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Abstract

Cell therapies based on multipotent mesenchymal stromal cells (MSCs) are tradition-

ally produced using 2D culture systems and platelet lysate- or serum-containingmedia

(SCM). Although cost-effective for single-dose autologous treatments, this approach is

not suitable for larger scalemanufacturing (e.g.,multiple-dose autologousor allogeneic

therapies with banked MSCs); automated, scalable and Good Manufacturing Prac-

tices (GMP)-compliant platforms are urgently needed. The feasibility of transitioning

was evaluated from an established Wharton’s jelly MSCs (WJ-MSCs) 2D production

strategy to a new one with stirred-tank bioreactors (STRs). Experimental conditions

included four GMP-compliant xeno- and serum-free media (XSFM) screened in 2D

conditions and two GMP-grade microcarriers assessed in 0.25 L-STRs using SCM.

From the screening, a XSFM was selected and compared against SCM using the best-

performing microcarrier. It was observed that SCM outperformed the 2D-selected

medium in STRs, reinforcing the importance of 2D-to-3D transition studies before

translation into clinical production settings. It was also found that attachment effi-

ciency and microcarrier colonization were essential to attain higher fold expansions,

and were therefore defined as critical process parameters. Nevertheless, WJ-MSCs

were readily expanded in STRs with both media, preserving critical quality attributes

in terms of identity, viability and differentiation potency, and yielding up to 1.47 × 109

cells in a real-scale 2.4-L batch.
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1 INTRODUCTION

Advanced therapy medicinal products (ATMP) are revolutionizing the

field of regenerative medicine due to their success in treating the root

cause of diseases and unmet medical needs by augmenting, repairing,

replacing, or regenerating organs, tissues, cells, genes and metabolic

processes in the body. Accordingly, there is a growing demand for sub-

stances of humanorigin and theproducts of theirmanipulation in order

to conduct late phase II/III clinical trials and meet commercial scale

requirements.[1,2]

Human multipotent mesenchymal stromal cells (MSCs) derived

from umbilical cord Wharton’s jelly (WJ-MSCs) are emerging as an

attractive starting material for the generation of allogeneic, banked,

off-the-shelf MSC-based ATMP for use in different indications such as

immune disorders and regenerative medicine,[3,4] and more recently,

in severe COVID-19 patients.[5] Advantages over other tissue sources

such as bone marrow or adipose tissue include (i) the use of non-

invasive procedures for tissue extraction; (ii) greater proliferative

potential; and (iii) higher immunomodulatory properties.[6] Clinical-

grade Good Manufacturing Practice (GMP)-compliant MSCs are typ-

ically manufactured using 2D systems, media supplemented with

either animal-derived components or human platelet-lysate (hPL) or

serum, and yielding single or multiple doses in the range of 106–

107 cells kg−1 body weight.[4,7] Some works have even considered

resembling in vivo structures with the use of 3D scaffolds.[8] How-

ever, increasing cell number and diversification of clinical indications

from a limited tissue source requires a paradigm shift in manufac-

turing platforms, from 2D to scalable and automated 3D strategies

that offer standardized, robust, fully monitored and reproducible cell

production platforms in compliance with current GMP.[9] Alternatives

such as cell factories (e.g., HYPERStacks from Corning or Xpansion

multiplate bioreactor from Pall) allow an increase in available cell

culture surface but may only offer intermediate solutions when com-

pared to 3D systems. Cell culture bioprocessing strategies such as

hollow fiber bioreactors (e.g., Quantum Cell Expansion System from

Terumo)[10] and microcarriers (MCs), together with vertical wheel

bioreactors,[11–13] wave bioreactors[14] and stirred-tank (bio)reactors

(STRs), provide an increased surface-to-volume ratio in cultures requir-

ing large area attachment surfaces, thus contributing to cost-efficient

process designs. Among them, spinner flasks and STRs have been

widely investigated,[15–24] since they are versatile systems and easy

to scale up. However, their use in a clinical-grade manufacturing pro-

cessmust complywith the corresponding regulations, which usually go

hand in hand with each region’s legislation (e.g., Directive 2003/94/EC

and Directive (EU) 2017/1572) and quality guidelines (e.g., ICH Q5A,

Q6B, Q7A, Q8, Q9, Q10, and Q11). From a process development per-

spective, critical quality attributes (CQAs) need tobedefinedas soonas

possible in order to identify which critical process parameters (CPPs)

have the highest impact on the final medicinal product. Implementing

process analytical technologies (PATs) also aids in designing an opera-

tional space following quality by design (QbD) principles or, together

with precise control methods, the more recent concept of quality by

control (QbC).[25] Consequently, xeno- and serum-free materials (i.e.,

media, microcarriers, dissociation reagents) are preferentially used to

reduce the risk of zoonotic contamination, reduce batch-to-batch vari-

ability and simplify the bioprocess.[23] Serum-free media has generally

been reported to support higher cell expansion efficiencies compared

to serum-containing media (SCM) in 2D cultures.[26] However, serum-

free formulations developed for 2D cultures may lack the protective

hydrodynamic effect associated with serum[27] and compromise ini-

tial cell attachment to microcarriers, thus affecting later cell growth.

Seeding therefore requires optimization when transitioning from 2D

to microcarrier-based cultures, considering options such as refine-

ments to the medium composition and microcarrier coating.[28,29] The

majority of studies conducted to date refer to large-scale expansion of

MSCs frombonemarrow and adipose tissue sources,[30] and only a few

have reported the expansion of WJ-MSCs on microcarriers in spinner

flasks[17,18,22,31–33] or STRs[17,18,20,31,34] using different experimental

approaches basedmainly on the use of hPL and SCM.

