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ABSTRACT—Background: Sub-Saharan African countries utilize whole blood (WB) to treat severe anemia secondary
to severe blood loss or malaria on an emergency basis. In many areas with high prevalence of transfusion-
transmissible agents, blood safety measures are insufficient. Pathogen reduction technology applied to WB might
considerably improve blood safety. Methods: Whole blood from 40 different donors were treated with riboflavin and
UV light (pathogen reduction technology) in order to inactivate malaria parasite replication. The extent of parasite
inactivation was determined using quantitative polymerase chain reaction methods and was correlated to studies
evaluating the replication of malaria parasites in culture. Products were also stored for 21 days at +4°C and monitored
for cell quality throughout storage. Results: Plasmodium amplicon was present in 21 samples (>100 copies/mL),
doubtful in four (10-100 genome equivalents [gEg)/mL), and negative in 15 U. The majority of asymptomatic parasitemic
donors carried low parasite levels, with only six donors above 5,000 copies/mL (15%). After treatment with riboflavin and
UV light, these six samples demonstrated a 0.5 to 1.2 log reduction in quantitative polymerase chain reaction amplifica-
tion. This correlated to equal to or greater than 6.4 log reductions in infectivity. In treated WB units, cell quality parameters
remained stable; however, plasma hemoglobin increased to 0.15 g/dL. All markers behaved similarly to published data for
stored, untreated WB. Conclusions: Pathogen reduction technology treatment can inactivate malaria parasites in WB

while maintaining adequate blood quality during posttreatment cold storage for 21 days.
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INTRODUCTION

Blood transfusion in Sub-Saharan Africa (SSA) is plagued
by chronic blood shortages, scarce resources, and a high prev-
alence of infectious agents transmissible by transfusion. Although
routine use of serological testing can limit the transmission risk
for human immunodeficiency virus, hepatitis B virus, hepatitis C
virus, and syphilis, the same cannot be said for malaria. Screening
of blood units for malaria is afflicted with either the poor
sensitivity of microscopy and antigen testing or the high costs
associated with genomic detection (1,2) Thus, in SSA, transfusion-
transmitted malaria is frequent and clinically consequential,
especially in young children and pregnant women.

Recent data demonstrated that, when tested with a sensitive
polymerase chain reaction (PCR) assay, greater than 50% of
donated blood from healthy donors contained parasites (1)
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compared with 3% by traditional microscopic methods. It was
also shown that nonparasitemic recipients of parasitemic
whole blood (WB) were infected with the donor parasite in
approximately 40% of cases regardless of parasite load or
level of antibody to Plasmodium species in the patient (1). Parasite-
naive children, semi-immune young children, and pregnant
women are at the greatest risk of morbidity from malarial
infection transmitted by transfusion (3).

A pathogen reduction technology (PRT) using riboflavin as
a photosensitizer in combination with a UV light illumination
device (Mirasol System for Whole Blood; Terumo BCT, Lakewood,
Colo) has focused on reducing the infectivity of blood-borne
pathogens from donated WB products. This PRT product is non-
toxic and nonmutagenic, and riboflavin and UV light-treated
components have been shown to be safe for transfusion recipients
as well as for those handling blood products (4). When added to
a WB unit, riboflavin molecules can associate with the nucleic
acids (both RNA and DNA) of viruses, bacteria, white blood
cells (WBCs), and parasites (5). Exposure to UV light then acti-
vates riboflavin, inducing a chemical alteration to the functional
groups of the nucleic acids (primarily guanine bases), reducing
the ability of a pathogen to successfully replicate (5).

Previous work done using this PRT technology has shown
the ability of the process to inactivate WBCs (6,7) and reduce
parasites (8—10) and viruses (6,11,12) in WB units. Prelimi-
nary studies examining the efficacy of the riboflavin and UV
light method in WB spiked with Plasmodium falciparum clearly
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showed genomic damage and inhibition of parasite replica-
tion, suggesting a distinct potential clinical benefit of this PRT
method (10).

The objective of this study was 3-fold: first to confirm the
ability of the riboflavin and UV light process to inactivate
malaria parasites in WB collected in a hyperendemic area, as
measured by quantitative PCR (qPCR), second to measure
the reduction in infectivity of a laboratory-adapted strain of
P. falciparum using an in vitro culture model after treatment,
and third to determine the characteristics of the treated WB
after up to 21 days of storage at 4°C.

