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“Failure is a prerequisite for learning.

I have not failed. I’ve just found 10,000 ways that won’t work.”

Thomas A. Edison
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Abstract

During the past decades, human stem cells (hSC) have emerged as a therapeutic
alternative for several diseases. However, their clinical transfer still faces major challenges.
Amongst them are the production of high cell amounts, the delivery of those high cell numbers
at low volumes with minimal presence of residuals, while assuring the desired phenotype and
function/potency. Although substantial efforts have been placed on the large-scale production
of hSC and/or derivatives, the development of scalable approaches for downstream processing
(DSP) of hSC and the establishment of fully integrated platforms for cell manufacturing has
been long awaited.

The goal of this PhD project was to establish scalable and integrated DSP strategies for
the clarification, volume reduction (concentration) and washing unit operations for human-
derived adult and pluripotent SC. Human mesenchymal stem cells (hMSC) and human induced
pluripotent stem cells (hiPSC) were used as challenging and complex cell-based products.
Combining membrane technology and chromatographic tools, a flexible platform based on
cost-effective, robust, scalable, and compatible with current good manufacturing practices
(cGMP) processes, compliant with different stem cell types and that can be transferred to
clinical/industrial settings was developed.

Initially, it was evaluated the applicability of filtration methodologies, as dead end
filtration and tangential flow filtration, for the clarification and concentration of hMSC,
respectively. Different process parameters and their impact on hMSC quality were studied.
Polypropylene filters with pore sizes higher than 75 pm ensured the efficient removal of
microcarriers from the cell suspension bulk, without compromising cells’ recovery yields or
viability. Furthermore, hMSC could be successfully concentrated up to a factor of 10 while
maintaining their identity, differentiation capacity and high cell viability, allowing for the
recovery of over 80% of viable cells; an initial cell concentration higher than 2 x 10° cell/mL,
and polysulfone membranes with pore sizes higher than 0.45 pm were identified to be key
conditions to obtain such concentration factors; shear rate and permeate flux were also shown
to impact cells’” recovery yields, viability and quality.

The applicability of the previously developed TFF methodologies to hiPSC processing,
was assessed applying a Design of Experiments (DoE) approach. The impact of the process
parameters of the volume reduction unit operation on hiPSC’s recovery, viability, expression of
pluripotency markers and pluripotency differentiation potential was assessed and compared
with results previously attained with hMSC. A mathematical model of the process was designed
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and after understanding how the shear rate, permeate flux and cell load factors interacted
between them, the condition that maximized cell recovery and viability showed to be similar
between both stem cell types. A robustness analysis was performed and the success rate of these
operating conditions was assessed (65 - 70%). A parametric study was then conducted,
identifying that increasing the shear rate (up to 3370 s) allowed to achieve the specified
requirements for cell recovery yield (> 80%) and viability (> 90%) in 100% of the cases and no
impact in hiPSC’s proliferation capacity, expression of pluripotency markers and differentiation
potential was observed.

Also, a proof of concept of the integration of up- and down- stream unit operations, i.e.
continuous perfusion culture in bioreactors with a TFF system for the volume reduction and
washing of hMSC, was performed. Process integration can result in the elimination of hold
steps, thus decreasing the footprint and ultimately can create robust closed system operations
and is therefore desirable for the bioprocess of hMSC. A continuous alternative for
concentrating hMSC was also evaluated. Results showed that expanding cells in a continuous
perfusion operation mode provided a higher expansion ratio and led to a shift in cell's
metabolism. TFF operated either in continuous or discontinuous allowed to concentrate cells,
with high cell recovery (> 80%) and viability (> 95%). Furthermore, continuous TFF permitted
to operate longer with higher cell concentrations. Continuous diafiltration led to higher protein
clearance (98%) with lower cell death, when comparing to discontinuous diafiltration. Overall,
an integrated process allowed for a shorter process time, recovering 70% of viable hMSC (>
95%), 10% more than having separated unit operations, with no changes in cells’ critical quality
control attributes (QCA) such as morphology, immunophenotype, proliferation capacity and
multipotent differentiation potential.

To deliver the required cell numbers and doses to therapy (106 — 109 cells/patient), scaling
up production and purification processes at least to the liter scale while maintaining cells’
characteristics 1s compulsory. Therefore, a proof of concept of the scalability of expansion,
detachment and volume reduction unit operations for hMSC isolated from different tissues
(bone marrow (BM) and adipose tissue (AT)) was performed. The impact of scaling-up these
steps on cells’ recovery yield and characteristics was studied. To accomplish the volume
reduction step, a comparison between hollow fiber cartridges (HF) and flat sheet cassettes (F'SC)
was conducted. The scale-up of TFF process was performed increasing the area available for
filtration, maintaining constant the load (cell/cm?), shear rate and permeate flux parameters. In
both devices, TFI’s scale-up was fairly linear, with the need to slightly adjust the permeate flux
to maximize cell recovery yield. Nonetheless, FSC allowed to recover 18% more cells after a
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volume reduction factor of 50. Differences on the membrane’s material and on the flow regimen
might explain the observed differences. Overall, at the end of the bioprocess (USP and DSP
operations) more than 70% of highly viable hMSC could be recovered without compromising
cell’s CQA.

To improve the previously established TFF-based washing process, further increasing
hMSC purity, the applicability of expanded bed adsorption (EBA) chromatography operated
in negative mode was evaluated. For this purpose, a new multimodal prototype matrix based
on core-shell bead technology was used. The matrix was first characterized and a stable
expanded bed could be obtained using standard equipment adapted from what is used for
conventional packed bed chromatography processes. The effect of different expansion rates on
cell recovery yield and protein removal capacity was assessed. The best trade-off between cell
recovery (89%) and protein clearance (67%) was achieved using an intermediate expansion bed
ratio (1.4). Moreover, it was also showed that EBA chromatography can be efficiently integrated
on the already established process for the DSP of hMSC, where it improved the washing
efficiency more than 10-fold, recovering approximately 70% of cells after total processing. This
strategy showed not to impact cell viability (> 95%), neither hMISC’s CQA.

To further gain insights on how processing (both up- and downstream) was affecting hSC
characteristics (total proteome), a proteomics workflow based on state of the art mass
spectrometry (MS) tools was established and applied alongside the standard quality assays for
hMSC. Overall, 1359 proteins were significantly differently expressed between BM-MSC after
DSP and after expansion in bioreactors (BR). Biological functions associated with cellular
assembly and organization (22.3%) and cellular movement (21%) corresponded to functions
highly represented in BM-MSC after expansion, which become downregulated after the volume
reduction step. Conversely, cellular growth and proliferation (32.5%), and protein degradation
(7.8%) were observed the biological function upregulated in BM-MSC after DSP.

Overall, this thesis contributed to generate knowledge regarding the impact that critical
process parameters of chromatography and filtration-based methods have on hSC’s recovery,
viability and characteristics. By combining membrane technology and chromatographic tools,
a DSP train comprised by clarification, cell concentration and washing unit operations was
established. The processes herein described contributed to achieve a volume reduction factor
of 50, guaranteeing high cell recovery yields (more than 80%) with high purity levels (no
microcarriers, endotoxin-free, and more than 99% of protein clearance), and without
compromising cells’ characteristics in terms of viability, identity and potency. Additionally, it 13
also proposed the application of a proteomics workflow based on state of the art MS tools
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alongside standard quality control assays as an additional tool to characterize hSC. The
application of such methodology will permit to understand the impact of processing in cells’

characteristics, therefore allowing to better design processes for cell therapy applications.

Keywords: Cell therapy, downstream processing, filtration, stem cells, process

development, cell characterization
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Resumo

Durante as ultimas décadas, as células estaminais humanas (hSC) tém emergido como
uma alternativa terapéutica para diversas doencas. No entanto, a sua transferéncia para a
clinica ainda encontra bastantes desafios. Entre eles, encontram-se a producgao de elevados
numeros de células, a entrega dessas mesmas quantidades em volumes reduzidos com a
presenca minima de contaminantes, assegurando o fenoétipo e fungdo/poténcia desejada.
Esforgos significativos tém-se vindo a focar no desenvolvimento de plataformas de produgao em
larga escala deste tipo de produtos. Desta forma, o estabelecimento e desenvolvimento de
plataformas integradas para a producao e purificagao de células estaminais humanas tem sido
muito aguardado.

O objectivo desta tese de doutoramento baseia-se no estabelecimento de estratégias
escalonaveis e integradas compreendidas por unidades de operagao de clarificacao, redugao de
volume (concentragdo) e purificagdo para células estaminais humanas adultas e pluripotentes.
Para este fim, as células mesenquimais humanas (hMSC) e células pluripotentes induzidas
humanas (hiPSC) foram utilizadas como modelos complexos de produtos celulares. A
combinacao de tecnologia de membranas com cromatografia levou ao desenvolvimento de uma
plataforma flexivel, economicamente viavel, robusta, escalonavel e compativel com as praticas
correntes de boa manufactura, para a purificacao de diferentes tipos de células estaminais
humanas e que tem o potencial de ser facilmente transferida para um contexto
clinico/industrial.

Inicialmente foi avaliada a aplicabilidade de utilizar filtracdo, filtracdo normal e
tangencial (TFF), para a clarificagdo de concentracao de hMSC, respectivamente. Foi estudado
o impacto que diferentes parametros de processo tém na qualidade das hMSC. Filtros de
polipropileno com tamanho médio de poro maior que 75 pm garantiu a remogao completa de
mucrocarniers da suspensao celular sem comprometer o rendimento de recuperagao de células ou
a sua viabilidade. Adicionalmente, as hMSC foram concentradas 10 vezes, tendo recuperado
mais de 80% de células viaveis, e mantiveram as suas caracteristicas de identidade, capacidade
de diferenciagao e viabilidade. Parametros de processo tais como concentracdo celular inicial
maior que 2 x 10° células/mL e membranas de polissulfona com tamanho médio de poro
superior a 0.45 pm revelaram ser condi¢des chave para atingir este factor de concentracdao. A
tensao de corte e o fluxo de permeado também mostraram ter um impacto significativo no
rendimento de recuperacao de células do processo, bem como na viabilidade e qualidade
celular.
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A aplicabilidade da TFF para concentrar hiPSC foi também avaliada utilizando o método
de desenho de experiéncias (DoE). Foi avaliado o impacto dos parametros de processo da
unidade de operagdo de redugao de volume na recuperacdao das hiPSC, na sua viabilidade,
expressao de marcadores de pluripoténcia e capacidade de diferenciagao, e comparado aos
resultados obtidos previamente com hMSC. Foi desenvolvido um modelo matematico que
descreve o processo de concentragao. Apos perceber como os parametros de processo de tensao
de corte, fluxo do permeado e quantidade do produto interagem entre eles, a condigdo que
maximizou a recuperacao de células e a viabilidade, mostrou ser semelhante entre os dois tipos
de células estaminais. Foi realizada também uma analise de robustez, e foi determinada a taxa
de sucesso da operagao (65 - 70%). Um ainda efectuado um estudo paramétrico, que identificou
que aumentando a tensao de corte (até 3370 s™!) permitiu atingir as especifica¢oes em termos de
recuperagao de células (> 80%) e viabilidade (> 90%) em 100% dos casos, sem influenciar as
caracteristicas das hiPSC em relacdo a expressao de marcadores de pluripoténcia, proliferacao
e capacidade de diferenciagao.

Foi também realizada uma prova de conceito sobre a integracao de operagdes unitarias
de expansao e purificacdo, i.e., cultura de perfusao continua em biorreactores com um sistema
de TFF para a redugao de volume e purificagdo de hMSC. A integracdo de processo pode
resultar na eliminagao de passos de espera, diminui a pegada industrial e tem ainda o potencial
de permitir o desenho de operagdes fechadas, pelo que ¢ desejavel para o processamento de
hMSC. Alternativamente, foi ainda avaliada uma operagao continua em TFF para concentrar
as hMSC. Os resultados mostraram que cultura de perfusao continua permitiu atingir racios de
expansao mais elevados e levou também a uma alteracao no metabolismo das células. A TFF
operada quer continua quer descontinuamente possibilitou a concentragao das hMSC com
elevados rendimentos de recuperacdo celular (> 80%) e viabilidade celular (> 95%). De notar
que a TFF continua permitiu operar durante mais tempo com uma maior concentragao celular.
Comparando a diafiltracao descontinua e continua, a Gltima permitiu remover mais proteinas
(98%), tendo assegurado também uma menor morte celular. Globalmente, a integracdao do
processo levou a uma redugdo no tempo global, e permitiu recuperar 70% de hMSC viaveis (>
95%), 10% mais do que tendo operagoes unitarias separadas, sem observar alteragdes nos
atributos criticos de qualidade (CQA) das células, tais como morfologia, imunofenoétipo,
capacidade de proliferagdo e potencial de diferenciagao multipotente.

Para entregar a quantidade necessaria de células e doses para terapia (106 — 107
células/paciente), o scale-up da produgado e purificacdo pelo menos a escala de 1 L é essencial.
Assim, foi efectuada uma prova de conceito do scale-up das operacoes unitarias de expansao,
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dissociagdo dos microcarriers, e reducao de volume para hMSC isoladas de diferentes tecidos —
medula 6ssea (BM-MSC) e tecido adiposo (AT-MSC), avaliando o impacto do scale-up destes
passos no rendimento de recuperagao e viabilidade celular. Para realizar a redugao de volume,
foi comparada a performance de moédulos de fibras ocas (HF) e cassetes de membrana plana (FSC).
O scale-up do processo de TTFF foi realizado através do aumento da area disponivel para realizar
a filtragao, mantendo a carga (células/cm?), a tensao de corte e o fluxo de permeado constantes.
Em ambos os modulos, o scale-up da TFF mostrou-se ser relativamente linear, com a necessidade
de ajustar ligeiramente o fluxo de permeado de forma a maximizar o rendimento de
recuperagao celular. Contudo, as FSC permitiram recuperar mais 18% de células ap6s uma
concentragao de 50 vezes. As diferencas dos materiais das membranas e no regime de fluidos
podem explicar as diferencas observadas. Assim, no fim do bioprocesso (expansao e purificacao)
mais de 70% de hMSC viaveis foram recuperadas sem comprometer os seus CQA.

De forma a melhorar os processos de purificacao com TFF, aumentando assim a pureza
das hMSC, foi avaliada a aplicabilidade de utilizar cromatografia em leito expandido (EBA) em
modo negativo para este fim. Para tal, foi utilizado um novo protétipo multimodal baseado na
tecnologia de core-shell. A matriz foi primeiro caracterizada, e posteriormente foi obtido um leito
estavel e expandido utilizando equipamento comum a processos de cromatografia compacta
convencionais. Foi avaliado o efeito de diferentes velocidades de expansao no rendimento de
recuperagao celular e na capacidade de remocao de proteinas. O melhor compromisso entre
rendimento de recuperacgao celular (89%) e remocao de proteina (67%) foi obtido ao usar uma
velocidade de expansdo intermédia. Adicionalmente, foi também mostrado que a EBA pode
ser eficientemente integrada no fluxo de purificacdo ja estabelecido para as hMSC, tendo
melhorado a eficiéncia de purificacao em 10 vezes e recuperado cerca de 70% de células no fim
do processo. Esta estratégia mostrou nao ter influéncia na viabilidade celular (> 95°%) nem nos
CQA das hMSC.

Para melhor perceber o impacto dos processos unitarios aqui descritos (expansao e
purificacdo) nas caracteristicas das hMSC (proteoma total), paralelamente aos ensaios de
controlo de qualidade normalmente efectuados, foi estabelecido um protocolo de protedémica
com ferramentas de espectrometria de massa. 1359 proteinas foram identificadas como estando
diferencialmente expressas entre as BM-MSC apoés a expansdao em biorreactores e apos o
processo de purificacdo. A organizacao e assembly (22.3%) e movimento celular (21%) foram as
funcdes biologicas mais representadas nas BM-MSC apés expansao em biorreactores, que

ficam downregulated apos o processo de purificagdo. Contrariamente, as fungdes de crescimento
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e proliferacdo celular (32.5%), bem como degradacao proteica (7.8%) correspondem a fungoes
biologicas upregulated nas BM-MSC apds os processos de purificacdo.

Assim, esta tese contribuiu para aumentar o conhecimento cientifico no que diz respeito
ao iImpacto que os parametros criticos de processo das operagoes de cromatografia e de filtracao
tém nos rendimentos de recuperagao celular e nos CQA das hSC. A combinacao de tecnologia
de membranas com cromatografia permitiu o estabelecimento de um processo global de
purificacdo composto pelas operacdes unitarias de clarificagdo, concentracdo celular e
purificacdo. Os processos aqui descritos permitiram atingir um factor de concentracao de 50,
rendimentos elevados de recuperacao celular (80%), elevada pureza (sem presenca de
microcarriers, sem endotoxinas e mais de 99% de remocdo proteica), sem influenciar os CQA
das hSC. Adicionalmente, ¢ também proposto a aplicacao adicional de um protocolo de
protedémica paralelamente aos ensaios convencionais de controlo de qualidade para caracterizar
as hSC. A aplicagdo deste tipo de métodos, possibilitam compreender o impacto que os
processos de producao e purificacdo tém nas caracteristicas das células, e permitem melhor

desenhar e desenvolver processos de manufacturing para produtos celulares.

Palavras-chave: Terapia celular, purificacdo, filtracdo, células estaminais,

desenvolvimento de processo, caracterizagdao de produto
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Chapter I

1. The landscape of cell-based therapies

1.1. The promise of stem cells

Stem cells (SC) have been revolutionizing therapies, offering the hope of cure for
innumerous untreated diseases and injuries (Trounson and McDonald, 2015a). Discoveries of
the molecular mechanisms that determine and maintain the differentiation fate of pluripotent
cells have allowed the generation of cells that can be used for transplantation or for regenerative
therapies: restoring, correcting or modifying physiological functions by exerting a
pharmacological, immunological or metabolic action while also supporting medical diagnosis
(European Medicines Agency, 2004), and potentiating the development of cellular models to
understand diseases’ biology and drug discovery (Nirmalanandhan and Sittampalam, 2009).

Pluripotent stem cells (PSC) present a long-term self-renewal capacity and have a unique
ability to differentiate into all mature cells of the human body. PSC can give rise to new SC
and can differentiate into adult stem cells, which have a restricted renewal potential and that

ultimately give rise to terminally differentiated cells (Figure 1.1).

Differentiation
potential
Pluripotent
P - N (‘r) stempcells = Long-term renewal capacity
// PRe’s / \
/
/ Adult stem
" £ £ el > Limited renewal capacity
\
\
N —
=2 2 Differentiated )
o= adlle — No renewal capacity
| Induced |
i pluripotent  —— Long-term renewal capacity,
L stemcells | High differentiation potential

Figure 1.1 — Renewal capacity of pluripotent stem cells, adult stem cells and terminally
differentiated cells. Adapted from (Beck and Blanpain, 2013).

Ten years ago, Yamanaka and co-workers discovered the possibility to terminally reverse
differentiated cells into a pluripotency state using specific transcription factors known to be
required for maintenance of pluripotency and proliferation (Oct3/4, Sox2, c-Myc, and Klf4)
(T'akahashi and Yamanaka, 2006). The generation of human induced pluripotent stem cells
(hiPSC) readily gained popularity amongst the scientific community. Their resemblance with
human embryonic stem cells (hESC) in terms of cell morphology, cell-surface marker
expression, self-renewal ability, and potential to differentiate i vitro and in vivo into cells derived

from all three germ layers (Takahashi et al., 2007), while overcoming the hESC’s ethical
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drawback associated with the use of embryos, made them a promise for cell therapy and clinical
research. A decade later (Takahashi and Yamanaka, 2016), these cells have also been
revolutionizing pre-clinical research, as a tool to generate effective disease models and for drug
discovery (Avior et al., 2016).

Another stem cell class that has been emerging over the last decade as attractive
candidates for cell therapy applications are human mesenchymal stem cells (hMSC) (Wet et al.,
2013; Zaher et al., 2014). These cells were first isolated and characterized by Friedenstein and
co-workers in the 1960s-1970s (Friedenstein et al., 1974; 1966), who isolated stromal cells from
bone marrow (BM) by their plastic adherence, their colony-forming capacity (CFU-F) and
ability to regenerate or support ectopic bone, stroma and hematopoietic tissues. Since then,
MSC have also been isolated and characterized from several other adult and fetal tissues,
including adipose tissue (AT) (Zuk et al., 2002), synovial membrane (De Bari et al., 2001),
umbilical cord blood (Lee et al., 2004), amniotic fluid (Anker et al., 2003), placenta (Anker et
al., 2004), amongst others (Murphy et al., 2013).

Due to their ability of being induced into osteogenic, chondrogenic and adipogenic
lineages among other mesenchymal phenotypes, they were later named as ‘mesenchymal stem
cells’ (Caplan, 1991). Since then, the defining characteristics of MSC are inconsistent among
researchers and institutions (Dominici et al., 2006). Owen and co-workers, based on
Friedenstein’s work, established that CFU-F could be found in the BM stroma (Owen, 1988);
thus, the International Society for Cellular Therapy (ISCT) established that MSC’s designation
should be ‘multipotent mesenchymal stromal cells’ (Horwitz et al., 2005). Nonetheless, recent
trends 1in the scientific community suggest that MSC are derived from perivascular cells,
pericytes, instead of originating from the marrow stroma (Caplan, 2008; Crisan et al., 2008),
therefore it is expected that MSC’s accurate terminology continues to evolve.

Since no specific cell surface markers have been identified to univocally classify MSC, the
ISCT also established minimal criteria to characterize these cells: 1) MSC must be plastic-
-adherent when expanded in standard culture conditions using tissue culture flasks; i1a) more
than 95% of the MSC population must express CDI105 (endoglin, component of the
transforming growth factor-beta (TGF-f) receptor complex (Pierelli et al., 2009)), CD73 (ecto
5’ nucleotidase, responsible for the hydrolysis of AMP to adenosine and phosphate (Striter,
2006)) and CD90 (Thy-1, glycoprotein involved in cellular adhesion and migration (Rege and
Hagood, 2006)), as measured by flow cytometry; itb) MSC must lack expression (2-5% positive)
of hematopoietic and other markers typical of cells present in MSC culture, such as CD45 (pan-

leukocyte’s marker), CD34 (primitive hematopoietic progenitors and endothelial cells’ marker),
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CD14 or CD11b (monocytes and macrophages’ markers), CD79a or CD19 (B cells’ markers)
and HLA class II (activated MSC marker); and finally i11) MSC must have the ability for
trilineage mesenchymal differentiation, differentiating into osteoblasts, adipocytes and
chondroblasts using standard  vitro tissue culture differentiating conditions (Dominici et al.,
2006).

Besides their mesenchymal stem differentiation potential, MSC have the capacity to
migrate and engraft in sites of inflammation after systematic administration (Wang et al., 2012),
secreting large quantities of multiple bioactive molecules (growth factors, cytokines and
chemokines) with a regenerative potential (Caplan and Dennis, 2006), as presented in Figure
1.2. Thus, MSC can be considered as the body’s natural “drugstore” (Caplan and Correa,
2011).

Inflammation & Immunomodulatory Angiogenesis
MSC e Prevent proliferation Increase cerebral
T — 0 and function of T PGE2, TGF- blood vessels
cells B1, HGF, TGF-p1
SDF-1,IDO, . .
Reduce macrophage L4, 116, VEGF Mltogemc Factors
- w— infiltration and microglia 1L-10 e Induction of cell proliferation
activation

%Q' 0 TGF-o, TGF-B, HGF,
%  IGF-1, FGF-2, EGF

/

Multlhneage Differentiation

Apopt051s Scar Adipocytes,

Q Osteoblasts,

KGF Chondrocytes

TGF-p1 ondrocytes

Q; VFG%3 c “ SDF-1
N : J HGF Q MIP-la & 1b
Microbial

@ LL-37
1IDO

Figure 1.2 — MSC differentiation and secretory potential. Beside MSC’s multipotent differentiation
capacity, they can respond to the microenvironment by secreting trophic (angiogenic, mitogenic, anti-apoptotic
anti-scarring), anti-inflammatory, immunomodulatory or antimicrobial factors. Adapted from (Murphy et al.,
2013; Russotti, 2015).

MSC’s trophic capacity is primarily correlated with their capacity in secreting growth
factors and other chemokines (Figure 1.2), which induce cell proliferation and angiogenesis
(Caplan and Dennis, 2006). Furthermore, they also produce mitogenic proteins (Figure 1.2)
that can enhance vascular fibroblast, epithelial and endothelial cell division (Caplan and
Correa, 2011). MSC’s trophism is also correlated with the secretion of bioactive cues involved
in the prevention of apoptosis and scar formation (Figure 1.2) (Caplan and Dennis, 2006).
Moreover, MSC also have anti-microbial effects and possess the ability to modulate the

regenerative environment via anti-inflammatory and immunomodulatory mechanisms (Figure

1.2) (Murphy et al., 2013).
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Given MSC’s dual functionality, it is important that cells’ potency evaluation correlates
with the their clinical purpose (Carmen et al., 2011). In fact, some authors have proposed
additional phenotypic analysis correlated with MSC’s secretome to be used in combination
with the existing ISCT criteria, allowing an improved assessment of the potency of MSC before

being used in a clinical setting (Samsonraj et al., 2015).

1.2. Human stem cells in clinical trials

The cell therapy field has been presenting a strong progression in the last years (Lipsitz
et al., 2016; Mason et al., 2013), where forecasts estimate an annual turnover of $20bn
worldwide by 2025 (Coopman and Medcalf, 2008), mainly by the use of stem cells, as the final
product, in clinical applications.

Cell-based therapies can be either patient-specific (autologous), or based on healthy
universal donors (allogeneic). Depending on the nature of the medical condition to be treated,
either autologous or allogeneic therapies can be chosen (Malik, 2012). The choice between the
two types of therapy drives the product safety and efficacy model as well as the approaches for
manufacturing, transportation and clinical delivery of the product (Figure 1.3) (Hourd et al.,

2008).

Autologous Therapy Allogeneic Therapy
Patient Patient Patient Universal healthy
Cell isolation donor Cell isolation

Cell expansion
Master Cell Bank
Scale-up

Test a fraction of

many doses
DSP DSP
Scale-out Scale-up
Individual test per Test a fraction of
dose many doses

Clinical
application

2 A 4

Figure 1.3 — Biomanufacturing workflow for autologous and allogeneic therapies. Autologous
therapies are patient-specific, i.e., after cell isolation from the patient production processes are scaled-out, having
a large number of small batches, requiring individual testing before clinical application. In allogeneic therapies,
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cells are isolated from universal healthy donors, master cell banks are created, and a scale-up of the production is
sought, having a small number of large batches, requiring testing of only a fraction of the lots before clinical
application.

In autologous therapies, cells are harvested from the patient, sent away to a facility for
manufacturing and then returned to the clinic for delivery into the patient. In terms of
manufacturing, since the product is individualized, it is required to replicate several times the
manufacturing line/unit operation to increase the number of batches (scale-out). Moreover,
since each batch 1s intended for different patients, quality testing is required for each produced
batch before clinical application (Eaker et al., 2013). This operation model presents several
drawbacks related with the large holding time between the harvesting and infusion of cells,
which may be crucial depending on the urgency of treatment (Hourd et al., 2008), and with
age-related changes (for older patients) in cells that may compromise both their quality and
quantity reducing the efficacy of treatment (Stolzing et al., 2008). In allogeneic cell-based
therapies cells are derived from a healthy donor and are sent away to a facility to be expanded
and to create a master cell bank; then after manufacturing, cells are shipped to the physician
for subsequent delivery into the patient. In this case, the manufacturing output is increased by
increasing the volume or number of cells processed for each batch (scale-up). Since there are
no individualized batches, quality testing is required only for a small fraction of the production
before clinical application (Hourd et al., 2008; Smith, 2012). Thus, in this case it is possible to
have an “off-the-shelf” product, bypassing the holding time typical for autologous therapies.
Furthermore, by establishing a GMP master cell bank from healthy donors, it is possible to
decrease the impact of donor-to-donor variability in terms of treatment efficacy (de Soure et
al., 2016).

Figure 1.4 shows the stem cells types currently used in a clinical setting both in autologous
and allogeneic therapies. As observed in Figure 1.4A, hPSC use in therapies has already
covered heart, eye diseases and diabetes (Lipsitz et al., 2016; Trounson and McDonald, 2015b).
However, these comprise less than 3% of the current clinical trials, mainly due to hPSC ability
in forming teratomas i vwo (Yamanaka, 2012), coupled with uncertainty within the scientific
community regarding their characterization and safety. Currently, the vast majority of the
clinical trials use hematopoietic stem cells (HSCs) and hMSC (https://clinicaltrials.gov/).
Focusing on hMSC, beside their regenerative and secretory properties, these cells express
moderate levels of human leukocyte antigen (HLA) major histocompatibility complex class I,
lack major histocompatibility complex class II expression, and do not express costimulatory

molecules B7 and CD40 ligand (Williams and Hare, 2011); thus, patients present a high
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tolerance towards hMSC’s transplant (as an allogeneic source). These reasons have contributed
to the use of hMSC in therapies in more than 300 clinical trials at different phases (Figure 1.4B)
for a variety of therapies (Figure 1.4C), including arthritis, cardiovascular, autoimmune and
gastrointestinal diseases as well as in cancer, diabetes, and for the treatment of graft versus host

disease (GVHD) (https://clinicaltrials.gov/; Murphy et al., 2013; Wei et al., 2013).

A B

Allogeneic Autologous

Hematopoeitic Stem Cells (58.7%)

Mesenchymal Stem Cells (19.5%)
Induced Pluripotent Stem Cells (1.3%)
Embryonic Stem Cells (1.2%)

Others (19.3%)

S @

1 1-2 2 2-3 3

B Heart related conditions (15.3%) ~ H® Immune System Discases (9.5%) Phases: T N ——
mm Arthritis (12.9%) = Digestive System Diseases (8.9%) .
B Autoimmune Discases (10.2%) BB GvHD (6.9%) Bubble sizerepresents Y .
Musculoskeletal Diseases (9.9%) = Diabetes (6.9%) enrolment:
Bl Vascular Diseases (9.9%) . Others (10.0%)

Figure 1.4 — Use of stem cells in cell therapy applications. (A) Types of stem cell used in clinical trials.
(B) Clinical phases of autologous and allogeneic clinical trials of mesenchymal stem cells. (G) Common diseases
treated with mesenchymal stem cells in clinical trials. Adapted from (https://clinicaltrials.gov/;
https://www.terumobct.com/assets/data-vis/msc-clinical-trials/#).

Clinical trials already in Phase 3, correspond to the use of hMSC in the treatment of
chronic heart failure (NC'T02032004) and acute GvHD (NC'T02336230) (allogeneic therapies)
and in the treatment of early stage osteonecrosis (NCT01529008) and cirrhosis
(NCTO01854125) (autologous therapies) (https://clinicaltrials.gov/). More recently, some
hMSC-based products have already received regional approvals for GVHD (Prochymal®,
Osiris, Maryland, USA) and osteoarthritis (Cartistem®, Medipost, Co., Ltd., Gyeonggi-do,
South Korea).
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2. Stem cell manufacturing

2.1.General considerations

The use of cells as the final product in therapies has been bringing new biomanufacturing
challenges, since cells possess a unique complexity when comparing to other biotherapeutics as
small molecules (e.g. aspirin®), recombinant proteins (e.g. monoclonal antibodies, mAb), other
biologicals (e.g. insulin) or vaccines. This complexity relies dually on their considerably high
size, which can differ in surface area more than 6000 fold from a mAb, but also in the fact that
cells are living and interacting entities that can trigger responses to the physical and chemical
environment that surrounds them (Agashi et al., 2009; Al-Rubeai et al., 1995; Kretzmer, 2000).
Thus, it 1s crucial that processes and unit operations previously optimized to process other
biotherapeutics are redesigned and optimized to accommodate this new therapeutic product.

Depending on the nature of the cells, different therapies will require different
bioprocessing techniques — e.g. cell separation, concentration, purification. However, all cell-
based products will likely require a broadly common bioprocess workflow (Lapinskas, 2010), as

presented in Figure 1.5.

UPSTREAM PROCESS

Cell isolation

DOWNSTREAM PROCESS

Cell Cell
Harvesting Concentration 4
FILL/FINISH STORAGE

Product
Formulation

i Cryopreservation

Figure 1.5 — Bioprocess workflow for cell-based therapies. Before being delivered to the clinic, cells
need to be expanded in vitro up to numbers relevant for therapy. After harvesting, cells are concentrated, washed
from remaining residuals from the expansion process, formulated into a cryopreservation medium, filled into
aliquots and cryopreserved.
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The establishment of robust and cost-effective manufacturing platforms that can ensure
the eflicient production, purification and formulation, while maintaining regulatory agencies’
requirements in terms of identity, purity, potency, and viability throughout processing is still a
challenge. Cellular therapies often require large cell numbers per dose (from 107 to 109 cells per
patient) to be used in a clinical setting (Murphy et al., 2013; Simaria et al., 2014). Given cells’
low abundance i vwo (Caplan, 1991), technologies that can successfully expand cells up to
numbers relevant for therapies are still maturing (Rowley et al., 2012a), where microcarrier-
based stirred culture systems have mostly been adopted to sustain cell expansion of adherent
cells (Chen et al., 2013; Serra et al., 2012).

Furthermore, since cells are meant to be implanted, transplanted or infused into a human
patient, they should meet specific criteria to be used as therapeutics (Murphy et al., 2013), in
order to guarantee their safety and efficacy. To fulfill the purification requirements, after cell
detachment from the microcarriers, cell clarification (i.e. cell-microcarrier removal), cell
concentration (volume reduction) and cell washing (removal of remaining impurities) will be
necessary (Pattasseril et al., 2013). The concentrated and purified cells need afterwards to be
formulated with a cryopreservation buffer, where usually the cell concentration is adjusted so
that the final filled product dose delivers the specified quantity of cells for the therapeutic action.
The formulated bulk cell suspension is then filled into containers, cryopreserved using
controlled-rate freezers and stored in the vapor phase of liquid-nitrogen (Pattasseril et al., 2013),

ready to be delivered to the clinic.

2.2.Product requirements and process development

Despite the cell therapy strategy (autologous or an “off-the-shelf allogeneic” model), it is
necessary to thoroughly characterize the therapeutic cell, defining the properties that confirm
acceptable production, and thereby reduce the risk of incorporating variances in cell function,
which may compromise safety or efficacy. Common considerations of robustness,
reproducibility of manufacturing processes include the use of well-defined raw materials and
the application of methods under current good manufacturing practice (cGMP), which are
necessary for regulatory approval and batch consistency. Moreover, the control of the cost of
goods (COGs) 1s fundamental, since manufacturing and testing processes beside being complex
and labor-intensive, often use expensive raw materials (Campbell et al., 2015).

When establishing biomanufacturing processes for cellular products, it is fundamental to
define the quality target product profile (QTPP), as it will directly affect the process

development (Lipsitz et al., 2016). The QTPP describes the properties of the desired end
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product, such as identity, potency and purity, and is the starting point for all quality-by-design
(QbD) approaches (Food and Drug Administration, 2009). As an example, an overview of the
QTPP for a hMSC cell therapy product in phase 3 clinical trial (NCT02336230) is provided in
Table 1.1.

Table 1.1 — Quality target product profile (QTPP) for a hMSC cell therapy product. The
information provided corresponds to MSC-100-IV (Mesoblast Ltd, Melbourne, Australia) for the treatment of
acute GvHD (Lipsitz et al., 2016).

Property Acute GvHD

Therapy type

(patient specific or off-the-shelf) Allogeneic

Identity ‘
(cell phenotype, morphology) ISCT panel (section 1.1)

Viability High cell viability (typically >70-80%)
Potency

(ability of cells to perform desired action) Secreted factor profile

2 x 10° cells/kg

Dose and administration . . .
Administered twice a week (intravenous) for

(quantity of desired cells)

Cellular impurity to minimize
(cells in final product to minimize)

Impurities and microbiology
(below threshold)

Karyotype
(as expected)

Storage and stability
(assessed by potency assay)

Reference

4 weeks

None

Endotoxin, mycoplasma, bacteria, viruses,
particulates, ancillary materials

Normal

Frozen product
stable >6 months

(Newman et al., 2009)

After defining the Q'TPP, the attributes that directly influence the safety and eflicacy of
the product (critical quality attributes, CQA), and the parameters that influence these same
attributes (critical process parameters, CPP) are identified, developing a design space that
quantifies how parameter variability affects the quality attributes, usually incorporating the
strategies of design of experiments (DoE) and process analytical technology (PAT) (Campbell
et al., 2015; Lipsitz et al., 2016). Consequently, a control strategy is developed to maintain
process parameters within a range that ensure product quality, and the process is validated at
scale. In contrast to traditional control strategies based on discrete set points, QbD identifies

acceptable operating intervals, or multivariate design spaces, within which a process will
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produce high-quality products. Once implemented, the design and process development and
optimization steps have an interactive relationship that is continually refined, as the process

knowledge increases (Figure 1.6) (Lipsitz et al., 2016).
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Figure 1.6 — The QbD process. The quality target product profile (QTPP) in terms of quality, safety, and
efficacy is first defined. Then, the quality attributes that are critical for meeting the QTPP are determined by a

risk assessment. The critical process parameters (CPP) and materials attributes that affect the critical quality
attributes (CQA) are identified, and their effects on critical quality attributes are quantified in a design space.
Usually, a control strategy can be developed to ensure that CPP remain within the optimal operating range, in
which production of quality product is ensured. Finally, the process is validated in the manufacturing facility at
the desired scale, and is continually monitored and improved during manufacturing, as the process knowledge
increases. Adapted from (Lipsitz et al., 2016) (CTP: Cell therapy product).

