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The safety of blood and its components continues to be a global problem.
More than two-thirds of the world does not have access to safe blood.!
Each year unsafe blood transfusions in developing countries result in
eight to 16 million hepatitis B virus (HBV) infections, 2.3-4.7 million
hepatitis C virus (HCV) infections and 80,000-160,000 HIV infections.2 A
growing number of viral, bacterial and protozoa pathogens have been
identified in blood products. New pathogens are regularly identified,35 as
demonstrated by the West Nile virus (WNV) in the US®’” and, more
recently, by the Chikungunya virus in the Indian Ocean area.8?

The combination of increased worldwide population immigration and
ease of travel has allowed pathogens to constantly ‘conquer’ new
territories.%3 A good example is WNV, which was not present prior to
1999 in the western hemisphere,'# and is now present in the US, Mexico,
Canada and Latin America.”121315 |t is estimated that approximately one
in 5,000 blood units were infected before the problem was even
detected.’® A rapid series of centralised interventions in North America
have been successful in significantly reducing and controlling the
transmission of WNV through blood transfusions.'” Of particular concern
is the silent emergence of a new agent with a prolonged latent period in
which asymptomatic infected carriers donate blood and spread infection.
Years may elapse from the discovery of an aetiological agent to the
implementation of approved detection assays. Depending on the
prevalence and infectivity of the agent in question, the delay can result in
thousands of transfusion transmissions of the pathological agent. This
was the case with HIV infection.

Bacterial contamination, particularly of platelet concentrates, and
protozoa transmitted by blood components still represent sizeable risks in
developed countries. Blood-borne bacterial pathogens are believed to
contaminate between one per 100,000 and one per 1,000,000 units in
the case of packed red blood cells (RBCs), and between one per 900 and
one per 100,000 units of platelet concentrates.’ Platelet concentrates
are stored at room temperature and are thus more susceptible to
bacterial growth.

Mortality and morbidity associated with blood transfusions that have
been contaminated by pathogens, especially in developing countries,
have been well established. As an example, malaria is a principal cause of
mortality in Africa and represents a major blood-borne disease. There is a
high prevalence of transfusion-associated malaria infections through
blood donation.™

HCV is also a major transfusion-transmitted infection (TTl) and occurs
especially in developing countries.2 The risk of transmitting pathogens
through blood transfusion in developing countries is very high, not only
because many blood-borne pathogens are endemic, but also due to
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insufficient governmental awareness, funding, facilities and centralised
educational and safety programmes.2! Infectious units will continue to
elude screening and testing, as testing errors and product release errors
are probably impossible to completely eliminate. Clear guidelines and
regulations, followed by their stringent implementation by the relevant
authorities, has significantly increased the safety of blood in many areas
of the world.22-25

Blood centres in industrialised countries rigorously screen blood donations
for known pathogens and have implemented nucleic acid testing, which
further reduces pathogen transmission during the infectious window
period (before serological conversion). The current risk of TTl is constantly
being reduced.?¢ Calculated residual risks of transfusion-transmitted viruses
in repeat US blood donors are approximately one in two million for HIV and
HCV, one in 144,000 to 500,000 for HBV and one in 641,000 for human
T-lymphotropic virus-1 and -2 (HTLV-I and HTLV-I1).27:28 The residual risk of
receiving a bacterially contaminated platelet component, with clinical
consequences, is estimated at approximately one in 75,000 if culture-
negative and one in 33,000 if not tested by culture methods.28 Risks are
estimated to be even lower in Europe.?® However, in many developing
countries, where the prevalence of viral and other pathogen infections
among blood donors is greater than in industrialised countries, the blood
supply is either incompletely or barely screened for pathogens.3°-33 The risk
of transfusion-transmitted pathogens is significantly higher.3* Many
pathogens that have the potential to invade the blood supply are not
screened because of low prevalence in the general population or the lack
of readily available tests for the agent.” The risk of nosocomial viral
transmissions in blood banks is also a significant hazard.3s

