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tion technologies for red blood cell units and whole 
blood donations suggest the universal applicability of 
these technologies and foster a paradigm shift in the 
manufacturing of safe blood.
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Introduction

Until now, neither artificial oxygen carriers nor hemostatic 
agents have had the potential to replace manufactured red 
blood cell (RBC) units or platelet concentrates donated by 
healthy volunteers. This ‘natural source’ inherently bears the 
risk of transmitting blood-borne pathogens, although strin-
gent donor selection criteria and very sensitive and specific 
blood screening tests have substantially increased the safety 
margin for blood recipients [1–4]. In particular, the successful 
introduction of nucleic acid amplification testing (NAT) for 
HIV, HBV, and HCV have led to significantly safer blood 
products resulting in a residual risk of 1:1 million to 1:10 mil-
lion [1, 5–8]. Currently, the risk of bacterial contamination, 
especially in platelet concentrates (1:2,000 to 1:5,000), and 
transfusion-related bacterial sepsis (1:20,000 to 1:50,000), 
which is at times fatal (10%), are the most relevant infectious 
complications [1, 9, 10]. The vast majority of patients receiv-
ing platelet concentrates suffer from hematological malignan-
cies, and they are vulnerable to bacteria, leading to higher 
rates of infectious complications, associated comorbidities, 
and prolonged hospital stays [11–13]. Furthermore, transfu-
sion-associated bacterial infections may be underestimated 
due to the fact that fever is a very common complication in 
such patients or the used antibiotics mask the symptoms of 
this transfusion reaction. The capacity to inactivate those po-
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Summary
Nowadays patients receiving blood components are ex-
posed to much less transfusion-transmitted infectious 
diseases than three decades before when among others 
HIV was identified as causative agent for the acquired 
immunodeficiency syndrome and the transmission by 
blood or coagulation factors became evident. Since that 
time the implementation of measures for risk prevention 
and safety precaution was socially and politically ac-
cepted. Currently emerging pathogens like arboviruses 
and the well-known bacterial contamination of platelet 
concentrates still remain major concerns of blood safety 
with important clinical consequences, but very rarely 
with fatal outcome for the blood recipient. In contrast to 
the well-established pathogen inactivation strategies for 
fresh frozen plasma using the solvent-detergent proce-
dure or methylene blue and visible light, the bench-to-
bedside translation of novel pathogen inactivation tech-
nologies for cell-containing blood components such as 
platelets and red blood cells are still underway. This re-
view summarizes the pharmacological/toxicological as-
sessment and the inactivation efficacy against viruses, 
bacteria, and protozoa of each of the currently available 
pathogen inactivation technologies and highlights the 
impact of the results obtained from several randomized 
clinical trials and hemovigilance data. Until now in some 
European countries pathogen inactivation technologies 
are in in routine use for single-donor plasma and plate-
lets. The invention and adaption of pathogen inactiva-
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tentially contaminating bacteria in platelet concentrates is not 
in the focus of this article but briefly summarized in the sub-
section ‘Inactivation Efficacy of Current Pathogen Inactiva-
tion Technologies’.

In addition, it is still impossible to know or reliably predict 
if and when emerging pathogens will threaten the safety of 
the blood supply. To this end, the question how to deal with 
the appearance of new or reemerging pathogens and how 
novel technological inventions can be used to further improve 
blood safety for patients in the European Union and else-
where is the focus of an ongoing discussion [1, 2]. 

From a social point of view, it is desirable to pursue a zero-
risk strategy to completely prevent transfusion-transmitted 
infections. It is well known from specific industrial sectors, 
such as aircraft technology and nuclear energy, that the imple-
mentation of programs for continuous quality improvement 
and risk management is essential to approximate the goal of 
‘zero-risk’ [14, 15]. The impact of an unfortunate event and 
the probability of its occurrence are the most important deter-
mining factors for quantitative risk assessment and root cause 
analysis [16, 17]. For transfusion-transmitted infections, the 
most effective stage of hazard prevention is the elimination of 
the hazard (pathogen), followed by strategies to mitigate the 
risk of its transmission, e.g. by donor deferral, pathogen 
screening, or pathogen inactivation [2, 18–20]. 

This review focuses on the exemplified description of the 
epidemiology and surveillance of arbovirus infections and 
their potential risk for blood safety due to the fact of an 
asymptomatic viremic phase. To the author´s knowledge NAT 
assays for dengue virus (DENV), chikungunya virus 
(CHIKV), and West-Nile virus (WNV) have been developed 
and are partly commercially available [21]. In this context, the 
invention, pre-commercial development, and introduction 
into the market of ‘universal’ pathogen inactivation technolo-
gies (PIT) are attractive steps towards the manufacturing of 
‘sterile’ cellular blood components from human sources, 
which have been a global matter of course for cell-free solu-
tions of human origin (albumin, immunoglobulins and coagu-
lation factors) for decades [1, 22–25]. 

These PIT imply a proactive, more generalized approach 
against multiple new and (re-)emerging pathogens, which per-
petually challenge the safety of the blood supply and will be-
come an serious alternative to a repetitive implementation of 
new screening tests (e.g. NAT) [21]. Therefore, this innova-
tion is designated as ‘paradigm shift in transfusion medicine’ 
[25]. This review summarizes upcoming PIT with a focus on 
cellular blood components (platelets and RBCs) and high-
lights their current progress in clinical evaluations [26].

The Emergence of Pathogens

A pathogen emerges either by de novo mutations or by 
crossing the species barrier to human beings [2, 18]. HIV is an 

excellent example of a life-threatening emerging infectious 
disease. AIDS was first diagnosed in patients with Pneumo-
cystis carinii pneumonia and Kaposi’s sarcoma, which alerted 
the US Centers for Disease Control and Prevention to care-
fully monitor the outbreak of such a new disease for which 
mainly affected Haitians, homosexuals, hemophiliacs, and i.v. 
drug users. Two independent research groups (Robert Gallo 
and Luc Montagnier) published the discovery of a novel ret-
rovirus as the causative agent in Science [27, 28]. It is now 
widely accepted that HIV originated from simian immunode-
ficiency virus(SIV)-infected chimpanzees and crossed the ani-
mal-human barrier. There, it mutated into HIV and spread 
throughout society by high-risk transmission channels (www.
wikipedia.org). HIV antibody detection assays have been 
commercially available since the mid-1980s, and they have 
been implemented in blood donor screenings worldwide to 
prevent transmission via blood or coagulation factors of 
human origin [8].

Dengue Virus
The lessons learned with AIDS have led to the well-estab-

lished concept of emerging infections, which are relevant to 
transfusion medicine. It is especially relevant for cases in 
which the donors are potentially infected (e.g. viremic), yet do 
not have symptoms, and transmission via blood transfusion is 
probable or proven. This is true for both DENV and CHIKV, 
which both are transmitted via mosquitos (Aedes aegypti and 
Aedes albopictus) [2, 29]. Dengue fever is an infectious tropi-
cal disease that is commonly self-limiting and is accompanied 
by flu-like symptoms and a skin rash that is similar to measles. 
However, in rare instances, life-threatening dengue hemor-
rhagic fever develops.

