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Introduction





Introduction

Summary 
This thesis describes studies dealing with the viral safety of blood and plasma 
products in general and those of Sanquin Blood Supply Foundation in particular. As 
an introduction to these studies, in this chapter a comprehensive description of blood 
and blood components is given, combined with a short historical overview of the 
developments in blood transfusion technology. Subsequently, focussing on pathogen 
safety, the major steps in the collection and processing of blood and plasma are 
described, ranging from donor selection, testing of donations and plasma pools, to 
inactivation and / or removal of infectious pathogens. An overview of pathogens that 
may be present in blood is given, with specific focus on viral contamination and the 
most relevant viruses transmissible by blood. Next, the relevant and model viruses 
used in virus validation studies are presented, followed by an explication of the 
general approach in performing virus validation studies, as well as a discussion of the 
potentially virus reducing steps, all in the context of relevant guidelines and 
requirements. As a preface to the validation studies presented in this thesis, the 
Sanquin manufacturing processes for plasma derivatives are outlined. Finally, virus 
transmissions that have occurred world-wide, in spite of implementation of a number 
of safety measures in the eighties, are summarized. 

Blood
Blood consists of cells suspended in an aqueous solution containing amino acids, 
proteins, carbohydrates, lipids, hormones, vitamins, electrolytes, dissolved gases, 
and cellular wastes. The blood volume is variable, but tends to be about 8% of the 
body weight and therefore the average adult is estimated to have about 5 litres of 
blood. The cellular fraction of blood consists of approximately 99% red blood cells 
with white blood cells and platelets making up the remainder. These components of 
blood can be separated by filtration; however, the most common method of splitting 
up blood is by centrifugation. Three layers are visible in centrifuged blood. The straw-
coloured liquid portion, called plasma, forms at the top (~55%). A thin cream-
coloured layer, called the buffy coat, forms below the plasma. This buffy coat 
consists of the white blood cells and platelets. The red blood cells form the relatively 
heavy bottom portion of the separated mixture (~45%). The red blood cells contain 
haemoglobin, responsible for oxygen transport to the tissues.  Plasma consists for 
about 92% of water, with plasma proteins (6%) as the most abundant solutes. The 
main plasma protein groups are transport proteins (like albumin), immunoglobulins, 
coagulation factors, and protease inhibitors. 

Blood transfusion 
Safety played a negligible role in the first blood transfusions. Between 1665 and 
1670, particularly in France and England, the first experiments with blood 
transfusions were conducted. In England, Richard Lower was the first one being able 
to directly transfer blood from the artery of one animal to the vein of another animal. 
Meanwhile, the French doctor Jean-Baptiste Denys conducted pioneering research 
on blood transfusion in man. In 1667 and 1668, he tried to replace so-called ‘bad 
blood’ in patients by ‘fresh blood’, using the blood of lambs. A blood transfusion was 
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assumed to cure madness and to change human behaviour, and it was thought to 
make people younger and stronger. However, repeated administration of animal 
blood to humans resulted in various complications. Denys’ experiments eventually 
even killed a patient, for which Denys was not prosecuted. However, the Paris 
municipal council prohibited all forms of blood transfusion at a penalty of corporal 
punishment. It was not until the beginning of the nineteenth century that blood 
transfusions were carried out again. In 1818, Dr. James Blundell, a British 
obstetrician, performed the first successful transfusion of human blood to a patient for 
the treatment of postpartum haemorrhage. He used the patient's husband as a 
donor, and extracted four ounces of blood from his arm to transfuse it to his wife. 
During the years 1825 to 1830, he performed 10 transfusions, five of which were 
clinically beneficial, and published his results. Blundell drew two fundamental 
conclusions that still apply: humans may only receive human blood and transfusions 
of human blood are only effective when given to compensate for blood loss. These 
axioms brought Blundell the title of the ‘father of blood transfusion’. 
In 1840, at St. George's Hospital Medical School in London, Samuel Armstrong Lane, 
aided by Dr. Blundell, performed the first successful whole blood transfusion to treat 
haemophilia.

While the first transfusions had to be made directly from donor to receiver to prevent 
coagulation, in the 1910’s it was discovered that by adding anticoagulants and 
refrigerating the blood it was possible to store it for several days, thus paving the way 
for the establishment of blood banks. The first non-direct transfusion was performed 
on March 27, 1914 by the Belgian doctor Albert Hustin, who used sodium citrate as 
an anticoagulant. The first blood transfusion using anticoagulated blood that had 
been stored and cooled was performed on January 1, 1916. It was performed by the 
Royal Army Medical Corps, and the procedure was very successful. The first blood 
transfusion institute was set up by Alexander Bogdanov in Moscow in 1925.

Nowadays, red blood cells are used primarily for patients with severe bleedings, 
resulting for example from accidents or surgery, or for cases of severe anaemia, i.e. 
for the treatment of haemoglobin deficiency. Platelets are administered to patients 
who lack (a sufficient number of) platelets, for example as a result of a blood disease 
(such as leukaemia) or chemotherapy for cancer treatment. In addition, platelets may 
be administered in response to severe haemorrhages associated with surgery. 
Quarantined plasma1 is primarily administered along with red blood cells, in the event 
of severe bleeding or expected massive blood loss, for example during surgery, 
because in those cases coagulation deficiencies may arise. Apart from the direct 
administration of plasma to recipients, plasma can also be processed resulting in 
several plasma derivatives such as coagulation factors, protease inhibitors, 
immunoglobulin preparations and albumin. Plasma products are manufactured from 
pools of plasma obtained from several hundreds to several thousands of blood 
donations. This is a prerequisite for efficient and economical production.  

1 Quarantine plasma is plasma that has been stored for at least 6 months after which the donor should still test negative for 
pathogen markers. 
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A disadvantage of this pooling is that a single infectious donation is sufficient to 
contaminate the entire pool. 

Blood safety measures 
During the production process, a number of measures are implemented, starting at 
the donor level and ranging to the eventual clinical use, to guarantee optimal product 
safety. These measures include: donor selection (preferentially non-remunerated 
donors) and donor examination, careful collection of blood and screening of blood 
donations and plasma pools for viral markers, preparation of plasma products in 
accordance with the principles of Good Manufacturing Practices (GMP) [1] including 
virus reduction techniques, and monitoring of the product in clinical practice 
(pharmacovigilance). Individually, these steps cannot guarantee absence of 
pathogen transmission, but combining these steps provides a high level of safety. 

Donor selection and donor examination 
The main goal of donor selection is to minimize the risk of transmission of pathogens 
from donor to recipient. Therefore, infected donors and donors belonging to high-risk 
groups are excluded from donating blood. However, donors are also excluded from 
donating blood based on a geographical criterion (e.g., donors who have spent a 
cumulative total of six months or more in the United Kingdom in the period of 1 
January 1980 till 31 December 1996). Potential donors first undergo a thorough and 
specific medical examination before they can be accepted as a blood donor. One 
reason is to protect the potential donor, whose health may not be put at risk by giving 
blood. The second reason is to investigate whether the donation can present a risk 
for the recipient of the donated blood. The examination comprises a questionnaire, a 
physical examination and blood tests. First-time donors do not donate blood at the 
time of their first examination. Blood is only taken for blood group identification and 
for carrying out infectious disease tests. If the results are in compliance with the 
quality standards, blood may be donated after a second donor examination after 
which it is tested again and used for the preparation of blood products, if no pathogen 
markers are detected. 

Testing donations for the presence of pathogens in the Netherlands 
Screening for pathogens transmissible by blood is traditionally performed by 
serological tests, in which an antigen of the virus, or antibodies directed against 
antigens of the viruses and bacteria, are detected. Nowadays there are also tests 
detecting the genetic material of the viruses (DNA or RNA) using sensitive 
amplification techniques (nucleic acid amplification testing; NAT). Donated blood is 
tested for the presence of antigen of hepatitis B virus (HBV) and Treponema 
pallidum, and of antibodies against hepatitis C virus (HCV), human immunodeficiency 
virus (HIV), and human T-cell leukaemia virus (HTLV I/II).
Infections with HBV and HCV can be associated with severe liver damage. The two 
major types of HIV, HIV-1 and HIV-2, cause the acquired immunodeficiency 
syndrome (AIDS). Treponema pallidum infection causes syphilis and infection with 
HTLV-I or HTLV-II results in a rare form of leukaemia. Individuals aware of infection 

13



Chapter 1 

with one of these pathogens are not allowed to donate blood and if unaware of such 
an infection, the involved donations are destroyed. In the case of HCV and HIV, 
blood banks also test all blood donations using NAT (in test pools of 48 donations), 
which reveals the presence of viral genetic material (HIV-RNA or HCV-RNA). The 
test is based on the polymerase chain reaction (PCR), a technique that multiplies the 
amount of genetic material (DNA or RNA) enabling detection of extreme low 
quantities of genetic material. The major advantage of these sensitive NAT assays is, 
that they considerably reduce the period between the moment of infection and the 
moment at which the infection is detected – the window period or window phase – 
because antibodies usually emerge only several weeks after infection. 

The average window period based on serological assays is 22 days (range 6 – 38 
days) for HIV, 59 days (range 37 – 87 days) for HBV, and 82 days (range 54 – 194 
days) for HCV. The window periods for HIV and HCV have been considerably 
shortened by the introduction of NAT, resulting in 14 days and 10 days, respectively 
(testing in pools of 48 donations). In case of implementation of HBV NAT, the window 
period for HBV will be shortened to 48 days. 

Since it is not possible to conduct laboratory tests for all infectious diseases that may 
be transmitted by blood, it is essential that donors always report risks of harbouring 
infectious diseases. For example, the parasites that cause malaria (Plasmodium 
falciparum) cannot reliably be detected in donor blood. In cases of travel to an area 
endemic for malaria, donors are always temporarily deferred from donating blood, 
even when they have taken malaria prophylaxis. 

In Table 1 the number of positive donors of HBV, HIV, HCV, HTLV-I/II, and 
Treponema pallidum infection in first-time (FT) and repeat blood donors in the 
Netherlands during 1995-2005 is shown. From Table 1 it can be concluded that 
screening for pathogen markers contributes significantly to the overall safety of blood 
donations. Implementation of NAT did not result in significant changes with respect to 
the number of positive donors detected. Since the introduction of NAT in 1999, only 
one donation, negative in the antibody assay but positive with NAT, was found for 
HCV.
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Plasma pool screening in the Netherlands 
After storage, individual plasma donations (plasma units) are combined into a plasma 
pool, which is again tested for viral contamination. This test may reveal the presence 
of any contaminated donations that were not identified by the screening of the 
individual donations. Plasma pools with a questionable or positive result are 
destroyed. Routinely, again the presence of antibodies to HIV-1, HIV-2 and HCV and 
of the hepatitis B surface antigen is tested. In addition, the presence of HCV 
contamination in the plasma pool is tested by NAT as demanded by the authorities 
and HIV contamination is tested by NAT as an additional safety test. NAT assays 
testing the presence of HCV or HIV contamination are performed in test pools 
consisting of 48 donations. 
From January 2004 on, B19 NAT is mandatory for manufacturing pools resulting in 
anti-D immunoglobulin. Based on this specific requirement and anticipating that the 
requirements may be extended to all manufacturing derivates, Sanquin implemented 
B19 NAT for all plasma donations in 2003. For B19, test pools are constructed (from 
10 pools of 48 donations previously prepared for HCV and HIV NAT), resulting in 
pools of 480 donations. The borderline for the B19 NAT in this test pools is set at 
5x106 IU/ml (international units/ml) resulting in an average value of 104 IU/ml. 
As an additional safety measure, Sanquin implemented HBV and HAV NAT assays 
in July 2006. Like B19 NAT, these assays are performed in test pools of 480 
donations. 

Blood transmissible viruses 

Hepatitis and hepatitis viruses 
In the early 1940’s blood transfusions were quite common, but the reputation of blood 
transfusion was questionable due to infections that led to inflammation of the liver in 
every one out of 60 to 70 recipients. These liver inflammations were suspected to be 
caused by a virus. Liver disease occurred more frequently in patients who had 
received blood from prisoners or remunerated donors than from non-remunerated 
donors. Therefore, in the Netherlands it was decided to recruit only non-remunerated 
donors, which resulted in significant improvement of the safety of blood. An important 
milestone was at the end of the 1960’s, when the research team of Dr. Blumberg 
identified a novel antigen in the blood of patients with ‘serum’ hepatitis [2]. Soon after 
this discovery, donor blood could be tested for the presence of this novel antigen, 
called HBsAg (hepatitis B surface antigen).

Epidemiologically, HBV clearly differs from the already much earlier identified 
hepatitis A virus (HAV), which is transmitted orally. Since the discovery of HBV, 
donor blood has been tested for this virus. However, some recipients of donor blood 
still developed inflammation of the liver. Since neither HAV nor HBV could be the 
cause, the responsible virus was named ‘hepatitis non-A, non-B virus’. In 1988, the 
pathogen was identified and named hepatitis C virus (HCV) [3,4]. In 1991, the first 
test to reveal HCV in donor blood was developed, which was based on detecting 
antibodies to HCV.
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Both HBV and HCV are transmitted primarily via blood contact, which means that it 
may also be transmitted from a mother to her child, before or during birth. In addition, 
HBV can be transmitted by sexual contact, whereas sexual transmission of HCV is 
quite uncommon. 

Carriers of HBV or HCV are not necessarily ill. People with HCV mostly carry the 
virus during their whole life, while HBV is cleared by approximately 90% of those 
infected. In the course of time, the liver of chronic carriers of these viruses can be 
permanently damaged and eventually can result in liver cancer. In recent years, other 
hepatitis viruses have been discovered, and these have all been given consecutive 
letters of the alphabet. However, to date the relevance of these viruses for blood 
transfusion is negligible. 

AIDS and HIV 
At the beginning of the 1980’s, the world was confronted with a new threat, AIDS. 
AIDS (Acquired Immune Deficiency Syndrome), discovered in 1981, affects the 
immune system and in the course of time the immunological defence of the patient is 
strongly decreased resulting in the inability to clear pathogen infections, including 
those caused by common opportunistic pathogens. The AIDS virus, HIV, was first 
isolated in 1983 [5]. Nowadays, AIDS symptoms and viral replication can be treated 
with a combination of anti-viral drugs, but the virus cannot be eradicated, and thus 
life-long treatment is required. 

In 1985, the first test to reveal anti-HIV antibodies in blood became available. Since 
then, all donors are tested for these antibodies. If antibodies against HIV are found in 
the blood, it confirms that the individual in question has come into contact with HIV 
and is most likely infected. For this reason, the blood is regarded as infected and the 
donor is not permitted to donate blood.
Fortunately, infection with HIV due to blood transfusion or administration of blood 
products was relatively limited (approximately 100-200 cases) in the Netherlands and 
nowadays the residual risk is almost negligible. This is due to the adequate 
measures, implemented rapidly in response to increasing scientific knowledge about 
HIV.
New technologies, like heat treatment of coagulation factor concentrates [6], were 
developed with the specific aim to inactivate or remove various viruses without 
affecting the biological activity of the relevant plasma proteins and cellular products. 

Erythema infectiosum and parvovirus B19 
Human parvovirus B19 (B19) was discovered by Cossart et al. [7] in 1975 and 
subsequently the virus was found to be the cause of erythema infectiosum or fifth 
disease [8]. The virus is widespread in the human population and the severity of the 
infection depends on the immunological status of the host. Generally, the infection is 
harmless in immuno-competent individuals, but in immuno-compromised individuals 
or during pregnancy the B19 infection can lead to more severe clinical manifestations 
like severe anaemia due to pure red cell aplasia in immuno-compromised individuals, 
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and hydrops fetalis of the fetus or fetal death in utero during pregnancy. A 
remarkable phenomenon during onset of the B19 infections is extremely high virus 
concentrations during the viraemic phase. During this phase of a few days, titres of 
1012-1013 viral particles per ml blood can be present. In general, IgG antibody 
production is detectable after approximately 2 weeks and results in life-long 
protection.

Miscellaneous viruses 
Besides the most significant viruses transmitted by blood and blood products (HBV, 
HCV, HIV and B19) a number of other viruses have been transmitted occasionally. 
Among these viruses are human T-cell leukaemia viruses, HTLV-I and HTLV-II, 
cytomegalovirus (CMV) and West Nile virus (WNV) as most relevant examples. In 
addition to viruses, also other pathogens like bacteria and parasites can be 
transmitted by blood and blood products, leading to complications in a recipient. 
However, since this thesis focuses on validation studies targeting inactivation and / or 
removal of viruses, the latter pathogens are not discussed in more detail. 

Prions
Since 1995, donors are questioned regarding exposure to (the classic form of) 
Creutzfeldt-Jakob (CJD) disease – a brain disease that is associated with a form of 
dementia, non-controllable muscle contractions and paralyses. CJD is an extremely 
rare and till now incurable disease that usually manifests itself after the age of 
approximately 60, causing death of 1.5 to 2 persons per million population per year. 
People with CJD and their family members are not permitted to donate blood. 
Besides classical CJD, nowadays so-called variant CJD (vCJD) is a new threat to 
blood (products) and plasma products. CJD and vCJD are believed to be caused by 
a ‘prion’ (‘proteinaceous infectious particle’) and, like viruses and bacteria, these 
particles can cause diseases. However, unlike viruses and bacteria, the agent is 
believed not to contain DNA or RNA. Problems arise, if a prion folds itself from the 
‘normal form’ of the natural protein (PrPc) in an abnormal way (PrPsc) and thereby 
becomes pathogenic. The implications of CJD and vCJD will be discussed in chapter 
10.

Approach for virus validation studies 
Biologicals (e.g. plasma products and human tissues) meant to be used as medicinal 
products should have no residual risk of transmitting viral infections. Virus 
contamination of these products may arise from the source material (e.g. HIV and 
hepatitis viruses are obvious potential contaminants of human blood) or may be 
introduced as adventitious agents as a result of a manufacturing process. In this 
respect validation of a manufacturing process plays an important role in the careful 
evaluation of the overall capacity of the process to remove and/or inactivate viruses. 
In the general guidance on selection of viruses used for validation, it is recommended 
to use, whenever technically possible, relevant viruses like HIV, HAV, and B19, that 
may contaminate plasma-derived medicinal products [9,10]. HBV and HCV also are 
relevant viruses, but for these viruses no efficient in vitro culture system is available 
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yet. For these two viruses the models pseudorabies virus (PSR) and bovine viral 
diarrhoea virus (BVDV), respectively, are used. An overview of relevant and model 
viruses, together with properties of these viruses and cell lines for culturing them, is 
presented in Table 2. 

Guidelines and quality requirements 
In early virus validation studies (prior to 1994), quality aspects and standardisation of 
virus assays were not strictly regulated by the authorities. Usually, virus titres were 
determined applying 1/10 dilution steps of virus samples and mostly only four 
replicates were tested. This resulted in reduction factors (for explanation, see section 
execution of virus validation studies) with relatively high confidence limits (± 1 log10).
Furthermore, it was general practice to test many steps from a manufacturing 
procedure and subsequently add up all reduction factors obtained, unless a reduction 
factor was less than 1.0 log10. This often resulted in extremely high total reduction 
factors, e.g. for the Cohn fractionation process total reduction factors of >20 log10

have been presented. The Paul Ehrlich Institute (PEI) in Germany came up with the 
first regulations [11], of which the most important were the requirements for virus 
titrations. It was required that the 95% confidence limit of the reduction factor 
obtained for a sample was less than or equal to 0.5 log10. This requirement could 
only be fulfilled when the design of the virus titration format was changed from 1/10 
to e.g. 1/3 dilutions and instead of four replicates now eight replicates had to be 
tested. In addition to the PEI guideline, also guidelines from the European Agency for 
the Evaluation of Medicinal Products (EMEA) were put forward [9,10]. In these 
guidelines various requirements were indicated such as: 

 choice of viruses to be used in validation studies 
 introduction of the concept of effective steps 
 2 effective steps for lipid enveloped (LE)-viruses and 1 effective step for non-

lipid-enveloped (NLE)-viruses 
 elucidation of mechanism of action 
 measuring kinetics for inactivation steps and mass balance for removal steps 
 introduction of the concept of robustness 
 validation studies should be performed in compliance with principles of good 

laboratory practice (GLP) 
 suitability studies 
 adding up reduction factors is only allowed for steps having different 

mechanism of action 

Each of these items mentioned in the guidelines will be discussed in more detail 
below.

The viruses to be used in virus validation studies preferentially are the relevant 
viruses responsible for transmissions in the past. However, not in all cases these 
viruses can be cultured in a laboratory setting. As of today, only the relevant viruses 
HAV and HIV can be cultured and tested in infectious culture systems, whereas for 
HBV, HCV and B19 generally accepted model viruses are to be used (e.g. PSR, 
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BVDV and canine parvovirus (CPV), respectively). The relevant viruses also cover 
the physico-chemical differences required by the authorities. In summary, (model) 
viruses with a DNA and an RNA genome, and viruses with and without a lipid 
envelope should be tested. 

The concept of an effective step was introduced by the authorities [11,9,10]. Whether 
a virus removing/inactivating step is classified to be effective, moderately effective, or 
ineffective is judged on a series of considerations including the validity of virus and 
scale-down systems used, the log reduction factors demonstrated, assessment of the 
mechanism and robustness of viral reduction. It was indicated that a manufacturing 
process of a plasma product should encompass at least two such steps for LE-
viruses and at least one step for NLE-viruses, appreciating that the latter viruses in 
general are more resistant. 

It was encouraged by the authorities to elucidate the underlying mechanism of action, 
e.g., inactivation by temperature, pH or solvent/detergent (SD) chemicals, or removal 
by precipitation or nanofiltration. In addition, it was prohibited to add up the log 
reduction factors of steps having identical modes of action, e.g. precipitation steps 
applied in the Cohn fractionation process. 

For inactivation steps it is necessary to show inactivation kinetics, thereby providing 
information on the robustness of a process. For an SD step often complete reduction 
of LE-viruses is observed within minutes, whereas the total procedure in the 
manufacturing process takes at least 6 hours. It can easily be envisaged that a small 
deviation in process time will not influence the final outcome of such inactivation 
process. On the other hand, pasteurisation in the presence of high concentrations of 
stabilisers may result in slow kinetics, e.g. complete reduction may be found only 
after 6 or 8 hours whereas the total process time is 10 hours. 
The concept of demonstrating robustness is based on these findings and the 
manufacturer is expected to perform experiments, showing that the claimed virus 
reduction holds true within the registered specifications of process parameters. E.g., 
when pasteurisation is performed in the manufacturing process at 60°C and the 
specifications are ±1°C, the procedure should be evaluated at 59°C or even slightly 
lower to be on the safe side. 

Finally, all laboratory experiments should be performed in compliance with GLP 
whereas in the manufacturing environment GMP is mandatory. 
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Table 2:  General properties of viruses and cell lines used in virus validation studies 
Virus Family 

Size
(nm)

Lipid
envelope 

Genome
Size 
(kb)

Virus
strain 

Resistance to 
treatment 

Relevant/ 
model virus 

Cell line 
Read-

out

B19 Parvo 18-26 No ss DNA 5 Wild type High Relevant - PCR

BVDV Flavi 37-50 Yes ss RNA 10-12 NADL Medium Model
MDBK

and EBTr 
CPE

BPV Parvo 18-26 No ss DNA 5 Haden Very high Model EBTr CPE
CPV Parvo 18-26 No ss DNA 5 780916 Very high Model A72 CPE
EMC Picorna 22-30 No ss RNA 8 EMC Medium/High Model VERO CPE
HAV Picorna 22-30 No ss RNA 8 HM175/18F Medium/High Relevant BSC-1 ELISA

HIV-1 Retro 80-100 Yes 2 ss RNA 2x10 HTLV-IIIb Low Relevant 
H9 and 

MT2
CPE

PPV Parvo 18-26 No ss DNA 5 NADL2 Very high Model ST CPE

PSR Herpes 100-200 Yes ds DNA 140
Aujeszki

Bartha K61 
Medium Model

PD5 or 
VERO

CPE

SV40 Polyoma 45 No ds DNA 30 PML-2 High Model BSC-1 CPE
TGEV Corona 100-120 Yes ss RNA 27-32 Purdue Medium Model ST CPE
VSV Rhabdo 75x180 Yes ss RNA 11-15 Indiana Low Model BHK-21 CPE

Abbreviations: CPE=cytopathic effect; DNA= de-oxyribonucleic acid; ds=double-stranded; PCR=polymerase chain 
reaction; RNA= ribonucleic acid; ss=single-stranded
Viruses: B19 (human parvovirus B19); BPV (bovine parvovirus); BVDV (bovine diarrhoea virus); CPV (canine 
parvovirus); EMC (encephalomyocarditis virus); HAV (hepatitis A virus); HIV (human immunodeficiency virus); 
PPV (porcine parvovirus); PSR (pseudorabies virus); SV40 (simian virus 40); TGEV (transmissible gastroenteritis 
virus); VSV (vesicular stomatitis virus) 
Cell lines: A72 cells, a canine fibroma-derived cell line; BHK-21 cells, a Syrian (baby) hamster kidney cell line; 
BSC-1 cells, an African green monkey kidney cell line; EBTr cells, an embryonic bovine trachea cell line; H9 cells, 
HIV-susceptible T cell line; MDBK cells, Madin and Darby bovine kidney cell line; MT2 cells, HIV-susceptible T 
cell line; PD5 cells, a swine kidney cell line; ST cells, a swine testicular cell line; VERO cells, an African green 
monkey kidney cell line 

Execution of virus validation studies 
Virus validation studies in general start with the downscaling of a specific process 
step from the routine manufacturing scale to laboratory scale, i.e. downscaling with a 
factor of 10,000 in case the manufacturing scale is 1,000 litres and the laboratory 
scale is 100 ml. Prior to initiating the virus validation study, the downscaling should 
be validated to prove that process parameters at manufacturing scale and laboratory 
scale are comparable, like protein content, pH, ionic strength, etc.. 

Prior to the actual virus spiking experiments in the laboratory setting, so-called 
suitability assays are performed. In this cascade of experiments, it is checked 
whether conditions to be used in the validation experiments are valid, i.e. that results 
from validation studies are genuinely reflecting inactivation and / or removal of 
viruses without any interference caused by cytotoxicity, non-specific inhibition, etc. A 
suitability assay in general consists of a check on cytotoxicity, contamination, pH, 
stop condition, interference test and storage condition. If necessary, also a 
neutralisation assay is performed to test for neutralising effects in the starting 
material (e.g. for HAV and B19). Each of these tests is discussed in more detail 
below.
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Cytotoxicity and contamination check 
Relevant samples of product or process intermediate are tested on the appropriate 
cell lines and the first dilution that does not cause cytotoxic effects is chosen for use 
in the subsequent validation study. 
A check is performed to test the samples for contamination with bacteria, yeast or 
fungi.

pH check 
An assay is performed for determining the effect of the virus spike on the pH of the 
relevant process samples. As virus stocks are suspended in serum-free culture 
medium, this medium is used as a mock spike to determine the effect of spiking on 
the pH of the sample. In general a pH shift of maximally 0.2 is acceptable. 

Stop and storage conditions and interference 
The stop condition is deduced from the cytotoxicity test and is the lowest dilution of a 
test sample that prevents further reduction of virus during 30 minutes at RT. This 
period of 30 minutes is based on practical experience and within this time period the 
relevant experiments are finished. In this assay the absence of interfering effects is 
tested simultaneously. Finally, the storage condition is tested and defined as the 
lowest dilution of test sample that can be stored for at least 7 days, without loss of 
viral infectivity. If the selected dilution of test sample provides an effective stop and 
storage condition, and does not cause interference, no significant loss of infectivity is 
expected, i.e. the clearance factor (CF) should be < 1 log10.

Based on the results obtained in the suitability experiments, the test conditions are 
assessed for use in the actual virus validation experiments. The samples of the 
spiking experiments are collected and tested immediately after appropriate dilution. 
The experimental set-up has been qualified prior to the experiments and, if 
appropriate, so-called dummy runs are performed to test all relevant process 
parameters. During the downscaled processing these relevant parameters are 
monitored and recorded. 

Virus stock and virus inoculum 
The virus stock in general is prepared by harvesting culture supernatant from 
infected cell lines. To remove cells and cell debris, the culture supernatant is clarified 
by centrifugation and subsequently aliquoted, frozen and stored. If desirable, i.e. 
when the virus titre in the clarified supernatant is too low, the virus can be 
concentrated by ultracentrifugation or ultrafiltration. Care should be taken that the 
concentrated virus does not aggregate and the aggregation state should be checked 
by filtration of the virus batch through a filter with an appropriate filter size (e.g. a 0.22 
µm filter for HIV). In addition, virus stocks should preferentially be prepared from 
serum-free culture supernatants, since large amounts of protein introduced by the 
spike may cause disturbances in specific process steps, e.g. nanofilters may be 
clogged by serum containing virus stocks. A virus inoculum is prepared from such 
virus stocks: a sample is taken and diluted with culture medium and this diluted 
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sample is tested immediately for its infectious titre. This sample is called the virus 
stock and its titre is used to calculate the so-called clearance factor (CF). 

Spiking of the starting material and treatment 
Next, the starting material is spiked with the virus inoculum and mixed for a very 
short period. A sample is taken and tested immediately for the infectious titre to serve 
as a control sample. This sample is called the spiked starting material (reference) 
and it can be used to calculate the so-called reduction factor (RF). 
After taking the control samples, the relevant process step is performed and samples 
from the resulting process fractions are taken to be tested for remaining virus titre. In 
case of inactivation procedures, kinetic samples are taken to check the course of 
inactivation and to get insight in the robustness of the process step. In case of 
removal procedures, samples are taken to assess the mass balance, e.g. whether 
the amount of virus measured in all samples and subsequently added up, equals the 
amount of virus as present in the spiked starting material prior to execution of the 
process step. In addition, more specific in-process controls can be incorporated, e.g. 
a bench control is often added to get insight in the mechanism of inactivation. 

Detection and quantification of infectious virus 
TCID50 assay in 96-well microtitre culture plates 
The amount of infectious virus present in a sample is determined in 96-well microtitre 
culture plates. In compliance with relevant guidelines, three-fold serial dilutions of 
samples are prepared and each of twelve of these dilutions is added to eight 
replicate cell cultures. 
Bulk culture tests 
To obtain a lower limit of detection, larger volumes can be tested in appropriate 
culture flasks (e.g. in 80 cm2 or in 175 cm2 culture flasks). 

Calculation of RF (reduction factor) or CF (clearance factor) 
For the calculation of virus reduction, in compliance with relevant guidelines, 
preferentially the reduction factors are calculated. The RF is calculated by comparing 
the amount of virus prior to the process step as calculated from the spiked starting 
material and the amount of virus remaining after the process step.

The RF is calculated according to the formula: 
Virus spiked as assayed in the reference sample 

10RF = 
Virus recovered in the test sample

For the calculation of virus reduction also the clearance factors can be calculated. 
The CF is calculated by comparing the amount of virus prior to the process step as 
calculated directly from the virus inoculum and the amount of virus remaining after 
the process step. 
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The CF is calculated according to the formula: 
Virus spiked as assayed in the virus stock sample 

10CF = 
Virus recovered in the test sample

In case the RF value cannot be calculated, e.g. because virus infectivity already is 
strongly reduced in the spiked starting material, the CF is calculated.  

Virus reducing steps 
Virus reducing techniques as applied in the production of plasma products can be 
distinguished in two groups: virus removal steps and virus inactivation steps. In the 
latter case viruses are disrupted in such a way, that the capability of virus to infect 
host cells is irreversibly lost. In case of removal, the viruses are physically separated 
from the protein fraction of interest. In general inactivation steps are preferred, but if 
well defined and controlled, also removal steps can contribute to viral safety and 
even can be considered to be effective steps in some cases. Examples of 
inactivation steps and removal steps are described below. 

Inactivation steps 
Solvent/detergent (SD) treatment
After the development of a procedure to inactivate hepatitis viruses by means of a 
detergent (e.g. Triton X-100) by Edward Shanbrom [US patent 4314997, filed 
October 6, 1980], the SD procedure was developed by Prince & Horowitz and co-
workers [12,13,14]. SD chemicals consist of a mixture of an organic solvent (e.g. tri-n-
butylphosphate (TNBP)) and a detergent (e.g. Tween 80, Triton X-100 or sodium 
cholate). Mixing of appropriate amounts of SD chemicals and plasma protein 
solutions results in disruption of the lipid coat of enveloped viruses, destroying the 
ability of the virus to infect host cells. Together with pasteurisation, the SD treatment 
is recognised as a very effective and robust inactivation procedure for LE-viruses but 
not for NLE-viruses, since these viruses lack the lipid envelope. A mixture of e.g. 
0.3% (v/v) TNBP and 1% (v/v) Triton X-100 usually results in complete inactivation of 
LE-viruses within minutes when incubating at room temperature in standard plasma-
derived products.

Heat treatment
Pasteurisation (heating in solution, typically at 60°C for 10 hours) was developed for 
albumin during World War II [15]. The method is the preferred method for viral 
inactivation of albumin [10] and is very effective against LE-viruses like HIV, HBV and 
HCV. Also a contributing effect of pasteurisation is observed for certain NLE-viruses, 
i.e. viral inactivation is observed although not resulting in complete inactivation. In the 
absence of stabiliser or at low stabiliser amounts, significant reductions can be 
observed for HAV, whereas the reduction is limited for model parvoviruses. However, 
complete inactivation of B19 has been shown [16]. In the presence of large amounts 
of stabiliser, the reduction factors are smaller and the kinetics much slower [17]. 
Vapour heat (heating a lyophilised product in the presence of added water vapour 
(“pressurised steam”), typically at 60°C for 10 hours) has mainly been used for 
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treatment of coagulation factor concentrates. As with wet heating LE-viruses in 
particular can be inactivated effectively, while NLE-viruses are more resistant 
[18,19,20].
Dry heat (terminal heating of lyophilised product in the final container, typically at 
80°C for 72 hours) was primarily developed to inactivate HCV in coagulation 
products. Initially, temperatures ranging from 60 - 68°C during 24 - 72 hours have 
been applied, but this temperature range was insufficient to inactivate viruses like 
HBV and HCV. However, these conditions (60 - 68°C during 24 - 72 hours) appeared 
to be already effective for inactivation of HIV. Heating at 80°C for 72 hours resulted in 
a significant decrease of infectivity of both LE- and NLE-viruses, but residual 
moisture is crucial for the observed results [21]. High residual moisture results in 
more damage to viruses but also to the therapeutic protein, whereas low residual 
moisture is beneficial for the therapeutic protein but leads to less effective virus 
inactivation.

Treatment at low pH
Originally, incubation of immunoglobulin at pH 4 was incorporated to reduce 
anticomplementary activity and prekallikrein activator content as a means to render 
the product intravenously administrable. However, incubation at low pH during at 
least 16 hours also resulted in reduction of virus infectivity. In particular for LE-
viruses like HIV, BVDV and PSR reduction factors of more than 4 log10 were 
observed [22]. 

UV-C treatment
UV-C irradiation causes damage to nucleic acids by dimerization of adjacent 
pyrimidines [23] and the resultant intranucleotide cross-links abrogate subsequent 
virus replication. In addition, UV-C also generates free radicals such as singlet 
oxygen [24]. This damage is independent of the presence of a lipid envelope; 
therefore, a major advantage is that – unlike most other inactivation steps – NLE-
viruses can also be inactivated quite effectively. UV-C irradiation of albumin and 
intravenous immunoglobulin (IVIg) solutions can effectively inactivate several viruses 
at still acceptable levels of product damage [25,21]. 

Removal steps 
Chromatography
Chromatography steps are usually meant to remove contaminants from biologic 
process streams and are still often used as a polishing step in purification schemes. 
Chromatographic methods separate proteins based on differences in their 
physicochemical characteristics and this can also be applied for removing viruses. 
Typical chromatography steps in use in plasma fractionation are affinity 
chromatography and ion-exchange chromatography. In the latter, differences in 
charge are used to separate proteins. For affinity chromatography biologic ligands 
such as antibodies are used to recognise and bind the specific protein of interest 
[26]. In principle, such steps can also remove LE- and NLE-viruses to a significant 
extent. However, the mechanism of virus binding is not understood and differences in 
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binding can be observed between different virus families. Viruses can bind to the 
column matrix and the protein of interest passes through the column, but the 
opposite is also possible. In the latter case, the protein of interest binds to the column 
(e.g. affinity chromatography) and the removal of virus often is more effective than in 
ion-exchange chromatography steps. Therefore, a broad panel of viruses should be 
tested to investigate the virus removing capacity of a chromatography step and it 
should be kept in mind that the behaviour of a model virus can differ from the 
behaviour of the relevant virus. 

PEG precipitation
Polyethylene glycol (PEG) is an inert, non-denaturating, water-soluble polymer. In an 
aqueous solution containing PEG, the interactions of protein with water are lessened 
due to the presence of PEG which may lead to precipitation of the protein. The same 
effect can occur for viruses which may also lead to co-precipitation with the protein. 
When the protein of interest remains in the supernatant / filtrate after centrifugation / 
filtration, the viruses can be separated from the protein in this way. In general, PEG 
precipitation steps result in 3 - 4 log10 reduction, but in well-designed processes, 
reduction factors up to 6 log10 are possible [17]. The observed increase in reduction 
of virus often is associated with increasing amounts of PEG. 

Nanofiltration
In contrast to e.g. Cohn fractionation and chromatography steps, nanofiltration steps 
were specifically developed to remove viruses. The mechanism of removal by such 
filters is mainly based on size exclusion, but also adsorption mechanisms may play a 
role in retention of virus. An advantage of nanofiltration techniques is the relative mild 
conditions with respect to pH, osmolarity, and temperature that can be applied in 
such steps. As a result, the biologic integrity of the protein products is not 
significantly compromised and it can be anticipated that immunogenicity problems 
are avoided [27]. A disadvantage of the technique may be that although it is easily 
implemented for small-sized proteins like factor IX, it is more problematic for larger 
proteins like factor VIII. For such large proteins filters with pore sizes of 35 nm should 
be used, but then also smaller viruses like parvoviruses and picorna viruses will pass 
through the nanofilters. 

Combined action of inactivation and removal 
Cohn ethanol fractionation steps
Cohn-Oncley fractionation is a well-established and efficient method to prepare 
therapeutic proteins starting from plasma. The method to extract various proteins 
from plasma was described in 1946 by Cohn [28] and the method is mainly based on 
influencing the solubility of the various plasma proteins by varying the percentage of 
ethanol, the temperature, pH and ionic strength. Eventually fractions can be 
separated by centrifugation or filtration of the precipitates. A number of such 
precipitation steps can be considered as general virus removing steps, e.g. in the 
precipitation of Cohn fraction III from fraction II+III (Figure 1). LE-viruses as well as 
NLE-viruses are removed by at least 3 log10. However, not only removal plays a role 

26



Introduction

in the Cohn fractionation process, but also inactivation can occur. For example, 
precipitation of fraction IV from supernatant II+III, which is carried out in the presence 
of approximately 40% ethanol, not only leads to removal of NLE-viruses along with 
the unwanted fraction IV, but also to complete inactivation of HIV and high levels of 
inactivation for several other LE-viruses. 

Caprylic acid / octanoic acid treatment
Caprylate has been used to precipitate and remove contaminant proteins in the 
purification process of IVIG. However, besides the protein precipitating and virus 
removing capacity, caprylate is also able to inactivate LE-viruses, by disrupting their 
viral lipid membranes [29]. HIV, BVDV and PSR are completely inactivated within 
minutes, rendering this a robust step within manufacturing specifications. 

Plasma fractionation process and major products 
Starting from plasma, a variety of plasma-derived products can be manufactured in 
the plasma fractionation process (Figure 1). Early in the process coagulation factors 
like factor VIII (for treatment of haemophilia A) and factor IX (for treatment of 
haemophilia B) are extracted. In the Cohn fractionation process, immunoglobulins 
(containing neutralising antibodies) and albumin (used as plasma expander) are 
isolated.
The products manufactured by this fractionation process carry a health risk with 
respect to pathogen transmission, since the starting material (plasma) is not 
guaranteed to be free of pathogens. Despite this fact, albumin products have a very 
long safety record (>50 years) with respect to virus transmissions. Pasteurisation 
including heat stabilisation, as developed during World War II and combined with 
Cohn fractionation, has resulted in the elimination of transmissions of LE-viruses. 
Similarly, immunoglobulins have never transmitted LE-viruses, except for the 
transmission of HCV via IGIV. On the other hand, coagulation factors are high-risk 
products and prior to the implementation of effective virus inactivation methods, 
several viruses have frequently been transmitted by those products. Upon 
implementation of screening and inactivation procedures in the eighties, the 
frequency of transmission of viruses have strongly decreased, although a number of 
incidents still occurred as will be discussed in the next section. 
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Viral transmissions caused by plasma products 
Table 3: Examples of HBV transmissions by plasma products 

Product Treatment Reference Patients Remarks
Factor VIII concentrate 
Factor IX concentrate 

Dry heat, 68°C for 72 hours 
Lush et al. 
[33]

1/1
1/1

Temperature inadequate, 
elevation to 80°C adequate 

Factor VIII concentrate 
Hot vapour, 60°C for 10 hours, 1190 
mbar in the moistened lyophilized product 

Mannucci
et al. [34] 

4/14

Factor VIII concentrate Steam-treated product Morfini [35] 3
Factor VIII concentrate 
Factor IX concentrate 

Heating in solution at 60°C for 10 hours 
Heimburger 
[36]

1/32
0/6

Seroconversion

Transmission of HBV
Already in the 1930’s serum hepatitis was distinguished clinically from infectious 
hepatitis [30] and in the 1940’s it was concluded that serum hepatitis, like infectious 
hepatitis, was caused by a virus. In addition it was observed that the virus could be 
inactivated by heating, as was shown for human serum albumin products [31]. 
In the late sixties screening assays were implemented to test for the presence of 
HBV in plasma and subsequently the infection rates decreased. Upon 
implementation of effective virus inactivation steps, no transmission was observed for 
HBV in albumin and coagulation factors [32]. In immunoglobulins implementation of 
effective virus inactivation steps was not necessary based on the presence of 
abundant amounts of antibodies against HBV. 

The transmission described by Lush et al. [33] was caused by an inadequate 
procedure (dry heat treatment at 68°C for 72 hours); elevation of the temperature to 
80°C for 72 hours proved to be adequate for elimination of transmission of LE-
viruses. From the cases described by Mannucci et al. [34], Morfini et al. [35] and 
Heimburger et al. [36] it was concluded that the chosen methods of inactivation were 
insufficient to result in complete inactivation of HBV. It can be concluded that since 
then, upon implementation of screening procedures and effective virus inactivation 
steps, transmissions have not been reported. Therefore, nowadays HBV 
transmission is no longer recognised as a risk in the administration of plasma 
products.

Transmission of HCV
Although donor blood has always been tested for HBV since the discovery of this 
virus, a number of recipients of donor blood still developed inflammation of the liver. 
Since neither HAV nor HBV could be the cause, the responsible virus was called the 
‘hepatitis non-A, non-B-virus’. The causative agent HCV was discovered in 1988 and 
the first test to detect HCV in donor blood was developed and implemented in 1991. 
HCV transmissions have never been observed for albumin and intramuscular 
immunoglobulin products [32], but for coagulation factors and IVIG transmission of 
HCV was not completely abrogated by the implementation of the screening test.

The effectiveness of dry-heat treatment was shown in a study of Watson et al. [45]. 
Seventy seven out 78 haemophiliacs treated with non-virus inactivated coagulation 
factor concentrates were HCV infected, whereas no transmission was observed 
when patients were treated with super-dry-heat treated concentrates (80°C for 72 
hours). The results from Watson were confirmed in a detailed study of Mauser-
Bunschoten et al. [46] comprising 316 haemophilia patients between 1979 and 1993. 
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Table 4: Examples of HCV (non-A, non-B) transmissions by plasma products 
Product Treatment Reference Patients Remarks
Factor VIII concentrate  Dry heat, 60°C for 72 hours Colombo et al. [37] 11/13 Temperature inadequate 
Intravenous immunoglobulin None Lane [38] 12/12
Intravenous immunoglobulin None Lever et al. [39] 12/12
Intravenous immunoglobulin None Weiland et al. [40] 4
Intravenous immunoglobulin None Ochs et al. [41,31] 7/16
Intravenous immunoglobulin None Björkander [42] 16/77
Intravenous immunoglobulin pH 4 treatment Williams et al. [43] 4 High levels non-A, non-B? 
Intravenous immunoglobulin None Bresee et al. [44] 23/210 “Gammagard incident” 

Three groups were compared with respect to prevalence of HCV infection. The 
prevalence of HCV infection in group 1 (patients treated with large-pool non-HCV-
safe concentrate, n=179) was 99%; in group 2 (patients treated with small-pool 
cryoprecipitate, n=125) the infection rate was 66%; and in group 3 (patients treated 
with HCV-safe concentrate, n=12) this was 0%. Finally, the effect of dry heating of 
coagulation factor concentrates was studied in a study group of the UK haemophilia 
centres. It was shown that all evaluable 32 patients remained HCV-negative upon 
treatment with factor VIII or factor IX concentrates (treated at 80°C for 72 hours). 

In a number of publications, transmission of non-A, non-B-virus was observed for 
IVIGs manufactured without additional virus reducing steps. An explanation for the 
differences observed for IVIG versus intramuscular immunoglobulin (IMIG) may be 
the subtle variations in the manufacturing processes. E.g., IMIG is stored in a liquid 
state and additional inactivation of virus during storage may occur, whereas IVIG is 
stored in a freeze-dried state. Furthermore, the dose and route of administration of 
both products may play a role. 

The cause of the transmission reported by Williams et al. [43] remains unclear, since 
more than 100 batches had been manufactured and only one batch caused 
transmission. A possible explanation is that the starting plasma pool for this batch 
was contaminated with very high levels of non-A, non-B-virus. 

The outbreak described by Bresee et al. [44] is known as the “Gammagard incident”, 
based upon the name of the IGIV product involved, Gammagard, of Baxter. It 
appeared that the Gammagard product was the only product implicated in the 
transmissions of HCV and it was estimated that at least 9 batches had transmitted 
HCV. No specific virus reducing step had been incorporated in the manufacturing 
process. The transmission was ascribed to the introduction of second-generation 
screening for anti-HCV antibodies which removed the majority of antibodies against 
HCV from the starting material, thereby possibly leading to a different fractionation 
behaviour of HCV in the manufacturing process [47,48]. Besides an effect on 
partitioning, also a contribution of neutralising antibodies removed after screening 
with a second-generation screening, may have increased the viral safety [49]. 