There are three main approaches used to identify and prevent the use of
contaminated blood collected for the purpose of transfusion: prevention,
detection and inactivation. The use of these three approaches is not
mutually exclusive. Prevention includes the epidemiological control of
donor populations, donor education, donor selection and safety
procedures (i.e. proper skin preparation prior to transfusion). It also may
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involve diverting the collected blood to a temporary storage container
where detection and/or inactivation procedures are conducted before the
blood or its components are stored in their final storage containers. The
safety of blood supplies has been significantly improved in some
countries by the selection of non-remunerated voluntary donors who are
at low risk of TTls.3®

Epidemiological control and other prevention techniques, while carefully
implemented in developed countries, may be problematic (if not absent)
in many developing countries. This may be due to a high number of
misinformed donors and poor staff training in donor management.?’

More than two-thirds of the world does

not have access to safe blood.

Even in cases where the donors belong to a low-risk blood donor group,
the rates of seroprevalence for pathogens may be high in pathogen-
endemic areas.3®

Detection relies on identifying the pathogens in blood as a way to avoid
the use of contaminated units. Technologies use nucleic acid
amplification testing (NAT), bacterial culture, bacterial fluorescent probes
and serological and biochemical tests to detect pathogen proliferation.
HBV, HCV, HIV, parvovirus B19, HTLV I/Il and Treponema palladium are
regularly being tested for in donated blood units in developed
countries.3942 Other pathogen screening conducted on an ‘as-needed’
basis are cytomegalovirus, malaria and Trypanosoma cruzi.'® The
introduction of NAT systems for the detection of viral genomes has
significantly reduced contamination frequency.*' An example of this
reduction is the residual risk of post-transfusion hepatitis reduction to as
low as one in 100,000.43

Detection procedures have their own difficulties. One of these is the
documented problem of determining the existence of contaminated
blood during the pre-seroconversion period of infection. Highly sensitive
detection tests, such as individual or mini-pool NAT, reduce but do not
eliminate this period of potential infectivity.444> The amount of time and
the high cost required for such testing make single-unit NAT testing on a
large scale infeasible.

Other detection methods that require seroconversion do not have the
sensitivity to determine the presence of HIV or HCV during the pre-
seroconversion stage of viral infections. In countries where the endemic
rates of many pathogens are high, the residual risk of TTI, in spite of
careful blood screening, is still high (e.g. Brazil).4

Bacterial contamination, which occurs in platelet concentrates, is
screened by using the most sensitive method available, which has a
sensitivity of less than 40% due to the low numbers of bacteria during
the initial contamination periods.#” More sensitive detection methods are
constantly being developed and improved.484 In 2005, the US-based Pall
Corporation developed the first technology allowing a transfusion-ready
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therapeutic dose of whole-blood-derived platelets. This system provides
leukocyte-reduced platelets that are bacteria-tested via a highly sensitive
culture technique that detects over 99% of bacterial infection.>®

A third approach is to inactivate and/or remove pathogens in
contaminated units of donated blood or blood products.327.5" Although
the acceptable ‘log reduction’ number for a given organism is not
standardised, experience suggests that fewer than four log reductions
may be insufficient and greater than six log reductions sufficient.27 A
target to reduce the infectious titres of pathogens by five logs in blood
and blood components has been set by the US Food and Drug
Administration (FDA).52 The challenge of pathogen inactivation in blood
is to reduce the level of pathogen infectivity without significantly
compromising the key essential cellular or protein components or
introducing some new toxicity, carcinogenicity or teratogenicity.?’

Solvent detergent (SD) treatment has been successfully applied with
pooled plasma during the last 20 years. The solvent detergent destroys
‘enveloped’ viruses including HIV-1, HIV-2, HCV, HBV and HTLV-III. It
does not destroy ‘non-enveloped’ viruses such as parvovirus and the
hepatitis A virus. The detergents need to be removed by either oil
extraction or chromatographic adsorption. In addition to being ineffective
against non-enveloped viruses, SD plasma has been implicated in patient
death and has caused at least 16 deaths due to SD plasma-induced blood
clots.>3 SD treatment also results in some loss of crucial plasma proteins:
a2-antiplasmin and protein-S. These concerns, along with economic
factors, resulted in the removal of SD plasma from the US market. SD
plasma is still used widely in Europe. Due to the above concerns, and the
need to effectively remove the detergents used from the plasma and
plasma components (a burdensome and expensive procedure), the
effectiveness and safety of SD treatment on a routine basis in developing
countries is questionable.

