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ABSTRACT 

 

Umbilical cord blood (CB) is a clinically relevant source of hematopoietic 

stem/progenitor cells (HSPC) for cell and gene therapies (CGT). As a by-product of 

childbirth, CB can be easily procured and has a primitive cellular compartment. 

Although with a finite volume, ex vivo expansion has unsealed considerable potential, 

allowing CB to respond to any cell dose requirement. Still, CB use in HCT is decreasing 

and only a single approved CGT based on CB-derived expanded HSPC exists (i.e. 

Omisirge). Several attempts were made to progress HSPC expansion, hoping to 

improve its attractiveness. 

After development of HSPC expansion media, exogenous cytokines, ubiquitous in 

expansion strategies, were targeted for optimization. Optimal concentrations of stem 

cell factor (SCF), fms-related tyrosine kinase 3 ligand (Flt-3L) and thrombopoietin (TPO) 

were determined for HSPC expanded with two different strategies, liquid culture and 

mesenchymal stromal cell (MSC) co-culture. An optimal cytokine cocktail was calculated 

and validated, displaying improved cell yield. 

As a contributor to the bone marrow niche, MSC provide hematopoietic support during 

co-culture expansion. Consequently, MSC have to be integrated in the manufacturing 

pipeline. Cryopreservation remains the standard method to store and transport cells but 

also has detrimental effects. Hypothermic alginate beads were evaluated for MSC. 

Successfully encapsulation was verified up to 12 days, retaining cell fitness and function 

(including hematopoietic support capabilities). 

Cell potency is crucial for assuring quality, with assays being alarmingly 

underdeveloped. Transcriptomics and Fourier-transform infrared spectroscopy (FTIR) 

were explored as novel techniques for quality monitoring during ex vivo HSPC 

expansion. Both were able to discriminate between different expansion systems, with 

systematic dissimilarities being uncovered in expanded HSPC. 

These advances in CB-based HSPC expansion aim at promoting a continuous 

improvement environment, which is deemed crucial for healthy development of CGT. 

Value of ex vivo expansion of HSPC was significantly enhanced, benefitting future CB 

use. 

 

Keywords: Umbilical cord blood, hematopoietic stem and progenitor cells, cell and 

gene therapies, ex vivo expansion, mesenchymal stromal cell co-culture. 
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RESUMO 

 

O sangue do cordão umbilical (CB) representa uma fonte relevante de células 

hematopoiéticas estaminais e progenitoras (HSPC) para terapias celulares e génicas 

(CGT). O CB é facilmente obtido e contém células bastante primitivas. Apesar do seu 

volume finito, a expansão celular ex vivo veio desbloquear enorme potencial, 

permitindo que o CB responda a qualquer dose necessária. Contudo, o seu uso está 

em decréscimo e existe somente uma CGT baseada em HPSC expandidas de CB 

(Omisirge). Aqui, várias abordagens foram exploradas para aperfeiçoar a expansão de 

HSPC, incluindo a otimização de citocinas, usadas na maioria das estratégias de 

expansão. Determinaram-se as concentrações ótimas de SCF, Flt-3L e TPO em dois 

sistemas de expansão: cultura líquida e co-cultura com células estromais mesenquimais 

(MSC). Cocktails de citocinas otimizados foram calculados e validados, e demonstraram 

um melhor rendimento de expansão celular. 

As MSC pertencem ao nicho da medula óssea e dão suporte hematopoiético na 

expansão em co-cultura. Por conseguinte, deverão ser integradas no processo de 

manufatura. A criopreservação é o método principal de armazenamento e transporte 

celular, apesar dos efeitos negativos. Esferas de alginato hipotérmicas foram avaliadas 

para MSC. Conseguiu-se um encapsulamento até 12 dias, preservando a viabilidade 

celular e função, bem como as capacidades de suporte hematopoiético. 

A potência celular é crucial para assegurar a qualidade das CGT, apesar dos ensaios 

estarem subdesenvolvidos. A transcriptómica e espectroscopia FTIR foram exploradas 

como novas ferramentas para controlo de qualidade durante a expansão ex vivo de 

HSPC. Ambas conseguiram discriminar entre sistemas de expansão, apresentando 

diferenças sistemáticas em HSPC expandidas. 

