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Inactivation of a broad spectrum of viruses and parasites by
photochemical treatment of plasma and platelets using amotosalen

and ultraviolet A light
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Marcus Picard-Maureau,3 Jean-Marc Payrat,3 Johannes Irsch,3 Adonis Stassinopoulos ,1 and

Peter Bringmann2

BACKGROUND: The INTERCEPT Blood System
pathogen reduction technology (PRT), which uses
amotosalen and ultraviolet A light treatment (amotosalen/
UV-PRT), inactivates pathogens in plasma and platelet
components (PCs). This review summarizes data
describing the inactivation efficacy of amotosalen/UVA-
PRT for a broad spectrum of viruses and parasites.
METHODS: Twenty-five enveloped viruses, six
nonenveloped viruses (NEVs), and four parasites
species were evaluated for sensitivity to amotosalen/
UVA-PRT. Pathogens were spiked into plasma and PC
at high titers. Samples were collected before and after
PRT and assessed for infectivity with cell cultures or
animal models. Log reduction factors (LRFs) were
defined as the difference in infectious titers before and
after amotosalen/UV-PRT.
RESULTS: LRFs of ≥4.0 log were reported for
19 pathogens in plasma (range, ≥4.0 to ≥7.6),
28 pathogens in PC in platelet additive solution (PC-
PAS; ≥4.1-≥7.8), and 14 pathogens in PC in 100%
plasma (PC-100%; (≥4.3->8.4). Twenty-five enveloped
viruses and two NEVs were sensitive to amotosalen/UV-
PRT; LRF ranged from >2.9 to ≥7.6 in plasma, 2.4 or
greater to greater than 6.9 in PC-PAS and >3.5 to >6.5
in PC-100%. Infectious titers for four parasites were
reduced by >4.0 log in all PC and plasma (≥4.9 to >8.4).
CONCLUSION: Amotosalen/UVA-PRT demonstrated
effective infectious titer reduction for a broad spectrum of
viruses and parasites. This confirms the capacity of this
system to reduce the risk of viral and parasitic
transfusion-transmitted infections by plasma and PCs in
various geographies.

D
espite the diligent implementation of strategies
to minimize the risk of transfusion-transmitted
infections (TTIs),1 blood recipients, who are
often vulnerable due to massive bleeding or

immunosuppressive treatments, are still at risk for transfu-
sion infectious adverse events.2 The INTERCEPT Blood Sys-
tem is a pathogen reduction technology (PRT) that uses
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amotosalen and ultraviolet A (UVA) light to inactivate path-
ogens in plasma and platelet components (PCs). The
INTERCEPT Blood System is being increasingly used to
improve blood transfusion safety and to maintain blood
availability globally.3–6

Donor deferral is based on the presence of selected
clinical symptoms, history of infections, medical treatments,
country of origin, travel to endemic areas, and sexual risk
behaviors. However, identification of potentially infected
asymptomatic or presymptomatic donors is challenging and
donor eligibility heavily relies on donor compliance during
the interview process. Additionally, new risk behavior may
not be addressed by current questionnaires.7

Travel-based deferrals for risk of infection due to travel
history have doubled over the past decade, representing up
to 10% of all deferrals, and have adversely impacted blood
availability in nonendemic areas.8 Blood screening assays
have been developed for a limited number of pathogens2,9

but are not universally implemented for all geographies.10–15

Geographic differences in the risk of TTI remain influenced
by socioeconomic factors, as screening is either not avail-
able or not practical.6,14,16,17 Areas of high pathogen preva-
lence may experience a high rate of donor deferral and
subsequent lack of blood availability.2,14,18–25 In this situa-
tion, PRT may be beneficial in mitigating the risk of TTI and
in improving blood availability. PRT can also help to
address the limitations of testing strategies and donor
screening. Testing assays have a limit of detection (LOD).
Window periods when pathogen loads are below the LOD
of the screening assay range from days with nucleic acid
amplification testing (NAT) to weeks with serology-based
assay.26–33 Recent hepatitis B virus (HBV) TTI cases have
been associated with vaccine breakthrough and occult HBV
infections can go undetected despite HBV DNA individual
NAT screening.26 Blood donations from individuals who are
unfamiliar with the window period,34 do not disclose risk
behaviors or drug intake,35,36 are noncompliant donors, are
test seekers,36,37 and have pathogen loads below the LOD of
the screening assay put recipients at risk.38 While blood
donor selection and blood screening may fail to prevent
TTI, PRTs provide a complementary strategy to further
improve blood safety.

