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Summary
Besides the current efforts devoted to microbial risk re-
duction, pathogen inactivation technologies promise re-
duction of the residual risk of known and emerging infec-
tious agents. A novel pathogen reduction process for 
platelets, the THERAFLEX UV-Platelets system, has been 
developed and is under clinical evaluation for its efficacy 
and safety. In addition, proof of principle has been shown 
for UVC treatment of plasma units. The pathogen reduc-
tion process is based on application of UVC light of a spe-
cific wavelength (254 nm) combined with intense agitation 
of the blood units to ensure a uniform treatment of all 
blood compartments. Due to the different absorption char-
acteristics of nucleic acids and proteins, UVC irradiation 
mainly affects the nucleic acid of pathogens and leuko-
cytes while proteins are largely preserved. UVC treatment 
significantly reduces the infectivity of platelet units con-
taminated by disease-causing viruses and bacteria. In ad-
dition, it inactivates residual white blood cells in the blood 
components while preserving platelet function and coagu-
lation factors. Since no photoactive compound needs to 
be added to the blood units, photoreagent-related adverse 
events are excluded. Because of its simple and rapid pro-
cedure without the need to change the established blood 
component preparation procedures, UVC-based pathogen 
inactivation could easily be implemented in existing blood 
banking procedures.

Schlüsselwörter
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Zusammenfassung
Obwohl die Infektionssicherheit in der Transfusionsmedi-
zin einen sehr hohen Standard erreicht hat, bilden be-
kannte Erreger, die in den Screening-Tests nicht erfasst 
werden, sowie unbekannte Erreger eine Sicherheitslücke, 
die durch die Pathogenreduktion von Blutprodukten ge-
schlossen werden könnte. Die THERAFLEX-UV-Platelets-
Technologie stellt ein neu entwickeltes Verfahren zur 
 Pathogenreduktion von Thrombozytenkonzentraten dar. 
Es gibt bereits auch erste Ansätze zur UVC-Behandlung 
von therapeutischem Plasma. Das Verfahren basiert auf 
der Applikation von kurzwelligem ultraviolettem Licht 
(UVC) einer bestimmten Wellenlänge (254 nm). Erfolgskri-
tisch ist eine gleichförmige Behandlung aller Blutbestand-
teile innerhalb eines Beutels. Sie wird dadurch erreicht, 
dass die Blutbeutel während des Bestrahlungsvorganges 
für eine optimale Durchmischung stark geschüttelt  werden 
und dabei die Schichtdicke zeitlich und räumlich variiert. 
Über eine UVC-vermittelte kovalente Vernetzung von Nuk-
leotiden in den Nukleinsäuren kommt es zu einem Verlust 
der Replikationsfähigkeit von Pathogenen und kernhal-
tigen Blutzellen. Aufgrund der unterschiedlichen Absorp-
tionsmaxima von Nukleinsäuren und Proteinen werden 
gezielt nur die Nukleinsäuren degradiert, so dass Viren 
und Bakterien und auch Leukozyten inaktiviert werden, 
während die Funktion der Thrombozyten und die Gerin-
nungsfaktoren erhalten bleiben. Da für die Pathogen redu-
zierende Wirkung von UVC keine photoaktiven Substan-
zen benötigt werden, sind Nebenwirkungen durch Photo-
produkte ausgeschlossen. Aufgrund seiner Einfachheit 
und schnellen Durchführbarkeit lässt sich das UVC-Patho-
genreduktionsverfahren leicht in die bestehenden Herstel-
lungsprozesse einer Blutbank integrieren.

http://dx.doi.org/10.1159%2F000323845
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necessary to increase the penetration depth of the UVC light; 
however, this would cause damage of the proteins and cells in 
the blood components.

The active principle used in the THERAFLEX UV-Plate-
lets procedure overcomes this quenching problem by combin-
ing UVC irradiation with a strong agitation of the blood bags 
[4, 6]. Agitation leads to a mixing in the blood bag so that the 
particles comprising the fluid are transported through the thin 
photoreactive layer proximate to the surface of the fluid. It is 
essential for the efficiency of the THERAFLEX UV-Platelets 
procedure that the blood bags are loosely placed during agita-
tion. In contrast to fixation of blood bags between two quartz 
plates, the loose placement of the bag allows for an increased 
mixing rate and wave movement of the bags during agitation. 
The wave movement causes the formation of areas of layers 
within the blood unit that become thin enough to be UVC 
permeable (fig. 1A). Both effects, vigorous and constant mix-
ing and formation of thin layers, may ensure that the entire 
volume of the blood unit is sufficiently penetrated by UVC 
light. Experimental data showed that UVC-mediated inac-
tivation of pathogens in unfixed blood bags was agitation 
speed-dependent and had its maximal efficacy at 100 rotations 
per minute (rpm) or higher (fig. 1B).

