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A B S T R A C T

Background aims: Advanced therapy medicinal products (ATMPs) are novel drugs based on genes, cells or tis-
sues developed to treat many different diseases. Stability studies of each new ATMP need to be performed to
define its shelf life and guarantee efficacy and safety upon infusion, and these are presently based on guide-
lines originally drafted for standard pharmaceutical drugs, which have properties and are stored in condi-
tions quite different from cell products. The aim of this report is to provide evidence-based information for
stability studies on ATMPs that will facilitate the interlaboratory harmonization of practices in this area.
Methods: We have collected and analyzed the results of stability studies on 19 different cell-based experi-
mental ATMPs, produced by five authorized cell factories forming the Lombardy “Plagencell network” for use
in 36 approved phase I/II clinical trials; most were cryopreserved and stored in liquid nitrogen vapors for 1
to 13 years.
Results: The cell attributes collected in stability studies included cell viability, immunophenotype and
potency assays, in particular immunosuppression, cytotoxicity, cytokine release and proliferation/differentia-
tion capacity. Microbiological attributes including sterility, endotoxin levels and mycoplasma contamination
were also analyzed. All drug products (DPs), cryopreserved in various excipients containing 10% DMSO and
in different primary containers, were very stable long term at <�150°C and did not show any tendency for
diminished viability or efficacy for up to 13.5 years.
Conclusions: Our data indicate that new guidelines for stability studies, specific for ATMPs and based on risk
analyses, should be drafted to harmonize practices, significantly reduce the costs of stability studies without
diminishing safety. Some specific suggestions are presented in the discussion.
© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Extensively manipulated cells for therapeutic use are called
advanced therapy medicinal products (ATMPs) and can be genetically
engineered or not (somatic) [1,2]. Most ATMPs are produced by quite
extensive culture methods and are generally cryopreserved at
<�150°C in liquid nitrogen vapors to allow time for the execution of
all quality controls on the finished product before administration to
patients and to allow multiple dosing [3�6]. By law, they need to be
produced according to specific guidelines and regulations (e.g., the
EU Good Manufacturing Practices [GMP] guidelines, published on the
Eudralex website, and the U.S. Food and Drug Administration [FDA]
current GMP regulations [cGMP], published on the FDA website) [7].
In the European Union, the same GMP regulations already established
for standard drugs were initially applied to ATMPs [8,9]. In 2017, a
specific GMP guideline dedicated to ATMPs was approved by the
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European Commission (EC) [10], since it is understood that cells and
tissues are quite different from standard pharmaceutical drugs [4].

Stability studies determine a drug product (DP) “shelf life,” i.e.,
they guarantee that the final packaged DP maintains its identity,
potency and sterility according to the approved manufacturer’s speci-
fication throughout its valid period, in defined storage conditions
[11�13]. Present guidelines and regulations prescribe that prelimi-
nary stability data should be available before an experimental prod-
uct is used in a clinical trial, a minimum shelf life should be assigned,
and further stability data should be planned and built up with real-
life data subsequent to initial clinical use, eventually extending shelf
life [6,14]. Unfortunately, the current guidance documents do not
offer much support to establish the best methods and modalities of
testing ATMP stability. This lack of formal advice can lead to uncer-
tainty and different practices in different cell factories and different
countries. Furthermore, the many assays to control DPs often are not
standardized or harmonized between laboratories.

An official network of the five academic cell factories, called “Pla-
gencell,” all of which are authorized by Italy’s national authorities
(Agenzia Italiana del Farmaco, AIFA, Rome, Italy), has recently been
established in the Lombardy region. As a first investigation, the Pla-
gencell network has set out to collect and analyze the stability studies
performed in the last 13 years on the experimental ATMPs internally
produced for approved phase I/II clinical studies. The aim was to try
to pinpoint the major bottlenecks and propose specific elements use-
ful for the future establishment of guidelines more specific for this
type of DPs, based on scientific evidence and real-life data.
Methods

The Plagencell network of cell factories

The Plagencell Cell Factories are numbered in the text and figures
as follows: CF1, Center of Cellular Therapy “G. Lanzani”, ASST Papa
Giovanni XXIII, Bergamo; CF2, Laboratory of Cellular and Gene Ther-
apy “S. Verri”, ASST San Gerardo, Monza; CF3, Laboratorio di Medicina
Rigenerativa - Cell Factory, Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, Milan; CF4, Cell Therapy Production Unit UPTC,
IRCCS Istituto Neurologico Carlo Besta, Milan; and CF5, UOSD Cell
Factory, Fondazione IRCCS Policlinico San Matteo, Pavia.
ATMP manufacturing, cryopreservation and thawing

Different types of experimental ATMPs were produced in GMP
conditions following validated standard operating procedures (SOPs).
These were either stored at 2° to 8°C until use or cryopreserved in dif-
ferent solutions (human Plasma AB or saline solution supplemented
with human serum albumin (HSA) containing 10% dimethyl sulfoxide
(DMSO, GMP grade; WAK-Chemie Medica, Steinbach, Germany; or
Cryoserv; Mylan Institutional, Canonsburg, PA, or Alchimia, Ponte
San Nicol�o, Italy) or Cryostor CS10 (BioLife Solutions, Bothell, WA)
[15�18]. Cells were frozen in double clinical bags (CryoMACS Freez-
ing bag; Miltenyi Biotec, Bergisch Gladbach, Germany; or SAFE2 Cell
Cryobag; Paolo Gobbi Frattini, Tovo di S. Agata, Italy; or HemoFreeze
bag; Fresenius Kabi, Bad Homburg, Germany) or cryovials (Nalgene,
Thermo Scientific, Waltham, MA) using controlled-rate freezing
instruments and stored in vapor-phase liquid nitrogen storage tanks.
The liquid nitrogen freezers were connected to an automated filling
system and equipped with remote alarm systems; temperature and
nitrogen levels were monitored and registered continuously.

