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Background - The urgency of maintaining a safe and adequate blood supply 
is increasing. One approach to ensure a sufficient supply is to limit the 
outdating frequency of blood components. Pathogen inactivation technology 
was developed primarily to increase safety by preventing transmission of 
infectious diseases. The Intercept Blood System for pathogen reduction of red 
blood cells (RBC) has additional benefits such as inactivation of leucocytes and 
removal of plasma and storage debris through centrifugation. Irradiation and 
automated washing are detrimental to the RBC membrane and often implicate 
shortened shelf-life. We aimed to assess whether pathogen inactivation can 
replace RBC irradiation and washing to avoid shelf-life reduction. 
Materials and methods - RBC concentrates (No.=48) were pooled-and-split 
into four study arms, which underwent pathogen inactivation treatment, 
irradiation, automated washing or no treatment (reference). RBC quality was 
evaluated during 42 days by assessment of storage lesion. Washing efficacy 
was defined by IgA and albumin reduction. 
Results - Pathogen reduced RBCs had similar membrane preservation to 
reference RBCs (hemolysis, microvesicles and extracellular potassium ions), 
whereas the RBCs were negatively impacted by irradiation or automated 
washing. ATP increased substantially post-pathogen inactivation, while 
2,3-DPG decreased. Pathogen inactivation considerably reduced albumin and 
IgA, though slightly less efficiently than automated washing.
Discussion - RBCs exhibit superior membrane preservation after pathogen 
inactivation treatment, compared to both irradiation and automated washing. 
This suggests that replacement is possible, even though the plasma reduction 
protocol could be further optimised. 
Replacement of irradiated and washed RBC concentrates with pathogen 
reduced RBC concentrates storable up to 42 days would be advantageous for 
both the blood supply and patient safety.

Keywords: red blood cells, pathogen inactivation, pathogen reduction, blood components, 
blood supply.
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Introduction
Pathogen inactivation (PI) is a well-established measure to increase blood safety. The 
principle of PI technology is a pro-active treatment that inhibits replication of any present 
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pathogens via interaction with their DNA/RNA. Through 
this approach, the prevalence of transfusion-transmitted 
infectious diseases (TTID) can be greatly reduced. 
Residual leucocytes, instigators of transfusion-associated 
graft-versus-host disease, are concomitantly inactivated 
by the same principle1-5. Blood components treated with PI 
measures are generally referred to as “pathogen reduced” 
(PR).
Cerus Corporation (Concord, CA, USA) is developing 
a PI system for red blood cells (RBC), Intercept, that is 
based on irreversible nucleic acid cross-linking with 
amustaline (S-303); a pH driven reaction. Amustaline and 
glutathione (GSH; quencher of non-specific nucleophile 
reactions) are added to the RBC concentrate (RCC), and 
after incubation, the non-reactive degradation product 
S-300 is removed through centrifugation. Afterwards, 
the RBCs are resuspended in new additive solution (AS)1,6. 
The inactivation capacity and clinical utility of Intercept 
has been demonstrated in several studies2-4,7. 
The main commercial focus of PI is to ensure increased 
safety in terms of transmission of blood-borne pathogens. 
Although relevant enough, and despite demonstrations 
of bacterial growth in refrigerated RBCs8, the need for 
PI treatment of RBCs is sometimes difficult to justify 
in countries where the climate is cold, prevalence of 
TTID is low and hygiene and processing conditions are 
good. However, the potential benefits of PI for the RBC 
storage quality after secondary processing might help 
justification. 
Irradiation is the long-standing technique of choice 
for inhibition of residual lymphocyte proliferation9,10. 
Automated washing with ACP 215 (Haemonetics Corp., 
Braintree, MA, USA) was a milestone in the reduction 
of plasma proteins, IgA and storage lesion debris in 
RCCs11,12. Both these techniques, although efficient in 
their intended purpose, come at the cost of increased 
RBC membrane deterioration, implicating up to 28 days 
reduction of RCC shelf-life. Shorter shelf-life may increase 
wastage. Therefore, RCCs are often irradiated or washed 
on demand, which increases the risk of transfusion delays, 
especially at remote hospital blood banks.
The urgency of maintaining acceptable RBC quality 
and long shelf-life is growing, as Europe is facing an 
oncoming increased demand and decreased availability 
of blood due to a decreasing donor population and 

longer life expectancy13,14. Concomitantly, there are  
increasing demands on strengthened preparedness 
to ensure the blood supply in emergency situations15, 
which might be even more important if the transition to 
non-di(2-ethylhexyl) phthalate (DEHP) blood bags 
necessitates reduced RCC shelf-life to ensure sufficient 
quality, especially after secondary processing16-18. 
PR-RBCs demonstrate in vitro quality and in vivo survival 
equal to conventional RBCs7,19,20.  We aimed to confirm this, 
and also assess whether PR-RBCs have superior quality to 
irradiated and automated-washed RBCs during 42 days 
storage. Furthermore, we wanted to compare the washing 
efficacy of the PI procedure to automated washing. 
If results prove satisfactory, irradiated and washed RCCs 
could potentially be substituted by one joint component 
that could be prepared in advance and stored as long as 
a conventional RCC. This would facilitate optimization of 
the blood supply while increasing blood safety. 