These data suggest that the biological effect of UVC on 
pathogens inside a blood bag is not simply based on the nomi-
nal UVC dose applied but strongly depends on the specific 
exposure conditions such as the placement, geometry and agi-
tation speed of the treated blood bag. Other parameters such 
as the cell concentration and the protein content of the irra-
diated fluid have a great influence on pathogen inactivation 
efficiency as they critically determine the UVC transparency 
of the solution to be treated [12]. Thus, only standardized  
and optimized conditions as realized with the THERAFLEX 
 UV-Platelets procedure and equipment guarantee efficient 
and reproducible results (table 1). 

Mechanism of Action
Short-wave UVC light (wavelength range 200–280 nm) inacti-
vates pathogens mainly by its direct interaction with nucleic 
acids. This results predominantly in formation of cyclobutane 
pyrimidine and pyrimidine pyrimidone dimers, which block 
the elongation of nucleic acid transcripts (fig. 2) [13, 14]. Most 
of the photoproducts are produced between adjacent pyri-
midines. In addition, lesions are generated involving bases 
 located on different DNA strands. Exposure of cells to UVC 
triggers a global response, which can either counteract the del-
eterious effects by enabling DNA repair or lead to apoptosis 
[15, 16]. If the number of hits at viral, bacterial or cellular 
DNA or RNA exceeds the repair capacity, cells will die or host 
cells will be unable to allow replication of the respective virus. 
The problem of treating blood units with UVC is that cells and 
proteins or other active substances can also be damaged by the 
ray treatment. There is, however, physically a dose range in 
which pathogens can be killed without the biologically active 

Introduction

Improvements in donor screening, good manufacturing prac-
tices and viral marker testing have significantly reduced the in-
cidence of transfusion-transmitted infections. However, the 
blood supply remains under threat from known pathogens 
which are not assayed in conventional blood screening proto-
cols, from low-titer viruses that escape detection during the win-
dow phase of infection, and from novel emerging trans fusion-
transmissible diseases [1]. A number of different techniques re-
ducing the biological activities of pathogens in blood products 
have been developed. Current methods use photosensitizers or 
photoreagents such as methlyene blue, amotosalen or riboflavin 
followed by irradiation with visible or ultraviolet (UV) light [2]. 
However, photochemicals or their photoproducts may raise the 
risk of adverse effects such as immune reactions or toxicity. 
Even after passing through phase III trials, toxicity might not be 
revealed until large-scale exposure is seen [3]. 

Recently, a new method for pathogen reduction in blood 
units was introduced which is solely based on UVC without 
the use of any photoactive substance [4–6]. This technology, 
called THERAFLEX UV-Platelets system, was developed by 
the Research Foundation of the German Red Cross Blood 
Services (Forschungsgemeinschaft der DRK-Blutspende-
dienste e.V.) in cooperation with MacoPharma International 
GmbH to be used for the inactivation of pathogens and leuko-
cytes in human platelet concentrates. Beside the INTERCEPT 
(Cerus Corporation, Concord, CA, USA) and the  MIRASOL 
(CaridianBCT Biotechnologies, Lakewood, CO, USA) sys-
tems, UVC treatment is the third technology for pathogen 
 reduction of blood units. This review aims to summarize the 
current status of development of the UVC system. The princi-
ple and the mechanism, the toxicological profile and the patho-
gen inactivation capacity of this technology will be addressed.

Principle and Mechanism of the Technology

Active Principle
It has long been known that UVC is virucidal and microbio-
cidal [7, 8]. A long well established method of UVC irradia-
tion of liquids is used for the treatment of drinking water and 
waste water. These systems are based on the simple concept 
of placing an UV lamp centrally in a tube and guiding the liq-
uid to be irradiated past this lamp. However, this method is 
only effective if the liquid is clear or the irradiation dose can 
be adjusted. UVC has also been employed to sterilize plasma 
and plasma derivates [9–11]. It is, however, strongly quenched 
in turbid or protein-containing solutions. To overcome this 
problem, blood components must be passed through special 
devices (e.g. rotating irradiation chambers) to realize homo-
geneous irradiation by UVC. This is not feasible with single 
blood units under routine production conditions. A higher 
 radiation dose or, more correctly, a higher intensity would be 
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as for platelet concentrates [4, 6], only the system for patho-
gen reduction of platelets has so far been systematically eva-
luated in preclinical and clinical investigations [17, 18]. The 
THERAFLEX UV-Platelets process is a simple three-step 
procedure in which whole blood-derived or apheresis plate-
lets suspended in plasma with additive solution SSP+ (Maco-
Pharma, Tourcoing, France; reference or identical with 
 PAS-IIIM) are first transferred into a UVC-permeable 19 × 
38 cm illumination bag. Then, treatment of platelets with 
UVC is performed 30 min to 24 h after preparation with a UV 
irradiation device (Macotronic; MacoPharma), whereby illu-
mination of the platelet concentrates is from both sides and 
the bags are loosely placed on a quartz plate and agitated at 
110 rpm with a built-in orbital agitator. The irradiation bag is 
fixed at its edges by two holders in order to avoid movement 
of the bag out of the irradiation area while still allowing free 
movement of the bag walls and the solution inside the bag. An 
irradiation time of less than 1 min (usually 20–30 s) is equiva-
lent to the desired biologically active UVC dose. The nominal 
UVC dose applied to the blood bag depends on the UVC per-