Tubes or bags were thawed in a thermostatic bath at 37°C or dry
thawing device; products were in some cases diluted in NaCl 0.9%
supplemented with HSA to evaluate cellular viability and identity.
Diluted or undiluted DPs were inoculated in hemoculture bottles to
assess sterility.
Quality controls: viability and immunophenotype

Quality controls were performed on the final DPs and their inter-
mediate products in GMP conditions, using different methods, instru-
ments and reagents according to the SOPs of each laboratory, and are
therefore only briefly summarized below. All methods were validated
and applied the same specifications as those for ATMP batch release,
as established by each cell factory [19]. The methods and specifica-
tions are indicated in Tables 2, 3, and 4.

Viability was measured either by Trypan Blue (Sigma Aldrich-
Merck, Darmstadt, Germany) dye exclusion and counting in a hemo-
cytometer, or by staining with propidium iodide (PI; Sigma Aldrich-
Merck or BD Biosciences, San Jose, CA) or 7-aminoactinomycin D (7-
AAD; BD Biosciences), followed by standard flow cytometry evalua-
tion. Immunophenotypes were identified by staining with specific
fluorescently labeled antibodies and flow cytometry analysis.

Quality controls: potency assays

Potency assays were those known for the type of cell product:
immunosuppression and proliferation/differentiation for mesenchymal
stromal cells (MSCs), cytotoxicity for T cell�derived products and T
cell activation potential for dendritic cells (DCs). Cytotoxicity assays
were performed using different methods according to each cell fac-
tory’s internal protocols: (1) calcein-AM (Sigma Aldrich-Merck) loading
of target cells and calcein release measured in an automated plate
reader after 4-h coincubation of targets with effector cells (FLUOstar
Optima, BMG LabTech), (2) carboxy fluorescein diacetate succinimidyl
ester (CFSE; Molecular Probes, Eugene, OR) labeling of target cells fol-
lowed by analysis of target cell death (apoptosis and necrosis) by PI/
annexin V staining, (3) labeling of target cells overnight with 51chro-
mium (51Cr, Na251CrO4 solution; PerkinElmer, Boston, MA), followed
by 5-h 51Cr release assay and gamma counter readout, or (4) 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay
(Promega, Medison, WI), as previously described [20].

Immunosuppression assays were performed by coincubation of
ATMPs with peripheral blood mononuclear cells (PBMCs) stimulated
with phytohemagglutinin (PHA; Sigma Aldrich-Merck). Proliferation
was measured with either CFSE and flow cytometry or 3H-thymidine
[21.22]. Proliferation was measured either by cell counting or capac-
ity to form colonies in vitro [23,24].

To measure the capacity of DCs to activate lymphocytes, mixed
lymphocyte reactions (MLRs) were set up. Briefly, PBMCs (responder
cells) were co-cultured with irradiated or mitomycin-C�treated
stimulating (S) cells at different ratios. S cells were DCs, autologous
PBMCs (for auto-MLR, negative control), or allogeneic PBMCs (for
allo-MLR, positive control). After 5 days of culture, proliferation was
assessed using MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt;
Promega, Milano, Italy) and measured by absorbance at 540 nm [25].
Alternatively, proliferation was measured using an 18-h 3H-thymi-
dine (PerkinElmer) incorporation assay [25].

IFNg production was measured by ELISPOT procedures. Briefly
ATMPs were seeded on 96-well multiscreen filter plates coated with
IFNg antibody (Mabtech, Nacka, Sweden), in the absence or presence
of relevant peptide mixes. After incubation for 24 h, plates were proc-
essed according to standard procedures, and spot-forming units (SFU)
were counted using an ELISPOT reader (Bioline, Torino, Italy) [22]. The
osteogenic differentiation potential of bone marrow (BM)-derived
MSCs in 2D monolayers or 3D scaffolds in vitro, as well as in vivo
ectopic bone formation, was assessed as described previously [26].

Karyotyping

Karyotyping was performed on an aliquot of cells by Q- or G-band-
ing according to SOPs of the local Clinical Genetics Laboratories [27].



Table 1
ATMPs manufactured by Plagencell Network cell factories and major clinical trials

ATMP cell type
(abbreviation)

ATMP (abbreviation) Manufacturera Study Identification Use Phase No. of batches produced
for trials (including
compassionate use)

Reference

Mesenchymal
stromal cells
(MSCs)

Bone marrow�derived (BM-MSC) CF1 + CF2 NCT01764100 Allogeneic I/II 73 [33]
CF1 NCT02012153 Autologous I 6 [31,37]
CF1 NCT01854957 Autologous I/II 35 [31]
CF1 NCT02260375 Allogeneic I/II 4 [30]
CF1 NCT02565459 Allogeneic I/II 5
CF1 EudraCT No. 2016-

004804-77
Autologous I 7

CF3 EudraCT No. 2019-
002749-40

Autologous IIb 1

CF3 NCT04759105 Autologous IIb 9
CF3 NCT01824121 Autologous I 5
CF3 NCT02065167 Autologous II 3
CF5 EudraCT No. 2021-

004755-17
Allogeneic I/II 44

CF5 NA Allogeneic NA 18
Umbilical cord�derived (UCM) CF1 NCT02032446 Allogeneic I/II 18 Submitted
CD362+ selected BM stromal cells

(ORBCEL-M)
CF1 NCT02585622 Autologous I 3

bone marrow�derived (BM-
MSC) + biomaterial

CF3 NCT03325504 Autologous III 5

CF3 NCT01842477 Autologous II 7 [45]
Cord blood�derived (CB-MSC) CF3 NCT04034316 Allogeneic II 11

CF3 EudraCT No. 2011-
001387-21

Allogeneic I 11

CF3 Eudra CT 2020-001577-
70

Allogeneic I/IIa 3

Adipose tissue�derived (AD-MSC) CF3 EudraCT No. 2020-
005336-29

Autologous II Clinical trial under sub-
mission to competent
authorities

Adipose tissue�derived (AD-MSC) CF4 Documents in
preparation

Allogeneic I /

AD-MSC loaded with Paclitaxel
(PacliMES)

CF4 EudraCT No. 2020
-005928-11

Allogeneic I /

Polyclonal T
cells

Blinatumomab-expanded T cells
(BET)