As for HBV, HCV transmission is no longer recognised as a risk in the administration 
of plasma products. 

Transmission of HIV
In the 1980’s a large number of haemophilia patients have been infected with HIV by 
blood transfusion or by plasma products (reviewed in [50]).  Albumin and 
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immunoglobulins have never transmitted HIV [32]. Implementation of virucidal 
methods in the years 1984-1985 have dramatically improved the safety of 
coagulation factor concentrates (reviewed in [51]). However, a few well-documented 
cases have occurred between 1985-1987 [52,53] [both reports applied heat 
treatment at 60°C for 30 hours of lyophilised product]. 
Since 1987, six cases of HIV seroconversion [54,55,56] have occurred after infusion 
of a factor IX concentrate that had been treated with beta-propiolactone (an alkylating 
agent). Although the possibility of technical errors cannot be excluded, the cause of 
failure has remained unclear, and therefore this procedure has since been 
abandoned. Thereafter, no HIV transmissions by plasma products have been 
reported in the literature. 

Transmission of HAV
After implementation of the screening procedures mentioned above and of virus 
reducing procedures, it was observed that NLE-viruses could still be transmitted by 
plasma products. An outbreak of hepatitis A in haemophiliacs was observed in four 
countries in Europe (Italy, Germany, Belgium and Ireland) in the period 1989-1992 
[57].

In an additional study of Peerlinck et al. [68] it was observed that young Belgian 
haemophilia A patients had a lower prevalence of anti-HAV antibodies than age-
matched controls. An explanation for this finding could be that haemophilia patients 
have been passively protected through anti-HAV antibodies contained in the small-
pool cryoprecipitate with which they were treated prior to changing to treatment with 
a high-purity product, purified by ion-exchange chromatography (Octavi). Since the 
Octavi product contains only a very small amount of immunoglobulin, haemophilia 
patients apparently were less protected against hepatitis A infection.  
In all these incidents (Table 5, rows 1-6), the factor VIII concentrate used had been 
treated by SD and had been purified by ion-exchange chromatography. Transmission 
occurred mainly in heavily transfused subjects, but there were also individuals 
receiving the same contaminated batches that did not seroconvert. It was concluded 
that these produced lots contained little or no amounts of antibodies against HAV. 

In a publication of Chudy et al. [66], another 6 haemophiliacs treated with a factor VIII 
preparation were reported to be infected with hepatitis A in Germany in 1997. Again, 
the factor VIII concentrate was prepared with solely the SD procedure for virus 
inactivation. Analysis of the available data showed that one out two plasma pools 
used for manufacture of the factor VIII concentrate was contaminated with HAV.

Table 5: Examples of HAV transmissions by plasma products 
Product Virus inactivating treatment Reference Patients Country 
Factor VIII concentrate  SD treatment Mannucci [58] 41* Italy 
Factor VIII concentrate  SD treatment Gerritzen/Normann [59,60] 13/46 Germany 
Factor VIII concentrate  SD treatment Brackmann et al. [61] 18/195 Germany 
Factor VIII concentrate  SD treatment Peerlinck et al. [62] 6/250 Belgium
Factor VIII concentrate  SD treatment Lawlor/Temperley [63,64] 30**/215 Ireland
Factor VIII concentrate  SD treatment Cohn et al. [65] 7/170 South Africa 
Factor VIII concentrate  SD treatment Chudy et al. [66] 6 Germany 
Factor IX concentrate None Lawlor et al. [67] 2 Ireland

* Eventually 51 cases **27 out of 30 patients were exposed to factor VIII 
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In conclusion, it can be stated that transmission of HAV by factor VIII concentrates 
produced in this way still was a rare event, since in other European countries and in 
the USA, where comparable products were used, no significant increases of HAV 
seroconversions have been observed [69,70,71,72]. 

Two cases of hepatitis A transmission by factor IX concentrates were described by 
Lawlor et al. [67]. These cases concerned haemophilia B patients, both receiving the 
same batch of prothrombin complex (PPSB, factor IX concentrate) in 1985. These 
concentrates had been prepared by an ion-exchange chromatography method and 
had not been heat-treated.
In the last decade, no hepatitis A transmission cases via plasma products have been 
reported in Europe.

Transmissions of parvovirus B19
As described for HAV, also the NLE-virus B19 proved to be resistant to a number of 
virus reducing techniques and consequently transmission of B19 was observed. In a 
review publication by Prowse et al. [73], a summary was presented showing IgM 
seroconversion rates for seven coagulation factor products (Table 6).

B19 DNA has been frequently detected in high levels in plasma pools and plasma 
derivatives produced there from, especially in coagulation factor products [82,83,84]. 
Transmission of B19 by factor VIII concentrates, subjected to SD treatment or heat 
treatment or to combined SD and heat treatment, or to a combination of SD 
treatment and immuno-affinity chromatography, has frequently been reported [79]. 

As described for HAV, in the last decade transmission cases for B19 have not been 
reported in Europe. However, bearing on mind the high resistance of NLE-viruses 
like hepatitis A and B19 to the majority of virus reducing techniques, one should be 
very cautious in concluding that transmissions of B19 will not occur again in the 
future.

Table 6: Examples of B19 transmissions by plasma products 
Product Treatment Reference Patients Remarks
Kryobulin TIM3 Steam heat Bartolomei Corsi et al. [74] 4/15 Seroconversion
Preconativ Chromatography Bartolomei Corsi et al. [74] 1/2 Seroconversion
8Y Heat treatment Williams et al. [75] 1/11 Seroconversion
Beriate P Pasteurisation Azzi et al. [76] 4/13 Seroconversion
Emoclot SD treatment Azzi et al. [76] 10/14 Seroconversion
Emoclot DI SD treatment + 30 min. 100°C Santagostino et al. [77] 4/10 Seroconversion
Koate HT Heat treatment Bartolomei Corsi et al. [74] 1/1 Seroconversion
Prothrombin complex Vapour heat-treated Blümel et al. [19] 1 Seroconversion
Factor VIII concentrate Dry heat (72 hours at 80°C) Blümel et al. [19] 1 Seroconversion

Fibrin sealant 
Fibrinogen (65°C, 144 hours) 
Thrombin (65°C, 96 hours) 

Hino et al. [78] 3 Seroconversion

Factor VIII concentrate Immuno-affinity chromatography Matsui et al. [79] 1 Seroconversion
Antithrombin III conc. Pasteurisation Mosquet et al. [80,81] 1 Possible
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Scope of this thesis 
The aim of the studies described in this thesis is to contribute to the safety of plasma 
and cellular products with respect to transmission of pathogens. In particular, the 
application of the concept of robustness to virus validation studies for plasma 
products is presented in chapters 2 and 3. In these two chapters the concept of 
factorial designs is introduced and examples of such designs are shown. The 
benefits of such factorial designs are further explained in the Discussion. Chapters 4 
and 5 then show the relevance of virus inactivation and removal for a non-plasma 
product and for a non-human-derived plasma product. Novel viral inactivating 
procedures such as UV-C irradiation and Sylsense treatment, which may be applied 
to cellular blood products, are evaluated in chapters 6 and 7. Illustrating the broad 
applicability of the rigorous methodology involved in virus validation studies, chapters 
8 and 9 deal with decontamination of viral spills in laboratory and hospital settings. 
Showing the safety of the current blood supply with respect to new infectious 
diseases, chapter 10 presents an overview of the prion removing capacity of existing 
process steps in plasma fractionation. Finally, the results of these studies are 
summarised and their implications discussed in chapter 11. 
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Background and Objectives Producers of plasma derivatives continuously improve
the viral safety of their products by, for example, introducing additional virus-reducing
steps into the manufacturing process. Here we present virus-elimination studies
undertaken for a number of steps employed in a new manufacturing process for liquid
intravenous immunoglobulin (Nanogam®) that comprises two specific virus-reducing
steps: a 15-nm filtration step combined with pepsin treatment at pH 4·4 (pH 4·4/
15NF); and solvent–detergent (SD) treatment. The manufacturing process also
includes precipitation of Cohn fraction III and viral neutralization, which contribute
to the total virus-reducing capacity of the manufacturing process. In addition, the
mechanism and robustness of the virus-reducing steps were studied.

Materials and Methods Selected process steps were studied with spiking experiments
using a range of lipid enveloped (LE) and non-lipid-enveloped (NLE) viruses. The LE
viruses used were bovine viral diarrhoea virus (BVDV), human immunodeficiency
virus (HIV) and pseudorabies virus (PRV); the NLE viruses used were parvovirus B19
(B19), canine parvovirus (CPV) and encephalomyocarditis virus (EMC). After spiking,
samples were collected and tested for residual infectivity, and the reduction factors
were calculated. For B19, however, removal of B19 DNA was measured, not residual
infectivity. To reveal the contribution of viral neutralization, bovine parvovirus (BPV)
and hepatitis A virus (HAV) were used.

Results For the pH 4·4/15NF step, complete reduction (> 6 log10) was demonstrated
for all viruses, including B19, but not for CPV (> 3·4 but 

 

≤ 4·2 log10). Robustness
studies of the pH 4·4/15NF step with CPV showed that pH was the dominant process
parameter. SD treatment for 10 min resulted in complete inactivation (> 6 log10) of all
LE viruses tested. Precipitation of Cohn fraction III resulted in the significant removal
(3–4 log10) of both LE and NLE viruses. Virus-neutralization assays of final product
revealed significant reduction (

 

≥ 3 log10) of both BPV and HAV.

Conclusions The manufacturing process of Nanogam® comprises two effective steps
for the reduction of LE viruses and one for NLE viruses. In addition, the precipitation
of Cohn fraction III and the presence of neutralizing antibodies contribute to the total
virus-reducing capacity of Nanogam®. The overall virus-reducing capacity was > 15
log10 for LE viruses. For the NLE viruses B19, CPV and EMC, the overall virus-reducing
capacities were > 10, > 7 and > 9 log10, respectively. Including the contribution of
immune neutralization, the overall virus-reducing capacity for B19 and HAV is
estimated to be > 10 log10.
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Introduction

During the manufacture of human plasma derivatives, a
series of complementary measures are undertaken to prevent
viral transmission to the recipient. These measures include
the selection of voluntary and non-remunerated donors, the
exclusion of donors at risk, the screening of donations for a
range of relevant blood-borne viruses and demonstration of
adequate viral reduction by effective inactivation or removal
steps in the manufacturing process. These measures have
contributed significantly to the safety of plasma derivatives,
and the residual risk for human immunodeficiency virus
(HIV) or hepatitis C virus (HCV) transmission in blood
transfusion is currently close to one in a million [1,2].

Human plasma-derived immunoglobulin products are
typically manufactured by the Cohn ethanol fractionation
process and frequently include a low-pH treatment step [3,4].
The efficacy of this step to reduce the amount of viruses is
limited for non-lipid-enveloped (NLE) viruses and usually does
not meet the criteria for an effective step [4–6]. Precipita-
tion of Cohn fraction III typically results in a 3–4 log10 reduc-
tion for the lipid-enveloped (LE) and NLE viruses, whereas a
pH 4·4 treatment step typically shows variable inactivation
for LE viruses [3,6,7] and very low inactivation of NLE
viruses [3]. Finally, for immunoglobulin products, a contribut-
ing virus-reduction effect of neutralizing antibodies directed
against parvovirus B19 (B19) and hepatitis A virus (HAV) is
described [8–10].

Although immunoglobulin products have an excellent
safety record, European regulators encourage implementation

of additional effective virus-reducing steps into manufactur-
ing processes to further ensure the safety of these products.
In general, a manufacturing process should encompass valid-
ated effective steps for the inactivation/removal of viruses.
In order to achieve this, it will be desirable in many cases to
incorporate two distinct effective steps that complement each
other in their mode of action, such that any virus surviving
the first step would be effectively inactivated/removed by the
second. At least one of the steps should be effective against
non-enveloped viruses. Whether a virus-removal/inactivation
step is classified to be effective, moderately effective, or in-
effective is judged on a series of considerations, including the
validity of virus and scale-down systems used, the log-reduction
factors demonstrated, assessment of the mechanism and
robustness of viral reduction [11–13].

In the present study we evaluated the virus-reducing
capacity of a new manufacturing process for a liquid
immunoglobulin product, Nanogam®, including two effective
virus-reducing steps  (Fig. 1). These steps are a combined
pepsin/pH 4·4 treatment and 15-nm filtration step (pH 4·4/
15NF step) and a solvent–detergent (SD) treatment step.
Nanofiltration has successfully been implemented in many
manufacturing processes for various plasma derivatives in
recent years [14–16], primarily because nanofiltration can
effectively remove NLE viruses, with relatively little im-
pact on the product. The most frequently used filters have a
mean pore size of 15–20 nm. These filters are suitable for the
removal of small NLE viruses, such as B19 and HAV, and are
particularly useful for filtering relatively small therapeutic
proteins, such as factor IX. For larger proteins (e.g. factor VIII

Fig. 1 Flow chart of the manufacturing process of Nanogam®, starting from human plasma. Human plasma for fractionation is processed to immunoglobulin

powder; the process intermediate is subjected to the 15-nm filtration step combined with pepsin treatment at pH 4·4 (pH 4·4/15NF) and solvent–detergent (SD) 

step. Subsequently, a polishing step is applied and the resulting product is filled out as a liquid immunoglobulin product.
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and immunoglobulin) usually filters with a larger mean pore
size, of 35–50 nm, are used [17,18]. By carefully optimizing
the conditions of the nanofiltration step in the Nanogam®
process it became possible to pass an immunoglobulin
product through a 15-nm filter with a good yield (at least
95%) and thereby benefit from the virus-removal capacity
of this step for smaller NLE viruses. An SD treatment step
was also included in the manufacturing process. SD treat-
ment has been used in many manufacturing processes for
plasma derivatives and other biologicals and is the most
effective virus-inactivation step for LE viruses. Evaluation
of the effectiveness of virus-reducing steps also includes the
demonstration of robustness. The concept of robustness was
put forward by the European regulators in the mid-1990s to
provide information on the influence of various process para-
meters on the virus-reducing capacity of a virus-reducing
step. Previously, we presented the use of fractional factorial
designs to demonstrate the robustness of various process
steps, including nanofiltration and SD steps [19]. The concept
of such experimental designs is not to vary one factor at a
time, but to vary all process parameters simultaneously,
but in a structured manner. Such experimental designs are
efficient and provide statistically sound data. Finally, we
studied the contribution of the existing steps – precipitation
of Cohn fraction III and immune neutralization – for overall
virus-reduction capacity.

In this study, the behaviour of B19 vs. CPV during the pre-
cipitation of fraction III and the pH 4·4/15N step was inves-
tigated. The rationale for comparing the behaviour of B19
and CPV in these two steps is based on a number of publica-
tions. Blumel et al. [20] have shown that B19 is relatively
sensitive to heat treatment when compared with porcine
parvovirus. This observation was confirmed by Yunoki et al.
[21]; in a comparative study, B19 was inactivated much faster
than CPV by heat treatment. Besides the different behaviour
after heat treatment, Boschetti et al. [22] also found that the

susceptibility of B19 and minute virus of mice (MVM) to
inactivation by treatment at low pH was different.

Materials and methods

Viruses and cells

For this study, a range of LE and NLE viruses were used and
these viruses were propagated in suitable cell lines (Table 1).
Bovine viral diarrhoea virus (BVDV), strain NADL (VR-534;
ATCC, Rockville, MD) was cultured on MDBK cells (CCL-22;
ATCC) and titrated on EBTr cells (ID-Lelystad, Lelystad, the
Netherlands). Bovine parvovirus (BPV), strain Haden (Biotest
Pharma, Dreieich, Germany), was cultured on MDBK cells
(CCL-22; ATCC) and titrated on EBTr cells. Canine parvovirus
(CPV), strain 780916 (State University Rotterdam, Rotterdam,
the Netherlands), was cultured and titrated on A72 cells (State
University Rotterdam). Encephalomyocarditis virus (EMC),
strain EMC (VR-129B; ATCC), was cultured and titrated on
VERO cells (CCL-81; ATCC). HAV, strain HM175/18F (Orga-
non, Boxtel, the Netherlands), was cultured and titrated on
BSC-1 cells (Organon). HIV, strain HTLV-IIIB (National
Cancer Institute, Bethesda, MD), was cultured on H9 cells
(National Cancer Institute) and titrated on MT2 cells (Well-
come, Beckenham, Kent, UK). Pseudorabies virus (PRV),
strain Aujeszki Bartha K61 (Duphar, Weesp, the Netherlands),
was cultured and titrated on PD5 swine kidney cells (Duphar).

Test for cytotoxicity

Prior to initiation of the cytotoxicity assay, cells were sus-
pended in 4·0 ml of culture medium, transferred into 25-cm2

tissue-culture flasks and incubated for 1 day at 37 

 

°C. Sub-
sequently, threefold serial dilutions of the test sample were
prepared in culture medium and tested in 0·5-ml volumes on
cells in duplicate. Unexposed cells were used as control cultures.

Table 1 Properties of the selected viruses

Virus group Virus Virus family Genome Size (nm) Model virus for

Lipid-enveloped (LE) BVDV Flavi ssRNA 37–50 Hepatitis C virus

HIV Retro 2 ssRNA 100 Relevant virus

PRV Herpes dsDNA 100–200 Large LE dsDNA viruses

Non-lipid-enveloped (NLE) B19 Parvo ssDNA 18–26 Relevant virus

BPV Parvo ssDNA 18–26 Human parvovirus B19

CPV Parvo ssDNA 18–26 Human parvovirus B19

EMC Picorna ssRNA 22–30 Hepatitis A virus

HAV Picorna ssRNA 22–30 Relevant virus

B19, parvovirus B19; BPV, bovine parvovirus; BVDV, bovine viral diarrhoea virus; CPV, canine parvovirus; ds, double-strand; EMC, encephalomyocarditis virus; 

HAV, hepatitis A virus; HIV, human immunodeficiency virus; PRV, pseudorabies virus; ss, single strand.
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Subsequently, all cell cultures were incubated at 37 

 

°C for the
period required for the respective virus systems. The cyto-
toxicity observed is expressed as a lowest dilution of the test
sample that was free of any cytotoxic effects.

Test for stop-and-storage conditions and 
interference

A virus ampoule was thawed and diluted in culture medium
to

 

≈ 105·3 tissue culture infectious dose 50% (TCID50) per ml
(virus inoculum). To test the efficacy of the stop condition,
the selected dilution of a test sample was prepared in culture
medium, and 9·5 ml of this dilution was spiked with 0·5 ml
of virus and then incubated for 30 min at room temperature.
After incubation, the infectivity of the virus inoculum and
the test sample were measured directly to determine the effi-
cacy of the stop condition and lack of interference. The virus
inoculum was titrated with the standard TCID50 assay (dilu-
tion in culture medium), whereas the test sample was titrated
in a modified TCID50 assay (dilution in prediluted test sam-
ple). To determine whether the selected dilution of the test
sample also provided an effective storage condition, samples
of the virus inoculum and spiked-and-incubated test sample
were also frozen and stored for at least 7 days, and subse-
quently tested for infectivity. If the selected dilution of test
sample provides an effective stop or storage condition, and
does not cause interference, no significant loss of infectivity
is expected (clearance factor < 1 log10).

Neutralization assays

To demonstrate the B19- and HAV-neutralizing activity in
the final Nanogam® product, we used an identical experimental
setup as used for testing the stop condition and interference,
measuring the reduction of virus titre after incubation at
room temperature for 30 min. BPV was used to measure
neutralizing activity against B19, in view of the fact that
B19 antibodies can cross-neutralize BPV [18,23].

Virus assays

Infectivity was measured in validated TCID50 assays and bulk
culture tests. For TCID50 assays, threefold serial dilutions of
samples were prepared in culture media, and 50-

 

μl (or 0·5 ml
for HIV) volumes were tested in eight replicates. To detect
small amounts of virus, up to 60 ml of prediluted sample was
tested in duplicate bulk culture tests using 25- and 175-cm2

flasks. BVDV, BPV, CPV, EMC and PRV cultures were
inspected microscopically for cytopathic effects at 6, 14, 7, 6
and 5 days postinfection (d.p.i.), respectively. Supernatants
of HAV cultures were harvested after 14 d.p.i. and subse-
quently tested in an HAV enzyme-linked immunosorbent
assay (ELISA). HIV cultures were inspected microscopically

twice a week for the formation of syncytia until 21 d.p.i.
Virus titres were calculated by the Spearman–Kärber method,
and expressed as TCID50/ml. If all cultures were negative, the
titre (TCID50/ml) was considered to be less than 1 

 

÷ total test
volume (ml). Reduction factors (RF) were calculated by the
following formula:

RF  =  log10(total amount of virus spiked as derived from the 
reference sample 

 

÷ total amount of virus recovered from the 
treated sample).

Clearance factors (CF) were calculated by the following
formula:

CF  =  log10(total amount of virus spiked as derived from the 
virus-stock sample 

 

÷ total amount of virus recovered from 
the treated sample).

B19

B19-containing plasma (VP2-IgM and VP2-IgG antibody
negative) was obtained from a highly viraemic blood donor
during the window-phase of the infection.

Nucleic acid was extracted in 50 

 

μl using automated sillica
extraction (NucliSens; Biomerieux, Boxtel, the Netherlands).
The amount of B19 DNA was quantified with a commercially
available internal control (IC)-controlled real-time poly-
merase chain reaction (PCR) assay (LightCycler; Roche,
Mannheim, Germany) [24] using 5 

 

μl of eluate as the input
for amplification. Different starting materials were used in
this study. To study possible matrix effects, each starting
material was mixed with 5 

 

μl of IC. The nucleic acid of the
starting material was isolated and B19 DNA IC molecules
were amplified. For comparison, the same experiment was per-
formed using normal human plasma (NHP) as a control. NHP
does not interfere with the assay [24]. Starting material was
considered not to interfere with the assay when the IC signal
was positive and the difference between the crossing points of
the starting material and the control was less than four cycles.

Downscaling

Design, validation and performance of the downscaled ver-
sion of the manufacturing process steps examined (pH 4·4/
15NF, SD step and precipitation of fraction III) were per-
formed according to the requirements described in the pre-
vailing guidelines [12]. The values of relevant parameters for
these steps performed at full-scale were compared with those
obtained in the downscaled steps. The differences observed
were within set specifications. To ensure that identical start-
ing materials were used for downscaled studies, all starting
materials used for these studies were obtained from process
intermediates of the full-scale production process.
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For the downscaled pH 4·4/15NF step, a 0·01-m2 Planova
15N filter was used, whereas for the full-scale step, 6 

 

× 1-m2

filters in parallel were used (scale 1 : 600). The Planova 15N
virus filter is a hollow-fibre filter with a mean pore size and
range of 15 

 

± 2 nm. The dimensions of the hollow fibres of
the 0·01-m2 and the 1-m2 filters are the same, except that the
length of the fibre in the 0·01-m2 filters is 2·5 times shorter
than the length of the 1-m2 filter. Therefore, the tangential
flows at downscale and full-scale were normalized and set at
an identical value, expressed as l/cm fibre/h. The filtrate
flows at both downscale and full scale were 4 l/m2/h at
t = 0 h and decreased linearly to 1·5 l /m2/h at t = 24 h. The
protein yield into the filtrate was 92–97% (n = 3) for down-
scale, but 97–100% (n = 5) for full scale.

The downscaled pH 4·4/15NF step was performed with
540 ml of starting material (50 g/l protein, 0·3% NaCl), from
Sanquin (SQ) and the Finnish Red Cross (FRC). This material
was adjusted to pH 4·4 and subsequently pepsin (1 : 10 000,
w/w of protein) was added. After prefiltration with a 0·1-

 

μm
filter, the material was incubated at 35 

 

°C for 4 h. After this
incubation, the material was passed over a Planova 15N filter
(0·01-m2, tangential mode, pressure 0·8 bar, cross-flow 8 ml/
min) while maintaining the temperature at 35 

 

°C. The total
incubation time of the material at 35 

 

°C was 42 h, including
the nanofiltration step.

The SD step (scale 1 : 20 000) was performed using 0·3%
tri (n-butyl) phosphate (TNBP), 1% Tween 80, at pH 5·0 

 

± 0·1,
and incubation at 26 

 

°C for 6 h. Briefly, 25 ml of starting
material was transferred into a thermostatic reaction con-
tainer and, after temperature adjustment, the SD chemicals
were added while mixing well.

The downscaled precipitation of the fraction III step (scale
1 : 13 000) was performed using 150 g of fraction II+III solu-
tion to which 96% ethanol was slowly added during a time-
period of 

 

≥ 12 h to a final concentration of 12%. During the
addition of ethanol, the temperature was decreased from
0·25

 

°C to 

 

−3

 

°C and, after the addition of ethanol, the mix-
ing was continued overnight. Subsequently, extra filter aid
(final concentration 2%) was added and a filtration procedure
(filtration area 9 cm2 with a cellulose filter sheet) was
applied to obtain the filtrate in two subsequent fractions and
a resuspended paste III.

Results

Selection of viruses

The selection of viruses (Table 1) for the steps studied was
based on the European guidelines for virus-validation studies
of plasma derivatives [11–13]. The LE viruses HIV, BVDV and
PRV were selected; HIV as a relevant blood-borne virus,
BVDV as a specific model virus for hepatitis C virus, and PRV
as a general model virus for LE DNA viruses, such as hepatitis

B virus. The NLE virus, B19, was selected as a relevant blood-
borne virus, and CPV and EMC were selected as specific model
viruses for human parvovirus B19 and HAV, respectively.
EMC was used, rather than HAV, as significant amounts of
anti-HAV-neutralizing antibodies are present in Nanogam®.
However, for demonstrating the virus-neutralizing activity
of Nanogam®, HAV was used together with BPV, which is
cross-neutralized by anti-B19 antibodies.

Combined pH 4·4 treatment and the 15-nm 
filtration step

The virus-reducing capacity of the pH 4·4/15NF step was
studied for B19, CPV and EMC, and for BVDV, HIV and PRV.
For the two groups of viruses, different experimental designs
were used to take account of the size of the virion compared
with the mean pore size of the filter used and the susceptibil-
ity of the viruses to pH 4·4 treatment. As the NLE viruses are
relatively resistant to pH 4·4 treatment, removal of these
viruses will be the dominating mechanism of virus reduction.
Therefore, an experimental design was used to study the
filtration process in detail, collecting samples from the 0·1-

 

μm
prefiltrate, from four sequential filtrate fractions and from
the wash, whereas a limited set of samples was collected to
demonstrate inactivation as a result of pH 4·4 treatment. The
fractions were collected after the first and second 10%, the
subsequent 60% and after the final 20% of the total filtrate.
The rationale for selection of these fractions was that for
tangential filtration, breakthrough is expected early during
filtration while building up a protein layer. The retentate
was collected to enable determination of mass balance.

For CPV, significant (

 

≈ 4 log10), but incomplete, removal
was found for the pH 4·4/15NF step (Table 2, normal run). In
all filtrate fractions, break-through of virus was observed.
There was no significant reduction after 0·1-

 

μm prefiltration,
suggesting that aggregation of virus was limited. The bench
control (42 h at 35 °C) showed only limited inactivation
during the process, and a similar reduction was found for
the retentate sample, demonstrating that the main mechanism
of virus reduction is removal. For EMC, similar results were
found, except that this virus was removed completely by the
pH 4·4/15NF step. For B19, complete removal was found
in all fractions and no reduction was found in the 0·1-μm
prefiltration, in the bench control or in the retentate sample.

As the LE viruses, BVDV and HIV, are relatively susceptible
to pH 4·4 treatment and represent relatively large virion sizes
compared with the mean pore size of the 15-nm filter, we
anticipated finding complete removal of these viruses by the
filtration process. Therefore, an experimental design was
selected consisting of sampling only 0·1-μm prefiltrate and
pooled filtrate-and-wash samples, whereas multiple samples
were taken to demonstrate the inactivation kinetics caused
by the pH 4·4 treatment.
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For both BVDV and HIV, complete reduction was found for
the pH 4·4/15NF step (Table 3). After 0·1-μm prefiltration, no
reduction for BVDV, and significant reduction for HIV, was
observed. The bench control samples collected after 42 h of
treatment showed significant, but incomplete, inactivation
for BVDV, and complete inactivation for HIV, demonstrating
that the mechanisms of virus reduction for these viruses are
both removal by nanofiltration and inactivation by pH 4·4
treatment. The inactivation kinetics for the pH 4·4/15NF step
for BVDV and HIV is further shown in Fig. 2(a).

As PRV is highly susceptible to inactivation by pH 4·4
treatment, complete inactivation was expected within 42 h
of treatment. Therefore, the experimental design for PRV
was limited to collecting only samples for demonstrating the
inactivation kinetics of PRV by pH 4·4 treatment. Finally,
because PRV is a relatively large virion compared with the
mean pore size of the 0·1-μm prefilter, the 0·1-μm prefiltrate
step was omitted in the experimental design. For PRV,

complete inactivation was found to the limit of detection
after 4 h of treatment (Fig. 2b).

To further investigate the robustness of the pH 4·4/15NF
step, seven process parameters were selected and studied
using a two-level factorial design [25]. The basis of experi-
mental design is to deliberately introduce variation in all
process parameters simultaneously, but in a structured man-
ner. The method provides statistically reliable information
and enables interactions between process parameters to be
studied. Using experimental design is fundamentally differ-
ent from the classical ‘change-one-factor-at-a-time’ strat-
egy, where only one process parameter is varied, while all
other process parameters are fixed. We selected an experi-
mental design at two levels (i.e. testing only the upper and
lower limits for every process parameter). For example, in
Table 4 the standard pressure for filtration was 0·8 bar and
the chosen upper and lower limits were 1·0 bar (+) and
0·6 bar (–). In the design matrix the values were changed in
the following manner, –, –, +, +, –, –, +, + for runs 3–10,
respectively. Runs 1 and 2 were performed under standard
process conditions and are included to assist analysis of the data.

The selected process parameters were: source of starting
material; pressure; temperature; protein concentration; pH;
cross-flow; and ionic strength. The levels for the selected
parameters were set just beyond the limits defined for the
process step. For the robustness study, only CPV (i.e. the
worst-case virus for this step) was used. The titres from this
robustness study were calculated only with the most probable
number (MPN) method [26] as the titres obtained from the
Spearman-Kärber method resulted in censored data (the RF
value is between an upper and a lower limit, e.g. > 4·3 but
≤ 5·3). Subsequently, the RF values obtained from the MPN
method were modelled using linear regression analysis. This
modelling showed that pH is the most dominant factor,
whereas transmembrane pressure, cross-flow and source
material did not influence the results of Planova filtration.

Table 2 A 15-nm filtration step combined with pepsin treatment at pH 4·4 (pH 4·4/15NF) for canine parvovirus (CPV), parvovirus B19 (B19) and

encephalomyocarditis virus (EMC) (reduction factor values are shown)

Sample CPV (normal run) CPV (worst-case run) B19 (normal run) EMC (normal run)

Bench control (42 h at 35 °C)  0·8  1·0  0·0  1·4

Filtrate 0·1 μm 0·0  −0·1  0·0  0·7

Filtrate fraction 0–10% > 3·4 but ≤ 4·2 > 4·6 > 6·1 > 5·8

Filtrate fraction 10–20% > 4·2 but ≤ 5·2 > 3·6 but ≤ 4·3 > 6·1 > 5·8

Filtrate fraction 20–80% > 4·3 but ≤ 5·3 > 3·6 but ≤ 4·3 > 6·1 > 5·8

Filtrate fraction 80–100% > 4·2 but ≤ 5·6 > 3·6 but ≤ 4·3 > 6·1 > 5·8

Retentate  1·8  1·1  0·1  1·4

The pH 4·4/15NF treatment was tested for removal of CPV, B19 and EMC. The results of normal runs (standard conditions) are shown; for CPV the results of the 

worst-case run are also shown. The total amount of spiked virus was 7·6 log10 (CPV normal run), 6·8 log10 (CPV worst-case run), 10·6 log10 (B19) and 7·4 log10

(EMC), respectively.

Table 3 A 15-nm filtration step combined with pepsin treatment at pH 4·4 

(pH 4·4/15NF) for bovine viral diarrhoea virus (BVDV) and human 

immunodeficiency virus (HIV) (reduction factor values are shown)

Sample

BVDV HIV

Run A Run B Run A Run B

Bench control 

(42 h at 35 °C)

3·0 ≥ 3·3 but ≤ 5·2 > 6·1 > 5·6

Filtrate 0·1 μm  −0·4  −0·2  3·0  2·2

Filtrate > 6·3 > 6·4 > 6·0 > 5·4

The pH 4·4/15NF treatment was tested for removal of BVDV and HIV in 

duplicate runs (A and B). The total amount of spiked virus was 8·5 (run A) and 

8·6 (run B) log10 (BVDV runs) and 8·2 (run A) and 7·7 (run B) log10 (HIV runs), 

respectively.
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Protein concentration, temperature and ionic strength had
only a minor effect on virus removal by Planova filtration
(Table 4). To confirm the findings of the robustness study, the
deduced worst-case condition (temperature 38 °C; protein
concentration 45 g/l; pH 4·32; ionic strength 0·2%) was
studied with CPV, and a reduction factor of > 4·6 log10 was
found for the filtrate fraction 0–10%, and > 3·6 but
≤ 4·3 log10 for the filtrate fractions 10–100% (Table 2, worst-
case run). Therefore, even under worst-case conditions, a
reduction of ≈ 4 log10 can be demonstrated using the worst-
case virus.

SD treatment

Assuming extremely fast inactivation kinetics, a study was
performed collecting samples after 10 min of SD treatment of
BVDV, HIV and PRV, testing the standard SD and an SD
diluted 1 : 3 (Fig. 3). For the standard SD concentration, the
clearance factors after 10 min were > 6·3, 5·9 and > 6·9 log10
for BVDV, HIV and PRV, respectively. For the SD diluted 1 : 3,
slightly slower inactivation kinetics were observed for all
viruses. Complete inactivation was found for BVDV and HIV
after 10 min of treatment, whereas inactivation for PRV was
not complete (but more than 5·0 log10) after 10 min of treat-
ment. Based on the extremely rapid inactivation kinetics
observed for both the undiluted SD and the SD diluted
1 : 3, it was decided not to perform additional robustness
studies.

Precipitation of Cohn fraction III

Precipitation of Cohn Fraction III was studied for BVDV, HIV
and PRV and for B19, CPV and EMC. Samples were collected
from the suspension after the addition of ethanol, filtrate 1
(≈ 30% of the total filtrate) and filtrate 2 (≈ 70% of the total
filtrate), and resuspended paste III (Fig. 4). The rationale for
collecting two filtrate fractions was that during filtration,
a cake of filter-aid and paste III is gradually built up on the
filter surface, which might result in a different efficacy of
virus removal early and late during the filtration process. The
results show that there is a similar virus reduction obtained
for both early and late filtrates, ranging between 3 and
4 log10. The mechanism of virus reduction is removal bcause
insignificant reduction was found in the suspension samples.
Moreover, the virus reductions in the resuspended paste III
samples were less than 1 log10, confirming that the mecha-
nism is removal.

Virus neutralization

To establish the virus-neutralizing activity of Nanogam®,
various dilutions of the final product of Nanogam® were
spiked with an intermediate amount (≈ 104 TCID50/ml) of
HAV and BPV and incubated for 30 min at room tempera-
ture. Subsequently, the residual infectivity was measured
with infectivity tests, and clearance factors were calcul-
ated (Fig. 5). Neutralization of HAV and, to a lesser extent,
BPV, is clearly demonstrated (i.e. a 3 log10 reduction for the
1 : 27 dilution of Nanogam®).

Discussion

Here we describe the virus safety of a new manufacturing
process for a liquid immunoglobulin product, Nanogam®.
The Nanogam® manufacturing process includes two effective

Fig. 2 Inactivation kinetics of bovine viral diarrhoea virus (BVDV), human 

immunodeficiency virus (HIV) and pseudorabies virus (PRV) as a result of 

pH 4·4 treatment. (a) Virus-inactivation kinetics for BVDV and HIV were 

studied until 42 h of treatment. (b) Virus-inactivation kinetics for PRV 

were studied until 4 h of treatment. Filled marker, the exact value of the 

calculated reduction factor (RF) is indicated; open marker, the RF was equal 

to or higher than the indicated value. The total amount of spiked virus for 

BVDV was 8·6 and 8·5 log10 for duplicate runs A and B; the total amount of 

spiked virus for HIV was 8·2 and 7·7 log10 for duplicate runs A and B; and the 

total amount of spiked virus for PRV was 8·1 and 8·3 log10 for duplicate runs 

A and B, respectively.
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virus-reducing steps: a combined pH 4·4/15 nm nanofiltra-
tion step that is effective for all viruses tested; and an SD
treatment step that is effective for all LE viruses tested.
Besides these effective steps, we studied the contribution of
the precipitation step of Cohn fraction III and of immune
neutralization to the total virus-reducing capacity of the
manufacturing process.

The combined pH 4·4/15NF step for BVDV, HIV and PRV
resulted in reduction factors of > 6·3, > 5·4, and > 6·1 log10,
respectively. For CPV, the reduction factors are between 3·5
and 4·5 log10, and for EMC and B19 the reduction factors are
> 5·8 and > 6·1 log10, respectively. Based on the virion size
of parvovirus (18–26 nm), one may expect complete
removal of the virus upon filtration with the 15N filter. How-
ever, the 15-nm pore size is not an exact figure, but an aver-
age with a particular range (i.e. 15 ± 2 nm), whereas the filter
consists of multilayered pore structure of cuprammonium-
regenerated cellulose. The effectiveness of virus removal on
Planova filters is based on two effects: removal by size exclu-
sion; and removal by depth filtration. As our method for pro-
ducing the CPV stock generated a considerable amount of
non-aggregated virus particles, as demonstrated by filtration
with Planova 35N (35 nm; data not shown), this virus spike
poses a true worst-case challenge of the filter. To further
illustrate the filtration behaviour of parvovirus on a 15N
filter, we previously investigated the removal of CPV after
single or double serial dead-end filtration with 15N filters.
For single filtration we demonstrated a 4 log10 reduction,
whereas for double filtration > 6 log10 reduction (F.A.C.
van Engelenburg, personal communication) was obtained.
The difference in CPV removal between single and double

filtration can be explained by additional removal via depth
filtration.

A striking observation is the difference obtained in re-
moval for B19 (NAT assay as read-out) vs. the model virus,
CPV (infectivity assay as read-out). An explanation for com-
plete removal of B19 can be the presence of neutralizing anti-
bodies in plasma against B19. Omar et al. and Troccoli et al.
[18,23] have shown that antibodies against parvoviruses and
enteroviruses in human IgG solutions contribute to enhanced
removal of these viruses by nanofiltration. Appreciating that
plasma pools, in general, contain large amounts of B19
antibodies, it can be envisaged that the formation of B19–
antibody complexes results in the complete removal of B19
after nanofiltration. The results obtained with B19 therefore
suggest that the results obtained with CPV underestimate the
true virus-reducing capacity of the pH 4·4/15NF step for B19.

In the robustness study of the pH 4·4/15NF step, it was
found that pH is the dominant factor. A mechanistic ex-
planation for this result is not quite clear, but subtle matrix
effects can play a role. Yokoyama et al. [27] found that the
addition of 0·3 M glycine to a buffer leads to high reduction
of B19 after passing over a Planova 35N filter, whereas in the
absence of glycine no reduction was obtained. They also
showed that the pH of the glycine buffer had a strong influ-
ence on the removal of B19: a shift from pH 4 to pH 6 leads
to an additional removal of B19 of ≈ 4 log10. This increased
removal may be explained by virus aggregation in the pres-
ence of glycine at pH values that are close to the isoelectric
points of the B19 capsid proteins, VP1 and VP2 (i.e. pH 6·1
and 6·4, respectively). In the present study, the pH set at the
lower limit resulted in a lower RF value and this might be

Table 4 Factorial design for investigation of the robustness of the 15-nm filtration combined with pepsin treatment at pH 4·4 (pH 4·4/15NF) step for canine 

parvovirus (CPV)

Run

Source Pressure Temp. Protein pH Cross-flow Ionic strength Removal

SQ/FRC (bar) (°°°°C) (g/ l) (–) (ml/min) (% NaCl) (RF)

1 SQ 0·8 35 50 4·4 8 0·3 3·7

2 FRC 0·8 35 50 4·4 8 0·3 4·1

3 SQ 0·6 30 60 4·7 12 0·2 4·4

4 SQ 0·6 40 60 4·1 4 0·45 3·6

5 SQ 1·0 30 40 4·7 4 0·45 4·4

6 SQ 1·0 40 40 4·1 12 0·2 2·9

7 FRC 0·6 30 40 4·1 12 0·45 3·4

8 FRC 0·6 40 40 4·7 4 0·2 3·7

9 FRC 1·0 30 60 4·1 4 0·2 3·6

10 FRC 1·0 40 60 4·7 12 0·45 4·7

The influence of the parameters source of starting material, pressure, temperature, protein concentration, pH, cross-flow and ionic strength were investigated 

in a robustness study (two-level factorial design). The titres and subsequently reduction factor (RF) values were calculated with the most probable number 

(MPN) method. In addition the RF values were modelled using linear regression analysis. Runs 1 and 2 are the centre points of the factorial design. The total 

amount of spiked virus for runs 1–10 was 8·2, 8·1, 8·2, 8·1, 8·3, 8·2, 8·04, 7·9, 7·9 and 8·3 log10, respectively. FRC, Finnish Red Cross Blood Service; SQ, Sanquin.
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explained in the same way, namely shifting away from the
isoelectric point of the virus particle results in less aggregation
and therefore in less virus removal.

During tangential flow filtration, a protein layer is poten-
tially built up on the filter. For our filtration process, we have
no indications that this is actually the case. However, during
the filtration process we observed a decrease in the filtrate
flow, from 4 to 1·5 l /m2/h. This decrease can be explained by
the notion that the Planova 15N filter consists of layers of
filter material encompassing channels with small and large
pores. During the filtration of the immunoglobulin solution,
the small pores will gradually become blocked with protein,
resulting in a decrease of the filtrate flow observed. How-
ever, it is the large pores, rather than the small pores, that
determine the extent to which viruses will be retained. There-
fore, it is not expected that the gradual decrease in filtrate
flow will have a major effect on the virus-removing capacity
of the filtration step.

For SD treatment, complete inactivation (CF > 6 log10) was
found for all LE viruses after only 10 min of treatment. These
results are in line with the observations of other investigators
[5,8,28,29]. The finding that the SD treatment in the
Nanogam® process after 30 s already results in a clearance of
more than 5 log10 for PRV, was surprising, in view of the fact
that PRV is often the worst-case virus in SD treatment stud-
ies. A possible explanation is the relatively low pH (5·0 ± 0·1)
of the immunoglobulin solution during incubation and the
high sensitivity of PRV to low pH, as can be deduced from
the data for pH 4·4 treatment, as previously described. BVDV
is relatively more resistant to low pH and therefore was found
to be more resistant in the SD treatment in the Nanogam®
process than PRV.

Besides the effective virus-reducing steps, the contribut-
ing steps (precipitation of Cohn fraction III and immune
neutralization) were studied. Precipitation of fraction III resulted,

Fig. 4 Precipitation of Cohn fraction III. Cohn fraction III was precipitated and tested for the removal of parvovirus B19 (B19), bovine viral diarrhoea virus 

(BVDV), canine parvovirus (CPV), encephalomyocarditis virus (EMC), human immunodeficiency virus (HIV) and pseudorabies virus (PRV) (reduction factor values 

are shown). The results of duplicate runs are shown for the suspension, filtrate 1, filtrate 2 and resuspended paste, respectively. The total amount of spiked virus 

was 11·4 and 11·0 log10 (B19), 8·4 and 8·6 log10 (BVDV), 9·1 and 9·0 log10 (CPV), 7·7 and 7·3 log10 (EMC), 7·2 and 7·6 log10 (HIV), and 8·3 and 8·6 log10 (PRV) for 

runs A and B, respectively.

Fig. 3 Inactivation kinetics as result of treatment with the standard 

solvent–detergent concentration (SD) or the SD concentration diluted 1 : 3 

(SD 1/3). (a) Bovine viral diarrhoea virus (BVDV), (b) human 

immunodeficiency virus (HIV) and (c) pseudorabies virus (PRV). Filled marker, 

the exact value of the calculated clearance factor (CF) is indicated; open 

marker, the CF was equal to or higher than the indicated value. The total 

amount of spiked virus for BVDV was 8·0 log10, for HIV was 7·6 log10, and 

for PRV was 8·6 log10.
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for the relevant filtrates, in reduction factors of 3–4 log10 for
all viruses tested. In a study of Bos et al. [3] the effect of remov-
ing the paste via centrifugation vs. filtration for the precipi-
tation of fraction III was investigated. In this experimental
set-up, the centrifugation step was performed in the absence
of filter aid, whereas the filtration was performed in the pres-
ence of filter aid (J. Over, personal communication). For PRV
and SV40, Bos et al. showed that the results obtained for the
suspension, supernatant and precipitate fractions were simi-
lar. Therefore, these results suggest that the partitioning is
caused by ethanol precipitation per se and that the contribu-
tion of the separation method (i.e. addition of filter aid and
filtration) is likely to be limited. Overall, our data indicate
that precipitation of fraction III can be considered as a
reproducible contributing virus-removal step [30].

The presence of virus-neutralizing antibodies contributes
to the safety of a product. We showed significant neutralizing
activity, in the final product, for BPV and HAV. For BPV it
was found that a dilution of 1 : 27 of the final product still
resulted in neutralization of more than 3 log10. The neutral-
ization found for BPV can be an underestimation of the total
capacity to neutralize B19, as cross-neutralization of BPV by
B19 antibodies might be less effective than neutralization of
B19. For HAV, the neutralizing effect was more pronounced;
even a dilution of ≈ 1 : 729 resulted in neutralization of
more than 3 log10. However, when evaluating the total
virus-reducing capacity of the manufacturing process, it is,
in general, difficult to assess the contribution of immune
neutralization in the final product. In contrast to inactivat-
ing, removing or partitioning steps, where there is a direct
effect on the virus, either by physical or chemical disruption
of the virus particle, or by physical removal of the virus

from the product, in the event of immune neutralization,
the potentially infectious virus remains present as a com-
plex with antibodies. In theory, such complexes might
dissociate and the virus may regain its infectivity [31].