components being damaged. As illustrated in figure 3, the 
damage to pathogens and to proteins depends on the wave-
length of UV radiation. At a wavelength of 254 nm, the vi-
ruses, bacteria and parasites are damaged more severely than 
the proteins. The THERAFLEX UV-Platelets procedure ex-
ploits these differences to selectively inactivate pathogens.

THERAFLEX UV-Platelets Procedure
Although the proof of principle of UVC treatment of blood 
units at a clinical scale has been provided for plasma as well  

Table 1. Specifications of the THERAFLEX UV-Platelets procedure

Parameters Specification

Volume of the platelet concentrate 350 ml (325–375 ml)
Platelet concentration 0.8–1.2 × 109/ml
Plasma content 35 ± 5%
Ratio plasma : SSP+ 30:70 to 40:60
UVC dose 0.2 J/cm2

A. 

B. 

Quartz plate 
no agitation or agitation of a fixed bag  agitation without fixation 

Platelet 
bag 

Fig. 1. Impact of 
agitation and bag 
placement on UVC-
mediated pathogen 
inactivation. A Sche-
matic representation 
of the impact of the 
experimental setup 
on UVC pathogen 
inactivation potential. 
In contrast to fixed 
and/or non-agitated 
platelet concentrates, 
agitation of loosely 
placed platelet con-
centrate bags leads 
to the formation of 
areas with thin layers 
and to effective mix-
ing, thus providing 
sufficient penetration 
of UVC light. B Inac-
tivation of S. epider-
midis by UVC light. 
Inactivation kinetics 
depend on bag place-
ment and agitation 
speed. • No bacteria 
detectable by colony-
forming assay. 
*Significant differ-
ences to controls 
were detected at a  
p value of less than 
0.05 (paired t-test).
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 riboflavin (vitamin B2) followed by UV irradiation [20]. Photo-
chemicals or their photoproducts may raise the risk of adverse 
effects such as immune reactions, toxicity or even carcinogenic-
ity. Although these adverse effects are estimated to be rather 
low [21, 22], it has to be taken into account that studies on 
pharmacokinetics and side effects for all possible minor photo-
products are difficult to perform. In addition, such studies are 
limited in assessing the safety margin of a chemical substance 
that is bound to or incorporated by cells when transfused into a 
patient. Moreover, only long-term studies will be able to deter-
mine the risk, particularly of carcinogenesis, of these photo-
products. In contrast, a pathogen reduction procedure without 
the need of addition and/or removal of any photoactive reagent 
would exclude photoreagent-related adverse events. UVC 
 irradiation works without the addition of a photoactive sub-
stance or additional new impurities so that conventional ap-
proaches to toxicity testing as established for pharmaceuticals 
are not appropriate for UVC-irradiated human blood units 
using the THERAFLEX UV-Platelets system.

Although the wavelength of 254 nm used for treatment of 
blood units is outside the absorption maximum of proteins, 
UVC light may induce alterations of platelet and plasma pro-
teins. Therefore, preclinical investigations performed with 
UVC-irradiated platelet concentrates focused on the main 
safety-relevant end points tolerability and immunogenicity in 

meability of the plastic material of the illumination bag and is 
set to 0.2 J/cm2 in the latest version of the system. To avoid 
any handling problems that may occur in blood banks and 
clinics due to the larger size of the irradiation bag, after illu-
mination the platelets are transferred into a storage container 
and are ready for transfusion with no further processing. The 
THERAFLEX UV-Platelets procedure and its current spe-
cifications are shown in figure 4 and table 1, respectively. 

Procedure for UVC-Irradiated Plasma
The procedure for UVC irradiation of plasma units has not 
been fully validated so far. Conditions similar to those used in 
the THERAFLEX-UV-Platelets system were applied in the 
preliminary experiments [5]. In vitro data suggest that a UVC 
dose of 1 J/cm2 might be appropriate to effectively inactivate 
pathogens and to obtain a sufficient quality of the coagulation 
factors. 