Estes avanços na expansão ex vivo de HSPC do CB pretendem promover um ambiente 

de aperfeiçoamento contínuo, recomendado para um desenvolvimento sustentável das 

CGT. Aumentou-se o valor global da expansão ex vivo de HSPC, beneficiando o seu 

futuro uso. 

 

Palavras-chave: Sangue do cordão umbilical, células hematopoiéticas estaminais e 

progenitoras, terapias celulares e génicas, expansão ex vivo, co-cultura com células 

estromais mesenquimais. 
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collection of necessary cells and tissues. When required, defined cell subpopulations can be 

isolated, through positive or negative selection techniques. In this particular case, isolated cells 

are then manipulated through ex vivo expansion (e.g. co-culture expansion) until production 

goals are reached. Expanded HSPC need to be subsequently purified from cellular (e.g. 

mesenchymal stromal cells) or molecular contaminants (e.g. exhausted expansion medium). 

Finally, expanded HSPC need to be stored and transported to clinical facilities for final patient 

infusion. Between each process unit, cell product quality needs to be guaranteed according to 
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Figure I-6. Quality by design framework. An initial quality target product profile (QTPP) requires 

defining end product objectives that satisfy therapeutic needs. Translation of these objectives 

to their cellular features uncovers process critical quality attributes (CQA). In turn, process 

variables that are responsible for influencing CQA are identified as critical process parameters 

(CPP). Controlled variation of these parameters originates a normal operating space, which limits 

process operability. Continuous process monitoring and control facilitates improvement 

implementation, creating a cycle of process optimization. Adapted from 117. ........................... 42 

Figure II-1. Definition of experimental design space for the optimization studies. Surface 

response methodology requires limitation of parameters in order to study response variables. 

Concentrations of the cytokines stem cell factor (SCF), fms-related tyrosine kinase 3 ligand (Flt-

3L) and thrombopoietin (TPO) were selected as parameters. A limited experimental design 

window was selected from their full observational space with respective concentration ranges 

between 0 and 100 ng/mL. By incorporating three levels of dimensionality, the design space 

gained a cubic geometry. Having defined the design space, a face-centered central composite 

design was applied, which provided the experimental points necessary in order to reach the 

response surface. These include center points, axial points (located in the center of the cubic 

planes) and factorial points (located in the cubic vertices). ........................................................ 56 

Figure II-2. Experimental workflow of the performed optimization. Cord blood (CB) mononuclear 

cells (MNC) were thawed and enriched for CD34 expression. These isolated cells were used as 

the starting population in two different expansion systems (i.e. liquid suspension culture and co-

culture with bone marrow-derived mesenchymal stromal cells) and expanded during 7 days. 

Total nucleated cell number, CD34 expressing cell number and CFU readouts were selected for 

optimization and termed as response variables. Using an experimental design approach, 17 

different cytokine combinations were used during expansion runs and response variables were 

tracked. Experimental data points were modelled, giving rise to unique response surfaces for 

each expansion system. By locating the surface maximum, each response variable originated an 

optimized cytokine cocktail, improving the quantity and quality of the expanded cell product.
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Figure II-3. Measurements of response variables for two different expansions systems, HSPC 

suspension culture (CS_HSPC) and co-culture with bone marrow mesenchymal stromal cells 

(CS_HSPC/MSC). Throughout the entire cytokine panel of 17 combinations, values of fold 

change (FC) of total nucleated cells (TNC), FC of CD34+ expressing cells, FC of colony-forming 

unit granulocyte-monocyte (CFU-GM) and FC of multilineage colony-forming unit (CFU-Mix) 

were followed. Cells isolated from three different donors were used for testing the response 

variables for CS_HSPC/MSC (A) and CS_HSPC (B). (+) 100 ng/mL; (0) 50 ng/mL; (-) 0 ng/mL. . 61 

Figure II-4. Preparation and polishing of experimental data with assessment of regression quality 

for FC TNC for HSPC suspension culture (CS_HSPC) and co-cultured with MSC(M) 