Neutralizing antibodies are present in both plasma pools
and final products, and contribute to the viral safety of
Nanogam®. To obtain insight into the levels of neutralizing
antibodies in the final product, a series of batches derived
from Finnish and Dutch plasma have been tested for anti-
bodies. In Finnish blood donors, the anti-B19 concentrations
were 800 and 3200 (B19 ELISA units) and for anti-HAV were
1·1 and 11·7 IU/ml in plasma and final product, respectively.
In Dutch blood donors, the anti-HAV concentrations were 4
and 30 IU/ml in plasma and final product, respectively – no
data were available for the anti-B19 concentrations (A.H.L.
Koenderman, personal communication). Based on the epide-
miology of B19, and the age distribution of blood donors, it
is unlikely that the anti-B19 levels will change in the next
decade. B19 has a stable epidemiology worldwide; it can be
expected that the level of neutralizing antibodies in the final
product will remain constant. In the age group of the major-
ity of blood donors (i.e. between 21 and 60 years), 57–84%
have seroconverted for B19 [32]. For BPV, we demonstrated
immune neutralization of more than 4 log10. Bearing in mind
some minor fluctuations in anti-B19 levels, we propose
inclusion of a safety margin for B19 of 1 log10, resulting in a
contribution of neutralization in the final product of at least
3 log10. This estimation is supported by other investigators
[33].

For HAV it has been shown that 50% of the Dutch blood
donors have seroconverted for HAV infection by the age of
40 years [34]. Based on the epidemiology of HAV and the age
distribution and socioeconomic status of blood donors, it is
likely that the anti-HAV levels in plasma pools will slowly
decrease in the next decade, [35,36]. Despite this expected
decrease in seroprevelance the current levels of anti-HAV
antibodies are very high in Dutch plasma (4 IU/ml). Appreci-
ating a slowly declining level of anti-HAV antibodies, we are
reluctant to use the demonstrated high reduction value for
the contribution of immune neutralization i.e. more than
6 log10 for HAV and therefore we propose to include an
additional safety margin for HAV of 3 log10, resulting in
contribution of neutralization of at least 3 log10.

To obtain insight into the robustness of immune neutral-
ization, but also of the contribution of the presence of virus-
specific antibodies during nanofiltration, further research
will be necessary. This research will assist in setting limits
for minimal levels of virus-specific antibodies for assuring
the demonstrated viral reductions for B19 and HAV of the
respective steps.

For the Nanogam® production process, three different steps
were studied: a precipitation step of the Cohn fractionation
process (partitioning of viruses in ethanol-containing protein

Fig. 5 Neutralization capacity of Nanogam®. Various dilutions of the final 

product of Nanogam® (source Dutch plasma) were spiked with intermediate 

amounts [≈ 104 tissue culture infectious dose 50% (TCID50) /ml] of bovine 

parvovirus (BPV) and hepatitis A virus (HAV) and incubated for 30 min. 

Depicted are the clearance factors for the 1 : 27-, 1 : 81-, 1 : 243-, 1 : 729-, 

1 : 2187- and 1 : 6561-diluted final product of Nanogam®.
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solutions at a particular pH and temperature); a nanofiltration
step (virus removal by size exclusion and depth filtration);
and an SD-treatment step (viral inactivation of LE viruses by
disruption of the viral membrane). As the mechanisms of
viral reduction are different, the process steps tested show
a reproducible reduction for a broad series of viruses, and
because the process steps are robust, it is acceptable to sum
up individual RF values to estimate the overall virus-reducing
capacity of the production process. Summing up the RF
values obtained leads to > 15 log10 reduction for the LE
viruses and > 10 log10 reduction for the NLE viruses (Table 5).
Therefore, we conclude that the Nanogam® product meets the
latest requirements for virus inactivation/removal and can be
considered to be a viral-safe product.
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Abstract

We studied the efficacy of virus reduction by three process steps (polyethylene glycol 4000 (PEG) precipitation, pasteurization, and 15 nm
virus filtration) in the manufacturing of C1-inhibitor NF. The potential prion removing capacity in this process was estimated based on data from
the literature. Virus studies were performed using hepatitis A virus (HAV) and human immunodeficiency virus (HIV) as relevant viruses and
bovine viral diarrhea virus (BVDV), canine parvovirus (CPV) and pseudorabies virus (PRV) as model viruses, respectively. In the PEG precip-
itation step, an average reduction in infectious titer of 4.5 log10 was obtained for all five viruses tested. Pasteurization resulted in reduction of
infectious virus of >6 log10 for BVDV, HIV, and PRV; for HAV the reduction factor was limited to 2.8 log10 and for CPV it was zero. Virus
filtration (15 nm) reduced the infectious titer of all viruses by more than 4.5 log10. The overall virus reducing capacity was >16 log10 for
the LE viruses. For the NLE viruses CPV and HAV, the overall virus reducing capacities were >8.7 and >10.5 log10, respectively. Based on
literature and theoretical assumptions, the prion reducing capacity of the C1-inhibitor NF process was estimated to be >9 log10.
� 2006 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decades several therapeutic products, such as co-
agulation factors VIII and IX for the treatment of hemophilia,
immunoglobulins and protease inhibitors such as C1-inhibitor,
have been prepared from human plasma [1]. Human plasma-
derived C1-inhibitor was demonstrated to be very beneficial
in the treatment of patients with recurrent episodes of acute,
local, circumscribed edema of skin or mucosa due to a defi-
ciency of functional C1-inhibitor resulting in hereditary
angio-edema (HAE) [2]. C1-inhibitor may have a broader ther-
apeutic range than just treating HAE, as it can also inhibit

several inflammatory pathways, including the classical and
mannan-binding lectin pathways of the complement system
and the contact system of coagulation. Indeed, C1-inhibitor
was demonstrated to reduce inflammation in conditions like
sepsis, acute myocardial infection and the vascular leakage
syndrome [3].

The use of purified products from human plasma introduces
the risk of transmission of blood-borne viruses, and, as re-
cently recognized, infectious prions, to recipients of these
products. To reduce this risk to a minimum, regulations for
a series of complementary measures have been enforced.
These measures include the selection of voluntary and non-
remunerated donors, exclusion of donors at risk for infection
with blood-borne infectious diseases, and screening of dona-
tions for a range of markers of these viruses. In addition,
a manufacturing process of blood-derived products should en-
compass validated effective steps for the inactivation or
removal of blood-borne viruses and ideally for the removal
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of infectious prions. All these measures have contributed sig-
nificantly to the safety of plasma derivatives and the residual
risk of the transmission of e.g. human immunodeficiency virus
(HIV) or hepatitis C virus (HCV) by the use of blood-derived
products is currently reduced to close to one in a million [4,5].

To achieve optimal inactivation or removal of blood-borne
viruses, many manufacturing processes of blood-derived prod-
ucts have distinct effective steps which complement each other
in their mode of action such that any residual virus after the
first virus inactivating or removing step is effectively inacti-
vated or removed by the second. According to EU regulations,
at least one of the inactivating or removing steps should be
effective against non-lipid enveloped (NLE) viruses and legis-
lation with regard to the inclusion of prion removing steps is
expected soon. Whether a virus removing or inactivating
step is classified as effective, moderately effective, or ineffec-
tive is based on a series of considerations including the valid-
ity of virus and scale-down systems used, the mechanism of
virus reduction/removal and the robustness of viral reduction
[6e8].

Here, we present an evaluation of the virus reducing
capacity of the manufacturing process for the C1-inhibitor
NF product. This product is based on Cetor�, a product
that is available on the Dutch market since 1997 for the
treatment of HAE patients. The manufacturing process for
the C1-inhibitor NF product includes three virus reducing
steps (Fig. 1). In addition, based on information available
in literature, the estimated prion removing capacity of sev-
eral steps in the manufacturing process of C1-inhibitor NF
will be discussed.

2. Materials and methods

2.1. Selection of viruses and cells

The selection of viruses (Table 1) studied was based on the
European guidelines for virus validation studies of plasma
derivatives [6e8]. The lipid-enveloped (LE) HIV (strain
HTLV-IIIB (National Cancer Institute, Bethesda, MD, USA))
was selected as a relevant blood-borne virus, bovine viral
diarrhea virus (BVDV, strain NADL (VR-534; ATCC, Rock-
ville, MD, USA)) was selected as a model virus for HCV
and pseudorabies virus (PRV, strain Aujeszki Bartha K61 (Du-
phar, Weesp, the Netherlands) was selected as a general model
virus for LE DNA viruses, such as hepatitis B virus. The NLE
virus hepatitis A virus (HAV, strain HM175/18F (Organon,
Boxtel, the Netherlands)) was selected as a relevant blood-
borne virus, and canine parvovirus (CPV, strain 780916 (State
University Rotterdam, Rotterdam, the Netherlands)) as a spe-
cific model virus for human parvovirus B19.

BVDV was cultured on (Madin and Darby) bovine kidney
cells (MDBK) (CCL-22; ATCC) and titrated on EBTr cells
(ID-Lelystad, Lelystad, the Netherlands). CPV was cultured
and titrated on A72 cells (State University Rotterdam). HAV
was cultured and titrated on BSC-1 cells (Organon). HIV
was cultured on H9 cells (National Cancer Institute) and
titrated on MT2 cells (Wellcome, Beckenham, Kent, UK).

PRV was cultured and titrated on PD5 swine kidney cells (Du-
phar). All virus stocks were prepared from serum-free culture
supernatants and in case of BVDV and HAV, a concentration
of approximately 10-fold was achieved by an ultrafiltration
step.
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Fig. 1. Flow chart of the manufacturing process of C1-inhibitor NF, starting

from human plasma.
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2.2. Test for cytotoxicity

Prior to the initiation of the cytotoxicity assay, cells were
suspended in 4.0 ml of culture medium, transferred into 25-
cm2 tissue-culture flasks and incubated for 1 day at 37 �C.
Subsequently, threefold serial dilutions of the test sample
were prepared in culture medium and tested in 0.5-ml volumes
on cells in duplicate. Unexposed cells were used as control
cultures. Subsequently, all cell cultures were incubated at
37 �C for the period required for the respective virus systems.

Cytotoxicity is expressed as the lowest dilution of the test
sample that did not cause any cytotoxic effects.

2.3. Test for stop and storage conditions and interference

A virus stock was thawed and diluted in culture medium to
z105.3 tissue-culture infectious dose 50% (TCID50) per ml
(virus inoculum). To test the efficacy of the stop condition,
the selected dilution of a test sample was prepared in culture
medium, and 9.5 ml of this dilution was spiked with 0.5 ml
of virus and then incubated for 30 min at room temperature.
After incubation, the infectivity of the virus inoculum and
the test sample were measured directly to determine the effi-
cacy of the stop condition and lack of interference. The virus
inoculum was titrated with the standard TCID50 assay (dilu-
tion in culture medium), whereas the test sample was titrated
in a modified TCID50 assay (dilution in pre-diluted test sample
to test interfering effects). To determine whether the selected
dilution of the test sample also provided an effective storage
condition, samples of the virus inoculum and spiked-and-
incubated test sample were frozen and stored for at least 7
days, and subsequently tested for infectivity. If the selected

dilution of test sample provides an effective stop or storage
condition, and does not cause interference, no significant
loss of infectivity is expected (clearance factor< 1 log10).

2.4. Virus assays

Infectivity was measured in validated TCID50 assays and
bulk culture tests. For TCID50 assays, threefold serial dilutions
of samples were prepared in culture media and 50-ml (or
0.5 ml for HIV) volumes were tested in eight replicates. To de-
tect small amounts of virus, up to 60 ml of pre-diluted sample
was tested in duplicate bulk culture tests using 25- and 175-
cm2 flasks. BVDV, CPV, and PRV cultures were inspected
microscopically for cytopathic effects at 6, 7, and 5 days
post-infection (d.p.i.), respectively. Supernatants of HAV cul-
tures were harvested 14 d.p.i. and subsequently tested in an
HAV enzyme-linked immunosorbent assay (ELISA). HIV cul-
tures were inspected microscopically twice a week for the
formation of syncytia until 21 d.p.i. Virus titers were calcu-
lated by the SpearmaneKärber method, and expressed as
TCID50/ml. If all cultures were negative, the titer (TCID50/
ml) was considered to be less than 1/total test volume (ml).

Reduction factors (RF) were calculated by the following
formula:

Clearance factors (CF) were calculated by the formula:

2.5. Downscaling

Design, validation and performance of the downscaled ver-
sion of the manufacturing process steps examined (Fig. 1)
(polyethylene glycol 4000 (PEG) precipitation, pasteurization,
and 15 nm virus filtration [15NF]) were performed according
to the requirements described in the prevailing guidelines
[7]. The values of relevant parameters for these steps per-
formed at full scale were compared with those obtained in
the downscaled steps. The differences observed were within
preset specifications. To ensure that identical starting materials
were used for downscaled studies, all starting materials for
these studies were obtained from process intermediates of
the full scale manufacturing process.

The downscaled PEG precipitation step (scale 1:175) was
performed using intermediate product to which a concentrated
stock solution of PEG was added to the final concentration
of PEG. Subsequently, the mixture was passed over a cellu-
lose filter and the filtrate and (resuspended) precipitate were

Table 1

Properties of the selected viruses

Virus group Virus Virus

family

Genome Size (nm) Model virus for

Lipid-

enveloped

(LE)

BVDV Flavi ssa RNA 37e50 Hepatitis C virus

HIV Retro 2 ss RNA 100 Relevant virus

PRV Herpes dsb DNA 100e200 Large LE ds

DNA viruses

Non-lipid

enveloped

(NLE)

CPV Parvo ss DNA 18e26 Human

parvovirus B19

HAV Picorna ss RNA 22e30 Relevant virus

a ss, single strand.
b ds, double-strand.

RF¼ log10
total amount of virus spiked as derived from the reference sample

total amount of virus recovered from the treated sample

CF¼ log10
total amount of virus spiked as derived from the virus stock sample

total amount of virus recovered from the treated sample
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collected. The pasteurization step (scale 1:100) was per-
formed at 60 �C for 10 h. The spiked starting material was
kept in a thermostatic reaction container under continuous
mixing for the total reaction time. For the downscaled
15NF step, 0.01 m2 Planova 15N filters were used, whereas
for the full scale 1 m2 filters were used (scale 1:100).

3. Results

3.1. PEG precipitation step

The virus reducing capacity of the PEG precipitation step
was studied for BVDV, CPV, HAV, HIV, and PRV. The exper-
iments were performed in duplicate and for the duplicate
experiments two batches of starting material were used. In
the experimental set-up three samples, namely the suspension
after PEG addition prior to filtration, the filtrate, and the pre-
cipitate, were collected and tested. The suspension sample was
included to reveal the degree of virus inactivation during the
PEG precipitation step; the precipitate sample was included
to determine mass balance for the PEG precipitation step.
The results of these duplicate experiments revealed that in 9
out of 10 experiments the RF values were >4 log10 for all
viruses tested. In one HAV experiment, the RF value was lim-
ited to >2.8 log10 (Table 2).

To investigate the robustness of the PEG precipitation step,
six process parameters were selected and studied using a two-
level factorial design [9,10]. The selected process parameters
were PEG concentration, pH, time of addition, protein concen-
tration, temperature, and pressure. The levels for the selected
parameters were set just beyond the process limits defined
for this step in the manufacturing process. For the robustness
study of the PEG precipitation step, BVDV was selected being
one of the viruses with average removal during the PEG pre-
cipitation step. Modeling of the results using linear regression
analysis revealed that none of the process parameters tested
within the specified ranges had a significant effect on the RF
values obtained (Table 3). These results suggest that the pro-
cess is robust within the limits of the process parameters
tested.

3.2. Pasteurization step

The virus reducing capacity of the pasteurization step was
studied in a kinetic design for BVDV, CPV, HAV, HIV, and
PRV. Based on the anticipated resistance of CPV and HAV,
a kinetic design of 1, 2, 4, 6, 8, and 10 h was used for these
viruses. Since complete inactivation was expected for the LE
viruses BVDV, HIV, and PRV, moments for sampling were
chosen at 15 and 30 min, and 1, 2, 4, and 10 h. As anticipated
for the LE viruses after 4 h, >4.5 log10 reduction was ob-
tained, although infectious virus was still observed for PRV
(Table 4). After 10 h, however, complete reduction was ob-
served for PRV resulting in an RF of >6 log10 for all LE
viruses tested. A slowly increasing virus reduction was found
for the NLE virus HAV up to 6e8 h of treatment, resulting in
approximately 2.5e3 log10 reduction. For CPV no significant
reduction was observed.

To investigate the robustness of the pasteurization step,
three process parameters (temperature, pH, and stabilizer con-
centration) were selected and studied using a two-level facto-
rial design [9,10]. The levels for the selected parameters were
set just beyond the process limits defined for this step in the
manufacturing process. For the robustness study only PRV
was selected being the worst-case LE-virus. Modeling using
linear regression analysis revealed that temperature was the
most dominant factor; stabilizer concentration is a contributing
factor, while pH had no effect (Table 5). The kinetics in the
normal and robustness runs strongly suggest that even at the
lower temperature limit complete inactivation would still be
found after 10 h of treatment. Therefore, confirmation of the
robustness findings by testing the calculated worst-case condi-
tion was not deemed necessary.

3.3. 15 nm Filtration step

The virus reducing capacity of the 15NF step was studied
for BVDV, CPV, HAV, HIV, and PRV. For the 15NF step,
two different experimental designs were used appreciating
the size of the virion compared to the mean pore size of the
filter used. For CPV, the filtration process was studied in detail
by collecting samples of the 0.1 mm pre-filtrate, two equal fil-
trate fractions, and two equal wash fractions. The rationale for
selecting these fractions was that break-through was antici-
pated early during dead-end filtration, during the building up
of a protein layer and during the wash when the protein layer
could be disturbed. There was no significant reduction after
0.1 mm pre-filtration suggesting that aggregation of virus was
limited. For CPV, significant (>4.5 log10) but incomplete re-
moval was found (Table 6). Break-through of virus was indeed
observed in one filtrate fraction as well as in one wash fraction
of both duplicate runs. A bench control, kept at the bench for
the total filtration process, showed only limited inactivation
during the process, demonstrating that the main mechanism
of viral reduction is removal.

Since BVDV, HAV, HIV and PRV represent relatively large
virion sizes compared to the mean pore size of the 15 nm filter,
an experimental design consisting of sampling only the 0.1 mm

Table 2

PEG 4000 precipitation for BVDV, CPV, HAV, HIV, and PRV

Virus Suspension Filtrate Resuspended paste

A B A B A B

BVDV �0.2 0.0 >4.5 & �5.3 >5.7 0.0 0.0

CPV 0.0 0.3 >5.4 >4.2 & �5.3 0.3 0.4

HAV �0.3 �0.1 >2.8 & �3.9 >4.3 �0.5 0.0

HIV �0.2 �0.5 >5.1 & �5.8 >5.7 �0.1 �0.3

PRV 0.2 0.4 >6.0 >6.4 0.4 0.6

The results (RF; log10) of duplicate studies (coded A and B) are shown for the

suspension, filtrate, and resuspended paste, respectively. Total amount of

spiked virus was 7.9 and 8.0 log10 (BVDV), 8.1 and 8.0 log10 (CPV), 7.1

and 7.5 log10 (HAV), 8.0 and 8.0 log10 (HIV), and 8.8 and 9.1 log10 (PRV)

for runs A and B, respectively.
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pre-filtrate, the pooled filtrate and wash and a bench control
was selected. For all four viruses, complete reduction
(>4.9 log10) was found (Table 6). After 0.1 mm pre-filtration,
no reduction for BVDV and HAV was observed. For HIV ap-
proximately 1.5 log10 reduction was found, while for PRV
complete removal was found (>3.5 log10) for the tested dilu-
tion range. The bench control samples collected at the end
of the filtration showed no significant inactivation of the vi-
ruses tested, demonstrating that the mechanism of viral reduc-
tion for these viruses is removal.

To investigate the robustness of the 15NF step, seven process
parameters were selected and studied using a two-level factorial
design [9,10]. The selected process parameters were batch of
starting material, pressure, temperature, protein concentration,
pH, stabilizer concentration, and ionic strength. The levels for
the selected parameters were set just beyond the process limits
defined for this step in the manufacturing process. For the ro-
bustness study, only CPV, i.e. the worst-case virus for this
step was used. To interpret the data (Table 7B), the time re-
quired for the filtration was also included. Wide variation in fil-
tration times was observed from approximately 2 h tomore than
20 h. When long filtration times were required for performance

of the nanofiltration step, filtrate or wash fractions were often
pooled for practical reasons. In all cases the number of fractions
(i.e. 15 nm filtrate and wash fractions) were scored that tested
completely negative. Subsequently, the results for the low and
high settings of the parameters selected were scored (Table
7C). From this analysis, it was concluded that pressure is a crit-
ical parameter, whereas NaCl concentration, stabilizer concen-
tration, temperature and batch of starting material are not.
Protein concentration and pH may have a minor effect. Overall,
the measurements in the 15 nm filtrate and wash fractions re-
sulted in RF values of at least 4.5 log10 for all experiments.
These results show that the process is robust within the limits
of the process parameters tested.

4. Discussion

The manufacturing process for the plasma-derived C1-
inhibitor NF product encompasses three major virus reducing
steps: a PEG precipitation step, a pasteurization step, and
a 15 nm filtration step.

The PEG precipitation step starts with a well-controlled and
gentle precipitation procedure and is followed by a filtration

Table 3

Choice of parameters in the robustness study of BVDV in polyethylene glycol 4000 (PEG) precipitation

Run PEG

(%a)

pH Protein

(g/l)

Temperature

(�C)
Pressure

(bar)

Addition

time (h)

Reduction factorsb

Suspension Filtrate Precipitate

1 CP� 2 CP� 0.2 CP� 10 CPþ 3 CPþ 0.5 CPþ 4 0.0 >5.6 �0.1

2 CP� 2 CP� 0.2 CPþ 10 CPþ 3 CP� 0.2 CP� 4 �0.0 >4.5 & �5.6 �0.2

3 CP� 2 CPþ 0.2 CP� 10 CP� 3 CPþ 0.5 CP� 4 �0.1 >4.8 & �5.9 0.2

4 CP� 2 CPþ 0.2 CPþ 10 CP� 3 CP� 0.2 CPþ 4 0.2 �3.4 & �5.8 0.3

5 CPþ 2 CP� 0.2 CP� 10 CP� 3 CP� 0.2 CPþ 4 0.2 >4.8 & �5.8 0.4

6 CPþ 2 CP� 0.2 CPþ 10 CP� 3 CPþ 0.5 CP� 4 �0.2 >4.8 & �5.8 0.2

7 CPþ 2 CPþ 0.2 CP� 10 CPþ 3 CP� 0.2 CP� 4 �0.1 >5.8 0.1

8 CPþ 2 CPþ 0.2 CPþ 10 CPþ 3 CPþ 0.5 CPþ 4 0.4 >4.8 & �5.6 0.5

The table shows the deviation from the center point (CP) as applied in the manufacturing process.
a % (w/v).
b Reduction factors (RF; log10); total amount of spiked virus ranged from 7.8 to 8.2 log10 for the runs.

Table 4

Inactivation of BVDV, HIV, PRV, CPV, and HAV by pasteurization

Virus Experiment Reduction factors (log10)

15 min 30 min 60 min 120 min 240 min 600 min

BVDV A 2.8 �3.7 �3.9 �4.0 >6.7 >6.7

B 1.9 �3.9 �4.2 �4.1 >6.8 >6.8

HIV A 2.8 3.5 �4.7 �4.8 >6.6 >6.6

B 1.8 2.7 �4.2 >5.1 >6.1 >6.1

PRV A 2.0 2.2 2.5 3.2 �4.4 & �6.4 >6.7

B 2.6 2.8 2.9 3.3 �4.5 & �6.8 >7.1

60 min 120 min 240 min 360 min 480 min 600 min

CPV A 0.0 �0.2 0.1 �0.1 0.1 0.1

B 0.1 0.3 0.5 0.2 0.5 0.5

HAV A 1.1 1.4 �2.0 �2.3 �2.8 & �5.4 �2.8 & �5.4

B 0.8 1.3 1.6 �2.4 �2.8 & �5.3 �2.8 & �5.3

Total amount of spiked virus was 7.5 and 7.6 log10 (BVDV), 8.1 and 8.2 log10 (CPV), 7.2 and 7.1 log10 (HAV), 7.4 and 6.9 log10 (HIV), and 7.9 and 8.3 log10
(PRV).
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step to separate the PEG precipitate and the PEG supernatant,
resulting in very efficient removal of both LE and NLE viruses
from the filtrate fraction. The evaluation of effective virus re-
ducing steps also includes the demonstration of robustness. In
duplicate runs under standard conditions (Table 2), break-
through was observed in the bulk cultures in 4 out of 10
experiments. However, with the exception of one validation
experiment with HAV, all studies demonstrated RF values of
>4 log10. In one run with HAV, one bulk culture was scored
positive and due to the limited measurement range, this
resulted in an RF value of only >2.8 log10. However, in the
second run with HAV complete reduction was found
(>4 log10). For the robustness study using BVDV (Table 3)
the same phenomenon was observed, namely on average one
positive culture was found in eight runs tested. In one run,
this one positive culture was found in the well of a 96-wells
plate and not in the bulk culture as would have been more log-
ical based on the larger volume tested (approximately 0.2 ml
versus 2 ml). In one calculation, this leads to an RF value of
�3.4 (and �5.8). However, we believe there is sufficient evi-
dence to regard this one occurrence similar to the other single
positives per experiment and thus a hypothetical calculation
with an average value of one infectious virus per run leading
to an RF value of approximately �5.5 seems more appropri-
ate. In summary, based on the results obtained under standard
conditions and in the robustness study, and assuming a single
virus break-through per run, we here conclude that the PEG
precipitation step is an effective virus removing step.

Pasteurization was implemented in the manufacturing pro-
cess as a specific step for inactivation of lipid-enveloped (LE)
viruses. Liquid heat treatment is recognized as one of the most
effective virus inactivation steps for LE viruses besides sol-
vent/detergent (SD) treatment. Indeed for the LE viruses
BVDV, HIV, and PRV complete reduction was found with
RF values of >6 log10. Looking carefully at the kinetics of
the pasteurization step, complete inactivation for BVDV and
HIV was observed after 240 min of incubation while infec-
tious PRV could still be demonstrated after this time. Com-
plete inactivation of PRV was achieved after 10 h. The
relatively slow kinetics of inactivation for LE viruses during
pasteurization as observed here are in line with previous obser-
vations [11e13]. In general, the kinetics of viral inactivation
by pasteurization in human plasma derivatives are fast, often
resulting in complete LE viral inactivation within 120 min of
heating. The relatively slow inactivation kinetics during pas-
teurization of C1-inhibitor NF might be due to the presence
of a high concentration product stabilizer. Although in the sub-
sequent robustness study temperature was recognized as the
most dominant factor, the stabilizer concentration was indeed
recognized as a contributing factor in the kinetics of inactiva-
tion. Despite the delayed kinetics of inactivation, the results
from the normal study combined with the results of the robust-
ness study allow us to conclude that pasteurization in the
manufacturing process of C1-inhibitor NF is an effective
step for LE viruses. For NLE viruses however, as anticipated,
the virus inactivating effect of pasteurization is very limited.
For HAV, RF values of only 2e3 log10 were found and for
CPV no reduction at all. The inadequate inactivation of NLE
viruses during pasteurization is in line with observations by
others, although in these studies partial inactivation of CPV
was observed [12,14]. The complete absence of reduction in
CPV titer after pasteurization of C1-inhibitor NF can again
be explained by the protective effect of stabilizer. One could
argue that the results obtained here with CPV are too conser-
vative, since a number of publications [15,14] have implied
that the human parvovirus B19 (B19) is far less resistant to
heating steps than animal parvoviruses. However, Yunoki
et al. [14] have stated that in the presence of 60% sucrose,
pasteurization does not result in the inactivation of B19.
Therefore, we are reluctant to claim inactivation of human

Table 5

Choice of parameters in the robustness study of inactivation of PRV by pas-

teurization (30 and 120 min)

Run Temperature

(�C)
pH

(e)

Stabilizer

(%a)

Clearance factors (log10)

30 min 120 min

1 CP� 2.0 CP� 0.4 CPþ 2.0 2.7 3.4

2 CP� 2.0 CPþ 0.4 CP� 2.0 3.0 4.0

3 CPþ 2.0 CP� 0.4 CP� 2.0 3.6 �5.1

4 CPþ 2.0 CPþ 0.4 CPþ 2.0 3.3 �4.9

5 CP CP CP 3.1 4.0

6 CP CP CP 3.2 4.0

The table shows the deviation from the center point (CP) as applied in the

manufacturing process.
a % (w/v); total amount of spiked virus was 8.5 log10 for the PRV inoculum.

Table 6

Planova 15N filtration of CPV, BVDV, HAV, HIV, and PRV (duplicate runs)

Sample Reduction factors (log10)

CPV BVDV HAV HIV PRV

Bench control 0.2 0.5 0.1 0.7 0.1 0.6 �0.1 0.1 0.2 0.3

Filtrate 0.1 mm 0.1 0.1 �0.2 0.2 0.1 0.4 1.4 �1.7 >3.5 >3.5

Filtrate 1 >4.6 & �5.6 >5.5

Filtrate 2 >5.6 >4.5 & �5.5

Wash 1 >4.6 & �5.6 >4.5 & �5.5

Wash 2 >5.6

Filtrateþwash >5.5 >5.8 >4.9 >5.2 >5.7 >5.6 >6.4 >6.4

Total amount of spiked virus was 7.1 and 7.4 log10 (BVDV), 8.0 and 8.0 log10 (CPV), 6.5 and 6.8 log10 (HAV), 7.4 and 7.2 log10 (HIV), and 8.0 and 8.0 log10
(PRV), respectively.
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parvovirus during pasteurization in the manufacturing process
of C1-inhibitor NF.

In recent years, nanofiltration has been successfully imple-
mented in many manufacturing processes for various plasma
derivatives [16e18], especially because the step can effec-
tively remove LE as well as NLE viruses, while being rela-
tively mild to the product. The preferred filters to be used
have a mean pore size of 15e20 nm. These filters are suitable
for removal of small NLE viruses such as B19 and HAV, and
are particularly useful for filtering therapeutic proteins, like
factor IX and immunoglobulin [19,20]. As anticipated, high
RF values (approximately �5 log10) were obtained in our
studies for BVDV, HAV, HIV, and PRV using two 15N filters
in series. The worst-case virus based on its size is CPV for
which partial break-through was indeed observed in a few in-
stances. However, in all experiments (normal study and robust-
ness study) and fractions tested, the RF value for CPV always
was 4.5 log10. The robustness study revealed that pressure

was the most dominant factor within the range tested, but
also that nanofiltration can be considered as a very effective
step for removal of all viruses tested.

Besides the virus safety aspects of plasma-derived products
such as C1-inhibitor NF, there is concern on their safety with
respect to prion transmission. The prion removing capacity of
the manufacturing process of C1-inhibitor NF was estimated
based on relevant information from the literature. Process
steps of which the prion removing capacity has been investi-
gated and made public were selected and compared to related
steps in the manufacturing process of C1-inhibitor NF. Consid-
ering the extreme stability of prions, reduction in infectious ti-
ter of prions during pasteurization is highly unlikely. However,
other steps in the manufacturing process could contribute to
the prion safety of C1-inhibitor NF.

PEG precipitation has been claimed as a contributing step
for prion removal. Lee et al. [21] demonstrated a prion reduc-
tion of 2.2 log10 (by bio-assay) and 3.0 log10 (by Western blot)

Table 7

(AeC) Robustness study of Planova 15N filtration of CPV

(A) Parameter settings for 10 runs tested.

Run [C1-inhibitor] (U/ml) [NaCl] (mmol/kg) pH (e) Stabilizer (%a) Pressure (bar) Temperature (�C) Product batch

1 CP CP CP CP CP CP BE

2 CP CP CP CP CP CP BF

3 CP� 50 CP� 35 CP� 0.5 CPþ 0.75 CPþ 0.3 CPþ 4 BE

4 CP� 50 CP� 35 CPþ 0.5 CPþ 0.75 CP� 0.3 CP� 4 BF

5 CP� 50 CPþ 35 CP� 0.5 CP� 0.75 CPþ 0.3 CP� 4 BF

6 CP� 50 CPþ 35 CPþ 0.5 CP� 0.75 CP� 0.3 CPþ 4 BE

7 CPþ 50 CP� 35 CP� 0.5 CP� 0.75 CP� 0.3 CPþ 4 BF

8 CPþ 50 CP� 35 CPþ 0.5 CP� 0.75 CPþ 0.3 CP� 4 BE

9 CPþ 50 CPþ 35 CP� 0.5 CPþ 0.75 CP� 0.3 CP� 4 BE

10 CPþ 50 CPþ 35 CPþ 0.5 CPþ 0.75 CPþ 0.3 CPþ 4 BF

(B) Results of samples, total filtration time, fractions with complete inactivation (score)

Run Reduction factors (log10) Total filtration

time (h:min)

Score

0.1 mm Filtrate Filtrate 1 Filtrate 2 Wash 1 Wash 2

1b,c 0.1 >4.6 & �5.6 >5.6 >4.6 & �5.6 >5.6 6:32 2

2b,c 0.1 >5.5 >4.5 & �5.5 >4.5 & �5.5 14:31 1

3 �0.3 >5.3 >5.3 >5.3 >5.3 2:08 4

4 0.1 >5.5 >4.5 & �5.5 >4.5 & �5.5 19:47 1

5 �0.1 >5.4 >5.4 >5.4 >5.4 6:18 4

6 0.4 >4.7 & �5.7 >4.7 & �5.4 >5.7 14:43 1

7 0.0 >5.6 >5.5 20:27 2

8 �0.2 >5.1 >5.1 >5.1 >5.1 3:55 4

9 0.4 >5.4 >5.4 >5.4 14:01 3

10 �0.3 >5.1 >5.1 >5.1 >5.1 9:55 4

(C) Score of parameters for low and high setting

Process parameter Score at

low setting

Score at

high setting

C1-inhibitor concentration (U/ml) 10 13

NaCl (mmol/kg) 11 12

pH (e) 13 10

Stabilizer (%a) 11 12

Pressure (bar) 7 16

Temperature (�C) 12 11

Batch (BE or BF) 12 11

a % (w/v).
b Center point.
c Total amount of spiked virus ranged from 7.6 to 8.3 log10 for the 10 runs.
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in supernatant after 3% PEG precipitation of cryoprecipitate.
They also showed a �5.4 log10 or �4.9 log10 reduction of
prions (bio-assay and Western blot assay, respectively) in the
supernatant after 11.5% PEG precipitation of fraction IV su-
pernatant which was in line with observations by Stenland
et al. [22] who in comparable experimental settings showed
a �3.5 to �5.8 log10 reduction and a 1.8e2.2 log10 reduction
in supernatants after 11.5% and 3% PEG precipitation, respec-
tively. Taken together it seems likely that the 20% PEG precip-
itation in the C1-inhibitor NF process will result in at least
2 log10 reduction of prions.

Tateishi et al. [23] investigated the efficacy of a Planova
35N filter after a 10% spike in saline with 1% brain homoge-
nate (mouse-adapted CJD) resulting in 5.9 log10 reduction. In
addition Tateishi et al. [24] also investigated the effect of fil-
tration using a 35N and a 15N filter on prion infectivity in a
solution of 2% albumin, both in the absence or presence of de-
tergent, applying a 1.5% spike of a 30% brain homogenate of
mouse-adapted scrapie strain ME7. In this experimental set-
ting in the absence of detergent (i.e. similar to the C1-inhibitor
NF process), a 4.9 log10 and >5.9 log10 reduction of prions
was found for a 35N and 15N filter, respectively. In addition
to published data, we also used information from oral commu-
nications on prion removing capacity of different steps in the
manufacturing process of plasma products. In an oral presen-
tation [25], Flan et al. presented the results of prion removal
that were obtained in the manufacturing process of immuno-
globulin, von Willebrand factor, factor VIII, and factor IX.
Planova 35N filtration after 75 N pre-filtration showed an RF
of 3.2 log10 for immunoglobulins and an RF of �3.1 log10
for von Willebrand factor. Sequential filtration through 35N
and 15N resulted in �3.3 log10 prion reduction for factor
VIII, whereas a single 15N filtration of factor IX resulted in
4.8 log10 prion reduction.

Considering the fact that the C1-inhibitor NF process en-
compasses two serially placed 15N filters, it seems reasonable
to estimate the prion removing capacity in the C1-inhibitor NF
process at 4 log10 at least.

The C1-inhibitor NF process comprises also a number of
other process steps like anion and cation exchange

chromatography, depth filtrations and membrane filtration
steps. Based on literature, ion exchange chromatography could
exert at least 3 log10 removal of prions [26,27]. Since these po-
tential prion removing steps are performed with different ma-
trices during the manufacturing of C1-inhibitor NF, higher
total RF values for prions seem likely. However, in line with
regulation for virus reduction where it is prohibited to claim
reduction by such steps more than once, we also want to be
conservative with respect to prion reduction. Although depth
filtration most likely provides an RF value of at least 2 log10
for prions, this RF cannot be used considering the fact that
the Planova 15N filtration is already claimed as prion remov-
ing step: a theoretical concern is the relation between depth fil-
tration and Planova 15N filtration, since it might be argued
that the efficacy of Planova filtration at least partially is also
caused by depth filtration besides size exclusion. Although
we believe that there is an additional effect of depth filtrations
early in the process, we want to be conservative and do not
claim the contribution of depth filtrations. Thus the RF value
for prions in the manufacturing process of C1-inhibitor NF
is at least 9 log10 (Table 8).

In summary, the C1-inhibitor NF manufacturing process
has a number of efficient and robust steps for both virus inac-
tivation or removal and prion removal. This safety in combina-
tion with the high specific biological activity of the product
supports its application in various clinical settings.
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ABSTRACT

In the United States, concerns over the transmission of infectious diseases have led to donor
human milk generally being subjected to pasteurization prior to distribution and use. The
standard method used by North American milk banks is Holder pasteurization (63°C for 30
minutes). The authors undertook an experiment to validate the effects of a high-temperature
short-time (HTST) pasteurization process (72°C for 16 seconds) on the bioburden of human
milk. It was concluded that HTST is effective in the elimination of bacteria as well as of cer-
tain important pathogenic viruses.

INTRODUCTION

DONOR HUMAN MILK has been used in the
United States and elsewhere for many

years. By common consensus, milk banking
guidelines all indicate the need for pasteuriza-
tion of donor milk prior to use.1,2 The method
of pasteurization used almost uniformly in
milk banking is the Holder method (63°C for
30 minutes). The commercial dairy industry, by
contrast, having to process much larger vol-
umes than the typical milk bank, has used
HTST methodology (usually 72°C for 15 sec-
onds) for many years. For a variety of opera-
tional reasons (the possibility of continuous
processing and preservation of vitamins, en-
zymes, and immunoglobulins), the authors

thought that an HTST method would be well
suited to a large-scale donor milk processing
operation. Prior to introducing such a system,
it was thought to be appropriate to validate its
ability to reduce both bacteriologic and, par-
ticularly, viral bioburden. An experimental
model was set up to perform that evaluation.

MATERIALS AND METHODS

Viral spiking experiment

Selection of viruses and cells. Three lipid-en-
veloped (LE) and two non-LE (NLE) viruses
were selected for validation. LE viruses: human
immunodeficiency virus (HIV, strain HTLV-

1Sanquin Research and Landsteiner Laboratory, Academic Medical Center, University of Amsterdam, Amsterdam,
The Netherlands.

2Prolacta Bioscience, Inc., Monrovia, California.
3UCLA School of Public Health, Los Angeles, California.
4TNO, Netherlands Organization for Applied Scientific Research, Zeist, The Netherlands.
5Kinesis Pharma, Breda, The Netherlands.
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IIIB; National Cancer Institute, Bethesda, MD)
was selected as a relevant blood-borne virus,
bovine viral diarrhea virus (BVDV, strain
NADL; VR-534; ATCC, Rockville, MD) was se-
lected as a model virus for hepatitis C virus
(HCV), and pseudorabies virus (PRV), strain
Aujeszki Bartha K61 (Duphar, Weesp, The
Netherlands) was selected as a general model
virus for LE DNA viruses, such as hepatitis B
virus. NLE viruses: hepatitis A virus (HAV,
strain HM175/18F; Organon, Boxtel, The
Netherlands) was selected as a relevant blood-
borne virus, and porcine parvovirus (PPV,
strain NADL-2; VR-742; ATCC) as a specific
model virus for human parvovirus B19.

BVDV was cultured on (Madin and Darby)
bovine kidney cells (MDBK) (CCL-22; ATCC)
and titrated on EBTr cells (ID-Lelystad,
Lelystad, The Netherlands). HIV was cultured
on H9 cells (National Cancer Institute) and
titrated on MT2 cells (Wellcome, Beckenham,
Kent, United Kingdom). HAV was cultured
and titrated on BSC-1 cells (Organon). PPV was
cultured and titrated on swine testis (ST) cells
(CRL-1746; ATCC). PRV was cultured and
titrated on PD5 swine kidney cells (Duphar).

Test for cytotoxicity. A cytotoxicity assay was
performed to determine whether there was a
direct cytotoxic effect of the (diluted) starting
material on the appropriate cell line and if so,
the lowest dilution in culture medium that did
not cause cytotoxic effects was determined.
Prior to the initiation of the cytotoxicity assay,
cells were suspended in 4.0 mL of culture
medium, transferred into 25-cm2 tissue-culture
flasks, and incubated for 1 day at 37°C. Subse-
quently, threefold serial dilutions of the test
sample were prepared in culture medium and
tested in 0.5 mL volumes on cells in duplicate.
Unexposed cells were used as control cultures.
Subsequently, all cell cultures were incubated
at 37°C for the period required for the respec-
tive virus systems. Cytotoxicity is expressed as
the lowest dilution of the test sample that did
not cause any cytotoxic effects.

Test for stop and storage conditions and inter-
ference. The test for stop and storage conditions
and interference was performed for three pur-

poses. First, the appropriate dilution of start-
ing material in culture medium that prevented
direct virus inactivation was determined (stop
condition). Second, the appropriate dilution of
starting material in culture medium that did
not cause inhibition of virus infection on the
appropriate cells was determined (interfer-
ence). Third, the diluted starting material was
frozen and stored, and the virus titer was de-
termined to show that there was no loss of virus
infectivity after storage (storage condition).

A virus stock was thawed and diluted in cul-
ture medium to �105.3 tissue culture infectious
dose 50% (TCID50) per mL (virus inoculum). To
test the efficacy of the stop condition, the se-
lected dilution of a test sample was prepared
in culture medium, and 9.5 mL of this dilution
was spiked with 0.5 mL of virus and then in-
cubated for 30 minutes at room temperature.
After incubation, the infectivity of the virus in-
oculum and the test sample were measured di-
rectly to determine the efficacy of the stop con-
dition and lack of interference. The virus
inoculum was titrated with the standard
TCID50 assay (dilution in culture medium),
whereas the test sample was titrated in a mod-
ified TCID50 assay (dilution in prediluted test
sample to test interfering effects). To determine
whether the selected dilution of the test sam-
ple also provided an effective storage condi-
tion, samples of the virus inoculum and spiked-
and-incubated test sample were frozen and
stored for at least 7 days, and subsequently
tested for infectivity. If the selected dilution of
test sample provides an effective stop or stor-
age condition, and does not cause interference,
no significant loss of infectivity is expected
(clearance factor � 1 log10).

Virus assays. Infectivity was measured in val-
idated TCID50 assays and bulk culture tests. For
TCID50 assays, threefold serial dilutions of
samples were prepared in culture media and
50 �L (or 0.5 mL for HIV) volumes were tested
in eight replicates. To detect small amounts of
virus, up to 60 mL of prediluted sample was
tested in duplicate bulk culture tests using 25-,
80-, and 175-cm2 flasks. BVDV, PPV, and PRV
cultures were inspected microscopically for cy-
topathic effects at 6, 7, and 5 days postinfection
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(dpi), respectively. Supernatants of HAV cul-
tures were harvested 14 dpi and subsequently
tested in an HAV enzyme-linked immunosor-
bent assay (ELISA). HIV cultures were inspected
microscopically twice a week for the formation
of syncytia until 21 dpi. Virus titers were calcu-
lated by the Spearman-Kärber method, and ex-
pressed as TCID50/mL. If all cultures were neg-
ative, the titer (TCID50/mL) was considered to
be less than 1 � total test volume (mL). Reduc-
tion factors (RF) were calculated by the follow-
ing formula: RF � log10 (total amount of virus
spiked as derived from the reference sample �
total amount of virus recovered from the treated
sample). Clearance factors (CF) were calculated
by the formula: CF � log10 (total amount of
virus spiked as derived from the virus stock
sample � total amount of virus recovered from
the treated sample).

Downscaling. A bench scale HTST pasteurizer
was set up to perform the experiment. Milk was
pumped through a stainless steel tube sub-
merged in a water bath heated so that the fluid
in the tube attained a temperature of 72°C. The
flow rate through the tubing was adjusted so
that the milk was maintained at that tempera-
ture for varying times up to 16 seconds. Be-
tween runs, the setup was rinsed with 50 mL
of a 0.1 N solution of NaOH and then with 100
mL of PBS and 100 mL of distilled water. If the
pH was still above 7, an additional rinse with
PBS was performed.

A volume of 78 mL of milk was placed in a
reaction container with a magnetic stirrer and
was cooled to 4 � 2°C. At that time 2 mL of
virus inoculum (2.5% v/v) was added to the
milk and mixed for 1 minute. A sample was
then taken and diluted with an appropriate
amount of culture medium. This sample was
tested for the presence of infectious virus im-
mediately and the rest of the material was
frozen and stored for back-up purposes.

The remaining spiked milk was then pumped
through the test apparatus and subsequently col-
lected in a tube placed in melting ice to eliminate
further heat exposure. Once the spiked milk was
collected, a portion was tested for the presence
of infectious virus immediately and the rest was
frozen and stored for back-up purposes.

Bacterial spiking experiment

Selection of bacteria.

1. Escherichia coli CIVO.B.0505 (human feces)
2. Staphylococcus aureus NCCB70054/CIVO.B.

1245
3. Streptococcus agalactiae CIVO.B.0062 (masti-

tis cow)

Although bacillus cereus is a potential pathogen
commonly found in milk, it was not included
in this experiment as it is known that the d50
for this organism is well in excess of the time
and temperature used in this process.

