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Abstract
The use of fetal bovine serum (FBS) as a cell culture supplement is discouraged by regulatory authorities to limit
the risk of zoonoses and xenogeneic immune reactions in the transplanted host. Additionally, FBS production came
under scrutiny due to animal welfare concerns. Platelet derivatives have been proposed as FBS substitutes for the
ex-vivo expansion of mesenchymal stem/stromal cells (MSCs) since platelet-derived growth factors can promote
MSC ex-vivo expansion. Platelet-derived growth factors are present in platelet lysate (PL) obtained after repeated
freezing–thawing cycles of the platelet-rich plasma or by applying physiological stimuli such as thrombin or CaCl2.
PL-expanded MSCs have been used already in the clinic, taking advantage of their faster proliferation compared
with FBS-expanded preparations. Should PL be applied to other biopharmaceutical products, its demand is likely to
increase dramatically. The use of fresh platelet units for the production of PL raises concerns due to limited
availability of platelet donors. Expired units might represent an alternative, but further data are needed to define
safety, including pathogen reduction, and functionality of the obtained PL. In addition, relevant questions
concerning the definition of PL release criteria, including concentration ranges of specific growth factors in PL
batches for various clinical indications, also need to be addressed. We are still far from a common definition of PL
and standardized PL manufacture due to our limited knowledge of the mechanisms that mediate PL-promoting
cell growth. Here, we concisely discuss aspects of PL as MSC culture supplement as a preliminary step towards an
agreed definition of the required characteristics of PL for the requirements of manufacturers and users.
Keywords: Platelet lysate, Platelet releasate, Mesenchymal stem/stromal cells, Fetal bovine serum, Pathogen
reduction, Manufacturing

Background
Mesenchymal stem/stromal cells (MSCs) are defined as
self-renewing, multipotent progenitor cells able to differentiate into other cell types of mesodermal origin, such
as adipocytes, osteocytes, and chondrocytes [1].
MSCs isolated from culture medium show consistent
phenotypic characteristics such as adherence to plastic
surfaces, positivity for cell-surface molecules CD105,
CD73, and CD90, and negativity for hematopoietic
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markers and HLA-DR [2]. As well as this shared marker
profile, different MSC subpopulations may feature
phenotypical and functional heterogeneity [3, 4].
MSCs exert potent immunosuppressive and antiinflammatory activities [5] by suppressing T-cell proliferation in vitro [6–8], via direct cell-to-cell contact [9] and
by the production of soluble factors, including nitric
oxide [10], hepatocyte growth factor (HGF) and transforming growth factor (TGF)-β1 [8], and indoleamine
2,3-dioxygenase (IDO) [11].
The use of fetal bovine serum (FBS) and other animal
derivatives for the ex-vivo expansion of MSCs has been
discouraged by regulatory authorities [12–14] to reduce
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the risk of transmitting prions and other zoonoses and
to avoid xenogeneic immune reactions in the host. However, the lack of standardization of FBS preparations
leads to inconsistency in cell culture performance [15]
and FBS production has come under scrutiny because of
animal welfare concerns [16, 17].
Platelet lysate (PL) was initially proposed as an alternative to animal serum for the ex-vivo expansion of MSCs
by Doucet et al. [18]. Bioactive molecules and growth
factors contained in PL support the expansion of MSCs
derived from bone marrow (BM) [19–22], umbilical cord
blood (UCB) [23, 24], and adipose tissue (AT) [25–27],
showing favorable results compared with FBS. In addition,
MSCs expanded with PL-enriched medium have been
used for the treatment of patients with steroid-refractory
acute graft versus host disease (GVHD) [28–33] after
hematopoietic stem cell transplantation and of patients
suffering from several orthopedic disorders, mainly moderate to severe osteoarthritis of the knee [34].
The isolation and expansion of MSCs in xeno-free
conditions using PL could thus represent a valuable
alternative to FBS.

Review
Production and use of animal serum in cell cultures

Animal serum, used historically for culturing cells [35],
is a composite combination of biomolecules with different growth-promoting and inhibiting activities. Its major
function in culture media is to deliver trophic factors
stimulating cell proliferation and to provide transport
proteins, minerals, trace elements, lipids, attachment
factors, and stabilizing and detoxifying elements needed
for maintaining pH or to inhibit proteases and other
toxic molecules [36]. FBS is obtained in slaughterhouses
from fetuses of healthy dams destined for human consumption. FBS is superior to serum from adult animals
because of its reduced γ-globulin content, thereby reducing the risk of possible antibody interactions with cell
cultures.
In this context, a case of fraud came up in 2013 [37]
when it was discovered that some lots of FBS produced
between 2003 and 2011 were subject to label nonconformances [38].
In the last 10 years substantial efforts have been made
to identify substitutes of animal serum, including serumfree media [19, 39] and byproducts obtained from the
lysis or the activation of human platelets. However, the
use of alternative media still remains largely unexplored
and animal serum is still an essential component, for
instance, in the production of vaccines.
Human PL preparation