It 1s accepted at the moment that CQA of cell therapy products correspond to their
identity, purity and potency (Campbell et al., 2015; Lipsitz et al., 2016; Pattasseril et al., 2013).

Cell identity (immunophenotype) 1s often complex and not always entirely understood.
Identity is usually demonstrated by flow cytometry through the expression of cell surface
marker proteins, which are related with functional activity (Lipsitz et al., 2016). However, due
to the targeted nature of this approach, frequently other markers whose expression varies
during the manufacturing process are ignored. Thus, the establishment and development of
more sensitive and robust methodologies (e.g. “omics”), which allow for a better cell

characterization, increasing product and process understanding are fundamental (Campbell et
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al., 2015; Gomes-Alves et al., 2016; Martin et al., 2016). For the particular case of hMSC, since
their clinical focus is now shifting from a multipotent cell-replacement therapy towards immune
modulation therapies, and given the multiplicity of source tissues containing hMSC, some
authors have proposed the establishment of new identity criteria, complementing ISC'T’s to
specify the therapeutically relevant subpopulations under consideration (Lipsitz et al., 2016;
Samsonraj et al., 2015).

Since cell therapy products are meant to be delivered to human patients, it is crucial to
ensure that they are pure enough to be safe to administer. Impurities can include undesirable
cell types, components from the expansion process, ancillary materials and particulates, and
the thresholds for cell purity may vary between therapies (Lipsitz et al., 2016). An important
purity concern corresponds to cells’ contamination by microorganisms (bacterial, fungal and
mycoplasma), endotoxins and cell line cross-contamination, which may hamper their use in
therapies (Pattasseril et al., 2013). Unlike other biotherapeutics, cells are too big to be terminally
sterilized; thus, functionally closed processing system and the use of disposable materials
ensuring sterile production, significantly reduces the risk of exogenous contamination. Non-cell
particulates (e.g. plastic fragments from disposables and residual microcarriers) from
manufacturing equipment and materials may cause secondary adverse effects when
administered, and therefore must be controlled and minimized throughout processing (Clarke
et al., 2016). Finally, ancillary materials used for the production of cell therapy product as
bioactive chemicals, including cytokines, small molecules, serum and vectors must be removed
before the delivery of the final product. Several research groups and companies still expand
hMSC using expansion media supplemented using fetal bovine serum (FBS) (Capelli et al.,
2015; Rafiq et al., 2013). Given the main drawback associated with the use of FBS (Léo et al.,
2008), regulatory agencies stipulate that if serum is used at any stage of the bioprocess workflow,
its concentration in the final formulation shall not exceed 1 ppm (Food and Drug
Administration, 2014). Thus, to achieve acceptable levels of ancillary materials on the Q' TPP
to ensure product safety (Atouf et al., 2013), additional processing may be necessary, which can
affect the final cell recovery yield (Lipsitz et al., 2016).

Alongside the desirable identity and purity of cell therapy products, it is also essential to
evaluate their function, as demonstrated by w vitro, and if necessary m viwo, functional assays.
Cells’ potency provides a measure of activity for the intended use and is an important tool to
evaluate the impact of processing on the cells” CQA (Bravery et al., 2013). Potency corresponds
to the effectiveness of the cell therapy product towards a clinical indication and should be
considered together with the quantity of viable cells in a dose. Ideally, it is expected that cell
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therapy products have a minimum acceptable viability of 70% (ideally >85%) when delivered
to the clinic (Pattasseril et al., 2013). From a risk and cost perspective, cell therapy products
with high potency at the lowest minimum acceptable viability are preferred (Lipsitz et al., 2016).
Moreover, the development of potency assays that allow to evaluate cells’ mechanisms of action
towards the intended clinical use need to be developed; assays of trilineage differentiation
potential as a measure of MSC potency are appropriate if they are intended to be used in
regenerative medicine applications (Law and Chaudhuri, 2013). Since many MSC therapies
are now exploiting the secretion ability of paracrine factors, testing the bioactivity of secreted

cytokines is a more appropriate measure of potency for these cases (Samsonraj et al., 2015).

2.3.hMSC expansion for clinical applications

Cell therapy products demands high numbers of cells, with lot sizes ranging from 108 to
1012 cells, as exemplified in Table 1.2. Typically, manufacturing platforms achieve one log of
expansion, thus manufacturing at this scale can be challenging (Rowley et al., 2012a).

Due to hMSC low frequency i viwo, their expansion  vitro is compulsory. hMSC are
adherent cells, hence traditional strategies for their in vitro expansion of these cells typically rely
on static planar systems (e.g. multi and mono-layered tissue culture flasks). However, the
inherent uncontrollability, heterogeneity and limited productivities typical for this system has
been driving the cell therapy industry towards dynamic stirred culture systems using
microcarriers (Chen et al., 2013). Figure 1.7 presents a comparison between static planar and
dynamic stirred culture systems using microcarrier technology.

Depending on the therapy type, it is estimated that cell doses of from 10° to 107 cells can
be produced using planar technology either by manual or automated manipulation (Simaria et
al., 2014). However, when the demand increases further, cell expansion becomes extremely
labor intensive, costly, and impractical (Rowley et al., 2012a). Therefore, under these scenarios
(> 107 cells/dose) microcarrier technology and stirred tank bioreactors become the most cost

effective approach for cell expansion.
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Table 1.2 — Characteristics of cell therapy products’ doses currently in clinical trials. Data shown in this table correspond to allogeneic therapies. Adapted from

(Simaria et al., 2014).
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Indication Cell types under investigation Cells/dose
Acute kidney injury Bone-marrow (BM) derived hMSC 2x 108
Acute myocardial infarction ~ BM or other nonembryonic tissue source-derived Multistem 0.2-1x108
Chronic Discogenic BM derived adult mesenchymal precursor cells 0.6 -1.8x107
Lumbar Back Pain
Congestive heart failure BM derived adult mesenchymal precursor cells 1.5x 108
Critical limb ischemia Placenta-derived PLX-PAD stromal cells (hMSC-like) 1.5-3x108
Crohn’s disease Adipose tissue (A1) derived expanded stem cells (eASCs); BM derived hMSC 2.4 x 107;6 — 12 x 108
Dry eye related macular Embryonic stem cell derived retinal pigment epithelial (RPE) cells 0.5-2x10°

degeneration
Gralft vs. host disease

Ischemic stroke

Liver disease

Osteoarthritis

Peripheral vascular diseases
Prostate cancer
Rheumatoid arthritis
aggravated

Spinal cord injury

Type I diabetes
Type II diabetes
Ulcerative colitis

Umbilical cord blood derived hMSC; BM derived hMSC; BM or other
nonembryonic tissue source-derived Multistem

Human foetal brain stem cell-derived hNSC; BM derived hMSC; BM
derived hMSC

AT derived stromal cells

BM derived hMSC; Umbilical cord blood-derived hMSC (hUCB-MSC)
Menstrual blood-derived Endometrial regenerative cells (hMSC-like)
Prostate tumour derived cancer cell line

AT derived expanded stem cells (eASC)

hESC-derived oligodendrocyte progenitor cells; Foetal-derived hNSCis;
Brain-derived hNSCs

BM derived hMSC
BM derived adult mesenchymal precursor cells
BM derived multipotent adult progenitor cell (MAPC)

I 5x10% 1.6 x 10°%
0.5—-1x109

9% 107; 0.5 — 1.5 x 10%;
2x108

0.1 -1x109

5-15x 107, 3.5 x 107
0.25—1x 108

2—-4x 107

l1-4x108

2 x 10°; 2 x 107,
1x108

6x 108
0.1-2x108
1.8 x 108
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Figure 1.7 — Comparison between static planar and dynamic stirred systems using microcarrier
technology. Adapted from (Castilho et al., 2008).

There are many closed systems exploiting the use of disposable materials commercially
available for the expansion of stem cells. Examples include stirred tank single-use bioreactors
(as Mobius CellReady, Millipore, Massachusetts, USA, or Univessel, Sartorius Stedim Biotech,
Gottingen, Germany) (Niss et al., 2013), wave bag bioreactor (Cultibag, Sartorius Stedim
Biotech, or WAVE bioreactor, GE Healthcare Bio-Sciences, Bjorkgatan, Sweden) (Correia et
al., 2014), pneumatically mixed bioreactor (PBS 3, PBS Biotech, California USA) (Sousa and
Silva et al., 2015) or hollow fiber perfusion culture (Quantum cell expansion system, Terumo
BCT, California, USA) (Martin-Manso and Hanley, 2015). Many studies reported in the
literature have been supporting the use of these systems using either bovine serum or serum-
free, xeno-free expansion media for cell therapy applications (Table 1.3).

hMSC are anchorage-dependent cells, and thus require a support matrix (microcarrier)
that allows their expansion in suspension systems. Microcarriers have high surface-to-volume
ratios, accommodating higher cell densities than static cultures per volume of culture. The
surface area available for cell growth can be adjusted by manipulating the amount of

microcarriers, which further facilitates the process’ scale-up (Castilho et al., 2008).
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Table 1.3 - Studies reporting hMSC’s expansion in different bioreactor systems, followed by DSP. (MC: microcarriers; DMEM: Dulbecco’s modified

Eagle’s medium; IBS: fetal bovine serum; N/A: Not applicable/not performed; SFM: Serum free media; XF: xeno-free media; ST stirred tank)

USP process conditions

DSP operating conditions

Results

Reference

System: ST bioreactor (disposable)
Volume: 3 LL
Medium: DMEM+10%

Clarification:

Volume reduction:

Not performed
Not performed

USP: 12 days

max: 2 x 105 cell/mL

(Niss et al., 2013)

FBS+supplements Cell washing: Not performed DSP: N/A

Strategy: BM-MSC in MC

System: ST bioreactor (disposable) USP: (1) 7 days
Volume: 2 L (1), 35 L (2) Clarification: 63 pm sieve (3)  (max: 2.7 x 10° cell/mL)

Medium: Lonza Medium + 5% FBS

Volume reduction:

Not performed

(2) 8 days

(Schirmaier et al., 2014)

Strategy: AT-MSC in ProNectin® F-  Cell washing: Not performed  (max: 3.1 x 10° cell/mL)
Coated MC DSP: (3) 90% Cell recovery yield
System: ST bioreactor USP: (1) 7 days
Volume: I L (max: 1.1 x 10° cell/mL)
Medium: StemPro® MSC SFM XF . e
Strategy: Clarification: ‘ Not performed  (2) 7 days .
BM-MSC in Plastic MC (1) Volume re‘ductlon. Not performed  (max: 4.5 x 10* cell/mL) (dos Santos et al., 2014)
. . Cell washing: Not performed  (3) 11 days
AT-MSC in Plastic MC (2)
. . (max: 5.0 x 10° cell/mL)
BM-MSC in Plastic MC (3) DSP: N/A
(Perfusion in 0.4 L. ST) )
System: ST bioreactor Clarification: 60 pm sicve USP: 9 days
Volume: 2.5 LL Vol duction: Not perft d (max: 1.7 x 10° cell/mL) Rafiq et al.. 2013
Medium: DMEM + 10% FBS (opme reductions ROUPETOMEC pgp, cell recovery yield not (Rafiq etal., 2013)
Strategy: BM-MSC in Plastic MC ¢ washiig: Ot periormie reported
System: ST bioreactor Clarification: Not performed USP: 5 days

Volume: 1.5 LL
Medium: DMEM/F12 + 3% FBS
Strategy: BM-MSC in Cytodex-3 MC

Volume reduction:

Cell washing:

Not performed
Not performed

(max: 2.6 x 10° cell/mL)
DSP: N/A

(Zhou et al., 2013)
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Moreover, microcarrier cultures also offer the possibility of increasing the number of
population doublings by the addition of empty microcarriers during culture time; hence, hMSC
can transfer from bead to bead, colonizing the empty added microcarriers, extending culture
periods without needing an enzymatic dissociation step (Hervy et al., 2014; Schop et al., 2010).
This has a significant impact in manufacturing, reducing the costs of cell expansion by reducing
the amount of media, growth factors and other expensive supplements used in stem cell growth.
Nowadays, there is a wide range of microcarrier types commercially available. Microcarriers
have different physical properties (as stiffness and nanotopography) and can be either porous
or non-porous; they can be manufactured from different materials as polystyrene, gelatin, glass,
alginate or dextran (de Soure et al., 2016). Moreover, microcarriers can be functionalized with
different coating materials (ECM proteins, small molecules) in order to further improve cell

attachment and growth.

2.4.Downstream processing of hMSC
2.4.1. Technology landscape

A comprehensive knowledge of cells” CQA can dictate the requirements of downstream
processing technologies (Table 1.4). Effective cell separation methodologies should ensure high
purity and yield while maintaining cell function. These can exploit either cells’ physicochemical
properties - such as size (centrifugation and filtration), density (density gradient centrifugation),
light scattering properties (cell sorter), membrane potential, pH, electrical impedance and
charge (aqueous two-phase system and free-flow electrophoresis), - or can exploit affinity
interactions (using cell-surface molecules) (Gonzalez-Gonzalez et al., 2011). Thus, depending
on the cell type used for therapies, beside the typical DSP train for purification (microcarrier
removal, volume reduction and cell washing), cell separation may also be required. For
example, hPSC therapy carry a risk of teratoma formation by residual undifferentiated cells
remaining among the differentiated products (Blum and Benvenisty, 2008). Hence, several
research groups have been exploring affinity methods to eliminate pluripotent cells (Ben-David
etal., 2013; Tang et al., 2011). However, these still pose several limitations to be used at larger
scales (Kumar and Srivastava, 2010). In order to overcome these, researchers have been trying
to implement chromatography for stem cell separation, exploring monolithic chromatography
columns (Kumar and Srivastava, 2010), or immunoaffinity expanded bed adsorption (EBA)

(monocyte-human peripheral blood separation) (Ujam et al., 2003).
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Table 1.4 — Product and DSP requirements for cell-based therapies. Adapted from (Pattasseril

etal., 2013).

Product requirement Relation to DSP requirement

Cell viability: Frozen at >85% viability;

>80% Controlled freezing profiles;
Controlled processing times, <4 h per unit operation;
Same-day processing (up to 12 h).

Specified number of viable cells: Consistent and accurate fill volumes;

>80% viable cell recovery Minimal volume loss during thaw;
Robust formulation step.

Cell concentration: Achieve high concentration factor during volume

10— 100 x 106 cell/mL reduction step with minimal cell loss or damage;
Low system volume (hold-up volume) in the volume
reduction step.

Single-cell suspension No/minimal clumps of cells at fill;
No pelleting.

Impurities: No other cellular impurities;

<1 ppm High efficiency wash step;
Cells in suspension during wash step (avoid
aggregation);
Low system volume.

Maintenance of product quality No cell damage;

attributes Low-shear processing; low processing time.

Only a limited number of DSP technologies can comply with the particular
manufacturing specifications for volume reduction and cell washing unit operations of
autologous and allogeneic cell therapies. Technology requirements include having
methodologies that can be easily scalable, automated and provide a low-shear processing
environment (Pattasseril et al., 2013). DSP technologies must be flexible to cope with different
scales of production (scale-up and scale-out), and withstand achieving a wide range of cell
concentrations (10 — 100 x 108 cells/mL) (Table 1.2). Furthermore, it is highly desirable to
perform process integration by accomplishing different unit operations (e.g. volume reduction
and washing steps) using the same device, thus decreasing footprint. The processing time should
be minimized, and cell viability should be ideally higher than 85% (Pattasseril et al., 2013). As
mentioned in the previous section, because cells cannot be terminally sterilized, DSP
technologies should be closed and use disposable components to reduce the risk of exogenous
cross contamination, while ensuring consistency and efficiency during processing (Placzek et
al., 2009; Ratcliffe et al., 2011).

Early downstream processing efforts focused on using technologies that applied

centrifugation, separation and/or filtration principles adapted from the blood processing
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industry to process the harvested volumes of cell therapy. An example corresponded to the use
of the COBE 2991 (Terumo BCT), which operates by density gradient centrifugation. This
system provided automation, increased control, and could concentrate and wash cells through
disposables to prevent possible contamination issues. However, it was soon found that the scale
of this system was a limitation, since less than one liter could be processed per cycle (Pattasseril
et al.,, 2013). The Carr Centritech Cell II (Pneumatic Scale Angelus, Barry-Wehmiller
Company, Missouri, USA) and the Elutra Cell (Terumo BCT) separation systems, operated by
continuous flow centrifugation, were also initially used. Nonetheless, either the lack of
automation or the inability to easily integrate a washing step within the same device, were
important drawbacks that hampered their adoption in cell therapy manufacturing (Hassan et
al., 2015; Pattasseril et al., 2013).

To suit these particular demands for the downstream processing of therapeutic cells,
mature DSP technologies from well-established applications, based on filtration, size exclusion
and centrifugation (Pattasseril et al., 2013), are now being rethought and redesigned to perform
cell clarification, cell concentration and washing (Table 1.5). Fluidized bed centrifugation
(FBC), as kSEP® (a fluidized bed centrifuge made by kSep Systems Inc., KBI Biopharma,
Durham, USA) (Dragani et al., 1990; Ko and Bhatia, 2012), and tangential flow filtration (TFF)
(Cheryan, 1998; van Reis et al., 1997) technologies have been considered to have significant
potential for DSP large-scale concentration and washing of therapeutic cells, not only due to
their mild operation mode, but also for their scalability, use of disposable devices, applicability
to both scale-out and scale-up manufacturing approaches, and capability to integrate both
volume reduction (VR) and washing steps in the same device (Pattasseril et al., 2013). From an
economical point of view, it would be advantageous to perform microcarrier removal and VR
and cell washing unit operations using the same technology, minimizing losses between steps
(Hassan et al., 2015). Thus, the use of kSEP® and TFF would be desirable to perform this DSP
step. However, either engineering challenges or lack of devices with an appropriate pore size,
have been delaying the use of TFIF membrane technology for this purpose. Alternatively, other
technologies for microcarrier separation are being developed based on dead-end filtration using
microfiltration membranes (Szczypka et al., 2014); an example corresponds to the
Harvestainer® (ThermolFisher™ Scientific, Massachusetts, USA) used to separate viable cells
from microcarriers at larger volumes.

Nevertheless, before their application, it is fundamental to understand how the process
parameters impact not only cell recovery yields, but also cells’ characteristics and quality. The
choice between these two technologies should be dependent on the dose planned to be delivered
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to patients, and done early on the bioprocess timeline to ensure later-stage success and also to

minimize eventual manufacturing bottlenecks, as well as further comparability studies.

2.4.2. Continuous centrifugation

Centrifugation is widely applied both in research as well as in an industry setting for
processing biopharmaceuticals. Its low running costs, straightforward process development and
operating robustness (Axelsson, 2002), makes it extensively used for concentrating and washing
cell therapy products at research scale (Heathman et al., 2015; Veraitch et al., 2008). However,
it is heavily operator dependent and prone to contamination. Continuous centrifugation, as
opposed to batch centrifugation, emerged as a time-saver technique, allowing to centrifuge
large volumes of material at high centrifugal forces without needing to fill or decant centrifuge
tubes, or frequently starting and stopping the operation (Roush and Lu, 2008). Continuous
centrifugation can be operated either in an orthogonal flow or in a counterflow (or fluidized
bed) operation mode.

In orthogonal continuous centrifugation, the fluid flows perpendicular to the centrifugal
force, and thus particles may be concentrated by pelleting onto the wall of the rotor bowl or by
banding in a gradient (Roush and Lu, 2008). This operation may be performed using a
continuous orthogonal flow with single-chamber (e.g. Unifuge, Carr Centritech) or with disc-
stack systems (e.g. Culturefuge, Alfa Laval, Lund Sweden) (Pattasseril et al., 2013) (Table 1.5).
In these systems, cells are compacted, which decreases the washing efficiency. Separate washing
steps could be performed to remove residuals, which 1s undesirable since it can lead to cell losses
of 10—-30% (Pattasseril et al., 2013), hampering its use for cell therapy applications.

In counterflow operation (or fluidized bed centrifugation) there is a balance between the
application of opposing forces as the fluid flow and centrifugal force, resulting in the formation
of a fluidized bed of cells. FBC is a low shear technology, since cells are not packed against the
centrifuge wall, but remain in suspension while the supernatant and residuals are cleared
instead (Ko and Bhatia, 2012). The Elutra cell separation system and kSEP® are examples of
counterflow continuous centrifugation systems (Table 1.5). The kSEP® system enables the
recovery of over 80% of cells, while maintaining high cell viability (> 90%) and allows for
efficient removal of residuals after washing (Pattasseril et al., 2013). These systems
(https://www ksepsytsems.com) have a wide range of single-use chamber capacities, ranging
from 0.4 to 6 L, which can potentially handle hundreds of liters from the expansion process.
This system, although having a remarkable potential for cell therapy applications, has a high

capital expense to be used for cGMP, and the process development costs can also be high for
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processing the large number of cells required for meaningful development runs because scale-
down modeling is not achievable (Pattasseril et al., 2013). Nonetheless, for higher cells per lot
(dose of 108 and higher) achieved in large single-use bioreactors (typical for allogeneic

therapies), FBC is the most feasible option for cell concentration and washing (Hassan et al.,

2015).

2.4.3. Filtration

Filtration has been widely used in many different areas from the food to the
biopharmaceutical industry. This methodology allows to physically separate solid particles from
a fluid-solid mixture according to their size differences, by forcing the fluid through a filter-
membrane (Doran, 1995), where particles smaller than the pores of the membrane will
permeate through, whereas larger components than the pores will be retained. Filtration can
be performed either using a normal flow (dead-end filtration) or a cross flow (tangential flow
filtration) (Figure 1.8). In both cases, the pressure gradient formed across the membrane (trans-
membrane pressure), is the driving force of this process (Cheryan, 1998). Given the cell size (15
- 25 pm), typically microfiltration membranes are used for cell separation processes (Charcosset,

2012).

Normal Flow Filtration Tangential Flow Filtration

Feed Flow Rate Pressure Pressure

Figure 1.8 — Normal flow and tangential flow filtration processes. In normal flow filtration operation,
the fluid flows perpendicular to the filter membrane, whereas in tangential flow filtration the fluid flows parallel
to the filter membrane.
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Table 1.5 — Scalable technologies for cell therapy downstream processing. Comparison of different available technologies in terms of system attributes, and

performance. Adapted from (Pattasseril et al., 2013).
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Filtration Continuous centrifugation

Technology Cell therapy industry-TFF Fluidized Bed Orthogonal
Product name CT-TFF Uniflux kSep 400 and 6000S Carr Centritech
(manufacturer) (Lonza) (GE Healthcare) (KBI Biopharma) (Pneumatic S. Angelus)
System Attributes
Autologous/allogeneic Both Allogeneic Allogeneic Allogeneic
Closed system Yes Yes Yes Yes
Integrated concentration Yes Yes Yes No
and washing
Degree of automation Medium High High High
Disposability, ready to use Yes Not yet Yes Yes
Additional equipment/ None None Tube welder and sealer Air
utilities required
System set-up and risk Easy/low Easy/low Difficult/medium Easy/medium
Tubing connections Highly flexible, integrated, Flexible Not flexible, must use Flexible
(flexibility) quick connections welder and sealer
Performance Attributes
Flow rate capacity (L/h) 1 =750 25— 1250 1-720 6 —360
Cell number capacity 1 —100 x 107 >100 x 107 6—30x 107 20— 100 x 107
Scalability High High Medium Low
Operational labor Medium High Medium Medium
Process/product monitoring High High Low Low
In-line metrics Pressure, flow, viable cell Pressure, flow, Speed, flow Speed, flow,

density temperature temperature
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In normal- flow filtration (NFF), liquid flows perpendicular to a filter membrane, typically
involving disc or cartridge type filters. This type of filtration is primarily used for systems in
which the retained components are present at very low concentrations (van Reis and Zydney,
2007). Thus, NFF 1s typically applicable for sterilization and/or separating submicron molecules
and 1s not ideal for processing large volumes of liquid that contain large- size molecules and
whole cells due to cake formation on top of the filter (Cheryan, 1998).

In TFF, the fluid flows parallel to the surface of the membrane, sweeping retained
components off the membrane, minimizing fouling of the membrane. TFF can be performed
using either hollow fiber devices or flat sheet membrane cassette devices (Cheryan, 1998).
Hollow fiber devices generally have a lower hold-up volume, and are commercially available in
ready-to-use pre-sterilized formats, unlike flat sheet membrane cassettes in which pre-
sterilization 1s still a challenge for manufacturers (Schnitzler et al., 2016). Besides flexibility,
TFF’s advantages also include linear scale-up behavior and fairly low shear forces and pressures
applied throughout processing (Maiorella et al., 1991). Due to the minimization of fouling
throughout the filtration operation, this technology has been widely applied for the DSP of
complex biopharmaceuticals, such as recombinant proteins (van Reis et al., 1991), and virus-
like particles (Vicente et al., 2014). Given its broad application, there is a large offer of fully
automated, disposable and integrated (concentration and washing) TFF systems, with a wide
range of processing capabilities, reducing the process development costs, making TFF generally
more cost effective for processing lower number of cells/lot (dose of 106 — 107) for cell therapy
applications (Hassan et al., 2015) (Table 1.5). Nonetheless, in DSP of other biotherapeutics, cells
are merely a by-product, where the main goal is to clear them from the system. Thus, there has
been an effort to rethink and redesign TFF processes in order to adapt this technique to suit the
demands for cell-based therapies, where cells are intended as the final product (Pattasseril et al.,
2013). Companies, such as Lonza (Walkersville, USA), have been investing on the optimization
the TFF process set-up and operating conditions for both cell concentration and washing of

therapeutic cells (PC'T Publication number WO2011091248 A1) (Rowley et al., 2012b).

3. Aims and scope

The clinical transfer of human stem cells towards cell therapy applications still faces major
challenges. Amongst them are the production of high cell amounts, the delivery of those high
cell numbers at low volumes with minimal presence of residuals, while assuring the desired

phenotype and function/potency. The goal of this PhD project was to establish a streamlined
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DSP train based on scalable and integrated DSP unit operations of clarification, volume
reduction and washing for human SC, as schematically represented in Figure 1.8. hMSC and
hiPSC were used as challenging and complex cell-based products. Combining membrane
technology and chromatographic tools, a flexible platform based on robust, scalable, and

cGMP-compatible processes that can be transferred to clinical/industrial settings, was

developed.
Chapter II-VI Chapter II Chapter I -V Chapter IV & VI
High cell Eff‘iment c?ll- High volume . .
. . microcarrier . High purity
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(diafiltration)
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* Single-use controlled . * Expanded bed chromatography
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Process and Product Characterization

ChapterII - VI

* Impact of critical process parameters in cells’ critical quality attributes (CQA)— identity, viability,
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* Mass spectrometry for total proteome profiling

Figure 1.9 — Schematic representation of the major aims of this thesis. The biomanufacturing

workflow for cell-based therapies comprising up and downstream unit operations is presented. The major goals
and conditions tested are represented.

In Chapter II the applicability of filtration methodologies, as dead end filtration and
tangential flow filtration, for the clarification and concentration of hMSC, respectively are
evaluated. In particular, different materials and pore sizes were studied to accomplish an
effective removal of microcarriers without compromising cell recovery yield and viability. The
impact of TFF’s CPP as initial cell suspension conditions, characteristics of the membrane
device, shear rate and permeate flux on cell recovery yield and hMSC’s CQA (identity,
multilineage differentiation potential and viability) was assessed.

The applicability of the previously developed TFF methodologies for hMSC to hiPSC
processing, was evaluated applying a Design of Experiments (DoE) approach (Chapter III).

The impact of the process parameters of the volume reduction unit operation on hiPSC’s
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recovery yield and CQA in terms of recovery, viability, identity and pluripotent potential was
assessed and compared with results previously attained with hMSC. A mathematical model of
the process was designed and after understanding how the shear rate, permeate flux and cell
load factors interacted between them, the condition that maximized cell recovery and viability
responses was sought. A risk analysis was conducted for the optimized conditions obtained.

Also, a proof of concept of the integration of up- and down- stream unit operations, cell
expansion in bioreactors with microcarrier removal and a TFF system for the volume reduction
and washing of hMSC, is described in Chapter IV. Different operation modes both in up and
downstream were compared for the manufacturing of hMSC.

The aim of Chapter V consisted on proving scalability of this integrated streamlined
cGMP-compatible bioprocess comprised by cell expansion, harvesting and volume reduction
unit operations using hMSC isolated from bone marrow (BM-MSC) and adipose tissues (AT-
MSC). To accomplish the volume reduction step, a comparison between hollow fiber cartridges
(HF) and flat sheet cassettes (FSC) was conducted. The impact of scaling-up these steps on cells’
recovery yield and CQA was studied. Alongside the standard quality assays for evaluating
hMSC’s CQA, a proteomics workflow based on mass spectrometry tools was established to
characterize the impact of processing on hMSC” CQA.

In Chapter VI, the applicability of expanded bed adsorption (EBA) chromatography
operated in negative mode was evaluated to improve the previously established TFF-based
washing process, further increasing hMSC purity. For this purpose, a new multimodal
prototype matrix based on core-shell bead technology was used. The matrix was characterized,
and different modes of chromatography were optimized to conduct this purification step.

Finally, the results obtained in this thesis were discussed in Chapter VII, contextualizing
the findings with the available literature and state-of-the-art for the field addressed throughout

the previous chapters.
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Abstract

Currently human mesenchymal stem cells (hMSC) are expanded using microcarrier-
based stirred culture systems from one to hundreds of liters of culture volume to guarantee the
required cell numbers to be delivered to the clinic. Such culture volumes need to be clarified,
ensuring efficient removal of microcarriers, and concentrated without compromising the cells’
characteristics. The aim of this work was to evaluate the applicability of filtration methodologies,
as dead end filtration and tangential flow filtration, for the clarification and concentration of
hMSC, respectively.

Different process variables and their impact on hMSC quality were evaluated, showing
that polypropylene filters with pore sizes higher than 75 pm can ensure the removal of
microcarriers from the cell suspension bulk, without compromising cells’ recovery or viability.
Furthermore, hMSC could be successfully concentrated up to a factor of ten while maintaining
their identity, potency and high cell viability, allowing for the recovery of over 80% of viable
cells; an initial cell concentration higher than 2 x 10° cell/mL, and polysulfone membranes with
pore sizes higher than 0.45 pm were identified to be key conditions to obtain such concentration
factors; shear rate and permeate flux were also shown to impact the cells’ recovery yields,

viability and quality.

Keywords: human mesenchymal stem cells; microcarriers; tangential flow filtration;

downstream processing; cell concentration.

74



Clarification and concentration unit operations

1. Introduction

Given the particular immunomodulatory characteristics (Iyer and Rojas, 2008) and the
capacity to secrete bioactive molecules with anti-inflammatory and regenerative features
(Haynesworth et al., 1996), human mesenchymal stem cells (hMSC) have become key
candidates for autologous and allogeneic therapies. Currently, over 300 clinical trials are taking
place using hMSC for a variety of therapies, including bone/cartilage, cardiovascular,
neurodegenerative and gastrointestinal diseases as well as in diabetes, and for the treatment of
graft-versus-host disease (Murphy et al., 2013).

However, clinical transfer of hMSC still faces several challenges; high doses (from 10° to
109 cells per patient) (Mason and Dunnill, 2009) coupled with autologous or even allogeneic
options, require suitable scales for expansion, where microcarrier-based stirred culture systems
have mostly been adopted to sustain cell expansion (Chen et al., 2013). Since hMSC are meant
to be implanted, transplanted or infused into human patients, efficient purification processes
are essential, as reviewed by Serra et al. (Serra et al., 2012), while compliant with FDA and
EMA requirements in terms of identity, purity, potency, and viability throughout processing.
To fulfill the purification requirements, cell clarification (including efficient cell-microcarrier
separation), cell concentration (volume reduction) and cell washing (Pattasseril et al., 2013;
Serra et al., 2012) will be necessary. Due to the non-biodegradable nature of the majority of
microcarriers, their removal becomes compulsory. Therefore, several companies and research
groups have been already exploring alternatives for microcarrier separation and cell
concentration based on filtration methodologies (Kehoe, 2014.; Lilova, 2014.; Nienow et al.,
2014).

Tangential flow filtration (TFT) is a well established technology, commonly used for the
initial clarification of therapeutic proteins from mammalian, yeast, and bacterial cell cultures
(van Reis et al., 1991), as well as for the purification and concentration of virus particles (Vicente
et al., 2009). In the majority of biopharmaceutical clarification processes, cells are merely a by-
product of the process, where the main goal is to clear them from the system. Conversely, for
cell therapy utilizations, TFF processes have to be redesigned to meet the new demands, where
cells are intended as the final product. Nonetheless, the impact of the TFF process parameters
on the cells’ characteristics needs assessment. TFF poses several advantages making it an
attractive solution for cell therapy DSP; since this technology is widely used in protein and virus
processing, there is a large offer of fully automated, disposable and integrated (concentration

and washing) TFF systems, with a wide range of processing capabilities. Besides flexibility, TFF’s
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advantages also include linear scale-up behavior and fairly low shear forces and pressures
(Maiorella et al., 1991; Saha et al., 1994), justifying its growing use in perfusion systems (Clincke
etal., 2013).

The main goal of this study was to assess several process parameters of well-established
and compatible with current good manufacturing practices (cGMP) filtration techniques, dead
end filtration and TFF, on the efficiency in removing microcarriers from hMSC culture bulk,
and on the concentration of hMSC (up to a concentration factor of ten), respectively. In
particular, for the clarification step, the influence of different filter materials and pore sizes on
cell recovery yield and viability were evaluated. For the cell concentration step, the impact of
cell concentration, membrane material and pore size, as well as operating conditions of shear

rate and permeate flux on cell recovery yields and quality was evaluated.
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2. Materials and Methods

The followed workflow is presented in Figure 2.1A.
A
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Figure 2.1 — Schematic representations of the (A) experimental workflow (A) and (B) layout
of the tangential flow filtration (TFF) concentration step (B). After cell expansion and harvesting, (A) the
cell bulk suspension was clarified from microcarriers and hMSC were concentrated. The influence of filter
materials, pore sizes, cell concentrations, and operation parameters (shear rate and permeate flux) on cell recovery
yield and cell’s characteristics have been studied. In (B), the clarified hMSC cell suspension is pumped from the
feed vessel into the feed port of the hollow fiber device, across the membrane surface (crossflow), out from the
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retentate port and back into the feed vessel. The crosstflow ensures that larger molecules than the membrane pores
are retained inside the fibers, whereas smaller molecules pass along (permeate). The permeate flux is controlled
throughout the process by setting initially either a valve or a pump to a fixed value. When necessary, a valve was
positioned at the retentate port to restrict the tubing, increasing the transmembrane pressure (TMP). The pressure
on the feed (Py), retentate (P;.), and permeate (Pp) ports are monitored by SciPres Luer pressure sensors. Weight

and pressure data are acquired every 15 seconds.
2.1 Cell expansion

In this work, human bone marrow-derived mesenchymal stem cells (hMSC), obtained
from STEMCELL™ Technologies (Grenoble, France), were used. Cells were expanded in
static or stirred culture conditions. All reagents used to perform the cell culture were purchased

from ThermoFisher™ Scientific (Massachusetts, USA), unless otherwise stated.

2.1.1 Static Culture

hMSC  were routinely cultured in MesenCult®-XF Medium (STEMCELL™
Technologies) supplemented with 2 mM L-Glutamine and propagated in tissue culture flasks
(Thermo Scientific™ Nunc™), previously coated with MesenCult™-SF Attachment Substrate
(STEMCELL™ Technologies), at 37 °C in a humidified atmosphere of 5% COg in air. At 70
— 80% cell confluency, the medium was removed and cells were washed with Dulbecco’s
phosphate-buffered saline (DPBS) and incubated with TrypLE Select (1X) dissociation reagent
for 5 minutes at 37 °C. After cell detachment, hMSC were resuspended in MesenCult®-XF
medium, and centrifuged at 300xg for 5 minutes at room temperature. The cell pellet was
resuspended in MesenCult®-XF medium and transferred to new pre-coated culture flasks, at
an inoculum cell concentration of 4 x 103 cell/cm?. 50% of the culture medium was exchanged

at day 5.

2.1.2 Stirred Cultures

hMSC were inoculated at 2.5 x 10* cell/mL in 125 mL spinner vessels (Corning Inc.,
New York, USA) containing Synthemax II microcarriers (at 16 or 48 g/L; Corning) and half of
final the working volume of culture medium (MesenCult®-XF). The spinner vessels were placed
inside an incubator (37 °C, humidified atmosphere of 5% COg in air) under intermittent stirring
(On: 30 rpm, 1 min; Off: 0 rpm, 20 min). After 5 hours, fresh MesenCult®-XF Medium was
added up to 100% of final working volume to the cultures, and stirring (at 30 rpm) was turned
on. Five days after expansion, 50% of the culture medium was exchanged. At 70 — 80% cell
confluency (day 7), cells were detached from the microcarriers and the culture bulk was

harvested from the spinner vessel: Briefly, after washing with DPBS, TrypLE Select (1X) was
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added to the cells and the cultures were incubated at 37 °C for approximately 15 min under
continuous stirring (60 rpm) to promote cell detachment.

hMSC were also cultured in Biostat Qplus stirred tank bioreactors (Sartorius Stedim
Biotech, Gottingen, Germany) with 0.25 L working volume. Data acquisition and process
control were performed using MFCS/Win (Sartorius Stedim Biotech). Cell culture in the
bioreactor was performed using dissolved oxygen of 20% oxygen tension, pH of 7.2 and

temperature of 37 °C.

