

sources.

Results: Red cell collections will decline by at least 3.1% and could decline by as

much as 19.2% after ferritin testing is put in place. Requirements for new donors

could rise by as much as 36.0%.

Conclusion: The impact of ferritin testing on repeat donor behaviour, rather than

extensions to the mandated inter-donation interval, is the largest factor influencing

declines in whole blood donations. Because behaviour changes following the receipt

of a low ferritin result, blood agencies must ensure that donors with low ferritin are

motivated to modify their lifestyle and, when healthy, return to the donor pool.

K E YWORD S

anaemia, blood donation, simulation

INTRODUCTION

While blood transfusion recipient safety has received much attention

over the years, less attention has been paid to the impact of phlebot-

omy on donors. Historically, blood donation was thought to be innoc-

uous. Nevertheless, it is known that blood donation impacts donor

iron stores, as measured by serum ferritin levels [1], and that low iron

stores represent a risk for donors [2, 3], particularly women of child-

bearing age. Recent focus on donor health, including studies con-

ducted at Canadian Blood Services [4], suggest that frequent donation

negatively impacts donor iron levels and can lead to iron depletion or

anaemia [5]. While donor qualification usually relies on haemoglobin

levels, haemoglobin and ferritin are poorly correlated and

haemoglobin is, at best, an imperfect measure of iron stores [6, 7].

Ferritin testing, in conjunction with haemoglobin testing, offers

improved accuracy in assessing donor iron status [8] . One method for

ensuring the health of donors is to monitor ferritin in repeat donors

and provide information to individuals with low ferritin levels to man-

age anaemia [9]. As a point-of-care ferritin assay is not available,

donors must be informed of test results some time after their blood

donation. This lag poses challenges in communication and behaviour

modification. Donors with low ferritin levels can be encouraged to
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consult their family physician and consider iron supplementation. In

addition, donors may be temporarily deferred from blood donation

[10]. Donors typically express positive attitudes towards receiving a

ferritin result from a blood service [11], and are willing to take action

following a low ferritin test result [10, 12].

Since the 1980’s, changes to haemoglobin levels and inter-donation

interval have been suggested in the literature [2], along with recommen-

dations for monitoring serum ferritin levels in frequent blood donors

[7, 13] to reduce iron depletion. The RISE study suggested that iron

depletion is frequent in blood donors and showed a strong correlation

between donation frequency and iron depletion [5]. Accordingly, blood

agencies have increased the inter-donation interval (IDI) for donors [7]. In

2016 Canadian Blood Services (CBS) increased the IDI for women from

8 to 12 weeks. Modelling conducted before the change, indicated both

temporary and permanent losses in donations due to the increased IDI

[14]; CBS was able, however, to recruit new donors and encourage more

donations from its existing donor population to make up for the forecast

decrease in product availability [12]. In the REDS-II study, linear regres-

sion models were used to represent haemoglobin levels, ferritin levels,

and inter-donation interval for donors attending facilities in the study.

Results from this modelling suggest a reduction in whole blood donations

of 12% when IDI was increased from 56 days for all donors to 112 days

for females and 84 days for males [15]. If donors were tested for ferritin,

rather than just haemoglobin, as is the case now, it is expected that addi-

tional donors would be flagged as iron deficient or absent iron; a 2016

study by Goldman et al. showed a 10-fold increase in iron levels below

26 μg/L in male donors having completed six or more donations in the

previous year, when compared to first time donors [4].

Since the majority of the whole blood units provided in Canada

come from repeat donors, it is important to understand the impact of

donor ferritin testing, extended inter-donation interval, and donor

behaviour, following a low ferritin result, on blood product availability.

In this study, simulation is used to assess the impact on whole blood

collections of ferritin testing for repeat donors for those individuals

found to have a ferritin level below 26 μg/L.

METHODS

Overview

A custom-built simulation model was constructed using Visual Basic for

Applications via MS-Excel. Once built and verified, the model was used

to run a set of experiments focusing on blood product availability follow-

ing the implementation of donor ferritin testing. The experiments were

designed to determine the impact of both regulatory change to inter-

donation interval and the effects of ferritin testing on donor behaviour.

Simulation model

The simulation consists of a series of class-objects representing

donors, the ferritin test process, and a donor schedule. See Appendix

A for a detailed list of objects and their properties and methods that

form the simulation. The simulation assumes a fixed cohort of donors:

10,000 in the runs discussed in this paper. Each donor is imbued with

a gender, age, a donation status (first time vs. repeat), and a preferred

donation frequency. Assignment of donor characteristics is based on

draws from discrete empirical distributions derived from CBS opera-

tional data. See Table S1 for a detailed listing of this data. Once cre-

ated, a donor is scheduled for an appointment; next appointment

dates are determined as follows:

TTNj ¼Max U 0:9,1:1ð Þ*365=Fj, IDIj
� �

,

where

TTNj is the time to the next donation for donor j.

U(0.9, 1.1) is a draw from a uniform distribution with parameters

(0.9, 1.1). The Uniform (0.9, 1.1) scaling factor was determined empiri-

cally via experiments with the simulation and comparisons against

annual collection rates.

Fj is the preferred annual frequency for donor j.

IDIj is the minimum inter-donation interval for donor j, which is

based on the donor’s gender and current ferritin status (if known).

Thus, a donor’s next donation date is the maximum of his/her

desired return date or his/her minimum specified inter-donation inter-

val. Donors are then entered onto the donor list for their assigned

appointment day by adding TTNj to the current simulated day. See

Figure 1 for a flow chart detailing donor initialization in the

simulation.

A simulation loop is then executed. See Figure 2. On each simu-

lated day, the routine searches the donor list for individuals with

appointments on that day. If the donor is scheduled to provide a

donation, he/she is removed from “today’s” donor list, a whole blood

unit is collected, and the donor is booked for his/her next appoint-

ment. Please note that the simulation model assumes that donors

have sufficient haemoglobin to donate at all instances when sched-

uled. The next donation date is selected in the same manner as the

donor’s first appointment. If the next donation happens in the follow-

ing calendar year, the donor is assumed to have aged. See Figure 3.

Donors with appointments in the next calendar year also decide if

they will return or not; retention rates vary by donor gender and age,

but more than 50% of all first-time donors are lost to attrition, while

approximately 13% of repeat donors currently exit the system annu-

ally. The decision to exit the donor pool is based on a draw from an

empirical discrete distribution that accounts for gender, age, and

donation frequency. See Table S2 for detailed data. For every donor

lost, another first-time donor is assumed to be recruited and to enter

the simulation as described above. Thus, the donor population in the

simulation always remains a constant size in the simulation, even

though individual donors come and go.

If the donor is eligible, a ferritin test is conducted at a donation

event. Ferritin tests occur every fifth donor donation and results are

returned as either normal (≥26 μg/L), low (restricted erythropoiesis,

12–25 μg/L) or very low (below 12 μg/L, absent iron). Test outcomes

in the simulation are derived from an empirical distribution specific to
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donor gender, age, and donation frequency; these empirical distribu-

tions were created from the CBS data set provided in Goldman et al.

[4]. See Table S3 for detailed data. Donors that are tested and found

to have a ferritin level below 26 μg/L have their next donation time

altered to incorporate any extended inter-donation interval. See

Figure 4 for a flow chart of the ferritin test process.

A recent Dutch study indicates that haemoglobin deferrals

decrease significantly in donors returning from a ferritin deferral [7].

We assume, therefore, that any donor flagged as having low iron

stores and deferred for a period greater than 6 months returns, after

deferral, with a sufficient haemoglobin level to complete their next

donation. Readers should note that, since ferritin testing is envisioned

every fifth donation, the donor’s ferritin level is unknown in the simu-

lation (and in reality) until their next test, which may be several years

in the future. Thus, all individuals completing a donation, regardless of

ferritin level, are placed back on the donor list on the day of his/her

next simulated appointment. However, in scenarios listed below, we

also incorporate changes to donor behaviour that causes some repeat

donors with low or absent ferritin levels to exit the simulation, to

delay their return to donation (a temporary decrease in donation fre-

quency), or to permanently decrease their donation frequency.

Readers may find a working copy of the Excel-based simulation

model in File S1.

Data

Ferritin data for the model was taken from 12,595 CBS whole blood

donors; this is the same source reported by Goldman et al. [4]. This

data provides records of donor ferritin levels by gender, age, and num-

ber of donations in the previous year for a randomly selected sample

of Canadian donors. Ferritin data was then combined with operational

donor data for all whole blood donors in 2017 to build empirical distri-

butions that determine the probability that a donor of a given gender,

age, and donation history will have either a normal (≥26 μg/L), low

(12–25 μg/L), or very low (below 12 μg/L) ferritin level. Data on donor

behaviour following a low ferritin result, including donor retention,

donor return interval, and revised donation frequency were taken

from a follow up study conducted by Goldman et al. [10] at Canadian

Blood Services in 2017.

Verification

Outputs closely related to input data were verified against the data

used to populate the model. Donor gender, age distribution, and

donation frequency were confirmed with z-tests or Chi-squared tests,

as appropriate, and confirmed to be not statistically different from his-

torical data. See Figure 5 for a comparison of age distribution for

donors in the simulation against 2017 data; see Appendix B

for detailed comparisons of donor gender and donation frequency.

Because the model was shown to reproduce donor gender, age, and

donation frequency accurately, it was assumed to be an acceptable

representation of the Canadian Blood Services donor population for

the purposes of evaluating ferritin testing policies.

Five scenarios were simulated in this study:

1. Scenario 1 (Current situation): For all male donors, the minimum

inter-donation interval is 56 days, while for all female donors the

minimum is 84 days; donors return to donate at the greater of

their preferred inter-donation interval (an attribute of the donor)

or the minimum IDI for their gender specified by the blood agency.

In the simulation, individuals are assumed to have received ferritin

tests every fifth donation. In reality, donors were not tested for

ferritin in the current situation. However, we included simulated

F I GU R E 1 Process flow chart for simulation initiation
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testing in this scenario to estimate the number of donation events

where the donor would have low ferritin, absent of any

intervention.

2. Scenario 2 (Extended IDI). Donors with acceptable ferritin

levels (≥ 26 μg/L) can donate again after either 56 days, if male,

or 84 days, if female. Donors with a low or very low ferritin

level (<26 μg/L and <12 μg/L) are deferred for a six-month

period. When donors return after an extended deferral time,

they are assumed to return with a sufficient haemoglobin level

to donate successfully. All donors are assumed to return to the

donor pool and to resume their pre-test donation behaviour in

this scenario.

3. Scenarios 3A-3C (Low ferritin influences donor behaviour): Donors

with low or very low ferritin are advised to see their health care

practitioner for follow-up. Donors may decide to pause or cease

donation, either on their own accord, or with the advice of their

health care practitioner. Donors may also alter their donation fre-

quency, should they decide to return as a donor. In Scenario 3A,

an extended IDI is assumed, along with a decrease in donor reten-

tion following a low ferritin test result. In Scenario 3B, extended

F I GU R E 2 Process flow diagram detailing the daily simulation loop [Colour figure can be viewed at wileyonlinelibrary.com]
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IDI and a reduced donation frequency is assumed following a low

ferritin test. In Scenario 3C, and extended IDI, reduced donor

retention, and a decreased donation frequency, are assumed fol-

lowing a low ferritin test.

To estimate behaviour change, anonymized donor data from 2014

through 2016 was obtained from Canadian Blood Services for partici-

pants in the ferritin testing study conducted by Goldman et al. [4]. Of

the 12,595 individuals who were flagged as whole blood donors in

that study 5,360 (42.5%) were notified that they had a low ferritin

level. Two thousand thirty-three of the donors (38.0%) who were

notified of a low ferritin level did not make a subsequent donation in

the 24 months following their participation in the ferritin testing

study. The retention rate (76.4%) for repeat male donors who

received a low or very low ferritin test was similar to donors whose

ferritin levels were above 26 μg/L (83.2%). However, the retention

rate for repeat female donors with a low or very low ferritin test level

was found to have declined from 77.4% to 62.0%. Moreover, donors

receiving a low or very low ferritin result were found to delay their

return to donation: 70% of males and 82% of females remain outside

of the donor pool for longer than the minimum IDI of 6 months. Simi-

lar effects on donor behaviour have been reported elsewhere [7]. The

receipt of a low ferritin test was observed in the data set to result in a

decrease in donation frequency; an overall drop in donations of 1.3

instances per annum [N(1.5, 1.4) for males; N(1.0, 1.5) for females]

was observed.

RESULTS

Scenario 2 (Extended IDI)

The expected number of donations per year and the change between

the baseline and extended deferral scenario is presented in Table 1.

The results suggest that a reduction in total donations of 24,363 (95%

CI Half Width: 1472) can be expected for the extended IDI scenario,

when compared with the baseline. The largest absolute loss will come

from decreased donations from males, by 19,687 units (95% CI Half

Width: 438). Overall, donations will decline by 3.1% (95% CI

Half Width: 0.2%), with female donations expected to decline by 1.4%

(95% CI Half Width: 0.4%) and donations from males to decrease by

4.3% (95% CI Half Width: 0.1%). Note that, by convention, we report

the simulated average value and a 95% two-sided confidence half-

width, based on an n of 30. A confidence interval, which is the mean

value +/� the half-width value, measures the error in the estimate of

the true mean. See Reference [16, pp. 278–280] for calculation

details, examples, and further background. Readers should also note

that the simulation assumes a donor pool of 10,000 individuals;

results reported, however, are scaled to reflect the Canadian donor

population of 418,700 individuals.

The expected number of donors eligible for ferritin tests under

Scenario 2 is presented in Table 2. In the baseline case (Scenario 1),

122,809 ferritin tests would have been administered, under current

IDI intervals of 56 days for males and 84 days for females if testing

were in place. Simulation results show a slight reduction from baseline

by 4,419 tests (95% CI Half Width: 422) in the aggregate number of

donors requiring a ferritin test, if an extended IDI is adopted. This rep-

resents a reduction in ferritin tests of 3.6% (95% CI Half Width: 0.3%)

from Scenario 1.

Table 3 shows simulation results for the annual number of donors

expected to receive a ferritin test value below 26 μg/L. The simulation

F I GU R E 3 Process flow chart for donor aging [Colour figure can
be viewed at wileyonlinelibrary.com]

F I GU R E 4 Process flow diagram for executing a ferritin test
[Colour figure can be viewed at wileyonlinelibrary.com]
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results suggest 55,691 low ferritin values would be detected currently

if donors were tested every fifth donation and existing IDIs were in

place. A total of 52,726 low donor values would be expected, if

donors were tested every fifth donation and a 6-month IDI was

adopted for donors with low or very low ferritin, representing a

decrease of 2965 (95% CI Half Width: 261) deferrals or 5.3% (95% CI

Half Width: 0.5%) from the baseline.

Scenarios 3A-3C (low ferritin result influences donor
behaviour)

Simulation results show that both post-test donor retention and post-

test donation frequency both have a significant effect on whole blood

donations, the availability of blood products and the number of new

donors that need to be recruited to maintain the donor pool. Scenario

F I GU R E 5 Comparison of age distribution for donors (female and male) against historical data for verification purposes. In both cases, a χ2

test indicated that there was no reason to believe that the simulated results differed from that of the historical data [Colour figure can be viewed
at wileyonlinelibrary.com]

T AB L E 1 Simulation results showing annual RBC donations, broken down by gender

Donations

Scenario 1 Scenario 2 Mean change CI half width change % change CI half width % change

Females 335,876 331,100 4776 1402 1.4% 0.4%

Males 453,591 433,904 19,687 438 4.3% 0.1%

Total 789,467 765,004 24,463 1472 3.1% 0.2%

Note: Mean differences, standard deviation, and 95% confidence interval half widths are given. A confidence interval may be constructed as the mean +/�
the confidence interval half width.

T AB L E 2 Simulation results showing annual number of donors eligible for ferritin testing

Ferritin tests

Scenario 1a Scenario 2 Mean change CI half width change % change CI half width % change

Females 49,073 48,299 774 245 1.6% 0.5%

Males 73,736 70,091 3645 361 4.9% 0.5%

Total 122,809 118,390 4419 422 3.6% 0.3%

aThe model is simulating the number of tests that would meet the criteria for testing if we had testing in place at the time with no deferral for low ferritin.

Note: Mean differences, standard deviation, and 95% confidence interval half widths are given. A confidence interval may be constructed as the mean +/�
the confidence interval half width.
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results are shown in Tables 4 and 5 and are made in comparison to

Scenario 1.

Scenario 3A

If only donor retention changes following a low ferritin test result, a

decrease in collections of 74,845 (95% CI Half Width: 2651) units or

9.5% (95% CI Half Width: 0.1%). Broken down by gender, this is a

17.2% (95% CI Half Width: 0.2%) decrease for females and a 3.7%

(95% CI Half Width: 2.3%) decrease for males. In this scenario, it is

expected that a total of 158,315 new donors would need to be

recruited to maintain the donor pool size. This is an increase of

41,658 new donors (95% CI Half Width: 990), or 36.0% (95% CI Half

Width: 2.3%), over the current case (Scenario 1).

Scenario 3B

If only donation frequency changes following a low ferritin test, a

decrease in donations of 151,585 (95% CI Half Width: 3223) units or

19.2% (95% CI Half Width: 0.2%) is suggested; a 15.0% (95% CI Half

Width: 0.26%) decrease for females and a 22.3% (95% CI Half Width:

2.4%) for males can be anticipated. A total of 114,951 new donors

T AB L E 3 Simulation results showing annual number of donors deferred due to a low ferritin level

Deferred donors

Scenario 1a Scenario 2 Mean change CI half width change % change CI half width % change

Females 30,657 30,020 637 249 2.1% 0.8%

Males 25,034 22,706 2328 869 9.3% 3.5%

Total 55,691 52,726 2965 261 5.3% 0.5%

aThe model is simulating the number of donors that would meet the criteria for deferral if we had testing in place at the time.

Note: Mean differences, standard deviation, and 95% confidence interval half widths are given. A confidence interval may be constructed as the mean +/�
the confidence interval half width.

T AB L E 4 Annualized whole blood donations by scenario

Scenario 1 Scenario 2 Scenario 3A Scenario 3B Scenario 3C

Current IDI Extended IDI

Extended IDI
and reduced
donor retention

Extended IDI and
reduced donation
frequency

Extended IDI, reduced
donor retention and
donation frequency

Females 335,876 331,100 278,119 285,483 260,004

Males 453,492 433,904 436,404 352,300 394,872

Total 789,368 765,004 714,523 637,783 654,876

Change — 24,364 74,845 151,585 134,492

CI half width change 1471 2651 3223 4080

% Change 3.1% 9.5% 19.2% 17.0%

CI half width % change 0.2% 0.1% 0.2% 0.2%

T AB L E 5 Annualize numbers of new donors recruited by scenario

Scenario 1 Scenario 2 Scenario 3A Scenario 3B Scenario 3C

Current IDI Extended IDI

Extended IDI and

reduced donor
retention

Extended IDI and

reduced donation
frequency

Extended IDI, reduced

donor retention and
donation frequency

Females 63,015 62,540 85,416 62,161 80,946

Males 53,642 53,303 72,898 52,790 68,555

Total 116,656 115,843 158,315 114,951 149,501

Change — �813 41,658 �1706 32,845

CI half width change 833 990 1203 1523

% Change �0.7% 36.0% �1.1% 28.6%

CI half width % change �1.9% 2.3% 2.8% 3.5%

Note: Comparisons are reported relative to scenario 1.

FERRITIN TESTING IN CANADA 7



were recruited under this scenario. This is a decrease of 1706 new

donors (95% CI Half Width: 1203), or 1.1% (95% CI Half Width 2.8%) in

comparison to Scenario 1.

Scenario 3C

When both donor retention and donation frequency change after

a low ferritin test, a decrease in collections of 134,492 (95% CI

Half Width: 4080) units or 17.0% (95% CI Half Width: 0.2%) is

suggested. This corresponds to a 22.6% (95% CI Half Width: 0.2%)

decrease for females and a 12.9% (95% CI Half Width: 0.1%)

decrease for males. A total of 149,501 new donors were recruited

under this scenario. This is an increase of 32,845 new donors

(95% CI Half Width: 1523), or 28.6% (95% CI Half Width: 3.5%)

over the current case.

Scenarios 3A–3C results show that changes to donor retention

and donation frequency following a low ferritin test impact both

annual donations and the number of new donors needed to maintain

the donor pool. Moreover, there is a clear interaction between donor

retention and donation frequency, particularly for males, following a

low ferritin test. The impact of a low ferritin test on repeat female

donors is notable under all scenarios, but less substantial. See Figure 6

for a schematic representation of donation losses, donation loss miti-

gation, and necessary changes to donor recruitment following a low

ferritin test result.

DISCUSSION

Supplementing haemoglobin-based donor qualification with ferritin

testing will decrease the number of blood units that may be drawn

from a population.

Table 4 shows that whole blood donations will decrease by 3.1%

(95% CI Half Width:0.2%) if IDIs are extended to 6 months, for individ-

uals with low ferritin levels, from existing IDIs.

Of greater impact on the availability of blood products, however,

is the impact of ferritin test results on individual behaviour. Opera-

tional data from Canadian Blood Services, when merged with the

study data from Goldman et al. [4, 10], indicates that donor retention

decreases when a low ferritin test result is made known to a donor

and that, if donors elect to return, their donation frequency decreases,

and/or the time their make their first post-test donation increases.

When donor behaviour is incorporated into model results, declines in

blood collections were more significant than losses due strictly to

increased inter-donation interval (see Table 4); a decrease of 17.0%

(95% CI Half Width: 0.2%) was observed when both donor retention

and donation frequency change following an individual’s low ferritin

test (Scenario 3C). If repeat donors receiving a low ferritin test result

remain and decrease their frequency of donation (Scenario 3B), the

average donation frequency in the Canadian donor pool declines from

1.64 (95% CI Half Width: 0.01) donations per person per year to 1.32

(95% CI Half Width: 0.01) donations per person per year, resulting in

an overall decline in collections of 19.2% (95% CI Half Width: 0.2%).

F I GU R E 6 Schematic representation of sources donation losses and possible mitigation following a low ferritin test result [Colour figure can
be viewed at wileyonlinelibrary.com]

8 BLAKE ET AL.

http://wileyonlinelibrary.com


Accordingly, it may be determined that factors that decrease donation

frequency amongst repeat donors have the greatest impact on blood

product availability.

However, the simulation also shows that ferritin testing impacts

the number of new donors that must be recruited to maintain the

donor pool; factors that influence donor retention, rather than

donation frequency, have the greatest impact on the number of

new donors recruited in the simulation. When changes to donor

behaviour are included in the model, significant modifications in the

donor recruiting patterns were observed. If donor retention

decreases (Scenario 3A), following the result of a low ferritin test,

41,659 new donors (36.0% increase over baseline) are required. If

donor retention does not change, but donor frequency deceases

(Scenario 3B), new donor recruiting actually decreases by 1705

(1.5% decrease from the baseline). In the case that both donor

retention and donation frequency decrease following the implemen-

tation of ferritin testing (Scenario 3C), new donor recruiting

increases by 32,845 (28.6% increase over baseline). Thus, while

changes to donor retention were seen to have less impact on prod-

uct availability in the simulation than changes in donor frequency,

decreased donor retention results in greater recruiting pressures.

Note that in this study, a fixed population of 10,000 donors is

maintained and thus all departing donors are replaced in our simula-

tion. As a result, losses due to donors who remain in the donor pool,

but reduce their donation frequency, can be seen to significantly

impact blood product availability. Nevertheless, increased donor

enrolment will be needed to make up for these lost collections. More-

over, factors that affect blood donor retention, while having less

impact on product availability, also trigger increases in the need for

donor recruiting. Thus, the simulation shows that blood agencies will

be required to recruit substantial numbers of new donors and/or

encourage increased donation frequency amongst repeat donors to

maintain blood product availability following the implementation of

ferritin testing for donors. In short, any change to donor behaviour

that decreases donation frequency or donor retention, will require

additional new donor enrolment.

The impact of changes in the donation behaviour reported here

are extrapolated from changes in donor behaviour from a pilot study

conducted by Goldman et al. [4] and thus results in an operational

environment may vary. It is possible that return rates might be better

than assumed in this study if further retention and education efforts

were deployed. Further, the data available does not extend far enough

in time to discern if changes to donor behaviour following a low ferri-

tin test are permanent; we assume so in our model, but it is possible

that donors may revert to their previous donation pattern. Finally, our

model specifically excludes haemoglobin deferrals. It is known [7] that

haemoglobin deferrals decrease amongst donors returning from an

extended IDI and therefore, there may be some mitigation of losses

created by donors delaying their return following a low ferritin result.

Nevertheless, given the degree of change seen in our results is evi-

dent that changes to donor behaviour will have a much greater effect

on blood product collections than mandated changes to inter-

donation intervals.

A safe, adequate supply of blood is needed to ensure the health of

recipients in need. It is, however, imperative that donors’ health be

guarded. Ferritin testing for donors provides greater sensitivity, when

compared to haemoglobin testing. However, this testing will reduce the

amount of blood that can be collected from a given donor population.

Reductions will occur due to a mandated extension in inter-donation

intervals and changes in donor behaviour. Simulation results suggest a

reduction of 3.1% (95% CI Half Width:0.2%) in collections due to

extended inter-donation intervals and reductions of at least 9.5% (95%

CI Half Width: 0.1%), and possibly as much as 19.2% (95% CI Half Width:

0.2%) if donors with low ferritin levels either exit the donor pool or

remain and reduce their donation frequency. In addition to recruiting

needed to make up for decreased donation frequency amongst return

donors, declines in donor retention triggered could also increase the

need for new donors by as much as 36.0% (95% CI Half Width: 2.3%).

We conclude, therefore, that programs to manage donor behav-

iour must be deployed along with ferritin testing. The results from this

study show that while extensions to mandated IDI will affect whole

blood collections, the impact created by continuing changes in donor

behaviour following a low or very low ferritin test are much more sig-

nificant for the blood supply chain. Thus, blood agencies must proac-

tively manage their donor base to ensure that individuals’ iron stores

are not depleted through blood donation activities and that, if low iron

stores are detected, donors are motivated to modify their lifestyle

and, when healthy, return to the donor pool. A plan for recruitment of

new donors and encouraging more donations from repeat donors

must accompany the implementation of ferritin testing to offset

decreased donation frequency and/or decreased donor retention.
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Abstract

Background and Objectives: Assessment of plasma quality often focuses on the

common safety tests for minimizing the risk of transmitting blood-borne pathogens.

Little attention is paid to the possible quality attributes that ensure a consistent bio-

chemical composition of plasma for fractionation. We therefore investigated the suit-

ability of selected biochemical and haematological attributes that could be used as

markers of plasma quality obtained by different separation and pre-treatment

procedures.

Material and Methods: We characterized six plasma types, including source plasma,

plasma recovered by classic means and in-line filtered plasma, by determining the analytical

attributes protein content, coagulation factors andmarkers of coagulation, contact and com-

plement activation. Residual cell content and cell-specific variableswere alsomeasured.

Results: We found relevant differences between the plasma types in complement activa-

tion, as indicated by C3a measurements, while thrombin antithrombin complex values and,

to a minor extent, activated factor XII concentrations indicated only moderate differences

in activation levels of coagulation and contact systems. Themost striking differences, how-

ever, were detected in residual cell content and concentrations of the platelet-associated

proteins, platelet factor 4 and β-thromboglobulin. We showed that leucocyte reduction fil-

ters disrupt cells. This includes platelets, thereby releasing the platelet-associated proteins

platelet factor 4 and β-thromboglobulin, and leucocytes as demonstrated by the release of

elastase from polymorphonuclear leucocytes. Furthermore, the filtration processing of

whole blood can lead to activation of the complement system.

Conclusion: Our results show that biochemical and cellular surrogate markers are

valuable discriminators of plasma types.
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INTRODUCTION

Human plasma is a valuable raw material that produces functional pro-

teins used in the therapy of coagulation, haematological and immunologi-

cal disorders [1–4]. The quality of this starting material and the final

products derived from it depends on two main factors: the blood or

plasma of donors [5], and plasma preparation method [3, 6–9]. Current

quality control of plasma for fractionation focuses on minimizing the risk

of transmitting infectious diseases caused by blood-borne viruses and

bacteria [6, 10–12], with testing done on each single plasma unit. Apart

from the pharmacopeial requirements regarding, amongst others, residual

blood cells, total protein content andminimumcontent in coagulation fac-

tors, where testing is not done on each single unit, little attention has

been paid to the biochemical variables that ensure a consistent biochemi-

cal plasma composition. Types of plasma vary according to the prepara-

tion technique used, with several different types available from

plasmapheresis units and transfusion services.

Source plasma [13] is defined as the fluid portion of human blood col-

lected by plasmapheresis intended for further manufacturing use and can

be prepared by automated plasmapheresis. This procedure can be carried

out, for instance, by the Autopheresis-C or Aurora system (Fresenius Kabi)

[14–16], which uses spinning membrane technology, or the PCS-2 system

(Haemonetics,Massachusetts) [14, 17], which uses centrifugation.

Plasma can also be recovered by centrifugation from whole blood

donations, with and without leucoreduction. Leucoreduction is

achieved by filtration. Plasma recoveredwith leucoreduction is also ter-

med in-line filtered plasma. All the different filter systems used in

leucocyte reduction steps aim to reduce the leucocyte load in erythro-

cyte concentrates and minimize leucocyte-associated side effects [18–

21], and the possibility of blood components transmitting prions that

cause a variant form of Creutzfeldt-Jakob disease (vCJD) [22, 23].

The various plasma types produced by these methods are the

raw and starting material for plasma fractionators, which commonly

process plasma into several different products. However, different

plasma production methods could have an impact on the composi-

tion of the plasma obtained. Therefore, to achieve a controlled,

sustained quality of these products, it would clearly be beneficial if

the quality attributes for the starting material could be defined. Up

until now, apart initiating the common serological and nucleic acid

amplification tests [24, 25], there have been few attempts to define

the attributes that define plasma quality. Thus, Burnouf et al. [26]

compared protein composition and activation markers in plasma col-

lected by three apheresis procedures, while Runkel et al. investi-

gated the quality of apheresis and recovered plasma [27], and the

impact of whole blood in-line filtration [28]. The biochemical ana-

lyses were conducted on single plasma donations, and were similar

in all three studies, focusing mainly on the measurement of various

activation markers.

To advance knowledge on this topic, we investigated whether dif-

ferent plasma preparation techniques influence the function and mor-

phology of the plasma obtained. In particular, we compared selected

biochemical and haematological attributes using single plasma dona-

tions and plasma production pools from different sources. In addition,

data on the content of residual cells and cell debris were generated as

described [29]. A similar protocol was used to compare source plasma

quality in three apheresis protocols [30].

MATERIALS AND METHODS

Plasma samples and freezing protocol

We used six types of plasma obtained by different preparation

methods: two were source plasma obtained by Autopheresis-C

(Fresenius Kabi) and by the PCS-2 system (Haemonetics), respectively,

one was recovered by the classic method (hereafter termed recovered

plasma) and three were in-line filtered from whole blood that had

been subjected to different filter systems to reduce the leucocyte

load. These three different in-line filtered plasma types were desig-

nated type A, B, and C. Our aim was to have at least 10 individual

samples from each plasma type. Accordingly, 10 individual units each

of plasma types Autopheresis-C, Haemonetics, A and B were

analysed, while 12 and 26 individual units were available from recov-

ered and type C plasma, respectively. The plasma samples were

obtained from Austrian BioLife plasmapheresis centres and from other

European Baxter AG plasma suppliers. Source plasma (Autopheresis-C

and Haemonetics PCS-2) was collected with 6% trisodium citrate (v/v)

as an anticoagulant by use of 4% (w/v) trisodium citrate solution. A

citrate-phosphate-dextrose solution was used as an anticoagulant for

recovered and in-line filtered plasmas.

All samples were aliquoted directly after preparation (1-ml sam-

ples), frozen at �70�C overnight and subsequently stored at �20�C.

Before testing, the samples were thawed at +37�C. Some selected

samples were investigated immediately after preparation. These

freshly prepared samples were transported to the laboratory at +4�C

and testing started within 2 h of their preparation.

Plasma pool samples (source plasma, n = 36, recovered plasma,

n = 24 and in-line filtered plasma, n = 22) consisting of 2000 to 6000

single plasma donations were obtained from the standard manufactur-

ing process at Baxter AG, Vienna, Austria (part of Takeda).

Assays for assessment of biochemical attributes

The protein concentration was measured by Biuret assay [31]. Factor

VIII (FVIII) activity was determined by chromogenic assay [32] using

reagents supplied by Technoclone (Vienna, Austria). Von Willebrand

factor ristocetin cofactor (VWF:RCo) was determined by measuring the

agglutination of formaldehyde-fixed human platelets using the standard

procedure [33], with a 570-VS whole blood aggregometer (Chrono-Log,

Havertown, Pennsylvania) equipped with a chart recorder. The antigen

concentration of VWF (VWF:Ag) was determined with sandwich ELISA

Asserachrom® VWF (Boehringer Mannheim, Germany), while VWF

collagen-binding (VWF:CB) activities were determined by Immunozym

VWF:CBA [34] (Technoclone, Vienna, Austria). VWF multimers were

analysed by sodium dodecyl sulfate (SDS)-agarose gel electrophoresis
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using a 1% gel according to Ruggeri and Zimmerman [35], with minor

modifications [36]. Thrombin-antithrombin complex (TAT) and pro-

thrombin fragments F1 + 2 concentrations were determined by com-

mercially available sandwich ELISAs (Siemens, Vienna, Austria),

activated coagulation factor XII (FXIIa), a marker for the activation of

the contact activation system, was determined by a commercially avail-

able sandwich ELISA system (Shield Diagnostics, Dundee, UK). Comple-

ment activation was determined by measuring C3a concentrations with

a commercially available sandwich ELISA system (Quidel, Mountain

View, California). Lactate dehydrogenase (LDH) was measured by a

photometric standard method at 25�C (Boehringer Mannheim GmbH,

Mannheim, Germany).

Determination of residual cell content

Residual cells (platelets, leucocytes, erythrocytes, and erythrocytes

ghosts) were quantified in frozen samples by flow cytometric (FACS)

analysis using a no-lyse/no-wash preparation procedure [37]. The

manufacturer’s instructions were followed for leucocyte enumeration

with LeucoCount (BD Biosciences, Sunnyvale, California). To quantify

platelets and erythrocytes, 100 μl of plasma were added to TrueCount

tubes (BD Biosciences) and incubated with 10 μl of a monoclonal anti-

body cocktail against CD42a (FITC, BD Biosciences) and

glycophorin-A (PE, Dako, Glostrup, Denmark). After 30 min of incuba-

tion at 4�C, 300 μl PBS were added before measurement on a

FACSCalibur (BD Biosciences). Platelets and erythrocytes were subse-

quently measured separately from the same tube. Cell debris signals

were removed. Logarithmic amplification was used for all variables.

Data were evaluated by multi-parameter analysis using the Paint-A-

Gate software (BD Biosciences).

Blood cell-associated proteins

Platelet factor 4 (PF4) and β-thromboglobulin (bTG) concentrations

were determined in samples frozen and thawed one time by commer-

cially available sandwich ELISAs obtained from STAGO Diagnostics

(Roche Diagnostics, Mannheim, Germany). In a separate study, bTG

and PF4 were released from platelets. Briefly, platelets were prepared

from whole blood by a standard in-house procedure and suspended in

physiological HEPES-NaCl buffer, pH 7.35. The platelet content was

measured with the Sysmex K-1000 cell counter (Toa Medical Elec-

tronics, Kobe, Japan). Suspensions were adjusted to contain 125,000,

250,000 and 500,000 platelets/μl and stabilized by the addition of 5%

(w/v) human serum albumin (Baxter AG, Vienna, Austria). The suspen-

sions were deep frozen at �70�C and lyophilised in aliquots of 1 ml.

After lyophilisation, the samples were reconstituted with the appro-

priate amount of water and the bTG and PF4 concentrations deter-

mined. Elastase from polymorphonuclear leucocytes was determined

in complex with alpha1-proteinase inhibitor by use of an ELISA

(Merck, Darmstadt, Germany).

Platelet function analysis with platelet function
analyser

The platelet function analyser PFA-100/200 (Siemens, Vienna, Aus-

tria) is a high shear stress in vitro system for the detection of platelet

dysfunction [38, 39]. The instrument simulates the process of primary

haemostasis by aspirating the whole blood sample from a reservoir

through a capillary and a microscopic aperture cut in the membrane.

This membrane is coated with type I collagen and either epinephrine

(EPI) or adenosine 50-diphosphate (ADP) as a stimulating agent. The

time needed to obtain full occlusion of the aperture is defined as clo-

sure time. Aliquots of 800 μl of each, taken from the three samples of

citrated whole blood obtained from two independent blood donations

before and after in-line filtration with in-line filters type A, were

applied to collagen-EPI and collagen-ADP cartridges. Closure times

were determined by the standard procedure according to the manu-

facturer’s instructions and were expressed as means of six values

(three aliquots of two blood donations). The samples’ platelet content

was determined as described above.

Statistical evaluation

Statistical data evaluation was done with one-way ANOVA followed

by Tukey’s multiple comparison test using GraphPad Prism version

8.0.0 for Windows. The significance level was 0.05.

RESULTS

Biochemical variables in different plasma types

Our first step was to analyse biochemical attributes in analytical samples

of different plasma types that had been subjected to freezing and

thawing. These data are summarized in Table 1. ANOVA revealed signif-

icant differences between total protein levels: The lowest protein values

were determined for the two source plasma types Autopheresis-C and

Haemonetics PCS-2. This was to be expected for source plasma col-

lected from donors undergoing intensified plasmapheresis [40, 41]. In

addition, comparison of recovered and the in-line filtered plasmas

showed that the level of total protein is not affected by the different in-

line filtration procedures (Supplemental Material, Figure 1).

The FVIII activity levels of the different plasma types are summa-

rized in Table 1 and Figure 1a, which show the significant differences

found between the individual plasma types. Actual values ranged from

0.79 IU/ml (In-line Filtered Plasma, Type B) to 1.19 IU/ml (recovered

plasma), but with high variability between the individual units. [Cor-

rection added on 06 September 2021 after first online publication:

The range of actual values of individual plasma types was corrected to

“0.83 IU/ml (Autopheresis-C)” in the preceding sentence.]. Their

levels did not differ significantly between the plasma types, with

VWF:RCo showing slightly higher differences (Table 1). All data
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showed that the in-line filtration procedures did not affect the VWF

levels. Moreover, detailed analysis of the different VWF variables indi-

cated that the multimeric structure of VWF was not affected in the

different samples with one exemption: Plasma obtained by the

Haemonetics PCS-2 system was devoid of the high-molecular weight

multimers, as demonstrated in Figure 1b (lane 2). However, this was

not reflected by the functional VWF assays VWF:CB and VWF: RCo,

probably as a consequence of their variability or their lower sensitivity

in detecting high-molecular weight VWF multimers compared with

multimer analysis. Despite this small variation in the different individ-

ual plasma samples, there was no evidence that the in-line filtration

process affected the multimer composition of VWF.

The concentrations of the coagulation activation marker prothrom-

bin fragment F1 + 2 and TAT differed significantly between the plasma

types (Table 1, Figure 2). The lowest average TAT value was found for

the source plasma obtained by the Autopheresis-C system, and highest

for the recovered plasma (Figure 2a). The large differences could, how-

ever, be partly due to outlying abnormal values of single donors that

can originate from the venepuncture applied and which is known to

lead to activation of the coagulation system. We noticed that TAT con-

centrations ranged widely (from 0.7 to 122 ng/ml) in the recovered

plasma. The values for FXIIa, a marker of contact activation, also dif-

fered significantly, mainly between Haemonetics and plasma type C

(Supplemental Material Figure 8). FXIIa concentrations higher than

4 ng/ml were measured which were probably due to in-line filtration

with the filter for type C (Figure 2c). Significant differences were found

for the C3a concentrations. The highest mean concentrations of C3a,

indicative of complement activation, were obtained for source plasma

prepared with the Autopheresis-C system (4914 ng/ml, Figure 2d).

Plasma obtained by the Haemonetics system and by the in-line filtered

plasma type A had essentially the same concentration (range 200–

300 ng/ml). Slightly higher values were measured for in-line filtered

plasma type B (approximately 600 ng/ml) and considerably higher

values for in-line filtered plasma type C (2307 ng/ml). We conclude that

filtration processes during plasma preparation can induce complement

activation, dependent on the filter type used.

As mentioned above, we were especially interested in determining

the residual cell contents of different plasma types. For these measure-

ments, we used a FACS procedure [37] which allows linear detection of

as low as 6 platelets/μl, 8 erythrocytes/μl, and 1 leucocyte/μl. We found

large differences between the plasma types in the platelet content of sam-

ples that had been frozen and thawed again. Clearly, this procedure could

impact the results obtained. Assuming that these possible effects would

affect all samples to the same extent, a comparative data evaluation

seemed to be justified. The highest residual cell contents (mean approxi-

mately 15,000 cells/μl; Figure 3) were found for plasma obtained with the

Haemonetics system and recovered plasma, both of which were prepared

by a process based on centrifugation. By contrast, the three plasma types

prepared from in-line filtered whole blood, which were also separated by

centrifugation, had considerably lower platelet content. We therefore

hypothesise that the platelets are affected by the in-line filtration proce-

dure. Plasma prepared with Autopheresis-C had a very low platelet con-

tent, which was close to the detection limit of the FACS procedure.T
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F I GU R E 1 FVIII and VWF-related attributes in different plasma types. (a) The mean FVIII activities and the mean VWF-related attributes
VWF:Ag, VWF:Co and VWF:CB concentrations for the six different plasma types. Error bars mark the single SD. The following numbers of single
plasma samples were averaged: Source plasma (Autopheresis C), n = 10; source plasma (Haemonetics), n = 10; recovered plasma (classic), n = 12;
in-line filtered plasma type A, n = 10; in-line filtered plasma type B, n = 10; in-line filtered plasma type C, n = 26. (b) The analysis of the
multimeric composition of VWF with a 1% agarose gel

F I GU R E 2 Activation markers in different plasma types. The mean concentrations of the activation markers TAT (a), prothrombin F1 + 2 (b),
FXIIa (c) and complement C3a (d) are shown. Error bars mark the single SD. The following numbers of single plasma samples were averaged:
Source plasma (Autopheresis C), n = 10; source plasma (Haemonetics), n = 10; recovered plasma (classic), n = 12; in-line filtered plasma type A,
n = 10; in-line filtered plasma type B, n = 10; in-line filtered plasma type C, n = 26
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We also found that recovered plasma had the highest leucocyte

content (approximately 50 cells/μl, Figure 3). All the other plasma

types showed a very low leucocyte content (<10 cells/μl). No intact

erythrocytes could be detected in the different plasma preparations,

although we did find damaged cells, referred to as “ghosts”, to a vary-

ing extent (Figure 3) [37]. The two source plasma types had the lowest

content. Recovered plasma and the three in-line filtered plasmas had

substantially higher values. Measurement of the residual cell content

demonstrated that plasma prepared by the Autopheresis-C system

was virtually cell free (Table 2).

To investigate the influence of repeated freezing and thawing on

the residual cell levels, we carried out freezing experiments with

Autopheresis-C source plasma and in-line filtered plasmas type A and

type C. We found that the freezing process only had a minor influence

on the platelet content (Figure 4). In addition, the low leucocyte levels

found (Figure 4) in the two in-line filtered plasma types before freez-

ing indicated that the in-line filtration procedures are highly effective

in reducing the leucocyte content of whole blood. Erythrocytes were

destroyed by the freezing and thawing process, resulting in the detec-

tion of many erythrocyte “ghosts” after the process (Figure 4). Inter-

estingly, the measurement LDH, a general marker for cell damage

[19], demonstrated no differences between the plasma types

(Table 3). Thus, the in-line filtration process seemed to have no influ-

ence on this variable.

Platelet-associated proteins in different plasma types

The residual platelet content in the plasma samples suggested that

platelets were affected by the in-line filtration procedure. This

prompted us to measure the content of PF4 and bTG, which are prob-

ably indicative for the level of platelet damage, in the different plasma

preparations. By exerting stress on platelets by freeze-drying, which is

known to disrupt cells, we demonstrated a linear relation between

bTG and PF4 concentrations and the number of damaged platelets

(Figure 6). In particular, a harsh lyophilisation procedure released PF4

and bTG from platelets, while the process of freezing and thawing

alone was not responsible for cell damage (Figure 6).

Figure 5 and Table 3 summarize our results obtained for PF4 and

bTG for the frozen and thawed samples (Table 3 also shows the LDH

data). Higher values were obtained for the in-line filtered plasma types

than for plasma recovered by the classic process, confirming our

hypothesis that platelets are disrupted by the filtration process. The

lowest PF4 and bTG concentrations were found for source plasma

prepared with the Autopheresis-C system. Haemonetics source

plasma had much higher values, suggesting that the centrifugation

caused platelet damage by shear stress. Values obtained for source

plasma (Autopheresis-C) and in-line filtered plasma type C were hardly

affected by the freezing and thawing process (Figure 6), which

seemed to be essential for the release of platelet-associated proteins

F I GU R E 3 Residual cell count in different plasma types. The mean cell counts for leucocytes (a) and erythrocytes (c), while (b) shows the
means for erythrocytes (ghosts) and (d) for platelets. The following numbers of single plasma samples were averaged: Source plasma
(Autopheresis C), n = 10; source plasma (Haemonetics), n = 10; recovered plasma (classic), n = 12; in-line filtered plasma type A, n = 10; in-line
filtered plasma type B, n = 10; in-line filtered plasma type C, n = 26
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T AB L E 2 Residual cell content in different plasma types

Cells/μl (mean � SD)

Plasma Type Leucocytes Erythrocytesa Erythrocytesb Platelets

Source plasma (Auto-C), n = 10 0 0 0 8 � 3

Source plasma (Haemonetics), n = 10 0.18 � 0.14 0 143 � 25 15 860 � 5590

Recovered plasma (classic), n = 12 51 � 48 0 610 � 455 13 503 � 7297

In-line filtered plasma type A, n = 10 0.006 � 0.013 0 1255 � 436 100 � 127

In-line filtered plasma type B, n = 10 0 7 � 4 1056 � 613 3 � 2

In-line filtered plasma type C, n = 26 0 0 849 � 775 2447 � 2861

ANOVA results (α = 0.05)c p < 0.0001 Not done p = 0.0247 p = < 0.0001

Note: Remarks: Means � standard deviations are shown. The abbreviation n.d. stands for not detected.
aThe column shows the erythrocyte count with normal phenotype.
bThe number of erythrocyte “ghosts” is shown.
cOne-way ANOVA was performed followed by Tukey’s multiple comparisons test using GraphPad Prism version 8.0.0 for Windows, GraphPad Software,

San Diego, California. Results obtained for the individual comparison of groups with the Tukey’s multiple comparison test are shown in Supplemental

Material.

F I GU R E 4 Influence of freezing-thawing on residual cell content in different plasma sources. Erythrocytes, erythrocytes (ghosts) and
platelets were measured in fresh and frozen samples of source plasma (Autopheresis C) and of in-line filtered plasma types A and C

T AB L E 3 Cell-associated proteins in different plasma types

Plasma Type LDH (U/l) PF4 (IU/ml) bTG (IU/ml)

Source plasma (Auto-C), n = 10 113 � 20 161 � 85 176 � 62

Source plasma (Haemonetics), n = 10 142 � 28 630 � 210 2145 � 804

Recovered plasma (classic), n = 12 113 � 20 239 � 95 308 � 116

In-line filtered plasma type A, n = 10 139 � 30 1680 � 1093 3199 � 1572

In-line filtered plasma type B, n = 10 111 � 21 420 � 371 1129 � 562

In-line filtered plasma type C, n = 26 114 � 26 805 � 488 1321 � 1095

ANOVA (α = 0.05)a p = 0.0053 p < 0.0001 p < 0.0001

Normal physiological range <240 0–5 10–50

Note: Remarks: Means � standard deviations (SD) are shown.
aOne-way ANOVA followed was performed by Tukey’s multiple comparisons test using GraphPad Prism version 8.0.0 for Windows, GraphPad Software,

San Diego, California. Results obtained for the individual comparison of groups with the Tukey’s multiple comparison test are shown in Supplemental

Material.
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in in-line filtered plasma type A, indicating a different mechanism of

platelet disruption than for in-line filtered plasma type C (Figure 6).

Platelet function analysis with PFA 100

We investigated the influence of whole blood filtration with in-line fil-

ter type A to further confirm our hypothesis that platelets are affected

by whole blood in-line filtration. We measured whole blood mean clo-

sure times of 163 s with collagen-EPI cartridges and of 95 s with

collagen-ADP cartridges. These closure times were within the publi-

shed reference ranges of 98–185 s for collagen-EPI cartridges and

77–133 s for collagen-ADP cartridges [42]. After filtration through

the appropriate filter device, no definite closure times (>300 s) could

be measured for any of the samples with either of the cartridges. This

reflects the reduction in content of intact platelets resulting from the

filtration process. The content, as determined by the whole blood cell

counter, went down from 290,000 to 30,000 cells/μl.

Determination of blood cell-associated marker
proteins in manufacturing plasma pools

The study described above was performed with a limited number of

single donor plasmas and showed the variability of platelet-associated

proteins PF4 and bTG in different plasma types used for fractionation.

Therefore, it was of special interest to investigate if these results

could be verified for manufacturing plasma pools used in the plasma

F I GU R E 6 Release of PF4 and bTG after freezing and thawing. (a) PF4 and bTG levels in platelet suspensions, adjusted to 125,000, 250,000
and 500,000 cells/μl. PF4 and bTG are released by a procedure including deep freezing at �70�C, lyophilisation and reconstitution of the samples
with water. (b) The concentrations of PF4 and bTG in different plasma types

F I GU R E 5 Cell-associated protein levels in different plasma types. The mean concentrations of the cell-associated proteins PF4, bTG and
LDH are shown. The following numbers of single plasma samples were averaged: Source plasma (Autopheresis C), n = 10; source plasma
(Haemonetics), n = 10; recovered plasma (classic), n = 12; in-line filtered plasma type A, n = 10; in-line filtered plasma type B, n = 10; in-line
filtered plasma type C, n = 26
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fractionation process. Thus, we measured PF4 as a selected variable

in different plasma pools of source plasma (Autopheresis-C), recov-

ered plasma and in-line filtered plasma consisting of 2000 to 6600 sin-

gle plasma units, each. As we demonstrated that platelets were

affected by in-line filtration of whole blood, we decided to also deter-

mine the levels of elastase from polymorphonuclear (PMN) leucocytes

as a marker for testing the integrity of leucocytes. Our results are

summarized in Table 4. Like the results above, source plasma pools

were shown to have very low mean PF4 levels (114 IU/ml). Higher

mean values were found for recovered plasma (369 IU/ml) and in-line

filtered plasma (1023 IU/ml). A similar relation between plasma type

and marker protein level was found for elastase, determined and pre-

sent as an inactive elastase-alpha1-antitrypsin complex. Thus, we

measured mean concentrations of 69, 123, and 329 μg/ml for source,

recovered and in-line filtered plasma pools, respectively. The PMN

elastase values for in-line filtered plasma were substantially higher

than for recovered plasma. This is a strong indicator for the fact that

leucocytes are not only depleted from whole blood by the in-line fil-

tration procedure but also that the filtration process obviously affects

the integrity of the leucocytes leading to a release of PMN elastase.

PMN elastase activity, however, is immediately neutralized by effec-

tive complex formation with alpha1 antitrypsin.

DISCUSSION

Currently safety and quality of plasma for fractionation focus on path-

ogen safety issues, while protein-specific variables (e.g. FVIII levels) in

plasma for fractionation are not considered to be related to the basic

need for assuring the quality and safety of plasma. In his review [43],

Farrugia proposed that such variables should be restricted to arrange-

ments between the supplier of plasma and manufacturer of its prod-

ucts. However, variables and standards need to be set for plasma for

fractionation, preferentially on a global level, for regulatory authorities

to assess the essential safety features, particularly those contributing

to viral safety, independently from issues centred around the need for

specific products, such as coagulation factors [6, 10–12, 23]. While

for obvious reasons there are numerous publications on pathogen

safety, studies on plasma quality assessed by biochemical variables

are relatively rare. Consequently, in a comprehensive study, clotting

factors and several critical proteins were measured and compared in

plasma obtained after whole-blood filtrations with different filters and

non-filtered plasma [44]. In our comparative study, we chose six dif-

ferent plasma types used as starting plasma for fractionation: one

source plasma prepared with the Autopheresis-C and another with

the Haemonetics PCS-2 system, plasma recovered by the classic

method and three types of in-line filtered plasmas prepared from

whole blood that had been subjected to different filter systems to

reduce the leucocyte load.

We selected several biochemical and cellular markers to charac-

terize the plasma types. Our tests for biochemical markers comprised

protein content, coagulation factors FVIII and VWF, prothrombin frag-

ment (F1 + 2) and TAT, two activation markers of coagulation [45],

FXIIa, a marker of contact activation [46, 47], and complement factor

C3a, a marker of complement activation [48]. In addition, we deter-

mined the residual cell content (platelets, leucocytes, erythrocytes,

and erythrocyte “ghosts”) by FACS analysis [37] and measured differ-

ent cell-specific markers: LDH as a general marker of cell damage [19]

and the platelet-associated proteins [49] PF4 and bTG, which are con-

stituents of alpha granules [50] and are known as heparin-neutralizing

proteins [51]. In another series of analyses, we measured PF4 and

PMN elastase in plasma pools used for fractionation, representing

more than 10,000 single plasma units.

By measuring these biochemical and cellular markers, we found

that there are substantial differences between plasma types in com-

plement activation, TAT values and, to a minor extent, FXIIa concen-

trations. Our results for complement activation in source plasma

prepared by apheresis technology confirmed previous reports of com-

plement activation on membranes via the alternative pathway [44,

52–54]. The most striking differences between the plasma types we

investigated were, however, in the residual cell content and cell-

associated proteins. This confirms previous studies reporting that

source plasma prepared by the Autopheresis-C system is virtually cell-

free [55].