Materials and methods

Collection and processing
A total of 48 RCCs were derived from 450 mL whole blood 
(WB) in citrate-phosphate-dextrose following Karolinska 
standard operating procedures. Key processing steps 
included collection day separation (RBCs, plasma and 
buffy coat) using Macospin (3,130 × g, 11 minutes) and 
MacoPress Smart Revo (both Macopharma, Mouvaux, 
France), addition of 100 mL saline-adenine-glucose-
mannitol (SAGM) AS, and RBC leucofiltration. 
The RCCs were pooled randomly four-and-four, then split 
into four equal study arms using the original RCC bags: 
PR, irradiation, automated washing and reference; No=12 
each. Before split, each pool was analysed for baseline 
values. The RCCs were placed in 2-6°C storage within 8 
hours of collection.
PI was executed on day (d) 1-2 following the 
manufacturer’s specifications (Cerus Corp.)6. In short, 
the manufacturer’s 0.2 µm hydrophobic air filter set and 
processing set (containing 140 mL processing solution: 
adenine, mannitol, sodium citrate, mono- and disodium 
phosphate) were sterile connected to the RCC. GSH 
(16.0 mL; 600 mM), the RCC and amustaline (18.0 mL; 
6 mM) were added to the processing set during mixing. The 
mixture was held at 20-25°C for 18-24 hours. Afterwards, 
the bag was centrifuged (Macospin; 4,194 × g, 8 minutes, 
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22°C) to remove the supernatant/amustaline metabolites. 
After extraction, new SAGM (90 mL) was added. The 
PR-RCC was sampled, then returned to cold storage within 
26 hours from processing start.  
X-ray irradiation (Raycell Mk2, Best Theratronics, Ottawa, 
Canada; 25-50 Gy) was executed on d14 post-collection, 
ref lecting worst-case scenario (maximum pre-irradiation 
RCC age; Swedish national guidelines21). Automated 
washing was performed d14 post-collection for similar 
reason, using ACP 215 (Haemonetics Corp.; bowl volume 
275 mL) and SAGM as post-processing AS. The reference 
RCCs were not processed further.

Sampling
In addition to d0 baseline, all RCCs were sampled on d2 
(post-PI), d7, d14, d21, d28, d35 and d42. Irradiated and 
automated-washed RCCs were sampled twice on d14: 
before and after the interventions; PR and reference 
RCCs were sampled simultaneously as the pre-processing 
sampling. 40 mL sampling bags (VSE0000Y, Macopharma) 
were used for all sampling. 

Analysis
The impact of the different processing interventions 
on RBC storage was analysed using a combination of 
methods assessing changes in RBC membrane integrity, 
metabolism and morphology, a.k.a storage lesion.
Hematocrit (Hct; %), hemoglobin concentration 
(HbRCC; g/unit and g/L) and mean corpuscular volume 
(MCV; fL) were analysed using Swelab Alfa Plus Basic 
hematology analyzer (Boule Diagnostics AB, Spånga, 
Sweden). Hemolysis was assessed by measuring free 
supernatant hemoglobin (Hbsupernatant; g/L) with HemoCue 
plasma/low hemoglobin photometer (Radiometer Medical 
ApS, Brønshøj, Denmark) and calculating hemolysis (%) as 
(100-Hct) × Hbsupernatant (g/L) / HbRCC (g/L).
Extracellular potassium ions (K+; mmol/L), ref lecting 
both membrane integrity and metabolic function, and the 
additional metabolic markers pH, glucose (mmol/L) and 
lactate (mmol/L) were measured on ABL 800 Flex blood 
gas analyser (Radiometer Medical ApS). To compensate for 
differences in Hct, the concentrations were re-calculated: 
(mmol/L × [1-Hct]) / HbRCC (g/L) × 1,000 = mmol/mg Hb. 
Adenosine triphosphate (ATP; μmol/g Hb) was extracted 
by trichloroacetic acid and measured by luminometry 
(Orion Microplate Luminometer, Berthold, Pforzheim, 
Germany) using ATP Kit SL (BioThema, Handen, Sweden).

2,3-diphosphoglycerate (2,3-DPG; μmol/g Hb), impacting 
oxygen dissociation, was extracted by perchloric acid 
and neutralising potassium carbonate; then analysed 
spectrophotometrically (SpectraMax, Molecular Devices, 
San Jose, CA, USA) with 2,3-DPG test kit 10148334001 
(Roche Diagnostics, Mannheim, Germany). Due to kit 
shortage, the sample size was reduced to No.=6, rationed 
as d0: pool, d2: PR, d7: PR and reference (reference 
was considered representative of irradiated and 
automated-washed RCCs as these remained untreated at 
d7) and d14: all study arms (post-intervention only). 
RBC morphology was analysed indirectly by assessing 
the count and surface characteristics of shed RBC 
microvesicles (RMV) via f low cytometry (CytoFLEX, 
Beckman Coulter, Brea, CA). In short, RMVs were 
suspended in the RCC supernatant by single centrifugation 
(2,000 × g, 10 minutes, 4°C) and stored in ≤ −70°C. 50 µL 
thawed samples were pipetted into TruCount tubes and 
incubated with 5 µL PE-Cy7 anti-CD235a, 5 µL BV421 anti-
CD47 (d2, d21-d42, unit 9-12 only), 3 µL Alexa Fluor 647 
anti-Annexin V and 100 µL buffer (Annexin V: Bio-Legend, 
San Diego, CA, USA; all others: BD Biosciences, San Jose, 
CA, USA) for 20 minutes. The microvesicle population 
was gated as ≤0.9 μm Ø) using sizing beads (Megamix; 
BioCytex, Marseille, France). Gates were set for RMVs 
as CD235a positive events (glycophorin A, marking RBC 
origin) within the microvesicle gate; and for Annexin 
V (externalised phosphatidylserine) and CD47 positive 
events within the RMV gate. Number of RMVs per µL 
supernatant was calculated as (number of events CD235a 
/ number of events TruCount beads) × (number of beads 
in tube / sample volume). Annexin V and CD47 positive 
RMVs were calculated as % of total number of RMVs. 
Gating strategy is presented in Online Content, Figure S1. 
To compare the washing efficacy between automated 
washing and PI centrifugation, IgA (mg/L; units 1-8 only) 
and albumin (g/unit) were measured on d0 (pool), d2 post-
PI and d14 post-automated washing. IgApool was measured 
using turbidimetry (Optilite, Binding Site, Birmingham, 
UK); IgApost-intervention using an inhouse enzyme-linked 
immunosorbent assay (Clinical Immunology, Karolinska 
University Laboratory, Stockholm, Sweden). Albumin 
analysis was performed by Clinical Chemistry, Karolinska 
University Laboratory.  
To exclude inf luence by leucocytes or bacteria, white blood 
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cells were counted with ADAM-rWBC (NanoEnTek, Seoul, 
South Korea) post-WB processing, and bacteriological 
screening was performed at storage end (Clinical 
Microbiology, Karolinska University Laboratory).