(CS_HSPC/MSC). (A) Data from every CB donor was normalized, highlighting variability 

exclusively due to different cytokine combinations. (B) Outlier screening was performed through 
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Z-score determination. Data points with absolute score values higher than 3 were labelled 

outliers and were consequently removed from their dataset. (C) After regression determination, 

experimental data points were compared with calculated regression. (D) Deviations between 

data points and regressions were visualized. Norm – normalized. ............................................. 62 

Figure II-5. Response surface plots of every response variable with localization of optimal 

cytokine concentrations for HSPC suspension culture (CS_HSPC) and HSPC co-cultured with 

MSC(M) (CS_HSPC/MSC). Calculated regressions were extrapolated to the whole design 

window, originating response surfaces. Surface plots containing the response surfaces were 

observed for the identification of a local optimal response. Regressions were maximized inside 

the limited design window, giving rise to the optimized cytokine cocktail. These are represented 

by a black arrow, while a dotted line highlights the corresponding cytokine concentrations that 

led to the maximum response. Flt-3L concentrations was maintained constant at their respective 

optimal concentration. Norm – normalized. ............................................................................... 63 

Figure II-6. Optimal cytokine concentrations for every response variable and expansion system. 

Maximization of regressions led to optimal cytokine concentrations. Concentration plots 

displaying the different optimal cocktails observed for each response variable. Sharp differences 

were detected between both expansion systems, evidencing that cytokine influence is majorly 

dependent on the expansion approach. .................................................................................... 65 

Figure II-7. Validation of determined response surfaces and in-depth analysis of AB20 cocktails. 

(A) AB20 and Z9 cocktails were used as validation tests for calculated regressions. Predictability 

of regressions was analyzed by comparing function predictions and respective confidence 

intervals with experimental confirmation for every response variable and expansion system. 

Prediction represented by dashed line and confidence intervals by grey columns. (B) Average of 

two different donors showed that biological variability did not affect the predicted outcomes of 

comparison between Z9 and AB20. AB20 performed better or similar to Z9 cocktails as 

anticipated by the prediction and respective 95% confidence intervals. (C) Further comparison 

highlighted that benefits of AB20 cocktail determination went beyond selected response 

variables. Expansion using AB20 cocktails led to higher fold increase in CAFC and higher CD34 

median fluorescence intensity. (D) Representative histogram of CD34 expression demonstrating 

that AB20 cocktails are able to delay loss of this marker during expansion. (E) Representative dot 

plots of CD34 and CD90 expression before and after expansion using both culture systems and 

cocktails. Initial CD34+CD90+ population is mostly lost during expansion, although a residual 

population percentage is observable in every condition. Mixed results were visible concerning 

maintenance of the more primitive population. Populations were previously gated for live cells 

using a viability assay. Data is represented by the mean ± standard error of the mean. ........... 68 

Figure II-8. Reaction fingerprints obtained out of the 17 cytokine combinations. Information 

obtained from creating response surfaces can be exploited to further assess the relationship 

between an expansion system and cytokine use. Unique reaction fingerprints were determined 

for normalized FC TNC (A), percentage of CD34+ cells (B), percentage of CFU-GM (C) and 

percentage of CFU-Mix (D). Circular rings around plots display respective cytokine 

concentrations associated with each data point. CS_HSPC/MSC appear to synergize better with 
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cytokines, except for CFU-Mix. Percentage of CD34 expression for cytokine combination 8 in the 

CS_HSPC was not quantified due to insufficient cell number. ................................................... 70 

Figure II-9. Side-by-side comparison between expansion systems with respective optimal 

cytokine concentrations. (A) A number of significant variables concerning HSPC expansion were 

chosen as comparison criteria between CS_HSPC (red) and CS_HSPC/MSC (blue). Co-culture 

displayed superior performance in most variables, with the exception of FI CFU-Mix and 

percentage of CFU-Mix. (B)  Contour plot of CD34 and CD90 expression after 7 days expansion 

with AB20 cocktail. At day 7, CS_HSPC/MSC demonstrated a substantially different CD34 

expression profile, being able to retain expression of CD34 more effectively when compared to 

CS_HSPC. Two different CB donors. Data is represented by the mean ± standard error of the 

mean. .......................................................................................................................................... 71 

Figure III-1. Study Design. Three different adipose tissue-derived mesenchymal stromal cell 