Our results also show that leucocyte reduction of whole blood is

highly effective, but the depletion procedure is accompanied by the

T AB L E 4 PMN elastase and PF4 levels in manufacturing plasma pools

Plasma Type PMN Elastase (μg/ml) PF4 (IU/ml)

Source plasma (Auto-C), n = 36 69 � 29 (29–136) 114 � 143 (8–508)

Recovered plasma, n = 24 123 � 87 (32–453) 369 � 336 (22–1026)

In-line filtered plasma, n = 22 329 � 145 (125–677) 1023 � 256 (600–1656)

ANOVA (α = 0.05)a p < 0.0001 p < 0.0001

Tukey’s multiple comparison test: Source vs. recovered p = 0.0651 p = 0.0005

Tukey’s multiple comparison test: Source vs. in-line filtered p < 0.0001 p < 0.0001

Tukey’s multiple comparison test: Recovered vs. in-line filtered p < 0.0001 p < 0.0001

Note: Remarks: Means � SD values are shown. The numbers in brackets give the minimum and maximum values determined. Plasma pools of source and

recovered/in-line filtered plasma correspond to 2000 to 2800 and 4200 to 6600 single plasma units, respectively.
aOne-way ANOVA was performed followed by Tukey’s multiple comparisons test using GraphPad Prism version 8.0.0 for Windows, GraphPad Software,

San Diego, California.
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release of PMN elastase. This finding contrasts with an earlier study

where no increase in PMN elastase levels was found after in-line fil-

tration of whole blood by use of different filter systems [56]. How-

ever, our study confirms a more recent finding of strong neutrophil

and complement activation, which depended on the type of filter and

whole-blood storage conditions [44]. The authors of this study con-

cluded that despite the considerable elastase release by whole-blood

filtration, as detected by the increase in elastase-antitrypsin com-

plexes, the plasma showed no sign of proteinase activity due to a suf-

ficient inhibitory antitrypsin activity of a healthy donor. Additionally,

our data demonstrate that the integrity of leucocytes is obviously

strongly affected by the filtration process with not only activation of

neutrophil and the subsequent release of elastase during the filtration

process, but also a complete disruption of cells. Several studies inves-

tigated how prions, which are believed to cause vCJD, can be elimi-

nated during the manufacture of pharmaceutical products derived

from human blood [57, 58]. There is evidence to indicate that any

infectivity present may be reduced during these processes [59]. The

implication of lymphoid tissues and lymphocytes in the peripheral

pathogenesis of prion disease was the rationale for introducing

leucodepletion of blood donations to reduce possible vCJD transmis-

sion by blood components [60]. However, this practice, although

implemented in many countries and mandatory in some, was

questioned by some authors who believed at best it was only hypo-

thetically suitable for preventing the transmission of vCJD and there

had already been a vague discussion concerning potential risks of

leucodepletion such as increased leakages, which had not been inves-

tigated empirically [61, 62]. As our results indicate that the in-line fil-

tration process destroys cells instead of or in addition to removing

them, it seems questionable if any benefit can be gained by

removing leucocytes, which would also remove leucocyte-associated

proteins and pathogens including vCJD. The impact of in-line filtration

on blood cells is furthermore reflected by both the platelet counts in

whole blood and the functional characterization of platelets in the

PFA-100 system. Intact platelets were reduced substantially to about

10% of the value before in-line filtration and the reduced number of

functionally active platelets was ineffective to obtain full occlusion

of a collagen-coated capillary. However, our results show that the

passage of blood through leucocyte reduction filters not only removes

but disrupts the remaining platelets and promotes the release of the

platelet-associated proteins PF4 and bTG. Similarly, an increase in

bTG concentrations has been observed after in-line filtration [63].

In our study we used an additional platelet protein marker, PF4, which

is an alpha-granule protein [50] that originates from disrupted plate-

lets. In contrast to our findings, another group found no increase in

bTG values by in-line filtration of whole blood [56], suggesting differ-

ences in filtration conditions might play a role in this process. Despite

the effects observed on cellular blood components and marker pro-

teins derived from them, most of the plasma separation methods did

not affect the proteins of the VWF complex. This is remarkable

because VWF with a maximum molecular size of ≥20 million Dalton

[64] is not only the largest circulating soluble plasma protein, and con-

sequently difficult to filter [65], but is also subject to specific shear-

dependent degradation by ADAMTS13, a metalloprotease [66–69].

Nevertheless, the largest VWF multimers were not lost due to the

separation process. There was one exemption: The PCS-2 system,

which showed a somewhat lower content of the high molecular

weight VWF multimers. There is currently no explanation for this and

to find one further detailed analysis would be required. However, our

result is in-line with that found in a previous study, where the VWF

content of normal plasma pools was comparedwith plasma obtained by

five different apheresis procedures and where VWF:Ag, VWF:RCo and

11–15 VWF multimers were well preserved in all plasma units from

each of the five apheresis procedures [70]. Nevertheless, the highest

molecular weight forms of VWF are missing in all plasma products as a

consequence of co-purification of VWF with its cleaving protease

ADAMTS13, which degrades VWF in plasma starting during apheresis

and continuing throughout the fractionation process. In addition, our

study shows that the filtration process of whole blood can lead to acti-

vation of the complement system, as indicated by an increase in C3a

concentrations, regardless of whether the process is performed in-line

or by a frequently used filtration-based plasmapheresis system [54].

So far, most studies on starting plasmas for fractionation have

concentrated on the freezing process and its possible influence on the

levels of coagulation factors [41, 71, 72]. Only a few have investigated

the influence different plasma types have on the manufacturing of

therapeutic coagulation proteins. With respect to the high sensitivity

of the FVIII molecule to proteolysis, the measure of the coagulation

activation marker fibrinopeptide A was introduced as a criterion for

determining the quality of plasma as a source of factor VIII [73]. Some

data suggest that FVIII degradation products present in plasma of dif-

ferent qualities, in addition to other factors, might lead to increased

immunogenicity of FVIII concentrates [74], and molecular modifica-

tions have been detected in factor VIII concentrates produced from

different plasma pools [75]. Other investigators described the effects

of the plasma collection systems and processing variables on the qual-

ity of factor IX concentrate and found an increased thrombogenic

potential in plasma prepared by centrifugation [7]. Furthermore, dif-

ferent qualities of plasma for fractionation were found in one report,

where the investigators recommended avoidance of platelet contami-

nation and platelet activation [8]. These publications underline the

importance of minimizing the residual cell content, especially platelets,

containing negatively charged phospholipids, which can serve as

procoagulatory surfaces [76]. If the residual platelet content is not

minimized, unwanted side effects such as the promotion of activation

phenomena [77] or thrombogenicity problems [7, 8] may occur. In

addition, it should be emphasized that the anticoagulant efficacy of

heparin added in some manufacturing processes might be impacted

by PF4. However, as the neutralization of 1 IU heparin requires about

16,000 IU PF4 [78], this seems to be an important but only theoretical

concern, as such high PF4 levels were not observed in our study.

In summary, our findings indicate that besides several specific

tests, the platelet surrogate markers bTG and PF4 might be valuable

for comparing plasma sources, especially for evaluating new or modi-

fied devices for plasma collection and for monitoring biochemical

plasma quality.
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Abstract

Background and Objectives: Irradiation of red cell components is indicated for recipi-

ents at risk of transfusion-associated graft vs. host disease. Current technologies avail-

able comprise of a gamma (γ) or an x source of radiation. The benefits of x vs. γ include

non-radioactivity and hence no decay of the source. We aimed to compare the effect

of the two technologies on red cell component storage quality post-irradiation.

Materials and Methods: Paired units of red cell concentrates (RCC), neonatal red cell

splits (RCS), red cells for intra-uterine transfusion (IUT) or neonatal exchange transfu-

sion (ExTx) were either γ- or x-irradiated. Units were sampled and tested for five

storage parameters until the end of shelf life. Equivalence analysis of storage quality

parameters was performed for pairs of the same components (RCC, RCS, IUT or

ExTx) that were either γ- or x-irradiated.

Results: Nearly all component comparisons studied showed equivalence between

γ and x irradiation for haemolysis, ATP, 2,3-DPG, potassium release and lactate pro-

duction. The exceptions found that were deemed non-equivalent were higher

haemolysis with x irradiation for ExTx, lower 2,3-DPG with x irradiation for RCS irra-

diated early and higher ATP with x irradiation for IUT. However, these differences

were considered not clinically significant.

Conclusion: This study has demonstrated that a range of red cell components for use

in different age groups are of acceptable quality following x irradiation, with only

small differences deemed clinically insignificant in a few of the measured parameters.

K E YWORD S

irradiation, red cell concentrates, exchange transfusion, intra-uterine transfusion, Red cell splits

INTRODUCTION

Guidelines for blood transfusion services require the irradiation of red

cell components indicated for recipients at risk of transfusion-associ-

ated graft vs. host disease (TA-GvHD) [1]. TA-GvHD is a rare condi-

tion where viable lymphocytes in transfused blood can proliferate in

the recipient, particularly if they are severely immunocompromised,

usually with fatal consequences [2]. TA-GvHD is successfully

prevented with irradiation at a dose which renders lymphocytes non-

viable, yet should not cause significant harm to other cell types. How-

ever, the in vitro quality of irradiated red cell components deteriorates

faster during storage compared with non-irradiated red cells, and in

mitigation irradiated red cell components have a reduced shelf life. In

the UK, guidelines allow for standard red cells to be irradiated up to

14 days of storage, with a 14-day shelf life thereafter [3]. More flexi-

bility is given with European guidelines, which state red cells may be
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irradiated up to 28 days after collection with a 14-day shelf life there-

after (and no later than 28 days after collection) [4], while American

guidelines allow irradiation at any time during storage (up to 42 days)

with a 28 shelf life thereafter [5]. Guidelines on irradiation dose also

differ in each country, and the irradiation source could be either

gamma (γ) or X-ray. The Council of Europe [6], UK [1] and Australian

and New Zealand [7] guidelines recommend that for red cells, plate-

lets and granulocytes the minimum dose achieved in the irradiation

field is 25 Gy, with no part receiving more than 50 Gy, based on lym-

phocyte proliferation assays and component quality studies [8]. The

American and Japanese Blood services use a central dose of 25 Gy

(minimum 15 Gy).

Gamma irradiation uses a radioactive source, which is subject to

stringent security regulations. Also, due to the decay of the source, it

requires regular recalibrations and expensive disposal of the equip-

ment at end of life. In contrast, the X-ray sources are non-radioactive;

hence, the above burdens are removed.

Although literature exists that evidences the equivalence of γ and

X-rays in inactivating lymphocytes [9–11], there are limited data com-

paring the quality of red cell components post-γ or x irradiation. A

previous study from our laboratory [12], as well as Janatpour K, 2005

[10], found no clinically significant difference between γ and x irradia-

tion on red cell haemolysis and potassium leak over storage. In this

study, we looked at additional components and metabolic parameters

than previously studied to examine differences between γ and x irra-

diation more closely as x irradiation technology has developed in time

and is being more widely implemented internationally. The current

study was designed to ascertain whether red cell storage quality is

adequate for a range of red cell components transfused to all age

groups from foetuses to adult following x irradiation.

MATERIALS AND METHODS

Processing of components

This work was performed as two studies; in the first study, 40 Red

Cell Concentrates (RCC) in Saline Adenine Glucose Mannitol

(SAGM) were manufactured within the National Health Service

Blood and Transplant (NHSBT) under standard procedures; that is

leucocyte depleted (LD), manufactured and placed in cold storage

(2–6ºC) within 27 h of venepuncture. Twenty of the units had been

bled into FQE614B collection packs (Macopharma, Twickenham,

UK), in which the whole blood is filtered prior to separation to

remove platelets and leucocytes. These collection packs are used

for the manufacture of plasma and red cells. The other 20 units

were bled into LQT6283LB collection packs (Macopharma) in which

the whole blood is separated into plasma, buffy coat and red cells,

before the red cells are filtered. The FQE614B bags were cen-

trifuged at 4200 g for 15 min at 22�C (Sorvall RC 3BP+; Kendro

Laboratory Products, Bishops Stortford, UK), while the LQT6283LB

bags were centrifuged at 3399 g for 10 min at 22�C (Sorvall RC

3BP+). For Neonatal Red Cell Splits (RCS), a full-sized RCC was

split into six RCS by attaching an RCC to a set of sextuplet transfer

packs (Paediatric red cell transfer packs – PRCB6 U; 600 ml; Mac-

opharma) by sterile connection (TSCD; Terumo, Somerset, USA) in

accordance with the manufacturer’s instructions and allowed to

drain evenly into the transfer packs by gravity.

In the second study, 40 whole bloods (WB; 475 ml � 10%) col-

lected into 66�5 ml of citrate phosphate dextrose anticoagulant using

FQE614B collection packs (Macopharma) were leucocyte-depleted

(LD) and then placed in cold storage (2–6ºC) within 12 h of

venepuncture. On day one, 20 were manufactured into Neonatal

Exchange Transfusion (ExTx) and 20 into intra-uterine transfusion

(IUT) units. All WB were centrifuged at 4200 g for 15 min at 4�C

(Sorvall RC 3BP+;). To produce ExTx, a volume of plasma was

expressed (Luxomatic; Lmb; Schwaig; Germany) to achieve a

haematocrit (Hct) of 50–55% (the NHSBT specification), while for IUT

all the plasma was expressed using manual presses (Manual expresser;

Baxter, IL, USA) into an intermediate transfer pack then 34–36 g of

the plasma was added back to the red cells to achieve a Hct of 70–

85%. The neonatal and foetal components were from standard dona-

tions, without NHSBT ‘neonatal donor’ specification, but this would

not affect their characteristics for the purposes of this study.

Study design

Shown schematically in Fig. 1:

RCC and RCS study

Four SAGM RCC were pooled and split into four units on day one of

storage, undertaken ten times to give ten units in each of the four

study arms. Arms A and B were full-sized RCC, γ- or x-irradiated,

respectively, on day 14 of storage. Arms Cγ and Cx were RCC split

into RCS on day four and γ- or x-irradiated on day 14 of storage (late).

Arms Dγ and Dx were RCC split into RCS on day four and γ- or x-irra-

diated on day five of storage (early). We irradiated on day 14 (late) as

worst case according to UK guidelines, but also on day five (early) as

most common practice in NHSBT.

IUT and ExTx study

Two IUT units were pooled and split into two arms E and F; similarly,

two ExTx units were pooled and split into two arms G and H. This

was undertaken ten times to give ten units in each arm. All units were

tested for Hct on the day of production (day one) following pool and

split. All units were γ- or x-irradiated on day four of storage as worst

case. In the UK, ExTx and IUT have an overall five-day shelf life and

are 100% irradiated with a 24-h shelf life post-irradiation. They are

irradiated immediately before they are sent to hospitals.

For γ irradiation, the IBL437C model was used (CIS Bio Interna-

tional; Gif-sur-Yvette; France), and for x irradiation, the second
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generation RS3400 was used (Rad Source Technologies; GA, USA)

both at a dose of ≥25 to ≤50 Gy. At the time of testing, dose mapping

of the two irradiators was performed. Alanine dose mapping of the x

irradiator, with all six canisters filled, at 310 seconds timer settings,

measured the mean central dose at 35�6 Gy; minimum 27�5 Gy and

maximum 46�6 Gy (3�5% uncertainty in measurement). Normalized

measurements of the γ irradiator do map, at timer setting 9 min

14 seconds, with a 10 mm bottom spacer present, reported a central

F I G . 1 Study design. Two studies were performed with four arms in each (n = 10 units in each arm). All units were stored at 2–6�C. RCC and
RCS study: Arms A and B were full-sized RCC arms, γ- or x-irradiated on day 14 of storage. Arms C and D were RCC split into RCS on day four
and γ or x-irradiated on day 14 of storage for arms Cγ and Cx, respectively, and on day five of storage for arms Dγ and Dx, respectively. IUT and
ExTx study: Arms E and F were IUT and arms G and H were ExTx, γ- or x-irradiated on day four of storage. All arms in each study were tested a
day post-irradiation and arms A, B, C and D were also tested day seven and day 14 post-irradiation. RCC, IUT and ExTx components were
sampled on each testing day, while a single RCS was destructively tested on each testing day. SAGM, Saline Adenine Glucose Mannitol; RCC, Red
cell concentrate; RCS, Neonatal Red cell split; IUT, intra-uterine transfusion; ExTx, Neonatal Exchange Transfusion
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dose at 33�2 Gy; minimum 26�7 Gy and a maximum 45�6 Gy (5%

uncertainty in measurement).

Storage, sampling and testing of in vitro parameters

All units were stored at 4 � 2�C. As units from arms A, B and C were

paired, only arm A was tested a day before irradiation and represented

the baseline for arms A, B and splits in arm C. Arm D was tested a day

before irradiation and prior to splitting into RCS as baseline for arms

Dγ and Dx. Arms E, F, G and H were all tested a day before irradiation.

All arms A-H were tested a day post-irradiation, and arms A, B, C and

D were also tested day seven and day 14 post-irradiation (Fig. 1).

RCC, IUT and ExTx were sampled on testing days using a sterile

connected sample pouch (VSE0000A; Macopharma), while a single

RCS pack from each arms Cγ, Cx, Dγ and Dx was destructively tested

on each testing day.

Full blood counts (FBC) were performed using a Sysmex XN1000

haematology analyser (Sysmex Europe GmbH, Norderstedt, Germany).

Red cell supernatants were prepared by double-centrifugation at 2000 g

(a)

(b) (c)

(d) (e)

F I G . 2 Haemolysis. Shows haemolysis (%) levels for: a. the RCC comparison arm A vs. arm B; b. the RCS irradiated late comparison arm Cγ vs.
arm Cx; c. the RCS irradiated early comparison arm Dγ vs. arm Dx; d. the IUT comparison arm E vs. arm F and e. the ExTx comparison arm G vs.
arm H. Solid line shows mean value at each time point and within each arm (n = 10). Statistical analysis deemed γ and x irradiation equivalent for
RCC, RCS and IUT but not for the ExTx comparison. Dotted line represents UK specification (>75% must be below this value). RCC, Red cell
concentrate; RCS, Neonatal Red cell split; IUT, intra-uterine transfusion; ExTx, Neonatal Exchange Transfusion
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for 10 min (ALC PK130, DJB Labcare Ltd, Newport Pagnell, UK) and fro-

zen at <�70ºC. Supernatant haemoglobin (Hb) levels were determined

using a direct spectrophotometric technique as previously described [13].

Supernatant potassium and lactate concentrations were measured using

an Abbott Architect C16000 (Abbott, Maidenhead, Berkshire, UK).

For measurements of adenosine triphosphate (ATP) and

2,3-diphosphoglycerate (2,3-DPG), red cell samples were deproteinized

with perchloric acid as described previously [14] and stored below �70�C

prior to testing. ATP was measured with a coupled enzyme method

adapted from Lagerberg, JW et al. [15], while levels of 2,3-DPG were

(a)

(b) (c)

(d) (e)

F I G . 3 Supernatant potassium concentration. Shows supernatant potassium concentration (mmol/unit) for: a. the RCC comparison arm A vs.
arm B; b. the RCS irradiated late comparison arm Cγ vs. arm Cx; c. the RCS irradiated early comparison arm Dγ vs. arm Dx; d. the IUT comparison
arm E vs. arm F and e. the ExTx comparison arm G vs. arm H. Solid line shows mean value at each time point and within each arm (n = 10).
Statistical analysis deemed γ and x irradiation equivalent for all component comparisons. RCC, Red cell concentrate; RCS, Neonatal Red cell split;
IUT, intra-uterine transfusion; ExTx, Neonatal Exchange Transfusion
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measured with a commercially available kit (Roche Diagnostics, Welwyn

Garden City, UK), both using a Synergy HT microplate reader (BioTek,

Winooski, USA).

Statistical analysis

A paired t-test was used to compare specific parameters between two

arms of the study on the first day of testing of each arm (volume and

Hb), and an unpaired t-test was used to compare a dataset on a spe-

cific day with historic data from our laboratory, comprised of RCC in

SAGM manufactured with standard procedures, using Prism 5 (Gra-

phPad Software; San Diego, USA).

For testing whether γ and X-ray are equivalent for specific param-

eters between two irradiation arms of the same component, a two

one-sided test (TOST) was used [16] at the 5% significance level. The

underpinning model was a univariate analysis of variance (ANOVA)

fitted independently to each quality storage marker across two

(a)

(b) (c)

(d) (e)

F I G . 4 Intracellular adenosine triphosphate (ATP). Shows ATP concentration (μmol/gHb) for: a. the RCC comparison arm A vs. arm B; b. the
RCS irradiated late comparison arm Cγ vs. arm Cx; c. the RCS irradiated early comparison arm Dγ vs. arm Dx; d. the IUT comparison arm E vs. arm
F and e. the ExTx comparison arm G vs. arm H. Solid line shows mean value at each time point and within each arm (n = 10). Statistical analysis
deemed γ and x irradiation equivalent for RCC, RCS and ExTx comparisons but not the IUT comparison where x irradiation gave higher ATP levels
than γ irradiation. Dotted line represents recommended minimum for acceptable post-transfusion survival [19]. RCC, Red cell concentrate; RCS,
Neonatal Red cell split; IUT, intra-uterine transfusion; ExTx, Neonatal Exchange Transfusion
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factors: irradiation type and days post-irradiation. A random effect

was included in the model to allow for correlation between repeated

measurements from each pair of pooled and split donor units. Mean

values were estimated using least-squares methods. The margin of

equivalence, δ, defines a range of values for which the arms are close

enough to be considered equivalent [17], and it was decided that if

the 90% confidence level (CL) of the mean difference between the γ

and x irradiation was within 20% of the γ irradiation mean (current

practice), the irradiation types will be deemed equivalent. All equiva-

lence analyses were undertaken using SAS Enterprise Guide version

7.13 for Windows (2016 by SAS Institute Inc., Cary, NC, USA).

RESULTS

Component specification

The volume (ml), Hb (g/unit) and Hct (%) for all components were

compliant to NHSBT specification. When compared, all paired arms,

that is A vs B, Cγ vs Cx, Dγ vs Dx, E vs F and G vs. H, were not sig-

nificantly different for volume or Hb. These parameters were taken

from the first day of testing for each arm (as shown in Fig. 1); thus,

arm A on day 13 was compared to arm B on day 15 as Hb and Hct

are not thought to change significantly over 2 days of storage. For

IUT and ExTx, the pool was tested to represent arms E and F or

arms G and H, respectively. All units were within specification

except one ExTx pool (Hct 55�6%). This was accepted for the pur-

poses of this study as it was only marginally outside specification.

Quality during storage

Red cell haemolysis (Fig. 2) increased during storage in all the arms as

expected. The two irradiation types were found to be equivalent for

haemolysis, for all comparisons, except for the ExTx comparison

(Fig. 2e) where x-irradiated red cells showed 1�6 times higher mean

haemolysis than γ-irradiated red cells one-day post-irradiation. All

arms complied with current UK specification for haemolysis (>75% of

units must have <0�8% haemolysis) at the end of storage. Specifically,

arm A, B, Cγ and Cx had 90% <0�8% haemolysis, with only one unit

>0�8% haemolysis. This was the same replicate unit in all arms, that is

from the same pool. Arms D – H had 100% <0�8% haemolysis, which

is expected given that these units were irradiated earlier in storage

(day five for arm D and day four for arms E – H).

(a)

(b) (c)

F I G . 5 Intracellular 2,3-Diphosphoglycerate (2,3-DPG). Shows 2,3-DPG concentration (μmol/gHb) for: a. the RCS irradiated early comparison
arm Dγ vs. arm Dx; b. the IUT comparison arm E vs. arm F and c. the ExTx comparison arm G vs. arm H. Solid line shows mean value at each time
point and within each arm (n = 10). Statistical analysis deemed γ and x irradiation equivalent for IUT and ExTx comparisons but not the RCS
comparison. RCS, Neonatal Red cell split; IUT, intra-uterine transfusion; ExTx, Neonatal Exchange Transfusion
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Supernatant potassium released from red cells increased per unit

post-irradiation as expected (Fig. 3). This parameter, as well as super-

natant potassium mmol/l (not shown), was found to be equivalent

between γ and x irradiation for all components studied. The pre-

irradiation potassium levels are not shown for the RCS as they were

not measured in the RCS units.

Mean haemolysis (0�47 [0�25–1�01]%) and potassium (68�37
[59�40–73�40] mmol/l) levels at the end of storage (day 28) in RCC

arm A were within historic reference data from our laboratory for

RCC units γ irradiated on day 14 and tested on day 28. Likewise,

haemolysis (0�55 [0�35–0�84]%) and potassium (65�78 [56�70–69�80]
mmol/l) levels in RCS arm Cγ on day 28 were not statistically different

to RCS γ irradiated on day 14 and tested on day 28 from historic data.

Part of the historic datasets for RCC and RCS have been previously

published [18].

Adenosine triphosphate showed a decrease over storage for all

arms of the study (Fig. 4). All comparisons were deemed equivalent

between γ and x irradiation for this parameter except for the IUT

(a)

(b) (c)

(d) (e)

F I G . 6 Supernatant lactate. Shows supernatant lactate concentration (mmol/l) for: a. the RCC comparison arm A vs. arm B; b. the RCS
irradiated late comparison arm Cγ vs. arm Cx; c. the RCS irradiated early comparison arm Dγ vs. arm Dx; e. the IUT comparison arm E vs. arm F
and e. the ExTx comparison arm G vs. arm H. Solid line shows mean value at each time point and within each arm (n = 10). Statistical analysis
deemed γ and x irradiation equivalent for all component comparisons. RCC, Red cell concentrate; RCS, Neonatal Red cell split; IUT, intra-uterine
transfusion; ExTx, Neonatal Exchange Transfusion
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(Fig. 4d) where equivalence was not established due to ATP levels

being higher with x irradiation compared to γ irradiation. In all arms,

100% of units had ≥2�3 μmol/gHb ATP, which is the recommended

minimum for acceptable post-transfusion survival [19].

Metabolite 2,3-DPG was only measured in early storage as it is

depleted by day 14; therefore, only arms D – H are shown (Fig. 5).

The two irradiation methodologies were deemed equivalent for the

IUT and ExTx comparison, but not for the RCS comparison on day

12 of storage. However, by this time point levels were very low with

means 0�67 and 0�46 μmol/gHb 2,3-DPG for γ- and x-irradiated RCS,

respectively.

In this study, the two irradiation processes were found to be

equivalent in terms of lactate production for all components stud-

ied (Fig. 6).

DISCUSSION

In this study, we have compared quality parameters for red cell com-

ponents RCC, RCS, IUT and ExTx following γ and x irradiation over

storage until the end of shelf life. RCS were irradiated both early (day

five) and late (day 14) in storage, while RCC (day 14), IUT and ExTx

(day 4) were irradiated only as worst case. All components in the

study were acceptable for volume, Hb and Hct ranges and paired data

were not statistically different for volume or Hb.

The majority of red cell quality parameters studied showed equiv-

alence between γ and x irradiation at the 5% significance level, given

the choice of equivalence margin (20% around the overall γ irradiation

mean). The parameters which showed statistical non-equivalence due

to worsening quality with x irradiation were haemolysis for ExTx, and

2,3-DPG for RCS with early irradiation. For haemolysis, the levels for

ExTx post-irradiation were very low for both γ and X-ray, with the

highest haemolysis value 24-hour post-x irradiation being 0�19%;

thus, this difference is not considered clinically significant. In addition,

all arms in the study complied with UK specification for haemolysis

(>75% compliance at <0�8%). Overall, across all arms x irradiation

haemolysis levels were on average 1–13% higher than γ irradiation,

except for the ExTx arm which showed statistical non-equivalence for

haemolysis. Similarly, in previous γ vs X-ray comparisons published by

our group [12], there was no statistically significant difference in

haemolysis levels in RCC in SAGM when γ- or x-irradiated on day 14

of storage; however, x irradiation showed overall a 16% increase in

haemolysis compared with γ irradiation. This suggests a small worsen-

ing of red cell quality with x irradiation. However, the dosimetry of

the x irradiator measured slightly higher central dose than the γ irradi-

ator (35�6 Gy vs. 33�2 Gy, respectively), which may account for at

least part of the higher haemolysis observed. Previous studies have

shown that a central dose of 15 Gy [20] or 25 Gy [10] X-ray gave bet-

ter quality red cells than a central dose of 35 Gy while maintaining a

sufficient reduction of lymphocyte proliferation, suggesting red cell

quality is irradiation dose-dependent. It is important to note that as

we followed the more stricter UK guidelines in this study, different

timings of irradiation and post-irradiation storage of products may

result in higher haemolysis than shown here.

In terms of the 2,3-DPG concentration non-equivalence seen in

RCS, the biggest difference between γ and x irradiation was on day

12 of storage, by which time 2,3-DPG levels were almost

undetectable and reached the limits of the assay; hence, readings

become more variable. Taking into account that on day 6 of storage

(one-day post-irradiation), mean 2,3-DPG levels were only 7% lower

with x irradiation compared with γ irradiation; this reduction can be

considered clinically insignificant. Both IUT and ExTx units had higher

2,3-DPG levels than RCS, pre- and post-irradiation. This is due to the

shorter time taken for WB for IUT and ExTx units to be placed at

4 � 2�C from venepuncture (within 12 h) compared to RCC and RCS

(within 27 h), as the sooner red cells start cooling, the better 2,3-DPG

is preserved over storage [14].

On day six, RCS stored in SAGM had higher ATP levels than day

five red cells stored in plasma (IUT and ExTx), suggesting red cells

maintain ATP levels better in the presence of adenine in SAGM, a

source of ATP production [21].

It is known that irradiation compromises the red cell membrane

integrity directly, accelerating potassium leakage from the cells [22].

In this study, we did not see a difference in supernatant potassium

levels (mmol/l or mmol/unit) between γ- or x-irradiated components

beyond that defined by the margin of equivalence. This is in con-

trast with the study by Bashir et al. [12] which, according to the

methodologies and processes at the time, found a significant

increase in potassium release in x-irradiated ExTx compared with

γ-irradiated units 24-h post-irradiation (p < 0�001). The day of irradi-

ation was day four for both studies. The x irradiator used in the pre-

vious study differed from the second generation equipment used

here (based on its patented Quastar tube design and integrated

cooling system), potentially suggesting overall improvement of the

irradiation process over time.

The study design here did not include a non-irradiated arm, and

for the study of RCC and RCS, we relied on the γ- irradiated arm to

represent the current process within NHSBT, with results within end

of storage haemolysis and supernatant potassium of historic CDL ref-

erence data. In the IUT and ExTx study, a non-irradiated arm was not

needed as these components are 100% irradiated prior to issue.

In summary, despite small differences identified that suggest

slight worsening of red cell quality post-x irradiation compared with γ

irradiation, specifically haemolysis and 2,3-DPG levels, these differ-

ences are not considered clinically significant; therefore, x-irradiated

red cell components studied here (RCC, RCS, IUT and ExTx) are of

acceptable quality by the end of storage. In addition, considering the

logistical benefits of x irradiators over γ irradiators, they may repre-

sent a better method for blood services.
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Abstract

Background and Objectives: Platelet concentrates suspended in a platelet additive

solution (PAS-PC) are associated with a reduction in allergic response and are suit-

able for preparing pathogen-inactivated PC. We aimed to develop an efficient

platform for the dual preparation of PAS-PC and platelet-poor plasma.

Materials and Methods: PAS-PC was prepared in six steps by using a hollow-fibre sys-

tem based on cross-flow filtration: priming, loading PC, loading PAS, collection of fil-

tered liquid (flow-through) and collection of platelets by washing with PAS followed by

washing with air. In this study, the efficacy of platelet and plasma protein recovery and

characteristics of recovered PAS-PC and flow-through plasma were analysed in detail.

Results: Recoveries of platelet in PAS-PC and plasma protein in the flow-through were

95.4% � 3.7% and 61.6% � 5.0%, respectively. The residual plasma protein in PAS-PC

was 34.1% � 2.8%. Although the expression level of CD62P, a platelet activation marker,

in recovered platelets was approximately 1.2-fold of that in original platelets, swirling pat-

terns were well retained, and aggregation in PAS-PC was not visible. Agonist-induced

aggregabilities, platelet morphology and hypotonic shock recovery were conserved. The

patterns of plasma protein and lipoprotein in the flow-through were comparable with

those in the original PCs. The multimeric pattern analysis of VWF remained unaltered.

Conclusion: We propose a highly efficient preparation system that enables the simul-

taneous production of PAS-PC and platelet-poor plasma. It also achieves a high

recovery of functionally well-retained platelets with very low activation.

K E YWORD S

allergic transfusion reactions, hollow fibre, plasma protein, platelet additive solution, platelet
concentrates

INTRODUCTION

Transfusion of platelet concentrates (PCs) is indicated in patients

with thrombocytopenia due to acute life-threatening bleeding,

chemotherapy-related marrow dysfunction, heightened consump-

tion and less frequently to cease bleeding in congenital platelet

disorders regardless of platelet counts [1]. However, transfusion of

PCs is associated with various allergic transfusion reactions (ATRs),

Received: 22 February 2021 Revised: 6 May 2021 Accepted: 14 May 2021

DOI: 10.1111/vox.13155

Vox Sanguinis. 2021;1–9. wileyonlinelibrary.com/journal/vox © 2021 International Society of Blood Transfusion. 1

https://orcid.org/0000-0002-1776-0052
https://orcid.org/0000-0001-6518-2085
mailto:to-hayashi@kk.bbc.jrc.or.jp
http://wileyonlinelibrary.com/journal/vox


with a frequency of 1%–4% [2, 3]. ATRs most commonly manifest

as urticaria, pruritus, erythematous rash, angioedema, broncho-

spasm and/or hypotension. These manifestations vary in severity

but are most commonly mild, presenting only with localized pruri-

tus and/or urticaria. The prediction of ATRs is rather difficult, and

pre-medication may generally be inconceivable.

To reduce ATRs, the clinical application of platelet-additive-

solution suspended PC (PAS-PC) was first launched in 1991 in Swe-

den, and second- to fifth-generation PAS components for improving

the quality of PC during storage were developed [4–7]. Because of

the reduction in the plasma component (�35% of the original plasma)

in PAS-PCs, the frequency of PC-related ATRs can be significantly

decreased to about half of that in non-treated PCs [8, 9].

Buffy coat–derived blood products are widely used globally [10–

13]. Originally, in the European Union, a centrifugation-based system

using the combination of Atreus with TACSI (stands for Terumo Auto-

mated Centrifuge and Separator Integration; Terumo Medical) sys-

tems [14] was introduced to prepare PAS-PCs, where pooled PCs and

a mixture of buffy coats prepared from five to six individual whole

blood parts, which were re-suspended in plasma, were used as the

initial material. More recently, a fully automated protocol for

centrifugation-based systems has been introduced, which is expected

to increase the volume of source plasma and address the expanded

global need for immunoglobulins (IgGs) in recent years. In recent

decades, collecting plasma-reduced PCs by apheresis has become

more popular [9, 15]. However, visible aggregates are sometimes

observed even in PAS-PC like in plasma-PC, although the incidence

ranges widely from almost zero to 10%–15% [15, 16]. The presence

of aggregates, in both, could be a sign of bacterial contamination.

Therefore, presence of visible aggregates poses an issue to countries

and regions, including Japan, where pathogen inactivation techniques

and/or bacterial screening strategies have not been implemented.

Platelet activation by processing during centrifugation and/or shear

stress (pumps) during collection are considered plausible causes of

platelet aggregation [15].

Utilizing a hollow-fibre system devoid of a centrifugation step, we

recently reported the successful preparation of washed PCs and HLA-

eliminated PCs from plasma-suspended PCs, with very low platelet

activation and high platelet count recovery [17, 18]. In line with these

studies, we report here an efficient platform for dual preparation of

PAS-PC and platelet-poor plasma using a hollow-fibre system coupled

with a cross-flow filtration technique. In this pilot study, we aimed to

evaluate PAS-PCs and flow-through plasma fraction and propose that

the novel method is the third choice for PAS-PC preparation.

MATERIALS AND METHODS

Chemicals

The chemicals purchased for this study included (1) phycoerythrin

(PE)-conjugated anti-human CD62P (clone: AC1.2, mouse IgG, BD

Biosciences, Tokyo, Japan), (2) PE-conjugated mouse IgG (clone:

MOPC-21, BD Biosciences, Tokyo, Japan), (3) peridinin chlorophyll pro-

tein complex (PerCP)-conjugated anti-human CD61 (clone: RUU-PL

7F12, mouse IgG, BD Biosciences, Tokyo, Japan), (4) horseradish

peroxidase–conjugated polyclonal VWF antibody (Dako, Glostrup, Den-

mark), (5) collagen reagent (Horm collagen, Moriyasangyo, Tokyo, Japan)

and (6) TRAP (thrombin receptor activator peptide 6, SFLLRN, Abcam,

Tokyo, Japan). PAS-E was purchased from Grifols S.A. (Barcelona, Spain).

Preparation and storage of platelet concentrates

Leuco-reduced (<1 � 106/bag) PCs were collected from 10 volunteer

donors using the standard aphaeresis procedure using Trima

(TerumoBCT) or CCS (Haemonetics Corporation) aphaeresis instru-

ments. The harvested PCs contained more than 2 � 1011 platelets per

bag and were irradiated with 15-Gy x-rays. The PCs were stored at

22�C with agitation before use within 4 days. This study was

approved by the ethics committee of the Japanese Red Cross Blood

Institute (2019-005).

Preparation of PAS-PC

To prepare the PAS-PCs, 200 ml of PCs were applied to a hollow-fibre

column (Toray Industries, Inc., Otsu, Japan), which was used in our

previous study for the preparation of washed PCs [17]. The dimen-

sions of this device are approximately 30 cm (length) and 9.7 cm

(diameter), containing 792 hollow fibres inside. As shown in Figure 1,

a PC bag, 300 ml PAS-E bag, storage bag (PAS-PC collection bag),

waste bag and flow-through plasma collection bag were assembled

using a 3 � 6 SR tube (AS one) to connect a hollow-fibre column, and

two roller pumps (FP-300-1515, AS ONE Corporation, Osaka, Japan)

were set; one was set upstream of the hollow-fibre column and

another between the column and the flow-through bag. PAS-PC was

prepared by six distinct steps that switch direction and flow rate man-

ually: (1) priming, (2) loading PC, (3) loading PAS, (4) collection of flow-

through, (5) collection of platelets by washing with PAS and (6) collec-

tion of platelets in the residual washing PAS present in the column by

air. To achieve stable filtration, the pump flow rate was set at 100/s

at the inlet of the hollow fibre, and the filtration rate was set at 70%

using the second pump. A newly assembled circuit including bags,

hollow-fibre and tubes was used for each run. An aliquot (�5 ml) of

the original PCs and the resulting products were collected and used

for the analyses described below.

Platelet counts and pH

Platelet counts and pH were determined using a cell counter (Sx-800,

Sysmex, Tokyo, Japan) and blood gas analyser (Model 348, Siemens

Medical, Tokyo, Japan), respectively. Platelet recovery was calculated

as the ratio of the number of platelets in the PAS-PC products to that

in the original PCs.
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Agonist-induced platelet aggregation

Agonist-induced platelet aggregation was measured as previously

described [18]. Briefly, platelet samples were suspended in an equal

mixture of type AB plasma and PAS-E to obtain a final platelet count

of 300 � 103/μl (PRP). Calcium chloride at final concentrations of

4 mM and agonists were added to 200 μl of the diluted platelet sam-

ples. ADP, collagen and ADP plus collagen at final concentrations of

20 μM, 5 μg/ml and 5 μM plus 2.5 μg/ml, respectively, were added to

the samples. Agonist-induced platelet aggregation was assessed using a

F I GU R E 1 Outline of cross-flow filtration system. The cross-flow system consists of an assembled hollow fibre module, one air trap, two rotary
pumps, two air filters, five collection bags and PC with silicon tubes. The procedure consists of six distinct steps using a hollow-fibre system by
manually switching the flow direction and flow rate. In step 1, PAS-E is loaded onto the column at a flow rate of 88 ml/min on pump 1 for 1 min. The
fluid is collected in a waste bag. In step 2, PC is loaded to the column at 12.6 ml/min on pump 1 and at 8.8 ml/min on pump 2 for 15.9 min. Fluids are
collected in a PAS-PC bag and flow-through a collection bag. In step 3, PAS-E is loaded to the column at 12.6 ml/min on pump 1 and at 8.8 ml/min on
pump 2 for 3.7 min. In step 4, pump 1 is stopped and the airport on the outer side of the column is opened and then flows through the outside of the
hollow fibre and is collected at 8.8 ml/min on pump 2 for 1 min. In step 5, pump 2 is stopped, and the airport outside the column is closed. Then, PAS-E
is loaded to the column at 88.2 ml/min on pump 1 for 1 min. In step 6, pump 1 is stopped, the column stood vertically, and the airport on the upper-
side outlet is opened to collect platelets in the hollow fibre for 2 min under normal gravity [Colour figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 2 In vitro platelet quality tests. Agonist-induced platelet aggregation (a), hypotonic shock response (%-HSR) (b) and stop and flow (c).
(a) PRP was stimulated with ADP, collagen and ADP plus collagen at final concentrations of 20 μM, 5 μg/ml and 5 μM plus 2.5 μg/ml, respectively.
(a–c) Six independent experiments (circles) and the median, maximum and minimum (vertical line and box) are shown. Significant differences (p-
values) were determined by Wilcoxon signed-rank test

T AB L E 1 In vitro properties of original PC, PAS-PC and flow-through

Original PC PAS-PC p values Recoverya Flow-through p values Recoveryb

Volume (ml) 201 � 1 203 � 10 0.59 – 170 � 8* <0.001 –

PLT count (� 104/μl) 113 � 15 107 � 13 0.02 – – –

Total platelets (� 109)c 227 � 31 217 � 30* 0.004 95% � 4% – –

pH (at 37�C) 7.22 � 0.13 7.22 � 0.04 1 – –

CD62P-positive platelets (%)d 17.2 � 6.9 20.4 � 7.7* <0.001 – – –

Protein concentration (g/dl) 5.8 � 0.4 2.0 � 0.1* <0.001 – 4.1 � 0.4* <0.001 –

Total protein (g) 11.4 � 0.7 4.0 � 0.7* <0.001 34.1% � 2.8% 7.0 � 0.8* <0.001 61.6% � 5.0%

Note: Values are shown as mean � SD (n = 10).

*Significantly different from original PCs at p < 0.005. aDivide the total platelet number of PAS-PC by that of the original PC.
bDivide the total protein of flow through by that of the original PC. Total protein; multiply the protein concentration by the volume.
cMultiply the platelet count by the volume.
dThe %-CD62P positive platelets were raised from 13.1% to 94.1% after TRAP stimulation at the final concentration of 10 nM.
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Hematracer 912 (Tokyo Photoelectric, Tokyo, Japan) for 7 min using AB

plasma and PAS-E mixture as a reference for 100% transmittance.

Hypotonic shock response and platelet morphology

The HSR was determined using the standard method described by

Holme and colleagues [19]. Briefly, the samples (PRPs) were mixed

with distilled water and physiological normal saline followed by

measurement of %transmittance at 550 nm using a UV-1800 spec-

trophotometer (Shimadzu, Kyoto, Japan) for 7 min using physiologi-

cal normal saline as a Reference [20]. To determine platelet

morphology, PRPs were subjected to stop and flow methods

described previously using a modified aggregometer (Hematracer

801, NBS, Tokyo, Japan). Briefly, we recorded the %transmittance

of the PRP samples under stirring (T’800) and non-stirring

(T0) conditions, and E800/E0 was calculated as the morphology

score.

Surface expression of CD62P

Fifty microliters of PAS-PCs and aliquots of original PCs were fixed

with 1% PFA and stored at 4�C for at least 2 h. CD62P expression

was measured as described previously [21]. Fixed platelets

were washed with PBS, followed by labelling with both PerCP-

conjugated anti-CD61 and PE-conjugated anti-human CD62P anti-

bodies (or PE-conjugated mouse IgG as a negative control) by incu-

bating for 20 min at room temperature in the dark. The samples

were then washed with PBS and subjected to flow cytometric anal-

ysis. The percentage of CD62P-positive cells within a region gate

of CD61-positive cells was then measured using a cell analyser

SA3800 (Sony, Tokyo).

Plasma analyses

The original PC, PAS-PC and flow-through were centrifuged at

7500 g for 10 min. Each aliquot of the supernatants was used to

determine the protein concentration using the Pierce BCA protein

assay kit (Thermo Scientific, IL). The residual sample was divided into

two; one was stored at 4�C for analyses of A/G ratio, protein fraction

and lipoprotein fractions; while the other was stored at �20�C for

VWF-multimer analysis. The former three analyses were performed

by an outsourced Japanese laboratory (SRL Inc, Tokyo, Japan). VWF

multimer analysis was performed according to the method described

by Budde et al. [22, 23], with a minor modification by Naito et al. and

Horiuchi et al. [24, 25]. The supernatants were subjected to electro-

phoresis in 1% agarose gel on 3 mA for 12 h at 4�C. Proteins were

transferred to a polyvinylidene difluoride membrane by capillary blot-

ting. The blots were incubated with HRP-conjugated polyclonal rabbit

anti-human VWF antibody (Dako, CA). The protein bands were visual-

ized using western lightning ECL (PerkinElmer, Boston, MA) and

detected by Image Quant LAS500 (GE Healthcare, Tokyo, Japan). Rel-

ative levels of VWF fragments were quantified by densitometry using

Image J software (National Institutes of Health, Bethesda, MD). Small,

middle and large multimer bands were defined as five bands that were

closest to the negative electrode, 6–10 bands and >10 bands, respec-

tively, in accordance with a previous report [25].

Statistical analysis

The statistical significance of the differences between the various

samples was analysed using the Wilcoxon signed-rank test, with

p < 0.005 being considered as significant.

RESULTS

Preparation of PAS-PC and flow-through plasma with
a hollow-fibre column system

The whole procedure was carried out at room temperature (ranging

approximately from 20 to 24�C) for about 30 min. In all 10 experi-

ments, there was no visible aggregate in the PAS-PC products. The

in vitro properties of the original PCs, PAS-PCs and flow-throughs

are shown in Table 1. The volume of PAS-PC was comparable to

that of the original PC, and the platelet count decreased by approxi-

mately 5%. Therefore, the platelet recovery in PAS-PC was

95.4% � 3.7%. No platelet was detected in the flow-through frac-

tion (<1.0 � 104/μl). The values of pH were comparable. The

T AB L E 2 Proportion of plasma proteins in original PC and flow-
through

Original PC Flow-through p valuea

Plasma protein fraction

Albumin 59.2% � 2.8% 59.7% � 2.8% 0.06

Alfa 1 globulins 3.3% � 0.5% 3.2% � 0.5% 0.78

Alfa 2 globulins 8.7% � 1.1% 8.6% � 1.0% 0.38

Beta 1 globulins 6.3% � 0.6% 6.1% � 0.7% 0.14

Beta 2 globulins 10.5% � 0.9% 10.4% � 1.0% 0.34

Gamma globulins 12.1% � 1.5% 12.0% � 1.6% 0.38

Lipoprotein fraction

HDL 20.5% � 5.6% 20.8% � 6.0% 0.66

LDL 44.7% � 6.1% 43.2% � 5.3% 0.31

MIDBAND 14.7% � 7.6% 13.2% � 8.0% 0.50

VLDL 19.8% � 2.4% 21.7% � 3.4% 0.36

A/G ratio 1.5 � 0.2 1.5 � 0.2 0.25

Note: Values are shown as mean � SD (n = 10). HDL, LDL, MIDBAND,

VLDL and A/G ratio mean high-density lipoprotein, low-density

lipoprotein, mid-band lipoprotein, very low-density lipoprotein and

albumin–globulin ratio, respectively.
ap-values were determined using Wilcoxon signed-rank test.
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percentage of CD62P-positive platelets of the irradiated platelets in

PAS-PC was slightly but significantly increased, indicating some

additional activation of platelets during the process.

Characterization of platelets in PAS-PC

No visible platelet aggregates were observed in PAS-PC. The results

of agonist-induced platelet aggregability, HSR and platelet morphol-

ogy are summarized in Figure 2(a–c).

As shown in Figure 2(a), after PAS-PC preparation, the maxi-

mum platelet aggregation elicited by ADP stimulation slightly

decreased, but that by collagen was not substantially reduced. The

lower sensitivity to ADP in PAS compared to that in plasma may be

an effect of PAS as it contains lower levels of apyrase [26]. There-

fore, the aggregation induced by ADP plus collagen was not

reduced substantially, indicating that platelet aggregability was

well retained. Furthermore, the percentage of HSRs slightly

decreased after PAS-PC preparation, but there was no significant

difference in platelet morphology, which was measured as a score

of stop and flow (Figure 2(b, c)).

Characterization of plasma proteins in the flow-
through fraction

The proportions of plasma proteins, including albumin, a1�/a2-globulin,

b1�/b2-/r-globulins and lipoprotein fractions including HDL, LDL, MID-

BAND and VLDL were almost indistinguishable between the original

PCs and flow-through fractions (Table 2). We then investigated the

molecular structure of plasma proteins using VWF as a representative

using multimeric analysis. Densitometric analysis was used to determine

the ratio of large, medium and small VWF multimers. Figure 3(b) shows

no significant changes between the original PCs and flow-through frac-

tions. When fractionated, the protein concentration in the flow-through

gradually increased in the first 63 ml up to that found in the original PC

and remained high for the next �105 ml (Figure S1); the recovery rate

of the high protein concentration fraction was approximately 53%.

F I GU R E 3 VWF multimer analysis. (a) Representative western blotting and VWF fraction analysis. (b) Three VWF fractions, large, medium
and small, were quantified, and the ratio of fractions is shown. Eleven independent experiments (circles) and the median, maximum and minimum
(vertical line and box) are shown. The values of the mean � 1 SD are also shown. Significant differences (p-values) were determined by Wilcoxon
signed-rank test [Colour figure can be viewed at wileyonlinelibrary.com]
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DISCUSSION

A hollow-fibre system has recently been developed in Japan for the

preparation of washed PCs and HLA-eliminated PCs from PCs

suspended in plasma [17, 18]. This development drove us to explore

the possibility that the same hollow-fibre system in combination with

the cross-flow technique can achieve simultaneous dual preparations

of PAS-PC and flow-through plasma. It was demonstrated that plate-

lets were efficiently recovered, barely activated and functionally well

preserved, while approximately 34% and 62% of plasma protein were

recovered in PAS-PC and flow-through, respectively. Our PAS-PCs

and high concentration fraction of the flow-through fulfil the present

regulations of Japan, as platelet product and source plasma,

respectively.

PAS-PCs collected as plasma-reduced PCs by apheresis and the

use of PAS as a storage medium in platelet production are occasion-

ally associated with a higher incidence of small platelet aggregates

[15]. Interestingly, in this study, which used a hollow-fibre system, no

aggregates were observed. There are three possibilities in this respect.

First, we simply used PCs that did not contain visible aggregations as

the original PCs. Second, preparations using hollow fibre resulted in a

much lower physiological stress than that using centrifugation, in

agreement with Flesch et al. [27], who stated that centrifugal forces

and shear stress during the centrifugation process might cause plate-

let activation and aggregation. Third, as some reports mentioned,

donor-related parameters may be one of the causes of platelet aggre-

gation [8, 28]. Therefore, a larger study is necessary to clarify the

issue of aggregation in the future.

One of the distinct advantages of PAS-PCs is that UV irradiation

for pathogen reduction can be more efficiently adopted to PAS-PCs

than plasma PCs because of their higher UV light transparency. How-

ever, pathogen reduction techniques usually elicit substantial platelet

activation [29, 30]. In this regard, it is conceivable that if platelets are

less activated in the process of PAS-PC preparation, they would be

less activated in the subsequent pathogen reduction process as well,

and hence, our system would provide good platelet sources with

reduced pathogens.

The pore size of the hollow fibres used in this study was

1000 nm; thus, one may be concerned that plasma proteins might

adsorb onto the hollow fibres and/or might destroy the molecular

structure of macromolecular plasma proteins. The recovery of plasma

protein in the flow-through fraction was high at 61.6%, whereas that

in PAS-PC was 34.1%. This result indicates that the hollow-fibre mod-

ule absorbs plasma protein minimally. The proportion of several repre-

sentative proteins, fractions of plasma proteins, IgG and lipoproteins

did not significantly differ between the original PCs and flow-through

fractions. In addition, although we examined only VWF multimers as a

representative of macromolecular plasma proteins with MW ranging

from 500 to 15,000 kD in normal plasma, the multimer ratio of VWF

followed by densitometry was well retained, and the ratios of large,

medium and small multimers of VWF were the same between plasmas

of original PCs and flow-through plasmas. These results indicate that

the pores, which opened within the hollow fibres, did not interfere

with the passage of plasma proteins, including macromolecular

proteins.

Plasma derivatives, especially r-globulins, are widely applicable

for a variety of therapies and are used for cases with immune defi-

ciencies such as immune thrombocytopenia, Kawasaki disease,

Guillain–Barre syndrome, chronic inflammatory demyelinating poly-

neuropathy, lupus, myositis and neurological diseases such as myas-

thenia gravis or multiple sclerosis [31, 32]. Patients who received

bone marrow transplants may also be administered with IVIg to pre-

vent infections and other rare diseases. One of the limitations of this

study was that the recovery of flow-through fractions with a high

concentration of plasma proteins as the original plasma was only

approximately 53% (105 ml from 200 ml in PCs).