The bacteria were cultured for 24 hours at
37oC, subsequently centrifuged for 10 minutes at
400 rpm, and then 1 mL of the sediment was re-
suspended in 999 mL of human milk to achieve
a level between 106 and 108 cells/mL of each test
strain. The human milk, which had been stored
frozen at –20oC before spiking, was allowed to
thaw overnight at 5oC and after spiking was kept
at 4oC until it was run through the pasteurizer.

The pasteurization process was performed in
a manner analogous to that described for the
viral studies. Pump speed was adjusted to al-
low for testing of samples after varying peri-
ods of exposure to heat. Between runs, the
setup was rinsed with 50 mL of a 0.1 N solu-
tion of NaOH, followed by a rinse with 100 mL
of 0.01 M PBS at pH 7.5, 100 mL of demineral-
ized water and 100 mL of 96% alcohol.

After pasteurization, a dilution series in Pep-
tone Physiological Salt Solution (1 g/L casein
peptone � 8.5 g/L NaCl in 1000 mL distilled wa-
ter was prepared for both pasteurized and un-
pasteurized samples. Of each dilution, 1 mL was
spread onto two Plate Count Agar (PCA; Oxoid
CM325) plates for enumeration of the total viable
aerobic count and onto six Nutrient Agar plates
(NA; Oxoid CM3) for enumeration of E. coli, S.
aureus, and S. agalactiae. The Nutrient Agar plates
were incubated at room temperature for 4 hours
to allow for resuscitation of the heat damaged
cells. Each plate was then covered with 15 mL of
selective medium. For enumeration of E. coli, two
NA plates were covered with Violet Red Bile
Glucose Agar (VRBG; Oxoid CM485). For enu-
meration of S. aureus, two NA plates were cov-
ered with Baird Parker Agar (BP; Oxoid CM 275
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formed in duplicate and the RF values obtained
for each virus at each time point are presented
in Figure 1. The RF values of the duplicate runs
for each virus were very similar. Results for in-
dividual viruses are discussed in the following.

BVDV. The total amount of spiked virus was
107.74 TCID50 and 107.80 TCID50 and the total
amount of virus recovered from the unheated
spiked material was 107.61 TCID50 and 108.03

TCID50, indicating that there was no direct ef-
fect of the breast milk on the amount of infec-
tious virus. Already after exposure to the pas-
teurization process for 4 or 8 seconds, no
infectious virus was detectable, resulting in an
RF value of �3.55 log10 and �3.97 log10. Be-
cause for time points 12 and 16 seconds bulk
cultures were tested also, the RF values in these
cases were �5.42 log10 and �5.84 log10.

HAV. The total amount of spiked virus was
107.39 TCID50 and 107.27 TCID50 and the total
amount of virus recovered from the unheated
spiked material was 107.55 TCID50 and 107.67

TCID50, indicating that there was no direct ef-
fect of the breast milk on the amount of infec-

FIG. 1. Virus reduction.

with 50 mL/L of egg yolk tellurite emulsion; Ox-
oid SR54). For enumeration of S. agalactiae, two
NA plates were covered with New Granada
medium (proteose peptone no. 3; Difco, 25 g; sol-
uble starch, 20 g; morpholinepropanesulfonic
acid [MOPS], 11 g; Na2HPO4, 8.5 g; glucose, 
2.5 g; sodium pyruvate, 1 g; MgSO4, 0.2 g;
methotrexate sodium salt, 6 mg; crystal violet,
0.2 mg; cholistine sulfate, 5 mg; metronidazole,
10 mg; agar 10 g; and water, 1000 mL).4,5

PCA, VRBGA, and BPA were incubated aero-
bically for 24 to 48 hours at 37°C, after which the
number of specific colonies was counted: on PCA
the total number of colonies; on VRBG the red
colonies in red agar; on BPA the gray-black
colonies with a clear halo. New Granada medium
was incubated anaerobically (85% N, 10% H, 5%
CO2) at 37oC, after which the number of specific,
orange-red S. agalactiae colonies was counted.

RESULTS

Virus inactivation

HTST pasteurization was tested on 3 LE and
2 NLE viruses. All virus studies were per-
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tious virus. Already after exposure for 4 sec-
onds a RF value of approximately 2 log10 was
observed. However, this RF value remained
stable at approximately 2 log10 for the later time
points and for all time points tested infectious
virus was still detectable.

HIV. The total amount of spiked virus was
108.35 TCID50 and the total amount of virus re-
covered from the unheated spiked material was
108.52 TCID50, indicating that there was no direct
effect of the breast milk on the amount of infec-
tious virus. Already after exposure to the pas-
teurization process for 4 or 8 seconds, no infec-
tious virus was detectable, resulting in a RF
value of �5.77 log10. Because for time points 12
and 16 seconds bulk cultures were tested also,
the RF value in these cases was �7.27 log10.

PPV. The total amount of spiked virus was
108.58 TCID50 and the total amount of virus re-
covered from the unheated spiked material
was 108.39 TCID50, indicating that there was no
direct effect of the breast milk on the amount
of infectious virus. Exposure to the pasteuriza-
tion process for 4, 8, 12, and 16 seconds did not
result in inactivation of infectious virus. For all
time points tested the RF values were 0.50 log10

or less.

PRV. The total amount of spiked virus was
108.64 TCID50 and the total amount of virus re-
covered from the unheated spiked material was
108.57 TCID50 and 108.93 TCID50, indicating that
there was no direct effect of the breast milk on
the amount of infectious virus. Already after ex-
posure to the pasteurization process for 4 or 8

seconds, no infectious virus was detectable, re-
sulting in an RF value of �5.46 log10 and �5.82
log10. Because for time points 12 and 16 seconds
bulk cultures were tested also, the RF values in
these cases were �7.32 log10 and �7.68 log10.

Bacterial inactivation

HTST pasteurization was tested on three
pathogenic microorganisms that can be present
in expressed milk because of contamination
from the breast (mastitis) or fecal contamina-
tion via the hands. The bacterial studies were
performed in duplicate. The results of the stud-
ies are presented in Figure 2.

Total aerobic count

An initial inoculum of 1.85 � 108 CFU was
recovered from unheated milk. After 8 seconds
at 72°C, no viable bacteria could be detected
anymore. The total count at time 0 reflects the
inoculum of E. coli, whereas the total count at
4 seconds reflects the number of surviving S.
aureus cells.

Escherichia coli. An initial inoculum of 2.1 �
108 CFU of E. coli was recovered from unheated
milk. By 4 seconds no viable E. coli could be
cultured, resulting in �32 log10 reductions af-
ter 16 seconds at 72°C.

Staphylococcus aureus. An initial inoculum of
2.5 � 107 was recovered from unheated milk.
After 4 seconds still 3 � 103 CFU were detected,
after 8 seconds 20 CFU and there was no
growth detected by 12 seconds. The inactiva-
tion rate (72D-value) for S. aureus was 1.08 log10

FIG. 2. Inactivation of pathogenic bacteria during HTST bacterial count pasteurization at 72°C.
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reduction per second, resulting in 15 log10 re-
ductions after 16 seconds at 72°C.

S. agalactiae. An inoculum of 3.8 � 106 of S.
agalactiae was recovered from unheated milk,
and once again by 4 seconds no bacteria could
be cultured from the treated milk, resulting in
�26 log10 reductions after 16 seconds at 72°C.

DISCUSSION

Human milk is the optimum food for the hu-
man infant. The American Academy of Pedi-
atrics goes so far as to say that even in the
neonatal intensive care unit (NICU), breast
milk is the optimal food and in the event a
mother cannot provide breast milk, donor milk
may be an adequate substitute.3 For a variety
of reasons, donor milk has not been widely
used in NICUs in the United States. One of
those reasons is concern about the transmission
of disease via breast milk. This seems to be the
case even though all donors are screened and
all donor milk is pasteurized using the holder
method of pasteurization.

In an effort to make specialty milk formula-
tions for use in the NICU as safe as possible to
address these concerns, the authors undertook
a study to validate the antimicrobial activity in
human milk after a high-temperature short-
time (HTST) pasteurization process. Although
pasteurization is well known to be effective
against bacteria in cow’s milk, activity against
pathogenic bacteria in human milk was stud-
ied, as this process has not previously, to the
authors’ knowledge, been applied to human
milk. In addition, the effectiveness of the pro-
cess against viruses was also determined, be-
cause the dairy and juice industries are not con-
cerned with the transmission of viruses by their
products, whereas this is obviously of concern
with fluids of human origin.

As the data indicate, the HTST process is
highly effective against HIV and marker viruses
for HBV and HCV. The present experiments
clearly show that all viruses were very rapidly
destroyed by this pasteurization method. These
viruses are all lipid enveloped and of patho-
genic potential in humans. The ability to elimi-
nate these viruses, as well as other viruses for

which they serve as markers (e.g. CMV, EBV)
should be reassuring to those who must rec-
ommend the use of these products.

Studies on PPV, a non-lipid enveloped virus,
showed no effect of HTST on viral load.; how-
ever, the authors observed a reproducible inac-
tivation of approximately 2 log10 for HAV. This
is a limited inactivation, but it is a small contri-
bution to inactivation of a non-lipid enveloped
virus that has been described in milk. Also this
might be considered as a model for other NLE
viruses and can contribute to virus safety for
these viruses. Of note, a Medline search on Par-
vovirus B19 and human milk yielded no re-
ports, which indicates a lack of importance of
this route in transmission of this virus.

The HTST process quite easily killed the
highest bacterial load of well-known human
pathogens that could be produced in the labo-
ratory, as was to be expected, based on long-
term experience in the dairy and food indus-
tries. From the inactivation data log10 reduction
rates of 15 to �32 could be calculated for the
different test strains.

The present data document a strong effect of
the authors’ HTST process on bacteria and
lipid-enveloped viruses, as well as a small, yet
reproducible effect on at least one non-lipid en-
veloped virus. That, together with data ob-
tained in a comparative experiment looking,
among other things, at levels of IGA and other
proteins thought to play a role in immune de-
fense of the infant, indicating that HTST pre-
serves more of the important milk protein than
Holder pasteurization (manuscript in prepara-
tion) leads the authors to the conclusion that it
may be the method of choice for the treatment
of human milk. The major drawback of HTST
is that it is extremely expensive, prohibitively
so if one cannot benefit from economies of
scale. In that case the existing Holder method-
ology has shown itself to be sufficiently robust
over several decades of experience. However,
when the appropriate scale can be achieved, the
use of HTST may indeed be preferable.
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Abstract

Antivenoms are manufactured by the fractionation of animal plasma which may possibly be contaminated by infectious agents pathogenic to
humans. This study was carried out to determine whether pre-existing antivenom production steps, as carried out by EgyVac in Egypt, may
reduce viral risks. Two typical manufacturing steps were studied by performing down-scaled viral inactivation experiments: (a) a pH 3.3 pepsin
digestion of diluted plasma at 30 �C for 1 h, and (b) a caprylic acid treatment of a purified F(ab0)2 fragment fraction at 18 �C for 1 h. Three lipid-
enveloped (LE) viruses [bovine viral diarrhoea virus (BVDV), pseudorabies virus (PRV), and vesicular stomatitis virus (VSV)] and one
non-lipid-enveloped (NLE) virus [encephalomyocarditis virus (EMC)] were used as models. Kinetics of inactivation was determined by taking
samples at 3 time-points during the treatments. The pH 3.3 pepsin digestion resulted in complete clearance of PRV (>7.0 log10) and in almost
complete reduction of VSV (>4.5 but �6.4 log10), and in a limited inactivation of BVDV (1.7 log10). EMC inactivation was �2.5 but �5.7
log10. The caprylic acid treatment resulted in complete inactivation of the 3 LE viruses tested: BVDV (>6.6 log10), PRV (>6.6 log10), and
VSV (>7.0 log10). For EMC no significant reduction was obtained (0.7 log10). Cumulative reduction was >13.6, >11.5, >8.3 and �2.5 for
PRV, VSV, BVDV and EMC, respectively. Therefore the current manufacturing processes of at least some animal antisera already include pro-
duction steps that can ensure robust viral inactivation of LE viruses and moderate inactivation of a NLE virus.
� 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Keywords: Antivenom; Virus; Safety; Immunoglobulins; Horse; Plasma; Caprylate; Acid pH

1. Introduction

Antivenoms are the only therapeutic products effective
against the devastating pathophysiological complications re-
sulting from the bites and stings from snakes and scorpions
[1,2]. Antivenoms are manufactured by fractionating pooled
plasma collected from hyperimmunized horses or sheep. There
are concerns that these products could cause zoonotic diseases
[1,3]. A Note for Guidance from the European Medicine
Evaluation Agency (EMEA) recommends that dedicated viral

reduction treatments should be used bymanufacturers to reduce
infectious risks [3]. Pasteurization [4] and nanofiltration [5,6]
are examples of viral reduction steps recently implemented by
producers of industrialized countries to ensure antivenoms viral
safety. These measures are, however, currently largely inappli-
cable for products made in the developing world, where most
producers are located, since (a) many are still unfamiliar with
the technical requirements of viral reduction procedures and
(b) some viral reduction methods may be covered by patents,
and therefore not freely available. In addition, introducing
process changes, that may modify stability and clinical efficacy,
increase production cost, and reduce yield and availability of
these products in times of shortages seems unwise if not abso-
lutely needed for product safety [1,7,8].
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No documented cases of transmission of zoonotic diseases by
animal antisera have been found [1]. A comparison of the
manufacturing processes of antivenoms to that of human IgG
preparations (forwhich contributors of viral safety arewell estab-
lished) revealed that several manufacturing steps may contribute
to viral inactivation [9]. However, apart from isolated exceptions
[4], no comprehensive viral reduction studies of antivenoms pro-
cesses, have been done yet. Establishing which steps of antive-
nom manufacture can contribute to viral safety is important.
In this study, we have evaluated the capacity of a pH 3.3 pepsin
incubation and of a caprylic acid treatment commonly used for
the manufacture of snake antivenoms [9] to inactivate four
established model viruses. The selection of model viruses was
based on the principles followed in international guidelines for
virus validation studies of human plasma derivatives [10e12]
but also taking into consideration the biochemical characteristics
of horse viruses [3,9]. Vesicular stomatitis virus (VSV) was cho-
sen as a relevant lipid-enveloped (LE) horse plasma-borne virus.
Bovine viral diarrhoea virus (BVDV) is a LE flavivirus used here
as a model forWest Nile virus (WNV) and for the Eastern,West-
ern, and Venezuelan Equine Encephalitis togaviruses, that are all
classified as pathogenic to humans [3]. Pseudorabies virus (PRV)
is a LE virus used as model for pathogenic equine herpesvirus.
Finally, encephalomyocarditis virus (EMC), a picornavirus,
served as a model for non-lipid-enveloped (NLE) viruses. Virus
inactivation was measured by infectivity assays using validated
tissue culture infectious dose 50% (TCID50) assays.

2. Material and methods

2.1. Antivenoms manufacturing process

The manufacturing process of antivenoms at EgyVac (Cairo,
Egypt) is summarized in Fig. 1 [13]. Apheresis plasma was di-
luted with two volumes of saline and pH was adjusted to 3.3 us-
ing 2 N HCl. Pepsin (pepsin A, EC 3.4.23.1, Sigma Chemical
Co., St. Louis, MO, USA) was added to a final concentration
of 1 g/L [14,15]. The mixture was incubated successively at
pH 3.3 for 1 h, at pH 3.6 (2 N NaOH) for 30 min, and pH 4.2
(2 N NaOH) for 30 min, under gentle stirring at 30 �C. Ammo-
nium sulphate [(NH4)2SO4] and toluene were added to a final
concentration of 15% (w/v) and 1 ml/L, respectively. The mix-
ture was treated for 1 h at 56 �C under continuous stirring, then
cooled below 40 �C, and filtered through K300 depth filter
sheets. The pH of the filtrate was increased to 7.2 (2 N NaOH).
(NH4)2SO4 was added to a final concentration of 33% (w/v)
and the mixture was stirred overnight at 10 � 2 �C. The precip-
itatewas collectedby gauzefiltration anddissolved in physiolog-
ical saline to the initial protein content. The pH was adjusted to
5.8 � 0.1 using 1.76 N glacial acetic acid. Drop-wise addition of
caprylic acid (Sigma) was done to a final concentration of 0.5%
and themixturewasmaintained under vigorous stirring for 1 h at
18 �C [16e18]. After centrifugation at ca. 1550 g for 30 min,
followed by filtration through 0.22-mm depth filter sheets, the
supernatant was treated by aluminium hydroxide, centrifuged
ultrafiltered and formulated prior to filling.

2.2. Viral reduction studies

2.2.1. Plasma samples
Plasma samples used for the studies were taken from a

standard production batch prior to the pH 3.3 pepsin digestion

Collection of plasma

II

Dilution of plasma in 2 volumes of saline

I

Lowering of pH down to 3.3 

Treatment with 1g/L pepsin, 1 hr, 30°C 

I

Adjustment to pH 3.6, 30 min 

I

Adjustment to pH 4.2, 30 min 

I

56°C, 1hr, pH 4.2 15% (w/v) (NH4)2SO4 treatment 

I

Filtration

I

Overnight 33% (NH4)2SO4 treatment, pH 7.2 

I

Filtration

I

0.5% (v/v) caprylic acid treatment, pH 5.8, 1hr 

I

Ultrafiltration

I

Addition of  tricresol (up to 0.35%), pH 7, 4°C, overnight 

I

Centrifugation, filtration

I

3% (v/v) Al(OH)3  treatment, 1hr, 40°C 

I

Centrifugation

I

Formulation of the final bulk

Fig. 1. Flow-chart of the production process of antivenoms at EgyVac. The

steps studied for their capacity to inactivate viruses are shown in bold.
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and the caprylic acid treatment, respectively. Samples were im-
mediately frozen at�30 �C and shipped with dry-ice to Sanquin
Virus Safety Services (Amsterdam, the Netherlands). The
down-scale spiking experiments were performed in single runs.

2.2.2. Viruses and cell lines
The characteristics of the viruses are shown in Table 1. VSV,

strain Indiana, was obtained from Sanquin Pharmaceutical
Services; PRV, strain Bartha K61, from Duphar (Weesp, The
Netherlands); BVDV, strain NADL (VR-534), and EMC, strain
EMC (VR-129B) were both from ATCC (Rockville, MD).
BHK21 cells (ATCC; CCL-10) were used for the preparation
and titration of VSV stocks, PD5 cells (Duphar) for the prepa-
ration and titration of PRV, MDBK cells (CCL-22; ATCC) for
the culture of BVDV, EBTr cells (ID-Lelystad, Lelystad, the
Netherlands) for BVDV titration, and VERO cells (ATCC;
CCL-81) for the preparation and titration of EMC.

2.2.3. Dummy runs
Dummy runs of the pH 3.3 pepsin digestion and caprylic

acid treatment were done to qualify the equipment, train the
personnel involved, and generate samples for suitability test-
ing. The equipment included two double-jacketed reaction
containers placed in series and connected to a thermostatted
water bath. The first container was used for spiking and the
second container as a dummy for monitoring the temperature.
The temperature of the reaction containers for the pH 3.3 pep-
sin digestion was proved to be constant 30 � 1 �C, and for the
caprylate experiment constant 18 � 1 �C, and the difference
with the respective dummy containers less than 0.5 �C.

2.2.4. Cytotoxicity tests
Cytotoxicity of the antivenom fractions was evaluated as

described before [19].

2.2.5. Test for stop-and-storage conditions and interference
Assays to determine the efficacy of stop and storage condi-

tions and the lack of interference of samples were performed
as described [19].

2.2.6. Spiking experiments and down-scaled
experimental design

High-titre virus inocula were used for spiking of the starting
materials without significantly affecting ionic strength, pH,
and protein content.

The pH 3.3 pepsin digestion was scaled-down by a factor of
200. 100 ml of diluted crude plasma (protein content: 25 � 2 g/L)

was transferred into a reaction container. When the temperature
had reached 29.0 �C, the pH was decreased to 3.30 � 0.1 by
adding about 5 ml 2 N HCl. Subsequently, 0.1 g pepsin was
added (final concentration: 1 g/L) and the pH was readjusted
to pH 3.30. The plasma/pepsin mixture was then spiked with
2.0 ml of virus-inoculum, corresponding to approximately
2.0% (v/v), and maintained at 30 � 1 �C under continuous stir-
ring for 60 min. Samples after 6, 20, and 60 min were tested.

The caprylic acid step was scaled-down by a factor of
80.100 ml of the intermediate immunoglobulin fraction (pro-
tein content: 65 � 2 g/L; purity ¼ 98%) was transferred into
the reaction container. When the temperature had reached
18 � 1 �C, the pH was decreased to 5.8 � 0.1 using approxi-
mately 1 ml of 1.76 N glacial acetic acid. The solution was
then spiked with 2.0 ml of virus-inoculum (approximately
2.0% (v/v)). Subsequently, caprylic acid was added under vig-
orous stirring. The spiked solution was kept at 18 � 1 �C under
continuous vigorous stirring. For BVDV, PRV, and VSVassays,
samples were taken after 6, 20, and 60 min and immediately di-
luted with culture medium for testing the residual infectivity.
For EMC, samples were taken after 20, 60 and 120 min, centri-
fuged at 10,000 � g for 30 min and the supernatants passed
over a 0.22-mm Millex GS filter unit (Millipore, Molsheim,
France). The filtrates were recovered and immediately diluted
with culture medium for testing the residual EMC infectivity.
These diluted samples were tested and the remaining volumes
were frozen and stored. The handling time per sample was ap-
proximately 40 min and therefore the effective sample points
were approximately 60, 100, and 160 min.

2.2.7. Detection and quantification of infectious virus
TCID50 assays were performed in 96-well microtitre culture

plates as previously described [19]. In addition, to obtain
a lower limit of detection for selected samples, simultaneously
and under the same conditions as the TCID50 assays, larger vol-
umes (dilution based on the outcome of the suitability study) of
the output samples were tested in 80-cm2 culture flasks (bulk
culture) in a total volume of 30 ml or in 175-cm2 culture flasks
in a total volume of 180 ml, in duplicate. The cell cultures were
incubated and read out identically to the TCID50 assays. Virus
titres were calculated as before [19,20]. Briefly, in case all
cultures tested were found virus-negative, the virus titre was
calculated according to the formula: M < log{1/total test
volume (ml)}. In case bulk cultures were found virus-positive,
the minimal virus titre was calculated according to the formula:
M � log{1/total test volume (ml)/number of positive cultures},
where: M ¼ log of the virus titre. Reduction factors (RF) are

Table 1

Characteristics of model viruses

Family Envelope Genome Size (nm) Resistance to physio-chemical treatments Possible model for:

BVDV Flaviviridae þ ss-RNA 37e50 Medium Eastern, Western, and Venezuelan

Equine Encephalitis virus

PRV Herpesviridae þ ds-DNA 120e200 Medium Equine herpes virus

VSV Rhabdoviridae þ ss-RNA 75e180 Low Relevant virus

EMC Picornaviridae � ss-RNA 22e30 Mediumehigh

79



presented at �95% confidence limit (CL) and were calculated
by the following formula: RF ¼ log10(total amount of virus
spiked as derived from the reference sample O total amount
of virus recovered from the treated sample). Clearance factors
(CF) were calculated by the following formula: CF ¼ log10(to-
tal amount of virus spiked as derived from the virus-stock
sample O total amount of virus recovered from the treated
sample). The 95% CL was determined as indicated in [11].

3. Results

3.1. Pepsin digestion of diluted plasma at pH 3.3

Viral inactivation achieved during pH 3.3 pepsin digestion
is shown in Table 2. For PRV the inactivation was>5.1 log10 in
6 min and a CF of >7.0 log10 was reached after 60 min. For
VSV, the inactivation was >3.1 log10 and >4.5 log10 after 6
and 20 min, respectively, and the RF at 60 min was between
>4.5 and �6.4 log10. RF of BVDV was 1.7 log10 after
60 min of treatment. Inactivation of EMC was relatively
slow as RF of 0.4 and 0.5 log10 were found after 6 and
20 min, but increased to �2.5 (as measured in the microtitre
plate) and �5.7 log10 (as measured in larger volumes in the
culture flasks; see Section 2) after 60 min.

3.2. Caprylic acid treatment

The RF obtained during caprylic acid treatment are shown
in Table 3, revealing rapid and complete inactivation of the
three LE viruses. RF were >6.6 log10, >6.6 log10, and >7.0
log10 for BVDV, PRV, and VSV, respectively. No significant
inactivation or removal was obtained for EMC, even after
120 min of treatment followed by centrifugation and filtration
(RF ¼ 0.7 log10).

4. Discussion

This study was carried out to determine the effectiveness of
two steps of an antivenom manufacturing process used by
EgyVac in Egypt to reduce virus infectivity. The first step
selected was a pH 3.3 pepsin digestion of diluted horse
plasma, which proteolyses the immunoglobulins G (IgG)
into F(ab0)2 fragments, and the second a caprylic acid treat-
ment of a downstream fraction. For both steps, three kinetic
points were tested. The virus-reducing capacity was studied

with four established virus strains, PRV, VSV, and BVDV, as
amodel of horse plasma borne LE viruses, and EMC, as amodel
of NLE viruses. Our data show that the LE viruses are highly
susceptible to both the pH 3.3 pepsin digestion of plasma and
the caprylic acid treatment but BVDV showed some resistance
to the pH 3.3 pepsin incubation. Consistent with earlier data
[21], inactivation of PRV at pH 3.3 was extremely fast since
the reference sample taken after 30 s of incubation in the start-
ing material already showed approximately 4 log10 of inactiva-
tion. Therefore data for PRV inactivation are presented as CF
rather than RF. EMC infectivity was not affected by the caprylic
acid precipitation nor the subsequent centrifugation and filtra-
tion of the supernatant, but its infectivity was greatly reduced
during pH 3.3 pepsin digestion. The cumulative RF obtained
when combining both steps were >13.6, >11.5, >8.3 and
�2.5 log10 for PRV, VSV, BVDV and EMC, respectively.

Some purified human IgG fractions are subjected to an incu-
bation at pH 4, with or without traces of pepsin, at 30e37 �C,
a protein content close to 50 g/L, and a duration of over 20 h
[12,22e24]. More than 5 to 8 log inactivation of a large range
of LE viruses is achieved [20,21,25,26]. By contrast, poliovirus,
as other NLE viruses, is much more resistant. The presence or
not of pepsin, in trace amount, does not appear to influence viral
kill [27]. Reduced inactivation is found at lower temperatures,
while impact of protein content and formulation appear to be
virus- and product-specific [9,25]. Viral inactivation appears
to take place faster under the conditions used for the production
of antivenoms possibly due to the lower pH (3.3 instead of 4)
and lower protein content (25 vs. 50 g/L). The pH 3.3 pepsin
digestion used here appears to contribute also to a significant in-
activation of EMC. The higher concentration of pepsin used to
generate F(ab0)2 fragments may lead to faster and more robust
inactivation/denaturation of LE and NLE viruses through pro-
teolytic degradation. Inactivation of the NLE viruses poliovirus
and porcine parvovirus was also observed during the validation
of another low pH pepsin digestion of antivenoms [4].

Caprylic acid treatment at pH <6.0 is also used for the
manufacture of human IgG. Validation studies on four differ-
ent preparations evidenced the robustness of the treatment to
ensure complete inactivation of several logs of BVDV, PRV,
and other LE viruses, within minutes [28e30]. The conditions
used for caprylic acid treatment of antivenoms and human Ig
are similar, in particular the pH range, duration of treatment,
temperature, and caprylic acid/protein ratio [9]. It is therefore
not surprising that fast and extensive inactivation of BVDV,

Table 2

Initial infectivity of the virus inoculum and spiked material, and viral reduction factors (RF(log10) � 95% CL) achieved during pH 3.3 pepsin treatment of diluted

horse plasma

Virus Initial infectivity (log10) Viral reduction factors (log10)

Virus inoculum Spiked material 6 min 20 min 60 min

BVDV 8.16 7.78 0.1 � 0.4 0.3 � 0.4 1.7 � 0.4

PRVb 8.34 <4.79 >5.1 � 0.2 >5.1 � 0.2 >7.0 � 0.2

VSV 8.76 7.78 �3.1 � 0.3 >4.5 � 0.3 >4.5 � 0.3 & �6.4 � 0.3a

EMC 7.39 7.37 0.4 � 0.4 0.5 � 0.4 �2.5 � 0.3 & �5.7 � 0.3a

a The RF values were determined using microtitre plates (first value) and bulk culture assays (second value); see Section 2.
b The results of PRV are presented as Clearance Factor (log10) 95% CL.
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PRV, and VSV is found in this study. Therefore, both these 1 h/
30 �C/pH 3.3 digestion of diluted horse plasma and caprylic
acid precipitation of purified F(ab0)2 can be regarded as robust
viral inactivation steps of LE viruses. In addition, the pH 3.3
pepsin digestion may contribute to significant inactivation of
at least some NLE viruses. Confidence in the viral safety mar-
gin afforded by the whole production process (Fig. 1) is rein-
forced by the belief that other manufacturing steps (not studied
here) likely contribute to further viral inactivation or removal.
Such steps include the additional phase of low pH treatment
that takes place after the pH 3.3 digestion and may thus pro-
long the kinetics of viral inactivation. Most importantly, the
1 h/56 �C/14.5% (w/v) NH2SO4 treatment performed at pH
4.5 is very likely to contribute to inactivation of both LE
and NLE viruses. Indeed, experience gained with human
plasma and plasma products shows robust inactivation during
liquid heat-treatment [24,31]. Although temperature (60 �C)
and duration (10 h) used for heat-treatment of human products
are higher, the low pH used during heating of antivenoms at
56 �C should accelerate the rate of viral inactivation. Our ex-
periments did not include model retroviruses. Two retrovi-
ruses, equine infectious anaemia virus and equine foamy
virus have been identified in horse blood [9], but are so far
not regarded as pathogenic to humans [3]. Viral validation in
human plasma products using human immunodeficiency virus
suggests that retroviruses are readily inactivated by both low
pH and caprylic acid treatments [12,28,29].

In conclusion, manufacturing processes of animal plasma
derived antivenoms may already include steps contributing to
viral safety. Further work is needed to define process robustness
as highlighted in international guidelines [10,12]. Efforts
should also focus on correct industrial design, implementation
and monitoring of these steps to ensure reproducible viral re-
duction and avoid post-treatment recontamination. This crucial
product safety aspect has been highlighted recently [9,32] and
should be taken into major consideration for large-scale opera-
tions. For instance, the vessels used for low pH and caprylic acid
treatments should be designed to ensure fraction homogeneity
and to avoid uncontacted areas; they should have temperature
and/or pH controls. The creation of a dedicated viral safety
area should be considered to avoid recontamination. The low
pH and caprylic acid treatment could be carried out in two
stages: the first one, corresponding to the main viral reduction
phase, being performed in a vessel located in a normal produc-
tion room, and the second one in another vessel located in a seg-
regated, contained area. A quality assurance system should

ensure that the production parameters conform to the validated
conditions. Finally, further viral validation studies of existing
production steps and training ofmanufacturers and national reg-
ulatory authorities on GMP principles, as planned by the WHO
[33], would be helpful to support the production of safe antisera
in the developing world.
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UVC treatment of platelet concentrates 

Abstract
Background Pathogen contamination, causing transfusion-transmitted diseases, is 
an ongoing concern in transfusion of cellular blood products. Here we present the 
pathogen inactivating capacity of UVC treatment in platelet concentrates on several 
viruses and bacteria. In addition, results of platelet quality after UVC illumination are 
shown.
Study Design And Methods The potential of UVC treatment was studied using a 
range of lipid-enveloped (LE), and non-lipid-enveloped viruses (NLE), and bacteria. 
LE-viruses were bovine viral diarrhoea virus (BVDV), human immunodeficiency virus 
(HIV), pseudorabies virus (PRV), transmissible gastroenteritis virus (TGEV), and 
vesicular stomatitis virus. NLE-viruses were canine parvovirus (CPV) and simian 
virus 40 (SV40). Bacteria were Staphylococcus epidermidis, Staphylococcus aureus,
Escherichia coli, and Bacillus cereus. After spiking and illumination, samples were 
tested for residual infectivity and reduction factors were calculated. Furthermore, the 
effect of UVC treatment on platelet quality was determined by measuring in vitro
quality parameters. 
Results A UVC dose of 500 J/m2 resulted in acceptable platelet quality and high 
reduction factors (>4 log10) for CPV, TGEV, VSV, Staphylococcus epidermidis,
Staphylococcus aureus and Escherichia coli. Intermediate reduction factors (±3 log10)
were observed for BVDV, PRV, and Bacillus cereus. Low reduction factors (±1 log10)
were found for HIV and SV40. No differences in virus reduction were observed 
between cell-free and cell-associated virus. 
Conclusion UVC illumination is a promising pathogen reducing technique in platelet 
concentrates, inactivating single-stranded viruses and bacteria under conditions that 
have limited effects on platelet quality. However, further optimisation of the UVC 
procedure is necessary to deal with blood-borne viruses like HIV. 

Key words: Platelets, UVC, inactivation, virus, bacteria 
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Introduction 
Next to careful selection of donors, safety of cellular blood products is primarily 
based on screening systems to detect markers for viral contamination (e.g. specific 
antibody testing and nucleic acid testing (NAT)) and bacterial contamination (e.g. 
BacTAlert culturing). However, in donors experiencing primary virus infections, 
antibodies are not yet detectable in the early phase of infection and NAT might also 
score negative (the so-called window phase). Moreover, in case of emerging 
infections, both safety measures will fail. Also, despite screening for bacteria, cases 
of bacterial transmission have been reported, due to the limited sensitivity of the 
system.1 Hence, there is a strong need for in-process steps with broad pathogen 
inactivating capacity. An additional requirement for such a step is that the quality of 
the appropriate blood products is not compromised.
For pathogen inactivation in platelet concentrates (PC), a number of different 
techniques involving ultraviolet (UV) light have recently been described. One method 
utilizes the psoralen compound S-59 (amotosalen hydrochloride) in combination with 
UVA light. In this photochemical process S-59 intercalates into and binds to nucleic 
strands. Upon illumination with UVA light (320-400 nm), this binding becomes 
irreversible and the strands are cross-linked, resulting in inactivation of the 
pathogen.2

Another method takes advantage of the properties of a naturally occurring vitamin 
supplement, riboflavin. Riboflavin intercalates between the bases of DNA or RNA and 
upon illumination with broadband UV light (265-370 nm), riboflavin oxidizes guanine 
in nucleic acids, resulting in irreversible damage to the pathogen.3

A third method applies a two-step procedure of a photodynamic treatment with 
thionine/light to inactivate free viruses, followed by low-dose UVB treatment to 
inactivate leucocytes and bacteria.4 Thionine has a high binding affinity to nucleic 
acids and specifically binds strongly in G-C rich regions, but also formation of singlet 
oxygen is important.5

A general disadvantage of the photodynamic treatments developed to date is the 
need to add and to remove the sensitizer and/or its breakdown products. An 
alternative in this field is the use of UV light alone. The theoretically optimal 
wavelength for DNA damage without the need for a photosensitizer is 254 nm, i.e. in 
the UVC range. A UVC technique applying light of 254 nm light has, amongst others, 
been described by Caillet-Fauquet et al.6 and shown to be effective in treating 
purified plasma-derived products. UVC mainly causes dimerization of adjacent 
pyrimidines7 and the resultant intranucleotide cross-link abrogates subsequent 
pathogen replication. In addition, UVC also generates free radicals such as singlet 
oxygen.8

In this study, we explored the potential of UVC illumination for pathogen inactivation 
in platelet concentrates. For doses up to 500 J/m2, we found good pathogen 
reduction for bacteria and single-stranded viruses in a mixture of 10% plasma and 
Composol, while preserving platelet quality. 
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Materials and methods 
Preparation of platelet concentrates
Platelet concentrates were prepared from whole blood-derived buffy coats by a 
modification of the standard protocol.9,10 In short, 500  50 ml blood from non-
remunerated, informed donors was collected in 70 ml of citrate-dextrose-phosphate
(CPD) in bottom-and-top blood collection systems (Fresenius HemoCare, Emmer-
Compascuum, the Netherlands). After collection, the blood was stored for 12-16 h at 
20  2°C.11 After centrifugation (2780xg, 8 min.), the blood was separated in a 
plasma, buffy coat and red cell fraction with the aid of a Compomat G4 (Fresenius 
Hemocare).12 Three buffy coats were mixed together and 240 ml of Composol-PS 
(consisting of 90 mM NaCl, 5 mM KCl, 1.5 mM MgCl2 , 27 mM acetate, 23 mM 
gluconate, 3.2 mM citrate, pH 7.0; Fresenius HemoCare)13 was added by means of 
sterile docking. Instead of a slow centrifugation step to prepare the platelet 
concentrate, the pooled buffy coats were subjected to a fast spin (2780xg, 8 min.), 
the supernatant was removed and another 180 ml of Composol-PS was added to 
lower the plasma content of the final product. The buffy coats were then subjected to 
a slow spin (5 min., 260xg) and the platelet-rich supernatant was transferred across a 
leukoreduction filter (Fresenius HemoCare, Compostop CS) to an empty 1.3L PVC-
citrate storage bag (Compoflex, Fresenius HemoCare) with the use of a Compomat 
G4.  This procedure resulted in a platelet concentrate with a residual plasma content 
of <15%, as determined by the protein content of the cell-free supernatant. After 
overnight storage at 22 ± 2°C (horizontally shaking with 1 cycle/sec, Helmer Platelet 
Incubator, Helmer PF96, Noblesville, Indiana, USA), the platelet concentrate was 
split into two equal volumes and the plasma concentration was adjusted to 10% (by 
addition of Composol-PS) or 30% (by addition of autologous plasma) with equal 
platelet counts. The final platelet counts were 0.6–0.8 x 109/ml. The platelet 
concentrate was then subjected to UVC illumination in portions of 5 ml, with or 
without pathogens added, as described below. 
Bench-scale UVC illumination
The UVC treatment was performed as described previously.6 Briefly, unless indicated 
otherwise, five millilitres of spiked material was illuminated in a Petri dish (84 mm in 
diameter) placed on an orbital shaker (50 RPM). This resulted in a fluid layer with a 
thickness of approximately 1 mm. The illumination device consisted of a UVC lamp 
with a low-pressure mercury arc (emission line at 254 nm, Germicidal 15T/8-General 
Electric, USA), a ventilator, filter, photo radiometer with UV sensor, and toothed rack.  
In vitro measurements of platelet quality
After UVC treatment, 5 ml of platelet concentrate was transferred to 50 ml culture 
flasks with the addition of 10 mM glucose, 12mM HCO3

- and 5% CO2 in the gas 
phase and stored for 5 days at 22 ± 2°C (horizontally shaking with 1 cycle/sec). 
Control experiments had indicated that this down-scaled version of platelet storage 
results in similar loss of platelet quality as observed in whole platelet concentrates 
stored in PVC bags (data not shown). After the storage period, the platelets were 
analyzed for pH, CD62P expression, exposure of phosphatidylserine (PS) and lactate 
production. 
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The expression of the activation antigen CD62P was measured essentially as 
described previously14 with minor revisions. Briefly, platelets were diluted to a 
concentration of 3 x 108 /ml with Isoton II [Beckman Coulter, Mijdrecht, the 
Netherlands] and 5 μl of platelet suspension was then incubated with 45 μl of Isoton 
containing CD62P antibody (clone CLB-Thromb/6 conjugated with fluorescein 
isothiocyanate (FITC), Immunotech, Marseille, France) for 30 min at 22°C in the dark. 
Afterwards, the platelets were fixed by adding 0.5 ml of 0.5% (v/v) methanol-free 
formaldehyde (Polyscience Inc, Warrington, PA, USA; diluted in PBS) and analyzed 
via flow cytometry (FACScan, Becton Dickinson). A parallel incubation with FITC-
labeled murine IgG (Sanquin Reagents, Amsterdam, The Netherlands) was used as 
negative control. 
PS exposure after treatment and storage was determined by means of AnnexinV 
binding as follows. Platelets were diluted to a concentration of 1 x 108 /ml in HEPES-
medium (136 mM NaCl, 3.2 mM KCl, 2 mM MgSO4, 1.2 mM K2HPO4, 10 mM 
HEPES, pH 7.4), and 20 μl of platelet suspension was incubated with 180 μl HEPES-
medium in the presence of Annexin V-FITC (0.6 μg/ml, added from a stock solution 
of 250 μg/ml, VPS Diagnostics, Mijdrecht, The Netherlands) and 2.5 mM CaCl2. As 
negative control, all samples were also stained in the presence of 2.5 mM EGTA.  
Lactate was measured in cell-free supernatants (obtained by centrifugation of platelet 
samples for 5 min at 12,000 RPM) by enzymatic conversion with lactoperoxidase 
(Trinity Biotech plc, Bray, Ireland). Rates of lactate production were calculated by 
comparison with cell-free supernatants obtained just prior to UVC treatment. 
Selection of viruses and cells
Viruses were selected for being blood-borne and pathogenic and/or to represent 
various genome types (RNA or DNA, single or double stranded) and sizes, and with 
or without lipid envelopes (Table 1). Five LE viruses were used: bovine viral 
diarrhoea virus (BVDV, model for hepatitis C virus), human immunodeficiency virus 
(HIV, relevant blood-borne virus), pseudorabies virus (PRV, model virus for LE DNA 
viruses like hepatitis B virus), transmissible gastroenteritis virus (TGEV, model for the 
corona virus causing Severe Acute Respiratory Syndrome (SARS)), and vesicular 
stomatitis virus (VSV, model for LE RNA viruses).  Two NLE viruses were used: 
canine parvovirus (CPV) and simian virus 40 (SV40), a specific model for parvovirus 
B19 and a general model for NLE DNA viruses, respectively. 
BVDV, strain NADL (VR-534; ATCC, Rockville, MD, USA), was cultured on MDBK 
cells (CCL-22; ATCC) and titrated on EBTr cells (ID-Lelystad, the Netherlands). HIV, 
strain HTLV-IIIB (National Cancer Institute, Bethesda, MD, USA), was cultured on H9 
cells (National Cancer Institute) and titrated on MT2 cells (Wellcome, Beckenham, 
UK). PRV, strain Aujeszki Bartha K61 (Duphar, Weesp, the Netherlands), was 
cultured and titrated on VERO cells (CCL-81; ATCC). TGEV, strain Purdue (VR-763; 
ATCC), was cultured and titrated on ST cells (CRL-1746; ATCC). VSV, strain Indiana 
(Sanquin Pharmaceutical Services, Amsterdam, the Netherlands), was cultured and 
titrated on BHK21 cells (CCL-10; ATCC). CPV, strain 780916 (Erasmus University 
Rotterdam, Rotterdam, the Netherlands), was cultured and titrated on A72 cells 
(Erasmus University Rotterdam). SV40, strain PML-2 (VR-821; ATCC), was cultured 
and titrated on BSC-1 cells (Organon, Oss, the Netherlands).
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Table 1: Properties of the viruses used in UVC treatment studies
Virus group Virus Size (nm) Virus family Genome Size (kb) Model virus for 

BVDV* 37-50 Flavi ss†† RNA 10-12 Hepatitis C virus 

HIV† 100 Retro 2 ss RNA 2x10 Relevant virus 

PRV‡ 100-200 Herpes ds‡‡ DNA 140 Large LE ds DNA viruses 

TGEV§ 100-120 Corona ss RNA 27-32 SARS

Lipid-enveloped

(LE)

VSV 75x180 Rhabdo ss RNA 11-15 Large LE ss RNA viruses 

CPV¶ 18-26 Parvo ss DNA 5 Human parvovirus B19 Non-lipid 

enveloped (NLE) SV40** 45 Polyoma ds DNA 30 Human parvovirus B19 

* BVDV, bovine viral diarrhoea virus; † HIV, human immunodeficiency virus; ‡ PRV, pseudorabies virus; § TGEV, transmissible 

gastroenteritis virus;  VSV, vesicular stomatitis virus; ¶ CPV, canine parvovirus; ** SV40, simian virus 40; †† ss, single-

stranded; ‡‡ ds, double-stranded. 

Test for cytotoxicity and interference
Prior to the actual spiking experiments, assays were performed to determine 
cytotoxic effects of the plasma-Composol mixture on the cell lines used for virus 
titrations and interference of the plasma-Composol mixture with the titration assays, 
as described previously.15 Briefly, threefold serial dilutions of the plasma-Composol 
mixture were prepared and tested on cells to determine cytotoxicity. Then, using the 
first dilution of the plasma-Composol mixture without cytotoxic effects, a known 
amount of virus was spiked and incubated. Subsequently, the infectivity of the virus 
inoculum and the spiked plasma-Composol mixture was measured to determine 
possible interference with the detection system. In none of the virus assays, 
interfering effects were observed for the plasma-Composol mixtures used. 
Virus assays
Infectivity was measured in TCID50 assays and bulk culture tests. For TCID50 assays, 
threefold serial dilutions of samples were prepared in culture media and 50- l (or 0.5 
ml for HIV) volumes were tested in eight replicates. To detect small amounts of virus, 
up to 60 ml of pre-diluted sample was tested in duplicate bulk culture tests, using 25- 
and 175-cm2 flasks. BVDV, CPV, PRV, SV40, TGEV, and VSV cultures were 
inspected microscopically for cytopathic effects at 6, 7, 5, 21, 3, and 4 days post-
infection (dpi), respectively. HIV cultures were inspected microscopically twice a 
week for the formation of syncytia until 21 dpi. In all experiments, virus titres were 
calculated by the Spearman-Kärber method16 with the exception of the factorial 
design experiment, in which the most probable number (MPN)17 method was used, 
and titres were expressed as TCID50/ml. If all cultures were negative, the titre 
(TCID50/ml) was considered to be less than 1÷total test volume (ml).