(MSC(AT)) donors were expanded in fetal bovine serum (FBS) or human platelet lysate (HPL)-

supplemented expansion medium in standard tissue culture plastic. After reaching desired 

numbers, MSC(AT) were encapsulated in alginate beads and kept at temperatures between 10ºC 

and 20ºC. MSC(AT) were left encapsulated during three different time periods: 30 minutes (D0), 

5 days (D5) and 12 days (D12). Cells were then released and subjected to different 

characterization assays and compared with non-encapsulated MSC(AT). Cell retainment and 

survival during encapsulation, MSC identity and functional immunophenotype, MSC tri-lineage 

differentiation potential, metabolic activity and hematopoietic support capacity were 

determined and compared between timepoints. ....................................................................... 88 

Figure III-2. Cell encapsulation performance and MSC(AT) metabolic analysis. (A) – Cell recovery 

from alginate beads after 30 minutes (D0), 5 days (D5) and 12 days (D12) for MSC-FBS (blue) and 

MSC-HPL (red). (B) – Cell viability of MSC(AT) before encapsulation (Non) and after their release 

from encapsulation at D0, D5 and D12. (C) – Glucose and lactate concentration profiles. (D) – 

Glucose (left) and Lactate (right) profile regression modelling. Fitting of first-order regressions 

with presentation of equation and coefficient of determination (R2). (E) – Molar glucose 

consumption and lactate production rates. (F) – Specific molar glucose consumption and lactate 

production rates at the various encapsulation timepoints. (Three MSC(AT) donors; mean ± SEM; 

*P < 0.05, **P < 0.01). ................................................................................................................ 90 

Figure III-3. Differentiation potential and immunophenotype of MSC(AT) before and after 

encapsulation. (A) – Map of MSC(AT) tri-lineage differentiations showing successful 

differentiation in every timepoint. Representative image of osteogenic (left), adipogenic (center) 

and chondrogenic (right) stainings. (B) – Positive and negative identity marker expression for 

MSC-FBS (left) and MSC-HPL (right) (%). (C) - Representative MSC(AT) marker expression for a 

defined encapsulation timepoint. For homogeneous populations with no subpopulations 

identified, dotplots containing stained cells (orange) were overlaid with the unstained control 

(dark grey) (first, third and fourth row). Marker expression that led to MSC(AT) positive 

subpopulations were gated in contour plots (second row). Scale bar: 100 μm, Non – non-

encapsulated; SSC – Side scatter; MFI – Median fluorescence intensity (Three MSC(AT) donors; 

mean ± SEM). ............................................................................................................................. 93 
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Figure III-4. Characterization of MSC(AT) immunosuppression potential and clonogenic ability. 

(A) – Subpopulation immunosuppressive and clonogenic marker expression for MSC-FBS (left) 

and MSC-HPL (right). (B) – Homogeneous immunosuppressive and clonogenic populations with 

marker percentage and median fluorescence intensity (MFI) levels, MSC-FBS (left) and MSC-HPL 

(right). Interconnected dots – marker percentage; bars - MFI (C) – MFI analysis for motility (CD10), 

translocation (CD54) and hematopoietic support-related (CD146) markers for MSC-FBS (left) and 

MSC-HPL (right). Non – non-encapsulated; (Three MSC(AT) donors; mean ± SEM). ................. 94 

Figure III-5. Hematopoietic support assay for MSC(AT) potency/function. (A) – Experimental 

layout. Non-encapsulated and released MSC(AT) are replated as a feeder layer to investigate 

their hematopoietic support capacity. Umbilical cord blood-derived hematopoietic stem and 

progenitor cells (HSPC(CB)) were isolated by magnetic activated cell sorting (MACS) and seeded 

onto the MSC(AT) feeder layer. After 7 days in a co-culture setting, expanded HSPC(CB) are 

harvested and analyzed concerning cell number, immunophenotype, metabolic activity and 

differentiation potential by colony forming unit (CFU) assay. (B) – Mean fold change (FC) in total 

nucleated cell (TNC) number after HSPC(CB) expansion normalized to the control condition 

(HSPC(CB) expanded without an MSC(AT) feeder layer; No FL). (C) – Glucose (top) and lactate 

