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Ultraviolet C light pathogen inactivation treatment of platelet
concentrates preserves integrin activation but affects thrombus
formation kinetics on collagen in vitro

Britt Van Aelst,’ Rosalie Devloo,’ Philippe Vandekerckhove,>*>* Veerle Compernolle,

1,2,4

and Hendrik B. Feys'

BACKGROUND: Ultraviolet (UV) light illumination in the
presence of exogenously added photosensitizers has
been used to inactivate pathogens in platelet (PLT)
concentrates for some time. The THERAFLEX UV-C
system, however, illuminates PLT concentrates with UV-
C light without additional photoactive compounds. In this
study residual PLT function is measured in a
comprehensive paired analysis of UV-C—treated,
gamma-irradiated, and untreated control PLT
concentrates.

STUDY DESIGN AND METHODS: A pool-and-split
design was used with buffy coat—derived PLT
concentrates in 65% SSP+ additive solution. Thrombus
formation kinetics in microfluidic flow chambers onto
immobilized collagen was investigated with real-time
video microscopy. PLT aggregation, membrane markers,
and cellular metabolism were determined concurrently.
RESULTS: Compared to gamma-treated and untreated
controls, UV-C treatment significantly affected thrombus
formation rates on Days 5 and 7, not Day 2. PLT
degranulation (P-selectin) and PLT apoptosis (annexin V
binding) was slightly but significantly increased from

Day 2 on. UV-C treatment moreover induced integrin
opP3 conformational changes reminiscent of activation.
However, subsequent integrin activation by either PAR1-
activating hexapeptide (PAR1AP) or convulxin was
unaffected. This was confirmed by PLT aggregation
studies induced with collagen, PAR1AP, and ristocetin at
two different agonist concentrations. Finally, UV-C slightly
increased lactic acid production rates, resulting in
significantly decreased pH on Days 5 and 7, but never
dropped below 7.2.

CONCLUSION: UV-C pathogen inactivation treatment
slightly but significantly increases PLT activation markers
but does not profoundly influence activatability nor
aggregation. The treatment does, however, attenuate
thrombus formation kinetics in vitro in microfluidic flow
chambers, especially after storage.

he increased risk for bacterial growth caused by

room temperature storage of platelet (PLT) con-

centrates and for (emerging) transfusion-

transmissible diseases including virus strains
with long window periods are genuine reasons for intro-
ducing broad-spectrum pathogen inactivation.' There are
currently three different standardized methods to inacti-
vate pathogens in PLT concentrates. Two marketed sys-
tems use ultraviolet (UV) light combined with an
exogenously added photoactive reagent, either the psora-
len derivative amotosalen with 320- to 400-nm UV-A light
(AS-PCT) called the INTERCEPT Blood System (Cerus
Corporation, Concord, CA) or riboflavin with 265- to 370-
nm broad-spectrum UV light3 (RF-PRT) called Mirasol
Pathogen Reduction Technology System (TerumoBCT,
Lakewood, CO). More recently, a third inactivation
method has been developed that uses the microbiocidal
and virucidal characteristics inherent to short-wavelength
(254 nm) UV-C light* without exogenously added photo-
sensitizer (UV-C) called THERAFLEX UV-PLTs (Maco-
pharma, Tourcoing, France). This particular technology
mitigates concerns about toxicological effects of added
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photochemicals and/or photoproducts generated during
illumination.

The biochemical mechanism involved in UV-C treat-
ment has not been demonstrated as such but is claimed®
to be similar to the general chemistry® underlying UV-C
induced damage of nucleic acids. If true, then photo-
chemical formation of cyclobutane pyrimidine dimers,
pyrimidine (6-4) pyrimidone dimers as well as abasic sites,
strand breaks, and oxidative products prevent elongation
of nucleic acid transcripts’ if not repaired by cellular
machinery. A major practical hurdle is to obtain sufficient
penetrance of the incident light because proteins as well
as particles (including PLTs) will respectively absorb and
scatter incoming photons thereby dissipating the energy
required for inactivation. Therefore, conditions have been
optimized to assure efficient delivery of UV-C light includ-
ing reducing the plasma content to 30% to 40% with addi-
tive solution (AS), exposing both sides of the bag to the
light sources, increasing the surface area, and agitating
vigorously during illumination.>®° This way, in vitro
pathogen inactivation of several transfusion-transmitted
pathogens has been demonstrated.®®

Functional and biochemical studies of UV-C patho-
gen-inactivated PLTs showed an acceleration of the stor-
age lesion with decreased pH and hypotonic shock
response, increased glucose consumption, and lactic acid
production. In addition, increased values for degranula-
tion (P-selectin expression), phosphatidylserine expres-
sion (annexin V binding), and integrin oyy,f3 activation
(PACI binding) indicate moderate activation of PLTs after
UV-C treatment.®'? There is a low impact on the PLT pro-
teome® and neoantigen formation could not be detected
in a dog model.'® Furthermore, the results of a Phase I
study with autologous transfusions in healthy volunteers
met the primary safety and tolerance criteria'* and Bashir
and colleagues'? demonstrated PLT recovery and survival
rates within acceptance criteria after autologous transfu-
sions in healthy volunteers.