Reduction factors (RF) were calculated by the following formula:
RF = log10 (total amount of virus spiked as derived from the reference sample ÷ total 
amount of virus recovered from the treated sample). 
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Bacteria assays
For these studies four different bacteria, representing potential contaminants in 
platelet concentrates as derived from the screening results in the Netherlands18 were 
selected: Staphylococcus epidermidis; Staphylococcus aureus; Escherichia coli; and 
Bacillus cereus (for each species two different clinical isolates were used). Bacterial 
stocks were produced by overnight culture on regular blood agar plates and colonies 
were picked and diluted in PBS to a concentration of approximately 3*107 colony 
forming units (CFU)/ml. After treatment, samples were collected and titrated in CFU 
assays: samples were serially 10-fold diluted with ice-cold saline. Subsequently, 10-
μl samples were tested on blood agar plates in duplicate and incubated at 35°C 
during 18-24 hours. All samples were tested in serial dilutions and for selected 
samples also a 200-μl sample was plated, in duplicate. Subsequently the number of 
bacteria was counted and CFU values were calculated.

Reduction factors (RF) were calculated by the following formula:
RF = log10 (total amount of bacteria spiked as derived from the reference sample ÷ 
total amount of bacteria recovered from the treated sample).

Results
In a first explorative study, efficacy of UVC treatment for virus inactivation was tested 
by spiking BVDV in Composol containing varying amounts of residual plasma (5, 10, 
and 30%). Given the poor penetration of UVC light in plasma, an experimental setting 
with a thin plasma layer of approximately 1 mm was chosen, an orbital mixing speed 
of 50 RPM, UVC illumination at a light intensity of 0.25 mW/cm2 and doses ranging 
from 250 up to 1000 J/m2 (1000 J/m2 equals exposure for 400 sec). For both the 5% 
and the 10% plasma suspensions, reductions of approximately 6 log10 were observed 
at 1000 J/m2, although the kinetics for the 10% plasma suspension was clearly 
slower than the 5% plasma suspension. In case of 30% plasma, the reduction was 
approximately 2.6 log10 at 1000 J/m2 (Figure 1). 
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Figure 1: Effect of UVC treatment on BVDV inactivation in 5, 10, and 30% plasma 

BVDV inactivation was tested with UVC treatment in Composol containing 5, 10, or 30% plasma; RF values (log10) are shown. 

Light intensity was 0.25 mW/cm2, suspension depth 1 mm, orbital mixing 50 RPM. Open symbols indicate maximal reduction. 
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Although these data clearly indicated that the plasma concentration should be kept 
as low as possible, we used 10% and 30% plasma in subsequent experiments to 
avoid compromising platelet quality beyond acceptable limits. 
The effect of UVC treatment on platelet quality was evaluated in a similar 
experimental set-up as above. Prior to analysis, the platelets were stored for 5 days 
to allow detection of long-term effects of the treatment. In Figure 2, pH, lactate 
production, CD62P expression and PS exposure (as measured by AnnexinV binding) 
are shown, as indicators of platelet quality. Increasing doses of UVC resulted in a 
clear deterioration in all of these parameters, especially in the platelet concentrates 
suspended in 10% plasma. The pH had decreased from 7.23 to 6.52 with the highest 
UVC dose tested (Fig.2A), concomitant with an increase in lactate production 
(Fig.2B). CD62P expression increased up to 40% after a dose of 500 J/m2 and 
levelled off at higher doses (Fig.2C), probably due to shedding of the antigen. PS 
exposure also increased with increasing doses of UVC, but remained below 30% in 
10% plasma (Fig.2D). In 30% plasma, all platelet quality indicators remained within 
an acceptable range at all UVC doses tested, but, as noted above, under these 
circumstances virus inactivation may be limited. 
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Figures 2A-D: Effect of UVC treatment on platelet quality 

Platelet concentrates were subjected to UVC treatment as described in the legend to Fig.1. Platelet quality parameters after 

subsequent storage for 5 days were determined as described in Materials and Methods. a: medium pH; b: lactate production c: 

CD62P expression; d: PS-positive cells. Open squares: PC’s in 30% plasma, closed squares: PC’s in 10% plasma. Results 

shown are the mean ± SEM of 6 platelet concentrates.  
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Table 2: Factorial design for three parameters (plasma, light intensity and platelets)
Plasma Light intensity Platelets RFRun [%] [mW/cm2] [cells/ml]x109 [log10]

1 5.8110 0.25 0
2 30 0.25 0 3.03
3 10 1.0 0 4.63
4 30 1.0 0 1.90
5 10 0.25 1.0* /ml 4.53 109

6 30 0.25 1.0* /ml 2.47 109

7 10 1.0 1.0*109/ml 2.85 
8 30 1.0 1.0*109/ml 1.66
9 10 0.25 0 4.63
10 30 0.25 0 2.88
11 10 1.0 0 4.32
12 30 1.0 0 1.89
13 10 0.25 1.0* /ml 3.80 109

14 30 0.25 1.0* /ml 2.51 109

15 10 1.0 1.0* /ml 2.95 109

16 30 1.0 1.0*109/ml 1.50

F rial desig determine the nce of thre s (percentage of plasma, light intensity and absence or presence 

o telets) on efficacy of UV atment for t n of B  platelet concentrates. The percentage plasma was

arameters, light intensity, plasma 
ercentage and platelet concentration, were tested in a full factorial design (in 

s in a kinetic 

acto n to  influe e parameter

f pla  the C tre he inactivatio VDV in

tested at 10 and 30%, the light intensity at 0.25 and 1.0 mW/cm2, and the platelet concentration at 0 and 1.0 [cells/ml] x109. The 

illumination dose was fixed at 500 J/m2, the depth was fixed at 1 mm, and orbital mixing was 50 RPM. The results for BVDV are 

shown as reduction factors (RF) (log10) calculated with the MPN method.17

To further optimise the UVC treatment, three p
p
duplicate) with inactivation of BVDV as read-out, as described previously.15 In this 
factorial design, light intensity was tested at 0.25 and 1.0 mW/cm2, percentage 
plasma at 10 and 30%, and platelet concentration at 0 and 1.0 x109 cells/ml. The 
illumination dose was fixed at 500 J/m2 based on the results obtained in the platelet 
quality experiments and the depth was fixed at approximately 1 mm. Results for this 
series of experiments are shown in Table 2. Linear regression analysis of the 
complete data set showed that the percentage plasma was the most important 
determinant of UVC efficacy, with the highest virus reduction in the presence of 10% 
plasma. In addition, light intensity was also a significant parameter with highest virus 
reduction at 0.25 mW/cm2. Finally, the presence or absence of platelets did have a 
significant effect on the virus reduction obtained, but the contributing effect of the 
platelet concentration was much smaller than the other two parameters. Given this 
marginal effect of the platelet concentration, for practical reasons all subsequent 
virus studies were performed using the optimal setting as determined by the factorial 
design (i.e. 10% plasma, 0.25 mW/cm2), but in the absence of platelets. 
To determine the generality of the results obtained with BVDV, we tested BVDV and 
6 additional viruses, with different genome type, size and envelope statu
setting with illumination values up to 1000 J/m2. For CPV, TGEV, and VSV high virus 
kill was observed, resulting in RF values of >4 log10 already at 500 J/m2 (sensitive 
viruses, Figure 3A). For BVDV and PRV, the virus kill was somewhat lower, resulting 
in approximately 3-4 log10 at 500 J/m2, but eventually more than 5 log10 at 1000 J/m2

(medium resistant viruses, Figure 3B). For HIV and SV40, the virus kill was limited to 
approximately 1 log10 at 500 J/m2 and approximately 2 log10 with doses up to 1000 
J/m2 (resistant viruses, Figure 3C).
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Figure 3A-D: Inactivation of different viruses by UVC treatment 

Virus inactivation by UVC treatment was tested in Composol containing 10% plasma; RF values (log10) are shown. Experimental 

conditions were as described in the legend to Fig.1. a: sensitive viruses; b: medium resistant viruses; c: resistant viruses; d: cell-

associated viruses. Open symbols indicate maximal reduction. Results shown are representative for at least 2 experiments. 

As cell-associated (CA) virus (intracellular and/or bound to the cellular membrane) 
may be more resistant to UVC damage, we also tested CA virus with HIV as a 
resistant virus and with VSV as a sensitive virus. However, in both cases the CA-
virus results mimicked those obtained with the corresponding cell-free viruses, i.e. 
CA-HIV was UVC resistant and CA-VSV was UVC sensitive (Figure 3D). 
To further explore the resistance of HIV to UVC treatment, we tested the effect of 
illumination doses up to 4000 J/m2. Although the virus kill slowly improved with 
increasing doses, infectious virus was still present even after illumination at 4000 
J/m2 (RF=3.5 log10, data not shown). 
Finally, we investigated the effect of UVC treatment on the survival of bacteria. 
Experiments were performed using the same settings as for the virus studies. 
Illumination at 250 J/m2 resulted in >4 log10 reduction for S. epidermidis, S. aureus,
and Escherichia coli, and >5 log10 at 500 J/m2. In case of Bacillus cereus, the kill at 
500 J/m2 was limited to approximately 3 log10 (Figures 4A and B). An increase to 
1000 J/m2 resulted in a reduction of 3.7 log10 (data not shown). 
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Figure 4: Inactivation of different bacteria by UVC treatment 

Bacteria inactivation by UVC treatment was tested in Composol containing 10% plasma; RF values (log10) are shown. 

Experimental conditions were as described in the legend to Fig.1. Open symbols indicate maximal reduction. Results shown are 

representative for 2 experiments. 

on 
chnique for pathogen inactivation in platelet concentrates. 

C light will 

d light intensity would result in conditions with 

tween 6.4 and 7.4 (at 
22°C) according to European blood bank regulations.19 Although this condition was 
met under all conditions tested, the results of the other in vitro quality parameters 
indicated that in 10% plasma with doses higher than 500 J/m2 platelet quality was 
seriously affected. Values of 10 – 30% increase in CD62P positive platelets are 
reported for standard PC at the end of their shelf-life (5 to 7 days)14,20,21, whereas 
above 50% positive platelets the survival is affected.22 PS exposure during storage of 

Discussion
The risk of transmission of pathogens via cellular products, especially for platelet 
concentrates, is still a concern. Here we describe the potential of an UVC illuminati
te
Due to the high absorbance of UVC light by human plasma we chose to study only 
platelet concentrates suspended in synthetic medium with 10% or 30% residual 
plasma. From the extinction coefficient per % of plasma (experimentally determined 
by us in a 1 cm cuvet as being close to 0.3) it can be calculated that, with a 1 mm 
light path as used in most of our experiments, 50% and 10% of the UV
reach the bottom of the suspension with respectively 10% or 30% plasma present. 
We therefore chose this relative short light path to avoid “dead” volumes not exposed 
to UVC and we investigated whether varying a number of parameters like percentage 
of plasma used, illumination dose, an
good pathogen inactivation in combination with good platelet quality. An acceptable 
compromise was found for 10% plasma in Composol, in combination with a depth of 
1 mm, a light intensity of 0.25 mW/cm2, and a total dose of 500 J/m2. These 
conditions resulted in good (3-4 log10) inactivation for the majority of pathogens 
tested with only limited effects on in vitro platelet quality. The only quality parameter 
for PC’s mentioned in guidelines is the pH, which should be be
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standard PC usually remains below 20% at the end of the shelf-life20,21, but so far 
there is no data about correlation of PS exposure and in vivo survival. 
In a factorial design, it was shown that the percentage residual plasma was the major 
variable affecting the outcome of the UVC treatments. As expected, the percentage 
plasma resulted in opposite effects for pathogen inactivation and platelet quality. To a 
lesser extent, this opposite effect was also found for the light intensity, whereas the 
presence or absence of platelets only had minor effects on pathogen inactivation in 
our experimental set-up. 
It was anticipated, that in case of bacteria, high inactivation values would be 
observed6 and this was indeed the case for all bacteria tested, with the exception of 
B. cereus. The reason for the decreased sensitivity of B. cereus is not quite clear, but 
one might speculate that formation of spores plays a role. It has been shown that 
Bacillus spores are 10-20 times more resistant to UVC illumination23, thus formation 
of spores can cause a suboptimal kill of Bacillus. However, since freshly prepared 

g relatively low amounts of spores (as 

 Moreover, the UVC surviving bacteria were killed upon 
cubation at 80°C for 10 minutes, a treatment which spores will survive, also 

 itself has a higher resistance towards UVC. 

tivation was very limited 

studies propagated the virus in the cell line BSC. 

bacteria cultures were used containin
determined by specific staining of spores, data not shown), a higher resistance 
towards UVC treatment of B. cereus itself as compared to other bacteria is also a 
possible explanation.24,25

in
indicating that B. cereus
We found a broad spectrum of viral sensitivity to UVC treatment. For CPV, TGEV, 
and VSV we found very high inactivation, whereas the inactivation for BVDV and 
PRV was less and slower. In case of HIV and SV40, the inac
and only 1-2 log10 was observed. Increasing doses of UVC illumination also induced 
increased damage to HIV. However, even a dose of 4000 J/m2 did not result in 
complete inactivation. Interestingly, the efficacy of UVC was not different for cell-free 
and cell-associated virus as CA-HIV and CA-VSV showed susceptibilities very similar 
to the corresponding cell-free virus. This indicates that the presence of infected cells 
is not an impediment for virus inactivation using UVC treatment, provided the virus in 
question is sensitive to UVC treatment. 
Based on our results we would rank the viruses in the following order with respect to 
UVC sensitivity: TGEV > VSV > CPV > PRV > BVDV > HIV > SV40. This ranking is 
exactly in line with previous observations and theoretical considerations postulating 
that UVC is especially effective on viruses with large genomes (i.e. PRV)26 and on 
viruses with single stranded nucleic acid genomes (i.e. TGEV, VSV and CPV).27

Furthermore, it has been described that RNA is less severely damaged than DNA, 
because pyrimidine dimers and more specifically thymine are the most frequent 
lesions caused by UVC treatment.7 Our results are also in line with Caillet-Fauquet et 
al.6 who determined a sensitivity of MVM > EMC > BHV and Li et al.28 who showed a 
sensitivity of CPV > BVDV > HAV > PRV. However, Wang et al.29 reported SV40 to 
be highly sensitive, more or less comparable to parvovirus. In contrast, we found that 
SV40 is very resistant, similar to the resistance found for HIV, as was also predicted 
by Lytle et al.30 The reason for this discrepancy remains unclear, especially because 
the possible explanation of cell line-dependent repair can be ruled out, since both 
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Considering the ranking of virus inactivation as observed in this study and as 
predicted by Lytle30, it can be concluded that single-stranded DNA or RNA viruses 

 to be a very resistant virus and was often used in the past 

 HCV. However, 

 and the risk of HIV transmission via cellular 

are effectively inactivated by UVC treatment. This confirms that UVC is distinct from 
several other techniques with respect to its capacity to inactivate the NLE-viruses like 
parvovirus B19 and HAV. This effective elimination of NLE-viruses, combined with 
B19 contamination in several blood and plasma products, renders this technique 
interesting for further consideration. 
SV40 has been regarded
as a general model for NLE-viruses with a DNA genome (like parvovirus B19). 
However, at present specific model viruses for parvovirus B19 are applied and/or 
parvovirus B19 itself. Given the fact that CPV is very effectively inactivated by UVC 
treatment, the relevance of SV40 as model virus for parvovirus B19 can be 
questioned. However, we do recommend continuing studies with SV40 as a general 
model virus as this virus may be representative for new currently unknown threats to 
the blood supply. Indeed, the inability of UVC treatment to inactivate viruses with 
small double stranded genomes like SV40 illustrates possible limitations of this 
treatment.
BVDV and PRV are effectively inactivated, although the kinetics is slower as 
compared to the sensitive group of viruses. Therefore, it is expected that UVC is 
capable of inactivating problematic blood-borne viruses like HBV and
the inability of UVC illumination to sufficiently inactivate HIV, a very relevant virus, is 
a major disadvantage. There seem to be several reasons for the resistance of HIV to 
UVC treatment. HIV is a retrovirus with a small RNA genome. It has a single-
stranded genome, but each virion encapsulates 2 copies of the viral RNA that are 
tightly linked and might serve as each others back-up in case of UVC induced 
damage. Indeed, strand transfers during reverse transcription are an integral part of 
the HIV life cycle.31

The observation that UVC does not effectively inactivate HIV may be partially 
compensated by careful and efficient donor screening for HIV. Both specific antibody 
and NAT testing are routinely performed
products is  estimated to be less than 1 in a million.32,33 However, one should again 
keep in mind that new viruses may emerge with similar characteristics as HIV that 
would not be affected by this treatment in its current state. Given the broad 
inactivation of bacteria and viruses, we believe however that UVC treatment for 
platelet concentrates is a promising technology that warrants further investigation. 
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Background and Objectives Photodynamic treatment (PDT) with the cationic porphyrin,
mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)], has previously
been shown to be effective at inactivating vesicle stomatitis virus (VSV) in red cell
concentrates (RCC) with limited damage to red blood cells (RBC). The aim of this study
was to determine the pathogen-inactivating capacity of PDT with Tri-P(4) for a broader
range of pathogens and to establish the associated effect on in vitro RBC quality.

Materials and Methods A series of viruses and bacteria was spiked into 60% RCC.
Pathogen inactivation was determined after PDT with 25 

 

μM Tri-P(4) and red light
up to 360 kJ/m2. Human immunodeficiency virus (HIV)-infected cells were evaluated
for cell death induction, and RCC were analysed for the induction of haemolysis and
ATP content.

Results For the lipid-enveloped viruses bovine viral diarrhoea virus, HIV and
pseudorabies virus, and for the Gram positive bacterium, Staphylococcus aureus,
and the Gram-negative bacteria, Pseudomonas aeruginosa and Yersinia enterolitica,
inactivation of 

 

≥ 5 log10 was measured after 60 min of PDT with Tri-P(4). The
required treatment time to achieve this level of inactivation was four times longer
than required for VSV. For cell-associated HIV, only 1·7 log10 of inactivation was
found, despite clear induction of cell death of HIV-infected cells. The non-enveloped
virus, canine parvovirus, was completely resistant to the treatment. PDT of RCC with
Tri-P(4) for 60 min, and subsequent storage in AS-3, resulted in 4% haemolysis
after 35 days of storage. The ATP content of untreated and treated RBC declined with
similar kinetics during storage.

Conclusions PDT of RCC with Tri-P(4) for 60 min inactivates a wide range of pathogens,
but not cell-associated HIV and a non-enveloped virus, and compromises RBC quality.
This reduces the suitability of PDT with Tri-P(4) for red cell sterilization. Therefore,
further improvements in the treatment procedures to potentiate pathogen inactivation
and to preserve RBC integrity will be required to generate an effective treatment for
sterilizing RCC.

Key words: bacteria, cell death, pathogen inactivation, photodynamic treatment,
porphyin, red blood cells, viruses.

Introduction

Risks associated with blood transfusion have dramatically
decreased through the implementation of careful donor selection
and sensitive tests. Since the introduction of nucleic acid tests
(NAT) for hepatitis C virus (HCV) and human immunodeficiency
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virus (HIV), the risk of transfusion-associated transmission
of these viruses has decreased to less than one in a million
donations, although low levels of viraemia were missed in a
recent case of HIV transmission which occurred through the
transfusion of red cell concentrate (RCC) [1,2]. Furthermore,
there is a risk of transmission of viruses for which screening
is not routinely performed, such as human parvovirus B19 and
human cytomegalovirus [3,4]. The emergence of new viruses
and increased donor travel has resulted in a higher awareness
of the risks associated with blood transfusion [5–7].

The safety of cellular blood products is not only challenged
by emerging viral infections, but also by common bacterial
infections, because RCCs are not routinely tested for bacterial
contamination. The prevalence of bacterial transmission through
RCC transfusion has been reported by the French Hemov-
igilance network to amount to 1·6% (73/4706) of immediate
transfusion incidents [8]. In addition, reports from the British
Serious Hazards of Transmission and the US Food and Drugs
Administration (FDA) indicate that bacterial contamination
of RCC, mainly with Yersinia enterolitica and Pseudomonas
spp., is a major cause of morbidity and mortality [9,10].

Implementation of individual tests to detect a wider range
of pathogens responsible for morbidity and mortality seems
unrealistic. A strategy involving pathogen-inactivation
technologies may offer better perspectives, further improving
the safety of transfusion products. Pathogen-inactivation
technologies based on the use of ultraviolet (UV) light, as
developed for platelets, are very promising [11]. However,
this technology is not applicable to RCC, as the technologies
based on the use of light are hampered by the fact that
haemoglobin absorbs strongly between 300 and 600 nm.
Therefore, pathogen-inactivation technologies for RCC can
use either light-independent chemical compounds or
photodynamic compounds that can be activated with light
at wavelengths of > 600 nm. The chemical approach uses
S-303 [12] or Inactine [13], which have a high affinity for
nucleic acid, inducing irreversible alkylation. RCC treated
with these compounds showed acceptable in vitro quality and
in vivo survival. However, transfused patients unexpectedly
produced antibodies against the treated red blood cells (RBC),
resulting in the postponement of the initiated clinical trials
[14,15].

The photodynamic approach relies on the use of light-
absorbing molecules which, upon activation with light at
the appropriate wavelength, produce singlet oxygen, causing
oxidative damage to target cells. The resulting damage occurs
in the close vicinity of the photosensitizer and can lead to
inactivation of the micro-organism [16]. Several photosen-
sitizers have been investigated for their ability to inactivate
pathogens in RCCs; however, most caused unacceptable red
cell damage [17–21].

Recently, we showed that photodynamic treatment (PDT) of
RCC with the positively charged porphyrin, mono-phenyl-

tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)], resulted
in a 5 log10 reduction of the model virus, vesicular stomatitis
virus (VSV), and only limited damage to red cells upon sub-
sequent storage [22]. This was considered worthy of further
investigation. In this article, we extend the previous study
by investigating the effect of PDT with Tri-P(4) on a series of
viruses and bacteria. HIV-infected cells were used to study
the inactivation of cell-associated HIV and to investigate the
effect of the treatment on infected cells. Finally, we evaluated
the effect of PDT dosage, needed for optimal pathogen
inactivation, on in vitro red cell quality.

Materials and methods

Reagents and photosensitizer

The photosensitizer Tri-P(4) was kindly provided by Buchem
N.V. (Apeldoorn, the Netherlands). Stock solutions of 1 mM

were prepared in phosphate-buffered saline (PBS), pH 7·4
[Leiden University Medical Center (LUMC) Pharmacy, Leiden,
the Netherlands], and stored in the dark at 2–6 

 

°C. The RCC
storage solutions SAGM (150 mM NaCl, 1·25 mM adenine,
50 mM glucose and 29 mM mannitol) and AS-3 (70 mM NaCl,
61·1 mM glucose, 2·22 mM adenine, 2 mM citric acid, 20 mM

Na3citrate, and 15·5 mM Na2HPO4) were obtained from
Baxter Fenwal (Utrecht, the Netherlands) and Haemonetics
Co. (Braintree, MA), respectively.

Preparation of RCC

Whole blood was collected using a quadruple CPD/SAGM
blood bag system (Compoflex; Fresenius Hemocare, Emmer
Compascuüm, the Netherlands). After overnight storage at
room temperature (20–25 

 

°C), the whole-blood unit was
centrifuged at 2900 

 

g for 8 min and separated into RCC, plasma
and buffy coat using Compomat G4 (Fresenius Hemocare).
SAGM was transferred from one of the satellite bags to the
RCC. The RCC suspension was leucodepleted by passage
over a BioR leucocyte-reduction filter (Fresenius Hemocare,
Cavezzo, Italy). The volume of the resulting suspension was
270–320 ml, with a haematocrit (Hct) of 

 

≈ 60%.

Bacteria

Pseudomonas aeruginosa (Gram negative, isolated from a
patient) was kindly provided by the Central Bacteriological
Laboratory (Haarlem, the Netherlands). Yersinia enterolitica
(Gram negative, ATCC #9610) and Staphylococcus aureus
(Gram positive, ATCC #2593) were kindly provided by the
Department of Medical Microbiology of the LUMC. Bacteria
were grown in 10 ml of brain heart infusion broth (Oxoid Ltd,
Hampshire, UK) at 35 

 

°C. After 18 h, bacteria were harvested by
centrifugation at 2000 

 

g for 10 min, washed twice with PBS
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and finally resuspended in PBS to an optical density of 0·7 at
650 nm, corresponding to 

 

≈ 108 colony-forming units (CFU)/ml.

Viruses and cell lines

A series of lipid-enveloped and non-lipid enveloped viruses
were used as models for the major blood-borne viruses
(Table 1). Pseudorabies virus (PRV), strain Aujeszki Bartha
K61 (Duphar, Weesp, the Netherlands), was cultured and
titrated on PD5 swine kidney cells (Duphar). Bovine viral
diarrhoea virus (BVDV), strain NADL (VR-534; ATCC,
Manassas, VA), was cultured on MDBK cells (CCL-22; ATCC)
and titrated on EBTr cells (Animal Sciences Group, Lelystad,
the Netherlands). HIV, strain HTLV-IIIB (National Cancer
Institute, Bethesda, MD), was cultured on H9 cells (National
Cancer Institute) and titrated on MT2 cells (Wellcome, Beck-
enham, Kent, UK). Canine parvovirus (CPV), strain 780916
(State University Rotterdam, Rotterdam, the Netherlands),
was cultured and titrated on A72 cells (State University
Rotterdam). For BVDV and PRV, non-concentrated, serum-
containing culture supernatants served as inocula for spiking
studies. For CPV and extracellular HIV (E-HIV) concentrated
serum-free inocula were used. For cell-associated HIV
(CA-HIV) chronically HIV-infected H9 cells (National Cancer
Institute) were used. CA-HIV contains all forms of the virus
present during its life cycle: provirally infected cells, and
intracellular, membrane-bound and cell-free virus particles.

Light source and experimental set-up

A 300 W halogen lamp (Philips, Eindhoven, the Netherlands),
combined with a cut-off filter (Kodak, wratten nr. 23A,
Rochester, NY) only transmitting light > 600 nm, was used
as a source of red light. To avoid heating of the samples, the
light was passed through a 1-cm-thick water layer. RCC was
treated in tissue culture grade Petri dishes (Greiner, Alphen
a/d Rijn, the Netherlands) placed under the light source on
a shaker. The fluence rate at the level of the Petri dish was
adjusted to 100 W/m2, as measured using an IL1400A
radiometer with a SEL033 detector (International Light,
Newburyport, MA).

Photodynamic treatment

Stock solutions of bacteria and viruses were diluted 10-fold
in the RCC. To maintain the original Hct, RCCs were centri-
fuged at 2000 

 

g for 10 min. Subsequently, 10% of the total
RCC volume was removed from the supernatant and the
same volume of solutions containing pathogens was added
to RCCs. Tri-P(4) was added to the spiked RCC to a final con-
centration of 25 

 

μM. The suspension was incubated in the
dark for either 5 min (for viruses) or 30 min (for bacteria)
under continuous mixing. Subsequently, 6-ml samples of the
suspensions were transferred to Petri dishes (Greiner; Ø 9 cm).
The resulting thickness of the cell layer was 1 mm. The dishes
were illuminated, under continuous agitation (100–120 r.p.m.),
for various periods of time to determine pathogen-inactivation
kinetics. For each sample, a separate Petri dish was used. The
maximum illumination time was 60 min, corresponding
to a light dose of 360 kJ/m2. As a negative control (or a light
control), RCC were illuminated without addition of pathogens
and photosensitizer for the maximum illumination time tested.
As a positive control (or dark control), RCC were spiked with
pathogens and photosensitizer and subsequently kept in the
dark for the maximum illumination time tested.

Inactivation of bacteria

The number of viable bacteria in samples collected was
determined with limiting dilution assays, according to a
modified version of the method described by Miles & Misra
[23]. Samples were serially diluted 10-fold in PBS. Each
dilution was plated on an iso-sensitest agar (Oxoid Ltd) plate.
S. aureus and P. aeruginosa were incubated at 35 

 

°C for at
least 18 h, and Y. enterolitica was incubated at room
temperature (20–25

 

°C) for at least 36 h. After the incubation,
the colonies on the agar plates were counted and CFU were
calculated for each sample tested. Clearance factors (CF) were
calculated by the formula:

CF

 

= log10(total amount of bacteria spiked as derived from 
the inoculum sample 

 

÷ total amount of bacteria recovered 
from the treated sample).

Table 1 Viruses, their properties and use as a model

Virus Virus family Virus group Genome type Size (nm) Model for

PRV Herpes Lipid enveloped dsDNA 100–200 Large lipid-enveloped dsDNA viruses 

(hepatitis B virus, cytomegalovirus)

BVDV Flavi Lipid enveloped ssRNA 37–50 Hepatitis C virus, West Nile virus

HIV Retro Lipid enveloped Two ssRNA 100 (relevant virus)

CPV Parvo Non-lipid enveloped ssDNA 18–26 Human parvovirus B19

BVDV, bovine viral diarrhoea virus; CPV, canine parvovirus; ds, double-stranded; HIV, human immunodeficiency virus; PRV, pseudorabies virus; ss, single-stranded

105



Inactivation of viruses

Infectivity was measured with 50% tissue culture infectious
dose (TCID50) assays and bulk culture tests. For TCID50 assays,
threefold serial dilutions of samples were prepared in culture
media and 50-

 

μl (or 0·5 ml for HIV) volumes were tested in
eight replicates. To detect small amounts of virus, 60-ml samples
were tested in duplicate bulk culture tests using 175-cm2

flasks. BVDV, CPV and PRV cultures were inspected micro-
scopically for cytopathic effects at 6, 7 and 5 days postinfection,
respectively. HIV cultures were inspected microscopically
twice a week for the formation of syncytia until 21 days
postinfection. Prior to testing, the samples were diluted
27-fold with culture medium and centrifuged at 1000 

 

g for
10 min to remove the red cells. HIV-infected H9 cells were
isolated from the RCC using Ficoll–Paque density-gradient
centrifugation and tested in a coculture assay with MT2
cells, as previously described [24]. Virus titres were calcu-
lated by the Spearman–Kärber method, and expressed as
TCID50/ml, which define the reciprocal dilution that is able
to infect 50% of the inoculated cultures. If all cultures
were negative, the titre was considered to be < 1/total test
volume (ml). Reduction factors (RF) were calculated by the
formula:

RF = log10(total amount of virus spiked as derived from the 
reference sample 

 

÷ total amount of virus recovered from the 
treated sample).

Apoptosis of chronically HIV-infected H9 cells

HIV-infected H9 cells were spiked in RCC and photodynam-
ically treated as described above. After illumination, the H9
cells were isolated using Ficoll–Paque density centrifugation,
diluted with culture medium and incubated at 37 

 

°C. After
24 h, the cells were resuspended in HEPES-binding buffer
(20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO4, 1·2 mM

KHPO4, 0·5% albumin, and 1 mM CaCl2, pH 7·4). The cells
were labelled with Annexin V and propidium iodide (PI)

(ApoptestTM-Fitc kit; VPS Diagnostics, Hoeven, the Nether-
lands) for 10 min on ice, washed once with binding buffer and
analysed in a BD flow cytometer (FacScan) (Becton-Dickinson,
Erembodegem, Belgium). As a positive control for apoptotis
induction, incubation with 200 μM etoposide (Sigma-Aldrich,
St Louis, MI) for 16 h was used; as a negative control,
untreated HIV-infected H9 cells and non-infected H9 cells
incubated in culture medium only were used.

RCC quality assessment

Photodynamically treated RCC, without pathogens, were
washed twice and resuspended in AS-3 to a final Hct of 60%.
The washed RCC were stored in 15-ml tubes (Greiner) at
2–6 °C for 35 days. Total haemoglobin was measured using
a Coulter Act 10 instrument (Beckman Coulter, Mijdrecht,
the Netherlands). Free haemoglobin in the supernatant was
measured using an Anthos SHT3 spectrophotometer
(Anthos Labtec b.v., Heerhugowaard, the Netherlands) at
415 nm. From these values, the percentage haemolysis
was calculated after correction for the Hct. The ATP content
of the cells was determined from the production of NADPH
after enzymatic reaction with hexokinase and glucose and
glucose-6-phosphate dehydrogenase in neutralized per-
chloric acid extracts. The production of NADPH was measured
at 340 nm in an Anthos SHT3 spectrophotometer, and the
concentration was calculated based on the absorption
coefficient of NADPH.

Results

PDT-induced bacterial inactivation

Photodynamic treatment with Tri-P(4) for 60 min resulted
in > 6·4 log10 inactivation of the Gram positive bacterium,
S. aureus (Table 2). High levels of inactivation (5–6 log10, but
not complete) were obtained for the Gram negative bacteria
P. aeruginosa and Y. enterolitica. No inactivation (< 1 log10)
of the bacteria tested was observed in the dark controls.

Table 2 Inactivation of bacteria by photodynamic treatment with 25 μM mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)] and red light

Bacteria

Inoculated

(log10 CFU/ml)

Mean clearance factor ±±±± standard deviation (log10)
a

10 min 15 min 30 min 60 min Darkb

S. aureus 7·4 ± 0·2 2·8 ± 1·2 NA 5·8 ± 0·8 > 6·4 ± 0·2c 0·2 ± 0·4

P. aeruginosa 7·8 ± 0·4 NA 1·2 ± 0·9 3·5 ± 1·1  4·8 ± 0·6 0·1 ± 0·6

Y. enterolitica 7·8 ± 0·2 NA 1·5 ± 0·3 2·7 ± 0·2  5·9 ± 0·4 0·3 ± 0·5

aThe mean ± standard deviation of two to four independent experiments with red cell concentrate (RCC) units from different donors is presented.
bDark controls: RCC units were inoculated with bacteria and 25 μM Tri-P(4), and subsequently incubated for 60 min in the dark.
cNo bacteria were detected in any of the replicates tested. The limit of detection used was 1 log10 colony-forming units (CFU)/ml.

NA, not applicable; P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus; Y. enterolitica, Yersinia enterolitica.
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PDT-induced virus inactivation

PDT with Tri-P(4) for 60 min resulted in ≥ 4·6 log10 inacti-
vation of PRV and > 5·5 log10 inactivation of BVDV and E-HIV
(Table 3). In contrast to these cell-free lipid-enveloped viruses,
the inactivation of CA-HIV was limited to ≈ 2 log10, while the
non-enveloped CPV was completely resistant to the treat-
ment. With the exception of PRV, no inactivation (< 1 log10)
of viruses was observed in the dark controls, indicating that
the observed viral inactivation was caused by the combined
effect of Tri-P(4) and light. For PRV, a reduction of ≈ 1·2 log10
was observed in the dark controls.

PDT-induced cell death of HIV-infected H9 cells

To investigate further the resistance of CA-HIV to PDT, we
determined, by FACS analysis, Annexin V and PI straining
of the HIV-infected H9 cells treated with PDT. No increase of
Annexin V and PI straining of HIV-infected H9 cells was
observed after 15 min of treatment (Fig. 1). However, a clear
increase of Annexin V and PI staining was observed after
30 min of treatment (P = 0·001, as compared with 15 min),
and ≈ 90% of the cells stained positive after 60 min of treat-
ment. The staining of the untreated and dark controls of
HIV-infected H9 cells was similar. HIV infection by itself
already causes a certain degree of cell death. Comparing
uninfected and HIV-infected H9 cells, 12·5% and 35% were

found to be positive for Annexin V and PI, respectively, while
both types of cells were even sensitive to etoposide (88%
and 74% positive for Annexin V and PI, respectively) (data
not shown).

Table 3 Inactivation of viruses by photodynamic treatment with 25 μM mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)] and red light

Virus Experimenta

Inoculated

(total TCID50)

Reduction factor ±±±± standard deviation (log10)

15 min 30 min 60 min Darkb

PRV A 108·15 ≥ 4·8 ± 0·2 ≥ 4·8 ± 0·2 ≥ 4·9 ± 0·2  1·4 ± 0·3

≤ 7·2 ± 0·2c

B 107·86 ≥ 5·8 ± 0·2 ≥ 4·6 ± 0·2 ≥ 4·6 ± 0·2  1·1 ± 0·4

≤ 7·0 ± 0·2c

BVDV A 106·13  1·5 ± 0·4 ≥ 2·8 ± 0·3 > 5·5 ± 0·3c,d  −0·4 ± 0·4

B 106·25  1·7 ± 0·3 ≥ 3·0 ± 0·2 > 5·6 ± 0·2c,d  −0·1 ± 0·4

E-HIV A 106·80  3·0 ± 0·4 ≥ 4·3 ± 0·3 > 5·7 ± 0·2  0·1 ± 0·3

≤ 6·2 ± 0·2c

B 106·62  2·7 ± 0·4 > 5·0 ± 0·2 > 6·0 ± 0·2c,d  −0·2 ± 0·3

CA-HIV A 108·22  1·1 ± 0·4 ≤ 1·1 ± 0·3 ≤ 1·8 ± 0·3  0·4 ± 0·4

B 108·12 ≤ 0·8 ± 0·4 ≤ 1·0 ± 0·3 ≤ 1·7 ± 0·3 ≤ 0·2 ± 0·3

CPV A 107·56  0·1 ± 0·4  0·0 ± 0·4  0·1 ± 0·4  0·1 ± 0·4

B 107·14  −0·4 ± 0·3  −0·4 ± 0·3  −0·2 ± 0·4  −0·4 ± 0·3

aEach virus was tested in duplicate using red cell concentrate (RCC) units derived from two different donors.
bDark controls: RCC units were inoculated with viruses and 25 μM Tri-P(4), and subsequently incubated for 60 min in the dark.
cThese samples were tested in 175-cm2 culture flasks.
dNo residual infectivity was detectable.

BVDV, bovine viral diarrhoea virus; CPV, canine parvovirus; CA-HIV, cell-associated human immunodeficiency virus; E-HIV, extracellular human 

immunodeficiency virus; PRV, pseudorabies virus; TCID50, 50% tissue culture infectious dose.

Fig. 1 Induction of cell death of human immunodeficiency virus (HIV)-

infected H9 cells by photodynamic treatment (PDT) with 25 μM

mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)] and 

red light. HIV-infected H9 cells were spiked in red cell concentrate (RCC) 

and illuminated for 0, 15, 30, or 60 min. A dark control was collected after 

incubation of spiked RCC with 25 μM Tri-P(4) for 60 min, but not illuminated. 

Cells were analysed for Annexin V expression and propidium iodine uptake 

after incubation at 37 °C for 24 h. Data represent the percentage of cell 

death expressed as the total percentage of Annexin V positive cells + Annexin 

V/propidium iodine double-positive cells.
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RCC in vitro quality

We studied the in vitro quality of RCC after PDT. After PDT
with the highest tested light dose (60 min of illumination)
of 60% RCCs in SAGM, the treated cells were washed twice
and subsequently stored in AS-3 for a total period of 35 days.
After 0, 7, 21 and 35 days, samples were collected and
tested for haemolysis and ATP content. The haemolysis of
the treated RCC gradually increased, with time, up to 4 ±
2·6% after 35 days of storage (Fig. 2a). The haemolysis in
untreated and dark controls, however, remained below 1%
after 35 days of storage. The ATP content of untreated and
treated RCC, and of the dark controls, declined with similar
kinetics during storage (Fig. 2b).

Discussion

To extend our previous study, which showed little damage to
RBC after photodynamic inactivation of VSV with Tri-P(4)

[22], a broader range of bacteria and viruses were tested and
the subsequent damage induced to red cells was evaluated.

We showed that both Gram positive and Gram negative
bacteria were sensitive to PDT with Tri-P(4). The clearance
factor obtained – ≈ 5 log10 – is likely to be sufficient to increase
significantly the safety of RCC for bacterial contamination,
because treatment will be performed directly after production
and before storage; and the initial contamination of blood
products is very low, at the sensitivity level of culture systems,
which is 1–10 CFU/ml.

We found that when spiked in RCC the viruses tested varied
widely in their sensitivity to PDT with Tri-P(4).

To achieve 5 log10 inactivation of cell-free HIV, we had to
use a fourfold higher light dose than required to achieve
5 log10 inactivation of VSV [22]. VSV has been used as a
model virus for HIV, because both viruses are lipid-enveloped
RNA viruses of medium size and are equally sensitive to PDT
with the phthalocyanine, Pc4 [25]. As the virucidal spectrum
of PDT is dependent on the selected photosensitizer, the
illumination system and the treatment solution, it is not
surprising to encounter, in our study, differences in sensitivities
between VSV and HIV.

Cell-associated HIV was clearly less sensitive to PDT with
Tri-P(4) than cell-free HIV.

This difference can be explained by a lack of diffusion of
Tri-P(4) into cells and the notion that HIV can be shed into
endosomes in a infectious form [26]. Tri-P(4) is a positively
charged photosensitizer and it is known that charged photo-
sensitizers are, in general, less effective for intracellular
inactivation than neutral photosensitizers [27]. From
preliminary data we know that Tri-P(4) does not enter the
cell, indicating that intracellular HIV is probably not exposed
to the PDT-mediated reactive oxygen species.

To understand further the difference in sensitivity to PDT
with Tri-P(4) between cell-free and cell-asssociated HIV,
we investigated whether the treatment induced cell death
in HIV-infected H9 cells. Although the treatment clearly induces
cell death, this is not enough to stop the virus production
effectively. While the cells undergo the cell-death process
(after 24 h, 90% of the cells stain positive for Annexin V and
PI) the virus already produced in the cells and not affected by
PDT with Tri-P(4), can still be excreted and subsequently
contaminate the RCC.

The sensitivities of BVDV and PRV to PDT with Tri-P(4)
were similar to that of cell-free HIV. In dark controls no
inactivation was found, except for PRV, indicating that there
was no direct inactivating effect of Tri-P(4). For PRV, a mean
inactivation of 1·2 log10 was observed. This inactivation is
probably caused by the presence of natural anti-alpha-
galactosyl antibodies in normal human serum – 10 to 15%
of human plasma is still present in RCC – resulting in the
neutralization of PRV, which is produced on swine kidney
cells [28].

Fig. 2 Haemolysis (a) and ATP content (b) of red cell concentrate (RCC) 

stored in AS-3 for 35 days. After photodynamic treatment with 

mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)] and 

illumination with red light for 60 min, samples were washed and suspended 

in AS-3 as described in the Materials and methods. (�) Untreated samples; 

(�) dark controls; (�) photodynamically treated samples. Mean values with 

standard deviation of four independent experiments are shown. Hb, 

haemoglobin.
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In contrast to the lipid-enveloped viruses tested, no in-
activation was found, after PDT with Tri-P(4), in RCC contain-
ing the non-enveloped CPV. Within the Parvoviridae family,
however, various sensitivities to PDT have been reported.
Porcine parvovirus (PPV) was found to be resistant to PDT
with methylene blue, while human parvovirus B19 was found
to be sensitive [29]. This remarkable difference in sensitivity
might be explained by differences in the composition of the
capsid of PPV and B19. In our study, we used CPV that, like
PPV, belongs to the parvovirus genus, while human parvovirus
B19 belongs to the erythrovirus genus [30]. Possibly, by using
CPV as a model for parvovirus B19, the inactivation of
parvovirus B19 after PDT with Tri-P(4) is underestimated.

PDT with Tri-P(4) results in > 5 log10 reduction of the lipid-
enveloped viruses E-HIV, BVDV and PRV. Assuming that
these data are relevant for the major blood-borne infections
HIV, HBV and HCV, the treatment may be particularly useful
for preventing viral transmission via RCC derived from
window-period blood donations. To illustrate the contribution
of PDT with Tri-P(4) to viral safety of RCC, a simple calculation
of the residual risk can be made. The 95% detection limit
for viral screening in RCC donations is estimated to be 183
genome equivalents/ml (gEq/ml) for HIV NAT, 126 gEq/ml
for HCV NAT and 10 000 IU/ml for the hepatitis B surface
antigen (HbSAg) test [31,32]. Assuming that RCC contain
15 ml of plasma, and that all virus is present in the plasma
fraction of the RCC, the maximal viral load in RCC is 3 × 103

gEq of HIV, 2 × 103 gEq of HCV and 1·5 × 105 IU of HBV.
Assuming that the genome-equivalent (or IU) to infectious-
particle ratio is 1000 for HIV and 10 for HCV and HBV [33],
we can estimate the presence of maximally three infectious
particles of HIV, 200 infectious particles of HCV and 15 000
infectious particles of HBV per RCC. A 5 log10 reduction
would result in a residual infectivity per RCC of 0·00003
infectious particles of HIV, 0·002 infectious particles of HVC
and 0·15 infectious particles of HBV. This calculation illus-
trates that the risk of transmitting the infection by trans-
fusion of a treated RCC in the case of a window donation is
significantly reduced compared with untreated RCC. How-
ever, considering the titres of non-routinely tested viruses,
which may amount to 106 to 1012 IU/ml, it is clear that the
conditions used in our study to inactivate these viruses would
fail to achieve sterility.

Recent studies investigating the mechanism of pathogen
killing found that, with the yeast Candida albicans, the addi-
tion of 10% PBS enhanced influx of the photosensitizer into
the yeast, potentiating the photosensitizing effect [34]. This
mechanism might also be applicable for bacteria, as sug-
gested by Merchat et al. [35]. It would be interesting to inves-
tigate the conditions upon which bacteria, leucocytes and
viruses, but not the red cells, are permeable to the photosen-
sitizer, increasing the Tri-P(4)-photoinactivation efficiency.

In our previous studies, we showed that PDT with Tri-P(4)

for 15 min was sufficient for 5 log10 inactivation of VSV,
inducing only a slight increase in haemolysis of subsequently
stored red cells [22]. However, treatment up to 60 min was
required to inactivate substantially bacteria and viruses
tested in this study, and this clearly increased red cell dam-
age. The haemolysis in treated RBC remained below 0·8%
after 8 days of storage, but increased to 4% after 35 days of
storage. The relatively high values for haemolysis can par-
tially be explained owing to suboptimal storage of the treated
RCC in tubes, and lower values would be expected when the
samples would be stored in bags. The latter was, for practical
reasons, not possible. The haemolysis in untreated samples
and dark controls was about three or four times higher than
during storage under optimal conditions in bags. In contrast
to the haemolysis, PDT with Tri-P(4) did not appeared to
induce more ATP loss in AS-3 stored RBC.