CF1 NCT03823365 Autologous I 15

Cytokine-induced killer (CIK) cells CF1 + CF2 NCT01186809 Allogeneic II/A 110 [32]
CF1 ISS 64499-PRE21-848 Allogeneic I 11 [42]
CF1 NCT03821519 Allogeneic I/II 8

Anti-leukemia cytotoxic T cells (CTL) CF5 EudraCT No. 2019-
003362-41

Allogeneic I/II 24

Adenovirus-specific T lymphocytes
(LTC-ADV)

CF5 EudraCT No. 2008-
000523-25

Allogeneic or autologous I/II 5

Epstein�Barr virus�specific CTL
(CTL-EBV)

CF5 CE n. 15/97 Allogeneic or autologous I/II 43 [35,39]

Cytomegalovirus-specific T lympho-
cytes (LTC-CMV)

CF5 NA Allogeneic or autologous NA 9

Gene modified
polyclonal T
cells

CAR-CD19 gene-modified CIK (CAR-
CIK-CD19)

CF1 + CF2 NCT03389035 Allogeneic I/II 35 [38]

CF1 + CF2 EudraCT No. 2020-
005025-85

Allogeneic or
Autologous

II /

Dendritic cells
(DCs)

Autologous GSC a-loaded mature
DCs (DENDR STEM)

CF4 EudraCT No. 2013-
002100-13

Autologous I 2

Tumor lysate�loaded mature DCs
(DENDR-1)

CF4 EudraCT No. 2008-
005035-15

Autologous I/II 65

Tumor lysate�loaded mature DCs
(DENDR-2)

CF4 EudraCT No. 2008-
005038-62

Autologous I 40 [36]

Stem cells Human fetal neural stem precursor
cells (hNPC-DP)

CF2 EudraCT No. 2016-
002020-86

Allogeneic I 15

BM-derived CD133+ stem cells (BM-
CD133-SC)

CF2 EudraCT No. 2012-
005267-27

Autologous I 18

a CF1, Center of Cellular Therapy “G. Lanzani”, ASST Papa Giovanni XXIII, Bergamo; CF2, Laboratory of Cellular and Gene Therapy “S. Verri”, ASST San Gerardo, Monza; CF3,
Laboratorio di Medicina Rigenerativa - Cell Factory, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan; CF4, Cell Therapy Production Unit UPTC, IRCCS Istituto
Neurologico Carlo Besta, Milan; CF5, UOSD Cell Factory, Fondazione IRCCS Policlinico San Matteo, Pavia. NA, not applicable
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Microbiological contamination

Endotoxin levels were measured by gel clot assay or the kinetic
chromogenic method performed in-house (LAL-PTS system; Charles
River, Wilmington, MA) or by Eurofins Biolab (Vimodrone, MI, Italy)
according to Ph.Eur.2.6.14. Possible contamination with aerobic and
anaerobic microbes was measured by hemoculture methods, using
BactAlert (Biomerieux) or BACTEC (BD Diagnostics) according to the
manufacturers’ instructions and Ph.Eur.2.6.27. Mycoplasma contami-
nation was measured using the culture method or by polymerase



Table 2
Stability studies on cryopreserved final DPs and data at longest time point

ATMP
(manufacturer)

Excipients Primary container Freezing method Storage Shelf life assigned
(no. batches tested)

QC test performed
to assign shelf life

Test method Test specifications QC test result before
freezing

QC test result at
latest time point
tested

BM-MSC +UCM
(CF1)

Human plasma
AB + 10% DMSO

CryoMACS Miltenyi
infusion bag

Controlled-rate
freezer

��150°C 8 years (n=3) Viability Trypan blue �80% viability 94.5% § 3.2% 89.3% § 3.3%
Immunophenotype Cytofluorimetry CD73+ �90% 97.4% § 1.2% 99.6% § 0.2%

CD90+ �90% 99.3% § 0.5% 99.8% § 0.3%
CD105+ �90% 97.1% § 0.6% 98.9% § 1.4%

Immunosuppression Cytofluorimetry �30% PBMC prolifera-
tion inhibition at E:T
ratio 10:1

ND 64.8% § 3.4%

Karyotype QFQ-banding No metaphases or no
chromosomic aberra-
tion or non-clonal
chromosomic aberra-
tions in �10% of meta-
phases [27]

Compliant Compliant

Sterility Bact/Alert Sterile Sterile Sterile
Mycoplasma Culture Absence Absent Absent
Endotoxin Level Chromokinetic <7 EU/mL < 3.5 EU/mL < 3.5 EU/mL

BM-MSC (CF2) HSA 20% + 10%
ACD + 10% DMSO

Nalgene cryovial Controlled-rate
freezer

��150°C 49 months (n=1) Viability Cytofluorimetry >70% viability 87.7% 82.3%
Immunophenotype Cytofluorimetry CD73+ �70% 99.3% 99.5%

CD90+ �70% 99.7% 99.6%
CD105+ �70% 99.9% 99.7%

BM-MSC (CF5) NaCl 0.9% + 5% HSA+
10% DMSO

Nalgene cryovial Nalgene controlled-
rate manual freez-
ing system

��150°C 6 years (n=3) Viability Trypan blue �90% viability 96.0% § 1.5% 93.0% § 3.0%
Immunophenotype Cytofluorimetry CD73+ �85% 98.0% § 0.7% 94.0% § 6.0%

CD90+ �85% 99.0% § 0.5% 96.0% § 5.0%
CD105+ �85% 96.0% § 0.9% 94.0% § 8.0%

Differentiation
potential

Cell culture and spe-
cific staining

Differentiation into adi-
pocytes and osteocyte

Yes Yes

Immunosuppression 3H TdR �30% inhibition at E:T
ratio 1:2

65.0% § 14.0% 71.0% § 9.0%

Sterility Bactec Sterile Sterile Sterile
ORBCEL-M

(CF1)
Cryostor CS10 CryoMACS Miltenyi

infusion bag
Controlled-rate

freezer
��150°C 45 months (n=3) Viability Trypan Blue �70% viability 85.3% § 3.5% 90.1% § 2.9%

