Delabie et al. Stem Cell Research & Therapy (2025) 16:329 Stem Ce” Resea rch & Thera py
https://doi.org/10.1186/513287-025-04445-9

. ®
Human platelet lysate standardization o

across three independent European blood
establishments

Willem Delabie', Gabriele Boretti®?, Stephanie A. Groot*, Davina Ardanary*, Olafur Sigurjénsson®?,
Thomas R. L. Klei*, Philippe Vandekerckhove>®” and Hendrik B. Feys'>#"

Abstract

Human platelet lysate (hPL) is a clinically safe alternative to fetal bovine serum (FBS). However, variability in blood
donation practices, platelet concentrate preparation methods, storage and hPL manufacturing complicates stand-
ardization across jurisdictions. This study aimed to establish a first multinational hPL manufacturing standardiza-

tion across three European blood centers to test feasibility and variability. A single batch of hPL production sets

was distributed to the participating centers. There, hPL was produced following a single standard operating proto-

col but starting from each center’s unique platelet concentrates. Each center prepared four ‘national’ hPL batches

and four'international’ batches. Researchers conducted blinded quality and variation analyses to ensure unbiased
results. All hPL batches exhibited comparable total protein levels, pH, ionic strength, and lactate content. Analysis

of twelve growth factors showed minor variations across batches. Endothelial cell outgrowth and wound closure were
slower in hPL than FBS but remained consistent across batches. Mesenchymal stem cell (MSC) doubling was sig-
nificantly faster in hPL than in FBS, with MSC phenotype consistency confirmed via flow cytometry. Differentiation
into adipogenic and osteogenic tissue was successful in all hPL samples. The inter-institutional variation across all
national batches was higher for all critical outcome parameters compared to the variation in the four international
batches. These findings confirm the feasibility of manufacturing standardized hPL across borders and show lower vari-
ability when doing so. This supports further efforts to stabilize hPL supply and advance cytotherapy standardization

in Europe.
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Introduction

Human platelet lysates (hPL) have gained significant
attention as a promising alternative to fetal bovine serum
(FBS) in cell culture and regenerative medicine [1]. The
use of FBS raises ethical, safety and practical concerns
like animal welfare, zoonoses, immunogenicity, batch
variability and supply limitations [2-6]. Derived from
human platelets, hPL is rich in growth factors, cytokines,
and other bioactive molecules that promote cell prolifer-
ation, differentiation, and tissue repair. These advantages
make hPL an attractive supplement for mesenchymal
stromal cell (MSC) expansion and other cell therapy
applications, reducing the risks associated with xenoge-
neic components. Despite the growing interest in hPL,
the field faces challenges of standardization, batch-to-
batch variability, and regulatory compliance (7, 8].

One of the primary issues for widespread adoption of
hPL is the lack of a standardized protocol for hPL prepa-
ration, storage, and quality control. Platelet lysis methods
[9] and downstream processing steps like centrifugation,
filtration and pooling potentially lead to inconsistencies
in the composition and biological activity of hPL prod-
ucts [7, 10]. In addition, differences related to the pri-
mary platelet concentrate like the number of donors per
concentrate, the inclusion of pathogen inactivation and
the use of additive solutions may further contribute to
variability. In theory, the hPL manufacturing method can
be standardized internationally, as can its quality con-
trol testing. Standardization of the primary platelet con-
centrate is much more challenging because competent
authorities have made historical choices to particularly
match the needs per country, or per region with a strong
focus on optimal transfusion medicine. For instance, the
need for pathogen inactivation and additive solutions is
different per region depending on the prevalence of path-
ogens and the incidence of transfusion complications,
respectively. It thus makes sense to attempt to reduce
variability by pooling of hPL units from different sources
of primary platelet concentrates or even international
pooling of nationally sourced hPL batches to very large
volume stocks, even though hard evidence on the added
value is lacking [11].

Several single center efforts towards standardiza-
tion have been made [12-15] and guidelines have been
proposed by regulatory agencies and research consor-
tia [7, 16]. However, a practical analysis of multicenter
hPL standardization is lacking. In this study we provide
data on a first effort to standardize hPL across three
unrelated and different European blood establishments
keeping intact the intrinsic variability of their respective
platelet concentrates but harmonizing hPL manufactur-
ing. Intralaboratory as well as interlaboratory batches
were prepared in a blinded manner and analyzed for

Page 2 of 13

practical outcomes like manufacturing reproducibility,
and biochemical outcomes related to cell growth and
differentiation.