The ex vivo photochemical treatment of plasma and PC
in plasma (PC-100%) or PC in additive solution (PC-PAS) with
amotosalen/UVA inactivates a wide range of pathogens.
Amotosalen penetrates membranes and intercalates into heli-
cal regions of nucleic acids. Upon UVA illumination, irrevers-
ible covalent adducts are formed,39 which prevents replication,
transcription, and translation of contaminating pathogens and
leukocytes.40,41 The INTERCEPT Blood System, a Class III
medical device, obtained the CE mark for platelets in 2002
and for plasma in 2006. It has been in routine use for more
than 15 years, with blood centers in more than 30 countries
producing more than 6,900,000 treated products worldwide. It
is currently the only PRT for platelets approved by the US

Food and Drug Administration (FDA) and several European
regulatory agencies.42–46 Evaluated through numerous in vitro
studies and extensive clinical trials, as well as through post-
marketing surveillance,47–52 the system was shown to preserve
the hemostatic properties of plasma and PC while inactivating
high levels of a variety of pathogens.48–57 This review is a com-
pendium of previously published or unpublished data that
have been obtained to date and together demonstrate the per-
formance of the system to inactivate viruses and parasites
(Tables 1–3).

MATERIALS AND METHODS

Blood components

Blood components include whole blood-derived or apheresis
plasma and apheresis PC suspended in either 65% additive
solution (PAS-3) and 35% plasma (PC-PAS), or 100% plasma
(PC-plasma), with or without leukoreduction. Blood compo-
nents that met treatment criteria for amotosalen/UVA-PRT
were obtained from blood centers located in nonendemic
areas. Some blood components were tested for the absence
of antibodies against pathogens of interest. Amotosalen/
UVA-PRT for plasma and platelets was used for pathogen
reduction according to manufacturerʼs instructions.58,59

Experimental design

All inactivation studies followed the schematic in Fig. 1.
Blood components were inoculated with 1/100th of their
volume of high infectious titer virus or parasite stocks to
maintain the blood component composition. Contaminated
units were transferred into either plasma or platelet INTER-
CEPT Processing Sets containing amotosalen solution and
exposed to UVA light according to manufacturerʼs instruc-
tions. Samples were collected following the addition of
150 μM of amotosalen but before UVA illumination to serve
as the preinactivation control. Amotosalen in the absence of
UVA light does not impact infectious titers in blood prod-
ucts. Posttreatment samples were collected from each unit
immediately following illumination. All collected samples
were stored at −80°C until determination of infectious titers.

Scaled-down (1:10) experiments were conducted to
enable higher input titers of the pathogen. Pathogen stock
was diluted 1:100 in 28.5 or 15 mL of platelets and dosed
with 150 μM of amotosalen. Platelets transferred to six-well
plates (2 mL/well) were subjected to UVA illumination
using a research illuminator (Model FX1019, Nova Bio-
medical). This process has been validated and results in
the delivery of a UVA dose that is equivalent to the one
delivered in commercial conditions. Pretreatment and
posttreatment samples were collected and stored as
described above.
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Viruses and parasites

Virus and parasite isolates were obtained from ATCC or
from collaborating investigators. Isolates were amplified
after inoculation of either cell culture or animal models
using standard virology and parasitology protocols. In some
cases, concentrated viral stocks (100×) were prepared to
retain high titers after dilution into blood components. For
clinical isolates, viral stocks with the highest available titers
were used.