Release of growth factors from platelets can be achieved
by repeated freezing–thawing cycles of the platelet-rich
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plasma (PRP) obtained from platelet apheresis or from the
buffy coat (Fig. 1). Briefly, the PRP bags are frozen overnight at –80 °C and then thawed at +37 °C; this cycle is repeated one to three times. After pooling and one or more
centrifugation/filtration steps in order to remove cellular
debris, PL is ready to be added to the growth media
(reviewed in [40]). Preparation procedures adopted in different laboratories may vary with regard to the use of fresh
or expired platelets, the number of freezing–thawing cycles, pathogen reduction (PR), and filtration steps, causing
variations in the concentration and integrity of the growth
factors released that are likely related to the efficacy of the
platelet granules’ disruption [18].
Sonication to produce PL has been described previously by Hara et al. [41] alone or in combination with a
freezing–thawing cycle [42]. Ultrasounds are sounds
having a frequency ≥20 kHz. Their effect is based on the
transmission of ultrasounds in a liquid where they generate thermal and nonthermal effects. For the latter,
ultrasound waves act on the gas dissolved, where the
compression of the liquid is followed by its rarefaction.
As a consequence, the micro bubbles expand with each
cycle of the applied ultrasonic energy until they reach an
unstable size, and then they collide and/or violently collapse in a process called “cavitation” [43, 44].
We have described previously the production of PL
from fresh PRP using ultrasounds at a frequency of
20 kHz [45]. The efficiency of the lysis was estimated
after quantification of the platelet-derived growth factorAB (PDGF-AB). After 30 minutes of sonication, 74 % of
PDGF-AB was released from the platelet granules in the
medium.
Platelet factors can be also released by physiological
stimuli as thrombin, collagen, adenosine diphosphate,
epinephrine, and thrombin receptor-activating peptide
[46], CaCl2 [47], or tri-n-butyl phosphate and Triton X45 [48] in order to obtain the so-called platelet releasate
(reviewed in [49]). The methods used to release the
platelet factors are an important variable leading to lotto-lot variations of the final product, but few studies
have addressed this topic.
It has been observed that PL obtained after platelet activation with thrombin (platelet releasate) and PL obtained by platelet freezing/thawing stimulate different
proliferation rates of BM-derived MSCs [20]. In particular, the platelet releasate significantly accelerated BMMSC proliferation to yield cell numbers clinically relevant within the first two passages. MSC quality and
functionality including cell surface marker expression,
adipogenic and osteogenic differentiation, and immunosuppressive action were similar in MSCs from all culture
conditions.
We expanded BM-MSCs in medium containing 10 %
platelet releasate produced by CaCl2 activation, observing
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Fig. 1 Procedure for PL and platelet releasate preparation

that the cumulative population doubling time of cells at
passage 8 was about twice that of the same cells expanded
in medium containing 10 % PL obtained by repeated
freezing–thawing cycles. We did not observe any differences in phenotype and immunomodulation properties of
the cells expanded in the two conditions [50]. Also,
previous studies reported that repeated freezing and
thawing cycles have rather negative effects on growth
factor content [51, 52]. Further studies are needed to
investigate the possible effects of different PL manufacturing technologies on cell expansion, differentiation,
and immunomodulation.
Use of expired platelet units for PL production

The use of fresh platelet units for the production of PL
raises concerns due to the limited availability of donors
in the context of demand for platelet units in the clinic.
Expired platelet units may represent an alternative
source since there is evidence that platelets obtained
from expired units can be used without compromising
the quality of the final product [53].
In an Italian region of 3.8 million inhabitants, about
100,000 buffy coat units from single donors were

produced in 2014. Of these, about 60 % were discarded
after the expiration date. Considering a mean buffy coat
volume of 50 ml, about 3000 L of PL could have been
produced using only the expired buffy coat units.
Platelet-derived factors

Platelets contain bioactive molecules and growth factors
that are released from α-granules after platelet destruction by physical or physiological methods. Among these
are coagulation factors, adhesion molecules, protease
inhibitors and proteoglycans, basic fibroblast-derived
growth factor (bFGF), epidermal growth factor (EGF),
HGF, vascular endothelial growth factor (VEGF), insulinlike growth factor-1 (IGF-1), TGF-β1, soluble CD40L,
vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, PDGF-AA, PDGF-AB, PDGF-BB, chemokine
(C-C) ligand 5, and chemokine (C-X-C) ligand 1/2/3
[54, 55]. All of these molecules influence cell proliferation and function [56] and could promote proliferation in comparison with FBS [20, 57].
The role of these factors in cell expansion is only
partially understood. Neutralization experiments indicated that some platelet factors are essential for MSC
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proliferation, and thus inhibition of PDGF-BB and bFGF
decreases MSC proliferation by about 20 % and 50 %,
respectively [55].
Extensive functional and differential proteomic analysis to identify platelet-derived factors affecting ex-vivo
expansion of MSCs was performed by Kinzebach et al.
[58] using MALDI-TOF and western blotting and by
Horn et al. [59] using human cytokine antibody arrays.
In Horn et al.’s study, the chemokine profiles of eight
PLs were correlated with proliferation activity showing a
significant positive effect of increasing concentrations of
PDGF-AB.
The content of platelet factors could be different for
platelet releasate produced from cord blood (CB) or peripheral blood (PB) [60]. Using a wide proteomic array,
the authors discovered that several hormones strongly
supporting fetal tissue formation like prolactin, progesterone, and α-fetoprotein were present only in platelet
releasate obtained from CB. Moreover, in CB releasate
the authors identified higher concentrations of factors
known to promote angiogenesis, such as VEGF. On the
contrary, the proteomic analysis showed that platelet
releasate obtained from PB contained more proinflammatory factors such as chemokine CC4, metalloproteinase 3, and chemokine (C-C motif ) ligand 5.
Using high-throughput proteomic array analysis, an
accurate proteomic dissection of PL was performed by
Crespo-Diaz et al. [61]. Within the extracellular signaling molecules of PL, FGF/EGF, TGF-β/bone morphogenic protein (BMP), and VEGF/PDGF were highly
represented.
Isolation and ex-vivo expansion of MSCs in PL-enriched
medium