Herein, we report the development of a fully scalable GMP-

compatible bioprocess based on the use of microcarriers for clinical

grade production of WJ-MSCs. To this end, we tested four commer-

cially available xeno- and serum-free media (XSFM) as an alternative

to SCM for WJ-MSC expansion in 2D cultures. Two different GMP-

compliant microcarriers were compared in a pilot approach toward

STR expansions. The microcarrier that yielded better results was

subsequently used to evaluate XSFM and SCM performances in an

improved STR protocol, preserving the identity and multipotency

of WJ-MSCs in a dynamic 3D environment. Our approach allowed

us to identify the main CPPs and to implement continuous moni-

toring and parameter control, key for later QbD or QbC strategies

implementation.

2 MATERIALS AND METHODS

2.1 WJ-MSC 2D culture in xeno-free, serum-free
media, and serum-containing media

WJ-MSCs were sourced from a master cell bank (MCB) stored in a

liquid nitrogen tank for long-term storage, as reported elsewhere.[35]

Cryovials of WJ-MSCs with approximately 15 cumulative popula-

tion doublings (CPD) were thawed and cultured in four commercial

XSFM, namely PRIME-XVMSC Expansion XSFM (Fujifilm Irvine Scien-

tific); MSC Nutristem XF (Biological Industries); MesenCult–ACF Plus

Medium (StemCell Technologies); and MSC-Brew GMP Medium (Mil-

tenyi Biotec). Theywere then further compared to 2D-SCM, consisting

of low-glucose (1 g L−1), 4 mM L-glutamine, Dulbecco’s Modified Eagle

Medium (DMEM, Gibco, Life Technologies) supplemented with 10%

human serum B (hSerB, Banc de Sang i Teixits). Briefly, cells were plated

at a cell density of 2×103–3×103 cells cm−2 in uncoated standard cul-

ture flasks (SPL Life Sciences) and maintained at 37◦C in a humidified

atmosphere of 95%air and 5%CO2. XSFMand2D-SCMwere renewed

every 3–4 days. At confluence, cells were washed with Dulbecco’s

Phosphate-Buffered Saline (DPBS, Lonza) and harvested using 0.05%

trypsin-EDTA (Gibco) for 2D-SCMcultures, while 1x TrypLE Select CTS
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(Gibco) was used for XSFM cultures. WJ-MSCs were expanded in each

mediumup to passage 6 to study their identity, differentiation potency,

and kinetic parameters.

2.2 WJ-MSC culture on microcarriers in a
stirred-tank bioreactor

In a pilot protocol, two xeno-free microcarriers (Micelle microcarri-

ers [M-MC], Aglaris Ltd Group; and Corning Enhanced Attachment

microcarriers [EA-MC], Corning) were used following a pilot proto-

col for the expansion of WJ-MSCs in a STR using MSC-Brew GMP

Media (XSFM) or 3D-SCM, consisting of high-glucose (4.5 g L−1), Glu-

taMAX (3.97 mM), DMEM (Gibco, Life Technologies) supplemented

with 10% (v/v) hSerB as control 3D medium. A benchtop 0.25-L STR

(MiniBio, Applikon Biotechnologies) equipped with a down-pumping

marine impeller (three-blade 45◦ pitched, diameter (Di) = 22 mm) and

temperature, pH and dissolved oxygen (DO) sensors, was used with an

in-house closed-system configuration. Cryopreserved WJ-MSCs from

passages 2–3 after MCB establishment (estimated CPD = 20–25)

were thawed, conditioned with XSFM or 3D-SCM and seeded at a

cell density of 5 × 103 cells cm−2 onto either 1000 cm2 of M-MCs

(17.5 g L−1; 285 cm2 g−1; ρp = 1066 g mL−1) or EA-MCs (13.9 g L−1;

360 cm2 g−1; ρp = 1026 g mL−1). Each microcarrier was prepared

according to the manufacturer’s instructions. DO was maintained at

70% by headspace flushing with air, pH was adjusted to 7.4 and con-

trolled by CO2 headspace injection, and temperature was controlled

via heating blanket at 37◦C. Cell adhesion was promoted for 4 h under

intermittent agitation cycles (40′’ stirring at 100 rpm and 30′ at 0 rpm)

using a working volume of 50 mL. Next, continuous agitation was set

at 110 rpm and the working volume adjusted to 200 mL, with a liq-

uid height/vessel diameter ratio (H/Di) of 1.56. Agitationwas gradually

increased from day 1 until it reached 140 rpm at the end of the cul-

ture after 6 days. At day 4, 50% (v/v) media were exchanged (with

an additional 50% (v/v) media exchange at day 5 for the XSFM con-

dition). Briefly, stirring was stopped for microcarrier sedimentation

and 100 mL of spent media were removed and renewed with fresh

XSFM or 3D-SCM. A 1.5-mL sample was collected twice a day for

cell number and viability counting, cell morphology and microcarrier

colonization assessment, and determination of nutrient/metabolite

concentration.

In an improved protocol, variations were applied to the pilot pro-

tocol. The total vessel volume was adjusted to 130 mL in order to

reduce the H/Di to 1 and an additional three-blade impeller was

included (spacing to diameter ratio (S/Di) = 2). Because of volume

adjustment, the EA-MC concentration was increased to 21.38 g L−1,

preserving 1000 cm2 ofmicrocarrier surface. Before sample extraction

(once or twice daily), agitation was adjusted according to Zwieter-

ing’s equation[36] (Equation 1) and the kinematic to dynamic viscosity

relation (ʋ; inm2 s−1) (Equation 2) to ensure propermicrocarrier distri-

bution throughout the vessel for representative sample collection. This

speed was maintained for 40 s before sample extraction and returned

to its previous value after sampling.