MATERIALS AND METHODS

All treatments with riboflavin and UV light were conducted at energy levels
of 80 J/mLgpc following addition of 35 mL of 500 uM riboflavin (6.2 mg)
solution in 0.9% saline to units of WB. Equipment and training required for
the riboflavin and UV light treatment were provided by Terumo BCT. Details
of treatment are provided in El Chaar et al. (10).

Cell quality studies

Whole blood units were collected into CPD (Terumo CPD Collection Kit P/N:
PB3AG456M8B) either at the Komfo Anokye Teaching Hospital (KATH) donor
clinic in the hospital for family donors or from mobile collection (volunteer
donors) sites in and around Kumasi. The time of blood collection, defined as
the time the needle entered the vein of the donor, was noted for each unit.
Blood units were labeled with “Not for Human Use” labels immediately after
collection. Both the units collected at the hospital or via mobile collection
were transported to the Transfusion Medicine Unit (TMU) at KATH labora-
tories in an isothermal container with cool packs, and upon arrival, the units
were either treated immediately or stored overnight at 4°C until treatment.
Processing with the Mirasol PRT System occurred within 24 h of collection.

Whole blood in the illumination bag was weighed and checked against the
accepted guard band of 558 to 651 g. Riboflavin solution was added to the
illumination bag through a sterile connection. Following transfer of the ribo-
flavin solution, excess air in the bag was gently expelled. Whole blood and
riboflavin were gently mixed until a homogenous solution was obtained. The
target illumination volume was 493 to 603 mL (which includes 450 +45 mL
WB, 63 +5 mL CPD, and 35 + 5 mL riboflavin). A unit was excluded if it
exceeded the manufacturer’s specifications for treatment volume. Prior to treat-
ment, a sample pouch was connected to the inlet line to aseptically remove a
1-mL sample to determine the preillumination hematocrit. These samples were
spun in a ZIPocrit (LW Scientific, Atlanta, Ga) hematocrit centrifuge for 5 min,
and the value was recorded. The WB unit was weighed again to determine the
final illumination weight.

Pretreatment and posttreatment (days 0, 7, 14, 21) WB samples were
aseptically removed from the products and evaluated for blood gases (iISTAT
System with CG4+ and EC4+ cartridges; Abbott Laboratories; Abbott Park, Ill),
plasma hemoglobin (Plasma/Low Hb System; Hemocue, Angelholm Sweden),
and complete blood count (KX21-N Automated Hematology Analyzer; Sysmex
America Inc., Lincolnshire, I11). Cross-match compatibility was confirmed utilizing
a Coombs test.

Analysis by PCR amplification

Analysis of PCR amplification inhibition and treatment of WB samples
were conducted in the TMU facilities of KATH, a 1,200-bed tertiary hospital
located in Kumasi, Ghana. This laboratory included a real-time PCR (qPCR)
instrument (MX3000; Agilent, La Jolla, Calif) and a separate room with
laminar flow hood where sample handling and nucleic acid extraction could
be performed.

Training and supervision for the PCR methodology were provided by J.-P.A.
and G.F. from University of Cambridge, UK.

Qualitative PCR and qPCR—The primers used in the study are described
by Rougemont et al. (13). Two conserved regions of the P. falciparum genome
equivalents (gEq) were amplified as previously reported (10,13,14). Species-
specific primers (Sigma-Aldrich, St. Louis, Mo) were also designed for use in
nested PCR as described by Freimanis et al. (1), one each against P.
falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale.

All samples were tested in duplicate by qPCR first. Only samples that
demonstrated a positive result with both replicates for the genus specific
primers were quantified. Quantification of the 18S rRNA amplicon was per-
formed as previously described (1) using the first WHO International Standard
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for P. falciparum DNA (NIBSC, code 04/176) appropriately diluted to con-
struct a reference curve.

Genus- and species-specific nested PCR—Oligonucleotide primers for the
nested PCR assay were obtained from Sigma-Aldrich and designed based on
the Plasmodium small subunit ribosomal RNA genes (14). Nested PCR was
performed as described by Freimanis et al. (1). Primers used for the assay are
described by El Chaar et al. (10) and are specific to mtDNA.