Another limitation of this study is that all experiments were per-

formed under open-air conditions. As a result, we were unable to

examine the in vitro characteristics of PAS-PCs during storage. How-

ever, we assumed that there would be no substantial difference in

platelet function between PAS-PCs and original PCs for the following

reasons. First, among several characteristics, the percentage of

CD62p-positive platelet PAS-PCs was higher than that of the original

PCs, but the difference was minimal (1.2-fold). Although the HSR was

decreased (0.9-fold), the p-value was only 0.03. There was no signifi-

cant difference in the pH between original PCs and PAS-PCs. Because

PAS-PCs contain PAS-derived buffer solution with phosphate and/or

bicarbonate, the pH of PAS-PC may be more stable than that of origi-

nal PCs. Moreover, the ratio of plasma to PAS in PAS-PC was approxi-

mately 2–1 (66%/34%). Second, it was reported that even though

platelets were slightly activated during the preparation process, stor-

age in PAS could mitigate such transient platelet activation [6, 8]. In a

separate study, we plan to develop an automated and closed system

with sterile equipment, including modules, junction connectors, bags,

hollow fibre columns and tubes, which would allow us to examine the

in vitro characteristics of PAS-PCs during storage.

Taken together, this study indicates that our cross-flow tech-

nique is a useful and efficient platform for the dual preparation of

PAS-PC and platelet-poor plasma. Therefore, we assume that the

hollow-fibre system can be used for segregating blood components

in the future.
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Abstract

Background and Objectives: Chagas disease, caused by Trypanosoma cruzi, is

endemic to Mexico, Central and South America. While initially limited to the Ame-

ricas, emigration of infected persons triggered geographically broader blood safety

challenges. To mitigate transfusion-transmitted Chagas (TTC), transfusion services

implemented approaches including risk factor questions and serologic testing. We

sought to understand and compare strategies in non-endemic countries.

Materials and Methods: Transfusion services in International Society of Blood Trans-

fusion (ISBT)-affiliated organizations and members of the ISBT Working Party on

Transfusion-Transmitted Infectious Diseases were invited to complete an online sur-

vey on T. cruzi mitigation strategies. The survey queried about cases of TTC, risk fac-

tors, testing methodology, educational materials, pathogen reduction, donor/product

management, donor deferral and perceived public health concerns surrounding TTC.

Results: Responses were received from 27 institutions in 22 countries. Most coun-

tries (77.3%) reported no historical TTC cases, while 18.2% reported 1–5 cases and

4.5% reported 6–10 cases. Concern about Chagas among the general public and pub-

lic health authorities was low, but 12 of 25 blood centres reported moderate/high

concern. Overall, 17 countries mitigated for TTC: 15 used risk factor questions and

10tested for T. cruzi antibodies. Ten countries used pathogen reduction but not spe-

cifically to prevent TTC.

Conclusion: While Chagas is rarely cited as a public health concern, blood centres in

many non-endemic countries, including those outside the Americas, implemented

measures to mitigate risk. Mitigation focussed on risk factors associated with Latin

American immigrants and serologic testing. Thus, despite the rarity of TTC, many

non-endemic countries continue to address it as an ongoing blood safety risk.
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INTRODUCTION

Chagas disease or American Trypanosomiasis is caused by the proto-

zoan parasite Trypanosoma cruzi. Most infected persons experience

mild disease with intermittent parasitaemia and persistent antibody

titres, while approximately 20%–30% of chronically infected persons

will develop clinical Chagas disease including cardiac and gastrointes-

tinal complications that may prove fatal [1, 2]. While vectoral or natu-

ral transmission is the most common route of infection in endemic

areas of the Americas, human infections also occur congenitally, via

oral ingestion and following laboratory accidents, organ transplanta-

tion or blood transfusion [3].

Transfusion-transmitted Chagas (TTC) was initially described in

the endemic countries of Latin America, particularly Brazil, where hun-

dreds of cases have been reported [4]. During the last 40 years, emi-

gration of T. cruzi–infected persons from endemic to non-endemic

countries of the world, especially those in North America and Europe

[5, 6], has raised blood safety concerns across broad geographical

areas. Addressing Chagas in a non-endemic country, much like

malaria, poses potential challenges including identifying who is at-risk,

the potential loss of blood donors if deferrals are implemented, the

design of the most cost-effective testing strategy and considerations

of pathogen reduction, if indeed mitigation strategies are deemed

necessary. Currently, there is no universal approach for mitigating the

risk of TTC in non-endemic countries.

In 2019, the Working Party on Transfusion-Transmitted Infec-

tious Diseases (WP-TTID) of the International Society of Blood Trans-

fusion (ISBT) published the results of a global survey examining the

impact of parasitic infections [7]. Historical cases of TTC were

reported from Brazil, Canada, Spain and the United States, while miti-

gation strategies varied from none to more stringent approaches

(e.g., screening questions, testing, etc.) primarily in endemic countries.

The WP-TTID sought to extend these observations by performing a

more extensive and in-depth survey investigating the impact of

T. cruzi on blood safety in non-endemic countries, especially those in

North America and Europe.

METHODS

Survey development

The survey was developed by the ISBT WP-TTID Subgroup on Para-

sites (SoP) in consultation with a colleague (LAC) specialized in survey

administration and analysis. Questions were developed by SoP

experts in transfusion-transmitted parasites, blood donation testing

and donor screening protocols. A cover page was sent with the survey

to each recipient of the invitation making them aware of the types of

questions that would be asked. This was done to aid respondents in

knowing the necessary information to gather in preparation for

answering the survey. Questions were organized into categories

including population risk estimates, cases of TTC, risk factor screening,

donor and donation testing methodologies, educational materials for

donors, pathogen inactivation and reduction technologies, donor and

product management protocols, donor deferral strategies and per-

ceived public health concerns surrounding TTC (see DataS1).

Survey administration

Transfusion services in ISBT-affiliated organizations and members of

the ISBT WP-TTID (n = 52) were contacted electronically in

September 2019 and invited to complete an online survey on TTC

mitigation strategies being used by their blood organizations.

Responses were not anonymized so that duplicate responses from

countries could be combined, if appropriate. The survey was adminis-

tered using SurveyMonkey (SurveyMonkey Inc., San Mateo, CA).

Data analysis

Responses with no usable data provided were excluded. Duplicate

responses from a specific country were either removed or combined,

as appropriate, and follow-up of unclear responses was resolved

through contacting the survey respondent directly. Data management

and all analyses were carried out using SPSS Statistics for Windows,

version 26.0 (IBM Corp., Armonk, NY).

RESULTS

Twenty-nine blood centres responded to the survey and 27 provided

usable data for this report. The 27 respondents represented national

(63.0%), regional (18.5%) and single city or town (18.5%) blood centres

in 22 countries. In aggregate, respondents reported over 22 million

immigrants in their service areas primarily from Argentina, Brazil,

Colombia and Mexico but included other Latin American countries.

Cases of transfusion-transmitted Chagas disease

Most (77.3%) countries reported no historical cases of TTC, although

18.2% reported 1–5 cases and 4.5% reported 6–10 cases (Table 1).

Several of these cases have been detailed in published reports pro-

vided by the respondents [8–12], including the most recent TTC cases

reported by the United States (2013) and Switzerland (2016) that

were identified through lookback investigations [11, 13]. Of the

reported TTC cases, three cases led to recipient death.

Concerns surrounding transfusion-transmitted Chagas

In general, concern about TTC was low, with over 50% of each sector

expressing low, very low or absent risk, as reported by blood centres

(Table 2). The highest concern was seen by blood centres and public

health authorities in Europe. There was also perceived moderate
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concern by the general public in one European country (Switzerland);

however, this country did not report a high number of Latin American

immigrants or areas with a high concentration of immigrants.

Risk factor screening

Asking donors about risk factors for Chagas remains one of the least

expensive measures to prevent TTC. Fifteen countries (68%) indicated

that they currently use risk factor questions during donor screening,

primarily focussed on travel, country of birth, mother and grand-

mother’s country of birth and residence in an endemic country

(Table 3). Many respondents were unable to break down the number

of donor deferrals into specific categories, so the number of deferrals

due to these risk factor questions will not be reported here. Risk fac-

tor questions were reportedly used for permanent deferral in eight

countries, short-term deferral in seven countries and selection of

donors for testing in 10 countries. Three countries have a specific

algorithm that is used to either permanently or temporarily defer or

flag donors for testing based on the donor’s answers to the risk factor

screening questions.

Donation testing

Ten (45.5%) countries (Canada, France, Japan, Luxembourg,

New Zealand, Portugal, Spain, Switzerland, Scotland and the United

States) test for T. cruzi in their donor populations. The majority (80%)

of countries use a commercially available chemiluminescent immuno-

assay (ChLIA) for their protocols. Half of the countries with testing

use enzyme-linked immunosorbent assay (ELISA) for their testing

protocols, with three countries (France, Spain and the United States)

reportedly using both methods. Less common testing methodologies –

of which some may be confirmatory/supplemental testing – include

enzyme immunoassay (EIA; four countries), indirect fluorescent

antibody (IFA; four countries), enzyme strip assay (ESA; three countries),

nucleic acid test (NAT; one country) and western blot (WB; one

country). No countries reported using indirect haemagglutination assay

or radioimmunoprecipitation assay testing methodologies to screen

donations for T. cruzi.

T AB L E 1 Countries who responded to the survey and their
reported historic cases of transfusion-transmitted Chagas (TTC)

Country Historical cases of TTC

Australia 0

Austria 0

Canadaa 1–5

Chinaa 0

Denmark 0

France 0

Germany 0

Ghana 0

Japan 0

Luxembourg 0

Malaysia 0

Netherlands 0

New Zealand 0

Norway 0

Pakistan 0

Portugal 0

Russia 0

South Africa 0

Spain 1–5

Switzerlanda 1–5

United Kingdoma 0

United Statesa 6–10

aData received from two responding blood collection agencies.

T AB L E 2 Concern about transfusion-transmitted Chagas from
the general public, public health authorities and blood centres, as
reported by blood centres

Level of
concern

General
public

Public health
authorities

Blood
centres

Absent 40.7% 14.8% 11.1%

Very low 40.7% 37.0% 28.0%

Low 7.4% 22.2% 11.1%

Moderate 3.7% 7.4% 25.9%

High 0% 11.1% 18.5%

Note: Two blood centres did not answer this question, total n = 25.

T AB L E 3 Risk factor questions asked to donors in respondent
countries to screen for risk of Chagas

Risk factor question
Number of countries using
this screening question

Birth in an endemic country 12

Travel to an endemic country 11a

Living in an endemic country 10

Mother or grandmother having been

born in an endemic country

8

History of Chagas disease 8b

Living in substandard housing 2

History of blood transfusion in an

endemic country

2

Exposure to the vector of Chagas

disease (i.e., kissing bug)

1

aOne country asks a broad question about travel abroad, which will

capture travel to an endemic country.
bOne country asks about history of unusual infections, which will capture

Chagas disease.
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Product manipulation: Leukoreduction and pathogen
inactivation/pathogen reduction

Ten countries are currently using leukoreduction; nine countries leu-

koreducing 100% of their products and one country leukoreducing

86% of products. Platelets and plasma in seven countries are

pathogen-reduced or inactivated, but this strategy was not designed

specifically to mitigate risk of TTC. Four countries (France, Portugal,

Switzerland and the United States) are currently using the Intercept

System, and the other three use methylene blue for plasma (Spain),

Mirasol for platelets and solvent detergent for plasma (Luxembourg)

and Octaplas for certain recipients (Scotland). Luxembourg and Swit-

zerland are the only two countries who responded that they use

PI/PR for 100% of eligible blood products. Portugal, Scotland, France

and the United States, each reports using PI/PR but for less than 25%

of blood products.

Donor and product management protocols

Positive donors in 12 different blood centres representing 10 coun-

tries used letter (nine centres), telephone (six centres), face-to-face

(four centres) or email (two centres) to inform donors about their

positive test results. Six blood centres used multiple modes to con-

tact positive donors. Nine of these blood centres provide counselling

to the positive donors, 11 centres refer positive donors to a physi-

cian for treatment and all 12 blood centres defer these positive

donors from future donations. Eleven centres retrieve in-date com-

ponents where they are either discarded or used for research. All

12 centres initiate lookback investigations; however, the period of

lookback varied widely from centre to centre based on testing or

other risk factors.

Donor deferral and education

Donors with a history of Chagas are deferred permanently from

donating in 16 countries. Donors with risk factors for Chagas or

T. cruzi infection are deferred in 12 countries ranging from 1 month to

a permanent deferral, depending on the risk factor. Donors with a

positive test result are deferred permanently in 11 countries and for

3 years in one country (France), with re-entry permitted in four coun-

tries (France, Japan, the United Kingdom and the United States).

Of the 22 countries who responded to the survey and the

10 countries who test donations, only two provide educational mate-

rials regarding Chagas, T. cruzi, testing and/or treatment to their

donors prior to testing. These two countries, the United Kingdom

(Scotland) and Canada, provide reading materials, pamphlets or other

similar products. Canada provides these materials in English and

French; Scotland provides these materials in English and Spanish or

Portuguese. Scotland additionally provides verbal counselling by col-

lection staff and social media, video or other multimedia educational

products for their donors.

DISCUSSION

The first case of TTC was reported in Brazil in 1952 [14]. Thereafter,

Chagas was recognized as a blood safety threat in much of South Amer-

ica and later in the rest of Latin America where T. cruzi is endemic. In

the last 50 years, waves of migration from Latin America to North

America and later Europe occurred due to civil unrest and socioeco-

nomic issues [1, 15, 16]; some of these at-risk individuals eventually

chose to become blood donors. Thereafter, blood safety concerns were

raised as TTC cases began to appear in non-endemic countries, albeit

infrequently. The United States reported its first case in 1987, Canada

in 1989 and European countries a few decades later (e.g., Spain

2007/2008) [9, 17–19]. In response to TTC cases, non-endemic coun-

tries began to implement mitigation strategies that varied greatly and

were country specific. The present survey by the SoP sought to better

understand these strategies, including their similarities and differences.

The survey was sent electronically to blood collection organiza-

tions in non-endemic countries from the membership rolls of the WP-

TTID and by ISBT to member organizations. Unfortunately, we do not

know distribution numbers for the latter group, so the overall

response rate could not be determined. However, responses received

represented a wide geographical spread, with particular representa-

tion by North America and Europe where our survey suggested histor-

ical cases of TTC had been reported. Of note, survey results were

received from Japan, which has had longstanding travel to and from

Brazil where a large Japanese population resides [20].

As in our broader survey of transfusion-transmitted parasitic infec-

tions [7], public health concerns were assessed by survey respondents

for their respective countries. In most cases, the general public’s con-

cern regarding Chagas was low to absent. This is perhaps not surprising

as outside of Latin America, Chagas is likely perceived as an exotic, not

a well-understood disease with virtually no direct impact to people in

non-endemic countries. Similarly, for most public health officials,

Chagas has relatively little impact as it is not an overwhelming public

health problem due to the absence of vector-borne transmission. The

exception among our respondents may be the United States, due to its

proximity to endemic countries and reports of vector-derived transmis-

sion of T. cruzi [21]. In contrast, blood centres in non-endemic countries

reported higher levels of concern since TTC has been shown to be a

risk for blood recipients, not only in North America but also in Europe.

The survey results suggested that mitigation strategies varied

widely, especially when viewed in the context of immigrant

populations and historical cases of TTC. In North America, with larger

immigrant populations stemming from the proximity to Latin America,

broader strategies were implemented. Upon approval of blood screen-

ing assays in 2006, the United States initially screened all blood

donors for T. cruzi antibodies due to relatively high seroprevalence

rates in portions of the country and eight historical cases of TTC [22].

Subsequent studies indicated an absence of incident cases [23], thus

in 2010, the testing algorithm was changed to one time testing of all

donors [24, 25]. Canada, with fewer Latin American immigrants, but

three historical cases of TTC, uses a selective approach, testing only

donors demonstrating risk. In contrast, European countries with
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smaller immigrant populations and the absence of historical transfu-

sion cases often choose to use screening questions, followed by

deferral based on risk. An exception is Spain, with a comparatively

larger population of immigrants from endemic areas than the rest of

Europe and at least five historical cases of TTC, that uses a strategy

similar to Canada’s: selective testing based on risk following a

4-month deferral since the donor’s last visit to an endemic area.

For many non-endemic countries where overall risk of TTC is low,

mitigation was accomplished by risk factor screening questions alone.

In particular, birth in an endemic country by the donor or the donor’s

mother/maternal grandmother resulted in deferral of the donor. While

the use of these questions may not be the most sensitive approach, for

countries with small at-risk populations, this approach likely has minimal

effect on blood availability. Further, the use of risk factor questions and

subsequent deferral for a limited donor population is likely more cost-

effective compared to molecular or serologic testing strategies.

When countries chose to screen blood donors by testing, either

outright or following selection based on risk factor questions, serologic

assays were used. In non-endemic countries where vector-borne trans-

mission does not occur, serologic assays have been shown to be highly

effective at identifying antibody-positive donors who may

be parasitaemic following infection in their country of birth by vectorial

or congenital transmission [26]. In general, infected donors maintain

lifelong antibody titres readily detected by serologic assays, thereby all-

owing for identification and deferral of infected donors who may have

intermittent parasitaemia. Survey results suggested that the serologic

assays of choice in non-endemic countries were ELISA/EIA formats that

routinely demonstrate extremely high sensitivity and specificity.

The survey also revealed the use of product manipulation to reduce

the risk of TTC, specifically leukoreduction and pathogen inactivation.

However, in no case was either of these technologies implemented

explicitly to mitigate the risk of TTC. Leukoreduction has been shown

to reduce but not eliminate the T. cruzi parasite from blood components

[27], while pathogen inactivation has been shown to be effective

against T. cruzi in plasma and platelet products [28, 29], the latter

accounting for most cases of TTC [30]. Although rare, TTC cases attrib-

uted to red cells have occurred [31], thus the absence of pathogen

reduction for red cells to date represents a limitation of this technology.

This study had several key strengths, including its ability to reach

an international audience and receive and analyse information from

these blood centres in a quick manner. The survey asked a variety of

questions to assess mitigation efforts from various countries, and the

aggregate results can provide transparency to the efforts utilized in

non-endemic areas. However, as with any survey-based research

study, several limitations must be considered when interpreting the

results. The response rate of this survey was low, with only

27 responses representing 22 distinct non-endemic countries; how-

ever, evaluating the exact response rate was further complicated by

distribution to ISBT member organizations resulting in a response rate

that could not be determined for this group. The study was also lim-

ited by the generalizability of the results based on the countries who

responded. Also, in several instances, more than one response was

received from a country, but analysis of these responses was

consistent in each case. Another limitation was that the survey asked

respondents to estimate the level of concern around TTC of the pub-

lic, blood collectors and public health authorities. While the respon-

dents likely knew the opinions of their own blood centres,

respondents were left to make estimations of the other two groups,

which may have not been accurate. The last limitation was selection

bias. While we sought to receive responses from a broad range of

T. cruzi non-endemic countries, we were limited by survey distribution

constraints including the memberships roles of the WP-TTID, which

often represent resource-rich countries.

In summary, despite minimal concern by the general population or

public health officials in T. cruzi non-endemic countries, many blood cen-

tres use various mitigation strategies to minimize the risk of TTC. The

approach used to mitigate risk is in part dictated by the size of the at-risk

population, history of TTC, cost-effectiveness and potential donor loss

through deferrals. TTC remains a relatively low risk in non-endemic coun-

tries, but mitigation strategies have contributed to further reduction in risk

and the absence of extant cases of transmission by blood transfusion.
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Abstract

Background and Objectives: Red blood cell (RBC) transfusion is a frequently applied

intervention in an intensive care unit. However, transfusion is associated with

adverse outcomes including organ failure and thrombo-embolic events. Mechanisms

of these effects are not known but may be related to activation of the endothelium

or of the coagulation or inflammatory system. We hypothesized that a RBC transfu-

sion in the critically ill would result in further activation of these systems.

Materials and Methods: In 74 non-bleeding critically ill patients receiving one RBC

unit, markers of inflammation, endothelial cell activation and coagulation were mea-

sured before transfusion, at 1 h after transfusion and 24 h after transfusion. The

impact of disease severity of the recipient on these changes was assessed by com-

paring septic and non-septic patients (according to sepsis-3 definition) and by corre-

lation of biomarkers with the sequential organ failure assessment (SOFA) score.

Results: Levels of von Willebrand Factor (vWF), soluble ICAM-1, soluble

thrombomodulin, fibrinogen and d-dimer were already high at baseline, whereas

ADAMTS13 levels were low. VWF levels increased significantly 24 h after RBC

transfusion (median 478% (338–597) vs. 526% (395–623), p = 0.009). The other bio-

markers did not change significantly. Post transfusion change was not dependent on

the presence of sepsis and was not correlated with SOFA score.

Conclusion: RBC transfusion in critically ill patients was associated with an increase

in circulating vWF levels, suggesting a further increase in activation of the endothe-

lium, a finding that was independent of the presence of sepsis or organ injury level.
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INTRODUCTION

More than 1 out of four patients in an intensive care unit (ICU) receive

a red blood cell (RBC) transfusion during their admission, rendering

RBC transfusion one of the most frequently applied interventions at

the ICU [1]. However, RBC transfusion is associated with adverse out-

comes including organ failure and thrombo-embolic events, in particu-

lar in the critically ill [2–5]. The mechanisms responsible for these

adverse events are not fully understood.

Critically ill patients are often in an inflammatory state in which

the endothelium and coagulation system are already activated before

transfusion [6]. The presence of an inflammatory state in the recipient

has been shown to be a risk factor for the development of transfusion

related acute lung injury (TRALI) [5]. Also, in patients with an inflam-

matory state that do not develop full-blown TRALI, an extra ‘hit’ by
the RBC transfusion may exacerbate inflammation, potentially

resulting in transfusion related adverse events [7–10]. Since the vas-

cular endothelium and glycocalyx are among the first that interact

with the donor RBCs after transfusion, these structures might also

play a role in the pathophysiology. RBC transfusion is associated with

increased biomarker levels of endothelial cell activation in

haematological and paediatric patients [11, 12]. Endothelial cell activa-

tion can lead to increased endothelial permeability with neutrophil

extravasation and capillary leakage, resulting in organ injury [13]. Acti-

vation of the endothelium also activates the coagulation system,

resulting in (micro)thrombus formation [14, 15]. Therefore, the vascu-

lar endothelium and activation of the coagulation system might be

involved in the adverse events of RBC transfusion.

The aim of this study is to investigate the effect of RBC transfu-

sion on several biomarkers of inflammation, endothelial cell activation

and coagulation in adult critically ill patients (Table 1). We hypothe-

sized that a RBC transfusion in the critically ill results in further activa-

tion of the vascular endothelium and also in activation of the

coagulation system. Since sepsis is a risk factor for developing

transfusion- associated adverse events, we expected a greater effect

in septic patient compared to non-septic patients [5].

MATERIALS AND METHODS

Study design

A prospective, observational study was conducted on the intensive

care units of two tertiary hospitals in the Netherlands between

2011–2015 and 2017–2018. Due to logistical problems the study

was temporarily interrupted between 2015 and 2017. The study was

ethically approved by the medical ethical committee of the Amster-

dam University Medical Centre (NTR 6596; NL61833.018.17). Writ-

ten informed consent was obtained from all participants or their legal

representatives. Non-bleeding patients receiving one RBC unit to cor-

rect for anaemia were included. Patients without an indwelling arterial

catheter were excluded. Patients were lost to follow-up when indwell-

ing arterial catheter was removed. Local transfusion protocol dictated

a transfusion trigger of 7.0 g/dl in the general ICU population and

8.0 g/dl for those with acute coronary syndrome. The RBC unit was

plasma reduced, leucocyte depleted and stored in additive solution

(SAGM). The average volume of RBC unit is 270–290 ml. The RBC

unit was produced according to the national standards of Sanquin

Blood Supply Foundation, Amsterdam, the Netherlands. Sepsis was

defined as a sequential organ failure assessment (SOFA) score of at

least 2 and a suspected or proven infection treated with antibiotics

according to the Sepsis-3 criteria [16].

Study procedures

Blood was drawn from an indwelling arterial catheter into EDTA and

citrate tubes before transfusion, within 1 h after the completion of

the transfusion and 24 and 48 h after transfusion. Since we expected

the effect of the RBC transfusion within 24 h after RBC transfusion

we measured biomarkers directly after and 24 h after transfusion. We

did not expect an effect of transfusion after 48 h, therefore we used

this sample only to measure the vWF antigen. A further increase after

48 h could indicate a natural upward course of vWF during ICU

admission.

A complete blood count was done using EDTA blood (Sysmex

XN9000, Etten-Leur, The Netherlands). Thereafter blood was cen-

trifuged for 20 min at 1500G. Prothrombin time (PT), activated partial

thromboplastin time (APTT), fibrinogen and d-dimer levels were deter-

mined in citrate plasma (CS2500, Siemens Healthcare GmbH, Germany).

Plasma samples were frozen at �80�C until further analysis.

Measured biomarkers are listed in Table 1. Soluble Syndecan-1,

soluble ICAM-1, soluble thrombomodulin (TM), IL-6 and TNF-alpha

T AB L E 1 Measured biomarkers and their function

Biomarker Function

Markers of inflammation

IL-6 Pro-inflammatory cytokine

TNF-alpha Pro-inflammatory cytokine

Markers of endothelial cell activation

Soluble syndecan-1 Marker of glycocalyx degradation

Soluble

thrombomodulin

Marker of endothelial cell damage

Soluble ICAM-1 Marker of endothelial cell activation

Von Willebrand Factor Marker of endothelial ceactivation and

involved in coagulation cascade

ADAMTS13 Responsible for cleavage of ultra large

multimers of vWF

Markers of coagulation

D-dimer Fibrin degradation product

Fibrinogen Precursor of fibrin, converted into

fibrin during clot formation

Abbreviations: ADAMTS-13, a disintegrin and metalloproteinase with a

thrombospondin type 1 motif, member 13; ICAM-1, intercellular adhesion

molecule 1; IL-6, interleukine-6; TNF, tumour necrosis factor.
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were measured in EDTA plasma with a custom designed human pre-

mixed multi-analyte luminex assay (Luminex R&D Systems Inc., Min-

neapolis, MN, USA) as described by the manufacturer. Von Willebrand

Factor (vWF) antigen was measured in citrate plasma with ELISA

(DAKO, Glostrup, Denmark).

Human ADAMTS13 (a disintegrin and metalloproteinase with a

thrombospondin type 1 motif, member 13) antigen levels were deter-

mined using a monoclonal antibody-based human ADAMTS13 antigen

ELISA, as previously described [17–19]. Microtiter plates were coated

with the monoclonal mouse anti-human ADAMTS13 antibody 3H9

[17, 18, 20] overnight at 4�C (5 μg/ml in carbonate/bicarbonate

buffer) and subsequently blocked with phosphate-buffered saline

(PBS) with 3% dried milk powder for 2 h at room temperature (RT).

Next, plasma samples (starting dilution of 1/50) were added in a 1.5

over 2.5 dilution series and incubated for 1.5 h at 37�C. Captured

ADAMTS13 was detected using a mixture of biotinylated mouse anti-

human ADAMTS13 antibodies 17G2 and 19H4 [17, 18, 21] (1.5 μg/ml

each, incubation for 1 h at RT) followed by horseradish peroxidase

T AB L E 2 Baseline characteristics of 74 critically ill non-bleeding patients receiving a RBC transfusion

Characteristic Total (N = 74) No sepsis (N = 33) Sepsis (N = 41) p-value

Sex, male (#, %) 41 (55) 23 (69.7) 18 (44.0) 0.03

Age, years (median, IQR) 63 (57–73) 63 (57–72) 64 (57–75) 0.56

Surgical (#, %) 46 (62) 20 (61) 26 (63) 0.99

SOFA score at inclusion (median, IQR) 8.5 (7–11) 9 (7–10) 8 (7–11) 0.76

Haemoglobin level at inclusion (g/dl) (median, IQR) 6.8 (6.3–7.4) 6.8 (6.5–7.4) 6.6 (6.3–7.4) 0.80

Days at ICU at inclusion (median, IQR) 11 (4–17) 4 (2.8–15.0) 13.5 (7.3–19.5) 0.00

Hospital mortality (#, %) 18 (24.7) 5 (15.2) 14 (34.1) 0.11

Age of transfusion unit, days (median, IQR) 13 (7–22) 13 (6–22) 16 (8–21) 0.43

Note: Subgroups of septic and non-septic patients based on Sepsis-3 criteria.

Abbreviations: ICU, intensive care unit; SOFA, sequential organ assessment score.

T AB L E 3 Level of biomarkers of endothelial cell activation and inflammation before transfusion, within hour after transfusion and 24 h after
transfusion

Biomarker
Reference
value

Before transfusion
median (IQR)

1 h after transfusion
median (IQR)

24 h after transfusion
median (IQR) p-value

vWF ag (%) 50%–150% 478 (338–597) 481 (348–614) 526 (395–623) 0.009

ADAMTS13 ag (%) 50%–150% 40.4 (31.8–53.6) 43.9 (31.7–54.7) 40.8 (31.4–52.2) 0.06

vWF/ADAMTS13 ratio 11.6 (7.2–18.0) 11.7 (7.0–18.1) 12.1 (8.4–17.2) 0.98

sICAM-1 (ng/ml) 60–218 462 (324–605) 448 (334–601) 453 (337–609) 0.83

sTM (ng/ml) 0.5–5.7 7.6 (5.9–11.3) 7.6 (5.4–11.2) 7.5 (5.2–11.1) 0.26

Syndecan-1 (ng/ml) 50–100 2.9 (2.3–3.6) 2.9 (2.3–3.7) 2.9 (2.1–3.7) 0.94

TNFa (pg/ml) 0–16 11.5 (9–15.3) 12 (8.7–16) 12.5 (9–14.8) 0.09

IL-6 (pg/ml) 5–15 46.2 (18.2–75.3) 43.3 (18.1–71.4) 35.2 (18.2–64.4) 0.32

Note: p-value based on Friedman test.

Abbreviations: ADAMTS-13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; IL-6, interleukine-6; sICAM-1, soluble

intercellular adhesion molecule 1; sTM, soluble thrombomodulin; TNF, tumour necrosis factor; vWF, von Willebrand factor.

T AB L E 4 Level of coagulation markers before and 24 h after transfusion

Biomarker Reference value Before transfusion median (IQR) 24 h after transfusion median (IQR) p-value

Platelets (10 9̂/L) 150–400 186 (114–269) 199 (110–289) 0.9

D-dimer (mg/L) 0–0.5 5.54 (3.27–9.35) 4.63 (2.82–9.35) 0.45

Fibrinogen (mg/ml) 1.5–4.0 5 (4.35–6.65) 5.2 (4.6–6.9) 0.36

APTT (s) 30–40 34 (26–46.5) 30 (25–43) 0.08

PT (s) 9.5–13.5 11.6 (11.1–12.6) 11.6 (10.9–12.3) 0.35

Note: p-value based on Wilcoxon signed rank test.

Abbreviations: APTT, activated partial thromboplastin time; PT, prothrombin time.
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(HRP)-labelled streptavidin (1/10,000; Roche Diagnostics, Mannheim,

Germany) (incubation for 1 h at RT). The colorimetric reaction was ini-

tiated by addition of o-phenylenediamine (OPD) and H2O2, stopped

with 4 M sulfuric acid, and the absorbance was measured at 490 nm.

A dilution series of a normal human plasma pool (NHP, plasma from

≥20 healthy donors, set at 100%) was used as a reference, from which

the ADAMTS13 antigen levels were interpolated.

Statistical analysis

Variables are presented as means with standard deviation or as

medians with interquartile ranges when not normally distributed,

and categorical data are presented as number with percentage. For

continuous data, comparisons between two groups were made

using the t-test or when not normally distributed the Mann–

Whitney U test. More than two groups were compared using the

Kruskal Wallis test. For categorical data, the Chi-squared test was

used. Paired data analysis were done with the Friedman test and

Wilcoxon signed rank test. Correlation coefficient between the

delta of the biomarkers and SOFA score was calculated using the

Spearman correlation. A P-value of less than 0.05 was considered

statistically significant. Statistical analyses were performed using

R statistics (v 3.5.1).

RESULTS

Seventy-four patients (55% male) were included with an median age

of 63 years old (IQR 57–73). In four patients, 24 h timepoint was mis-

sed because indwelling arterial catheter was removed. Patients had a

SOFA score of 8.5 (IQR 7–11). Most patients came from surgical

departments (62%). Forty-one patients (55%) fulfilled the sepsis

criteria. Baseline characteristics are given in Table 2. Median

haemoglobin level at inclusion was low (6.8 g/dl) and increased after

transfusion (7.9 g/dl, p < 0.001). Septic patients were more often

female and had a longer ICU admission duration at time of inclusion

compared to non-septic patients.

RBC transfusion resulted in an increase in vWF
antigen, but not in other markers

VWF antigen levels were high at baseline (median 478% [IQR 338–

597]) and increased significantly 24 h after RBC transfusion (median

526% [IQR 395–623]; p = 0.009). VWF levels did not further increase

48 h after transfusion. Its cleaving protease ADAMTS13 was very low

at baseline but was not affected by the transfusion. VWF/ADAMTS13

ratio was not affected by the transfusion. Levels of soluble ICAM-1

and soluble TM were high at baseline but did not change significantly

after transfusion. Levels of soluble syndecan-1 were low and did not

increase significantly after transfusion. Concentration of IL-6 and

TNF-alpha did also not significantly change (Table 3).

D-dimer and fibrinogen levels were elevated at baseline, but did

not increase after transfusion. Platelet count, PT and APTT were in

between reference values and also did not significantly change after

transfusion (Table 4).

The inflammatory state of the recipient did not impact
the effect of a RBC transfusion

Septic patients had higher baseline levels of soluble Syndecan-1, vWF

antigen and d-dimer compared to non-septic patients, whereas

ADAMTS13 antigen levels were lower (p < 0.05). No differences were

seen between the two groups in post transfusion change of markers

of endothelial cell activation or coagulation (data not shown). In addi-

tion, post transfusion change of markers did not correlate with organ

injury as assessed with the SOFA score (Figure 1).

DISCUSSION

This study investigated the effect of a RBC transfusion on several

markers of inflammation, endothelial cell activation and coagulation in

the critically ill patient. Before transfusion, levels of vWF antigen,

sICAM-1 and sTM were already high, indicating that the vascular

endothelium is activated in the critically ill patient [22]. D-dimer and

fibrinogen levels were also elevated at baseline. We found that RBC

transfusion is associated with an increase in circulating vWF antigen

levels, independent of the presence of sepsis or organ injury level of

the patient. The other biomarkers did not show a post transfusion

change.

So far, only one study has studied the effect of RBC transfusion

on vWF antigen levels. In cardiology patients, an increase in vWF anti-

gen levels was not observed directly following RBC transfusion [23].

However, as vWF release takes some time following a stimulus this

time point may have been too short after transfusion [24]. We think it

is unlikely the increase of vWF is caused by vWF that was present in

RBC units, since increase was not observed immediately after transfu-

sion but after 24 h. Most likely, RBC transfusion led to shedding of

vWF from endothelial cells.

vWF antigen plays an important role in arterial and venous throm-

bus formation [15, 25, 26]. The increase in circulating vWF antigen

levels after RBC transfusion can therefore potentially explain the

increase in thrombo-embolic events found after transfusion [4, 27].

However, we did not find an effect on markers of disseminated intra-

vascular coagulation (DIC), such as a decreased platelet count, which

is in line with earlier research [28]. Furthermore, the

vWF/ADAMTS13 ratio did not increase. Therefore, the impact of

1 RBC unit on the development of thrombosis seems minimal. How-

ever, patients often receive multiple transfusions over time during

their ICU stay. Whether multiple transfusions result in a more pro-

nounced increase of vWF, followed by changes in DIC markers or the

vWF/ADAMTS13 ratio should be investigated in a future study.

The occurrence of thrombosis in critically ill patients is associated with
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worse outcomes [29], therefore more knowledge on the mechanism

behind the association between RBC transfusion and thrombosis can

be of great importance. By unravelling the mechanism responsible for

transfusion related adverse events we may identify the responsible

compounds in the RBC unit [30], enabling improvement of the trans-

fusion product or protocols.
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F I GU R E 1 (a–h) correlation plots between post transfusion change in biomarker level and sequential organ failure assessment (SOFA) score.
Rho = spearman rank correlation. TM= thrombomodulin. vWF= vonWillebrand factor
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We did not observe an increase in biomarkers of endothelial cell

damage such as syndecan-1 (a marker of glycocalyx degradation) and

thrombomodulin (a glycoprotein on the endothelial cell membrane

released into the circulation by endothelial damage), suggesting that

RBC transfusion leads to activation but not to endothelial cell damage.

However, soluble ICAM-1, which is also a marker of endothelial cell

activation, did not increase after transfusion. A possible explanation is

the high baseline level of soluble ICAM-1 before transfusion in the

critically ill patient. The expression of ICAM-1 on the cell surface may

already be saturated and therefore a further increase in the shedding

of soluble ICAM-1 after transfusion was not possible. Furthermore, in

preterm neonates, an increase in sICAM-1 was seen after the third

RBC transfusion and not after the first or second [31]. Again, the

impact of one RBC unit may have been too small to cause an increase

in sICAM-1 in this study.

Sepsis is a risk factor for the development of TRALI [5], however,

in this study, sepsis did not impact the effect of RBC transfusion on

the measured biomarkers. Possibly, biomarkers were already too

much deranged due to the critical illness before transfusion.

This study has several limitations. First, this study was not

powered to correlate the increase of vWF antigen levels to

transfusion-related adverse event, such as thrombo-embolic events.

Also, as ICU patients undergo multiple interventions during their stay

at the ICU, it is possible that the increase in vWF occurs in all ICU

patients, regardless of the transfusion of RBCs. We did not include a

control group to exclude this possibility. However, as vWF levels did

not further increase at 48 h, it appears unlikely that this observed

increase reflects a natural trajectory in these patients.

In conclusion, RBC transfusion in critically ill patients is associated

with an increase of circulating vWF antigen levels, suggesting a fur-

ther increase in activation of the endothelium. This finding was inde-

pendent of the presence of sepsis or organ injury level. The clinical

impact of the increase of vWF cannot be distracted from this study.

Our findings highlight the importance for future research to focus on

the association between multiple RBC transfusions, mediators of

endothelial activation such as vWF increase, and the occurrence

of adverse events.
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Abstract

Background: Blood transfusion is an important supportive care for high-risk neuro-

blastoma. When the number of transfusions increases, transfusion-associated

adverse reactions may be more problematic. However, the factors determining the

degree of myelosuppression and the number of transfusions during chemotherapy

for high-risk neuroblastoma remain unclear.

Materials and Methods: We investigated patient factors determining the number of

required transfusions in 15 high-risk neuroblastoma patients who received five

courses of chemotherapy. Clinical data, cytokine profile and colony-forming assay

with bone marrow samples at diagnosis were analysed.

Results: The required number of transfusions of both platelets and erythrocytes

decreased once in the second course and then increased as the course progressed. The

variability among cases increased as the chemotherapy course progressed. In cases of

low peripheral blood platelet count and lower fibrinogen level at diagnosis, the number

of platelet transfusions was higher during chemotherapy. In contrast, there was a nega-

tive correlation between the forming ability of granulocyte–macrophage or erythroid col-

onies and the number of erythrocyte transfusions in the latter period.

Conclusion: In the early stages of chemotherapy, bone marrow infiltration in neuro-

blastoma and/or coagulopathy complication may cause thrombocytopenia and

requirement of platelet transfusion; conversely, in the later stages, the number of

erythrocyte transfusions may be defined by the patient’s inherent hematopoietic

ability. These factors may be useful in predicting the required number of

transfusions.

K E YWORD S

anaemia, BFU-E, clonal cell culture, colony-forming assay, thrombocytopenia

INTRODUCTION

Neuroblastoma is the most common extracranial solid tumour of

childhood characterized by undifferentiated neuroectodermal cells

derived from the neural crest [1,2]. While some neuroblastomas

occurring in infants younger than 18 months spontaneously regress,

high-risk neuroblastomas continue to result in poor prognosis even

when treated with various chemotherapeutic agents and
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hematopoietic stem cell transplants after high-dose chemotherapy

[3,4]. Chemotherapy for high-risk neuroblastoma usually causes

severe myelosuppression due to repeated intensive regimens [4,5].

Use of erythropoietin and granulocyte-colony-stimulating factor does

not reduce the number of transfusions in high-risk neuroblastoma

chemotherapy [6]. Furthermore, use of erythropoietin may be not rec-

ommended for high-risk neuroblastoma chemotherapy patients

because it is suggested that erythropoietin might support neuroblas-

toma metastatic cells [7]. Currently, multiple blood transfusion is an

indispensable supportive care provided during chemotherapy [8].

However, the factors determining the degree of myelosuppression

and the number of blood transfusions required during chemotherapy

for high-risk neuroblastoma remain unclear.

On the contrary, increasing the number of transfusions may also

elevate the risk of transfusion-associated adverse reactions and post-

transfusion infections [9]. Despite the fact that treatment for the

underlying disease is complete and long-term survival can be

achieved, some long-term side-effects such as iron overload also

occur [10]. Moreover, immunological modification by blood transfu-

sion may have an effect on prognosis even in neuroblastoma [11].

Furthermore, if the patient has a blood type with a low donor fre-

quency, such as Rh-negative red blood cell (RBC) type, then it may be

difficult to secure the necessary blood products. Therefore, if the fac-

tors related to anaemia and thrombocytopenia caused by chemother-

apy are clarified and the required number of blood transfusions in

each case can be predicted to some extent, then it will be easier to

take measures for these problems. Additionally, prediction of the

required number of blood transfusions in each case will lead to proper

use of limited blood products.

The results of previous studies conducted in adults reveal that

both chemotherapy factors (e.g. anticancer agent or regimen used,

duration of chemotherapy) and patient factors (e.g. disease status,

patient’s condition and patient’s laboratory data) determine the

required number of blood transfusions [12–21]. Chemotherapy factors

include information that can be shared with other diseases for which a

similar regimen is used. However, clarifying patient factors may con-

tribute to the elucidation of the pathophysiology of the disease. This

information may also be useful in the clinical practice of personalized

medicine for each patient. We therefore aimed to determine the num-

ber of blood transfusions required during almost similar chemotherapy

for high-risk neuroblastoma and clarified patient factors, particularly

those related to the number of blood transfusions required.

MATERIALS AND METHODS

Patient’s selection and collection of patient’s clinical
information

Between January 2002 and December 2016, 15 neuroblastoma

patients who met the following conditions and who were diagnosed

and treated in the Department of Haematology and Oncology, Nagano

Children’s Hospital, were enrolled. Patients were diagnosed with Stage

3 or Stage 4 neuroblastoma using the International Neuroblastoma

Staging System (INSS) and received a total of five courses of chemo-

therapy as proposed by the Japan Neuroblastoma Study Group [3,4].

Patients underwent treatment for high-risk neuroblastoma, which was

defined by Children’s Oncology Group Criteria [22]. The JANB98 pro-

tocol was used for treatment during 2002–2007, and the JN-H-07

protocol was used for treatment during 2008–2016 in the institution

[3,4]. The number of RBC and platelet (PLT) transfusions required dur-

ing 1–5 chemotherapy courses was investigated in all cases. In addi-

tion to clinical information collected at the time of diagnosis, data on

haematological values at the start of each chemotherapy course were

analysed as patient factors related to the required number of blood

transfusions. As for the analysis of bone marrow metastasis, the pres-

ence or absence of tyrosine hydroxylase was evaluated using RT-PCR

apart from the pathological visual findings [23]. Cases in which tyro-

sine hydroxylase was not measured at the time of diagnosis were

analysed separately using preserved bone marrow cells [24,25]. This

study was approved by the Nagano Children’s Hospital Institutional

Review Board (approval number: 30-38, 30-54 and 31-66).

Blood transfusion

Red blood cell or PLT transfusion was performed using a haemoglobin

level of 70 g/L and a PLT level of 20 � 109/L as criteria for trigger

values during the study period. In Japan, guidelines for PLT transfu-

sion were published in 2017 as a trigger value of 10 � 109/L for che-

motherapy for cancer diseases [26,27]. All of the cases in this study

were analysed before the publication of these guidelines, and prophy-

lactic PLT transfusion was performed according to standards different

from those followed in other countries [28]. Details of the blood prod-

ucts transfused are described in previous papers [29].

Colony-forming assay

Colony-forming assay, using stored bone marrow mononucleosis col-

lected at initial diagnosis, was performed by the technique described

previously [30,31]. CD34+ cells were selected and enriched from

bone marrow mononuclear cells by positive immunomagnetic selec-

tion with the CD34 MicroBeads Kit, human (Miltenyi Biotec, Bergisch

Gladbach, Germany) [30]. Cell cultures were prepared in 35-mm Lux

suspension culture dishes (#153066; Nunc, Roskilde, Denmark).

Twelve hundred CD34+ cells were divided into four dishes containing

MethocultTM H4435 Enriched (Stemcell Technologies, Vancouver, BC,

Canada). The dishes were incubated at 37�C in a humidified atmo-

sphere flushed with 5% CO2. On day 14, the total number of

granulocyte-macrophage (GM) colonies (colony-forming unit-granulo-

cyte/macrophage [CFU-GM], colony-forming unit-granulocyte [CFU-

G] and colony-forming unit-macrophage [CFU-M]) and erythroid colo-

nies (burst-forming unit-erythroid [BFU-E]) were scored as the aver-

age value per dish in situ under an inverted microscope. We also

analysed megakaryocytic progenitor cells using the MegaCultTM-C

Complete Kit with Cytokines (Stemcell Technologies, Vancouver, BC,

Canada). Briefly, CD34+ cells were added at a density of 2�5 � 103
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cells per chamber (in 0�75 ml of medium) of a double-chamber slide

containing MegacultTM-C medium with cytokines. After incubation at

37�C with 5% CO2 for 12 days, the samples were dehydrated and

fixed, and total colony-forming unit-megakaryocytes (CFU-MK) were

stained with monoclonal anti-CD41 (GPIIb/IIIa). Because of the limita-

tion of stored bone marrow samples, GM colonies and BFU-E were

analysed in a total of 10 cases, and CFU-MK was analysed in 7 cases.

Analysis of the cytokine profile

In this study, we planned to analyse several cytokines that are thought

to be closely involved in the hematopoiesis of erythrocytes and PLT

[32–35]. The cytokines present in peripheral blood at the initial diag-

nosis of neuroblastoma were analysed as follows: Interleukin (IL)-1β,

IL-3, IL-6, IL-10, IL-11, IL-13, GM colony-stimulating factor, stem cell

factor, leukaemia inhibitory factor, thrombopoietin, interferon (IFN)-γ,

tumour necrosis factor (TNF)-α and fibroblast growth factors (FGF)

were analysed using the Human Premixed Multi-Analyte Kit (R&D

systems, Minneapolis, MN, USA). Transforming growth factor (TGF)-

β1 was analysed using the Human TGF-beta 1 Quantikine ELISA Kit

(R&D Systems). All of these cytokines were measured using the

Enzyme-Linked Immuno Sorbent Assay. Erythropoietin was analysed

using Access EPO (Beckman Coulter, CA, USA) by chemiluminescent

enzyme immunoassay. The cytokine profile was analysed in 11 cases,

with the available samples.

Statistical analysis

The Friedman test was used to compare the required number of blood

transfusions between each chemotherapy course and the

haematological values (white blood cell [WBC] count, PLT count,

haemoglobin level and reticulocyte count) at the start of each

chemotherapy course. The difference in the required number of blood

transfusions depending on the patient background characteristics or

clinical data at diagnosis was examined using the Mann–Whitney U-

test. The correlation between the required number of blood transfu-

sions and the results of clinical data or colony-forming assay and the

correlation between the cytokine profile and the results of clinical

data or colony-forming assay were analysed using Spearman’s rank

correlation coefficient. Statistical analyses were performed using EZR

(Saitama Medical Center, Jichi Medical University, Saitama, Japan)

[36]. Statistical significance was defined as P <0�050.

RESULTS

Haematological values at the start of each
chemotherapy course and the required number of
blood transfusions

Figure 1 shows the changes in WBC count, PLT count, haemoglobin

level and reticulocyte count at the initiation of chemotherapy during

chemotherapy courses 1–5. The WBC count tended to decrease sig-

nificantly as the course progressed, indicating gradual progression of

myelosuppression. However, the PLT count increased at the start

of the second chemotherapy course compared to that at the start of

the first course, which then gradually decreased. There was no signifi-

cant difference in the change between haemoglobin level and reticu-

locyte count throughout the chemotherapy course.

Figure 2 shows the number of RBC transfusions and PLT transfu-

sions performed in each of the first to fifth chemotherapy courses.

Both RBC and PLT blood transfusions decreased in the second course

compared to that in the first course, which then increased as the

course progressed. The number of blood transfusions tended to vary

with each case as the chemotherapy course progressed.

Required number of blood transfusions due to
differences in patient background characteristics at
diagnosis

Table S1 shows the differences in the required number of RBC trans-

fusions, number of PLT transfusions and total number of blood trans-

fusions depending on the patient background characteristics in this

study.

Among all of the evaluated parameters, cases with a low PLT count

at diagnosis had a high frequency of RBC transfusion, PLT transfusion

and the total number of blood transfusion. Furthermore, in cases where

the fibrinogen level was low at diagnosis, the number of PLT transfusions

and the total number of transfusions were higher. Data could not be col-

lected for all cases; however, the total number of transfusions was also

higher in the D-dimer high-value cases. Although the same drug was

used in the JANB98 and JN-H-07 protocols, the total dose of cisplatin

differed depending on the case; however, the number of required blood

transfusions did not differ. Although no significant difference was

observed, the group with bone marrow metastasis tended to receive

more PLT transfusions (P = 0�059) and total number of blood transfu-

sions (P = 0�069) than the non-metastasis group.

Next, according to these results, as shown in Table S1, we

analysed the correlation between PLT count or fibrinogen level at

diagnosis and the number of RBC transfusions and PLT transfusions

performed in each chemotherapy course (Tables 1 and 2). All results

showed a negative tendency but a significant negative correlation,

especially the number of required PLT transfusions. The required

number of RBC transfusions in some chemotherapy courses also

showed a negative correlation with the PLT count and fibrinogen

levels at diagnosis.

Results of colony-forming assay with bone marrow
cells at diagnosis and the required number of blood
transfusions

Table 3 shows the relationship between the required number of RBCs

and PLT transfusions and the results of the colony-forming assay

using bone marrow cells at the time of diagnosis. Both the number of
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GM colonies and BFU-E were negatively correlated with the required

number of RBC transfusions in the third, fourth and fifth courses of

chemotherapy and analysis of total chemotherapy courses. There was

also a negative correlation between the number of GM colonies/

BFU-E and the required number of PLT transfusions only during the

second course of chemotherapy. However, the results of the CFU-

MK number did not show any significant correlation with the required

number of RBC or PLT transfusions.

Cytokine profile at diagnosis and PLT count,
fibrinogen level and colony-forming assay

From the results of these studies, the peripheral blood PLT count and

the fibrinogen level at the time of diagnosis showed a negative corre-

lation, especially with the required number of PLT transfusions.

In addition, the ability of bone marrow to form GM colonies or BFU-E

before treatment showed a negative correlation particularly with the

number of required RBC transfusions.

Focusing on these parameters, we analysed the relationship

between cytokines that may be associated with PLT and erythroid

hematopoiesis and PLT count, fibrinogen level and colony-forming

assay. The results revealed that the PLT count before chemotherapy

showed a negative correlation with IL-3 but a positive correlation with

TGF-β1. In contrast, GM colonies and BFU-E-forming ability in bone

marrow cells before chemotherapy were positively correlated with

both IL-13 and TNF-α. However, there was no correlation with any

cytokine in terms of fibrinogen levels (Table 4).

DISCUSSION

There is little evidence regarding how the haematological value before

each chemotherapy course changes and how the number of transfu-

sions required for each chemotherapy course changes in high-risk

neuroblastoma. In this study, the WBC count was highest at the start

of the first course, and it was shown that myelosuppression prog-

ressed steadily with repeated chemotherapy. However, the PLT count

increased significantly at the start of the second course compared to

that the start of the first course. In addition, the frequency of RBC

and PLT transfusions during the second course of chemotherapy was

the lowest. Then, the required number of blood transfusions for RBCs

and PLTs was characterized by increasing individual differences as the

chemotherapy course progressed. Furthermore, it was shown that

the peripheral blood PLT count and the fibrinogen level at the time of

diagnosis and the GM colonies or BFU-E-forming ability of initial bone

marrow cells may be useful indicators of the required number of PLT

or RBC blood transfusion.

F I GU R E 1 Changes in the haematological value of peripheral blood at the beginning of the first to the fifth chemotherapy course
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In a previous study, the following variables other than chemother-

apy factors have been reported as patient factors related to the num-

ber of prophylactic PLT transfusions required during chemotherapy in

adults; low PLT count, low lymphocyte count, low fibrinogen, low

mean PLT volume, high PLT aggregation, high albumin level and

greater PS score [19,20]. Although all of these variables could not be

evaluated in our study, the lower PLT count and the lower fibrinogen

level were common risk factors in our analyses. One mechanism of

thrombocytopenia with neuroblastoma at diagnosis is thought to be

as follows: the proliferation of neuroblastoma cells in the bone

marrow reduces normal hematopoiesis, [37] neuroblastoma cells may

also have a direct inhibitory effect on bone marrow cells [38]. There-

fore, thrombocytopenia is thought to be a sensitive reflection of the

effects of metastasis of neuroblastoma cells, although erythrocytes

have a long life span and anaemia may not be immediately pro-

nounced without such as intratumoral haemorrhage. Contrarily,

coagulopathy complications could also occur in advanced neuroblas-

toma, which shows a decrease in PLT count, fibrinogen and other

coagulation factors, especially when accompanied by disseminated

intravascular clotting [39–41]. Although it is considered that the first

F I GU R E 2 Number of required blood transfusions during each chemotherapy course. RBC, red blood cell; PLT platelet

T AB L E 1 Relationship between peripheral blood platelet count at
diagnosis and the required number of blood transfusions

(A) RBC transfusion

Course of chemotherapy r p-value

1 -0.521 0.047

2 -0.448 0.094

3 -0.517 0.048

4 -0.463 0.083

5 -0.301 0.276

Total -0.691 0.004

(B) PLT transfusion

Course of chemotherapy r p-value

1 -0.804 <0.001

2 -0.610 0.016

3 -0.753 0.001

4 -0.511 0.052

5 -0.627 0.012

Total -0.837 <0.001

Note: Bold type: statistical significance (P < 0.050).