Njs = Sv0.1d0.2p

(
g
𝜌p − 𝜌m

𝜌m

)0.45

B0.13D−0.85i (1)

v =
𝜂

𝜌m
(2)

Njs refers tominimumspeed for particle suspension [s−1]; S, dimension-

less parameter dependent on impeller and tank geometry; dp, particle

diameter [m]; g, gravity acceleration (9.81 m2 s−1); ρp, particle density
[kgm−3]; ρm,medium density [kgm−3], B; solid-to-liquidmass ratio [%],

Di , impeller diameter [m]; and η, medium dynamic viscosity [Pa s].

2.3 Stirred-tank bioreactor harvesting protocol

At day 6, agitation was stopped, microcarriers were allowed to set-

tle and supernatant was removed. Attached cells were washed with

DPBS and 30 mL of either 0.25% trypsin-EDTA (Gibco), in the case of

SCMcultures, or TrypLE10x (Gibco) in the case of XSFMcultures,were

added to the vessel. Enzymatic cell detachment was performed under

agitation at 150 rpm and 37◦C for 3′. In all cases, the enzymatic reac-

tion was quenched by adding 50mL of saline solution (Plasmalyte 148,

Baxter) supplemented with 10% (w/v) human serum albumin (HSA,

Grifols). Cell suspensions were separated from microcarriers using a

filtration bag (Miltenyi Biotec) with two meshes of decreasing pore

sizes of 175 and 40 µm, respectively. Cells were centrifuged at 340 ×

g for 10′, re-suspended in either 3D-SCM or XSFM, and subsequently

cryopreserved for further characterization.

2.4 Cell number and viability assessment

Viable and total cell number were determined by the hemocytometer-

based Trypan blue (GE Healthcare) dye exclusion assay. This informa-

tion was used to calculate the viable cell density (VCD) [cell cm−2], cell

viability [%],CPD, fold expansion, observedgrowth rate (µobs), average
growth rate (µavg), and average cell productivity (VP). These parame-

ters were calculated according to Equations (3–9), respectively, where

CPD0 refers to the initial CPD, A to the culture surface used, Xt to the

number of viable cells at a given time,XTOTt to the number of total cells

at a given time, X to the final number of viable cells, X0 to the number

of seeded viable cells, Xatt to the number of attached viable cells on

microcarriers at day 1, t to the culture time and V to total volume of

media consumed for each expansion. Maximal growth rate (µmax) was

calculated analogously to μavg but using only exponential growth phase
values and applying linear regression.

VCDt =
Xt
A

(3)

Viabilityt =
Xt

XTOTt
[%] (4)
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CPD = CPD0 +

ln
X

X0

ln 2
(5)

fold expansion =
X
X0

(6)

𝜇obs =

ln
X

X0

t
(7)

𝜇avg =

ln
X

Xatt

t
(8)

VP =
X − X0
t ⋅ V

(9)

2.5 Cell attachment assessment

Live/Dead cell viability assay (Life Technologies) and fluorescent

nuclear staining (Hoechst 33342, Life Technologies) were performed

to assess cell attachment, distribution, morphology and viability. After

staining, images were captured using an inverted fluorescence micro-

scope (Leica DFC450, Leica DMIL LED; LeicaMicrosystems).

The number of cells per microcarrier was manually counted from

Live/Dead fluorescent images (number of microcarriers analyzed per

time point ≥320) using ImageJ2 Software (see 2.3.0/1.53q, National

Institutes of Health, USA). The percentage ofmicrocarrier colonization

was calculated as the number of microcarriers with at least one living

cell attached;WJ-MSCattachmentefficiencyonmicrocarrierswasalso

calculated (ratio of adhered cell number/theoretical average cell num-

ber per microcarrier). The theoretical average cell number adhered

after 24 h was calculated based on the number of cells seeded, the

total surface available and the average surface per microcarrier (Equa-

tion10). To calculate the average surface permicrocarrier,microcarrier

diameters at each time point were alsomeasured using ImageJ2.

theoretical average cell number
microcarrier

=
surface

microcarrier
⋅

total seeded cells
total surface available

(10)

2.6 Metabolism analysis

Nutrients and metabolites from supernatants collected daily were

measuredusing automatic analyzers for glucose and lactate concentra-

tion (Y15, Biosystems S.A.) and glutamine and glutamate concentration

(YSI 2950D, Xylem Incorporated).

Specific glucose consumption (qGlc) and specific lactate production

(qLac) rateswere calculated for eachmedium replacement (culture days

0–4, days 4–5, and days 5–6) analogously to previous works.[37] For

each growth period, regression of the glucose or lactate concentration

[(g glucose or g lactate) mL−1] versus the Integral of Viable Cell Con-

centration (IVCC) [×109 cells day mL−1] was performed. Biomass to

glucose (YX/Glc) andbiomass to lactate (YX/Lac) yieldswere calculated as

a regression of glucose or lactate concentration versus the Viable Cell

Concentration (VCC) [×109 cells day mL−1] to improve data reliability

and precision. Lactate to glucose (YLac/Glc) yields were also calculated

as a regression of the lactate to glucose concentration for each phase.

2.7 Immunophenotype assessment

Immunophenotypic characterization of WJ-MSCs from XSFM and

SCM cultures in 2D were performed using the following antibodies:

CD45-FITC (Clone HI30), CD73-PE (Clone AD2), CD31-FITC (Clone

WM59) (BDPharmingen), CD105-PE (Clone 43A4E1;Miltenyi Biotec),

HLA-DR-FITC (Clone L243; BD Biosciences), and CD90-PE (Clone

F15-42-1-5; Beckman Coulter). XSFM and SCM cultures in 3D were

performed using the following antibodies: CD45-APC-AlexaFluor750

(Clone J33), CD73-PE (Clone AD-2), CD31-Pacific Blue (Clone 5.6E),

HLA-DR-APC (Clone Immu-357), and CD90-FITC (Clone F15-42-1-5)

(all from Beckman Coulter) and CD105-PE-Vio 770 (Clone REA794;

fromMiltenyi Biotec). In all cases, cell suspensions at a concentrationof

1 × 106 cells mL−1 were stained for 15′ at room temperature, washed

and re-suspended inDPBS, as described elsewhere.[38] Acquisition and

data analysis were performed using a FACSCalibur cytometer and Cel-

lQuest Pro software (Becton Dickinson), respectively, in 2D cultures,

and a Navios EX device and Navios EX software (version 2.0, Beckman

Coulter), respectively, in 3D cultures.