2.2 Downstream processing

2.2.1 Clarification (microcarriers’ removal)

After hMSC detachment and harvesting, microcarriers were removed from the cell bulk
suspension using dead end filtration. Nylon and polypropylene net disk filters (both from EMD
Millipore, Massachusetts, USA) with different pore sizes (100, 80 and 30 pm) were tested to
process up to 0.2 L of cell culture bulk. Briefly, filters were previously sterilized with 70% (v/v)
ethanol for at least 3 h, assembled into a Sterifil® Aseptic System and Holder (EMD Millipore)
and preconditioned with DPBS,; following the manufacturer’s instructions. The cell culture bulk
was filtered coupling a vacuum system to the Sterifil® Aseptic System.

Sterile OptiCap® XL 1 Capsules (EMD Millipore) with 75 and 100 pm pore size were used to
filter up to 2 L of cell bulk suspension. Tandem Model 1082 peristaltic pump from Sartoflow®
Slice 200 benchtop crossflow system (Sartorius Stedim Biotech) was used and a flow rate of 0.3

L/min was applied to perform the filtration process.

2.2.2 Cell concentration (volume reduction)

The clarified cell suspension was concentrated using tangential flow filtration (TFF), as
represented in Figure 2.1B.

Six different hollow fiber devices (HF) were tested (Table 2.1); HF A and B were kindly
provided by Asahi Kasei, Tokyo, Japan; HF C, D, E and F were purchased from GE Healthcare

Life Sciences, New Jersey, USA; HF G was purchased from Spectrum® Laboratories, Inc.,
California, USA. First, the influence of the membrane material on the TFF process was
determined using HF devices D and G. With the most suitable material, the impact of the pore
size was determined using HF C, D, E and F. Having determined the best membrane material
and pore size to perform the concentration step, the impact of the initial cell concentrations on

cell recovery yields and cell viability was tested. Thereafter, having optimized the membrane’s
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material, pore size and cell concentration, the performance of different hollow fiber devices (A,

B, C and D) with different characteristics was compared.

Table 2.1 — Specifications of the hollow fiber devices used for the concentration step.

Inner fiber Number of Surface area

Device Material Pore size diameter
fibers (cm?2)
(mm)
HFps A 0.4 pm 1.4 5 50
HFps B 0.4 pm 1.4 1 4
HFps C 0.65 pm 0.75 4 24
Polysulfone

HFps D 0.45 pm 1 2 16
HFps E 0.2 pm 1 2 16
HFps F 750 kDa 1 2 16
HFpes G Polyethersulfone 0.5 pm 1 2 13

To start the TFF process, initially the air from the device was removed by filling the
recirculation loop with cell suspension using a peristaltic pump (Tandem Model 1081 peristaltic
pumps from Sartoflow® Slice 200 benchtop crossflow system, Sartorius Stedim Biotech) on the
feed side set up to a fixed flow rate, in order to obtain fluxes of 175, 375 and 750 L.m2.h-!
(LMH) (Table 2.2); on the permeate stream was either 1) a valve restricting the tubing at a fixed
value or i1) a recirculation pump (Watson Marlow Model 120 S/DV 200 rpm pump, Watson-
Marlow Pumps Group, Massachusetts, USA) set to a fixed flow rate, in order to obtain fluxes
of 60, 120 and 250 LMH (Table 2.3). In both cases, the control of the permeate stream is fixed
and constant throughout the process.

After achieving the desired concentration factor, the TFF loop 1s completely drained and
the cell suspension is recovered. Pressure was monitored using SciPres luer pressure sensors
(SciLog, Wisconsin, USA) on the inlet, outlet and permeate stream. Weight and pressure data
were monitored and acquired every 15 seconds using the Sartoflow® Slice 200 benchtop
crossflow system. The experiments were performed inside of a laminar flow hood chamber in

order to ensure a sterile environment.
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Table 2.2 — Impact of the shear rate (y) (modulated by the inlet flux, J) on the hMSC viability (results
presented on Figure 2.6)1

y J Cell Viability (%),
(s) (LMH) VRF = 4

3000 750 95

1500 375 92

700 175 85

Table 2.3 — Impact of the permeate flux (/) on the hMSC viability and on the process time (results presented
on Figure 2.8)

Jp Process time (min), Cell Viability (%),
(LMH) VRF = 10 VRF = 10

60 92 92

120 44 98

250 29 99

485 1 97

A water flux test was performed before and after each experiment to determine the
membrane’s permeability. To ensure sterility, HF were sanitized with 0.5 M NaOH (Sigma-
Aldrich, Steinheim, Germany) at 50 °C for 45 min. The membranes were preconditioned with

five membrane volumes of sterile DPBS before the concentration step.

The transmembrane pressure (I'MP) in TFF is defined as the difference between the
pressure on the feed and on the permeate side; it was maintained below 0.1 bar during all the
procedures (unless otherwise stated). For a cross-flow device, the pressure on the feed side is
evaluated as the mean of the pressures at the inlet and outlet of the device (Charcosset, 2012)
and thus, the TMP can be estimated by the following Equation (1):

(P+Py)
5k 0

where, Pr and B, are the pressure of the feed solution at the inlet and outlet of the device,

TMP =

respectively, and P, is the pressure on the permeate side.

I The permeate flux was equally controlled for all experiments at 60 L.m-2.h-!

2 The inlet flux was equally controlled for all experiments at 750 L.m2.h-!
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The volumetric permeate flux through the membrane, J, (expressed in L.m2h'!l or
LMH), is described by Equation 2 (Charcosset, 2012):

Q
Ip= 7;; (2)

where @, is the volumetric flow rate of the permeate fluid (L./h), and A the membrane

surface area (m?). In this work, @, was measured by the permeated mass over time. Likewise,

the inlet flux, J (expressed in L.m-2.h-! or LMH), can be described by Equation 3:

j= e g

where Q;ner 15 the inlet’s volumetric flow rate (L/h).
The filtration throughput (Load, L./m?), here described as the volume of cell suspension

able to be processed per membrane area, was calculated by Equation 4:

Load = % (4)

where V, is the permeated volume (L), and A the membrane surface area (m?).

For Newtonian fluids, the shear rate (y, expressed in s-') can be estimated through the use
of the Hagen-Poiseuille relation. Therefore, the shear rate at the membrane surface of a tube
with a specific diameter (d) is given in terms of the bulk average velocity, i.e. cross-flow velocity
(u), (Equation 5) (Cheryan, 1998):

_ 8u

y=—7 0
where the cross-flow velocity (m.s!) can be expressed by the flow rate that passes through

the cross sectional area (Equation 6):

u=- (6
Rearranging equations 5 and 6, the shear rate can then be described by Equation 7 (Son,
2007) :

_ 4Q
Y=

(7)
where Q is the flow rate that passes through one hollow fiber with a inner radius 7 of each
device.
The shear stress 7 in a fluid is related to the shear rate (y) as follows (Cheryan, 1998):
T=uxy (8
where u represents the fluid’s dynamic viscosity.

The turbulence of the system was evaluated by the analysis of the Reynolds Number (Re)
(Cheryan, 1998):
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dup
Re=——(9
e= L (o)

where p represents the fluid’s density. All experiments were performed under laminar

flow conditions (Re < 1800).

2.3 Cell viability and characterization assays

All reagents used to perform cell characterization assays were purchased from Sigma

Aldrich, unless stated otherwise.

2.3.1 Cell concentration and viability

Cell viability and cell membrane integrity were assessed using three different methods:

2.3.1.1 Trypan Blue exclusion method

Cell concentration was estimated through counting cells using a Fuchs—Rosenthal
haemocytometer (Brand, Wertheim, Germany). Viable cells were determined by using the
trypan blue dye exclusion method. The cell recovery yield is always referred as a percentage,
and was estimated taking into account the number of viable cells before (100%) and after

processing.

2.3.1.2 Fluorescein diacetate-propidium iodide staining

The qualitative assessment of the cell plasma membrane integrity was also performed
using the enzyme substrate fluorescein diacetate (FDA), and the DNA-dye propidium iodide
(PI), as described in the literature (Jones and Senft, 1985). Briefly, cell suspensions were
incubated with 20 pg/mL FDA and 10 pg/mL PI in DPBS for 5 min and observed using
fluorescence microscopy (DMI 600 B, Leica Microsystems GmbH). Representative images were

taken using a Leica DFC 360 FX digital camera.

2.3.1.3 Lactate Dehydrogenase (LDH) Assay

The release of intracellular lactate dehydrogenase enzyme (LDH) into the supernatant
can be correlated with the extent of cell lysis (Fotakis and Timbrell, 2006). Hence, LDH activity
from the supernatant of centrifuged samples (300xg, 5 min) was determined by monitoring at

340 nm the oxidation rate of NADH (Sigma-Aldrich®) to NAD+ coupled with the reduction

of pyruvate to lactate, as previously described in the literature (Vassault, 1983).
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2.3.2 hMSC size

hMSC size was measured using CASY®1 Cell Counter and Analyzer System, (T'TC
model, Schirfe System GmbH, Reutlingen, Germany). Cell size was also estimated using a
phase contrast inverted microscope (DMI 600 B, Leica Microsystems GmbH, Wetzlar,
Germany) using the software Leica Application Suite LAS AF by measuring the diameter of

each cell, from a minimum of 30 cells, from different cell suspensions.

2.3.3 Apoptosis and metabolic activity assay

For assessing the impact of the DSP on cells’ characteristics, the percentage of apoptotic
and metabolic active cells was evaluated using Apoptosis Assay Kit NucView™ 488 and
MitoView™ 633 (Biotium, Inc., California, USA), following the manufacturer’s instructions.
This kit contains the green fluorescent NucView 488 caspase-3 substrate and the far-red
fluorescent MitoView 633 mitochondrial dye for profiling caspase-3 activity and changes in
mitochondrial membrane potential, respectively, in intact cells. After incubation with both
reagents, cells were analysed by flow cytometry (CyFlow® space, Partec GmbH, Munster,

Germany). At least ten thousand events were registered per sample.

2.3.4 hMSC adhesion and proliferation capacity

hMSC were inoculated in static culture conditions, in 6 wells in 24 and 6-well-plates
previously coated with MesenCult™-SF Attachment Substrate. A cell inoculum of 5 x 103
cell/cm? was used and cells were cultured in MesenCult®-XF Medium in a humidified
atmosphere of 5% COg in air, as described in a previous section (Cell Culture, Static Culture).

For evaluation of the cell adhesion capacity, the number of adherent cells was monitored
30 minutes after inoculation. The supernatant was gently removed and cells still in suspension
were counted (Section Cell concentration and viability, Trypan Blue exclusion method).
Adherent cells were washed, detached and counted, as explained in a previous section (Cell
Culture, Static Culture and Cell concentration and viability, Trypan Blue exclusion method).

The proliferation capacity of hMSC was assessed by measuring DNA synthesis using
Click-1'T® EdU Flow Cytometry Assay Kit (Life Technologies™), following the manufacturer’s
instructions. Three days after inoculation, the percentage of cells in S-phase was determined by
the incorporation of the nucleoside analogue to thymidine EAU (5-ethynyl-2"- deoxyuridine)
into DNA during active DNA synthesis. The analysis was performed in a CyFlow® space
(Partec GmbH) instrument. At least ten thousand events were registered per sample.
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2.3.5 Flow cytometry

hMSC were washed once with DPBS and a total of 2 x 10° cells were incubated with each
one of the antibodies (CD44-PE, CD73-PE, CD90-PE, CD105-PE, CD166-PE, CD34-PE,
CD45-PE, HLA-DR-PE and isotype controls IgG1,k-PE, IgGoa,x-PE and IgGan,x-PE, all from
BD Biosciences) for 1 h at 4 °C. Cells were washed twice in DPBS, and analyzed in a CyFlow®

space instrument. At least ten thousand events were registered per sample.

2.3.6 Morphology

hMSC were collected before and after TFF, and plated in pre-coated plates. After 3 h,
cells were washed with DPBS and fixed in 4% (w/v) paraformaldehyde (PFA) and 4% (w/v)
Sucrose in DPBS solution for 15 minutes. Afterwards, cells were permeabilized for 15 minutes
in 0.1% (w/v) Triton X-100 and 0.125% (v/v) FSG solution in DPBS and subsequently
incubated with Alexa Fluor® 488 dye for 1 h at 4 °C, to detect F-actin (stress fibers). After three
washing steps with DPBS, cell nuclei were counterstained with Hoechst 33342 nucleic acid dye.
Cells were visualized using inverted (Leica Microsystems GmbH) fluorescence microscopy.
Representative images were taken using a digital camera (Leica DFC 360 FX). Moreover, cells’
morphology was also monitored through culture time under a phase contrast inverted

microscope (Leica Microsystems GmbH).

2.3.7 In vitro multipotency assays
At the end of DSP, hMSC potency was evaluated by their capacity in differentiating into
three different lineages: adipogenic, osteogenic and chondrogenic.

Adipogenic differentiation: 6 x 10* cells were inoculated per well (5 wells) in a 24-well-

plate. After reaching confluency, differentiation media (StemMACS™ AdipoDiff Media,
Miltenyi Biotec, Germany) was added to three wells in each plate, and MEM Alpha (Life
Technologies™) supplemented with 10% (v/v) FBS (Life Technologies™) was added to two
wells (monitoring spontaneous differentiation). Media was exchanged every two days. After two
weeks, cells were washed with DPBS, fixed with 10% (v/v) neutral buffered Formalin and
stained with Red-Oil solution (1.8 g/L)).

Osteogenic differentiation: 6 x 10* cells were inoculated per well (5 wells) in a 24-well-

plate. After reaching confluency, differentiation media (StemMACS™ OsteoDiff Media,
Miltenyi Biotec) was added to three wells in each plate, and MEM Alpha supplemented with

10% (v/v) FBS was added to two wells (monitoring spontaneous differentiation). Media was
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exchanged every two days. After three weeks, cells were washed with DPBS, fixed with 10%
(v/v) neutral buffered Formalin and stained with Alizarin-staining solution (20 g/L).

Chondrogenesis differentiation: 2.5 x 10° cells were inoculated per well (4 wells) in a 24-

well-plate in three 5 pL droplets. After reaching confluency, differentiation medium (StemPro®
Chondrogenesis Differentiation Kit, supplemented with Gentamicin (10 mg/mL)) was added
to three wells in each plate, and MEM Alpha supplemented with 10% (v/v) FBS was added to
one well (monitoring spontaneous differentiation). The media were exchanged every two days.
After three weeks, cells were washed with DPBS fixed with 4% (v/v) PFA and stained with 1%

(w/v) Alcian Blue solution.

After staining, cells were visualized using inverted phase contrast microscopy (Leica
DMIRB, Leica Microsystems GmbH). Representative pictures were obtained using Leica DFC

295 digital camera.

2.4 Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 5 (GraphPad
Software Inc., California, USA). Values are represented as mean * standard deviation (at least
n = 3 replicates were considered) of independent measurements or assays. The statistical
significance was evaluated using either Student’s T test or one-way ANOVA analysis (repeated
measures ANOVA, Tukey analysis). p values of less than 0.05 were considered as statistically

significant.

3. Results

3.1 hMSC clarification (microcarrier removal) using dead end filtration

Cells were expanded in stirred systems using cationic polystyrene charged microcarriers
and harvested as described in Materials and Methods section. Different filter materials, namely
nylon and polypropylene, were evaluated for microcarrier removal from the cell bulk suspension
using dead end filtration techniques (Figure 2.1A). Due to size differences between cells (15 - 20
pm) and microcarriers (125 - 212 pm) (Figure 2.2A, left panel), several pore sizes were also tested
(30, 80 and 100 pm). Their impact on the cell’s recovery yield and viability was evaluated (Figure
2.2).

From the initial screenings using disk filters, both materials — nylon and polypropylene —

showed to be suitable for the clarification step, since there were no significant differences
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concerning cell recovery yields (Figure 2.2B). Moreover, higher cell recovery yields (92%, Figure
2.2B) were obtained when higher pore sizes (80, 100 pm) were used. Although efficient
microcarrier removal was achieved in all evaluated strategies (no beads were detected in the
filtrate stream by microscopic and visual inspection, Figure 2.2A right panel), lower pore sizes
(30 pm) revealed to be unsuitable for the clarification step, since less than 70% of viable cells
were recovered (Figure 2.2B). Nonetheless, cells maintained their viability throughout the dead

end filtration process (> 96%).
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Figure 2.2 — Clarification of microcarriers from the cell bulk. Impact of filter material,
filter pore size and working scale on cell recovery yield after dead end filtration step. Phase contrast
and fluorescence images (A) of cells before (left panel) and after (right panel) dead end filtration using 75 pm
polypropylene filters. Cell viability analysis of hMSC stained with fluoresceine diacetate (FDA - live cells, green)
and propidium iodide (PI - dead cells, red). Scale bar: 250 pum. Effect of (B) pore size (30, 80 and 100 pm), material
(nylon and polypropylene), (C) processed volume and two microcarrier concentrations (16 and 48 g/L, using 75
pm polypropylene filters) on the cell recovery yield. Statistically significant differences (P < 0.05) are * marked,
whereas those which do not are marked as **.

From the initial screening in 0.2 L scale, our results indicate that polypropylene filters

with pore sizes higher than 30 pm are able to successfully remove at least 92 mg
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microcarriers/cm’membrane. Larger scale polypropylene filter capsules (Opticap™-XL) were then
used for the scale-up of the clarification step. Nearly the same cell recovery yields were assured
when processing up to 2 L. of hMSC suspension with either 16 g/L or 48 g/L (Figure 2.2C) of
microcarriers. Additionally, no differences in cell recovery yields (97%) and viability (higher
than 95%) were observed when using polypropylene filter capsules with even higher pore sizes
(100 pm). At the end of the filtration process, no microcarriers were observed in the filtrate

stream, as confirmed by microscopic and visual inspection (data not shown).

3.2 Cell concentration/volume reduction using tangential flow filtration

The optimization of the hMSC concentration process using TFF was divided in two
phases. Initially, the impact of the membrane material and pore size, as well as the initial cell
concentration, on cell recovery yields and cell viability (up to a concentration factor of four)
were studied. Thereafter, using the most suitable hollow fiber device and initial cell
concentration, our goal was to increase the concentration factor of hMSC up to ten fold. Thus,
we have studied the impact that TFF process parameters of shear rate and permeate flux have

on the final cell recovery yield and on the hMSC’s quality attributes.

3.2.1 Selection of the hollow fiber’s characteristics and optimization of initial cell concentrations

Microfiltration membrane materials of polysulfone (PS) and modified polyethersulfone
(PES) were tested (Figure 2.3A). PS allowed to recover higher cell numbers (96%) for a two and
four fold volume reduction factor than PES material (94%, Figure 2.3A). The modified PES
material has also lead to irreversible membrane fouling (observed by the decrease of the
permeate flux over time), hampering the concentration process further than a four-fold volume

concentration factor (Figure 2.3B).
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Figure 2.3 — Impact of hollow fiber device’s characteristics on the cell recovery of the
volume reduction step. Shear rate (3000 s'!), permeate flux (60 LMH) and capacity (80 L.m-2) were kept
constant for all experiments. The experiments were designed to obtain a volume reduction factor of two and four,
using the HF listed on Table 2.1. Different membrane materials were evaluated (A) and permeate flux decay
profiles were achieved (B) using polysulfone (HFPS D) and modified polyethersulfone (HFPES G). The impact of

the pore size (C) was also studied and permeate flux decay profiles were obtained (D) using 0.45 pm (HFPS D), 0.2
pm (HFPS E) and 750 kDa (HFPS F).

Figure 2.3C depicts the effect of the membrane’s pore size on the concentration process.
Higher pore sizes (>0.45 pm) allowed to recover over 15% more viable cells for a four fold
concentration factor (Figure 2.3C), than lower pore sizes (0.2 pm and 750 kDa). Moreover,
lower pore sizes (0.2 pm and 750 kDa) were prone to fouling, leading to a complete clogging of

the membrane after a volume reduction factor (VRF) of four (Figure 2.3D).
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Figure 2.4 — Impact of initial cell concentration on the cell recovery of the volume reduction
step. Shear rate (3000 s!), permeate flux (60 LMH) and capacity (80 L.m2) were kept constant for all experiments.
The experiments were designed to obtain a VRF of two, using the hollow fiber devices listed on Table 2.1. (A)
Impact of initial cell concentration. (B) Behavior of HF A to D on the concentration step. Statistically significant
differences (P < 0.05) are marked as *, whereas those which do not are represented as **.

A range of initial cell concentrations was selected in order to study the impact of this
parameter (maintaining the filtration throughput constant) on the concentration process for a
VRF of two (Figure 2.4A). The rationale behind the selection of these values was based on the
range of cell concentrations typically achieved after cell expansion and harvesting (Santos et al.,
2011). For lower cell concentrations (0.3 x 10° cell/mL, Figure 2.4A) no more than 53% of the
cells can be recovered. As the cell concentration increases, cell loss becomes lower, dropping
below 5% (Figure 2.4A) at cell concentrations higher than 2 x 105 cell/mL (at least 1.8 x 10°
cells/cm?). Furthermore, when even high cell concentrations were used (3 x 10° cell/mL), no
significant differences were observed (Figure 2.4A). For all conducted experiments, cell viability
was always higher than 95% and no cell lysis was detected (monitored by the release of LDH to
the culture supernatant).

Having optimized the membrane’s material, pore size and cell concentration, the
performance of different HF with different characteristics was compared (Table 2.1). As shown
in Figure 2.4B, no significant differences were observed, all devices (HFps A — HFps D, Table
2.1) having enabled to retrieve more than 90% of cells, for a VRF of 2. Therefore, from this
point onwards all experiments were conducted with HF with polysulfone membrane with high
pore size (0.65 pm) and with the most cost-effective surface area (24 cm?, HFps C, Table 2.1) to
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perform the process in our working scale (up to 0.25 L), starting with at least a cell concentration

of 2 x 10° cell/mL, corresponding to 1.8 x 10° cells/cm?.

3.2.2 Impact of process parameters on the concentration step

3.2.2.1 Shear Rate

According to Equation 7 (Materials and Methods), the shear rate is dependent on the
inner radius of the hollow fiber and on the inlet flux. In our work, this parameter was modulated
through the variation of the inlet flux, by keeping constant the inner radius of the hollow fibers.
Due to their resemblance with hMSC, human foreskin fibroblasts (hFF) (Alt et al., 2011) were
first used to screen the most appropriate shear rates (3000, 6000, 10,000 and 16,000 s!, Figure
2.5).
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Figure 2.5 — Impact of the shear rate on hFF’s cell recovery yield of the concentration
process. The shear rate was varied through the inlet flux. Different shear rates were applied aiming at a VRF of
two, four and ten (sequentially), using HFps C. (A) Effect of four shear rates: 3000 s! (J = 750 LMH), 6000 s-! (J =
1500 LMH), 10,000 s-! (J = 2500 LMH) and 16,000 s! (] = 4000 LMH) on cell recovery yield. (B) Intracellular
LDH release profile over the concentration step.

A shear rate of 3000 s*! was shown to be the most suitable condition, yielding the best
compromise between cell recovery (higher than 80%, Figure 2.5A) and cell lysis (Figure 2.5B).
Given the already well reported implications of shear stress on cells (Dong et al., 2009;

Kretzmer, 2000; Yourek et al., 2010), the impact of even lower shear rates (700, 1500 and 3000

s’y along the hMSC concentration process was evaluated. In order to achieve the values of shear
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rates mentioned above, fluxes of 175, 375 and 750 LMH were applied, respectively (Table 2.2,
Figure 2.6).

Up to a volume reduction factor of four (Figure 2.6A), the highest shear rate condition
(3000 s1) allowed to recover higher number of viable cells (88%, Figure 2.6A), with higher
viability (95%, Table 2.2), while ensuring lower cell death (Figure 2.6C). Moreover, for the
lowest tested shear rate (700 s!) the permeate flux declined over time (Figure 2.6B), leading to
an irreversible fouling of the membrane (Figure 2.6D). It is important to note that cells are not
exposed to even higher shear stresses throughout the concentration process (shear stress was
kept constant, Equation 8), since the measured viscosity of the processed sample did not
increase.

The quality attributes of hMSC before and after TTF (using a shear rate of 3000 s-!) were
monitored and compared. Although a high shear rate was applied, this condition has showed
not to impact cell size, which remained unaltered (15 — 20 pm), nor cell morphology, since after
plating they could successfully re-acquire their typical spindle-like morphology with organized
actin fibers (Figure 2.7A). Moreover, cells have maintained their ability to adhere to treated
plastic surfaces (no significant differences observed towards hMSC before TFF, Figure 2.9A).
The expression of the main characteristic hMSC’s surface receptors, as described in the
literature (Dominici et al., 2006), remained unaltered after the concentration process (Figure
2.7B). More specifically, hMSC were negative for hematopoietic CD34 and CD45 markers, as
well as for HLA-DR and displayed high levels of CD44, CD73, CD105 and CDI166
mesenchymal stem markers. Furthermore, hMSC maintained their multipotent differentiation
potential, since they could successfully differentiate into adipocytes, osteocytes and

chondrocytes (Figure 2.7C). No spontaneous differentiation was observed (data not shown).

3.2.2.2 Permeate Flux
There are several studies that describe constant flux experimental designs either by
restricting the permeate flow with a valve or by using a pump to accurately control the permeate
flux and to maintain a low transmembrane pressure (Zydney and Kuriyel, 2000). In this work,
the control of the permeate flux by means of a pump instead of a permeate valve was studied
and showed to maintain constant the permeate flux throughout the process, maximizing the cell

recovery yield of the concentration process (Figure 2.8A).
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Figure 2.6 — Impact of the shear rate on hMSC’s cell recovery yield of the concentration
process. The shear rate was varied through the inlet flux (T'able 2.2). Different shear rates were applied aiming
at a VRT of two and four (sequentially), using HFPS C. (A) Effect of three shear rates: 700 s (J = 175 LMH), 1500
s1(J =375 LMH) and 3000 s! (J = 750 LMH) on cell recovery yield. (B) Variation of the permeate flux throughout
the concentration process, for the tested shear rates. (C) Intracellular LDH release profile over the concentration
step. (D) Permeate flux decay profiles after performing the concentration step and the cleaning in place (CIP).
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Figure 2.7 — Effect of the concentration step (using a shear rate of 3000 s-!) on hMSC’s
characteristics. (A) Immunofluorescence staining of actin stress fibers of hMSC collected before (left panel) and
after TTT (right panel). Scale bars: 75 pm. (B) Expression of specific cell-surface antigens (CD 166, CD105, CD73,
CD44, CD45, CD34, HLA-DR) typical for hMSC. (C) Multipotent differentiation potential of concentrated
hMSC. Red-oil solution stained lipid droplets (adipocytes, left panel), alizarin red stained calcium deposits
(osteoblasts, central panel), and alcian blue stained extracellular matrix proteins (chondrocytes, right panel). Scale
bars: 100 pm.
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Figure 2.8 — Impact of the permeate flux on hMSC’s cell recovery yield of the concentration
process. A volume reduction factor of ten was performed using permeate fluxes of 60, 120 and 250 LMH (Table
2.3). (A) Effect of the permeate flux control through a pump (full line) or valve (dashed line) on the cell recovery
yield. (B) Cell recovery yield achieved using the tested permeate fluxes (controlled with a pump).

The operation using a permeate valve lead to a decrease of the permeate flux over time,
since there is no control of the fouling process, leading to a decrease in cell recovery yield (Figure
2.8A). Similarly to previous studies (Cheryan, 1998; Miller et al., 2013), our data suggests that
the control of the permeate flux using a pump is fundamental for the success of the
concentration process, since unrestricted permeate flow presents differences in cell recovery
yield of 23% (Figure 2.8A).

To decrease the process time, three different permeate fluxes - 60, 120 and 250 LMH
(Table 2.3) were evaluated. As observed in Figure 2.8B, the permeate flux does not impact the
cell concentration process, since no differences can be observed regarding the cell recovery
yield; 80% of viable cells could be recovered after a VRF of 10. The observed 20% cell loss
(Figure 2.8B) can be attributed to the entrapment of those cells into the HF modules, since no
significant cell death was observed, nor were cells found on the permeate stream (data not
shown). Additionally, our data suggests that this phenomenon was not due to a cell
concentration effect (high cell concentrations could lead to cell losses through precipitation,
aggregation, etc.); when concentrating two fold a cell suspension with an initial cell
concentration of 8 x 105 cell/mL (typical cell concentration achieved at VRF of 4), no significant

differences were observed regarding cell recovery yield (data not shown).
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Although no differences were observed regarding cell recovery yields, a higher permeate
flux permitted a four-time faster process (T'able 2.3), concomitantly with recovering hMSC with
higher quality. Slower process time (when using a permeate flux of 60 LMH) led to a significant
decrease in the cells’ proliferation capability (Figure 2.9A), as well as a significant increase in
apoptosis (Figure 2.9A), when compared to cells before TFF. The combination of these results
may explain the differences observed on the cell adhesion kinetics (Figure 2.9A), where using a
permeate flux of 60 LMH lead to a decrease in cell adhesion 30 min after plating, while no
differences could be observed at a higher permeate flux (250 LMH) (Figure 2.9A). Nonetheless,
both permeate fluxes allowed to concentrate hMSC, maintaining their metabolic activity
(Figure 2.9A), morphology (Figure 2.9B), identity (Figure 2.9C), potency (Figure 2.9D), and
viability (higher than 92%, Table 2.3).

Furthermore, even higher permeate fluxes (T'able 2.3) were attempted in order to further
decrease the process time. 70% of cells could be recovered after a VRF of 10; the condition led

to an irreversible fouling of the membrane, hampering the concentration process.

4. Discussion

Efficient and cGMP compatible downstream processes are needed in order to promote
the transition of hMSC to clinical applications. The aim of this work was to develop a scalable
downstream process for the clarification (i.e. microcarrier removal) and concentration of hMSC
(i.e volume reduction), based on the optimization of well-established filtration techniques (dead
end filtration and TFF). Results show that microcarriers can be efficiently removed from the
cell suspension using polypropylene filters with pore sizes higher than 75 pm, and that hMSC
can be successfully concentrated ten fold using TFF (with over than 80% cell recovery yield)
maintaining their viability, identity and potency.

Polypropylene filters were successfully implemented up to a 2 L scale to clarify the cell
bulk suspension, with complete microcarriers removal and high hMSC recovery (> 94%) and
viability (> 95%). Pore size is critical for the efficiency of the clarification step. High pore size
filters (> 75 pm) permitted higher cell recoveries, while lower pore size filters (30 pm) are
subjected to microcarrier cake formation, entrapping part of the cell suspension, as previously

observed by Nienow’s group (Nienow et al., 2014).
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Figure 2.9 — Effect of the permeate flux on hMSC’s characteristics, after the concentration
step. (A) Cell characterization (apoptosis, metabolic activity, proliferative capability, and cell adhesion) after the
concentration process using a permeate flux of 60 and 250 LMH. Each bar represents the fold-increase/decrease,
relative to cells before TFF (white). Statistically significant differences (P < 0.05) towards hMSC before TFF cells
are marked as *. (B) Immunofluorescence staining of actin stress fibers of hMSC collected before (left panel) and
after TTT (right panel), using a permeate flux of 250 LMH. Scale bars: 75 pym. (C) Expression of specific cell-surface
antigens (CD166, CD105, CD73, CD44, CD45, CD34, HLA-DR) typical for hMSC. (D) Multipotent
differentiation potential of concentrated hMSC. Red-oil solution stained lipid droplets (adipocytes, left panel),
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alizarin red stained calcium deposits (osteoblasts, central panel), and alcian blue stained extracellular matrix
proteins (chondrocytes, right panel). Scale bars: 100 pm.

Cell therapies will need high cell numbers delivered at low volumes (1 - 8 x 106 cell/mL,
in 40 - 50 mL per kg of patient body weight) (Murphy et al., 2013; Patel and Genovese, 2011),
e.g. Prochymal®. For the cell concentration step, several process parameters, such as shear rate,
and the permeate flux, as well as the initial cell concentration, showed to impact the TFF process
performance. Data showed that there was always adsorption of cells to the membrane’s surface.
Nonetheless, if a minimum cell concentration of 2 x 10° cell/mL (corresponding to 1.8 x 106
cells/cm?) 1s not assured, that adsorption can reach 22 - 50% of the overall cell quantity.
Therefore, depending on the therapeutic use, upstream processing has to aim not only to high
cell numbers, but also to sufficient volumetric cell productivities (during cell expansion and/or
harvesting) to undergo DSP.

Although TFF aims towards the prevention of cake formation, membrane fouling is an
inevitable outcome of filtration (van Reis and Zydney, 2007). Results show that the membrane’s
material and pore size contributed significantly to this phenomenon. As previously reported,
higher pore sizes have shown a trend to be less prone to fouling (Castilho and Medronho, 2002).
Moreover, the hydrophobicity of PS and PES may lead to an increase of their interaction with
a variety of solutes, in comparison to more hydrophilic polymers such as cellulose and
regenerated cellulose (Cheryan, 1998). Within this context, lower process times are preferable,
decreasing the probability of interaction between hMSC and the membrane’s surface,
preserving the cells’ characteristics.

To avoid cell damage by pushing cells into the membrane pores (Zydney and Kuriyel,
2000), gentler processes, translated by lower permeate fluxes (30 - 50 LMH), are usually
preferred for the concentration of biopharmaceuticals (Walter et al., 2011). However, data
showed that a permeate flux of 250 LMH was adequate to prevent such damage, allowing to
achieve a four-time faster process, for a VRF of 10, recovering 80% of highly viable cells
maintaining their potency and identity. In fact, results showed that longer process times,
promoted an increase in apoptosis and a decrease in cell’s proliferative capacity.

Companies in the cell therapy field are currently considering low-shear processes to
perform the volume reduction and washing steps of cell-based products (Pattasseril et al., 2013).
The impact of shear rate and shear stress on hMSC viability and differentiation potential have
already been reported (Dong et al., 2009; Yourek et al., 2010). High shear rates are known to
decrease fouling during microfiltration processes (Wakeman and Williams, 2002). Thus, a trade-

off between fouling effects and cell damage shall be reached in order to successfully accomplish
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hMSC’s concentration. This study indicated that a shear rate of 3000 s, already reported for
processing other mammalian cells using TFF (Vickroy et al., 2007), was more suitable to
perform the concentration process than reduced shear rates (700 s!), as it led to higher cell
recovery yields, correlated with smaller decline on the permeate flux over time. Additionally, a
shear rate of 700 s'! led to an increase in cell death and a decreased cell viability, increasing the
membrane’s fouling. This can be correlated to the increased cells’ residence time inside the TFF
device (lower inlet flux), increasing the probability of their interaction with the membrane
matrix. Since no significant cell numbers could be retrieved from the HF after incubation with
TrypLE Select dissociation reagent, it is possible to assume that the cells remain strongly
attached and/or entrapped in the matrix. When using a 3000 s-! shear rate, cell viability was
higher than 92%, no differences were observed regarding cell size, and hMSC maintained their
ability to adhere to plastic surfaces. Cells successfully re-acquired their typical spindle-like
morphology with organized actin fibers (Alt et al., 2011; Sonowal et al., 2013). Moreover, after
the concentration process, hMSC maintained their immunophenotype, proliferation capacity
and multipotent differentiation potential.

In conclusion, the work herein described is the first demonstration of the impact that
several parameters of filtration techniques have on hMSC’s recovery yield and quality. Due to
the characteristics of the applied methodologies, the described DSP train will have applicability
for both autologous and allogeneic therapies, fulfilling the particular needs for both scale-up
and scale-out. Moreover, by knowing the effects of each of the parameters on the process, more
rational approaches can be developed to incorporate an eflicient washing step (Chapter 4) and
to even increase the concentration factor up to 20 — 50 (Chapter 5). Preliminary data using hFF
showed also that a VRF of 20 can be achieved, recovering over 80% of viable cells. This strategy

should be applicable to other stem cell types relevant for the cell therapy industry (Chapter 3).
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Finding the design space of tangential flow
filtration operation for the concentration of

human pluripotent stem cells

This chapter was adapted from:
Cunha B & Silva RJS, Correia C, Koshkin A, Carrondo MJT, Serra M, Peixoto C, Alves
PM (2016). Finding the design space of a filtration-based operation for the concentration of

human pluripotent stem cells, Biotechnology and Bioengineering, submutted.
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Abstract

Process knowledge for designing robust and reproducible unit operations is essential,
especially for complex biological systems. This work describes a shortcut approach for the
design of tangential flow filtration for the concentration of human induced pluripotent stem
cells (hiPSC), supported by design of experiments. Critical process parameters (CGPP) of shear
rate, permeate flux and cell load were considered, and their impact on hiPSC recovery yield
and viability was studied. A full factorial design confirmed significant interaction effects between
all CPP, affecting both responses. The developed statistical model predicted that high shear rate
(3000 s1), permeate flux (250 LMH) and medium cell load (2 x 106 cell/cm?) would maximize
both cell recovery yield and viability, where over 80% of hiPSC were recovered after a volume
reduction factor of 20 with high wviability (over 93%). Such conditions were validated
experimentally, and by performing a robustness analysis, the success rate of these operating
conditions was assessed (65-70%). A parametric study was then conducted, identifying that
increasing the shear rate (up to 3370 s'!) allowed to achieve the specified requirements for cell
recovery yield (>80%) and viability (>90%) in 100% of the cases and no impact in hiPSC’s

identity, proliferation capacity and pluripotency was observed.