For viruses that are difficult to propagate in cell culture
or in animal models, the World Health Organization recom-
mends the use of model viruses,81 which, while biologically
similar, do not reflect all properties of the original viruses.
However, sublevel input titers are limiting in inactivation
studies, and therefore, a selected number of model viruses
were used, including duck hepatitis B virus (a model for
HBV), bovine viral diarrhea virus (a model for hepatitis C
virus [HCV]), pseudorabies virus (a model for cytomegalovi-
rus [CMV]), and bluetongue virus type 11 and feline
calicivirus (models for nonenveloped viruses [NEVs]).

Determination of infectious titers

Virologic assays were used to define pre- and posttreatment
infectious titers including plaque assay, tissue culture infec-
tious dose-50 (TCID50) assay, or propagation through cell
culture passaging and genome detection.

For viruses that readily form distinguishable plaques
under a solid or semisolid overlay, validated plaque assays
were used to determine pre- and posttreatment titers after
replicate inoculation of diluted samples onto monolayers of
the appropriate cell line. Following incubation, the inocu-
lum was removed, and the cells were overlaid with a mix-
ture of cell culture medium and agarose or microcrystalline
cellulose. Following plaque formation, the cell monolayers
were stained to visualize and enumerate the plaques. Viral
titers were expressed as plaque-forming units (PFU) per
milliliter.

For pathogens that do not readily form plaques, titers
were determined using a TCID50 assay. This assay scores
individual inoculated wells for the presence of cytopathic
effect caused by viral infection or for the presence of viable
parasites. Following sample inoculation of cell lines and
incubation, inoculum was removed and replaced with fresh
media. Cells were monitored microscopically for presence
of cytopathic effect or viable parasites. Infectious titers were
calculated using Reed and Muench82 and expressed as
TCID50 per milliliter.

For pathogens for which no cell culture system is avail-
able, animal infection models were used to determine titers
expressed as infectious dose-50/mL (ID50/mL). Sample dilu-
tions were applied intravenously or interperitoneally, and
infection was monitored until productive infection was
established. Babesia infection was monitored in the hamster

TABLE 2. Inactivation for six nonenveloped viruses measured by infectivity assays after treatment of platelets and
plasma with amotosalen/UVA PRT

Pathogen*

Mean log reduction factor (PFU/TCID50)
‡

Platelets

Plasma65% PAS/35% plasma 100% plasma

Genus Virus Genome
Routinely
screened†

Unpublished
studies58

Published
studiesk

Unpublished
studies58

Unpublished
studies59

Published
studiesk

Reoviruses Bluetongue virus type 11 model
nonenveloped virus

dsRNA NA 5.2 6.1 to 6.441 4.4 4.2§ 5.153

Adenoviruses Human adenovirus 5 dsDNA No ≥4.9 >5.741 ≥5.3 ≥5.6 ≥6.853

Simian adenovirus 15 NA … 0.7 to 2.341 … …

Caliciviruses Feline calicivirus model
nonenveloped virus

ssRNA NA 2.1 1.7 to 2.441 0.9 …

Picornaviruses Hepatitis A virus ssRNA No … 074 … … 0.7675

Parvoviruses Human parvovirus B-19 ssDNA No … 2.1¶, 76 … 1.8 1.8 to 2.877

“…” indicates inactivation studies not performed.
* Hepatitis E virus inactivation data are not provided due to the inherent difficulty in performing quantitative inactivation experiments for this

virus.
† Depending on geographies.
‡ Units per milliliter. Log reduction is calculated as log (pretreatment titer � posttreatment titer). See log reduction factor (LRF) calculations in
Materials and Methods. “>” indicates that no residual viable organism was detected in any replicate; “≥” indicates that residual viable organ-
isms were detected in some, but not all, test replicates.

§ Unpublished studies that have not yet been reviewed by regulatory authorities at the time of submission.
k As outlined in the Methods section, LRFs are per milliliter, representing either the input titer or using an LRF calculation based on a theoretical
titer of 1. Further information is provided in the cited publications.