Since the 1960s, the incidence of DENV has increased dra-
matically due to urbanization, population growth, and global 
warming, with more than 50 to 100 million individuals in-
fected annually in more than 100 endemic countries world-
wide [30]. In these countries donor deferral is not an appro-
priate measure for prevention [2, 30]. Neither an approved 
vaccine nor a specific antiviral drug is currently available. In 
addition to the elimination of the mosquito or its habitats, 
protection from mosquito bites by wearing clothes is the only 
preventive measure. There are several outbreaks in non-en-
demic regions such as in Texas, Florida, and Australia [29]. 
Also in France (n = 2), Croatia (n = 15), and Madeira (n = 
2,164), individuals who never left their home country suffer 
from dengue fever [21, 31]. Furthermore, there is evidence 
that one of the vectors, Aedes albopictus, now ‘habitats’ (non-
dengue virus-infected) in Germany, Austria, and Switzerland, 
stowing away from Italy by commercial transport [32].

DENV can be transmitted by blood transfusions and solid 
organ transplants in rare cases [30]. Two small outbreaks of 
transfusion-transmitted DENV in Hong Kong and Singapore 
have been published, and the incidence of DENV RNA in 
healthy blood donors was assessed, e.g. in Puerto Rico and 
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Brazil [33–36]. The rate of asymptomatic DENV RNA-posi-
tive individuals was estimated to be 1:250 to 1:1,000 during 
DENV epidemic outbreaks, and they serve as additional 
sources of virus dissemination in the community. In Germany, 
the Robert-Koch-Institut detected more than 600 individuals 
with dengue fever in 2012, all of whom acquired the infection 
while traveling (www.rki.de). 

Chikungunya Virus
Large CHIKV outbreaks have taken place in the Indian 

Ocean, India, Southeast Asia, and Europe [2, 37]. CHIKV 
causes a febrile illness with painful and sometimes long-last-
ing (up to years) arthralgia. In particular, the outbreak in La 
Reunion (2005 and 2006) affected nearly one third of the is-
land population (265,000 human cases and 237 deaths) [18, 
38–40]. The collapse of the regional blood supply was pre-
vented by the import of blood components from France and 
the urgent implementation of INTERCEPTTM as PIT for suf-
ficient platelet support [41].

Air travelling and shipping around the world contributes to 
the spread of CHIKV and were recognized as a cause for the 
unexpected CHIKV outbreak in Northern Italy in the sum-
mer of 2007 [42, 43]). The outbreak was limited to 205 pa-
tients and was caused by an infectious traveler. Currently, a 
widespread human-mosquito-human transmission cycle vec-
tored by Aedes albopictus is deemed to be unlikely in Europe 
or the USA because the virus does not persist during cold 
temperature, mosquito activity decreases in parallel with the 
virus, there is a well-established socioeconomic framework in 
place, and there is an international surveillance network [44].

West Nile Virus
The emergence of WNV in the USA can be traced back to 

first cases, when WNV was imported to New York in 1999 (66 
human cases and 22 deaths) [45]. WNV is a mosquito-borne 
RNA virus whose primary hosts are birds. An epidemic was 
observed in 2002, with 4,156 individuals affected and a mortal-
ity rate of approximately 7% (n = 284) due to severe menin-
goencephalitis [18]. In 2002, 23 transfusion-transmitted WNV 
infections were detected, some of which were asymptomatic. 
In contrast, 6 cases were fatal [46]. Under the leadership of 
the US Food and Drug Administration (FDA), research or-
ganizations, blood donation agencies, and screening test man-
ufacturers build up a task force for the development, indus-
trial scaling-up, and validation of a WNV nucleic acid amplifi-
cation technology [2]. In summer 2003, WNV NAT test sys-
tems with a minipool design were implemented, allowing the 
screening of viral RNA in a specimen pool of 6–24 donors 
[47]. Six breakthrough WNV infections have led to a novel 
concept that provides a seasonal switch to a more sensitive in-
dividual donation NAT platform [48, 49]. Occasionally, WNV 
infections are missed due to a viral titer below the lower limit 
of detection, as recently reported (Morbidity and Mortality 
Weekly Report August 9, 2013) by the Center of Disease Con-

trol and Prevention (www.cdc.gov) for an immunocompro-
mised patient with non-Hodgkin‘s lymphoma who died by dif-
fuse WNV encephalitis. 

WNV epidemics occur every year in USA, one of the most 
severe outbreaks took place in 2012 with 2,734 neuroinvasive 
cases and 597 viremic donors which was comparable to WNV 
outbreaks in 2002/2003 (2,946/2,866 patients with neuroinva-
sive form and 714 viremic donors, WNV-NAT tested for the 
first time in 2003 [21]. A phylogeographic model was created 
based on WNV genome sequences of sampled organisms to 
reconstruct the spatiotemporal diffusion of WNV in North 
America [50]. It is speculated that bird movements may be re-
sponsible for rapid, long-distance movements (1,000 km/year) 
of the virus. In the European Union and neighboring coun-
tries (in addition to others that border the Mediterranean Sea 
and Eastern Europe, www.ECDC.europe.eu), an increasing 
number of autochthonous WNV infections have been docu-
mented. The European Network for Arthropod Vector Sur-
veillance for Human Public Health (VBORNET) supported 
the European Center of Disease Control (ECDC) to take 
measures for prevention or control of local outbreaks with a 
panel of experts in the field of entomology (scientific study of 
insects) and transfusion medicine [21].

For example, 2010 is the third consecutive year that human 
cases of WNV infections have been identified in Northeastern 
Italy, with a trend towards a wider geographic area [51]. 
Therefore, preventive strategies are currently being discussed 
by the European Union and the Paul-Ehrlich-Institut in Ger-
many to minimize the risk of WNV transmission via blood 
(and solid organs), such as the temporal deferral of at-risk do-
nors or the implementation of a sensitive NAT screening test 
(www.pei.de). 

Outlook
The emergence of novel pathogens is rather unpredictable, 

although mathematical models suggest that every 5 years a 
new transfusion-transmissible infectious agent will emerge 
[20]. Up-to-date epidemiological data are a prerequisite for 
proper risk assessment, especially for traveling blood donors 
who return from endemic areas to Europe [21, 133]. The con-
trol of epidemics is of utmost importance and is kept under 
precautionary surveillance by national and international bod-
ies. Several emerging pathogens are likely transmissible by 
blood transfusion. Blood safety during the emergence of 
blood-borne pathogens is a major public health concern, and 
this is also true for known viruses with genomic mutations 
susceptible to immune escape mechanisms, new strains of bac-
teria, or other emerging pathogens or parasites that can 
spread by international travel or climate change (DENV, 
Plasmodium falciparum, Trypanosoma cruzi, Babesia necroti) 
[19, 52, 53]. The highly contagious severe acute respiratory 
syndrome (SARS) virus in 2002/2003, the H5N1 avian influ-
enza virus (‘bird flu’) since 2003, and, more recently, the Mid-
dle East Respiratory Syndrome Coronavirus (MERS-CoV, 
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H7N9) in 2012 are impressive examples of how rapidly patho-
gens can emerge and spread worldwide [54–56].