In their seminal study Doucet et al. [18] expanded MSCs
in FCS or in a medium supplemented with PL, demonstrating that the latter promoted MSC expansion and
thus decreased the time required to reach confluence
while increasing the fibroblastoid colony-forming unit
(CFU-F) size when compared with FCS cultures. MSCs
cultured in the presence of PL maintained their trilineage differentiation potential and their immunosuppressive activity.
Schallmoser et al. [62] provided evidence that PL
could replace FBS for clinical-scale expansion of MSCs.
PL was more efficient than FBS in supporting MSC expansion and, although morphologically distinct, MSCs
did not differ significantly in terms of immunophenotype, differentiation potential, and lack of tumorigenicity
in mice.
Capelli et al. [63] demonstrated that PL allowed
clinical-grade production of MSCs starting from diagnostic samples of BM aspirates or using the bag and filter remnants at the end of BM infusions. A significantly
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faster expansion was obtained with PL, compared with
FBS. No differences were observed in terms of morphology, differentiation potential, surface markers, and immunological properties. The same authors demonstrated
that umbilical cord derived-MSCs can also be expanded
in PL [64].
Alterations of the immune-regulatory effect of MSCs
expanded in PL

PL may alter the expression of some relevant MSC
surface molecules, impairing their inhibitory capacity on
T-cell proliferation to alloantigen and NK-cell proliferation and cytotoxicity [65]. Diminished immunosuppressive properties for both resting and interferon-γ-primed
BM-MSCs and AT-MSCs was also reported [66], together with attenuated expression levels of IDO-1 compared with FBS.
On the contrary, our group [57] demonstrated a stronger inhibitory effect on lymphocyte proliferation with
AT-MSCs expanded in PL when compared with ATMSCs expanded in FBS or in human platelet-poor
plasma (hPPP). Moreover, Flemming et al. [67] evidenced that BM-MSCs expanded in PL had comparable
inhibitory effect on lymphocyte proliferation compared
with their FCS cultured counterparts. The data were further confirmed by Bernardo et al. [68].
PL biosafety

The risk of cell transformation during MSC ex-vivo expansion was addressed by Crespo-Diaz et al. [61] by
evaluating chromosomal stability of BM-MSCs after
long-term culture in PL or FBS. Notably, no clonal
karyotypic abnormalities were observed at passage 12.
Our group investigated whether the increased MSC
proliferation achieved with PL could induce chromosomal instability. Reassuringly, as showed by our group
[69], micronuclei formation in Chinese Hamster Ovarian
K1 cell lines exposed to increasing concentrations of PL
was unchanged. The senescence of MSCs cultured for
up to 16 passages in medium containing FBS or PL was
assessed by endogenous β-galactosidase expression [70].
MSCs cultured with FBS for different numbers of passages were switched to PL conditions to evaluate the
ability of PL to “rescue” the proliferative capacity of
MSCs. Interestingly, PL culture of aged and senescent
MSCs demonstrated cellular rejuvenation, reflected by
decreased doubling time and smaller cell size. At this
point, the mechanisms behind this observation have not
been elucidated—but it may be speculated that a specific
growth factor such as EGF or, more likely, a combination of growth factors in the PL may mediate its beneficial effects on aged MSC cultures.
Gene expression changes after FBS or PL culture were
investigated by Schallmoser et al. [71]. Surprisingly, all
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BM-MSC preparations revealed significant gene expression changes upon long-term culture; in particular, genes
involved in cell differentiation apoptosis and cell death
were upregulated whereas genes involved in mitosis and
proliferation were downregulated, indicating that longterm expansion induced similar gene expression changes
in BM-MSCs irrespective of isolation and expansion
conditions.
Lohmann et al. [72] analyzed the impact of the donor
age on PL functionality, observing that MSC proliferation was significantly higher in PL derived from younger
donors, and PL from older donors increased activity of
senescence-associated β-galactosidase.
Pathogen reduction
Strategies for pathogen reduction

In addition to viral contamination, platelet units are at
particular risk of bacterial contamination by adventitious
pathogens at the site of venipuncture or bacteremia of
donors. PR can therefore be implemented in the manufacturing process to lower bacterial and viral loads [73–75].
Current PR technologies comprise solvent detergent treatment, methylene blue/light, riboflavin/ultraviolet light, or
amotosalen/ultraviolet light (Intercept™) [76].
Although PR can likely reduce the transmission risk of
known and as yet unknown infectious diseases, recent
studies reporting on the effects of PR on transcriptomes
and proteomes of platelets [77, 78] highlight the need
for further studies to evaluate the effect of PR in the
manufacturing process of PL.
Shih et al. [79] compared FBS with inactivated PL for
expansion of AT-MSCs, concluding that the treatment
did not alter the differentiation capacity or the cell
immunophenotype.
Systems for pathogen inactivation of platelet donations
have been developed based on the disruption of nucleic
acids by a photoactivation process using psoralens plus
ultraviolet light, and the PL produced with inactivated
donations was able to sustain BM-MSC expansion and
immunoregulation [80, 81].
The functionality of PL prepared starting from expired units treated and untreated with a PR system
(Intercept™) was also tested by evaluating immunomodulation, immunophenotype, proliferation, and trilineage
differentiation of MSCs. Interestingly, the conclusion was
that PL prepared from expired and pathogen-reduced
platelets supported MSC differentiation and immunosuppression better than untreated PL [82].