In conclusion, we showed that PDT with Tri-P(4) of RCC
inactivates a wide range of pathogens, potentially closing
the window period for routinely tested viruses. In western
countries, however, the incidence of window donation is so
rare that the benefit for increasing the blood safety is very
small. Further research must include the use of particular
incubation media, which could enhance the virucidal and
bacterial effect of the photodynamic treatment, the protection
of the red cells, as well as the improvement of storage media,
to preserve RBC integrity better. These many problems must
be solved before Tri-P(4)-mediated PDT can be considered as
a feasible approach to sterilize red cell products. In addition,
the up-scaling of the photoinactivation method to treat red
cell units will need complex technical adjustments.
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Summary: The virucidal spectrum of a high concentration  alcohol  mixture  (80% ethanol  and  5%
isopropanol) was determined for a broad series of lipid-enveloped (LE) and non-lipid-enveloped (NLE) 
viruses covering all relevant blood-borne viruses. LE viruses were represented by human immunodeficiency 
virus (HIV), bovine viral diarrhoea virus (BVDV), a specific model virus for hepatitis C virus (HCV), 
pseudorabies virus (PRV), and vaccinia virus. For the NLE viruses hepatitis A virus, canine parvovirus (a 
model for human parvovirus B19), and reovirus type 3 (Reo-3) were used. PRV, vaccinia, and Reo-3 served as 
general model viruses. The alcohol mixture was spiked with 5% (v/v) virus, mixed and tested for residual virus 
after 5 min treatment. Complete clearance (reduction by a factor of >106) was observed for LE viruses, 
whereas incomplete to insignificant clearance (ranging from no reduction up to a maximum factor of 104) was 
found for NLE viruses. In a second series of spiking experiments using the LE viruses BVDV, HIV, and PRV, 
complete clearance (reduction by a factor of >106) was found after 20 s treatment. These data strongly suggest 
that treatment with a high concentration alcohol mixture has a high virucidal potential in particular for 
the blood-borne LE-viruses HIV, hepatitis B virus, and HCV. Such mixtures are well suited for rapid and 
frequent disinfection in dental practice being non-hazardous and non-toxic.

© 2002 The Hospital Infection Society  
Keywords: Virus; disinfection; inactivation; dental; alcohol; safety. 

Introduction

The risks of transmission of blood-borne viruses, like 
human immunodeficiency virus (HIV),  hepatitis 
B virus (HBV), and hepatitis C virus (HCV) through  
dental  practice  have  been  well  documented.1,2

Transmission  from  patient  to  dental  healthcare  
worker or from patient to patient could be mediated  
via utensils, surfaces, and instruments contaminated 
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not only with blood, but also with spills of mixtures 
of blood, saliva, and `spray and cooling' water.3,4  

Although the wearing of gloves, masks, and other  
protective garments is mandatory for dental staff,  
and disinfection methods for non-disposable mate- 
rials are generally applied, there remains a low but  
real residual risk of transmission of viral diseases.  

Many  disinfectants,  with  differing  virucidal  
activity, have been used for dental utensils, brackets,  
tables,   instruments,  and  surfaces  that  cannot  
routinely be sterilized between patients.5 An ideal  
disinfectant should have a high inactivating capacity  
for a wide range of viruses, in particular HIV, HBV  
and HCV, be safe to use, and suitable for frequent  
application.  Here  we  demonstrate  the  virucidal  
spectrum of a high-concentration alcohol mixture of 
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80% ethanol and 5% isopropanol, using a wide range 
of  lipid-enveloped (LE) and non-lipid-enveloped 
(NLE) viruses, covering all relevant blood-borne 
viruses.

Methods 

Alcohols 

Two mixtures were studied. Mixture A (Des-O-N, 
Nedalco BV, Wittoucksingel 52, 4600AA, Bergen 
op Zoom, Netherlands) contained 80% ethanol and 
5% iso-propanol. Mixture B (Des-O-D, Nedalco) 
contained 80% ethanol,  5% isopropanol, and  5% 
n-propanol. 

Viruses and cells 

Table I shows the properties of the test viruses.  
Bovine viral diarrhoea virus (BVDV), strain NADL  
(VR-534, ATCC, Rockville, MD, USA), was culti- 
vated on MDBK cells (CCL-22, ATCC) and titrated  
on EBTr cells (ID-Lelystad, Lelystad, NL). Canine  
parvovirus (CPV), strain 780916 (State University  
Rotterdam, Rotterdam, The Netherlands), was cul- 
tivated and titrated on A72 cells (State University  
Rotterdam).  Hepatitis  A  virus (HAV),  strain 
HM175/18F (Organon Teknika BV, Boxtel, The  
Netherlands), was cultivated and titrated on BSC-1  
cells  (Organon Teknika BV). HIV, strain HTLV- 
IIIB  (National Cancer Institute, Bethesda, MD,  
USA), was cultivated on H9 cells (National Cancer  
Institute)  and  titrated  on  MT2  cells (Wellcome,
Beckenham, Kent, UK). Pseudorabies Virus (PRV), 
strain Aujeszki Bartha K61 (Duphar, Weesp, The 
Netherlands), was cultivated and titrated on PD5 
swine kidney cells (Duphar). Reovirus type 3 (Reo-3) 
strain  Abney (VR-232,  ATCC)  was  cultivated 

Table I  Properties of the selected viruses 

Virus group  Virus  Virus family 

Lipid-enveloped (LE)  BVDV  Flavi
HIV Retro 
PRV Herpes 
Vaccinia  Pox 

Non-lipid enveloped (NLE)  CPV Parvo
HAV Picorna 
Reo-3  Reo

and titrated on LLC-MK2 cells (CCL-7, ATCC). 
Vaccinia strain WR, was cultivated and titrated on 
CV-1 cells (CCL-70, ATCC). 

Experimental designs 

Experiment 1 
Mixture A (9.5 mL) was spiked with 0.5 mL virus 
inoculum. The virus inocula titres  (TCID50/mL) 
used were: HIV, 108.00; PRV, 107.68; vaccinia, 107.98;
CPV, 106.49; HAV, 106.67; Reo-3, 106.13. The spiked 
solution was mixed rapidly and kept at room tem- 
perature (22±3°C). After 1 and 5 min samples 
were collected and tested immediately for infectivity. 
Both samples were tested in TCID50 assays; the 5 
min samples containing HIV, PRV, vaccinia, and 
Reo-3 were also tested in a bulk culture test. 

Experiment 2 
Fifty millilitres of alcohol mixture was spiked with 
2.5 mL of virus inoculum, Mixture A with BVDV 
and Mixture B with BVDV, HIV, or PRV. The virus 
inocula  titres (TCID50/mL)  used  were  BVDV, 
107.09; HIV, 108.11 and PRV, 108.82. Samples were 
collected after 20 s, 1 and 3 min, and tested imme- 
diately for infectivity in both TCID50 assays and 
bulk culture tests. 

Cytotoxicity, stop condition and interference 

Prior to the spiking experiments we tested the alcohol 
mixtures to ensure: (1) Absence of cytotoxicity on the 
cell lines to be used. (2) Proper `quenching' of the 
biocide (stop reaction). (3) Absence of interference, 
i.e.,  No residual effect of the alcohols on the sus- 
ceptibility of cells to viral infection. 

Genome  Size (nm)  Model virus for 

ss RNA  35-50  HCV
2 ss RNA  100  HIV
ds DNA  100-200  Large LE ds DNA viruses 
ds DNA  200-500  Large LE ds DNA viruses 

ss DNA  18-26  Human parvovirus B19 
ss RNA  22-30  HAV
ds RNA  60-80  Large NLE ds RNA viruses  

BVDV, bovine viral diarrhoea virus; HIV, human immunodeficiency virus; PRV, pseudorabies virus; CPV, canine parvovirus; HAV, hepatitis A virus;  
HCV, hepatitis C virus; Reo-3, reovirus type 3; ss, single stranded; ds, double stranded.  
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Test for cytotoxicity 
A three-fold serial dilution of Mixture A or B was  
prepared in culture medium and tested on cells  
(4 mL cultures in 25 cm2 flasks) in duplicate. The  
cytotoxicity observed is expressed as a lowest dilu- 
tion of the alcohol mixture that was free of any  
cytotoxic effects. 

Depending  on  the  cell  lines  used,  the  final  
dilutions were 1/81 or 1/243: Mixture A: 1/81 for  
EBTr, BSC-1, CV-1, MT2, and PD5 cells, and 1/  
243 for A72 and LLC-MK2 cells; Mixture B: 1/81  
for EBTr and PD5 cells, and 1/243 for the MT2 cells.  
The actual test dilution, i.e.,  the lowest dilution  
allowed for the TCID50 assays and bulk culture tests  
was three-fold (or nine-fold for HIV) lower than the  
final dilution, because further dilution was caused  
by addition to the cell culture. For example 50 mL of  
a  1/27-test  dilution  was added to  100 mL of cell  
culture, resulting in a final dilution of 1/81. 

Test for stop conditions and interference on viruses 
used in the second spiking experiment 
A one-step  dilution  in  culture  medium (`stop/ 
interference dilution') was used to ensure there was  
no further loss of infectivity after sampling and no  
`interference'.  Interference  is  the  term  used  to  
describe the possibility that the titration process may  
not detect virus particles that are viable, but due to  
the experimental procedure are rendered unable to  
infect cell cultures. A dilution derived from cyto- 
toxicity  testing,  and  which  did  not  inhibit  the  
cultures, was selected as a stop/interference dilution  
and tested in a single assay both for stop condition  
and  for  interference.  The  dilutions  used  were:  
BVDV, 1/27 (Mixture A and B; cytotoxicity 1/81  
for EBTr cells); HIV, 1/27 (Mixture B; cytotoxicity  
1/243 for MT2 cells); PRV, 1/27 (Mixture B: cyto- 
toxicity 1/81 for PD5 cells). 9.5 mL of a 1/27 dilution  
of Mixture A or Mixture B was prepared in culture  
medium, and spiked with 0.5 mL of pre-diluted virus  
inoculum (105.3 TCID50/mL), incubated for 30 min  
(the  maximum time needed for performance of  
a titration assay) at room temperature, and a sample  
was collected.  A  pre-diluted  virus  inoculum  of  
approximate titre 105.3 TCID50/mL was used to test  
the stability of the virus spiked at an intermediate  
titre: after spiking the titre was approximately 104.0

TCID50/mL. The pre-diluted virus inoculum and  
the sample were tested for residual infectivity. The  
inoculum was titrated in a standard TCID50 assay  
(dilutions  prepared in  culture  medium), and the 

sample was titrated in a modified assay (dilutions  
prepared in Mixture A or Mixture B diluted to 1/27)  
Mixture. In the latter assay the titre of the sample  
was measured in a constant amount of diluted alcohol  
mixture, i.e., to determine the limiting amounts of  
virus that can infect cells in the presence of the 1/27- 
diluted alcohol mixture (=test dilution; the final  
dilution of the alcohol mixture was 1/81 for BVDV  
and PRV, 1/243 for HIV). If the viral concentrations  
in  the  sample  were  reduced  less  than 10-fold 
compared with those in the standard TCID50 assay, 
stop/interference  dilution  was  considered to stop 
viral inactivation after sampling and be free from 
interference. 

Virus assays 
Infectivity was measured in validated TCID50 assays  
and bulk culture tests using 25 and 175-cm2 flasks.  
For TCID50 assays, three-fold serial dilutions of  
samples were prepared in culture media and 50 mL  
(or 0.5 mL for HIV) volumes were tested in eight  
replicates. To detect small amounts of virus, up to  
20 mL of undiluted samples were tested in duplicate  
bulk culture tests. BVDV, CPV, PRV, Reo-3, and  
vaccinia cultures were inspected microscopically for  
cytopathic effects at six, seven, five, 14, and 14 days  
post-infection (dpi), respectively. For HAV, culture  
supernatants were collected at 14 dpi (TCID50 assay)  
or after reinfection (bulk culture test), and tested for  
viral antigen with an HAV-specific enzyme-linked  
immunosorbent assay (ELISA). HIV cultures were  
inspected microscopically twice a week for syncytia  
until 21 dpi.  Virus titres  were  calculated  by  the 
Spearman-Kärber  method,  and  expressed  as 
TCID50/mL. If all cultures were negative, the titre 
(TCID50/mL) was considered to be  1/total  test 
volume (mL). Clearance factors were calculated by 
the  formula:  CF = Log10 (total  amount  of  virus 
added : total recovered from the treated sample). 

Results

The results are shown in Table II. The 1/27 dilution 
of the alcohol mixtures was not only an efficient 
stop condition, but was also free from interference 
(Table III). 

Experiment 1 

Complete clearance (104-106-fold reduction in titre)  
was observed for all LE-viruses in Mixture A after  
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Table II  The clearance of lipid-enveloped (LE) and non-lipid-enveloped 
(NLE) viruses after alcohol treatment* 

Clearance factor after 

Virus group  Virus  1 min  5 min 

LE HIV  >5.8  >6.5†
PRV >4.1 >6.5†
Vaccinia  >4.4 >6.9†

NLE  CPV —0.2  0.1 
HAV 0.47  2.20 
Reo-3  >2.1 >4.5†

*Both 1 and 5 min samples were tested in TCID50 assays;  
samples indicated by † were also tested in bulk culture test. 
† Clearance factor= Log10 (total amount of virus added÷ total 
recovered from the treated sample) HIV, human 
immunodeficiency virus; PRV, pseudorabies virus; CPV, 
canine parvovirus; HAV, hepatitis A virus; Reo-3, 
reovirus type 3. 

Table III  Assessment of stop conditions and interference for bovine viral  
diarrhoea  virus (BVDV),  human  immunodeficiency  virus (HIV)  and 
pseudorabies virus (PRV) 

Alcohol mixture  Dilution tested  Virus  Clearance factor 

A 1/27 BVDV    — 0.11 
B 1/27 BVDV   0.13

HIV —0.16
PRV —0.46

Clearance factor = Log10 (total amount of virus added ÷ 
total recovered from the treated sample). 

1 and 5 min of treatment (Table II). The resistance of 
the NLE-viruses was variable: complete clearance 
was found for Reo-3, HAV was partially resistant, 
and CPV was fully resistant to the treatment. 

Experiment 2 

Using Mixture A spiked with BVDV and Mixture B
with BVDV, HIV, or PRV, there was complete 
clearance (reduction by a factor of >106) after 20 s 
treatment for all LE-viruses tested (Table IV). 

Discussion 

This  study  demonstrates  the  virus-inactivating  
capacity of a high-concentration alcohol mixture in  
suspension  tests.  Extremely  rapid  and  efficient  
clearance of LE viruses was found, whereas efficient  
to insignificant clearance was found for NLE viruses.  
These findings strongly suggest that the treatment is 

Table IV  The clearance of lipid-enveloped (LE)  viruses  after  alcohol 
treatment 

Clearance factor after 

Alcohol mixture  Virus  20 s 1 min  3 min 

A  BVDV  >6.4  >6.4  >6.4 
B BVDV  >6.4  >6.4  >6.4 

HIV  >7.0  >7.0  >7.0 
PRV >8.1  >8.1  >8.1 

Clearance factor = Log10 (total amount of virus added ÷ 
total recovered from the treated sample). BVDV, bovine viral  
diarrhoea virus; HIV, human immunodeficiency virus; PRV, 
pseudorabies virus. 

highly effective for relevant blood-borne LE viruses, 
like  HIV, HBV, and HCV, but less so for some 
relevant  blood-borne  NLE-viruses,  like  human 
parvovirus B19 and HAV. The treatment was also 
highly effective in inactivating a wide range of bac- 
teria  and fungi  (data not shown), indicating that 
high-concentration  alcohol  mixtures  are  suitable 
disinfectants in general. 

Parvoviruses and HAV are extremely resistant to  
physico-chemical treatment, and can be inactivated  
only under harsh and corrosive conditions, e.g., with  
treatment using bleach,6,7 which are less safe and less  
suitable for the frequent applications required in  
dental practice. 

Although excellent clearance was demonstrated in  
this study for a wide range of viruses, the findings  
need to be confirmed using more realistic experi- 
mental designs.8  For instance dental spills might  
contain variable amounts of blood resulting in an  
altered resistance to the treatment. Higher resistance  
has been demonstrated for several viruses when  
suspended in matrices containing high concentra- 
tions of blood.9 However as dental spills are usually  
substantially diluted with `spray and cooling' water,  
we think that the effects of blood would be less  
relevant. Moreover, whole-blood spills cannot be  
treated directly with a high-concentration alcohol  
mixture, but should be first removed with, e.g.,  
saline, a detergent solution, or just wiped up, and  
then treated. Another relevant factor is that viruses  
dried to a surface could be more resistant to disin- 
fection than viruses in suspension.10,11  

Therefore we believe that our findings are parti- 
cular relevant for rapid disinfection of fresh and  
substantially diluted dental spills. These spills con- 
taminate  the  dental  surroundings  during  patient  
treatment, and should be treated between patients  
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with an efficient, safe, and fast acting disinfectant. 
Additional studies are underway to study the virus 
inactivating capacity of high-concentration ethanol 
treatment in a more realistic experimental model 
suspending  viruses  in  various  concentrations  of 
blood and dried to a surface. 

Acknowledgements 

Nedalco BV sponsored this study. The authors thank 
A. E. van den Blink, D. Dam, L. Dekker, E. Gijsen, 
A.  M.  Holwerda,  A.  M.  van  der  Hulst,  and 
H. G. H. Korsten for technical assistance. 

References 

1. Anders  PL,  Drinnan  AJ,  Thines  TJ.  Infectious  
diseases and the dental office. N Y State Dent J 1998;  

 64: 29-34. 
2. Chen M,YunZB,Sallberg M,Schvarcz R, Bergquist I,  

Berglund HB, Sonnerborg A. Detection of hepatitis  
C virus RNA in the cell fraction of saliva before and  
after oral surgery. J Med Virol 1995; 45: 223-226.  

3. Lewis DL, Arens M, Appleton SS et al. Cross- 
contamination  potential  with  dental  equipment.  
Lancet 1992; 340: 1252-1254. 

4. Lewis DL, Ariens M. Resistance of microorganism to 
disinfection in dental and medical devices. Nature Med 
1995; 1: 956-958. 

5. Hannan MM,Azadian BS, Gazzard BG, Hawkins DA, 
Hoffman PN. Hospital infection in an era of HIV 
infection and multi-drug resistant tuberculosis. J Hosp 
Infect 2000; 44: 5-11. 

6. Kennedy MA, Mellon VS, Caldwell G, Potgieter LN. 
Virucidal efficacy of the newer quaternary ammonium  

 compounds. J Am Anim Hosp Assoc 1995; 31: 254-258.  
7. Mbithi   JN,   Springthorpe   VS,   Sattar   SA. 

Chemical disinfection of hepatitis A virus on envir- 
onmental surfaces. Appl Environ Microbiol 1990; 56: 
3601-3604. 

8. Peters J, BraÈuniger S. Investigations on testing the 
virucidal activity of disinfectants for chemical instru- 
ment disinfection. 2nd Communication: comparison  
of  test  results  obtained  in  suspension  and  under 
realistic conditions. Hyg Med 1997; 22: 497-503.  

9. Weber DJ, Barbee SL, Sobsey MD, Rutala WA. The 
effect  of  blood on the antiviral activity of sodium  
hypochlorite, a phenolic, and a quaternary ammonium  
compound. Infect Control Hosp Epidemiol 1999; 20: 
821-827. 

10. Hanson PJ, Gor D, Jeffries DJ, Collins JV. Chemical 
inactivation of HIV on surfaces. Br Med J 1989; 298: 
862-864. 

11. Resnick L, Veren K, Salahuddin SZ, Tondreau S, 
Markham PD. Stability and inactivation of HTLV- 
III/LAV under clinical and laboratory environments. 
J Am Med Assoc 1986; 255: 1887-1891.  

117





Chapter 9 

Resistance of surface-dried virus to 
common disinfection procedures 

Terpstra, F.G.; Blink, A.E. van den; Bos, L.M.; Boots, 
A.G.C.; Brinkhuis, F.H.M.; Gijsen, E.; Remmerden, Y. 
van; Schuitemaker, H.; van ’t Wout, A.B. 

Sanquin Research, Landsteiner Laboratory and Center for Infection and Immunity 
Amsterdam of the Academic Medical Center of the University of Amsterdam, 
Amsterdam, The Netherlands 

Journal of Hospital Infection, in press 





Disinfection of surface-dried virus 

Summary 
It is believed that surface-dried viruses can remain infectious and therefore can pose 
a threat to public health. To help address this issue, we studied 0.1N NaOH and 
0.1% hypochlorite for their capacity to inactivate surface-dried lipid-enveloped (LE, 
human immunodeficiency virus (HIV), bovine viral diarrhoea virus (BVDV) and 
pseudorabies virus (PRV)) and non-lipid-enveloped (NLE; canine parvovirus (CPV) 
and hepatitis A virus (HAV)) viruses in a background of either plasma or culture 
medium. In addition, 80% ethanol was tested on surface-dried LE viruses. Without 
treatment, surface-dried LE viruses remained infectious for at least 1 week and NLE 
viruses even more than 1 month. Irrespective of the disinfectant, inactivation 
decreased for viruses dried in plasma, which is more representative of viral 
contaminated blood, than virus in culture medium. Inactivation by all disinfectants 
improved when preceded by re-hydration. Interestingly, infectivity of CPV increased 
after re-hydration and disinfection may thus be overestimated in the absence of re-
hydration. This is the first comprehensive study of five important (model) viruses in a 
surface-dried state showing persistence of infectivity, resistance to three commonly 
used disinfectants and restoration of susceptibility after re-hydration. Our results may 
have implications for hygiene measurements in the prevention of virus transmission.

Key words: virus, disinfection, dried, cleaning, surface, inactivation 

Introduction 
The risk of transmission of viruses, including blood-borne viruses such as human 
immunodeficiency virus, hepatitis B virus, and hepatitis C virus is a major concern in 
clinical practice. Transmission could occur via utensils, surfaces, and instruments 
contaminated not only with blood, but also with spills of blood in suspension. 
Effective measures to prevent transmission of virus in fluids by inactivation or 
removal of virus have been well documented 1-3. However, these measures may be 
less effective against viruses that contaminate surfaces and that remain infectious 
even when dried on these surfaces for longer time periods 4,5. If such surfaces are 
cleaned using inadequate disinfection procedures, infectious virus remains present 
6,7. These infectious viruses are a continuous risk for medical healthcare workers and 
patients. In this study we investigated the persistence of (models of) blood-borne 
viruses for lipid-enveloped and non-lipid-enveloped viruses when dried on surfaces. 
In addition, the effect of three frequently applied disinfection regimes on infectivity of 
virus with or without re-hydration before disinfection was studied. 

Materials and methods 
Viruses and cells
Lipid-enveloped (LE) and non-lipid-enveloped (NLE) viruses, representing (models 
of) blood-borne viruses, were used. LE viruses were: bovine viral diarrhoea virus 
(BVDV, model for hepatitis C virus), human immunodeficiency virus (HIV, relevant 
blood-borne virus), and pseudorabies virus (PRV, model virus for LE DNA viruses 
like hepatitis B virus). NLE viruses were: canine parvovirus (CPV, model virus for 
parvovirus B19) and hepatitis A virus (HAV, relevant blood-borne virus). 
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BVDV, strain NADL (VR-534; ATCC), was cultured on MDBK cells (CCL-22; ATCC) 
and titrated on EBTr cells (ID-Lelystad, the Netherlands). HIV, strain HTLV-IIIB 
(National Cancer Institute, Bethesda), was cultured on H9 cells (National Cancer 
Institute) and titrated on MT2 cells (Wellcome, Beckenham). PRV, strain Aujeszki 
Bartha K61 (Duphar, the Netherlands), was cultured and titrated on VERO cells 
(CCL-81, ATCC). CPV, strain 780916 (State University Rotterdam, the Netherlands), 
was cultured and titrated on A72 cells (State University Rotterdam). HAV, strain 
HM175/18F (Organon, the Netherlands), was cultured and titrated on BSC-1 cells 
(Organon).
Virus assays
Infectivity was measured in 50% tissue culture infectious dose (TCID50) assays and 
bulk culture tests. For TCID50 assays, threefold serial dilutions were prepared in 
culture media and 50- l (HIV 0.5 mL) volumes tested in eight replicates. To detect 
smaller amounts of virus up to 10 mL of pre-diluted sample was tested in duplicate 
80-cm2 flasks. BVDV, CPV, and PRV cultures were inspected microscopically for 
cytopathic effects and supernatants of HAV cultures were tested in an HAV enzyme-
linked immunosorbent assay. HIV cultures were inspected microscopically twice a 
week for the formation of syncytia. Titres were calculated by the Spearman-Kärber 
method and expressed as TCID50/mL. If all cultures were negative, the titre 
(TCID50/mL) was considered to be less than 1÷ total test volume (mL). Clearance 
factors (CF) were calculated by the formula: CF = log10 (total amount of virus spiked 
as derived from virus-stock sample ÷ total amount of virus recovered from treated 
sample).
Experimental procedure
Two matrices, mimicking the situation of spills in laboratory environments (i.e. culture 
medium) or an environment of undiluted blood (i.e. plasma), were used. In the first 
matrix, virus was spiked in culture medium, supplemented with 5% or 10% serum. In 
the second matrix, virus was spiked in plasma, resulting in a final concentration of 
±90% plasma (i.e. 10% virus spike in 100% plasma). In each matrix, virus was dried 
on pieces of 16 cm2 stainless steel type 304. Ten 50 μL droplets of spiked solution 
were spotted onto steel pieces and placed in 9-cm plates and air dried at room 
temperature for 4 hours. 
To determine infectivity after drying, culture medium was added and after 30 minutes 
of incubation and vigorous mixing, the contents were harvested and infectivity was 
measured. To study re-hydration, surface-dried virus was treated for 1 or 5 minutes 
with 20 mL of demineralised water, which was completely removed without disturbing 
the “spotted area”, before harvesting as above. To study disinfection, dried virus was 
treated (with or without re-hydration) for 1 or 10 minutes with 20 mL of disinfectant, 
which was cautiously and completely removed by suction, before harvesting as 
above. In each experiment, the virus spike directly titrated from the virus ampoule 
and dried virus without treatment were used as control samples. 
By harvesting using re-suspension in 20 mL of culture medium, cytotoxic effects of 
plasma and/or disinfectants on the respective cell lines used for the titrations were 
prevented [data not shown] and therefore the detection limit was 0.1 log10. Three 
regimes were chosen, representing commonly used disinfectants applied in several 
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settings including hospitals, laboratories and production facilities: 80% ethanol (Des-
O-N, Nedalco, the Netherlands)1, 0.1N sodium hydroxide (Merck, Germany)8, and 
0.1% sodium hypochlorite (1000 ppm, Van Dam Bodegraven, the Netherlands)9.

Results
After drying, infectivity was detected for all viruses (Figure 1A). No loss of infectious 
virus was observed for CPV and HAV. For LE viruses the decrease in infectivity 
ranged from 0.5-1 log10 for BVDV in both matrices, no decrease in culture medium 
and 1.5 log10 in plasma for HIV, to 1.5-2.0 log10 for PRV in both matrices (Figure 1A). 
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Figure 1: Stability and survival kinetics of surface-dried virus in culture medium or plasma. 

Virus recovery [log10] of BVDV, HIV, PRV, CPV, and HAV after drying in culture medium or plasma, and subsequent re-

suspension in culture medium. A. Virus was surface dried in culture medium (grey bar) or plasma (white bar) for 4 hours and 

subsequently re-suspended and tested for infectivity. The total amount of virus spiked is denoted by the black bar. Mean and 

standard deviation for each condition are shown (N=2-6); symbol “*” indicates significant differences compared to the total 

amount of virus spiked as determined by Student t-test. B-C. Virus was surface dried for 4 hours in culture medium (B) or 

plasma (C) and re-suspended and tested for infectivity after 1, 3, 7 or 28 days. Each virus is denoted by a separate line. 
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Next, we determined survival during storage at room temperature for up to 28 days 
(Figures 1B-C). After 7 days, the LE viruses still showed infectivity in both matrices. 
However, after 28 days infectious LE virus was no longer detectable. Additional 
experiments showed infectious HIV to be still present after 14 days of storage [data 
not shown]. NLE viruses were even more stable with incomplete clearance for HAV 
and only 1 log10 clearance for CPV after 28 days. 
To determine the virucidal activity of the disinfectants, surface-dried virus was treated 
with ethanol, NaOH, or hypochlorite. Ethanol was tested only for LE-viruses, since 
we reported that CPV and HAV are (partially) resistant to 80% ethanol1. Ethanol 
treatment of LE viruses dried in culture medium resulted in significant clearance 
already after 1 minute and complete inactivation after 10 minutes. However, ethanol 
was less effective against virus dried in plasma. After 1 minute, clearance ranged 
from 1 log10 for BVDV up to 3 log10 for HIV. After 10 minutes, all clearances 
increased to ±3 log10, but infectivity could still be detected (Figures 2A-B). 
A          B 

 C          D 

0

1

2

3

4

5

6

7

BVDV HIV PRV

C
le

a
ra

n
c
e
 f
a
c
to

rs
 (
lo

g
1
0
)

1 minute 10 minutes

0

1

2

3

4

5

6

7

BVDV HIV PRV

C
le

a
ra

n
c
e
 f
a
c
to

rs
 (
lo

g
1
0
)

>
>

>

1 minute 10 minutes

0

1

2

3

4

5

6

7

BVDV HIV PRV CPV HAV

C
le

a
ra

n
c
e
 f
a
c
to

rs
 [
lo

g
1
0
]

1 minute 10 minutes

0

1

2

3

4

5

6

7

BVDV HIV PRV CPV HAV

C
le

a
ra

n
c
e
 f
a
c
to

rs
 [
lo

g
1
0
]

>
>

1 minute 10 minutes

> > >>

124



Disinfection of surface-dried virus 

 E          F 

Figure 2: Efficacy of 3 commonly used disinfectants to inactivate surface-dried virus.

Virus was dried in culture medium or plasma, subsequently treated with 80% ethanol (A-B), 0.1N NaOH (C-D) or 0.1% 

hypochlorite (E-F) for 1 minute or 10 minutes and re-suspended in culture medium. A-B. Total amount of spiked virus was 5.9 

log10 and 5.9 log10 (BVDV), 6.3 log10 and 6.4 log10 (HIV), and 5.7 log10 and 5.7 log10 (PRV) in medium or plasma, respectively. C-

F. Total amount of spiked virus was 6.2 log10 and 6.1 log10 (BVDV), 6.2 log10 and 6.2 log10 (CPV), 5.8 log10 and 6.0 log10 (HAV), 

5.9 log10 and 6.4 log10 (HIV), and 5.8 log10 and 5.6 log10 (PRV) in medium or plasma, respectively. Symbol “>” indicates 

complete clearance of virus, mean values are shown. 

This protective effect of plasma was also observed with the other disinfectants. With 
NaOH, complete inactivation was observed both after 1 and 10 minutes of treatment 
of HIV and PRV and 2-4 log10 reduction for BVDV, CPV, and HAV dried in culture 
medium. In contrast, in plasma, complete inactivation of HIV and PRV was found 
only after 10 minutes. For BVDV, CPV, and HAV inactivation was limited from 0.5 to 
3.5 log10 (Figures 2C-D). 
Hypochlorite treatment of viruses dried in culture medium resulted in >4 log10 for all 
viruses. Again, inactivation of viruses dried in plasma was limited and only HIV and 
PRV showed complete inactivation (Figures 2E-F). 
To exclude that observed values were due to removal rather than inactivation and to 
validate the appropriateness of the re-hydration design, control experiments were 
performed with demineralised water. Treatment of the “spotted area” with 20 mL of 
water did result in recovery values comparable to those obtained after drying only 
(Figure 3 versus Figure 1A). In this design, recovery was slightly lower when virus 
was dried in culture medium compared to plasma. For HIV dried in culture medium 
the loss of virus was ±1.5 log10 whereas the loss due to drying only was 0.2 log10.
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Figure 3: Recovery of surface-dried virus by re-hydration.

Virus recovery [log10] of BVDV, HIV, PRV, CPV, and HAV, was determined for the following conditions: total amount of virus 

spiked (black bars), amount of virus after drying in culture medium, re-hydration for 1 minute and subsequent re-suspension 

(grey bars), amount of virus after drying in culture medium, re-hydration for 5 minutes and subsequent re-suspension (grey-

striped bars), amount of virus after drying in plasma, re-hydration for 1 minute and subsequent re-suspension (white bars), or 

amount of virus after drying in plasma, re-hydration for 5 minutes and subsequent re-suspension (striped bars). 

In contrast to observations with surface-dried viruses, we reported high clearance of 
LE viruses in suspension when treated with 80% ethanol1. Therefore, we investigated 
whether re-hydration of surface-dried virus (i.e. restoring suspension) before 
treatment would increase clearance. LE viruses were surface-dried in plasma - 
representing a worst-case scenario - before re-hydration and treatment with ethanol. 
Complete clearance was observed for LE viruses after 1 minute with ethanol when 
preceded by re-hydration (data not shown). 
We next determined whether re-hydration would also increase clearance with the 
other disinfectants. CPV and HAV were chosen as the most resistant to disinfectants 
in previous experiments. Starting with complete inactivation for CPV without re-
hydration, re-hydration for 1 or 5 minutes resulted in decreased inactivation values. 
After 1 minute re-hydration in one experiment, one positive was observed, but after 5 
minutes of re-hydration six positives were scored indicating that infectivity was still 
present after NaOH treatment (Table I). For HAV no clear effect was observed and 
inactivation values remained 3-4 log10 (Table I). 
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Table I: Effect of re-hydration on clearance of surface-dried NLE virus by 0.1 N 
NaOH or 0.1% hypochlorite.

CPV HAV
Disinfectant Re-hydration

Run 1 Run 2 Run 1 Run 2 

None >4.50 (0+) >5.87 (0+) 3.72 & 5.80 (7+) 3.19 & 5.39 (15+) 

1 minute >5.92 (0+) >4.87 & 5.87 (1+) >3.70 & 5.80 (8+) 3.64 & 5.62 (3+) 0.1N NaOH 

5 minutes >4.92 & 5.62 (2+) 3.58 & 5.57 (4+) 3.30 & 5.80 (29+) 3.58  & 5.62 (7+) 

None 0.68 (77+) 1.52 (59+) 3.82 & 5.80 (3+) >5.69 (0+) 

1 minute >4.92 & 5.92 (1+) 3.07 & 5.57 (23+) >5.1 & 5.80 (2+) >5.45 (0+) 
0.1%

hypochlorite 

5 minutes >5.92 (0+) 3.53 & 5.57 (7+) 3.81 & 6.1 (3+) >5.45 (0+) 

Virus was dried in plasma, re-hydrated during 1 or 5 minutes, subsequently treated with 0.1N NaOH or 0.1% hypochlorite for 10 

minutes and finally was re-suspended in culture medium. Between brackets the total amount of positive cultures is presented, 

i.e. from 96-wells plates and from bulk cultures. Total amount of spiked virus was 6.23 log10 (CPV) and 6.07 log10 (HAV), 

respectively.  

In case of hypochlorite, for CPV a clear effect was observed with re-hydration. After 1 
minute of re-hydration, CPV inactivation was increased and this effect was even 
stronger after 5 minutes of re-hydration. For HAV, no clear effect of re-hydration was 
observed similar to NaOH (Table I). 

Discussion
We showed that blood-borne viruses or relevant models thereof can remain 
infectious for longer time periods when surface dried. All viruses tested remained 
infectious for at least 1 week and NLE viruses were still infectious even after 1 month 
in a dried state. These results are in line with a number of previous reports as 
reviewed by Kramer et al10.
Interestingly, we also found that viruses in a dried state were less susceptible to 
disinfectants and this effect was even more pronounced when dried in plasma as 
compared to culture medium. For the surface-dried LE viruses infectivity could still be 
detected after treatment with 80% ethanol. Even after incubation of 10 minutes a 
reduction in infectivity of only ±3 log10 was observed. Similarly, 70% ethanol did not 
inactivate surface-dried cell free HIV within 10 minutes11. We previously 
demonstrated1, an extremely fast and efficient inactivation of LE viruses in 
suspension by 80% ethanol with over 6 log10 reduction in titres within 20 seconds. 
The relatively resistance of surface-dried LE viruses might relate to the protein 
content of plasma that might protect viruses against ethanol inactivation. Indeed, the 
rate of HIV inactivation decreased when HIV in high protein solution was dried onto 
glass surfaces12. The ethanol precipitating effect on proteins might thus even 
enhance virus protection. The fact that alcohol firmly binds blood to stainless steel13

implies that our observations with plasma may even underestimate the real situation 
with blood. The difference in inactivation between dried virus in culture medium or 
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plasma was less pronounced when NaOH was used as a disinfectant. In both 
matrices at least a 3 log10 reduction of titre was observed after 10 minutes, although 
with slower kinetics in plasma.  Our results are in line with reports that protein 
concentration is an important variable with respect to efficacy of disinfection and that 
disinfection of dried virus is less effective and requires longer incubation times for 
complete inactivation2.
We next tested whether surface-dried virus could be re-suspended and whether 
under these conditions total inactivation by disinfectants could be achieved. Indeed, 
application of ethanol to the re-hydrated LE viruses completely abrogated infectivity 
and confirms that water functions as a solvent allowing better access to virus 
particles 3.
For dried CPV in plasma surprisingly high inactivation values were found as 
compared to BVDV and HAV. However, infectivity was still present when CPV was 
re-hydrated before NaOH treatment. It can be argued, that the relatively high 
inactivation of CPV without re-hydration is not caused by complete inactivation, but 
merely due to the fact that some virus particles were not re-suspended and therefore 
not detected. Upon re-suspension NaOH was unable to completely inactivate the 
resulting virus aggregates 8. For HAV no clear effect of re-hydration on efficacy of 
NaOH treatment was observed which might also be due to the same aggregation 
phenomenon. Similar results were obtained with hypochlorite treatment. 
Our study shows that blood-borne viruses when dried onto surfaces can remain 
infectious for longer time periods, and that in a dried state these viruses are less 
susceptible to disinfection procedures than when suspended. This was shown for 
HIV and HAV as relevant viruses, but also for hepatitis B virus, hepatitis C virus and 
parvovirus B19 appreciating that PRV, BVDV, and CPV are well-accepted model 
viruses. Although the generally accepted model for Noroviruses is feline calicivirus 
(FCV), it can be argued that since HAV shares a number of characteristics with FCV 
- such as being a relatively resistant NLE virus with single-stranded RNA -, our 
results may be extrapolated to Noroviruses. The use of a hypochlorite solution 1000 
ppm (0.1%) in cases of outbreaks of gastro-enteritis due to small round structured 
viruses has indeed been proposed9. In our study we show good (approximately 4 
log10) but not complete inactivation for HAV. Barker et al9 showed that optimal 
hygiene with respect to contamination with Norovirus was only achieved when cloth 
soaked in detergent was used to clean the surface prior to combined 
hypochlorite/detergent treatment.
In this study we used plasma as the worst-case protein model, however, it can not be 
excluded that the presence of blood results in even worse conditions. Blood has an 
inhibitory effect on the action of hypochlorite14, i.e. higher concentrations of 
hypochlorite are necessary to inactivate viruses in blood. Moreover, in our 
experiments we applied drying during 4 hours, but we cannot exclude that longer 
drying times would have resulted in stronger fixation of viruses embedded in plasma 
and subsequently even more resistance to disinfectants. We further observed that 
drying in plasma can result in the formation of small-sized flakes, which are difficult to 
re-suspend and may contain infectious virus that is not titrated in our assays. 
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Therefore, the amount of surviving infectious virus in fact might have been 
underestimated.
This is the first comprehensive study of five important (model) viruses in a surface-
dried state showing persistence of infectivity, resistance to three commonly used 
disinfectants and restoration of susceptibility after re-hydration. Based on our results, 
we recommend cleaning spills immediately to prevent the formation of surface dried 
virus resistant to disinfection. In case instant cleaning is not possible, it is anticipated 
that a single stage disinfection procedure might not be effective. Therefore, for 
cleaning of surface-dried virus we recommend re-hydration or soaking prior to 
disinfection. This recommendation is in line with recommendations for dental 
practice15, where the kinetics of disinfection of dried smears are improved by adding 
water and some mechanical action to assure re-hydration and contact between 
disinfectant and micro-organisms. Obviously, during and after re-hydration these 
spills contain infectious virus and utmost care should be taken with handling of these 
wastes.
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Review of investigational prion studies 

Summary 
Sanquin is a manufacturer of protein products like factor VIII, factor IX, albumin, and 
immunoglobulins derived from human plasma. To ensure the virus safety of these 
plasma products, several process steps in the manufacturing procedure are capable 
of inactivating or removing viruses. Next to virus safety requirements, the CHMP’s 
“Position statement on Creutzfeldt-Jakob Disease and plasma-derived and urine-
derived medicinal products” requests that manufacturers estimate the potential of 
their specific manufacturing processes to reduce prion infectivity. Manufacturers are 
also encouraged to perform investigational studies in downscaled process steps 
using prion spikes comparable to the studies using spikes of viruses. To this end, it is 
allowed to focus on those steps that are expected to contribute to reduction of prions 
and it is not necessary to evaluate steps like solvent/detergent treatment and heat 
treatment, since prions are considered to be fully resistant to those. In this review an 
overview is presented of the data available from the literature on manufacturing steps 
that can contribute to increased prion safety. 

Introduction 
In 1982, the American neurologist Stanley Prusiner introduced the term ‘prion’, which 
is derived from ‘proteinaceous infectious particle’. Like viruses and bacteria, these 
particles can cause diseases. However, unlike viruses and bacteria, the agent is 
believed not to contain DNA or RNA. The physiologic function of prions and the 
aetiology of prion diseases are not fully understood. Interestingly, the prion protein is 
not inherently pathogenic. A ‘normal form’ of the natural protein (PrPc), which is 
anchored to the surface of many cells, is found in mammals, including humans. 
Problems arise if a prion folds itself in an abnormal way and thereby becomes 
pathogenic. This abnormal isoform (PrPsc) shows a different resistance towards 
proteinase K treatment compared to the normal protein (PrPc): PrPc is completely 
degraded by proteinase K, whereas PrPsc is partly resistant (giving rise to PrPres).
According to one theory, the pathogenic prion forces normally folded prions in the 
brain to adapt to its own abnormal structure. The abnormal structure of the prion 
cannot be reversed by the body and amasses in brain and nerve tissue, which are 
subsequently damaged. Deteriorated brain tissue accumulates rapidly, as a result of 
which the patient experiences kinetic disorders and dementia. Eventually patients 
die, often within two years. An additional problem is that the body does not recognise 
pathogenic prions as being foreign and, consequently, produces no antibodies, 
enabling the abnormal prions to persist. Well-known prion diseases include 
Creutzfeldt-Jakob Disease (CJD), Kuru and the Gerstmann-Sträussler-Scheinker 
syndrome in humans, bovine spongiform encephalitis in cows and scrapie in sheep. 
The focus in this review will be on the classical form of CJD and the variant form of 
CJD (vCJD). 

CJD is an extremely rare disease that usually manifests itself between the ages of 55 
and 75, causing death of approximately 1.5 to 2 persons per million per year. While 
this disease may occur spontaneously (sporadic, sCJD) or may arise at higher 
frequency in families with certain mutations (familial, fCJD), in the past (before 1986) 
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it has also been inadvertently transmitted by medication (hormones) derived from 
human brain tissue (iatrogenic, iCJD). The medicines involved had been produced 
from pituitary glands, which in part originated from persons who had died of CJD. In 
1986, treatment with these hormones, including growth hormone and thyroid-
stimulating hormone, prepared from cadavers, was stopped. In addition to this route 
of infection, CJD has been inadvertently transmitted by cornea and dura mater 
transplants. Subjects who have received such hormones or those who underwent a 
cornea or dura mater transplantation nowadays are not permitted to donate blood. 
People with CJD and their family members are also not permitted to donate blood. 

In addition to the above-mentioned forms of CJD, more recently vCJD has emerged. 
vCJD is considered to be caused by the consumption of BSE-contaminated beef and 
beef products containing brain, spinal cord material or central nerve tissue derived 
from BSE-infected cows [1,2,3]. Unlike the classic forms of CJD, vCJD primarily 
affects people under forty years of age. The incubation period (the period after 
infection before one falls ill) for vCJD is probably shorter than for the classic forms of 
CJD. Both CJD and vCJD are usually fatal within two years. It needs to be 
established to what extent CJD or vCJD can be transmitted by blood products, but 
four cases of vCJD have been reported in which a strong association existed with 
blood transfusion [4,5,6,7]. In contrast, to date there have been no vCJD cases 
associated with the clinical use of plasma products. 

As of June 2004, in the CHMP’s Position statement on Creutzfeldt-Jakob Disease 
and plasma-derived and urine-derived medicinal products [8], manufacturers are now 
requested to estimate the potential of their specific manufacturing processes to 
reduce prion infectivity, using a step-wise approach. Manufacturers are encouraged 
to perform investigational studies in downscaled process steps with prion spikes 
comparable to the studies using spikes of viruses. It is acceptable to test only those 
steps that are expected to contribute to reduction of prions and it is not necessary to 
evaluate steps like solvent/detergent treatment and heat treatment, since prions are 
considered to be not susceptible to these treatments [9]. It has been shown that 
PrPsc is hydrophobic, relatively insoluble, and tends to form fibrils upon purification 
[10,11] and these features of PrPsc are not shared with plasma-derived soluble 
therapeutic proteins. Therefore, attention should be focussed on potentially prion 
removing process steps like ethanol fractionation, precipitation (using e.g. 
polyethylene glycol (PEG)), chromatography and filtration steps [12]. When 
manufacturers are not able to present the requested data from their own studies, 
they have to evaluate critically their manufacturing processes in the light of published 
data. To facilitate this process and to evaluate robustness under varying process 
conditions, this review will summarise the existing body of knowledge from different 
laboratories on prion reduction by the various removal steps. 

The overview presented here is divided into three major groups, based on different 
mechanisms of protein removal. The first group consists of protein precipitation steps 
as present in the Cohn fractionation process but also steps like precipitation using 
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PEG, glycin or caprylate. The rationale of prion removal in these steps is based on 
the knowledge that prions are hydrophobic, relatively insoluble, and tend to form 
fibrils and therefore eventually will co-precipitate in the precipitate in contrast to 
certain therapeutic proteins. The second group encompasses chromatography steps 
in which the mechanism of removal of proteins mainly is based upon separation by 
charge and / or affinity, whereas prions tend to adhere to surfaces. Finally, the third 
group consists of various filtration steps where separation based on size and / or 
adsorption are supposed to be the driving mechanisms. 