Procedures that address the risk assessment for such 
emerging infectious diseases that are potentially transmissible 
by blood and blood products were recently discussed in the 
USA [20]. Based on strong scientific evidence, policy makers 
have to carefully consider strategies for optimal risk minimi-
zation and for preventing a collapse in the national blood sup-
ply. Under- and overestimation of actual risk has undesirable 
and potentially disastrous consequences. In the absence of 
available blood screening tests, deferral of blood donors is 
likely the best alternative to mitigate the risk of dissemination 
and its amplitude [20]. However, in a case of very high inci-
dence, this strategy implies the disadvantage of paralyzing, at 
least temporally, the blood supply.

In the future, universally applicable technologies for robust 
pathogen inactivation may become acceptable strategies to 
circumvent such risks. These technologies will also have the 
potential to replace not only routine gamma-irradiation, bac-
terial testing, and CMV serology but also to scrutinize the 
usefulness of other valuable test systems for the detection of 
viral antigens, antibodies, or nucleic acids. 

Current Pathogen Inactivation Technologies 

Historically, cell-free blood components, such as human 
plasma, were pathogen-inactivated with solvent-detergent 
(SD) for large plasma pools or by the addition of methylene 
blue (MB) for single plasma products in small-sized blood es-
tablishments [1, 22–24]. In general, pathogen inactivation re-
sulted in reduced factor VIII activity and fibrinogen content 
of about 70–80% [57, 58]. More surprisingly, results obtained 
from randomized clinical trials (RCTs) comparing SD plasma 
/ MB plasma with conventional FFP have not been published 
to a great extent [24]. The above mentioned methods are not 
transferable to cell-containing blood components as they 
heavily damage platelets and erythrocytes. 

Therefore, this review will focus on novel PIT, which has 
become increasingly available for cellular blood components 
by circumventing these disastrous cell killing properties. No-
tably, INTERCEPTTM (Cerus Corporation, Concord, CA, 
USA), Mirasol® (Terumo BCT, Lakewood, CO, USA), and 
THERAFLEX® UV (Macopharma, Mouvaux, France) repre-
sent the currently available technological platforms, and they 
are each at different stages of marketing readiness. In contrast 
to the SD/MB method, these technologies all have the capac-
ity to treat cellular blood components, whereas with SD/MB 
only the treatment of plasma is possible.

INTERCEPT technology is based on supplementation with 
synthetic psoralen S-59, which penetrates cellular and nuclear 
membranes and reversibly binds to nucleic acids, especially to 
pyrimidines in single- or double-stranded DNA and RNA 
[59]. After UV-A light exposure (320–400 nm, 3 J/cm2) it ro-

bustly cross-links nucleic acids in an oxygen-independent 
manner. Consequently, this action is independent of potential 
cytotoxic reactive oxygen species (ROS). Psoralens are natu-
rally occurring substances found in limes and celery. The 
mode of action has been carefully investigated, especially the 
high frequency of covalent cross-links (one adduct is formed 
in about 1 of 83 bp), which inhibit DNA or RNA replication 
as well as transcription and repair mechanisms. The unbound 
S-59 and photoproducts are reduced by an adsorption device. 
The integrated container set for platelets and the UV-A illu-
minator are licensed for some time and enable ready-for-use 
application in the routine workflow of blood banks. 

Mirasol technology depends on the addition of vitamin B2 
(500 μmol/l riboflavin), resulting in a final concentration of 
approximately 50 μmol/l riboflavin, plus broad-spectrum UV 
light (280–400 nm, 6.2 J/ml corresponding to 5 J/cm2) [60]. Ri-
boflavin and its photoproducts are found in natural products 
(such as foods) and in human blood, albeit at a much lower 
concentration than in a Mirasol-treated platelet product. Ri-
boflavin serves as a photosensitizer (electron transfer) and 
promotes the oxidation of nucleic acids, especially guanine 
residues, without binding to nucleic acids or proteins. This 
leads to a conversion of riboflavin to lumichrome and other 
photoproducts. Riboflavin-induced damage is irreversible be-
cause both replication processes and RNA/DNA repair mech-
anisms are strongly inhibited. The frequency of nucleic acid 
lesions is approximately 1 in 350 bp. However, in context with 
plasma, a significant role for Mirasol-generated ROS was 
shown which adversely affected the molecular integrity of 
avin-labile coagulation factors (FVIII, fibrinogen) and other 
enzymes like ADAMTS13 [61]. The direct generation of su-
peroxide anion and other ROS may make a reevaluation of 
the general toxicological assessment necessary. 

THERAFLEX UV technology for platelets does not rely on 
a photodynamic agent and is based exclusively on the force of 
narrow-bandwidth UV-C light (254 nm, 0.2 J/cm2, irradiation 
time < 1 min), which induces the formation of pyrimidine di-
mers [62–65]. To ensure optimal illumination, the platelets are 
transferred to a large illumination bag that allows for the ho-
mogeneous ‘penetration’ of thin platelet suspensions under 
frequent agitation (>100/min). Because the addition of a pho-
toactive chemical is unnecessary, there is no need for conven-
tional pharmacokinetic and toxicological assessments. General 
tolerability and lack of immunogenicity (neoantigen forma-
tion) of UV-C-treated platelets have been demonstrated in 
dogs [66]. In principle, THERAFLEX UV technology is also 
applicable to FFP. However, a higher UV-C intensity is 
needed to circumvent the quenching effect of proteins in 100% 
plasma and to achieve sufficient pathogen reduction rates [25].

Toxicology
The toxicology assessments of all discussed PIT applicable 

to platelets are summarized in table 1 (modified from [24]). 
Extensive testing using both in vitro and in vivo assays ac-
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cording to the standards of the International Conference of 
Harmonization for Drug Development is not suggestive of 
any toxicologically related safety concerns [60, 67–69]. Be-
cause of the compound absorption device which is integrated 
into the INTERCEPT Blood System the patient receives only 
about 1 μg amotosalen per platelet transfusion (LD50 in rats 

˜1,000 mg/kg p.o.), whereas the final riboflavin exposure in 
adults is much higher (˜5 mg) per transfusion [59, 60]. How-
ever, in consideration of the LD50 (in mice 50–100 mg/kg i.v.) 
the safety margin was calculated to be about 650–1,300-fold. 
Consequently, all above mentioned PIT for platelets have 
passed the licensing procedure (e.g., CE mark) to introduce 
each medical device into the market (table 2). 