There are few studies that investigate the influence
of pathogen inactivation on integrated PLT function,
for example, in aggregometry or microcapillary flow
chambers. The latter is a comprehensive functional in
vitro test with high sensitivity to perturbations in all
steps of hemostasis: adhesion, activation, and aggrega-
tion.'® In vivo studies of thrombus formation in mice
have demonstrated that many of the regulatory proc-
esses determining arterial thrombosis can well be
assessed with these in vitro flow experiments.'® Fur-
thermore, the technique is used for screening of
patients with stent thrombosis'” and has been validated
for drug development'®'® and for the study of PLT
hereditary disorders.?° In this study we have compared
UV-C-treated and untreated paired PLT concentrates
using quality markers like pH, metabolic rate, and
receptor expression as well as the more comprehensive
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PLT function assays of light transmission aggregation
and microfluidic flow chamber experiments.

MATERIALS AND METHODS

Study design

Whole blood donations from voluntary nonremunerated
donors fulfilling Belgian eligibility criteria were used to
prepare leukoreduced PLT concentrates from five buffy
coats with a plasma content of approximately 35% and
the remainder PLT AS (SSP+, Macopharma) following
standard operating procedures of the blood service of the
Belgian Red Cross Flanders. Three blood group-matched
PLT concentrates were pooled and split again to deliver
three equivalent PLT concentrates of which one was left
untreated to serve as control, one was treated with 25 to
50 Gy gamma irradiation, and one was UV-C treated.

UV-C treatment was according to the THERAFLEX
UV-PLTs standard operation protocol only with products
fulfilling the inclusion criteria as set by the provider. In
brief, the bag content was transferred to an UV-C-
permeable ethyl vinyl acetate illumination container
which was placed in the Macotronic UV illuminator
(Macopharma). A total dose of 0.2 J/cm? of 254 nm UV
light was delivered under continual agitation in a time-
span not exceeding 1 minute. Next, the treated PLT con-
centrate was transferred to the n-butyryl tri-n-hexyl
citrate plasticized polyvinyl chloride storage bag included
in the THERAFLEX UV-C bag combination. The paired
control and gamma-irradiated products were stored in the
same bag type to ascertain similar storage conditions for
all study arms. All products were kept under standard
blood bank conditions at 20 to 24°C on a flatbed agitator.
The experiments described below were performed on
small volumes taken aseptically from the concentrates
before (Day 1) and after (Days 2, 5, and 7) treatment. The
design included a total of six independent repeat experi-
ments (n = 6) unless where indicated differently.

Blood gases and PLT count

Lactic acid, glucose, and pH were determined immedi-
ately after sampling using a point-of-care blood gas ana-
lyzer (Rapidpoint 500, Siemens, Munich, Germany).
Whole blood counts were performed with an automated
hematology analyzer (PocH-100i, Sysmex, Kobe, Japan).

Blood reconstitution

Whole blood was taken from healthy nonmedicated
donors in heparin vacutainers (REF 368480, BD Diagnos-
tics, Franklin Lakes, NJ) taking measures for preserving
PLT quiescence.?’ A first soft centrifugation (12 min at
250 X g) divided the whole blood samples in PLT-rich
plasma and concentrated red blood cells (RBCs). PLTs of
the PLI-rich plasma were then spun down by hard



centrifugation (20 min at 4500 X g) to yield PLI-poor
plasma. Reconstitution was by mixing appropriate vol-
umes of these RBCs, PLT-poor plasma, and either of the
three subject PLT concentrates (control, gamma irradia-
tion, or UV-C) achieving 40% hematocrit and 250 X 10°
PLTs/L on average.

Microfluidic flow chamber experiments

Reconstituted blood samples were perfused through
microfluidic channels of dimensions 400 pm X 100 pm X
28 mm (Vena8 Fluoro+ Biochips, Cellix Ltd, Dublin, Ire-
land) at a shear stress of 50 dyn/cm2 (flow rate of 1100/
sec) using a microfluidic pump (Mirus Evo, Cellix Ltd).
The channels were coated overnight at 4°C with 50 pg/mL
Horm collagen Type I (Takeda, Osaka, Japan). Next, the
channels were blocked with 1.0% (wt/vol) bovine serum
albumin and 0.1% (wt/vol) glucose in 10 mmol/L HEPES-
buffered saline (HBS; 0.9% [wt/vol] NaCl, pH 7.4) at room
temperature for 30 minutes. The channels were then
rinsed with 1 mL of plain HBS to remove the remaining
blocking buffer and unbound collagen. PLTs in the recon-
stituted blood samples were labeled with 1 umol/L (final)
of the fluorescent dyes 3,3'-dihexyloxacarbocyanine iodide
(Sigma-Aldrich, St Louis, MO) or 5 umol/L calcein-AM
(Life Technologies, Carlsbad, CA) where indicated.