Conclusion
A substantial quantity of laboratory data on the preparation modalities and on the characterization of PL have
been produced, suggesting that MSCs expanded in PL
grow faster when compared with MSCs expanded in
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FBS-enriched media. If the use of PL could be escalated
to the manufacturing of other cell therapeutics or biopharmaceutical products, the demand for PL is likely to
increase dramatically. In this future scenario, several
questions should be addressed.
Supply

The annual FBS availability is estimated to be around
500,000–600,000 L/year [36, 83], of which about 1/3 is
suitable for Good Manufacturing Practices (GMP) production. In recent years, the annual demand of serum
has decreased mainly because the production of vaccines
has switched to the use of serum-free microbial or mammalian cell cultures [84]. In parallel, animal serum
production and availability has decreased worldwide because of a diminished demand from the vaccine industry
and the huge number of cattle reared for beef and dairy
[84], thus limiting the accessibility of this product. The
decline in request and production of bovine serum has
occurred in parallel with increasing demand for cell
therapeutics and regenerative medicine products. The
worldwide availability of blood donations therefore
needs to cover clinical demand, cell manufacture, and
research [40]. In this context, expired platelet units may
emerge as the main source for PL, even with the lack of
agreed quality criteria. The process of PL production,
characterization, and testing, mainly driven by academia
and increasingly blood banks, could hardly compete with
industrial manufacturers that now offer PL produced
under GMP.
Processing

Several methods have been proposed to release growth
factors from platelets resulting in different release efficiency and PL efficacy. A consensus should be obtained
on the standardization of the method(s) used.
Release criteria

Even if some studies suggest a major role for some specific cytokines in PL, a consensus has not so far been
found. One question is whether or not the same cytokine content is critical for different cell types. In this
sense, one of the fundamental steps in PL definition
would be the designation of release criteria.
The PL or releasate production method seems to play
a role in the final composition of the product, possibly
modulating the quantity and quality of factors released
from platelet granules. The final concentration of cytokines and growth factors in PL is also likely linked to the
number of platelet units pooled and the final platelet
concentration.
Since PL contains both plasma and platelet proteomes,
the concentration of human immunoglobulin G (IgG) in
a preparation could vary between 8 and 12 mg/ml [40]
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and could also be related to the production process and
the plasma concentration in the final product. In order
to reduce the risk of side effects in the patient caused by
a high concentration of allogeneic IgG in the cell preparation, the IgG concentration in the PL preparation
should be defined.
Before releasing the product, the ability to expand a
reference MSC preparation to a predefined level at least
comparable with FBS might be a measure to assess PL
quality. The immunomodulatory properties of MSCs expanded in PL or releasate should be maintained and it
would be favorable to develop a standard assay to evaluate this function. Release criteria should also include the
endotoxin content and viral and bacterial safety.
In conclusion, we have identified substantial need to
define PL and to understand the mechanisms that mediate the beneficial effects of PL on cell growth. Collaborative efforts of scientific societies, end users, blood
centers, and industry are urgently needed to improve
our knowledge.
Abbreviations
AT, adipose tissue; bFGF, basic fibroblast-derived growth factor; BM, bone
marrow; BMP, bone morphogenic protein; CB, cord blood; CFU-F, fibroblastoid
colony-forming unit; EGF, epidermal growth factor; FBS, fetal bovine serum;
GMP, Good Manufacturing Practices; GVHD, graft versus host disease;
HGF, hepatocyte growth factor; hPPP, human platelet-poor plasma; IDO,
indoleamine 2,3-dioxygenase; IGF-1, insulin-like growth factor-1; IgG,
Human immunoglobulin G; MSC, mesenchymal stem/stromal cell; PB,
peripheral blood; PDGF, platelet-derived growth factor; PL, platelet lysate;
PR, pathogen reduction; PRP, platelet-rich plasma; TGF, transforming
growth factor; UCB, umbilical cord blood; VEGF, vascular endothelial
growth factor
Funding
This article was partially funded by Fondazione Cariverona (Research Project
2012.0828) and by Ricerca Sanitaria Finalizzata Regionale del Veneto
(Research Project 334/12). The funding bodies had no role in the design of
the study, collection, analysis and interpretation of data, and writing the
manuscript.
Authors’ contributions
GA, FB, and RS participated in the study concept and design, and collection,
analysis, and interpretation of data. EA, MB, KC, and SS participated in
technical assistance and critical revision of the manuscript. FR participated in
the critical revision of the manuscript for important intellectual content. All
authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Advanced Cellular Therapy Laboratory, Department of Cellular Therapy and
Hematology, San Bortolo Hospital, Via Rodolfi 37, 36100 Vicenza, Italy.
2
Transfusion Medicine and Cell Therapy, “A. Meyer” University Children’s
Hospital, Florence, Italy. 3Hematology Project Foundation, Contrà S.
Francesco 41, Vicenza, Italy. 4Department of Cell Therapeutics & Cell
Processing, Institute for Transfusion Medicine and Immunohaematology,
German Red Cross Blood Donor Service, Baden-Württemberg-Hessen
gGmbH, Goethe-University Hospital, Sandhofstrasse 1, Frankfurt am Main,
Germany.