¶ Sawyer et al.76 reported increased LRF from 2.1 log to up to 5.8 log for parvovirus B19 when contaminated PC were preincubated with
amotosalen before UVA illumination.

dsDNA = double-stranded DNA; ID50 = infectious dose-50; NA = not applicable; PAS = platelet additive solution; PFU = plaque-forming units;
PRT = pathogen reduction technology; ssRNA = single-stranded RNA; TCID50 = tissue culture infectious dose-50; UVA = ultraviolet A.
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model by evaluating a blood smear collected from the tail
for viable parasites and determining the percentage of para-
sitemia. For HCV and HBV, viral infection was confirmed by
the appearance of the viral antigen (hepatitis B surface anti-
gen) or antibody (antibody to hepatitis B core antigen, anti-
antibody to hepatitis B surface antigen, or anti-HCV) and
for the de novo appearance of nucleic acids (HBV DNA or
HCV RNA). Serum and liver biopsies were also collected
and analyzed for infection.

Log reduction factor calculation

Log reduction factors (LRFs), typically expressed in log PFU
per milliliter, were calculated as the difference in infectious
titers pre- and post–pathogen reduction treatment with the
following equation:

LRF = Log ðpretreatment titer in PFU=mL � post
-treatment titer inPFU=mLÞ:

In some cases, LRF is expressed as TCID50 per milliliter or
ID50 per milliliter. When no viable pathogen was detected in
the posttreatment sample, the titer was determined in one
of two ways. In some of the published studies, a theoretical
posttreatment titer was determined by calculating the titer
as if a single plaque was observed in the highest dilution
tested. The LRF was then calculated with the above equa-
tion and the theoretical posttreatment titer. In unpublished
license enabling in vitro studies,58,59 if the posttreatment

sample was determined to be zero (PFU or TCID50), the log
reduction was based on the pretreatment titer.

LFR values are depicted with either a “>” or “≥” sym-
bol. A “>” symbol indicates that there was no residual path-
ogen detected following treatment for all replicates tested.
The “≥” symbol indicates that at least one of the replicates
tested had residual pathogen detected following treatment.
The absence of a symbol indicates that residual pathogen
was detected in all replicates tested.

RESULTS

Broad spectrum inactivation of pathogens by
INTERCEPT blood system

Previous publications have reported the efficacy of
amotosalen/UVA-PRT for the inactivation of viruses in PC.41

Updates for PC and plasma have also been published.40 The
current review will provide an update of inactivation studies
performed since 2011 for viruses (Tables 1 and 2) and para-
sites (Table 3) and from recent emerging or reemerging
vector-borne infectious agents.83

Inactivation of flaviviruses
Flaviviruses have ranked high on the priority list of agents
posing a threat to the blood supply.77 Their sensitivity to
inactivation by amotosalen/UVA was first demonstrated for
West Nile virus (WNV)41,53 and dengue virus,63,64,84 and was
further confirmed with Zika virus (ZIKV)61,62 and yellow

TABLE 3. Inactivation for four parasites measured by infectivity assays after treatment of platelets and plasma with
amotosalen/UVA PRT

Mean log reduction factor (TCID50/ID50)
‡

Platelets

Plasma65% PAS/35% plasma 100% plasma

Parasites
Routinely
screened*

Unpublished
studies58

Published
studiesk

Unpublished
studies58

Published
studiesk

Unpublished
studies59

Published
studiesk

Plasmodium falciparum
(malaria)†

Yes ≥6.6 ≥6.078 >6.7§ … >6.5§ ≥6.978

Trypanosoma cruzi
(Chagas disease)

Yes ≥7.8 ≥5.479 >8.4 … >6.7§ >5.079

Babesia microti
(babesiosis)

Yes ≥4.9 >5.378 >4.5 ≥4.9 >5.378

Leishmania mexicana
(promastigote stage)

No ≥5.0 >5.080 … … … …

Leishmania major
(amastigote stage)

No … >4.580 … … … …

“…” indicates inactivation studies not performed.
* Depending on geographies.
† Intracellular inoculum.
‡ Units per milliliter. Log reduction is calculated as log (pretreatment titer � posttreatment titer). See log reduction factor (LRF) Calculations in
Materials and Methods. “>” indicates that no residual viable organism was detected in any replicate; “≥” indicates that residual viable organ-
isms were detected in some, but not all, test replicates.