Immunophenotype Cytofluorimetry CD73+ �95% 99.9% § 0.1% 99.8% § 0.1%
CD90+ �95% 99.9% § 0.1% 99.9% § 0.1%
CD105+ �95% 99.6% § 0.5% 98.3% § 2.3%

Sterility Bact/Alert Sterile Sterile Sterile
Mycoplasma Culture Absence Absent Absent
Endotoxin Level Chromokinetic < 10 EU/mL �5 EU/mL �5 EU/mL

CB-MSC (CF3) NaCl 0.9% + 10%
HSA + 10% DMSO

CryoMACS Miltenyi
freezing bag

Controlled-rate
freezer

��150°C 57 months (n=3) Viability Cytofluorimetry �80% viability 88.5% § 6.2% 87.6% § 3.7
Immunophenotype Cytofluorimetry CD45�CD90+CD105+

�90%
92.8% § 1.4% 98.3% § 1.2%

Proliferation
Potential

Gentian Violet Colony formation 52.0 § 22.4 19.0 § 15.8

Fold expansion �2 fold 24.4 § 7.1 6.8 § 4.3
Karyotype G-banding 46,XX or 46,XY Compliant Compliant
Sterility Bact/Alert Sterile Sterile Sterile

AD-MSC (CF4) NaCl 0.9% + 5%
HSA + 10% DMSO

Nalgene cryovial Controlled-rate
freezer

��150°C 1 years (n=1) Viability Trypan blue �80% viability 96.1% 92.9%
Immunophenotype Cytofluorimetry CD73+ �80% 98.6% 97.6%

CD90+ �80% 94.5% 94.9%
CD105+ �80% 90.5% 91.0%

Sterility Bact/Alert Sterile Sterile Sterile
Mycoplasma PCR Absence Absent Absent
Endotoxin Level Gel Clot <117 EU/mL �0.5 EU/mL �0.5 EU/mL

PacliMES (CF4) Nalgene cryovial ��150°C 1 years (n=3) Viability Trypan blue �80% viability 91.0% § 0.5% 90.5% § 2.2%

(continued on next page)
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Table 2 (Continued)

ATMP
(manufacturer)

Excipients Primary container Freezing method Storage Shelf life assigned
(no. batches tested)

QC test performed
to assign shelf life

Test method Test specifications QC test result before
freezing

QC test result at
latest time point
tested

NaCl 0.9% + 5%
HSA + 10% DMSO

Controlled-rate
freezer

Immunophenotype Cytofluorimetry CD73+ �80% 98.4% § 0.4% 99.3% § 0.9%
CD90+ �80% 93.9% § 3.9% 94.1% § 4.0%
CD105+ �80% 91.5% § 7.7% 83.4% § 1.8%

Paclitaxel content HPLC/Mass
spectrometry

�0.05 pg/cell 0.5 § 0.2 0.5 § 0.2

Cytotoxicity MTT �13.5 ng/mL (Paclitaxel
equivalent
concentration)

13.7 § 0.0 13§ 0.0

Sterility Bact/Alert Sterile Sterile Sterile
Mycoplasma PCR Absence Absent Absent
Endotoxin Level Gel Clot <117 EU/mL �0.5 EU/mL �0.5 EU/mL

BET (CF1) Human plasma
AB + 10% DMSO

CryoMACS Miltenyi
infusion bag

Controlled-rate
freezer

��150°C 2 years (n=1) Viability Cytofluorimetry �80% viability 80.7% 94.5%
Immunophenotype Cytofluorimetry CD3+ �90% 84.5% 85.7%

CIK (CF1) Human plasma
AB + 10% DMSO

Hemofreeze bag
Fresenius

Controlled-rate
freezer

��150°C 7 years (n=1) Viability Cytofluorimetry �80% viability 96.9% 98%
Immunophenotype Cytofluorimetry CD3+CD56+ �40% 51.3% 48.8%
Cytotoxicity Calcein-AM release �10% lysis at E:T ratio

30:1
ND 45.1%

CIK (CF2) HSA 20% + 10%
DMSO + 10% ACD

SAFE2 Cell cryobag
Gobbi Frattini

Controlled-rate
freezer

��150°C 2 years (n=3) Viability Cytofluorimetry �70% viability 79.2% § 5.8% 91.9% § 3.6%
Immunophenotype Cytofluorimetry CD3+CD56+ �40% 45% § 7.1% 44.4% §2.4%

CTL (CF5) NaCl 0.9% + 5% HSA+
10% DMSO

Nalgene cryovial Nalgene controlled-
rate manual freez-
ing system

��150°C 8 years (n=3) Viability Trypan blue �80% viability 94% § 5% 88% § 3%
Immunophenotype Cytofluorimetry CD3+/CD3�CD56+ value

at freezing § 10%
98% § 2% 98% § 2%

Cytotoxicity 51Cr release Cytotoxicity value at
freezing § 10%

25% § 15% 27% § 7%

Sterility Bactec Sterile Sterile Sterile
LTC-ADV (CF5) NaCl 0.9% + 5%

HSA + 10% DMSO
Nalgene cryovial Nalgene controlled-

rate manual freez-
ing system

��150°C 13.5 years (n=5) Viability Trypan blue �80% viability 100% § 0% 96% § 0.5%
Immunophenotype Cytofluorimetry CD3+/CD3�CD56+ value

at freezing § 10%
98% § 2% 99% § 1%

Cytotoxicity Cr51 release Cytotoxicity >25% at E:T
ratio 20:1

62% § 20% 45% § 18%

Sterility Bactec Sterile Sterile Sterile
CTL-EBV (CF5) NaCl 0.9% + 5%

HSA + 10% DMSO
Nalgene cryovial Nalgene controlled-

rate manual freez-
ing system

��150°C 4 years (n=3) Viability Trypan blue �80% viability 100% § 0% 96% § 0.5%
Immunophenotype Cytofluorimetry CD3+/CD3�CD56+ value

at freezing § 10%
98% § 2% 99% § 1%

Cytotoxicity Cr51 release Lysis >25% at E:T ratio
20:1

62% § 20% 45% § 18%

Sterility Bactec Sterile Sterile Sterile
LTC-CMV (CF5) NaCl 0.9% + 5%

HSA + 10% DMSO
Nalgene cryovial Nalgene controlled-

rate manual freez-
ing system

��150°C 2 years (n=3) Viability Trypan blue �80% viability 100% § 0% 85% § 5%
Immunophenotype Cytofluorimetry CD3+/CD3�CD56+ value

at freezing § 10%
95% § 1.5% 97% § 2%

IFN-g production ELISPOT assay Spot forming unit/105

cells > 25
473 § 236 290 § 122

Sterility Bactec Sterile Sterile Sterile
CARCIK-CD19
(CF1)