2.8 Differentiation assays

WJ-MSCs from XSFM and SCM cultures were seeded at a cell den-

sity of 1 × 104 cells cm−2 in 24-well plates for adipogenic and

osteogenic differentiation or seeded in 5 µL micromasses at 1.6 × 107

cells mL−1 in 24-well non-adherent plates for chondrogenic differenti-

ation, in expansionmedium. Between 2 and 24 h after seeding, specific

differentiation medium formulations (StemPro; Gibco) supplemented

with 100 unit mL−1 of penicillin and 100 µg mL−1 of streptomycin

(Sigma-Aldrich) were used for in vitro adipogenic, chondrogenic, and

osteogenic induction of WJ-MSCs. On day 35 after differentiation

induction, Oil Red O (Sigma-Aldrich), Safranin O (Sigma-Aldrich), and

Alizarin Red (Merck Millipore) staining were performed to assess

qualitatively the differentiation, and images were captured using an

invertedmicroscope (Leica DFC450, Leica DMIL LED).

2.9 Senescence assay

Senescence associated-β-galactosidase (SA-β-Gal) activity was mea-

sured using a Cellular Senescence Assay Kit (MerckMillipore). At least

1× 106 cryopreserved cells from the improved protocol harvests were

thawed and seeded in triplicate at 2 × 104 cells cm−2 in 6-well plates

and further incubated for 24 h at 37◦C in a humidified atmosphere of

95% air and 5% CO2 assay conditions. Additional triplicate sets were
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F IGURE 1 Xeno-/serum-freemedia (XSFM) screening and comparison with the serum-containingmedium (SCM) of reference on 2D
expansions. (A) Viable cell density (VCD) per passage. (B) Cumulative population doublings (CPD) per passage. (C) Representative images of
multilineage in vitro differentiation potential ofWJ-MSCs cultured in different commercial XSFM and SCM (passage= 6) upon induction into
osteogenic (Alizarin Red staining), adipogenic (Oil RedO staining) and chondrogenic (Safranin O staining) lineages after 35 days (scale bar 100 µm).
Subfigures (A) and (B) share legend.

seeded to calculate the total cell number after 24 h. WJ-MSCs were

stained following the manufacturer’s instructions and positive cells

were counted to calculate the percentage of senescent cells.

2.10 Data analysis

Data collection and analysis were performed with Microsoft Excel

(Microsoft Corp). GraphPad Prism (v5.03, GraphPad Software, Inc.)

was used for statistical analysis and graphics. Results are presented as

mean± standard deviation.Unpaired Student’s t-testswere conducted

for group comparisons, applyingWelch’s correctionwhen needed. Sta-

tistical significance was set at p-value <0.05 (*). Other degrees of

significance are also indicated (**p-value <0.01; ***p-value <0.001;

****p-value<0.0001).

3 RESULTS

3.1 WJ-MSC culture in xeno-/serum-free and
serum-containing media

Cells were successfully thawed and expanded in four commercial

XSFM using SCM as comparison. When compared to SCM, harvested

VCD and CPD were higher in early passages for three out of four

XSFM, while they decreased in late culture passages in XSFM con-

ditions (Figure 1A,B). These observations were supported by higher

average fold expansion per passage, with PRIME-XV MSC Expansion

XSFM showing the best average value (47.7± 15.1), followed byMSC-

BrewGMPMedium (29.6±7.3),MSCNutristemXF (28.4±11.9), SCM

(25.9 ± 2.1), and lastly, MesenCult-ACF Plus (15.7 ± 4.5). The µmax

was also illustrative of this difference in performance (MSC-BrewGMP

Medium= 0.90± 0.03 day−1 and SCM= 0.63± 0.01 day−1).

Spindle-shapedmorphologywaspreserveduponpassaging of undif-

ferentiatedWJ-MSCs in both XSFM and SCM. Osteogenic, adipogenic,

and chondrogenic lineage commitment was confirmed (Figure 1C). In

all conditions, immunophenotypic analysis was consistent with mes-

enchymal identity, being positive forCD73/CD90/CD105andnegative

for CD31/CD45/HLA-DR both at passages 1 and 6.

Based on these results, because of its culture performance and

consistency throughout passages in terms of fold expansion, multi-

potency and identity preservation, PRIME-XV MSC Expansion XSFM

should be considered as the best option. MSC Brew GMP Medium

would be the first runner-up regarding fold expansion and with quali-

tatively better adipogenic differentiation. Nevertheless, knowing that

the intention of this work was an efficient transition from 2D produc-

tions to GMP-compatible ones in stirred-tank bioreactors, having at

hand a medium manufactured under cGMP conditions was a strong

requirement. Although both these two media comply with this certifi-

cation, only MSC-Brew GMP is formulated in a closed bag system. It

was considered worth sacrificing the quantitative outcome of the bio-

process in favor of a medium which would allow for a closed-system
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6 of 14 LÓPEZ-FERNÁNDEZ ET AL.

TABLE 1 Mainmetrics forWharton’s jelly-derivedmesenchymal stromal cell expansions in stirred-tank bioreactor.