Statistical analysis
D’Agostino-Pearson normality test was performed to 
justify the use of mean ± standard deviation for data 
presentation. Significance was tested using repeated 
measures two-way ANOVA with Holm-Šídák’s multiple 
comparisons test between study arms. Paired t-test was 
used to test differences between sampling occasions 
within a single study arm. For 2,3-DPG specifically, 
d2 and d7 were tested with paired t-test and d14 with 
two-way ANOVA. GraphPad Prism v.9.3.1 for Windows 
(GraphPad Software Inc., La Jolla, CA, USA) was used 
for all statistical computation. 

Ethical considerations
All WB units were collected from voluntary, 
non-remunerated, consenting donors. As all material 

used in the study was fully anonymised, no further ethical 
approval was warranted. 

Results

No major impact on hematology parameters 
PR-RCCs had marginally higher Hct than reference RCCs 
(p<0.01) at d42, but Hb remained similar to reference. 
Irradiation increased Hct from d28 onwards (p<0.01), 
whereas automated washing substantially decreased Hct 
and Hb (p<0.001) due to the nature of the procedure22,23 
(Table I, Figures 1A-C). MCV increased similarly in PR-, 
reference and automated-washed RCCs, even though 
automated washing momentarily detained the process 
(d14-21). Irradiation further accelerated the MCV increase 
(Table I, Figure 1D).

Comparable membrane preservation to conventional 
RCCs 
No difference could be demonstrated between PR-RCC 
and reference RCC hemolysis at storage end, even though 

Table I - RBC quality at storage beginning and end

Analysis parameter Day Pathogen reduction  Irradiation Automated washing Reference

Hemoglobin (g/L) 2
42

183±4
184±3b

183±3
184±3d

182±4
148±3bdf

182±4
183±3f

Hemoglobin (g/unit) 2
42

45±2
33±1

47±1
32±1e

47±2
32±2f

46±2
34±1ef

Hematocrit (%) 2
42

59.6±0.8
62.2±0.9abc

58.9±0.5
66.4±1.4ade

58.7±0.8
50.4±1.3bdf

58.8±0.8
63.4±1.2cef

Hemolysis (%) 2
42

0.04±0.02abc

0.21±0.02ab
0.01±0.01a

0.58±0.07ade
0.01±0.01b

0.37±0.04bdf
0.01±0.01c

0.20±0.02ef

RMV, count (× 103 /µL 
supernatant)

2
42

0.79±0.46
7.50±1.42abc

0.86±0.29
39.39±6.02ade

0.97±0.39
12.31±2.35bdf

0.90±0.36
9.99±2.97cef

RMV microvesicles, 
phosphatidylserine (%)