Keywords: design of experiments, quality by design, human induced pluripotent stem

cells, downstream processing, tangential flow filtration
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1. Introduction

From the initial promise of human pluripotent stem cells (hPSC) for clinical application,
their use in therapies has already covered heart, eye diseases and diabetes (Lipsitz et al., 2016;
Trounson and McDonald, 2015); in particular, human induced pluripotent stem cells (hiPSC)
have been revolutionizing pre-clinical research as a tool for disease modelling and drug
discovery (Takahashi and Yamanaka, 2016).

Cell therapy manufacturing is usually composed of isolation of the desired cell type, its
expansion, harvest, concentration, purification, formulation and fill and finish. This workflow
1s very challenging since the product correspond to living and interacting entities, which are also
very difficult to characterize fully (Lipsitz et al., 2016). Quality-by-design (QbD), a risk-based
framework based on relating process parameters and product quality, can cope with such
complexity in process design (Rathore and Winkle, 2009). First, critical quality attributes
(CQA), corresponding to the characteristics that ensure the final product quality, and critical
process parameters (CPP), which directly affect cells’ CQA, are identified. Thereafter, a design
space 1s developed, studying how a range of variability in CPP allows to achieve CQA (Food
and Drug Administration, 2009). Since all steps in manufacturing have CPP with inherent
uncertainty (related with equipment, calibration, materials manufacturing), robustness analysis
1s a valuable tool to gain confidence in process development, as already demonstrated for
process design of other biotherapeutics (Nestola et al., 2015). Tools as design of experiments
(DoE) allow to maximize the information obtained per experiment (Franceschini and
Macchietto, 2008), estimating the main effects and the interactions between variables with
minimal number of experiments. Thus, its application to develop a design space for cell therapy
manufacturing has been previously pursued (Hunt et al., 2013; Marinho et al., 2015).

Previous work on this thesis focused on optimizing tangential flow filtration (TFF) for the
volume reduction of human mesenchymal stem cells (hMSC) (Chapter II); shear rate, permeate
flux, and cell load were identified as the CPP affecting cells’ CQA. Thereby, in this work a DoE
approach testing the impact of such CPP on hiPSC’s recovery yield and viability was applied.
After understanding how the factors interacted between them, the most suitable operating
conditions for TFF to concentrate hiPSC was identified and the impact of CPP on hiPSC’s
CQA in terms of pluripotency phenotype, proliferation capacity and pluripotency was
evaluated. Then, a robustness analysis of the process under uncertainty was carried out and a

parametric study further improved the process’ success rate.
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2. Materials and Methods

All reagents used for hiPSC culture were purchased from ThermoFisher™ Scientific

(Massachusetts, USA), unless otherwise stated.

2.1 Human induced pluripotent stem cell culture

Human induced pluripotent stem cell (hiPSC) (reprogrammed from foreskin fibroblasts,
DF19-9-11T.H from WiCell, Madison, WI, USA) were routinely propagated in static
conditions in 6-well plates (BD Biosciences, Bedford, MS, USA) at 37 °C in a humidified
atmosphere of 5% COg in air. hiPSC were cultured on Matrigel™-coated (Corning, New York,
USA) plates using mTESR 1 (STEMCELL™ Technologies, Vancouver, Canada) medium until
80—90% cell confluency. One hour before cell harvesting, cells were incubated with 5 pM Rho-
kinase inhibitor Y-27632 (ROCK1) (Merck, Massachusetts, USA). The medium was removed
and cells were incubated with Versene for 7-9 min at 37 °C in a humidified atmosphere of 5%
COg in air. Versene was removed and cells were detached using mTESR1 supplemented with
5 M ROCK:.

To conduct the volume reduction step within the downstream processing (DSP) workflow
(section 2.2.1), cells were resuspended in DMEM supplemented with 10% (v/v) of fetal bovine
serum (FBS), as in Chapter II, and 5 pM ROCK:i.

2.2 Downstream processing

2.2.1 Cell concentration (volume reduction)

The cell suspension was concentrated by tangential flow filtration (TFF), as described in
Chapter II and IV. Optimized conditions of shear rate (3000 s!), permeate flux (250 LMH),
initial cell concentration (2 x 105 cell/mL), load (1.8 x 105 cell/cm?), and pore size (> 0.45 pm)
were used (Chapter II). Hollow fiber cartridges (HF) with 24 cm? (GE Healthcare Life Sciences,
New Jersey, USA) were operated until the feed volume was close to the system’s hold-up volume
(volume reduction factor, VRF, of 20). All experiments were performed at a constant inlet flow
rate and no decline on the permeate flux was observed.

Watson Marlow Model 120 S/DV 200 rpm pump (Watson-Marlow Pumps Group,
Massachusetts, USA) and Tandem Model 1081 peristaltic pump from Sartoflow® Slice 200
benchtop crossflow system (Sartorius Stedim Biotech) were used as permeate and inlet pumps,

respectively. Pressure was monitored using SciPres luer pressure sensors (Scilog, Wisconsin,
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USA) on the inlet, outlet and permeate stream. Weight and pressure data were monitored and
acquired every 15 seconds.

A water flux test was performed before and after each experiment to determine the
membrane’s permeability. To ensure sterility, the devices were sanitized with 0.5 M NaOH
(Merck) at room temperature (20 - 25 °C) for 45 min. Membranes were preconditioned with

five membrane volumes of sterile DPBS before the concentration step.

2.2.2 Experimental design — Design of Experiments (DoE)

Design generation, data analysis, and model construction were performed with MODDE
software version 10.1 (Data Analytics Solutions, Umea, Sweden). A full factorial (FF) design
with three factors (shear rate, permeate flux and load), two levels (high, low), two responses (cell
recovery yield and cell viability) and one center point for screening purposes was generated.
The limits and factors were chosen based on previous results attained with human mesenchymal
stem cells (Chapter II). Data fit used a Multiple Linear Regression (MLR) method, assuming

that the responses are independent, as validated by a correlation matrix (Table 3.1).

2.3 Cell viability and characterization assays

All described assays were performed with hiPSC before and after the cell concentration

step.

2.3.1 Cell number and viability

Cell viability and cell membrane integrity were assessed using three different methods:

2.3.1.1 Trypan Blue exclusion method

Cell concentration was estimated through cell counting using a Fuchs—Rosenthal
counting chamber (Marienfeld Superior, Lauda-Konigshofen, Germany). The number of
viable cells was determined by the trypan blue dye exclusion method. The cell recovery yield
(in percentage) was estimated taking into account the number of viable cells before (considered

100%) and after processing.
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Table 3.1 — Correlation matrix over model terms and responses obtained for the volume reduction step of hiPSC.

Permeate Shear Load % *L, L% R Cell V.le.lll.
Flux Jp) Rate(y) (L) ety Je s v
1;.‘1’::‘5:;‘* 1 -0.070 0.014 0.255
IS::::‘E)/) 0.016 -0.057
?‘I“’)ad -0.029 -0.057 1 0.041 0.121 0.227
Jp* vy - -0.007 0.041 1 -0.094 -0.014
Jp*L -0.070 0.016 0.121 -0.094 1 0.292
L*y 0.014 -0.057 0.227 -0.014 0.292 1 0.249 0.166
gf::;{(‘f,/i‘)“’“y 0.255 0.249 1 0.0603
S,fimty (%) 0.166 0.060 1

3 Cell recovery yield and cell viability responses are independent and not correlated
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2.3.1.2 Fluorescein diacetate-propidium iodide staining

Quantitative assessment of the cell plasma membrane integrity was also performed using
fluorescein diacetate (FDA, Sigma-Aldrich®, Merck, Massachusetts, USA), and the DNA-dye
propidium iodide (PI, Sigma-Aldrich®), as described in the literature (Jones and Senft, 1985).
Briefly, cell suspensions were incubated with 20 pg/mL FDA and 10 pg/mL PI in DPBS for 5
min and analyzed by flow cytometry in a CyFlow® instrument (CyFlow® space, Partec GmbH,

Miinster, Germany). At least ten thousand events were registered per sample.

2.3.1.3 Lactate Dehydrogenase (LDH) Assay

The release of intracellular lactate dehydrogenase enzyme (LDH) into the supernatant
can be correlated with the extent of cell lysis (Fotakis and Timbrell, 2006). Hence, LDH activity
from the supernatant of centrifuged (300 x g, 5 min) samples was determined by monitoring at
340 nm the oxidation rate of NADH (Sigma-Aldrich®) to NAD* coupled with the reduction of

pyruvate (Sigma-Aldrich®) to lactate, as previously described in the literature (Vassault, 1983).

2.3.2 Cell apoptosis

Apoptotic cells and the mitochondrial membrane potential was evaluated using Apoptosis
Assay Kit NucView™ 488 and MitoView™ 633 (Biotium, Inc., California, USA), following the
manufacturer’s instructions. After incubation with both reagents, cells were analyzed by flow

cytometry (CyFlow® space). At least ten thousand events were registered per sample.

2.3.3 Metabolic activity
The percentage of metabolically active cells was evaluated using PrestoBlue, according to
the manufacturer’s recommendations. Metabolic activity was estimated based on fluorescence

units normalized by the cell number.

2.3.4 hiPSC growth profile
hiPSC were inoculated and cultured in static culture conditions as described in section
2.1. Cell growth profile was monitored for 7 days. Cell concentration and viability were

determined as described in section 2.2.1.1.
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2.3.5 Flow cytometry

hiPSC were washed once with Dulbecco’s phosphate-buffered saline (DPBS) and a total
of 2 x 10° cells were incubated with each one of the antibodies — anti-Tra-1-60, anti-SSEA-1,
anti-Oct3/4, anti-SSEA-4, anti-nanog and isotype controls IgG-PE, IgGop,x-PE, IgM,x-FITC
and IgG3-PE (all from Santa Cruz Biotechnology, Texas, USA except anti-nanog which was
purchased to BD Biosciences, California, USA) - for 1 h at 4 °C. Unconjugated antibodies were
conjugated with secondary antibodies for 30 min at 4 °C. To detect intracellular components,
BD Cytofix/Cytoperm™ (BD Biosciences) was used following the manufacturer’s instructions.
Cells were washed twice in DPBS, and analyzed in a CyFlow® instrument. At least ten

thousand events were registered per sample.

2.3.6 Immunocytochemistry

hiPSC were inoculated in static culture conditions, in 24-well-plates, as described in
section 2.1. After 24 h, cells’ morphology was analyzed as previously described (Serra et al.,
2011). Cells were visualized using inverted fluorescence microscopy (DMI 6000, Leica
Microsystems GmbH, Wetzlar, Germany). Representative images were taken using a digital
camera (Leica DFC 360 FX).

The primary antibodies used were anti-Tra-1-60 and anti-Oct3/4. Anti-Tra-1-60 was
conjugated with secondary antibody Alexa Fluor® 488 Goat Anti-Mouse Antibody, whereas
anti-SSEA-4 and anti-Oct3/4 were conjugated with Alexa Fluor® 594 Goat Anti-Mouse
Antibody. Nuclei were counterstained with DAPI (4',6-Diamidino-2-Phenylindole,
Dihydrochloride).

2.3.7 hiPSC wm witro pluripotency assay - embryoid body formation and spontaneous
differentiation

hiPSC were inoculated in non-adherent ultra-low attachment 24-well plates (Corning)
using an inoculum cell concentration of 0.5 x 10° cells/mL (1 mL) in KnockOut medium:
KnockOut™-DMEM medium supplemented with 20% (v/v) KnockOut™-Serum
Replacement, 1% (v/v) MEM non-essential amino acids, 0.1 mM 2-mercaptoethanol, 2 mM
GlutaMAX™ and 5 pM ROCK:I. Cells were cultured at 37 °C in a humidified atmosphere of
5% COq 1n air, and the medium was exchanged once every 7 days.

After this period, aggregates were harvested, re-plated into 24-well plates previously
coated with 0.1 % (w/v) gelatin and cultured in KnockOut medium. Medium was exchanged

three times per week.
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After 2 weeks, cells were washed with DPBS, fixed, permeabilized and analyzed as
explained in section 2.3.5. The primary antibodies used were anti-FoxA2 (Santa Cruz
Biotechnology), anti-f-111-tubulin (Merck) and anti-smooth muscle actin (Agilent Technologies,
California, USA). The antibodies were conjugated with Alexa Fluor® 488 Chicken Anti-Goat
Antibody, and with Alexa Fluor® 594 Goat Anti-Mouse Antibody.

2.3.8 hiPSC differentiation potential - targeted differentiation into cardiomyocytes

Cardiac differentiation into cardiomyocytes (CM) was induced as described by Lian et al
(Lian et al., 2012) and as previously described (Correia et al., 2016). After CM differentiation,
monolayer cultures were dissociated into single cells by incubation with TrypLE™ Select
dissociation agent for 5 min at 37 °Ci to assess the number of CMs obtained per iPSC inoculated.
Furthermore, to determine the purity of the final CM population, cells were analyzed by flow
cytometry, as described in section 2.3.4, using the following antibodies: Anti-CD172a/3-PE
(SIRPa/f), anti-CD106 (VCAM) (both from BD Biosciences) and anti—cardiac troponin T
(cTnD).

2.4 Statistical Analysis

Statistical analysis of the DoE model was performed using MODDE software version
10.1. Differences in fold change between samples before and after processing were analyzed by
Mann-Whitney test using GraphPad Prism version 7 (GraphPad Software Inc., California,
USA). Values are represented as mean * standard deviation (at least n = 3 replicates were
considered) of independent measurements or assays. P values of less than 0.05 were considered
as statistically significant.

In total, n=10 experiments were performed to generate the DoE matrix, and the
optimized condition was further validated (n=2). A robustness analysis for the optimal condition

(10,000 simulations) was validated experimentally.
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3. Results and Discussion

The aim of this work was to find the design space of a TFF operation to accomplish the
concentration of hiPSC.

The full factorial design applied considers all possible combinations between the factors,
determining the effect of each factor (CPP) on the evaluated responses (cell recovery yield and
viability), as well as to identify potential interactions between factors, which are not detected
using a stepwise approach. The obtained model (Table S3.1) showed to fit the data with high
significance (R? = 0.991 and 0.987) and to have a high predictability (Q2 = 0.922 and 0.611) in
terms of cell recovery yield and cell viability, respectively. The most suitable operating

conditions for hMISC (Chapter II) were considered as well in the DoE matrix (Table 3.2).

Table 3.2 — DOE matrix representing the design points, factors, levels and responses used for the volume
reduction step of hiPSC.

Design points

A B C o Jp Load % Cell Recovery, % Cell Viability,
(s (L.m-2.h1) (106 cell/ cm?) VRF = 20 VRF = 20
-1 - 50 1000 1.4 80 85
1 -1 -1 200 1200! 1.2 65 84
-1 1 -1 50 3000 1.2 78 73
1 1 -1 250 3000 1.0 79 92
S 1 50 1000 2.7 48 92
1 -1 1 200! 1200! 2.7 39 87
-1 1 1 50 3000 2.6 69 88
1 1 1 250 3000 2.9 79 95
0 0 0 150 2000 1.8 69 86
o 0 w0 00 19 o e

Analysis of the process response variables identified a number of statistically significant (P

< 0.05) model terms, main and interacting parameter factor effects (Figure 3.1).

* To create a TMP (to allow the filtration process), the inlet flux was slightly increased, whereas the permeate flux
was decreased from the theoretical points (the flow rates are equal).
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Figure 3.1 — Effect of critical process parameters (CPP) on cell recovery yield and viability.
(A) Coeflicients scaled and centered for each factor individually and their interactions. Significant effects are
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panel) and load (right panel) on cell recovery yield (B) and cell viability (C) responses. CPP are represented with
corner (-1, +1) and center points (0).

A main effect occurs if a CPP statistically significantly influences a process response
regardless of the other CPP levels. CPP of shear rate and load were significant model terms for
cell recovery yield response (Figure 3.1A). Moreover, the load showed also to be a significant
model term increasing the cell viability response (Figure 3.1A). Thus, hiPSC recovery yield is
maximized using high shear rates (3000 s-') and low load volumes (1 x 10° cell/cm?) (Figure
3.1B), whereas cell viability is maximized when high loads are used (3 x 10° cell/cm?) (Figure
3.1C).

An interacting factor effect exists if the combined effect of two CPP is different from the
sum of their individual effects. As observed in Figure 3.1A, all CPP interact with each other; the
combination between permeate flux and shear rate significantly increases both responses. The
interaction of the permeate flux with load and shear rate with load showed to decrease cell
viability and increase cell recovery yield, respectively. These results were also corroborated
analyzing the interaction plots, where non parallel lines were observed for all CPP (Figure 3.2).
These results suggest that the optimization of a TFF process for hiPSC concentration should
not be performed in a stepwise manner, since all considered CPP do not follow consistent trends
and their interaction affect differently cell recovery yield and cell viability responses. A similar
trend was also observed in other studies conducted to optimize hiPSC production (Hunt et al.,
2013), corroborating the use of this type of methodology to further understand and study
complex biological systems as hiPSC.

To find the optimal operating conditions, the behavior of both responses was evaluated
at different load conditions as a function of shear rate and permeate flux (Figure 3.3).

The contour plots shown that in terms of hiPSC recovery yield (Figure 3.3A), when a low load
1s used (1 x 10° cell/cm?) the response is maximized using low permeate fluxes (< 100 LMH)
combined with any shear rate value, or using high shear rates (3000 s-') combined with high
permeate fluxes (> 140 LMH). When the load is increased to 2 and 3 x 10° cell/cm?, the cell
recovery yield is maximized by using only high shear rates (> 2900 s-!) combined with high
permeate fluxes (> 220 LMH). On the other hand, cell viability (Figure 3.3B) is maximized
using high shear rates (> 2600 s!) combined with high permeate fluxes (> 240 LMH) despite
the cell load. These results are accordant with previous results obtained with hMSC (Chapter
II): lower shear rates, characterized by lower inlet flow rates, lead to lower cell recovery yields
and cell viabilities; in these cases, cells have higher residence time inside the fibers, and therefore

have an increased probability of interaction with the membrane, leading to lower cell recovery
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yields due to fouling events. In the same study (Chapter II), it was also observed that although

the permeate flux did not affect hMSC’s cell recovery yield, lower permeate fluxes affected

hMSC’s CQA due to longer processing times. In this hiPSC case, similar phenomena may be

occurring, explaining the observed results.
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Figure 3.2 — Interaction plots of each CPP for the volume reduction step of hiPSC. The impact
of the interaction of the permeate flux, shear rate, and load on cell recovery yield (A) and cell viability (B) responses

are depicted.
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Figure 3.3 — Surface response plots. Variation of the output responses regarding shear rate and
permeate flux at different load conditions, in terms of cell recovery yield (A) and cell viability (B). Higher
percentages of response are marked as red and orange, whereas lower values are represented in green and blue.

From these results, the optimal operating conditions to maximize the cell recovery yield
and viability responses were evaluated (Table 3.3).
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Table 3.3 — hiPSC recovery yield and viability response optimization.

N . Expected Experimental
Response Criteria Min Target Value Value
Cell Recovery Yield (%) Maximize 80 93 81 87
Cell Viability (%) Maximize 90 93 93 93

To challenge the model, 80% and 90% were considered as the minimum acceptable
values for cell recovery yield and viability to optimize the TFF step (Table 3.4). The statistical
model identified high shear rate (3000 s!), permeate flux (250 LMH) and medium cell load (2
x 106 cell/cm?) to maximize both responses (Table 3.4), predicting that over 80% of hiPSC
could be recovered with high viability (93%) after a VRF of 20.

Table 3.4 — CPP optimization to provide maximized responses of hiPSC recovery yield and viability.

Factor
Factor Value Contribution (%)
Permeate Flux 250 L.m-=2.h-! 34
Shear Rate 3000 s-! 57
Load 1.9 x 106 cell/cm? 9

In this case, CPP of shear rate and permeate flux would have the highest impact on the
evaluated outcome (57 and 34%, respectively). This condition was validated experimentally and
the impact of DSP in hiPSC’s CQA in terms of the expression of pluripotent stem cell markers,
proliferation capacity and pluripotency was evaluated (Figure 3.4). Results (Table 3.3)
confirmed the predictiveness of the model, since 87% of cells could be recovered after a volume
reduction of 20-fold, with a viability of 93%.

Permeability data (Figure 3.4A) suggest that the loss of cells may be correlated with fouling
during the operation, which may also increase cell lysis (6%, validated by LDH assay).
Importantly, it 1s possible to observe that the conditions found to be optimal to concentrate
hiPSC are similar to those used to concentrate hMSC (Chapter II), confirming the robustness
of TFF to be applied in different cell-based products. No differences were observed in the
number of statistically significant model terms, main and interacting parameter factor effects,
when the best condition was validated and inserted into the model.

Overall, the volume reduction unit operation also did not affect hiPSC’s CQA: no
significant differences (P > 0.05) could be observed in hiPSC’s viability, metabolic activity,

proliferation capacity, and apoptosis (although a decrease was observed, no significant
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differences were observed) (Figure 3.4B) when compared to cells before this step. The expression
of pluripotency markers remained unaltered after processing (Figure 3.4C): hiPSC expressed
high levels of pluripotency markers TRA-1-60, SSEA-4, and lacked the expression of SSEA-1,
a marker of early differentiated hPSC (Figure 3.4C and 3.4D). hiPSC showed to maintain their
differentiation potential, by differentiating into cardiomyocytes (CM, with beating frequency
after day 8) (Figure 3.4E), expressing high levels of cardiac specific markers, as validated by flow
cytometry (Figure 3.4E) after day 15 of differentiation. Similar ratio of CM obtained per hiPSC
inoculated could be achieved for hiPSC after static expansion (2) and after DSP (3). Moreover,
hiPSC’s pluripotency was further characterized i vitro by their ability to form embryoid bodies
in static culture and spontaneously differentiate into cells constituting all three somatic germ
layers (Figure 3.4F).

Robustness of a process depends on its ability to cope with variations and uncertainties
inherent to process parameters; uncertainty in pump operation and calibration, cell counting
and in materials manufacturing are foreseeable. A robustness analysis of the optimal operating
conditions (Table 3.4 and Figure 3.5) was performed, to determine the process’ success rate (cell
recovery yield > 80% and cell viability > 90%).

Cell viability response was always kept above specification, despite the uncertainty applied
in all CPP (data not shown). Shear rate and cell load significantly affected cell recovery response

(Figure 3.1), thus, the major process uncertainty was considered to be related with variability

on the pump operation (flow rate) (5%), influencing the permeate flux and shear rate (y = i—%,

the main effect on cell recovery yield response, where @ [mL.min"'] is the inlet flow rate that
passes through the fibers with an inner radius ¥ [mm]. The materials’ manufacturing has a
negligible uncertainty; thus, the inner diameter of the fibers was assumed to be constant. As for
the load, a 20% uncertainty related with cell counting, X = X + X', X' € [-0X, +0X] was
estimated, where X corresponds to the average variable (inlet and permeate flow rates and cell
load values). X' is a deviation from the nominal value, assumed at first as normally and then

uniformly distributed.
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Figure 3.4 — hiPSC characterization upon harvesting and after the volume reduction (VR)
step. (A) Permeate flux decay after DSP and after cleaning in place (CIP). Flux decay was estimated regarding the
initial value of permeability. (B) Cell characterization in terms of metabolic activity, cell proliferation, cell apoptosis
and cell viability. Each bar represents the fold-increase/decrease, relative to cells after expansion (before DSP). No
significant differences were observed (P > 0.03). (C) Expression of cell-surface antigens (TRA-1-60, SSEA-1, SSEA-
4) in hiPSC before and after the VR step. (D) hiPSC morphology before and after VR - immunofluorescence
staining of TRA-1-60 (green), Oct-3/4 (green) and cell nuclei (blue). Scale bars: 100 pm. (E-F) Evaluation of hiPSC
pluripotency in vitro by (E) targeted differentiation into cardiomyocytes (CM) - expression of CM markers: cell-
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surface antigens (SIRPa/f3, VCAM) and intracellular marker (cardiac troponin T) — and (F) embryoid body
formation and spontaneous differentiation - immunofluorescence staining of SB-III-tubulin (ectoderm) (scale bar:
100 pm), FoxA2 (endoderm) (scale bar: 50 ym) and smooth muscle actin (mesoderm) (scale bar: 25 pm).

Analyzing the optimal conditions found to operate TFF (Figure 3.5A-3.5D), is possible to
observe that there is a 65%-70% success rate. Then, it was identified which shear rate value
would allow to satisfy both cell recovery yield and viability requirements (Figure 3.5E, 3.5F).
Results show that flow rates higher than 33.5 mL/min (3370 s!) reach the specified
requirements for cell recovery yield (80%) and viability (90%) in 100% of the cases if data 1s
normally distributed (Figure 3.5E), while 31.5 mL/min (3169 s!) already allows to meet the
specifications in 100% of the cases if the data presents a uniform distribution (Figure 3.5F). This
scenario was validated experimentally: hiPSC were successfully concentrated 20-fold, achieving

more than 80% cell recovery yield (88%) at high cell viability (> 90%, 98%).

4. Conclusion

This work represents the first study into the identification and quantification of interacting
effects between TTFI’s critical process parameters (CPP) as shear rate, permeate flux and cell
load, and hiPSC recovery yield, viability and critical quality attributes (CQA).

The design space (boundaries) during TFF unit operation, in which hiPSC maintained
their CQA was defined. A robustness analysis permitted the identification of the operating
conditions that ensured cell recovery yield and viability were always met.

TFF emerged as a robust and “universal” platform for cell therapy manufacturing able to
concentrate different types of stem cells, pluripotent and adult SC, relevant for pre-clinical
research and cell therapy applications. The development of mathematical models by

representing the biological system supports process design and optimization.
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Robustness analysis of the optimal point, depicting the success rate in function of the inlet flow rate (direct influence
on shear rate). Data was considered to be either normal (A, C, E) or uniformly (B, D, F) distributed.
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Supplementary Data

Table S3.1 — Model terms coefficients describing the cell recovery yield and viability responses for the volume reduction step of hiPSC.

Model Term Coeflicient
Constant (K) 1.41x102
Permeate flux (Jp) -2.56x10-!
Load (L) -3.49 x10!
Cell
recovery Shear rate (y) -1.77 x102
yield (%)
Permeate flux X Load (JpXL) 3.32x102
Permeate flux X Shear rate (JpXy) 7.62x10°
Load X Shear rate (LXy) 8.87x1073

Cell Rec (%) = 1.41x10% — 2.56x107J, — 3.49 x10'L — 1.77x10"2y + 3.32x1072/,L + 7.62x1075/,y + 8.87x10 3Ly

Constant (K) 8.08x10!
Permeate flux (Jp) 1.86x10-2
Load (L) 6.85x10°

Cell
Viability Shear rate (y) -8.70x10-3

%

() Permeate flux X Load (JpXL) -3.95x10-2
Pereate flux X Shear rate (JpXy) 3.95x10-°
Load X Shear rate (LXy) 1.69x10-3

Cell Viab (%) = 8.08x10" + 1.86x107%/, + 6.85 x10°L — 8.7x1073y — 3.95x107%/,L + 3.95x107%/,y + 1.69x1073L
14
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Exploring continuous and integrated strategies
for the downstream processing of human
mesenchymal stem cells: cell washing unit

operation and process integration

This chapter was adapted from:
Cunha B, Aguiar T, Silva MM, Silva R]S, Sousa MFQ), Pineda E, Peixoto C, Carrondo
MJT, Serra M, Alves PM (2015). Exploring continuous and integrated strategies for the up- and

downstream processing of human mesenchymal stem cells, Journal of Biotechnology, 13:97-

108.
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Abstract

The integration of up- and down- stream unit operations can result in the elimination of
hold steps, thus decreasing the footprint, and ultimately can create robust closed system
operations. This type of design is desirable for the bioprocess of human mesenchymal stem cells
(hMSC), where high numbers of pure cells, at low volumes, need to be delivered for therapy
applications. This study reports a proof of concept of the integration of a continuous perfusion
culture in bioreactors with a tangential flow filtration (TFF) system for the concentration and
washing of hMISC. Moreover, we have also explored a continuous alternative for concentrating
hMSC.

Results show that expanding cells in a continuous perfusion operation mode yielded
higher expansion ratios, and led to a shift in cell's metabolism. TFF operated either in
continuous or discontinuous allowed to concentrate cells with high cell recovery (> 80%) and
viability (> 95%); furthermore, continuous TFF permitted to operate longer with higher cell
concentrations. Continuous diafiltration led to higher protein clearance (98%) with lower cell
death, when comparing to discontinuous diafiltration. Overall, an integrated process allowed
for a shorter process time, recovering 70% of viable hMSC (> 95%), with no changes in terms
of morphology, immunophenotype, proliferation capacity and multipotent differentiation

potential.

Keywords: mesenchymal stem cells, cell therapy, perfusion, tangential flow filtration,

continuous processing, integration
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1. Introduction

Human adult mesenchymal stem cells (hMSC) have been shown over the past years to be
effective in the treatment of several diseases in a clinical setting, including immune diseases as
well as in wound care, orthopedics, amongst others (Wei et al., 2013). Since therapies require
high doses (from 10° to 107 cells per patient) (Mason and Dunnill, 2009; Murphy et al., 2013),
and given that these cells have a low abundance i vwo, methods that can successfully expand
hMSC are compulsory (Hervy et al., 2014). To achieve such demands, extensive efforts have
been focused on the development of cost-effective, scalable and robust upstream technologies.
The use of microcarrier-based stirred culture systems combined with bioreactor technology
(Chen et al., 2013) can significantly increase cost-effectively the therapeutic cell culture
productivity (Simaria et al., 2014), while assuming a culture homogeneity and controlling
culture parameters. Ultimately, the increase in the cell numbers will also raise the harvest
volumes depending on the therapy type (autologous or allogeneic). Large culture volumes will
need to be concentrated and washed, in order to ensure efficient removal of impurities (e.g.
protein and DINA) (Pattasseril et al., 2013), without compromising the cells’ characteristics in
terms of identity, potency and viability. Due to its ability for scale-up, and employment of
disposables, tangential flow filtration (TFF) appears as an attractive solution for cell therapy
downstream processing (DSP) (Pattasseril et al., 2013; Vicente et al., 2014).

The integration of up- and downstream unit operations can result in the elimination of
hold steps, shortening residence and cycle times, thus decreasing the footprint, and ultimately
creating robust closed system operations for processing biopharmaceuticals (Jungbauer, 2013;
Schaber et al., 2011; Warikoo et al., 2012). This approach remains to be explored for cell
therapy applications, although preliminary studies already reported the potential of continuous
perfusion to expand hMSC (dos Santos et al., 2014).

This work aimed to develop a potentially scalable integrated process for the expansion,
volume reduction and washing of hMSC. Our strategy consisted on the evaluation of different
operation modes (continuous and discontinuous) for cell expansion and DSP, as well as their
impact on cells’ recovery yield and quality attributes in terms of morphology, identity, purity,

potency, and viability throughout processing.

2. Materials and Methods

The followed workflow is presented in Figure 4.1.
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Upstream Downstream

Cell Harvest and Cell
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Technology: Technology: Technology: Technology:
* Microcarrier * Deadend * Tangential flow filtration
* Controlled stirred tank filtration
bioreactors
Operation mode: Operation mode: Operation mode:
* Continuous perfusion and * Continuous and * Continuous and
semi-continuous discontinuous TFF discontinuous DF

Figure 4.1 — Schematic representation of the experimental workflow. In this work, the impact
of different operation modes (continuous and discontinuous) on hMSC’s expansion, DSP, and quality attributes in
terms of morphology, identity, purity, potency, and viability throughout processing was evaluated. With the most
suitable conditions, an integrated process was designed where after hMSC expansion using microcarrier
technology in controlled stirred tank bioreactors, cells were concentrated and washed from the system’s impurities
into a formulation media. At the end of the bioprocess, an expansion factor of 14.6 was obtained, and 70% of
hMSC were recovered, presenting proliferating capacity, multipotent differentiation potential, and with unaffected
morphology and immunophenotype.

2.1 Cell culture

In this work, human bone marrow-derived mesenchymal stem cells (STEMCELL™
Technologies, Grenoble, France), and human foreskin fibroblasts (hFF, ATCC collection, Cat
nr CRL-2429) were used. All reagents used to perform the cell culture were purchased from

ThermolFisher™ Scientific (Massachusetts, USA), unless otherwise stated.

2.1.1 Static Culture

hMSC were cultured in MesenCult®-XF Medium (STEMCELL™ Technologies)
supplemented with 2 mM L-Glutamine and propagated in tissue culture flasks (Thermo
Scientific™ Nunc™), previously coated with MesenCult™-SF Attachment Substrate
(STEMCELL™ Technologies), according to the manufacturer’s instructions. hFF were
expanded using IMDM medium, supplemented with 4 mM GlutaMAX™-I| 10% (v/v) Fetal

Bovine Serum (FBS) and with 1% (v/v) PenStrep, in tissue culture flasks (Thermo Scientific™
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Nunc™). When cell confluency reached approx. 70 — 80%, hFF were subcultured using a split
ratio of 1:6 and 0.25% (v/v) Trypsin-EDTA for cell detachment. Cells were expanded at 37 °C

in a humidified atmosphere of 5% COg in air.

2.1.2 Stirred-tank Bioreactors Culture

hMSC were cultivated in computer-controlled Biostat Qplus stirred tank bioreactors
(Sartorius Stedim Biotech, Gottingen, Germany), equipped with low shear stress marine 3-blade
impellers, under defined conditions (working volume: 400 mL; pH: 7.2; temperature: 37 °C;
pOa2: 20% air saturation; surface aeration rate: 0.1 vvm). Data acquisition and process control
were performed using Multiple Fermenter Control System for Windows Supervisory Control
and Data Acquisition software (Sartorius Stedim, Germany). hMSC were inoculated at 0.25 x
105 cell/mL onto the bioreactors, containing 200 mL of xeno-free, serum-free Mesencult™-XF
culture media (STEMCELL™ Technologies) and Synthemax® II microcarriers (Corning, New
York, USA) at a final concentration of 16 g/L. Cells were expanded under intermittent stirring
(On: 60 rpm for I min; Off: O rpm for 20 min) during the first 6 h. After this period, the
remaining 200 mL of culture media were added and agitation was set to continuous at 40 — 60
rpm. At day 6 of culture, empty microcarriers were added (32 g/L), increasing the microcarrier
concentration up to 48 g/L. To facilitate cell migration from bead to bead, an intermittent
stirring rate profile was set (On: 15 rpm for 5 min; Off: O rpm for 55 min) from day 6 to day 9.
Cells were expanded for 14 days.

Semi-continuous cultures: conducted by replacing 50% of the culture media every 2.5

days, from day 5 to day 14 of culture. This was performed by stopping the agitation,
withdrawing culture medium and refeeding fresh medium immediately after microcarrier
sedimentation.

Continuous perfusion cultures: performed using a cell retention prototype ATF™

(Repligen Corporation, Massachusetts, USA) or with dip-tube adapted to the bioreactor cap.
The ATF™ System 1s based upon the technology of Alternating Tangential Flow, created by
the action of a diaphragm moving upwards and then downwards within a pump head,
connected to a filter housing and attached to a standard bioreactor
(http://www.refinetech.com/). Perfusion cultures were controlled using an automated
gravimetric control system, as earlier described by our group (Serra et al., 2011; Tostdes et al.,

2011), at a dilution rate of 0.2 day! from day 5 to day 14 of culture.
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2.2 Downstream processing

2.2.1 Cell concentration (volume reduction)

The clarified cell suspension was concentrated using tangential flow filtration (TFF). TFF
was operated in two different modes — continuous or discontinuous — as represented in Figure
3.4A. To compare both modes, the retentate pump in the continuous operation was set to
deliver the same volumetric concentration factor at the same time, as in the discontinuous
operation. Mass balances for both continuous and discontinuous TFF were determined using
MATLAB software (MathWorks, Massachusetts, USA).

The cell concentration on the retentate (Cg) and on the permeate (Cp) are related to the

membrane’s rejection coeflicient (R) (Cheryan, 1998):

-1 _ %
R=1-2 (1

Moreover, the sieving coeflicient (Sy) of a membrane is correlated with its rejection
coeflicient (Cheng et al., 1998):
So=1—-R (2
The concentration of a solute at any stage of membrane processing is a function of both
volume reduction and the value of (R), as described by (3) (Cheryan, 1998):
Cr = Co x (VCRYR (3)
where the volume concentration ratio (VCR) is given by (4):

VCR = Initial Feed Volume (Vy) <4>

Retentate Volume (VR)

In TFF, the volumetric permeate flux through the membrane, J,, (expressed in L.m-2.h-!

or LMH), is described by (5):

where Qp is the permeate’s flow rate, expressed in L./h and 4 is the membrane’s surface
area, expressed in m?.
Particularly in discontinuous operations (Figure 3.3A), the volume variation dependence

on time can be expressed in terms of the permeate flux (6):

av

a —AJp (6)

Since the process was controlled with a permeate pump and no flux decrease was
observed, Jp was assumed to be constant throughout the TFF process.