Samples were perfused in duplicate at the same time
using a channel splitting manifold and an automated x-y
stage allowing up to eight simultaneous runs in one
experiment. The biochip is mounted on a fluorescent
microscope (Z.1 Observer, Carl Zeiss, Oberkochen, Ger-
many) equipped with a fluorescent light source (488 nm;
Colibri-LED, Carl Zeiss) and high-resolution CCD camera
(Carl Zeiss). A simultaneous recording of three side-by-
side images per microcapillary channel was performed in
real time for 7 minutes at 100X magnification. The three
side-by-side images were digitally stitched to deliver one
single compound image per time point. A fixed threshold
of 400 to 4096 arbitrary fluorescence units was used to
define PLT adherence allowing us to determine the per-
centage of pixels covered by PLTs in the measurement
field (i.e., surface coverage) in function of time (ZEN2012
software, Carl Zeiss). The slopes of these relationships
were determined by linear regression (Prism, GraphPad
Software Inc., La Jolla, CA) and are a measure for thrombi
growth kinetics.

Flow cytometry

Expression of glycoprotein (GP)Ibo (fluorescein-labeled
anti-CD42b, Life Technologies), activated integrin oyp,f3
(fluorescein-labeled PAC1, BD Biosciences, Erembodegem,
Belgium), P-selectin (phycoerythrin—anti-CD62F, BD Bio-
sciences) and annexin V (peridinin chlorophyll-Cy5.5-
labeled annexin V, BD Biosciences) of either PLI concen-
trate were analyzed with an acoustic focusing flow cytome-

UV-C-TREATED PLTs IN FLOW CHAMBERS

ter (Attune, Life Technologies). PLTs were incubated with
labeled antibodies or ligand for 10 minutes at room tem-
perature in HBS, supplemented with 1 mmol/L MgSO,,
and diluted 1000-fold immediately before readout accord-
ing to published work.?> For annexin V measurements,
buffers were supplemented with 2 mmol/L CaCl,. For
measurements of integrin a5 activation on stimulated
PLTs, the PARI agonist thrombin-related activating hexa-
peptide SFLLRN (PAR1AP; Sigma-Aldrich) at 30 pmol/L or
the GPVI-FcyRIla agonist convulxin (Santa Cruz Biotech-
nology Inc., Dallas, TX) at 6 ng/mL were used. The signals
of the respective isotype antibody controls were used to
set threshold gates including 0.5% of 10,000 negative
events. Mean or median fluorescence intensities and per-
centage positive events were determined for 10,000 cells
staining positive for the PLT marker CD61 (allophycocya-
nin-labeled anti-CD61, Life Technologies).

PLT aggregation

PLT aggregation was with a light transmission aggregome-
ter (Chrono-Log, Helena Laboratories, Haverton, PA).
Three different PLT agonists were used, each at two con-
centrations: a high agonist concentration to saturate signal
transduction and a low concentration to investigate PLT
sensitivity. For collagen (American Biochemical & Pharma-
ceuticals, Epsom, UK) 10 and 4.5 pg/mL were used; for
PARIAP, 10 and 5 pmol/L; and for ristocetin (American
Biochemical & Pharmaceuticals), 1.5 and 0.6 mg/mL.
These agonist concentrations were determined in separate
serial dilution experiments (data not shown). Aggregation
cuvettes contained PLTs diluted to 250 X 10° PLTs/L with
the corresponding autologous PLT-free plasma with AS
prepared by centrifugation. Maximal aggregation (ampli-
tude [%]) is reported here; the other variables (slope and
area under the curve) were comparable.

Partial pressure reduction of molecular oxygen by
degasification

An independent series (n = 5) of pool and split was per-
formed for this experiment. Again, three blood group-
matched PLT concentrates were pooled and split; one PLT
concentrate was left untreated to serve as a control, one
was immediately processed with UV-C, and one was
treated to reduce the dissolved molecular oxygen partial
pressure as described elsewhere®® before processing with
UV-C pathogen inactivation. To reduce molecular oxygen
partial pressures inert nitrogen gas (Air Liquide, Paris,
France) was blown into the illumination bag (not
bubbled) under continuous gentle agitation to allow
reequilibration of dissolved gases following Henry’s law.
After 7 minutes the residual molecular oxygen partial
pressure in the PLT concentrate suspension was 1.8 = 0.5
kPa compared to 7.5 + 1.4 kPa in controls as measured by
a submerged Clark electrode in real time. Flow cytometric
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Fig. 1. PLT thrombus formation kinetics are affected by UV-C treatment after storage. Microfluidic flow chamber experiments

with collagen-coated microcapillaries were performed in duplicate on Days 2 (A), 5 (B), and 7 (C). Thrombus formation kinetics

was followed in real time using video microscopy and software measuring PLT surface coverage. The results are depicted as sur-

face coverage in function of perfusion time (%SC/Time) for control (M), gamma-irradiated ((]), and UV-C-treated () PLTs in

reconstituted blood. The data are shown as means with SD (n = 8). Results from the statistical analysis are depicted at the top of

each panel (ns = not significant; *p < 0.05; **p < 0.01; ****p < 0.0001).

analysis and microfluidic flow chamber experiments of
these concentrates were performed as described.