Inactivation Efficacy
In addition to the well-known transfusion-transmitted vi-

ruses (HIV, HBV, HCV, HTLV) and bacteria, there is a con-
siderable risk of transmitting other pathogens for which blood 
donations are not commonly tested (e.g., bacteria, Epstein-
Barr virus (EBV), Parvo B19) and unknown pathogens that 
may emerge in the next few years, similar to the appearance 
of HIV in the early 1980s. It must be noted that the patient’s 
individual burden may be much higher than the estimation of 
a ‘standard risk’ (e.g., 1:1 million) usually referring to a single 
blood transfusion may suggest. This is primarily caused by the 
transfusion frequency during the entire hospital stay or treat-
ment period and is especially true for patients with chronic 

INTERCEPT platelets Mirasol platelets Theraflex platelets

Phototoxicity *a

photoreagent-free
no toxicological assessment  
necessaryc 

Acute toxicology
Repeated dose
General pharmacology not applicableb

Reproductive toxicology  
Genotoxicity
Carcinogenicity not applicableb

Neonatal toxicity  
ADME* studies  
Occupational safety
Neoantigen formation none none none

*Absorption, distribution, metabolism, and excretion.
aNo phototoxicity of photolyzed riboflavin and lumichrome was observed in acute and genotoxicity studies.
bRiboflavin is a food additive and vitamin and a pharmacologic effect of residual riboflavin or its photoproducts is not  
intended by the manufacturer. In repeated dose toxicity studies as well as in genotoxicity studies there was no evidence of  
carcinogenicity.
cThe collateral impact of UVC light on the integrity of plasma proteins should be investigated

Table 1. Toxicology 
of pathogen inactiva-
tion technologies

PIT Company Platelets Plasma RBC/whole blood

I. CE mark approval
S59 + UVA INTERCEPT Cerus CE class III

May 2002
CE class III
November 2006

not applicable

S-303 INTERCEPT Cerus not applicable not applicable not yet
Riboflavin + UV Mirasol TerumoBCT CE class IIb

October 2007
CE class IIb
August 2008

not yet

Theraflex UV Macopharma CE class IIb
November 2008

alternative technology* not yet

II. Clinical evaluation
S59 + UVA INTERCEPT Cerus phase III completed

routine use
phase III completed
routine use

not applicable

S-303 INTERCEPT Cerus not applicable not applicable phase III initiated
Riboflavin + UV Mirasol TerumoBCT phase III ongoing  

routine use
phase III completed
routine use

phase I com-
pleted#

Theraflex UV Macopharma phase I completed alternative technology* pre-clinical phase

*Based on methylene blue and visible light.
#For escalating UV light energies (22, 33 and 44 J/ml RBC).

Table 2. CE mark 
approval and status 
of the clinical evalua-
tion of pathogen in-
activation technolo-
gies
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demand of blood, who require a considerable number of 
blood transfusions throughout their life (e.g., 100 transfusions 
corresponding to a drop down of the above mentioned ‘stand-
ard risk’ to 1:10,000). 

With regard to platelet and plasma products, the pathogen 
inactivation profiles for viruses, bacteria, and protozoa are 
summarized in detail in table 3 for each PIT and updated by 
literature review and personal communication with the com-
panies (Cerus Corporation: Larry Corash; Terumo BCT: Ray 
Goodrich, Macopharma: Frank Tolksdorf and German Red 
Cross Blood Service Springe: Axel Seltsam). [24, 59, 60, 62, 
63, 70–79]. 

Especially the bacterial contamination of platelet concen-
trates (e.g., with Staphylococcus epidermidis and Bacillus ce-
reus) and to less extent of RBCs (e.g., with Yersina enterocol-
itica and Serratia marcescans) still remains a significant chal-

lenge in transfusion medicine with severe impact on the pa-
tient’s outcome including death [1]. The currently available 
PIT are able to prevent the majority of transfusion-transmit-
ted bacterial infections. There are some limitations in respect 
to bacterial spores (e.g., from Bacillus cereus or Clostridium 
tetani) which are produced as survival strategy under extreme 
environmental conditions [134]. They are defined as a dor-
mant, non-reproductive structure highly resistant to head, 
desiccation, freezing, UV irradiation as well as chemical and 
enzymatic destruction. Some but not all enter into vegetative 
forms in platelet concentrates as shown by spiking experi-
ments [80]. Furthermore, high titers of bacteria under in vitro 
conditions are not always inactivated sufficiently (e.g., Kleb-
siella pneumoniae) [24]. Results obtained from a direct com-
parison of the Mirasol technology versus bacterial culture 
testing were in favor for the PIT in platelet concentrates with 

INTERCEPT Mirasol Theraflex

Viruses (enveloped)
HIV-1, cell free >6.2   5.9   1.4
HIV-1, cell-associated >6.1   4.5  
HBV >5.5   2.5a ≥2.8a
HCV >4.5b >4.1 ≥5.0
HEV (genotype 3) >3.0
HTLV-I   4.7   n.t.c
HTLV-II   5.1   n.t.c
CMV, cell free   2.1d   ongoing
CMV, cell-associated >5.9   ongoing
Bovine viral diarrhea virus >6.0   2.7
WNV >6.0 ≥5.1   3.5-4.0
Chikungunya >6.4   2.2   ongoing
Influenza A virus >5.9 >5.0 ≥5.3
SARS-CoV >5.5
Togavirus   3.2e ≥5.3e
Rabiesvirus >6.3f ≥6.3f

Dengue-virus >5.2   ongoing
La Crosse virus >3.3
Crimean-Congo hemorrhagic fever virus   2.9

Viruses (non-enveloped)
HAV   0   1.8   ongoing
Parvo B19 >6.2 >5.0g   5.0g
Blue tongue virus   6.1
Human adenovirus >5.9
Calicivirus   1.7–2.4
Picornavirus   3.2h >4.0h

Bacteria gram-negative
Escherichia coli >6.4   4.4 >4.0
Enterobacter cloacae   5.9 >4.3
Klebsiella pneumonia >5.6   2.8   4.8
Pseudomonas aeruginosa   4.5 >4.5 >4.9
Salmonella cholerasuis >6.2
Serratia marsescens >6.7   4.0 ≥4.9
Yersinia enterocolitica >5.9   3.3
Brucella neotomae   5.4

Table 3 continued on next page

Table 3. Pathogen inactivation efficacy for 
platelet concentrates [24, 89, 60, 62, 63, 70–79]
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a low initial contamination level (<20 CFU per product) [72]. 
Nevertheless, this study has shown in parallel a limited capac-
ity of bacteria elimination. Even though the bacterial contam-
ination occurring during blood donation is believed to be very 
low, bacteria may start to proliferate rigorously during the en-
tire storage period after an initial lag phase of at least 24–48 h 
[80]. Therefore, we have to take into account that the current 
PIT are applied immediately after donation (within the 1st 
day) so that an exponential bacterial outgrowth until the path-
ogen inactivation takes place is very unlikely and the limited 
capacity could be neglected in transfusion practice.

In some instances an animal model virus analogous to the 
human virus has been used which may be of relevance for 
drawing significant conclusions as recently shown for porcine 
Parvo B19. Using a real-time PCR inhibition assay, it could be 
demonstrated that Mirasol reduces intact human parvovirus 
B19 DNA in plasma 1.7 log compared to 5 log inhibition of 
porcine B19 in a tissue culture infectious dose assay [81]. Log-
arithmic reduction with the prefix ‘greater than’ indicates that 
a higher infectivity was not given in the in vitro test system 
applied. The author would like to point out that the virus 
strain, virus titration method (tissue culture infectious dose), 

and the calculation platform may differ among the competi-
tors involved. 