1. Protein precipitation steps 
For several plasma products (e.g. immunoglobulin and albumin), the manufacturing 
process starts with the ethanol fractionation according to Cohn. The extent of prion 
removal achieved by subsequent steps of the Cohn fractionation, as published in the 
literature, is depicted in Tables 1 and 2. In Table 1 the results (presented as 
reduction factors (RF) [log10]) of spiking experiments are shown; for each process 
step the starting material was spiked with prions and subsequently samples of 
relevant process fractions were tested after carrying out the appropriate process 
step. In Table 2 the results are shown for sequential process steps: endogenous 
prion containing plasma or exogenous prion containing plasma was processed 
through the cascade of Cohn steps and samples from the indicated fractions were 
taken and assayed for presence of prions. The results are presented as infectious 
units (IU)/ml plasma for endogenous prions or as RF [log10] for exogenous prion 
spikes.
Besides the ethanol fractionation steps, various other precipitation procedures can be 
applied in the manufacturing of plasma products. Examples of these are 
precipitations induced by PEG, glycin, caprylic acid and ammonium sulphate. An 
example of a Sanquin product manufactured utilising such process is C1-esterase 
inhibitor, in which a combination of PEG precipitation and filtration steps is 
incorporated. The rationale of this step is that as a result of its relatively poor 
solubility, the prion protein is co-precipitated in the PEG precipitate together with 
other non-desirable proteins, and is removed from the solution containing C1-
esterase inhibitor by the subsequent filtration step. The results of similar steps are 
shown in Table 3. 

135



T
a
b

le
 1

: R
em

ov
al

 o
f T

S
E

 a
ge

nt
s 

by
 e

th
an

ol
 p

re
ci

pi
ta

tio
n 

st
ep

s 
(R

F 
[lo

g 1
0])

R
ef

er
en

ce
B

ro
w

n 
[1

3]
Fo

st
er

 
[1

4]
Le

e
[1

5]
Le

e
[1

6]
S

te
nl

an
d

[1
7]

V
ey

  
[1

8]
R

ei
ch

l
[1

9]
G

re
go

ri 
[2

0]
S

ch
äf

er
[2

1]
Fl

an
 

[2
1]

Ye
ar

 
19

98
20

00
20

00
20

01
20

02
20

02
20

02
20

04
20

05
20

05
TS

E
 a

ge
nt

 
26

3K
26

3K
26

3K
26

3K
C

JD
S

c2
37

30
1V

26
3K

26
3K

26
3K

S
pi

ke
B

H
M

F
B

H
B

H
B

H
B

H
/M

F/
C

LD
/P

rP
sc

M
F

B
H

/P
rP

sc
M

F/
P

rP
sc

M
F

A
ss

ay
 

B
io

W
B

W
B

B
io

/W
B

W
B

C
D

I
B

io
B

io
C

D
I

W
B

C
ry

op
re

ci
pi

ta
tio

n 
(s

up
er

na
ta

nt
) 

<1
.0

0.
5-

1.
5

1
1.

0/
1.

0
0.

9-
1.

2
2

0.
3/

0.
2/

0.
4/

2.
4 

C
ry

op
re

ci
pi

ta
tio

n 
(p

re
ci

pi
ta

te
) 

2.
1

1.
0

0-
0.

5
1

0.
6/

0.
3

0.
3-

1.
0

3
0.

2/
0.

5/
0.

2/
0.

4 
Fr

ac
tio

n 
I (

su
pe

rn
at

an
t) 

1.
0-

1.
5

1
0.

9/
0.

9/
0.

7/
3.

1 
Fr

ac
tio

n 
I (

pr
ec

ip
ita

te
) 

0.
0-

0.
5

1
0.

1/
0.

0/
0.

0/
0.

2 

Fr
ac

tio
n 

I+
II+

III
 (s

up
er

na
ta

nt
) 

1.
3

2.
2

3.
1/

4.
0

a

4.
0/

3.
5

b
2.

8
c

Fr
ac

tio
n 

I+
II+

III
 (p

re
ci

pi
ta

te
) 

<1
.0

Fr
ac

tio
n 

II+
III

 (s
up

er
na

ta
nt

) 
6.

0/
4.

7
3.

6/
3.

1/
3.

1/
4.

0 
Fr

ac
tio

n 
II+

III
 (p

re
ci

pi
ta

te
) 

0.
0/

-0
.4

0.
0/

0.
0/

0.
1/

0.
3 

Fr
ac

tio
n 

(I)
+I

II 
(s

up
er

na
ta

nt
) 

3.
7

>3
.5

->
4.

5
1

5.
3/

>4
.3

2.
1

3.
5

3.
5

d

Fr
ac

tio
n 

(I)
+I

II 
(p

re
ci

pi
ta

te
) 

0.
0-

0.
01

N
A

/0
.0

Fr
ac

tio
n 

IV
1 (

su
pe

rn
at

an
t) 

3.
7/

>4
.2

Fr
ac

tio
n 

IV
1 (

pr
ec

ip
ita

te
) 

1.
4/

0.
0

Fr
ac

tio
n 

IV
4 (

su
pe

rn
at

an
t) 

4.
6/

4.
1

Fr
ac

tio
n 

IV
4 (

pr
ec

ip
ita

te
) 

0.
4/

0.
2

Fr
ac

tio
n 

IV
 (s

up
er

na
ta

nt
) 

3.
0

3.
2/

3.
4/

3.
2/

2.
2 

4

N
A

/2
.9

/>
3.

0/
>3

.2
 5

3.
0

4.
5/

4.
6

4.
3

Fr
ac

tio
n 

IV
 (p

re
ci

pi
ta

te
) 

0.
7/

0.
0/

0.
3/

0.
24

N
A

/0
.2

/0
.0

/0
.4

5

R
F=

R
ed

uc
tio

n 
fa

ct
or

, M
F=

m
ic

ro
so

m
al

 fr
ac

tio
n,

 B
H

=c
ru

de
 b

ra
in

 h
om

og
en

at
e,

 C
LD

=c
av

eo
la

e-
lik

e 
do

m
ai

n,
 P

rP
sc

=p
ur

ifi
ed

 P
rP

sc
, W

B
=W

es
te

rn
 b

lo
t, 

B
io

=B
io

 a
ss

ay
, C

D
I=

co
nf

or
m

at
io

n-
de

pe
nd

en
t 

im
m

un
oa

ss
ay

;
1  R

es
ul

ts
 o

bt
ai

ne
d 

fro
m

 s
ix

 e
xp

er
im

en
ts

, 
2  H

um
an

 P
rP

vC
JD

=0
.9

, 
hu

m
an

 P
rP

sC
JD

=0
.9

, 
hu

m
an

 P
rP

G
S

S
=1

.0
, 

sh
ee

p 
P

rP
sc

=1
.0

, 
ha

m
st

er
 P

rP
sc

=1
.2

,
3  H

um
an

 P
rP

vC
JD

=0
.3

, 
hu

m
an

 

P
rP

sC
JD

=1
.0

, h
um

an
 P

rP
G

S
S =0

.8
, s

he
ep

 P
rP

sc
=0

.5
, h

am
st

er
 P

rP
sc

=0
.6

,4  R
es

ul
ts

 o
bt

ai
ne

d 
fro

m
 h

ig
h 

pr
io

n 
sp

ik
e,

 5  R
es

ul
ts

 o
bt

ai
ne

d 
fro

m
 lo

w
 p

rio
n 

sp
ik

e,
 a  m

od
ifi

ed
 C

oh
n,

 b  C
oh

n,
 c  +

 fi
lte

r a
id

s,
 c

+ 
fil

te
r a

id
s 

+ 
de

pt
h 

fil
tra

tio
n 

  =
 n

o 
da

ta
 a

va
ila

bl
e 

136

Chapter 10 



T
a
b

le
 2

: R
em

ov
al

 o
f T

S
E

 a
ge

nt
s 

by
 s

uc
ce

ss
iv

e 
pr

oc
es

s 
st

ep
s 

(fr
om

 F
os

te
r[2

2]
) 

R
ef

er
en

ce
B

ro
w

n 
[1

3,
23

] 
R

oh
w

er
 (f

ro
m

[2
2]

) 
R

ei
ch

l (
fro

m
[2

2]
) 

B
ro

w
n 

[1
3]

 
C

ai
 [2

4]
 

C
ai

 [2
4]

 
Ye

ar
 

19
98

,1
99

9
N

A
N

A
19

98
20

02
20

02
Ty

pe
 o

f s
tu

dy
 

en
do

ge
no

us
en

do
ge

no
us

en
do

ge
no

us
ex

og
en

ou
s 

ex
og

en
ou

s 
ex

og
en

ou
s 

TS
E

 a
ge

nt
 

Fu
ku

ok
a-

1
26

3K
30

1V
26

3K
26

3K
26

3K
S

pi
ke

N
ot

ap
pl

ic
ab

le
B

H
B

H
B

H
A

ss
ay

 
B

io
B

io
B

io
B

io
B

io
W

B
U

ni
ts

IU
/m

l
Lo

g 1
0 R

F 

P
la

sm
a

10
.3

-3
4.

4
3.

9
5

C
ry

op
re

ci
pi

ta
tio

n 
(s

up
er

na
ta

nt
) 

1.
2-

2.
6

0.
6

2.
5

2.
1

Fr
ac

tio
n 

I (
su

pe
rn

at
an

t) 
0.

8
1

0.
5

Fr
ac

tio
n 

I (
pr

ec
ip

ita
te

) 
-0

.1
Fr

ac
tio

n 
(I)

 +
 II

+I
II 

(s
up

er
na

ta
nt

) 
0.

8
0.

3
2.

5
2.

1
5.

0
>4

.4
Fr

ac
tio

n 
(I)

 +
 II

+I
II 

(p
re

ci
pi

ta
te

) 
0.

3
Fr

ac
tio

n 
III

 (s
up

er
na

ta
nt

) 
6.

2
5.

3
>4

.4
Fr

ac
tio

n 
III

 (p
re

ci
pi

ta
te

) 
0.

2
Fr

ac
tio

n 
IV

 (s
up

er
na

ta
nt

) 
<0

.1
1-

0.
5

N
ot

de
te

ct
ed

4.
2

>4
.4

Fr
ac

tio
n 

IV
 (p

re
ci

pi
ta

te
) 

>4
.4

Fr
ac

tio
n 

II 
(s

up
er

na
ta

nt
) 

0.
3

N
ot

 d
et

ec
te

d 
Fr

ac
tio

n 
V

 (s
up

er
na

ta
nt

) 
<0

.1
5-

0.
3

N
ot

 d
et

ec
te

d 
N

ot
 d

et
ec

te
d 

5.
4

B
H

=c
ru

de
 b

ra
in

 h
om

og
en

at
e,

 B
io

=B
io

 a
ss

ay
, W

B
=W

es
te

rn
 b

lo
t, 

R
F=

R
ed

uc
tio

n 
fa

ct
or

, 1 =c
om

bi
ne

d 
ef

fe
ct

 o
f c

ry
op

re
ci

pi
ta

tio
n+

pr
ec

ip
ita

tio
n 

of
 fr

ac
tio

n 
I, 

N
D

=n
ot

 d
et

ec
te

d,
 e

nd
og

en
ou

s=
st

ar
tin

g 

m
at

er
ia

l i
s 

bl
oo

d 
fro

m
 in

fe
ct

ed
 a

ni
m

al
s 

 

  =
 n

o 
da

ta
 a

va
ila

bl
e 

137

Review of investigational prion studies 



T
a
b

le
 3

: R
em

ov
al

 o
f T

S
E

 a
ge

nt
s 

by
 o

th
er

 p
re

ci
pi

ta
tio

n 
st

ep
s 

(R
F 

va
lu

es
 [l

og
10

])
R

ef
er

en
ce

Le
e 

[1
6]

 
S

te
nl

an
d 

[1
7]

 
V

ey
 [1

8]
 

Tr
ej

o 
[2

1]
 

B
ai

le
y 

[2
1]

 
S

ch
äf

er
 [2

1]
 

G
aj

ar
do

 [2
1]

 
Ye

ar
 

20
01

20
02

20
02

20
03

20
04

20
05

20
05

TS
E

 a
ge

nt
 

26
3K

vC
JD

/s
C

JD
/G

S
S

/ S
P

rP
sc

/H
P

rP
sc

S
c2

37
26

3K
vC

JD
/s

C
JD

/S
c2

37
26

3K
26

3K
S

pi
ke

B
H

B
H

M
F/

P
rP

sc
B

H
M

F/
P

rP
sc

M
F/

P
rP

sc
B

H
-M

F/
D

et
er

ge
nt

 B
H

 
A

ss
ay

 
B

io
/W

B
W

B
C

D
I

B
io

/W
B

C
D

I
C

D
I

W
B

C
ry

op
re

ci
pi

ta
te

 w
ith

 3
%

 P
E

G
, s

up
. 

2.
2/

3.
0

1.
9/

2.
2/

2.
0/

1.
8/

2.
2 

2.
7/

3.
4

C
ry

op
re

ci
pi

ta
te

 w
ith

 3
%

 P
E

G
, p

as
te

 
0.

0/
0.

3
0.

0/
0.

0/
0.

0/
0.

0/
0.

2 
Fr

ac
tio

n 
IV

1 w
ith

 1
1.

5%
 P

E
G

, s
up

. 
>5

.4
/>

4.
9

>4
.0

/>
3.

0/
>4

.0
/>

3.
5/

>5
.8

 
Fr

ac
tio

n 
IV

1 w
ith

 1
1.

5%
 P

E
G

, p
as

te
 

N
A

/0
.3

-0
.2

/0
.1

/0
.0

/0
.0

/0
.1

 
P

E
G

 4
%

 (I
V

Ig
), 

su
p.

 
3.

7/
5.

1
1

P
E

G
 8

%
 (I

V
Ig

), 
su

p.
 

3.
4/

3.
3

C
ry

op
re

ci
pi

ta
te

 w
ith

 g
ly

ci
n,

 s
up

. 
1.

7/
3.

3
C

ry
op

re
ci

pi
ta

te
 w

ith
 g

ly
ci

n,
 p

re
c.

 
0.

8/
0.

7

G
ly

ci
n,

 s
up

. 
1.

6/
1.

8/
1.

7
1

3.
8/

3.
3/

3.
3 

2
3.

5/
3.

9
3

C
ap

ry
lic

 a
ci

d 
(IV

Ig
), 

su
p.

 
3.

3/
2.

9
A

m
m

on
iu

m
 s

ul
ph

at
e 

(F
IX

), 
su

p.
 

A
m

m
on

iu
m

 s
ul

ph
at

e 
(C

1i
nh

), 
su

p.
 

A
m

m
on

iu
m

 s
ul

ph
at

e 
(A

T3
), 

su
p.

 

3.
7/

3.
0

3.
1/

3.
2

3.
9/

4.
7

R
F=

R
ed

uc
tio

n 
fa

ct
or

, v
C

JD
=v

ar
ia

nt
 C

JD
 , 

sC
JD

=s
po

ra
di

c 
C

JD
, G

S
S

=G
er

st
m

an
n-

S
trä

us
sl

er
-S

ch
ei

nk
er

 s
yn

dr
om

e,
 S

P
rP

sc
=s

he
ep

 P
rP

sc
, H

P
rP

sc
=h

um
an

 
P

rP
sc

, B
H

=c
ru

de
 b

ra
in

 h
om

og
en

at
e,

 M
F=

m
ic

ro
so

m
al

 fr
ac

tio
n,

 B
io

=B
io

 a
ss

ay
, W

B
=W

es
te

rn
 b

lo
t, 

C
D

I=
co

nf
or

m
at

io
n-

de
pe

nd
en

t i
m

m
un

oa
ss

ay
, 1 =M

F,
  

2 = 
P

rP
sc

,3 =c
om

bi
ne

d 
cr

yo
pr

ec
ip

ita
tio

n/
A

l(O
H

)3
 a

ds
or

pt
io

n/
gl

yc
in

 a
nd

 N
aC

l p
re

ci
pi

ta
tio

n 
  =

 n
o 

da
ta

 a
va

ila
bl

e 

138

Chapter 10 



Review of investigational prion studies 

As shown in Table 1, cryoprecipitation does not significantly contribute to removal of 
prions. Both in the supernatant and in the precipitate, reduction factors of equal or 
less than 1 log10 are found. This conclusion can also be drawn for precipitation of 
fraction I, where also a removal maximum of approximately 1 log10 is found. An 
exception is found for the purified prion spike material PrPsc. For cryoprecipitation 
and for precipitation of fraction I reduction factors of 2.4 and 3.1 log10 were found in 
the supernatants, respectively. It was concluded that the non-membrane-associated 
PrPsc was precipitating more efficiently resulting in higher reduction factors as 
compared to the membrane-associated PrPsc.
In contrast to precipitation of fraction I, ethanol precipitation steps fraction II+III and 
fraction IV show considerable reduction values for prion-spiked material. The values 
obtained for the supernatant of fraction (I +) II+III range from approximately 2 to 6 
log10 and for the supernatant of fraction IV they are approximately 3 - 4 log10. When 
the process steps are tested in succession (Table 2), it shows that the ethanol 
fractionation process also results in removal of PrPsc from supernatants by co-
precipitation in the precipitates. 
Precipitation of dissolved cryoprecipitate with 3% PEG results in approximately 2 to 3 
log10 reduction of prion protein in the supernatant. For 4% or 8% PEG comparable 
results of approximately 3.5 log10 are obtained. In the supernatant after 11.5% PEG 
precipitation of fraction IV supernatant, the reduction values range from 3.0 log10 to 
5.8 log10. In a glycin precipitation study with cryoprecipitate an RF value of 1.7-3.3 
log10 was found. 
Cai et al. [24] showed that the degree of prion removal is influenced by the alcohol 
concentration, the pH, and the salt content. In a physiological buffer, PrPsc remained 
in the supernatant after low speed centrifugation. However, at pH 5, PrPsc

precipitation was nearly complete after low-speed centrifugation regardless of the salt 
content. PrPsc could also be precipitated at pH 8 by adding ethanol, but this 
precipitation was salt dependent. Appreciating that cryoprecipitation and precipitation 
of fraction I are performed at neutral pH and in case of precipitation of fraction I with 
a low percentage of ethanol (8%), it can be envisaged that in such matrices no 
significant PrPsc precipitation occurs resulting in low reduction factors. In the 
subsequent process steps the pH is lowered and the percentage ethanol is 
increased, eventually leading to increased PrPsc precipitation and thus removal from 
the supernatants. 

2. Chromatography steps 
Chromatography steps are incorporated in several manufacturing processes like 
those for Aafact, Nonafact, Cofact, and Cetor; the significance of these steps is that 
prions together with other non-desirable proteins can be separated from the fraction 
containing the relevant proteins. Table 4 gives an overview of the published reduction 
factors for various chromatography steps. 

From Table 4 it can be concluded that chromatography steps can contribute to prion 
removal.
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Foster et al. [14] demonstrated prion reductions of 3.0 log10, 3.1 log10, and 3.0 log10 in 
the eluate of DEAE-cellulose, DEAE-Toyopearl and DEAE-Sepharose FF, 
respectively. Gölker et al. [25] showed an average prion reduction of 5.2 and 4.0 
log10 in ion exchange steps “1” and “2” of a purification process for aprotinin, and 
Blum et al. [27] found 5.1 log10 for ion exchange chromatography (aprotinin) and 5.2 
log10 for ion exchange chromatography “1” combined with charcoal filtration (BSA). 
Pocchiari et al. [28] demonstrated 4.3 log10 of prion reduction for gel filtration on 
Sephacryl S200. In the publication of Foster et al. [14], in case of affinity 
chromatography using heparin-Sepharose FF in the presence of SD chemicals, an 
RF of only 1.4 log10 was found. However, a theoretical calculation based on the 
amount of spiked material would have resulted in a value of 2.7 log10. In a more 
recent publication from Thyer et al. [26], again significant removal of approximately 3-
4 log10 was observed. In this publication it was indicated that the pH values at which 
the DEAE-Sepharose and CM-Sepharose columns were run, were below the iso-
electric point of PrPsc (pH 5.4 - 9.3), and for the Macro-Prep column within the range 
of the iso-electric point. Based on the fact that scrapie at these pH conditions 
predominantly is positively charged, it would be expected that PrPsc would show 
more binding to cation exchangers than to anion exchangers. However, for both 
cation and anion exchangers comparable removal was found indicating that charge is 
not the driving mechanism. This conclusion is in line with the publication of Foster et 
al. [14] where also no difference in behaviour of PrPsc in cation exchange or anion 
exchange chromatography was observed. Therefore, it was concluded that the 
removal of PrPsc was more dependent on adsorption to the gel matrix (Thyer [26], 
Foster [14]). In the subsequent elution of the therapeutic proteins from the 
chromatography column, the prions remained attached to the gel matrix, resulting in 
a prion reduction in the plasma product. In a second publication from Thyer et al. 
[30], it was shown that the prions bound to the chromatographic gel could be 
removed by the cleaning cycle, thereby avoiding cross-contamination of prions from 
batch to batch.

3. Filtration steps 
Also, depth filtration steps are incorporated in all manufacturing processes; the 
mechanism of this procedure is that contaminating particles are trapped in the filter 
matrix by size exclusion and / or adsorption to the filter matrix, while the desired 
plasma protein(s) pass the filter. The results of the investigational studies on prion 
removal by depth filtration steps are shown in Table 5.
Membrane filtration or ultrafiltration steps are incorporated in manufacturing 
processes like those for Nonafact and Cetor; the mechanism of these steps is, that 
prions together with non-desired proteins are separated from the filtrate by exclusion 
by the membrane applied. The results obtained for such steps are shown in Table 6. 
Nanofiltration steps are incorporated in many manufacturing processes like those for 
Cofact, Nonafact, and Cetor; the rationale of these steps is that prions, just like 
viruses do not pass through the filter based on the pore size of the filter combined 
with entrapment in the filter. The results obtained for nanofiltration steps are shown in 
Table 7. 
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As shown in Table 5, depth filtration steps may contribute to the removal of PrPsc

from supernatants of the ethanol fractionation process. Especially depth filtration of 
supernatants (I)+III, IV, II and V results in average reduction factors of approximately 
3 log10, whereas depth filtration of supernatant I does not result in removal of PrPsc.
The values for supernatant IV as obtained by Vey et al. [18] are limited due to the 
fact that the 38% ethanol supernatant itself already had shown RF values of 2.2-3.4 
log10, where the total spike was approximately 4.5 log10.
It is anticipated that the differences in prion removal for the various supernatants can 
be explained by differences in the matrices. The presence of differences in 
concentrations of ethanol, ionic strength and pH can influence the aggregation state 
of PrPsc, and thus can influence the reduction factors obtained. In addition, it cannot 
be excluded that matrix differences influence the interaction with the filter matrix, 
thereby affecting reduction factors. E.g., when the percentage ethanol is increased 
and/or the salt content is decreased and/or the pH is decreased in the matrix, PrPsc 
is more aggregated [24], and thus removed more easily in precipitation and/or depth 
filtration steps. This finding was confirmed by the results of Van Holten et al. [31], 
showing a removal of approximately 3 log10 for supernatant III. However, when the 
filtration was performed in TRIS-buffered saline, no removal of spiked PrPsc was 
observed.
This latter finding is in agreement with the publication of Cai et al. [24] indicating that 
the environment strongly influences the aggregation state of PrPsc and thus the 
removing capacity of prions in precipitation steps. Therefore, one should be very 
cautious in claiming prion removal due to depth filtration, since the matrix of the 
starting material is an extremely important factor. 
Membranes with a pore size of 0.45 or 0.22 μm do not significantly contribute to 
removal and result in approximately 1 log10 removal. It is concluded that despite the 
matrix effects and the subsequent aggregation state of PrPsc material, these 
aggregates can easily pass through 0.45 and 0.22 μm filters. In addition, the 
“thickness” of membrane filters in general is less compared to depth filters, also 
resulting in less effective removal of prions. Membranes with smaller pore size, 
however, are able to block the aggregates and thus remove PrPsc. Membranes with a 
cut-off value of 10 kD or ultrafilters, however, can result in removal of >4 log10 [[25]. 
Tateishi et al. [34] investigated the efficacy of a Planova 35N filter using a 10% spike 
in saline of 1% brain homogenate (mouse-adapted CJD) resulting in 5.9 log10

reduction. In addition, Tateishi et al. [34,35] investigated the effect of filtration using a 
35N and a 15N filter on prion infectivity in a solution of 2% albumin, in the absence or 
presence of detergent, applying a 1.5% spike of a 30% brain homogenate of mouse-
adapted scrapie strain ME7. In this experimental setting in the absence of detergent 
(i.e. similar to the Cetor process), a 4.9 log10 and >5.9 log10 reduction of prions was 
found for filtration through a 35N and 15N filter, respectively. 
The prion removing capacity of nanofiltration is strongly determined by the pore size 
of the filter and the “thickness” of the filter or the possible entrapment capability. In 
experiments performed with Planova 35N filters or filters of smaller pore size 
reduction factors of more than 4 log10 have been obtained. However, in case of 
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detergent pre-treated spike material or in the presence of a detergent, the reduction 
factors were approximately 0-1.5 log10 only.

Conclusions and discussion 

Mechanisms of prion removal

Based on the known characteristics of PrPsc (hydrophobic, relatively insoluble, and 
having a tendency to form fibrils) and the absence of these features in plasma-
derived soluble therapeutic proteins, various steps from the plasma fractionation 
processes were studied for their contribution to prion removal. These steps can be 
categorised into three more or less mechanistically different groups. 

1. Protein precipitation steps 
2. Chromatography steps 
3. Filtration steps 

1. Protein precipitation steps 
It was concluded that cryoprecipitation and precipitation of Cohn fraction I do not 
significantly contribute to removal of prions from the supernatant. This is irrespective 
of the source of spiked material or read-out system used, but with the exception of 
the study of Vey et al. [18] where, in case of highly purified PrPsc, approximately 2 
log10 reduction was found. Evaluation of precipitating fraction II+III and fraction IV 
shows relevant reduction values for prion-spiked material in all publications. The 
values obtained for supernatants of fraction II+III or fraction IV are approximately 2-6 
log10 or approximately 3 log10, respectively. Since one might argue, that spiking and 
interpretation of separate steps can lead to over-estimation of the prion removing 
capacity of the total Cohn fractionation process, the results of studies with respect to 
sequences of process steps also should be considered. From such sequential 
process steps it can be concluded that the Cohn fractionation process indeed is able 
to remove large amounts of prions from the Cohn supernatants  and that the results 
obtained for separate steps can be additive. However, since the amount of prion 
spike is limited, the total demonstrable reduction is also limited. Moreover, in line with 
the interpretation of virus validation studies, where a mechanistic procedure can be 
claimed only once, this procedure should also be applied for prions. For the 
manufacturing process of albumin, a reduction factor of approximately 3 log10 can be 
claimed based on the results obtained for fraction II+III and fraction IV.  In case of the 
manufacturing process of immunoglobulin, also a reduction factor of approximately 3 
log10 can be claimed based on the results obtained for fraction III.
For precipitation steps using PEG, glycin or caprylate removal was also observed 
and Lee et al. [16] found increasing reduction factors with increasing percentages of 
PEG. In Cetor production a PEG precipitation step is included using a final 
concentration of 20% PEG, and it seems likely that such a precipitation step results 
in prion reduction factors of at least 3 log10.
2. Chromatography steps 
The average reduction value of approximately 3 log10 for chromatography steps as 
derived from various publications indicates the prion removing potential in such 
steps. Foster et al. [14,29] and Thyer et al. [26,30] concluded that prions bind to the 
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gel matrix of the chromatography column and that this binding was relatively efficient. 
In a subsequent elution procedure the proteins of interest were eluted from the 
column, whereas the prions remained attached to the column matrix. After elution 
however, the regeneration steps were capable to remove the bound prions thereby 
avoiding problems with batch to batch contamination. The authors also did not find 
significant differences with respect to prion binding between cation and anion 
exchangers, indicating that the mechanism is merely adsorption to the gel matrix and 
less a specific binding based on charge. 
3. Filtration steps 
Filtration steps can also contribute to prion removal. However, the pore size of the 
membrane is an important parameter as well as the PrPsc matrix of which the 
aggregation state is extremely important [24]. When Planova 15N filters were 
applied, reduction factors of more than 4 log10 were obtained both in the absence and 
in the presence of detergents. Since Sanquin applies two Planova 15N filters in 
series (e.g. for Cetor, Cofact and Nonafact), it seems reasonable to estimate the 
prion removing capacity in this setting to be 4 log10 at least. With respect to the 
nanofilters one also should keep in mind that these filters have a combined mode of 
action, as besides size exclusion also depth filtration plays a role. When a 
manufacturing process contains several depth filtration steps in combination with a 
nanofiltration step, one should be cautious with claiming both steps as contributing to 
overall removal of prions.

However, besides the claim based on data from literature, eventually it is expected 
that each manufacturer will be obliged to perform the relevant prion validation studies 
with starting materials obtained from the production process and a downscaled 
process version mimicking the routine manufacturing process as closely as possible, 
in line with virus validation studies. 

Assay methods: the in vivo and the in vitro titration methods

The in vivo method or bioassay is the golden assay, since this is the only method 
confirming the infectious nature of abnormal prion proteins. Major disadvantages of 
the bioassay however, are cost, assay time (at least 6-9 months, dependent on the 
animal species used) and the need for facilities with the appropriate high biosafety 
levels (level 2 or 3). 
The most important advantages of the in vitro assays are the relatively quick results 
and the economical aspects. An example of an in vitro assay is the detection of 
protease-resistant prion antigen by western blotting (WB). One pitfall of the WB is the 
potential for cross-reactivity with protease-K-generated fragments of 
immunoglobulins when applying a conventional 2-step WB assay. Such fragments 
can be bound by some second antibodies resulting in banding patterns similar to that 
of PrPsc. Applying a single-step WB procedure can avoid such cross-reaction 
problems [37]. An alternative approach for an in vitro assay is the conformation-
dependent immunoassay (CDI). In this assay the sample is evaluated in both the 
native and the denatured state. The presence of PrPsc is subsequently demonstrated 
by means of a specific antibody recognising an epitope which is always present on 
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PrPC but is exposed on PrPsc only after denaturation. Major advantages of this 
method are the high specificity and sensitivity, and the fact that no proteolysis step is 
needed.

Source and preparation of prion inoculum

To date the form of pathogenic prions in blood is unknown and therefore the choice 
of the appropriate spike material for use in prion removal studies remains 
questionable. Carefully prepared native brain homogenate, devoid of large cellular 
debris, so far is a reasonable model for endogenous infectivity in plasma. In the first 
evaluation studies mostly brain homogenate (BH) from infected animals was chosen, 
whereas in later experiments mostly microsomal fractions (MF) prepared from BH 
were used. In favour of the BH is the relative high titre that can be obtained, but a 
disadvantage is the particle size that can vary from small to highly aggregated, thus 
representing large particles. MF are partially purified from BH and result in smaller 
particles since large aggregates are removed. The purification procedure in general 
can lead to a slight decrease in titre. The particle size of the MF was estimated to be 
800 nm on average by Yunoki et al. [38]. In case of vigorous sonication or detergent 
treatment the particle size could be decreased to approximately 220 nm. Besides BH 
and MF also caveolae-like domains and purified prion proteins (fibrils) have been 
used in spiking studies. Highly purified infectious prion preparations form large 
artificial fibrils, which may be more easily removed [18], thereby leading to 
overestimation of clearance. Alternative preparation methods might start from cells 
producing prion proteins associated with exosomes [39] or cell cultures producing 
prion proteins [40]. Whether strains of CJD produced from cultured cells are the most 
suitable prion spike material is an issue that still needs to be resolved.  
In general, strains of scrapie (e.g., 263K and ME7) or of BSE (e.g., 301V) are used 
as model for various prion diseases and vCJD as primary concern. Studies 
comparing the similarity between CJD and model prion strains are limited, but thus 
far there is no evidence that the endogenous and model prion strains act differently in 
evaluation studies [16,17]. 

To date, no plasma products-related transmission of prions has been reported and it 
is anticipated that the risk of transmission of prions via plasma products is extremely 
low. This belief is based on the fact that the infectious load in blood or plasma seems 
to be very low and that a number of process steps present in manufacturing 
processes, remove prions effectively. It is inevitable that relevant steps from each 
manufacturing process should be tested, presently with (partially) purified prion spike, 
e.g. microsomal fraction of the 263K strain. However, as soon as more information 
has been gathered on the exact nature of prion material in blood, a more appropriate 
spike may be applied to execute prion validation studies. 
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The safety of plasma products with respect to pathogen transmission has been 
strongly improved due to various safety measures. One very important improvement 
has been the implementation of screening procedures in which the presence of 
pathogens is measured by serological methods: tests for antibodies against 
pathogens or tests showing the presence of pathogen antigens. Since then, the 
window period (i.e. the period in which pathogens already circulate in the body, but 
cannot be detected yet by serological methods), has further been shortened by the 
introduction of nucleic acid amplification (NAT) assays. For HCV the window period 
was shortened considerably from approximately 70 to 10 days, and also for HIV the 
period was markedly shortened from approximately 22 to 14 days [1] when testing 
pools of 48 donations was applied. However, the benefits of implementation of HBV 
NAT are less convincing: in case of testing pools of 48 donations the window period 
will be shortened from approximately 59 to 48 days only. Since it can be anticipated 
that the window period can never be closed, a residual risk, although very low, will 
always remain. Another effective defence mechanism in preventing pathogen 
transmission is implementation of pathogen reducing process steps. Such steps are 
specifically implemented in manufacturing processes to inactivate and / or remove 
pathogens, if not already present in processes for protein purification purposes, e.g. 
Cohn fractionation steps.

To be able to estimate the contribution of virus reducing steps to overall virus safety, 
so-called virus validation studies have to be performed in laboratory settings.  

In the work described in this thesis the viral reducing capacity of two manufacturing 
processes of Sanquin (Nanogam (chapter 2) and C1-inhibitor-NF (chapter 3)), 
encompassing several process steps, was investigated. These steps were 
precipitation of Cohn fraction III, pH 4.4 treatment/15 nm filtration (single filtration), 
SD treatment and immune-neutralisation in case of Nanogam, and PEG precipitation, 
pasteurisation and 15 nm filtration (double filtration) in case of C1-inhibitor-NF. In all 
cases the results of duplicate studies were shown. Prior to the actual validation 
procedures, so-called suitability studies were performed to ensure that valid study 
conditions were used. In addition, for the pH 4.4 treatment/15 nm filtration and the 
SD treatment of Nanogam, studies were performed to provide detailed information on 
the robustness of the process steps. Robustness studies were also performed for the 
C1-inhibitor-NF process for the PEG precipitation, pasteurisation and 15 nm filtration 
steps. This approach of validation and robustness studies, as implemented by 
Sanquin’s Virus Safety Services (VSS), resulted in state-of-the-art virus validation 
studies.

Besides for manufacturing processes for human plasma derivatives, the VSS 
approach can also be used for various other applications. In this respect process 
steps for anti-venoms produced from animal plasma have been studied (chapter 5), 
but also a pasteurisation step in a process for human breast milk was investigated 
(chapter 4). 
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By performing studies as described, a measure of confidence with respect to virus 
safety is obtained. Although the quality of the technical execution of virus validation 
studies has strongly improved in the last decade, several different approaches – 
some with serious pitfalls – have been applied. To address this issue, authorities 
have set standards with respect to executing such studies and implemented several 
guidelines. A number of considerations, relevant for performing virus validation 
studies should be taken into account, and one of the critical aspects to be considered 
is the choice of viruses in validation studies. 

Approach of model versus relevant viruses in validation studies 
In the Note for Guidance on virus validation studies (The design, contribution and 
interpretation of studies validating the inactivation and removal of viruses [2]) it has 
been indicated which considerations should be taken into account for selecting 
viruses for virus validation studies. Firstly, the viruses of choice should resemble 
relevant viruses (viruses which are blood-borne and therefore can contaminate the 
product), as closely as possible. This implies that, whenever possible, relevant 
viruses are preferred over model viruses. Secondly, the viruses of choice should 
represent a wide range of physico-chemical properties to test the ability of the system 
to eliminate a wide range of viruses. In addition, for practical reasons, often 
laboratory virus strains are selected, that can be grown to high titres and can 
conveniently be assayed. Disadvantages of this approach are that laboratory virus 
strains may behave differently compared to naturally occurring viruses and even 
accepted laboratory strains may behave differently. Eventually, one should realise 
that in fact any virus used in validation studies is actually a model virus, since the 
respective viruses have been grown in a laboratory environment, leading to 
adaptation of virus to an appropriate cell line with potential consequences for the 
virus properties. The choice of viruses in a validation study should be justified and in 
case two similar viruses can be applied, the virus considered to be most resistant for 
the process step concerned, should be used. 

Appreciating these requirements, nowadays the choice of viruses for validation 
assays encompasses HIV and HAV as relevant viruses and BVDV, CPV and PRV as 
frequently used model viruses for HCV, B19 and HBV, respectively. The pros and 
cons of each of these viruses are discussed in more detail below. 

HIV (retrovirus) 
The choice for evaluation of HIV is mandatory based on the fact that HIV has been 
transmitted via plasma products, e.g. coagulation factor concentrates [3]. Thanks to 
convenient properties like production of high titres of infectious virus and syncytia 
formation in rapidly growing cell lines (e.g. MT2), very often the virus used in 
validation studies is a laboratory-adapted strain (e.g. HTLV-IIIb). To date, no 
evidence is available indicating that laboratory virus strains and HIV isolates from 
patients behave differently when used in virus validation studies. Therefore, HIV 
strains like HTLV-IIIb, presently used in VSS validation studies, are appropriate 
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“relevant” viruses and data obtained with these viruses is representative for HIV 
present in contaminated plasma products. 

HAV (picornavirus) 
In the early days poliovirus and EMC have been used frequently as model viruses for 
non-lipid-enveloped (NLE) RNA viruses. However, following the recognition that HAV 
can be transmitted by blood and plasma derivatives [4-6], and upon the 
implementation of a reliable and validated culture system for HAV, these days HAV is 
used as relevant virus in validation studies. Within the VSS facilities, in line with other 
contract laboratories, the cell-line-adapted strain HM 175/18F is used [7]. This strain 
is adapted in particular with respect to replication rate, since the wild type virus 
replicates very slowly. Strain HM 175/18F is a non-cytopathic variant, and virus 
replication in cell cultures is shown by measuring the presence of specific HAV 
antigens present in culture supernatant by means of a sandwich ELISA (enzyme 
linked immunosorbent assay). Since HAV is more resistant to a number of 
inactivation methods [8, 9], this virus is preferred according to the guidelines. Only in 
cases where the use of HAV for practical reasons is less favourable (e.g. when 
neutralising antibodies are present in the starting material), it is allowed to use a 
model virus like EMC.  

HCV (flavivirus) 
HCV is a relevant virus. However, until now, it is not possible to culture the virus in 
convenient and validated systems and therefore model viruses have to be applied. 
One of the best accepted model viruses for HCV is BVDV, also a member of the 
flavivirus family. Without a good HCV culture system, the appropriateness of the 
model virus BVDV cannot be assessed directly. However, West Nile virus (WNV), 
another flavivirus, recently, was found transmitted by blood products [10]. In case of 
WNV, a culture system became available and thus the possibility to perform 
comparative validation experiments with this relevant virus and the model virus 
BVDV. The behaviour of both viruses was very similar [11, 12] in a number of 
inactivation processes like pasteurisation, vapour heating, SD treatment, low-pH 
treatment, and caprylate treatment. This result is very important, since it shows that 
closely related relevant and model viruses, e.g. members of the same virus family, 
behave very similarly in virus reduction studies. When viruses are closely related, but 
not members of the same family, more differences may be observed. An example 
thereof is the coronavirus causing severe acute respiratory syndrome (SARS) versus 
the model virus BVDV. Although both viruses are lipid-enveloped (LE) and both 
contain an ss-RNA genome, caprylate treatment completely inactivated BVDV while 
no inactivation was observed for the SARS coronavirus [13]. 

HBV (hepadnavirus) 
HBV is a relevant virus, but like HCV, this virus cannot be propagated conveniently in 
vitro. Therefore model viruses are applied and the most convenient model virus, 
which has been accepted by the authorities, is PRV. However, although both HBV 
and PRV have a DNA genome and are LE viruses, PRV belongs to the 
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herpesviruses, while HBV belongs to the hepadnaviruses. Based on this dissimilarity, 
PRV can be considered a poor model for HBV. Although more appropriate model 
viruses are available (e.g. duck hepatitis B virus (DHBV)), these viruses are not 
favoured for virus validation studies, since e.g. animal experiments are required. 
Studies comparing the behaviour of PRV and an animal hepatitis B virus are scarce, 
but worth mentioning assuming that animal hepatitis viruses like DHBV behave 
identical or at least very similar to HBV. Similar reduction values were obtained for 
PRV and DHBV after treatment with caprylate [12] or a flexible thiopyrylium 
photosensitizer [14]. While PRV may be a representative model for HBV in 
inactivation studies, in removal studies like filtration or precipitation steps, this can be 
questioned. For example, the size of HBV is 42 nm, whereas PRV has 120-200 nm. 
Moreover, when antibodies against HBV are present in the starting material, 
behaviour in removal steps may be altered based on the fact that virus-antibody 
complexes can behave differently in e.g. precipitation and/or filtration steps. In 
conclusion, the model virus PRV is far from ideal and access to a more appropriate 
model virus would be beneficial. 

Human parvovirus B19 (parvovirus) 
The parvovirus family encompasses two subfamilies, with three genera each. Of 
these, the RA-1 virus of the parvovirus genus, the B19 virus of the erythrovirus 
genus, and the adeno-associated viruses (AAV) 1-5 of the dependovirus genus are 
human viruses. In the early days of virus validation studies, the human erythrovirus 
B19 could not be propagated in cell lines and therefore model viruses were used. 
The model viruses used in stead were all members of the parvovirus genus, like 
CPV, PPV, MVM, and BPV. These model viruses were found to be very resistant 
viruses and it was assumed that the results would also be valid for B19. Recently, in 
vitro B19 culture systems have become available, allowing the comparison of B19 
with other animal parvoviruses, with surprising results. Blumel et al. and Yunoki et al. 
[15, 16] reported that B19 is more sensitive to heating in a liquid environment. 
Moreover, the heat sensitivity of B19 appeared to be strongly dependent on the 
matrix [17]. Differences were also observed for inactivation by low pH, and again B19 
was found to be more sensitive [18]. Based on the observed differences between 
B19 and animal parvoviruses, it seems justified to test B19 whenever possible. 
However, according to the guidelines, the “model” virus that is the most resistant 
virus in a certain process step should be investigated. Moreover, since antibodies 
against B19 can be present in the starting material, one should be cautious with 
interpretation of results for B19 in the presence of antibodies. Nanofiltration with 35 
nm filters will show significant breakthrough of animal parvoviruses, but in the 
presence of antibodies B19 may be completely retained [19]]. To claim such a step 
as an effective virus reducing step, one has to guarantee that the antibody 
concentration over time and between batches is more or less constant, or at least not 
dropping below a certain level. Presently, VSS performs virus validation studies 
mostly with animal parvoviruses, but in a number of cases B19 itself has been tested 
in removal studies (e.g. chapter 2). One of the future goals of VSS is to implement a 
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reliable and validated culture system for B19 to also allow evaluation of inactivating 
steps.
Another example of model viruses from one family (Caliciviridae), but with partially 
different properties, is murine norovirus 1 (MNV-1) versus feline calicivirus (FCV). 
The family of caliciviridae encompasses four genera: vesivirus (with FCV), lagovirus, 
norovirus (with MNV-1 and Norwalk-like virus) and sapovirus. FCV is the generally 
accepted model virus for Norwalk-like virus, causing gastroenteritis in humans, but 
recently an alternative was presented. In a study of Cannon et al. [20] four 
characteristics of both viruses were compared, pH resistance, stability upon 
exposure to organic solvents, thermal inactivation and persistence on a surface 
under wet and dry conditions. The most striking observation was the resistance of 
MNV with respect to pH extremes, being stable over a range of pH 2 to 10, whereas 
FCV was inactivated at values <3 and >9. Since noroviruses have to survive stomach 
passage, this feature is not surprising. However, again it indicates that, even within a 
virus family, members of one family can show different behaviour. The three other 
features tested showed similar results, with a small exception for storage in 
suspension during 7 days. Under these conditions, again MNV-1 proved to be more 
resistant, in line with publications indicating that Norwalk-like viruses can remain 
infectious for longer times [21]. 

To summarise, the use of properly chosen model viruses seems to be very 
informative and it predicts the behaviour of relevant viruses in validation studies, and 
thus in the manufacturing process, very well. Especially for harsh inactivation 
methods, the behaviour of model viruses versus relevant viruses is very similar (e.g. 
SD treatment). With respect to removal steps, one should be reluctant with 
interpretation of data observed with model viruses. Subtle differences between a 
chosen model virus and the relevant virus may have serious impact on the measured 
removal capacity of the process step. Moreover, if e.g. specific antibodies are 
present in the starting material, the related relevant virus may behave differently 
when compared to the model virus [22, 23]. 

A publication indicating that viruses obtained from cell cultures do not always behave 
in the same way as the virus obtained from infectious animals, is shown by Sauerbrei 
et al. [24]. Validation of biocides applying duck hepatitis B virus indicated that virus 
obtained from transfected cell cultures was more sensitive to biocide treatment than 
virus naturally occurring in Peking ducks. Guidelines for virucidal testing thus 
recommend using the most resistant virus as model virus and in this example the 
data obtained with the virus cultured in transfected cells should be rejected. 

In conclusion, it can be stated that an appropriate choice of relevant and model 
viruses covers a broad spectrum of pathogenic viruses, and in case of emerging 
infections it can be anticipated that the viruses responsible for these will be properly 
inactivated or removed. The WNV and SARS outbreaks have shown that this 
scenario is valid. The results obtained with the model virus BVDV appeared to be 
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very predictive for the behaviour of WNV and the SARS coronavirus [13], with the 
exception of caprylate treatment. 