§ Unpublished studies that have not yet been reviewed by regulatory authorities at the time of submission.
k As outlined in the Methods section, LRF are per milliliter, representing either the input titer or using a LRF calculation based on a theoretical
titer of 1. Further information is provided in the cited publications.

ID50 = infectious dose-50; NA = not applicable; PAS = platelet additive solution; PFU = plaque-forming units; PRT = pathogen reduction technol-
ogy; TCID50 = tissue culture infectious dose-50; UVA = ultraviolet A.
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fever virus (YFV).85 The LRF for all emerging flaviviruses
tested is >4.0 log in plasma and PC-PAS or PC-100%
(Table 1).

Inactivation of alphaviruses
Since its emergence in the Indian Ocean in 2006, chi-
kungunya virus (CHIKV) has become endemic in Latin
America and Asia and has been responsible for recurrent
outbreaks in Europe.86 The efficacy of amotosalen/UVA-
PRT to inactivate high levels of CHIKV has been demon-
strated with an LRF >5.0 log in both plasma and PC
(Table 1).

Additionally, other alphaviruses predicted to be impor-
tant emerging agents have been successfully inactivated by

amotosalen/UVA-PRT in PC. The high sensitivity of
alphaviruses to treatment was confirmed with Ross River
virus,87–89 which had an LRF of >5.1 log,68 and Mayaro
virus,67 which had an LRF of >6.9 log (Table 1).90–92

Inactivation of coronaviruses
Severe acute respiratory syndrome coronavirus (SARS-CoV)
emerged in 2003 and caused more than 8000 symptomatic
cases across 26 countries within weeks. Previous studies
have documented the efficacy of amotosalen/UVA-PRT to
inactivate ≥4.059 to >6.2 log of SARS-CoV.69 The emergence
of the Middle East respiratory syndrome (MERS) CoV in
Saudi Arabia in 2012 in the blood donor population has led
to concerns on the risk for potentially explosive outbreaks.93

Fig. 1. Experimental design for inactivation studies. Platelet components or plasma units were inoculated with high infectious titer virus

or parasite stocks. Contaminated units were transferred into either plasma or platelet INTERCEPT Processing Sets containing

amotosalen solution. Samples were collected following the addition of amotosalen, but before UVA illumination to serve as the

preinactivation controls. UVA light illumination using the illuminator was performed according to the manufacturerʼs instructions.

Posttreatment samples were collected from each unit immediately following illumination. All collected samples were stored at −80°C
until determination of infectious titers.
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Recent studies have demonstrated the efficacy of
amotosalen/UVA-PRT to inactivate >4.7 log of a MERS-CoV
clinical isolate in plasma71 and ≥4.5 log of the virus in plate-
lets.70 These studies confirmed the sensitivity of cor-
onaviruses to amotosalen/UVA treatment (Table 1). This is
of interest as the newly identified SARS-CoV-2, which is
responsible for more than 100,000 cases of COVID-19 as of
March 7, 2020, is raising concerns over blood safety glob-
ally.94 With more than 70% genetic similarity to SARS-
CoV,95 sensitivity of SARS-CoV-2 to amotosalen/UVA-PRT
would be highly probable.94

Inactivation of CMV
CMV, a herpesvirus, can be transfusion transmitted and is
responsible for severe complications in immunocompro-
mised patients, including high disease mortality rates in
patients who have undergone bone marrow transplant and
in CMV pneumonia.96 Leukoreduction of blood components
is used to decrease the risk of CMV transmission but has
failed to completely prevent TTI.97 The provision of CMV
antibody-negative components for specific recipient
populations is another mitigation strategy. Amotosalen/
UVA-PRT of platelets reduces CMV infectious levels by ≥4.9
log for PC-PAS (Table 1) and demonstration of mitigation of
CMV TTI in T-cell deficient animal models has also been
reported.98,99