In vitro culture of malaria parasites in treated blood samples

Plasmodium falciparum viability studies were carried out in the laboratory
of Dr. Christine Olver at Colorado State University, Fort Collins, Colo.
Treatment of these units used a scaled process in order to concentrate the
P. falciparum. Each unit consisted of 210 mL of WB, 16 mL of riboflavin
solution, and 10 mL of P. falciparum infected erythrocytes. Because of the
lower volume, the units received an equivalent energy dose of 68 J/mLgpc.
All other parameters remained the same. The P. falciparum was continuously
cultured in human type A + red blood cells (RBCs) (initially from MR4 repos-
itory, www.mr4.org, 3D7 strain).

A 1-mL volume of packed RBCs with at least 1% parasitemia was cultured
for 2 days in 50 mL (2% hematocrit) RPMI 1640 complete medium (CM) (RPMI;
Gibco Life Technologies, Grand Island, New York) supplemented with HEPES,
glutamine, gentamicin, sodium bicarbonate, and 10% human AB serum (Gibco
Life Technologies, Grand Island, New York) in each of six 75-cm? flasks. On
day 3, the flasks were centrifuged, and spent medium was removed. Samples
were resuspended in CM to a hematocrit of 50%. Parasitemia was determined
using manual counting on thin smears. Inoculation of the P. falciparum into the WB
unit yielded a theoretical final parasitemia of 0.5% to 0.6%. A 20-mL aliquot
of blood was removed from the unit for pretreatment titer determination. Fol-
lowing treatment, a 20-mL aliquot of blood was removed from the unit for
posttreatment titer determination.

Inoculation of cultures with blood from untreated control (pretreatment)
and treated units—For untreated samples, quadruplicate wells of a microtiter
plate were cultured using 10-fold dilutions (in uninfected cells), starting with a
10° dilution (through 10~ '%). Wells were checked for the presence of parasite
using thick smears every 2 days out to 24 days. A 50% media change (100 pL)
was performed every other day. Fresh cells were added to any parasitemia-
negative wells at day 12. One flask (75 cm?) containing 2.5 mL of WB from
the untreated unit, adjusted in CM to a hematocrit of 2%, was cultured to
ensure the parasite was growing and expanding.

For treated samples, four 75-cm? flasks containing undiluted packed cells
from the treated sample were cultured at a hematocrit of 2%. An additional
four 75-cm? flasks containing a 1:10 dilution (into packed, uninfected cells) of
the packed cells from the treated sample were also cultured at a hematocrit of
2%. Parasitemia was checked using thin and thick smears every 2 days until
day 24. Fresh medium was added every 2 days. A volume of fresh cells, equal
to that of original culture, was added on day 12.

An IDs, was calculated for both the pretreatment and posttreatment samples
using the Spearman-Karber method. The log reduction was determined with
the equation for reduction factor (RF):

RF = [logy| (V1 x T1)/(V2 x T2))

where V1 is volume of starting (input) material; T1, parasite concentration
in starting material; V2, volume of material after delivery of UV light energy;
T2, concentration of parasite after delivery of UV light energy.

Storage study of WB at +4°C for 21 days

Twenty-six WB units collected in CPD from either volunteer nonremunerated
(15) or family (15) blood donors between November 10 and 21, 2013, were
included in the study. Donor ages ranged between 17 and 45 years (median,
22 years). Eleven were females, and 15 were males. Two units were ulti-
mately excluded from the analysis because they did not meet the inclusion
criteria of the study. The 24 remaining units had a median collection weight
of 572 + 23 g and, following transfer of the units to illumination bags and the
addition of 35 mL of riboflavin, a median pretreatment weight of 626 + 19 g.
During the interval between collection and initial testing, units were either
treated upon arrival to KATH or were kept overnight at 4°C for median time
of 2 h 20 min (range, 1-22 h). Because of the logistics of processing, ultimately
only 2 U were stored overnight at 4°C prior to PRT, although all units collected
outside the hospital were initially planned to be held overnight.

The riboflavin and UV treatment process was carried out at KATH with
scientists trained to the process by Terumo BCT personnel (S.W. and S.D.K.).