0.9% NaCl + 11.2%
HSA + 10%
DMSO + 10% ACD

CryoMACS Miltenyi
double bags

Controlled-rate
freezer

��150°C 1 year (n=1) Viability Trypan blue �70% viability 94% 82.8%
Immunophenotype Cytofluorimetry CD3+ �90% 98.5% 98.6%

CD3+56+ �30% 57.7% 57.7%
CAR+ �20% 35.9% 39.9%

Cytotoxicity Cytofluorimetry �25% at E:T ratio 5:1 69.3% 44.3%
Sterility Bact/Alert Sterile Sterile Sterile

CARCIK-CD19
(CF2)

0.9% NaCl + 11.2%
HSA + 10%
DMSO + 10% ACD

SAFE2 Cell cryobag
Gobbi Frattini

Controlled-rate
freezer

��150°C 1 year (n=2) Viability Trypan blue �70% viability 97.2% § 1.8% 84.0% § 10.9%
Immunophenotype Cytofluorimetry CD3+ �90% 99.2% § 0.2% 99.5% § 0.3%

CD3+56+ �30% 57.8% § 7.5% 52.3% § 1.3%
CAR �20% 56.5% § 13.6% 44.8% § 14.0%

(continued on next page)
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chain reaction (PCR), in all cases according to European Pharmaco-
peia (Ph.Eur.2.6.7; Ph Eur.2.6.21). Tests were carried out either in a
GMP-qualified external laboratory (Eurofins Biolab) or in-house.

Results

The cell factory network and ATMPs produced for clinical use

The Plagencell cell factory network was created to optimize the
development and production of innovative ATMPs for clinical use
and is part of a wider collaboration between research institutes and
hospitals in the Lombardy region (see Methods for details), which
collaborate for the development of treatments for several devastating
human diseases. The five cell factories are academic and have been
approved for production and testing of experimental ATMPs for
phase I/II clinical trials [28].

Table 1 lists the experimental ATMPs, clinical trials and numbers
of DP batches that are the object of this report. The ATMPs belong to
five different cell types as follows: (1) MSCs isolated from BM, umbili-
cal cord (UC), adipose tissue (AD) and cord blood (CB). In one case,
AD-derived MSCs were loaded with an anti-neoplastic agent (Pacli-
taxel). (2) Polyclonal T cells expanded from peripheral blood (PB) or
CB, including cytokine induced killer (CIK) cells, blinatumomab
expanded T cells (BETs), cytotoxic T lymphocytes (CTLs) directed
against Epstein�Barr virus (EBV) or leukemic cells, and T cell lines
(LTCs) specific for cytomegalovirus (CMV) or adenovirus (ADV). (3)
One gene-modified ATMP, produced by two cell factories, consists of
CIK cells transduced with an anti-CD19 chimeric antigen receptor
(CAR), using a nonviral transposon-based transfection method (CAR-
CIK-CD19). (4) DCs starting from monocytes isolated from leukaphe-
retic material and loaded with tumor cells or cell lysates. (5) Stem
cells, including BM-derived CD133+ cells and neural precursor stem
cells (NPCs), derived from fetal human brain (Table 1). Some ATMP
types were made by more than one cell factory and entered stability
studies in each. They were produced for 36 approved clinical trials,
and overall 668 batches of cells have been produced in the context of
these trials (Table 1).

Stability studies performed on cryopreserved DPs

Nineteen DPs produced (listed in Table 2) were cryopreserved to
<�150°C and stored in continuously monitored nitrogen vapor freez-
ers. Because of the required cell volumes, treatment modalities and
different practices, DPs were frozen in different types of primary con-
tainers (freezing bags or cryovials) and with different excipients,
including DMSO added to human plasma or physiological solution
containing different percentages of HSA and anticoagulant citrate
dextrose (ACD), or in preformulated freezing medium (Cryostor
CS10) (Table 2). All ATMPs produced entered stability studies to
assign an initial shelf life. The latter was extended once the results of
the longer stability studies became available, so some ATMPs cur-
rently have a 7- to 13.5-year stability at <�150°C. Only the longest
validated shelf lives are reported in Table 2. The ATMPs more recently
introduced have a shorter assigned stability due to the shorter period
of testing or lack of clinical need to extend shelf life beyond 1 year.

The quality control methods performed for stability studies dif-
fered according to the ATMP and the cell factory (Table 2) but
remained constant throughout each individual stability study. Usu-
ally, at least three batches of DPs produced in GMP and cryopreserved
in the same concentrations, excipients and containers as those of the
DPs for clinical use were tested in these studies at each time point,
although in some cases, single batches were tested at different time
points, following a matrixing approach.