Microcarrier Medium Harvested

VCD

[cell cm−2]

Total

CPD

Fold

expansion

µobs
[day−1]

µavg
[day−1]n Type Conc. [g L−1] Type V [mL]

Metrics with the pilot protocol for microcarrier screening

1 M 17.5 SCM 200 3.0× 104 27.2 5.9 0.37a 0.53a

1 EA 13.9 SCM 200 4.8× 104 27.9 9.5 0.44a 0.48a

Metrics with the improved protocol for media screening

3 EA 21.4 XSFM 130 3.2× 104 ± 5.6× 103 25.8± 0.5 6.4± 1.1 0.37± 0.03 0.51± 0.03

3 EA 21.4 SCM 130 6.7× 104 ± 1.3× 103 26.8± 2.8 13.4± 2.5 0.50± 0.04 0.54± 0.04

aPilot protocol μobs and μavg valueswere calculated using an estimatedVCDbefore harvest based on the harvestedVCDand assuming the same harvest yield

from optimized protocol batches. Conc., concentration; V, volume.

bioprocess, which ultimately would result in a more successful transla-

tionandvalidationof thedevelopedbioprocess for advanced therapies.

Consequently, MSC-Brew GMP Medium was selected for further

use.

3.2 Pilot protocol for WJ-MSC culture on
microcarriers in a stirred-tank bioreactor

Two independent experiments were performed in the STR to eval-

uate a pilot protocol for WJ-MSC expansion using SCM and two

different GMP-compliant microcarriers (namely EA-MCs andM-MCs).

Harvested VCD, CPD, fold expansion, μobs, and μavg are shown in

Table 1, revealing superior results in harvested VCD, fold expansion

and μobs with EA-MCs. VP and colonization were also higher with EA-

MCs (Figure 2A,C), whereas harvest yield percentagewas similar using

both MCs (Figure 2B). Regarding colonization efficiency on EA-MCs,

an efficiency of 80.76% was obtained at 24 h after seeding (day 1),

reaching a maximum of 99.59% at day 6. However, colonization effi-

ciency using M-MCs was only 36.62% at day 1, reaching a maximum

colonization of 78.98% (Figure 2C). Based on these results, EA-MCs

were chosen for developing a GMP-compliant bioprocess forWJ-MSC

expansion in STR.

3.3 Protocol improvement and best media
comparison for WJ-MSC culture on microcarriers

Experimentswereperformed in triplicate to improve thepilot protocol,

using EA-MCs with both SCM and XSFM. Using Zwietering’s equation,

the exact values for ensuring suspension of solids were calculated as

182.23 rpm for SCM (ρm = 1009 kg m−3 and η = 9.3 × 10−4 Pa s)[39]

and 194.70 rpm for XSFM (assuming theMSC-BrewGMPMediumhad

similar properties to other XSFMsuch asmTeSR™1, ρm =1006 kgm−3

and η = 8.5 × 10−4 Pa s),[40] applying the configuration (B = 2.12%,

Di =22mm,dp =168.5 µm, and ρp =1026gmL−1). Swas assumed tobe

10 in accordance with similar configurations and considering the neg-

ative effect of pieces near the bottom (e.g., sparger).[41] Based on this

calculation, the adjusted speed before sample extraction was rounded

up to 200 rpm. Harvested VCD, CPD, fold expansion, μobs, and μavg are
summarized in Table 1.

Under these conditions, WJ-MSC expansion in SCM showed signif-

icantly higher cell densities, fold expansions, μobs and VP (Figure 2A)

than in XSFM, while CPD, μavg and harvest yields were similar

(Figure 2B). Moreover, these yields from the improved protocol

(67.64 ± 9.03% and 65.02 ± 4.97%) were higher than the appar-

ent yields obtained from the pilot protocol experiments (40.35% and

36.14%).

Thepercentageofmicrocarrier colonizationwas significantly higher

in SCM (79.95 ± 5.68%) when compared to XSFM (45.07 ± 7.55%)

at 24 h after seeding and was still significantly higher at day 6:

98.86 ± 1.10% and 91.36 ± 7.03%, respectively (Figure 2C). Micro-

carrier aggregates were visible from day 4 onwards and increased

in size throughout the culture time in all cases, while the number

of dead cells directly observed was negligible. Empty microcarriers

were visible throughout the culture time, but in a higher proportion

with XSFM cultures, together with a reduced attachment efficiency

(20.29 ± 5.81% vs. 53.14 ± 15.10% in SCM) (Figure 2D,E). The max-

imum attainable adherent cells per microcarrier (assuming a Poisson

distributionmeanvalue (λ) equal to the theoretical average cell number

per microcarrier) was compared to the distributions actually obtained,

being more similar in SCM expansions (Figure 2F). Higher harvested

VCDs were obtained in batches with higher attachment efficiencies

and microcarrier colonization percentages at day 1, as observed in all

SCM culture experiments (Figure 2G,H). This trend was more illus-

trative in the case of microcarrier colonization (R2 = 0.834) than in

attachment efficiency (R2 = 0.634).

3.4 Cell growth profile and metabolism

Glucose concentration differed between SCM and XSFM, being higher

in SCM for the whole culture. XSFM presented a lower initial glu-

cose concentration (≥0.12 ± 0.11 g L−1) before medium changes and

before cell harvesting (Figure 3A). Initial glutamine concentration pro-

files were similar for both media, but differed throughout the culture

time, again showing faster consumption rates in SCM(Figure3B).Maxi-

mum lactate concentration valuesmeasuredwere 1.63±0.14 g L−1 for
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LÓPEZ-FERNÁNDEZ ET AL. 7 of 14

F IGURE 2 Bioprocess assessment of pilot and improved protocols. (A) Average cell productivity (VP), as cell number obtained per hour of
culture andmL of medium consumed. (B) Percentage of harvest yield. (C) Percentage of colonization throughout the cultures. For clarity, statistical
test is only shown between colonization values at day 1, but significance wasmaintained over days 4 (***), 5 (***), and 6 (**). (D) Representative
images ofWJ-MSCs from SCM and XSFM cultures on EA-MCs after Live (green)/Dead (red) andHoechst (blue) staining on different culture days
(scale bars 100 µm). (E) Attachment efficiency of the improved protocol experiments. (F) Attachment efficiency onmicrocarriers in detail. The
distribution on each of the optimized protocol experiments at day 1 of culture is shown. Side-by-side comparison of maximum number of
attainable and obtained adherent cells per microcarrier.White lines indicate distributionmedians. (G) Harvested VCD regression on the
attachment efficiency at day 1 (R2 = 0.647) and (H) on themicrocarrier colonization at day 1 (R2 = 0.834). Subfigures (A), (B), and (C) share legend.
Plain bars and striped bars refer to the pilot (n= 1, each condition) and improved protocol (n= 3, each condition) respectively. Light yellow (■),
blue (▲), and orange (●) indicate SCM+M, XSFM+ EA, and SCM+ EA conditions, respectively.