Samples were exposed to UV light according to methods described previ-
ously at 80 J/mLggc (10). After illumination, the treated WB unit was removed
from the illuminator, and a 10-mL posttreatment sample was removed for
in vitro testing. This unit was immediately stored at 4 £ 2°C with minimal
exposure to ambient light and without agitation.
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Fic. 1. Distribution of Plasmodium gEq levels in KATH blood donors.

The riboflavin and UV-treated blood units were resampled for in vitro
testing for complete blood count, pH, potassium, and plasma hemoglobin and
cross-match testing on days 7, 14, and 21 of storage.

RESULTS

Plasmodium quantification in WB donation

In the 40 U WB tested at KATH by qPCR, the Plasmodium
amplicon was clearly present in 21 samples (50%), doubtful in
four (10%, where parasitemia <100 gEq/mL), and 15 (40%)
were negative. This distribution (53% parasitemic) is fully com-
patible with what has been previously found in the same popu-
lation of donors (1). Unsurprisingly, microscopy was positive in
only 3 of 40 U (7.5%), including the 2 U with the highest
parasitemia according to qPCR results. As previously described,
P. falciparum wasdominant(14/20); P. malariae (6/20) and P. ovale
(2/20) were also observed, often associated with P. falciparum
(5/6 P. malariae and one of two P. ovale) (1).

The distribution of parasitemia is shown in Figure 1. The
majority of parasitemic donors carried levels between 10 and
1,000 gEg/mL, and only six were more than 5,000 gEq/mL.
The limit of quantification for the qPCR assay is such that it can
be applied only to samples containing more than 5,000 gEq/mL.
As a result, only samples from unit 4: 3 x 104; unit 19: 5.7 % 103;
unit 22: 4.5 x 10°; unit 29: 3.5 x 10’ unit 31: 5.2 x 10’; and
unit 35: 5.0 x 10* could be evaluated with the assay. Results
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shown in Table 1 were generally reproducible across the 6 U
treated with 80 J/mLgpc energy. Log inhibition of the 2,316—base
pair (bp) amplicon, the longest amplicon tested, ranged between
0.49 and 1.23 (mean, 0.78). Log inhibition of the amplification
increased as the size of the amplicon increased, as expected and
as has been reported previously (16—-19). In 3 U, further treated
to 120J/mLggc, the level of log inhibition did not increase nota-
bly (data not shown).

P. falciparum culture

The results for four replicate experiments are shown in Table 2.
Each sample set demonstrated that the Mirasol treatment mark-
edly reduced the growth of P. falciparum parasites compared
with untreated controls. The mean log reduction for the Mirasol
treatment was 6.4 log or greater.

WB storage at +4°C after treatment with riboflavin and
UV light

All 24 evaluable units were tested for multiple parameters
prior to and after addition of riboflavin followed by UV illumi-
nation at 80 J/mLgpc per unit and stored at 4 + 2°C for 21 days.
Control WB units were not stored and tested in parallel in order
to avoid depleting the TMU blood stock for patient treatment.
Table 3 shows a summary of the data collected. First, the impact
of the addition of riboflavin, transfer to the illumination bag,
and illumination at 80 J/mLgrpc was examined by comparing
T-pre (before illumination) and T-post (after illumination) results.
The addition of 35 mL of riboflavin caused a slight dilution of
the WB units, which is reflected as a statistically significant drop
in hematocrit, hemoglobin level, RBC count, glucose concentra-
tion, and pH (Table 3). The procedure did not cause immediate
hemolysis because the plasma hemoglobin level was identical
pre- and post-PRT.

The impact of storage on treated WB for 21 days at 4°C +
2°C was examined by comparing data between WB units imme-
diately after PRT at T-post and at 21 days of storage. Detailed
cell quality data can be found in Table 3. In order to maintain
full availability of WB and blood components for clinical use
during the 12-day entry period of the WB storage study, no con-
trol units were included, and comparisons were made with pub-
lished data (Table 4).