Page 6 of 8

References
1. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science.
1999;284(5411):143–7.
2. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et
al. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy.
2006;8(4):315–7. doi:10.1080/14653240600855905.
3. Siegel G, Kluba T, Hermanutz-Klein U, Bieback K, Northoff H, Schafer R.
Phenotype, donor age and gender affect function of human bone marrowderived mesenchymal stromal cells. BMC Med. 2013;11:146. doi:10.1186/
1741-7015-11-146.
4. Kuci Z, Seiberth J, Latifi-Pupovci H, Wehner S, Stein S, Grez M, et al. Clonal analysis
of multipotent stromal cells derived from CD271+ bone marrow mononuclear
cells: functional heterogeneity and different mechanisms of allosuppression.
Haematologica. 2013;98(10):1609–16. doi:10.3324/haematol.2013.092700.
5. Keating A. How do mesenchymal stromal cells suppress T cells? Cell Stem
Cell. 2008;2(2):106–8. doi:10.1016/j.stem.2008.01.007.
6. English K, Ryan JM, Tobin L, Murphy MJ, Barry FP, Mahon BP. Cell contact,
prostaglandin E(2) and transforming growth factor beta 1 play nonredundant roles in human mesenchymal stem cell induction of CD4+
CD25(High) forkhead box P3+ regulatory T cells. Clin Exp Immunol.
2009;156(1):149–60. doi:10.1111/j.1365-2249.2009.03874.x.
7. Glennie S, Soeiro I, Dyson PJ, Lam EW, Dazzi F. Bone marrow mesenchymal
stem cells induce division arrest anergy of activated T cells. Blood.
2005;105(7):2821–7. doi:10.1182/blood-2004-09-3696.
8. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P,
et al. Human bone marrow stromal cells suppress T-lymphocyte
proliferation induced by cellular or nonspecific mitogenic stimuli. Blood.
2002;99(10):3838–43.
9. Krampera M, Glennie S, Dyson J, Scott D, Laylor R, Simpson E, et al. Bone
marrow mesenchymal stem cells inhibit the response of naive and memory
antigen-specific T cells to their cognate peptide. Blood. 2003;101(9):3722–9.
doi:10.1182/blood-2002-07-2104.
10. Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts AI, et al. Mesenchymal
stem cell-mediated immunosuppression occurs via concerted action of
chemokines and nitric oxide. Cell Stem Cell. 2008;2(2):141–50. doi:10.1016/j.
stem.2007.11.014.
11. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo D. Human bone
marrow stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3dioxygenase-mediated tryptophan degradation. Blood. 2004;103(12):4619–21.
doi:10.1182/blood-2003-11-3909.
12. EMEA/CHMP. Guideline on human cell-based medicinal products. EMEA
Editor. London, UK: 7 Westferry Circus, Canary Wharf; 2008.
13. EMA/CHMP/BWP. Guideline on the use of bovine serum in the manufacture
of human biological medicinal products. EMA Editor, London (UK): 7 Westferry
Circus Canary Wharf; 2013.
14. EMA. Note for guidance on minimising the risk of transmitting animal
spongiform encephalopathy agents via human and veterinary medicinal
products. EMA Editor. London (UK): 7 Westferry Circus Canary Wharf; 2011.
15. Dimasi L. Meeting increased demands on cell-based processes by using
defined media supplements. Bioprocess J. 2011;9(8):9.
16. Even MS, Sandusky CB, Barnard ND. Serum-free hybridoma culture: ethical,
scientific and safety considerations. Trends Biotechnol. 2006;24(3):105–8.
doi:10.1016/j.tibtech.2006.01.001.
17. van der Valk J, Brunner D, De Smet K, Fex Svenningsen A, Honegger P,
Knudsen LE, et al. Optimization of chemically defined cell culture
media—replacing fetal bovine serum in mammalian in vitro methods.
Toxicol In Vitro. 2010;24(4):1053–63. doi:10.1016/j.tiv.2010.03.016.
18. Doucet C, Ernou I, Zhang Y, Llense JR, Begot L, Holy X, et al. Platelet lysates
promote mesenchymal stem cell expansion: a safety substitute for animal
serum in cell-based therapy applications. J Cell Physiol. 2005;205(2):228–36.
doi:10.1002/jcp.20391.
19. Muller I, Kordowich S, Holzwarth C, Spano C, Isensee G, Staiber A, et al.
Animal serum-free culture conditions for isolation and expansion of
multipotent mesenchymal stromal cells from human BM. Cytotherapy.
2006;8(5):437–44. doi:10.1080/14653240600920782.
20. Bieback K, Hecker A, Kocaomer A, Lannert H, Schallmoser K, Strunk D, et al.
Human alternatives to fetal bovine serum for the expansion of mesenchymal
stromal cells from bone marrow. Stem Cells. 2009;27(9):2331–41. doi:10.1002/
stem.139.