The tests performed in stability studies included in all cases viability
(by flow cytometry or Trypan Blue), identity and purity (immunopheno-
type). Acceptable viability was between �70% and �80% for 18 of 19



Table 3
Stability studies performed on freshly manufactured, non cryopreserved DPs

ATMP
(manufacturer)

Excipients Primary container Storage Shelf life assigned (n
° batches tested)

QC test performed
to assign shelf life

Test method Test specifications QC test result before
freezing

QC test result at
latest time point
tested

BM-MSC+ biomate-
rial (CF3)

NaCl 0.9% + 5% HSA Syringe with a
screwed luer lock
cap

4�8°C 24 h (n=10 before
shipping, n=5 at
latest time)

Viability Cytofluorimetry >80% viability 98.7% § 0.6% 93.9% § 0.7%

Immunophenotype Cytofluorimetry CD73+ �90% 95.5% § 2.9% 99.8% § 0.0%
CD90+ �90% 97.7% § 2.2% 99.8% § 0.2%
CD105+ �90% 97.1% § 2.7% 98.8% § 1.3%
HLA Cl II � 20% 2.1% § 3.9% 1.3% § 1.0%

Proliferation
potential

Crystal violet
staining

Cell adhesion to a 3D scaffold [26]

Cell count Fold Increase �2 at day 6 in vitro
Differentiation
potential

Cell culture and spe-
cific staining [26]

Ex vivo osteogenic differentiation com-
pared to controls

In vivo bone-forma-
tion assay

Repair of induced calvaria defects after 4
weeks

BM-MSC (CF3) NaCl 0.9% + 5% HSA Syringe with a
screwed luer lock
cap

4�8°C 24 h (n=3) Viability Cytofluorimetry �80% viability 97.1% § 0.8% 85.3% § 5.0
Immunophenotype Cytofluorimetry CD73+ �90% 99.9% § 0.0% 99.8% § 0.3%

CD90+ �90% 99.6% § 0.4% 99.4% § 0.6%
CD105+ �90% 99.8% § 0.2% 99.7% § 0.4%

Sterility Bact/Alert Sterile Sterile Sterile
AD-MSC (CF3) Ringer lactate Syringe with a

screwed luer lock
cap

2�8°C 24 h (n=3) Viability Cytofluorimetry �80% viability 84.1% § 0.3% 86.4% § 2.9%
Immunophenotype Cytofluorimetry CD73+ �80% 98.9% § 0.8% 99.7% § 0.3%

CD90+ �80% 99.9% § 0.1% 100.0% § 0.1%
CD105+ �80% 99.4% § 0.5% 98.5% § 1.7%
CD166+ �80% 99.0% § 0.7% 99.0% § 1.1%

Sterility Bact/Alert Sterile Sterile Sterile
hNPC �DP (CF2) NaCl 0.9% + 0.028%

HSA
MACS GMP cell
expansion bag;
Miltenyi

2�8°C 4 h (n=2) Viability Trypan Blue �45% viability 60.5% § 13.5% 55.7% § 4.1%

BM-CD133-SC (CF2) NaCl 0.9% + 5% HSA 50-mL polypropyl-
ene tube

4�8°C 12 h (n=3) Viability Trypan Blue �80% viability 92.1% § 4.3% 92.4% § 1.2%

Immunophenotype Cytofluorimetry CD133+ �80% 88.9% § 4.04% 88.1% § 2.3%
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Table 4
DP holding time after thawing

ATMP
(manufacturer)

Thawing
method

Post-thaw processing Shelf life
assigned upon
thawing (n°
batches tested)

QC test
performed to
assign shelf life

Test method Test
specifications

QC test result
before freezing

QC test result at
latest time point
tested after thawing

BM-MSC (CF2) 37°C water bath Administered
immediately

15 min (n=3) Viability Trypan Blue �70% viability 95.8% § 1.1% 91.1% § 4.5%

BM-MSC (CF5) 37°C water bath Infused after dilution in
NaCl 0.9% + 4% HSA

4 h (n=3) Viability Trypan Blue �80% viability 100% § 0.0%
(96.0% §
7.0%) *

85.0% § 9.0%

CB-MSC (CF3) 37°C water bath
or dry thaw-
ing device

Dilution 1:1 in NaCl
0.9% + 10% HSA + 12%
ACD-A

30 min (n=3) Viability Cytofluorimetry �80% viability 95.3% § 0.6% 82.3% § 1.5%
Immunophenotype

Cytofluorimetry CD45�CD90+CD105+

�90%
94.8% § 3.6% 94.5% § 3.0%

Proliferation
Potential

Gentian Violet
staining

colony formation 16% § 6.6% 16% § 6.1%

Cell count Fold Increase >2 22.0% § 12.1% 25.0% § 19.3%
CTL (CF5) 37°C water bath Infused after dilution in

NaCl 0.9% + 4% HSA
1 h (n=3) Viability Trypan Blue �70% viability 94.0% § 1.7%

(83.0% §
5.0%)*

81.0% § 7.0%

LTC-ADV (CF5) 37°C water bath Infused after dilution in
NaCl 0.9% + 4% HSA

2 h (n=3) Viability Trypan Blue �70% viability 100% § 0.0%
(91.0% §
1.7%)*

79.0% § 2.5%

DENDR-1
DENDR-2
(CF4)

37°C water bath Administered
immediately

20 min (n=3) Viability Trypan Blue �75% viability 98.2% § 0.2% 96.3% § 1.0%

*At thawing.

ARTICLE IN PRESS

8 C. Capelli et al. / Cytotherapy 00 (2022) 1�13
cryopreserved DPs and a very stringent �90% in 1 case. These specifica-
tions were demonstrated to be maintained for all ATMPs at the longest
storage time point tested (Table 2). Results of the time course of viability
Figure 1. Viability of different ATMPs during storage in nitrogen vapor. The viability of ATM
ods of time was tested at different time points. Representative data are shown for different
(C) and unmodified or genetically modified CIK cells (D and E respectively). In D, the excipi
shown. The dotted lines indicate the minimum percentage viability required for each ATMP a
At least three batches of each ATMP were used in the viability studies, all time points include
assays, performed on several ATMPs representative of different cell
types, are shown in Figure 1. In the case of CIK (Figure 1D), the data
derive from analyses from two different cell factories (CF1 and CF2). In
Ps produced in GMP and stored in their final containers at <�150°C for extended peri-
subtypes of mesenchymal stromal cells: BM-MSC and UCM (A) and ORBCEL-M (B), DCs
ents used for CIK cryopreservation in the two different cell factories (CF1 and CF2) are
ccording to the specifications set by each cell factory. The excipients used are indicated.
d.