Studies and Current Knowledge about Toxicity

Tolerability
Current clinically approved methods of pathogen reduction in 
platelet concentrates depend on the addition of photoactive 
reagents such as amotosalen, a psoralen compound [19], or 

Fig. 2. Mechanism of 
action of UVC light. 
The pathogen inac-
tivation by UVC is 
predominantly based 
on UV absorption by 
nucleic acids (DNA 
and RNA). That 
in turn causes the 
formation of cyclobu-
tane pyrimidine and 
pyrimidine pyrimi-
done dimers, which 
block the elongation 
of nucleic acid tran-
scripts. Most of the 
dimers are formed 
between adjacent 
 pyrimidines.
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Fig. 3. Schematic drawing of the degree of 
damage to pathogens (viruses, bacteria, para-
sites), leukocytes and proteins by UV irradia-
tion with different wavelengths. The wave-
length ranges of UVB and UVC as well as the 
specific wavelength of 254 nm used in the 
 Theraflex procedure for pathogen reduction in 
platelet and plasma units are indicated.

 

SCD 
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1 
Production 

 
3 

Storage 
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UVC irradiation 

Fig. 4. THERAFLEX UV-Platelets procedure. 
The THERAFLEX system consists of a UVC 
illumination device (Macotronic; MacoPhar-
ma) and an integral disposable set. The dispos-
able set comprises a plastic illumination bag 
and a storage bag and provides a single-use, 
closed, integrated system for pathogen reduc-
tion of a platelet unit. The processing steps are 
described under the section ‘Principle and 
Mechanism of the Technology’. 
SCD = sterile connection device.
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3 months at –30 °C or less [5]. While the UVC treatment of 
plasma units is still under development, the treatment-asso-
ciated losses of factor activities seem to be similar to those 
found for more established pathogen inactivation procedures 
already in use for fresh plasma [25–28]. 

UVC-treated platelets are characterized by a slightly 
higher metabolic activity (glucose consumption and lactate 
accumulation) compared to untreated controls. In addition, 
increased values for parameters such as CD62 expression, 
Annexin V binding and PAC-1 binding indicate a moderate 
activation of UVC-treated platelets. The most UVC-sensitive 
in vitro parameter was identified to be the hypotonic shock 
reaction (HSR) showing a decrease of 20–30% immediately 
after UVC irradiation. However, HSR recovers partly during 
storage of UVC-treated platelets. Thus, in vitro parameters 
suggest that UVC treatment only moderately influences the 
functionality of the platelets. Table 2 gives an overview of the 
quality control data of buffy coat-derived platelet concen-
trates during storage until day 6 after irradiation. 

In vitro quality data of UVC-irradiated platelets are com-
parable with the quality reported for other pathogen-inac-

recipients. A Beagle animal model suitable to predict human 
response to platelet transfusion was used for the safety phar-
macology investigation [23, 24]. Like in the human system, in 
vitro changes in the metabolic activity and in the platelet pro-
teome occurred after UVC treatment of canine platelet con-
centrates. However, physical and laboratory investigations did 
not reveal any signs of local or systemic intolerance in the ani-
mals after multiple transfusions of UVC-irradiated canine 
platelet concentrates [17]. There were no obvious signs of 
 activation of the immune system in the recipient dogs like 
 increase in the number of white blood cells and changes in the 
lymphocytes subset or swelling of the lymph nodes. 

In vitro Quality
The in vitro quality of plasma proteins and platelets is moder-
ately influenced by UVC treatment. At 1 J/cm2 UVC the ac-
tivities of the clotting factors tested in general were reduced 
by approximately 10–20% compared to untreated plasma. 
More sensitive was clotting factor XI whose activity was 
 lowered by approximately 23%. No further reductions were 
determined after storage of UVC-treated fresh plasma for  

Parameter Days after UVC irradiation

Day 1 Day 4 Day 6

control PC PC-UVC control PC PC-UVC control PC PC-UVC

PLT concentration × 109/ml 1.19 ± 0.07 1.15 ± 0.04 1.15 ± 0.03 1.13 ± 0.04 1.13 ± 0.04 1.11 ± 0.05
Swirling OK OK OK OK OK OK
pH 7.17 ± 0.03 7.15 ± 0.05 7.34 ± 0.07 7.31 ± 0.08 7.34 ± 0.06 7.21 ± 0.04
Glucose, mmol/l 5.9 ± 0.5 5.9 ± 0.5 4.4 ± 0.4 4.1 ± 0.6 3.4 ± 0.6 2.6 ± 0.8†
Lactate, mmol/l 8.5 ± 1.2 8.5 ± 1.0 10.8 ± 0.6 11.6 ± 1.1 12.6 ± 0.8 14.1 ± 1.3
Hypotonic shock response, % 79 ± 3 68 ± 8 62 ± 0 56 ± 7 57 ± 3 51 ± 1
Collagen-induced aggregation, %  

10 μg/ml collagen
93 ± 4 93 ± 3 88 ± 4 89 ± 6 68 ± 12 77 ± 9

Collagen-induced aggregation, %  
2 μg/ml collagen

33 ± 14 59 ± 7† 23 ± 14 34 ± 12 7 ± 2 16 ± 7

CD62, % 44 ± 13 49 ± 3 38 ± 10 44 ± 2 47 ± 4 53 ± 4†
Annexin V, % 4 ± 1 3 ± 1 6 ± 2 6 ± 2 7 ± 2 9 ± 2
PAC-1 binding, Geo mean 571 ± 127 727 ± 169† 412 ± 115 488 ± 128† 530 ± 193 610 ± 220

†Significant at p < 0.05 (paired t-test).