Inactivation of NEVs
Studies with reoviruses and human adenoviruses, which are
of clinical importance for pediatric patients, have demon-
strated LRFs of >4.0 log after amotosalen/UVA-PRT of
plasma and PC. However, LRFs <3 log have been reported
for the NEV feline calicivirus, hepatitis A virus, and human
parvovirus B-19 (Table 2), suggesting that NEVs are gener-
ally less sensitive to amotosalen/UVA-PRT. Several studies
have investigated the potential to improve human parvovi-
rus B19 inactivation by preincubating the contaminated PC
with amotosalen before UVA illumination is performed.
Sawyer et al.76 reported increased LRF from 2.1 log to up to
5.8 log for parvovirus B19 using this approach.

Inactivation of parasites
The causative agents of malaria, Chagas disease and babesi-
osis, rank as the highest threats among blood and tissue
protozoa that have the largest global impact on transfusion
recipients, and most notably on immunocompromised
transfusion recipients.

Results from inactivation studies performed on mem-
bers of the Leishmania genus (mexicana and major Jish at
different development stages), Babesia microti, Plasmodium
falciparum, and Trypanosoma cruzi were summarized previ-
ously by Irsch et al.40 Recent studies were performed to
increase the dynamic range of the system by spiking higher
parasite titers. The results presented in Table 3 show an
increased inactivation capacity with LRF ≥6.0 log and up to

≥6.9 log for P. falciparum, >5.0 log and up to ≥7.8 log for
T. cruzi and >4.5 log and up to >5.3 log for B. microti when
input parasite titers were increased.

DISCUSSION

Current mitigation strategies have limitations, and the con-
stant threat of emerging infectious diseases (EIDs) result in
a persistent threat to blood transfusion safety and blood
availability. The need to optimize current donor screening
strategies could be alleviated by the use of robust PRT.6 As
presented here, the amotosalen/UVA PRT may offer sub-
stantial benefits by inactivating high levels of a range of clin-
ically relevant viruses (Tables 1 and 2) and parasites
(Table 3) in plasma and PC. LRF of ≥4.0 log were reported
for 19 pathogens in plasma, 28 pathogens in PC-PAS, and
14 pathogens in PC-100%. Twenty-five enveloped viruses
and two NEVs were sensitive to PRT with LRFs ranging from
>2.9 to ≥7.6 log in plasma, ≥2.4 to >6.9 log in PC-PAS, and
>3.5 to >6.5 log in PC-100%. Infectious titers for four para-
sites were reduced by >4.0 log in all PC and plasma.

Clinically relevant levels of infectivity are difficult to
define, and the wide variation in immune responses in
healthy people and patients may be highly variable
depending on disease, therapy, and underlying conditions.
Thus, it is best to assume that there is no safe level of con-
tamination. Inactivation studies are designed to investigate
the upper limit of the PRT system for inactivation of the
highest infectivity levels toward ensuring maximum safety
margins.100–102 Of note, most studies of infected blood
donors report pathogen loads based on standard NAT quan-
titation by genome equivalence rather than infectivity levels;
however, in vitro, the equivalence between these methods
is difficult to define.103 In vivo, risk of TTI and clinical out-
comes will differ based on infectious titers and minimum
infectious doses, on donor and recipient immunity, and on
passive transfer of antibodies through cotransfused compo-
nents. While there are no guidelines defining the needed
inactivation efficacy of PRT, LRFs of ≥4.0 log are generally
considered the minimum requirement for viruses and para-
sites based on regulatory standards per the Committee for
Human Medicinal Products.104 However, requirements for
labile blood components may differ,101 and, ultimately, the
demonstrated LRF attained by PRT will be relevant only to
define the extent to which other procedures (tests and
deferrals) will need to be used in tandem with PRT. Evaluat-
ing requirements for PRT performance with respect to the
limitations/absence of other current mitigation strategies is
challenging and depends on the context of regulations
within different geographies. Therefore, a PRT with the
broadest and most robust level of inactivation may not only
offer maximum protection independently of any other
screening strategy but will allow for greater applicability and
contribution to blood safety worldwide.100
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PRTs with high LRFs enable blood product continuity
and sustainability during EID outbreaks, when no licensed
screening tests are available.105 In 2018, a large CHIKV out-
break in Italy raised concerns over blood safety. Collections
were stopped and PRT implemented for platelet
continuity,86 as used in the past when CHIKV emerged in
La Reunion.105,106 During the global ZIKV outbreak, proac-
tive implementation of PRT allowed for platelet continuity
in French Polynesia61,62 and in Puerto Rico107 several weeks
before ZIKV investigational NAT assays became available.108