Abbreviations: PLT, platelet; RBC, red blood cell.

T AB L E 2 Relationship between blood fibrinogen level at
diagnosis and the required number of blood transfusions

(A) RBC transfusion

Course of chemotherapy r p-value

1 -0.288 0.297

2 -0.177 0.528

3 -0.564 0.029

4 -0.304 0.271

5 -0.315 0.252

Total -0.503 0.056

(B) PLT transfusion

Course of chemotherapy r p-value

1 -0.669 0.006

2 -0.575 0.025

3 -0.591 0.020

4 -0.518 0.048

5 -0.618 0.014

Total -0.736 0.002

Note: Bold type: statistical significance (P < 0.050).

Abbreviations: PLT, platelet; RBC, red blood cell.
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T AB L E 3 Relationship between the results of colony forming assay using bone marrow cells at diagnosis and the required number of blood
transfusions

(A) RBC transfusion

Course of
chemotherapy

GM colonies BFU-E CFU-MK

r p-value r p-value r p-value

1 0.465 0.175 0.379 0.279 -0.295 0.520

2 -0.604 0.065 -0.591 0.072 0.373 0.410

3 -0.671 0.034 -0.641 0.046 0.659 0.107

4 -0.873 0.001 -0.893 0.001 0.588 0.165

5 -0.769 0.009 -0.788 0.007 0.335 0.463

Total -0.669 0.035 -0.704 0.023 0.395 0.381

(B) PLT transfusion

Course of
chemotherapy

GM colonies BFU-E CFU-MK

r p-value r p-value r p-value

1 0.031 0.933 0.050 0.891 -0.370 0.413

2 -0.649 0.042 -0.646 0.044 0.558 0.193

3 -0.329 0.353 -0.470 0.171 -0.113 0.809

4 -0.429 0.216 -0.524 0.120 0.111 0.813

5 -0.247 0.492 -0.191 0.597 -0.120 0.797

Total -0.280 0.432 -0.384 0.273 -0.306 0.505

Note: Bold type: statistical significance (P < 0.050).

Abbreviations: BFU-E, burst-forming unit-erythroid; CFU-MK, colony-forming unit-megakaryocyte; GM colonies, colony forming unit-granulocyte/

macrophage, colony-forming unit-granulocyte, and colony-forming unit-macrophage; PLT, platelet; RBC, red blood cell.

T AB L E 4 Relationship between the cytokine prof ile of peripheral blood at diagnosis, platelet count, f ibrinogen level, and results of colony-
forming assay

PLT count Fibrinogen level GM colonies BFU-E

r p-value r p-value r p-value r p-value

IL-1β -0.159 0.640 -0.036 0.915 0.335 0.417 0.061 0.887

IL-3 -0.703 0.016 -0.298 0.374 0.610 0.108 0.383 0.349

IL-6 0.427 0.193 0.409 0.214 -0.119 0.793 -0.253 0.545

IL-10 -0.310 0.354 -0.451 0.164 0.571 0.151 0.687 0.060

IL-11 -0.584 0.059 -0.468 0.146 0.592 0.122 0.418 0.303

IL-13 -0.378 0.252 -0.296 0.377 0.762 0.037 0.735 0.038

GM-CSF -0.116 0.735 -0.021 0.951 0.592 0.122 0.418 0.303

SCF -0.255 0.451 -0.464 0.154 0.095 0.840 -0.024 0.955

LIF -0.584 0.059 -0.468 0.146 0.592 0.122 0.418 0.303

EPO 0.209 0.539 0.018 0.968 -0.500 0.216 -0.265 0.526

TPO -0.455 0.163 -0.455 0.163 0.262 0.536 0.193 0.647

IFN-γ -0.536 0.094 -0.491 0.129 0.405 0.327 0.349 0.396

TNF-α -0.527 0.100 -0.036 0.924 0.810 0.022 0.831 0.011

TGF-β1 0.767 0.021 0.283 0.463 -0.107 0.840 -0.055 0.908

FGF -0.200 0.558 -0.218 0.521 0.429 0.299 0.361 0.379

Note: Bold type: statistical significance (P < 0.050).

Abbreviations: BFU-E, burst-forming unit-erythroid; EPO, erythropoietin; FGF, fibroblast growth factor; GM-CSF, granulocyte macrophage colony-

stimulating factor; GM colonies, colony-forming unit-granulocyte/macrophage, colony-forming unit-granulocyte, and colony-forming unit-macrophage;

IFN, Interferon; L, interleukin; LIF, leukaemia inhibitory factor; PLT, platelet; RBC, red blood cell; SCF, stem cell factor; TGF, transforming growth factor;

TNF, tumour necrosis factor; TPO, thrombopoietin.
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chemotherapy reduced the number of neuroblastoma cells in the

bone marrow and restored the PLT-producing ability, and PLT con-

sumption is improved by normalization of coagulation abnormalities,

dependence on PLT transfusions may continue to be affected during

subsequent chemotherapies for neuroblastoma.

In analysing the cytokine profile in peripheral blood at diagnosis,

the number of peripheral blood PLTs showed a positive correlation

with TGF-β1 and a negative correlation with IL-3. IL-3 is known to

multiply CFU-MK [42–44]. In addition, when IL-3 was administered

to the human body, an increase in PLTs was actually observed, [45]

and it is one of the typical cytokines that promote PLT production.

Nevertheless, TGF-β1 acts in a suppressive manner on CFU-MK,

megakaryocyte growth and endomitosis [46,47]. In addition, TGF-β1

is contained in the PLT alpha granule, and it is considered that when

the number of PLTs increases, TGF-β1 in the blood also increases,

and therefore, it has an effect of suppressing PLT production

[46,48–50]. Therefore, the IL-3 and TGF-β1 profile results may

reflect the body’s response to compensate for the PLT-producing

ability suppressed by neuroblastoma invasion into the bone marrow

and/or PLT consumption by coagulopathy. Although the measure-

ment of peripheral blood PLT count or fibrinogen level is a simple

method for routine testing, it may show a good reflection of a dis-

ease background and may be a good sensitive predictor of the

required number of PLT transfusions.

However, patient risk factors for anaemia requiring red blood cell

(RBC) transfusion due to chemotherapy in the adult cancer area were

older age, lower body mass index, greater performance status (PS),

primary tumour site, tumour metastasis, prior blood transfusion, base-

line low haemoglobin value, low haematocrit value, low lymphocyte

count, high haptoglobin and high ferritin levels [15-18,21]. Although

there are few studies on the chemotherapy regimen used for paediat-

ric solid tumours including neuroblastoma, haemoglobin <12 g/dl,

absolute lymphocyte count ≤700/μl and PS >1 before chemotherapy

are reported as risk factors for severe anaemia requiring RBC transfu-

sion [51]. However, theabovementioned parameters could not be

found as risk factors in the present study, the result was related to the

ability of bone marrow cells to form GM colonies and BFU-E at diag-

nosis. These results are considered to reflect the myelopoietic or

erythropoietic ability originally possessed by each case. However, in

the cytokine assay of peripheral blood, the ability of both formations

showed a positive correlation with IL-13 and TNF-α. IL-13 and TNF-α

are usually known to function in a suppressive manner in erythrocyte

hematopoiesis [52–54]. Therefore, it is considered that the profiles of

IL-13 and TNF-α in this study might be different from those that

directly affect the ability to form GM colonies or BFU-E. Another pos-

sible reason for this result is that tumour infiltration by lymphocytes

was reported to improve clinical outcome in children with neuroblas-

toma, [55–57] and tumour-associated T lymphocytes may play an

important role in neuroblastoma [58]. Peripheral blood lymphocytes

from neuroblastoma patients also produced relatively high levels of

cytokines including IL-13 and TNF-α. Furthermore, the increased

levels of these cytokines may be observed in co-cultures of patients’

lymphocytes with tumour cells [55]. Therefore, IL-13 and TNF-α may

reflect the results of cytokine production by the activation of T lym-

phocytes [59]. Furthermore, TNF-α has been shown to have an inhibi-

tory effect on neuroblastoma in vitro [60,61]. Therefore, in cases

where IL-13 and TNF-α are high, it is possible that they have a protec-

tive effect on bone marrow hematopoietic cells and have well-

maintained hematopoietic ability from neuroblastoma cells. However,

this is still in the speculated stage at this point, and further basic verifi-

cation is required in the future.

Unfortunately, there are many research limitations in this

research. One of the limitations of this study was the retrospective

analysis of a small number of single-centre cases. Because this study

targeted paediatric patients, the amount of residual sample was small

and limited; therefore, colony-forming assay and cytokine profile

could not be analysed in all cases. In addition, because the era in

which chemotherapy was performed was long, there is a possibility

that some bias was added due to differences in supportive care. Fur-

thermore, because only a limited number of cases of high-risk neuro-

blastoma were targeted, it is not clear whether the results obtained in

this study could be relevant to other childhood cancer diseases and

adult cancers. To solve such problems, it is necessary to perform pro-

spective analysis for a large number of cases in the future. In addition,

it is necessary to conduct a basic analysis together.

Through this study, we were able to clarify the changes in periph-

eral blood haematological value and the required number of blood

transfusions when multiple chemotherapy treatments were adminis-

tered for high-risk neuroblastoma. In addition, more PLT transfusions

were required during chemotherapy in the low PLT count group and

the low fibrinogen level group before the start of treatment. More-

over, patients with low GM colonies or BFU-E formation in the bone

marrow before the start of treatment required more RBC transfusion

during chemotherapy. The decrease in the number of peripheral blood

PLTs is considered to be the result of a negative effect on bone mar-

row cells due to bone marrow infiltration caused by neuroblastoma

and increased PLT consumption associated with abnormal coagula-

tion. Furthermore, the ability to form GM colonies and BFU-E is con-

sidered to reflect the original hematopoietic ability of each case, and a

correlation was observed, especially at the later stages of chemother-

apy. By using these parameters, it may be possible to predict the

degree of myelosuppression during chemotherapy and individual dif-

ferences in the required number of blood transfusions. However, as

there are many research limitations, further verification is needed in

the future.
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Abstract

Background and Objectives: Shortage of blood during the severe acute respiratory

syndrome-COV-2 (SARs-COV-2) pandemic impacted transfusion practice. The pri-

mary aim of the study is to assess management of acute haemolytic crisis (AHC) in

glucose-6-phosphate dehydrogenase(G6PD)- deficient children during SARs-

COV-2 pandemic, and then to assess blood donation situation and the role of tele-

medicine in management.

Methods: Assessment of G6PD-deficient children attending the Emergency Depart-

ment (ER) with AHC from 1 March 2020 for 5 months in comparison to same period

in the previous 2 years, in three paediatric haematology centres. AHC cases pre-

senting with infection were tested for SARs-COV-2 using RT-PCR. Children with Hb

(50–65 g/L) and who were not transfused, were followed up using telemedicine with

Hb re-checked in 24 h.

Results: A 45% drop in ER visits due to G6PD deficiency-related AHC during SARs-

COV-2 pandemic in comparison to the previous 2 years was observed. 10% of

patients presented with fever and all tested negative for COVID-19 by RT-PCR. 33%

of patients had Hb < 50 g/L and were all transfused. 50% had Hb between 50 and

65 g/L, half of them (n = 49) did not receive transfusion and only two patients (4%)

required transfusion upon follow up. A restrictive transfusion strategy was adopted

and one of the reasons was a 39% drop in blood donation in participating centres.

Conclusion: Fewer G6PD-deficient children with AHC visited the ER during SARs-

COV-2 and most tolerated lower Hb levels. Telemedicine was an efficient tool to

support their families. A restrictive transfusion strategy was clear in this study.
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INTRODUCTION

The G6PD Mediterranean mutation is the commonest mutation caus-

ing G6PD deficiency in Egypt. This variant is characterized by <10%

of normal G6PD activity, making it a severe form of the disease with

evident need for transfusion [1–3].

Adding G6PD deficiency to the list of screening elements in a

SARs-COV-2 workup if there is a high suspicion for this genetic muta-

tion might be recommended [4]. Triggers of red cell haemolysis are

the ingestion of fava beans, infection and certain drugs as hydro-

xychloroquine [5, 6]. There is evidence to suggest an association

between G6PD deficiency and increased susceptibility to, and severity

of illness with, SARs-COV-2 infection [7, 8].

Shortage of packed red blood cell (PRBCs) transfusions in blood

banks during SARs-COV-2 pandemic carries a high risk to children in

need of PRBCs as emergency service [9, 10]. The threshold of red

blood cell transfusions showed that there was no evidence of differ-

ences in clinical outcomes over 6 months between the critically anae-

mic children who received immediate transfusion and those who did

not [11].

A key consideration for transfusion services is maintaining the

balance between supply and demand. Donor attendance might fall, as

it did by 10%–30% in the state of Washington [12] and by 30% at

Canadian Blood Services (Goldman M, unpublished) [13–16].

The SARs-COV-2 crisis has made telemedicine an option that

should be actively considered in most patients. Real-time telemedicine

consultations reduce the time of subspecialty visits, as well as risk of

infection and may thereby improve visit completion [17].

Hospitals and blood centres proactively implemented blood con-

servation strategies as well as efforts to maintain blood donations

[18]. However, not enough studies to date have provided detailed

blood usage in G6PD-deficient children during SARs-COV-2

pandemic.

In the light of such shortage, physicians were urged to reconsider

the management of children with G6PD. Our national guidelines

necessitates transfusion if Hb <65 to 70 g/L, but in the new approach,

we have accepted lower Hb levels, guided by clinical condition and

longitudinal follow-up with the use of telemedicine.

The primary objective of the study was to assess the impact of

SARs-COV-2 infection on management and outcome of G6PD-

deficient children presenting to ER in AHC in three haematology cen-

tres in comparison to same period in the previous 2 years.

Secondary objectives were to assess the blood donation situation

and role of telemedicine in follow up of G6PD-deficient children with

critical presentation during the pandemic.

METHODS

This is a prospective study to assess AHC in children with G6PD defi-

ciency presenting to ER in three University Paediatric Haematology

centres from 1 March 2020 for 5 months in comparison to same

period of time in years 2019 and 2018.

Inclusion criteria

• Children with proven or highly suspected G6PD-deficiency; with

or without positive family history (confirmed as G6PD-deficient

6 weeks later).

• G6PD-deficient children in AHC presented to ER in the three

participating sites (exaggerated pallor and jaundice with low Hb,

high both reticulocyte count and indirect serum bilirubin).

• Parental agreement to receive blood transfusion if indicated or

follow up strictly/8–12 h for 48 h by video calls if not

transfused.

Exclusion criteria

• AHC other than G6PD deficiency

• G6PD-deficient children not in AHC

• G6PD-deficient children whose families refused to sign the

informed consent

Precipitating factors, PRBCs availability and transfusion deci-

sion were all assessed. Availability of blood and role of telemedi-

cine in management were reported. The investigations stated in

the protocol included CBCs, urine dipsticks, serum bilirubin (direct

and indirect), blood grouping and cross matching. Quantitative

G6PD assessment both at presentation and 4 weeks later was

also included. A list of food, drugs and agents to be avoided was

given to the parents. Blood bank guidelines did not approve

requests for G6PD-deficient children in AHC with Hb >65 g/L if

clinically stable.

Although the threshold of red blood cell transfusions for stable

patients in AHC was Hb of <65 g/L, some children with Hb 50–

65 g/L were not transfused either due to shortage of supply, parental

worry from day of case admission during the SARs-COV-2 pandemic

or following the haematologist decision of unnecessary transfusion.

In cases with Hb <50 g/L and PRBCs unavailability, the central

National Blood Bank was notified and supplied such units. In case of

parental fear, counselling was offered by both the paediatrician and

haematologist that the benefit outweighs the minimal risk of SARs-

COV-2 infection, which will be kept to a minimum after applying all

necessary precautions.

Non-transfused patients were followed up, using telemedicine

service (video call), every 8–12 h (for child activity, general appear-

ance and urine colour). Providing service to re-check Hb daily for

2 days (if Hb dropped below 50 g/L or child became unstable, immedi-

ate referral for transfusion and blood was requested from the National

Blood Bank). For all patients, a follow up Hb level at 24 and 48 h,

G6PD assay for newly diagnosed patients and urinary dipstick every

12–24 h were done.

Educational material was given to all families of G6PD-deficient

new patients. All cases presenting with evidence of infection were

tested by nasal and throat swabs for SARs-COV-2 by RT-PCR [19].

Blood donation prospective data were obtained from donor

attendance records, and blood inventory records between 1 March
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and 31 July 2020 in comparison to retrospective data during the

same period in previous 2 years. The data included the number and

sources of donated blood units, and the number of released units

for transfusion to AHC of G6PD-deficient children (Table 2). A

recruitment text message for every potential blood donor during

the SARs-COV-2 era in 2020 was sent out from May to July. Plans

for blood donation campaigns to all registered providers were

implemented.

Laboratory methods

• CBC was done using Coulter Counter GEM-S (Beckman Coulter

Inc., Miami, Florida). Reticulocyte count was determined by Bril-

liant Cresyl blue stain.

• Indirect bilirubin was done on Cobas Integra 800 (Roche Diag-

nostics, Mannheim, Germany).

• G6PD enzyme level was assessed quantitatively using a spectro-

photometer [4] at presentation to ER and 4 weeks later.

• RT-PCR using TaqPath COVID-19 CE-IVD RT-PCR Kit, 1000

reactions (Cat. No. A48067) from Thermo Fisher Scientific [20].

Telemedicine service

There has also been a significant change in the patient pathway with

more being reviewed via the means of telemedicine to reduce the risk

of SARs-COV-2 exposure and transmission. Laboratory test results

were shared over picture archiving and communication systems to the

paediatric haematologist either before or during the appointment

through live video conferencing [21].

All patients’ guardians of known or suspected cases of G6PD defi-

ciency had an access to have a video call to haematologist in ER; cases

with Hb <50 g/L received transfusion immediately while those with

Hb 50–65 g/L were either transfused or not.

During study, telemedicine service was mainly synchronous (real-

time telephone or live audio–video interaction). We ensured the avail-

ability of smartphones for all caregivers.

T AB L E 1 Demographic data of G6PD-deficient children in AHC presenting to the three centres during 5 months of SARs-COV-2 pandemic in
2020 vs same period in 2018 to 2019

Variable

Year 2020

N = 198

Mean of year 2018 and 2019

N = 361 p-value

Age at presentation

Months mean � SD (21.5 � 8.1) (22.3 � 8.8)

Range 9–48 10–50

Male sex 178 (89.9%) 650 (mean = 325) (90%) 0.956

First episode of AHC 178 (89.9%) 635 (mean = 317) (87.95%) 0.448

Hb (g/L)

Mean � SD 56 � 14 62 � 13 <0.001

Range 2–8 2–9

Hb <50 g/L 66 (33.3%) 90 (25%) 0.03

Hb 50–65 g/L 99 (50%) 126 (35%) <0.001

Hb >65 g/L 33 (16.7%) 145 (40%) <0.001

Transfused (Hb ≤50 g/L) 66/66 (100%) 90/90 (100%) 1

Non-transfused (Hb 50–65 g/L) 49/99 (49.5%) 24/126 (19%) <0.001

PRBCs not available 19/49 (38.8%) 2/24 (8.3%) 0.007

Family decision 18/49 (36.7%) 6/24 (25%) 0.3

Haematologist decision 12/49 (24.5%) 16/24 (66.7%) <0.001

Non-transfused Hb ≥65 g/L 33/33 (100%) 120/145 (83.0%) 0.01

Transfused 116 217

One unit only 110/116 (94.8%) 196/217 (90.3%) 0.152

Two units 6/116 (5.1%) 21/217 (9.6%) 0.150

G6PD unit/g of Hb

Initial

Mean � SD 1.6 � 0.3 1.7 � 0.4 0.005

Range 0.2–3.9 0.3–4.1

6 weeks latera

Mean � SD 1.52 � 0.32 1.61 � 0.38 0.002

Note: p > 0.05: Non-significant; p < 0.05: Significant; p < .01: Highly significant.
aG6PD level was done in 90% initially and 100% 6 weeks later.
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Contact was mainly through WhatsApp or Facebook messenger

(text and video call). Asynchronous and remote patient methods were

not applied.

Ethics statement

The clinical trial was conducted after approval of ethical committees of

involved centres (Ain Shams, Assuit and Beni Suef Universities). Parents

or guardians of all patients accepted to follow the study protocol. Par-

ents of patients who were not transfused should be contacted regularly

through video conference with the treating haematologist for fear of

deterioration and were asked to respond to all queries. Parents of

G6PD-deficient children with AHC accepted that strict precautions

would minimize the risk of SARs-COV-2 infection.

Statistical analysis

Statistical analyses were carried out using SPSS 17.0 software pack-

age program. The comparison between two groups with qualitative

data were done using Chi-square test or Fisher exact test. Indepen-

dent t-test or Mann–Whitney test were used for two independent

groups with quantitative data. Paired t-test or Wilcoxon Rank test

were used for two paired groups with quantitative data. One way

ANOVA or Kruskall-Wallis were used for more than two groups with

quantitative data.

Results are considered significance if p-value < 0.05 and highly

sign if <0.01.

RESULTS

Demographic data of AHC in G6PD-deficient children attending the

ER in the contributing centres during the 5 months over 3 years

period 2018–2020 and transfusion service provided to them are

shown in Table 1.

The number of patients were stable over last 2 years with a 45% drop

in ER visits due to AHC in G6PD during SARs-COV-2 pandemic. Fear of

hospital visits was the primary cause of delayed presentation in more than

70%. Families did not show any concern of SAR-COV-2 being blood-

transmitted, yet all were re-assured that the virus is not blood-borne.

A maximum drop of ER visits of AHC in G6PD-deficient children

was observed during May as shown in Figure 1, coinciding with the

peak of the pandemic in Egypt and was compensated with the maxi-

mum drop in blood donation.
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Ingestion of fava beans and/or derivatives were the predisposing

factors of haemolysis in almost 80% and offending drug intake in

10%. Only 10% of cases presented with possible infection; however

none had direct contact to active SARs-COV-2 cases and all tested

negative by RT-PCR swab.

The mean Hb level at presentation during the pandemic was

56 g/L, being significantly lower in comparison to previous 2 years

(p < 0.001). Also number of patients presenting with Hb levels more

than 65 g/L were significantly less than that reported over the previ-

ous 2 years. Regarding the need of transfusion, all patients presenting

with Hb level less than 50 g/L were transfused as previously prac-

ticed. 100% of patients with Hb level more than 65 g/L were not

transfused following a restrictive transfusion strategy during the pan-

demic in comparison to 83% in the previous 2 years (p < 0.05).

The most significant difference between COVID era and previous

2 years was in the number of non-transfused patients with Hb levels

between 50 and 65 g/L. PRBC unavailability, haematologist restrictive

strategy and/or parental worries were the main reasons for conserva-

tive management; however, only 4% were transfused 24 h later with

the drop of Hb below 50 g/L.

Differences in transfusion rates between 2020 and previous

2 years is shown in Figure 2.

Most transfused cases received one unit but exceptionally severe

cases received two units of blood in 5% during SARs-COV-2 in com-

parison to almost 10% in previous 2 years.

G6PD level was assessed in 90% initially and in 100% after

6 weeks from presentation or post-transfusion, a decline in level

after the initial evaluation was 0%–20% (5.5%). A lower level of G6PD

was detected during the pandemic.

During the outbreak of SARs-COV-2, a significant reduction in

blood donations was observed in comparison to the last 2 years as

shown in Table 2 and Figure 3. Females contributed less during SARs-

COV-2 pandemic; however, the highly educated donors shared more.

A peak reduction was noticed in May 2020 and was compensated

with reduction in demand. All methods for donor recruitment were

taken with a better response in late July compared to previous

months coinciding with national drop of positive SARs-COV-2 cases

(Figure 3). Demographic data of donors are shown in Table 2.

Regular blood donors showed 25% increase as number and dou-

ble the percentage as donors compared to previous 2 years. Family

replacement was less during SARs-COV-2 and even blood campaigns

stopped or slowed down during April–June and re-started to peak in

July (Figure 3).

DISCUSSION

Our results showed a marked drop in ER visits due to AHC in G6PD

by 45% over 5 months during SARs-COV-2 pandemic, which could

not be easily explained. The drop was observed among all severity

grades of AHC; however, as expected the drop was mainly in the mild

cases (75% in mild in contrast to 25% drop in severe cases) Children

with mild AHC did not urge their families to visit ER.

According to consensus recommendation for red blood cell trans-

fusion [22], the need for PRBCs does depend not only on the Hb con-

centration but also on the overall clinical context in addition to risks,

benefits and alternatives to transfusion. The three participating cen-

tres follow a transfusion strategy of Hb level of 65 g/L or less

according to the clinical condition of patient and the evidence of

ongoing haemolysis.

Cases with mild AHC were all stable and were not transfused

according to blood bank policy during the pandemic. Parents were

assured and advised to contact the haematology team through

Difference in transfusion rates between 2020 and 2018-2019
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F I GU R E 2 Differences in transfusion rates between 2020 and
previous 2 years [Colour figure can be viewed at
wileyonlinelibrary.com]

T AB L E 2 Profile of blood donors in blood banks of the three
paediatric haematology centres during March–July 2020 and
2018–2019

Year 2020

Mean value

of 2018 and 2019

Blood donors No = 25,989 No = 42,655 p value

Sex

Females 2599 (10%) 8531 (20%) <0.001

Males 23,390 (90%) 34,124 (80%)

Age

18–45 years 23,390 (90.0%) 38 389 (90%) 1.000

Education

>12 years 18,192 (70%) 25,593 (60%) <0.001

<12 years 7797 (30%) 17,062 (40%)

Donation through

Appointment 18,192 (70%) 12,797 (30%)

Blood campaigns 2599 (10%) 17,062 (40%) <0.001

Family replacement 5198 (20%) 12,796 (30%)

Donor status

Regular 5198 (20%) 4266 (10%) <0.001

First timer 20,791 (80%) 38,389 (90%)

Note: p > 0.05: Non-significant; p < 0.05: Significant; p < 0.01: Highly significant.
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telemedicine service if the child deteriorates. Only 10% needed to re-

contact the haematologist and none were transfused during follow-up.

On the other hand, in moderately-severe cases, only 50% of them

were transfused in comparison to almost 90% in the previous 2 years.

All non-transfused were followed up closely. Only in 4%, Hb dropped

to below 50 g/L and were transfused. This may highlight the need for

more restrictive transfusion strategies in clinically stable cases as long

as there is adherence to follow up.

One of the main reasons for non-transfusion was parental refusal;

fear of SARs-COV-2 transmission was the main reason and not the

usual fear from blood-borne infections.

Severe cases presenting to ER with Hb of 50 g/L or less were all

transfused, their percentage was relatively more during the pandemic.

Most of them received a single unit (95%); only 5% had received two

units in contrast to almost 10% in the previous 2 years, which might

be related to more restrictive transfusion policy during the SARs-

COV-2 era.

Blood donation services were markedly affected by the pandemic,

as reported worldwide [12], with marked reduction compared to the

same period in the previous 2 years. This was secondary to the gov-

ernmental restrictions issued to avoid crowding and also the fear of

regular donors to visit a health care facility.

A recruitment plan started few weeks after the start of SARs-

COV-2 pandemic in Egypt, mainly through social media

announcements. Also text messages for regular and potential blood

donors were sent out from May to July, with a significant rise in July

coinciding with significant drop in reported SARs-COV-2 cases.

Regular blood donors played a great role during SARs-COV-2

time, not only they showed 25% increment in number in comparison

to previous 2 years but also had higher Hb levels (data were not

shown) which was mostly due to repeated advice to consume more

haeme iron [23]. Surprisingly, family replacement was less during

SARs-COV-2 and even blood campaigns either stopped or was less

frequent through April–June and re-started to peak in July. Females

contributed less during SARs-COV-2 pandemic; however, the well

educated donors shared more.

Balance between shortage of PRBCs and unnecessary transfusion

should be maintained well. Restrictive transfusion for stable moderate

AHC cases due to G6PD deficiency should be studied more in a pro-

spective study in unprivileged countries with shortage of blood dona-

tion. The possibility of using the same model after control of SARs-

COV-2 pandemic should be well assessed.

The fate of missed cases of G6PD-deficient children with AHC

who did not attend to ER to seek medical advice was unknown. We

did our best to clear our retrospective data to be suitable for compari-

son with the prospective data. SARs-COV-2 RT-PCR screening was

done only in 10% of cases who presented with evidence of infection;

all were negative and chest CT was not done; however, asymptomatic
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cases might be possibly missed. Telemedicine was done only for non-

transfused critical cases as well as any one requesting the service,

meanwhile a critical evaluation should be done in case of refusal of ER

visit for border-line cases.

Telemedicine channels as Whats app and Facebook do not pro-

tect patient’s privacy and personal data protection.

In conclusion, during the COVID-19 pandemic and with shortage

of blood supply, a more restrictive transfusion practice for AHC in

G6PD-deficient children was implemented compared to the previous

2 years. A delay in presentation to ER was noticed. It was clear that

home supervision through telemedicine was a good option. Maximiz-

ing the role of regular blood donors is mandatory in Egypt and restric-

tive transfusion strategy should be assessed better in the future.
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Abstract

Background and Objectives: Inappropriate platelet transfusions represent an oppor-

tunity for improvements in patient care. Use of a best practice alert (BPA) as clinical

decision support (CDS) for red cell transfusions has successfully reduced unnecessary

red blood cell (RBC) transfusions in prior studies. We studied the impact of a platelet

transfusion BPA with visibility randomized by patient chart.

Materials and Methods: A BPA was built to introduce CDS at the time of platelet

ordering in the electronic health record. Alert visibility was randomized at the patient

encounter level. BPA eligible platelet transfusions for patients with both visible and

non-visible alerts were recorded along with reasons given for override of the BPA.

Focused interviews were performed with providers who interacted with the BPA to

assess its impact on their decision making.

Results: Over a 9-month study period, 446 patient charts were randomized. The visi-

ble alert group used 25.3% fewer BPA eligible platelets. Mean monthly usage of

platelets eligible for BPA display was 65.7 for the control group and 49.1 for the visi-

ble alert group (p = 0.07). BPA-eligible platelets used per inpatient day at risk per

month were not significantly different between groups (2.4 vs. 2.1, p = 0.53).

Conclusion: It is feasible to study CDS via chart-based randomization. A platelet BPA

reduced total platelets used over the study period and may have resulted in

$151,069 in yearly savings, although there were no differences when adjusted for

inpatient days at risk. During interviews, providers offered additional workflow

insights allowing further improvement of CDS for platelet transfusions.

K E YWORD S

clinical trial, patient blood management, platelet components, platelet transfusion, transfusion
therapy

INTRODUCTION

Platelet transfusions are an effective haemostatic therapy for bleeding

thrombocytopenic patients [1, 2]. Multiple trials have examined

appropriate thresholds for prophylactic use of platelets, predomi-

nantly in stable cancer patients [3–6]. Guidelines for platelet

thresholds in other clinical situations, including invasive procedures

and WHO grade 2 or worse bleeding, have been established by sev-

eral professional organizations and national institutes [7–9].

Despite publication and promotion of these guidelines, clinical

practices are not always consistent with the accumulated evidence

[10, 11]. One intervention to increase compliance with guidelines is
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clinical decision support (CDS) using a best practice alert (BPA) that

requires provider interaction during orders placed in the electronic

health record (EHR). As part of a comprehensive patient blood man-

agement (PBM) programme, implementation of BPAs for red blood

cell (RBC) transfusion utilizing evidence-based guidelines [12] has

been associated with reduced red cell usage and better patient out-

comes [13, 14]. A similar effort targeting plasma ordering based on

International Standardized Ratio (INR) also showed efficacy in reduc-

ing potentially inappropriate usage [15].

Strategies aimed at targeting inappropriate platelet transfusion

are more challenging relative to RBCs or plasma as the

transfusion threshold is variable for different patient conditions. One

previous effort to decrease platelet utilization employed targeted

staffing interventions [16]. CDS for platelet utilization has a mixed

record [17], with multiple studies showing no difference in platelet

utilization or rate of BPA triggering after implementation of a BPA for

platelet transfusion [18–20]. At our institution, we sought to decrease

overall platelet utilization via a targeted BPA advising providers at the

time of order placement to remove potentially inappropriate orders.

Importantly, we built our intervention to be tested in a randomized

fashion in contrast to previous studies of CDS in BM.

MATERIALS AND METHODS

A targeted BPA was built to introduce CDS at the time of platelet

ordering within our EHR (Epic Systems Corp. Verona, W.I.). The BPA

triggered on a platelet order whenever the patient’s most recent

platelet count was greater than 50 k/μl with a maximum lookback

time of 48 h for the count value. There were exclusion criteria built to

avoid targeting the wrong patients or providers. The BPA was

excluded from all procedural areas (including the emergency depart-

ment, operating rooms, interventional radiology, and interventional

cardiology), as part of emergency or massive transfusion, and for all

neurosurgery providers.

The BPA was activated in the adult inpatient hospital setting of a

large, tertiary care academic medical centre on May 9th, 2019 and run

through February 4th, 2020. Alerts were randomized at the patient

encounter level to trigger either in standard or background (control)

fashion. For silent alerts, no BPA was shown on-screen, but the occur-

rence was recorded. For standard alerts, the BPA appeared on-screen,

informing the provider that their platelet transfusion order was poten-

tially inappropriate and citing supportive evidence (Figure 1). Providers

had the option of following or overriding the alert, but for the latter a

pre-specified list of clinical justifications or ‘Other’ needed to be

selected. Providers who chose ‘Other’ could enter a free text justifica-

tion but this was not required. Pre-specified options included upcoming

neurosurgery, intracranial haemorrhage cardiac bypass surgery, known

qualitative platelet defects, or patients taking antiplatelet drugs. If a user

selected any override reason besides ‘Other’, such as neurosurgery, the

alert was subsequently not triggered for ANY user for that patient

encounter for a 36-h duration. If platelet defect was selected, a longer

lockout period of 72 h was enabled. This type of lockout was designed

to prevent alert fatigue such that if there was a clinical justification for

transfusion, the same or subsequent user would not continue to see the

alert during a likely affected time period.

For patients eligible for the BPA, total platelet orders and those

placed for patients with platelet counts over 50 k/μl were evaluated

independently of the BPA using silent alerts that triggered with every

completed platelet order, recording the date and number of platelets

ordered. Analyses were limited to regular platelet orders and excluded

platelet orders as part of emergency or massive transfusion. BPA-

eligible platelets were defined as platelets issued within 24 h of a visi-

ble or control (silent) alert.

Estimated per unit costs were based on charges for platelet

transfusions as listed in the hospital charge master. Data cleaning,

combination, and analysis were performed in the R statistical com-

puting language version 4.0.2 (‘Taking Off Again’) utilizing the

tidyr and ggplot2 packages [21–23]. In univariate comparisons,

p values are reported for continuous variables as the result of

F I GU R E 1 Best practice alert (BPA) appearance in the electronic health record [Colour figure can be viewed at wileyonlinelibrary.com]
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two-sided Student’s t tests with a significance threshold of 0.05,

unless specified otherwise.

The free-text override comments were independently reviewed

by two study authors (E.M. and E.P.) to assess provider sentiment to

alert guidance. Comments were tagged into a set of general categories

by iterative inductive analysis of the comment content, and each com-

ment could be assigned multiple tags. Inter-rater variability was

assessed by calculating a Cohen’s kappa coefficient. These tagged

comment categories were then summed and plotted as percentage of

all free-text override reasons to assess common reasons for bypass

not included in pre-selected options.

In addition, focused interviews were conducted in a subset of

providers who interacted with the visible alert in order to gain insight

into their approach to ordering platelets and experiences with inter-

acting with the BPA. Iterative inductive analysis was performed to

identify recurring themes across participants. A $10 (USD) gift card

was offered as an incentive for provider participation. This study was

approved by the Stanford Institutional Review Board.

RESULTS

Over the 9-month study period, 5336 platelets were issued to 1331

patients in orders of two or less platelets. A total of 218 patient charts

were randomized to the control alert, and 228 were randomized to

the standard visible alert. Over the study period, the control group

used 591 BPA-eligible platelets and the visible alert group used

442 BPA-eligible platelets, a 25.3% reduction (Table 1). In total,

204 patients in the control arm and 201 patients in the visible alert

arm were transfused (Table 2). Mean monthly usage of platelets eligi-

ble for BPA display was 65.7 for the control group and 49.1 for the

visible alert group (p = 0.07). BPA-eligible platelets used per inpatient

day at risk per month were not significantly different between groups

(2.4 vs. 2.1, p = 0.53; Table 3; Figure 2).

In the visible alert arm, 353 alerts were generated, of which

327 were overridden. Cardiovascular bypass and platelet function

defects were the most common pre-selected descriptive reasons

given for alert bypass, followed by neurosurgical procedures and

active CNS bleeding (Figure 3). The total of 149 orders were

T AB L E 1 Summary data for all hospitalized patients receiving at
least one platelet during the study period, 5/10/19–2/4/20

Category Total patients Platelets issued

All transfused patients 1331 5336

Study patients 446 1033

Control alert 218 591

Visible alert 228 442

Note: All transfused patients category includes patients not meeting best

practice alert (BPA) criteria for enrolment.

T AB L E 2 Demographic characteristics for transfused patients

Control alert Visible alert

Transfused patients 204 201

Sex, male 123 (60%) 130 (65%)

Age 62 (49.75–72) 60 (51–70)

Primary service

Critical care/Anaesthesia 36% 30%

Internal medicine 24% 31%

Cardiothoracic surgery 15% 16%

General surgery 11% 10%

Emergency medicine 8% 7%

Other 6% 7%

Note: Age is presented as median and interquartile range. Primary team

denoted is based on clinical association of provider ordering platelets.

Other category includes neurology, neurosurgery, orthopaedic surgery and

obstetrics.

T AB L E 3 Monthly best practice alert (BPA) eligible platelet usage
and platelets per inpatient day (PPID) at risk by alert visibility for
study patients

Platelets PPID

Control alert 65.7 (20.8) 2.3 (0.8)

Visible alert 49.1 (13.5) 2.1 (0.8)

p Value 0.07 0.53

F I G U R E 2 Monthly usage for best practice alert (BPA) eligible
platelets by alert visibility for (A) total platelets and (B) platelets per
inpatient day at risk (PPID) during the study period of 5/9/19
and 2/4/20
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overridden for ‘Other’ reasons, with resultant free-text justification

provided in 133 cases (89% user feedback rate). These comments

were subsequently tagged into distinct categories with a Cohen’s

kappa coefficient of 0.911 (p < 0.001) between raters. Figure 4 dis-

plays the different categories into which override comments were

classified. The most commonly provided free-text override comments

included platelets ordered in the pre-operative/pre-procedural setting,

patients with active bleeding (non-CNS and CNS), and those

harbouring qualitative platelet defects.

Twenty-four providers participated in interviews, which

focused on each individual’s approach to platelet transfusions and

feedback on their interaction with the BPA. Major themes and

representative excerpts are shown in Table 4. Iterative inductive

analysis of interview transcripts revealed two major themes: rea-

sons why providers ordered platelet transfusions despite the

appearance of the BPA advising against it and feedback on how to

improve the compliance with and education derived from these

alerts.

DISCUSSION

Over 9 months, patients with a visible BPA in their chart used fewer

total platelets, although the monthly difference was not significant.

Additionally qualifying this finding, there was no difference in usage

when adjusted for total inpatient days at risk in each arm. Total plate-

let usage in the alert group was decreased 25.3% as compared to the

control group. This represents $111,750 cost difference potentially

attributable to the intervention with an average product purchase

price/supply price of �$750. Annualized, this would be $151,069 in

potential yearly savings. In addition, the total costs of transfusion can

be up to 3–5 times purchase or supply costs, suggesting greater

unmeasured impacts on cost savings [24].

Monthly platelet usage did not significantly vary between random-

ized groups in any of the categories evaluated. Lower frequency and

increased variability of platelet usage by month as compared to red cell

usage makes establishing statistical significance for changes in platelet

transfusion practice more challenging. Future studies of platelet transfu-

sion practice modifications could include additional indices of patient

volume and severity to provide better adjusted statistical comparisons

between trial arms. Evaluating other aspects of blood bank operations

for impact of the BPA beyond total blood product usage could also be

helpful. For red cells, a study evaluating CDS found no significant effect

on compliance with CDS alone but did find a sharp reduction in products

dispensed and returned with a combination of CDS and remote elec-

tronic issuance [25]. Evaluating the impact of a platelet transfusion CDS

could include assessing whether decreased platelet transfusions resulted

in less need to maintain a large platelet inventory, potentially leading to

adjusted par levels and reducing platelet waste. Other potential targets

for evaluation include patient centred outcomes such as in-hospital mor-

tality, length of stay, and number of transfusion reactions [17].

The vast majority of BPA alerts were overridden, similar to other

studies of transfusion CDS [26]. However, while the BPA may not

have been heeded or applicable in individual instances, its presence

may have a more general effect of modifying subsequent provider

behaviours regarding platelet usage and medically addressing

F I GU R E 4 Categorization of free-text override comments. Override comments were reviewed by two reviewers who indicated agreement or
disagreement with the selected reason. CNS, central nervous system; BMT, bone marrow transplant

F I GU R E 3 Totals of selected reasons given for bypass of the best
practice alert (BPA) at time of order placement. CNS, central nervous
system; CV, cardiovascular; ECMO, extracorporeal membrane
oxygenation
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thrombocytopenia. Previous studies of BPAs targeting one blood

product have found trends towards decreases in others, suggesting

that providers trained to think about blood transfusion in one context

will apply that training in others [13].

Even though the alert was constructed in such a manner as to avoid

triggering in patients undergoing selected indications like cardiovascular

bypass, extracorporeal membrane oxygenation (ECMO) or neurosur-

gery, the most common bypass reasons included these categories. This

illustrates the importance of building frequently encountered scenarios

into a BPA, as well as evaluating the efficacy of location specific BPA

targeting. Additionally, analyses of the free-text justifications for alert

override demonstrate that there exists significant nuance in certain

patient scenarios that may warrant transfusion despite a numerical

platelet count that suggests otherwise.

A frequently cited reason for override in our analysis included

patients in the pre-operative/pre-procedural setting. Though we were

unable to discern the specific operation that was anticipated, it is

understandable that depending on the severity of illness for which the

patient was admitted, combined with a potentially major upcoming

surgery, the ordering provider felt the use of prophylactic platelet

transfusion was justified regardless of platelet count. Similarly, patients

experiencing active haemorrhage or qualitative platelet defects may

have prompted transfusions in an effort to stem this bleeding,

depending on their accompanying comorbidities and clinical trajectory

at the time. An additional consideration is that providers may choose

clinical override justifications that are not appropriate for the patient, as

there is no continuous process to verify the accuracy of the override

reason. Taken together, future interventions seeking a more tailored

approach should attempt to account for the complexity of certain

admission diagnoses or intended diagnostic/therapeutic interventions.

Focused interviews revealed several interesting themes that may

further explain reasons for transfusion despite the recommendation

T AB L E 4 Themes emerging from providers’ focused interviews

Why do providers transfuse despite BPA or guideline recommendations? How can we improve the implementation of this BPA?

Theme 1: Additional instructions on platelet ordering from others Theme 1: Need for context-specific implementation

‘Decisions are rarely unilateral in these situations and it can be hard to follow

the BPA if it requires opposing the recommendation from someone higher

up in the medical hierarchy’.

‘If the patient is stable, everyone is comfortable with an evidence-

based best practice. But it is different when the patient is

dynamic and you need to think preemptively’.

‘It can be tough to go along with the recommendation if the service wants

something different’.
‘In emergency situations, the person placing the order is rushing

and does not have the time to look at the BPA carefully’.

‘If we are deviating from known cutoffs, it is usually because someone has told

us to’.
‘The setting matters. It is not appropriate to have this BPA fire for

every single service since thresholds vary’.

‘On night coverage, we are unlikely to overturn a transfusion recommendation

suggested by the day team’.

Theme 2: Acute or emergent patient situations Theme 2: Minimize alert fatigue

‘In an emergent bleeding situation, aggressively and quickly stabilizing the

patient takes precedence over all else’.
‘For services where there is great familiarity with the clinical

context and the ordering platelets, this alert can be very

irritating.’

‘It would be frustrating if the alert fires multiple times on the same

patient who is actively bleeding’.

‘When the patient dynamics change, we begin to follow our intuitive

experience. It’s a lot harder then to follow evidence-based best practice

that is likely based on a static patient model’.

‘Brevity is important. Too many required clicks lead to user

frustration’.

Theme 3: Lack of Awareness of or Non-adherence to Existing Guidelines Theme 3: Need to Reach All Members of Healthcare Team and

Influence Those with Ordering Power

‘I work in the hematology department, and I wasn’t aware of any guidelines

until now’.
‘It’s important to identify and educate whoever recommended the

procedure, as these ‘outliers’ are likely responsible for the

greatest burden of inappropriate platelet transfusions’.

‘We need to target he intervention at services that are less familiar with

platelet transfusions and frequently violating the guidelines’.
‘It’s important to have attendings on board with following these

guidelines’.

‘I think most conflict comes from services that set differing goals for

themselves’.

Theme 4: Preventative nature of blood transfusions

‘I see most violations in situations where we are trying to do anything to

support the patient’.

‘Ordering platelets can come from a place of fear, where we place the order

even if there is an alert because there is a chance the patient may benefit’.

‘When a patient destabilizes, you preemptively think about what could be the

worst-case outcome for the patient’.
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of our BPA. Suboptimal utilization of evidence-based guidelines, due

to both providers’ lack of awareness and preference for department-

based practice patterns, was cited as driving transfusion orders

despite an opposing BPA recommendation. Uncertain patient situa-

tions, especially in those with hemodynamic instability and suspected

bleeding, also prompted providers to transfuse platelets at a lower

threshold. In addition, the hierarchical and multi-disciplinary nature of

patient care appeared to influence some providers’ practices, with

some citing attending physicians or other consultants as the reason

for placing these orders. Overall, these findings not only highlight the

importance of ongoing educational efforts to improve awareness of

best practices, but also the challenges posed by patient acuity and

interpersonal dynamics in adopting these behaviours. Prior studies

have similarly identified these themes as reasons why BPAs are not

consistently followed [26].

Recognizing these challenges, providers offered suggestions for

improving the effectiveness of the BPA alert that centred on three

major themes. First, context matters. Though the educational intent

of the intervention was generally appreciated, many felt that the value

diminished in the setting of a decompensating patient, where emer-

gent aspects of the situation at-hand often prompted transfusions

regardless of guideline recommendations. A BPA deployed in these

settings created the opposite effect by breeding frustration and dis-

satisfaction with the extra ‘clicks’ required to complete the transfu-

sion order. Additionally, providers cited the unequal influence of

certain care team members in determining ordering practices, includ-

ing individuals with entrenched ordering patterns, or attending physi-

cians who wielded the ultimate deciding power to transfuse or not.

Taken together, these insights suggest that future BPA efforts

could be improved if they are context-specific, dynamically responsive

to the practice patterns of the ordering provider, and visible to all

ranks and levels of the healthcare team. Although we designed our

CDS to not trigger in procedural settings, additional sophistication

could avoid CDS triggering for patients who recently had cardiopul-

monary bypass, a commonly selected bypass reason (Figure 3).

Addressing the interview theme that ordering providers were not

always those with the most authority to make decisions about the

appropriateness of platelet therapy, displaying the CDS to more mem-

bers of the care team via pathways other than the EHR could poten-

tially be impactful. This would also satisfy more of the Agency for

Healthcare Research and Quality’s CDS Five Rights, providing the

right information to the right person via the right channel [27].

We believe the most significant part of this effort is to show that

technological tools for PBM such as alerts can be studied in a system-

atic and scientifically sound fashion through randomization to prove

causation as opposed to relying on historical controls or cluster ran-

domization by location or provider. Routine randomization of CDS

can help organizations evaluate which interventions are effective in

real-world practice [28]. Studying provider responses can assist in

refining CDS in a real-time and interactive fashion.

However, technological tools such as alerts and other decision

supports are not a panacea in aligning clinical practice to scientific evi-

dence. In the modern medical centre, they must be built with an

appreciation for complex decision making in a multi-role specialty

health system, with mechanisms to incorporate provider engagement

and feedback. Done correctly, technological tools can help change

provider behaviour regarding transfusions and with a much lower

input of resources than traditional interventions.

ACKNOWLEDGEMENTS

CM and NS conceived of and developed the research idea. NS built

the best practice alert, validated the randomization and revised the

manuscript. CM performed the total platelet usage data analysis,

wrote and revised the manuscript. JH and LS assisted in implementa-

tion of the alert and revised the manuscript with focus on best prac-

tice alerts. EM and EP performed the physician surveys, analysed the

results and wrote the discussion surrounding provider feelings on the

best practice alert. All authors revised and reviewed the final

manuscript.

DATA AVAILABILITY STATEMENT

Data cannot be shared for this manuscript, which involves patient

specific data, due to the specific requirements of the IRB approval and

HIPAA privacy rules for patient identifying information.

CONFLICT OF INTEREST

The authors declare there is no conflict of interest.

FUNDING INFORMATION

None.

ORCID

Colin Murphy https://orcid.org/0000-0002-1887-2646

REFERENCES

1. Duke WW. The relation of blood platelets to hemorrhagic disease.

JAMA. 1983;250:1201–9.
2. Freireich EJ. Origins of platelet transfusion therapy. Transfus Med

Rev. 2011;25:252–6.
3. Gaydos LA, Freireich EJ, Mantel N. The quantitative relation

between platelet count and hemorrhage in patients with acute leuke-

mia. N Engl J Med. 1962;266:905–9.
4. Slichter SJ, Harker LA. Thrombocytopenia: Mechanisms and manage-

ment of defects in platelet production. Clin Haematol. 1978;7:

523–39.
5. Rebulla P, Finazzi G, Marangoni F, et al. The threshold for prophylac-

tic platelet transfusions in adults with acute myeloid leukemia. Gru-

ppo Italiano Malattie Ematologiche Maligne dell’Adulto. N Engl J

Med. 1997;337:1870–5.
6. Slichter SJ, Kaufman RM, Assmann SF, et al. Dose of prophylactic

platelet transfusions and prevention of hemorrhage. N Engl J Med.

2010;362:600–13.
7. National Clinical Guideline Centre (UK). Blood transfusion.

National Institute for Health and Care Excellence (UK); 2015

https://www.ncbi.nlm.nih.gov/books/NBK338783/, Accessed

March 27, 2021.

8. Schiffer CA, Bohlke K, Delaney M, et al. Platelet transfusion for

patients with cancer: American Society of Clinical Oncology clinical

practice guideline update. J Clin Oncol. 2018;36:283–99.

6 MURPHY ET AL.

https://orcid.org/0000-0002-1887-2646
https://orcid.org/0000-0002-1887-2646
https://www.ncbi.nlm.nih.gov/books/NBK338783/


9. Kaufman RM, Djulbegovic B, Gernsheimer T, et al. Platelet transfu-

sion: A clinical practice guideline from the AABB. Ann Intern Med.

2015;162:205–13.
10. Greeno E, Mccullough J, Weisdorf D. Platelet utilization and the trans-

fusion trigger: A prospective analysis. Transfusion. 2007;47:201–5.
11. Shander A, Fink A, Javidroozi M, et al. Appropriateness of allogeneic

red blood cell transfusion: The international consensus conference

on transfusion outcomes. Transfus Med Rev. 2011;25:232–246.e53.
12. Carson JL, Guyatt G, Heddle NM, et al. Clinical practice guidelines from

the AABB: Red blood cell transfusion thresholds and storage. JAMA.

2016;316:2025–35. https://doi.org/10.1001/jama.2016.9185.

13. Goodnough LT, Shieh L, Hadhazy E, Cheng N, Khari P, Maggio P.

Improved blood utilization using real-time clinical decision support.

Transfusion. 2014;54:1358–65.
14. Goodnough LT, Maggio P, Hadhazy E, et al. Restrictive blood transfu-

sion practices are associated with improved patient outcomes. Trans-

fusion. 2014;54:2753–9.
15. Shah N, Baker SA, Spain D, et al. Real-time clinical decision support

decreases inappropriate plasma transfusion. Am J Clin Pathol. 2017;

148:154–60.
16. Sekhar M, Clark S, Atugonza R, Li A, Chaudhry Z. Effective imple-

mentation of a patient blood management programme for platelets.

Transfus Med. 2016;26:422–31.
17. Hibbs SP, Nielsen ND, Brunskill S, et al. The impact of electronic

decision support on transfusion practice: A systematic review. Trans-

fus Med Rev. 2015;29:14–23.
18. Butler CE, Noel S, Hibbs SP, et al. Implementation of a clinical deci-

sion support system improves compliance with restrictive transfusion

policies in hematology patients. Transfusion. 2015;55:1964–71.
19. Pentti J, Syrjälä M, Pettilä V. Computerized quality assurance of deci-

sions to transfuse blood components to critically ill patients. Acta

Anaesthesiol Scand. 2003;47:973–8.
20. Collins RA, Triulzi DJ, Waters JH, Reddy V, Yazer MH. Evaluation of

real-time clinical decision support systems for platelet and

cryoprecipitate orders. Am J Clin Pathol. 2014;141:78–84.

21. R Core Team. R: A language and environment for statistical comput-

ing. R Foundation; 2019. https://www.R-project.org/.

22. Wickham H, Henry L. tidyr: Easily Tidy Data with ’spread’ and

’gather’ Functions. R package version 0.8.3; 2019. https://CRAN.R-

project.org/package=tidyr

23. Wickham H. ggplot2: Elegant graphics for data analysis. Springer-

Verlag; 2016.