SCMand0.98±0.17gL−1 forXSFMcultures (Figure3C) in accordance

with glucose consumption, and maximum glutamate concentrations

were 0.080 g L−1 for SCM and 0.104 g L−1 for XSFM cultures

(Figure 3D). VCDs were higher in SCM cultures than in XSFM cul-

tures in all measurements performed, having a maximum cell density

of 1.05 × 105 ± 2.72 × 104 cells cm−2 versus 5.00 × 104 ± 1.76 × 104

cells cm−2 before cell harvesting in SCMand XSFM, respectively. Addi-

tionally, harvested VCD was significantly higher in SCM than in XSFM

cultures (6.72×104 ±1.26×104 cells cm−2 vs. 3.18×104 ±5.58×103

cells cm−2; p-value<0.05) (Figure 3E).

Regarding biomass yields, biomass to glucose (YX/Glc) and biomass

to lactate (YX/Lac) in XSFM (0.15± 0.11 and 0.13± 0.09× 109 cells g−1,

respectively) were 0.44 and 0.52 times the SCM yields. Higher appar-

ent qGlc and qLac values were obtained in XSFM cultures (3.16 ± 0.61

and 3.33 ± 0.56 g/(109 cells⋅day), respectively) compared to SCM cul-

tures (1.51 ± 0.58 and 1.89 ± 0.39 g/(109 cells day)) (Figure 3F).
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8 of 14 LÓPEZ-FERNÁNDEZ ET AL.

F IGURE 3 Metabolic analyses of the improved protocol experiments. Nutrient andmetabolite concentration profiles for (A) glucose, (B)
glutamine, (C) lactate, and (D) glutamate. (E) VCD profile and harvested VCD. Values are shown asmean± standard deviation (n= 3). (F) YX/Glc.
YX/Lac, YLac/Glc, qGlc, qLac, and YLac/Glc values obtained from eachmedia change for the XSFM+ EA versus SCM+ EA triplicates, considering each
medium change as separate growth (n= 7 and n= 8, respectively). (F’) qLac regression on the qGlc (R2 = 0.599). (▲) represents XSFM+ EA batches
and (●), SCM+ EA batches. Statistical tests shown in subfigures (E) and (F) for better clarity.

Notably, low qLac values linearly correlated with lower qGlc values,

as shown in Figure 3F’. In contrast, lactate to glucose yields showed

similar values in both conditions (YLac/Glc = 1.11 ± 0.23 g g−1 and

YLac/Glc = 1.38± 0.60 g g−1) (Figure 3F).

3.5 CQA of stirred-tank bioreactor-expanded
WJ-MSCs

WJ-MSCs resulting from both SCM and XSFM maintained high via-

bilities after harvest (≥92.07%; 95.90 ± 2.84%), and readily attached

to plastic surfaces upon replating. The percentage of senescent

cells was below 0.015% for all conditions (Figure 4A). Immunophe-

notypic results showed no significant differences between XSFM

and SCM cultures in the MSC surface expression profile. However,

CD105 expression was slightly lower in harvested cells from SCM

cultures, due to the positivity of one of the triplicates reaching

88.39% (Figure 4B). Regarding multipotency, the osteogenic potential

was confirmed by Alizarin Red staining of calcium deposits, adi-

pogenic potential by Oil Red O staining of intracellular lipid droplets,

and chondrogenic potential by Safranin O staining of proteoglycans

(Figure 4C).
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LÓPEZ-FERNÁNDEZ ET AL. 9 of 14

F IGURE 4 Characterization ofWharton’s jelly-derivedmesenchymal stromal cells (WJ-MSCs) after expansions in stirred-tank bioreactor
(passage= 4–5) using the improved protocol under XSFM+ EA (n= 3) and SCM+ EA (n= 3) conditions. (A) Percentage of senescent cells. (B)
Percentage of positive cells for themain positive (CD105, CD90, and CD73) and negative (CD45, CD31, andHLA-DR) immunophenotypic
markers. (C) Representative images of multilineage in vitro differentiation potential upon induction into osteogenic (Alizarin Red staining),
adipogenic (Oil RedO staining), and chondrogenic (Safranin O staining) lineages after 35 days (scale bar 100 µm). No statistical differences were
found in any of the analyzed parameters.

4 DISCUSSION

Large-scale MSC production under GMP regulations for the gener-

ation of ATMP is a manufacturing challenge, especially when transi-

tioning from 2D to microcarrier culture under stirred conditions[42]

and from serum-containing (and human platelet-containing) media to

xeno-/serum-free media.[24] Balancing cost-effective production while

preserving their CQA necessitate a thorough understanding of culture

requirements, implementation of reliable on-line PATs, and either the

incorporation of changes or optimizations into CPPs that may help to

improve the efficiency of cell expansion.