Table 2. Quality 
control data for 
untreated control 
platelet concentrates 
(PCs) and UVC-
treated PCs 

Verhaar et al.[40] THERAFLEX

Agitation [r.p.m] 50 110
Vessel 5 ml in open petri dish 

(84 mm in diameter)
350 ± 25 ml in a blood bag  
(ethylene vinyl acetate)

UVC treatment
Irradiation from one side from two sides
Dose, J/cm2 0 to 0.15 0.2
Intensity, mW/cm2 0.5 7 to 8
Irradiation time, s 300 20–30

Platelet concentration, cells/ml 5 × 107 1 × 109

Plasma content, % not clearly indicated, in most cases 0 ~35

Table 3. Irradiation 
conditions described 
by Verhaar et al. [40]  
completely differ from 
those used by the 
THERAFLEX UV-
Platelets procedure
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Fig. 5. UVC light- 
induced reduction of 
disulfide bonds on the 
platelet surface. A 
The amount of free 
thiol groups on the 
platelet surface was 
measured by the help 
of maleimide which 
has a high binding af-
finity to free thiol 
groups. Platelets were 
either left untreated, 
irradiated with in-
creasing doses of 
UVC light or treated 
with dithiothreitol 
(DTT) as positive 
control and then incu-
bated with maleimide 
coupled to the fluo-
rescent dye Alexa633 
to label free thiol 
groups. Binding of the 
probe was assessed by 
flow cytometry. Data 
represent the mean of 
4 experiments. B To 
investigate the effect 
on αIIbβ3 specifically, 
platelets were incu-
bated with BMCC to 
biotinylate free thiol 
groups after the vari-
ous treatments. Bioti-
nylated proteins were 
then precipitated with 
streptavidin agarose 
beads. The graph de-
picts the binding of 
the β3 antibody to the 
immunoblots of the 
precipitates as quanti-
fied on an imaging 
system and calculated 
as percentage of the 
results of the positive 
control set as 100%. 
Data represent the 
mean of 4 experi-
ments. Arrows indi-
cate the dose of 0.2  
J/cm2 as used in the 
THERAFLEX UV-
Platelets system. 
*Significant differences between negative controls and irradiated samples were detected at a p value of less than 0.05 (paired t-test).

HSR or lactate with in vivo functionality of platelets are vari-
able [35, 37–39]. Thus, clinical studies will be necessary to 
 determine the functionality and clinical efficacy of UVC-
treated platelets. Preliminary results of a radiolabeling study 
in healthy donors suggest a reduction in recovery and survival 

tivated products [29–33]. The relationship between platelet 
activation in platelet concentrates during storage and platelet 
function after transfusion and the effect with regard to post-
transfusion recovery and survival in recipients is controversial 
[34–36]. Results on the correlation of other parameters like 
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biotin after the various treatments, and biotinylated proteins 
were then precipitated with streptavidin agarose. As shown  
in figure 5B, after UVC irradiation αIIbβ3 appeared to be 
 labeled with biotin, indicating an increase in free thiol groups 
by disruption of disulfide bonds in the fibrinogen receptor. 
This increase showed similar dose dependence as the increase 
in total free thiol groups on the membrane surface. Again, 
there was only a moderate increase of free thiol groups on 
platelets after irradiation with the UVC dose used in the 
THERAFLEX UV-Platelets system. The laboratory findings 
observed in UVC-treated platelets are similar to those de-
tected in platelets after UVB irradiation. In contrast to UVC-
treated platelet units which are intended to be irradiated just 
after preparation and then be stored until transfusion, UVB 
irradiation of platelets was always performed shortly before 
transfusion. Van Marwijk and colleagues [41] observed that 
irradiation of platelets with UVB light results in exposure of 
fibrinogen binding sites and subsequent platelet aggregation. 
Another group found an increase in the expression of activa-
tion in platelets over time and a reduced post-transfusion re-
covery of UVB-treated platelets in a dose-dependent manner 
[42]. However, in the Trial to Reduce Alloimmunization to 
Platelets (TRAP) [43], in which UVB-irradiated platelets 
were compared with leukocyte-reduced platelets in their abil-
ity to prevent alloimmunization and refractoriness to platelet 
transfusions, it was found that UVB irradiation did not dimin-
ish the clinical efficacy of platelet transfusions. The experi-
ences with UVB-treated platelet concentrates demonstrate 
that it is not possible to predict the in vivo function of  
UV-treated platelets from laboratory findings. Therefore, 
 future studies in thrombocytopenic patients will have to show 
whether UVC-treated platelets are clinically effective in 
maintaining hemostasis. 