Therefore, direct side-to-side comparison studies using the 
same strain of a virus or bacterial species may be desirable to 
ensure a high degree of comparability and reproducibility. 
More recently the ISBT Working Party for Transfusion-
Transmitted Infectious Diseases published a proof of princi-
ple experiment validating the quality, stability and suitability 
of four PEI bacterial references (Staphylococcus epidermidis, 
Streptococcus pyogenes, Klebsiella pneumoniae, Escherichia 
coli) in platelet concentrate low-titer spiking experiments 
which were performed in 14 laboratories around the world. 
The aims of this international study were successfully fulfilled 
[80]. To the author’s knowledge the UVC-based Theraflex 
technology is until today the first PIT using the WHO refer-
ence bacteria panel for the generation of inactivation data 
[65]. In case of bacteria spike experiments with high titers one 
should be aware that robust pathogen killing in vitro may not 
affect the problem of endotoxin-induced septic shock in pa-
tients. So, from a practical point of view the detection of ste-
rility after applying PIT on blood components with reasona-
ble bacterial contamination (simulating the scenario of con-

Table 3. Continued
INTERCEPT Mirasol Theraflex

Bacteria gram-positive
Bacillus cereus (incl. spores)   3.6   4.3
Bacillus cereus (vegetative) >6.0   2.6   4.3
Bifidobacterium adolescentis >6.5
Clostridium perfringens (vegetative) >6.7 >4.7
Corynebacterium minutissimum >6.3
Listeria monocytogenes >6.3
Proprionobacterium acnes >6.2 >2.8   4.5
Staphylococcus aureus   6.6   4.8 ≥4.8
Staphylococus epidermidis >6.6   4.6 ≥4.9
Streptococcus pyogenes >6.8   2.6
Lactobacillus species >6.9

Spirochaetes
Borrelia burgdorferi >6.8
Treponema pallidum >6.8   ongoingi

Parasites
Babesia microti >5.3 >4.0
Babesia divergens ≥5.0
Leishmania major >4.3 >4.0
Leishmania mexicana >5.0
Orientia tsutsugamushi >5.0
Plasmodium falciparum >6.0 >3.2 ≥4.9
Plasmodium yoelli >4.4j

Trypanozoma cruzi >5.3 >5.0   2.8 to 4.2

aPseudorabies virus (suides herpes virus). bChimpanzee transfusion studies. cHIV is used with  
some restrictions as model virus also for other retroviruses such as the oncogenic HTLV-I/II.  
dBovine rhinotrachitis virus, in addition mouse CMV in vivo mouse transfusion model.  
eSindbis virus, HCV model. fVesicular stomatitis virus. gPorcine parvovirus which suitability as  
model virus for human Parvo B19 remains questionable. hPorcine encephalomyocarditis virus,  
HAV model. iIn rabbits. jIn vivo mouse malaria model.  
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tamination during donation) is of more clinical relevance [72]. 
The pathogen inactivation profiles are increasingly complete 
for the INTERCEPT and Mirasol with its well-known gap for 
HAV; however, especially for THERAFLEX UV there are 
still some data missing, and some transfusion-associated vi-
ruses have been found to be relatively resistant to UV-C light 
exposure – this is primarily true for HIV. PIT for RBCs and 
whole blood is currently being developed for business success 
because the patient’s individual advantage with regard to 
blood safety mainly depends on the likelihood (up to 100%) 
of receiving PIT-treated blood components permanently.

Clinical Evaluation and Hemovigilance Data  
(Platelets)

In vivo Recovery and Lifespan
The pharmaceutical potency of pathogen-inactivated plate-

lets was principally investigated by radiolabeling studies 
(111In) that involved re-transfusing autologous platelets ini-
tially collected from volunteer donors after 5-day storage. The 
data were corrected for radiolabeling efficiency and pre-injec-
tion elution. The minimal FDA requirements for fresh plate-
lets are a mean recovery rate of 65% and a life span of 8 days. 
The FDA requirements demand a platelet recovery at day 5 
of at least 67% (corresponding to 43.5% of the initial concen-
tration of platelets under fresh conditions) and platelet sur-
vival of 58% (corresponding to 4.64 days) compared with 
fresh reference platelets produced in parallel. In contrast to 
RBC survival in the blood circulation, it is well known that 
transfused platelets fill up the spleen pool.

In 2004, a mean recovery of 84% (42.5 ± 8.7% vs. 50.3 ± 
7.7%) and a lifespan of 80% (4.8 ± 1.3 vs. 6.0 ± 1.2 days) were 
published for INTERCEPT-treated compared with non-irra-
diated reference platelets suspended in PASIII [82]. Further-
more, AuBuchon et al. [83] have summarized the results ob-
tained for Mirasol-treated platelets with a mean proportion of 
75% (50.0 ± 18.9% vs. 66.5 ± 13.4% recovery) and 73% (4.3 ± 
1.0 vs. 5.9 ± 1.1 days lifespan). Very recently, the first results 
(n = 6) of a phase I study for the THERAFLEX UV technol-
ogy were published and demonstrated a significant decrease 
in the platelet recovery and survival rates (74% (37.6 ± 6.5% 
vs. 28.0 ± 8.2%) and 71% (7.3 ± 0.9 vs. 5.2 ± 1.3 days)), which 
were comparable to other PIT [84]. Furthermore, Thiele et al. 
[85] presented preliminary data that the transfusion of UV-C-
treated autologous platelets in healthy volunteers met the 
safety and tolerance criteria. 

Upon critical review of these data, the pathogen-inacti-
vated platelets have fulfilled the minimal FDA criteria on in 
vivo quality independent of the technology applied. However, 
the raw data consistently indicate a slight but significant al-
teration of in vivo quality between the test and reference 
groups in each study. This in vivo phenomenon may be in line 
with in vitro parameters for assessing the functional integrity 

of platelets, such as the detection of a higher metabolic state 
or signs of activation [82, 83].

Clinical Evaluation
Depending on the CE approval mark which enables the 

free movement of goods in the EU member states and the 
completion of phase III RCTs, the readiness for market intro-
duction varies for the above mentioned PIT (table 2). Medical 
devices with a higher risk profile are classified into a higher 
category. The INTERCEPT device is a CE mark class III 
product (amotosalen) which requires the critical review of 
clinical data (e.g., inactivation efficacy, 7-day storage) by the 
Notified Body to demonstrate compliance to the medical de-
vice directive and the approval by the respective National Au-
thority. The Mirasol device is a CE mark class IIb product 
(riboflavin) which needs in principle a self-certification by the 
manufacturer. To the author’s knowledge, the toxicology pro-
file, inactivation efficacy, and clinical data of the Mirasol tech-
nology were also reviewed by a Notified Body prior to ap-
proval. The most important data of relevant clinical trials 
which are already published in peer-reviewed journals are 
summarized in table 4.