Materials and methods

Study design

Each of the three participating blood institutions
received 24 single-step hPL production sets [17] from
the central lab in Belgium (Fig. 1). Using these sets, each
institution produced 24 individual hPL products from
24 separate platelet concentrates (PC). Human platelet
lysate is produced in these sets by sterile transfer of any
PC to the production set using sterile welding. Next a
3-h incubation allows platelet growth factor release and

SURPLUS
PLATELET
CONC.

v v

v
PREPARATION OF NATIONAL BATCHES

CONTAINING 6 SINGLE HPL UNITS

000|000

0000
.
PREPARATION OF INTERNATIONAL BATCHES

Fig. 1 Study design. Each blood institution prepared 24 hPL products
derived from 24 platelet concentrates using one hPL production

set per concentrate. hPL was shipped to the central lab where 4
national ‘batches’ were prepared by pooling of 6 individual hPL
products per country, symbolized by unicolored spheres per country
(middle). In addition, the central lab prepared 4 international ‘batches,
consisting of 2 individual hPL products per country (bottom). From
these 'batches; blinded samples were prepared and sent back

to the participating centers for analysis
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clot contraction caused by Ca’* ions and glass beads,
respectively. This product was then stored at —80 °C for
minimally two days. After overnight thawing at room
temperature, the products were ready for transfer of the
growth factor rich supernatant using sterile welding to
an hPL collection bag. As previously described by Dela-
bie et al., this method yields a transparent, functional
hPL that supports expansion of primary and continuous
cell lines [17]. From each single hPL product 45 mL was
aliquoted in pre-labeled test tubes supplied by the cen-
tral lab to the participating centers. The tubes were then
transported cryopreserved on dry ice to the central lab.

At the central lab, six single hPL 45 mL aliquots from
each blood institution were randomly selected and
pooled to create a ‘national batch! This process was
repeated four times, resulting in four national batches
per participating institution (n=4). Additionally, two
individual hPL aliquots from each institution were ran-
domly selected and pooled in groups of six to form an
‘international batch, which was also prepared four times.
The donor composition of each batch varied based on the
number of bufty coats used for PC preparation. Belgian,
Icelandic, Dutch, and international batches consisted of
36, 48, 30, and 38 donors, respectively.

Subsequently, 1 mL and 10 mL aliquots of each batch
were prepared in coded tubes to ensure that all research-
ers, including those preparing the batches, remained
blinded. Only one individual at the central lab who was
not involved in the study, had access to the code. These
coded samples were then cryopreserved and shipped
back to the participating blood institutions for laboratory
experiments and quality control. Coded experimental
data were sent back to the central lab for statistical analy-
sis, after which the results were unblinded.

Preparation of platelet concentrates

All three blood establishments prepared PC using the
buffy coat (BC) method as previously described [18].
ABO blood group matched buffy coats from single
donors were pooled and supplemented with platelet
additive solution (PAS)-E. Belgian, Dutch and Icelan-
dic pooled PC consisted of 6, 5 and 8 individual donor
buffy coats respectively. PAS used was T-PAS+ (Terumo
BCT, Lakewood, CO) in Belgian and Dutch PC and SSP+
(Macopharma, Mouvaux, France) in Icelandic PC [19].
Pooled BCs were centrifuged and the buoyant plate-
let suspension was taken off by automated separation
while passing over a leukocyte reduction filter. Belgian
and Icelandic PC were treated with the amotosalen and
ultraviolet light pathogen inactivation method (Cerus
Corporation, Concord, CA) [20]. Dutch PC were checked
for bacterial contamination using the BacT/ALERT sys-
tem (Biomérieux, Marcy—l’Etoile, France) on day 1 and
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day 8 post donation. The PC were stored in a temperature
controlled environment (22 °C) with continuous agita-
tion. All PC were checked for swirling and were used for
hPL production before day 10 post donation. All dona-
tions were from voluntary non-remunerated donors who
gave informed consent for all experiments performed on
the use of the donation or of fractions of the donation
for scientific research purposes. Experiments adhered to
local legislation. Belgian donor material used was regis-
tered in the biobank with accession number (BB190034)
and the study was approved by the University Hospital
Institutional Review board of UZ Leuven (562549).

Biophysical and biochemical analysis

To record hPL turbidity, light transmittance was meas-
ured in using a spectrophotometer (NanoDrop OneC,
Thermo Fisher Scientific, Waltham, MA). Transmittance
was calculated using the formula T =104 \here
T is transmittance and Agg,,, is the compound of light
absorbance and light scattering of an undiluted sample
measured at a wavelength of 680 nm and a light path
length of 1 cm. Osmolality and concentrations of glucose,
lactate and Ca®* were measured in raw hPL as well as in
complete culture media using a point-of-care blood gas
analyzer (RAPIDPoint 500, Siemens, Munich, Germany).
pH at 20-24 °C was determined by glass electrode (HI
5221, Hanna Instruments, Woonsocket, RI).