Astori et al. Stem Cell Research & Therapy (2016) 7:93

21. Fekete N, Rojewski MT, Furst D, Kreja L, Ignatius A, Dausend J, et al. GMPcompliant isolation and large-scale expansion of bone marrow-derived
MSC. PLoS One. 2012;7(8):e43255. doi:10.1371/journal.pone.0043255.
22. Bartmann C, Rohde E, Schallmoser K, Purstner P, Lanzer G, Linkesch W, et al.
Two steps to functional mesenchymal stromal cells for clinical application.
Transfusion. 2007;47(8):1426–35. doi:10.1111/j.1537-2995.2007.01219.x.
23. Avanzini MA, Bernardo ME, Cometa AM, Perotti C, Zaffaroni N, Novara F, et
al. Generation of mesenchymal stromal cells in the presence of platelet
lysate: a phenotypic and functional comparison of umbilical cord bloodand bone marrow-derived progenitors. Haematologica. 2009;94(12):1649–60.
doi:10.3324/haematol.2009.006171.
24. Reinisch A, Bartmann C, Rohde E, Schallmoser K, Bjelic-Radisic V, Lanzer G, et
al. Humanized system to propagate cord blood-derived multipotent
mesenchymal stromal cells for clinical application. Regen Med.
2007;2(4):371–82. doi:10.2217/17460751.2.4.371.
25. Naaijkens BA, Niessen HW, Prins HJ, Krijnen PA, Kokhuis TJ, de Jong N, et al.
Human platelet lysate as a fetal bovine serum substitute improves human
adipose-derived stromal cell culture for future cardiac repair applications.
Cell Tissue Res. 2012;348(1):119–30. doi:10.1007/s00441-012-1360-5.
26. Cholewa D, Stiehl T, Schellenberg A, Bokermann G, Joussen S, Koch C, et al.
Expansion of adipose mesenchymal stromal cells is affected by human
platelet lysate and plating density. Cell Transplant. 2011;20(9):1409–22.
doi:10.3727/096368910X557218.
27. Blande IS, Bassaneze V, Lavini-Ramos C, Fae KC, Kalil J, Miyakawa AA, et al.
Adipose tissue mesenchymal stem cell expansion in animal serum-free
medium supplemented with autologous human platelet lysate. Transfusion.
2009;49(12):2680–5. doi:10.1111/j.1537-2995.2009.02346.x.
28. Lucchini G, Introna M, Dander E, Rovelli A, Balduzzi A, Bonanomi S, et al.
Platelet-lysate-expanded mesenchymal stromal cells as a salvage
therapy for severe resistant graft-versus-host disease in a pediatric
population. Biol Blood Marrow Transplant. 2010;16(9):1293–301.
doi:10.1016/j.bbmt.2010.03.017.
29. Perez-Simon JA, Lopez-Villar O, Andreu EJ, Rifon J, Muntion S, Campelo MD,
et al. Mesenchymal stem cells expanded in vitro with human serum for the
treatment of acute and chronic graft-versus-host disease: results of a phase
I/II clinical trial. Haematologica. 2011;96(7):1072–6. doi:10.3324/haematol.
2010.038356.
30. von Bonin M, Stolzel F, Goedecke A, Richter K, Wuschek N, Holig K, et al.
Treatment of refractory acute GVHD with third-party MSC expanded in
platelet lysate-containing medium. Bone Marrow Transplant. 2009;43(3):245–51.
doi:10.1038/bmt.2008.316.
31. Silla L, Valim V, Amorin B, Alegretti AP, Dos Santos De Oliveira F,
Lima Da Silva MA, et al. A safety and feasibility study with platelet
lysate expanded bone marrow mesenchymal stromal cells for the
treatment of acute graft-versus-host disease in Brazil. Leuk Lymphoma.
2014;55(5):1203–5. doi:10.3109/10428194.2013.823495.
32. Introna M, Lucchini G, Dander E, Galimberti S, Rovelli A, Balduzzi A, et al.
Treatment of graft versus host disease with mesenchymal stromal cells: a
phase I study on 40 adult and pediatric patients. Biol Blood Marrow
Transplant. 2014;20(3):375–81. doi:10.1016/j.bbmt.2013.11.033.
33. Sanchez-Guijo F, Caballero-Velazquez T, Lopez-Villar O, Redondo A,
Parody R, Martinez C, et al. Sequential third-party mesenchymal stromal
cell therapy for refractory acute graft-versus-host disease. Biol Blood
Marrow Transplant. 2014;20(10):1580–5. doi:10.1016/j.bbmt.2014.06.015.
34. Centeno CJ, Schultz JR, Cheever M, Freeman M, Faulkner S, Robinson B, et
al. Safety and complications reporting update on the re-implantation of
culture-expanded mesenchymal stem cells using autologous platelet lysate
technique. Curr Stem Cell Res Ther. 2011;6(4):368–78.
35. Witkowski JA. Alexis Carrel and the mysticism of tissue culture. Med Hist.
1979;23(3):279–96.
36. Rauch C, Feifel E, Amann EM, Spotl HP, Schennach H, Pfaller W, et al.
Alternatives to the use of fetal bovine serum: human platelet lysates as a
serum substitute in cell culture media. ALTEX. 2011;28(4):305–16.
37. Gstraunthaler G, Lindl T, van der Valk J. A plea to reduce or replace fetal
bovine serum in cell culture media. Cytotechnology. 2013;65(5):791–3.
doi:10.1007/s10616-013-9633-8.
38. FDA. Class 2 device recall GE Healthcare/PAA Healthcare. Silver Spring: U.S.
Food and Drug Administration; 2013.
39. Chieregato K, Castegnaro S, Madeo D, Astori G, Pegoraro M, Rodeghiero F.
Epidermal growth factor, basic fibroblast growth factor and platelet-derived
growth factor-BB can substitute for fetal bovine serum and compete with

Page 7 of 8

40.

41.
42.