INTERCEPT
For INTERCEPT-treated platelets, results obtained from 

several clinical trials enrolling more than 1,000 patients have 
already been published, and they demonstrate strong evi-
dence for general therapeutic efficacy and safety. The five 
most relevant phase III studies are summarized in detail in 
table 4 (euroSPRITE [86], SPRINT [87], Janetzko et al. [88], 
Kerkhoffs et al. [89], and Lozano et al. [90]). A supplemental 
‘pilot’ study [91] and ‘phase I/II’ study [92] were also pub-
lished, but not listed in table 4 due to limitations in study de-
sign and performance status. Several previously discussed is-
sues have been rather controversial, especially the clinical im-
pact of lower CI/CCI values and the correctness of bleeding 
assessment according to the WHO or Common Terminology 
Criteria for Adverse Events (CTCAE) classifications.

The results obtained from the RCT published by Kerkhoffs 
et al. in 2010 (HOVON study) [89] have especially contrib-
uted to the confusion ([89, 93, 94]. The lack of blinding and 
the evaluations of bleeding complications have been the most 
important critical comments [95–97]. The observation of 
grade 2 bleedings below 10% in hematological patients trans-
fused prophylactically is in sharp contrast to previous and re-
cently published data (approximately 60%), making it hard to 
consider the results (especially bleedings) of this RCT. This 
must be taken into account when the authors reported a sig-
nificant increase in all bleedings after the first platelet transfu-
sion (INTERCEPT 32% vs. 19% plasma; p = 0.03) and more 
grade 3 bleedings (6% vs. 1%; p = 0.044). Interestingly, the 
authors very recently published data using a rigorous observa-
tion and adjudication method to assess bleedings more accu-
rately and consistently [98]. In addition, one other group has 
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developed a new bleeding severity measurement scale to as-
sess bleedings in patients with chemotherapy-induced throm-
bocytopenia with a higher level of validity [97, 99]. 

The impact of the revised meta-analysis, which included 
the RCT of Lozano et al. [90] and excluded the single RCT 
using Mirasol technology [100] remains questionable [101] be-
cause the data published by Kerkhoffs are still part of the 
analysis. However, the author now discussed that ‘the risk of 
all bleeding complications is no longer increased’, whereas the 
assessment of ‘the risk of clinical significant bleeding compli-
cations’ is uncertain and strongly depends on the integration 
or exclusion of a single RCT. In this line, an additional meta-
analysis (excluding the HOVON study [89]) did not find any 
significant differences in bleeding risks [94]. The re-analysis of 
the SPRINT data has confirmed the equivalency for the pre-
vention of bleedings (grades 2, 3 and 4) and the number of 
transfused PC and RBC units [102]. In addition to the hemo-
static effect, the SPRINT data were further evaluated to as-
sess the adverse event profile. Acute transfusion reactions 
within 6 h were significantly lower in the INTERCEPT study 
arm compared to reference platelets suspended in plasma 
(3.0% vs. 4.4%) [103].

Currently, increasing evidence suggests the clinical non-in-
feriority of INTERCEPT-treated platelets compared to refer-
ence platelets. Post-marketing observational studies con-
firmed the results which have been obtained by phase III 
studies [104, 105]. Data from large retrospective studies have 
also supported the non-inferiority as assessed primarily by 
these RCTs and have demonstrated a subsequent stable con-
sumption of platelet concentrates in comparable patient co-
horts (annual utilization in the same hospital) after INTER-
CEPT implementation [100, 106–108]. Furthermore, there 
was no significant increase in RBC transfusions in recipients 
transfused with pathogen-inactivated platelets. Osselaer et al. 
[106, 107] have surveyed the adverse events associated with 
routine transfusion of INTERCEPT-treated platelet concen-
trates after implementation of a multicenter active hemovigi-
lance program (Belgium, France and Spain) with 5,106 trans-
fusions in the first period and 7,437 transfusions in the second. 
In these post-marketing surveillance studies, the majority of 
patients suffered either a hematological malignancy with 
chemotherapy / stem cell transplantation or underwent cardi-
ovascular surgery or solid organ transplantation. Children and 
pregnant women were included to receive pathogen-inacti-
vated platelets in a routine workflow. In the latter period, the 
authors reported an overall infrequent rate (0.7%) of acute 
transfusion reactions, mainly of mild severity, and only 5 ad-
verse events were considered severe without a causal link to 
PIT. Furthermore, Cazenave et al. [100] summarized the data 
from the Etablissement Francais du Sang Alsace after imple-
mentation in 2006, comparing the clinical safety and tolerabil-
ity of more than 13,000 INTERCEPT-treated PC in approxi-
mately 2,000 recipients with reference platelet concentrates 
suspended in 100% plasma or PASIII. The authors stated a Ta
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significant reduction in acute transfusion reactions and no evi-
dence of increased RBC consumption in patients receiving 
INTERCEPT-treated PC. In most of the participating cent-
ers, PIT was used to replace gamma-irradiation and anti-
CMV serology. 

Mirasol
The data volume and level of evidence for the therapeutic 

efficacy and safety of Mirasol pathogen inactivation technol-
ogy is less pronounced. Not until 2010, a single multicenter, 
open-label RCT with non-inferiority design was published by 
the Etablissement Francais du Sang comparing Mirasol-
treated platelet concentrates with conventional products (ei-
ther apheresis or buffy coat-derived, both suspended in 100% 
plasma) in hematological patients with thrombocytopenia 
[109]. Based on the results of the TRAP trial [110], a non-in-
feriority margin of 20% (equivalent to a mean corrected 
count increment 1 hour post-transfusion (CCI-1h) difference 
of 2,940) was defined, and a statistical power of 80% was con-
sidered to be sufficient. Six centers enrolled a total of only 118 
patients between 2005 and 2007. Four patients in each study 
arm did not receive any transfusion and were excluded from 
the intention-to-treat analysis. A total of 678 transfusions 
were given, 368 in the test group and 310 in the reference 
group, with a 17.7% and 23.2% frequency of off-protocol 
transfusions, respectively. The primary endpoint of the study 
was the CCH-1h on the first 8 transfusions within a 28-day 
treatment period. The RCT failed to show the hypothesized 
non-inferiority, with a CCI-1h of 11,725 ± 1,140 (test) versus 
16,939 ± 1,149 (reference), resulting in a mean decrease of 
5,200 and corresponding to approximately 30%. As secondary 
outcomes, the CCI24h showed a comparable trend with a 
mean difference of 3,200 (33%). The difference in the rate of 
all bleedings did not reach significance (59% vs. 43%; p = 
0.127), and the frequency of grade 3 and 4 bleedings was too 
low (n = 6 (test) vs. n = 3 (reference); p = 0.490) to evaluate 
the clinical safety profile in terms of bleeding complications as 
this needs a sufficiently powered study design. Even the au-
thors concluded that further clinical studies are required to 
determine whether the drop in CCI-1h correlates with an in-
creased risk of bleedings.