Statistical analysis

Results are reported as mean values with standard devia-
tion (SD) and analyzed with two-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons algorithm
with computer software (Prism, Version 6.01, GraphPad
Software, Inc., San Diego, CA) to determine significance
(p <0.05) between the three subject groups.

RESULTS

UV-C—-treated PLTs show impaired thrombus
formation kinetics after storage

UV-C-treated PLTs were compared with gamma-
irradiated and untreated controls by measuring throm-
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bus formation kinetics onto collagen coated microca-
pillaries. Figure 1 and Videos S1 through S3 (available
as supporting information in the online version of this
paper) show a mean decreased surface coverage in
function of time onto collagen-coated microcapillary.
This was found from Day 2 on, but only significant after
storage on Days 5 and 7.

Integrin oy, B3 conformational changes after UV-C
treatment

During thrombus formation, PLT integrin o,fs
becomes activated in a calcium-dependent manner to
expose the fibrinogen-binding site and promote PLT
cross-linking. The PAC1 monoclonal antibody binds to
an epitope exclusively exposed on the active conforma-
tion of the receptor and so is a surrogate marker for
integrin activation. Figure 2A shows that UV-C
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Fig. 2. UV-C treatment induces integrin oy,p3 conformational changes that does not affect further activation through PAR1 or
GPVLI. Integrin oay,Ps activation was measured by binding of fluorescein-labeled PAC1 to 10,000 CD61-positive events in flow
cytometry. Samples were analyzed in resting conditions (A) or after stimulation with 30 pmol/L PAR1AP (B) or 6 ng/mL convul-
xin (CVX; C) before (Day 1) and after treatment (Days 2, 5, and 7). Data of UV-C-treated (®) , gamma-irradiated (A), and
untreated control (] dotted line) are shown as mean values with SD. Results from the statistical analysis are depicted at the top

of each panel (ns = not significant; ***p < 0.001; ****p < 0.0001).

treatment caused increased PAC1 binding compared to
both control and gamma-irradiated PLTs in the absence
of any additional agonist. This “activated” receptor
state persisted during subsequent 7-day storage. We
hypothesized that this would compromise further acti-
vation of PLTs by exogenous agonists. However, this
was not the case as integrin oypf3 activation by both
PARIAP and convulxin was not significantly decreased
for UV-C-treated PLTs (Figs. 2B and 2C). Instead, a dis-
tinct increase was seen in the UV-C-treated group after
PARIAP stimulation, which may be attributed to the
subpopulation of receptors that were “preactivated” by
UV-C treatment. The overall potency of convulxin to
induce and sustain inside-out integrin activation is
larger than for PARIAP and therefore this particular
“additive” effect may be masked in this case.

PLT aggregation is mostly unaffected

Unlike PAC1 measurements in highly diluted flow
cytometry conditions, aggregation is more inclusive
taking into account effects of PLT shape change and
signal amplification by vesicle release. The above-
mentioned additive effect of integrin o,f3 activation
was also noticed during low-dose collagen aggrega-
tions, where UV-C-treated PLTs displayed a slightly
increased response on Day 2 (Fig. 3A). However, this
observation could not be generalized to the other con-
ditions (Figs. 3B-3F), in particular to low-dose PARIAP
and low-dose ristocetin stimulation where a slightly
decreased response was found on Day 2 and after stor-
age, respectively. Overall however, few differences with
gamma-irradiated or untreated control PLTs were
found.
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Fig. 3. Light transmission aggregation is not substantially different. PLT light transmission aggregometry was performed at

250 x 10° PLTs/L. Three different agonists were used each at low (A, C, and E) and high (B, D, and F) concentrations as indicated
on the y-axis. Maximal aggregation (or amplitude %) is shown as means with SD. Untreated control (] dotted line), gamma-
irradiated (A), and UV-C-treated (@) PLTs are shown before (Day 1) and after treatment (Days 2, 5, and 7). Results from the sta-
tistical analysis are depicted at the top of each panel (ns = not significant; *p < 0.05; ****p < 0.0001).