2
42

95.5±1.4
66.3±5.1ab

94.2±2.4
39.8±9.7ade

95.7±2.4
74.2±7.9bd

94.8±2.1
67.7±9.7e

RMV microvesicles, CD47 (%) 2
42

96.8±1.3
68.5±6.8ab

92.5±2.9
36.3±11.2ade

97.8±1.0
99.3±1.0bdf

95.3±2.5
69.8±9.0ef

Extracellular K+ (mmol/mg Hb) 2
42

2.5±0.3
85.5±3.0abc

15.0±0.9
112.9±4.5ade

15.2±1.0
73.1±2.7bdf

15.2±0.8
92.1± 3.3cef

ATP (µmol/g Hb) 2
42

8.7±0.5abc

5.1±0.9abc
6.0±0.5a

3.4±0.6a
6.0±0.4b

3.6±0.6b
6.0±0.8c

4.0±0.8c

pH 37°C 2
42

6.753±0.016abc

6.264±0.012abc
6.929±0.026a

6.384±0.014ad
6.929 0.024b

6.224±0.012bdf
6.932±0.025c

6.384±0.012cf

Glucose (mmol/mg Hb) 2
42

57.1±2.1abc

34.6±2.2ab
63.8±2.0a

30.4±2.3 ade
63.3±2.8b

70.9±4.8bdf
64.6±2.5c

33.4±2.4ef

Lactate (mmol/mg Hb) 2
42

9.8±0.5abc

41.8±1.6abc
11.6±0.7a

49.3±2.5ade
11.6±0.8b

39.4±2.1bdf
11.5±0.7c

54.4±2.1cef

Mean corpuscular volume (fl) 2
42

93.6±2.1
97.2±2.4a

93.0±2.0
104.0±2.5ade

92.9±2.1
98.7±2.4d

93.0±2.0
99.2±2.4e

Data is presented as mean ± SD. No.=12 per study arm except 2,3-DPG (No.=6); CD47 (No.=4). Significant differences (p<0.05) are shown as: aPathogen reduced 
vs irradiated; bPathogen reduced vs washed; cPathogen reduced vs reference; dIrradiated vs washed; eIrradiated vs reference; fWashed vs Reference.
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Figure 1 - Storage-related changes in levels of A) hematocrit, B) hemoglobin/l, C) hemoglobin/unit, D) mean corpuscular 
volume, E) hemolysis, F) red blood cell (RBC) microvesicle count, G) RBC microvesicle phosphatidylserine surface 
expression, H) RBC microvesicle CD47 surface expression, I) extracellular potassium ions (K+), J) adenosine triphosphate 
(ATP), K) glucose, L) lactate, M) pH and N) 2,3-diphosphoglycerate (2,3-DPG)
Grey diamond (¯) = pathogen reduced, black star (ê) = irradiated, crossed square (T) = automated washed and circle with dot (�) = Reference. 
Dotted line in (e): EDQM limit 0.8%. Values are displayed as mean ± standard deviation. No.=12 except 2,3-DPG (No.=6) and CD47 (No.=4). 
Significant differences (p<0.05): a - pathogen reduced vs irradiated, b - pathogen reduced vs automated washed, c - pathogen reduced vs reference, 
d - irradiated vs automated washed, e - irradiated vs reference, f -automated washed vs reference.
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PR-RCCs had marginally higher levels during early storage 
(p<0.01, maximum difference 0.04%). PR-RCC storage end 
hemolysis 0.21±0.02% equalled about ¼ of the European 
maximum limit 0.8%24. While PR-RCCs remained 
generally unaffected by treatment, the hemolysis rate 
was substantially accelerated after both irradiation and 
automated washing (Table I, Figure 1E). 
The lowest d42 RMV concentration was found in PR-RCCs 
(p<0.05); even though washing was executed at a later time 
(d14) for automated-washed RCCs. The post-irradiation 
RMV concentration was 5-fold higher than post-PR on d42 
(Table I, Figure 1F).
RMV surface phosphatidylserine decreased similarly 
over time for PR, automated-washed and reference RCCs, 
whereas irradiated RCCs decreased substantially faster 
(<40% on d42, as compared to 66-77% in the other study 
arms; p<0.001). CD47 decreased in conformity with 
phosphatidylserine in all study arms except automated 
washing, where levels remained >97% until storage end 
(Table I, Figures 1G-H). 
Extracellular K+ was substantially reduced both by 
PR-processing and automated washing. The concentration in 
PR-RCCs increased with similar rate as reference, while the 
increase rate per mg Hb was faster after automated washing 
and  immediately after irradiation (Table I, Figure 1). 

Improved ATP levels and altered metabolism
ATP increased directly after PR and remained >1 µmol/g 
Hb higher than the other study arms throughout storage. 
The glucose concentration was reduced post-PR (p<0.001) 

but consumption rate was slower. From d28, a PR 
intervention-related difference was no longer discernible. 
Correspondingly, lactate accumulated slower after PR, 
both compared to reference and automated washing. 
pH fell approximately 0.150 post-PR, which remained 
throughout storage (p<0.001; Table I, Figures 1J-M). 

Premature 2,3-DPG depletion
2,3-DPG dropped after PR treatment; from 10.5±1.5 (d0) 
to 2.0±1.2 µmol/g Hb (p<0.001; d2). On d7, 33% of the 
PR-RCCs were depleted, while reference remained at 
7.2±1.3 µmol/g Hb (p<0.001). On d14, all PR-RCCs were 
depleted while the means of the other arms remained at 
1.6-2.5 µmol/g Hb (ns; Figure 1N).

Slightly less efficient plasma reduction 
Albumin content was reduced 96.0% post-PR and 98.4% 
post-automated washing compared to d0 baseline. IgA 
was reduced similarly; 94.4% (PR) and 99.8% (automated 
washing) (Table II, Figure 2).

Satisfactory RCC processing
All RCCs contained <1×106 residual leukocytes per unit. 
Bacterial growth was <5 colony forming units/mL at 
storage end in all RCCs.

Discussion
This study assessed RBC quality after PI treatment, 
focusing specifically on comparison to irradiation and 
automated washing with the aim to consider a future 
substitution of both these treatments. Our results suggest 
that such a replacement might indeed be achievable. 

Table II - Efficacy of plasma removal: comparison between pre-treatment baseline, PR and automated washing

IgA

Unit Pool Pathogen reduction Automated washing

mg/L RCC 50.00±10.54 2.79±0.90*** 0.08±0.03***

mg/unit 13.48±2.84 0.70±0.22*** 0.02±0.01***

washing efficacy (%) N/A 94.4 99.8

Albumin

Unit Pool Pathogen reduction Automated washing

g/L RCC 0.956±0.112 0.038±0.007*** 0.015±0.007***

g/unit 0.244±0.030 0.010±0.002*** 0.004±0.002***

washing efficacy (%) N/A 96.0 98.4

Data is presented as mean ± SD. IgA, No.=8; albumin, No.=12. Significant differences between pathogen reduction and 
automated washing are shown as *** p<0.001.
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Previous studies demonstrate PR-RBC quality similar 
to conventional RBCs, suggesting up to 35 days storage 
possibility7,19,20. Our results support these conclusions in 
vitro, even up to 42 days of storage.
The increased hemolysis, extracellular K+ and RMV count 
in our irradiated study arm (Figure 1E, F, I) suggest, 
consistent with previous literature, that the RBC 
membrane is severely damaged by irradiation25-28. No 
such damage was detected after PI.
Comparison of automated washing with ACP 215 to the 
centrifugal washing step incorporated in the PI process 
demonstrated a slightly more efficient plasma removal 
in automated-washed RCCs (Figures 2A-D). However, 
this efficacy comes with a price: more mechanical stress, 
resulting in faster post-wash increase of hemolysis, 
extracellular K+ and RMV count. This is expected, as 
mechanical stress is a well-known inducer of premature 
membrane deterioration29. European guidelines advocate 