So far, only small-sized observational platelet studies have 
been performed or are still ongoing in Spain, Luxembourg, 
Lithuania, and Serbia. Among others, Antic et al. [111] have 
shown no statistically significant difference between test and 
control group corresponding to a CCI-1h value of 7,500 and 
CCI-24h of 5,000. Yanez et al. [112] has published a CCI-1h of 
12,000 and a CCI-24h of 4,900 based on 26 transfusions in 11 
patients, and Coene et al. [113] has also shown comparable 
CCI-1h and CCI-24h values (9,900 ± 5,700 and 5,900 ± 2,900) 
calculated from a total of 21 transfusions in 8 patients. Al-
though all authors stated that no adverse events were re-
ported, the validity of this information was insufficient due to 
the small patient size. Furthermore, a similar hemostatic func-

tion of Mirasol-treated platelets was suggested by using 
thrombelastography as in vivo surrogate system [114]. These 
single observations did not supersede the need to implement 
an active hemovigilance program for Mirasol-treated platelet 
concentrates in routine use and to foster further RCTs. In 
Italy, one additional multicenter RCT with a calculated size of 
more than 400 patients (IPTAS) has been initiated using Mir-
asol-treated PC suspended in PAS to address the concern of 
clinical relevant bleedings. Furthermore, the PREPAReS 
study (consortium of The Netherlands, Norway, and Canada) 
is ongoing and has to recruit more than 600 patients receiving 
Mirasol-treated platelet concentrates suspended in 100% 
plasma. Both clinical studies will not be completed before 
2015 (personal communication Ray Goodrich). 

Outlook
Until 2014, only plasma and platelet concentrates derived 

from pooled buffy coats or collected by single-donor aphere-
sis pathogen-inactivated using INTERCEPT or Mirasol had 
received marketing authorization approval by European and 
Non-European National Bodies, while THERAFLEX UV 
technology and PIT applied on RBC units or whole blood 
(see below) are still in the early phase of clinical evaluation. 
Most clinical experiences are available from more than 2 mil-
lion post-marketing transfusions using INTERCEPT-treated 
plasma (ca. 40%) and platelets (ca. 60%) in more than 20 
countries (personal communication Larry Corash), for which 
hemovigilance data have been collected and reviewed system-
atically as mentioned above. The clinical data also include ex-
periences in neonates and pediatric patients. In addition, na-
tional hemovigilance data are also available from France 
(since 2006) and Switzerland (since 2011). Such data are not 
available from Germany, although the Paul-Ehrlich-Institut 
released the first manufacturing authorization in 2007 for the 
University Hospital Luebeck [105]. In the case of Mirasol, the 
company announces that over 110,000 Mirasol-treated blood 
components (ca. 60% plasma, ca. 40% platelets) were applied 
in participating transfusion centers most frequently in routine 
use without any severe adverse events or an obviously in-
creased rate of adverse events (personal communication Ray 
Goodrich). However, systematically collected hemovigilance 
data post marketing authorization have not yet been pub-
lished. None of the PIT is currently approved by the FDA for 
the US market. However, the Cerus Corporation has an-
nounced the submission of a premarket approval application 
for INTERCEPT platelets in the first half of 2014.

Taken together, the ‘inherent’ variability of conventional 
platelet concentrates (independent of the type of PIT used) 
must be noted which has been well-accepted over decades. 
This can be reasonably explained in terms of platelet content 
by the ‘biological source’ (e.g., volunteer donors with differ-
ent platelet concentrations in their peripheral blood) and in 
terms of clinical efficacy by either the natural aging of plate-
lets during storage or non ABO-identical use (e.g. TRAP 
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trial). As reported by Slichter et al. [12] in a large ran-
domized multicenter trial, the Prophylactic Platelet Dose 
Study (PLADO) with 5,466 prophylactic platelet transfu-
sions in 1,272 patients, the platelet dose does correlate with 
the CCI after transfusion resulting in a higher transfusion 
frequency, but not necessarily with higher incidence of 
bleedings. With this in mind, we must ask to what extent 
lower efficacy (bearing in mind the non-inferiority margins 
of about 20%) becomes acceptable for a higher safety profile 
as a result of using PIT rather than to call efficacy and safety 
of PIT-treated platelets into question aiming at aspects that 
were accepted with regard to conventional platelet products 
in the past (e.g., impaired by storage and ABO non-identical 
use). Furthermore, the very recently published study by 
Wandt et al. [13] invites to rethink the prophylactic platelet 
transfusion strategy in some patients not at risk for increased 
bleeding complications (e.g. autologous stem cell transplan-
tation) because no increase of major hemorrhages could be 
observed in these patients when platelets have been trans-
fused only therapeutically. However, quality-of-life aspects 
remain questionable because most of the patients and physi-
cians are seriously affected by routine monitoring of bleed-
ings as they became aware of a permanent latent danger like 
a sword of Damocles.

Outlook for Red Blood Cells and Whole Blood

INTERCEPT
The PIT applied on platelets is not transferable to whole 

blood and RBC units because these optically dense blood 
components need very high doses of UV light. Therefore, 
Cerus has developed a novel platform technology (2nd gen-
eration) that is based on the addition of the chemical com-
pound S-303 (0.2 mmol/l) and glutathione (GSH; 20 mmol/l) 
as a quencher [115]. S-303 targets and cross-links nucleic acids 
via a bis-alkylating group to prevent further replication. After 
the reaction, the non-reactive, negatively charged breakdown 
product S-300 is formed and rapidly degraded. To minimize 
the affinity of S-303 with other nucleophiles, especially pro-
teins, glutathione is added and distributed in the extracellular 
compartment (plasma) to quench these extracellular reac-
tions, whereas S-303 acts as a ‘pathogen inactivator’ in the in-
tracellular compartment. Treatment solution and breakdown 
products are removed by centrifugation prior to final storage 
in approved solutions [116].

During a 1st generation S-303 phase III RCT for chronic 
anemia patients, two multitransfused participants (of more 
than 140) developed a low-titer antibody against the acridine 
moiety of S-303 on the RBC surface that led to positive cross-
match reactions in vitro without any cues regarding its clinical 
impact, such as acute hemolytic transfusion reactions [117]. 
Nevertheless, this phase III study and a parallel study in car-
diovascular surgery patients were halted prematurely, and 

Cerus developed a 2nd generation S-303 technology to mini-
mize the acridine moieties on the RBC surface by increasing 
the concentration of the protecting glutathione during patho-
gen inactivation process. Subsequently, the inactivation effi-
cacy against bacteria, viruses, and protozoa of the 2nd genera-
tion approach as well as the pharmacokinetic and toxicologi-
cal assessment of S-303 is principally transferable from the 1st 
generation (tables 5, 6) [115, 118, 119] (personal communica-
tion Larry Corash). This cross-reference was accepted by the 
FDA because of the identity of substances used. A new phase 
I study was conducted with a total of 26 healthy volunteers 
receiving autologous S-303-treated RBC transfusions using a 
dual radiolabeling approach using 51Cr and 99Tc [116]. The 
2nd generation of S-303 did not induce antibody formation. 
The 24-hour recovery at day 35 was excellent, with a mean of 
88.0 ± 8.5%, and demonstrated equivalency with the un-
treated RBC reference arm (90.0 ± 6.9% recovery). The me-
dian lifespan was significantly reduced (32.8 vs. 39.5 days), 
whereas the in vitro evaluation after 35 days of storage has 
shown equivalency in hemolysis, extracellular potassium, 
mean corpuscular hemoglobin concentration, and mean cor-
puscular volume and a marginal loss of hemoglobin during 
S-303 treatment. 