UV-C treatment caused «-degranulation and
phosphatidylserine exposure

PLTs contain a number of distinguishable storage granules
including o-granules, lysosomes, and dense granules. Dur-
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ing activation, PLT degranulation occurs thereby releasing
proteins and small molecules that act as modulators of
hemostasis by para- and autocrine signaling. P-selectin is
a marker of «-granule secretion and showed a significant
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Fig. 4. PLT o-degranulation and expression of negatively charged phospholipids is increased after UV-C treatment. Degranulation
was measured by binding of a labeled P-selectin antibody and the percentage above isotype control (A) and median fluorescence
intensities (FI; B) are depicted. Externalization of phosphatidylserine/-ethanolamine was measured by binding of labeled
annexin V (C) and percentage above control is shown. GPIba receptor expression is shown as mean fluorescence intensities (D).
Untreated control (] dotted line), gamma-irradiated (A), and UV-C-treated (@) PLTs are shown before (Day 1) and after treat-
ment (Days 2, 5, and 7). Results from the statistical analysis are depicted at the top of each panel (ns = not significant;

*p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001).

increase after UV-C treatment indicating increased spon-
taneous degranulation (Figs. 4A and 4B). Furthermore, the
expression of phosphatidylserine/-ethanolamine is meas-
ured by annexin V binding. Just like P-selectin there was
an increased exposure after UV-C treatment (Fig. 4C).
GPIbo expression was only marginally affected by UV-C
treatment (Fig. 4D).

UV-C treatment slightly increases PLT metabolism

Significantly higher glucose consumption and lactic
acid production were seen for UV-C-treated PLTs
(Figs. 5A-5C) resulting in a different pH trend (Fig. 5D)
with respect to the control conditions. These data indi-
cate a slightly higher metabolic activity, but pH never
dropped below 7.2.

Decreased molecular oxygen level cannot rescue
PLT thrombus formation kinetics

Previous work from our group showed that experi-
mentally decreased partial pressures of molecular
oxygen rescues coagulation factor decreases in RF-
PRT-treated plasma by preventing oxidative dam-
age.>* We hypothesized that the variability in throm-
bus formation kinetics observed on Day 2 (Fig. 1A)
was caused by variable molecular oxygen partial
pressures in the primary product thus resulting in
variable oxidative damage. To reduce oxidative dam-
age during UV-C treatment, the partial pressure of
molecular oxygen was lowered in the PLT concentrate
before UV-C treatment by nitrogen gas equilibration.
However, Fig. 6 shows that such treatment did not
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Fig. 5. Increased metabolic rate after UV-C treatment. The lactic acid production (A) and glucose consumption (B) per 10'2 PLTs
of untreated control ((] dotted line), gamma-irradiated (A), and UV-C-treated (@) PLT concentrates was measured using a
point-of-care blood gas analyzer. Linear regression was performed on the lactic acid production and glucose consumption in
function of time to model the kinetics of respectively lactic acid ((]) and glucose metabolism (H; C). One-way ANOVA of the
mean values indicated a significant difference between the lactic acid production (p < 0.0001) and glucose consumption

(p < 0.003) of UV-C and both control and gamma-irradiated PLT concentrates. PLT concentrate pH (D) was determined before
(Day 1) and after treatment (Days 2, 5, and 7). Untreated control (] dotted line), gamma-irradiated (A), and UV-C-treated (®)
PLTs are shown before (Day 1) and after treatment (Days 2, 5, and 7; ns = not significant; *p < 0.05; ***p < 0.0001).

alter the decreased thrombus formation kinetics onto
collagen on Day 2. Of note, this experiment inde-
pendently replicated the results from Fig. 1 confirm-
ing no significant difference on Day 2 for an
additional five repeats. As a matter of control for the
impact of nitrogen gas equilibration, GPIba, P-
selectin, annexin V, and activated integrin ogpf3
expression were measured but found not to be differ-
ent between these conditions (Fig. S1, available as
supporting information in the online version of this
paper).

DISCUSSION

Three pathogen inactivation methods for PLT concen-
trates have been developed aiming to minimize chances
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of bacterial growth and/or transmission of virus. The UV-
C procedure under study here is operationally straightfor-
ward and takes approximately 8 minutes per product.
There is no additional workload compared with methods
that involve supplementation with a photoactive com-
pound and especially to AS-PCT where an additional pho-
tosensitizer removal step is required. On the other hand,
criticisms on the UV-C method include its limited inacti-
vation of certain viruses'! including HIV-1 and its restric-
tive inclusion criteria.®

There are substantial data on the in vitro quality of
PLT concentrates generated by AS-PCT and RF-PRT, gen-
erally indicating increased rates of storage lesion with a
variable range of magnitude.?>° Published data on resid-
ual quality of PLTs treated with UV-C are less abundant
but also indicate a slightly increased anaerobic metabolic
rate causing significant differences in lactic acid
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oxygen does not alter reduced thrombus formation kinetics.
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values with SD as whiskers (n = 5) are shown. Results from
the statistical analysis are depicted at the top of each panel
(ns = not significant).

concentrations and pH. However, this is mostly near or
beyond expiration dates®!%'? which is in line with our
findings. Small but significant increases in degranulation
(P-selectin)®!® and phosphatidylserine/-ethanolamine
exposure'® also support our data and may collectively
indicate basal PLT activation or increased apoptosis. Of
note, in terms of lesion kinetics our data indicate a small
but sudden increase in both degranulation and annexin V
binding (Fig. 4) with a subsequent normal rate of addi-
tional storage lesion when compared to gamma-irradiated
or untreated controls.