24. Shander A, Hofmann A, Ozawa S, Theusinger OM, Gombotz H,

Spahn DR. Activity-based costs of blood transfusions in surgical

patients at four hospitals. Transfusion. 2010;50:753–65.
25. Hibbs SP, Noel S, Miles D, Staves J, Murphy MF. The impact of elec-

tronic decision support and electronic remote blood issue on transfu-

sion practice. Transfus Med. 2014;24:274–9.
26. Chen JH, Fang DZ, Tim Goodnough L, Evans KH, Lee Porter M,

Shieh L. Why providers transfuse blood products outside rec-

ommended guidelines in spite of integrated electronic best practice

alerts. J Hosp Med. 2015;10:1–7.
27. Clinical Decision Support (CDS). Agency for Healthcare Research and

Quality website. https://digital.ahrq.gov/ahrq-funded-projects/curr

ent-health-it-priorities/clinical-decision-support-cds/chapter-1-appr

oaching-clinical-decision/section-2-overview-cds-five-rights, Accessed

April 20, 2021

28. Horwitz LI, Kuznetsova M, Jones SA. Creating a learning health sys-

tem through rapid-cycle, randomized testing. N Engl J Med. 2019;

381:1175–9.

How to cite this article: Murphy C, Mou E, Pang E, Shieh L,

Hom J, Shah N. A randomized study of a best practice alert for

platelet transfusions. Vox Sang. 2021;1–7.

A RANDOMIZED STUDY OF A BEST PRACTICE ALERT FOR PLATELET TRANSFUSIONS 7

https://doi.org/10.1001/jama.2016.9185
https://www.r-project.org/
https://cran.r-project.org/package=tidyr
https://cran.r-project.org/package=tidyr
https://digital.ahrq.gov/ahrq-funded-projects/current-health-it-priorities/clinical-decision-support-cds/chapter-1-approaching-clinical-decision/section-2-overview-cds-five-rights
https://digital.ahrq.gov/ahrq-funded-projects/current-health-it-priorities/clinical-decision-support-cds/chapter-1-approaching-clinical-decision/section-2-overview-cds-five-rights
https://digital.ahrq.gov/ahrq-funded-projects/current-health-it-priorities/clinical-decision-support-cds/chapter-1-approaching-clinical-decision/section-2-overview-cds-five-rights


OR I G I N A L A R T I C L E

Frequencies of glycophorin variants and alloantibodies against
Hil and MINY antigens in Japanese

Sayaka Kaito1 | Yumi Suzuki1 | Atsuko Masuno1 | Kazumi Isa2 |

Chizu Toyoda1 | Takayuki Onodera1 | Kenichi Ogasawara2 |

Makoto Uchikawa1 | Nelson-Hirokazu Tsuno1 | Masahiro Satake2

1Japanese Red Cross Kanto-Koshinetsu Block

Blood Center, Tokyo, Japan

2Japanese Red Cross Central Blood Institute,

Tokyo, Japan

Correspondence

Kenichi Ogasawara, Japanese Red Cross

Central Blood Institute, 2-1-67 Tatsumi, Koto-

ku, Tokyo 135-8521, Japan

Email: k-ogasawara@jrc.or.jp

Abstract

Background and Objectives: Antigens of the MNS blood group system are expressed

on the red blood cell (RBC) membrane on glycophorin A (GPA) and glycophorin B (GPB) or

on hybrid molecules of GPA and GPB. This study investigated the distribution of

glycophorin variants and alloantibodies against Hil and MINY among Japanese individuals.

Methods: Mi(a+) or Hil+ RBCs were screened using an automated blood grouping

machine (PK7300) with monoclonal anti-Mia or polyclonal anti-Hil. Glycophorin vari-

ants were defined by serology with monoclonal antibodies against Mia, Vw, MUT and

Mur, and polyclonal antibodies against Hil, MINY and Hop + Nob (KIPP). The

glycophorin variants were further confirmed by immunoblotting and Sanger sequenc-

ing. Alloanti-Hil and alloanti-MINY in the plasma were screened using GP.Hil RBCs in

an antiglobulin test. The specificity of anti-Hil or anti-MINY was assessed using GP.

Hil (Hil+MINY+) and GP.JL (HilMINY+) RBCs.

Results: The GP.HF, GP.Mur, GP.Hut, GP.Vw, GP.Kip and GP.Bun frequencies in

1 005 594 individuals were 0�0357%, 0�0256%, 0�0181%, 0�0017%, 0�0009% and

0�0007%, respectively. GP.Hil was found in as four of the 13 546 individuals

(0�0295%). Of 137 370 donors, 10 had anti-Hil (0�0073%) and three had anti-MINY

(0�0022%).

Conclusions: Glycophorin variants were relatively rare in Japanese individuals, with

the major variants being GP.HF (0�0357%), GP.Hil (0�0295%) and GP.Mur (0�0256%).

Only one example of anti-MINY was previously reported, but we found three more

in this study.

K E YWORD S

glycophorin gene, glycophorin variant, Miltenberger phenotype, MNS blood group

INTRODUCTION

MNS is a highly complex blood group comprising 50 antigens that

have been recognized by the International Society of Blood Transfu-

sion [1]. These antigens are carried on two sialic acid-rich glycopro-

teins, glycophorin A (GPA) and glycophorin B (GPB), or on hybrid

molecules composed of portions of GPA and GPB. The glycophorin

variants, previously referred to as Miltenberger phenotypes [2], carry

a single or multiple unique antigens as follows: Mia (MNS007), Vw

(MNS009), Mur (MNS010), Hut (MNS019), Hil (MNS020), Hop

(MNS026), Nob (MNS027), DANE (MNS032), TSEN (MNS033), MINY

(MNS034), MUT (MNS035) and KIPP (MNS048).
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Glycophorin A, GPB and GPE are encoded by highly homologous

and closely related genes, GYPA, GYPB and GYPE, respectively. GYPA

is composed of seven exons (A1 to A7), whereas GYPB and GYPE are

composed of six (B1 to B6 and E1 to E6, respectively). B3, E3 and E4

are pseudoexons because of mutation of the splicing donor sites. In

addition, E6 has a premature stop codon. However, several

glycophorin genes encoding glycophorin variants have a hybrid exon

3 generated by recombination between A3 of GYPA and B3 of GYPB,

resulting in the above unique antigens. The predicted amino acid

sequence of glycophorin variants, corresponding to part of exons 2 to

4 of the glycophorin genes and the deduced epitopes for the specific

antibodies [3–6] are shown in Fig. 1.

Anti-Mia reacts with GP.Vw, GP.Hut, GP.Mur, GP.Hop, GP.Bun,

GP.HF and GP.Kip RBCs [7,8], but not with GP.Hil which expresses

Hil and MINY antigens on RBCs (Table 1). GP.Mur is the most com-

mon glycophorin variants in South-East Asia, with a mean frequency

of 7�3% in Taiwan [9], 8�0% or more in Thailand [10,11], 6�3% in Hong

Kong [12], 7�6% in Filipino [13], 6% in Vietnam (Hanoi) [14] and 2�8%

in Malaysia [15]. In contrast, in our early study, only 0�006% (1 in

16 000) GP.Mur individual was detected in Japanese [16]. Although

the approximate frequency of GP.Mur is only 0�01% in Caucasians

[17], it is relatively higher in the Australian population (0�1%, 5 in

5098) [18]. However, due to the shortage of anti-Hil, no frequency

study on GP.Hil has been reported. We therefore investigated the dis-

tribution of glycophorin variants, including GP.Hil, and the distribution

of alloantibodies against Hil and MINY antigens among Japanese

blood donors.

MATERIALS AND METHODS

Blood samples and serology

This study was approved by the ethics committee of the Japanese Red

Cross Society (#2018-003). Blood samples from 1 005 594 blood donors at

the Kanto-Koshinetsu Block Blood Center were subjected to Mi(a+)

screening using an automated blood grouping machine (PK7300; Beckman

Coulter, Koto-ku, Tokyo, Japan) with murine monoclonal anti-Mia (CBC-

172) [19]. Another set of 13 546 blood samples was subjected to Hil+

screening by PK7300 using alloanti-Hil obtained from blood donors.

Glycophorin variants were defined by standard tube tests using in-house

monoclonal antibodies against Mia (CBC-172), Vw (CBC-430), MUT (CBC-

412),Mur (HIRO-138; 3-32/64-D6 [19]) andNEV (CBC-181; 3-29/64-2A3

[19]), and polyclonal antibodies to Hil, MINY, Hop and Hop + Nob (KIPP)

obtained from blood donors. Plasma samples from 137 370 blood donors

were screened by the polyethylene glycol antiglobulin test with GP.Hil

RBCs to detect anti-Hil and anti-MINY. The specificity of anti-Hil and anti-

MINY was assessed using five GP.Hil (Hil+MINY+) RBC samples and one

GP.JL (HilMINY+) RBC sample collected fromblood donors.

Immunoblotting

Immunoblot analysis of RBC membrane proteins was performed

according to the method described previously [20] using monoclonal

anti-M (CBC-3; 2B-23/4C9) [21] or anti-N (CBC-14, in-house).

F I GU R E 1 Alignment of amino acid residues 41–90 of the GPA,
GPB and glycophorin variants. Predicted epitopes for glycophorin
variant antigens are shown below [Colour figure can be viewed at
wileyonlinelibrary.com]

T AB L E 1 Serological definition of glycophorin variants and associated antigens

Phenotype
GP (Mi) Anti-Mia Vw MUT Mur Hil MINY Hop KIPP NEV

GP.Vw (Mi.I) + + � � � � � � �
GP.Hut (Mi.II) + � + � � � � � �
Gp.Mur (Mi.III) + � + + + + � � +

GP.Hop (Mi.IV) + � + + � + + NT NT

GP.Bun (Mi.VI) + � + + + + + + �
GP.Kip + � + + + + � + NT

GP.HF (Mi.X) + � + � + + � � �
GP.Hil (Mi.V) � � � � + + � � �
GP.JL (Mi.XI) � � � � � + � � �

2 KAITO ET AL.

http://wileyonlinelibrary.com


Glycophorin gene analysis

Genomic DNA was extracted from whole blood using a DNA blood mini

kit (QIAamp, Qiagen, Chuo-ku, Tokyo, Japan). Exons 2 to 4 of the GYP

genes were amplified by PCRs 1-3 and then analysed by Sanger sequenc-

ing using the BigDye Terminator v1.1 Cycle Sequencing kit (Applied Bio-

systems, Carlsbad, CA, USA) and Genetic Analyzer (model 3500xl,

Applied Biosystems). For detailed materials and methods, see

Appendix S1, which is available as supporting information in the online

version of this paper.

RESULTS

Prevalence of the glycophorin variants

Red Blood Cell samples from 831 out of the 1 ,005,594 individuals

(0.0826%) were positive for anti-Mia (Table 2). Further serological tests

revealed that 359 samples were type GP.HF (0.0357%), 257 samples

were GP.Mur (0.0256%), 182 samples were GP.Hut (0.0181%), 17 sam-

ples were GP.Vw (0.0017%), 9 samples were GP.Kip (0.0009%), and

7 samples were GP.Bun (0.0007%). In addition, four RBC samples with

GP.Hil were identified from another set of 13 546 RBC samples

(0.0295%). Although data are not shown, the glycophorin variants were

further confirmed by Sanger sequencing. Of note, in the GP.Hil individ-

uals (proband-1 to -4), proband-1 was M + N + S–s+, proband-2 was

M–N + S–s+ and proband-3 and -4 were M + N–S–s+. Proband-1 and

-2 had the GYP(AM-B)*Hil allele, whereas proband-3 and -4 had the GYP

(AN-B)*Hil allele. Furthermore, three different A-B breakpoints in intron

3 of the GYP*Hil alleles were identified (Figure S1).

Immunoblot analysis

Immunoblots of GP.Hil RBCmembranes with anti-M and anti-N to detect

GP(AM-B).Hil and GP(AN-B).Hil, respectively, are shown in Fig. 2a,b. Four

abnormal bands were observed in proband-1 and proband-2 with anti-M

compared with M+N or M+N+ RBCs, which correspond to the mono-

meric forms of GP(AM-B).Hil, heterodimer of GP(AM-B).Hil with GPB,

dimer of GP(AM-B).Hil and heterodimer of GP(AM-B).Hil withGPA. Similar

abnormal bands of GP(AN-B).Hil were observed in proband-3 and pro-

band-4 with anti-N. Of note, GYP(A-B), encoding the GP(A-B) hybrid mol-

ecule, which is hypothesized to be generated by recombination between

GYPA and GYPB, results in the loss of normal GYPA and GYPB [9]. There-

fore, individuals with GP(A-B) hybrid molecule may have a single normal

GPA andGPB. However, proband-1 had bothGPA.M andGPA.N. In addi-

tion, when we analysed reticulocytemRNA obtained from proband-1, we

identified bothGYPA*M andGYPA*N transcripts (data not shown).

Frequencies of anti-Hil and anti-MINY

Among the 137 370 plasma samples, 13 (0�0095%) were positive for

GP.Hil RBCs by antiglobulin tests (Table 3). Three of the 13 plasma

samples were also positive for GP.JL RBCs, and thus, the frequencies

F I GU R E 2 Immunoblot analysis of the RBC membranes obtained from GP.Hil+ probands. Lane 1; molecular size marker, lane 2–5; GP.Hil
from proband-1 to proband-4, lane 6; MM homozygous control, lane 7; MN heterozygous control, lane 8; NN homozygous control. (a) Stained
with anti-M (CBC-3). (b) Stained with anti-N (CBC-14). Triangles indicate abnormal bands and arrows indicate monomeric GPA [Colour figure can
be viewed at wileyonlinelibrary.com]

T AB L E 2 Glycophorin variants and frequencies in Japanese
individuals

Phenotype no.
GP (Mi) Total detected No. tested Frequency %

GP.HF (Mi.X) 359 1,005,594 0.0357

GP.Mur (Mi.III) 257 1,005,594 0.0256

Gp.Hut (Mi.II) 182 1,005,594 0.0181

GP.Vw (Mi.I) 17 1,005,594 0.0017

GP.Kip 9 1,005,594 0.0009

GP.Bun (Mi.VI) 7 1,005,594 0.0007

GP.Hil (Mi.V) 4 13,546 0.0295
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of anti-Hil and anti-MINY in Japanese individuals were 0�0073% and

0�0022%, respectively.

DISCUSSION

The complexity of MNS blood group antigens is due not only to

single-nucleotide polymorphism of GYPA and GYPB genes, but also to

recombination among GYPA, GYPB and GYPE. The hybrid glycophorin

genes encode glycophorin variants, which express abnormal antigens,

such as Mia, Vw, MUT, Mur, Hil, MINY and Hop, and some of these

antigens can induce clinically significant antibodies in patients or preg-

nant women by immunization [17,22-27,30]. It is therefore important

to systematically identify the glycophorin variants and clarify their fre-

quencies in populations [18,28].

In this study, we screened glycophorin variants using monoclonal

anti-Mia or polyclonal anti-Hil, and further classified them by serology,

immunochemistry and molecular genetic analysis. Although

glycophorin variants were rare in Japanese, we identified six different

Mia-positive hybrid glycophorins, GP.HF (0�0357%), GP.Mur

(0�0256%), GP.Hut (0�0181%), GP.Vw (0�0017%), GP.Kip (0�0009%)

and GP.Bun (0�0007%), among the 1 005 594 Japanese individuals,

but GP.Hop was not detected. GP.HF is a unique GP(B-A-B) variant

that has not been reported in non-Japanese populations. In contrast,

GP.Mur is relatively common in Asian populations [9–15] but rare in

Japanese and northern Chinese [29]. GP.Hut (Mi.II) and GP.Vw (Mi.I)

are found in approximately 0�06% of Caucasian [8] and less frequently

in Japanese.

In addition, we identified four GP.Hil individuals (proband-1 to

�4) in another set of 13 546 individuals (0�0295%). Immunoblotting

and sequence analysis revealed that proband-1 and proband-2 had

GP(AM-B).Hil, whereas proband-3 and proband-4 had GP(AN-B).Hil.

The breakpoints of GYP*Hil in intron 3 had varied widely in these sam-

ples (Fig. S1), but the breakpoints of two GYP*Hil alleles for proband-1

and proband-4 were identical. GYP*Hil alleles are hypothesized to be

generated by recombination between GYPA and GYPB [8] (Event 1;

Fig. S2), resulting in the loss of normal GYPA and GYPB. Therefore,

individuals with GYP*Hil hybrid genes have a single normal GYPA and

GYPB and may have neither M+N+ nor S+s+ types. However, based

on immunoblot analysis, proband-1 had both normal GPA.M and GPA.

N. When GYPA transcripts of proband-1 were analysed by PCR, clon-

ing and sequencing using cDNA synthesized from reticulocyte mRNA,

we identified both GYPA*M and GYPA*N transcripts (data not shown).

Therefore, proband-1 may have GYP*Hil linked with normal GYPA,

which was generated by secondary recombination (Event 2; Fig. S2).

A few anti-Hil examples [13,25] and only one anti-MINY example

[6] have been reported. These examples were from women with a his-

tory of pregnancy and/or transfusion. In this study, we screened anti-

Hil and anti-MINY in the plasma of 137 370 healthy blood donors.

The frequencies of anti-Hil and anti-MINY were 0�0073% (10 individ-

uals) and 0�0022% (3 individuals), respectively, but six of the 10 indi-

viduals with anti-Hil and two of the three individuals with anti-MINY

were males who had no history of transfusion. Anti-Hil and anti-MINY

were likely naturally occurring antibodies in these individuals, but their

clinical significance remains to be investigated.
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Abstract

Background: Large-scale single nucleotide variation (SNV)-based blood group

genotyping assays have been made available for over a decade. Due to differences in

ethnic groups, there is much diversity in clinically important blood group antigens

and genetic variants. Here, we developed a robust matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF)-based blood group genotyping method on

MassARRAY system.

Study Design and Methods: A total of 1428 donors were enrolled into three groups:

(a) reagent red cell donors; (b) rare donor or common antigen-negative donors; and

(c) group O, R1R1/R2R2 donors. Forty-two SNVs were designed for determining nine

blood groups, with X/Y chromosome in two multiplex reactions, on MassARRAY

96-well format system. Further targeted sequence analyses were performed by

Sanger sequencing.

Results: WHO reference reagent (NIBSC code: 11/214) was tested for concordance

with the provided genotype results. Among the donors, concordance rate was over

99%. Alleles of important phenotypes such as Mi(a+), Di(a+), and Asian-type DEL

and alleles of rare blood groups such as Fy(a�), Jk(a�b�) and s� were screened.

Three types of discrepancies were found. Serologically, the ‘N’ antigen was

expressed on genetically MM with GYP*Mur red blood cells and caused genuine dis-

crepancies (9.5%). Genetically, allele dropout (ADO) was caused by rare SNV in the

primer for Ss genotype (2.1%) and partial insertion of RHD genes (0.9%) led to diffi-

culties in predicting phenotypes.

Conclusion: Hemo panel module and MassARRAY System in 96-well format showed

good performance in terms of large-scale blood group genotyping and phenotype

predictions. Implementation of this method is effective for routine blood group geno-

type screening of donors.

K E YWORD S

blood group antigen, blood group genotyping, ethnic specific blood group, glycophorin hybrids,
rare donor identification

ABBREVIATIONS: ADO, allele dropout; MALDI-TOF MS, matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry.
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INTRODUCTION

Matching blood donors to recipients is basic to transfusion safety

and is the first example of ‘precision medicine’ [1, 2]. For patients
who need long-term red cell transfusion, such as those with sickle

cell disease or β-thalassemia, who are at risk of alloimmunization,

suitable RBC units can be difficult to obtain [3]. For patients with

antibodies against high frequency antigens or multiple antigens, it

can be challenging to source antigen-negative red cell units. The

National Institutes of Health (NIH) of the United States established

a database of 2700 blood donors with 20 red cell antigen pheno-

types in the 1960’s [4]. The American Rare Donor Program (ARDP)

and its database, REGGI formed in 1998, has phenotype information

on more than 59,000 active rare donors submitted till 2014 [5]. In

Japan, routine screening tests are conducted using 11 monoclonal

antibodies (C, c, E, e, Fyb, Jka, Jkb, Lea, M, S and Dia) to prepare

antigen-negative blood for patients with clinically significant alloan-

tibodies [6]. In Italy, serotyping of donors is also a part of rare donor

programmes [7]. Due to the lack of some commercial antisera and

detection methods, not all clinically relevant blood groups are rou-

tinely screened and identified.

Because of the emergence of molecular technologies and

research into human genomics, the rapid and accurate testing of

known single nucleotide variation (SNV) loci can predict blood groups

and screen large populations [8]. Different methods have been

reported, such as DNA array [9], bead array [10, 11], kompetitive

allele-specific polymerase chain reaction [12], MassARRAY, [13, 14]

and massively parallel sequencing (MPS) technology (also called next-

generation sequencing) [15, 16].

Extended matching for selected antigens lowered the

alloimmunization rate in RBC transfusion [17]. In Taiwan, serological

screening of C, c, E, e, Jka, Jkb and M is performed for selected donors

by annual projects. It helps to provide antigen-negative RBC units for

transfusion. Besides, the selections of reagent red cell panels for allo-

antibodies screening and identification also need results of more

blood group antigens. For other clinically relevant phenotypes, such

as Mi(a+), Di(a+); the data are limited due to the unavailability of

commercial antisera for screening [18]. Genotyping of ethnic-specific

blood group alleles such as RHD*DEL1, JK*02N and GYP*Mur have

been assayed separately for limited cases to clarify the genetic basis

[19–21]. Results of RHD*DEL1 can avoid to provide DEL blood units

to recipients developing allo-anti-D. Identifying JK*02N alleles bene-

fits to select true homozygous JK*A/JK*A and JK*B/JK*B donors for

reagent red cell panel. Genotyping of GYP*Mur is a major assay of

confirming the glycophorin hybrids when lacking MoAb of specific

antigens. It was also reported that GP.Mur phenotype is associated

with an elevated expression of ‘N’ on GPB. The molecular origin of

‘N’ antigen is on N-terminal pentapeptides of GPB and is similar to

the N antigen on GPA [22]. In clinical blood banking practice in Tai-

wan, some patients with M + N- and GP.Mur phenotype would be

weak agglutination with undiluted anti-N sera, which was also

reported in Thai people [14] and this phenomenon can also be clari-

fied by genotyping. To utilize the benefits of SNV-based technologies

and evaluate the feasibility of large-scale donor screening for multiple

blood groups, we performed a pilot study of three platforms on

133 Taiwanese blood donors. These included two commercially avail-

able platforms (inno-train RBC-FluoGene vERYfy, and Grifols ID

CORE XT) and one in-house testing panel (Hemo Panel version I) with

MassARRAY platform.

In this study, we investigated blood group genotyping on a large

scale via a MassARRAY platform using custom-designed panel. We

modified primer sets to improve the reaction efficiency for Hemo

Panel version II (Table 1 and Table S1). On Hemo Panel version II,

SNVs in ABO gene and SNV in AMEL of XY chromosome, and two

polymorphic SNVs rs136337 and rs2010235 all helped to compare

the results with donors’ basic information to reduce possible sample

mix-ups. Taking the criteria from the American Rare Donor pro-

gramme as a Reference [5], we enrolled donors into three categories:

(a) reagent red cell donors; (b) Common antigen-negative donors; and

(c) Group O, R1R1 or R2R2 donors. This assay is a robust and reliable

method for clinically important blood group genotyping and well

suited for use in routine laboratories.

MATERIALS AND METHODS

WHO reference reagent 11/214

To verify the in-house blood group genotyping set, Hemo Panel

version II, the WHO International Reference Reagent for blood

group genotyping (11/214) supplied by the National Institute for

Biological Standards and Control (NIBSC, Hertfordshire, UK) was

tested [23]. This panel contained four types of genomic DNA

(10/232, 10/236, 10/238, 10/234). The results from Hemo Panel

version II were compared with the listed genotypes as per the

instruction.

Donor recruitment and sample preparation

We recruited 1428 blood donors into three categories for blood

group genotyping. They included (a) 219 reagent red cell donors,

among them those with ethnic-specific blood groups Mi(a+) and

Di(a+); (b) 244 rare donors or common antigen-negative donors such

as D-negative, DEL, RzRz, Jk(a�b�), s�, Fy(a�), and K0; and (c) 965

group O donors with regular R1R1 and R2R2. DNA from all donors was

extracted from buffy coat samples using automated LabTurbo

48 Compact System and LabTurbo nucleic acid purification kit (Taigen

Bioscience, Taipei, Taiwan).

Serological blood grouping

Historical serological blood groups of selected donors were from the

donors’ database. Most Rh (D, C, c, E, e) and Kidd (Jka, Jkb) antigen

results were by the PK7300 Automated Microplate System (BECKMAN
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COULTER, USA) or column agglutination technology on ORTHO

VISION Max analyser (Ortho-Clinical Diagnostics, UK). Detailed RhD

antigen typing was implemented following weak D test, based on the

manufacturer’s instructions. Further adsorption and elution test for D

antigen was performed as needed [19].

Blood group genotyping on MassARRAY platform:
Hemo Panel

All samples were genotyped on MALDI-TOF MS platform (MassARRAY,

Agena Bioscience GmbH) using in-house designed panels referred as

Hemo Panel version I and II, respectively. Forty-two SNVs were designed

in Hemo Panel version II (Table 1, Table S1). Common antigen-

determining SNVs were selected in eight blood group systems, including

MNS, RH, LU, KEL, FY, JK, DI and DO. Next, SNVs of ethnic-specific anti-

gens and weak/null phenotypes were selected, such as Mia, Dia, DEL, Jk(a

+weak) and Jk(a�b�). For basic identification of donors, SNVs for ABO

blood group system, AMEL gene on X/Y chromosome, and two polymor-

phic SNVs (rs136337, rs2010235) were included.

MALDI-TOF MS analysis

SNV genotyping was performed on Agena MassARRAY platform with

iPLEX gold chemistry (Agena, San Diego, California) following the

manufacturer’s instructions. Analysis of SNVs was carried out with

TYPER 4.0 software.

Predicted phenotype analysis

We exported the data files with TYPER 4.0 software and converted to

predicted phenotypes or antigens by computer software (Excel 2016,

Microsoft Corp.). Primers of RHD and RHCE were designed to co-

amplify SNV-containing region of both genes, and unextended

primers (UEPs) detected the same positions SNVs from both genes.

Allele peak ratios were used to predict the number of copies of RHD

compared to RHCE [24, 25]. For analysing RHD genes, each plate

should contain known DD, Dd and dd as controls. SNVs of c.307 C/T

and c.676G/C in RHCE resulted in the c/C and e/E antigens, but in

RHD gene template, they were c.307T and c.676G, respectively. The

allelic peak ratios helped to determine calling both SNVs. The cluster

plots of SNVs were checked. Ambiguous SNV calling may occur

among partial deletion of amplified regions in both genes. If the possi-

ble deletions were observed, sequence analyses were needed.

Characterization of GYP(B-A-B) hybrid

Serologically Mi(a+) donors and GYP*Mur/GYP*Bun donors were

analysed for hybrid alleles. The genotyping protocol of GYP(B-A-B)

hybrid has been previously described [25].

Sanger sequencing

To confirm the Ss genotypes of three discrepant donors, we amplified

Ss gene with primer set S-1: TCTTTGTCTTTACAATTTCGTGTGA and

S-2: CATGAATACGTGTTGGGTCA.

For the detailed sequence analysis of GYPA and GYPB hybrids,

partial exon 3 and intron 3 were amplified by primer set GYPAB-E3

Primer1: ACGTTGGATGGTGCCCTTTCTCAACTTCTC and GYPAB-

E3 Primer2: ACGTTGGATGCAGTTAATAGTTGTGGGTGC.

Sanger sequencing in both directions was performed on ABI

3730xl DNA analyser (Applied Biosystems, Inc., Foster City,

California).

RESULTS

Pilot study

Among the data obtained from Hemo Panel version I with Mass-

ARRAY platform, the genotype–phenotype data of this Hemo Panel

version I demonstrated 100% concordance with predicted pheno-

types, including Kpa/Kpb, Lua/Lub antigens, with a sample size of 133.

For the commercial platform, Grifols ID CORE XT, one SNV

(rs1253504488) in the primer site caused allele dropout (ADO) and a

discrepancy on Kidd system. In dbSNP, the frequency of

rs1253504488 in Asian population is 100% C allele. But it was a C-

to-A variation in our sample (Figure S2). And in inno-train RBC-

FluoGene vERYfy (v1.3.2.0), no null SNVs of Kidd system were

included in this assay and caused discrepancies when JK*02N.01 was

showed in one donor. The pilot study also showed that the SNVs in

commercial genotyping panels might be not sufficient for Asian ethnic

donor screening.

WHO reference reagent

Genomic DNA panel (NIBSC code: 11/214) for blood group

genotyping was prepared following the provided instructions [23].

For four DNA samples (NIBSC code: 10/232, 10/236, 10/238,

10/234), genotyping was performed using Hemo Panel version

II. All results were in concordance with the genotypes provided in

the instructions, except for RHDΨ , which was not included in

Hemo Panel version II.

Donor samples

A total of 1428 donors were enrolled into three groups: 219 reagent

red cell donors, 244 rare or common antigen-negative donors, and

965 group O donors with known R1R1/ R2R2 phenotypes. Eight hun-

dred and fifty donors from R1R1/ R2R2 group were tested with Hemo

Panel version I assay (Figure S1), while other 578 donors were tested

with Hemo Panel version II assay (Table 1).
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T AB L E 1 SNVs on Hemo Panel, with allele frequencies and predicted antigen frequencies of 965 group O, R1R1/R2R2 donors

Blood group
system Phenotype Gene SNV Allele Allele frequency

Predicted
phenotype Frequency

Kidd Jkb/Jka SLC14A1 c.838A/G JK*02/JK*01 G:0.55 A: 0.45 Jk(a + b�) 21.5%

Jk(a�b�) c.342–1G/A
c.342–1G/C

JK*01N.06,

JK*02N.01,

JK*02N.02

G: 0.98 A: 0.02 Jk(a + b+)

Jk(a�b+)

48%

30.5%

c.896G/A JK*02N.07 G: >0.99 A: <0.01

c.222C/A JK*02N.03 C: >0.99 A: <0.01

c.499A/G JK*02N.11,

JK*02N.12,

JK*02N.13

A: 0.78 G: 0.22

─103A/Gb Polynesian Jknull A: 0.98 G: 0.02

─119C/Ab Polynesian Jknull C: 0.98 A: 0.02

Jk(a+w) b c.130G/A JK*01W.01 G: 0.63 A: 0.37

Kell k/K KEL 578C/T KEL*01.01/KEL*02 C: 1 K–k+ 100%

Kpb/Kpa 841C/T KEL*02.04/KEL*02.03 C: 1 Kp(a�b+) 100%

Jsb/Jsa 1790 T/C KEL*02.07/KEL*02.06 T: 1 Js(a�b+) 100%

K0 1546C/T KEL*02N.17 C: 1

715G/T KEL*02N.24 G: 0.99 T: 0.01

730 delG KEL*02N.27 G: 1

Duffy Fyb/Fya ACKR1 125A/G FY*02/FY*01 A: 0.05 G: 0.95 Fy(a+b�) 90%

Fy(a�b�) �67T/C FY*01N.01, FY*02N.01 T: 1 Fy(a+b+) 10%

Fy(a + w),

Fy(b + w)

265C/T FY*01W, FY*02W C: 1 Fy(a�b+) <0.1%

Lutheran Lub/Lua LU 230G/A LU*02/LU*01 G: 1 Lu(a�b+) 100%

Aub/Aua 1615G/A LU*19/LU*18 A: 0.88 G: 0.12 Au(a+b�) 77.6%

Au(a+b+) 20.8%

Au(a�b+) 1.6%

Diego Dib/Dia DI 2561C/T DI*02/DI*01 C: 0.98 T: 0.02 Di(a�b+) 96.3%

Di(a+b+) 3.7%

Wrb/Wra 1972G/A Di*04/Di*03 G: 1 Wr(a�b+) 100%

MNS M/N GYPA 59C/T GYPA*01/GYPA*02 C: 0.59 T: 0.41 M+N� 31.7%

72T/G GYPA*01/GYPA*02 G: 0.57 A: 0.43 M+N+ 50.3%

M�N+ 18%

s/S GYPB 143C/T GYPB*04/GYPB*03 C: 0.95 T: 0.05 S+s� 0.5%

S+s+ 8%

S�s+ 91.5%

Mia GYP B-A-B GYPA specific SNV GYP*Mur/GYP*Bun GYP B-A-B: 0.02 GYPB:0.98 Mib 4.3%

Rh - RHD/CE Promotor region RHD/RHCE

D RHD Intron 1 RHD/RHCE

Exon 3 RHD/RHCE

Exon 4 RHD/RHCE

DEL 1227G/A RHD*01EL.01 G: 0.99 A: 0.01

c/C RHCE 307C/T RHCE*c/RHCE*C

e/E 676G/C RHCE*e/RHCE*E

Dombrock Doa/Dob DO 793A/G DO*01/DO*02 A: 0.1 G: 0.9 Do(a+b�) 1.2%

Do(a+b+) 18.1%

Do(a�b+) 80.7%

(Continues)
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Reagent red cell donors: Comparisons of serology and
genotyping results

Among the 3339 known antigen results from 219 reagent red cell

donors on ABO, RH, MNS, Mia, Kidd, Kell, Duffy and Diego systems

(Table 2), 3314 results showed concordance and 25 results showed

discrepancy (concordance rate: 99.25%). Genotype and phenotype

results of Kidd, Kell, Duffy, Diego and ABO systems showed full con-

cordance. For Kidd system, three Jk(a + b�) donors and one Jk(a+)

donor had JK*02N alleles. In addition, three of these four donors were

detected JK*01W.01/JK*02N.01 alleles and all had common Jk(a+)

antigen by routine tube methods. For Duffy system, two donors were

detected heterozygous for SNV c.265 C>T of weak allele, both

were common Fy(a + b+) phenotype. One FY*02 homozygote and

one DI*01 homozygote donors were first detected by genotyping and

were confirmed rare Fy(a�) and Di(a + b�), respectively, on recent

donations.

Discrepancies were found on MNS and Rh systems. For the MNS

system, 15M+N+ donors had MM genotype. On further analyses of the

N antigen and Mia antigen, all 15 donors had weakly positive results to

anti-N reagents and all had Mia antigen. This indicated that the N+ results

were from the expression of enhanced ‘N’ antigen in hybrid GP(B-A-B)

glycophorins [14, 26]. Seventy-four of 75 Mi(a+) donors showed

GYP*Mur alleles, with confirmed hemi- or homozygous GYP*Mur alleles

on discrimination assay [25] and Sanger sequencing. One Mi(a+) donor

without GYP*Mur allele was confirmed to possess GYP*Hut.

For the Rh system, all 219 donors were RhD-positive on routine

serologic screening with Beckman Coulter PK System. Fifteen donors

showed Dd haplotypes, one donor showed RHD*01EL.01 homozygote,

and one donor showed partial deletion of RHD gene. For the RhCE sys-

tem, only 2 R2R2(ccEE) donors showed the higher RHD peak ratios in

exon 4 by comparing to controls. For RHCE, the ratios of c.307 were

nearly 3T: 1C, and c.676 were nearly 1C:1.2G. These caused indetermi-

nate genotypes of RHCE gene. This may refer to a hybrid RHD/RHCE

allele. The zygosity of RHD and RHCE needed further analysis.

Rare donors or common antigen-negative donors:
Detection of null and weak alleles in population

We collected 244 common antigen-negative and weak-

antigen expressing donors including those with RhD-negative,

Weak D, DEL, Fy(a�b+), S + s�, and Jk(a�b�) and the frequen-

cies in Taiwanese blood donors were listed (Table 3,

Table S2 [27]).

RhD-negative, weak D, DEL phenotypes

RhD-negative donors were confirmed by weak D test with monoclo-

nal blend anti-D and anti-human IgG following the manufacturer’s

instructions. Among 128 RhD-negative donors, 98 (76.6%) showed

complete deletion of RHD gene, while another 30 donors presented

RHD variants or RHD*01EL.01. Asian-type DEL allele (RHD*01EL.01)

was also detected in two D-negative donors. Twenty-one donors had

one copy of RHD*01EL.01 and two were homozygous for

RHD*01EL.01 allele. Among 28 donors of weak D and DEL, the major-

ity possessed RHD*01EL.01 allele. Seven donors had one or two cop-

ies of RHD gene.

RZRZ (DCCEE)

Two RZRZ donors in this study, one was homozygous for DCE allele

and the other had DCE allele and partial deletion of RHCE allele.

Fy(a�b+) phenotype

All 29 Fy(a�b+) donors were homozygous for FY*02 alleles, including

one null allele (FY*02N.01) and one weak allele (FY*02W). No null

alleles of FY*01 were detected.

T AB L E 1 (Continued)

Blood group
system Phenotype Gene SNV Allele Allele frequency

Predicted
phenotype Frequency

ABO b O ABO 261delG ABO*O01

B 703C/T ABO*B

B 803C/G ABO*B

A 467C/T ABO*A

Ael 374+5G/A ABO*AEL.04

B3 155+5G/A ABO*B3.03

XY chromosomeb X/Y AMEL DEL/GAT

Q150-rs136337b OSBP2 C/A

Q150-rs2010235b NOSTRIN C/A

Abbreviation: SNV, single nucleotide.
aIn intron 1.
bAdded in Hemo Panel Version II.

[Correction added on 22 July 2021 after first online publication: In table 1, some footnotes and superscripts have been corrected in this version.]
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T AB L E 2 Reagent red cell donorsa

Number of donor predicted antigens/genotypes

Phenotypes/antigensa Concordances Discrepancies Weak or null allele detected

Kidd

(n = 198)

Jk(a+b+) 88

Jk(a�b+) 57 JK*02N.01

JK*02N.07

Jk(a+b�) 45b JK*01W.01

JK*02N.01

Jk(a�b�) 1c JK*02N.01

Jk(a+) 5d JK*01W.01

Jk(a�) 1

Jk(b�) 1

Kell

(n = 122)

K�k+ 122

Duffy

(n = 175)

Fy(a+b�) 89

Fy(a+b+) 53 FY*02W or FY*01We

Fy(a+) 1

Fy(b+) 8

Fy(b�) 24

MNS M+N+ 75 15f (gynotype:MM)

M+N� 46

M�N+ 21

M+ 24

M� 23

N+ 2

N� 1

S+s� 1

S+s+ 42 3g (genotype: SS)

S�s+ 93

S+ 10

S� 36

Mia+ 73 1h

Mia� 145

Rh D 218 1i RHD*01N.01

RHD*01EL.01

Partial Deletion of RHDj

CCee 111

CcEe 44

ccEE 40 2k (genotype indeterminate)

Ccee 6

ccEe 4

CCEe 1

c�E� 3

E–e+ 1

E- 1

(Continues)
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Ss phenotypes

Three S+s+ donors from Reagent red cell donors group were of SS

genotype. Sequencing of this region revealed a rare SNV

(rs145033200) in the original PCR primer, which caused ADO [11].

Three donors were confirmed with Ss genotype on Sanger sequencing

and modified primers (Table S2). All 11S+s� donors from these 244

donors were homozygous for GYPB*S allele.

K0 phenotype

The K0 donor we previously reported was also enrolled in this study

and assigned KEL*02N.17/KEL*02N.27 allele [28].

Jk(a�b�) phenotype

Among 46 Jk(a�b�) donors, 28 were homozygous for JK*02N.01.

Heterozygous JK*02N.01/JK*02N.07 alleles were detected in

13 donors. In addition, JK*02N.03 allele was detected in two donors.

R1R1/R2R2 donors

We recruited O, RhD-positive, R1R1, and R2R2 donors for genotype

analysis. A total of 965 such donors were enrolled and the results of

RHD and RHCE are shown in Table 3. Among them, 830 were R1R1 and

135 were R2R2. Four had Dd genotypes (3 R1r0 and 1 R2r00) and all were

phenotype–genotype concordance for RhCE. The allele frequencies of

SNVs and predicted phenotype frequencies are listed in Table 1.

JK

Among JK*01/JK*02 heterozygote donors, 20 of them were detected

JK*02N SNVs and predicted Jk(a + b�) phenotype. In this group,

115 donors were tested with Hemo Panel version II, 67 of them were

detected JK*01.W01 allele (c.130G>A) [29]. Notably, one donor who

was a JK*02 homozygote showed one c.130G>A change. This rare

allele has also been reported in one African American donor [30].

FY

We detected one FY*02/FY*02 donor and confirmed rare Fy(a�b+)

phenotype on next donation.

GP.Mur, DI

There were 41 donors with GYP*Mur allele and 36 donors with DI*01

allele. GYP*Mur donors demonstrated confirmed concordant Mi(a+)

and 14 of 36 donors with DI*01 allele were confirmed to have Di(a+).

DISCUSSION

Many blood group genotyping platforms have been introduced in

blood centres and blood banks, including commercialized kits and

in-house panels [8, 11–14, 31]. We enrolled 850 donors in R1R1/

R2R2 group and tested them with Hemo Panel version I assay.

For further identification, we added 10 SNVs to Hemo Panel ver-

sion II. We then finished genotyping of 578 reagent red cell

T AB L E 2 (Continued)

Number of donor predicted antigens/genotypes

Phenotypes/antigensa Concordances Discrepancies Weak or null allele detected

Diego (n = 176) Di(a+b+) 24

Di(a+) 49

Di(a�) 103

ABO (n = 219) O 177 ABO*O.01.01

B 24 ABO*O.01.01

A 18 ABO*O.01.01

aNot all reagent red cell donors have the full antigen profiles.
bOne donor has JK*01/JK*02N.01 alleles and two donors have JK*01W.01/JK*02N.01 alleles.
cHomozygous for JK*02N.01.
dOne donor with JK*01W.01/JK*02N.01 alleles was suggested to be excluded from reagent red cell panel group.
eSNV c.265C>T was detected.
f‘N’ antigen.
gSNV rs145033200 in primer sequence causes ADO.
hGP.Hut donor.
iHomozygous for RHD*01EL.01.
jOne donor had partial deletion in one RHD gene without further characterized.
kPartial insertions of RHD gene caused difficulties in interpretation. Partial RHD gene was not further characterized.

[Correction added on 22 July 2021 after first online publication: In table 2, the sequence of table legends has been corrected in this version.]
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donors, rare donors or common-antigen-negative donors, and

R1R1/R2R2 group O donors. A total of 1428 samples were

analysed. There were only 35 single or sporadic no calls out of all

SNV results.

In commercially available genotyping kits, null alleles of JK are often

limited. But null SNVs of JKwere detected in our donors and were deci-

sive for predicting Kidd phenotypes. Jk*02N.01, JK*02N.03, Jk*02N.07

alleles were detected in Taiwan donor population. For c.130G>A ini-

tially reported in JK*01W.01 allele, we detected a JK*02 homozygous

donor with JK c.130G>A in one allele, consistent with a previous report

[30]. This indicated the c.130G>A can be detected in both JK*01 and

JK*02 background, which is similar to the report of c.342-1G>A in both

Jk*01N and Jk*02N alleles. These complex factors should be considered

when predicting phenotypes based on genotyping.

For Rh system, the primer sets are designed to co-amplify both

RHD and RHCE genes, and UEPs detect the specific SNVs of

both genes. If copy number variation or hybrid alleles are presented, the

allele peak ratios of SNVs in RHD and RHCE genes were used to

interpret the semi-quantitative of genotyping data [24, 25]. In this study,

one RZRZ donor showed decreased ratios of RHCE SNVs in exon 3 and

exon 4, which indicated the possible deletion of one copy of RHCE gene

(Table 3). Among common donors with two copies of RHD and RHCE

genes, this assay had high concordance in R1R1 and R2R2 donors. Cur-

rently, the adsorption and elution test was not fully introduced into the

routine D antigen testing. The RHD*01EL.01 homozygous DD donor out

of 219 RhD-positive donors (Table 2) was determined RhD positive by

automation equipment. It may be because of D antigen detected using

column method [32], which was not stated in the database. It needs fur-

ther investigations for RHD*01EL.01 in common RhD-positive donors.

The incorporation of RHD*01EL.01 provided important data for predicting

RhD phenotypes.

There were 15 discrepancies in terms ofMM genotypes andMN phe-

notypes. All were of weak N antigens (‘N’) [14, 26] and GYP*Mur alleles.

One GP.Hut (GYP A-B-A) donor who was Mi(a+) was not

detected on this panel. The comparisons of Mia antigen results to

GYP*Mur alleles revealed a variety of MNS hybrids.

T AB L E 3 Rare donors or common antigen-negative donors/group O, R1R1/R2R2 donors

Donor groups Phenotypes No. of donors Alleles No. of donors

Rare donors/common-antigen-negative donors

(n = 244)

RhD-negative 128 RHD*01N.01/RHD*01N.01 98

RHD/RHD*01N.01 4

RHD Partial deletion 3

RHD*01EL.01/RHD*01N.01a 21

RHD*01EL.01/RHD*01EL.01 2

Weak D and DEL 28 RHD/RHD 2

RHD/RHD*01N.01 5

RHD*01EL.01/RHD*01N.01 13

RHD*01EL.01/RHD*01EL.01 8

RZRZ 2 DCE/DCE 1

DCE/D-- b 1

Fy(a�b+) 28 FY*02/FY*02 25

FY*02/FY*02N.01 1

FY*02/FY*02Wc 2

Fy(a�b+), S+s� 1 FY*02/FY*02,

GYPB*S/GYPB*S

1

S+s� 10 GYPB*S/GYPB*S 10

Kell-null (K0) 1 KEL*02N.17/KEL*02N.27 1

Jk(a�b�) 46 JK*02N.01/JK*02N.01 28

JK*02N.01/JK*02N.07 13

JK*02N.01/JK*02N.03 2

JK*02N.07/JK*02N.07 3

Group O, R1R1/R2R2 donors

(n = 965)

R1R1 (CCee) 830 DCe/DCe 827

DCe/dCe 3

R2R2 (EEcc) 135 DcE/DcE 134

DcE/dcE 1

aAsian type DEL, RHD*01EL.01 allele (RHD 1227G>A).
bRHCE partial deletion.
cFY c.265C>T.
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For Kell, Duffy, Lutheran and Diego systems, serological assays

are not routinely performed. Genotyping screens high-prevalence

antigen negative donors, such as those who are k(�), Fy(a�), Lu(b�)

and Di(b�). In addition, Di(a+) is an important antigen in the reagent

red cell panels we provide for routine alloantibody screening. In this

study, all the DI*01 donors we tested in R1R1/ R2R2 group could join

the reagent red cell donor programme. Dombrock is the only system

without commercial antisera in Hemo Panel. Dombrock genotypes of

reagent red cells provide information for identifying RBC alloanti-

bodies in multiple alloimmunized patients [33].

AMEL and ABO results were concordant to the gender and ABO

blood groups of tested donors. In ABO blood groups, the relatively

common ABO subgroups are B3 and Ael among Taiwan blood donors.

Besides decisive SNPs of A, B and O alleles, we selected ABO*AEL.04

and ABO*B3.03 to increase this panel set. The limitation is unable to

confirm other ABO subgroups, such as Axe and Bel. In Hemo Panel

version II, the frequencies of the rs136337 are C allele: 0.58, A

allele:0.42, and for rs2010235 are C allele: 0.02 and A allele: 0.98 of

tested donors. Though these polymorphisms are insufficient as

barcode genotypes, but are still useful to be aware of possible mix-

ups when testing the samples with same red cell antigen profiles. And

this is also an improvement compared with commercial genotyping

kits after pilot study and assay of Hemo panel version I.

Several issues need to be taken into consideration when applying

donor genotypes and predicted phenotypes: (a) there is complexity in

the Kidd blood group system for both genotypes and phenotypes

[34]. Null or weak alleles of JK*01 or JK*02 may have the same SNVs

such as c.342-1G>A and c.130G>A. Detection of Jk(a+) in JK*01W.01

allele may vary with typing reagents [29, 35], which increases the dif-

ficulty of predicting rare Kidd phenotypes using only genotypes. Con-

firmation of Kidd antigens by serology is important when issuing

antigen-negative blood units. (b) It has been reported that GP.Mur is

the prevalent type of glycophorin hybrids in Taiwan [21]. Hemo Panel

can only detect GYP*Mur/GYP*Bun allele. Therefore, omissions of

other glycophorin hybrids may occur. (c) Genuine discrepancy is cau-

sed by ‘N’ antigen of MM donors who also have GYP*Mur alleles [14,

26]. In this study, not all donors with GYP*Mur alleles showed ‘N’ anti-
gen. It is possible that the expression of ‘N’ antigen is around the

detection limits of commercial anti-N. The dilution of anti-N reagent

is also suggested in clinical blood bank practice in Taiwan. The expres-

sion of ‘N’ antigen in different GYP*Mur donors needs further studies.

(d) Over 99% of blood donors were RhD-positive. However, several

reports have shown that variant alleles of RHD may be detected in

weak D, DEL and D-negative phenotypes [32, 36, 37]. The detailed

detection of D antigen should be introduced in routine D antigen test-

ing including different epitope-specific anti-D antibodies and adsorp-

tion/elution method. (e) When providing antigen-negative blood units

to recipients who have alloantibodies, it is suggested to avoid those

with a genotype–phenotype discrepancy [12].

In conclusion, we developed a Hemo Panel for MassARRAY plat-

form for genotyping the common blood group systems among blood

donors in Taiwan. The concordance rates of common phenotypes and

genotypes were over 99%. The assay is effective for the identification

of reagent red cells for transfusion recipient investigations and for

rare donor identification. Implementation of MassARRAY-based blood

group genotyping and donor recruitment criteria for blood group

genotyping are excellent tools with both clinical and research applica-

tions. Knowledge of genetic variations and associated blood groups in

our donor population allows for issuing of proper blood units to

patients to improve transfusion safety.
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Abstract

Background and Objectives: Accurate and regular monitoring of anti-A and anti-B

titres pre- and post-transplantation plays a crucial role in the clinical management of

patients receiving ABO-incompatible renal transplants. There is no standardized pro-

tocol or an external quality assurance program (EQA) currently available for this test-

ing in Australia. The aim of this study was to investigate the diversity of techniques,

test platforms and reagents that were currently in use in various laboratories with

the aim of developing an EQA.

Materials and Methods: An online survey was sent to the participants enrolled with

the Royal College of Pathologists of Australasia Quality Assurance Program

(RCPAQAP) to assess their interest in participation in the pilot study. A total of

24 participants who expressed interest were sent the group O plasma, A1, A2 and B

cells to perform ABO titration using their own methods.

Results: Participants reported a wide range of titre results, from 8 to 1024 for the

anti-A titre using A1 cells, from 2 to 128 for anti-A titre using A2 cells and from neat

to 32 for anti-B titre using B cells.

Conclusion: There was a wide variation in titre results between and within different

technologies. These findings demonstrate the need for an ABO titration EQA. Devel-

opment of a standard technique and participation in an EQA program should, over

time, reduce variation and enable transferrable results across testing centres, which

will assist in consistent clinical interpretation and better outcomes for patients.

K E YWORD S

ABO, external quality assurance, renal transplantation, titration

INTRODUCTION

Kidney transplantation is the best possible treatment to improve the

quality of life of patients with end-stage kidney disease [1]. The 43rd

annual ANZDATA report, published in 2020, stated that there were

3229 new patients requiring renal replacement therapy in Australia

with an overall incidence rate of 127 per million population [2].

According to Kidney Health Australia, by the end of September 2018,

1003 patients were on the waiting list for a kidney transplant with the

median waiting period of 3 years [3]. However, longer waiting times

of up to 7 years had also been reported, and in 2016, only 42% of the

patients on the waiting list were transplanted, and eight patients died

while waiting for a kidney transplant [3]. Transplant Australia reported

that kidney is the most in demand organ due to the fact that the

patients can survive on dialysis while waiting for the donor kidney [4].

Due to the high number of patients requiring kidney transplanta-

tion and issues with obtaining kidneys from ABO-compatible donors,

ABO-incompatible transplantations (ABOi) are often performed. How-

ever, accurate and regular monitoring of anti-A and anti-B titres pre-

and post-transplantation plays a crucial role in the clinical management
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of these patients in order to avoid an antibody-mediated rejection

(AMR). AMR leads to endothelial damage, intravascular thrombosis and

compromised oxygen supply to the transplanted kidney [5]. The danger

of graft loss due to AMR is a significant concern in ABOi renal trans-

plantation [6]. In addition, ABOi transplant is linked to increased rates

of patient morbidity and mortality due to infectious complications, cau-

sed by desensitization therapy before transplantation [7]. However,

desensitization increases the donor pool [8], and compared to patients

on the waiting lists or dialysis, patients who received ABOi renal trans-

plant have better clinical outcomes [7].

Strategies to modulate immune responses in ABOi transplantation

include, desensitization therapies, immunoadsorption [9, 10] and thera-

peutic plasma exchange (TPE) to remove circulating antibodies [11].

Some of these approaches have significant disadvantages, for example,

TPE not only removes antibodies but also complements and coagulation

factors such as fibrinogen and FXIII [12]. Rituximab is an anti-CD20

monoclonal antibody used to suppress B cells as part of the immuno-

suppressive strategy before ABOi kidney transplantation [13]. In addi-

tion, immunosuppressive medications such as IVIg are utilized to

prevent rejection [14]. Importantly, post transplantation, ABO titres are

monitored closely to prevent antibody-mediated rejection and to com-

mence treatment in cases of rising titre levels [15].

There are reports in the literature of successful transplantation in

the presence of high antibody titres [16] and reports of accommodation

in some ABOi renal transplants [17]. An accommodation phenomenon

occurs when the graft organ was not rejected in spite of the presence

of recipient antibodies against the antigens on the donated kidney [18].

However, antibody titration is still a vital test, the results of which can

be used to implement treatments to decrease anti-A and anti-B titres

before transplantation and also to maintain low titre levels post trans-

plantation [19]. In addition, measurement of ABO titres is important to

predict engraftment in ABO incompatible stem cell transplantation, to

monitor titre levels in transfusion reaction investigations, haemolytic

disease of the newborn and to detect the ABO subgroups [7].