Learning from these experience, blood centers in Europe
are implementing PRT proactively as part of their EID pre-
paredness programs.109 There is an inherent gap between
the time the pathogen responsible for an outbreak is char-
acterized and the time a screening assay becomes avail-
able.110 Alternatively, PRT is a broad-spectrum intervention,
implemented proactively, and can maintain blood availabil-
ity while reducing TTI risk during outbreaks, especially
when uncharacterized pathogenic agents are emerging.109

The emergence of SARS-CoV-2 and its rapid spread globally
is yet another example of an unpredictable EID that has
raised concerns over global blood safety.94 Incubation last-
ing up to 14 days,94 viral RNA detected in plasma from
COVID-19 patients, and asymptomatic carriers suggest a
risk for TTI. Containment strategies and deferrals have
impacted blood availability, creating fear in donors and
blood shortages in many countries. Considering the efficacy
of the amotosalen/UVA-PRT to inactivate CoVs, this system
could be evaluated as an acceptable mitigation strategy to
maintain platelet and plasma safety and availability.

Additionally, deferrals for travel in areas where arbovi-
ruses are circulating have increased over the years as
endemic areas are expanding and travel is increasing, which
means blood availability is often reduced. The reemergence
of YFV in Angola in 2015111 and in large areas of Brazil in
2017-2018,112 resulted in the deferral of thousands of plate-
let donors for several weeks following vaccination with live
virus. The amotosalen/UVA PRT may be considered in the
future as an alternative approach to deferrals during mas-
sive YFV vaccination campaigns.85 In Europe, the expansion
of Aedes species and Culex species mosquitoes and associ-
ated dengue virus, CHIKV, and WNV outbreaks have led to
more deferrals and blood screening requirements. The
experience in the United States has also shown that WNV
TTIs continue to occur despite WNV ID-NAT screening.29

Proactive implementation of PRT may address a vast num-
ber of nonspecific pathogens, reduce the need for novel
testing, and maintain blood continuity and availability to
best satisfy the need for sustained preparedness.113

In the United States, Babesia NAT screening has been
implemented in selected Northeastern states.114 However,
B. microti is becoming a concern in other parts of the
United States, where deferrals are not effectively preventing
TTIs. More data are being collected to define optimal testing
algorithms in endemic versus nonendemic areas and to

determine the appropriate time frame for the reinstallment
of positively screened donors. In the meantime, and even
though the risk of B. microti TTI is more highly associated
with red blood cell (RBC) transfusion, the use of
amotosalen/UVA treatment to mitigate the risk of Babesia
TTI through platelets53,78 is part of the strategies rec-
ommended by the FDA.5

As reviewed by Leiby et al.,23 mitigation strategies to
address the risk of parasite TTI are heterogeneous. In non-
endemic countries, donor loss due to travel deferrals8 and
difficulties to reinstall deferred donors are adversely
impacting blood availability. In the United States, 1.1% of
donors are deferred for malaria risk115 after travels to
endemic areas,116 while semi-immune donors (asymptom-
atic, chronic carriers) fail to be detected. Canada applies a
permanent deferral after a history of malaria infection and
France implemented testing for all donors born in endemic
areas.117 While the majority of transmissions are from RBCs,
PCs have also been implicated, likely due of the presence of
RBCs in the platelet concentrates. With high inactivation
levels of P. falciparum, the amotosalen/UVA PRT has been
used to replace malaria deferral policies in some blood
centers.118