PLT functional assays have been used less fre-
quently to evaluate residual PLT quality after pathogen
inactivation, also for the other two commercial photo-
chemical methods. We recently published data indicat-
ing that both AS-PCT and RF-PRT significantly and
irreversibly affected thrombus formation kinetics onto
immobilized collagen.”® The same experimental setup
was applied to UV-C here and also showed an irreversi-
ble decrease although the impact on Day 2 was variable
but not significant. We hypothesized that this is caused
by the inherent variability in the partial pressures of
dissolved molecular oxygen in the primary products
based on our experience with RF-PRT where secondary
superoxide anion formation causes biomolecular dam-
age.?* Therefore, we experimentally lowered the molecu-
lar oxygen partial pressures but this could not reverse
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variability nor the impact on thrombus formation
kinetics (Fig. 6).

The increased binding of PACI to integrin oyp,f3 after
UV-C treatment confirms the findings published in the
landmark study by Verhaar and coworkers.** They showed
that short-wavelength light reduces disulfide bonds to free
thiols in the fibrinogen receptor core structure. It is plausi-
ble that this disulfide reshuffling, which is a fundamental
biochemical aspect of integrin activation,3'? alters the
conformation promoting untimely fibrinogen binding.
Even though the overall physical conditions of the study
by Verhaar and coworkers differ (they used a lower UV-C
dose of 0.15 J/cm?, delivered to a different primary prod-
uct with lower plasma content and a fixed penetration
depth) from the routine procedure of pathogen inactiva-
tion by UV-C, it is unlikely that unrelated biochemical
mechanisms cause the same observation.” In theory,
enforced fibrinogen binding should lead to (some) activa-
tion of affected PLTs through outside-in signal transduc-
tion,* which then subsequently explains the slightly
increased metabolic rate,* phosphatidylserine exposure,
and degranulation. This is the case for RF-PRT, where the
observed premature activation actually desensitizes sub-
sequent PLT activation,?® while in AS-PCT PLIs receptor
activation is also affected®”> but without premature con-
formational changes to the receptor. However, in the case
of UV-C the PLTs’ subsequent reaction to external stimuli
acting through G-protein coupled receptors (PAR1AP) or
receptor tyrosine kinases (CVX) was not abnormal in light
transmission aggregation nor in flow cytometry. It is there-
fore tempting to ascribe this difference between the meth-
ods to the well-known differential effects of UV-B versus
UV-C illumination on PLT function; the former acting
through direct activation of signal transduction cascades
via protein kinases C*® and oxidative stress while the latter
does not.*°

Of note, one immunogenicity study with autologous
UV-C-treated PLTs was conducted in dogs™® and did not
yield measurable antibodies. Hence, either immunogenic-
ity is low or the molecular changes observed are self-
epitopes. Furthermore, proteomic analysis has indicated
changes in the protein disulfide isomerase ERp72 for UV-
C- and not UV-B-treated PLTs,” which adds to the data
from Verhaar and colleagues® a role for redox regulation
of integrin o3 in the context of UV-C illumination—-
induced biochemical alterations.

We argue that the hemostatic sequence of PLT adhe-
sion, activation, aggregation, and retraction or stability as
measured comprehensively in perfusion chambers is
affected by all three pathogen inactivation methods albeit
not equally in manner and/or magnitude. RF-PRT treat-
ment prematurely activates PLTs*>*7 while AS-PCT specifi-
cally affects integrin oqpf; receptor activation after
stimulation with agonists.**>° It is less clear from the cur-
rent study what aspect of UV-C contributes to its reduced
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flow chamber thrombus formation, but the redox induced
changes in integrin a3 conformation are a likely culprit.
We performed two separate but similar experimental
series in the flow chambers (Figs. 1 and 6) and confirmed
that despite an average decrease in surface coverage
kinetics, the statistical difference between UV-C and
gamma-treated or untreated control was not reached on
Day 2. Bashir and coworkers'? previously demonstrated
that UV-C pathogen inactivation reduces the posttransfu-
sion recovery of PLTs after storage. Whether the effect of
storage of UV-C-treated PLTs on both posttransfusion
recovery and in vitro flow chambers reflect a related phe-
nomenon is worth addressing.

In our hands, all pathogen inactivation techniques
have more or less of an impact on PLT thrombus forma-
tion rates under hydrodynamic flow and therefore our
findings raise questions about the exact contribution of
pathogen-inactivated transfusion PLTs in arterial hemo-
stasis. Randomized clinical trials with sufficient statistical
power and standardized approaches®® that allow assess-
ment of hemostasis efficacy should help in elucidating the
correlation with in vitro findings.