Relevance of downscaling from manufacturing scale to laboratory 
scale
The Note for Guidance on virus validation studies (The design, contribution and 
interpretation of studies validating the inactivation and removal of viruses [2]) states 
in paragraph 5.3 that the validity of the downscaling should be demonstrated, by 
comparison of process parameters such as pH, temperature, concentration of protein 
and other components, reaction time, column bed height, linear flow rate, flow rate to 
bed height ratio, elution profile and step efficiency (e.g. yield, balance, specific 
activity, composition). Deviations which cannot be avoided should be discussed with 
regard to any potential influence on the results.
Next to controlling the downscaling from manufacturing scale to laboratory scale, 
also the effects of spiking of virus in the starting material should be considered. The 
virus spike may change the composition of the starting material (e.g. pH, protein 
content and salt content) and subsequently may affect the performance and the 
outcome of the process step. If such influence is observed, the volume of virus added 
to the starting material should be reduced or purified virus (e.g. serum-free virus) 
should be used for spiking. It is recommended to use a virus spike of maximally 10% 
of the total volume of the starting material. Another critical aspect of a virus stock is 
the aggregation state. Aggregated viruses may lead to undesired results in virus 
validation studies. When testing virus filtration steps, removal of virus may be 
overestimated in case of aggregated viruses being present. On the other hand, when 
testing chemical inactivation (e.g. low or high pH steps), aggregated viruses may 
result in underestimation of the virus reduction capacity. To deal with such 
complications, careful consideration should be taken in the preparation of virus 
stocks. Concentration steps using ultracentrifugation should be avoided and when 
concentration techniques cannot be avoided due to low virus titres, mild 
concentration techniques like ultrafiltration should be applied. In addition, after 
preparation of virus stocks, filtration of stocks is recommended. For example, in case 
of preparation of a HIV stock, a 0.22 μm pre-filtration procedure can be implemented. 
Another possibility is to perform a pre-filtration step after spiking of the starting 
material; this is often performed prior to nanofiltration steps.
The policy of VSS is to prepare virus stocks in the absence of serum proteins. 
Subsequently, these virus stocks are passed over a 0.22 μm filter to guarantee 
bacterial sterility and to remove cellular fragments and possible virus aggregates. In 
addition, controls are performed to check for the aggregation state, e.g. by showing 
that passage of virus stock over an appropriately sized filter does not result in 
significant loss of virus. Table 1 shows the results of such pre-filtration and 
aggregation checks for several virus stock used by VSS.   

No significant titre reduction was observed after pre-filtration, thus showing the 
absence of significant amounts of virus aggregates in our virus stocks and the 
appropriateness of the virus spike for virus validation studies. 
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Table 1: Results of various pre-filtration steps (values shown are reduction factors) 
Reduction factor [log10]Virus Size [nm]

0.22 μm filter1 0.1 μm filter1 35 nm filter2

B193) 18-26 No data -0.02 (n=1) No data 
BVDV4) 37-50 0.09 (n=4) -0.15 (n=6) No data 
CPV4) 18-26 0.11 (n=4) 0.02 (n=26) 0.29 (0.08) 
EMC 22-30 0.35 (n=1) -0.20 (n=3) No data 
HAV 22-30 -0.04 (n=1) 0.10 (n=3) 0.41(-0.17) 
HIV 80-100 0.54 (n=4) No data No data 
PPV 18-26 -0.05 (n=2) 0.24 (n=1) 0.61 (0.47) 
PRV 120-200 0.60 (n=4) No data No data 

1. Virus was spiked into the starting material; the reduction factor represents the difference in the virus titre before and after 
filtration. The values are the mean of several experiments (number given in brackets).  

2. Virus in medium was filtered over the 0.22 μm filter (titre reduction provided in brackets) and thereafter filtered over the
Planova 35N filter.

3. Parvovirus B19 in human plasma was used for spiking of the process material.  
4. Virus was concentrated by ultrafiltration.  

In addition, we have performed 0.1 μm pre-filtration of spiked starting material before 
nanofiltration steps as illustrated in chapters 2 and 3. No virus loss was observed 
after 0.1 μm pre-filtration except for PRV as can be expected based on the size of 
this virus. 

Calculation of virus reduction 
When performing virus validation assays, a crucial step is the determination of the 
infectious virus titre in a sample. To this end virus titration assays are performed, but, 
as in all biological assay systems, assay variations may occur. In the early days of 
virus validation assays, dilution steps of 1/10 and testing quadruplicates was very 
common. However, this format resulted in relatively wide confidence limits and one 
requirement from the Note for Guidance [2] was that 95% confidence limits were 
maximally 0.5 log10 or less, both for intra-assay variation and for inter-assay variation. 
To comply with this requirement, VSS changed the testing format from dilution steps 
of 1/10 to steps of 1/3 and each dilution was tested in 8 replicates instead of 4 
replicates. Eventually, this resulted in 95% confidence limits for the assay variation of 
approximately 0.2-0.3 log10, which is clearly within the acceptable range of 0.5 log10.
However, when presenting reduction factors of process steps, e.g. 4.0±0.3 log10, this 
in fact means that with a certainty of 95% the range of the observed reduction factor 
is 3.7-4.3 log10. Transformation of this data shows a variation by a factor four, or in 
other words, the remaining amount of infectious virus can be twice as high or twice 
as low. This means that careful evaluation of results is crucial and that one should 
realise there is uncertainty in the observed results. To increase the accuracy, it is 
recommended to perform experiments at least in duplicate. 

Summing of reduction factors and mechanism of action 
In the early days of virus validation studies it was quite common to test all steps that 
might contribute to viral reduction and subsequently all these separate results were 
summed (provided that the values were >1 log10), resulting in extremely high values 
of more than 20 log10 occasionally. These high values suggested a very high level of 
safety, but in fact were misleading. For example, in the Cohn fractionation process a 
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sequence of steps with subtle differences in ethanol percentage, pH and temperature 
results in precipitation of various protein fractions. The results of all separate steps 
(leading to inactivation and/or removal of virus) were determined and subsequently 
added up. However, one can argue after a certain process step, virus “surviving” this 
step may also survive the subsequent steps and thus an overestimation of the virus 
reducing capacity of the total process sequence is the result. Therefore, in the Note 
for Guidance [2] it is indicated that only reduction factors from steps with a different 
mode of action can be summed up and in the Cohn fractionation process only one 
step can be claimed. Another example is pasteurisation. When a manufacturing 
process contains such a heating step twice, the observed virus reduction only once 
can be claimed based on the expectation that virus surviving the first pasteurisation 
step, also can survive the second. To comply with this requirement, one is obliged to 
elucidate the mode of action for every process step. This can be accomplished by 
testing relevant control samples, studying the kinetics of the process step, assessing 
the mass balance, etc. 

Testing the robustness of a process step: VSS’s approach of 
“factorial design” 
The Note for Guidance [2] states in paragraph 5.5 that the effect of the process 
parameters on the virus inactivating or reducing capacity of the step should be 
explored and the results should be used in setting appropriate in-process limits. 
Critical parameters include:  
1. Mechanical parameters such as flow rates, mixing rates, column dimensions, 

column reuse, etc. 
2. Physicochemical parameters such as protein content, pH, temperature, moisture 

content, etc. 
When a process step is insensitive to variations in process parameters within set 
limits, such a process step is called robust. To test the robustness of a process step, 
the classical “change-one-factor-at-a-time” strategy is often applied. In such a design, 
only one process parameter is changed while keeping all other process parameters 
fixed to the standard operating condition. In a process step encompassing six 
parameters to be tested, this results in 26 conditions provided that only low and high 
limits are tested without additional centre points. Within VSS, a different approach for 
testing robustness was chosen by applying factorial designs [25], as applied in 
chapters 2, 3 and 6. The basis of this experimental design is to introduce variation in 
all process parameters simultaneously, but in a structured manner in order to obtain 
statistically reliable data. When testing at two levels only (low and high setting), in an 
experimental design a so-called full factorial design (Table 2, left) or a fractional 
factorial design (Table 2, right) can be chosen (see also the example in Table 3). 
Assuming three variables of interest, in case of a full factorial design eight runs (23)
should be performed. In such a 23 design there are seven degrees of freedom (23-1).
Three degrees of freedom are associated with the main effects of A, B and C and 
four degrees of freedom are associated with interactions AB, AC, BC, and ABC. 
Eventually, this amount of degrees of freedom thus allows not only discriminating 
between main effects, but also between interactions of the main effects. 
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Table 2: Example of 23 full (left) and fractional (right) factorial designs 

= main effects 

= interactions 
+ = high setting, – = low setting, A, B and C indicate three 
different variables 

Run A B C AB AC BC ABC

1 + + +
2 + + +
3 + + +
4 + + +
5 + + +
6 + + +
7 + + +
8 + + + + + + +

Run A B C AB AC BC ABC

1 + + +
2 + + +
3 + + +
4 + + + + + + +

 Table 3A: Example of 23 fractional factorial design for optimising BPV virus stock 
Reading day (results TCID50/ml) Penalty points at reading days 

Run
Cell amount 

(x106/ml)
MOI

Culture volume 
(ml) 5 7 9 12 14 5 7 9 12 14

1 1.0 0.001 30 4.46 5.89 6.61 6.01 5.48 1 1 0 0 1
2 3.0 0.001 10 4.04 5.65 6.73 6.49 5.65 1 1 0 0 0
3 1.0 0.1 10 5.42 6.25 5.71 5.71 5.12 0 1 1 0 1
4 3.0 0.1 30 6.01 5.54 4.94 4.52 3.69 0 1 1 1 1
5* 2.0 0.01 20 5.24 6.31 6.01 5.71 5.54 centre points 

MOI = multiplicity of infection, * = centre point; a penalty point is given when the virus titre is lower than the virus titre of the 
centre point 

Table 3B: Scores calculated from Table 3A 
Parameter High setting Low setting 

Cell amount 6 (5) 6 (5) 
MOI 7 (7) 5 (3) 
Culture volume 7 (6) 5 (4) 

In brackets the values are shown in case day 5 would have been omitted based on the fact that the virus production on day 5 
was almost negligible for MOI 0.001. 

If for practical reasons (e.g. starting materials are very expensive or expensive 
nanofiltration filters are necessary) a fractional factorial design is chosen, only four 
runs need to be performed. In such a case, discrimination between main effects is 
possible, however, since A=BC, B=AC, and C=AB, in fact one is estimating the 
effects of A+BC, B+AC, and C+AB. 

A fractional factorial design can be beneficial for screening purposes, i.e. when one 
expects a large contribution of the main effects and less or no effects of interactions. 
For example, when optimising the virus replication for preparation of high-titre virus 
stocks, an approach with factorial designs was used (Table 3). 

It was concluded from Table 3B that the low setting of MOI was optimal and that the 
cell amount and culture volumes were not influencing the virus production within the 
chosen settings. 

The approach of factorial designs has been used in chapters 2, 3 and 6. The benefits 
of this approach are reduction of the number of experiments to be performed and the 
possibility to study interactions. However, interpretation of these designs has been 
challenging, since a very simple method (“penalty point system”) to interpret the 
results, was inadequate. In this interpretation method, the conditions that are scoring 
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worse compared to the centre point condition (as judged from the calculated 
reduction factors) are awarded one penalty point whereas the conditions that score 
equal or better than the centre point are awarded no penalty points. The penalty 
points are added up and related to the chosen process parameters tested. 
Subsequently, the parameters having the most impact are identified. However, as 
“power of information” is lost by scoring only “0” or “1” and as the centre point is not 
precise, this method was interpreted as inadequate. A more suitable approach is the 
use of a linear regression method, but this is problematic due to the phenomenon of 
frequently occurring “censored” data (results are presented as > “value”log10). In such 
cases it is not possible to differentiate between several seemingly identical results of 
e.g. >4.5 log10 and 5.5 log10. The problem of “censored data” may be solved by 
using an alternative calculation method. Instead of the Spearman-Kärber method [26] 
that is mostly used for calculation of virus titres in infectivity assays and which can 
lead to “censored” data, for interpretation of robustness studies the “most probable 
number” (MPN) method [27] can be used. This method allows for calculation of exact 
values and is able to include data obtained from different assay formats, e.g. 
microtitre plates and bulk culture flasks. An example of a factorial design interpreted 
by the “penalty point” method and the MPN method is shown in Tables 4A and 4B, 
respectively.

Scores based on penalty points indicate that the temperature is the most contributing 
factor, whereas the parameters pH and saccharose do not show a clear effect. 
Calculation of P values (by linear regression, Anova) of the reduction factors, based 
on virus titres calculated with the MPN procedure, results in borderline significance 
for temperature, the most contributing variable, whereas saccharose and pH are not 
contributing significantly, although saccharose seems more important than pH. 

Table 4A: Example of 23 fractional factorial design for a robustness study with PRV 
(the reduction factors (RF) are shown in log10)

Run
Temperature 

(˚C)
pH
(-)

Saccharose
(%)

30 minutes 
(RF) 

Penalty point 
120 minutes 

(RF) 
Penalty point 

1 58.5 6.6 62.0 2.7 (2.78) 1 3.4 (3.45) 1
2 58.5 7.4 58.0 3.0 (2.98) 1 4.0 (3.99) 0
3 62.5 6.6 58.0 3.6 (3.56) 0 5.1 (5.99) 0
4 62.5 7.4 62.0 3.3 (3.36) 0 4.9 (5.02) 0
5* 60.5 7.0 60.0 3.1 (3.03) 4.0 (4.02) 
6* 60.5 7.0 60.0 3.2 (3.18) 

centre point 
4.0 (4.01) 

centre point 

* centre point; average value after 30 minutes is 3.15 and after 120 minutes 4.0; a penalty point is awarded if the RF value is
lower than the centre point; in brackets the RF value calculated with the MPN method is shown 

Table 4B: Scores calculated from Table 4A 
Penalty points MPN

Parameter
High Low 30 min. 120 min. 

Temperature 0 3 P=0.024 P=0.067
pH 1 2 P=1.000 P=0.703
Saccharose 2 1 P=0.161 P=0.262
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Presently, VSS is further optimising the concept of experimental design. More 
specifically, this activity is focussing on the question: if a process step with a fixed 
number of parameters has to be studied, which design is then optimal and how many 
replicates should be tested? In addition to that, we are continuing investigation of the 
application of the MPN method. 

Safety of plasma and cellular blood products 
The safety of plasma products is extremely high due to the combination of donor 
exclusion, screening procedures and virus reduction techniques. The safety of 
plasma for transfusion is currently based on the combination of donor exclusion, 
screening for the presence of pathogens and a procedure of quarantining for at least 
6 months. When a subsequent donation of the same donor after at least 6 months is 
again negative for the tested pathogens, the earlier plasma donation can be 
administered to a recipient. By applying such a quarantine period, the risk that a 
pathogen, present in the plasma but not yet detectable (window phase), is 
transmitted to a recipient is negligible since the pathogen would have been detected 
in the subsequent donation. Due to practical issues (such as storage for 6 months 
under certified conditions, the costs of freezing, and the unavoidable losses 
associated with a donor not returning in time), the quarantine storage is not ideal. 
Another disadvantage of a quarantine period is the fact, that it is only effective for the 
pathogens tested. Unknown pathogens, when present, will still be transmitted after 
the quarantine period. During the freezing and thawing procedure, cells are 
destroyed, but most pathogens remain infectious. An alternative for the quarantine 
procedure might be the introduction of pathogen reduction techniques for plasma, 
preserving quality parameters but leading to high inactivation factors for a broad 
variety of pathogens. 

Presently, three promising techniques are under evaluation. 
1. Combination of psoralen compound S-59 (amotosalen hydrochloride) with UVA 

light. In this photochemical process S-59 intercalates into and binds to nucleic 
acid strands. Upon illumination with UVA light (320-400 nm), the binding becomes 
irreversible and the strands are cross-linked [28]. This procedure is effective in 
inactivating several pathogens, LE-viruses as well as NLE-viruses (both extra- 
and intracellular), but also bacteria and parasites. 

2. Combination of a naturally occurring vitamin supplement, riboflavin, with UV light. 
Riboflavin intercalates between the bases of DNA or RNA, and upon illumination 
with broadband UV light (265-370 nm), riboflavin oxidizes guanine in nucleic acids 
[29]. The method leads to considerable inactivation rates of intracellular and 
extracellular viruses. Efficient inactivation of LE-viruses is observed and the 
procedure is also (partially) effective for B19 and HAV [30, 31]. In addition, also 
various Gram-positive and Gram-negative bacteria are inactivated. 

3. Combination of photodynamic treatment with methylene blue and red light [32]. 
Methylene blue intercalates between the bases of DNA or RNA and upon 
illumination with red light (590 nm) methylene blue goes to a higher energy state 
(triplet state) and subsequently singlet oxygen is produced leading to damage to 
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DNA and RNA [33]. A disadvantage of methylene blue treatment is the fact that 
only extracellular viruses are inactivated; intracellular viruses are not inactivated 
due to the poor penetration of methylene blue in the cells. Moreover, LE viruses 
are inactivated more efficiently than NLE viruses (HAV and PPV), although B19 is 
sensitive [31]. 

The safety of cellular products still relies solely on donor exclusion and screening 
procedures. Despite this fact, serological testing and NAT assays in particular have 
resulted in a negligible residual risk. Further improvement of pathogen safety may be 
obtained by the implementation of pathogen reduction techniques. The investigations 
mainly focus on platelet concentrates (PC), as these products are stored at ambient 
temperature allowing bacteria to grow. As discussed, pathogen reduction techniques 
like the S-59 and riboflavin methods are also studied for application in PC. In 
addition, Sanquin has been investigating the benefits of a UVC technique. It was 
found that a broad range of bacteria and viruses was inactivated, whereas the PC 
quality was not compromised (chapter 6). 
For red blood cells (RBC), besides donor exclusion and screening procedures, 
pathogen reduction techniques are also under investigation, but currently in a less 
advanced state than for plasma and PC. Studies with the cationic porphyrin, mono-
phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4)] have been performed and 
shown to be effective against a wide range of pathogens, except CPV and cell-
associated HIV. Also, RBC quality is compromised (chapter 7). 

Conclusion
The risk of transmission of pathogens via plasma products is extremely low. The risk 
of transmission of pathogens via plasma for transfusion is also very low, although 
practical disadvantages of the quarantine procedure welcome implementation of a 
pathogen reducing technique. The highest risks, although still very small, can be 
expected for cellular products, e.g. whole blood, PC and RBC. However, thanks to 
the screening methods, the risk for HIV and HCV transmission is estimated to be less 
than 1 in 1,000.000 and the “highest” risk, represented by HBV, is estimated to be 
still less than 1 in 200,000 donations. 

Transmission of prions has only been reported via cellular products in the United 
Kingdom [34-37], but to date no reports have been published indicating that prions 
can also be transmitted via plasma products. This is in line with investigational prion 
studies indicating that prions can be removed in several steps of manufacturing 
processes (summarized in chapter 10). Only two cases of vCJD have been reported 
in the Netherlands (as opposed to 158 in the UK), and these two patients were not 
associated with the blood supply. As a result, the risk of transmission in the 
Netherlands is currently estimated to be extremely low. 
In conclusion, although the viral safety of blood and blood products has improved 
tremendously over the past decades, continued vigilance and innovations are 
warranted to ensure blood safety in the face of both existing and newly emerging 
infectious threats.
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Summary 

This thesis describes the current status of viral safety of blood and plasma products, 
focussing in particular on the situation in the Netherlands. In addition, the role of 
Virus Safety Services in performing virus validation studies is highlighted. 

In Chapters 2 and 3 the viral safety of two plasma-derived products, manufactured by 
Sanquin Plasma Products, is discussed. These products are Nanogam, a liquid 
immunoglobulin product, and C1-inhibitor NF, a protease inhibitor. In Nanogam viral 
safety is achieved by three process steps, precipitation of fraction III, a combined pH 
4.4/15 NF treatment and SD treatment. In addition, neutralising antibodies, directed 
against B19 and HAV contribute to viral safety. It was shown that the combined 
action of these steps, with mechanistically different characteristics, leads to a virus 
reducing capacity of more than 10 log10 overall (which equals to a factor of more than 
10,000,000,000). Moreover, robustness studies showed that this large reducing 
capacity is valid within a specified range of the manufacturing process conditions. 
For C1-inhibitor, the relevant steps tested were PEG precipitation, pasteurisation, 
and 15 nm filtration. Again it was found that the reducing capacity was equal or more 
than 10 log10 and the robustness studies confirmed the validity of these findings. 
Based on data from literature, the prion removing capacity was estimated to be at 
least 9 log10.

Besides the viral safety of plasma products, virus inactivation in human breast milk 
(Chapter 4) and antivenoms (Chapter 5) was studied. The standard procedure in 
North American milk banks is Holder pasteurisation (63°C for 30 minutes), but for 
operational reasons, an alternative process (72°C for 16 seconds) was investigated. 
Complete inactivation was shown for LE-viruses and bacteria. However, limited or no 
reduction was observed for NLE-viruses. 

For the antivenoms, starting from horse plasma, a pH 3.3 step and a caprylic acid 
step were studied. Low pH resulted in medium to high inactivation of LE-viruses and 
limited inactivation of NLE-virus. Caprylic acid resulted in very high inactivation of LE-
virus, but –even after an extended incubation period– no significant inactivation of 
LE-virus was obtained. Thus, these antivenoms have a high margin of safety for the 
LE-viruses, but only limited reducing capacity for NLE-viruses. 

In addition to testing the virus reducing capacity of process steps applied to non-
cellular matrices, also studies were performed to test the capacity of virus reducing 
steps in cellular components. In Chapter 6, results of UVC treatment of platelet 
concentrates are presented. It was concluded that a dose of 500 J/m2 resulted in 
considerable pathogen reduction for most viruses and bacteria tested. Low reduction 
was observed for two viruses, HIV and SV40. Based on the observed pathogen 
reducing capacity, and the fact that platelet quality was only minimally compromised, 
it was concluded that this technique is promising for further application. 

173



Chapter 12 

In Chapter 7 the results of photo-inactivation of viruses in a red cell concentrate are 
shown. The photodynamic treatment was performed with the cationic porphyrin 
(mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrin chloride [Tri-P(4) (Sylsense)]. For a 
number of LE-viruses and bacteria tested, high reduction was achieved. In contrast, 
for cell-associated HIV only limited reduction was observed and the NLE-virus CPV 
was found to be completely resistant to the treatment. A major setback of this 
treatment was the fact that the quality of the red blood cells was compromised. For 
this reason it was decided to discontinue the studies with Sylsense. 

In addition to the validation studies on plasma and cellular products, VSS is also 
involved in testing the inactivating capacity of chemical compounds. As a result of 
such a study, in Chapter 8 the results of the virus reduction capacity of an alcohol 
mixture are shown. A tested alcohol mixture proved to be very effective for 
inactivation of LE-viruses. For the NLE-viruses tested, no inactivation was observed 
after a short incubation period and after 5 minutes of incubation only limited effects 
were observed for HAV. However, CPV appeared to be completely resistant to 
incubation with ethanol. 

Besides the results described for incubation of viruses in an alcohol mixture, in 
Chapter 9 the results of inactivation of virus after drying on a surface were described. 
It was shown that surface-dried viruses can remain infectious for at least 1 week in 
case of LE-viruses and more than 1 month in case of NLE-viruses. A clear difference 
in disinfection efficacy was found, when viruses had been dried in culture medium 
versus drying in plasma. In the latter case, inactivation by several disinfectants was 
decreased. Re-hydration prior to the disinfection procedure increased the sensitivity 
of the viruses towards the disinfectants tested. The overall message of these studies 
is that spilled virus should be cleaned and disinfected immediately. If not, re-
hydration prior to disinfection is necessary to guarantee an optimal inactivation. 

In Chapter 10 a review of investigational prion studies, based on literature and data 
presented in scientific meetings, is presented. As judged from this data it is 
anticipated that the risk of transmission of prions via plasma products is extremely 
small.

Finally, in Chapter 11 the results described in the previous chapters are put in 
perspective and discussed. In particular the application of factorial designs in 
robustness studies was explained and the need for proper evaluation methods was 
highlighted. 
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Samenvatting

Dit proefschrift beschrijft de huidige stand van zaken met betrekking tot de 
virusveiligheid van bloed en plasmaproducten in Nederland, met speciaal aandacht 
voor de situatie in Nederland. Voorts wordt de rol van “Virus Safety Services” in de 
uitvoering van “virusvalidatiestudies” belicht. 

In hoofdstukken 2 en 3 wordt de virusveiligheid van twee plasmaproducten, 
geproduceerd door Sanquin Plasmaproducten, besproken. Dit betreft het product 
Nanogam, een vloeibaar immunoglobulineproduct, en C1-esteraseremmer NF. In 
Nanogam wordt de virale veiligheid voornamelijk bewerkstelligd door de volgende 
drie processtappen: precipitatie van fractie III, een combinatie van een pH 4.4-stap 
en een 15 nm-filtratie en ten slotte een SD-behandeling. Daarnaast wordt het 
bijdragende effect van neutraliserende antistoffen gericht tegen B19 en HAV 
bediscussieerd. Voor Nanogam is aangetoond dat de gecombineerde werking van de 
stappen met verschillende mechanismen tot een virusreducerende capaciteit van in 
totaal meer dan 10 log10 leidt (gelijk aan een factor van meer dan 10.000.000.000). 
Verder is in robuustheidstudies aangetoond dat de hoge virusreducerende capaciteit 
geldt binnen de gestelde specificaties van het productieproces. 
Voor C1-esteraseremmer zijn de relevante stappen die getest zijn PEG-precipitatie, 
pasteurisatie en 15 nm-filtratie. Opnieuw werd gevonden dat de virusreducerende 
capaciteit gelijk of meer dan 10 log10 was voor alle geteste virussen en dat de 
robuustheidsstudies de geldigheid van deze bevindingen konden bevestigen. Een 
schatting van het prion verwijderende vermogen van het productieproces, gebaseerd 
op gegevens uit de literatuur, gaf een verwijdering van minimaal 9 log10 aan. 

Naast de virusveiligheid van plasmaproducten, werd eveneens virusinactivatie in 
moedermelk (Hoofdstuk 4) en antigif (Hoofdstuk 5) bestudeerd. De 
standaardprocedure in Noord-Amerikaanse melkbanken is een zogenaamde Holder 
pasteurisatie (30 minuten op 63°C), maar vanwege praktische overwegingen werd 
een alternatief proces (16 seconden op 72°C) onderzocht. Uit de resultaten bleek dat 
complete inactivatie werd gevonden voor LE-virussen en bacteriën. Echter, bij de 
geteste NLE-virussen, werd een beperkte of geen reductie gevonden. 

Voor een antigifpreparaat werden, uitgaande van paardenplasma, een pH 3.3-stap 
en een caprylzuurstap onderzocht. De pH 3.3-stap bleek te resulteren in aanzienlijke 
inactivatie van twee LE-virussen en beperkte inactivatie van één LE-virus. De 
caprylzuurstap was buitengewoon effectief voor de geteste LE-virussen, maar in 
tegenstelling tot de sterke inactivatie van LE-virussen, was de inactivatie van het 
geteste NLE-virus beperkt. Zelfs na een langere incubatieperiode werd er geen 
significante inactivatie gevonden. Op grond van deze resultaten werd geconcludeerd 
dat voor de LE-virussen een hoge mate van veiligheid werd verkregen, maar voor de 
NLE-virussen was de veiligheidsmarge klein. 
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Naast het testen van de virusreducerende capaciteit van processtappen uitgevoerd 
op celvrije matrices, zijn er ook studies uitgevoerd om de capaciteit van 
virusreducerende stappen in cellulaire componenten te onderzoeken. In Hoofdstuk 6 
zijn de resultaten van virusvalidatiestudies van UVC-behandeling van 
bloedplaatjesconcentraten beschreven. De conclusie van deze studie was dat een 
dosis van 500 J/m2 resulteert in aanzienlijke inactivatie van een groot aantal virussen 
en bacteriën. Duidelijk minder inactivatie werd gevonden voor HIV en SV40. 
Gebaseerd op de gevonden pathogeeninactivatiecapaciteit en op het feit dat de 
kwaliteit van de bloedplaatjes nauwelijks werd aangetast, werd geconcludeerd dat 
deze techniek veelbelovend is en verder moet worden geoptimaliseerd en 
onderzocht. 

In Hoofdstuk 7 zijn de resultaten beschreven van fotoinactivatie van virussen in een 
erytrocytenconcentraat. De fotodynamische behandeling werd uitgevoerd met een 
kation porphyrine (mono-phenyl-tri-(N-methyl-4-pyridyl)-porphyrine chloride [Tri-P(4) 
(Sylsense))]. Er werden hoge inactivatiegetallen gevonden voor een aantal LE-
virussen en bacteriën. In tegenstelling daarmee werd er voor celgebonden HIV 
slechts beperkte inactivatie gevonden en CPV bleek zelfs volledig ongevoelig te zijn 
voor de behandeling. Een belangrijke tegenvaller van deze behandeling was dat de 
kwaliteit van de erytrocyten aanzienlijk verslechterde. Daarom is uiteindelijk besloten 
geen verdere studies uit te voeren met Sylsense. 

Naast virusvalidatiestudies van plasmaproducten en cellulaire producten, is VSS ook 
betrokken bij het testen van de virusreducerende capaciteit van verschillende 
chemische componenten. Een resultaat van een dergelijke studie wordt 
gepresenteerd in Hoofdstuk 8, waar de resultaten van het inactiverend vermogen van 
een alcoholmengsel zijn beschreven. Een alcoholmengsel bleek uitermate effectief in 
het inactiveren van LE-virussen. Voor NLE-virussen werd na korte incubatie geen 
inactivatie gevonden en ook na langere incubatie werden beperkte effecten 
gevonden voor HAV. Echter, het bleek dat CPV volstrekt ongevoelig was voor de 
incubatie in een alcoholmengsel. 

Voortbordurend op de resultaten gevonden in een alcoholmengsel, zijn in Hoofdstuk 
9 de resultaten van virusvalidatiestudies beschreven nadat virussen gedroogd waren 
aan een oppervlak. In eerste instantie werd aangetoond dat virussen gedroogd aan 
oppervlakken langere tijd infectieus kunnen blijven; voor LE-virussen was dit 
minimaal 1 week en voor NLE-virussen zelfs meer dan 1 maand. Het bleek dat er 
een duidelijk verschil zichtbaar was in de efficiëntie van desinfecteren wanneer het 
virus gedroogd was in de afwezigheid van plasma-eiwitten versus de situatie waarbij 
juist plasma-eiwitten aanwezig waren. In het laatste geval bleek dat het 
desinfecterende vermogen van de drie gekozen agentia duidelijk verminderd was. 
Het opnieuw in oplossing brengen van de gedroogde virussen leidde ertoe dat de 
virussen weer gevoeliger werden voor de desinfecterende procedure. De les die uit 
bovenstaande kan worden getrokken is dat, wanneer er virus gemorst is, het 
verontreinigde oppervlak onmiddellijk moet worden schoongemaakt en 
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gedesinfecteerd. Als het virus inmiddels is gedroogd, verdient het de voorkeur om 
het oppervlak eerst te bevochtigen en vervolgens pas te desinfecteren. 

In Hoofdstuk 10 wordt een overzicht gepresenteerd van verkennende prionstudies 
gebaseerd op gepubliceerde of op congressen gepresenteerde gegevens. Op basis 
van deze gegevens wordt verondersteld dat het risico van transmissie van prionen 
via plasmaproducten extreem laag is. 

Uiteindelijk worden in Hoofdstuk 11 de resultaten, zoals in de voorgaande 
hoofdstukken beschreven, samengevat en in het licht van de huidige kennis 
besproken. Bijzondere aandacht wordt geschonken aan het opzetten van studies 
volgens het concept van “factorial designs”, die vooral toegepast worden in 
zogenaamde robuustheidsstudies. De achtergrond van dit concept wordt belicht en 
er wordt dieper ingegaan op het interpreteren van de data die op deze wijze zijn 
verkregen.
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Abbreviations

A72  Canine fibroma-derived cell line 
AIDS  Acquired immunodeficiency syndrome 
B19  Human parvovirus B19 
BHK-21 Syrian (baby) hamster kidney cell line 
BPV  Bovine parvovirus 
BSC-1  African green monkey kidney cell line 
BVDV  Bovine viral diarrhoea virus 
CF  Clearance Factor 
CL  Confidence Limit 
CPE  Cytopathic effect 
CPV  Canine parvovirus 
DNA  Deoxyribonucleic acid 
EBTr  Embryonic bovine trachea cells 
ELISA  Enzyme-Linked ImmunoSorbent Assay 
EMC  Encephalomyocarditis virus 
EMEA  European Agency for the Evaluation of Medicinal Products 
GLP  Good laboratory practice 
H9  Human T-cell line 
HAV  Hepatitis A virus 
HBV  Hepatitis B virus 
HCV  Hepatitis C virus 
HIV  Human immunodeficiency virus 
HTLV  Human T-cell leukaemia virus 
Kb  Kilobase 
LE-virus Lipid-enveloped virus 
MDBK  (Madin and Darby) bovine kidney cells 
MOI  Multiplicity of infection 
MT2  Human T-cell line 
NAT  Nucleic acid amplification test 
NF  Nanofiltration 
NLE-virus Non-lipid-enveloped virus 
PCR  Polymerase chain reaction 
PD5  Swine kidney cell line 
PEI  Paul Ehrlich Institute 
PPV  Porcine parvovirus 
Prion  Proteinaceous infectious particle 
PRV  Pseudorabies virus 
PSR  Pseudorabies virus 
RF  Reduction Factor 
RNA  Ribonucleic acid 
SD  Solvent/detergent 
ST  Swine testicular cell line 
SV40  Simian virus 40 
TCID50 Tissue Culture Infectious Dose, the TCID50 is defined as the  
  reciprocal dilution that is able to infect 50% of the inoculated cultures 
TGEV  Transmissible gastroenteritis virus 
UVC  Ultraviolet C light (wavelength 200-280 nm) 
VERO  African green monkey kidney cell line 
VSS  Virus Safety Services 
VSV  Vesicular stomatitis virus 
WNV  West Nile virus 
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Dankwoord

Dat dit boekje is verschenen is buitengewoon vreemd voor iemand die al meer dan 
25 jaar werkzaam is bij Sanquin (CLB) en zich had voorgenomen “Ik ga nooit

promoveren”. Hiermee eens te meer bevestigend, “zeg nooit nooit”. 

Met een dermate lange ervaring en contacten met heel veel mensen binnen het 
bedrijf, mag het duidelijk zijn dat het ondoenlijk is om voor alle verschillende 
bijdragen te bedanken zonder daarbij mensen over het hoofd te zien. 
Dus om maar heel ongebruikelijk te beginnen, iedereen die ik in het dankwoord vanaf 
hier ga vergeten, bij voorbaat excuses en eveneens dank voor de geleverde bijdrage 
in welke vorm dan ook. En zoals al zo vaak vermeld, promoveren doe je niet alleen, 
daar zijn vaak bijdragen van heel veel andere mensen voor nodig. 

Mijn “echte” wereld op het CLB begint bij Wim Zeijlemaker en via Cees Melief ben ik 
uiteindelijk bij Frank Miedema als afdelingshoofd terecht gekomen. Nadat ik 
bijgedragen had aan verschillende promotieonderzoeken, opperde Frank dat er maar 
eens een artikel moest worden geschreven en vervolgens wellicht over een promotie 
moest worden nagedacht. In mijn geval had de eerste publicatie als eerste auteur 
ook een bijzonder heilzame werking: ik wist meteen wat ik in ieder geval niet wilde. 
Organisatorisch bezig zijn had duidelijk de voorkeur en praktisch uitvoering geven 
aan virusvalidatiestudies kwam in die zin als geroepen. 

Frank is wel de eerste in dit dankwoord die ik wil bedanken voor een jarenlange 
samenwerking. Eerst samen als analist en promovendus, daarna als 
labhoofdassistent en afdelingshoofd en later uiteindelijk als labhoofd en directeur 
Research. Frank, jij hebt ooit in Finland (op bezoek bij FRC) zitten filosoferen over 
hoe mijn toekomst er uit zou moeten zien. Op dat moment leek het mij dat je 
behoorlijk “de weg kwijt was” en ik was de mening toegedaan dat “eenzame 
opsluiting” of op zijn minst een dwangbuis heilzaam zou zijn. Nu terugkijkend moet ik 
toegeven dat jouw visie toch de juiste was. Daarom hartelijk dank voor de kansen die 
je mij hebt gegeven en waarvan ik toen nog niet eens altijd besefte dat ze inderdaad 
aan mij besteed waren. 

Frank ging en Hanneke kwam, maar alles bleef min of meer zoals het was. Echter, 
toen kwam Hanneke begin 2006 met de mededeling dat de afdeling KVI over zou 
kunnen gaan naar het AMC en dat ik nog eens goed moest nadenken over hoe nu 
verder. Want, als ik ooit nog zou willen promoveren, zo was de boodschap, dan was 
het nu of nooit. Kortom, na een stevige confrontatie met mijzelf en enige 
bedenkingen, heb ik de knoop doorgehakt. Dan maar nu!
En dat nu is ook behoorlijk letterlijk geworden: na het accepteren van het eerste 
artikel van dit proefschrift in september 2005, is de promotie nu voor juni 2007 
gepland.
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Kortom Hanneke, wat Frank dus niet is gelukt, is jou wel gelukt. Het feit dat ik hier 
uiteindelijk toch ben gekomen, is volledig aan jou te wijten/danken. Niet in de zin dat 
ik er niets aan gedaan heb (zoiets als “wie wil blijven moet schrijven”), maar omdat jij 
uiteindelijk de kogel door de kerk hebt gejaagd. Dus van die discussie ben ik dan nu 
eindelijk af, niemand hoeft meer te vragen of ik nog ga promoveren. Dank voor de 
“kogel” (zullen weinig mensen voor bedanken), voor jouw begeleiding en hulp maar 
bovenal voor het vertrouwen dat ik al die jaren van jou heb gekregen en voor onze 
wat mij betreft uitstekende samenwerking. Ik zou deze alinea nog verder kunnen 
uitbreiden, maar dan worden de drukkosten alleen maar hoger. Ten slotte, je weet 
dat ik het vreselijk jammer vind dat jij en de afdeling richting AMC gaan, maar jij en ik 
weten ook dat dit de enige juiste beslissing is. En als je weer eens binnen komt 
lopen, zal ik er voor zorgen dat er pepermuntjes staan. 

De beide copromotoren, Angélique en Jan, jullie zijn behoorlijk bestookt met vele 
versies van verschillende stukken, maar jullie wisten allebei over het algemeen snel 
tot zeer snel te antwoorden. Angélique, jij kreeg daarbij de meest ruwe versies op het 
bureau die nog het hardst moesten worden gepolijst of een opmerking in de trant 
van, “help, hoe moet ik nu verder”. Na een “eerste hulp bij ongelukken sessie”, kon ik 
dan weer een versie opschuiven. Jan kreeg vervolgens de iets meer gepolijste 
versies, maar wist daar nog uitbundig kritisch mee om te gaan en dat resulteerde 
wederom in een versie die behoorlijk “gekleurd” was. Ik weet dat er mensen zijn die 
de puntjes op de “i” willen zetten, maar dat zelfs de plaatsing van het “puntje” nog 
van belang kan zijn….. Mijn verstandigste beslissing is in ieder geval geweest dat ik 
jullie beiden heb kunnen “misbruiken” als copromotor, de een als onuitputtelijke 
“virus” kennisbron en de ander als de “allesweter” met betrekking tot 
productieprocessen. Heel veel dank. 

Agnes en Edwin, bedankt dat jullie paranimfen willen zijn en dat jullie hebben 
ingestemd voordat duidelijk werd wat die “job” precies inhoudt. Een nieuwe 
“oud”gediende en een oude “nieuw”gediende, een mooie dwarsdoorsnede van VSS 
door de tijd. 

Dan de collega’s van VSS, Agnes v.d. B. (nee, niet vanwege een criminele 
achtergrond), Anita, Edwin, Linda, Nicoline, Yvonne (overloper), dankzij jullie is het 
allemaal zo snel gegaan. Waar de gemiddelde promovendus geen of slechts één 
analist heeft om te “pipetteren”, had ik een ervaren team van 5 of 6 analisten tot mijn 
beschikking. Jullie konden sneller pipetteren dan dat ik de proeven kon verwerken en 
vervolgens nieuwe experimenten kon verzinnen. Dat dit boekje er zo snel is 
gekomen, is voor een groot deel aan jullie te danken. Maar ook dank aan alle 
voorgaande VSS-collega’s: Agnes H., Linda D. (=Heintje Davids), Jeanette, Irma, 
Kees (houdt kwaliteit nooit eens op?), Elisabeth, Lotte, Manja, Margreet, Liesbeth, 
Danielle, Herbert (zijn het er echt zoveel geweest en waarom zo veel vrouwen?).

Frank van Engelenburg, net toen het spannend werd heb jij de pijp aan Maarten 
gegeven. We hebben een stevig gevecht moeten voeren om de eerste publicatie 
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(Nanogam) te mogen schrijven, laat staan om het geaccepteerd te krijgen. Onze 
Finse collega’s zagen een publicatie in eerste instantie helemaal niet zitten en 
voordat ik een letter op papier had kunnen zetten, was het “stuk” al geweigerd. 
Dankzij jouw goede contacten met Jaakko mocht het uiteindelijk toch en daarna was 
het nog hevig “vechten” met één reviewer. Ook die (antistoffen) strijd hebben we 
gewonnen en het lijkt er op dat het eerste stuk uiteindelijk ook het meest lastige is 
geweest. Jammer dat je niet in het “bankje” zit, maar toch enorm bedankt voor een 
goede samenwerking van bijna 11 jaar. Ennehh, soms mag je best eens 
(professioneel) boos worden! 

Corrie en Johanna, jullie blijven altijd (graag) op de achtergrond, daarom nu eens in 
het zonnetje gezet. Dankzij jullie “stille” bijdrage aan de afdeling kunnen andere 
mensen hun werk juist goed doen. Tijdig bestellen van voorraden, bijvullen van 
voorraden, autoklaveren, oplossingen maken etc. Onmisbare activiteiten en daarvoor 
hartelijk dank! 

Wanda, Helen en Marion, jullie eveneens bedankt voor hulp op het secretariële vlak. 
Ik zou het ook wel gekund hebben, maar jullie zijn er veel handiger in (en dat moeten 
we ook vooral zo laten). 

Alle collega’s van de afdeling KVI, wat zal het na jullie vertrek stil worden en bedankt 
voor het feit dat het voor 1 oktober nooit stil is geweest! En Esther, bedankt dat jij net 
iets “voor mij uitliep” en een aantal promotiegerelateerde zaken al proefondervindelijk 
voor mij hebt vastgesteld.

Van alle VSS-klanten zijn de medewerkers van divisie P natuurlijk onze belangrijkste 
contacten. Waarschijnlijk zijn dit ook de mensen met de meeste 
“identiteitsproblemen”, in de goede oude tijd met afdelingshoofd Jan, was het nog 
gewoon PPO. Daarna moest PPO worden gesplitst in PO en POO (of zoooooo) en 
nog steeds is het proces niet afgerond. Ik heb nooit begrepen hoe het allemaal in 
elkaar steekt, wie doet welk product, wie doet welke stap of een validatiestudie etc.. 
Gelukkig kende ik wel heel veel medewerkers en juist die medewerkers wil ik 
bijzonder bedanken voor de altijd plezierige samenwerking. In het bijzonder zijn dat 
Anky als het belangrijkste aanspreekpunt en verder Miranda, Ingrid, Sylvia, Dick, 
Anita, Hennie, Judith, Geert-Jan en Tanja. Maar dat geldt eveneens voor een aantal 
voormalige medewerkers zoals Dominique, Carina, Edwin en natuurlijk Octaaf (jullie 
meten te nauwkeurig). 

Harry Hiemstra wil ik speciaal bedanken, vooral omdat Harry verantwoordelijk is 
geweest voor de introductie van het concept van “factorial design” binnen VSS en het 
daaraan gekoppelde “concept van de worst/kaas”. Daarnaast is Harry regelmatig 
betrokken geweest bij de praktische uitvoering van validatiestudies en dat heeft bij 
veel VSS-medewerkers een onuitwisbare indruk achtergelaten. Tijdens lange 
incubatiestappen wist hij de moed er in te houden door het zingen van 
Sinterklaasliedjes (onafhankelijk van de maand van het jaar) en ook het nemen van 
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een monster voor titratie wist Harry op originele wijze aan te kondigen (p u n t j e !!! 
vergezeld van gebonk op de muur). 

I also wish to express my gratitude towards Leni, Hannele, Jaakko and Esa with 
respect to all virus validation studies that have been performed and more specifically 
for contributing to the Nanogam publication. 

Een andere afdeling waar VSS veel mee samenwerkt is de afdeling Transfusie 
Technologie. Speciaal Arthur en Dirk (maar ook alle anderen van de afdeling) wil ik 
bedanken voor de goede samenwerking. Dat was al begonnen in de tijd dat Frank 
van E. nog bij VSS zat, maar ook daarna is dat voortgezet. Een voorlopig laatste 
“tastbare” bewijs daarvan is de mogelijke UVC-publicatie in Transfusion; dankzij o.a. 
jullie snelle actie is het in het proefschrift gekomen. 

Verder wil ik nog Cees Aaij en Robert Tiebout bedanken. Robert vooral uit de tijd als 
divisiemanager Research toen ik altijd terecht kon voor VSS- en daaraan 
gerelateerde problemen. Cees Aaij, (divisie)directeur van een divisie waar ik formeel 
niets mee te maken had, maar juist de kamer van Cees ben ik het vaakst 
binnengevallen om allerhande “CLB”-problemen te bespreken. Bij jou kon ik altijd 
terecht, Cees, ook om eens lekker “uit te stomen” en daar ben ik je bijzonder 
erkentelijk voor. Het zou mij trouwens niets verbazen als bij autopsie (ik zou daar 
trouwens maar wel even mee wachten) zou blijken dat jouw hart ietwat “CLB-vormig” 
is.

Mim (tja, dat is het Friese Mem, maar dan in het Bildts), naast de “gewone” zaken 
specifiek bedankt voor het feit dat ik uiteindelijk niet ben blijven hangen op de ULO, 
maar na 1 jaar ULO toch naar de tweede klas HBS ben gegaan (met een verloren 
zomervakantie op de koop toe). Uiteindelijk is dat niet voor niets geweest en het is 
jammer dat Heit nu geen getuige van dit alles kan zijn. 

Margreet, Chantal en Vivian, jullie hebben bijna twee jaar lang amper last van mij 
gehad, maar binnenkort kom ik toch weer wat meer beneden zitten. Misschien kan ik 
nu ook weer wat vaker mijn eigen brood smeren, hoewel sommige “tradities” in de 
praktijk uitstekend voldoen. En voor Chantal en Vivian, ik had nooit gedacht te 
kunnen promoveren, uiteindelijk is het toch gelukt. Dus, nooit opgeven en als je 

iets echt (of echt niet) wil, dan kan je het toch (echt wel) bereiken. 
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