Figure 2. Potency assays of DPs cryopreserved for extended times. Potency assays were performed on ATMPs produced in GMP and stored in their final containers at <�150°C for
extended periods of time. Exemplificative potency results obtained with different types of ATMPs are shown: immunosuppressive activity of BM-MSC and UCM on T cell prolifera-
tion induced by PHA (A), MLR potential of PBMCs in presence of DCs (B), cytotoxic activity of CIK against the K562 leukemic target cell line (C), specific cytotoxicity of CTL-EBV
against autologous EBV-lymphoblastoid cell line (D), specific cytotoxicity of anti-leukemia CTL against patient leukemic blasts (E) and IFNg production by LTC-ADV in response to
adenovirus peptides (F). At least three batches of each ATMP were used overall in the potency studies.
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this case, however, the same testing method was used (cytofluorimetry),
and the DP was produced according to the same procedure and used in
a multicenter clinical trial involving both cell factories (NCT01186809,
Table 1). Of note is that the trend lines that fit the viability data are
almost flat and show a very limited downward trend. In addition, they
remain always well above the thresholds even for extended periods,
suggesting that the viability of the DPs should be maintained above the
established limit for at least 10 to 13 years, and this was observed for
all products tested in long-term studies (Figure 1 and Table 2).

Like viability, in all cases tested, ATMPs stored for extended periods
at <�150°C maintained their initial identity and purity (immunophe-
notype), without any loss or tendency for diminished expression of
specific markers over time, even after the longest tested period of up
to 13.5 years (Supplementary Figure S1 and Table 2).

Potency assays were performed in vitro for 13 out of 19 cryopre-
served ATMPs. These included the capacity to mediate immunosup-
pression, T cell activation, cytotoxicity, cytokine production in
presence of leukemic or cell targets expressing viral antigens, prolifer-
ation and differentiation potential (Table 2 and Material and Methods).
The results show that, as for viability, identity and purity, there was no
significant loss of potency, nor any tendency for a significant reduction
over time, even over extended periods of up to 13.5 years (Figure 2
and Table 2). Aspects of ATMP safety were not always included in sta-
bility studies, owing to lack of clear guidelines. For three of 11 MSC-
based ATMPs, karyotype analysis was performed after cryopreserva-
tion [27]. These results were found to be according to specifications.

More frequently, microbiologic contamination during storage was
investigated, an unlikely but possible event that may occur in case of
defective containers or their deterioration over time [29]. Thus, for 14 of
19 cryopreserved ATMPs, bacterial sterility was tested and, for seven,
also mycoplasma and endotoxin contamination, the latter a marker of
some kinds of contamination. In all cases analyzed, the maintenance of
sterility could be validated for freezing bags or cryovials for 1 to
13,5 years (Table 2).

Stability studies of fresh DPs

Some ATMPs cannot be cryopreserved at the end of production.
Stability of five of these DPs was analyzed, with the aim to establish
whether the cells were still viable after a storage at 2° to 8°C, for the
length of time necessary before infusion into patients, considering
worst-case situations. The data obtained show that stability of non-
cryopreserved DPs, washed and resuspended in infusion medium,
can be assigned a 4- to 24-h shelf life, based on results of viability
(five of five), immunophenotyping (four of five) and in one case
potency assay (proliferation potential in vitro and cell differentiation
in vivo) (Table 3). In two cases, sterility after 24-h storage was also
verified, since containers were in this case syringes and therefore
potentially less protected from the environment.

Stability studies on cryopreserved intermediates

Past guidelines have suggested the need to control the stability of
cryopreserved intermediates that are generated during expansion of
some ATMPs, such as MSCs, and stored in cryovials. We collected the
stability studies performed in the five cell factories on cell intermedi-
ates, and the details of the most complete data are available as Sup-
plementary Table S1. The tests performed include in all cases (three
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of three) viability, immunophenotype and bacterial sterility. Cell
recovery (one of three) and proliferation capacity (two of three) were
also investigated. Shelf lives of 1 to 9 years could be assigned to dif-
ferent cryopreserved intermediates, confirming the long-term stabil-
ity of cryopreserved intermediates.

Holding time of DPs after thawing

The cryopreserved cells need to be thawed before infusion into
patients. Although the procedures plan for immediate infusion, sta-
bility testing has been introduced to define a maximal holding time
for the thawed DP that takes into account the need to perform quality
controls before infusion or transport to the clinical unit. Viability of
the cells is again the most frequently tested attribute verified in sta-
bility studies of thawed DPs, but in some cases immunophenotype
and capacity to expand in culture or form colonies has also been
investigated (Table 4). The data generated on five DPs allow us to
define a maximal holding time upon thawing ranging from 15 min to
4 h, specific for each ATMP in its excipient storage temperature and
container (Table 4).

Discussion

In this report, we collected the results of stability studies per-
formed on 19 different experimental ATMPs, belonging to at least
five cell lineages and produced over the last 13 years in GMP condi-
tions in five authorized academic cell factories in the context of phase
I/II clinical trials [30�48]. The stability studies were performed
mostly on the final cryopreserved DPs in their primary containers.

The data presented show that all cryopreserved experimental
ATMPs maintained, when stored at <�150°C in different freezing
media containing 10% DMSO, a very high level of viability over very
long periods of time. Viability, cell identity and purity were main-
tained above the specifications for �13.5 years, and the trend did not
indicate any significant decrease in viability and identity over these
longest tested periods. The results of functional potency assays, car-
ried out on 68% of stored DPs, confirmed the viability data [49]. The
data presented are not surprising, since many other cell products or
tissues are known to maintain high viability and functionality for
extended times when resuspended in iso-osmotic solutions contain-
ing 10% DMSO and cryopreserved in nitrogen vapor [50�53]. Suc-
cessful long-term storage of cell-based medicines for therapeutic
transplantation has been extensively demonstrated over many years,
for example, hematopoietic stem cells used in the context of hemato-
poietic transplantation, which can be conserved in a cryopreserved
state for �20 years [54,55]. Human embryos stored at <�150°C for
�12 years have been shown to be fully viable and implant success-
fully in utero, giving rise to healthy babies [56,57]. Worth noting is
that the storage temperature was monitored continuously, and DPs
were maintained continuously in the same nitrogen tanks through-
out their storage period and were likely subject only to limited tem-
perature oscillations, except during their manual insertion and
retrieval [58,59]. Clearly, it is important that remote monitoring and
alarm systems should be in place for the continuous assessment of
tank functionality in cell factories, and comprehensive quality man-
agement procedures on cryostorage of ATMPs should also be estab-
lished and routinely followed to mitigate the possible negative
consequences of out-of-specification events [60].