Moreover, a full rejection of cells (cell number is constant throughout the process) was
assumed, 1.e., R = 1, and that there was no interaction between cells and the membrane. Hence,

the concentration process was only dependent on the volume reduction (VR) and on the initial
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cell concentration (3). Therefore, cells’ concentration throughout time is given by (7) (Cheryan,
1998):

a(gV) _

” 0(7)

After integrating, cell’s concentration can be expressed by (8):

Cpo X Vo ( )
Vo—AXJpXt

Cp =
where V' (expressed in L) is the volume inside the feed tank and Cp is the bulk cell
concentration. Equation (7) was integrated with the initial conditions of V (t = 0) = V, and
Cp (t =0) =Cpp. Also, the initial cell concentration inside the TFF system (Cgo) in
discontinuous TFF (Figure 4.4B) was considered to be 1, since the system was first filled with
the cell suspension before starting the concentration process.
In the case of continuous TFF process, the premises of the discontinuous process were
maintained (R = 1 and no interaction between the cells and the membrane).
An additional diagram (Figure 4.2A and 4.2B) is proposed to describe the implemented

piping and instrumentation diagram, since the piping volume of the system needs to be taken

into account, evidencing its mixture, using an intermediate stirred tank.
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Figure 4.2 — Schematic representation of the continuous TFF concentration process. Briefly,
the cell suspension is pumped from the feed vessel into the feed port of the hollow fiber device (HF), across the
membrane surface and out from the retentate port. From this point, part of the cell suspension is recirculated back
into the feed vessel, and part is removed from the system to the retentate’s tank. C;, Cp, Cp and Cp (expressed in
cell/mL) represent the cell concentration on the feed, permeate, and recirculation loop before and after the mixing
node, respectively. Likewise, Q; , @p , Qp and Qp (expressed in L/h) represent the flow rates on the feed, permeate,
and recirculation loop before and after the mixing node recirculation loop respectively, which are pump controlled
and maintained constant. Piping and instrumentation diagrams of the (A) analogy with an intermediate stirred
tank representing the mixing node with the feed, and (B) the performed continuous concentration process, are
represented.

Thus, the cell concentration inside the tank can be described by (9):
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d (CrV)
dt

=Cp Qg+ C; Qi —Cr Qr (9)

where V is the volume inside the tank and C; , Cg and C (expressed in cell/mL) represent
the cell concentration on the feed and recirculation loop before and after the tank, respectively.
Likewise, Q; , Qg and Qp (expressed in L./h) represent the flow rates of the feed and recirculation
loop before and after the tank, respectively, which are pump controlled and maintained

constant.

Since the volume inside the tank is constant, Equation (9) can be rewritten (10):

d(C I}
v = Cp Qp+ € Qi — Cr Qr (10)

Also, the addition and removal at the hollow fiber device is mass balance controlled, i.e.:
Qp = Qr — Qi (11)
Qr = Qp + Qp(12)
Qs = Qp + Qg (13)
where Qp , Qr and Qp are the flow rates (L/h) of the permeate, retentate and after the
device, respectively.
The volume that is continuously accumulated at the retentate tank (V) can be described
by (14):

e gu (1

Finally, the number of recovered cells (Figure 3.3B) throughout time can be expressed

through the retentate’s cell concentration and its flow rate (15):

d (CR VR)
% =QrCp (15)

Equations (10) and (15) are firstly integrated using initial conditions of Vg (t = 0) =
Vroand Cy (t = 0) = Cg( . Unlike discontinuous TFF, the initial cell concentration inside the
TFF system 1s 0, since the system was first filled with DPBS before starting the concentration

process, and the retentate’s tank was initially empty (Vp = 0).

. . . c . . .
In Figure 3.2B is represented the ratio of C—R throughout time, as determined by equations
i

(8) and (15) for the discontinuous and continuous concentration, respectively.

Hollow fiber (HF) devices with 50 cm? kindly provided by Asahi Kasei (Tokyo, Japan),
were used to conduct the comparison experiments of continuous and discontinuous TFF. A HF
device with 24 cm? from GE Healthcare Life Sciences (New Jersey, USA) was used on the

integrated process, based on results from Chapter II.
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Either Watson Marlow Model 120 S/DV 200 rpm pump (Watson-Marlow Pumps
Group, Massachusetts, USA) or Tandem Model 1081 peristaltic pumps from Sartoflow® Slice
200 benchtop crossflow system (Sartorius Stedim Biotech) were used. Pressure was monitored
using SciPres luer pressure sensors (SciLog, Wisconsin, USA) on the inlet, outlet and permeate
stream. Weight and pressure data were monitored and acquired every 15 sec using the
Sartoflow® Slice 200 benchtop crossflow system. In all experiments, HF were operated at
constant inlet flux, and by controlling the permeate flux with a peristaltic pump (Watson
Marlow Model 120 S/DV 200 rpm).

A water flux test was performed before and after each experiment to determine the
membrane’s permeability. To ensure sterility, all HF devices were sanitized with 0.5 M NaOH
(Sigma-Aldrich, Steinheim, Germany) at 50 °C for 45 min. The membranes were
preconditioned with five membrane volumes of sterile Dulbecco's Phosphate-Buffered Saline

(DPBS) before the concentration step.

2.2.1.1 Continuous concentration

To start the continuous TFF (Figure 3.3A), the air from the device was initially removed
by filling the recirculation loop with DPBS using a peristaltic pump (Watson Marlow Model
120 S/DV 200 rpm) on the feed side, set up to a flow rate of 200 mL/min, and with the
recirculation pump (Tandem Model 1081) set to a flow rate of 30 mL/min. The cell suspension
was then pumped into the TFF loop - the feed’s peristaltic pump was placed on the retentate
stream and set to 30 LMH, whereas the recirculation and permeate pumps were set to 2880
LMH (to ensure a shear rate of 3000 s*!) and to 250 LMH, respectively. Concentrated cells were
continuously recovered on the retentate’s tank. After all the cell suspension had passed through
the feed port, the permeate, recirculation and retentate pumps were stopped, and the cell

suspension was completely drained from the TFF loop.

2.2.1.2 Discontinuous concentration

In discontinuous TFF (Figure 3.3A), the recirculation loop was initially filled with cell
suspension. The recirculation pump (Tandem Model 1081) was set to 2880 LMH, and the
permeate pump set to 250 LMH.

2.2.2 Cell washing (diafiltration)
The diafiltration (DF) step was performed using the same HF device previously used to
conduct the concentration process. DPBS and formulation solution (FM) with 2.5% human
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serum albumin (HSA; Baxter Healthcare, Berkshire, United Kingdom) were used to validate
the DF process. To initiate the DF step, the circulation loop was filled with concentrated cell
suspension using a Tandem Model 1081 peristaltic pump set to 750 LMH, clearing all the air
from the loop and cartridge. The permeate pump was set to 250 LMH.

In discontinuous DF, the retentate was diluted (1:1) with DF media, and the permeable
solutes were cleared on the permeate stream until the initial retentate’s volume was reached;
this process was repeated until necessary. Whereas in continuous DF, the DF media was

continuously added to the feed tank at the same rate as the permeate flux.

2.3 Integration of hMSC cell expansion, concentration and diafiltration
processes
A representation of the integrated process is shown in Fig 4.6A.
hMSC were expanded using microcarriers and stirred-tank bioreactors operating in
continuous perfusion (section 2.1.2). After 14 days, cells were detached from the microcarriers
and harvested as previously described in Chapter II. The microcarriers were then removed
from the cell bulk suspension using sterile OptiCap® XL 1 Capsules (Merck Millipore,
Massachusetts, USA) with 75 pm pore size, using Tandem Model 1082 peristaltic pump from
Sartoflow® Slice 200 benchtop crossflow system (Sartorius Stedim Biotech) operated at a flow
rate of 300 mL.min-! (Chapter II). Clarified cells were transferred to an intermediate vessel, and
discontinuous TFF (section 2.2.1.2) allowed to concentrate cells up to a concentration factor of
10. At the end, a continuous DF process (using 5 DVs) was accomplished using a formulation

solution (section 2.2.2).

2.4 Cell viability and characterization assays

All reagents used to perform cell characterization assays were purchased from Sigma

Aldrich, unless stated otherwise.

2.4.1 Cell number and viability

Cell viability and cell membrane integrity were assessed using three different methods:

2.4.1.1 Trypan Blue exclusion method
Cell concentration was estimated through counting cells using a Fuchs—Rosenthal
haemocytometer (Brand, Wertheim, Germany). Viable cells were determined by using the

trypan blue dye exclusion method. The cell recovery yield is always referred as a percentage,
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and was estimated taking into account the number of viable cells before (100%) and after

processing.

2.4.1.2 Fluorescein diacetate-propidium iodide staining

The qualitative assessment of the cell plasma membrane integrity was also performed
using the enzyme substrate fluorescein diacetate (FDA), and the DNA-dye propidium iodide
(PI), as described in the literature (Fotakis and Timbrell, 2006; Jones and Senft, 1985). Briefly,
cell suspensions were incubated with 20 pg/mL FDA and 10 pg/mL PI in DPBS for 5 min and
observed using fluorescence microscopy (DMI 600 B, Leica Microsystems GmbH).

Representative images were taken using a Leica DFC 360 FX digital camera.

2.4.1.3 Lactate Dehydrogenase (LDH) Assay

The release of intracellular lactate dehydrogenase enzyme (LDH) into the supernatant
can be correlated with the extent of cell lysis (Fotakis and Timbrell, 2006). Hence, LDH activity
from the supernatant of centrifuged samples was determined by monitoring the rate of oxidation
of NADH to NAD*, coupled with the reduction of pyruvate to lactate at 340 nm, as previously

described in the literature (Vassault, 1983).

2.4.2 Apoptosis and metabolic activity assay

The percentage of apoptotic and metabolic active cells was evaluated using Apoptosis
Assay Kit NucView™ 488 and MitoView™ 633 (Biotium, Inc., California, USA), following the
manufacturer’s instructions. This kit contains the green fluorescent NucView 488 caspase-3
substrate (detects intracellular caspase-3) and the far-red fluorescent MitoView 633
mitochondrial dye (detects changes in mitochondrial membrane potential). After incubation
with both reagents, cells were analyzed by flow cytometry (CyFlow® space, Partec GmbH,

Miinster, Germany). At least ten thousand events were registered per sample.

2.4.3 hMSC’s adhesion, growth profile and telomerase activity

hMSC were inoculated in static culture conditions, in 24-well-plates, previously coated
with MesenCult™-SF Attachment Substrate. A cell inoculum of 5 x 103 cell/cm? was used and
cells were cultured as described in section 2.1.1 (Cell Culture, Static Culture). For evaluation of
the cell adhesion capacity, the number of adherent cells was monitored 60 minutes after

inoculation, as previously performed in Chapter II.
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Cells” growth profile was monitored for 13 days. Cell concentration and viability were
determined as previously described in section 2.3.1.1 (Section Cell number and viability,

Trypan Blue exclusion method).

2.4.4 Metabolite analysis

Glucose (GLC) and lactate (LAC) concentrations in the culture were analyzed using YSI
7100MBS (YSI Incorporated, Ohio, USA). Ammonia was quantified enzymatically, using a
commercially available UV test (Roche, Basel, Switzerland). The specific metabolic rates (qMet,
expressed in pmol.h-1.106 cell'!), as well as the apparent yields of lactate from glucose (Yrac/cLc),
oxygen from glucose (Yos/cLc) and ammonia from glutamine (Ynus/GLN) were determined as

described 1n the literature (Serra et al., 2010; Tostoes et al., 2011).

2.4.5 Flow cytometry

hMSC were washed once with DPBS and a total of 2 x 10° cells were incubated with each
of the antibodies (CD166-PE, CD105-PE, CD90-PE, CD73-PE, CD44-PE, CD45-PE, CD34-
PE, CD19-PE, CD14-PE, CD11b-PE, HLA-DR-PE and isotype controls IgG1,x-PE, IgGoa,x-
PE and IgGan,x-PE, all from BD Biosciences) for 1 h at 4 °C. Cells were washed twice in DPBS,
and analyzed either in a CyFlow® space or in a CGyAn™ ADP Analyzer (Beckman Coulter,

California, USA) instruments. At least ten thousand events were registered per sample.

2.4.6 Morphology

hMSC were inoculated in static culture conditions, in 24-well-plates previously coated
with MesenCult™-SF Attachment Substrate, as described in section 2.1.1 (Cell Culture, Static
Culture). After 2 days, cells’ morphology was analyzed as previously performed in Chapter II.
Cells were incubated with each one of the primary antibodies for 2 h at room temperature.
After two washing steps with DPBS, cells were incubated with the secondary antibodies for 1 h
at room temperature. hMSC were then washed two times with DPBS and cell nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI, Life Technologies). Cells were
visualized using inverted (Leica Microsystems GmbH) fluorescence microscopy. Representative
images were taken using a digital camera (Leica DFC 360 FX).

The primary antibodies used were Alexa Fluor® 488 Phalloidin (Life Technologies), Anti-
Vimentin, and Anti-a-Tubulin. Anti-Vimentin and Anti-a-Tubulin were conjugated with
secondary antibody Alexa Fluor® 594 Goat Ant-Mouse IgG (H+L) Antibody (Life
Technologies).
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2.4.7 In vitro multipotency assays
hMSC potency was evaluated through their capacity in differentiating into three different
lineages (adipogenic, osteogenic and chondrogenic), following the manufacturer’s guidelines

and as described in Chapter II.

2.4.8 Quantitative real-time-polymerase chain reaction analysis

For real-time polymerase chain reaction (RT-PCR), a two-step PCR run was performed
in a LightCycler480 (Roche) using a SYBR Green PCR master mix (Roche), as described
elsewhere (dos Santos et al., 2011). Cell’s RNA was extracted using High Pure RNA Isolation
kit (Roche) and cDNA synthesis was performed using Transcriptor High Fidelity cDNA
Synthesis Kit (Roche), following the manufacturer’s instructions.

This two-step process consisted on an initial denaturation step at 95 °C, followed by 45
rounds of amplification between 10 s at 95 °C, 10 s at the respective annealing temperature and
10 s at 72 °C. The following primers were used: ALPL (mid osteocyte cell marker, 166 bp) (Fw)
5’-CCA CGT CTT CAC ATT TGG TG-3’, (Re) 5-AGA CTG CGC CTG GTA GTT GT-
3’; FABP4 (early adipocyte cell marker, 215bp) (Fw) 5-TAC TGG GCC AGG AAT TTG AC-
3%, (Re) ’-GTG GAA GTG ACG CCT TTC AT-3’ and SPP-1 (early chondrocyte cell marker,
229 bp) (Fw) 5-TGA AAC GAG TCA GCT GGATG-3’, (Re) 5-TGAAAT TCATGG CTG
TGG AA-3.

All data was analyzed using the 2-4A¢t method for relative gene expression analysis (Livak
and Schmittgen, 2001). The changes in gene expression were normalized towards the metabolic
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as internal control.
Data is represented as the relative expression of the gene regarding day 0 of differentiation.
Control assays containing no templates were also performed. Three replicates per sample were

considered.

2.4.9 Protein and DNA quantification

Process samples were centrifuged at 300xg for 5 minutes at room temperature, and the
supernatant was kept at 4 °C for further analysis.

Total protein concentration from the process samples was determined using either
bicinchoninic acid protein assay (Pierce Biotechnology, Rockford IL, USA), according to the

manufacturer’s instructions, or using direct detect (Merck Millipore) infrared (IR)-based assay.
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Protein samples were analyzed (using standard running conditions) by SDS-PAGE
electrophoresis (XCell SureLock mini-cell system; Life Technologies), by loading the same
protein amount into NuPAGE™ Novex™ 4—12% (w/v) bis-tris precast polyacrylamide gels
(Life Technologies). Proteins were visualized by Instant Blue staining (Expedeon, Harston, UK).
Protein clearance (expressed in terms of percentage) was considered as the total amount of
protein from the expansion media that is removed from the cell suspension after each DF step.

Total double strand DNA content on the process samples was determined in 96-well
plates using PicoGreen™ dsDINA Assay kit (Life Technologies), according to the manufacturer’s

instructions.

2.5 Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 5 (GraphPad
Software Inc., California, USA). All values are represented as mean * standard deviation (n =
2 replicates were considered) of independent measurements or assays. The statistical
significance was evaluated using either Student’s T test or one-way ANOVA analysis (repeated
measures ANOVA, Tukey analysis). p values of less than 0.05 were considered as statistically

significant.

3. Results

3.1 hMSC expansion in continuous perfusion and semi-continuous cultures

hMSC were cultured on microcarriers in controlled stirred-tank bioreactors under xeno-
free conditions (Stirred-tank Bioreactors Culture, section 2.1.2). The impact of culture
operation mode on cell growth, volumetric productivities and metabolism was assessed. Two
different culture operation modes were evaluated from day 4 onwards: 1) 50% medium renewal
every 2.5 days (designated as semi-continuous culture) and 1i) continuous perfusion cultures at
a dilution rate of 0.2 day!, which was selected to simulate the media renewal established in
semi-continuous culture strategy.

Our results showed that hMSC achieved higher cell concentrations (3.7 x 103 cell/mL),
expansion ratios (14.6) and maximum growth rate (0.016 h'!) in continuous perfusion culture
when compared to the semi-continuous strategy (2.9 x 10° cell/mL, 11.5 and 0.011 h-l
respectively) (Figure 4.3A). In both culture strategies, hMSC were able to migrate to empty
microcarriers and further proliferate using the bead-to-bead transfer strategy (Hervy et al.,

2014). However, the percentage of colonized microcarriers was higher from day 7 onwards in
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continuous perfusion cultures (Figure 4.3B). The culture operation mode showed not to impact
cells’ morphology, since hMSC attached to the microcarriers displayed organized intracellular
f-actin during culture (Figure 4.3C).

Measurements of glucose and glutamine confirmed that there was no depletion of these
nutrients during culture time (Supplementary data 4.1). Moreover, the accumulation of lactate
and ammonia was always below the growth-inhibitory concentrations (<6 mM and <1 mM,
respectively) (Schop et al., 2010) (Supplementary data 4.1). From day 4 onwards, lower specific
rates of glucose consumption and lactate production were obtained in the continuous perfusion
than in semi-continuous culture, although comparable specific rates of oxygen consumption

could be observed in both strategies (Table 4.1).

Table 4.1 — Specific rates of glucose and oxygen consumption and lactate production of hMSC cultured
on microcarriers using stirred-tank bioreactors operated in continuous perfusion and semi-continuous culture
modes.

Culture gy (Rmol/10°cell.h) 4y, (Rmol/10°cell.h) 4o, (nmol/10°cell.h)
time
(day) Cont. Cont. Cont.
Perfusion SC Perfusion SC Perfusion SC
0-4 0.180 (% 0.053) 0.433 (+ 0.204) 0.321 (% 0.079)
4.6 0.055 = 0.131 £ 0.085 = 0.297 £ 0.081 £ 0.163 £
0.006 0.009 0.088 0.021 0.015 0.067
6-10 0.060 = 0.128 £ 0.025 £ 0.256 £ 0.072 £ 0.053 =
0.001 0.009 0.004 0.037 0.005 0.037
10— 14 0.054 £ 0.135 % 0.020 £ 0.225 £ 0.056 £ 0.036 =
0.013 0.010 0.012 0.047 0.003 0.03

Furthermore, lower Yiac/cre (0.40 £ 0.02 s 1.74 + 0.17, Figure 4.3D) and higher
Yooscre (1.11 £ 0.12 05 0.34 £ 0.11, Figure 4.3E) were obtained in continuous perfusion than
in semi-continuous culture, suggesting that the continuous perfusion strategy induced a shift on
hMSC metabolism towards energy production, whereas semi-continuous favored a more
glycolytic metabolic phenotype. Similar profiles of specific rates of glutamine consumption and
ammonia production, as well as Ynus/GLN were observed in both culture strategies (data not

shown).
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Figure 4.3 — Continuous perfusion and semi-continuous hMSC expansion in controlled
stirred tank bioreactors. Growth curves expressing the increasing cell number per volume of medium (A) and
percentage of colonized microcarriers (B) throughout the culture time. (C) hMSC adherent to microcarriers
morphology during cell expansion - immunofluorescence staining of f-actin (green), and cell nuclei (blue). Scale
bars: 100 pm. Metabolic characterization of the cultures - (D) Lactate - glucose and (E) oxygen - glucose ratios. (F)
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ATTF™ prototype. (G) Volumetric productivities, expressed in million cells per culture volume per day, of both the
continuous perfusion (ATF™ and with dip-tube) and semi-continuous cultures.
Values are represented as the average and error bars of 3 measurements.

A prototype ATF™ system was evaluated as an alternative device for continuous
perfusion operation mode (Figure 4.3F). In both perfusion cultures, hMSC displayed similar cell
growth rates (0.016 day!), metabolic profiles (data not shown), and volumetric productivities
(Figure 4.3G). Furthermore, hMSC showed high viability (> 95%) throughout culture time, as
confirmed by trypan blue exclusion method and measurement of LDH release into culture

supernatant (data not shown).

3.2 Concentration and diafiltration processes using tangential flow filtration

Due to their resemblance with hMSC (Alt et al., 2011), hFF were used as a proof of
concept to evaluate the impact of different operation modes of TFF — continuous and
discontinuous — on cell recovery yields and viability during concentration and diafiltration
processes. The most suitable operation modes and conditions were then selected for the

implementation of an integrated process for hMSC.

3.1.1 Continuous and discontinuous cell concentration

Continuous and discontinuous TFF operations were applied to concentrate cells,
according to the schematic diagrams presented in Figure 4.4A.

Both processes (Figure 4.4A) were performed using shear rate and permeate flow
conditions in agreement with the operating conditions and methodology previously reported in
Chapter II. Cell concentration was performed up to a volume reduction factor of 6 in both TFF
processes (Figure 4B). Results showed that cell recovery yield was not affected by the operation
mode; continuous and discontinuous modes allowed to recover more than 80% of viable cells
(cell viability = 95%) after 9 minutes of operation. The observed cell loss (less than 20%) might
be attributed to cell death throughout processing, since an increase in the percentage of
apoptotic cells, as well as in DNA and LDH release were observed after both TFF processes
(Figure 4.4C). Although the final cell recovery yield was similar on both process modes, the
concentration profile was distinct. In continuous TFF, higher concentration factors were
achieved sooner than in the discontinuous operation (Figure 4.4B), in agreement with the
literature (Ho and Sirkar, 1992). Additionally, the use of a peristaltic pump controlling the feed
instead of the permeate flux lead to a decrease of 20% in viable cell recovery yields (data not

shown).
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independent experiments. No significant differences were observed (P > 0.05).

3.2.2 Continuous and discontinuous cell washing (diafiltration)

Continuous and discontinuous DF were studied and compared to perform cell washing

from protein impurities.
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The impact of the medium composition on the DF process was evaluated using two
different culture media; to compare both operation modes, DMEM supplemented with 10%
(v/v) FBS (Nienow et al., 2014) was initially used. Thereafter, with the most suitable conditions,
the process was validated with the xeno-free, serum-free Mesencult-XF™ (Swamynathan et al.,
2014). Firstly, DPBS was used to characterize the impurities’ removal profile. Having
determined the most suitable diafiltration volumes (DVs), in a second stage, DF was performed
using a formulation solution (with HSA).

In both DF operation modes, results showed that protein clearance increases throughout
processing with the increasing number of DVs (Figure 4.5A). Particularly, in continuous DF,
the highest protein clearance was obtained from 5 DVs (97.9% vs. 93.3%) onwards. Such could
also be corroborated by SDS-PAGE, showing a decrease in the total concentration of proteins
present, as well as the major impurity (bovine albumin), with increasing number of DVs (Figure
4.5B). Also, results show that throughout the DF process there is a decrease in the cell recovery
yield for both processes (Figure 4.5C). However, discontinuous DF has led to higher cell death
(assessed by LDH release concentration) after 5 DVs, which also translates in higher DNA
concentration on the final cell suspension (Figure 4.5D), than in continuous DF in which cell
recovery yields were higher (Figure 4.5C). At this point, five DVs were selected to perform
further DF studies, due to the best trade-off between protein clearance (97.9%) and number of
recovered cells (80%).

The DF operation was also validated with serum-free culture medium (Figure 4.5A).
Although the serum-free culture medium had an initial total protein concentration higher than
the serum-based medium (10 s 4 mg/mL), the DF operation showed to be able to clear up to
the same protein levels (0.03 vs 0.08 mg/mL, corresponding to 99.7 and 97.9%) after 5 DVs.
Further increasing the number of DVs up to ten leads to a protein clearance up to 0.01 mg/mL
(99.9%) (data not shown), while the major medium component (HSA) being mainly washed out
from DV 7 onwards (corroborated by SDS-PAGE, data not shown). Nonetheless, such increase
in DVs leads to a cell recovery yield of 60% and also to an increase in cell death (data not
shown).

Given the previous results, a continuous operation with 5 DVs (Figure 4.5C) was applied
to exchange the cell’s media into a formulation media, recovering over than 80% of cells, with

cell viabilities higher than 95%; no flux decay was ever observed throughout the process.
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Figure 4.5 — Continuous and discontinuous cell washing. (A) Protein clearance (in percentage)
with the increasing number of diafiltration volumes (DVs) on both types of processing with DPBS and using
DMEM supplemented with 10% FBS (DMEM/DPBS) and Mesencult™-XF (MXF/DPBS). (B) SDS-PAGE
analysis of protein samples from 1 up to 5 DVs for discontinuous and continuous DF (DMEM + 10% FBS with
DPBS). Five micrograms (total protein) were loaded in each lane of the gel. (C) Impact of the number DVs of on
the cell recovery yield (using DMEM + 10% FBS) during discontinuous and continuous DF using DPBS and
formulation media with 2.5% HSA. (D) LDH and DNA release after 5 DVs in continuous and discontinuous DF
using DPBS. Error bars denote SD of 3 independent experiments. No significant differences were observed (P >
0.05).

3.3 Integration of hMSC cell expansion, concentration and diafiltration
processes
Combining the results from the previous result sections, we have designed an integrated
process of expansion, concentration and washing for hMSC (Figure 4.1, 4.6A). A workflow of

the integrated process after cell expansion is also presented in Figure 4.6B.
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After hMSC expansion using microcarriers and stirred-tank bioreactors operating in
continuous perfusion, cells were clarified from the microcarriers using the operating conditions
present in Chapter II. Cells were then concentrated (up to a concentration factor of 10) and
washed (5 DVs) into a formulation media, using the same hollow fiber device and process
parameters of shear rate (3000 s'') and pump controlled permeate flux (250 L.m2.h'), as
described in Chapter II. To integrate both processes in the same HF device, a discontinuous
concentration was selected, followed by a continuous diafiltration process (Figure 4.6A and
4.6B). The integrated process allowed for a faster processing after cell expansion (1.5 hours,
rather than typical 2 — 3 hours of separated processes), having been able to recover over than
70% (10% more than having separated processes) of highly viable hMSC (> 95%) (Figure 4.6C).
The integrated process showed not to impact cell morphology, since after plating hMSC (after
up- and downstream processing) could successfully re-acquire their typical spindle-like
morphology, presenting organized intracellular f-actin, expressing a-tubulin and the
mesenchymal marker vimentin (Figure 4.7A). The expression of the main characteristic
hMSC’s surface receptors, as described in the literature (Dominici et al., 2006), remained
unaltered after processing (Figure 4.7B, Supplementary data 2).

More specifically, hMSC lacked the expression of CD45, CD34, CD14, CD11b and
CD19, while displaying high levels of CD44, CD73, CD105 and CD166 mesenchymal stem
markers. To be noted that hMSC before and after DSP presented HLA-DR expression higher
than 5% (9% and 6%, respectively); previous studies in the literature (Sotiropoulou et al., 2006)
have reported that several culture parameters can affect the expression of HLA. Since hMSC
after expansion and DSP presented similar HLA-DR expression, the contribution to the
presence of HLA-DR™* cells should be due to the culture parameters used to expand hMSC.

After DSP, hMSC maintained their ability in adhering to plastic surfaces (no significant
differences observed towards hMSC before TFF, Figure 4.7C), having more than 88% of
adherent cells after I h. hMSC also remained metabolically active (no significant differences
observed towards hMSC before TFF, Figure 4.7C), having reached a population doubling level
(PDL) of approximately 3 after plating (Figure 4.7D).

Furthermore, hMSC after processing have maintained their multipotent differentiation
capacity, as observed by the staining of adipocytes, osteocytes and chondroblasts (Figure 4.7E)
and by RT-PCR analyses (Figure 4.8A to 4.8C). No spontaneous differentiation was ever

observed (data not shown).
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Figure 4.7 —- hMSC characterization after the integrated bioprocess. (A) hMSC morphology
after up- and downstream processing - immunofluorescence staining of f-actin (green), a-tubulin (red), vimentin
(red), and cell nuclei (blue). Scale bars: 100 pm. (B) Expression of specific cell-surface antigens (CD166, CD103,
CD73, CD 90, CD44, CD45, CD34, CD19, CD14, CD11b, HLA-DR) typical for hMSC, after up- and
downstream processing. (C) Cell characterization (apoptosis, metabolic activity and cell adhesion). Each bar
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represents the fold-increase/decrease, relative to cells after USP (black). No statistically significant differences (P >
0.05, marked as **) were found. (D) Growth curves expressing the population doubling level throughout the culture
time of re-plated hMSC after up- and downstream processing. Values represent the average of 3 measurements.
(E) Multipotent differentiation potential of hMSC. Red-oil solution stained lipid droplets (adipocytes, left panel),
alizarin red stained calcium deposits (osteoblasts, central panel), and alcian blue stained extracellular matrix
proteins (chondrocytes, right panel). Scale bars: 100 pm.

Quantitative RT-PCR analyses showed an up-regulation of three differentiation genes for
the three differentiation lineages — adipogenesis (FABP4, Figure 4.8A), osteogenesis (ALPL,
Figure 4.8B) and chondrogenesis (SPP-1, Figure 4.8C) — when comparing with cells before the
differentiation processes. hMSC’s telomerase activity was also assessed (data not shown). Since
no statistically significant differences were found in hMSC after expansion and after DSP (P >
0.05), it 13 possible to assume that the DSP processes do not contribute to the hMSC’s

senescence.
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Figure 4.8 — hMSC characterization after the integrated bioprocess. Quantitative RT-PCR
analyses of the differentiation processes. Expression of (A) FABP4 (adipogenesis), (B) ALPL (osteogenesis), and (C)
SPP-1 (chondrogenesis) genes were analyzed, before and after the differentiation processes. Data is represented as
the relative expression of the gene towards the day O of differentiation. Statistically significant differences (P < 0.03)
towards cells before differentiation are marked as *.
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4. Discussion

The biopharmaceutical industry is upgrading into integrated, continuous and single-use
bioprocessing strategies. The aim of this work was to explore and develop an integrated
bioprocess for the expansion, concentration and washing of hMSC; continuous and
discontinuous operation modes for each one of the steps were compared, and with the most
suitable conditions an integrated process was designed. Particular focus was given on the effect
that continuous and discontinuous operation modes have on hMSC’s characteristics. Results
show that continuous processes (continuous perfusion, concentration and diafiltration) had
higher productivities, z.e., number of expanded/recovered cells per unit of time, when compared
with discontinuous operations.

hMSC expansion in bioreactors operating in perfusion mode has been preliminarily
described (F. dos Santos et al., 2014); however, deep characterization of the effect of different
operation modes on cells” growth, metabolism and characteristics was absent. In our study, we
have observed that expanding hMSC in a continuous perfusion operation mode provided a
higher expansion ratio, and led to changes in the cells’ metabolism, particularly after day 4 of
culture; Yrac/cre ratios decreased and Yos/GLe ratios remained high, when compared to the
semi-continuous culture. The continuous perfusion system appears to be leading to a metabolic
shift from a mostly glycolytic metabolism towards a metabolism based on the TCA cycle, which
1s a more energy-efficient pathway, thus contributing to improved cell growth. The maximum
cell concentration achieved in our study (4 x 10° cell/mL) was lower than the one reported by
Santos et al. (5 x 10 cell/mL) (F. dos Santos et al., 2014). The difference in cell growth profile
may reflect the distinct cell origins (hMSC were isolated from the bone marrow of different
donors), and the different culture conditions used in both studies, such as the microcarriers’ type
and the culture medium formulation. In this work, we also showed the feasibility of using a
prototype ATF™ system as an alternative device for continuous perfusion of hMSC cultured in
microcarrier-based stirred systems. Both perfusion systems assured an efficient and automated
operation management, overcoming the major drawbacks of the semi-continuous strategy,
which requires repeated manipulation. To be noted that adult stem cells have a limited life span,
and their characteristics change along the population doublings. Therefore, for cell therapy
products, the advantages of a continuous, integrated process should be evaluated against current
strategies where cell expansion is improved through medium renewal.

In optimal continuous operations, the required time to reach steady state is usually

negligible when compared to overall process time, leading to higher productivities than in
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discontinuous operations (Jungbauer, 2013). Moreover, the residence time of particles within
the system is longer in discontinuous processing (Cheryan, 1998). We have observed that
continuous and discontinuous TFT operations can be successfully applied to concentrate cells,
recovering in both more than 80% of highly viable cells (> 95%). The operation mode provides
however different advantages; higher cell concentrations were achieved sooner when operating
TFF in a continuous mode, as validated experimentally, leading to a higher productivity
(number of concentrated cells per unit of membrane area and time). Therefore, if we tailor the
system to achieve a determined cell concentration, cells at the intended concentration will be
available sooner than when operating in discontinuous mode. Conversely, discontinuous TFF
allows to couple a diafiltration step within the same HF device, decreasing not only the
equipment’s footprint necessary for processing, but also hold up volumes and overall process
time. Since both operation modes achieve similar recovery yields, cell concentration factors and
viabilities, the choice should depend on the occupational workflow advantages each of them
pose. Although conceptually the membrane fully rejects the cells based on its pore size, previous
results (Chapter II) showed that the membrane’s polysulfone material is prone to interact with
the cellular suspension (Koehler et al., 1997); such could explain the observed differences
between the experimental data and the predictive mass balance on the continuous TFF
concentration process.

Effective removal of host cell contaminants is required by regulatory agencies to ensure
product safety (European Medicines Agency, 2008), since trace amounts of host-cell DNA and
proteins if injected into patients may potentially cause allergic reactions or even cause
transfection of cells, resulting in tumour formation (Wolter and Richter, 2005). Within this
context, we have performed cell washing by diafiltration after the concentration process, so that
the volume of cell suspension washed minimizes the process time, as well as the volume of wash
buffer used. As previously reported (Watler and Rozembersky, 2011), continuous diafiltration
showed to be more efficient and gentle than discontinuous DF (Schwartz, 2003), where lower
cell recoveries and increased cell death were observed in discontinuous DF. One possible
explanation 1s that the process of concentrating and diluting a solution can affect molecular
interactions, causing possible product loss, which may damage cells. Furthermore, the
continuous circulation of the diafiltration buffer was shown to improve protein clearance, which
increased from 93% (discontinuous DF) to over 98% (continuous DF). Overall, continuous DF
cleared up to 3 logs of total protein from the cell suspension.

Opverall and for the particular case of hMSC, by evidencing the feasibility and comparing
the advantages of continuous and discontinuous operations, it was possible to design a process
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that integrates up and downstream operations, by applying a more eflicient process workflow.
Higher productivities were achieved without compromising cells’ characteristics. Moreover, the
use of mathematical models for mass balancing throughout time of TFF processes allows
prediction and fine tuning of desirable cell concentrations. The work herein described is, to the
best of our knowledge, the first demonstration of the impact that continuous and/or integrated
processing have on hMSC biomanufacturing, in terms of productivity and cell quality attributes.
Furthermore, the described process can comply with future scale-up demand of both autologous
and allogeneic therapies, since each of the unitary operations makes use of devices that not only

offer surface area and/or volume capacity scalability, but are also cGMP compliant.
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Abstract

To deliver the required cell numbers and doses to therapy, scaling up production and
purification processes (at least to the liter-scale) while maintaining cells’ characteristics 1s
compulsory. Therefore, the aim of this work was to prove scalability of an integrated
streamlined bioprocess compatible with current good manufacturing practices (cGMP)
comprised by cell expansion, harvesting and volume reduction unit operations using human
mesenchymal stem cells (hMSC) isolated from bone marrow (BM-MSC) and adipose tissues
(AT-MSCQ).

BM-MSC and AT-MSC expansion and harvesting steps were scaled-up from spinner
flasks to 2 L scale stirred tank single-use bioreactor using synthetic microcarriers and xeno-free
medium, ensuring high cellular volumetric productivities (50 x 10° cell.L-!.day!), expansion
factors (14-16 fold) and cell recovery yields (80%). For the concentration step, flat sheet cassettes
(FSC) and hollow fiber cartridges (HF) were compared showing a fairly linear scale-up, with a
need to slightly decrease the permeate flux (30-50 LMH, respectively) to maximize cell recovery
yield. Nonetheless, FSC allowed to recover 18% more cells after a volume reduction factor of
50. Overall, at the end of the entire bioprocess more than 65% of viable (> 95%) hMSC could
be recovered without compromising cell’s critical quality attributes (CQA) of viability, identity
and differentiation potential.

Alongside the standard quality assays for evaluating hMSC’s CQA, a proteomics
workflow based on mass spectrometry tools was established to characterize the impact of
processing on hMSC’ CQA; These analytical tools constitute a powerful tool to be used in

process design and development.

Keywords: cell therapy, product characterization, process development, mass

spectrometry, human mesenchymal stem cells, scale-up
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1. Introduction

Human mesenchymal stem cells (hMSC) are relevant for autologous and allogeneic
therapies. Their differentiation potential, anti-inflammatory, immunomodulatory and trophic
properties (Murphy et al., 2013), justify their use in over 300 clinical trials for the treatment of
several diseases as Crohn’s disease, graft versus host disease, amongst others
(http://clinicaltrials.gov).

For clinical purposes efficient production and purification of hMSC are essential, yielding
high cell numbers (106 to 10° cells are needed per patient) (Mason and Dunnill, 2009) with high
purity and viability (Pattasseril et al., 2013), maintaining cells’ critical quality attributes (CQA)
and functionality. “Omic” tools in combination with standard analytical assays allow for a better
cell characterization, increasing product and process understanding (Campbell et al., 2015) and
are thus fundamental for process development. Regarding hMSC expansion, classic static
culture systems such as T-flasks or multi-layer flasks lack scalability (Rowley et al., 2012);
therefore, technologies such as stirred tank bioreactors and microcarriers, enabling control and
monitoring of culture parameters, maximize cell expansion (Chapter IV) (Chen et al., 2013),
becoming cost-effective solutions to scale-up the expansion of hMSC adherent cultures (Simaria
etal., 2014).