(bottom) concentration profiles for co-cultures of HSPC(CB) and MSC-FBS (left) and MSC-HPL 

(right). (D) – Glucose consumption (left) and lactate production (right) rates during hematopoietic 

expansion. No FL – control condition without an MSC(AT) feeder layer; Non – non-encapsulated 

(Three MSC(AT) donors; mean ± SEM). ...................................................................................... 97 

Figure III-6. Immunophenotype and clonogenic potential (CFU) of hematopoietic 

stem/progenitor cells co-cultured with MSC(AT). (A) – Representative dotplots showing the 

gating strategy used for identification of different HSPC populations before expansion (Pre-Exp) 

and after expansion using released (D0, D5, D12) or non-encapsulated (Non) MSC(AT) as feeder 

layers. Live HSPC were gated on forward scatter (FSC) versus side scatter (SSC), followed by the 

use of a viability dye. Then, CD34 expression was identified (top) and, to explore the remaining 

populations, CD45RA and CD90 expression were also investigated (bottom). (B) – FC of 

normalized CD34+ (relative to the control No FL) (left), CD34+CD45RA- (center) and 

CD34+CD45RA-CD90+ (right). (C) – Percentage of CD34 expression (left), CD34+CD45RA- (center) 

and CD34+CD45RA-CD90+ (right). (D) – Quantification of CD34 loss after expansion. Mean 

fluorescence intensity (MFI) of CD34+ expression was quantified and normalized by the width of 

the positive CD34 population. (E) – CFU population percentage. Neglectable burst-forming unit-

erythroid (BFU-E) led to mainly two populations, colony forming-unit granulocyte (CFU-GM) and 

colony forming-unit multilineage (CFU-Mix). (F) – FC in total CFU number after HSPC expansion 

using FL from encapsulated and non-encapsulated MSC(AT), previously expanded in FBS or HPL 

supplemented medium. No FL - control condition without an MSC(AT) feeder layer; Non – non-

encapsulated; SSC – Side scatter; LL – Lower limit; UL – Upper limit (Three MSC(AT) donors; 

mean ± SEM). ............................................................................................................................. 98 

Figure III-7. Heatmap score of MSC(AT) encapsulation. Key variables were put side-by-side to 

perform a comprehensive comparison between encapsulation timepoints for MSC-FBS (top) and 

MSC-HPL (bottom). Each variable was individually normalized by the value of non-encapsulated 
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cells or D0, when non-encapsulated cells were not available. Differentiation was set to 1 for every 

timepoint, as every differentiation was successful. Non - non-encapsulated; Glu – Glucose; Lact 

– Lactate; Norm – Normalized; FC – Fold Change; MFI – Median Fluorescence Intensity; n.a. – 

not applicable (Three MSC(AT) donors; mean). .......................................................................... 99 

Figure IV-1. Experimental design of studied expansion systems. Umbilical cord blood (CB) units 

were received after donor consent and mononuclear cells (MNC(CB)) were isolated before 

undergoing hematopoietic stem and progenitor cell (HSPC) enrichment. Magnetic activated cell 

sorting (MACS) through CD34 expression was performed, reaching an initial CD34+ percentage 

of 83 ± 4%. Enriched HSPC were used to seed three different expansion systems, namely co-

culture with bone marrow-derived mesenchymal stromal cells (MSC(M)) (CO_Stat), static liquid 

monoculture (LC_Stat) and dynamic liquid monoculture (LC_Dyn). Initial HSPC concentration 

was 50 000 HSPC per mL of expansion medium. CO_Stat and LC_Stat were cultured in wells of 

a 12-well plate (2 mL each), while LC_Dyn was cultured in a StemSpan™ Spinner Flask (25 mL). 

Due to the different nature of each expansion system, CO_Stat had a growth inactivated MSC(M) 

feeder layer (FL) expanded in human platelet lysate (HPL)-supplemented culture medium 

previously prepared and LC_Dyn had a continuous agitation regimen of 30 rpm. HSPC expansion 

were performed in StemSpan SFEM II, supplemented with 1% (v/v) antibiotic/antimycotic and 

optimized exogenous cytokines during 7 days. ....................................................................... 115 

Figure IV-2. Characterization of expanded HSPC from three different expansion systems (i.e. 