Commercial XSFM represent a GMP-compliant alternative to

conventional SCM, with additional benefits such as higher prolif-

eration capacity and fold expansion while ensuring more homoge-

neous and reproducible bioprocessing.[26] However, each commer-

cial alternative should be previously tested in order to introduce

the most suitable option in each manufacturing process. We suc-

cessfully demonstrated direct 2D-culture transition from SCM to

XSFM in different commercially available alternatives, with WJ-

MSCs retaining their necessary characteristics for potential ther-

apeutic use. Additionally, average fold expansion was up to 1.84

times higher in XSFM cultures compared to SCM, showing an

increased proliferative potential of XSFM that is consistent with other

studies.[43,44]

Xeno-free, ready-to-use microcarriers prepared for working in

closed systems can facilitate their introduction in GMP-compliant bio-

processing platforms.[45] Selection of the appropriate microcarrier

based on cell type, bioprocessing criteria (seeding, proliferating and

harvesting efficiency) andmanufacturing requirements (e.g., GMP cer-

tificates) is essential in the pre-GMP development stage of scale-up

protocols. In our case, we comparedWJ-MSC adhesion and expansion

onto two types of microcarriers: a commercially available ready-to-

use microcarrier (EA-MC) and a customized microcarrier specifically

designed for MSC expansion (M-MC) in a pilot protocol. To that

end, small-scale 0.25-L STRs are suitable for media and microcar-

rier screening before proceeding with the manufacturing scale-up in

fully GMP-compliant settings. Pilot protocol experiments resulted in

a lower harvested VCD, probably related to poor homogeneity dur-

ing culture. It is essential to maintain homogeneity in microcarrier

cultures, since it allows the microcarrier surface usage to be maxi-

mized while avoiding local particle accumulation,[22,46] which in turn

can lead to aggregation in high cell density conditions.[47] Specifi-

cally, in thepilot experiments,microcarriers accumulatedandclustered

below the impeller, where the lowest flow velocity occurs. This poten-

tially led to overestimation of pre-harvest VCDs and, consequently,

underestimation of harvest yields. In contrast, the improved protocol

implemented variations based on observations from the pilot proto-

col, such as changes in the bioreactor geometry (H/Di ratio), increased
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10 of 14 LÓPEZ-FERNÁNDEZ ET AL.

stirring speed at sampling, frequent and larger volume media changes

for XSFM cultures (to ensure nutrient supply under the new concen-

trated conditions) and a second pitched-blade impeller (chosen over

other designs as the common one used in STRs forMSC expansion).[48]

A significant increase in productivity was observed for the SCM

batches in comparison to the previous SCM experiments performed

following the pilot protocol. Importantly, under the improved proto-

col, reliable biomass monitoring was achieved, a key analytical tool,

considering that one of the CQAmay be the cell number yielded.

Improved protocol metrics were assessed in order to evaluate the

effect of each medium in 3D cultures with GMP microcarriers, and

to identify those CPP that could have a major impact on WJ-MSC

production. Initial cell attachment onto themicrocarriers was substan-

tially lower in XSFM cultures, most likely due to a lack or reduced

quantity of important cell adhesion-promoting proteins in commercial

XSFM, such as fibronectin and vitronectin.[24] As suggested in the liter-

ature, the attachment of hMSCs on microcarriers can reach 70%–90%

under the static or dynamic condition in SCM, whereas the efficiency

significantly decreases to 22%–23% in XSFM.[14,24] Low attachment

efficiencies on microcarrier inoculation can also result in a prolonged

lag-phase at the beginning of the expansion process.[49] Neverthe-

less, there is also evidence that MSCs show increased proliferative

potential and can achieve the same cell density in XSFM compared to

SCM, despite the lower attachment efficiency.[15] In our study, SCM

facilitated higher attachment efficiency and microcarrier colonization,

allowing higher harvested VCD compared to XSFM. For this reason,

these two parameters should be considered as CPP when evaluat-

ing culture performance, as they would further increase maximal cell

density and productivity. This reinforces previous statements regard-

ing the importance of a good initial attachment process.[15,28,45] The

improved protocol showed two different colonization and final cell

yield dynamics depending on whether SCM or XSFM was used. Fur-

ther studies might consider using a cell-adhesion protein coating to

improve low initial attachment[16] or other microcarrier composition

that might increase or promote better cell attachment in combination

with XSFM.[23]

In hMSC microcarrier culture, a long lag phase in cell prolifera-

tion is commonly observed,[19,24,49–52] suggesting that the cells need

longer to adapt to the culture environment in bioreactors compared

to 2D culture. The development of microcarrier culture systems for

hMSC expansion is not yet fully mature, and may not have exploited

themaximumexpansion potential. hMSCs grow faster and showhigher

harvested VCD in 2D culture than in microcarrier culture, with higher

proliferation rates and lower doubling times as reported herein, in line

with the literature.[19,52] This was particularly notable in the XSFM

used in our study, where the performance significantly shifted from

MSC-BrewGMPMediumhaving a 1.43 times higher µmax than its SCM

competitor in 2D to showing a μobs in 3D that was only 0.74 times the

μobs obtained with SCM. This justifies the importance of identifying

medium candidates in 2D, knowing that they may underperform in 3D

and require optimization,[28] especially before translating the devel-

oped processes into clinical trials. This medium optimization step has

already been reported to be a uniquely promising one since, when only

the exponential phase is considered, microcarrier culture can display

comparable or even increased growth rate after optimization.[52]

Currently,most studies onmicrocarriers only emphasize the attach-

ment efficiency and expansion fold, but the recovery efficiency is

equally critical for large-scale production.[48] Although the harvesting

protocol in our study differed between SCM and XSFM in the detach-

ment reagent used (trypsin 0.25%-EDTA vs. TrypLE 10x to ensure a

complete xeno-free bioprocess in the XSFM cultures), this change in

the enzymatic detachment process did not alter the efficiency in har-

vest yield, as the valuesobtainedwere similar in both conditions.Under

both settings, our harvest yields showed similar or even higher values

with respect to previous studies.[34,49,53] Moreover, the best harvested

cell density obtained in these experiments, when translated into man-

ufacturing scale STRs (2.4-L batch in a 3L-STR; 18000 cm[254]; 4.8 L

medium consumed; 1.47 × 109 cells), would be able to surpass even

the highest harvested cell number reported to date froma hollow-fiber

GMP-compliant system (standard-bioreactor; approx. 21000 cm2; 5 L

medium consumed; 6.05× 108 cells).[55]