A low but significant amount of hemolysis took place as
evidenced by the progressive increase in plasma hemoglobin
over time reaching an average of 0.06 +/— 0.04 g/dL at day 21
of storage (Table 3). The dilution factor did not significantly
affect the WBCs or platelet counts, but at greater than 21 days

TasLe 1. Amplicon inhibition in six high parasitemia WB units

Amplicon log reduction (% inhibition) at 80 J/mLggc

WB unit no. ID Initial gEg/mL measured 577 bp 1,307 bp 2,316 bp
Unit 4 3.0 x 10* 0.17 (32%) 0.37 (57%) 0.49 (64%)
Unit 19 5.7 x 10° 0.40 (60%) 0.65 (78%) 1.23 (94%)
Unit 22 45 x 10° 0.35 (55%) 0.49 (68%) 0.95 (89%)
Unit 29 3.5 x 10° 0.31 (51%) 0.45 (65%) 0.91 (88%)
Unit 31 5.2 % 10° 0.02 (5%) 0.46 (65%) 0.56 (72%)
Unit 35 5.0 x 10* 0.10 (21%) 0.36 (56%) 0.51 (69%)
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TasLe 2. Results from culture studies on parasitemia in treated and untreated units of WB

Replicate Parasitemia of infected unit Pretreatment titer (log 1Dso/mL) Posttreatment titer (log IDso/mL) Log reduction (RF)
1 0.2% 7.44 <0.13 >7.31

2 0.6% 7.44 1.00 6.44

3 0.5% 6.69 0.75 5.94

4 0.5% 6.94 1.25 5.69
Average + SD 713 +£0.37 <0.72 £ 0.60 >6.41 +0.83

of storage, both cell type counts declined significantly (P < 0.001,
Table 3). Ultimately, all units met the Council of Europe Guide-
lines posttreatment and after day 21 (pH >6.2, hemolysis <0.8%,
total hemoglobin >45 g/U, and cross-match compatible with
allogeneic plasma).

Storage significantly affected pH and electrolyte levels: mod-
erate acidification and decrease in Na™ levels but considerable
increase in K" levels. Glucose levels significantly declined over
time of storage, whereas lactate increased in parallel with potas-
sium levels (Table 3). For both potassium and lactate, most of
the increase was observed after 7 days of storage.

Bicarbonate levels steadily decreased after WB PRT. Po,
remained essentially unchanged (P value nonsignificant; Table 3),
although large variations were observed between WB units.
Pco, significantly increased during storage also showing wide
variations between individual units.

DISCUSSION

The objective of this study was to confirm that the PRT can
inactivate malaria parasites in WB collected in a hyperendemic
area, as measured by qPCR, and to correlate this to a laboratory-
adapted strain of P. falciparum using an in vitro culture model
after treatment. Last, the study was able to define the RBC quality

characteristics of the treated WB after up to 21 days of storage
at 4°C.

While the qPCR results showed a 1.2 log reduction, and the
culture results gave an equal to or greater than 6.4 log reduc-
tion, it is important to remember that these two techniques mea-
sure different end points. The gPCR results only give an indication
of the DNA damage to a small 2,316-bp target region out of the
total 23 Mb gEq (23), whereas the culture result measures the
infectivity of the organism. Thus, the 1.2 log reduction in ampli-
fication of the 2,316-bp amplicon corresponds to an equal to or
greater than 6.4 log reduction in P. falciparum infectivity.

In addition, the results from PCR analysis of donated blood
from routine collections demonstrate that 50% of the collected
products were infected with malaria parasites. These results are
consistent with those reported previously (1). Likewise, the gPCR
amplification inhibition observed for products collected locally
agrees with data reported previously for samples spiked with the
3D7 laboratory-adapted strain of P. falciparum (10).

Given that the observed levels of parasitemia present in donated
samples in this study did not exceed 10° gEq/mL, it would be
expected that the transmissibility of parasitemia from infected
donor units following treatment would be significantly curtailed.

In order for such a technique to be effective, treated WB unit
quality and function should not be compromised. Studies of the

TasLe 3. Impact of riboflavin and UV illumination and 21-d storage time on 24 U WB