Increasing the cell numbers will also imply an increase of the harvest volumes, thus
downstream processes (DSP) steps, from cell detachment to concentration and washing, need
to be properly addressed when handling higher volumes. In microcarrier cultures, detaching
cells ensuring high cell recoveries is still a bottleneck. Recently, new detaching methods and
protocols (Nienow et al., 2016) have been purposed. Then, to achieve high volume reduction
factors (VRF), tangential flow filtration (TFF) using hollow fiber cartridges (HF) or flat sheet
cassettes (F'SC) can be evaluated to process volumes relevant for therapies (Cheryan, 1998;
Hassan et al., 2015). Both devices are compact, closed, scalable and can be manufactured for
single-use (Hassan et al., 2015). Previously in Chapter II and IV the key operation parameters
of TFF using HF cartridges were identified, allowing to concentrate hMSC while maximizing
cell recovery yield. Turbulence promoters used in the feed channel of FSC decrease fouling
(Lutz, 2015) and may further increase cell recoveries at this volume reduction unit operation.

Thereby we present herein a proof of concept of the scalability of expansion, harvesting
and concentration unit operations compatible with current good manufacturing practices
(cGMP); hMSC isolated from bone marrow (BM-MSC) and adipose tissue (AT-MSC) were

expanded using single-use (SU) bioreactors (BR, up to 2 L), synthetic microcarriers and xeno-
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free culture medium. Afterwards, a short period of intense agitation in the presence of the
detaching agent as previously described (Nienow et al., 2016; 2014) was scaled-up, promoting
cell detachment from the microcarriers. Finally, the concentration unit operation was scaled-
up using two types of TFF devices — HF and FSC. Besides using standard analytical assays for
cells’ CQA evaluation (viability, identity and multilineage differentiation potential), a
proteomics workflow was developed, characterizing the whole cell proteome and gaining better

insights into the impact of manufacturing at different stages of processing.

2. Materials and Methods

2.1 hMSC Expansion

Human BM-MSC (donor 00055; RoosterBio, Maryland, USA), and human AT-MSC
(donor 060, RoosterBio) were used. All reagents used were purchased from ThermolFisher™

Scientific (Massachusetts, USA), unless otherwise stated.

2.1.1 Static Culture

BM-MSC and AT-MSC were routinely cultured (from population doubling level (PDL)
9 to 20) in High Performance Media Kit (HPMK, RoosterBio) and propagated in tissue culture
flasks at 37 °C in a humidified atmosphere of 5% COg in air, according to the manufacturer’s
instructions. At 70 — 80% cell confluency, the medium was removed, cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS) and incubated with TrypLE™ Select (1X)
detachment reagent for 12 min (BM-MSC) or 6 min (AT-MSC) at 37 °C, according to previous
experience in our laboratory. After detachment, cells were resuspended in HPMK and
centrifuged at 300 x g for 5 min at room temperature (RT, 20 - 25 °C). The cell pellet was
resuspended in HPMK and inoculated into culture flasks, at a cell concentration of 3.5 x 103

cell.cm2.

2.1.2 Spinner Flask Culture

hMSC were cultured in spinner flasks (Corning, New York, USA) equipped with flat blade
impellers and using 0.12 L working volume. Cells were inoculated at 0.25 x 10° cell/mL
(corresponding to 4300 cell/cm?) in the spinner flasks containing 50% (v/v) of the working
volume of Mesencult™-XF culture medium (STEMCELL™ Technologies, Vancouver,
Canada) and Synthemax® II microcarriers (Corning, New York, USA) for a final culture
concentration of 16 g/L. During the first 5> h hMSC were cultured under intermittent stirring
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(On: 45 rpm for I min; Off: 0 rpm for 20 min) in a magnetic stirrer plate (2mag AG, Munchen,
Germany). After this period, working volume was increased up to 0.12 L, and agitation set to
continuous at 45 rpm. At day 5, 50% (v/v) of the culture medium was exchanged. Cells were

expanded at 37 °C in a humidified atmosphere of 5% COg9 in air.

Cell detachment from the microcarriers: Stirring was stopped for 20 min letting the
microcarriers settle. Medium was aspirated, and 100% (v/v) of the culture volume of DPBS was
used to wash cells attached to the microcarriers. A similar strategy to that reported by Nienow
et al (Nienow et al., 2016; 2014) was then used for cell detachment: after DPBS removal, hMSC
were incubated with 50% (v/v) of culture volume of TrypLE™ Select (1X) at 150 rpm
(corresponding to 13 W/m?3) for 12 (BM-MSC) or 6 min (AT-MSC) (similar to static culture
conditions), followed by a final pulse of 200 rpm (corresponding to 32 W/m?) during 5 sec. Cell
detachment was monitored by FDA-PI staining. After reaching 90 - 95% cell detachment, the

remaining 50% (v/v) of fresh medium was added to the cell suspension.

2.1.3 2 LL Disposable Stirred-tank Bioreactors Culture

hMSC were cultured in 2 L. UniVessel® SU bioreactor (Sartorius Stedim Biotech,
Gottingen, Germany), under defined conditions (working volume: 2 L; pH: 7.2; temperature:
37 °C; pO2: 20% air saturation (corresponding to 4% dissolved oxygen); surface aeration rate:
0.1 vvm) using Sartorius Stedim Biotech Data Acquisition software. hMSC were inoculated at
0.25x105 cell/mL on the biroeactor containing 1 L of Mesencult™-XF culture media and
Synthemax® II microcarriers for a final culture concentration of 16 g/L. During the first 5 h
hMSC were cultured under intermittent stirring (On: 100 rpm for 1 min; Off: 0 rpm for 20 min)
(Chapter IV). After this period, working volume was increased up to 2 L. and agitation set to
continuous at 100 rpm. At day 5, 50% (v/v) of the culture medium was exchanged. The stirring
rate used in UniVessel® SU bioreactor (100 rpm) was selected from previous data obtained by
Schirmaier and co-workers (Schirmaier et al., 2014), having as scale-up criteria the minimum
agitation required for full suspension of the microcarriers (NS1).

Parallel to the bioreactor culture, static expansion was performed as previously performed
in Chapter IV, using an inoculum cell concentration of 4300 cell/cm?. Culture was performed

in tissue culture flasks, previously coated with MesenCult™-SF Attachment Substrate
(STEMCELL™ Technologies). Cells were expanded at 37 °C in a humidified atmosphere of
5% CO»9 1n air.
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Cell detachment from the microcarriers: In all bioreactor cultures, cells were harvested at
day 7. Cell detachment was performed as explained in section 2.1.2. By maintaining the
transferred energy from the impeller to the liquid, the stirring rates used in the bioreactor were

estimated according to Equation 1 (Kadic and Heindel, 2014):

NppN3D} NppN3D} 3|(N,pN3D} v
p1=p2<=>(PV ):(vv )@sz\[(pv )(N DS) (Eq. 1)
1 2 1 \VpPPi /5

where P corresponds to the power transferred by the impeller per volume [W/m?] (13

and 32 W/m?3, as indicated in section 2.1.2), N, to the impeller’s power number (1 and 1.2, for
the spinner and bioreactor, respectively), p to the liquid’s volumetric mass density [kg/m?3], N
to the agitation rate [s!], D; to the impeller’s diameter [m] (0.04 and 0.054 m, for the spinner
and bioreactor, respectively), and V to the volume of liquid [m3].

Cells were incubated with TrypLE™ Select (1X) at 174 rpm for 12 min (BM-MSC) or 6
min (AT-MSC), followed by a final pulse of 231 rpm during 5 sec. The protocol was repeated
twice to ensure efficient AT-MSC cell detachment.

After harvesting, microcarriers were removed from the cell bulk suspension using sterile
OptiCap® XL 1 Capsules (Merck, Massachusetts, USA) with 75 pm pore size at 0.3 L.min-!,

as previously performed in Chapter II.

2.2 Downstream processing

2.2.1 Volume Reduction

The clarified cell suspension was concentrated by TFF using process parameters and
methodologies optimized in Chapters II and IV: shear rate (3000 s'!), permeate flux (250 L.m-
2.h-!, LMH), initial cell concentration (2 x 10° cell. mL!), load (1.8 x 106 cell.cm-?), and pore size
(> 0.45 pm). To conduct the small scale experiments, HF with 24 ¢cm? (GE Healthcare Life
Sciences, New Jersey, USA) and FSC with 50 cm? (Merck) were used. For the scale-up
experiments, HF with 120 cm? (GE Healthcare Life Sciences) and Sartocon® Slice 200 cassette
with 200 cm? (Sartorius Stedim Biotech) were used. Characteristics of each device are present
on Table 5.1.

All experiments were performed at a constant inlet flux. For HF (24 and 120 cm?)
experiments, an inlet and permeate fluxes of 750 LMH and 250 LMH, respectively, were used
(Chapter II). The permeate flux was adjusted to 200 LMH during the HF (120 cm?) experiment.
For FSC (50 cm?) experiment, an inlet flux of 480 LMH was used based on the manufacturer’s

instructions; regarding the permeate flux, a TMP excursion was performed and 110 LMH was
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found to be the maximal flux without observing a TMP increase. In FSC (200 cm?) experiments,
a similar inlet flux was used (480 LMH). Similarly to the HF experiment, the permeate flux was
either maintained at 110 LMH (BM-MSC) or decreased to 84 LMH (AT-MSC) to minimize

fouling and maximize the cell recovery yield.

Table 5.1 — Specifications of the hollow fiber (HF) and flat sheet cassette (FSC) devices used
for the volume reduction unit operation.

. Surface area Pore size Membrane
Device .
(cm?) (pm) material
HFo4 24 0.65
Polysulfone
HF190 120 0.65
FSCso 50 0.65 PVDF
FSCooo 200 0.45 Hydrosart®

2.3 Cell viability and characterization assays

2.3.1 Cell viability and characterization assays

All reagents used to perform cell characterization assays were purchased from Sigma-

Aldrich® (Merck) unless stated otherwise.

2.3.1 Cell number and viability

Cell viability and cell membrane integrity were assessed using three different methods:

2.3.1.1 Trypan Blue exclusion method

Cell concentration was estimated through cell counting using a Fuchs—Rosenthal
counting chamber (Marienfeld Superior, Lauda-Konigshofen, Germany). The number of
viable cells was determined by the trypan blue dye exclusion method (Strober, 2015).

The cell recovery yield (in percentage) was estimated taking into account the number of
viable cells before (considered 100%) and after processing.

The volumetric productivity was estimated following Equation 2:
Volumetric Productivity = % (Eq. 2)

where Xf and Xi correspond to the number of final and initial cells [106 cells],
respectively, V to the total culture volume [L] and t to the culture time [day].

The efliciency index was estimated following Equation 3:
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Efficiency index = (X];;Xl) (Eq. 3)

S

where Xf and Xi correspond to the number of final and initial cells [106 cells],

respectively, and Vs to the spent culture media per experiment [L].

2.3.1.2 Fluorescein diacetate-propidium iodide (FDA-PI) staining

Quantitative assessment of the cell plasma membrane integrity was also performed using
fluorescein diacetate (FDA), and the DNA-dye propidium iodide (PI), as described in the
literature (Jones and Senft, 1985). Briefly, cell suspensions were incubated with 20 pg/mL FDA
and 10 pg/mL PI in DPBS for 5 min and analyzed by flow cytometry in a CyFlow® instrument
(CyFlow® space, Partec GmbH, Munster, Germany). At least ten thousand events were

registered per sample.

2.3.1.3 Lactate Dehydrogenase (LDH) Assay

The release of intracellular lactate dehydrogenase enzyme (LDH) into the supernatant
can be correlated with the extent of cell lysis (Fotakis and Timbrell, 2006). Hence, LDH activity
in cells’ supernatant was determined by monitoring at 340 nm the oxidation rate of NADH to
NAD* coupled with the reduction of pyruvate to lactate, as previously described in the literature
(Vassault, 1983). Cell lysis was quantified by performing a calibration curve with known cell

amounts.

2.3.2 Apoptosis and metabolic activity assay

Apoptotic cells and the mitochondrial membrane potential was evaluated using Apoptosis
Assay Kit NucView™ 488 and MitoView™ 633 (Biotium, Inc., California, USA), following the
manufacturer’s instructions. After incubation with both reagents, cells were analyzed by flow
cytometry (CyFlow® space). At least ten thousand events were registered per sample.

The percentage of metabolically active cells was also evaluated using PrestoBlue
(ThermolFisher Scientific™), according to the manufacturer’s recommendations in an infinite®
200 PRO series instrument (Tecan Group Ltd., Mannedorf, Switzerland). Metabolic activity

was estimated based on fluorescence units normalized by the cell number.

2.3.3 hMSC adhesion and growth profile
hMSC were inoculated and expanded in static culture conditions, in 24-well plates as

described in section 2.1 (Section Cell Culture). Cells’ growth profile was monitored for 7-12
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days. Cell concentration and viability were determined as previously described in section 2.2.1.1
(Section Cell number and viability, Trypan Blue exclusion method). To evaluate cells’ adhesion
properties, the number of adherent cells was monitored 60 min after inoculation.
2.3.4 Metabolite analysis

Glucose (GLC) lactate (LAC) and glutamine (GLN) concentrations in the culture medium
were analyzed using YSI 7100MBS instrument (YSI Incorporated, Ohio, USA). Ammonia was
quantified by an enzymatic assay using a commercially available kit (NZYTech, Lisboa,
Portugal). Specific metabolic rates (quer, expressed in pmol.h-1.10° cell!), as well as the
apparent yields of lactate from glucose (Yracs/crc) and oxygen from glucose (Yoo/gre) were

determined as described in the literature (Serra et al., 2010; Tostdes et al., 2011).

2.3.5 Expression of cell surface markers

hMSC were washed once with DPBS and a total of 2 x 10° cells were incubated with each
of the antibodies - CD166-PE, CD105-PE, CD90-PE, CD73-PE, CD44-PE, CD45-PE, CD34-
PE, CD19-PE, CD14-PE, CD11b-PE, HLA-DR-PE and isotype controls IgG1,x-PE, IgGoa,x-
PE and IgGop,x-PE (all from BD Biosciences, California, USA except CD14-PE which was
purchased to Beckman Coulter, California, USA) - for 1 h at 4 °C. Cells were washed twice in
DPBS, and analyzed in a CyFlow® instrument. At least ten thousand events were registered per

sample.

2.3.6 Cell morphology

hMSC were inoculated in static culture conditions, in 24-well-plates, as described in
section 2.1 (Cell Culture). After 24 h, cells’ morphology was analyzed as previously performed
in Chapter IV. Cells were visualized using inverted (Leica Microsystems GmbH, Wetzlar,
Germany) fluorescence microscopy. Representative images were taken using a digital camera
(Leica DFC 360 FX).

The primary antibodies used were Phalloidin Alexa Fluor® 488 (Thermolisher™
Scientific) and Anti-a-Tubulin. Anti-a-Tubulin was conjugated with secondary antibody Alexa
Fluor® 594 Goat Anti-Mouse Antibody (ThermoFisher™ Scientific).

2.3.7 In vitro multipotency assays
hMSC multilineage differentiation assays were performed using StemMACS™ AdipoDiff
(Milteny1 Biotec, Germany), StemMACS™ OsteoDiff (Miltenyi Biotec, Germany) and
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StemPro® Chondrogenesis (ThermolFisher™ Scientific) differentiation kits, as previously

performed in Chapter II.

2.3.8 Proteome analysis: SWATH-MS
Mass spectrometry (MS) data was obtained by UniMS — Mass Spectrometry Unit, I'TQB-
NOVA/IiBET, Oeiras, Portugal.

2.3.8.1 Sample preparation

After upstream processing (USP) and DSP, BM-MSC and AT-MSC (1x10%) were washed
twice with DPBS and centrifuged. Supernatants were discarded and cell pellets instantly frozen
in No and kept at -80 °C until further analysis. After thawing, proteins were extracted by
resuspending the pellets in 100 pL of lysis buffer [50 mM Tris (pH 7.4); 5 mM EDTA; 150 mM
NaCl; 1% (v/v) Triton X-100] supplemented with protease’s inhibitors, and incubated at 4 °C
for 30 min. Cells were then passed 30 times through a 301/2 gauge needle at 4 °C. Samples
were centrifuged at 15000xg for 15 min at 4 °C. The supernatant was collected and quantified
by Microplate BCA Protein Assay Kit (ThermoFisher™ Scientific). Protein samples were
reduced and alkylated with 10 mM of DTT (40 min at 56 °C)) and with 20 mM iodoacetamide
(IAA, 30 min at 20 °C in the dark), respectively, and digested with trypsin overnight at 37 °C
(trypsin:sample = 1:50). A second digestion step was also performed, adding trypsin 80% (v/v)
in acetonitrile (trypsin:sample = 1:100) for 3 h at 37 °C.

2.3.8.2 Generation of the spectral reference library

Three pg of each sample were used for information-dependent acquisition (IDA) analysis
by NanoLC-MS using Triple TOF 6600 (ABSciex, Framingham, MA, USA). A reversed phase
nanoLLC with a trap and elution configuration, using a Nano cHiPLC Trap column
(200 pm % 0.5 mm ChromXP C18-CL. 3uym 120A) and nano column (75pum X 15 cm
ChromXP C18-CL 3 um 120 A) was performed. Water with 0.1% (v/v) formic acid (solvent
A) and acetonitrile with 0.1% (v/v) formic acid (solvent B) were used. Sample was loaded in the
trap column at a flow rate of 2 pL.min'! for 10 min using 100% (v/v) solvent A. Peptide
separation was performed in the nano column at a flow rate of 300 pL.min"! applying a 90 min
linear gradient of 5% to 30% (v/v) of solvent B.

Protein samples were subjected to two IDA runs. The mass spectrometer was set for IDA

scanning full spectra (400—2000 m/z) for 250 ms. The top 40 ions were selected for subsequent
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MS/MS scans (150—-1800 m/z for 50 ms each) using a total cycle time of 2.3 s. The selection
criteria for parent ions included a charge state between +2 and +5, and counts above a
minimum threshold of 125 counts per second. Ions were excluded from further MS/MS analysis
for 12 s. Fragmentation was performed using rolling collision energy with a collision energy
spread of 5.

The spectral library was created by combining all IDA raw files (12 runs in total) using
ProteinPilot™ software (v5.0 ABSciex) with the Paragon algorithm and with the following
search parameters: search against Homo sapiens from Uniprot/SwissProt database (release
2015_05); trypsin digestion; iodoacetamide cysteine alkylation; through identification efforts.
After a false discovery rate (FDR) analysis, only FDR <1% were considered (3693 proteins). The

output of these searches, in the form of a group file, was used as the reference spectral library.

2.3.8.3 SWATH-MS analysis and targeted data extraction

For quantitative analysis, 3 pg of each sample were subjected to four SWATH - Sequential
Windowed data independent Acquisitions of the Total High-resolution Mass Spectra. Similar
chromatographic conditions to the previously described IDA run were used. The mass
spectrometer was operated in a cyclic product ion data independent acquisition (DIA). A
variable windows calculator (AB SCIEX) and SWATH acquisition method editor (AB SCIEX)
were used to setup the SWATH acquisition. A set of 32 overlapping windows (containing 1 m/z
for the window overlap) was constructed, covering the precursor mass range of 400 — 1200 m/z.
A 50 ms survey scan was acquired at the beginning of each cycle, and SWATH MS/MS spectra
were collected for 96 ms resulting in a cycle time of 3.172 s. Rolling collision energy with a
collision energy spread of 15 was used.

The spectral alignment and targeted data extraction of DIA samples were performed
using PeakView v.2.1 (AB SCIEX; Framingham, US) with the reference spectral library. For
data extraction the following parameters were used: five peptides/protein, five
transitions/peptide, peptide confidence level of >95%, FDR threshold of 1%, excluded shared
peptides, and extracted ion chromatogram (XIC) window of 6 min and width set at 20 ppm. A

total of 3417 proteins were quantified under these conditions.

2.4 Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software

Inc., California, USA): two biological replicates (n=2) from expansion and DSP of BM-MSC

and a validation experiment with AT-MSC (n=1) are represented as mean * standard deviation
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of independent technical measurements or assays. P<0.05 were considered as statistically
significant and are marked as *.

To analyze expansion (section 3.1) and DSP (section 3.2.1) data, Mann Whitney test was
performed using 3 different measurements. Differences in fold increase between samples before
and after processing (n=3) were also analyzed by Mann-Whitney test. For MS data analysis
(section 3.2.1), principal components analysis (PCA) was performed (using PeakView v.2.1) to
study the data’s structure. To identify differently expressed proteins between BM-MSC after
expansion and after DSP, a t-test analysis was conducted; all proteins with a fold change higher
than 1.5 in relative abundance and a P<0.05 were considered to be differentially expressed

(data not shown). For each sample, at least 3 technical replicates were considered.

3. Results

3.1 Scale-up of hMSC’s expansion in single-use bioreactors

In this work, we developed an integrated bioprocess to produce BM-MSC and AT-MSC
in single-use bioreactors (2 L) aiming at scaling-up hMSC’s expansion under cGMP compatible
conditions, using synthetic microcarriers and xeno-free culture medium, ensuring the
manufacturing of enough cells to scale-up of the volume reduction step (section 3.2). Stirring
speed was chosen as the minimal value to fully suspend the microcarrier culture in the 2 L. SU
bioreactor (NS1, 100 rpm), as previously reported by Schirmaier et al (Schirmaier et al., 2014).

In all bioreactor cultures, high cell attachment efficiencies and microcarrier colonization
(> 85%) after 5 h of inoculation were attained for BM and AT-MSC. Higher cell concentrations
(3.4x10° cell/mL and 4.1x10° cell/mL), expansion ratios (14 and 16) and maximum growth
rates (0.016 and 0.018 h-!) were obtained when hMSC (BM-MSC and AT-MSC, respectively)
were expanded in bioreactor (us static and spinner cultures, Table 5.2, Figure 5.1A); a 3-fold
improvement on volumetric productivity, reaching 50 x 10° cells.L-'.day!, was observed
comparing to spinner flasks or static culture (vs 18 x 106 cells.L-!.day!, Figure 5.1B).

Furthermore, stirred cultures (spinner and bioreactor) achieved higher cell numbers per
spent media (Table 5.2) than static cultures, the highest efficiency index for BM-MSC and AT-
MSC being observed with the bioreactor system (211 and 253 x 10° cell. L1, respectively).
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Figure 5.1 - BM-MSC and AT-MSC expansion on synthetic microcarriers using single-use
stirred-tank bioreactors (BR) in xeno-free culture medium. (A) BM-MSC and AT-MSC cell
concentration profile in spinner (0.12 L, dotted lines) and in bioreactor (2 L, full lines) cultures. (B) Volumetric
productivity, i.e., million of BM- or AT-MSC produced per liter per day of culture on static and stirred (spinner
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flasks or bioreactors) cultures. (C) Yrac/cre, Yoz/cre and specific rates of glucose and oxygen consumption and
lactate production of BM and AT-MSC expanded in bioreactor cultures. Data shown for the exponential phase of
cell growth (cultures days 2 — 7). (D) Top ten canonical pathways, ordered by ascending negative log of P-values,
of upregulated (green) and downregulated (red) proteins of BM-MSC (comparing to AT-MSC) after expansion in
bioreactor. Proteins with P < 0.05 and fold change > 1.5 were considered to be differently expressed. (E) Cell
recovery yield of the cell detachment protocol performed in spinner flasks and in bioreactors. (F) Representative
images of FDA (live, green) — PI (dead, red) stained cells (BM-MSC), before (left panel) and after (right panel) the
detachment process performed in bioreactor. Scale bars: 200 pm.

Error bars represent the standard deviation of the average of 3 independent technical replicates between the
analyzed biological replicates.

Measurements of glucose and glutamine confirmed that there was no depletion of these
nutrients during the culture time (Supplementary Figure 5.1A, 5.1B) and the accumulation of
lactate and ammonia was kept below growth-inhibitory concentrations (Schop et al., 2010)
(Supplementary Figure 5.1C, 5.1D). BM-MSC and AT-MSC had similar specific consumption
rate of glucose (Figure 5.1C), and production rate of lactate (Figure 5.1C). Nonetheless, AT-
MSC culture demonstrated higher specific oxygen consumption during the exponential phase
(e.g.0.27 £0.08 v5 0.48 £ 0.09 pmol.10° cell-L.h-!, Figure 5.1C), leading to an increased oxygen-
glucose ratio (Figure 5.1C), suggesting that AT-MSC diverted their metabolism towards
oxidative phosphorylation. To support this, BM-MSC and AT-MSC’s total proteome after
expansion was analyzed (Figure 5.1D). Results suggested a downregulation of oxidative
phosphorylation in BM-MSC compared to AT-MSC, which may corroborate the observed

differences.

Table 5.2 — Growth, kinetic and productivity parameters calculated for BM-MSC and AT-MSC cultures
on static and on stirred (spinner flask and bioreactor) systems.

Expansion ratio Specific growth Efficiency index

Culture (Xmax/ Xo) rate (p, h'l) (106 cell/L)
system BM- AT- BM- AT-
MSC MSC BM-MSC AT-MSC MSC MSC
Static 59%0.0 7.8 - - 910 125
Spinner 10.4 9.3 0.016 0.016 156 138

. 13.6 £ 0.015 £
+

Bioreactor 0.5 12.7 0.002 0.018 211 £ 23 253

To promote cell detachment, a short period of intense agitation in the presence of a
detaching reagent was applied. The scale-up of the harvesting step from the spinner flask to the
bioreactor kept constant the transferred energy from the impeller to the liquid. Similar cell
recovery yields could be achieved (>78%) for BM-MSC (Figure 5.1E), maintaining high cell
viability (>90%, Figure 1F) in spinner flasks and in bioreactor. However, for AT-MSC, even
after repeating the detachment cycle twice, only 63% of cells could be recovered (Figure 5.1E).
178



Up and downstream processing scale-up and hMSC proteome characterization

After harvesting the cell bulk from the bioreactor, microcarriers were removed by dead-
end filtration (Chapter II). More than 95% of viable BM and AT-MSC were recovered after
the clarification step and no microcarriers were observed after filtration.

Overall, scaling-up the expansion and harvesting steps did not affect hMSC’s CQA
(Figure 5.2): no differences could be observed compared to static expansion in hMSC’s viability
(> 95%), plastic adhesion ability, metabolic activity, proliferation, and apoptosis (Figure 5.2A,
5.2B). The expression of the characteristic hMSC’s surface receptors (Dominici et al., 2006),
remained essentially unaltered after processing (Figure 5.2C, 5.2D). More specifically, BM-
MSC lacked the expression of CD45, CD34, CD14, CD19 and CD11b, while more than 95%
of hMSC population expressed CD44, CD73, CD90 and CD166. However, under all evaluated
conditions (including static expansion), less than 95% of hMSC expressed CD105 (88 and 92%
for BM and AT-MSC, respectively). USP did not impact cell morphology: after plating, hMSC
presented their typical spindle-like morphology (Figure 5.3), with organized intracellular f-actin
and expressing a-tubulin and vimentin. hMSC also maintained their multipotent differentiation
capacity, differentiating into adipocytes, osteocytes and chondrocytes (Figure 5.2E). No

spontaneous differentiation was ever observed (data not shown).

3.2 Scale-up of TFF process for the concentration of hMSC

3.2.1 Comparison of hollow fiber (HF) and flat sheet cassette (FSC) devices

Scalability studies regarding the volume reduction step were performed aiming to
maximize product recovery without compromising cells’ CQA. Given their different geometries
and characteristics (Table 5.1), two types of TFF devices (HF and FSC) were compared; BM-
MSC were used first identifying the most suitable device at two different scales (Figure 5.4), then
AT-MSC were used for the validation of the process scale-up (Figure 5.5). The lower scale
experiments were carried out maintaining parameters previously optimized in this thesis of
initial cell concentration, load (cell/cm?) and permeate flux (Chapter II). The recirculation flow
rate (and therefore shear rate) was based on the membrane manufacturer’s recommendations
(FSC) or in results from Chapter II (HF) to maximize product recovery and quality. The scale-
up was conducted by increasing the filtration area, maintaining the load, inlet and permeate

fluxes constant.
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Figure 5.2 - BM-MSC and AT-MSC characterization after expansion in static conditions
and in stirred-tank bioreactors (BR). (A-B) Cell adhesion, metabolic activity, cell proliferation, cell apoptosis
and cell viability at the last day of BM-MSC (A) and AT-MSC (B) culture after detachment from the microcarriers.
Each bar represents the fold-increase/decrease with standard deviation of 3 independent technical replicates,
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relative to cells after expansion in static conditions. No significant differences were observed (P > 0.05). (C-D)
Expression of cell-surface antigens of BM-MSC (C) and AT-MSC (D). (E) Multipotent differentiation potential of
BM-MSC (top) and AT-MSC (bottom). Red-oil solution stained lipid droplets (adipocytes, left panel), alizarin red
stained calcium deposits (osteoblasts, central panel), and alcian blue stained extracellular matrix proteins
(chondrocytes, right panel). Scale bars: 100 pm.

After Expansion in BR (BM-MSC) After Expansion in BR (AT-MSC)

Figure 5.3 — Characterization of BM-MSC and AT-MSC expanded in single-use bioreactors.
BM-MSC and AT-MSC morphology after expansion in stirred conditions - immunofluorescence staining of f-
actin (green), a-tubulin (red), vimentin (red) and cell nuclei (blue). Scale bars: 100 pm.

Using HF and FSC (Figure 5.4A, 5.4B), results showed that cell recovery yield decreased
throughout the concentration process, irrespectively of working scale. For the HF, upon scale-
up, around 60% (vs 80%) of cells could be recovered after a VRF of 20 (Figure 5.4A), while an
increase in the transmembrane pressure (TMP) was observed, needing an adjustment of the
permeate flux from 250 to 200 LMH during the experiment. Such clogging phenomena
decreased the membrane’s permeability after the cleaning in place (CIP) (22%, Figure 5.4C)
and may explain the observed differences. In order to maintain the load constant under all
conditions, given the system’s hold up volume, only a VRF of 20 was accomplished for lower
scale experiments (Figure 5.4A). Conversely, when FSC were used more than 80% of viable
cells were recovered after processing (Table 5.3 and Figure 5.5B) at both scales. The higher
membrane permeability observed in comparison to HF (Figure 4C) may explain the increased

cell recovery yield.
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Figure 5.4 — Volume reduction step of BM-MSC and AT-MSC using hollow fibers (HF) and
flat sheet cassette (FSC) devices. (A) BM-MSC recovery yield throughout the concentration process using
HF in two different scales. For HF (24 cm?) processing was conducted until the feed volume was close to the system’s
hold-up volume (VRF of 20). Values for VRF of 50 are not presented at this scale (#) due to this limitation.
Statistically significant differences (P < 0.05) were observed for a VRF of 20. (B) Cell recovery yield of BM-MSC
and AT-MSC throughout the concentration process using FSC in two different scales. No significant differences
were observed at the end of both processes (P > 0.05). (C) Permeate flux decay after performing the experiments
and after the cleaning in place (CIP). Flux decay was estimated regarding the initial value of permeability for each
membrane (new device).

Error bars represent the standard deviation of 3 independent technical replicates.
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Table 5.3 — Cell recovery yield, cell viability, cell lysis results and operational parameters for the scale-up
experiments using flat sheet cassettes with BM-MSC and AT-MSC.

Cell . Ce.ll. Ce.ll TMP Permeate Time
Process recovery viability lysis (bar) flux (min)
yield (%) (%) (%) (LMH)
BM-MSC 84 98 13 0.22 110 50
AT-MSC 87 99 7 0.23 84 56

Upon scale-up of both devices (Figure 5.5A and 5.5B), FSC recovered on average 18%
more cells (84 vs 66%) after a VRF of 50, corresponding to 8.4x10° cell/mL, than HF. For both
types of devices, cell loss was due to cell lysis, as validated by LDH assay (Table 5.3), since less
than 5% of cells remain inside the devices after the concentration step (data not shown).

Since FSC allowed to recover more cells, only this device was used to concentrate AT-
MSC. Comparing to BM-MSC, no significant differences in cell recovery yield (P>0.05) were
observed (Figure 5.5B): more than 85% of cells were recovered after a VRF of 50 with high
viability (> 98%, Table 5.3). To further increase the cell recovery yield, the permeate flux was
adjusted from 110 to 84 LMH and a decrease in cell lysis (13 vs 7%, Table 5.3) was observed (s
FSC and BM-MSC). No differences were observed regarding membrane permeability (Figure
5.4C).

BM and AT-MSC’s wiability (> 98%, Figure 5.5A), identity and multilineage
differentiation potential was not impacted by scale-up for either FSC (Figure 5.5A-5.5E) or HF
(Figure 5.6). hMSC’s ability in adhering to plastic surfaces was unaltered, as 84% of cells were
adherent 60 min after plating (Figure 5.5A). hMSC also remained metabolically active (Figure
5.5A) and proliferative (Figure 5.5A), reaching a similar population doubling (PD = 3) after
plating (data not shown). Similar to BM-MSC expanded in bioreactor, the expression of the
surface receptors remained unaltered after processing (Figure 5.5B, 5.5C), morphology was
unaffected (Figure 5.5D) and cells maintained their multipotent differentiation capacity (Figure

5.5E).
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Figure 5.5 - BM-MSC and AT-MSC characterization after DSP scale-up using flat sheet
cassette (FSC) devices. (A) Cell adhesion, metabolic activity, cell proliferation, cell apoptosis and cell viability
of BM-MSC and AT-MSC. Each bar represents the fold-increase/decrease, relative to cells after expansion (before
DSP). No significant differences were observed (P > 0.05). (B-C) Expression of cell-surface antigens after BM-MSC
(B) and AT-MSC (C) expansion in BR and after DSP using IF'SC. (D) BM-MSC and AT-MSC morphology after
DSP - immunofluorescence staining of f-actin (green), a-tubulin (red), vimentin (red) and cell nuclei (blue). Scale
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bars: 100 pm. (E) Multipotent differentiation potential of BM-MSC and AT-MSC. Red-oil solution stained lipid
droplets (adipocytes, left panel), alizarin red stained calcium deposits (osteoblasts, central panel), and alcian blue
stained extracellular matrix proteins (chondrocytes, right panel). Scale bars: 100 pm.

Error bars represent the standard deviation of 3 independent technical replicates.
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Figure 5.6 - BM-MSC characterization after DSP scale-up using hollow fiber (HF) devices.
(A) Cell adhesion, metabolic activity, cell proliferation, cell apoptosis and cell viability of BM-MSC. Each bar
represents the fold-increase/decrease, relative to cells after expansion (before DSP). No significant differences were
observed (P > 0.05). (B) Expression of cell-surface antigens after BM-MSC expansion in BR and after DSP using
HF. (C) BM-MSC morphology after DSP - immunofluorescence staining of f-actin (green), a-tubulin (red),
vimentin (red) and cell nuclei (blue). Scale bars: 100 pm. (D) Multipotent differentiation potential of BM-MSC and
AT-MSC. Red-oil solution stained lipid droplets (adipocytes, left panel), alizarin red stained calcium deposits
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(osteoblasts, central panel), and alcian blue stained extracellular matrix proteins (chondrocytes, right panel). Scale
bars: 100 pm.
Error bars represent the standard deviation of 3 independent technical replicates.

3.2.2 Impact of DSP in hMSC proteome dynamics

Alongside the standard quality assays presented in Figures 5.2 and 5.4, a SWATH-MS
analysis was also performed assessing the impact of processing on hMSC’s proteome dynamics
(Figure 5.7). As stated in materials and methods section, an unsupervised analysis was conducted
for data’s structure (Figure 5.7A), followed by a supervised analysis to evaluate important
variables (Figure 5.7B-5.7D).

First principal component analysis (PC1), accounting for the greatest amount of variance
of the data (39.7%) was produced (Figure 5.5A), showing a division into two groups along PC1
— one corresponding to BM-MSC after expansion in bioreactor (positive PC1 score) and
another group composed by BM-MSC after DSP and AT-MSC (after expansion and after DSP)
(negative PC1 score). Some variance is also present as explained by PC2, apparently correlated
with biological variance: BM-MSC after expansion #2 and its corresponding DSP (HF) have
positive PC2 scores, whereas BM-MSC after expansion #1 and its DSP (FSC) have negative
PC2 scores. No major differences were observed between AT-MSC after expansion and after
DSP. Furthermore, noteworthy that AT-MSC data structure resembles more BM-MSC after
DSP rather than after expansion (despite the different cell origin). Data was then analyzed
according their PC1 scores — BM-MSC after expansion and BM-MSC after DSP.

All cell surface markers and structural proteins used in standard quality assays in Figures
2-6 were confirmed by the MS analysis (data not shown) for both hMSC in all conditions. Other
cell surface markers described for hMSC but not analyzed by flow cytometry as CD276, CD99,
CD59, CD82 (Al-Nbaheen et al., 2012), CD151 and CD81 (Lee et al., 2009), CD59 (Lin et al.,
2003), could be identified (data not shown); several chemokines, growth factors (e.g. TIMPI,
MIF, GAS6, GRN and FGF), and other molecules related with key cytokines of hMSC (e.g.
prostaglandin-2, TGF[3 and IGF) were also present (data not shown).
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Figure 5.7 — Total proteome analysis of BM-MSC and AT-MSC after scaling-up the
expansion and DSP operations. (A) Principal component analysis (PCA) representing the score for the higher
components (39.7% and 20%) contributing to the data variance. (B-C) Distribution of the biological functions (in
percentage) present on the 730 upregulated (B) and on the 629 downregulated proteins (C) of BM-MSC after DSP
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comparing to BM-MSC after USP. Proteins with P < 0.05 and fold change > 1.5 were considered to be differently
expressed. (D) Expression data of specific cytokines and growth factors identified on BM-MSC after expansion
(USP) and after DSP. Fold change (towards DSP) and P-values are represented. Significantly different expressed
proteins are considered to have P < 0.05 and Fold Change > 1.5.