43.
44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

human platelet-rich plasma in the ex vivo expansion of mesenchymal
stromal cells derived from adipose tissue. Cytotherapy. 2011;13(8):933–43.
doi:10.3109/14653249.2011.583232.
Burnouf T, Strunk D, Koh MB, Schallmoser K. Human platelet lysate: replacing
fetal bovine serum as a gold standard for human cell propagation?
Biomaterials. 2016;76:371–87. doi:10.1016/j.biomaterials.2015.10.065.
Hara Y, Steiner M, Baldini MG. Platelets as a source of growth-promoting
factor(s) for tumor cells. Cancer Res. 1980;40(4):1212–6.
Herrmann M, Binder A, Menzel U, Zeiter S, Alini M, Verrier S. CD34/CD133
enriched bone marrow progenitor cells promote neovascularization of
tissue engineered constructs in vivo. Stem Cell Res. 2014;13(3 Pt A):465–77.
doi:10.1016/j.scr.2014.10.005.
Riesz P, Kondo T. Free radical formation induced by ultrasound and its
biological implications. Free Radic Biol Med. 1992;13(3):247–70.
Miller DL, Pislaru SV, Greenleaf JE. Sonoporation: mechanical DNA delivery
by ultrasonic cavitation. Somat Cell Mol Genet. 2002;27(1-6):115–34.
Bernardi M, Albiero E, Alghisi A, Chieregato K, Lievore C, Madeo D, et al.
Production of human platelet lysate by use of ultrasound for ex vivo
expansion of human bone marrow-derived mesenchymal stromal cells.
Cytotherapy. 2013;15(8):920–9. doi:10.1016/j.jcyt.2013.01.219.
Kocaoemer A, Kern S, Kluter H, Bieback K. Human AB serum and thrombinactivated platelet-rich plasma are suitable alternatives to fetal calf serum for
the expansion of mesenchymal stem cells from adipose tissue. Stem Cells.
2007;25(5):1270–8. doi:10.1634/stemcells.2006-0627.
Durante C, Agostini F, Abbruzzese L, Toffola RT, Zanolin S, Suine C, et al.
Growth factor release from platelet concentrates: analytic quantification and
characterization for clinical applications. Vox Sang. 2013;105(2):129–36.
doi:10.1111/vox.12039.
Burnouf T, Chang CW, Kuo YP, Wu YW, Tseng YH, Su CY. A chromatographically
purified human TGF-beta1 fraction from virally inactivated platelet lysates. Vox
Sang. 2011;101(3):215–20. doi:10.1111/j.1423-0410.2011.01486.x.
Bieback K. Platelet lysate as replacement for fetal bovine serum in
mesenchymal stromal cell cultures. Transfus Med Hemother. 2013;40(5):326–35.
doi:10.1159/000354061.
Astori G. Technical Session 1: human platelet lysate as an alternative to the
use of FBS in tissue cultures: production, characterization and regulation.
Seville: ISCT Regional Meeting; 2015.
Mojica-Henshaw MP, Jacobson P, Morris J, Kelley L, Pierce J, Boyer M, et al.
Serum-converted platelet lysate can substitute for fetal bovine serum in
human mesenchymal stromal cell cultures. Cytotherapy. 2013;15(12):1458–68.
doi:10.1016/j.jcyt.2013.06.014.
Laitinen A, Oja S, Kilpinen L, Kaartinen T, Moller J, Laitinen S, et al. A robust
and reproducible animal serum-free culture method for clinical-grade
bone marrow-derived mesenchymal stromal cells. Cytotechnology. 2015.
doi:10.1007/s10616-014-9841-x.
Jonsdottir-Buch SM, Lieder R, Sigurjonsson OE. Platelet lysates produced
from expired platelet concentrates support growth and osteogenic
differentiation of mesenchymal stem cells. PLoS One. 2013;8(7):e68984.
doi:10.1371/journal.pone.0068984.
Harrison P, Cramer EM. Platelet alpha-granules. Blood Rev. 1993;7(1):52–62.
Fekete N, Gadelorge M, Furst D, Maurer C, Dausend J, Fleury-Cappellesso S,
et al. Platelet lysate from whole blood-derived pooled platelet concentrates
and apheresis-derived platelet concentrates for the isolation and expansion of
human bone marrow mesenchymal stromal cells: production process, content
and identification of active components. Cytotherapy. 2012;14(5):540–54.
doi:10.3109/14653249.2012.655420.
Schallmoser K, Strunk D. Preparation of pooled human platelet lysate (pHPL)
as an efficient supplement for animal serum-free human stem cell cultures.
J Vis Exp. 2009;32. doi:10.3791/1523.
Castegnaro S, Chieregato K, Maddalena M, Albiero E, Visco C, Madeo D, et
al. Effect of platelet lysate on the functional and molecular characteristics of
mesenchymal stem cells isolated from adipose tissue. Curr Stem Cell Res
Ther. 2011;6(2):105–14.
Kinzebach S, Dietz L, Kluter H, Thierse HJ, Bieback K. Functional and
differential proteomic analyses to identify platelet derived factors affecting
ex vivo expansion of mesenchymal stromal cells. BMC Cell Biol. 2013;14:48.
doi:10.1186/1471-2121-14-48.
Horn P, Bokermann G, Cholewa D, Bork S, Walenda T, Koch C, et al.
Impact of individual platelet lysates on isolation and growth of human
mesenchymal stromal cells. Cytotherapy. 2010;12(7):888–98. doi:10.3109/
14653249.2010.501788.