For a more comprehensive analysis of the impact of UVC 
on platelet integrity, a proteome study was conducted on the 
cytosolic proteins [6]. In a pilot study, platelet samples from 
untreated and UVC-, UVB- or gamma-irradiated human 
platelet concentrates were analyzed 1 day after treatment. 
 Cytosolic proteins were labeled with different dyes and sepa-
rated according to their charges by isoelectric focusing and to 
their sizes in the same polyacrylamide gels in a two-dimen-
sional differential in gel electrophoresis (2D-DIGE) to quan-
titatively assess and characterize changes in the cytosolic 
platelet proteome induced by the different treatments. The 
quantitative proteomic study indicated that UVC irradiation 
shows less effect on the platelet proteome than UVB irradia-
tion and gamma irradiation. Analysis revealed a common set 
of 92 (out of 793) protein spots affected by all three types of 
irradiation, whereby specific alterations were most pro-
nounced for gamma irradiation (45 spots), followed by UVB 
(11 spots) and UVC (only 2 spots). Platelet proteome studies 
are under way that consider also membrane proteins and are 
designed to monitor protein alterations in UVC- and gamma-
irradiated platelet concentrates during storage. 

of autologous UVC-treated platelets, which is in the same 
range as has been reported for INTERCEPT and MIRASOL 
platelets [18]. 

Proteome
UVC-induced protein alterations in platelets may be expected 
for membrane as well as for cytoplasmatic proteins. In a re-
cent biochemical study by Verhaar et al. [40], it was reported 
that UVC irradiation exerts a direct effect on αIIbβ3 (and 
other integrins) by modifying extracellular disulfide bonds 
regulating integrin conformation. This direct activation of 
platelet αIIbβ3, the fibrinogen receptor, may result in aggre-
gation of stored platelets and influence the hemostatic func-
tion of the platelets. It was hypothesized that UVC irradiation 
gives platelets a ‘sunburn’ which may limit its application for 
pathogen inactivation of blood products. Indeed, disruption 
of disulfide bonds of αIIbβ3 by UVC may be responsible for 
the increased aggregability and PAC-1 binding detectable in 
UVC-treated platelets. However, the conditions in the study 
by Verhaar et al. [40], including plasma content, platelet con-
centration, intensity and time for UVC delivery, type of irra-
diation vessel and agitation, were completely different from 
those used in the THERAFLEX UV-Platelets irradiation 
procedure (table 3). As already mentioned above, the treat-
ment conditions have significant influence on the biological 
effects of UVC and, thus, on the quality of the product. Al-
though the difference in parameters between the UVC irradi-
ation procedure by Verhaar et al. [40] and the THERAFLEX 
UV-Platelets system makes it difficult to compare the effec-
tive doses, pathogen inactivation data previously published by 
the same Dutch group strongly suggest that the UVC dose 
used in the biochemical study was significantly higher than 
that used in the THERAFLEX UV-Platelets system [12]. Re-
markably, for analysis of the disulfide bonds Verhaar et al. 
[40] washed the platelets before UVC irradiation to remove 
the plasma although in their previous study [12] they had 
identified a plasma content of at least 10% to be critical for 
their system to achieve good pathogen inactivation in combi-
nation with good quality. Thus, one would expect that the 
Theraflex UV procedure using a lower biologically effective 
UVC dose activates only a minor part of all the αIIbβ3
complexes on the platelet surface. 

To test this, we applied the same biological methods as 
Verhaar et al. [40] to platelets treated with the THERAFLEX 
system. The amount of free thiol groups on the platelet sur-
face was measured by the help of maleimide which has a high 
binding affinity to free thiol groups. UVC irradiation caused a 
dose-dependent increase in free thiol groups on the surface of 
the platelets, as measured by a fluorescent probe coupled to 
maleimide (fig. 5A). However, the amount of free thiol 
groups on platelets was only slightly increased at the standard 
UVC dose of 0.2 J/cm2 used in the THERAFLEX UV-Plate-
lets procedure. To investigate the effect on αIIbβ3 specifi-
cally, free thiol groups were labeled with maleimide-coupled 
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Efficiency of Pathogen Reduction

Bacteria
Investigations on bacteria inactivation in platelet concentrates 
by UVC included a set of bacteria species with different prop-
erties, e.g. Gram-positive and Gram-negative species, aerobes 
and anaerobes, and spore-forming species. Furthermore, spe-
cies were chosen that had been associated with transfusion-
transmitted bacterial infections: Staphylococcus epidermidis, 
and Klebsiella pneumoniae [47, 48]. The UVC procedure was 
shown to efficiently inactivate the different strains by at least 
4 log steps (table 4) [6]. Taking into account the normally very 
low bacterial titers in contaminated platelet concentrates at 
the beginning of storage (<1 CFU/ml), reduction rates of >4 
log steps may adequately ensure bacterial inactivation [49]. 