Growth factor, fibrinogen and total protein content
All hPL batches were measured on the Luminex ana-
lyzer MAGPIX (DiaSorin, Saluggia, Italy), using three
different 96-well plate assays. A first panel was the MIL-
LIPLEX Human Cytokine/Chemokine/Growth Factor
Panel A Magnetic Bead Panel (Millipore, Sigma-Aldrich)
7 PLEX containing Epidermal Growth Factor (EGF),
Fibroblast growth factor 2 (FGF2), soluble CD40 Ligand
(sCD40L), Interleukin (IL)—1a, IL-6, Tumor Necrosis
Factor (TNF)-a and Vascular Endothelial Growth Factor
(VEGF)-A. hPL used in this kit was 50 pL per well, which
is double the amount stated in the protocol. Second,
a MILLIPLEX Human Cytokine/Chemokine/Growth
Factor Panel A Magnetic Bead Panel (Millipore, Sigma-
Aldrich) was used containing Platelet Derived Growth
Factor (PDGF)-AA and PDGF-AB/BB and for which hPL
was diluted 1/20. Lastly, also the MILLIPLEX Transform-
ing Growth Factor (TGF-B) Magnetic Bead Kit (Milli-
pore, Sigma-Aldrich) was used containing TGF-p1,2,3 for
which hPL was diluted 1/10.

hPL was added to the 96-well plates followed by the
beads and incubated with agitation on a plate shaker
overnight (16 h) at 4 °C. A handheld magnet was used
to hold the beads into the plate when the well content
was removed. After incubation, wells were washed 3
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times with buffer. Detection antibody was added and
the plate was incubated with agitation for 1 h at room
temperature (19-23 °C). After incubation, streptavi-
din conjugated with phycoerythrin was added. After
30 min incubation at room temperature, well content
was removed and washed 3 times. The wells were
filled with Drive Fluid and analyzed. Median Fluores-
cent Intensity (MFI) median-data were used to cal-
culate the analyte concentrations in the hPL samples.
An in-house calculation program Log-it (made by: Ed
Nieuwenhuys, Sanquin) was used for the calculation of
the end results. Outcome data are given as signal per
concentration of calibration sample and are non-lin-
ear. The excel algorithm performs non-linear logistic
regression to allow interpolation of the concentration
in the test samples.

Fibrinogen was measured with the STartMax ana-
lyzer (Stago, Asniéres-sur-Seine, France) with Liquid
Fib, g/L, Clauss method (Stago). This is a quantitative,
clot-based, functional assay. Total protein was meas-
ured at an external lab (OLVG Lab BV, Amsterdam,
The Netherlands). All hPL was measured with the Total
Protein gen. 2 assay (Cobas, Roche, Basel, Switzerland),
on the COBAS8000-c502 (Roche) which is a colorimet-
ric assay with Cu?" ions in alkaline solution that forms
a purple-colored biuret complex. The color intensity
is directly proportional to the protein concentration
which can be determined spectrophotometrically at a
wavelength of 546 nm.

HUVEC culture

Cell culture assays were performed using human
umbilical vein endothelial cells (HUVEC, PromoCell,
Heidelberg, Germany). Basal medium was Endothe-
lial Cell Growth Medium 2 (PromoCell) and all media
was supplemented with SupplementMix (PromoCell),
100 U/mL penicillin (Sigma-Aldrich, Saint-Louis, MO),
100 pg/mL streptomycin (Sigma-Aldrich) and 4 mM
L-Glutamine (Sigma-Aldrich). The flasks were coated
with fibronectin to adhere the cells. Cells were incu-
bated at 37 °C and 5% CO,,.

HUVEC proliferation was measured in 24-well plates
(Thermo Fisher Scientific). hPL was added to Endothe-
lial Cell Growth Medium at 10% and 2% (v/v). The posi-
tive control used the same basal medium supplemented
with 10% (v/v) FBS (Cell Applications, Inc., San Diego,
CA). The negative control was plain basal medium
without added supplement. Proliferation was measured
on day 1, 2, 3 and 4 after seeding of the cells by stain-
ing with 0.5% (w/v) Crystal Violet. Attached cells were
lysed with 2% (w/v) Sodium Dodecyl Sulphate after
which absorbance was measured at 590 nm.
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Scratch assay

HUVEC were seeded in 24-well plates in Endothelial
Cell Growth Medium 2 (PromoCell) supplemented with
SupplementMix (PromoCell), grown to confluence and
“scratched” at the center using a pipette tip. Following
this, hPL was diluted in serum-free basal medium at 10%
and 2% (v/v). Positive control was the same basal medium
supplemented with 10% (v/v) FBS and negative control
plain basal medium without supplement. All growth
media were supplemented with 100 U/mL penicillin
and 100 pug/mL streptomycin. Cell migration was pho-
tographed every 30 min using bright field phase contrast
microscopy (ZEISS Axio Observer Z1) at 100X magnifi-
cation (10x objective and 10X ocular lens). The percent-
age of scratched area filled by migrated cells was then
calculated using Image] software (plugin: wound healing
size tool) at the endpoint of 24 h. Parameters of the tool
include variance filter radius and threshold in order to
optimize noise reduction without over-smoothing.

MSC differentiation

Human adipose-derived mesenchymal stem cells (MSC,
Thermo Fisher Scientific) were cultured in a standard
growth medium consisting of Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) sup-
plemented with 10% Fetal Bovine Serum (FBS) and 1%
(vol/vol) penicillin—streptomycin (100 U/ml). Cells were
cultured at a seeding density of 5,000 cells/cm? in regu-
lar 75 cm? tissue culture-treated flasks. Cells were used
at passage 5 to assess the effects of the different batches
of hPL on cell viability and differentiation potential. Sev-
enteen media formulations were prepared, each contain-
ing a unique serum type: the control medium included
10% FBS, while each experimental medium contained
one of the sixteen hPL batches supplemented at 10% in
DMEM/F-12. All complete media contained 1% (vol/
vol) penicillin—streptomycin (100 U/ml) and was filtered
through 0.2 pm filters (Whatman, Cytiva). Media were
stored at 4 °C for up to one week.