The data here are important because they have been performed
on multiple ATMPs produced by five cell factories over an extended
period of time, and similar studies on this type of DPs have not been
published so far. The results suggest that stability studies for novel
ATMPs may not need to have extensive analyses at short time points
(<1 y), but rather should verify and validate longer periods of stor-
age. This is important in the planning of these studies, in which many
aliquots of several batches of ATMPs need to be generated and set
aside for long-term storage and analysis. Although it is true that
many ATMPs are dedicated to single patients (in particular autolo-
gous or HLA-matched ATMPs) and generally infused in patients
within 1 y of production, others can be given regardless of donor’s
HLA and are off-the-shelf products, for which validated long-term
stability may be a useful characteristic. Stability studies are quite
demanding, requiring multiple aliquots of at least three batches of
ATMPs and the execution of a number of biological tests, including
complex potency assays.

The International Council for Harmonization of Technical Require-
ments for Pharmaceuticals for Human Use (ICH) has established sta-
bility testing guidelines that provide comprehensive guidance on
registration stability requirements for new drugs in the ICH regions
(Europe, United States and Japan) [6,61]. These guidelines suggest
stability testing of DPs every 3 months during the first year of storage,
every 6 months over the second year and once a year thereafter. The
testing plan also has to consider possible variables such as different
drug concentrations and the need to test at least three batches.
Although a matrixing design can be implemented to reduce the num-
bers of aliquots and tests to be performed [62], these studies are in
any case very time consuming and costly. They also need to be
repeated every time an excipient or container is modified or any
other significant change is introduced to the cryopreservation proce-
dure. However, in the absence of specific guidelines for cryopre-
served ATMPs, practices vary between laboratories, as also evidenced
in this report, and regulatory authorities performing inspections
often require a time plan that is in line with the rules set for standard
drugs. Reduced testing of drugs during the first years of ATMP stor-
age, as suggested by the data presented, as well as harmonized prac-
tices would therefore facilitate cell factories and the development of
ATMPs [4].

Another aspect of stability testing is the need to guarantee the ste-
rility of the ATMPs throughout their shelf life, and therefore their
safety [63,64]. Microbiologic controls should be part of stability study
plans, in consideration of the fact that containers may lose their seal
during time [29,65,66]. We show here that different DPs cryopre-
served in different excipients in freezing bags with overwrap bags, or
in cryovials, always maintained sterility for up to 13,5 years. This
result is not particularly surprising, at least for freezing bags, which
have a double barrier to contamination, which should avoid problems
due to possible bag failures [29,67]. Sterility of products may indeed
depend on the type and quality of the primary containers and per-
haps to some extent on the excipients or additive present, but are
unlikely to depend on the specific ATMPs. We therefore suggest that
a novel risk-based matrixing approach could be used for sterility test-
ing in the context of stability studies: a cell factory may be able to val-
idate specific excipients and containers in long-term studies, by
including in their analyses all the different tests available, including
sterility, mycoplasma and endotoxin. We propose that, once specific
excipients, additives and container have been validated within a cell
factory for absence of microbial contamination in long-term studies,
such tests would not be required to be repeated extensively for each
new ATMP. Such a risk-based approach would provide a high level of
guarantee and would reduce costs by avoiding the necessity of
repeating all the tests on each ATMP, unless significant changes in
containers, excipients, additives or storage methods are introduced.

Finally, an important aspect emerging from the present report is
that there is a need to harmonize the quality control test methods, in
particular potency assays, as well as define acceptable specifications,
in particular for viability parameters.

To conclude, we believe that the results presented here are the
most extensive analysis of stability studies of ATMPs published so far.
On the basis of the scientific evidence presented, we propose that
specific guidelines regarding stability studies and shelf life assign-
ments for this type of DP should be introduced, that should (1) better
define the type of tests that need to be performed for ATMPs (at a
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minimum viability and immunophenotype, but also potency studies,
at least at some time points); (2) revise significantly the frequency of
stability testing for ATMPs—we would suggest that testing of viabil-
ity, identity and potency at an early time point (e.g., 1 month after
freezing) should be sufficient to control the effect of the freezing pro-
cedure on these parameters and to assign a 1-year shelf life, if the 1-
month testing is within specifications; stability testing for the same
parameters could then be repeated at 1 year and every 2 years there-
after, and shelf life could be extended at each test by 2 years in pres-
ence of results within the expected specifications; (3) test the
microbiological attributes on stored DPs after a risk analysis, and
thus tests need not be repeated on all ATMPs or for all attributes, pro-
vided the same containers and excipients/additives and freezing pro-
cedures are used and appropriate times have already been tested at
least in triplicate; (4) investigate holding times with viability studies
for non-cryopreserved DPs and upon thawing of cryopreserved prod-
ucts, with possible matrixing for DPs belonging to the same cell types
and conserved in the same solutions. All these changes would need
to be justified within the stability plan after a risk-based analysis. A
longer shelf life assigned outright to all cryopreserved ATMPs is con-
sistent with other practices, for example, shelf life assigned to cryo-
preserved heart valves [50].

We strongly believe that such specific guidelines would harmo-
nize practices between different laboratories and guarantee full qual-
ity of the ATMPs during the assigned shelf lives but also simplify
stability studies and significantly reduce costs. Similar studies should
be analyzed for other cell-based intermediates used by the industry,
in particular for hybridomas or recombinant eukaryotic cells used for
therapeutic antibodies and cytokine production, because simplified
procedures may be put in place to reduce costs without diminishing
safety.
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