Other inactivation procedures, such as pasteurisation and dry-heat
application, are effective in inactivating ‘enveloped’ and ‘non-enveloped’
viruses (e.g. HAV and the B19 virus).>* These procedures are used for
isolated blood proteins, such as albumin or clotting factors. Since protein
denaturation occurs, stabilisers need to be introduced (and later
removed), making these procedures expensive and cumbersome, and
under some conditions they do not achieve complete viral inactivation.?’

Most other inactivation approaches use chemicals that target the nucleic
acids of pathogens.?’” The blood products that the chemicals are added to
are then subjected to ultraviolet (UV) radiation. It causes the compounds
to link to the pathogen’s nucleic acids, preventing their replication.
Methylene blue-light treatment of single-donor plasma units has a
similarly long track record to pooled SD-treated plasma. This method is
less documented and also has a greater affect on coagulation factors.?

Psoralen light-treated plasma has recently been introduced to Europe. The
method of riboflavin light treatment of plasma is still being developed.
Some reduction of coagulation factor activity occurs and the removal of
excess compounds and by-products is needed to avoid potential toxicity.
Psoralen and riboflavin light treatment for platelets have been approved
for use in Europe and for clinical trials in the US. Photochemical treatments
affect platelet activity.>> Pathogen reduction of RBCs with other
compounds, such as frale (S-303) or inactine (PEN110), has so far resulted
in the formation of auto-antibodies, and until the immunoreactivity and
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immunogenicity of these highly effective pathogen inactivation
compounds are both investigated further and resolved, their usage in
blood banking is uncertain. All of these methods require the introduction
of chemicals into the blood. Their toxicity or mutagenicity potential has
not been fully determined. In many cases the determination of the
dangers from the photodecomposition products of these chemicals has
not been evaluated. Additionally, the exposure of blood components to
UV or other radiation may also be harmful in ways not yet assessed.%¢ All
of these pathogen-neutralisation technologies are expensive and cannot
be easily and practically implemented in many developing countries.

The development of safe, inexpensive and easy-to-implement approaches to
inactivate or remove a broad spectrum of pathogens is highly desirable. One
such approach may be the use of devices that filter out and/or deactivate
the pathogens in whole blood or blood products during their passage
through the device. One such device uses micro-porous filters capable of
removing large particles, such as viruses, in plasma and plasma products.*-*8
This technology is based on filter pore size. Most viruses range in size from
approximately 20 to 200nm, and membranes used in these micro-porous
filters have a pore size of 15 to 40nm. Nano-filtration typically results in a
four- to six-log removal of most viruses, with a 90-95% recovery rate of
protein activity.?? Removal of small non-enveloped viruses by antibody-
enhanced nano-filtration during the manufacture of plasma derivatives is
being explored.*® Two significant problems with nano-filtration are the high
operating pressure (typically between 100 and 150 pounds per square inch
[psi]) and protein fouling, which can severely limit the membrane capacity
and may even contribute to incomplete virus retention.

Ultra-filtration (UF) membranes, with a pore size of 1 to 100nm, are
increasingly being used in the biopharmaceutical industry. These
commercial polymeric membranes are typically hydrophilic and can
remove 99.9% of virus particles from the feed stream.5060 Despite an
improved protein-fouling resistance, UF membrane technology requires
30-50psi of operating pressure, and the virus removal efficiency may be
insufficient for blood applications.