Depending on the respective national guidelines, platelet 
concentrates can be stored for 4–7 days after preparation before 
their transfusion. Because the storage conditions of platelet 
units (at room temperature under continuous agitation) favor 
the growth of certain bacteria, residual bacteria might grow up 
again to high titers during subsequent storage, if the pathogen 
reduction process was incomplete. As pathogen inactivation is 
only feasible at the manufacturer’s site, a method for routine 
application should be able to prevent bacterial growth during 
the storage period. We therefore conducted a study to investi-
gate the sterility of platelet products after UVC treatment and 
storage for 5–7 days [4]. After spiking with 10–100 CFU/ml, 
THERAFLEX UV-Platelets treatment was sufficient to sterilize 
platelet concentrates spiked with a variety of different bacteria 
strains like Clostridium perfringens, Enterobacter cloacae, Es-
cherichia coli, K. pneumoniae, Propionibacterium acnes, Pseu-
domonas aeruginosa or S. epidermidis. For the spore forming 
bacterium Bacillus cereus the procedure seems to have only lim-
ited efficiency. Further experiments will have to show whether 
these results were due to a contamination of the bacteria prepa-
ration with spores known to be significantly less susceptible to 
UVC than vegetative bacteria [50]. Other pathogen reduction 
procedures like the INTERCEPT system have also been shown 
to be incapable of ensuring complete inactivation of B. cereus 

Studies and Current Knowledge about Neoantigens

In addition to the risks described, another type of toxicologi-
cal effect is the elicitation of an immune response to the 
UVC-treated platelet product. UVC may induce modification 
of macromolecules on the platelet surface so as to create a 
new antigen (neoantigen) that may be detected as foreign by 
the immune system of the platelet recipient. Similar to the 
situation in patients alloimmunized against platelet antigens 
(e.g. HLA, HPA), immune response to UVC-induced neoan-
tigens could result in the formation of antibodies that can 
bind to the altered platelets and cause them to be cleared 
from the circulation. Until now, such an immune response has 
not been reported for MIRASOL or INTERCEPT platelets, 
for which UV-induced alterations may also be expected. Ac-
cordingly, in an animal study we could not detect UVC- 
induced antibodies against plasma or platelet proteins even 
after repetitive transfusions of UVC-treated platelets, sug-
gesting that potential alterations in UVC-treated platelets are 
not highly immunogenic [17]. Clinical studies with pathogen-
reduced red blood cells showed that the use of chemical com-
ponents can result in the formation of antibodies to chemical-
dependent neoantigens. Phase III trials in which PEN110, a 
low molecular weight, cationic ethyleneimide derivative, was 
used for pathogen reduction of red blood cells, were sus-
pended after patients with an antibody response to PEN110-
treated red blood cells had been identified [44]. A similar im-
munologic problem has been observed with red blood cells 
treated with the alkylator S-303 [45]. Modification in the 
S-303 process could reduce but not eliminate this problem 
[46]. These data suggest that the use of chemical compounds 
increases the risk for antibody-mediated immune reactions 
against pathogen-reduced blood cells. The THERAFLEX 
UV-Platelets procedure, however, has the advantage that it 
does not need any ingredients to develop its full efficiency. 
Nevertheless, it will be an important issue in future clinical 
studies to determine the potential immunogenicity of UVC-
treated platelets. 

Species Aerobic/ anaerobic Gram stain Spore former Reduction factor (log)

Bacillus cereus aerobic + + 4.3 ± 0.81
Clostridium perfringens anaerobic + + ≥4.73
Escherichia coli fac. anaerobic – – ≥4.01
Enterobacter cloacae fac. anaerobic – – ≥4.29
Klebsiella pneumoniae fac. anaerobic – – 4.8 ± 0.28
Pseudomonas aeruginosa aerobic – – ≥4.92
Propionibacterium acnes anaerobic + – 4.53 ± 1.13
Serratia marcescens fac. anaerobic – – ≥4.99
Staphylococcus aureus aerobic + – ≥4.78
Staphylococcus epidermidis aerobic + – 4.83 ± 0.51

fac. = Facultative.