Osteogenic, and adipogenic differentiation assays were
conducted to evaluate the differentiation potential of
MSCs cultured with different hPL batches. For each dif-
ferentiation lineage, two time points were assessed: day 0
(T0) and at endpoint (TE; 14 days for adipogenic differ-
entiation and 28 days for osteogenic differentiation).

MSCs at passage 5 were seeded in 24-well plates at a
density of 5,000 cells/cm?. Twelve wells were assigned per
hPL batch, with six wells designated for each differentia-
tion type (three wells for TO and three wells for TE). Cells
were cultured in their respective media until they reached
80% confluence. At that point, half of the wells were fixed
with 4% paraformaldehyde (for T0), and differentiation
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was induced in the remaining wells using the StemPro
Differentiation Kit (Thermo Fisher Scientific).

Upon reaching the endpoint, cells were fixed with 4%
paraformaldehyde and stained for histological analy-
sis. Osteogenic differentiation was assessed using Von
Kossa staining by 30 min incubation with 5% (m/V) silver
nitrate (Sigma-Aldrich), and adipogenic differentiation
by 10 min incubation with 0.3% (m/V) Oil Red O (Sigma-
Aldrich). Stained wells were visualized qualitatively
under a bright field microscope (Olympus, Tokio, Japan)
at 40X magnification (4% objective and 10X ocular lens),
and images were taken using Infinity Analyze software
(Teledyne, Waterloo, Canada).

MSC expansion

hPL was diluted at 10% (vol/vol) in DMEM/F-12. Human
MSC Screened FBS (Cytiva, Marlborough, MA) was
included as a positive control and was also diluted at 10%
(vol/vol) in DMEM/E-12. Prior to use, all complete media
were supplemented with 1% (vol/vol) penicillin—strepto-
mycin (100 U/ml, Thermo Fisher Scientific) and subse-
quently sterile filtered (0.2 um). Media were aliquoted in
single-use doses and stored at 2—8 °C for 2 weeks at most.
Upon use the aliquot was warmed to 37 °C and remain-
der material was discarded. A single clone of human
adipose-derived MSC (Lonza, Basel, Switzerland) was
cultured in regular 25 cm? tissue culture-treated flasks at
a seeding density of 4,000 cells/cm? Culture medium was
changed every 2-3 days and cell dissociation was per-
formed at 80-90% confluence using trypsin-ethylenedi-
amine tetraacetic acid (EDTA, Thermo Fisher Scientific).
MSCs were kept in culture for a maximum of 42 days as
per protocol. Cumulative population doublings (cPD)
were calculated according to the following formula where
cPD,, is the cPD at previous passage, N; is the amount of
cells at seeding and N, is the amount of cells at the end of
the passage: cPD = cPDg + 3.322 * (log(N1) — (log(Np))
[21].

Flow cytometric phenotyping

At seeding and at ¢PD8 (during long term expansion),
flow cytometric phenotyping of MSCs was performed
according to the International Society for Cellular Ther-
apy (ISCT) guidelines using an acoustic focusing flow
cytometer (Attune, Life Technologies, Carlsbad, CA)
[22]. Cells were suspended at 10° per mL in phosphate
buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO,, pH7.4). Antibodies used to
characterize positive markers were anti-CD90 fluores-
cein isothiocyanate (FITC, BD Biosciences, Franklin
Lakes, NJ), anti-CD105 Super Bright 436 (SB436, Thermo
Fisher Scientific), anti-CD73 allophycocyanin (APC, BD
Biosciences) and anti-CD13 phycoerythrin-cyanine?
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(PE-Cy7). Exclusion markers were anti-CD34, anti-
CD11b, anti-CD19, anti-CD45 and anti-HLA-DR, all
labeled with PE (BD Bioscience). Cells were diluted to
2.5% 10° per mL in PBS before analysis in the flow cytom-
eter. Gating was done by including 0.5% positive events
of fluorescence minus one (FMO) controls for positive
markers, and for negative markers by including 0.5% of
positive events of an isotype antibody control.

Statistical analysis

All statistical analyses were performed using Prism Ver-
sion 10.4.1 (GraphPad Software Inc.). Kruskal-Wal-
lis test with Dunn’s multiple comparison test was used
for comparison of hPL production methods. Repeated
measures one-way ANOVA for comparison of hPL rela-
tive volume yield was used with a Tukey’s correction
for multiple comparisons. For cell culture data, a two-
way ANOVA was used with a Sidak correction. Null
hypotheses were rejected when p<0.05. Coefficient of
variation (CV) was calculated with correction for small
sample sizes and according to the following formula:
CV =[SD/x] = [1+ ﬁ] where SD is standard devia-
tion, X is mean and n is sample size. For calculation of
CV for scratch wound assays, half life was determined
by one phase decay. CV categories were set up for clari-
fication and were selected based on a directed search in
the Pharmacopoeia’s of the United States of America and
Europe for “specifications for biotechnological/biological
products” (ICH Q6B), “Good Manufacturing Practice for
APTs” (ICH Q7), “Uniformity of Dosage Units” (Ph. Eur.
2.9.40).