total protein content <0.5 g/unit in washed RCCs24. We 
did not have access to total protein measurement, but 
used albumin as indirect indicator as, roughly, 50-60% 
of the total protein constitutes of albumin in healthy 
individuals30. As mean albumin was 0.010 g/unit in  
PR-RCCs, estimating 50% indicates a mean total protein 
content of 0.020 g/unit post-PR; 25 times below guidelines. 
No common European specifications exist for IgA, but 
when IgA reduction is the primary indication for washing, 
post-wash levels may still be necessary to monitor. The 
AABB stipulates <0.5 mg/L post-washing31. In our study, 
even though >94% reduction was achieved, none of the 
PR-RCCs met this criterion, whereas all automated-washed 
RCCs did. Such efficacy has not been reported in similar 
studies22,32. Low-volume RCCs and buffy coat removal are 
suggested favourable for low post-wash IgA levels32 and 
could potentially explain our results. The PI centrifugation 
protocol was not designed to remove IgA, but amustaline 

Figure 2 - A-B) Reduction of IgA in pathogen reduced and automated-washed red blood cell concentrates (RCC). Dotted line 
in B): AABB post-wash limit for IgA: 0.5 mg/L. C-D) Reduction of albumin in pathogen reduced and automated-washed RCCs. 
Dotted line in C): approximated post-wash limit for albumin (0.25 g/unit), estimated from 50% of EDQM limit 0.5 g/unit for 
total protein content. Values in A) and C) are displayed as mean ± standard deviation. Values in B) and D) are displayed as box-
plot diagrams with Tukey whiskers; + symbol marking mean. Significance levels: *** p<0.001. IgA, No.=8; albumin, No.=12.
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metabolites. Recently, a manual, double-centrifugation 
washing protocol reduced IgA more efficiently than ACP 
21522. Possibly, similar IgA reduction may be obtained by 
adjusting the PI centrifugation protocol or introducing a 
second cycle. However, introduction of further mechanical 
stress may also adversely impact the RBC membrane.
Despite almost identical membrane preservation and 
morphology throughout time, PR-RBCs differed to 
reference RBCs in metabolism. Elevated ATP levels, at 
the expense of premature 2,3-DPG depletion (Figure 1J, 
and N), are likely linked to the post-PI pH reduction33 
(Figure 1M); an outcome of the PI process, optimised for 
pH dependent anchoring/metabolization of amustaline6. 
The lower pH likely haltered glucose breakdown, thus 
explaining the slower lactate accumulation in PR-RCCs 
(Figure 1K-L). The initially lower glucose concentration 
could not be linked to any negative effects on the RBCs; 
additionally, the excess glucose after automated washing 
did not implicate overall better storage outcome. 
2,3-DPG is generally restored in the body within a few days 
post-transfusion34,35; however, the premature depletion 
(Figure 1N) may be of significance during trauma where 
reduced oxygen unloading capacity may be more critical 
due to the need for rapid/large-volume transfusions. This 
possible impact on oxygen delivery should be investigated 
further. 
Understanding the impact of the increased ATP availability 
post-PI is complex. The lower generation of RMVs in 
PR-RCCs may be related to the ATP concentration36; 
however, other ATP-driven mechanisms such as 
adjustment of extracellular K+ and RMV surface 
structures did not specifically favour PR-RCCs. 
Furthermore, irradiated RCCs, though containing 
equal ATP concentrations to PR and reference, diverged 
in percentage of RMV phosphatidylserine and CD47 
(Figure 1G-H). Possibly, as both irradiation and PI are 
known to instigate oxidative stress, the two treatments 
may differ in the generation of reactive oxygen species 
(ROS) and their quenching capacity. During PI, the ROS 
quencher GSH is added to limit the risk of neo-antigen 
formation on the RBC surface37. The impact of GSH 
addition on other surface structures, as well as on the 
RBC metabolism38,39, should be further explored. Overall, 
it might be informative to add assays for determination of 
markers of oxidative stress such as GSH, lipid peroxidation 