ACKNOWLEDGMENTS

A THERAFLEX illumination device and accompanying consum-
ables were made available for this research project by Maco-
pharma, France. HBE BVA, and VC designed research; VC and PV
contributed critical analytical tools, reagents, or samples and
facilitated research; BVA, RD, and HBF performed research and
collected data; BVA, RD, VC, and HBF analyzed and interpreted
data; BVA, RD, and HBF performed statistical analyses; HBF and
BVA wrote the manuscript; and all authors critically reviewed and
amended the manuscript.

CONFLICT OF INTEREST

The authors have disclosed no conflicts of interest.

REFERENCES

1. Dodd RY. Current risk for transfusion transmitted infections.
Curr Opin Hematol 2007;14:671-6.

2. TIrsch], Lin L. Pathogen inactivation of platelet and plasma
blood components for transfusion using the intercept blood
system. Transfus Med Hemother 2011;38:19-31.

3. Marschner S, Goodrich R. Pathogen reduction technology
treatment of platelets, plasma and whole blood using ribo-
flavin and UV light. Transfus Med Hemother 2011;38:8-18.

4. Kallenbach NR, Cornelius PA, Negus D, et al. Inactivation of
viruses by ultraviolet light. Curr Stud Hematol Blood Trans-
fus 1989;56:70-82.

5. Seltsam A, Miiller TH. UVC irradiation for pathogen reduc-
tion of platelet concentrates and plasma. Transfus Med
Hemother 2011;38:43-54.

10 TRANSFUSION Volume 00, April 2015

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Douki T. Inter-strand photoproducts are produced in high
yield within A-DNA exposed to UVC radiation. Nucleic Acids
Res 2003;31:3134-42.

Rastogi RB, Richa KA, Kumar A, et al. Molecular mechanisms
of ultraviolet radiation-induced DNA damage and repair.

J Nucleic Acids 2010;2010:592980.

Mohr H, Gravemann U, Bayer A, et al. Sterilization of platelet
concentrates at production scale by irradiation with short-
wave ultraviolet light. Transfusion 2009;49:1956-63.

Mohr H, Steil L, Gravemann U, et al. A novel approach to
pathogen reduction in platelet concentrates using short-
wave ultraviolet light. Transfusion 2009;49:2612-24.
Sandgren B, Tolksdorf E Struff WG, et al. In vitro effects on
platelets irradiated with short-wave ultraviolet light without
any additional photoactive reagent using the THERAFLEX
UV-Platelets method. Vox Sang 2011;101:35-43.

Terpstra FG, van ‘t Wout AB, Schuitemaker H, et al. Potential
and limitation of UVC irradiation for the inactivation of
pathogens in platelet concentrates. Transfusion 2008;48:304-
13.

Bashir S, Cookson P, Wiltshire M, et al. Pathogen inactivation
of platelets using ultraviolet C light: effect on in vitro func-
tion and recovery and survival of platelets. Transfusion 2013;
53:990-1000.

Pohler P Lehmann J, Veneruso V, et al. Evaluation of the tol-
erability and immunogenicity of ultraviolet C-irradiated
autologous platelets in a dog model. Transfusion 2012;52:
2414-26.

Thiele T, Pohler B, Kohlmann T, et al. Open phase I clini-
cal trial on safety and tolerance of autologous UVC-
treated single donor platelet concentrates in healthy vol-
unteers—dose escalation study. Transfus Med Hemother
2013;40:50.

de Witt SM, Swieringa E Cavill R, et al. Identification of pla-
telet function defects by multi-parameter assessment of
thrombus formation. Nat Commun 2014;5:4257.

Roest M, Reininger A, Zwaginga JJ, et al. Flow chamber-
based assays to measure thrombus formation in vitro:
requirements for standardization. ] Thromb Haemost 2011;
9:2322-4.

Sakakibara M, Goto S, Eto K, et al. Application of ex vivo
flow chamber system for assessment of stent thrombosis.
Arterioscler Thromb Vasc Biol 2002;22:1360-4.

Bossavy JP, Thalamas C, Sagnard L, et al. A double-blind
randomized comparison of combined aspirin and ticlopi-
dine therapy versus aspirin or ticlopidine alone on experi-
mental arterial thrombogenesis in humans. Blood 1998;92:
1518-25.

André B, LaRocca T, Delaney SM, et al. Anticoagulants
(thrombin inhibitors) and aspirin synergize with P2Y12
receptor antagonism in thrombosis. Circulation 2003;108:
2697-703.