Results

Human platelet lysate production and biochemical
properties

Prior to hPL production, the volume of the PC was meas-
ured and the platelet quality was checked by presence
of swirling [23]. General differences in platelet concen-
trate manufacturing per blood establishment are given
in Table 1. Detailed composition of all used PC and final
hPL is given in Table S1. All PC were successfully con-
verted to hPL using the hPL production sets and the
standard operating procedure provided with the sets
(Fig. 2A), irrespective of institution and starting product.
Tubing from PC bags in the different blood establish-
ments was compatible for sterile welding to the hPL set
tubing. No issues were reported during transfer of the PC
to the hPL set, nor during transfer of the intermediate
hPL to the final storage container. Relative volume yield
was expressed as the fraction of volume of the original PC
that was retrieved as hPL in the final storage container
(Table S1 and Fig. 2B). Relative volume yield was high-
est for Dutch hPL (84%), compared to Belgian (73%) and



Delabie et al. Stem Cell Research & Therapy (2025) 16:329

Page 6 of 13

Table 1 Main variables of standard platelet concentrates prepared in each institution. (BE; Belgium, IS; Iceland, NL; the Netherlands)

Variables BE IS NL
Number of constituting buffy coats, i.e. number of donors 6 8 5
Platelet additive solution category (type name) E (T-PAS+) E (SSP+) E (T-PAS+)
Pathogen inactivation by amotosalen photochemical treatment Yes Yes No
Bacterial testing No No Yes
Average volume (mL) 307 187 286
Average platelet concentration (1 0%/uL) 987 1,240 856
Maximum storage time (days post donation) 5 7 7
Average storage time for hPL production since donation (days) 7.8 7.8 80
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Fig. 2 hPL production set efficiency. A The success rate of PC conversion to hPL is shown. B hPL volume yield was the ratio of hPL volume
over original PC volume. Data are shown as mean with standard deviation (n=24), ****P<0.0001. Two-letter country code is used for Belgium (BE),

Iceland (IS) and the Netherlands (NL)

Icelandic hPL (59%). No differences were found across
blood establishments in terms of hPL transmittance (Fig.
S1) as a measure for product turbidity.

pH varied between 7.0 and 7.5 between batches
(Fig. 3A). No differences were found for ionized calcium
(Fig. 3B) and osmolality (Fig. 3C). Glucose was higher in
Dutch hPL compared to other hPL (Fig. 3D) but lactate
was not different (Fig. 3E). Average phosphate concentra-
tion per batch type ranged from 14 to 19 mM with minor
variation across batches (Fig. S2). Possible sources of var-
iation during hPL production were the operator, ambient
temperatures and duration of cryopreservation.

Growth factors, cytokines and other protein content

No significant differences were found across batches
or across institutions for EGF, PDGF-AA, PDGF-AB/
BB, TGF-32, TGF-33, IL-1a, IL-6, sCD40L and TNF-a

(Fig. 4A, C-D, F-G, I-L). FGF2 was significantly higher
in Icelandic hPL (759 pg/mL) than in Belgian hPL
(512 pg/mL, P<0.01) and Dutch hPL (323 pg/mL,
P<0.0001) (Fig. 4B). TGE-81 was slightly higher in
Icelandic hPL (36.9 ng/mL) compared to Belgian hPL
(33.6 ng/mL) (Fig. 4E). Similarly, VEGF difference was
only significant (P<0.01) between Icelandic (743 pg/
mL) and Belgian hPL (506 pg/mL) (Fig. 4H). As a result
of fibrinogen depletion during hPL production, fibrino-
gen always remained below the assay’s limit of detec-
tion (33 pg/mL) for all hPL (Fig. S3). Total protein
ranged from 17.8 to 20.5 g/L with only Icelandic hPL
containing significantly higher (P<0.0001) concentra-
tions compared to other hPL (Fig. S3). Any difference
found in protein content was leveled out in the interna-
tional batches.
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HUVEC proliferation and scratch wound assay

HUVEC successfully proliferated in the presence of hPL
(Fig. 5A). A small decrease was found at day 4 for cells
grown in Dutch hPL compared to Belgian and Icelandic
hPL (P<0.01). No proliferation was observed in basal
medium without supplement. In a scratch assay, hPL was
successful at closing artificial wounds in vitro when sup-
plemented at 10% and followed up for 24 h. At 2% hPL
still supported partial wound closure however the rate of
closure was fastest in FBS (Fig. 5B-C).