Astori et al. Stem Cell Research & Therapy (2016) 7:93

60. Parazzi V, Lavazza C, Boldrin V, Montelatici E, Pallotti F, Marconi M, et al.
Extensive characterization of platelet gel releasate from cord blood in
regenerative medicine. Cell Transplant. 2015;24(12):2573–84. doi:10.3727/
096368915X687471.
61. Crespo-Diaz R, Behfar A, Butler GW, Padley DJ, Sarr MG, Bartunek J, et al.
Platelet lysate consisting of a natural repair proteome supports human
mesenchymal stem cell proliferation and chromosomal stability. Cell
Transplant. 2011;20(6):797–811. doi:10.3727/096368910X543376.
62. Schallmoser K, Bartmann C, Rohde E, Reinisch A, Kashofer K, Stadelmeyer E,
et al. Human platelet lysate can replace fetal bovine serum for clinicalscale expansion of functional mesenchymal stromal cells. Transfusion.
2007;47(8):1436–46. doi:10.1111/j.1537-2995.2007.01220.x.
63. Capelli C, Domenghini M, Borleri G, Bellavita P, Poma R, Carobbio A, et al.
Human platelet lysate allows expansion and clinical grade production of
mesenchymal stromal cells from small samples of bone marrow aspirates or
marrow filter washouts. Bone Marrow Transplant. 2007;40(8):785–91.
doi:10.1038/sj.bmt.1705798.
64. Capelli C, Gotti E, Morigi M, Rota C, Weng L, Dazzi F, et al. Minimally
manipulated whole human umbilical cord is a rich source of clinical-grade
human mesenchymal stromal cells expanded in human platelet lysate.
Cytotherapy. 2011;13(7):786–801. doi:10.3109/14653249.2011.563294.
65. Abdelrazik H, Spaggiari GM, Chiossone L, Moretta L. Mesenchymal stem
cells expanded in human platelet lysate display a decreased inhibitory
capacity on T- and NK-cell proliferation and function. Eur J Immunol.
2011;41(11):3281–90. doi:10.1002/eji.201141542.
66. Oikonomopoulos A, van Deen WK, Manansala AR, Lacey PN, Tomakili TA,
Ziman A, et al. Optimization of human mesenchymal stem cell manufacturing:
the effects of animal/xeno-free media. Sci Rep. 2015;5:16570. doi:10.1038/
srep16570.
67. Flemming A, Schallmoser K, Strunk D, Stolk M, Volk HD, Seifert M.
Immunomodulative efficacy of bone marrow-derived mesenchymal stem
cells cultured in human platelet lysate. J Clin Immunol. 2011;31(6):1143–56.
doi:10.1007/s10875-011-9581-z.
68. Bernardo ME, Avanzini MA, Perotti C, Cometa AM, Moretta A, Lenta E, et al.
Optimization of in vitro expansion of human multipotent mesenchymal
stromal cells for cell-therapy approaches: further insights in the search
for a fetal calf serum substitute. J Cell Physiol. 2007;211(1):121–30.
doi:10.1002/jcp.20911.
69. Bernardi M, Adami V, Albiero E, Madeo D, Rodeghiero F, Astori G. Absence
of micronucleus formation in CHO-K1 cells cultivated in platelet lysate
enriched medium. Exp Toxicol Pathol. 2014;66(2-3):111–6. doi:10.1016/j.etp.
2013.11.001.
70. Griffiths S, Baraniak PR, Copland IB, Nerem RM, McDevitt TC. Human platelet
lysate stimulates high-passage and senescent human multipotent
mesenchymal stromal cell growth and rejuvenation in vitro. Cytotherapy.
2013;15(12):1469–83. doi:10.1016/j.jcyt.2013.05.020.
71. Schallmoser K, Bartmann C, Rohde E, Bork S, Guelly C, Obenauf AC, et al.
Replicative senescence-associated gene expression changes in mesenchymal
stromal cells are similar under different culture conditions. Haematologica.
2010;95(6):867–74. doi:10.3324/haematol.2009.011692.
72. Lohmann M, Walenda G, Hemeda H, Joussen S, Drescher W, Jockenhoevel
S, et al. Donor age of human platelet lysate affects proliferation and
differentiation of mesenchymal stem cells. PLoS One. 2012;7(5):e37839.
doi:10.1371/journal.pone.0037839.
73. Seltsam A, Muller TH. Update on the use of pathogen-reduced human
plasma and platelet concentrates. Br J Haematol. 2013;162(4):442–54.
doi:10.1111/bjh.12403.
74. Rasongles P, Angelini-Tibert MF, Simon P, Currie C, Isola H, Kientz D, et al.
Transfusion of platelet components prepared with photochemical pathogen
inactivation treatment during a Chikungunya virus epidemic in Ile de
La Reunion. Transfusion. 2009;49(6):1083–91. doi:10.1111/j.1537-2995.
2009.02111.x.
75. Geisen C, Kann G, Strecker T, Wolf T, Schuttfort G, van Kraaij M, et al.
Pathogen-reduced Ebola virus convalescent plasma: first steps towards
standardization of manufacturing and quality control including
assessment of Ebola-specific neutralizing antibodies. Vox Sang. 2016;
110(4):329–35. doi:10.1111/vox.12376. Epub 2016 Jan 14.
76. Salunkhe V, van der Meer PF, de Korte D, Seghatchian J, Gutierrez L.
Development of blood transfusion product pathogen reduction treatments:
a review of methods, current applications and demands. Transfus Apher Sci.
2015;52(1):19–34. doi:10.1016/j.transci.2014.12.016.

Page 8 of 8

77. Osman A, Hitzler WE, Ameur A, Provost P. Differential expression analysis by
RNA-Seq reveals perturbations in the platelet mRNA transcriptome
triggered by pathogen reduction systems. PLoS One. 2015;10(7):e0133070.
doi:10.1371/journal.pone.0133070.
78. Prudent M, D’Alessandro A, Cazenave JP, Devine DV, Gachet C, Greinacher
A, et al. Proteome changes in platelets after pathogen inactivation—an
interlaboratory consensus. Transfus Med Rev. 2014;28(2):72–83. doi:10.1016/j.
tmrv.2014.02.002.
79. Shih DT, Chen JC, Chen WY, Kuo YP, Su CY, Burnouf T. Expansion of adipose
tissue mesenchymal stromal progenitors in serum-free medium supplemented
with virally inactivated allogeneic human platelet lysate. Transfusion.
2011;51(4):770–8. doi:10.1111/j.1537-2995.2010.02915.x.
80. Castiglia S, Mareschi K, Labanca L, Lucania G, Leone M, Sanavio F, et al.
Inactivated human platelet lysate with psoralen: a new perspective for
mesenchymal stromal cell production in Good Manufacturing Practice
conditions. Cytotherapy. 2014;16(6):750–63. doi:10.1016/j.jcyt.2013.12.008.
81. Iudicone P, Fioravanti D, Bonanno G, Miceli M, Lavorino C, Totta P, et al.
Pathogen-free, plasma-poor platelet lysate and expansion of human
mesenchymal stem cells. J Transl Med. 2014;12:28. doi:10.1186/14795876-12-28.
82. Jonsdottir-Buch SM, Sigurgrimsdottir H, Lieder R, Sigurjonsson OE. Expired
and pathogen inactivated platelet concentrates support differentiation and
immunomodulation of mesenchymal stromal cells in culture. Cell Transplant.
2015;24(8):1545–54. doi:10.3727/096368914X683043.
83. Festen R. Understanding animal sera: considerations for use in the
production of biological therapeutics. In: Stacet GA, Davis J, editors.
Medicines from animal cell culture. Chichcester, UK: Wiley; 2007.
84. Brindley DA, Davie NL, Culme-Seymour EJ, Mason C, Smith DW, Rowley JA.
Peak serum: implications of serum supply for cell therapy manufacturing.
Regen Med. 2012;7(1):7–13. doi:10.2217/rme.11.112.