A durable platform technology was recently developed. It introduces
copper oxide into polymeric materials, empowering them with potent
broad-spectrum antibacterial, antifungal and antiviral properties.6'62 By
using this technology, copper-oxide-containing devices have been shown
to drastically reduce infectious titres of a panel of viruses spiked into
culture media, including enveloped, non-enveloped, RNA and DNA
viruses.6364 This suggests the possibility of using these devices to
deactivate a wide spectrum of infectious viruses found in filterable
suspensions. Copper neutralisation of infectious bronchitis virus,
poliovirus, HIV-1 and other enveloped or non-enveloped, single- or
double-stranded DNA or RNA viruses has previously been reported.®s
Copper can inactivate viruses by damaging their genetic materials,
envelope and/or key proteins.®® It has been demonstrated that the HIV-1
protease, essential for the replication of the virus, is inhibited by
stoichiometric concentrations of copper ions.56

The biochemistry of copper in humans has long been studied and
understood.®” Excess copper in humans, at the levels ‘leached’ out into
the blood or plasma as it passes through such devices (less than 2pg/dl),
is not toxic. This represents only a minor perturbation to the normal
serum levels of copper in blood, which ranges from 80 to 160ug/d|.e86°
As a relatively benign trace element, humans adapt to changes in copper
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intake, retaining more at low intakes and absorbing less and excreting
more at higher intakes.”® Sufferers of Wilson's disease and Menkes
syndrome, two well-known diseases involving defective copper
metabolism, have mean levels of blood-copper concentrations of about
525 and <70pg/dl, respectively. Normally, any excess copper absorbed by

Using human blood, especially
in developing countries where
blood-borne pathogens are endemic,

poses significant safety concerns.

the body is readily secreted.”! Due to its cost-effectiveness and speed of
use, filtration with copper-based devices can be used as a back-up to,
and in conjunction with, nano-filters and any detection methods blood-
supply managers may choose to employ.

Conclusions

Until alternative safe and effective solutions for the use of blood and
blood components for medical treatment are developed, the use of
allogeneic blood in numerous medical disorders and emergencies will
continue. Using human blood, especially in developing countries where
blood-borne pathogens are endemic, poses significant safety concerns.

Implementation of safety measures, such as donor selection, staff
training and the use of sterile equipment, is highly desirable. The
execution of careful screening of blood for the presence of pathogens
would significantly reduce the risk of TTls in developing countries, as is
the case in the developed countries. However, the incidence of infected
individuals is so high in many of these areas that little blood would be
available if all ‘marker-positive” donors were excluded.?’

New pathogens continue to emerge. A wide-spectrum technology, or a
combination of technologies, that can widely neutralise pathogens could
confer the desired protection and may eliminate the need for blood
screening, which is too expensive to perform regularly. The
implementation of the current modalities of pathogen inactivation,
which further reduce the residual risk of TTI, is not practical and
achievable in many of the developing countries. They significantly
increase the cost of blood units and also require sophisticated equipment
that needs infrastructure, constant maintenance and trained personnel.

In many developing areas of the world, where infections are rampant and
blood transfusions are highly risky, cheap, one-time-usage, disposable
and wide-spectrum pathogen removal/inactivation devices would be
realistic. One such device could be a small filter containing a nano-
membrane combined with a copper-oxide biocidal layer filter. These
devices may be attached to the blood transfusion containers, or to the
containers containing the blood fractions. The whole blood or blood
component would pass through it by simple gravitational force. The
safety of such devices has to be carefully studied and determined.

While some damage may occur to key components of the blood, and
some of these simple devices may be used with some blood components
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and not with others (e.g. with plasma and platelets, but not with RBCs),
the benefit of using such devices on a routine basis should be carefully
considered vis a vis the risk of blood or blood products pathogen
contamination. The feasibility of their usage may vary for different
locations. While the damage to the blood components may outweigh the
benefit of using it in blood centres where careful pathogen screening is

using

conducted and pathogens are not endemic, in many developing and poor
areas — where the prevalence of pathogens is high, blood screening is
lacking or not economically and practically feasible and the risk of
contaminated blood donations is extremely high — thinking outside the
screening  box and
neutralisation/removal devices, should be considered. B

inexpensive, easy-to-use pathogen
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