MSC growth kinetics, phenotype

and differentiation potential

No significant differences were found between hPL
batches on any moment during the five week long cul-
ture (Fig. 6A). Cumulative population doublings (cPD)
of MSC cultured in presence of hPL was always higher
than cPD of MSC cultured in FBS. The cell doubling
time of the first five passages was faster in hPL than in
EBS (Fig. 6B-C). No significant differences were found
between hPL batches in initial MSC growth kinetics
(Fig. 6C). Cell phenotype was measured in flow cytom-
etry when reaching c¢PD8. All maintained cell surface
expression of CD13 and CD73 (Fig. 6D). Cell surface

expression of CD90 was decreased in all conditions.
However, median fluorescence intensity of CD90 was
always higher than negative control suggesting that CD90
expression was not zero (Fig. S4). This may be related
to the MSC clone, the anti-CD90 antibody or its labe-
ling. CD105 expression was reduced in hPL cultured
MSC, not in FBS-cultured cells as published before [24].
Expression of hematopoietic lineage specific markers was
negative in all conditions (Fig. 6E).

After MSC culture in media with hPL or FBS, adipo-
genic and osteogenic differentiation was successfully
induced (Fig. 7). Adipogenic differentiation appeared
more prominent in hPL cultured MSC compared to FBS
cultured MSC. No clear differences were observed within
or across hPL batches for either adipogenic (Fig. S5) or
osteogenic differentiation (Fig. S6).

Batch-to-batch variation and coefficient of variation

The coefficient of variations (CV) was tabulated in
Table 2. A mathematical correction for CV of small
sample size was applied. Variation was below 15% for
total protein, pH, Ca®*, PO,*", osmolality, glucose, lac-
tate, FGF2, TGF-131, TGF-132, sCD40L, TNF-a, HUVEC
expansion and MSC expansion. Intra-institution CV of
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Belgian batches exceeded 15% in 7 of 23 tested param-
eters, in 6 of 23 in Icelandic batches and in 9 of 23 in
Dutch batches. These differences levelled out in the
international batches because the CV was above 15% in

only 5 of 23 parameters. The CV of the 4 international
batches was lower than the single CV calculated for all
12 national batches across institutions in 21 of 23 tested
parameters.
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ADIPO

OSTEO

Fig. 7 MSC differentiation potential. MSC were cultured in the presence of either hPL or FBS and subsequently differentiated in |dent|ca|
differentiation media. Adipogenic differentiation was analyzed using Oil Red O staining and Osteogenic differentiation by Von Kossa staining.
The positive control is a biologically paired cell sampled cultured in FBS, differentiated and stained. The negative control is biologically paired
cell sample that was equally stained, but not differentiated. Microscopic pictures were selected representative for each hPL batch group. Scale

bar is 500 um, total magnification 40x

Table 2 Coefficient of variation

BIOCHEMICAL PROTEIN CONTENT GROWTH KINETICS
mM mM  mOsmkg mM mM gL pgmL pgmL ngmL ngmL ng/mL ng/mL  pgimL  pg/mL  pg/mL  pg/ml  ng/mL  pgimL or?g;;ﬂ , Halflile  Halflile  PD/day
PH  ca PO:- °|:|’l"t; Glucose Lactate p':::“:i'n EGF  FGF2 P'}'&F' :gﬁ:s TGF-81 TGF-82 TGF-83 VEGF  IL-1a IL-6  sCD4OL TNF-a ::‘:ﬁ: i:%;;| i%a:: g'r‘gﬁh
1 7043 037 1560 2777 13 1437 | 185 1080 519 568 777 340 309  17.7 525 96 0155 300 391 | 0244 75 1356 067
w 2 705 038 1584 2764 <LOD 1506 | 182 978 572 762 782 338 298 148 451 206 0653 302 395 | 0246 84 751 070
o 3 7027 041 1673 2772 16 1467 | 180 904 475 465 512 352 308 148 589 79 0347 279 325 | 0226 140 1181 066
4 7401 036 1497 2928 13 1299 | 184 950 480 458 490 315 290 265 460 79 0496 253 400 | 0225 93 1147 056
CV BE (%) 04% 52% 42%  2.6% 107% 58% | 11%  7.0%  81% 23.2% 23.A%  42%  27% 27.6% 11.7% 70.8% 47.4% 7.4%  8.6% | 44% 271% 21.3%  8.6%
1 7133 045 1524 2853 13 1623 | 200 1100 688 571 668 371 326 148 746 159 0902 266  47.8 | 0260 84 737 078
» 2 7155 052 1383 2905 1.1 1513 | 207 1340 728 727 802 362 335 148 726 306 0351 300 499 | 0259 7.9 1006 077
= 3 7426 045 1095 2858 <LOD 1456 | 214 1080 926 700 741 354 345 148 800 280 0732 206 445 | 0246 8.1 48 070
4 7165 036 1542 2761 <LOD 1603 | 200 1260 695 960 991 300 300 192 701 219 0364 253 503 | 0257 54 995 067
CV IS (%) 02% 136% 137% 19%  89%  46% | 30%  9.7% _136% 202% 159% 39%  54% 127% 52% 251% 43.0%  7.6% _ 51% | 2.3% 16.8% 282%  6.8%
1 7431 037 1864 2885 29 1170 | 176 162 333 415 546 349 322 148 667 186 1180 307 451 | 0192 89 999 066
O 2 7388 042 1953 2072 22 1359 | 182 1110 364 618 841 370 325 132 576 123 0600 289  47.9 | 0202 68 1350  0.65
z 3 7420 041 1883 2970 30 1307 | 177 1080 322 458 516 342 288 206 449  11.0 0574 269 352 | 0.1% 63 648 066
4 7403 038 1830 2862 25 1353 | 178 978 272 523 687 340 300 148 674 316 0233 274 363 | 0164  17.6 1659  0.64
CV NL (%) 02% 55% 25%  1.8% 128% 6.2% | 14% 49.8% 10.9% 161% 212% 3.6%  53% 18.9% 16.3% 47.2% 559% 58% 14.2% | 8.2%  491% 345%  11%
CVXBORDER (%)| 22% 12.0% 153% 27% 39.2% 9.4% | 7.0% 29.7% 37.9% 271% 22.8% 5.6%  59%  22.9% 204% 50.3% 54.2% 7.0%  145% | 14.1% 38.6% 334%  87%
1 7180 036 1623 2882 12 1569 | 184 1120 516 482 665 362 322 132 741 149 1040 318 528 | 0262 74 1144 069
- 2 7497 040 17.62 2878 16 1384 | 185 1200 610 723 862 342 299 163 59 104 0364 322 448 | 0247 72 1251 064
E 3 7206 037 1792 2887 15 1420 | 187 1350 490 771 860 360 300 177 546 133 0233 292 417 | 0288 178 707 068
4 7207 036 1561 2843 15 1438 | 189 1100 508 520 635 339 302 148 578 255 0416 326 366 | 0246 7. 093 068
CV INT (%) 02% 47% 60%  0.6% 11.0% 51% | 11%  8.8%  93% 213% 149% 3.4%  33% 11.5% 12.9% 37.8% 64.5% 4.5% 142% | 6.9% 493% 21.2% 31%
;g‘gégg'{) 24%  73% -93% -21% -282% 43% | 59% -209% -286% -58% -7.9%  -25% -27% -1.4% 7.5% 125% 102% 25% 03% | 72% 107% -122% 5.6%
<5% Excellent
5.7% Good
7-11%  Acceptable
11-15% Poor
>15% Bad