and total antioxidant capacity26,40 in a future follow-up 
study. 
The centrifugation protocol also potentially inf luences the 
RBC and RMV morphology, as RMV-CD47 expression 
differed between automated-washed RCCs and 
PR-RCCs in this study. Also, the notable post-irradiation 
decrease in RMV-phosphatidylserine contradicts 
our previous study where phosphatidylserine 
increased after irradiation17. The RMV supernatant 
centrifugation protocols varied between these 
studies. Possibly, RMV subpopulations exhibiting 
different surface characteristics are favoured 
differently by the centrifugation characteristics. 
Phosphatidylserine promotes phagocytosis whereas 
CD47 undergoes an age-related conformational change 
from anti-phagocytotic to pro-phagocytotic signalling 
in mature RBCs41. This could possibly explain the high 
initial presence of both as RMV surface ligands. The 
storage-dependent decrease has been previously 
demonstrated36. Its significance remains to be further 
explored. 
Study limitations include reduced sample size for IgA 
(No.=8), 2,3-DPG (No.=6) and CD47 (No.=4). Processing 
interventions involved timeline differences: PI was 
executed on d2 following the manufacturer’s specifications, 
whereas irradiation and automated washing was 
performed on d14 to simulate “worst-case scenario”; 
this must be considered when comparing washing 
efficacy/post-intervention storage lesion. Hemolysis and 
extracellular K+ concentrations increase more rapidly 
when the RBCs are exposed to stress elements during 
late storage, when the storage lesion effects are more 
prominent, than during early storage27. Therefore, we 
speculate that the differences in membrane preservation 
properties between the study arms would likely have been 
smaller if irradiation and washing had been executed 
at the same time as PI. Furthermore, this study was 
conducted using blood bags plasticized with DEHP. As 
Europe is standing on the verge of a plasticizer exchange 
of large impact16, development of a corresponding 
DEHP-free PI system and re-assessment of RBC quality 
post-PI both in vitro and in vivo in this new setting is 
essential. DEHP-free PI systems may also introduce 
the need to “upgrade” current AS such as SAGM or US 
equivalents AS-1/AS-5 to newer-generation AS as a 
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measure to mitigate hemolysis17,18,42-44. Obviously, a change 
of AS will require further validation, especially if alkali 
ASs are used, as the PI technique is pH sensitive. Finally, 
as ATP levels above approximately 2.5 µmol/g Hb correlate 
with >75% 24-hour survival in circulation45, this in vitro 
study is indicative of adequate post-transfusion in vivo 
survival of PR-RBCs throughout 42 days of storage, but 
it does not provide solid evidence, especially as elevated 
post-PI ATP levels are not necessarily linked to elevated in 
vivo survival20.
Taken together, our results suggest that RBCs treated 
with PI exhibit superior membrane preservation 
compared to both irradiated and automated-washed 
RCCs, proposing up to 42 days storage possibility. The 
metabolism is altered, but likely does not negatively 
impact the overall RBC quality, possibly with exception 
for 2,3-DPG. Consideration should be given to further 
development of the centrifugation protocol to optimise 
IgA reduction. 

Conclusions 
Pathogen reduced RCCs hold the potential to replace both 
washed and irradiated RCCs with a joint component, 
maintaining as long shelf-life as a conventional RCC. 
This could help reducing outdating rate and ensure the 
supply of secondary-processed RBC components. Such a 
replacement would be advantageous for both the blood 
supply and the patient safety.

Acknowledgements 
The Authors wish to acknowledge Dr. Johannes Irsch, 
Nina Mufti and Gianna Melucci Vigo, Cerus Corp. for 
their provision of training and expertise on the Intercept 
system. 

Funding
Cerus Corp. provided the Intercept Blood System.

Authors’ contributions
LL provided the research idea, study design, laboratory 
work, data analysis and manuscript composition; SO 
assisted on RBC laborations; TNA provided IgA analyses; 
EW, SL and PS provided technical and medical expertise 
and proof-reading; MU supervised the study. All Authors 
revised the manuscript.

The Authors declare no conf lict of interest.

REFERENCES
1.	 Mufti NA, Erickson AC, North AK, Hanson D, Sawyer L, Corash LM, 

et al. Treatment of whole blood (WB) and red blood cells (RBC) with 
S-303 inactivates pathogens and retains in vitro quality of stored RBC. 
Biologicals 2010; 38: 14-19. doi: 10.1016/j.biologicals.2009.10.019.

2.	 Sow C, Bouissou A, Girard YA, Singh GB, Bounaadja L, Payrat JM, et 
al. Robust inactivation of Plasmodium falciparum in red blood cell 
concentrates using amustaline and glutathione pathogen reduction. 
Transfusion 2022; 62: 1073-1083. doi: 10.1111/trf.16867.

3.	 Aubry M, Laughhunn A, Santa Maria F, Lanteri MC, Stassinopoulos A, 
Musso D. Pathogen inactivation of Dengue virus in red blood cells using 
amustaline and glutathione. Transfusion 2017; 57: 2888-2896. doi: 
10.1111/trf.14318.

4.	 Laughhunn A, Santa Maria F, Broult J, Lanteri MC, Stassinopoulos A, 
Musso D, et al. Amustaline (S-303) treatment inactivates high levels of 
Zika virus in red blood cell components. Transfusion 2017; 57: 779-789. 
doi: 10.1111/trf.13993.

5.	 Kleinman S, Stassinopoulos A. Risks associated with red blood 
cell transfusions: potential benefits from application of pathogen 
inactivation. Transfusion 2015; 55: 2983-3000. doi: 10.1111/trf.13259.

6.	 Henschler R, Seifried E, Mufti N. Development of the S-303 pathogen 
inactivation technology for red blood cell concentrates. Transfus Med 
Hemother 2011; 38: 33-42. doi: 10.1159/000324458.

7.	 Brixner V, Kiessling AH, Madlener K, Muller MM, Leibacher J, Dombos 
S, et al. Red blood cells treated with the amustaline (S-303) pathogen 
reduction system: a transfusion study in cardiac surgery. Transfusion 
2018; 58: 905-616. doi: 10.1111/trf.14528.