Antibody titration is difficult to standardize due to variations in pro-

tocols, testing platforms and endpoint cut off among different laborato-

ries [20]. Currently, there is no external quality assurance (EQA) program

available for ABO titration in Australia, and there is no published evidence

of internationally recognized standard protocols or guidelines.

No similar Australasia-wide studies have been conducted previ-

ously to assess the level of inter-laboratory variability in the determi-

nation of ABO antibody titration. The aims of this study were to

investigate (1) the various techniques and reagents used by the medi-

cal laboratories for ABO antibody titration in Australasia and (2) the

requirements for the development and introduction of an EQA pro-

gram. This study was approved by Charles Sturt University Human

Research Ethics Committee, approval number H19026.

MATERIALS AND METHODS

Fresh frozen plasma packs and red cell units were received from

the Australian Red Cross Lifeblood (ARCL). All donations were

tested by Lifeblood and found to be serologically negative for

HIV, HCV and HBsAg. The red cell units were phenotyped by the

Royal College of Pathologists of Australasia Quality Assurance

Programs (RCPAQAP) for their A1 status with anti-A1 lectin, Doli-

chos biflorus. The plasma sample was prepared by thawing one

unit of donor group O fresh frozen plasma at 56�C, mixing it and

transferring into 4-mL EDTA tubes. The red cell samples were

prepared by resuspending A1, A2 and B donor red cells at a 0.2%

concentration in a red cell preservative solution Celpresol™

(Immulab, Victoria, Australia) and aliquotted into 2-mL EDTA

tubes.

Participants

In November 2018, an online survey (Appendix S1) was sent out

by the RCPAQAP Transfusion group to over 400 laboratories

that were enrolled in the RCPAQAP General Transfusion pro-

gram, to gauge their interest in participation in an ABO antibody

titration pilot study. Due to the location of the RCPAQAP in

Australia, most of the laboratories enrolled in the transfusion

programs were from Australasia. A total of 24 laboratories

from six countries (Australia (16), New Zealand (2), Malaysia (3),

Singapore (1), Oman (1) and United Kingdom (1)) returned

results for the pilot study. The number of participating laborato-

ries was small because renal transplantation is a highly

specialized area.

Samples provided

In April 2019, RCPAQAP Transfusion sent group O plasma, A1, A2 and

B red cells with a second questionnaire (Appendix S2) to those labora-

tories. The second questionnaire included a list of 13 questions, seek-

ing information about the testing platforms used (tube or column

agglutination technology), manual or automated technique, direct,

indirect or both methods, diluent used, incubation temperatures (room

temperature, 4�C or 37�C), use of dithiothreitol (DTT)-treated plasma

and endpoint used for titration.

The laboratories were provided with a 4 mL group O plasma sam-

ple and 2 mL samples of A1, A2 and B cells. They were asked to per-

form an antibody screen on the plasma and ABO titration against all

three red cells samples using their own routine methods and to report

all results from all their methods if they routinely performed more

than once, within 2 weeks.

Analysis of data

Based on the aims of this project and the small number of laboratories

that participated in the study, it was not appropriate to undertake sta-

tistical analysis of the data. The data obtained were tabulated in excel

for analysis and graphs prepared.
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RESULTS

Test data

Twenty-four laboratories returned results, which is 86% (24/28) of

those that initially expressed their interest. Of the 24 laboratories,

14 (58%) laboratories reported multiple results as they performed

ABO titrations using multiple methods and in different settings such

as solid organ transplant, isoagglutinin detection, stem cell transplant

and detection of low titre single O donor platelets. Therefore, the

total number of results reported was 48. A total of 22 out of 24 (92%)

participants submitted antibody screen results on the plasma samples

and reported the screen as negative.

Laboratory settings for performing ABO titration

As shown in Figure 1, participants reported that ABO titration was

performed in various laboratory settings such as ABO-mismatched

solid organ transplant, haemopoietic stem cell transplant, determina-

tion of isoagglutinin levels as a screen of immunological competence

and severe haemolytic disease of the newborn.

F I GU R E 1 ABO titration results obtained under various settings from 24 participants. Fourteen of these laboratories performed ABO
titration, using more than one method in multiple settings. The highest number of participants performed ABO titration in solid organ,
isoagglutinin detection and stem cell transplant settings [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 2 Test methods used to perform ABO titration. Tube was the most commonly used method, and participants performed ABO
titration using tube method at both room temperature and at 37�C [Colour figure can be viewed at wileyonlinelibrary.com]
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Techniques used for ABO titration

A wide range of methods and platforms were used by participants to

perform ABO titration. As shown in Figure 2, the most widely used

platforms reported by participants were tube and column agglutina-

tion technology cards such as CAT-gel, (Bio-Rad, Gladesville, New

South Wales, Australia and Grifols, Clayton South, Victoria, Australia)

or CAT-glass beads, (Biovue, Ortho Clinical Diagnostics Mulgrave, Vic-

toria, Australia). Participants also reported whether they used manual

method, automated analyser or a hybrid method where manual serial

dilutions were prepared, and the cards were read using an automated

analyser. A total of 20/48 (42%) responses reported using tube

method, 6/48 (13%) responses reported the manual Bio-Rad method

and 4/48 (8.3%) responses reported a manual Ortho Biovue method.

Diluents used

Twelve different diluents were used for preparation of serial dilutions.

As shown in Figure 3, 12/48 (25%) responses reported using 5% albu-

min in phosphate-buffered saline (PBS), 9/48 (19%) reported using

PBS and 8/48 (17%) responses reported using isotonic saline.

Incubation temperature and DTT treatment

When participants were asked to report the incubation tempera-

ture of the ABO titration test, 31/48 (65%) responses

reported incubation at 37�C and 17/48 (35%) using a room tem-

perature incubation. None of the participants reported per-

forming DTT treatment of plasma to differentiate between IgG

and IgM.

Endpoint used to report titres

From the responses received, it was clear that a wide range of end-

points were used by participants to report the ABO titre, as shown

in Figure 4. The most common endpoints used were ‘last dilution

giving 1+ reaction’ (19/48) or ‘last dilution giving 2+ reaction’ (11/
48). A total of 9/48 (19%) responses reported using a different end-

point for renal transplants compared to other clinical settings, 5/48

(10%) responses reported using an endpoint of ‘last dilution giving 2

+ reaction’ to report renal transplant setting and ‘last dilution giving

1+ reaction’ for all other clinical settings and 4/48 (8%) used the

‘last dilution giving 1+ reaction’ to report renal transplant and ‘last
dilution giving 0.5 reaction’ to report haematopoietic stem cell

transplants.

Anti-A1 titre results using A1 cells in comparison with
method platforms

As shown in Figure 5, 48 responses were received for titre results

against A1 cells, ranging from 8 to 1024 using different test methods

such as Bio-Rad, Ortho Biovue, Grifols and tube.

F I GU R E 3 Various diluents used to perform ABO titration. The figure reveals that 12 different diluents were used, some with potentiators
such as albumin and some without. The most commonly used diluent was 5% albumin in PBS (phosphate-buffered saline) [Colour figure can be

viewed at wileyonlinelibrary.com]
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F I GU R E 4 The endpoints used to report ABO titres. The figure reveals that the most commonly used endpoint is last dilution giving 1+
reaction, and some participants used a different endpoint to report ABO titres for renal transplant [Colour figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 5 Anti-A1 titre results using A1 cells. Comparison of various protocols/platforms such as BioRad, Grifols, Biovue and tube. The
figure demonstrates variation in titre results within and between methods [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 6 Anti-A1 titre using A1 cells. Comparison of various diluents. There is a difference in titre results even when the same diluent is
used by different laboratories [Colour figure can be viewed at wileyonlinelibrary.com]
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Anti-A1 titre results using A1 cells in comparison
with diluents

Forty-eight responses were received for anti-A1 titre results with A1

cells ranging from 8 to 1024 using a wide range of diluents. As shown

in Figure 6, the most commonly used diluents were 5% albumin in

PBS, isotonic saline and imidazole-buffered saline.

Anti-A titre results using A2 cells in comparison with
method platforms

For anti-A titre with A2 cells, as shown in Figure 7, a total of

48 responses were received, ranging from 2 to 128 using either Bio-

Rad, Ortho Biovue, Grifols or tube.

F I GU R E 7 Anti-A titre using A2 cells in comparison with method platforms such as BioRad, Grifols, Biovue and tube. The figure shows
varying titre results within and between methods [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 8 Anti-A titre using A2 cells in comparison with various diluents. There is a difference in titre results even when the same diluent is
used by different laboratories [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 9 Anti-B titre in comparison with method platforms such as BioRad, Grifols, Biovue and tube. The figure reveals varying titre results
within and between methods [Colour figure can be viewed at wileyonlinelibrary.com]
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Anti-A titre results using A2 cells in comparison
with diluents

A total of 48 responses were received for anti-A titre results with A2

cells ranging from 2 to 128 using a wide range of diluents. As shown

in Figure 8, the most commonly used diluents are 5% albumin in PBS

and PBS.

Anti-B titre results in comparison with method
platforms

As shown in Figure 9, 48 responses were received for anti-B titre

results ranging from neat to 32 using either Bio-Rad, Ortho Biovue,

Grifols or tube.

Anti-B titre results in comparison with diluents

A total of 48 responses were received for anti-B titre results using a

wide range of diluents. As shown in Figure 10, the most commonly used

diluents are imidazole-buffered saline, 5% albumin in PBS and PBS.

DISCUSSION

There are multiple factors that can affect the determination of anti-

body titres including testing platform, diluents, incubation time,

strength of reaction cut off, testing phase, skills and experience of the

personnel [21]. The results of the first survey questionnaire indicated

wide inter-laboratory variation in techniques used (tube or column

technology), process (manual or automated), incubation temperatures

(room temperature or 37�C), methods (direct or indirect), red cell dilu-

ents and titration endpoints used. Critical findings from the second

questionnaire and titration pilot highlighted not only the diversity of

techniques used but also the wide titre ranges reported by the

participants.

The overall titre results against A1, A2 and B red cells varied

widely depending on the method platform and diluents used ranging

from 8 to 1024 for anti-A1, 2 to 128 for anti-A and 0 to 32 for anti-B

titre. Nine responses (19%) indicated that a different titre endpoint

was used for renal transplant while using a different endpoint for all

other settings. Upon further follow-up with the participants who con-

tributed these responses, they reported that it was based on local pro-

tocols and directives from their clinicians rather than on the clinical

guidelines.

In their study, Nayak et al., performed titration on 48 group O

blood samples using five different methods such as immediate spin

tube, antihuman globulin phase (AHG) tube, gel column card without

DTT treatment, gel column card with DTT treatment and the solid

phase technique. They reported that anti-A and anti-B titres are the

highest in the tube method by AHG phase and DTT treatment

reduced both anti-A and anti-B titre values in almost 50% of the sam-

ples [22]. They also found poor consensus between AHG phase tube

method and gel column agglutination for both anti-A and anti-B

titres [22].

In comparison, participants in this study, who used BioVue glass

bead column agglutination technology reported higher results for

anti-A1, anti-A and anti-B titres. In addition, none of the participants

performed DTT treatment of plasma. DTT is used to cleave disulfide

bonds of IgM antibodies in order to measure the strength and concen-

tration of remaining IgG antibodies in patient’s plasma [23]. The Brit-

ish Transplantation Society’s ABOi kidney transplantation guidelines

recommend differentiation of IgM and IgG immunoglobulin classes for

ABO antibodies [24]. Most UK transplant centres titrate both IgG and

IgM to guide reduction of ABO antibodies but use the higher result

(Personal communication, UK NEQAS). In Australia, laboratories are

mostly focussed on the measurement of IgG antibodies as they react

at 37�C and are considered more clinically significant, whereas IgM

antibodies react preferentially below 37�C [25]. On the other hand,

Kim et al., have shown that patients had the same clinical outcome

regardless of high or low IgG titres if pre-transplant IgM titres were

lowered to 4 or less [26].

Other researchers have also reported noticeable differences in

titre results based on detection method used. The manual tube

method was the most widely used; however, this is time consuming

and produces variable results within and between laboratories [27].

The research team at Ajou University School of Medicine performed

antibody titration on 20 samples using tube room temperature, tube

IAT, CAT gel and a flow cytometry method (FCM) [28]. They reported

F I GU R E 1 0 Anti-B titre in comparison with various diluents. There is a difference in titre results even when the same diluent is used by
different laboratories [Colour figure can be viewed at wileyonlinelibrary.com]
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that for all blood groups, FCM assay with anti-IgM produced the

highest titre results; for A and B blood groups, tube IAT showed

the highest titres, and for anti-A titre in blood group O, CAT gel had

the highest results.

Due to the labour intensiveness of the tube method and subjec-

tive interpretation of results, researchers investigated the fully auto-

mated titration method and suggested that it is a reliable technique

and may reduce the variation encountered in the conventional tube

method [23]. Lally et al., showed good correlation between compari-

son of manual gel column technology with the automated solid phase

analyser [29]. However, further studies on the clinical significance of

titres are required before a fully automated system can reliably

replace manual techniques [30]. The researchers who compared the

erythrocyte magnetized technology (EMT) with tube and Bio Vue col-

umn methods reported higher results with EMT, which were espe-

cially inconsistent for IgG [30].

In our study, the large degree of variation in titres reported and

variability in technique, diluent used, incubation temperature, titre

endpoints and results reported by the participants are of concern as

ABO titre results are a critical part of the decision-making process in

transplant eligibility, treatment and monitoring the efficacy of thera-

peutic intervention [31]. The levels of pre-transplant anti-A1 and

anti-B titres influence the planning of immunosuppression therapy

and also assist in establishing the most suitable time for transplanta-

tion [5]. Accurate measurement of ABO titres is not only crucial to

limit unnecessary deferral of patients who otherwise would be eligible

for transplant but also to save time and resources on unwarranted

pre-transplant interventions to lower titre levels [22].

Based upon the finding of this study, it is clear that ABO titre

results are not transferrable between different laboratories, and it

is also difficult to compare the cost-effectiveness and clinical out-

comes across transplant centres. It is possible for a kidney trans-

plant patient to be admitted at different hospitals with a high

variation in titre result which can lead to treatment with unneces-

sary high-risk procedures as well as unnecessary deferral of the

transplant procedure [21]. In Australia, clinicians ensure that the

ABO titration test is repeated in their laboratory when the patients

are referred from different hospitals, to enable the same titre cut

off point base to be used to make treatment decisions on the treat-

ment plans. However, the equity of transplant eligibility across dif-

ferent transplant institutions is a concern for the clinicians due to

the high variability of titre results [22]. The Transplantation Society

of Australia and New Zealand (TSANZ) defines equity as an equal

opportunity for every patient who requires kidney transplant to

receive one [32]. In addition, patients should be able to have the

same eligibility to transplant regardless of the transplant centre

they were admitted to in Australia and the methods used to

perform ABO titration. Therefore, it is critical to implement a

standardized method in order to achieve reproducible results that

can be compared across different clinical centres and to assist in

consistent clinical interpretation [21].

Researchers in New Zealand attempted to investigate the possi-

bility of introducing a standardized method by developing the

kodecyte assay, but clinical relevance and further trials are required

before it can fully replace contemporary ABO titration methods [33].

Other EQAs such as the United Kingdom National External Quality

Assurance Scheme (UK NEQAS) investigated ABO titration methods

in 2016 and reported a tremendous amount of variation between and

within technologies used. A standard protocol based on BioRad tech-

nology was recommended; however, a standardized ABO titration

protocol has not yet been fully achieved as for the clinicians; there are

risks in changing practice as the evidence that cut-off values

are effective is based on testing using a particular method and the

transition to another standard method requires various considerations

(Personal communications, UK NEQAS).

Similar to the UK NEQAS experience, RCPAQAP has encoun-

tered some challenges in introducing an EQA for ABO titration due

to the significant amount of variation used by participants in

method, testing phase, strength of endpoint, diluents and red cells.

The next step would be to send out another ABO titration pilot with

standard protocol to investigate whether standardizing certain

aspects of the titration method reduces the high variation in the

results that currently exist. It is also essential to engage the renal

transplant society, to cooperate with various groups including renal

transplant surgeons, physicians, immunologists and laboratory scien-

tists to create an Advisory Committee for the ABO Titration EQA

program. In future, it will be prudent to collaborate with the Interna-

tional Society of Blood Transfusion (ISBT) and other EQA providers

to highlight to the clinicians the variations in titration results within

and between methods and to promote international standardization

of ABO titration procedures. In addition, it would be useful to obtain

further information on the types of solid organ transplants being

undertaken and specific methods used for ABO titration in each of

these setting. Further studies should also look at increasing the

number of participating laboratories by collaborating with other

EQA providers.

This study was undertaken to review the current status of

ABO titration protocol used by the laboratories in the field of

ABOi renal transplant as this has not been undertaken previously

in Australia. The findings highlight the need for standardization

and establishment of an EQA and make an important contribution

to the field of ABO titration in ABOi renal transplantation. Future

studies involving more laboratories in other countries could also

be helpful in obtaining more data to examine ABOi renal trans-

plantations further. This would also enable collaboration with the

various clinical groups to potentially pave the way toward global

standardization.

There is a substantial degree of diversity that exists in ABO titra-

tion procedures, in diagnostic laboratories including techniques, dilu-

ents, red cells and strength of reaction cut off. Our study has provided

information around the current status of ABO titration procedures in

Australasia. Implementation of an EQA for ABO titration would allow

for the objective peer assessment of the methods used currently. A

goal for the community would be the standardization of methods so

that there was a consistent quality of all reported results in this critical

area of medicine.
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Abstract

Background and Objectives: Haematopoietic cell transplantation (HCT) therapy

tends to be associated with various complications including engraftment failure,

regimen-related toxicities, and infectious diseases. In addition, HC infusion itself

occasionally elicits adverse events (AEs), one of the most common AEs is an allergic

reaction. As appropriate laboratory tests have not yet been established to distinguish

allergy-mediated AEs from other complications, clinical responses for HCT-related

AEs can only be nonspecific. In this pilot study, using passive immune basophil activa-

tion test (pi-BAT), we attempted to distinguish an HC infusion-induced allergic reac-

tion from various HCT-related AEs.

Materials and Methods: Using pi-BAT, we examined 34 patients who underwent

HCT, that is, 11 with AEs and 23 without AEs as controls.

Results: Two of the eleven AE cases were pi-BAT positive and, the rest of nine AE

cases were negative, while all non-AE cases were negative. Both of the two positive

cases showed erythema, tachycardia, plus cough. Because erythema is one of the

representative symptom of allergy, those cases could be classified as allergic reaction

cases or anaphylaxis cases if tachycardia and cough were concomitant symptoms of

erythema. Among the nine AEs with pi-BAT negative result, four cases showed urti-

caria, four showed vomiting plus diarrhoea, and one showed cough. Urticaria case

was strongly suspected of allergy, however, the AE cases were pi-BAT negative.

Conclusion: The pi-BAT may be useful as an auxiliary diagnostic tool to confirm the

possible involvement of HC infusion in HCT-related AEs and identify an immunologic

mechanism for HCT-related hypersensitivity reactions.
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allergic-adverse events, haematopoietic cell transplantation-related adverse events, passive
immune basophil activation test
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INTRODUCTION

Haematopoietic cell transplantation (HCT) of the bone marrow (BM),

peripheral blood (PB), and cord blood (CB) cells is performed for the

treatment of life-threatening haematopoietic malignancies as well as

for immunological and congenital diseases. However, HCT is fre-

quently associated with severe complications; high-dose chemother-

apy and whole body irradiation used to ablate recipients’

haematopoietic and immune cells lead to regimen-related toxicities

affecting the lungs, kidneys, cardiovascular system, gastrointestinal

system, and various other organs [1, 2]. Myelo- and immune-

suppression result in bacterial, fungal, and viral infections. In addition,

infusion of HC-product, including both cellular and plasma compo-

nents, by itself can lead to adverse events (AEs) such as nausea/

vomiting, flushing, allergic reactions, hypotension, hypertension,

arrhythmia, and respiratory distress [3–11]. Although it is important to

diagnose allergic diseases by clinical symptoms even in HC infusion-

related AEs, that is not always easy. These HC-product infusion-

related AEs coincide with the regimen-related AEs. Moreover,

regimen-related AEs can augment or modify HC-product infusion-

related AEs. In addition, different kinds of medication, such as antibi-

otics and non-steroid anti-inflammatory drugs, can be administered to

patients just before or after HC-product infusion. Therefore, it is diffi-

cult to distinguish whether the AE episode is related to HC-product

infusion by clinical symptoms and the timing of the onset of the symp-

toms. This has hampered our understanding of the causal relationship

between HC-product infusion and AEs that occurred during or soon

after HC-product infusion. Another difficulty in understanding HC-

product infusion-related AEs is that compared with blood products,

HC-product comprised various elements including the diversity, matu-

rity, and viability of cellular lineages. Further, donor plasma including

cytokines, such as G-CSF, are used for haematopoietic stem cell mobi-

lization in the peripheral blood, and chemical substances such as

dimethyl sulfoxide (DMSO) and dextran are used for cryopreservation

of cord blood stem cells and peripheral blood stem cells [3, 12–15].

This is also the case with HC infusion-related allergic-AEs, it is impor-

tant to determine causal relationship between HC infusion and

elicited allergic reaction, and to demonstrate immunological mecha-

nisms. In this regard, a helpful auxiliary test is necessary.

In contrast, blood cell products consist of simpler elements, and

blood transfusion-associated AEs have been routinely and systemi-

cally surveyed through haemovigilance programs in many countries

[16, 17]. In addition, recent studies have revealed a causal relationship

between transfusion and transfusion-associated allergic-AEs and their

underlying mechanisms in a substantial number of cases [18, 19]. The

basophil activation test (BAT) and passive immune BAT (pi-BAT) have

been introduced as auxiliary tests for investigating the causal relation-

ship and mechanisms of transfusion-related allergic AEs, especially in

Japan [20, 21]. In BAT, a patient’s whole blood sample is incubated

with the supernatant of residual blood products, and the subsequent

basophil activation is assessed using flow cytometry based on up-

regulation of cell degranulation/activation markers, such as CD63 and

CD203c. If the test is positive, the causal relationship is strongly

suggested. More specifically, to provide a detailed description about

the utility of BAT and pi-BAT in transfusion medicine, we previously

performed the BAT in two cases of severe anaphylaxis occurring

immediately after PC transfusion [19]. Both cases tested positive, and

the basophil activation was completely inhibited by treatment with

dasatinib, a Bcr-Abl and Src family tyrosine kinase inhibitor that blocks

several FcεRI downstream targets, thereby demonstrating IgE-

dependent pathway. Subsequently, we have accumulated 11 more

BAT-positive transfusion related allergic-AE cases, in all of which

basophil activation was cancelled by dasatinib treatment (six cases

reported in Ref. [18] and five unpublished cases). However, it cannot

necessarily be performed for patients receiving therapy for

myelosuppression caused by primary diseases and treatments because

sufficient basophils for BAT is difficult to sample from these patients.

pi-BAT was developed to remedy this limitation of BAT [20, 21]. In pi-

BAT, basophils from healthy volunteers, whose own receptor-bound

IgE is replaced with IgE of patients with transfusion-related allergic-

AEs are activated by supernatants of the corresponding transfused

blood products, that is, pi-BAT depends only on the patients’ IgE and

not on basophils. Regarding this assay system, some decades ago, Ish-

izaka and his colleagues conducted a study in which monkey lung

fragments were passively sensitized with IgE antibodies from human

serum; the release of histamines and leukotrienes was assessed upon

challenge with either a specific allergen or an anti-IgE antibody [22]. A

decade later, Pruzansky et al. modified this in vivo system to develop

an in vitro system, in which basophils from healthy volunteers, whose

own receptor-bound IgE was replaced by patient IgE, were activated

by allergens to which the patients were sensitized, and applied this

technology to the field of allergic diseases [23], and we applied this

system to the field of transfusion medicine [21]. This is the back-

ground how pi-BAT was developed. The positive results of pi-BAT

indicated causative relationship between transfusion and transfusion

related allergic-AEs and theoretically suggested IgE dependent path-

way. We observed that nine of 10 cases with moderate-to-severe

transfusion related allergic-AE tested positive [24]. Additionally, we

have reported three more pi-BAT positive transfusion mediated aller-

gic AE cases [20], in one of which pretreatment with dasatinib

completely inhibited basophil activation, clearly demonstrating IgE

dependent pathway. Of note, there were no BAT positive nor pi-BAT

positive cases in which disatinib failed to cancel basophil activation.

Therefore, in the pi-BAT positive cases of this study the allergic clini-

cal symptoms were suggested to be elicited via IgE dependent path-

way. In addition, one group use a similar test to investigate

transfusion-related allergic-AEs, in which cord blood derived-cultured

mast cells (CBMCs) were first sensitized with IgE in the plasma of AE

patient to mimic mast cells of the patient and then stimulated by

corresponding blood product [25, 26]. Those CBMCs, similar to the

basophils in our pi-BAT system, were activated via allergen/patient

IgE pathway.

HC-product infusion-related allergic-AEs are reported to be

symptomatic in 2%–7% of all HC-product infusion-related AEs [10,

11], although regimen-related and drug-induced AE cases might be

possibly included. Considering the abovementioned current clinical
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surroundings, further studies are needed to evaluate the causative

relationship of allergic-AEs with HC-product infusion. We examined

34 patients who underwent HCT, 11 patients developed AEs and

23 patients did not develop AEs. Thereby, we here hypothesize that

pi-BAT may be useful to detect HSC-product infusion-related

allergic-AEs.

MATERIALS AND METHODS

Research ethics

This study was approved by the institutional review board of the

Ethics Committee of the Japanese Red Cross Society, Blood Service

Headquarters (2017-032-2). We obtained written informed consent

from patients and healthy volunteers.

Clinical samples

Thirty-four patients who underwent HST at the Shizuoka Cancer Cen-

ter and Osaka University Hospital between 2017 and 2020 were

enrolled in this study. Eleven of 34 patients developed some AE,

including nausea/vomiting, diarrhoea, flushing, hypotension, hyper-

tension, arrhythmia, and respiratory distress, within 24 h after HC-

product infusion, whereas no AEs were observed in the rest of

23 patients. The detailed information on these patients, including sex,

age, underlying diseases, source of HCs, elicited symptoms, and

elapsed time until onset is summarized in Table 1.

Peripheral whole blood was collected from the patients for the

preparation of plasma samples; whole blood treated with ethylene

diamine tetra-acetic acid (EDTA) as an anticoagulant was obtained on

the day before HC-product infusion from 33 patients, whereas

1 month before HC-product infusion from one patient (A11). Plasma

was separated from the whole blood via centrifugation at 3000g for

10 min at 4�C and stored at �80�C. A small amount (approximately

100–200 μl) of residual HC-products was recovered at the medical

institution immediately after HC-product infusion, except for A11,

and the supernatants were separated via centrifugation at 3000g for

10 min at 4�C and stored at �80�C. In case of A11, the supernatant

was separated from the frozen sample and stored for a later

investigation.

Basophil sources and control IgE sources from healthy
volunteers

Basophils were obtained from an EDTA-treated whole blood sample

that was collected from a healthy laboratory volunteer in our blood

centre. To separate mononuclear cells from the whole blood, 6% (w/v)

hydroxyethyl starch 40 (HES40) was added at a final concentration of

1.2%. A mononuclear cell-rich supernatant was then separated via

centrifugation at 70g for 5 min at 4�C to enhance red blood cell

sedimentation. Peripheral blood mononuclear cells (PBMCs) were

finally isolated from the mononuclear cell-rich supernatant by centri-

fugation at 200g for 5 min at 4�C. The PBMCs were used as the

source of basophils in the activation tests described latter.

Control IgE were obtained from plasma samples that were col-

lected and separated from 34 healthy volunteers, as described in

“Clinical samples.”

Reagents

Purified and PE-conjugated mouse anti-human IgE (AHIgE) monoclo-

nal antibodies (MoAbs) were obtained from Beckman Coulter

(Fullerton, CA). FITC-conjugated mouse anti-HLA-DR and PE-

conjugated mouse anti-CD203c MoAbs were also purchased from

Beckman Coulter. PE-Cy5-conjugated mouse anti-CD123 MoAb and

FACS lysis solution were purchased from BD Biosciences (San Jose,

CA). HES40 was purchased from NIPRO, Osaka Japan. Heparin

sodium and CaCl2 were purchased from Mochida Pharmaceutical

Co. ltd., Tokyo, Japan, and Nacalai Tesque, Kyoto, Japan, respectively.

Passive immune BAT (pi-BAT)

Replacement of IgE bound on basophils was performed using the

two-step procedure, as reported before [21]. Briefly, to remove

receptor-bound IgE, 5 � 106 healthy volunteer PBMCs were

suspended in 1 ml of lactic acid solution (13.4 mM lactate, 140 mM

NaCl, and 5 mM KCl) and incubated for 5 min on ice. To stop the reac-

tion, the PBMC suspension was neutralized by the addition of 1 ml

human serum albumin (HSA) solution (RPMI-1640 medium [pH 8.0]

supplemented with 0.5% HSA and 12 mM Tris–HCl). The cell suspen-

sion was centrifuged at 1200g for 5 min at 4�C. After washing with

PBS, the cell pellet was resuspended in 0.5 ml of the plasma under

examination supplemented with 10 U/ml heparin sodium and 10 mM

CaCl2 and incubated for 60 min at 37�C. Plasma as a source of IgE

was derived from either healthy volunteers (control IgE) or patients

before HSC-product infusion (test IgE). We defined basophils in the

cell pellet, whose own receptor-bound IgE was replaced by third party

IgE (control or test IgE), as “quasi-basophils.” Fifty microliter of the

cell suspension containing quasi-basophils was incubated with 5 μL of

PBS or AHIgE (5 μg/ml). In case of the quasi-basophils with test IgE,

the cell suspension was incubated with 5 μl of not only PBS or AHIgE

but also the supernatants of relevant residual HC products. After incu-

bation, the mixture was added to 200 μl of PBS containing 1% BSA

(Sigma Chemical, MO) and 2 mM EDTA (PBS/BSA/EDTA) and cen-

trifuged at 200 for 2 min. The cells were then incubated with a cock-

tail of monoclonal antibodies against HLA-DR, CD123, and CD203c

for 15 min at 4�C and washed with PBS/BSA/EDTA. After removing

RBCs using the FACS lysis solution, the cells were subjected to flow

cytometric analysis. HLA-DR-negative and CD123-positive cells in the

forward scatter versus side scatter blast cell window were identified

as basophils. CD203c was used as a basophil activation marker. The
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T AB L E 1 Clinical characterization of patients and pi-BAT results

Patient Adverse event

Sample
numbera Age Sexb Primary disease

Infused HC
sourcec

Elicited
symptoms

Elapsed time
until onset pi-BATd

N1 46 M Plasma cell leukaemia Allogenic PBMC None � �
N2 28 M Acute lymphoid leukaemia Allogenic BM None � �
N3 37 M Acute T-cell leukaemia CB None � �
N4 42 M Acute myeloid leukaemia Allogenic PBMC None � �
N5 66 M Acute myeloid leukaemia Allogenic PBMC None � �
N6 59 M Acute myeloid leukaemia CB None � �
N7 57 F Follicular lymphoma Allogenic BM None � �
N8 51 M Adult T-cell leukaemia Allogenic PBMC None � �
N9 70 F Acute myeloid leukaemia CB None � �
N10 59 M Richter Syndrome Allogenic BM None � �
N11 63 M Acute myeloid leukaemia CB None � �
N12 50 M Acute myeloid leukaemia CB None � �
N13 56 F Myelodysplastic syndromes Allogenic PBMC None � �
N14 57 M Myelodysplastic syndromes Allogenic BM None � �
N15 22 M Acute myeloid leukaemia CB None � �
N16 48 F Acute B-cell leukaemia (Ph negative) Allogenic BM None � �
N17 68 M Myelodysplastic syndromes Allogenic BM None � �
N18 24 M Blastic crisis of chronic

myeloid leukaemia

Allogenic BM None � �

N19 63 M Acute myeloid leukaemia with

myelodysplasia-related changes

Allogenic BM None � �

N20 44 M Anaplastic large cell lymphoma,

ALK-positive

Allogenic PBMC None � �

N21 58 M Anaplastic large cell lymphoma CB None � �
N22 22 M Acute myeloid leukaemia CB None � �
N23 32 M Acute T-cell leukaemia CB None � �

A1 49 F Chronic myeloid leukaemia Allogenic PBMC Vomiting, diarrhoea 12 h �
A2 44 F Diffuse large B-cell lymphoma CB Vomiting, diarrhoea 24 h �
A3 43 F Myelodysplastic syndromes Allogenic PBMC Vomiting, diarrhoea 6 h �
A4 37 F Acute lyphoid leukaemia CB Vomiting, diarrhoea 2 h �
A5 59 M Acute lyphoid leukaemia Allogenic BM Cough (intermittent) 3 h �
A6 51 F Acute lyphoid leukaemia Allogenic BM Urticaria (partially) 30 min �
A7 68 F Acute myeloid leukaemia allogenic BM Urticaria (partially) 1 h �
A8 46 M Primary myelofibrosis Allogenic PBMC Urticaria (partially) 10 min �
A9 51 F Acute lyphoid leukaemia Allogenic BM Urticaria (partially) 2 h �
A10 35 F Acute myeloid leukaemia Allogenic BM Erythema, tachycardia,

cough (intermittent)

2 h +

A11 42 F Acute myeloid leukaemia CB Erythema, tachycardia,

cough (intermittent)

10 min +

aN and A show “non-AE” and “AE.”
bM and F show male and female.
cBM, CB, and PBMC are an abbreviation for bone marrow, cord blood, and mobilized peripheral blood mononuclear cell, respectively.
d+ and � show positive and negative.
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cursor was adjusted on the CD203c histograms at the point where

5% of the basophils were CD203c-positive without stimulation to cal-

culate the percentage of CD203c-positive basophils.

RESULTS

A schematic preparation procedure of quasi-basophils through the

two-step procedure, pretreatment, and functional assessment is

shown in Figure 1a. To confirm that IgE from own basophils was rep-

laced with that of independent individuals, we measured surface IgE

expression during each step using flow cytometry (FCM). As shown in

Figure 1b, treatment with lactic acid dissociated the majority of the

surface IgEs, and treatment with plasma from the independent indi-

viduals completely reconstituted the cell-bound IgE. Before stimulat-

ing with residual HC-products, which can contain some allergen(s), we

further examined whether those quasi-basophils can transmit an acti-

vation signal. Quasi-basophils treated with IgEs from 34 independent

Basophil
(healthy volunteer)

Autologous IgE

acid treatment 
and neutralization

patient plasma 
treatment

Fc receptor

Patient IgE

Pretreatment step

Functional assessment step

Quasi-basophil

allergen

CD203c

add corresponding
supernatant of HSCs

stain with 
MoAbs mixture

FCM analysis

(a)

(b)

F I GU R E 1 Implementation process of passive immune basophil activation test (pi-BAT). (a) pi-BAT consists of two processes: pretreatment
and function process. In the pretreatment process, IgE of basophils’ own origin is replaced with that of the third party’s origin by lactic acid
treatment and the subsequent treatment with independent individual plasma. In the function assessment process, the activation of basophils is
mediated via allergen/IgE-dependent pathway. The allergen/IgE-dependent pathway occurs after high-affinity FcεRI aggregates in response to
the cell surface-binding of IgE in complexes with specific allergens. (b) Replacement of receptor-bound IgE after treatment with lactic acid and
independent individual plasma is shown. Peripheral blood mononuclear cell samples are stained with anti-HLA-DR, anti-CD123, and anti-human
IgE monoclonal antibodies. HLA-DR-negative CD123-positive cells in the forward scatter versus side scatter blast cell window are identified as
basophils, and human IgE expression is determined. Expression of cell surface IgE on basophils after each step is presented in the following
panels: pretreated basophils, acid-treated basophils, and quasi-basophils
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healthy volunteers, 23 patients without AE, or 11 patients with AEs

were stimulated by PBS as a negative control or an AHIgE as a posi-

tive control. As shown in Figure 2, in all three groups, the background

response levels elicited with PBS were quite low, whereas the maxi-

mum responses elicited by AHIgE were significantly high, stating that

we can easily distinguish the maximum response levels from the back-

ground ones. We therefore adjusted the cutoff point to 10% in this

study.

Having demonstrated that quasi-basophils were eligible for

subsequent activation experiments, we further investigated their

response to the corresponding supernatants from residual HC-

products, a part of the transplanted product. When quasi-basophils

pretreated with plasma from 23 patients without AE were exam-

ined as the control group (Figure 3-left) or 11 patients with AE as

the test group (Figure 3-right) were stimulated with the

corresponding supernatant of residual HC-products, the quasi-

basophils of 23 without AE and nine of 11 with AE tested negative

in pi-BAT. In contrast, two patients (A10 and A11) with AE showed

significantly higher responses and were classified as positive in

pi-BAT.

Some HC-product infusion-related allergic-AEs can be caused

by DMSO and dextran used during the cryopreservation pro-

cesses of HC-products [4, 6–8, 15]. The HC sources of cases A10

and A11 were fresh BM and cryopreserved CB, respectively, and

the latter contained DMSO and dextran. To explore the possibility

that DMSO and dextran worked as allergen(s) in case A11, these

molecules were added in place of the supernatant of residual HC-

product of case A11 to stimulate quasi-basophils treated with

case A11’s patient’s IgE. DMSO and dextran, both at 1/10 or

1/100 dilution, yielded negative pi-BAT results, stating that both

DMSO and dextran can hardly be an allergen in case A11 (data not

shown).

0

20

40

60

80

100

slihposab
evitisop

c30 2
D

C fo
%

PBS AHIgE

Cut-off: 10

PBS AHIgE PBS AHIgEStimulator 

Healthy 
volunteers group

Without AE group AE group

(n=34) (n=23) (n=11)

IgE source used to 
prepare quasi-basophils

F I GU R E 2 Activation of quasi-basophils. Quasi-basophils stimulated with AHIgE as the positive control and PBS as the negative control;
activation of quasi-basophils measured using the expression levels of CD203c. The activation of quasi-basophils in which their own surface IgE is
replaced with IgEs of 34 healthy volunteers (healthy volunteers group), 23 patients without AE, or 11 patients with AEs is shown. The percentage
of CD203c-positive quasi-basophils exceeding 10% (solid line) is categorized as pi-BAT positive
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evitisop

c302
D

Cfo
%

0

10

20

30

40

Cut-off: 10

Without AE group AE group

(n=23) (n=11)

Corresponding SN of 
residual HSC product

1/10 1/50
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1/10 1/50

Products with AE
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prepare quasi-basophils

F I GU R E 3 Activation of quasi-basophils pretreated with patients’
IgE by the corresponding supernatant of residual HC products. Quasi-
basophils pretreated with patients’ IgE are stimulated with the
corresponding supernatant (SN) of residual HC product (1/10 and
1/50 dilution). The activation of quasi-basophils in which the own IgE
surface is replaced with IgEs of 23 patients without AEs or IgEs of

11 patients with AEs (the AE group) is shown
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DISCUSSION

Among 11 cases diagnosed with HC-product infusion-related AE, two

cases (A10 and A11) were shown to be positive in pi-BAT, whereas the

remaining nine cases with AEs nor 23 control cases without HC-

product infusion-related AEs were shown to be negative. Therefore, in

the two positive cases, it was strongly suggested that elicited by HC

infusion via the IgE-dependent pathway. However, the allergen was

not determined. It was also revealed that the specificity of pi-BAT cal-

culated using cases “without the AE, as negative control sample” was

as high as 1.0 (23/23), whereas the sensitivity could not be calculated

because there was no way to verify which case was allergic. Instead, pi-

BAT determined some HC-product infusion-related-allergic episodes

from various AEs elicited by HCT. We examined only 11 cases of HC-

product infusion-related AEs, therefore, similar but larger studies are

required to conclusively evaluate the usefulness of pi-BAT.

The remaining nine cases with AEs were pi-BAT negative; there

can be one possibility. Four urticaria cases, A6 to A9, were unexpect-

edly pi-BAT negative. In our previous study using transfusion related

allergic-AE samples, the sensitivity of pi-BAT to detect mild allergic

transfusion reactions was much lower than that to detect moderate-

to-severe allergic reactions. The pi-BAT, therefore, may have not

detected the four urticaria cases. In contrast, the two pi-BAT positive

cases showed erythema, tachycardia, plus cough. Because erythema is

a representative symptom of allergy, we believe that these two were

allergic cases. If tachycardia and cough were concomitant symptoms

of the erythema, the two cases could be classified as anaphylaxis. In

the two pi-BAT-positive cases, the reactivity of the quasi-basophils

stimulated with the corresponding supernatants of residual HC-

products was lower than that with AHIgE. The AHIgE used as a posi-

tive control could transduce activation signals through all IgE/Fcε

receptor complex in quasi-basophils, whereas the supernatants of

HC-product can transduce only via Fcε receptors grasping the

corresponding specific IgE, which is considered as only a small part of

total Fcε receptors. This can be one of the reasons for the difference

in the magnitude of basophil activation between the positive control

and the corresponding supernatants of residual HC-products.

In the two cases with positive pi-BAT, we were unable to identify

the responsible antigen(s) presumed to be present in the causative

HC-products. DMSO and dextran were unlikely to be responsible in

both cases. Even in blood transfusion-related-allergic AEs, candidate

allergens have been suggested only in a few cases; haptoglobin, a

plasma protein, was responsible in a case of anaphylactic shock in a

homozygous haptoglobin-deficient patient [27], and methylene blue,

which was used to inactivate the pathogen of plasma products, was

responsible in three cases of anaphylactic shock [28, 29]. In addition,

peanut allergen was recently identified as an allergen in a case of

transfusion-associated anaphylaxis [30]. Therefore, the identification

of candidate allergens is a challenge for the future.

The pi-BAT is an auxiliary tool for identification of causative rela-

tionship between allergic-AE and HC infusion. In this regard, it is

superior to tryptase test, which cannot explore the issue of causative

relationship. The importance of specific IgE test is quite limited in

investigation of HC infusion related AE cases because of no allergens

having been identified with some exceptions, such as dextran and

DMSO. Although dextran and DMSO have been suspected as aller-

gen, there has been no definitive evidence reported and there is no

commercial test kit for detecting IgE antibodies against them. In addi-

tion, the pi-BAT utilize patient plasma (serum) rather than patient

basophils, therefore, there is no need to perform the test immediately

after the onset of AE, if patient plasma before HCT is available. Con-

sidering the time grace, we believe that it is better to carry out the pi-

BAT in appropriate reference laboratories rather than in individual

medical institutions.

CD63 and CD203c are representative surface markers for the iden-

tification of activated basophils. Although surface expression of CD63

corresponds to the early stage of basophil activation, it is also an activa-

tion marker for platelets. Platelet activation leads to the production of

platelet microparticles with upregulation of P-selectin and CD63 expres-

sion on their surface. These activated platelets and microparticles may

bind to basophils via PSGL-1, a ligand of P-selectin, leading to a false-

positive result. In contrast, CD203c is expressed only by basophils and

their precursors. Additionally, in our previous studies, we observed that

CD63 was a less sensitive marker compared with CD203c [21]. There-

fore, we believe that CD203c is a better marker for basophil activation

compared with CD63.

The conditioning regimen-related toxicities frequently occur

shortly after HC-product infusion, and it is difficult to distinguish such

conditioning regimen-related toxicities and HC-product infusion-

related AEs [10]. HC-product infusion-related AEs have been clinically

diagnosed on the basis of the symptoms, the timing of onset, and the

absence of other possible causal factors such as medication. There-

fore, to precisely diagnose infusion-related AEs, it is necessary to

develop a sensitive enough diagnostic system to distinguish infusion-

related AEs. In this regard, pi-BAT can serve as a useful system.

pi-BAT can also refer to a causal relationship between the allergic AE

and HC-product infusion in the cases with positive pi-BAT findings.

In addition, pi-BAT can serve as an auxiliary diagnostic tool in

HC-product infusion-related AEs, where it is difficult to conclude

whether it is an allergy only by symptoms. In particular, when a

patient developed serious transfusion-related-allergic AEs due to

blood transfusions before HC-product transplantation, the patient

may also have possibility to develop severe allergic-AE by HSC-

product infusion. For such patients, it may be useful to pre-test the

reactivity between patient own IgE and plasma component of HC-

products to be transplant using the pi-BAT. If the pi-BAT shows posi-

tive result, the patient may develop HC-product infusion-related

allergic-AEs. In such cases it would be recommendable to wash the

HC-products. Considering that most transfusion-related allergic AEs

are prevented by washing the blood products before transfusion,

washing HC-products may avoid HC-product infusion-related allergic-

AEs, although substantial numbers of HC may be lost in the washing

procedure. Although this was a primary study to elucidate the causal

relationship between allergic AE and HC-product infusion, it may pro-

vide an important clue for further detailing molecular and cellular

mechanisms underlying allergic AEs in the future.
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Abstract

Background: CD36 is a glycoprotein expressed on platelets and monocytes of the

blood. There are two types of CD36 deficiency, type I and type II. Individuals with

type I-deficiency do not express CD36 in any cell type and can produce the CD36

antibody, which causes pathological conditions, such as fetal/neonatal alloimmune

thrombocytopenia (FNAIT) and platelet transfusion refractory (PTR), through anti-

genic exposure via transfusion or pregnancy.

Case presentation: We experienced a case of Philadelphia-positive acute lympho-

blastic leukaemia with PTR. In addition to the CD36 antibody, multiple-specificity

HLA antibodies were present in the patient’s plasma, requiring transfusion of

HLA-compatible and CD36-negative platelets (PC-HLA). Since the number of donors

was limited, it was necessary to set-up a blood transfusion schedule so that hyper-

fractionated cyclophosphamide, vincristine and doxorubicin therapy (hyper-CVAD)

and ponatinib combination chemotherapy could be safely administered to achieve

molecular remission. Rituximab administration resulted in reduced levels of both

CD36 antibody and HLA antibody. Given the expression of CD36 on haematopoietic

stem cells and the limited availability of CD36-negative PC-HLA, haematopoietic

stem cell transplantation (HSCT) was not considered to be an option.

Conclusion: If CD36-negative, allogeneic haematopoietic stem cell donors are unable

to be found, the indications for HSCT in patients with type I CD36-deficiency should

be carefully weighed. In the present case, molecular remission has been able to be

maintained to the present day after completion of a two-year maintenance regimen.

K E YWORD S

antibody-function, haematopoietic stem cell, patient blood management, refractoriness
(platelets)

INTRODUCTION

CD36, also known as glycoprotein (GP)-IV or Nak-a, is normally

expressed on the surface of platelets and monocytes and reportedly

also on erythroid and myeloid cells of the blood [1–3]. There are two

types of CD36 deficiency, namely type I, in which CD36 is absent on

all cell types, and type II, in which CD36 is absent only on the surface

of platelets. CD36-deficiency is found in 3%–11% of the Japanese
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population, but type I-deficiency accounts for less than 10% of

CD36-deficiency cases and has an incidence of 0.5%–1.0% [4, 5].

CD36 isoantibodies are produced by patients with type I-deficiency

through exposure to CD36-positive cells via blood transfusion or

pregnancy and can cause clinical conditions, such as platelet transfu-

sion refractoriness (PTR) and fetal/neonatal alloimmune thrombocyto-

penia (FNAIT).

We herein present a case of Philadelphia chromosome-positive

acute lymphocytic leukaemia (Ph + ALL) eventually diagnosed as type

I CD36-deficiency. A high CD36 antibody titre and multiple-specificity

HLA antibodies were identified in the patient’s plasma. Locating PC

donors based on HLA and CD36 compatibility was difficult and

affected the choice of treatment modality, including haematopoietic

stem cell transplantation (HSCT).

CASE REPORT

A 31-year-old female patient with a history of two pregnancies but no

history of blood transfusion was referred to our hospital with the

complaints of headache and palpitation. At admission, laboratory find-

ings revealed leukocyte count 122 � 109/L, haemoglobin 3.2 g/dl,

and platelet count 13 � 109/L indicating marked leukocytosis, severe

anaemia, and thrombocytopenia. The differential leukocyte count rev-

ealed 96% lymphoblasts, which were positive for CD10, CD19, and

CD20 and negative for CD7, CD2, and CD3 on flow-cytometry. Bone

marrow aspiration resulted in a dry tap. Molecular genetic testing rev-

ealed positivity for minor BCR-ABL chimeric transcript, confirming the

diagnosis of Ph + ALL. No ABL1 gene mutation (T315I) was detected.

After admission, red cell concentrates (RCC), and platelet concentrates

(PC) were transfused, and prednisolone administration (PSL, 60

mg/m2) was initiated. After the fourth PC transfusion, however, the

transfusion efficacy, as evaluated by the corrected count increment (CCI),

was found to be poor. On hospitalization day 9, PTR was diagnosed, and

the Japanese Red Cross Blood Center (JRCBC) was requested to provide

tests for HLA antibodies and supplies of HLA-compatible PC.

Anti-platelet antibody testing and CD36 expression

The CD36 antibody and HLA antibodies with multiple specificities,

including HLA-A24, and -B44, were identified in the patient’s plasma.

The CD36 antibody was detected using mixed-passive hemagglutina-

tion (MPHA) method (Beckman Coulter, Japan), a binding assay com-

mercially available only in Japan, and PAKLx (Immucor, Waukesha,

WI). The concomitant HLA antibodies in the patient’s serum had a

low-range specificity, and the target antigens in MPHA were pre-

treated with chloroquine to eliminate HLA reactivity. Thus, anti-CD36

antibody could be clearly identified, without affection by anti-HLA

antibodies in MPHA. No other HPA antibodies were identified by the

same method.

Flow cytometry using anti-CD36 monoclonal antibody was nega-

tive for CD36 antigen expression on both platelets and monocytes,

confirming the diagnosis of type I-deficiency. Additionally, the

patient’s sibling (brother) was also tested and found to be

CD36-positive (Figure 1).

Genetic testing

The exons of the code region of the CD36 gene in the genomic DNA

extracted from the plasma were sequenced. The patient was found to

be harbouring compound heterozygous mutations of c.329_330delAC

at exon 5 and c.949insA at exon 10.

Clinical course

Supply of compatible PC

HLA-compatible, CD36-positive PC (10 units/bag containing 2–3

� 1011 platelets) was transfused on hospitalization day 14, but the

platelet count was not able to be increased. On day 16, HLA-compati-

ble, CD36-negative PC (10 units) was transfuse, resulting in an eleva-

tion of the platelet count from 6 � 109/L to 48 � 109/L (24 h CCI of

27,300/ml). To obtain supplies of HLA-compatible, CD36-negative

PC, the JRCBC was required to locate compatible donors in their reg-

istry, schedule the apheresis collection, and perform compatibility

testing. Therefore, working closely with the JRCBC to establish a

schedule for the PC transfusion was necessary before initiating

chemotherapy.

Evaluating antibodies in the patient’s plasma

Flow cytometry using the indirect fluorescent antibody test revealed

a high CD36 antibody titre (highest titre: 2048 times). Weekly admin-

istration of rituximab (375 mg/m2) for four cycles aimed at reducing

the CD36- and HLA-antibody titers was begun on day 19. Also, after

day 15, CD36-positive PC was avoided, and only CD36-negative PC

was transfused. After four months, the CD36-antibody titre decreased

to 1:64, and antibodies to HLA-A24 and -B44 became undetectable

(Figure 2).

Treatment of Ph + ALL

Following the initial administration of prednisolone, dasatinib

(100 mg) was begun on day 11 but was discontinued due to persistent

leukopenia, and ponatinib (30 mg) was begun on day 55. After the

supply schedule for HLA-compatible, CD36-negative PC was con-

firmed, hyper-CVAD was begun on day 62. The patient achieved

molecular remission after one cycle of hyper-CVAD, and ponatinib

was reduced to 15 mg. HSCT was not indicated for the following rea-

sons: (1) the sibling (brother) was HLA-incompatible and

CD36-positive; (2) the Japan Marrow Donor Program (JMDP) and the
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F I GU R E 1 Flow cytometry of CD36 expression on platelets and monocytes using anti-CD36 antibody (FA6.152, Beckman coulter). The
patient’s platelets and monocytes were negative for CD36 expression while those of her sibling were positive (the dark grey histogram represents
the negative control) [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 2 Patient’s clinical course and changes in anti-CD36 and anti-HLA antibody levels. The CD36 antibody titre was measured by flow

cytometry using the indirect fluorescent antibody test. Platelets from CD36-positive volunteer donors were used for antibody titration. n-MFI
(normalized mean fluorescent intensity) of the main HLA antibodies identified by the Luminex assay are shown, with n-MFI < 1000 indicating
antibody negativity. hyper-CVAD = hyper-fractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone. HD-MTX-AraC = high
dose methotrexate and cytarabine, pos. = positive, neg = negative [Colour figure can be viewed at wileyonlinelibrary.com]
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Umbilical Cord Blood Bank allow the selection of HLA-compatible

donors, but data related to CD36 expression are unavailable; and

(3) only few reports are currently available on the transplantation of

CD36-positive stem cells to CD36-negative patients.

The patient completed four cycles of hyper-CVAD followed by a

two-year maintenance regimen consisting of ponatinib, vincristine,

and PSL and is presently in molecular remission.

DISCUSSION

The CD36 antibody is known to cause PTR [6] and FNAIT and was

recently found also to be involved in the pathogenesis of transfusion-

related acute lung injury (TRALI) [7]. Six cases of type I

CD36-deficiency with CD36 antibodies among Japanese blood

donors who were all homozygous for the c.329_330delAC or

c.949insA [7]. A Japanese blood donor whose plasma caused TRALI in

the transfusion recipients had a high CD36 antibody titre and was also

homozygous for c.329_330delAC [7]. These mutations are most fre-

quently found in the Chinese population [8] while c.268C > T, the

most common mutation in the Japanese population, is usually not

associated with antibody production [7]. The present patient was

found to be harbouring c.329_330delAC and c.949insA compound

heterozygous mutations. She had a high CD36 antibody titre, which

was thought to be dependent on antigenic exposure during her two

pregnancies and CD36-positive PC transfusion.