With increased emigration and the high prevalence of
T. cruzi in donors from endemic areas of Latin America,
Chagas disease TTI became a global concern, and T. cruzi
blood screening was implemented in the United States and
in some European countries.119 However, chronically
infected asymptomatic individuals can maintain intermittent
low-level parasitemia, which can be missed by blood
screening. The amotosalen/UVA PRT with high efficacy
against T. cruzi could offer an interesting alternative to the
challenges associated with testing and donor selection,
especially when most T. cruzi TTIs occurred through trans-
fusion of contaminated PCs.

Furthermore, PRT may provide a technological solution
to solve ethical concerns and allow for inclusion of donors
that may be excluded temporarily or permanently from blood
donation based on country of origin, race/ethnicity, and sex-
ual behavior.32,120 While surveillance studies are monitoring
the potential risk associated with the relaxation of deferrals
for men who have sex with men, the risk associated with
window-period donations could be covered by PRT.121

Additionally, some noncompliant donors may not fully
disclose their risk behaviors or their infection status.36,122–124

Concerns have been raised over donors using HIV pre-
exposure prophylaxis125 or antiretroviral treatments not
reporting drug intake, risk exposure, or infectious status.
Recent studies have reported the presence of antiretroviral
drugs in donated blood.122,124 Viral loads suppressed below
the screening assay LOD as a result of these treatments may
still be high enough in contaminated donations to lead to
TTI.38 Therefore, pathogen reduction could represent a
technological solution to address social issues while mitigat-
ing the risk of TTI associated with noncompliant donors.
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However, all PRTs have limitations. Real-life experience
demonstrated that hepatitis E virus (HEV) may not be effi-
ciently inactivated by amotosalen/UVA-PRT. There are also
inherent limitations to the performance of HEV inactivation
studies, as there is no robust in vitro system to propagate
the virus and generate high-titer virus stock. HEV assay sys-
tems to determine infectious titers in a given sample often
produce variable results, and HEV characteristics are differ-
ent in vitro versus in the clinical setting. Amotosalen/UVA-
PRT has shown some limited inactivation capacity toward
caliciviruses, once considered model viruses for HEV but
has since been recognized as an inadequate model virus.
The emergence of HEV in Europe126 has become a concern
for blood safety, and several countries have recently
implemented HEV NAT screening.127,128 The virus is trans-
mitted mostly through the fecal-oral route through water
contamination in Asia and pork meat in Europe129; how-
ever, the risk of severe outcome in immunosuppressed
recipients undergoing liver transplantation highlights the
need for screening of donations directed to such high-risk
patients.130

While this review focused on the inactivation of viruses
and parasites, the amotosalen/UVA PRT has proven efficacy
to prevent transfusion-associated graft-versus-host disease
and bacterial TTIs,131 the most significant infectious risk in
transfusion today.132–134 PRT is now considered an alterna-
tive to bacterial screening,3 irradiation, and CMV test-
ing.58,59 Various regulatory guidances and variances have
also allowed for use of PRT as an alternative to Zika and
Babesia screening and to deferrals for travel to malaria-
endemic areas.3–5,118 Indeed, the testing paradigm may have
reached its limit, as the cumulative addition of screening
assays is neither cost efficient nor fully covers the infectious
risk associated with transfusion.6 Overall, PRT represents an
alternative to some screening strategies and blood compo-
nent processing procedures.

While the ultimate intention of eliminating the risk asso-
ciated with blood transfusion is challenged by regional eco-
logic and economic considerations and globalization, blood
bank regulatory authorities and medical communities have
the responsibility to maintain the availability of a safe blood
supply for patients in need. As evidenced in this review, PRT,
in addition to and when robust enough as an alternative to
other mitigation strategies, can further improve platelet and
plasma safety and availability worldwide.
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