Coefficients of variation per endpoint and per batch produced in each institution (BE; Belgium, IS; Iceland, NL; the Netherlands). The overall coefficient of variation
of 12 batches produced in all institutions is labeled “CV X BORDER" and is compared to the CV of the ‘international’ batch (INT) by calculating the difference between

both in the line “delta (INT-X BORDER)”

Discussion

The use of hPL as an alternative to FBS in cell culture
and regenerative medicine has gained significant atten-
tion due to their rich growth factor content and ethical
advantages [25]. hPL derived from platelet concentrates
prepared for transfusion, offers a promising supplement
for promoting cell proliferation, differentiation, and tis-
sue regeneration [26]. However, despite their potential,

the field faces a critical challenge: the lack of standardiza-
tion in hPL production, characterization, and application
[10, 27]. Variability in donor selection, platelet concen-
tration, preparation methods, pathogen inactivation
and storage conditions has led to inconsistencies in hPL
composition and performance, hindering reproducibility
and comparability across studies. This lack of uniformity
poses a significant barrier to the widespread adoption of
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hPL in clinical and research settings. Typical standards
for ‘active pharmaceutical ingredient’ dosing and low
inter-batch variability are not easy to obtain for cell and
gene therapies. Therefore, sources of variation during
manufacturing of the therapeutic should be kept as low
as possible. As a tissue culture supplement aiming at sup-
porting the cytotherapy field, the need for standardized
protocols and quality control measures for hPL is there-
fore urgent [7].

Most blood establishments must maintain a small sur-
plus of PC to assure steady supply for transfusion. Plate-
lets are vulnerable to expiration [28, 29] because their
storage time is limited to days, not weeks. Consequently,
the many blood establishments worldwide can collec-
tively provide quite a volume of expired PC. Instead of
going to waste, PC may be redirected for hPL produc-
tion thereby contributing to a circular economy. In addi-
tion, when hPL is used for cell therapy purposes, the
blood establishment still abides to its commitments to
help patients, and to manage donor material in an opti-
mal way. Blood establishments can contribute in broadly
two ways, they can either provide the expired PC directly
to an hPL manufacturer or they can make hPL them-
selves. The former is the least burdensome but does not
allow maximal return on the intrinsic value of donated
material. The latter comes with the challenge of prod-
uct development and few blood establishments have the
resources and time to do this, let alone navigate the regu-
latory specifics.