Parameter* Pretreatment Posttreatment Day 7 Day 14 Day 21 P
Hematocrit (%) 36.5+3.4 34.6+3.2 36.5+ 10.1 35.7+6.9 37.4+46 0.014
Hemoglobin (g/dL) 126+ 1.4 11.6+1.3 11.8+1.9 10.8+2.4 11.8+1.6 0.926
RBC count (x10° /uL) 4.45+0.48 4.04+0.45 416 +1.17 3.89+0.90 4.04 +0.56 0.853
Plasma Hb (g/dL) 0.01 £ 0.04 0.01 +0.03 0.025 + 0.03 0.04 + 0.05 0.06 + 0.04 <0.0001
WBC (x10°/uL) 452 +0.98 4.46 £ 1.00 3.07 +2.28 2,50 £ 0.73 2.37 £ 0.69 <0.0001
Platelets (x10°/uL) 126 + 50 127 + 45 68.5 + 28.8 61 +22.1 57.5+32.8 <0.0001
pH 7.08 + 0.05 7.04 £0.05 6.86 + 0.07 6.76 £ 0.08 6.72 £ 0.06 <0.0001
Na (mmol/L) 145+ 5.0 145+ 3.9 131 +2.8 126.5 + 3.0 125+ 2.8 <0.0001
K (mmol/L) 3£04 3.1+£05 155+14 205+2.8 23.2+1.8 <0.0001
Glucose (mmol/L) 206 +1.2 18.6+£1.0 148+15 125+1.3 112+£14 <0.0001
Lactate (mmol/L) 3.92+1.56 4.01+1.39 11.3+£1.97 15.64 + 1.92 18.02 + 2.01 <0.0001
HCO3 (mmol/L) 185+ 1.8 16.5+2.0 141+1.9 121 +1.7 10+1.8 <0.0001
Poo (mmHg) 60 + 33.2 52+31.7 575+ 152 545+ 315 495 +28.2 0.564
Pco, (mmHg) 63.2 + 10.3 64.1+9.9 79.5+134 87.8 +19.8 78.5+18.8 0.001

*Values are mean £ SD; n = 24.
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TasLe 4. Comparison of biological markers in WB and RBC concentrates during storage at +4°C

Results after 21 d of storage Present study

Pidcoke et al. (20)

Latham et al. (21) Burger et al. (22)

Product WB CPD
No. units tested 24
Hematocrit (%) 374
Hemoglobin (g/dL) 11.8
RBC count (x10%/uL) 4.04

Plasma Hb (g/dL) (% hemolysis) 0.06 (0.5%)

WBC (x10%/uL) (% decrease) 47

Platelets (x10%pL), % decrease) 55

pH (% decrease) 4.6
Na (% decrease) 13.8
K (% increase) 7.6
Glucose (% decrease) 39.7
Lactate (fold increase) 4.5
Pco, (% decrease) 39.4

WB CPD WB CPDA-1 RCC CPD
8 10 3
37 36
12
4 3.9
0.027 (0.2%) 0.1
2 58.9
29.5
4.6 2.4 6.5
71
4.3 10
60.4 25.6 275
8.25 4.8 4.8
0

toxicology (4) and effectiveness of transfused blood in animal
models of hemorrhage (24,25) have shown the ability of treated
blood to maintain functional characteristics without inducing
enhanced toxicity or adverse events associated with transfusion.
The present study also monitored 14 parameters for 24 U of
WB prior to and after PRT and subsequent 21 days of refrig-
erated storage.

In order to maintain full availability of WB and blood com-
ponents for clinical use during the 12-day entry period of the
WB storage study, no control units were included, and com-
parisons were made with published data (Table 4). The closest
comparison was with a group of eight WB units tested for
hematocrit, RBC, WBC, and platelet counts; pH; and concen-
trations of lactate and glucose (26). Hematocrit and RBC counts
remained stable in both groups, pH levels declined similarly to
riboflavin- and UV-treated units. In published data, WBC counts
remained stable but declined substantially in treated WB. In both
published untreated WB studies and the present PRT WB re-
sults, platelet counts declined over storage but more markedly
in treated than in untreated WB. This comparison suggests that
although WBC and platelet counts did not significantly differ
before and after PRT (Table 3), some damage took place on both
cell types that became apparent during storage. After 21 days of
storage, glucose levels declined 60% in untreated WB units and
40% in PRT WB. However, in the study by Pidcoke et al. (20),
the decline in glucose levels during storage was identical between
the eight control units and eight treated WB (21).