Neither glucose nor glutamine limitation were observed in 3D

improved protocol cultures, with lowest concentrations of 0.12 and

0.04 g L−1, respectively. These values were higher than the reported

Monod’s half velocity constant in hybridoma (KGlc = 0.02 g L−1;

KGln = 0.01 g L−1).[56] Although glutamine was closer to being appar-

ently limiting, its lowest concentrations were obtained with either

fresh media or after partial medium changes, possibly because both

SCM and XSFM may use glutamine-based dipeptides as more sta-

ble glutamine sources. Therefore, the profile observed corresponds

to simultaneous alanyl-glutamine (SCM) or non-disclosed glutamine

dipeptide (XSFM) hydrolysis by WJ-MSC extracellular peptidases[57]

and their consumption. It is essential to measure biochemical param-

eters such as nutrient/metabolite concentration for these processes

seeking to identify new CPPs and to develop tools to robustly pre-

dict and control the bioprocess outcome following QbC approaches.

While glucose and glutamine are determining factors in cell culture

metabolism and growth, lactate, glutamate and, if possible, ammonia

concentrations should also be monitored in MSC cultures. High lac-

tate levels above a certain threshold (3.19 g L−1) inhibit MSC growth,

and the glutamate profile is indicative of the amount of ammonia being

produced, which is also inhibitory above 0.35 g L−1.[58]

With respect to qGlc and qLac values, these showed some corre-

lation with one another, which may also help in developing simpler

QbC designs (e.g., measuring consumption of only one of the metabo-

lites to predict both). Moreover, these values are consistent with those

reported in the literature, with XSFM ranging from 1.21 to 1.64 and

1.04 to 1.71[21,59] and SCM (and hPL-containing media) from 0.97 to

2.14 and 0.9 to 2.23 g/(109 cells day), respectively.[17,19,23,33,50] Like-

wise, the μobs measured is similar or even a little higher than the ranges

reported in previous studies for XSFM (0.36–0.54 day−1)[16,59] and

SCM (0.41–0.52 day−1),[17,50] and only some batches with immortal-

ized MSCs showing slightly higher growth rates (0.65 day−1)[23] or

using special hPL-based supplements (UtraGRO™; 1.00 day−1) have

been found.[16] Based on the reported data, there is no difference

between XSFM and SCM consumption, production and growth rates,
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demonstrating that the particular characteristics in each expansion

process may contribute more to the observed variability than the

type of medium per se. Nonetheless, in our study, the direct compar-

ison between XSFM and SCM showed a clear difference in terms of

higher biomass yields and growth rates and lower glucose consump-

tion and lactate production rates in SCM. One hypothesis may be

that SCM sustained growth with a wider variety of carbon sources

than XSFM (e.g., glutamine as observed in the profile but also other

amino acids and nutrients differentially found in DMEM and serum),

which led to a higher apparent yield than the actual biomass pro-

duced per unit of glucose. On the other hand, YLac/Glc was slightly

higher than 1 g g−1 for both conditions. Besides implying that aero-

bic glycolysis was predominant as a less energy-efficient but higher

proliferation strategy, commonly known as the Warburg effect,[60]

YLac/Glc ≥ 1 g g−1 (theoretical maximum) also infers that part of the

glutamine was oxidated following glutaminolysis[61] and could gen-

erate more lactate as previously reported.[33,62,63] This may also be

supported by the fact that serum provides more protein content

and this apparent yield was slightly higher in SCM than in XSFM

expansions.

Cell characterization after 3D cultures in either SCM or XSFM

showed the preservation of MSC CQA defined by the International

Society for Cell and Gene Therapy (ISCT),[64] as in all cases cells were

able to demonstrate adherence to plastic, an MSC-specific surface

antigen expression profile, and capacity for trilineage mesenchymal

differentiation, in line with other studies.[16,23,32] Only CD105 expres-

sion was lower with SCM + EA conditions than the guideline value

(≥95%), but was still highly positive (≥90%), meeting the accep-

tance criteria specified by other authors.[65] Similar and even greater

decreases in CD105 expression can be expected after harvest from

microcarriers[24,31,32,50,66] due to the enzymatic dissociation,[67] which

in any case is a reversible phenomenon.[21] Moreover, no signs of

senescence were associated with 3D dynamic cultivation either in the

presence or absence of serum in the expansion media (CPD ≤ 28.7),

concurring with previous studies reporting no senescence at passage

4 and approximately 28% of senescent cells at passage 10 (CDP ≈ 20

and 48, respectively).[68]

In summary, WJ-MSC readily expanded in 3D-cultures using both

serum-containing and xeno- and serum-free media while preserv-

ing their immunophenotype and multipotency, with similar harvest

yields resulting from 2D cultures. While better initial cell attach-

ment, total cell yields and cell expansion fold can be obtained with

SCM in 3D, XSFM showed better performance in 2D. This helped in

defining microcarrier colonization and attachment efficiency as CPPs,

assuming that inefficient and uneven cell distribution on microcar-

riers at this stage hampers the entire expansion and, consequently,

the VCD recovered with XSFM. At the same time, this highlights the

importance of performing both preliminary studies in 2D and proper

3D transition and process optimization before progressing to fur-

ther ATMP development phases such as clinical trials. Overall, very

high cell densities were obtained with both media, with a new esti-

matedmaximumof 1.47× 109 cells harvested permanufacturing scale

batch (2.4 L).
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