A simple, single-use consumable set was developed at
Belgian Red Cross-Flanders for the conversion of PC to
hPL [17]. This set is compliant to closed system manu-
facturing, is easy to use and owing to the data obtained
in this work now also demonstrates robustness for han-
dling and for geographic location. Blood establishments
have various methods of manufacturing PC [10, 18]
so it had to be tested if these different input products
would fit with the original hPL manufacturing method
in all 72 instances of PC to hPL conversion foreseen in
the study plan. This was the case showing that different
input PC do not influence the flow of hPL manufactur-
ing. The PC from Iceland for instance had small volumes
of 187+6 mL compared to the ones from the Nether-
lands 286+ 9 mL or Belgium 307 +17 and although this
impacted the relative hPL volume yield significantly,
it did not influence the final hPL chemical and growth
factor composition or efficacy. The performance part of
the study therefore demonstrates robustness and trans-
latability across different blood establishments of this
technology.

The data also show that hPL production in an individ-
ual, even small Icelandic, blood establishment is possible
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since translation from development to implementation
and manufacturing was straightforward. In specific cases
when national regulatory bodies would require hPL to
originate solely from national donors one PC for one hPL
approach can be an asset [30]. However, the best way to
maximize standardization is by pooling source mate-
rial that is produced at different facilities. We did just
that by combining hPL from the participating centers in
a pooled ‘international’ batch series. The data show that
the composition and efficacy of this unified hPL is within
the orders of magnitude reported in literature [13, 31, 32]
and is low in variation. Furthermore, small differences
in product composition identified between participating
centers, e.g. in glucose or VEGF content, are significantly
leveled out in the international batch. This implies that a
model whereby blood establishments convert PC to hPL
prior to pooling in a central facility is feasible to increase
available volumes in a standardized manner. The biggest
challenge for scaling hPL production is sufficient con-
trol over the value chain: i.e. from donor to manufactur-
ing rights and distribution network. Currently, the value
chain of hPL manufacturing often is disrupted because
hPL manufacturing is not a core business of blood estab-
lishments. This increases cost for end users and risks
inventory stockouts.

The primary aim of the study was to assess variabil-
ity in hPL batches produced within a facility and across
facilities. The data show that variation in chemical
parameters like pH, ionic strength, glucose and lac-
tate is typically < 15% within participating centers and
for the international pools. The contribution to varia-
tion of machine and operator is low for these labora-
tory tests because blood gas analyzers are continuously
calibrated and labeled CE-IVD as a point-of-care diag-
nostic tool. Glucose was higher in Dutch hPL. This is
explained by the effect of pathogen inactivation in
Belgian and Icelandic platelet concentrates, known to
induce decreased glucose concentrations at expiration
day [33]. The Dutch blood establishment does not have
pathogen inactivation, while the Belgian and Icelandic
do. The effect of amotosalen pathogen inactivation on
hPL has been shown to be negligible [31, 34]. Although
infrequent, the CV for certain growth factors was
sometimes > 20%. Contributions to variation are proba-
bly not intrinsic to hPL because it was found for certain
growth factors only. It is more likely that day to day,
machine, non CE-IVD test kit and operator contribu-
tions are most prominent. There is no well-established
correlation between individual growth factor concen-
trations and cell expansion ex vivo [27], so ¢cPD of MSC
is still the most relevant readout. The data show that for
the adipose derived MSC clone that we used, variability
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in tissue culture was low. This is based on both the cPD
dataset and the cell surface expression of characteris-
tic MSC markers. Initial growth kinetics too, expressed
as PD/day had maximal CV of 8.6%. Most importantly,
the CV of all outcomes was consistently lower in the
international batch (n=4) compared to the coefficients
of variation calculated over the 12 batches produced
per institute. This confirms that a pool of hPL prepared
from material at different blood establishments is more
standardized than the sum of the individual products
produced at the individual blood establishments. Direct
implications for clinical practice would require trials
comparing the effect of variability in culture media on
patients outcome. As this is unlikely to be a primary
focus of the industry, simply striving for lowest possible
variability in hPL batches is the most cost effective.

We chose to perform the study in a blinded way so
that none of the researchers involved could not know
what batch was being analyzed. In addition, the experi-
mental readouts we chose were performed at the par-
ticipating centers allowing these to handle the material
not only during production but also during an exten-
sive round of quality control. Growth factor multiplex-
ing and HUVEC scratch assays were performed in the
Netherlands. MSC differentiation towards adipogenic
and osteogenic phenotypes was performed in Iceland.
MSC culture and phenotyping by flow cytometry was
performed in Belgium. Unblinding of all data was in
Belgium only after executing all experiments and data
analysis. This is the strength of the study. A limitation is
the small number of participating centers, but now that
the protocol for this type of studies is ready, we aim to
widen the territorial application and test more centers.
In addition, next studies will include clinically relevant
endpoints like chondrocyte organoid culture.

Conclusion

Addressing the issue of standardization in hPL presents
both challenges and opportunities. On one hand, the
inherent biological variability of human-derived products
like hPL complicates efforts to establish universal stand-
ards. On the other hand, advancements in bioprocessing
technologies, analytical methods, and regulatory frame-
works offer a path toward harmonization. Collaborative
efforts among researchers, industry stakeholders, and
regulatory bodies are essential to define critical quality
attributes, optimize production processes, and develop
robust characterization tools. Progress in this area could
not only enhance the reliability of hPL but also accelerate
its translation into clinical applications, paving the way
for safer and more effective cell-based therapies.
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