Casari C, Berrou E, Lebret M, et al. von Willebrand factor
mutation promotes thrombocytopathy by inhibiting integrin
alphallbbeta3. J Clin Invest 2013;123:5071-81.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cattaneo M, Cerletti C, Harrison P, et al. Recommendations
for the Standardization of Light Transmission Aggregometry:
A Consensus of the Working Party from the Platelet Physiol-
ogy Subcommittee of SSC/ISTH. ] Thromb Haemost 2013;
11:1183-9.

Goodall AH, Appleby J. Flow-cytometric analysis of platelet-
membrane glycoprotein expression and platelet activation.
Methods Mol Biol 2004;272:225-53.

Dodd RY, Moroff G, Wagner S, et al. Inactivation of
viruses in platelet suspensions that retain their in vitro
characteristics: comparison of psoralen-ultraviolet A and
merocyanine 540-visible light methods. Transfusion
1991;31:483-90.

Feys HB, Van Aelst B, Devreese K, et al. Oxygen removal dur-
ing pathogen inactivation with riboflavin and UV light pre-
serves protein function in plasma for transfusion. Vox Sang
2014;106:307-15.

Johnson L, Winter KM, Reid S, et al. The effect of pathogen
reduction technology (Mirasol) on platelet quality when
treated in additive solution with low plasma carryover. Vox
Sang 2011;101:208-14.

Zeddies S, De Cuyper IM, van der Meer PE et al. Pathogen
reduction treatment using riboflavin and ultraviolet light
impairs platelet reactivity toward specific agonists in vitro.
Transfusion 2014;54:2292-300.

Apelseth TO, Bruserud O, Wentzel-Larsen T, et al. In vitro
evaluation of metabolic changes and residual platelet
responsiveness in photochemical treated and gamma-
irradiated single-donor platelet concentrates during long-
term storage. Transfusion 2007;47:653-65.

Jansen GA, van Vliet HH, Vermeij H, et al. Functional charac-
teristics of photochemically treated platelets. Transfusion
2004,44:313-9.

Van Aelst B, Feys HB, Devloo R, et al. Riboflavin and amoto-
salen photochemical treatments of platelet concentrates
reduced thrombus formation kinetics in vitro. Vox Sang 2014
[Epub ahead of print].

Verhaar R, Dekkers DW, De Cuyper IM, et al. UV-C irra-
diation disrupts platelet surface disulfide bonds and acti-
vates the platelet integrin alphallbbeta3. Blood 2008;112:
4935-9.

Sun QH, Liu CY, Wang R, et al. Disruption of the long-range
GPIlIa Cys(5)-Cys(435) disulfide bond results in the produc-
tion of constitutively active GPIIb-IIIa (alpha(IIb)beta(3))
integrin complexes. Blood 2002;100:2094-101.

UV-C-TREATED PLTs IN FLOW CHAMBERS

32. Butta N, Arias-Salgado EG, Gonzdlez-Manchoén C, et al. Dis-
ruption of the beta3 663-687 disulfide bridge confers consti-
tutive activity to beta3 integrins. Blood 2003;102:2491-7.

33. Shattil SJ. Signaling through platelet integrin alpha IIb beta
3: inside-out, outside-in, and sideways. Thromb Haemost
1999;82:318-25.

34. Akkerman JW, Holmsen H. Interrelationships among platelet
responses: studies on the burst in proton liberation, lactate
production, and oxygen uptake during platelet aggregation
and Ca2+ secretion. Blood 1981;57:956-66.

35. Prudent M, Crettaz D, Guignard J, et al. Aggregation and pro-
teomic analyses of intercept-treated platelets [abstract].
Transfusion 2012;52:63A.

36. van Marwijk Kooy M, Akkerman JW, van Asbeck S, et al. UVB
radiation exposes fibrinogen binding sites on platelets by
activating protein kinase C via reactive oxygen species. Br J
Haematol 1993;83:253-8.

37. Terada C, Mori J, Okazaki H, et al. Effects of riboflavin and
ultraviolet light treatment on platelet thrombus formation
on collagen via integrin olIbf3 activation. Transfusion 2014;
54:1808-16.

38. Butler C, Doree C, Estcourt L], et al. Pathogen-reduced plate-
lets for the prevention of bleeding. Cochrane Database Syst
Rev 2013;3:CD009072. 1

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

Fig. S1. Lowering molecular oxygen partial pressures
has no effect on platelets. (A) P-selectin, (B) phosphati-
dylserine/-ethanolamine by annexin V binding, (C)
GPIba and (D) integrin oypP3 activation was not differ-
ent in normoxic (open bars) versus hypoxic (shaded
bars) conditions. (E) Integrin activation in response to
30 uM PARIAP or (F) 6 ng/mL convulxin was also not
different. The differences with untreated controls (closed
bars) were consequently comparable. The results from
statistical analyses are indicated on top of each panel
(n = 5). ns = not significant; *p < 0.05; **p < 0.01;
*4p < 0.001.

Video S1. THERAFLEX Day 2.

Video S2. THERAFLEX Day 5.

Video S3. THERAFLEX Day 7.
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