Table 4. Inactivation 
factors of different 
bacteria in platelet 
concentrates after 
THERAFEX UV-
Platelets treatment 
(N = 6) 
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pathogens are currently non-endemic in Germany, a certain 
transfusion risk remains, e.g. by traveling of donors into en-
demic areas. Currently, the risk of transmission is minimized by 
exclusion of donors at risk [58, 59]. Preliminary results suggest 
that UVC treatment has the potential to inactivate Leishmania 
infantum and Trypanosoma cruzi [60]. Future studies will have 
to confirm that UVC treatment of platelet concentrates adds to 
the safety of blood products with respect to parasites. 

Leukocytes
Residual leukocytes remaining in the product after leukodeple-
tion may give rise to various pathological effects in recipients. 
Apart from the release of a variety of cytokines into the prod-
uct, the most serious effect of residual leucocytes is the graft-
versus-host disease (GvHD) in immunocompromised patients. 
We performed a series of in vitro experiments to investigate the 
capacity of UVC to inactivate lymphocytes in platelet concen-
trates. In mixed lymphocyte cultures, the proliferative responses 
of alloreactive T cells was inhibited already at low UVC doses. 
T lymphocytes isolated from UVC-treated platelet concentrates 
showed clearly reduced proliferative responses after stimulation 
by the mitogens concanavalin A and phytohemagglutinin. Pre-
liminary investigations showed that the viability of contaminat-
ing mononuclear cells (MNCs) was lost throughout the storage 
period of the platelet concentrates [61]. All these data suggest 
that residual MNCs in platelet concentrates are effectively inac-
tivated by UVC treatment and that there is a potential for this 
method to replace gamma-irradiation as state-of-the-art treat-
ment to avoid transfusion-associated GvHD. However, further 
investigations are currently under way to confirm these results 
and to quantify the leukocyte inactivation capacity of the 
THERAFLEX UV-Platelets system. 

Current State of Accreditation in Europe

The irradiation device (Macotronic UV) and the plastic bag 
system of the THERAFEX UV-Platelets system have been 
CE-marked in 2009. After successful completion of two phase 
I safety and tolerability studies, approval by the authorities 
for a phase III clinical trial is expected.
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[51]. Overall, the UVC procedure is a suitable method for effi-
cient and reproducible inactivation of bacterially contaminated 
platelet concentrates. Given the fact that up to 0.6% of platelet 
units from routine production might be bacterially contami-
nated, the UVC treatment has the potential to significantly 
 contribute to bacterial safety of platelet concentrates [52]. 

Viruses
The efficacy of virus reduction in platelet concentrates was 
demonstrated using different transfusion-relevant viruses as 
well as model viruses for common transfusion-relevant viruses. 
Viruses were chosen in accordance with the current guidelines 
for virus validation studies [53–55]. Viruses like vesicular sto-
matitis virus, porcine parvovirus (model virus for parvovirus 
B19), encephalomyocarditis virus (model virus for hepatitis A) 
and Sindbis virus (model virus for hepatitis C) were inacti-
vated by 4 or more log steps. Pseudorabies virus (model virus 
for hepatitis B) and West Nile virus were less effectively inac-
tivated with reduction factors of approximately 2–3 and 3.5–4 
log steps, respectively. With a reduction factor of only 1 log, 
HIV proved to be almost resistant to UVC treatment of plate-
let concentrates [6]. The diploid nature of the virus genome 
and the HIV-associated reverse transcriptase, which may be 
unaffected by UVC, may provide the basis for an effective re-
pair mechanism of the virus [56]. However, for HIV and other 
agents for which screening is performed, pathogen reduction 
by UVC could eliminate or (in view of the low UVC sensitivity 
of HIV) at least further reduce the risk for virus transmission 
during the pre-nucleic acid testing (NAT) window phase and 
occult infections [57]. In combination with the routine testing 
for HIV, HCV and HBV, the THERAFLEX UV-Platelets 
system will therefore significantly improve the viral safety 
compared to the standard platelet products. 

Due to the quenching effect of protein-containing solu-
tions, a higher UVC dose is needed for treatment of plasma 
units than for plasma-reduced platelet concentrates to achieve 
a similar degree of virus reduction. However, since the thera-
peutic efficacy of plasma units relies on proteins which are 
less sensitive to UVC than blood cells, a higher effective UVC 
dose could be applied to plasma units without critical loss of 
functionality. Data on pathogen inactivation of plasma by 
UVC are preliminary. The UVC irradiation procedure has 
not been fully validated so far. However, using similar condi-
tions as in the THERAFLEX-UV-Platelets system, all viruses 
used, with the exception of HIV type 1, were effectively inac-
tivated at a UVC dose of 1 J/cm2 [5]. Preliminary data suggest 
good in vitro quality of plasma proteins after irradiation with 
a dose of 1 J/cm2 [5]. Except for HIV, all viruses used for 
testing were effectively inactivated by 4–6 log steps at this 
UVC dose. 

Parasites
Protozoa like Plasmodium, Leishmania or Trypanosoma are 
known to be transmittable by transfusion. Although these 
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