The S-303 PIT for RBCs is now ready to run in renewed, 
middle-sized (n < 100 patients) phase III clinical studies in the 
European Union, in which the patient’s enrollment just began 
for elective cardiac surgery patients with acute blood loss and 
for thalassemia patients with chronic transfusion demands 
(personal communication Larry Corash). These clinical stud-
ies focus both on the hemoglobin content and in the latter 
case on the potential immunogenicity with repeat exposure. 
Furthermore, the company has announced a Cerus whole 
blood initiative supported by the Swiss Red Cross Humanitar-
ian Fund to pursue the applicability of the S-303 technology 
on whole blood in developing countries as a humanitarian 
effort.

Table 5. Toxicology of pathogen inactivation technologies for red blood 
cells or whole blood

INTERCEPT  

S-303 RBC
Mirasol  
whole blood

Phototoxicity
Acute toxicology
Repeated dose
General pharmacology
Reproductive toxicology
Genotoxicity
Carcinogenicity
Neonatal toxicity
ADME* studies
Occupational safety
Neoantigen formation open

*Absorption, distribution, metabolism, elimination.
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Mirasol
The same riboflavin-based PIT which was successfully 

evaluated for platelets and plasma is now being further devel-
oped for whole blood to achieve the ultimate goal of a single 
PIT platform that is able to ‘inactivate’ all three blood compo-
nents simultaneously. Understandably, most of the toxicologi-
cal assessment and data concerning neoantigenicity and pro-
tein binding behavior could be extrapolated to the whole 
blood system as well [120]. As shown in a baboon study 
model, riboflavin does not induce a chemical modification on 
the surface of RBCs such as possessing an immunogenic moi-
ety [121]. Safety and efficacy was assessed in a large animal 
model (a diffuse, non-surgical bleeding pig model) [122]. The 
‘drug-related’ terminology of phase I–III studies is avoided by 
the fact that the Mirasol system is rather a medical device 
than a drug (personal communication Ray Goodrich). How-
ever, in context with the generation of ROS this classification 
has to be reconsidered.

Feasibility data from RBCs (after 42 days of storage) sepa-
rated from whole blood donations (n = 11) and treated by ri-
boflavin and increasing doses of UV light energy (in this case 
22, 33 and 44 J/ml) in the USA have shown high variability 
(ca. 60–80%) in RBC recovery and RBC half-life on day 42 
(24 ± 9 days, range 10–36 days) [123]. Five of 11 subjects met 
the FDA criteria of treatment success as defined by 75% au-
tologous recovery of radiolabeled RBCs after 24 h (lower 
limit of 95% CI: 70% recovery), which is, however, in the 
range of gamma-irradiated RBC units. The rate of hemolysis 
on day 42 (not day 35) is between 1.0 and 1.5%, and the os-
motic fragility increases from 0.8 to 4.1% depending on the 
UV light dose chosen [123]. As recently reported by the com-
pany, the current configuration is now based on the exposure 
of a higher dose of UV light (80 J/ml) to compensate suffi-
ciently for the UV light absorption by hemoglobin [60]. By 
choosing comparable UV energy doses, the quality of each 
separated blood component (e.g. rate of hemolysis) has to be 
maintained during standard storage period, while there is still 
an acceptable inactivation efficacy of a broad spectrum of 
pathogens as summarized in table 6. However some of these 
data are personally communicated and not yet confirmed by 
original articles in peer-reviewed journals [120, 124–130]. Ri-
boflavin UV treatment and gamma-irradiation were equally 
effective in the prevention of transfusion-associated graft-ver-
sus-host-disease, resulting in an in vitro 4.7 log reduction of 
viable T cells which had been subsequently confirmed in im-
munodeficient murine recipients (NOD-scid IL2r null) [131]. 

The company starts the IMPROVE II RCT (comparable 
to a phase II study with radiolabeled RBCs) in the USA, obvi-
ously to validate the impact of the process optimization and 
UV light dose fixation (80 J/ml) of Mirasol treatment on the 
RBC quality and loss of inactivation efficacy. In future, one of 
the focuses will be the potential clinical application of Mira-
sol-treated whole blood in military scenarios that allow for the 
immediate substitution of safe RBCs, platelets, and plasma 

Table 6. Pathogen inactivation efficacy for red blood cells and whole 
blood

INTERCEPT Mirasol

Viruses (enveloped)
HIV-1, cell-associated >6.2   4.5
HIV-1, cell free >6.5
HBV >6.3a   ongoingb

HCV   ongoing
HTLV-I
HTLV-II
CMV, cell free
CMV, cell associated   ongoing

BVDVc >4.8
WNV
Herpes simplex virus >6.0
Vesicular stomatitis virus   5.7 >4.5
Chikungunya
Influenza A virus  
SARS-CoV
Dengue-virus

Viruses (non-enveloped)
HAV   1.7
Parvo B19   4.0d

Bluetongue virus ≥6.0   1.5
Adenovirus type 5 >7.4

Bacteria gram-negative
Escherichia coli   7.4
Enterobacter cloacae
Klebsiella pneumonia
Pseudomonas aeruginosa   4.5
Salmonella cholerasuis   4.8
Serratia marsescens   4.1
Yersinia enterocolitica   7.4

Bacteria gram-positive
Bacillus cereus (incl. spores)
Bacillus subtilis (vegetative) >6.3
Bifidobacterium adolescentis
Clostridium perfringens (vegetative)
Corynebacterium minutissimum
Listeria monocytogenes >7.1
Proprionobacterium acnes
Staphylococcus aureus >5.1
Staphylococus epidermidis >6.9
Streptococcus pyogenes

Spirochaetes
Borrelia burgdorferi
Treponema pallidum

Parasites
Babesia microti >5.5 >5.0
Babesia divergens >7.2
Leishmania major   2.3
Plasmodium falciparum >6.8 >6.4
Trypanozoma cruzi >5.4 >3.5

aDuck hepatitis B model. bHuman. cBovine viral diarrhea virus  
(HCV model). dPorcine parvovirus which suitability for human Parvo 
B19  remains questionable.
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for cases of life-threatening trauma and trauma-induced co-
agulopathy (IMPACT). Very interestingly, an additional RCT 
will take place in Ghana with more than 200 patients to evalu-
ate the prevention of whole blood-associated malaria trans-
mission by Mirasol-based inactivation of whole blood dona-
tions [132] (personal communication Ray Goodrich).

Disclosure Statement

PS has received honorarium and travel reimbursement as speaker and 
chair from CERUS Europe BV.
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