To understand how DSP was affecting hMSC’s, BM-MSC’s proteome after expansion
and DSP was compared (Figure 5.7B, 5.7C). Overall, 1359 proteins (730 upregulated and 629
downregulated) were significantly differently expressed between conditions (P < 0.05 and fold
change >1.5) (data not shown). Biological functions associated with cellular assembly and
organization (22.3%) and cellular movement (21%) were mainly associated with upregulated
proteins after expansion (Figure 5.7B). Conversely, proteins related to cellular growth and
proliferation (32.5%), and protein degradation (7.8%) were upregulated in BM-MSC after DSP
(Figure 5.7C). Furthermore, it was possible to observe a statistically significant increased
expression of several chemokines and growth factors (FGF, TIMP, GAS6 and GRIN) in BM-
MSC after DSP (Figure 5.7D). Biological functions highly regulated in both conditions (after
expansion and after DSP) were related with cell death and survival, protein synthesis, and with

post-translational/ transcriptional modifications (Figure 5.7B, 5.7C).

4. Discussion

To achieve necessary cell quantities with the required quality for cell therapy, effectively
scaling up production and purification processes while maintaining cells’ CQA 1s essential.

In this work we aimed to prove scalability of an integrated and streamlined bioprocess
comprising expansion, harvesting and volume reduction operations for hMSC isolated from
BM and AT tissues. A proteomics workflow based on state of the art MS tools was used
alongside standard quality control assays to gain better insights into the impact of processing
upon cells’ characteristics.

BM-MSC and AT-MSC were expanded at a 2 L scale during 7 days, in cGMP
compatible conditions using xeno-free media, synthetic microcarriers and single-use bioreactors
(2 L. UniVessel® SU BR). Cell titers above 6.1x10% and 7.4x10% of BM-MSC and AT-MSC,
respectively were achieved. Comparatively to other studies, this represents a 3 to 9-fold higher
expansion of BM-MSC and AT-MSC at a 2 L scale in similar conditions; dos Santos and co-
workers (Santos et al., 2014) have produced after 7 days of 1.1x108 and 4.5x107 BM-MSC and
AT-MSC, respectively under xeno-free microcarrier-based culture system in 1 L scale
controlled stirred-tank bioreactors. Similarly, hMSC’s expansion was also reported, achieving

6.7x10*at 3 L scale (Niss et al., 2013) and 2.7x10 cell/mL at 35 L scale (Schirmaier et al., 2014)
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after 7 days using media containing bovine serum. AT-MSC presented higher cell proliferation,
with a metabolism based on oxidative phosphorylation, as in agreement with other studies (L1
et al., 2015). Controlling the dissolved oxygen at low levels yielded higher cellular productivities
compared to static or spinner cultures (Serra et al., 2010), bringing therapies one step closer. As
an example, for the treatment of Crohn’s disease 1x108 cells are required per dose (Lipsitz et al.,
2016); for the reported volumetric productivities in this work, two doses can be produced per
liter of culture after 7 days of culture.

After cell expansion, a key step in adherent stem cell manufacturing corresponds to cell
detachment (Nienow et al., 2016). Cell’s characteristics are known to be affected by long
exposure times to trypsin (Freshney, 2011) and by detaching methods (Santos et al., 2014).
Hereby, we successfully scaled-up to the liter-scale a detachment protocol based on the
application of a short period of intense agitation in the presence of a detaching agent (Nienow
et al., 2016; 2014): by adjusting the stirring rates, comparable cell numbers could be recovered
at different scales (0.12 and 2 L) for BM-MSC. Nonetheless, a 25% cell loss was observed when
scaling this protocol for AT-MSC (in bioreactor); the protocol was repeated to ensure efficient
cell detachment, and thus may explain the observed differences. Cell detachment also led to a
7% decreased expression of CD105 in BM and AT-MSC, in both static and stirred cultures, as
in other studies in the literature (Potapova et al., 2008; Santos et al., 2014). To increase AT-
MSC  detachment and preventing the impact on cells’ immunophenotype, protocol
optimization is still required.

To scale-up the TFTF operation, lower and larger-scale HF and FSC elements were similar
(van Reis et al., 1997). The chosen scale-up criteria yielded relatively linear scale-up profiles;
after conducting the trial experiments at the liter-scale, the permeate fluxes needed to be
decreased by 30 and 50 LMH (for FSC and HF, respectively) to minimize fouling and
maximizing cell recovery yield.

The hydrophilic nature of FSC membrane, combined with turbulence promoters in the
feed channel was advantageous for the volume reduction step, allowing to recover more than
85% of cells after a VRF of 50, 18% more than when HF are used. Nevertheless, the benefit of
cell recovery yield needs to be balanced with pre-sterilization issues that are still a challenge that
manufacturing companies need to overcome (Schnitzler et al., 2016).

These results promise an integrated streamlined expansion, cell harvesting, volume
reduction and washing operations at least for autologous cell therapy, but for scaling-up to
process hundreds of liters, cost and time need to be properly evaluated. Currently, HF are
commercially available as single, ready-to-use units, whereas FSC need a holder and a system
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assembly. The development of models mimicking the shear rate conditions that cells face in flat
sheet cassettes is needed, since its calculation is not straightforward due to the presence of a
screen (Cheryan, 1998).

While carrying out cell therapy process development, it is essential to apply more sensitive
(e.g. “omics”) methodologies which allow a better cell characterization, increasing product and
process understanding (Campbell et al., 2015; Martin et al., 2016). We applied a proteomics
workflow based on MS tools to complement the standard quality controls and evaluate the
impact of processing in hMSC’s CQA, addressing cells characteristics in totality (not target
direct), surpassing the detection and sensitivity limitations of current standard quality control
assays. Fine differences observed between hMSC’s after expansion and after DSP seem to
correspond to biological functions essentially correlated with 3D arrangements (as cell assembly,
organization and movement), as already observed in our earlier microcarrier studies (Gomes-
Alves et al., 2016). It was also possible to observe that after DSP, BM-MSC present a statistically
significant increased expression of chemokines and growth factors (e.g. FGF, TIMP, GAS6 and
GRN) known to be involved in hMSC function (Kristensen et al., 2012; Motomura et al., 2007,
Ostanin et al., 2011). Furthermore, after DSP, hMSC’s proteins involved in cellular growth and
proliferation are upregulated, as if “activated”, explaining the increased proliferation observed
also in Chapter VI. Overall, through sensitivity, robustness and throughput, this type of
workflow provides the identification of specific signatures of the final product. Thus, it proves
to be essential to understand the cells’ final quality as well as to evaluate the impact of

manufacturing at different stages of processing.

5. Conclusion

This work established scalability of a xeno-free cGMP compatible integrated bioprocess
of BM-MSC and AT-MSC, comprising streamlined cell expansion, harvesting and volume
reduction steps to support cell therapy. With this bioprocess, hMSC could be expanded more
than 14-fold and concentrated by a volume reduction factor of 50, with an overall recovery
above 65% of hMSC. Beside the standard quality assays normally used for evaluating hMSC
CQA, a proteomics workflow based on MS tools characterized the impact of processing on
hMSC” CQA, enhancing product and process understanding. This methodology will allow

better optimization, design and ultimately will potentiate the success of cellular therapies.
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192



Up and downstream processing scale-up and hMSC proteome characterization

References

Al-Nbaheen, M., vishnubalaji, R., Ali, D., Bouslimi, A., Al-Jassir, F., Megges, M.,
Prigione, A., Adjaye, J., Kassem, M., Aldahmash, A., 2012. Human Stromal (Mesenchymal)
Stem Cells from Bone Marrow, Adipose Tissue and Skin Exhibit Differences in Molecular
Phenotype and Differentiation Potential. Stem Cell Reviews and Reports 9, 32—43.

Campbell, A., Brieva, T., Raviv, L., Rowley, J., Niss, K., Brandwein, H., Oh, S., Karnieli,
0., 2015. Concise Review: Process Development Considerations for Cell Therapy. Stem Cells
Translational Medicine 4, 1155—-1163.

Chen, A.K.-L., Reuveny, S., Oh, S K.W.; 2013. Application of human mesenchymal and
pluripotent stem cell microcarrier cultures in cellular therapy: Achievements and future
direction. Biotechnology Advances 31, 1032—1046.

Cheryan, M., 1998. Ultrafiltration and Microfiltration Handbook, lst ed. Technomic
Publishing AG, Basel.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D.,
Deans, R., Keating, A., Prockop, D., Horwitz, E., 2006. Minimal criteria for defining
multipotent mesenchymal stromal cells. The International Society for Cellular Therapy
position statement. Cytotherapy 8, 315-317.

Fotakis, G., Timbrell, J.A., 2006. In vitro cytotoxicity assays: Comparison of LDH,
neutral red, M'TT and protein assay in hepatoma cell lines following exposure to cadmium
chloride. Toxicol. Lett. 160, 171-177.

Freshney, R.I., 2011. Culture of Animal Cells: A Manual of Basic Technique and
Specialized Applications, 6 ed. John Wiley & Sons, Inc, New York, USA.

Gomes-Alves, P., Serra, M., Brito, C., Ricardo, C.P., Cunha, R., Sousa, M.F., Sanchez,
B., Bernad, A., Carrondo, M.J.T., Rodriguez-Borlado, L., Alves, P.M., 2016. In vitro expansion
of human cardiac progenitor cells: exploring 'omics tools for characterization of cell-based
allogeneic products. Transl Res.

Hassan, S., Simaria, A.S., Varadaraju, H., Gupta, S., Warren, K., Farid, S.S., 2015.
Allogeneic cell therapy bioprocess economics and optimization: downstream processing
decisions. Regen Med 10, 591-609.

Jones, K.H., Senft, J.A., 1985. An improved method to determine cell viability by
simultaneous staining with fluorescein diacetate-propidium iodide. J. Histochem. Cytochem.

33, 77-79.

193



Chapter V

Kadic, E., Heindel, T.J., 2014. Stirred-Tank Bioreactors, in: An Introduction to
Bioreactor Hydrodynamics and Gas-Liquid Mass Transfer, An Introduction to Bioreactor
Hydrodynamics and Gas-Liquid Mass Transfer. John Wiley & Sons, Inc., Hoboken, NJ, USA,
pp. 69-123.

Kristensen, L.P., Chen, L., Nielsen, M.O., Qanie, D.W., Kratchmarova, I., Kassem, M.,
Andersen, J.S., 2012. Temporal profiling and pulsed SILAC labeling identify novel secreted
proteins during ex vivo osteoblast differentiation of human stromal stem cells. Mol Cell
Proteomics 11, 989-1007.

Lee, H.J., Choi, B.H., Min, B.-H., Park, S.R.; 2009. Changes in surface markers of
human mesenchymal stem cells during the chondrogenic differentiation and dedifferentiation
processes in vitro. Arthritis Rheum. 60, 2325-2332.

Li, C.-Y., Wu, X.-Y., Tong, J.-B., Yang, X.-X., Zhao, J.-L., Zheng, Q.-F., Zhao, G.-B.,
Ma, Z.-]., 2015. Comparative analysis of human mesenchymal stem cells from bone marrow
and adipose tissue under xeno-free conditions for cell therapy. Stem Cell Res Ther 6.

Lin, J.-R., Guo, K.-Y., Li, J.-Q., Yan, D.-A., 2003. In vitro culture of human bone
marrow mesenchymal stem cell clonies and induced differentiation into neuron-like cells. D1 Yi
Jun Y1 Da Xue Xue Bao 23, 251-3— 264.

Lipsitz, Y.Y., Timmins, N.E., Zandstra, P.W., 2016. Quality cell therapy manufacturing
by design. Nature Biotechnology 34, 393—400.

Lutz, H., 2015. Modules, in: Ultrafiltration for Bioprocessing. Elsevier, pp. 31—43.

Martin, C., Olmos, E., Collignon, M.-L., De Isla, N., Blanchard, F., Chevalot, I., Marc,
A., Guedon, E., 2016. Revisiting MSC expansion from critical quality attributes to critical
culture process parameters. Process Biochemistry.

Mason, C., Dunnill, P., 2009. Quantities of cells used for regenerative medicine and some
implications for clinicians and bioprocessors. Regen Med 4, 153-157.

Motomura, H., Niimi, H., Sugimori, K., Ohtsuka, T., Kimura, T., Kitajima, I., 2007.
Gas6, a new regulator of chondrogenic differentiation from mesenchymal cells. Biochem.
Biophys. Res. Commun. 357, 997-1003.

Murphy, M.B., Moncivais, K., Caplan, A.I, 2013. Mesenchymal stem cells:
environmentally responsive therapeutics for regenerative medicine. Experimental & molecular
medicine 45, 54—70.

Nienow, A.W., Hewitt, CJ., Heathman, T.R.J., Glyn, V.A.M., Fonte, G.N., Hanga,
M.P., Coopman, K., Rafiq, Q.A., 2016. Agitation conditions for the culture and detachment of

194



Up and downstream processing scale-up and hMSC proteome characterization

hMSCs from microcarriers in multiple bioreactor platforms. Biochemical Engineering Journal
108, 24-29.

Nienow, A.W., Rafiq, Q.A., Coopman, K., Hewitt, C,J., 2014. A potentially scalable
method for the harvesting of hMSCs from microcarriers. Biochemical Engineering Journal 85,
79-88.

Niss, K., Sunil, N., Murrel, J., Punreddy, S., Kehoe, D., Rook, M., Jing, D., Aysola, M.,
2013. Growth Kinetics of Human Mesenchymal Stem Cells in a 3L Single-Use, Stirred Tank
Bioreactor, BioPharm International. BioPharm International.

Ostanin, A.A., Petrovskii, Y.L., Shevela, E.Y., Chernykh, E.R.; 2011. Multiplex Analysis
of Cytokines, Chemokines, Growth Factors, MMP-9 and TIMP-1 Produced by Human Bone
Marrow, Adipose Tissue, and Placental Mesenchymal Stromal Cells. Bull. Exp. Biol. Med. 151,
133—-141.

Pattasseril, J., Varadaraju, H., Lock, L., Rowley, J.A., Rowley, J.A., 2013. Downstream
Technology Landscape for Large-Scale Therapeutic Cell Processing. BioProcess International
11, 38-47.

Potapova, I.A.; Brink, P.R., Cohen, L.S., Doronin, S.V.; 2008. Culturing of Human
Mesenchymal Stem Cells as Three-dimensional Aggregates Induces Functional Expression of
CXCR4 That Regulates Adhesion to Endothelial Cells. Journal of Biological Chemistry 283,
13100-13107.

Rowley, J., Abraham, E., Campbell, A., Brandwein, H., Oh, S.; 2012. Meeting Lot-Size
Challenges of Manufacturing Adherent Cells for Therapy. BioProcess International 3, 16—22.

Santos, dos, F., Campbell, A., Fernandes-Platzgummer, A., Andrade, P.Z., Gimble, J.M.,
Wen, Y., Boucher, S., Vemuri, M.C., da Silva, C.L., Cabral, J.M.S., 2014. A xenogeneic-free
bioreactor system for the clinical-scale expansion of human mesenchymal stem/stromal cells.
Biotechnology and Bioengineering 111, 1116-1127.

Schirmaier, C., Jossen, V., Kaiser, S.C., Jingerkes, F., Brill, S., Safavi Nab, A., Siehoff,
AL, Bos, C., Eibl, D., Eibl, R., 2014. Scale-up of adipose tissue-derived mesenchymal stem cell
production in stirred single-use bioreactors under low-serum conditions. Engineering in Life
Sciences 14, 292-303.

Schnitzler, A.C., Verma, A., Kehoe, D.E., Jing, D., Murrell, J.R., Der, K.A., Aysola, M.,
Rapiejko, PJ., Punreddy, S., Rook, M.S., 2016. Bioprocessing of human mesenchymal
stem/stromal cells for therapeutic use: Current technologies and challenges. Biochemical

Engineering Journal 108, 3—13.

195



Chapter V

Schop, D., van Dijkhuizen-Radersma, R., Borgart, E., Janssen, F.W., Rozemuller, H.,
Prins, H.-J., de Bruiyn, J.D., 2010. Expansion of human mesenchymal stromal cells on
microcarriers: growth and metabolism. J Tissue Eng Regen Med 4, 131-140.

Serra, M., Brito, C., Sousa, M.F.Q),, Jensen, J., Tostdes, R., Clemente, J., Strehl, R.,
Hyllner, J., Carrondo, M,J. T., Alves, P.M., 2010. Improving expansion of pluripotent human
embryonic stem cells in perfused bioreactors through oxygen control. Journal of Biotechnology
148, 208-215.

Simaria, A.S., Hassan, S., Varadaraju, H., Rowley, J., Warren, K., Vanek, P., Farid, S.S.,
2014. Allogeneic cell therapy bioprocess economics and optimization: single-use cell expansion
technologies. Biotechnology and Bioengineering 111, 69-83.

Strober, W., 2015. Trypan Blue Exclusion Test of Cell Viability. Curr Protoc Immunol
111, A3.B.1-3.

Tostoes, R.M., Leite, S.B., Miranda, J.P., Sousa, M., Wang, D.I.C., Carrondo, M.J.T",
Alves, P.M., 2011. Perfusion of 3D encapsulated hepatocytes--a synergistic effect enhancing
long-term functionality in bioreactors. Biotechnology and Bioengineering 108, 41-49.
do1:10.1002/b1t.22920

van Reis, R., Goodrich, E.M., Yson, C.L., Frautschy, L.N., Dzengeleski, S., Lutz, H.,
1997. Linear scale ultrafiltration. Biotechnology and Bioengineering 55, 737—746.

Vassault, A., 1983. Lactate dehydrogenase: UV-method with pyruvate and NADH, in:
Bergmeyer, H.U., Grassl, M. (Eds.), Methods of Enzymatic Analysis. John Wiley & Sons, New
York, pp. 118-126.

196



Negative mode expanded bed chromatography for the DSP of h(MSC

Improving washing strategies of human
mesenchymal stem cells using negative mode

expanded bed chromatography

“This chapter was adapted from:

Cunha B, Silva RJS, Aguiar T, Serra M, Daicic ], Maloisel JL, Clachan J, Akerblom A,
Carrondo MJT, Peixoto C, Alves PM (2016). Improving washing strategies of human
mesenchymal stem cells using negative mode expanded bed chromatography, Journal of

Chromatography A, 1429:292-303.

197



Chapter VI

198



Negative mode expanded bed chromatography for the DSP of h(MSC

Table of Contents

ABSTRACT 200
1. INTRODUCTION 201
2. MATERIALS AND METHODS 202
2.1 Cell culture 202
2.2 Downstream processing (DSP) 203
2.3 Cell characterization assays 206
2.4 Statistical Analysis 209
3. RESULTS AND DISCUSSION 209
3.1 Characterization of the core-shell bead prototype matrix 209
3.2 Packed bed and expanded bed chromatography 212
3.3 Integration of EBA chromatography on hMSC’s DSP 217
5. CONCLUSIONS 220
6. ACKNOWLEDGMENTS 221
7. SUPPLEMENTARY DATA 222
REFERENCES 223

199



Chapter VI

Abstract

The use of human mesenchymal stem cells (hMSC) in clinical applications has been
increasing over the last decade. However, to be applied in a clinical setting hMSC need to
comply with specific requirements in terms of identity, potency and purity.

This study reports the improvement of established tangential flow filtration (TFF)-based
washing strategies, further increasing hMSC purity, using negative mode expanded bed
adsorption (EBA) chromatography with a new multimodal prototype matrix based on core-shell
bead technology.

The matrix was characterized and a stable, expanded bed could be obtained using
standard equipment adapted from what is used for conventional packed bed chromatography
processes. The effect of different expansion rates on cell recovery yield and protein removal
capacity was assessed. The best trade-off between cell recovery (89%) and protein clearance
(67%) was achieved using an intermediate expansion bed rate (1.4).

Furthermore, we also showed that EBA chromatography can be efficiently integrated on
the already established process for the downstream processing (DSP) of hMSC, where it
improved the washing efficiency more than 10-fold, recovering approximately 70% of cells after
total processing. This strategy showed not to impact cell viability (> 95%), neither hMSC’s
characteristics in terms of morphology, immunophenotype, proliferation and adhesion capacity

and multipotent differentiation potential.

Keywords: expanded bed chromatography; human mesenchymal stem cells; cell

purification; cell washing; downstream processing
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1. Introduction

Human mesenchymal stem cells (hMSC) have been emerging over the last decade as
attractive candidates for cell therapy applications (Wei et al., 2013; Zaher et al., 2014), mainly
due to their immunomodulatory capacity and trophic characteristics, as extensively described
in the literature and recently reviewed by Caplan and Sorell (Caplan and Sorrell, 2015).

However, to be applied in a clinical setting, hMSC need to comply with specific
requirements in terms of quantity, identity, potency and purity (Food and Drug Administration;
European Medicines Agency, 2008; Pattasseril et al., 2013). These requirements include
delivering high number of cells at low volumes (compatible with point of care delivery) (Hassan
et al.,, 2015), while maintaining cell’s high wviability (higher than 85%) and characteristics
(Pattasseril et al., 2013). Given its effect on cells’ characteristics (Chapter II), the processing time
should be minimized and sterility should be ensured throughout processing due to the inability
of terminally sterilize cellular products. Furthermore, cells should be pure enough to be safe to
administer in a clinical setting. Therefore, strategies that can successfully integrate a washing
step to reduce impurity levels up to <I ppm (Food and Drug Administration) are compulsory.
Several downstream processing (DSP) technologies have been explored so far for the washing
of stem cell products. In Chapter IV the use of tangential flow filtration (TFF) to integrate
concentration and washing steps in the same hollow fiber device was explored, achieving 98%
of protein removal, without compromising cells’ characteristics. Similarly, Lonza (MD, USA)
has also reported a TFF process using hollow fiber devices, where hMSC were washed
efficiently while maintaining functionality (Pattasseril et al., 2013; Rowley et al., n.d.). Another
study also reported the use and validation of a novel dead-end filtration to remove the DMSO
from a cell suspension without fouling the filter membrane (Tostdes et al., 2015).

Given the demand for highly pure biopharmaceuticals, the application of
chromatography as a separation technique has been widely demonstrated. Its high selectivity
and flexibility have been enabling its use for the purification of several biopharmaceuticals with
different complexities (Carta and Jungbauer, 2010; Kumar and Srivastava, 2010; Nestola et al.,
2015). It can be operated using radial (Cabanne et al., 2007) or axial flow (Carta and Jungbauer,
2010), the latter being the most widely used. Furthermore, benchmark purification techniques
for bioproduct’s recovery and purification are currently performed using packed bed columns.
Nonetheless, the use of particulate-containing feedstocks hampers the use of packed bed
chromatography (Chang and Chase, 1996); alternatively, expanded bed adsorption (EBA)
chromatography can be used (Chase and Draeger, 1992). Due to its high interparticular voidage
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and high adsorbent surface area, amongst other advantages (Chang and Chase, 1996), EBA
chromatography has been applied for the separation of many biopharmaceuticals, from viral
vectors (Peixoto et al., 2006) to cells (Ujam et al., 2003). In the expanded bed, the adsorbent
inside the column is fluidized from its settled state by applying an upward flow, which allows
that particulate products pass through the bed without becoming entrapped (Chase and
Draeger, 1992), making it an attractive design for the downstream processing (DSP) of hMSC.

The main goal of this study was to improve already established TFF-based washing
strategies (Chapter IV), further increasing hMSC’s purity up to levels compatible with their use
in cellular therapies, while maintaining cells’ functionality. Within this context, we have assessed
the applicability of using a chromatographic step that enables a single-pass operation making
its integration in the already established DSP workflow for hMSC easier. We have implemented
and characterized a new multimodal prototype resin based on core-shell bead technology.
Furthermore, the impact of EBA chromatography on cells’ recovery, viability and

characteristics in terms of morphology, identity and potency was evaluated.

2. Materials and Methods

2.1 Cell culture

In this work, human bone marrow-derived mesenchymal stem cells were used (hMSC;
STEMCELL™ Technologies, Grenoble, France). All reagents used to perform the cell culture
were purchased from Life Technologies™ (Carlshad, USA), unless otherwise stated.

hMSC were routinely expanded using xeno-free MesenCult®-XF Medium
(STEMCELL™ Technologies) supplemented with 2 mM L-Glutamine and propagated in
tissue culture flasks (Thermo Scientific™ Nunc™, Massachusetts, USA), previously coated with
MesenCult™-SF Attachment Substrate (STEMCELL™ Technologies). Cells were expanded
at 37 °C in a humidified atmosphere of 5% COg in air. 50% of the culture medium was
exchanged at day 5. At 70 — 80% cell confluency, the medium was removed and cells were
washed with Dulbecco’s phosphate-buffered saline (DPBS) and incubated with TrypLE™
Select (1X) dissociation reagent for 10 min at 37 °C.. After detachment, cells were resuspended
in MesenCult®-XF medium, and centrifuged at 300 g for 5 min at 20 °C.. The cell pellet was
resuspended in MesenCult®-XF medium and transferred to new pre-coated culture flasks, at
an inoculum cell concentration of 5 x 10° cell/cm?.

For downstream processing experiments, after detachment cells were ressuspended in
DMEM supplemented with 10% (v/v) Fetal Bovine Serum (FBS).

202



Negative mode expanded bed chromatography for the DSP of h(MSC

2.2 Downstream processing (DSP)

2.2.1 Chromatography
A multimodal resin prototype based on a similar concept to Capto™ Core 700, was used
to perform the DSP experiments. The resin beads consist on agarose-based porous particles

with a deactivated outer layer and an inner core that has been modified with octylamine ligand.

2.2.1.1 Resin prototype size distribution

Bead size was estimated using a phase contrast inverted microscope (DMI 600 B, Leica
Microsystems GmbH, Wetzlar, Germany) using the software Leica Application Suite LAS AF.
One perpendicular diameter of each bead was measured from 20 beads, of three different

samples, from beads before and after sieving.

2.2.1.2 Batch protein adsorption characterization

To characterize the protein removal kinetics throughout time, 5 g of resin were weighed
and incubated with 5 mL of DMEM (Life Technologies) supplemented with 5%, 10% or 20%
(v/v) of FBS (Life Technologies). These different medium formulations were equilibrated for 60
min with the beads with a constant rotational stirring (33 rpm) in a roller mixer (SR'T9, Bibby
Scientific Ltd., Staffordshire, United Kingdom). Sampling was performed at 2, 5, 10, 15, 30, 45
and 60 min. These samples were centrifuged at 300xg for 5 min at 20 °C and the supernatant

was kept for further analysis.

To determine the binding capacity of the resin (amount of adsorbed protein per mass of
resin), DMEM supplemented with 2%, 5%, 10%, 20% or 30% (v/v) of FBS was incubated in
a 1:5 (w/v) ratio of beads:medium for 120 min (saturating conditions) with a constant rotational
stirring (33 rpm) in a roller mixer (SR'T9, Bibby Scientific Ltd.). Sampling was performed after
the incubation period, where the suspension was centrifuged at 300xg for 5 min at 20 °C and
the supernatant kept for further analysis. The matrix was regenerated following the
manufacturer’s instructions.

The adsorption isotherm for proteins onto the adsorbent was fitted to a Langmuir
1sotherm equation (1):

_ 9maxC
"~ Kp+C (1)

203



Chapter VI

where q 1s defined as the amount of total protein (mg) adsorbed per mass of resin (g), qmax
the maximum adsorption capacity, C is the equilibrium total concentration of un-adsorbed

protein in the liquid phase and Kp is the dissociation constant.

2.2.1.3 Packed bed and expanded bed chromatography

The chromatographic resin was used either in a packed bed radial column or in an
expanded bed column. All chromatographic experiments were performed at 20 °C using AKTA
explorer 10S (GE Healthcare) controlled by UNICORN™ (GE Healthcare). Special attention
was given to the flowpath to avoid points of high shear; in order to do so, the flow restrictor and
internal filters were removed. The cell suspension was injected via a 50 mL superloop (GE
Healthcare) and monitored using a UV 280 nm detector.

To perform radial chromatography, the beads were packed into a Micro FC column
(Proxcys BV, Nieuw-Amsterdam, The Netherlands), with 60 mm bed height and 5 mL of bed
volume, using a 100 pm frit. According to the bed height, cells were injected inside the column
at 46 cm.h’!, in order to ensure a comparable residence time with expanded bed
chromatography.

Expanded bed chromatography was performed in a regular Tricorn 10/50 column (GE
Healthcare). Initially, the system was sanitized by recirculating NaOH 1 M in 30% (v/v) in 2-
Propanol (VWR International, Pennsylvania, USA) for 60 min. The resin was equilibrated for
at least 1 h before the experiments at the desired expansion flow rate with DPBS, until the pH
was stabilized at 7 and the bed stability was attained. A control experiment was performed by
incubating a similar cell suspension and resin’s amount for the same period of time in batch
mode under orbital shaking at 20 °C.

Experiments using different bed expansion ratios were performed using 12 g of resin. As
depicted in Figure 6.1, q was determined and given cells’ expansion media quantification, the
amount of injected cells in the column was adjusted accordingly.

Cells’ residence time o (min) inside the chromatographic columns was estimated using

equation 2:

where h is the bed height (cm) and u the linear velocity (cm.h!), which is given by trivial

equation 3:
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where Q corresponds to the volumetric flow rate (L.h"!) and 4 is the column’s crossectional
area (cm?).

The bed expansion ratio was also characterized, using the Richardson-Zacki correlation
(equation 4) (Richardson and Zaki, 1997):

u= u, " 4

where € corresponds to the bed’s porosity and n to the Richardson-Zacki coefficient,
which for Re < 0.2 (present situation), is constant and approximately 4.7 (Anspach et al., 1999).
U, 1s the terminal fluidization velocity, which is described by the Stokes law (equation 5):

_ (pp-p)djg )

u
¢ 18u

where and p; are the particle’s and liquid’s density, respectively, d the particle’s
Pp Pi P q Y, Tesp Y P
average diameter, g the acceleration of gravity and u represents the fluid’s dynamic viscosity.

The bed porosity (€) was calculated by equation (6), as described previously in the

literature (Thommes et al., 1996):

H _ (1-¢)
Ho (1-¢) (6)

The settled bed porosity was assumed to be 0.4 (Anspach et al., 1999). H corresponds to
the expanded bed height (cm) and Hj, to the settled bed height (cm).

The temperature was kept constant at 20 °C in all performed experiments.

2.2.2 Cell concentration (volume reduction)

The cell suspension was concentrated using tangential flow filtration (TFF). Discontinuous
TFF was performed as described in Chapter IV. Hollow fiber devices with 24 cm? from GE
Healthcare Life Sciences were used.

Pressure was monitored using SciPres luer pressure sensors (ScilLog, Wisconsin, USA) on
the inlet, outlet and permeate stream. Inlet and permeate fluxes were fixed to 750 and 250
LMH, respectively (Chapter II). Watson Marlow Model 120 S/DV 200 rpm pump (Watson-
Marlow Pumps Group, Massachusetts, USA) and Tandem Model 1081 peristaltic pumps from
Sartoflow® Slice 200 benchtop crossflow system (Sartorius Stedim Biotech) were used to
perform the experiments. Weight and pressure data were monitored and acquired every 15 sec.

A water flux test was performed before and after each experiment to determine the
membrane’s permeability. To ensure sterility, hollow fiber devices were sanitized with 0.5 M
NaOH (Sigma-Aldrich, Steinheim, Germany) at 50 °C for 45 min. The membranes were

preconditioned with five membrane volumes of sterile DPBS before the concentration step.
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2.2.3 Cell washing (diafiltration)
The continuous diafiltration (DF) step was performed using the same TFF cartridge and
operating conditions previously used to conduct the concentration process (Chapter IV). To

observe the protein removal profile, DPBS was used to perform the DF process.

2.3 Cell characterization assays

All reagents used to perform cell characterization assays were purchased from Sigma

Aldrich, unless stated otherwise.

2.3.1 Cell number and viability

Cell viability and cell membrane integrity were assessed using two different methods:

2.3.1.1 Trypan Blue exclusion method

Cell concentration was estimated through counting cells using a Fuchs—Rosenthal
haemocytometer (Brand, Wertheim, Germany). Viable cells were determined by using the
trypan blue dye exclusion method. The cell recovery yield is always referred as a percentage,
and was estimated taking into account the number of viable cells before (100%) and after

processing.

2.3.1.2 Lactate Dehydrogenase (LDH) Assay

The release of intracellular lactate dehydrogenase (LDH) enzyme into the supernatant
can be correlated with the extent of cell lysis (Fotakis and Timbrell, 2006). Hence, LDH activity
from the supernatant of centrifuged samples was determined by monitoring the rate of oxidation
of NADH to NAD™ coupled with the reduction of pyruvate to lactate at 340 nm, as previously

described in the literature (Vassault, 1983).

2.3.2 Apoptosis and metabolic activity assay

The percentage of apoptotic and metabolically active cells was evaluated using Apoptosis
Assay Kit NucView™ 488 and MitoView™ 633 (Biotium, Inc., California, USA), following the
manufacturer’s instructions. This kit contains the green fluorescent NucView 488 caspase-3
substrate (detects intracellular caspase-3) and the far-red fluorescent MitoView 633
mitochondrial dye (detects changes in mitochondrial membrane potential). After incubation
with both reagents, cells were analyzed by flow cytometry (CyFlow® space, Partec GmbH,

Miinster, Germany). At least ten thousand events were registered per sample.
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2.3.3 hMSC’s adhesion and growth profile

hMSC were inoculated in static culture conditions, in 24-well plates, previously coated
with MesenCult™-SF Attachment Substrate. A cell inoculum of 5 x 103 cell/cm? was used and
cells were cultured as described in section 2.1 (Section Cell Culture). For evaluation of the cell
adhesion capacity, the number of adherent cells was monitored 60 min after inoculation, as
previously performed in Chapter II.

Cells' growth profile was monitored for 8 days. Cell concentration and viability were
determined as previously described in section 2.3.1.1 (Section Cell number and viability,

Trypan Blue exclusion method).

2.3.4 Flow cytometry

hMSC were washed once with DPBS and a total of 2 x 10° cells were incubated with each
of the antibodies (CD166-PE, CD105-PE, CD90-PE, CD73-PE, CD44-PE, CD45-PE, CD34-
PE, CD19-PE, CD14-PE, CD11b-PE, HLA-DR-PE and isotype controls IgG1,x-PE, IgGoa,x-
PE and IgGon,x-PE, all from BD Biosciences, California, USA) for 1 h at 4 °C. Cells were
washed twice in DPBS, and analyzed in a CyFlow® instrument. At least ten thousand events

were registered per sample.

2.3.5 Immunocytochemistry

hMSC were inoculated in static culture conditions, in 24-well-plates previously coated
with MesenCult™-SF Attachment Substrate, as described in section 2.1 (Cell Culture). After
24 h, cells’ morphology was analyzed as previously performed in Chapter II. Cells were fixed
and incubated with each one of the primary antibodies for 2 h at 20 °C. After two washing steps
with DPBS,; cells were incubated with the secondary antibodies for 1 h at 20 °C. hMSC were
then washed two times with DPBS and the cell nuclei were counterstained with 4,6-diamidino-
2-phenylindole (DAPI, Life Technologies). Cells were visualized using inverted (Leica
Microsystems GmbH) fluorescence microscopy. Representative images were taken using a
digital camera (Leica DFC 360 FX).

The primary antibodies used were Alexa Fluor® 488 Phalloidin (Life Technologies) and
Anti-a-Tubulin. Anti-a-Tubulin was conjugated with secondary antibody Alexa Fluor® 594
Goat Anti-Mouse Antibody (Life Technologies).
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2.3.6 In vitro multipotency assays

hMSC multilineage differentiation assays were performed using the StemMACS™
AdipoDiff’ (Milteny1 Biotec, Germany), StemMACS™ OsteoDifl’ (Miltenyi Biotec, Germany)
and StemPro® Chondrogenesis (Life Technologies, USA) differentiation kits, as previously
performed in Chapter II.

2.3.7 Total protein quantification

For total protein concentration, representative of the protein impurities content, samples
were centrifuged at 300 g for 5 minutes at 20 °C and the supernatant was kept at 4 °C for further
analysis. Different methods were performed according to their detection limit and following the
manufacturer’s instructions. When protein concentration was lower than 0.2 mg/mlL,
bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford IL, USA) assay was
performed using Infinite® 200 PRO plate reader (T'ecan Group Ltd, Mannedorf, Switzerland).
When protein concentration was higher than 0.2 mg/mL, an infrared (IR)-based assay was

performed using Direct Detect® Spectrometer (Merck Millipore).

2.3.8 Protein analysis (electrophoresis and western blot analysis)

Protein samples were analyzed by SDS-PAGE (200 V, 45 min, MES running buffer)
electrophoresis (XCell SureLock mini-cell system; Life Technologies), by loading the same
protein amount (5 micrograms of total protein) onto NuPAGE™ Novex™ 4—12% (w/v) bis-
tris precast polyacrylamide gels (Life Technologies), unless otherwise stated. Samples that had
more than 25 pL to be applied were precipitated overnight using cold absolute ethanol at -20
°C (Bollag et al., 1996). Samples were reduced and denaturated before SDS-PAGE analysis at
90 °C for 10 min. After separation, proteins were visualized by Instant Blue staining (Expedeon,
Harston, UK).