8.	 Prax M, Spindler-Raffel E, McDonald CP, Bearne J, Satake M, Kozakai M, 
et al. Establishment of transfusion-relevant bacteria reference strains 
for red blood cells. Vox Sang 2021; 116: 692-701. doi: 10.1111/vox.13057.

9.	 Moroff G, Luban NL. Prevention of transfusion-associated graft-versus-
host disease. Transfusion 1992; 32: 102-103. doi: 10.1046/j.1537-
2995.1992.32292180135.x.

10.	 Kopolovic I, Ostro J, Tsubota H, Lin Y, Cserti-Gazdewich CM, Messner HA, 
et al. A systematic review of transfusion-associated graft-versus-host 
disease. Blood 2015; 126: 406-414. doi: 10.1182/blood-2015-01-620872.

11.	 Hansen A, Yi QL, Acker JP. Quality of red blood cells washed using the ACP 
215 cell processor: assessment of optimal pre- and postwash storage 
times and conditions. Transfusion 2013; 53: 1772-1779. doi: 10.1111/
trf.12170.

12.	 Acker JP, Hansen AL, Yi QL, Sondi N, Cserti-Gazdewich C, Pendergrast 
J, et al. Introduction of a closed-system cell processor for red blood 
cell washing: postimplementation monitoring of safety and efficacy. 
Transfusion 2016; 56: 49-57. doi: 10.1111/trf.13341.

13.	 Ali A, Auvinen MK, Rautonen J. The aging population poses a global 
challenge for blood services. Transfusion 2010; 50: 584-588. doi: 
10.1111/j.1537-2995.2009.02490.x.

14.	 Greinacher A, Weitmann K, Lebsa A, Alpen U, Gloger D, Stangenberg 
W, et al. A population-based longitudinal study on the implications of 
demographics on future blood supply. Transfusion 2016; 56: 2986-2994. 
doi: 10.1111/trf.13814.

15.	 European Directorate for the Quality of Medicines & HealthCare 
[Internet]. Strasbourg:  Blood Supply Contingency and Emergency 
Plan (B-SCEP); c2022. Available from: https://www.edqm.eu/en/
blood-supply-contingency-and-emergency-plan-b-scep-. Accessed on 
13/02/2023.

16.	 Razatos A, Acker JP, de Korte D, Bégué S, Noorman F, Doyle B, et al. 
Survey of blood centre readiness regarding removal of DEHP from blood 
bag sets: the BEST Collaborative Study. Vox Sang 2022; 117: 796-802. doi: 
10.1111/vox.13258.

17.	 Larsson L, Ohlsson S, Derving J, Diedrich B, Sandgren P, Larsson S, et 
al. DEHT is a suitable plasticizer option for phthalate-free storage of 
irradiated red blood cells. Vox Sang 2022; 117: 193-200. doi: 10.1111/
vox.13177. 

18.	 Larsson L, Sandgren P, Ohlsson S, Derving J, Friis-Christensen T, Daggert 
F, et al. Non-phthalate plasticizer DEHT preserves adequate blood 
component quality during storage in PVC blood bags. Vox Sang 2021; 116: 
60-70. doi: 10.1111/vox.12982.

© SIM
TIP

RO Srl



139
Blood Transfus 2024; 22: 130-139  doi: 10.2450/BloodTransfus.479

Pathogen reduced red blood cells 

19.	 Cancelas JA, Dumont LJ, Rugg N, Szczepiorkowski ZM, Herschel L, Siegel 
A, et al. Stored red blood cell viability is maintained after treatment with 
a second-generation S-303 pathogen inactivation process. Transfusion 
2011; 51: 2367-2376. doi: 10.1111/j.1537-2995.2011.03163.x.

20.	 Cancelas JA, Gottschall JL, Rugg N, Graminske S, Schott MA, North 
A, et al. Red blood cell concentrates treated with the amustaline (S-
303) pathogen reduction system and stored for 35 days retain post-
transfusion viability: results of a two-centre study. Vox Sang 2017; 112: 
210-218. doi: 10.1111/vox.12500.

21.	 SweBA Swedish Blood Alliance [Internet]. Sweden: Handbok för 
blodverksamhet; 2015. Kapitel 4; [Blodkomponenter: framställning och 
användning]. Available at: https://transfusion.se/app/uploads/2020/04/
blodkomponenter-framstallning-och-anvandning.pdf. Accessed on 
13/02/2023. [in Swedish]

22.	 Proffitt S, Curnow E, Brown C, Bashir S, Cardigan R. Comparison of 
automated and manual methods for washing red blood cells. Transfusion 
2018; 58: 2208-2216. doi: 10.1111/trf.14781.

23.	 Larsson L, Larsson S, Derving J, Watz E, Uhlin M. A novel protocol for 
cryopreservation of paediatric red blood cell units allows increased 
availability of rare blood types. Vox Sang 2019; 114: 711-720. doi: 10.1111/
vox.12829.

24.	 European Directorate for the Quality of Medicines & HealthCare. Guide to 
the preparation, use and quality assurance of blood components. 21st ed. 
Strasbourg, France: Council of Europe Publishing; 2023. 

25.	 Moreira OC, Oliveira VH, Benedicto LB, Nogueira CM, Mignaco JA, Fontes 
CF, et al. Effects of gamma-irradiation on the membrane ATPases 
of human erythrocytes from transfusional blood concentrates. Ann 
Hematol 2008; 87: 113-119. doi: 10.1007/s00277-007-0378-3.

26.	 Antosik A, Czubak K, Gajek A, Marczak A, Glowacki R, Borowczyk K, 
et al. Influence of pre-storage irradiation on the oxidative stress 
markers, membrane integrity, size and shape of the cold stored 
red blood cells. Transfus Med Hemother 2015; 42: 140-148. doi: 
10.1159/000371596.