The PTR in our case was caused by both CD36 and HLA anti-

bodies, a fact which made it difficult to locate a compatible PC donor.

However, this problem was solved through close collaboration with the

JRCBC, allowing chemotherapy to be performed. Regarding the HSCT,

there were concerns about transplantation-related complications, such

as graft failure caused by CD36 expression on HSC and the require-

ment for frequent and long-term supplies of HLA-compatible,

CD36-negative PC. There are only two case reports of CD36-positive

HSCT in CD36-negative patients, one in Japan [9] and the other in

China [10]. Successful engraftment was observed in both cases; in the

latter case, the patient’s platelets and monocytes were confirmed to be

CD36-positive simultaneously with engraftment. On the other hand,

the former case developed idiopathic pneumonia syndrome after

engraftment (personal communication from Dr. Ito, Reference [9]); thus,

the possibility of a TRALI-like syndrome due to an infusion of

CD36-positive stem cells cannot be completely disregarded.

A previous report described two patients in whom TRALI devel-

oped after a plasma transfusion from the same donor [11]. TRALI may

develop through monocyte activation in the alveolar tissue via binding

with the CD36 antibody, which releases inflammatory mediators

(LTB4 and TNF-a) and results in alveolar endothelial cell activation, in

turn causing leakage [11]. Additionally, endothelial cells (EC) also

express the CD36 antigen; thus, EC may possibly be damaged via

binding with the CD36 antibody. Thus, if a CD36-positive HSCT is

performed in a CD36-negative patient, the infused mononuclear cells

trapped in the lungs might be activated by the CD36 antibody in the

patient’s plasma, leading to a TRALI-like syndrome through a similar

mechanism.

If donor-specific anti-HLA antibody (DSA) is identified in the

patient’s plasma, pre-transplant antibody attenuation procedures,

such as antibody elimination via plasmapheresis, inhibition of antibody

production using rituximab or bortezomib, IVIG administration, and

antibody neutralization by transfusions of PC expressing the

corresponding HLA, are recommended. While there are at present no

reports focusing on these methods, the current view is that desensiti-

zation should be performed in patients with DSA [12]. In the present

patient, the CD36 antibody titre decreased after rituximab therapy,

suggesting that this drug may be used with good results for pre-

transplant desensitization to the CD36 antibody.

For HSCT indications in patients with type I CD36-deficiency

with CD36 antibodies, confirming CD36 expression in potential

donors is crucial. A CD36-negative patient in the US successfully

received a transplant from a CD36-negative sibling [13]. Thus, ideally,

CD36-negative donors should be selected for allogeneic (allo-) HSCT

in CD36-negative patients with CD36 antibodies. Presently, neither

the HSC donors registered to the JMDP nor those registered to the

Umbilical Cord Blood Bank are being tested for CD36 expression,

making it very difficult to locate CD36-negative allogeneic HSC

donors. However, even if the patient does not have the CD36 anti-

body, a CD36-positive HSCT may be successful given appropriate

management with transfusions of CD36-negative PC.

Based on these considerations, chemotherapy without HSCT was

indicated in the present case. The patient is currently maintaining

molecular remission after completing maintenance therapy. The MD

Anderson Cancer Center reported relatively good results of the com-

bination of hype-CVAD with ponatinib in Ph + ALL patients, with a

three-year survival rate of 76% and no difference between the sur-

vival rates of patients with or without HSCT [14]. Thus, this chemo-

therapy regimen offers a good alternative regimen for patients in

whom HSCT is contraindicated.

CONCLUSION

In the present patient with Ph + ALL with type I CD36-deficiency, an

appropriate transfusion schedule and close collaboration with the

JRCBC enabled safe chemotherapy administration. Considering

the extremely high incidence of CD36 deficiency in Japan,

implementing testing for CD36 expression on HSC is crucial to making

CD36 and HLA-compatible donors more readily available.
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Abstract

Naturally occurring anti-Kpa antibody is extremely rare and was first reported in

1957, named after the first producer ‘Penney’. However, the subsequent anti-Kpa

reports presented were all anti-Kpa due to isoimmunization. Individuals with severe

bacterial infections particularly Gram-negative bacteria are known to be capable of

producing cross-reactive antibodies against Kell blood group system. However, such

uncommon antibodies like anti-Kpa can be easily missed in routine pre-transfusion

testing unless the panel cells containing low incidence antigen are used for antibody

screening. Here, we report a case of naturally occurring anti-Kpa antibody, identified

incidentally during pre-transfusion testing of a 12-month-old female infant with the

diagnosis of Niemann–Pick disease and recurrent bacterial (Escherichia coli) infection.

K E YWORD S

Allo-anti-Kpa, bacterial infection, cross-reactive antibodies, low incidence antigen

INTRODUCTION

The Kell system located on chromosome 7 is a complex and highly

immunogenic blood group system. It comprises 35 antigens which are

protein in nature and are well developed in early fetal life. Kpa is a low

incidence antigen, a component of a triplet of antithetical (Kpa, Kpb,

Kpc) antigens of the Kell blood group system. The frequency of Kpa

antigen accounts for less than 2% of individuals globally and varies

from 0 to 0�01% in Asian ancestry [1,2]. Though the original report of

anti-Kpa was naturally occurring [3], the later anti-Kpa reports were

identified in patients who had a prior red cell sensitizing event [4–15].

Many Gram-negative intestinal flora is known to act as primary

immune stimuli for the development of naturally occurring antibodies,

and several authors have shown Escherichia coli infection to stimulate

antibody production against K antigen of Kell blood group system

[16–18]. Although anti-Kpa is an antibody of less clinical importance,

it can cause haemolytic transfusion reaction (HTR) and haemolytic dis-

ease of the fetus and newborn (HDFN) [12,15]. Here, we report a

case of naturally occurring anti-Kpa antibody, identified in a female

infant diagnosed to have lysosomal storage disorder with a significant

past medical history of recurrent systemic infections caused by E. coli.

This report on naturally occurring anti-Kpa is first of its kind from

India and highlights the fact that environmental factors like microbial

exposure during early years of life can stimulate the production of

non-ABO antibodies like anti-Kpa.

CASE REPORT

A female infant of 12 months old with features of severe anaemia and

failure to thrive was referred to our tertiary care centre for further

evaluation and management. The child was healthy until 2 months of

age and later developed frequent episodes of lower respiratory tract

infection (LRTI) associated with abdominal distension, jaundice and

loose stools, positive for E. coli during fourth and sixth months of life.

On further extensive investigation, the child was diagnosed to have

Niemann–Pick disease, a genetic lysosomal storage disorder. Due to

low haemoglobin (Hb) level of 6 g/dl, we received a transfusion

request for one unit of packed red blood cells (PRBC). The child had

no previous history of blood transfusion or fetal anaemia following
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childbirth. The historical blood group and the pre-transfusion testing

revealed the patient’s blood group as B Rh D positive with a discrep-

ancy in serum grouping wherein an additional 1+ strength reaction was

observed against the commercial O and B pooled cells. Blood grouping

was performed by column agglutination technique (CAT) in an auto-

mated platform (AutoVue, Ortho Clinical Diagnostics). The grouping dis-

crepancy got resolved with conventional tube technique (CTT), after

incubation of the sample at 37�C, suggestive of cold reactive antibody.

However, antibody screening of patient’s sample using 3 cell panel

(Bio-Rad Diamed GmBH, Cressier FR, Freiburg, Switzerland) in LISS/

Coomb’s IgG + C3d gel card showed 2+ reaction with the possible

specificity for E, Jkb, Kpa or Lea antibody, while autocontrol (AC) and

direct antiglobulin test (DAT) demonstrated a negative reaction. The

subsequent antibody identification using 11 cell panel (Bio-Rad Diamed

GmBH, Switzerland) confirmed the antibody specificity as Kpa antibody.

Upon minor phenotyping of patient’s red cells for Kpa antigen, it was

found negative. As Kpa is usually IgG, the antibody screening of

mother’s serum was performed to rule out if a passive transfer of anti-

body from mother to child had occurred but was found negative. The

above findings confirmed the presence of naturally occurring low inci-

dence Kpa alloantibody, likely to be stimulated by the recurrent sys-

temic infection present since the early years of life.

The patient was transfused with one unit of group-specific, cross-

match compatible PRBC unit which was negative for Kpa antigen. The

patient was tagged as positive for Kpa antibody in the department

software and the same was communicated to the patient’s parents

through an antibody card specifying the presence of anti-Kpa to aid

future transfusion support. However, the IgM or IgG characterization

of the antibody could not be performed due to inadequacy of the

sample volume received.

Concurrently, we reviewed the literature on anti-Kpa in PubMed,

Scopus and Embase databases using keywords like anti-Kpa, all o anti-

Kpa and naturally occurring anti-Kpa in the last 63 years (1957

through 2020) to gain insight on this rare antibody (Table 1).

DISCUSSION

Anti-Kpa is an uncommon antibody, and it is considered as clinically less

significant due to the low incidence of Kpa antigen which varies from

0�01 to 2% globally [2]. In general, antibodies against the Kell blood

group system are highly immunogenic and have the potential to

stimulate alloantibody formation in patients who lack the corresponding

antigen [1]. However, the original case report of anti-Kpa by Allen and

Lewis, in 1957, named after the first producer ‘Penny’ was naturally

occurring and this is reaffirmed by the present report.

Although there is no evidence for Kell system to act as a receptor

for microbial pathogens, there are several reports in the literature

where severe bacterial infections by organisms like Escherichia coli

0125815, Morganella morganii, Enterococcus faecalis, Streptococcus

faecium and Mycobacterium tuberculosis are shown to be capable of

stimulating cross-reactive antibodies against K antigen of Kell blood

group system in following ways: (1) release of Kell-like soluble sub-

stances by the organism, (2) the metabolites of an organism having

Kell-like activity and (3) the organism can carry K1-like antigen. How-

ever, the exact location of the antigen and their biochemical relation-

ship to Kell-like antigen are not yet available [16–18]. These findings

suggest that Gram-negative bacteria can also stimulate antibody

against other antigens of the Kell blood group system. Hence, the sig-

nificant history of recurrent infection by E. coli in our case favours the

possibility of naturally occurring antibody to have developed following

microbial exposure.

The red cell alloimmunization can occur through blood transfu-

sion, transplantation or pregnancy. However, the early onset of trans-

fusion before 3 years of age is associated with a lower frequency of

alloantibody formation especially among chronically transfused

patients. Further, the earliest sensitization in an individual can occur

after 10 transfusions [19,20]. Accordingly, the earlier anti-Kpa case

reports from India were noted in either multiply transfused patients

like thalassaemia, non-Hodgkin lymphoma or following HTR or HDFN,

as shown in Table 1. However, the present case, with no red cell

immunization history but with a significant bacterial infection present

since early years of life, highlights the association of microbial flora in

the development of naturally occurring non-ABO blood group anti-

body. Further taking into account that antibodies to the KEL blood

group system antigens are usually IgG and human maternal antibodies

take about 6 to 12 months period to wane off [21], there is a possibil-

ity for passive transfer of anti-Kpa antibodies from mother to child.

However, this hypothesis got eliminated in our case as both maternal

antibody screening and Kpa minor phenotyping of the infant were

negative. Unfortunately, the complete family pedigree analysis on the

inheritance of Kpa antigen could not be performed to substantiate our

hypothesis. Understanding the nature of alloantibody as in naturally

occurring or developed after red cell alloimmunization is important to

T AB L E 1 The review of the literature on case reports of anti-Kpa from 1957 through 2020

Anti-Kpa—Isoimmunisation

Anti-Kpa - Naturally occurring Hemolytic disease of the newborn Transfusion reaction Pretransfusion testing*

Allen Jr and Lewis [3] Jensen [4]

Geczy et al. [5]

Costamagna et al. [6]

Rossi et al. [15]

Tuson [7]

Brumbaugh et al. [8]

Koshy et al. [12]

Padmore et al. [13]

Sunassee et al. [14]

Mangwana and Gangwar [2]

Pahuja et al. [9]

Jain et al. [10]

Makroo et al. [11]

*Indian reports of anti-Kpa in Thalassemia [9, 10], Non-Hodgkin’s lymphoma [2] and general patients [11].
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identify the potential immune responder, capable of developing multi-

ple alloantibodies with further phenotype unmatched transfusions.

Concerning the role of immunohematological testing in detection

of red cell alloantibody, Padmore et al. have reported on the implica-

tion of anti-Kpa in causing an acute extravascular haemolytic reaction

in a patient, where the antibody was missed by electronic cross-match

[13]. Therefore, despite the nature of antibody, red cell antibody if

detected in pre-transfusion testing and found to be reacting at 37�

Celsius in antihuman globulin (AHG) phase, including those antibodies

against uncommon antigen, should undergo extensive immunohema-

tological work-up to ensure safe blood transfusion.

The present report adds further evidence to the occurrence of

anti-Kpa as a naturally occurring antibody especially in patients with

the history of recurrent bacterial infections. Although it is a rare anti-

body, utmost importance should be given in identification of such

uncommon antibodies in pre-transfusion testing of alloimmunized and

those patients with significant microbial exposure. The prompt docu-

mentation and communication of the unexpected red cell antibody

identified to the patient help in the prevention of immune-related

complication as well as delay in future transfusion.
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Transfusion of ABO major incompatible platelets (where the recipient

has antibodies against the ABO group of the transfused platelets) has

been shown to be associated with lower platelet count increments

following transfusion [1], although this does not appear to translate to

a difference in bleeding outcomes [2]. Transfusion of minor ABO

incompatible platelets (where the suspending plasma of the platelet

concentrate is not compatible with the ABO group of the recipient’s

red cells) has been associated with increased risk of haemolytic trans-

fusion reactions. This risk is likely to be lower for platelets stored in

platelet additive solution due to the reduced volume of plasma.

Whilst the preference, therefore, is that patients are transfused

ABO identical platelets, this is not always possible in emergency situa-

tions. Moreover, transfusion of ABO incompatible platelets may also

be required to ensure, across the supply chain, that platelets are avail-

able when needed without significant wastage of a product with short

shelf-life (5–7 days in most countries). For this reason, transfusion of

ABO incompatible platelets is not an infrequent occurrence, and thus,

many centres have policies in place to mitigate risk to recipients. A

previous international survey published in 2010 reported considerable

variation in international practice in relation to the transfusion of ABO

incompatible platelets [3]. Since that time, platelet production practice

has evolved, especially with increased use of platelet additive solution

either alone or in combination with pathogen inactivation.

In addition to ABO group, consideration must be given to compatibil-

ity of platelets for RhD. Platelets themselves do not express RhD, but are

contaminated with a small amount of red cells. The level of red cell

contamination is influenced by the method of production, with apheresis

platelets reported to contain lower levels than those produced by whole

blood [4]. Transfusion of RhD-positive platelets to RhD-negative recipi-

ents can result in alloimmunisation, the likelihood of which is related to

the type of platelet preparation and factors in the recipient such as immu-

nosuppression [5]. Therefore, many centres have policies to define which

recipients should receive RhD-negative platelets. The principal concern is

mitigating the risk of alloimmunisation in women of child-bearing poten-

tial, potentially leading to haemolytic disease of the foetus and newborn.

Where RhD-negative platelets are not available for patients for whom

they are indicated, centres may have policies for prophylactic administra-

tion of anti-D following transfusion of RhD-positive platelets.

The aim of this International Forum was to assess current interna-

tional policies for the transfusion of ABO or RhD non-identical, “out of
group,” platelets in relation to how platelets are produced and tested.

We received responses from 15 centres, with a wide geographical

spread. Many respondents were reporting national guidance.

TYPE OF PLATELET COMPONENTS
TRANSFUSED

Question 1 Please describe the type of platelets products you

supply.

Data are summarized in Table 1.
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In terms of platelet production methods, there was a mix of

apheresis and whole blood-derived platelets reported, with a trend

towards a higher proportion of platelets produced from whole blood

in European Countries as well as New Zealand, Australia, India and

Brazil. Most centres (11/15) stored all or part of their platelet supply

in PAS or were planning on doing so in the near future. Since the last

published survey in 2010 by the BEST group [3], there appears to

have been an increase in the use of PAS either alone, or in conjunc-

tion with pathogen inactivation. Of the 13 respondents that produce

whole blood derived platelets, the majority [6] do so by manual or

semi-automated methods (e.g. presses), with 3 using Reveos and 1

(France) using Terumo Automated Centrifuge and Separator (TACSI).

Most had similar specifications for platelets for neonatal/infant use

as those for adults (Table 1), but in 8/15, these were stated to be

provided at smaller volume and/or concentrated. Two responders

stated they provide CMV seronegative platelets for this patient

group (Spain and UK), and UK guidelines require that this product is

free from clinically significant irregular blood group antibodies

including high titre anti-A and B. Some countries provide additional

mitigations for ABO non-identical transfusions for neonates or chil-

dren (Table 2).

ABO

Question 2 Do you have national/local clinical polices with respect to

transfusion of ABO non-identical platelets? What percentage

of platelet transfusions are ABO non-identical? If ABO identi-

cal platelets are not available, is priority given to compatibility

of ABO group of platelet (avoiding major incompatibility) or

suspending plasma with recipients red cells (avoiding minor

incompatibility)?

T AB L E 1 Type of platelets produced

Type of platelets used Whole blood platelets Storage media used

Country Apheresis
Whole
blood

Method of
processing

No. of
donations Apheresis Whole blood

Different specification for neonatal/
infant platelets?

Australia 36% 64% Semi-automated

PRP or BC.

4 60%–70% PAS-E. Apheresis, smaller volume.

Brazil 95% 5% Manual, PRP. 6 Plasma. No

Canada 25% 75% Semi-automated,

BC.

4 Plasma. Plasma

(moving to

PAS).

No

England 50% 50% Manual, BC. 4 Plasma. 65% PAS-E. Apheresis, smaller volume.

CMV neg, micro neg in past two years.

Low titre for anti-A/B, negative for

clinically significant irregular blood

group antibodies.

France 30% PI 70% Automated

(TACSI) and PI.

5–8 70% PAS-C. Apheresis, smaller volume.

Select the most concentrated packs.

Germany 70% 30% Manual

BC.

5, moving

to 4.

Plasma (moving

to PAS).

PAS-C. No

India 10% 90% PRP Manual, PRP. 1 Plasma. No

Japan 100% — — — Plasma. — Smaller volume (provided also for small

children.

Netherlands 10% 90% Semi-automated

BC.

5 65% PAS-E. Smaller volume.

New

Zealand

30% 70% Manual, BC. 4 60%–70% PAS-E. Apheresis PC stored in plasma (plan to

move to PAS).

Russia 70% 30% Manual, BC. 4–5 Plasma or PAS-E. No, but are usually irradiated.

Saudi

Arabia

10%–20% 80%–90% Automated

(Reveos).

4–6 Plasma. Smaller volume, ABO compatible.

Spain 5% 95% Automated

(Reveos).

4–5 Plasma. 65% PAS-C. CMV neg donors, reduced size pools

(from 3 donors).

Sweden 7% 93% Automated

(Reveos).

4 (3–6) 60%–65% PAS-E. No, split units from the same donation

used for one patient.

USA 100% — 80% PI in PAS,

20% non-PI.

— 10% in plasma,

90% in PAS.

— No

Abbreviations: BC, Buffy coat; PAS, Platelet additive solution; PI, pathogen inactivation; PRP, Platelet rich plasma.
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Question 3 What strategies are taken to mitigate the risk of

haemolytic transfusion reactions due to ABO incompatibility

and are these dependent upon the type of platelet product?

Data are summarized in Table 2.

Most centres (9/15) used national guidelines or policies that

describe requirements for ABO matching of platelets and the clinical

use of non-identical platelets. Other centres either had local policies

or no agreed policy in place. The majority of responses indicated that

the preference was to give ABO identical platelets if available, but it

T AB L E 2 Policy and practice for platelet ABO matching

Country

National or
local

policies?

% ABO non-
identical

transfusions

Priority given to minor or

major compatibility

Risk mitigation for minor

mismatch

Frequency of HTR due to ABO

incompatible transfusion

Australia National Not known Minor Storage in PAS.

Low-titre for anti-A/B.

No cases since the introduction

of anti-A/B testing of

donations.

Brazil National 36% NR Low-titre for anti-A/B. None seen in years but are

reportable to HV scheme.

Canada National 20% Minor Low-titre for anti-A/B.

Volume reduction.

2 reports since 2017.

England National 10%–15% likely

higher for

neonates.

Minor Low titre for anti-A/B.

Pooled platelets in PAS.

Avoid group O for non-O

patients.

1:625000. None since 2016 -

PAS introduced for pooled

platelets. No fatalities since

testing standardized in

2008.

France No policy 16% major. Major Low-titre for anti-A/B. Reportable but very rare over

past 8 years.

Germany National — Major Storage in PAS. 13 fatal cases 2000–2017
nationally, 1:600000

platelets.

India Local 5% Minor. Avoid group O for

latter.

Apheresis platelets, volume

reduced if there is time.

None observed at centre last

year, but reportable to

national HV.

Japan National 0% apart from

HLA matched -

30%.

For HLA matched, minor. Low-titre for anti-A/B. Washing

for HT units or for children.

Hospitals can volume

reduce.

1:2million PC overall, 1:19108

for HLA matched platelets.

Netherlands National 5% Major. Group O RhD neg

used in trauma packs

All PC in PAS. Low-titre for

anti-A/B anti-A/B for

neonates, infrequently

volume reduction.

None in 2018.

New

Zealand

National 23% Major Storage in PAS. 6 reports between 2005–2012
all due to group O PC. None

since 2012, PAS introduced

2010–11.

Russia National 21% Not stated Storage in PAS. NR

Saudi

Arabia

Local 20% Not stated Volume reduction to 30% for

some patients - especially

for neonates.

None reported but there is a

system to report to national

body.

Spain None NK Major - risk of minor

reduced by

suspension in PAS

Storage in PAS.

No testing for anti-A/B.

Not observed in past 30 years,

reportable to national HV

scheme.

Sweden Local 22% Minor but sometimes

major.

Storage in PAS for BC PC,

apheresis donors tested for

anti-A/B. May also wash

apheresis PC if from an HLA

matched donor with HT

antibodies.

Not observed in centre in last

15 years. One case reported

to national HV scheme in

past 10 years.

USA Local 42% Minor Storage in PAS –OR-volume

reduced to 50 ml.

Observed, so considering

testing for anti-A/B.
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was noted that this was not always possible, and this may be particu-

larly the case for specific groups of patients such as neonates. Some

blood providers preferentially collect platelets from group O and A

donors to aid inventory management and supply, and in this case,

group AB and B recipients will be more likely to receive ABO non-

identical platelets. If ABO identical platelets are not available, then the

preference for prioritizing compatibility of the platelets or plasma that

they are suspended in is mixed. Six centres give priority to ensuring

the compatibility of plasma with recipients red cells (minor), whereas

five preferentially consider the ABO compatibility of the platelets

themselves (major). In two centres, it depended on the platelet com-

ponent. The majority prioritizing minor compatibility indicated that

their rationale was that the risk of a haemolytic transfusion reaction

was reduced by platelets being suspended in PAS and/or testing to

remove high titre units. The proportion of ABO non-identical transfu-

sions (as defined by centres) is typically about 20%. However, ABO

incompatible transfusions are a rare event in Japan unless platelets

are HLA matched, whereas in the USA, it appears to be more common

at over 40%. This is consistent with a recent study in 12 hospitals in

the USA demonstrating that 46% of platelet transfusions are ABO

non-identical—16% minor incompatible [7]. Some respondents noted

that the likelihood of ABO non-identical transfusion was increased for

HLA matched platelets, where HLA matching may take preference

over ABO compatibility.

In addition to many centres using PAS for all or part of their supply,

6/15 may volume reduce to limit the amount of plasma transfused, and

2 may wash HLA-matched platelets if ABO non-identical. 8/15 have

implemented partial or universal testing of anti-A/B for donations des-

tined for platelet production in specific situations including for ABO

non-identical transfusions, or for neonates. The method and cut offs

used for testing are summarized in Table 3. All the sites that test do so

on samples from the donor, apart from the Netherlands who test the

final product for neonatal transfusion. There are data from small studies

suggesting that the titre of anti-A/B for a given donor are stable over

time [8], suggesting that one off testing of donors may be sufficient, but

this has not been confirmed in large data sets and many operators (6/7

who responded) still test every donation. Most sites that test do so for

IgM only (5/7 where stated), 2 also test IgG. The cut off used to deter-

mine whether a donation is “high titre” varies between 1/64 and 1/128

for IgM. It is well known that the methodology for testing affects the

titre obtained, and therefore it is difficult to compare across sites [9].

The main reported effect of transfusion of ABO major incompati-

ble platelets is a reduction in platelet count increment following trans-

fusion, which appears to be a cumulative effect [1]. This difference is

small and does not appear to relate to risk of bleeding [2]. Effects of

ABO mismatch on other measures of platelet outcome such as sur-

vival are less clear [6]. Some studies suggest that major ABO incom-

patibility may result in a higher risk of developing HLA or platelet

specific antibodies [10] or transfusion reactions [11]. In addition to

the development of alloantibodies in the recipient to antigens they

lack, the development of immune complexes due to anti-A and/or B

present in the recipient with the cognate antigen on donor platelets

or soluble antigen has been postulated as a possible mechanism

[12, 13].

T AB L E 3 Methods and cut off used for anti-a/B high-titre testing

Australia All donations for platelets and

plasma.

Donor IgM at 1/32 and 1/64 (1:32 shown

to be equivalent to 1/128

manual tube method). Apheresis

platelet donors positive at 1/64

titred at 1/8000 and if positive

deferred from platelet donation.

Yes No.

Labelled as low titre if they test

as such.

Brazil Platelet donors. Donor Gel card IgM for anti-A or B, 1/64

used as cut off.

Yes No.

Given on inventory report.

England All donations. Donor Microtitre plate IgM anti-A and B

cut off is 1/32 shown as

equivalent to 1/128 manual

saline tube method.

Yes No.

Labelled as low titre if they test

as such.

France All donations. Donor Microtitre saline IgM only >64 cut

off.

Yes No.

Labelled with group

compatibility.

Japan Donations for HLA matched

platelets if ABO non-identical.

Donor 1/128 Yes No

Netherlands Platelets for neonatal use. Product Saline tube for IgM, cut off 1/64,

must be negative at 1/128.

Yes No

New

Zealand

All donations. Donor Micro-titre IgM and IgG using A1B

cells. A > 50% reduction of the

cell button defined as positive.

Yes NR

Sweden Apheresis donors. Donor Gel cards. IgM titres ≥64 and IgG

titres ≥256 are considered high.

No -

once

No.

Labelled as high titre or low

titre according to cut offs.
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In the PLADO study, a multi-centre RCT assessing different pro-

phylactic platelet dose regimens, the degree of ABO matching (major

or minor) was not associated with any overall difference in

platelet alloimmunisation [14] or transfusion related adverse events

[15] such as fever, allergic reactions, and tachycardia. There was a

trend towards lower risk of febrile reactions in ABO minor mis-

matched platelets, which the authors attributed to chance. In critically

ill children, transfusion of ABO incompatible platelets is not associated

with difference in count increments or transfusion reactions [16].

Question 4 Despite steps taken in Question 3, do you observe cases

of haemolytic transfusion reactions (HTR) to platelets, are

these reported in national hemovigilance schemes and so

forth, how frequent are they?

Fatalities associated with a HTR associated with ABO non-

identical platelet transfusion have been reported here and in the liter-

ature. In this survey, Germany report 13 fatal cases between 2000

and 2017. In the United States, seven fatal cases have been reported

to the FDA between 2007 and 2018 [17]. The responses in this sur-

vey suggest that HTR associated with ABO non-identical platelet

transfusion are rare events due to the mitigating actions in place

although previously many of the centres/countries had reports. The

residual risk of a HTR due to ABO non-identical platelet transfusion is

estimated as 1:600,000 in Germany, 1:6250,000 in England, and 1:2

million in Japan. Several authors note, as might be expected, that this

is more frequent with group O platelets to non-O recipients, due to

higher titres of anti-A/B in group O donors.

The relationship between titre level and risk of haemolytic trans-

fusion reactions is not absolute [18]; there are case reports of HTR

with platelets that have tested as “low titre” especially in neonatal

patients [19]. Additionally, the risk of platelets in additive solution is

not zero, in part because for apheresis platelets about 100 ml of

plasma from one donor remains in the platelet, and occasionally

donors may have very high titres of anti-A/B. In addition to genetic

factors that likely influence a donor’s level of anti-A/B, environmental

factors such as pneumococcal vaccination and pro-biotics have been

reported to boost levels in some donors [20–22]. Recent data on a

large range of other vaccines suggest that in the main, these have

minimal effect [23]. Interestingly to mitigate the risk of very high

levels, Australia re-test all donors who test “high titre” using their

screening method at a very high titre of 1/8000; any donors testing

positive at this level are deferred from platelet donation. Further,

pooling and use of PAS would be expected to reduce the risk of HTR

to lower than that for apheresis platelets as only a small volume of

plasma from each donor will end up in the final product transfused—

as an example, this is around 20 ml of plasma from each donor in

buffy coat platelets in our country (UK). Comprehensive risk modelling

using large data sets for PAS platelets and risk of HTR are lacking.

Nonetheless, the responding countries who have implemented

routine screening of platelet donors for anti-A/B report that the risk

of HTR is now very low based on data from their hemovigilance

scheme; this includes large national providers such as the UK, France

and Australia. The UK have not observed any fatal cases since the

UK-wide standardization of routine testing of anti-A/B, as is also

the case for Australia. New Zealand also note that they have not

observed any cases of HTR associated with ABO non-identical plate-

let transfusion since the universal implementation of PAS.

RhD

Question 5 Do you have national/regional clinical polices with

respect to transfusion of RhD-negative platelets? For which

group(s) of patients are RhD-negative platelets indicated?

Nearly all those responding (12/13) prioritized the use of RhD-

negative platelets for RhD-negative women of child-bearing potential,

the definition of which, where given, varied between 45 and 55 years

of age (Table 4). Several of these national policies also included RhD-

negative children in this category. Policies for other RhD-negative

patients varied. Japan does not have a national policy due to the low

(<0.5%) frequency of RhD-negative individuals in the population. Rus-

sia does not take RhD into consideration when transfusing platelets.

Question 6 If RhD-negative platelets are not available for the above

patients what mitigation steps are taken to reduce the risk of

alloimmunisation if RhD-positive platelets are transfused?

In 10/15 if RhD-positive platelets are transfused to a RhD-nega-

tive females of child-bearing potential (as defined by their policy), then

anti-D prophylaxis is routinely given/recommended. In a further 3/15,

anti-D may be given at the discretion of the treating physician. Only

New Zealand routinely use anti-D for male children in this situation.

Interestingly, both New Zealand and France take into account the

clinical status of the patient in the decision to administer prophylactic

anti-D: this may not necessarily be given if patients are immuno-

suppressed. In addition to the volume of red cells transfused, recipient

factors are thought to contribute to the likelihood of alloimmunisation

to RhD. In healthy volunteers, even small doses of RhD-positive red

cells are near certain (80%) to induce alloantibody formation in RhD-

negative individuals [24]. However, the reported frequency of

alloimmunisation when RhD-positive platelets are transfused to RhD-

negative patients is reported to be relatively low at approximately

1.5% [25]. The latter study was a large multi-centre study that

included all indications for platelet transfusion, as such a significant

proportion of recipients were immunosuppressed either through

treatment or pathology.

Question 7 Do you routinely assess the level of red cell contamina-

tion of platelets?

• By what method and what is the upper limit considered acceptable

to issue platelets?

• Is this information on the label or shared with hospitals that use

the platelets?
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Virtually all responding participants (12/15) perform a visual

inspection of platelets and have a colour chart to prevent those

grossly contaminated with red cells being issued, but the cut offs used

vary. The American Association of Blood Bank guidelines are followed

by two respondents, which state that if platelets appear to contain

≥2 ml of residual red cells, making the component appear pink to

salmon in colour, compatibility testing with the recipient’s plasma is

required [26]. India and Australia use a cut off of 0.5 ml and 1 ml,

respectively, whereas Germany, England, and the Netherlands use cut

offs that equate to 3, 4, and 6 � 109 RBC/L, respectively. Spain and

T AB L E 4 Policy and practice for RhD matching

Country

National/
local

policies

Patients for whom RhD neg indicated

& policy, if not available

Assessment of red cell

contamination (cut off applied) Is alloimmunisation to RhD reported?

Australia National RhD-neg females of CBP. Anti-D

unless immunosuppressed.

Visual–colour chart (1 ml red

cells).

No. HV system captures

alloimmunisation post-transfusion.

Brazil National RhD-neg females <45y. Anti-D. Visual Yes. Reportable to HV scheme.

Canada Local RhD-neg females <45y. May be

extended to all children in some

sites. Anti-D for women <45y, boys

at physician discretion.

Visual – colour chart. Yes. Reporting is voluntary.

England National RhD-neg females of CBP. RhD-

negative boys <18, pre-existing

anti-D antibodies, and transfusion-

dependant adults. Anti-D for

women of CBP.

Visual – colour chart �4 x 109

RBC/L.

No. Anti-D in women of CBP

reportable to HV scheme. No cases

in past 10 years.

France Local RhD-neg females <50y. Anti-D unless

immunosuppressed.

Visual Yes. Recommended to test 1–4 months

after RhD incompatible transfusion.

Germany National RhD-neg women of CBP.

Children <14y. Anti-D.

FBC and QC by flow cytometry (3

� 109 RBC/L).

No

India Local RhD-neg women of CBP if available.

Anti-D at discretion of treating

physician

Visual (0.5 ml or 5 � 109). No

Japan None RhD-neg patients, may use anti-D in

rare cases of RhD pos to RhD-neg

women of CBP, but use is off label.

Annual QC 10 per year. None reported in last decade.

Netherlands National RhD-neg females <45. Anti-D except

for <3 months old.

Visual (6 � 109 RBC/L). Yes to national HV scheme.

New

Zealand

National RhD-neg females <55. Other RhD-neg

patients if available. Anti-D for

females <55 and male children.

Underlying condition/treatment

considered in risk of

alloimmunisation.

No routine testing but data from

studies.

No. 2y analysis where RhD pos given

to RhD-neg patients without anti-D

showed 1.4% alloimmunisation.

Russia None D, C, c, E, e, and K are not taken into account when transfusing platelet

concentrates obtained by apheresis or using an additive solution or

pathogen-reduced platelet.

No

Saudi

Arabia

Local All RhD-neg patients but especially

females of CBP. Anti-D.

Visual colour chart (>2 ml red

cells)

Reportable to local HV scheme, not all

hospitals will have this.

Spain Local RhD-neg women of CBP, anti-D for

females<50.

Visual +

QC of PC by flow cytometry

No, but as most recipients also on

chronic red cell support should be

picked up in pre-transfusion

testing.

Sweden Local All RhD-neg patients. For women of

CBP and children RhD pos must be

approved by a physician. For

trauma/major bleeding, RhD pos

may be used regardless of group/

age/sex of recipient. Anti-D for

women of CBP and children.

Visual No

Risk considered low

USA None Physician contacted to consider anti-D Visual No
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Germany are the only respondents that routinely accurately measure

the red cell contamination of platelets by flow cytometry.

Curiously, there are no European guidelines for routine quality

control of red cell contamination of platelets, whereas guidelines state

that prior to freezing, fresh frozen plasma should contain <6 � 109

RBC/L [27]. This is somewhat surprising as the risk of

alloimmunisation caused by RhD incompatible plasma is lower than

that of platelets. First, levels of red cells in plasma prior to freezing are

lower than in platelet concentrates, and second, red cell stroma fol-

lowing thawing is considered likely less immunogenic than intact red

cells [24]. Consequently, in some jurisdictions, frozen–thawed plasma

is transfused irrespective of RhD group.

For platelets, it is unclear what minimum number of red cells

is likely to result in the formation of anti-D when RhD-positive

platelets are transfused to RhD-negative recipients. Small volumes

of pure red cells of 0.5 ml or above are known to result in 80% of

healthy volunteers developing anti-D, 20% being non-responders

[28]. Before the advent of current antibody production techniques,

this was used as a method of harvesting anti-D for purification

and therapeutic use. The minimum quantity of red cells required to

result in anti-D formation following transfusion is frequently

quoted as being 30 μl of pure red cells based on a study from

1970 [29]. However, in this latter study, volunteers were actually

given 10 μl of red cells on three occasions, 2 weeks apart and thus

the number of RBC that may cause primary sensitisation may be

lower than cited. Thirty microliters of pure red cells is equivalent

to approximately 0.8 �109 RBC/L in the volume of a unit of plate-

lets and much lower than most centres’ cut off for the acceptable

levels of RBC in a unit of platelets described here.

Additionally, as well as intact red cells, platelets contain red cell

microparticles that retain RhD antigens, the number of which varies

by product type [30, 31]. However, red cell microparticles are not usu-

ally assessed by most methods that measure intact red cells. Intact

red cells are known to be generally present at lower levels in apheresis

compared to whole blood derived platelets [4, 32]. Contaminating red

cell levels in buffy-coat derived platelets have been demonstrated to

be substantially lower in platelets prepared using automated TACSI

method compared to semi-automated [33]. Interestingly, France was

the only respondent that routinely used TACSI to produce their whole

blood derived platelets (70% of their supply), yet the rate of

alloimmunisation for D mismatched platelets observed (1%) appears

to be similar to other studies [25]. Conversely, factors in the recipient

such as immunosuppression, as well as the frequency and amount of

platelets transfused might all influence how many red cells will elicit a

response.

Question 8 Do the answers to Questions 5 and 6 apply to all types of

platelet, or does this depend on the level of red cell

contamination?

All responding sites applied policies for RhD-negative platelet

provision and mitigation of alloimmunisation to RhD irrespective of

the type of platelets or red cell contamination.

Question 9 Do you have a system for routinely capturing cases of

alloimmunisation to RhD due to platelet transfusions, in

haemovigilance schemes for example?

5/15 respondents mention some form of reporting scheme where

such cases may be captured. In addition, one country has recommen-

dations on testing 1–4 months following RhD incompatible transfu-

sion, and one has done a two-year analysis where RhD-positive

platelets were given to RhD recipients without anti-D, showing 1.4%

rate of alloimmunisation.

CONCLUSIONS

In summary, this international forum highlights some of the different

approaches currently taken to provide ABO and RhD compatible plate-

lets. It was notable that there was a significant difference in whether

respondents prioritize major or minor ABO compatibility of platelets.

This probably reflects the uncertainties with regards to the clinical con-

sequences of ABO incompatible platelet transfusion. Approximately

half of respondents prioritized the ABO group of the platelets them-

selves, indicating that the rationale was that the risk of a HTR due to

minor incompatibility was reduced by the use of PAS and/or testing for

high titre anti-A/B. This appears to be a shift in thinking with blood pro-

viders moving to platelets in PAS/introduction of testing. The risk of a

HTR due to ABO incompatible platelets was estimated as being

between 1:600,000 to 1:2 million, and several respondents noted that

no fatal cases had been observed since the introduction of routine test-

ing for high titre anti-A/B. Risk assessments based on large data sets

are needed to fully understand how much PAS reduces the risk of HTR

from ABO minor incompatible platelet transfusion.

For RhD, most respondents prioritized RhD-negative platelet pro-

vision for RhD-negative females of child-bearing potential, and most

either gave or recommended the use of prophylactic anti-D if RhD-

positive platelets were transfused to this group. Only two respon-

dents considered whether recipients were immunosuppressed in the

decision to give prophylactic anti-D, as these patients are less likely to

form alloantibodies to mis-matched platelets. Most respondents visu-

ally assess the level of red cell contamination of platelets, with varying

cut offs for maximal acceptable levels. However, these are all above

the level likely to be capable of causing alloimmunisation to RhD in

RhD-negative individuals who are immunocompetent. Studies

assessing whether a reduction in intact red cells and/or microparticles

will reduce the risk of alloimmunisation are needed to fully understand

whether such an approach may be beneficial.
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RUSSIA

Eugene Zhiburt

Question 1

We have apheresis (70%) and whole blood derived (buffy coat) (30%).

Each pool is derived from four to five donors. Whole blood processing

is mostly manual.

Platelets are suspended in plasma or in SSP+ [1].

Рlatelets for neonates/infant transfusion have the same specifica-

tion as those for adults but more often are irradiated [2].

Question 2

According to our national/governmental guide:

• Transfusion of platelet concentrate non-identical in the ABO sys-

tem is allowed, obtained using an additional solution;

• Transfusion of whole-blood derived platelet concentrates from a

blood units of group O or apheresis platelet concentrates AB group

to a recipient with any blood group is allowed.

• 21% platelet transfusions are ABO non-identical.

Question 3

Among those mentioned strategies only storage of platelets in PAS is

used to mitigate the risk of haemolytic transfusion reactions due to

ABO incompatibility.

Plasma transfusion of the AB group to the recipient with any

blood group is allowed

Question 4

I did not observe cases of haemolytic transfusion reactions to

platelets, and no such cases reported in national haemovigilance

scheme.

Question 5

According our national/governmental guide, the compatibility of

the donor and adult recipient in terms of red blood cell

antigens D, C, c, E, e, K is not taken into account when

transfusing platelet concentrates obtained using apheresis or

using an additional solution or pathogen-reduced platelet

concentrate.
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Question 6

We do not have any guide for preventive treatment with anti-D.

Question 7

We do not routinely assess the level of red cell contamination of platelets.

Question 8

During last 20 years I did not see issued ‘red’ platelets.

Question 9

We do not have a system for routinely capturing cases of

alloimmunization to RhD due to platelet transfusions.
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INDIA

Rounak Dubey

Question 1

Platelets products:

• Both apheresis and whole blood-derived platelets are supplied by

our centre. Whole blood-derived platelets are prepared from rou-

tine blood donations while apheresis platelets are collected only

after the demand is received. The PRP method is used for prepar-

ing platelets from whole blood donations. The pooling of platelets

is not done. The processing is by manual/semi-automated

methods.

• Around 90% of the demand is met by whole blood-derived plate-

lets while the remaining 10% need the apheresis product.

• Platelets are suspended in plasma. Platelet additive solutions are not used.

• Same platelets are used for transfusion in adults and neonates/infants,

but the volume of required platelets varies as per weight of the infant.

Question 2

The recommendations of the local Hospital Transfusion Commit-

tee (HTC) are used as the guiding policy for transfusion of ABO

non-identical platelets. The standard practice is to give ABO iden-

tical platelets, followed by ABO (plasma) compatible platelets

(avoiding minor incompatibility), only after ensuring there is no

RBC contamination. Out of group platelet transfusions are mostly

an emergency requirement and account for nearly 5% of total

platelets issued.

Question 3

Strategies to mitigate the risk of haemolytic transfusion reactions due

to ABO incompatibility:

• For planned/non-emergency requirements, only ABO identical

platelets are provided. ABO non-identical platelets are only issued

after the treating clinician has been informed and the demand form

mentions that ABO non-identical platelets may be provided as an

emergency measure. Platelets of the blood group ‘O’ are avoided

while giving to other blood groups.

• Volume reduction is done only for apheresis platelets (if the situation

permits adequate time), the final product is around 100–110 ml.

• Platelets are not stored in PAS.

• Testing of donor/product for anti-A/-B.

a. The donor or the product is not tested for anti-A/-B titres.

Blood grouping and antibody identification are performed on

the donor samples.

b. Not Applicable

c. No.

d. Do you also test plasma/whole blood for transfusion?

Answer: Yes

e. There is no written policy, but the guiding principle is similar to

transfusion of ABO-incompatible platelets. In practice, ABO-

incompatible plasma is rarely issued as the group identical

plasma is usually available. Cryoprecipitates are more commonly

issued across the ABO blood group.

Question 4

The haemolytic transfusion reactions due to platelets are rare and no

such reaction has been reported in past 1 year at the centre. The fact

that it is mostly carried out during an emergency and often subclinical,

makes it less likely to be reported or observed. There is a provision to

report them to the National Hemovigilance Programme of India while

submitting the monthly haemovigilance report.

2 CARDIGAN ET AL.



Question 5

There are no national/regional clinical polices with respect of transfusion

of RhD-negative platelets. Females in the child-bearing age group are specifi-

cally considered for RhD-negative platelets. If available, RhD-negative plate-

lets are given and in case apheresis is planned, Rh Negative donors are

preferred.

Question 6

The platelets which do not have any visible RBC contamination

are given. The decision to administer anti-D rests with the

treating clinician and varies from one case to another. In case of

obstetric patients, anti-D is more commonly given

prophylactically.

Question 7

A assessing the level of red cell contamination of platelets:

• The level of red cell contamination of platelets is routinely assessed

by visual examination of all platelets to ensure there is no pink/red

discolouration. The absence of pink/red discolouration is taken as

the RBC levels to be below 0.5 ml in the bag (which corresponds

to a count of 5 � 109 RBCs).

• This information is not put on the label.

Question 8

Yes, the answers apply to all types of platelets. If there is any visible

red cell contamination, the RhD-positive platelets are not issued to

such patients.

Question 9

There is no specific provision for capturing cases of

alloimmunization in such patients. A common transfusion reaction

reporting form is issued along with all the blood products and any

transfusion-associated complication may be reported back to the

blood centre.

Rounak Dubey

Santokba Durlabhji Memorial Hospital, Jaipur, India

Email: rounakdubey@gmail.com

SWEDEN

Jesper Bengtsson & Magnus Jöud

Question 1

We supply platelet components (PCs) derived both from whole blood

and apheresis. In 2019, 7480 PCs were transfused in our region. The

majority, 93.2%, were whole blood-derived (pooled) PCs and 6.8%

were apheresis PCs. We normally only produce group O and

group A PCs.

Pooled PCs are produced via the Reveos automated blood

processing system and interim platelet units (IPUs). We have two

platelet production lines, fresh blood (FB) and overnight (ON). Typi-

cally four IPUs are pooled to form a platelet concentrate, on occa-

sion three, five or six IPUs can be used for a pooled platelet

concentrate. The pooled IPUs are suspended in platelet additive

solution, T-PAS+ (PAS-E). Pooled PCs produced by Reveos contain

about 40% plasma.

Apheresis PCs are collected on Trima Accel system from

(preferably) male donors, generally blood group O and A. The

apheresis PCs are also suspended in T-PAS+ with a plasma con-

tent of 35%.

Platelets for neonatal or infant use have the same specifications

as those for adults, with the exception that split units from the same

donor are generally reserved for the patient in order to minimize

donor exposure.

Question 2

We have local policies that outline how ABO non-identical PCs are

allowed to be transfused. If ABO identical platelets are not available,

we use ABO minor incompatible or, to a lesser extent, ABO major

incompatible PCs. All group A platelet apheresis donors are phe-

notyped for A1 and PCs from group A2 donors are considered to be

functionally group O.

In 2019, 21.7% of platelet transfusions were ABO

non-identical: 18.1% minor, 3.2% major and 0.4% bi-directional

incompatible. Furthermore, 10.7% of all PCs were transfused to

patients with undeterminable ABO-group following ABO non-

identical allogeneic haematopoietic stem cell transplantation

(aHSCT).

Question 3

Both whole blood- and apheresis-derived ABO minor incompatible

PCs are used but anti-A/-B is only considered for apheresis PCs.

High-titre apheresis PCs can also be washed to remove ABO-

incompatible plasma. This is sometimes necessary to provide com-

patible platelets to HLA-immunized patients when the matching

apheresis donor has a high anti-A/-B titre. All platelets are stored

in PAS-E.

At present, we measure anti-A and/or -B titres only once in plate-

let apheresis donors. Depending on the titre, all PCs derived from the

donor are regarded as being low or high titre and PCs labelled
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accordingly. Anti-A and -B titres are measured in anti-IgG and -NaCl

gel cards, representing IgG and IgM titres, respectively. IgM titres ≥64

and IgG titres ≥256 are considered high.

We do not use ABO-incompatible plasma, cryoprecipitate or

whole blood for transfusion.

Question 4

At our centre we have not seen any haemolytic transfusion reactions

due to anti-A/-B in PCs, at least not the past 15 years.

In the last decade, only one incident of an acute haemolytic trans-

fusion reaction due to an ABO minor incompatible platelet transfusion

has been reported to the Swedish national haemovigilance system.

This reaction was reported from another blood centre in 2011, with

no further details available.

Question 5

RhD-negative PCs are indicated for all RhD-negative patients according

to our local policy, with some exceptions. When the supply of RhD-

negative platelets is insufficient RhD-positive PCs are also transfused

to RhD-negative patients unless they are children (<18 years) or

women of childbearing age (<50 years). If the supply of RhD-negative

platelets is very low, a laboratory physician can be consulted and

approve the selection of RhD-positive platelets to RhD-negative chil-

dren and women of childbearing age. Following aHSCT with RhD mis-

match between donor and recipient, RhD-negative PCs are transfused

if available. When multiple PCs are ordered due to trauma or major

bleeding, our policy allows for any platelet unit to be transfused regard-

less of the patient RhD phenotype, age and gender.

In 2019, 4.9% of all PCs were RhD-positive PCs transfused to

RhD-negative patients. No RhD-positive PC was transfused to a RhD-

negative child and only 9 units were given to three different RhD-

negative women of childbearing age. Two out of these women had

been treated with aHSCT with graft from an RhD-mismatched donor

and the third was a patient undergoing sex reassignment therapy.

Question 6

For most RhD-negative patients, no steps are taken reduce the risk of

alloimmunization following the transfusion of RhD-positive platelets.

However, if RhD-positive platelets are given to children or women of

childbearing age, we recommend that patients are given anti-D

prophylactically.

Question 7

We do not measure red cell content in PCs on a routine basis.

The IPUs are visually inspected after production, if they appear

reddish they are generally discarded. Hence, there is no need to

label PCs.

Question 8

All types of PCs are considered equal in terms of red cell

contamination.

Question 9

No, we do not have a systematic follow-up to capture RhD immuniza-

tion following the transfusion of RhD-positive platelets. We consider

the risk of immunization to be low.
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SPAIN

Carlos Castillo, Joan Cid & Miquel Lozano

Question 1

Platelet components are supplied by Blood and Tissue Bank (BST is

the Catalan acronym). Blood component preparation is automated

with Reveos devices and the majority (95%) of platelet components

are obtained with this method (interim platelet unit, IPU) [1,2]. The

minimum acceptable platelet content is 2.5 � 1011 per pool after

mixing four or five IPUs with platelet additive solution (PAS). The final

result is that platelets are stored in plasma/PAS C in a propor-

tion 35%/65%.

Apheresis platelets (5%) are used only for special purposes

(e.g., refractoriness, HPA-1 negative supply) and, occasionally, when

there are not enough platelets from whole blood.

Platelets for neonate/infant transfusion are obtained after

pooling three IPUs obtained from three CMV-negative donors. The

minimum acceptable platelet content is 1.5 � 1011 per pool.

Question 2

We do not have national/local clinical policies with respect to transfusion

of ABO non-identical platelets. We are not aware of how many platelet

transfusions are ABO non-identical, but we prioritize major compatibility

because our platelet components are suspended in plasma/PAS C.
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Question 3

We are strict about ABO compatibility only when there is a visible red

blood cell contamination in the platelet product, which is very infrequent.

The risk of haemolytic transfusion reaction because of minor ABO-

incompatibility is mitigated because platelet components are suspended

in plasma/PAS C. Anti-A/-B is not routinely tested in our donors [3].

We always apply ABO compatibility in plasma transfusion but not

with cryoprecipitate.

Question 4

We have not observed any case of haemolytic transfusion reactions

after platelet transfusion, at least in the last 30 years. As it is the case

with every blood component, any haemolytic transfusion reaction

should be reported to the national haemovigilance register.

Question 5

We do not have national/regional clinical policies with respect to

transfusion of RhD-negative platelets. RhD-negative platelets are indi-

cated for women with childbearing potential.

Question 6

The administration of anti-D prophylactically is recommended for women

<50 years, in case of platelets red blood cells contaminated transfusion.

Question 7

The presence of red blood cells in platelet components is assessed by

the quality control plan performed by the Blood and Tissue Bank [4].

Flow cytometry is used to quantify the amount of RBCs in platelet

components. There is no upper limit considered acceptable to issue

platelets. However, reddish coloured platelets bags are not issued.

Question 8

The answers to Questions 5 and 6 do not depend on the level of RBC

contamination.

Question 9

Aspatientswhoneedplatelet transfusion areusually on chronicRBCsupport,

any alloimmunizationwould be detected in pretransfusion testing.Wedonot

purposely search for platelet transfusion-inducedRhDalloimmunization.
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NEW ZEALAND

Dhana Gounder, Peter Flanagan & Sarah Morley

Question 1

We supply both apheresis and manually processed whole blood

derived pooled buffy coat platelets in a proportion of approxi-

mately 30%–70%. The pooled platelets are derived from four

donations. A small percentage of the apheresis platelets are col-

lected in plasma which is for transfusion in neonates and infants

(2.60%). The rest of the apheresis and pooled components are

suspended in a mixture of plasma (30%–40%) and SSP+ platelet

additive solution (60%–70%). We are currently in the process of

seeking regulatory approval to move to PAS platelets for neonates

and infants as well.

Question 2

All hospital blood banks in New Zealand follow a common protocol

that encourages use of ABO identical platelets whenever possible. In

New Zealand we predominantly collect Group A and O platelets so a

majority of B and AB patients will receive out of group transfusions.

From June 2019 to May 2020 22.52% non-identical platelets were

issued. Where ABO identical platelets are not available our policy

gives priority to avoiding major incompatibility.
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Question 3

The use of PAS has been shown to significantly reduce IgM and IgG

titres [1]. While it is not clear whether this will actually reduce the risk

of haemolysis due to ABO isoagglutinins our haemovigilance reporting

which began in 2005 has not had any reports since 2012. We started

manufacturing PAS platelets in 2010 (pooled) and 2011 (apheresis).

Haemolysin screening is done on every donation. Ours is a semi-

automated micro titre plate method using A1B cells. The test detects

IgM and IgG with the wells being visually checked for haemolysis and

a >50% reduction of the cell button to call it haemolysin positive. Sim-

ilar testing is done on donors for all donated components. While our

policy requires that plasma and cryoprecipitate are compatible with

the patient’s red cells, we have guidelines in place for appropriate

selection of incompatible plasma and cryoprecipitate.