For Western-Blot (WB) analysis, the protein samples were first separated by SDS-PAGE,
as described before. A total amount of 1 pL. was loaded in each lane of the gel. Samples from
after cell expansion, after EBA chromatography, and after cell concentration were previously
diluted in DPBS (1:10, 1:4, 1:4 (v/v), respectively). Proteins were transferred onto nitrocellulose
membrane using iBlot® Dry Blotting System (Life Technologies). The membrane was blocked
for 1 h using 5% (w/v) Skim Milk (Merck Millipore) and incubated with anti-BSA polyclonal
rabbit antibody (Life Technologies) (diluted 1:200 in DPBS) and with anti-rabbit HRP
conjugated secondary antibody (Sigma Aldrich) (diluted 1:5000 in DPBS). Revelation was
performed using ECL Prime (Life Technologies) reagent in Chemidoc™ XRS device (Bio-Rad,
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California, USA). A semi-quantification of albumin was performed using a standard curve of
Albumin fraction V (Merck Millipore) in the same gel, using image] software (Schneider et al.,
2012) (http://imagej.nih.gov/1j/).

2.3.9 Endotoxin quantification
Endotoxin content was quantified wusing Endosafe®-PTS™ (Charles River,

Massachusetts, USA), following the manufacturer’s instructions.

2.4 Statistical Analysis

Bead size scattering followed a gaussian distribution, as validated by D'Agostino &
Pearson omnibus normality test. Differences in bead size between the resin before and after
sieving were analyzed by t-test. Differences between packed bed radial chromatography and
expanded bed chromatography, as well as in fold increase/decrease towards cells before DSP
(n = 3 measurements) were analyzed by Mann Whitney test.

P values of less than 0.05 were considered as statistically significant.

All statistical analyses were performed using GraphPad Prism version 5 (GraphPad
Software Inc., California, USA).

3. Results and Discussion

The new core prototype resin was first characterized in terms of the scattering on bead’s
size and for its protein removal capacity. Kinetics throughout time and determination of the
resin’s binding capacity in saturating conditions were determined. After having these, the
impact that operating the chromatography step either in packed or in expanded bed mode have
on the protein removal profile as well as on cells’ recovery yield was assessed. To perform EBA,
and given the high scattering of the core prototype resin, a sieving step was performed to
homogenize the bead’s size to be applied in expanded bed mode chromatography. Different
expansion bed ratios were evaluated to perform the chromatography step. The chromatography
step was successfully integrated on the DSP workflow previously established to process hMSC

(Chapter IV) to further increase hMSC’s purity at the end of processing.

3.1 Characterization of the core-shell bead prototype matrix

Capto™ Core 700 is a multimodal resin that has been successfully applied in flowthrough

mode for the purification of viruses (Blom et al., 2014) and other biopharmaceuticals (Ji et al.,
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2014). This resin 1s based on a bead core-shell technology, with an inactive shell surface and
with an active functionalized multimodal core (both hydrophobic and positively charged) with
octylamine ligands (Blom et al., 2014). Given the bead’s molecular weight cut off (approximately
of 700 kDa) (Blom et al., 2014), smaller particles, as proteins, can access the porous structure
and are efficiently adsorbed at the core of the beads, whereas larger particles, as cells, are
excluded and are collected in the flowthrough.

Commercially available Capto™ Core 700, with a mean bead size of approximately 85
pm requires the use of low mesh pore size filters (30 pm) to separate beads from cells (size range
of 15 to 25 pm). Previous results showed that such low mesh pore size leads to a decreased cell
recovery yield upon filtration (Chapter II). Therefore, a new prototype based on the Capto™
Core 700 concept with larger bead size (at least 300 pm, Table 6.1 and Figure 6.2) was
developed for this study.

Table 6.1 — Capto™ Core 700 prototype resin’s bead size characterization before and after the sieving

process.
Minimum Maximum Median Mean
Size (m)  size (pm)  (pm)  (um)
Before 301 827 545 553
Sieving
After 416 1000 627 637
Sieving

Several research groups and companies still expand hMSC using expansion media
supplemented with FBS (Capelli et al., 2015; Rafiq et al., 2013). Moreover, regulatory agencies
stipulate that if serum 1s used at any stage of the bioprocess workflow, its concentration in the
final formulation shall not exceed 1:1,000,000 (1 ppm) (Food and Drug Administration).
Therefore, a typical expansion media supplemented with FBS was used as proof-of-concept to
conduct the protein clearance studies aiming to reach protein clearance compliant with
regulatory requirements.

Protein adsorption kinetics in batch mode was characterized using the core prototype

resin (Figure 6.1).
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Figure 6.1 — Capto™ Core 700 prototype resin’s characterization for the DSP of hMSC. Batch
characterization of the chromatographic medium, (A) expressing the protein removal kinetics throughout time,
and (B) the protein adsorption equilibria isotherm behavior using new and regenerated (once) resin. Langmuir
adsorption isotherms (lines) are represented for both cases. Comparison of packed bed radial and expanded bed

chromatography, in terms of (C) protein removal, and (D) cell recovery yield. Statistically significant differences (P
< 0.05) are marked as *.

As observed in Figure 6.1A, the amount of protein adsorbed onto the resin increased with
increasing incubation time for all medium formulations, physically reaching a plateau of 30 min

after incubation.

Moreover, the protein adsorption isotherm on the core prototype resin was determined
by plotting the amount of total protein adsorbed per mass of adsorbent (q) as a function of the
protein concentration (Cy) in the liquid phase (Figure 6.1B). From what can be observed, the

experimental data of the resin was well correlated with the Langmuir isotherm (R? = 0.9637,
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Figure 6.1B). The maximum adsorption capacity (qQmayx ) of the expansion media proteins onto
the core-shell prototype resin was 68.0 £ 11.4 mg of protein per g of adsorbent, and the
dissociation constant (Kp) 3.3 = 1.1 mg/mL. Similarly to what has been reported for this resin
(Blom et al., 2014), a binding capacity of 13 mg of protein per g of resin used was determined,
when using standard expansion medium supplemented with 10% (v/v) FBS. We also confirmed
that the regeneration process does not impact the adsorption capacity of the resin, since similar
values of qax (60.0 £ 13.2 mg of protein per g of adsorbent) and Kp (2.5 = 1.3 mg/mL) were

obtained for the regenerated resin (Figure 6.1B).

3.2 Packed bed and expanded bed chromatography

To avoid cell loss in an additional filtration step to clarify the beads from the cells (Chapter
II), the resin was confined in columns, taking advantage of the cells’ ability to pass in
flowthrough mode. Two different chromatography modes were evaluated — radial
chromatography and expanded bed chromatography (Figure 6.1C and 6.1D).

Radial chromatography has been applied successfully for the DSP of biopharmaceuticals
(Cabanne et al., 2007), and its properties have already been extensively reviewed in the
literature (Besselink et al., 2013; Cabanne et al., 2007); a radial flow operation has a lower flow
rate at a predefined pressure drop than the equivalent axial flow column at equal bed thickness
and volume (Besselink et al., 2013), offering options for large-scale applications as well (Cabanne
et al., 2007). Packed bed radial flow and expanded bed chromatography were compared.
Similar bed volumes and residence times were used to compare both operation modes. Results
show that packed bed radial chromatography is more efficient for protein clearance (Figure
6.1C), since more than 70% of contaminants could be successfully removed, when comparing
to the expanded bed chromatography operation (44%). These results were in accordance with
previous studies using both types of chromatography (Cabanne et al., 2007). Nonetheless, the
geometry of packed bed radial chromatography lead to substantially lower cell recovery yields
(Figure 6.1D, 23% vs 78%). Results from other studies (Hidayat et al., 2004), point to the
accumulation of cells and cell debris in packed bed, acting as a secondary filter, leading to
consequent clogging of the column. In line with this finding, in the present case the lack of space
between particles may have compromised the cell recovery yield, whereas in expanded bed
chromatography, since particles are fluidized, cells encounter lower shear stress conditions,

allowing to achieve higher cell recovery yields.
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Since fluidization of the resin proved to be crucial for cell recovery yield, the core-shell
bead prototype matrix was operated in expanded bed mode (Figure 6.3A). The resin was put
inside a Tricorn 10/50 column, which had an adjustable piston on top (Figure 6.3B). The buffer

and cell suspension were pumped at the bottom, and the cells were collected on the top of the

column.

A B

% of beads
% of beads

Bead Size (um)

Figure 6.2 — Bead size distribution of the Capto™ Core 700 prototype resin. Bead size
scattering (A) before and (B) after the sieving process. Pictures of the prototype resin’s scattering (C) before and
(D) after sieving. Statistically significant differences were found in bead size before and after sieving (P < 0.05).

Given the high scattering of the resin upon fluidization (Figure 6.2C), the resin was sieved
before performing the chromatography. A higher fluidization velocity (460 cm.h-!) was applied,
removing beads with lower density/smaller size (Figure 6.2A and 6.2B), achieving a stable bed
upon fluidization (Figure 6.2D). The sieving process enriched significantly the resin in beads

with higher size, since the smaller bead size detected shifted from 301 pm to 416 pm (Table 6.1,
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Figure 6.2A and 6.2B). The dynamic binding capacity of the resin remained unaltered after the

sieving process (data not shown).
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Figure 6.3 — Expanded bed chromatography characterization. (A) Schematic representation of
the EBA chromatography operation. Briefly, the chromatographic medium is expanded by pumping using DPBS
at a fixed flow rate until a stable bed is achieved. The cell suspension is injected into a superloop and loaded at the
bottom of the EBA chromatography column. hMSC elution (flowthrough) is monitored by UV, pH and
conductivity sensors. (B) EBA chromatography column. (C) Relative bed expansion ratios at different flow rates.
(D) Richardson-Zacki correlation of the expanded bed chromatography.

In order to characterize the expanded bed (Figure 6.3C), different velocities ranging from
168 to 611 cm.h'! were applied. Results showed that the bed expansion increased linearly (R?

= 0.9915) with the increase in the inlet velocity. Furthermore, the variation in the degree of
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expansion of the bed, as a function of the fluidization velocity was found to follow the
Richardson-Zacki correlation (Richardson and Zaki, 1997). A linear regression of the
Richarson-Zacki equation (equation 4) was performed (Figure 6.3D), where it is possible to
achieve n = 4.23 + 0.09, which is similar with the reported value (4.65) in the literature,
normally used in the laminar flow conditions (Anspach et al., 1999; Chang and Chase, 1996).
Thus, the bed was assumed to be stable upon expansion.

hMSC in DMEM supplemented with 10% (v/v) were used to compare three different
bed expansion ratios. Their effect on cells’ recovery yield and protein removal capacity was

assessed (Table 6.2, Figure 6.4).

Table 6.2 — Comparison of the results in terms of cell recovery yield, cell viability and protein removal for
the three performed expansion bed ratios (1.6, 1.4 and 1.2).

. . . Viable cell Cell
Velocity Residence Protein e 1 oeme
H/H, el ” . 1(% recovery viability
(cm.hl) time (min) removal (%) yield (%) (%)
1.6 290 5.1 51 95 95
1.4 168 7.0 67 89 96
1.2 99 12.7 77 78 90

Representative chromatograms for the negative mode expanded bed chromatography for
the three bed expansion ratios are presented in Figure 6.4A.

Upon injection of the cell suspension in the chromatography column, it is possible to
recover cells in the flowthrough. Moreover, it was possible to confirm that higher residence
times, correlated with lower fluidization velocities, allowed to remove more protein
contaminants (Table II, up to 77%). However, a lower bed fluidization also led to lower cell
recovery yields (78%), lower cell viabilities (90%) and increased cell death (2-fold, assessed by
LDH assay, data not shown).
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Figure 6.4 — Expanded bed chromatography. (A) Typical chromatogram profile using the Capto™
Core 700 prototype resin in flowthrough mode. The UV absorbance at 280 nm is shown for the three performed
expansion bed ratios (1.6 in black, 1.4 in dark grey and 1.2 in light grey). Analysis of the protein samples throughout
processing by (B) Coomassie blue staining and (C) Western Blot (anti-BSA). SDS-PAGE: after cell expansion (lane
1), after EBA chromatography (lane 2), after concentration (lane 3), the concentration’s permeate (lane 4), after
one (lane 5), three (lane 6) and five (lane 7) diafiltrations; Western blot: after cell expansion (lane 1), after EBA
chromatography (lane 2), after concentration (lane 3), after one (lane 4), three (lane 5) and five (lane 6) diafiltrations.

Similarly to the packed bed radial chromatography, the smaller spaces in between the beads

may obstruct the cell path until elution, increasing the probability of collision with the particles,
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increasing the shear stress, and therefore correlating with lower cell recovery yields. The core-
shell bead prototype matrix showed not to have a particular selectivity for any protein in
particular, since a similar protein profile was present in all samples throughout processing
(Figure 6.4B). Additionally, we confirmed that bovine serum albumin is the major protein
contaminant in the expansion media (Figure 6.4C), composing 50-60% of the initial bulk, as
estimated by WB. It is worth noting that the presence of cells does not have an effect on the
adsorption of proteins on the matrix, since a similar binding capacity (12 mg of protein per g of

resin used) was observed, when comparing to the batch characterization results (Figure 6.1).

3.3 Integration of EBA chromatography on hMSC’s DSP

Given the best trade-off between cell recovery yield (89%) and protein clearance (67%), a
bed expansion ratio of 1.4 was selected to integrate EBA chromatography with the cell
concentration and diafiltration steps (Figure 6.5A).

EBA chromatography could be successfully integrated on the already established DSP
process in an endotoxin-free process (< 1 EU/mL). Its incorporation allowed to improve protein
clearance by more than 10-fold (80 vs 7 pg/mL) applying the same number of diafiltration
volumes (Figure 6.5B), approaching the residual level (I ppm) recommended by regulatory
agencies (dotted line, Figure 6.5B) (Food and Drug Administration) after 3 diafiltration volumes
onwards. Furthermore, to achieve the same level of residuals without applying a
chromatography step, 10 diafiltration volumes should be used (Chapter IV). More specifically,
it 1s estimated that 99.6% (vs 97.9% (Chapter IV)) of BSA could be removed when incorporating
EBA chromatography in the process (Figure 6.4C). Also, results show that the increased protein
clearance is coupled with a decrease in the cell recovery yield for both processes (Figure 6.5C) -
with and without EBA chromatography - where a similar cell recovery yield profile was
achieved for both processes (global yield towards initial sample of 67% and 74%, respectively).
Given that DPBS was used as diafiltration solution to study the protein clearance profile
throughout processing, stabilizing proteins are also removed, explaining the decrease in cell
recovery.

Nonetheless, after both processes hMSC were recovered with high cell viability (> 95%)
(Figure 6.6A). After DSP, hMSC maintained their ability in adhering to plastic surfaces (no
significant differences observed towards hMSC before DSP, Figure 6.6A), having more than

89% of adherent cells after 1 h for both conditions.
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Figure 6.5 — Integration of EBA chromatography into the DSP of hMSC. (A) Comparison of the
two performed workflows. After cell expansion, the cell bulk suspension was harvested. Two different strategies
were evaluated — using negative mode expanded bed chromatography before the cell concentration step (dark grey)
and without performing the chromatography step. hMSC were afterwards concentrated and washed. (B) Protein
removal profiles and (C) cell recovery yields of the processes with and without performing EBA chromatography.
The dotted line represents the minimum recommended amount of FBS by the regulatory agencies.
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Figure 6.6 — hMSC characterization after the integrated bioprocess. (A) Cell characterization
in terms of cell apoptosis, metabolic activity, cell viability, cell adhesion and cell proliferation after expansion and
after downstream processing. Each bar represents the fold-increase/decrease, relative to cells before DSP. (B)
Expression of specific cell-surface antigens (CD166, CD105, CD90, CD73, CD44, CD45, CD34, CD19, CD14,
CD11b, HLA-DR) typical for hMSC, after up- and downstream processing. (C) hMSC morphology after up- and
downstream processing - immunofluorescence staining of f-actin (green), a-tubulin (red), and cell nuclei (blue).
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Scale bars: 100 pm. (D) Multipotent differentiation potential of hMSC. Red-oil solution stained lipid droplets
(adipocytes, left panel), alizarin red stained calcium deposits (osteoblasts, central panel), and alcian blue stained
extracellular matrix proteins (chondrocytes, right panel). Scale bars: 100 pm.

hMSC also remained metabolically active (no significant differences observed towards hMSC
before DSP, Figure 6.6A), having reached a similar population doubling level (PDL = 3) after
plating (Figure 6A). Additionally, a decrease in cell apoptosis (Figure 6.6A) was observed after
DSP; this decrease can be due to the death of part of these apoptotic cells during DSP.

The expression of the main characteristic hMSC’s surface receptors, as described in the
literature (Dominici et al., 2006), remained unaltered after processing (Figure 6.6B). More
specifically, hMSC lacked the expression of CD45, CD34, CD14, CD19 and CD11b, while
more than 95% of hMSC population expressed CD44, CD73, CD 90, CD105 and CD166
mesenchymal stem cell surface markers. To be noted that before DSP, more than 5% of hMSC
presented HLA-DR expression (39%, Supplementary data 6.1); previous studies in the literature
(Sotiropoulou et al., 2006) have reported that several culture parameters can affect the
expression of HLA. The high percentage of HLA-DR™* cells may be justified by the
expansion/harvest conditions. Given that after DSP only 1% of hMSC were HLA-DR*, it
appears that the DSP contributed to the elimination of HLA-DR* cells. Since no specific
selection method was applied, we hypothesize that these cells died throughout processing when
exposed to higher shear stress environments, and therefore are comprised in the overall 30%
cell loss during DSP.

Furthermore, the integration of EBA chromatography on the process showed not to
impact cell morphology, since, after plating, hMSC could successfully re-acquire their typical
spindle-like morphology, presenting organized intracellular f-actin and expressing a-tubulin (no
differences were observed when comparing to cells before DSP, Figure 6.6C).

Moreover, hMSC after DSP processing have maintained their multipotent differentiation
capacity, as cells were able to differentiate into adipocytes, osteocytes and chondroblasts (Figure

6.6D). No spontaneous differentiation was ever observed (data not shown).

5. Conclusions

Results in this study demonstrate that a new multimodal prototype matrix based on core-
shell bead technology can be successfully used in negative mode for cell therapy manufacturing,
given cell’s ability to elute in flowthrough. EBA chromatography could be integrated on the
endotoxin-free DSP of hMSC, where it improved the efficiency of already established TFF-

based washing by more than 10-fold, recovering at the end of the process approximately 70%
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of hMSC, without compromising cell’s characteristics in terms of identity, potency and viability.
It is shown that EBA chromatography can be incorporated on the cell therapy manufacturing
to wash the cell suspension before the concentration step, where a diafiltration step can be
applied afterwards using a proper cryopreservation solution (Chapter IV) to stabilize cells and
to formulate them to be subsequently filled and finished. By implementing this single-pass
operation on the process workflow, the number of overall diafiltration volumes could be
decreased, achieving overall purity levels compliant with the use of functional hMSC in
therapies, and also decreasing the time hMSC are subjected to pumping shear when processed
in the TFF.

Negative mode chromatography represents the beginning of a promising platform for cell
therapy applications, where new adsorbents can be designed to have affinity with target
impurities (e.g. BSA) and not to the final product itself, the cells. Given the scalable and universal
nature of the developed methodology in this study, this strategy can be adopted to process other
type of cell products relevant for both for autologous and allogeneic cell therapy applications
(e.g. pluripotent stem cells). This is achieved by a negative chromatographic operation mode
promoting the adsorption of impurities, as cells will flow through the expanded

chromatographic bed with minimal interaction.
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Supplementary data 6.1 — Expression of specific cell-surface antigens after the integrated
bioprocess. Histograms of each one of the analyzed cell surface markers. (A) CD166, (B) CD105, (C) CD90, (D)
CD73, (E) CD44, (F) CD45, (G) CD34, (H) CD19, (I) CD14, (J) CD11b, and (K) HLA-DR.
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1. Discussion

Advances in the last decades in biotechnology, bioengineering and stem cell biology have
been bridging fundamental research with practical clinical applications. But, as pointed out
throughout this thesis, the clinical transfer of human stem cells (hSC) for cell therapy
applications still faces major challenges. The production of high cell amounts required for
therapeutic doses, the delivery of those high cell numbers at low volumes with minimal presence
of impurities, while assuring the desired phenotype and function/potency are compulsory.

The work developed in this thesis aimed at establishing a streamlined downstream
processing (DSP) workflow based on scalable and integrated DSP wunit operations for
clarification, volume reduction and purification (washing) for cell-based therapeutic products.
Filtration methodologies and chromatographic tools were chosen for study and the critical
process parameters (CPP) were optimized to maximize cell recovery yield and viability while
ensuring hSC critical quality attributes (CQA) during these steps. Furthermore, analytical tools
were established to understand the impact that manufacturing has in cells’ characteristics during
bioprocessing. Each unit operation presented particular challenges, and overall the developed
methodologies showed to be scalable, compatible with current good manufacturing practices

(cGMP), robust and flexible to cope with different types of hSC.

1.1.Establishing a DSP workflow for hMSC

Although human mesenchymal stem cells (hMSC) are intrinsically heterogeneous
(Phinney, 2012), they are usually the only cellular entity present after expansion in bioreactors;
thus, unlike other stem cells, hMSC don’t require a cell separation step during the DSP
workflow. This workflow is mainly characterized by the removal of process impurities (as
microcarriers and components from the cell expansion unit operation), by a volume reduction
step, and finally by a reformulation into a cryopreservation solution. These unit operations
become more complex with processing scale-up and with the shift from planar cultures to
microcarrier-based bioreactor cultures (Schnitzler et al., 2016). This thesis focused on the
development of a DSP workflow for hSC, by identifying the CPP of each step of processing and

understanding how they impact cells’ CQA, hence maximizing cell recovery yield.
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1.1.1 Cell detachment and microcarrier clarification

After cell expansion, a key step in adherent stem cell manufacturing corresponds to cell
detachment from the microcarriers (Nienow et al., 2016). Typical detachment strategies include
the use of proteases (e.g. trypsin), chelating agents (e.g. EDTA) (Weber et al., 2007), or the use
of non-enzymatic procedures (e.g. thermo responsive polymers) (Yang et al., 2010). Since cell’s
characteristics are known to be affected by long exposure times to detaching agents (Freshney,
2011) and by detaching protocols (dos Santos et al., 2014), these methods should be carefully
considered and optimized. Additionally, microcarrier selection should be based not only on
optimal cell adhesion and expansion, but also on the feasibility to detach cells from the
microcarriers. Enzymatic protocols were performed throughout this thesis by incubating hMSC
with a dissociation reagent (Chapter II and IV). Although the aim of this thesis was not to
optimize the cell detachment protocol, a validation up to 2 L scale in disposable bioreactors of
a method developed by Nienow and co-workers (enzymatic protocol coupled to mild
hydrodynamic forces) was applied to further improve the cell recovery yields (Nienow et al.,
2014). The application of a short period of intense agitation in the presence of a detaching
agent, enhanced cell detachment from the microcarriers, thus permitting the recovery of higher
cell numbers, as explained by Nienow e al. (Nienow et al., 2014). Furthermore, this protocol
showed to be compatible with the biomanufacturing workflow of cellular therapies, since it
could be easily scaled up - by adjusting the stirring rates, comparable hMSC numbers could be
recovered at different scales (0.12 and 2 L) (Chapter V).

Whereas enzymatic detachment is sufficient to separate hMSC from the planar expansion
system, due to the non-biodegradable nature of the majority of microcarriers, their removal
becomes compulsory when cells are expanded in stirred systems. This step is fundamental within
the DSP workflow since microcarriers can be a source of particulates, which have potential risks
associated with the overall product quality, and thus with patient safety (Clarke et al., 2016). In
fact, therapy products need to comply with regulatory and safety standards for particulates for
injectable and parenterally infused drugs (e.g. USP 788) (Schnitzler et al., 2016). Within this
context, companies as Solo-Hill (recently acquired by Pall) have been developing low particulate
microcarriers (Solo-Hill’s Hillex® CT) that can be used as substrates for expansion of stem cells
for research and cellular therapy applications.

Due to the size differences between microcarriers (100 - 200 pm) and cells (10 - 20 pm),
strategies based on size exclusion are being developed for microcarrier removal. Results on
Chapter II pointed to the importance that high pore size filters (> 75 pm) have on dead end
filtration process using sterile microfiltration capsules (e.g. Opticap®); higher cell recovery
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ylelds were observed comparing to lower pore size filters (30 pm), which are subjected to an
easier microcarrier cake formation, entrapping part of the cell suspension on top of the filter.
Following this trend, several closed technologies based on the same concept are now being
commercialized, as Pall Solo-Hill’s cell separation bag containing a 70 pm screen, and Thermo
Scientific’s Hy(Q) Harvestainer (25 or 50 L volume) (Szczypka et al., 2014). Moreover,
technologies using cell retention devices (e.g. ATF™) as described in Chapter IV, allow to
perform process integration and intensification by accomplishing the cell expansion and
clarification within the same unit, and are thus highly attractive for cell therapy
biomanufacturing. Given the advantages of tangential flow filtration (TFT) compared to dead
end filtration, some authors have proposed the possibility to use TFF for microcarrier removal
(de Soure et al., 2016; Hassan et al., 2015). Nonetheless, for this goal such devices would require
to have pore sizes higher than 70 pum, allowing to permeate cells, whereas the microcarriers
would be physically separated, remaining inside the TFF system. However, up to this moment
there are no commercially available TFF devices with pore sizes higher than 0.65 pm that would
permit this operation.

Moving towards the development of dissolvable microcarriers would be a major
achievement for this area. It could significantly simplify the biomanufacturing workflow by
avoiding this filtration step, which ultimately would increase the overall bioprocessing yield. In
this case, all process impurities would be removed in the cell washing step. As reviewed by de
Soure et al.  (de Soure et al., 2016), the development of polygalacturonic acid (PGA)-
microcarriers (Henry et al., 2014) that can be dissolved using pectinase, is an example of efforts

currently made towards this goal.

1.1.2 Cell concentration

Results from Chapter II to V confirmed the suitability of TFF to effectively concentrate
hSC. The volume reduction unit operation by TFF showed to be flexible (allowing for different
operation modes) and robust in concentrating different types of stem cells (Chapter II and I11I),
from different sources (Chapter V), from different donors (Chapter II and V) at different scales
(Chapter V), ensuring suitability for application in the biomanufacturing of both autologous
and allogeneic cell-based therapies.

The design space for this unit operation was established for adult (Chapter II) and
pluripotent stem cells (Chapter III) also relying on risk-based frameworks, as quality-by-design
(QbD). After defining viability, identity and differentiation capacity as CQA, CPP of shear rate,
permeate flux, and load, showed to impact the TFF process performance (Chapter II and III).
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The use of QbD-based approaches, as design of experiments (DoE), prove that the optimization
of the TFF process for cell concentration is complex and should not be performed in a stepwise
manner, since all considered CPP have interacting effects that impacted differently cell recovery
yield and cell viability responses.

Although it 1s desirable to design low shear processes to perform the volume reduction
and washing steps of cell-based products in order to maintain cells’ characteristics (Pattasseril et
al., 2013), higher shear rates (3000 s vs 700 s'') and higher permeate fluxes (250 LMH vs 50
LMH) maximized the cell recovery yield throughout processing without impacting cells” CQA,
by decreasing both fouling during the microfiltration and the overall processing time by four-
fold. In fact, results presented in Chapter II also corroborate the importance of having minimal
processing times (Hassan et al., 2015; Pattasseril et al., 2013) during DSP, as a decrease in
hMSC’s proliferative capacity and increase in apoptosis were observed for longer TFF
processes. Although TFF aims towards the prevention of cake formation, membrane fouling is
an unavoidable outcome of filtration (van Reis and Zydney, 2007), where the adsorption of cells
to the membrane’s surface 1s always observed (Chapter II — V). Nonetheless, if a minimum cell
load is not ensured, that adsorption can reach up to 50% of the overall cell quantity. Therefore,
depending on the therapeutic use, upstream processing should aim not only to achieve high cell
numbers, but also sufficient volumetric cell concentrations (after cell expansion and/or
harvesting) to undergo DSP. Moreover, the membrane’s material and pore size can contribute
significantly to the adsorption phenomenon. Comparing the results achieved in Chapter II and
V using hollow fiber cartridges (HF) and flat sheet cassettes (FSC), it is possible to observe that
the materials’ hydrophilicity coupled to the use of turbulence promoters is beneficial to perform
the volume reduction step, where more cells can be recovered after a volume reduction factor
of 50, translating in cell recovery yields of 85%. Currently, commercially available devices to
operate TFF were originally designed for virus and protein processing; the results obtained in
Chapter II and V on this thesis point towards the need to redesign and develop improved
materials tailored to cope with the specifications of cell-based products, were cells are intended
as the final product and not as by-products. The design of such materials will ultimately allow
to fully explore the benefits and effects of different devices” geometries and hydrodynamics on
cells” characteristics and recovery yields.

Overall, TFF showed to be a robust and universal methodology for processing different
stem cell types with different characteristics and behaviors (Chapter II and III), as similar CPP
levels were observed to maximize both pluripotent and adult stem cells’ viability and recovery
yield, achieving 70-100% cell recovery yield depending on the value of the shear rate used.
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1.1.3 Cell washing

To deliver cell therapy products to the clinic, it is important to ensure that these are pure
enough to be safe to administer/infuse into patients. Since cell sterilization is not possible, there
1s an ultimate need to minimize external contaminants. Thus, the development of integrated,
closed, single-use bioprocessing strategies has been sought. Moreover, for cell-based therapies
it 1s required to efliciently wash cells, purifying them from undesired process residuals and
impurities as described in Tables 1.1 and 1.4 (European Medicines Agency, 2008). Trace
amounts of host-cell DNA and proteins if injected into patients may cause allergic reactions or
even cause transfection of cells, resulting in tumor formation (Wolter and Richter, 2005). Thus,
efficient washing strategies should decrease impurities’ below 1 ppm (Food and Drug
Administration, 2014).

A manufacturing process should be designed such that the volume of cell suspension
washed should be manageable to minimize processing time and volume of wash buffer used,
while cells are in suspension, ideally as single cells (Pattasseril et al., 2013). Efforts towards cell
washing have been focused on using filtration methodologies to accomplish the purification of
cellular products. Lonza (MD, USA) has reported a TFF process using hollow fiber devices,
where hMSC were washed efficiently while maintaining functionality (Pattasseril et al., 2013;
Rowley et al., 2012a). Another study also reported the use and validation of a novel dead-end
filtration to remove dimethyl sulfoxide (DMSO) (up to 85%) from a hMSC suspension ensuring
over 70% cell recovery yield (Tostdes et al., 2016). To integrate different DSP steps within the
same device, thus accomplishing process intensification, the same TFF device used to previously
concentrate cells was also used for cell washing. Results on Chapter IV reflected the effectiveness
of first concentrating the cellular product, thus minimizing the processing time, as well as the
volume of wash buffer used during diafiltration (DF). Moreover, continuous DF showed to be
more efficient and gentle than discontinuous DF (Schwartz, 2003), achieving higher cell
recovery yields, lower cell death and improved protein clearance. Nonetheless, to approach the
residual’s level in accordance with regulatory requirements, an expanded bed adsorption (EBA)
chromatography step using a multimodal prototype bead resin in negative mode was used
(Chapter VI). The integration of EBA on the DSP workflow using TFF allowed to improve
protein clearance by more than 10-fold applying the same number of diafiltration volumes,
while ensuring cells’ CQA and sterility throughout processing (endotoxin-free process, <l
EU/mL). This type of combined strategy may be used in the cell therapy manufacturing

workflow, where EBA is used as a first purification step to wash the cell suspension before the
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concentration step; a TFF module can then be used to concentrate cells and to diafiltrate them

into a proper cryopreservation solution to conclude with fill and finish steps.

1.2. Biomanufacturing workflow of hMSC

Throughout Chapters II-V it was possible to highlight the benefits of designing integrated,
closed and scalable processes for the DSP of cell therapy products. The use of methods
compliant with cGMP not only facilitates the transfer of these methodologies to an industrial
setting, but ultimately will also facilitate regulatory approval while providing batch consistency

(Campbell et al., 2015). The major achievements of this thesis are represented in Figure 7.1.

Synthetic microcarrier

¢ Cell detachment * Tangential flow filtration
* Microcarrier removal

¢ Tangential flow filtration

technology & xeno- (diafiltration, DF)

free, serum-free (dead end filtration) Hollow fiber Flat sheet
. - cartridges (HF) cassettes (FSC)
m(‘dlum E—

Single-use controlled
stirred tank

bioreactors

Cell Expansion Cell Harvesting Cell Concentration Cell Washing

v" Ciomplete microcarrier v" High volume reduction v' High protein clearance
removal (visual factors (50-fold) (98%) reached after 5 DF
inspection) v" High cell recovery yields volumes (continuous DF)

v High cell recovery yields (>85%) and viabilities v Negative mode EBA allowed
(>90%) and viabilities (>95%) to improve protein clearance
(>95%) v Scale-up up to 2 L. (99.6%) (10-fold)

v Scale-up up to 2 L v FSC recovers 18% more cells

than HF

Process and Product Characterization

* Impact of critical process parameters in cells’ critical quality attributes (CQA)— identity, viability,
differentiation, morphology
* Mass spectrometry (MS) for total proteome profiling

v" Development of an integrated, closed, single-use, cGMP compliant streamlined bioprocess
v" All unit operations showed not to impact cells’ CQA

v MS tools allow to identify specific cell signatures and are crucial to evaluate impact of processing
on cells’ COA

Figure 7.1 — Schematic representation of the major aims and of this thesis correspondent
achievements. The biomanufacturing workflow for cell-based therapies comprising up and downstream unit
operations is presented (Figure 1.9, Introduction section). The major goals and conditions tested are represented
as well as the main results from each section of this work.

Results from Chapter II-VI focused on designing a DSP workflow based on:
understanding the cellular product, the CPP affecting the CQA, and on applying scalable
technologies that could be easily adapted for either scale-out or scale-up purposes. Adopting
this strategy, it was possible to establish filtration methods that processed both adult and
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pluripotent SC, achieving cell concentrations relevant for therapy (Table 1.2, Introduction)
(volume reduction factor of 50), guaranteeing high cell recovery yields (more than 80%) with
high purity levels (no microcarriers, endotoxin-free, and more than 99% of protein clearance),
and without compromising cells’ CQA of viability, identity and potency (Figure 7.1).
Additionally, for therapies it is recommended to demonstrate that manufacturing does
not affect safety, identity, purity, or potency (Campbell et al., 2015; Food and Drug
Administration, 1996). Given the complexity of cellular products, demonstrating such CQA can
be challenging. To assess cells’ quality at the end of processing it is essential to apply a diverse
panel of analytical methods that allow to evaluate cell viability, membrane structure,
senescence, proliferation, adhesion, potency, metabolism, apoptosis, amongst others. The
combination of such diverse assays will ultimately provide a global assessment of cell quality.
Moreover, it is also important to identify beforehand cells’ potency for a given therapeutic use
and apply assays that monitor this parameter. For instance, nowadays hMSC are mostly applied
for their ability in secreting bioactive molecules and not solely by their differentiation capacity
(except for regenerative medicine applications). Thus, assays that can monitor cells’ secretome
are fundamental if they are used in a clinical setting with this goal. Within this context, the
application of more sensitive methodologies (e.g. “omics”) that allow a better cell
characterization, increasing product and process understanding is thus essential while carrying
out cell therapy process development. In fact, the use of this type of analysis allowed for the
identification of specific signatures of the final product and proved to be essential to understand
the cells’ final quality as well as to evaluate the impact of manufacturing at different stages of

processing, as described in Chapter V.

2. Conclusion and perspectives

The cell therapy field i1s currently facing similar challenges as those observed for protein
processing, in particular for monoclonal antibodies, over 20 years ago. T'o meet the high-growth
demand for cell therapy products, manufacturers are developing and integrating new upstream
platforms, essentially based on microcarrier-based bioreactors, to significantly increase
therapeutic cell culture productivity (Rowley et al., 2012b). As these technologies mature, the
bottlenecks are now shifting towards DSP, where high recoveries with minimal loss of product,
while maintaining cells’ characteristics, is the main driver for process development.

The cell therapy industry has then an opportunity to learn from protein and virus
processing and anticipate these bottlenecks, by proactively developing strategies that address
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future scales for autologous and allogeneic therapies, and by optimizing technologies that can
be robust, integrated, scalable and flexible for different types of therapeutic products.
Furthermore, as this field mature, it is expected that the design of materials and devices
specifically tailored to cope with cells’ features will bring therapies one step closer, allowing to
maximize cell recovery yields, keeping manufacturing costs to a minimum.

Opverall, the results presented on this thesis contributed to generate knowledge regarding
the impact that critical process parameters of filtration-based methods and chromatography
have on hSC’s recovery, viability and characteristics. By combining membrane technology and
chromatographic tools, an effective DSP workflow comprised by clarification, cell concentration
and washing unit operations was established, ensuring high cell concentration factors, high
recovery yields with minimal presence of impurities. This knowledge can now be used as a base
to study the interaction of cells and materials (e.g. membranes), potentially developing more
suitable materials and conditions for cell concentration and washing. Moreover, the
chromatography principles herein described hold the potential to be used in an industrial
setting, as they can be exploited for affinity selection of specific impurities or even other cellular

entities or impurities, maximizing cells’ recovery.
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