In the study by Latham et al. (21), 11 of the 14 markers
reported in the present study were described for 10 U of WB
collected in CPDA-1 (22). Similar to data in Table 3, hemo-
globin level, hematocrit, RBC counts, and Na™ concentration
remained stable (Table 4). Hemolysis reflected in plasma hemo-
globin levels was 0.2% compared with 0.5% in the present study.
White blood cell counts and potassium and lactate concen-
trations were similar; glucose declined by 26% versus 40% in
the present study. Bicarbonate levels remained stable instead
of significantly declining, and pH decreased by 2.4% instead
of 4.6% (Table 3). In the absence of individual WB unit values,

statistical comparison could not be performed, but except for
glucose and bicarbonate levels, most biological markers of
WB treated or untreated behaved comparably. Some markers
monitored in treated WB were also compared with red cell
concentrate (RCC) as reported by Burger et al. (22). At 21
days of storage of CPD RCC, hemolysis was 0.1%, but pH
declined 6.5%, lactate increased 4.8 times, glucose level de-
creased 27.5%, and potassium level increased by 10%,
suggesting that erythrocytes are slightly better conserved in WB
than in RCC (Table 4).

Although WB is the most used blood product in SSA, blood
components are systematically produced by major blood centers
often supported by external funding. RCC are requested for
treatment of severe anemia related to hemoglobinopathies or
pediatric malaria; fresh frozen plasma (FFP) is frequently used
in surgery and obstetrics-gynecology, and the relatively recent
availability of chemotherapy for cancer treatment requires a lim-
ited supply of platelet concentrates. It would therefore be impor-
tant to examine whether PRT WB can be further processed into
components and meet the generally accepted quality guidelines.
It was previously shown that 3 U of WB treated at an energy
level of 44 J/mLgpc separated into RCC had a 24-h in vivo
recovery of radiolabeled RBCs ranging between 60% and 75%
after 42 days of storage (27). The UV illumination energy was
lower (44 vs. 80 J/mLggc), but the storage time was twice as
long as in the present study (44 vs. 21 days), preventing direct
comparison. Studies using samples treated at 80 J/mLgpc are
currently ongoing in the United States under an Investiga-
tional Device Exemption IMPROVE II study, NCT01907906).
Preliminary results indicate that RBCs derived from these
WB products meet Food and Drug Administration criteria for
RBC recovery after 21 days of storage (personal communi-
cation, written and oral, August 2014, R.P.G.).

Another study compared clotting factors and platelet func-
tions in PRT-treated and untreated WB immediately and over
21 days of 4°C storage (20). Prothrombin time, partial throm-
boplastin time, and thromboelastographic responses were not
immediately affected by treatment, but at 24 h of storage,
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prothrombin time and partial thromboplastin times increased
by 3 and 10 s, respectively. Levels of clotting factors (fibrinogen,
factor V, factor VIII, von Willebrand factor, protein C, and
antithrombin IIT) were not affected immediately by PRT, but
after 24 h of storage, the level of the first three factors declined
by 10% to 50%. These limited data suggest that FFP prepared
immediately after PRT may preserve essential clotting ability.

Platelet aggregation with ADP and thrombin receptor-
activating peptide were moderately affected by riboflavin +
UV and declined in parallel with the control when refrigerated.
Aggregation with collagen, arachidonic acid antagonist, and
high-dose ristocetin were not significantly affected at day 0.
The functional data added to the platelet count decline suggest
that PRT WB affects platelets and that cold storage rapidly
reduces their hemostatic capacity. The Pidcoke et al. study
investigated WB function via clot strength using thromboelasto-
graphic measurements and found that samples that were PRT
treated, whether stored refrigerated or not, remained within nor-
mal subject limits throughout the duration of the study (21 days)
(20). Studies need to be conducted to determine the properties
of both FFP and platelet concentrate prepared immediately after
WB PRT.

The results presented here represent the first report for inacti-
vating malaria parasites in donated WB products using riboflavin
and UV light while maintaining adequate cell storage character-
istics for stored WB for up to 21 days after treatment. The ulti-
mate test is to examine these results in vivo, and the efficacy of
the treated product is currently being tested in a clinical trial in
Ghana that investigates whether treatment can reduce transfusion-
transmitted malaria (AIMS Study, NCT02118428). If proven
effective in the clinical setting for preventing malaria transmis-
sion by transfusion, this technique may provide a practical method
to greatly enhance current blood safety profiles for donated blood
products in this region (28).
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