Question 4

Since commencement of haemovigilance reporting in 2005 we have

had six reports of acute intravascular haemolysis all due to group O

platelets. We have not had any reports since 2012.

Question 5

There is a national policy that prioritizes the transfusion of RhD-nega-

tive platelets to:

• RhD-negative females of less than 55 years (including female chil-

dren) who require platelet support for trauma or surgery, that is,

where the requirement for support is short lived.

• RhD-negative females less than 55 years (including female chil-

dren) requiring repeated platelet support for non-malignant condi-

tions where future pregnancies are possible.

• Patients with haematological malignancies and other patients

requiring long-term platelet support and RhD-negative children

depending on availability.

• Other RhD-negative patients who require short-term platelet sup-

port depending on availability.

Question 6

For female patients less than 55 years and young male children who

receive RhD-positive platelets RhD immunoglobulin (250 IU) is admin-

istered as standard treatment. Female patients of less than 55 years

with haematological malignancies and other conditions requiring long

term platelet support the risk of sensitisation to anti-D is lessened

due to immunosuppressive effects of treatment and/or the underlying

condition. In these patients RhD immunoglobulin is considered with

decision made by the patient treating clinician.

Question 7

We do not routinely assess the level of red cell contamination of

platelets. Our blood service did a recent analysis of red cell contami-

nation indicating levels of 0.078 and 0.012 ml for PAS pooled and

PAS apheresis platelets, respectively.

Question 8

The level of red cell contamination is not taken into consideration

when transfusing RhD-positive platelets.

Question 9

We do not capture cases of alloimmunization to RhD due to platelet

transfusions in our haemovigilance reporting. However, a 2-year

(1 May 2010–29 April 2012) analysis done where RhD-positive plate-

lets were transfused to RhD-negative recipients and anti-D prophy-

laxis was not used the frequency of D alloimmunization was 1.4%.

This is very similar to a more recent large study reflecting the experi-

ence of 11 centres around the world which showed a frequency of

1.44% [2].
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Question 1

Platelets products:

• Whole blood-derived platelets are prepared by the buffy coat

method using a pool of four donors. Platelet pool production is

performed using semi-automated extractors to isolate buffy coats

and to extract after the second spin. Buffy coat pooling is done

manually using the train method. Plateletpheresis is used to collect

HLA-matched platelets and to supplement whole blood-derived

platelet inventory.

• Approximately 75% of platelet doses are derived from whole blood

donations and the remainder from plateletpheresis.

• Both buffy coat and apheresis platelets are presently suspended in

plasma although implementation of PAS (SSP+) initially for buffy

coat platelets is anticipated in the next months.

• Platelets for neonates/infants have the same specifications as

those produced for adults.

Question 2

Canadian national standards (CSA Z902-20) state ‘The donor plasma

in platelets should be ABO compatible with the recipient’s red cells. A

policy shall be in place concerning group substitution when compati-

ble platelets are not available’. Local polices vary but most try to pro-

vide group specific or group compatible with titration of anti-A and -B

or plasma reduction used to mitigate risk of haemolysis when/if the

plasma suspending the platelets is incompatible with recipient red

cells.

The percentage is variable across locations/provinces; overall

approximately 20% of platelet transfusions are to a non-ABO identical

recipient.

For non-identical platelet transfusion, the priority is the compati-

bility of the donor plasma with recipient red cells.

Question 3

Strategies to mitigate the risk of haemolytic transfusion reactions due

to ABO incompatibility:

• Some hospitals will volume reduce when transfusions of non-iden-

tical/ABO incompatible platelets are required and the

isohaemagglutinin titre is greater than their acceptable cut off or is

unknown. This is especially true if a non-identical/incompatible

platelet will be used in a paediatric or neonatal patient. For neo-

nates at one reporting site 50 ml of a buffy coat pooled platelet

component is concentrated to 20 ml. At another site the whole

pooled platelet unit is concentrated to 20–30 ml with 100 ml of

saline added back.

• PAS is not currently used in Canada, although its implementation is

planned.

• This is done by most large hospital transfusion sites.

a. Currently the product is tested by the transfusing hospital upon

receipt from the blood supplier. There is a project underway at

Canadian Blood Services to begin testing all donors on each

donation (planned implementation in 2022).

b. Hospital sites use a tube technique—supernatant plasma is

diluted in saline to 1:100 or 1:50 then tested versus A1 and/or

B reagent cells (depending on the group of the platelet). Sites

variously use a titre of >50 or >100 as the cut off above which

they would not use the platelet unit for non-ABO identical

recipients.

c. As the product is tested, not the donor, the testing is repeated

each time a product is received at the transfusing facility.

d. Units are not labelled with the specific titre; instead a tag or

label is applied indicating that the unit is positive or negative for

high titre anti-A or -B and suitable for patients of all groups

(low titre) or only for ABO group-specific recipients (high titre).

e. Isohemagglutinin titres are not tested in plasma; whole blood

for transfusion is not currently available in Canada.

f. Some sites have local policies advocating use of group A plasma

(with anti-B titres generally not known) for patients of unknown

blood groups in a massive haemorrhage setting. For plasma

transfusion, apart from this circumstance, group-specific

plasma is typically provided.

• Cryoprecipitate transfusion does not require blood group

specificity.

• CSA Z902-20 requirements are as follows:

� Standard 10.7.6 states ‘Plasma selected for transfusion shall be

ABO compatible with the recipient’s red blood cells but does not

require compatibility testing. A policy shall be in place con-

cerning group substitution when compatible plasma is not

available’.
� Standard 10.7.7 states ‘A policy shall be in place concerning

ABO compatibility of cryoprecipitate components’. Note: All

recipients may be transfused with any ABO group of

cryoprecipitate.

Question 4

Since 2017, there have been two reports of ABO hemolytic transfu-

sion reactions related to ABO-incompatible platelet transfusion. One

was a group B patient who received a group A platelet pool; the sec-

ond was a group AB patient who received a group O platelet.

Question 5

Platelets are matched for RhD as routine practice in most institutions

if ABO/Rh compatible platelets are available. There is no national clin-

ical policy concerning transfusion of RhD-negative platelets. Canadian

National Standards (CSA Z902-20) state only that there must be a pol-

icy regarding management of RhD-negative recipients of RhD-positive
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blood components. Specifically, standard 11.9.7 states ‘Each transfu-

sion service shall have a policy for the management of RhD negative

recipients who receive blood components containing RhD positive

red cells’.
Hospitals would endeavour to provide only platelet components

from RhD-negative donors to female patients <45 years old who are

RhD negative. In some transfusion services this allocation of only

RhD-negative platelets to RhD-negative recipients would extend to all

paediatric patients (male and female).

Question 6

Use of anti-D may be considered if RhD-positive platelets are transfused

to RhD-negative female children or women of child-bearing age. Anti-D

treatment should be performed within 72 h of transfusion of RhD-

positive platelets to an RhD-negative recipient. While local practices vary,

RhIG (anti D) is given prophylactically by most transfusion services to

female patients who are <45 years old, known to be RhD negative and

who have received one or more platelet pools or apheresis platelets

obtained from RhD-positive donors. For some transfusion services RhIG

would also be given to paediatric patients, male or female who have

received platelet pools from RhD-positive donors.

Question 7

There is currently no standard in Canada for the allowable amount of

RBC contamination in platelet products. All products are subjected to

visual assessment prior to release. Red cell contamination is assessed

against a visual assessment guide and platelets are not released if mar-

ked in red. This visual assessment guide is also available to hospital

customers. The level of RBCs is formally assessed whenever produc-

tion practices are changed; assessments are made using flow

cytometry-based residual RBC assays. Residual RBC levels are not

routinely measured in production.

Question 8

Use of anti-D prophylaxis is used at the discretion of the treating physi-

cians and in accordance with local policy but generally applies to all types

of platelets, regardless of whether visible red cell contamination is present.

Question 9

Alloimmunization to RhD arising from platelet transfusions may be

reported to the blood supplier or to the Canadian hemovigilance sys-

tem, the Transfusion Transmitted Injuries Surveillance System, oper-

ated by the Public Health Agency of Canada. The reporting is

voluntary and under reporting is likely.
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SAUDI ARABIA

Salwa Hindawi & Aqeel Al Otaibi

INTRODUCTION

The blood transfusion services in Saudi Arabia are fragmented

hospital-based blood banks. National standards for hospitals including

blood banks are available and obligatory to be followed by all hospitals

(Central Board of Accreditation and Healthcare Institutions, CBAHI),

and international standards (American Association of Blood Banks,

AABB) are voluntarily followed as an international accreditation body

for blood banks [1,2].

Although compliance of the National wide standard is expected,

the policy and practice may differ from facility to facility with the ref-

erence of national and international accreditation bodies to make sure

of not deviating from the national standards. Information is collected

through two different facilities, which have both accreditations

national and international (AABB), as an example of blood banks in

Saudi Arabia.

Question 1

At both facilities, we are in practice of collecting both apheresis and

whole blood-derived platelets (PRP only) Whole blood donation

processing is through Reveos with the pool of 4–6 units to reach not

less than 300 yield (one therapeutic dose 3 � 1011) and Apheresis

platelet with the single dose as an adult dose. All platelets concen-

trates are leucodepleted. Other hospitals in the country also may do

Apheresis and Manual PRP or Automated PRP. Proportion of Aphere-

sis and WBDP is 10%–20%/90%–80%, respectively (it could be more

in certain hospitals). Storage media of both the procedures are 100%

Plasma.

For neonates/infant transfusions we have volume reduced and not

like adults, neonatal patients must receive ABO-compatible plasma.

Question 2

There is a local policy regarding platelet transfusion; Platelet transfu-

sions should be ABO identical, if it is unavailable should be ABO
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compatible for adults. Always issue Rh-negative platelets to Rh-

negative patients especially to females of childbearing age. If none is

available and there is urgent need to transfuse Rh-positive platelets,

inform physician or nurse of the situation and suggest the administra-

tion RH immunoglobulin as per hospital policy. For neonates, they

must receive ABO-compatible plasma or volume reduced in case of com-

patible group use. In case of emergency transfusions or for platelet

refractoriness and when ABO identical or compatible units are not avail-

able, we may issue other blood groups as per the selection priori-

ties [1,3,4].

The percentage of ABO non-identical Platelet transfusions is

around 20%.

As a policy of the blood transfusion services, the use of Rh-

positive red cell-containing components such as platelets concentrate

and platelets apheresis to Rh-negative recipients will required a writ-

ten approval from the physician in-charge and the medical director or

delegate should be informed.

Question 3

The strategies/policies are as follows:

• If any patient requires a platelet transfusion and only non-group

specific or non-group compatible is available an approval from the

physician in charge or haematologist on call (or BTS medical direc-

tor) should be obtained.

• Volume reduction of platelets prior to transfusion is in practice and

the final plasma volume will be reduced to 30% from the actual

volume of the initial units.

• Volume reduction is used for neonatal and for patients suffering ill

effects if the whole volume is infused.

• There is no routine testing of donor or final products for anti-A/-B.

Question 4

There are no reported cases noted of haemolytic transfusion reactions

due to platelets transfusion, we do have system in place to report and

follow up for any transfusion reactions. All adverse reactions are

reported on yearly basis to MOH (national body).

Question 5

There is local policy available on transfusions of RhD-negative

platelets.

Rh-negative platelet should be issued to Rh-negative patients

especially females of childbearing age [1]. If none is available and

there is urgent need to transfuse Rh-positive platelets, inform physi-

cian or nurse of the situation and suggest the administration of RH

immunoglobulin as per local policy.

Question 6

As per local policy to minimize the risk of alloimmunization if RhD-

positive platelets are transfused to Rh negative as:

• Anti-D is given to any RhD women of childbearing age receiving

RhD-positive platelets.

• The following criteria are considered to be the candidate for Rh

Immune Globulin:

� Pregnant women found to be Rh negative, and no evidence of

anti-D is found.

� Potentially sensitizing episodes during pregnancy as ectopic

pregnancies, abortions, ante-partum haemorrhages, foetal

deaths, closed abdominal injury and amniocentesis patients etc.

Kleihauer test or flowcytometry test should be done within 2 h

following any sensitizing episode. Give additional anti-D IgG as

required (125 IU per ml of feto maternal haemorrhage).

� Women who have received antenatal Rh Immune Globulin are

still considered candidates for postpartum Rh Immune Globulin

therapy.

� Any Rh-negative patient (with no evidence of anti-D is found)

receiving Rh-positive platelets transfusion.

Question 7

As per policy the assessment of level of red cell contamination of

platelets done through visual comparison chart by AABB.

• Apparently red cell-contaminated platelets should be <2 ml. If it is

more than 2 ml platelets are discarded except if needed due to

emergency situation, routine cross match will be performed. Infor-

mation is shared with the treating physician or hospital receiving

the platelets but the product label will not be specified.

Question 8

Same policy will be applied to all types of platelets.

Question 9

There is a local haemovigilance system in place to report any adverse

events including any case of alloimmunization to RhD due to platelets

transfusion as follows:

Investigation and Management of Adverse Reaction:

• All type of reactions must be reported to the Blood Transfusion

Services and all reactions received must be investigated as per our

local policy, King Abdulaziz University Hospital, Blood Transfusion

Services Local Policies.
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Incident Reports:

• All events that fall outside of the existing policies and procedures

of the Blood Transfusion Services (Vein to Vein) must be reported

to the Blood Transfusion Services in order to ensure that these are

captured and investigated and corrective actions are undertaken.

These procedures will provide a mechanism to track and trend all

events, which will enable the process of continuous quality

improvement and patient safety [4].

• There are other hospitals, which do not have systems for reporting

such cases.
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BRAZIL

Carolina Bonnet Bub & Jose Mauro Kutner

Question 1

Our Hospital supplies both products: apheresis and whole blood prod-

ucts (PRP).

Each pool is typically derived from six donors and our whole

blood donations processing is manual. Our proportion of supply is 5%

from whole blood (PRP) and 95% from apheresis. Plasma is the stor-

age media in which platelets are suspended.

Neonate and infant transfusions have the same specifications as

those for adults; we do not manage different platelet storages.

Question 2

In Brazil there is a national federal policy recommendation to perform

haemolysin test for ABO non-identical platelets transfusion.

Therefore, platelets with results of total or partial haemolysis should

be avoided in non-isogroup transfusions.

Our institution policy requires the performance of isohemaglutinin

titre for all platelet units. Only platelets with isohemaglutinin titres bellow

64, should be used for ABO non-identical platelet transfusions. During

the year of 2019, our platelets transfusion records indicate that 64%

were ABO identical and 36% were ABO non-identical.

Question 3

In order to mitigate the risk of haemolytic transfusion reactions due to

ABO incompatibility, we tested all platelets donor for anti-A and/or -B by

gel card at room temperature (IgM). We use a cut-off titre of 64. The

donor/donation is tested for every new product donated. The product is

not labelled with the titre, but the inventory report identifies the titre of

each platelet unit. We are not a blood centre, just a transfusion service

which collects its’ own products, so labelling was not considered necessary.

We do not test plasma/whole blood for transfusion.

In our institution we only perform identical ABO plasma and

cryoprecipitate transfusions.

Question 4

We have not observed any haemolytic transfusion reactions associ-

ated with platelet transfusion in our service in the last many years.

Our internal routine requires follow-up of every reported reaction.

The Brazilian Ministry of Health has a haemovigilance tool, which is

filled and reported by every transfusion service once a month.

Question 5

There is a national policy recommendation referring that RhD-

negative female recipients under 45 years of age should preferably

transfused with RhD-negative platelets.

Question 6

In our institution anti-D immunoglobulin is given prophylactically to

the patients within 48 h after a RhD-positive transfusion, if RhD-

negative platelets are not available.

Question 7

We do not use any laboratory test to assess the level of red cell contami-

nation of platelet concentrates. However, a visual inspection is performed

to analyse red cell contamination of platelet concentrates. This informa-

tion is not described on the label because all the platelets units with red

cell contamination by visual inspection are discarded.
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Question 8

The answers to Questions 5 and 6 apply to all types of platelets.

Question 9

Yes, we have a haemovigilance workflow in our institution that

when an immunohaematology altered result is detected, previous

results from the patient are rechecked and clinical history is

obtained. If it is identified as a case of RhD alloimmunization, a

report to the national surveillance tool is made monthly.
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JAPAN

Toshiyuki Ikeda, Naoko Goto & Hitoshi Okazaki

Question 1

Japanese Red Cross Blood Centers (JRCBC) supply only apheresis plate-

let concentrates (PC) which are suspended in plasma. The JRCBC do

not produce PAS-suspended PC but supply ‘washed PC’ on demand

that is washed and suspended in bi-carbonate/ACD solution. For neo-

nates/infants or children, small sized bags are available. The JRCBC pro-

vides six different sized bags containing at least 0.2, 0.4, 1.0, 2.0, 3.0,

4.0 � 1011 platelets in 20-, 40-, 100-, 200-, 250-, 250-ml plasma,

corresponding to 1, 2, 5, 10, 15, and 20 units PC, respectively.

Question 2

The Japanese guidelines for the appropriate use of blood products

recommend the use of ABO-identical platelet transfusion. Except for

HLA-matched PC, almost 100% PC that are issued by JRCBC are

ABO-identical. In the case of HLA-matched PC, HLA matching can be

prioritized to ABO matching, when ABO-identical platelet is not

available.

If minor incompatibility is unavoidable for HLA-matched PC,

ABO antibody titres are measured and in case of high antibody

titres (≥128�), the use of washed PC is recommended. Washed PC

is recommended for any children regardless of donor anti-A/-B

titre, when ABO minor incompatible platelet is used. The propor-

tion of non-ABO-identical HLA-matched PC issued in Japan was

approximately 30%, and the distribution of O-type minor incom-

patible HLA-matched PC was less than 1.0% in 2017–2018, In the

University of Tokyo hospital, a total number of platelets used in

2019 fiscal year was 4183. The number of random donor platelets

(always ABO identical as described above) and HLA matched or

compatible donor platelets (HLA-PC) was 4072 (97.3%) and

111 (2.7%), respectively. In 111 HLA PCs, 43 platelets were ABO

identical, 33 were ABO major mismatched, and 35 were ABO

minor mismatched. Consequently, the frequency of ABO no-

identical platelet transfusions was 1.6% (68 in 4183 platelets). The

number of ABO major mismatch platelet transfusions to the

patients after ABO-incompatible haematopoietic stem cell trans-

plantation and type AB non-identical platelets used before the

ABO blood types were determined in urgent massive bleeding

cases was eliminated from the totalization.

Question 3

Although the transfusion of ABO identical PC is recommended by the

Japanese guidelines, non-ABO-identical PC can be selected only in case

there is need to prioritize HLA-matching for patients with platelet

transfusion refractoriness. Recently, washed PC is also supplied by the

JRCBC, for the reduction of allergic reactions or hemolytic reactions.

Presently, neither volume-reduced PC nor PAS-suspended PC are

supplied by the JRCBC. These products can be prepared in the

hospitals.

When supplying ABO-minor incompatible HLA-matched PC, anti-

A/-B titres, measured by the saline test, are confirmed and in case of

high antibody titres (≥128�), the hospital is informed by the JRCBC and

the use of the product is left to the physician’s discretion. Antibody

titres are not indicated in the PC label. The titration is performed on

every donation for non-ABO-identical HLA-matched PC.

The Japanese guidelines also recommend the use of ABO identi-

cal plasma/whole blood, and antibody titration is not performed for

these products. The JRCBC do not supply cryoprecipitate, but hospi-

tal transfusion department can prepare it from fresh frozen plasma,

which is covered by the Japanese medical insurance.

Quite a few hospitals including the University of Tokyo hospital

are using type AB cryoprecipitate to facilitate the inventory manage-

ment, since cryoprecipitate is not available from the JRCBC but must

be prepared at an in-hospital transfusion service department. In the

Japanese population, the frequency of type AB donor is approxi-

mately 10% and more popular compared to the Caucasian population.

Some institutes that have a large medical emergency centre and many

opportunities for massive transfusion prepare and administrate ABO

identical cryoprecipitate.

Question 4

Yes, four cases of haemolytic reaction as a result of the transfusion of

non-ABO-identical HLA-matched PC were reported via Japanese Red
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Cross Society haemovigilance system between 2010 and 2019. In this

decade, 8,198,560 platelets including 76,433 HLA-matched PC were

issued. The estimated incidence of haemolytic transfusion reactions

to platelet transfusion by the Japanese Red Cross haemovigilance

data was one in 2 million platelets and one in 19,108 HLA-matched

platelets.

Question 5

We have no national/regional clinical policies on this matter since the

frequency of RhD-negative blood type in the Japanese population is

only 0.5%. In fact, in all hospitals, RhD-negative platelets are given

routinely to RhD-negative patients regardless of their clinical

backgrounds.

Question 6

Japanese Red Cross haemovigilance has received no report of

this situation. Tokyo University hospital also has no experience

of this at least in the last decade. If the patient transfused with

RhD-incompatible platelets is fertile or younger female, we will

prophylactically use anti-D for her. However, in Japan, this use

is off label, since the only available anti-D antibody-drug in

Japan is indicated only for RhD-incompatible pregnancy. This

off-label use of anti-D is incompletely described in the national

clinical policy.

Question 7

Red cell contamination test of platelets is conducted as a quality con-

trol at the JRCBC processing lab with the frequency of 10 PCs a year,

which is required by the guideline Minimum Requirements for Biologi-

cal Products. However, the contamination of RBC in PC is so low that

it is unenumerable.

Question 8

We apply above described policies to all types of platelets.

Question 9

In case alloimmunization to RhD due to platelet is reported by the

hospitals, it will be captured in the Japanese Red Cross hemovigilance

system. However, since RhD negative is not common (about 0.5%

[1 in 200]) in Japan and RhD-negative PC is always availabe, there

were no reported cases of alloimmunization to RhD by platelet com-

ponents in the last decades.
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UNITED STATES

Magali J. Fontaine, Jeremiah Pasion & Linda Song

Question 1

Our Hospital-based Transfusion Service is supplied with apheresis

platelet (AP) only products and supports tertiary medical care, a Level

1 trauma centre, adult and paediatric haematopoietic cell and solid

organ transplants, as well as adult and paediatric cardiovascular medical

and surgical services, and high-risk obstetric and neonatal care. The AP

inventory consists primarily of pathogen reduction technology (PRT)

treated AP stored in platelet additive solution (PAS) (80%), AP stored in

PAS non-PRT (10%), and conventional AP stored in plasma (10%). APs

for neonates/infant transfusion have the same specification as those

for adults.

Question 2

In order to optimize AP inventory and to prevent AP outdating, our

process does not require AP transfusions to be ABO identical. About

42% of platelet transfusions are ABO non-identical. Our Institutional

standard operation procedure meets the national AABB Standards

for Blood Banks and Transfusion Services with a process in place

to regulate the transfusion of ABO-incompatible plasma con-

taining platelets.

Question 3

AP products containing ABO-incompatible plasma are approved, pro-

vided AP is suspended in PAS. If ABO-compatible plasma containing

AP product or if PAS AP product is not available, AP product would

be volume reduced down to 50 ml if time allows (volume reduction

requirement is waived if AP transfusion is needed emergently) [1].

Blood products containing ABO-incompatible plasma are not currently

tested for anti-A/-B titres. Policies for ABO-incompatible plasma for
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cryoprecipitate and conventional plasma are to primarily use ABO-

compatible plasma first if available.

Question 4

Despite the steps taken to reduce the risk of haemolytic transfusion

reactions to platelet transfusion, such as default to AP in PAS or volume

reduced if containing ABO-incompatible plasma, our centre has observed

haemolytic reactions to AP in PAS and is now considering testing for

antiA/B titres in all APs using an automated gel method [2,3].

Question 5

There is no national or regional policy with respect to transfusion of

RhD-negative platelets. Platelets are issued primarily based on

expiration date.

Question 6

Patient’s physician is contacted and anti-D is proposed to be given

prophylactically.

Question 7

The level of red cell contamination of platelets is evaluated by simple

visual inspection of the AP product.

Question 8

These measures are applied to all platelet products.

Question 9

We do not have a system in place to capture cases of

alloimmunization to RhD due to platelet transfusion.
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UNITED KINGDOM

Tom Latham & Rebecca Cardigan

Question 1

Platelets products:

• We supply both apheresis platelets collected by Trima, and buffy

coat pools made from four donations (manually).

• About 50% of each.

• Apheresis are currently stored in plasma, buffy coat platelets in

65% PAS (SSP+). We are looking to move our apheresis platelet to

PAS in future.

• Platelets for neonates and infants are a different product. The main

difference is that these are produced by splitting an adult dose into

four and stored in smaller packs. Additionally, donors must have

donated within the past 2 years and tested negative for mandatory

markers of infection, and they must be CMV seronegative and free

from clinically significant irregular blood group antibodies including

high titre anti-A and -B as defined below.

Question 2

National guidelines state ‘It is acceptable to use ABO incompatible

platelets to reduce wastage’. Units tested and negative for high titre

haemagglutinins and non-group O platelets are associated with a

lower risk of haemolysis. Pooled platelets suspended in PAS would

also be expected to reduce this risk. Priority is given to minor incom-

patibility, that is, that of plasma with recipients red cells [1].

We do not have accurate figures for the number of ABO non-

identical transfusions. The preference is to give ABO identical

where possible. Recent local audit at one large hospital suggests

this is about 25%, but nationally this is probably lower at

10%–15% as many smaller hospitals are less likely to give ABO

non-identical platelets. The percentage of transfusions which are

ABO non-identical may be higher for neonates as only a limited
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range of blood groups are routinely stocked for neonatal

platelets.

Question 3

Strategies to mitigate the risk of haemolytic transfusion reactions due

to ABO incompatibility:

• No, but ABO identical is given by preference.

• No.

• Yes, but only for pools, not apheresis.

• Testing of donor/product for anti-A/-B.

a. Every donation is tested for high titre antibodies.

b. We test for IgM only using a microtitre method on an Olympus

PK7300 analyser using A2B cells. Samples are diluted 1/32, we

have shown this is equivalent to 1/128 by either manual saline

method or gel card.

c. Each time, that is, every donation.

d. No, if all donations in the pool test as negative then the product

is labelled as HT negative. All other units are regarded as not

being ‘low titre’.
e. We test every donation. Plasma is labelled as HT negative if it

tests as such. Hospitals can select HT negative units is transfus-

ing out of group. We do not provide whole blood routinely, but

that being produced by us for trials is tested and only issued if

HT negative.

f. Yes, although AB plasma products are more commonly given

in an unknown group situation in contrast to A platelets and

group O plasma is always avoided for non-Group O recipi-

ents [2].

Question 4

These are reported to our national hemovigilance scheme (SHOT) and

the MHRA our regulators. Prior to 2008 a number of HTR to platelets

were reported, mainly group O platelets to non-O recipients. As a

result in 2008 the methodology for testing high-titre anti-A/-B in

donations was standardized in the UK. Between 2009 and 2019 there

have been:

• Six possible HTR from ABO-incompatible platelets

• None fatal

• Two cases were difficult to identify causality as the recipient also

received red cells or IvIG

• Of the other four, three were from group O to non-O recipient,

one was A to AB. In all four elutions, the relevant antibody from

red cells was noted.

• In three of the four the platelet were tested as HT negative, two in

paedi patients and one in adult (the latter had a IgM around the

level of the HT cut-off, but an IgG which is not routinely tested of

around 1/2000)

• If we assume 250,000 platelets issued per year and four cases over

10 years then the frequency is 1:625,000

No cases since 2016 when PAS for pooled PC introduced (only

50% of supply) given the low number of cases per year before that,

this could be due to chance.

Question 5

BSH guidelines [1]: RhD-negative girls or women of childbearing

potential should receive RhD-negative platelets. If unavailable,

RhD-positive platelets can be given with anti-D prophylaxis (1B).

For RhD-negative boys under 18 years of age, those who

already have anti-D antibodies, and transfusion-dependant adults,

the platelets of choice are RhD negative. RhD-positive platelets

should be given if RhD-negative platelets are unavailable or to

prevent wastage of RhD-positive components. Anti-D prophylaxis

is not required (1B).

Question 6

Anti-D is recommended for females of childbearing potential.

Question 7

Assessing red cell contamination of platelets:

• We do not test platelets routinely, we do a visual inspection based

on the use of a visual colour chart. The upper limit is 4 � 109 rbc/L,

units above this are discarded.

• This information is not on the label.

Question 8

All types of platelets.

Question 9

Not routinely. Development of anti D in a female of childbearing potential

is however reportable to the SHOT haemovigilance scheme and an associ-

ation with platelets might be uncovered. There have been no reports

where platelets have been implicated in this group for at least 10 years.
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THE NETHERLANDS

Jean-Louis Kerkhoffs, Masja de Haas & Jaap Jan Zwaginga

Question 1

In the Netherlands buffy coat platelet concentrates derived from five

donors are used as well as apheresis platelets. More than 90% of the

used platelet products are buffy coat platelet concentrates. Whole

blood donations as well as pooled buffy coats are processed using a

semi-automated method (Compomat). All platelet concentrates are

suspended in 65% PAS-E/35% plasma. For neonates and infants

smaller units are used.

Question 2

In the Dutch transfusion guideline it is advised to select platelets that

are compatible for the ABO blood group to avoid major incompatibil-

ity. However major ABO-incompatible platelet transfusions are used

in less than 5% of the transfusions (mostly patients with blood group

O receiving group A platelets due to stock/logistical issues).

Question 3

ABO identical platelet transfusions are generally advised when possi-

ble. But this is not always possible. In this respect major incompatible

platelets can have less increment and can induce anti-A and -B titres

and have additional side effects in this regards. Minor ABO-

incompatible platelets can result in positive DATs and donors with

high titres also some but also sometimes severe haemolysis. In neo-

nates this is considered critical and lower than 1/128 anti-A or -B

titres needed. The use of PAS mitigates these minor incompatible side

effects but this is not complete.

• In volume-reduced platelet concentrates, the final volume is 30 ml

and for neonates 11 ml, at average, respectively. The use of these

so-called hyperconcentrated platelets does not change the ABO

compatibility recommendations for product selection. Hyper-

concentraties are not frequently used: approximately 200 products

per year prepared for adults and 100 per year for newborns.

• We use PAS-E as storage medium, this did not yet change the rec-

ommendations regarding ABO compatibility of products.

• Testing of donor/product for anti-A/-B.

a. We are testing the final product for anti-A/-B, and only for

products that are used for transfusion to neonates.

We are performing direct agglutination in tube testing (saline).

The cut-off is 64 (not higher than 1+ agglutination) and 128

should be negative.

b. All final products used for platelet products for newborns are

tested, so every time the donation is tested, at this moment.

c. No, the product is not labelled with the titre.

d. We are using solvent-detergent plasma as standard plasma

product. If FFPs are transfused, those are not routinely tested

for antibody titres. Plasma is always given ABO compatible so

never (minor) ABO incompatible.

e. Minor incompatible plasma is not/never given. (Minor) ABO-

incompatible platelets in this respect are sometimes given (see

above). In the Netherlands, we are not using cryoprecipitate.

Question 4

RhD haemolytic reactions upon platelet transfusions do sometimes

happen, although guidelines advise to give RhD-compatible platelets;

for females in the reproductive age (<45 years) RhD-compatible blood

platelets are advised or RhIg D prophylaxis (375 IU) should be given in

addition to an RhD-incompatible product in this age group. This kind

of adverse reactions are reported to our national haemovigilance

bureau (TRIP) and in 2018 one platelet product was RhD-incompatible

transfused: no anti D developed; in that year no AHTR or delayed

HTR by platelets were reported.

Question 5

For RhD-negative females aged <45 years RhD-negative platelets

need to be selected (see below).

In product packages prepared in case of massive bleeding; the red

blood cell and platelet products are all group O, RhD-negative and

units of solvent detergent plasma are group AB.

Question 6

The Dutch transfusion guideline it is advised to select RhD-

compatible platelets for transfusion. If you cannot select RhD-

negative units for RhD-negative recipients, only in case it concerns

women aged below 45 years you need to consider to administer

RhIg (375 IU). If it concerns a newborn girl (<3 months of age), one
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may choose to omit the RhIg administration because of the low risk

of RhD alloimmunization.

Question 7

For every product at processing and release department, there is a

visual check on ‘red appearance’ with for comparison a set of cali-

brated photographs of platelet concentrates spiked with various levels

of red blood cells. The maximum level of red blood cells is 6 � 109/L.

This information is not shared on the label. On the label there is a link

to the online information on product requirements.

Question 8

The level of red blood cell contamination does not change any of the

above-mentioned policies.

Question 9

Alloimmunization caused by transfusion needs to be reported to our

national institute of haemovigilance. In most causes a root cause is

performed if anti-D is developed after transfusion in RhD-negative

recipients (see above).
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GERMANY

Birgit S. Gathof & Katharina Ommer

Question 1

• We supply Apheresis (APC) and whole blood-derived (buffy coat

PPC) PLT, pools are from presently five in future four donors,

processing is manually.

• The mix is about 70% APC, 30% PPC. APC are the preferred choice

for haemato-oncologic patients.

• APC in plasma (in future PAS III), PPC in InterSol.

• PLT for neonates have the same specifications.

Question 2

The national policy [1] recommends ABO-identical PLT transfusion; if

not available, major incompatible PLT is preferred, but minor incom-

patible PLT may be used too according to availability.

Question 3

• In PLT production we target a minimum of residual red cells. PPC

are stored in PAS, in near future storage of APC-platelets.

Question 4

In our national haemovigilance system haemolytic reactions would be

reported, if they occur. Between 2000 and 2017 a total of 13 cases

with fatal haemolytic reaction in 7,726,822 PLT transfusion (about

1:600,000) were reported in our national hemovigilance system at PEI

[2]. In over 100,000 PLT transfusions at our institute in the past

20 years no haemolytic reaction was observed.

Question 5

According to the National Guidelines [3] for women in childbearing age

and children/juveniles under 14 years RhD-negative PLT are indicated.

Question 6

In case of transfusion RhD-positive PLT to RhD-negative patients

anti-D prophylaxis is recommended.

Question 7

Red cell contamination is generally low and routinely determined in

each PLT product by automated blood count (Sysmex) and in quality

control on a specific amount the monthly production (Facs-Scan);

according to the National Guidelines it should be <3 � 109/product

(in our PLT red cells are normally <1 � 109). It is not required to report

this is on the label.

Question 8

We do not specify for the different products.
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Question 9

As anti-D prophylaxis is in use after D-positive PLT transfusion

to RhD-negative patients, formation of anti-D after PLT transfu-

sion has not been considered to be a major problem up to now.

It is not routinely reported in the national haemovigilance sys-

tem. While antibody screening is performed regularly on each

patient before transfusion of red cells, it is not required before

PLT transfusion.
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FRANCE

France Pirenne, Michel Raba & Anne Francois

Question 1

• In France we supply both apheresis and blood derived platelets

(buffy coat) obtained through 5 to 8 donors, via automated

methods (TACSI). All platelets products are then treated for patho-

gen inactivation (INTERCEPT).

• Apheresis represents about 30% of the French production

of platelets. The other 70% are obtained through whole

blood.

• The storage media depends upon the technique used. All platelet

production is suspended in PASIII (with 30% of plasma and 70% of

storage solution). This ratio is mandatory for pathogen inactivation,

which is performed on all PC.

• For neonate and infants, we used the most concentrated prod-

ucts in order to obtain at least 0.5 1011 platelets in a volume

of 30–40 ml. All patients are transfused with apheresis

platelets.

Question 2

In France, we do not have national policy regarding ABO compatibil-

ity. However, plasma incompatibility is ignored unless the product

has hemolysins. In this case, the computer system blocks the deliv-

ery to a patient whose ABO group is incompatible with the hemoly-

sins of the product. Regarding cell compatibility, about 84% of the

platelets are transfused in a situation of cell compatibility. Cell

incompatibility is avoided when the patient is known to produce

immune anti-A or -B.

Question 3

• For non-identical platelets, only those without hemolysins are

allowed (computer blocking).

• We do not reduce the volume before transfusion in case of

ABO incompatibility. In fact, it does not really happen that we

cannot apply ABO compatibility for platelets, because we have

a resource at the region level that allow to find the right prod-

uct for the right patient. It is a very rare situation, but this

may be the case if the only HLA compatible platelet have

hemolysins

• Yes, platelets are stored in PAS.

• We test the donor for anti-A/-B.

• The plasma of the donor is evaluated with a direct agglutination

method (microplate technique on OLYMPUS automate). When a

donor as a titre > 64, the derived product is labelled. For example

O PC with anti-A hemolysins, PC are identified as ‘to be

reserved exclusively for a group O or B recipient’, those with

anti-A and -B are identified as ‘to be reserved for a group O

recipient’.
a. Yes, it is tested at every donation.

b. No, the product is not labelled with the titer

c. All donations are tested for anti A/B, but the result is not used

for red blood cell concentrate as the residual volume of plasma

is low.

d. No, we do not transfuse Plasma O to A or B patient, even with-

out antiA/B hemolysins in the plasma.

Question 4

This reaction has been reported for 8 years now, but is very rare. Posi-

tive DAT can be observed.

Question 5

There is no policy for RH compatibility of platelets in France. How-

ever, when possible, we try to take it into account RHD, especially in

women up to the age of 50.
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Question 6

We deliver anti-D prophylaxis in women up to the age of 50, when

they are not immunosuppressed.

Question 7

• The RBC contamination of platelets is assessed by the visual

appearance of the product

• When delivered, the products with a visual appearance of RBC

contamination are preferentially delivered to patients who do not

rely on RH and KEL compatible protocols

Question 8

Yes.

Question 9

The screening test is recommended between 1 and 4 months after

the transfusion. Unfortunately, it is not always realized. However, for

the polytransfused patients, in the same region (The French territory

is divided in 13 regions), the unique information system allows to

detect those cases of immunization, as the screening test is performed

before each transfusion. These cases remained rare, and are collected

in the haemovigilance system. The rate of anti-D immunization follow-

ing incompatible transfusion is about 1%.
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AUSTRALIA

James Daly & Tanya Powley

Question 1

• Lifeblood provides both Apheresis platelets in PAS and Pooled

whole blood-derived platelets in PAS (pool of four donations). SSP

+ is the additive solution used for both. All platelets are irradiated

and considered leucodepleted. Centrifugation and a Semi Auto-

mated Macopress is used for separating whole blood donations

but the pooling is a manual process.

• Nationally across the year approximately 36% of platelets are apheresis

platelets and the remainder are pooled platelets. However, this split

varies between jurisdiction based on clinical and cost considerations.

• Both apheresis and pooled platelets are suspended in SSP+

• Apheresis platelets for paediatrics/neonates are made from split-

ting a standard apheresis donation, so they have reduced volume

and platelet content but otherwise the same specifications

Question 2

There are National guidelines from the ANZSBT and advice from

Lifeblood:

• Guidelines for Transfusion and Immunohaematology Laboratory

Practice (anzsbt.org.au)

• https://transfusion.com.au/blood_basics/compatibility

These guidelines recommend using ABO identical platelets where

possible. However they do acknowledge that this is not always possi-

ble and the preferential group selection generally prioritizes the com-

patibility of the residual plasma in the component and avoidance of

minor incompatibility (with the acceptance that group AB platelets are

rarely available, and the recommendations that group A2 platelets

could be selected for group O or B recipients). They advise that low-

titre anti-A/-B apheresis platelets or pooled platelets should be

selected for ABO minor incompatible transfusions.

A small unpublished audit done in Queensland for 1 month in

2011 showed that 81% of platelet transfusions were ABO identical.

This may not represent current practice.

Question 3

• Only ABO identical transfusions are allowed

• ABO identical platelet transfusions are recommended but due to

inventory issues this is not always possible. Few group B and very

few group AB platelets are collected, and some hospitals with lim-

ited platelet inventory are many hours from our distribution cen-

tres so crossing ABO groups for platelet transfusions commonly

occurs by necessity.

• Apheresis platelets and pooled platelets are both plasma reduced

and suspended in SSP+.

• Apheresis platelet volume specification is 100–400 ml with mean

209 ml. The residual plasma content is approximately 40%

• Pooled platelets volume specification is >160 ml with mean

367 ml. The residual plasma content is approximately 30%

• Yes both apheresis and pooled whole blood-derived platelets are

plasma reduced and suspended in PAS (SSP+)
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a. Each donation for Clinical plasma or platelets is tested for anti-

A/-B. The testing is performed on the donor sample.

b. The anti-A/-B is automated on the PK7300 analyser using the

PK7300 plasma dilution ratio 32 and 64, detecting IgM. Valida-

tion suggests that the plasma dilution ration 32 in this test sys-

tem approximates to 1:128 using conventional tube method. If

positive for anti-A and/or -B at dilution ratio 32 it is not labelled

low titre anti-A/-B. Approximately 60% of donations are negative

and labelled as low-titre anti-A/-B. If positive at dilution ratio

64, and the donation is an apheresis platelet donation, manual

testing at a titre of 1:8000 is performed and if positive the dona-

tion is recalled and the donor deferred – this is to exclude the risk

of extremely high titre anti-A/-B apheresis platelet donations

being used in incompatible transfusions. This is limited to this

donation type because pooled platelets will be lower risk due to

dilution with other donations, and clinical plasma is unlikely to be

used for incompatible transfusion, and when necessary

(e.g., group A plasma instead of group AB for emergency transfu-

sion) low-titre anti-A/-B units are preferentially selected.

c. The donor is tested each time they make a donation for clinical

plasma or platelets

d. The titre is not included on the label but the modifier ‘low titre

anti-A/-B’ is printed on relevant labels.

The apheresis platelets and clinical plasma are labelled as low-titre

anti-A/-B if they have tested negative with the PK7300 plasma

dilution ratio 32 (and dilution ratio 64). Pooled platelets are

labelled low-titre anti-A/-B if all four donors used in the pool

tested negative at PK plasma dilution ratio 32. Group AB products

are not labelled and red cells are not labelled with ‘low anti-A/-B’
e. We do not issue whole blood for transfusion. But yes, we test

all donors of donations for clinical components – so all plasma

donations are tested.

f. National policies from ANZSBT and advice from Lifeblood for

group compatibility for selection of plasma products are avail-

able. They are similar but not identical to platelet compatibil-

ity, with a stronger avoidance of minor ABO incompatibility

for a unit of FFP and no requirement for RhD matching.

Cryoprecipitate tends to be grouped with FFP for these

policies.

Question 4

Previously anti-A/-B titre was manually performed only on donors

making group O apheresis platelet donations. At this time apheresis

platelets were suspended in plasma. A very severe case of intravas-

cular haemolysis due to high titre anti-B in a group A donor

reported through National Haemovigilance systems, led to the

adoption of automated anti-A/B testing for all clinical donations

[1]. This testing has continued despite the subsequent move to

suspending apheresis platelets in PAS. It would be difficult to

determine how common this type of event is from current National

Haemovigilance data, However, we are not aware of any

subsequent haemolytic reactions due to anti-A/-B in platelet com-

ponents since the introduction of automated anti-A/-B testing.

Question 5

Yes - There are National guidelines from the ANZSBT and advice from

Lifeblood that recommend that particularly RhD-negative females of

childbearing potential should receive RhD-negative platelets where

possible, and if not possible they should be offered RhD-Ig propylaxis.

• Guidelines for Transfusion and Immunohaematology Laboratory

Practice (anzsbt.org.au)

� 3.3.6 RhD negative patients, especially females of childbearing

potential (including female children), should receive RhD nega-

tive platelets wherever possible.

� 3.3.7 If an RhD negative patient receives RhD positive platelets,

RhD-Ig should be offered in accordance with institutional policy;

this will be at the discretion of the patient’s clinician and will

depend on the patient’s gender, age and diagnosis.

� 3.3.8 It is not normally necessary to offer RhD-Ig to RhD nega-

tive males, postmenopausal women or those (male or female)

who are heavily immunosuppressed (e.g., due to haematological

malignancy).

� 3.3.9 If a thrombocytopenic patient requires RhD-Ig, an intrave-

nous (IV) preparation should be considered.

Question 6

Yes anti-D prophylaxis is advised for RhD-negative females of child-

bearing potential that receive RhD-positive platelet transfusions.

Question 7

We do not routinely test platelets for red cell contamination. Visual

inspection against a reference guide is performed with an acceptable

limit equivalent to 1.0 ml red cells per pack.

Question 8

Yes – these policies and advice apply to all types of platelets.

Question 9

There is no consistent mechanism to detect and record cases of

alloimmunization to RhD due to platelet transfusion … or any other

cause at a National level.

One jurisdictional Haemovigilance system – the Serious Transfu-

sion Incident Reporting (STIR) System, which covers several Australian
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States and Territories captures incidents related to RhD-Ig request or

administration including following mismatched red cell or platelet

transfusion. STIR also captures cases of delayed serological transfu-

sion reaction (alloimmunization) if detected 24 h to 3 months after

transfusion.
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L E T T E R TO TH E ED I TO R

For whole blood research, look to the whole world

We read with interest the recent review from the Biomedical Excel-

lence for Safer Transfusion (BEST) collaborative, which described

the history, storage, and safety of whole blood for traumatic

haemorrhage. [1] As the authors note, there has been a renaissance in

whole blood research in high-income nations, due in large part to

promising results from military studies. While we agree with the

authors’ assertion that this is a true global health issue and applaud

the international representation within the BEST collaborative, we

were surprised that sub-Saharan African data were not included in

this review. Many countries in sub-Saharan Africa have utilized whole

blood transfusion for haemorrhaging patients for decades. Although

this was initially and primarily driven by the inability to implement

blood component separation techniques, many countries have since

developed this technology but still utilize whole blood. In Malawi, for

example, where component separation techniques were introduced in

2005, whole blood is still used to treat haemorrhage.

Large prospective studies of whole blood utilization and safety could

be conducted in the sub-Saharan African region, which leads the world in

population growth. Research investments maymitigate blood supply short-

ages and although trial-level data from sub-Saharan Africa remains limited,

there are descriptive studies on the use of whole blood from this region to

lay the groundwork for clinical trials. These studies predominantly describe

transfusion practices for major obstetric haemorrhage. Although contro-

versy persists regarding the use of whole blood for women of childbearing

age, recent case reports showcase the safe use of low-titre O-positive

whole blood (LTO + WB) for postpartum haemorrhage. [2, 3] In a 2019

study in Nigeria, the authors showed that 58% of all whole blood requisi-

tions (947/1,636) were for obstetric patients. [4] A 2013 nationally repre-

sentative cross-sectional study of 42 Tanzanian hospitals revealed that

92% (n = 219,346; SD 4,150) of transfusion requests were for whole

blood and 21%were for obstetric haemorrhage [5].

Investigators have not yet seized the opportunity to collaborate on

whole blood transfusion research in the sub-Saharan African region. Even

theWOMAN trial, a large and rigorous international trial that enrolled 62%

of its participants fromAfrica,was critiqued for lack of data describing blood

transfusion practices. Currently, the major obstacle to clinical research in

the sub-Saharan African region is the limited health and research infrastruc-

ture, which makes the acquisition of granular clinical data difficult. Never-

theless, the long history and high volume of whole blood transfusion in this

regionmakes clear its potential to lead theworld inwhole blood research.
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L E T T E R TO TH E ED I TO R

Reply to Watchko and Maisels: Exchange transfusion in Rh
haemolytic disease

We thank Dr. Watchko and Dr. Maisels for their knowledgeable com-

ments on our study and would like to address their questions.

One concern was the use of a higher bilirubin threshold for pho-

totherapy and exchange transfusion (ET) at our centre for infants

with haemolytic disease of the foetus and newborn (HDFN). The

relationship between haemolysis and high bilirubin levels is clear,

but it is unclear whether infants with HDFN have a higher risk of bil-

irubin neurotoxicity compared to infants without HDFN in case of

similar levels of serum bilirubin [1]. We have no reason to assume

that HDFN alters the blood–brain barrier and therefore do not

assume that the studied, term infants have a higher risk of bilirubin

encephalopathy. Moreover, the maximum bilirubin level at birth

remained stable for group II (2005–2015) and III (2015–2020), with

maximum values of 257 (standard deviation [SD] of 89) and

262 μmol/L (SD of 80) after birth. Local policy also indicates the

near-immediate start (within 15 min after birth) of intensive photo-

therapy for infants with HDFN regardless of the first measured bili-

rubin after birth or other risk factors and will therefore not delay

treatment. Other risk factors include prematurity, asphyxia,

suspected infection/sepsis and low albumin levels.

With regard to phototherapy, technological advancements of the

used (LED) lamps very likely also contributed to more effective treatment

of hyperbilirubinaemia and decreased use of ET. In our study, the median

duration of phototherapy per infant remained stable over the years, with

a median of 4 (interquartile range [IQR] 3–5), 5 (IQR 3–6) and 5 (IQR 4–

6) days in our three time cohorts. The timing of the start of phototherapy

(within 15 min after birth) has not changed over the years.

The relationship between intrauterine transfusion (IUT) and

ET(s) was previously reported by our study group [2, 3]. Infants

treated with more IUTs required fewer ET(s); the rate of ET dropped

from 39% of infants treated with one IUT to 25% after two IUTs and

further declined to 8% for infants treated with five IUTs (infants born

2005–2018) [2]. The decline in ET rate in this study does not show a

similar trend as the IUT rate has declined in the three time cohorts in

our study from a median of three IUTs (IQR 2–4) in group I to two

(IQR 2–4) and two (IQR 1–3) in group II and III.

The standard blood product in the Netherlands for neonatal ET

has a haematocrit of around 0.50; no additional albumin is trans-

fused prior to or during the procedure. As stated, the product

consists of a two donor combination of washed red blood cells and

adult plasma.

We hope to have clarified the raised issues and welcome all fur-

ther thoughts on our study.
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OB I T UA R Y

Anneke Brand (1946–2021)

Anneke Brand, Professor in Transfusion Medicine, passed away

on Sunday, 21 November 2021, at the age of 75. She was a

pioneer in both the immunological and clinical aspects of blood

transfusion. She has played a pivotal role in the development of

the Dutch Cord Blood Bank. During her entire career, she was

dedicated to inspiring many researchers and clinicians alike in the

field of transfusion medicine and haematology. Her ability to

question and challenge scientific findings, as well as many social

issues, is unequalled.

Anneke was born on 7 June 1946 in The Hague, the Netherlands.

In 1973, she obtained her medical degree from the Free University

Amsterdam and was accepted for a PhD project at the Department of

Immunohaematology and Blood Bank of the Academic Hospital Leiden

under the wings of Prof. Jon van Rood and Dr George Eernisse. In this

project, she started working on the management of patients refractory

to platelet transfusions, including antibody detection and donor selec-

tion. In those days, many leukaemia patients suffered from severe bleed-

ing complications and presented with unexplained severe transfusion

reactions and markedly reduced post-transfusion increments. In the

laboratory of the Immunohaematology Department, important aspects

of the human leukocyte antigen (HLA) class type I system were

unravelled and the first sibling bone marrow transplants for severe com-

bined immunodeficiency and aplastic anaemia patients were performed.

Laboratory tests to detect HLA antibodies were developed. In 1978 she

defended her thesis ‘Platelet Supportive Care’, and meanwhile learned

all aspects of blood-banking. After this, she started her training in inter-

nal medicine in Haarlem, followed by her specialization in haematology

at the Leiden Academic Hospital. As a medical specialist, in 1984 she

returned to the Blood Bank and Haemapheresis Department, combining

patient care and clinical research, investigating the role of leukocytes on

clinical transfusion outcomes in various disorders, from colorectal cancer

surgery to erythrocyte alloimmunization. Her research led to the adop-

tion of leukoreduction to diminish alloimmunization as well as other

adverse transfusion reactions. After a sabbatical in Paris in the labora-

tory of Prof. Michel Kazatchkine working on anti-idiotypic antibodies in

intravenous immunoglobulins, in 1988 she succeeded George Eernisse

as Medical Director of the Red Cross Leiden and the Blood Bank of the

Leiden University Hospital. After the AIDS drama, good manufacturing

practice became mandatory and regional Dutch blood banks merged

with neighbouring blood banks. Over a period of 10 years, all Dutch

Red Cross blood banks gradually merged with the Dutch Laboratory of

the Red Cross to form one national organization: Sanquin. In 1994,

together with Fred Falkenburg, she established the Dutch Cord Blood

Bank, a joint effort between the Leiden University Medical Centre and

the Red Cross Blood Bank. In 1995, she joined the Royal College of

Pathology, and in 1999 she became Professor of Internal Medicine with

assignment to Transfusion Medicine. In that period, she started

researching the optimal conditions for the storage and expansion of

cord blood for transplantation as well as exploring the possibility of

using cord blood to produce red blood cells for transfusion. From 2000

till her ‘age-enforced’ retirement in 2011, she was the head of clinical

research at Sanquin Blood Bank Southwest. In this period, several

clinical trials were successfully conducted, including studies regarding

peri-operative blood management strategies as well as several clinical

platelet transfusion trials. After her retirement, she remained active in

many fields, including the board of the European Haematology Associa-

tion (2012–2016), Europdonor (till 2015), and advisory work for TRIP,

the Dutch Haemovigilance network. She received the Claes Högman

Lecture Award of the Swedish Blood Transfusion Society (1997), the

Blundell Award of the British Blood Transfusion Society (2009), the

Presidential Award of the International Society of Blood Transfusion

(2020), and, very recently, the Landsteiner Award (2021). Scientifically,
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she continued working on non-inherited maternal antigens, an interest

she shared with Jon van Rood, and studying factors that influence

erythrocyte alloimmunization.

Only recently were we informed that Anneke was severely and

incurably ill, and her passing away was abrupt. We will remember her

words of comfort, wisdom, and inspiration, as we will remember her

tremendous scientific drive and encyclopaedic up-to-date knowledge in

many fields of medicine. We will never forget the detailed questions

she used to have at the end of every lecture she attended, aiming to

improve the quality of everyone’s contribution to transfusion medicine.

She will be deeply missed by her family, friends, and colleagues.
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