27.	 Serrano K, Chen D, Hansen AL, Levin E, Turner TR, Kurach JD, et al. The 
effect of timing of gamma-irradiation on hemolysis and potassium 
release in leukoreduced red cell concentrates stored in SAGM. Vox Sang 
2014; 106: 379-381. doi: 10.1111/vox.12112.

28.	 de Korte D, Thibault L, Handke W, Harm SK, Morrison A, Fitzpatrick A, et 
al. Timing of gamma irradiation and blood donor sex influences in vitro 
characteristics of red blood cells. Transfusion 2018; 58: 917-926. doi: 
10.1111/trf.14481.

29.	 Sowemimo-Coker SO. Red blood cell hemolysis during processing. 
Transfus Med Rev 2002; 16: 46-60. doi: 10.1053/tmrv.2002.29404.

30.	 Nader R. Tietz textbook of clinical chemistry and molecular diagnostics. 6th 
ed. St. Louis, Missouri: Elsevier; 2018.

31.	 Association for the Advancement of Blood & Biotherapies. Standards for 
blood banks and transfusion services. 33rd ed. Bethesda, MD: AABB, 2022.

32.	 Hansen AL, Turner TR, Kurach JD, Acker JP. Quality of red blood cells 
washed using a second wash sequence on an automated cell processor. 
Transfusion 2015; 55: 2415-2421. doi: 10.1111/trf.13166.

33.	 MacDonald R. Red cell 2,3-diphosphoglycerate and oxygen affinity. 
Anaesthesia 1977; 32: 544-53. doi: 10.1111/j.1365-2044.1977.tb10002.x.

34.	 Scott AV, Nagababu E, Johnson DJ, Kebaish KM, Lipsitz JA, Dwyer IM, 
et al. 2,3-diphosphoglycerate concentrations in autologous salvaged 
versus stored red blood cells and in surgical patients after transfusion. 
Anesth Analg 2016; 122: 616-623. doi: 10.1213/ANE.0000000000001071.

35.	 Young JA, Lichtman MA, Cohen J. Reduced red cell 2,3-diphosphoglycerate 
and adenosine triphosphate, hypophosphatemia, and increased 
hemoglobin-oxygen affinity after cardiac surgery. Circulation 1973; 47: 
1313-1318. doi: 10.1161/01.cir.47.6.1313.

36.	 Almizraq R, Tchir JD, Holovati JL, Acker JP. Storage of red blood cells 
affects membrane composition, microvesiculation, and in vitro quality. 
Transfusion 2013; 53: 2258-2267. doi: 10.1111/trf.12080.

37.	 Benjamin RJ, McCullough J, Mintz PD, Snyder E, Spotnitz WD, Rizzo RJ, 
et al. Therapeutic efficacy and safety of red blood cells treated with a 
chemical process (S-303) for pathogen inactivation: a Phase III clinical 
trial in cardiac surgery patients. Transfusion 2005; 45: 1739-1749. doi: 
10.1111/j.1537-2995.2005.00583.x.

38.	 Dumaswala UJ, Wilson MJ, Wu YL, Wykle J, Zhou L, Douglass LM. Glutathione 
loading prevents free radical injury in red blood cells after storage. Free 
Radic Res 2000; 33: 517-529. doi: 10.1080/10715760000301061.

39.	 Dumaswala UJ, Zhou L, Jacobsen DW, Jain K, Sukalski KA. Protein and 
lipid oxidation of banked human erythrocytes: role of glutathione. Free 
Radic Biol Med 1999; 27: 1041-1049. doi: 10.1016/s0891-5849(99)00149-5.

40.	 D’Alessandro A, Kriebardis AG, Rinalducci S, Antonelou MH, Hansen 
KC, Papassideri IS, et al. An update on red blood cell storage lesions, 
as gleaned through biochemistry and omics technologies. Transfusion 
2015; 55: 205-219. doi: 10.1111/trf.12804.

41.	 Burger P, Hilarius-Stokman P, de Korte D, van den Berg TK, van Bruggen 
R. CD47 functions as a molecular switch for erythrocyte phagocytosis. 
Blood 2012; 119: 5512-5521. doi: 10.1182/blood-2011-10-386805.

42.	 Graminske S, Puca K, Schmidt A, Brooks S, Boerner A, Heldke S, et al. In 
vitro evaluation of di(2-ethylhexyl)terephthalate-plasticized polyvinyl 
chloride blood bags for red blood cell storage in AS-1 and PAGGSM 
additive solutions. Transfusion 2018; 58: 1100-1107. doi: 10.1111/
trf.14583.

43.	 Lagerberg JW, Korsten H, van der Meer PF, de Korte D. Prevention of red 
cell storage lesion: a comparison of five different additive solutions. 
Blood Transfus 2017; 15: 456-462. doi: 10.2450/2017.0371-16

44.	 Lagerberg JW, Gouwerok E, Vlaar R, Go M, de Korte D. In vitro evaluation of 
the quality of blood products collected and stored in systems completely 
free of di(2-ethylhexyl)phthalate-plasticized materials. Transfusion 
2015; 55: 522-531. doi: 10.1111/trf.12870

45.	 Heaton WA. Evaluation of posttransfusion recovery and survival of 
transfused red cells. Transfus Med Rev 1992; 6: 153-169. doi: 10.1016/
s0887-7963(92)70166-7.

© SIM
TIP

RO Srl