CO_Stat, LC_Stat and LC_Dyn). (A) Fold change (FC) of total nucleated cell number (TNC) after 

a 7-day expansion. (B) Glucose (left) and lactate (right) profiles during expansion, measured in 

concentration (g/L). (C) Percentage of expression of several HSPC subpopulations (i.e. CD34+, 

CD34+CD45RA- and CD34+CD45RA-CD90+) in the bulk expanded HSPC population and the 

initial CD34-enriched population (Day 0). (D) FC of each HSPC subpopulations after undergoing 

expansion with each different system. (E) Percentage distribution of multi-lineage colony-

forming unit (CFU-Mix), burst-forming unit erythroid (BFU-E) and colony-forming unit 

granulocyte-macrophage (CFU-GM) colonies originated from colony-forming unit assays (CFU) 

of freshly isolated (Day 0) and expanded HSPC. (F) FC of CFU-Mix, BFU-E and CFU-GM colonies 

after expansion with CO_Stat, LC_Stat and LC_Dyn. Data was obtained from four different pools 

of CB units and values are represented by their mean ± standard error of the mean. * p-value < 

0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001. ....................................... 117 

Figure IV-3. Translation of functional outputs from traditional assays to transcriptomic 

alternatives. (A) Relative telomere length (left), in percentage, and normalized telomerase (TERT) 

transcript counts (right) of freshly isolated (Day 0) and expanded populations (i.e. LC_Stat, 

CO_Stat and LC_Dyn). (B) Expression of a CD34+ADLHbri phenotype characteristic of more 

primitive HSPC, in percentage and FC (left), and normalized aldehyde dehydrogenase 1 family 

member A1 (ALDH1A1) transcript counts (right). (C) Total CFU count per 1000 seeded HSPC 

(left) and gene set enrichment analysis (GSEA) between each expansion system and Day 0 using 

common myeloid progenitor and granylocyte/monocyte progenitor gene sets (right). (D) Fold 

change (FC) of cobblestone area-forming cell (CAFC) colonies (left) and GSEA between each 

expansion system and Day 0 using a hematopoietic stem cell gene set (right). (E) Percentage of 
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CD34+ cells in Day 0 and expanded HSPC populations (left) and normalized CD34 transcript 

counts (right). For relative telomere length, total CFU/1000 cells, FC in CAFC colonies and CD34 

expression, four different pools of CB units were used, while the remaining outputs were 

obtained from three pools. Values are shown by their mean ± standard error of the mean. .. 119 

Figure IV-4. Fourier-transform infrared spectroscopy (FTIR) of expansion-derived conditioned 

media. (A) FTIR spectra obtained from samples of conditioned medium resulting from each 

expansion system, namely LC_Stat, CO_Stat and LC_Dyn. Red-marked wavelengths are 

statistically significant differences (p-value < 0.05) between each expansion system. (B) Second 

derivate spectra of biologically relevant wavelength ranges (500-1800 cm’1 and 2800-3500 cm-1) 

of LC_Stat (light green), CO_Stat (dark green) and LC_Dyn (blue). Arrows highlight spectra 

differences. (C) Principal component analysis (PCA) of second derivative spectra and individual 

cluster identification. Bi-plot of principal component (PC) 1 and PC2. Each expansion system was 

represented by three different pools of CB units, with four technical replicates during spectrum 

acquisition. ................................................................................................................................ 121 

Figure IV-5. Transcriptomic characterization of expanded HSPC from different expansion 

systems (LC_Stat, CO_Stat and LC_Dyn). (A) Correlation matrix with hierarchical dendrogram of 

sequenced samples, including freshly isolated (Day 0) and expanded HSPC using LC_Stat, 

CO_Stat and LC_Dyn. (B) Principal component analysis (PCA) and clustering by k-means. Bi-plot 

of principal component (PC) 1 and PC2. (C) K-means-derived cluster distances, namely of each 

expansion system from Day 0. (D) Number of differently expressed genes (DEG) of each 

expansion system compared to Day 0, shown by total genes, up-regulated genes and down-

regulated genes. (E) Venn diagram of DEG, emphasizing the portion of DEG that are shared 

between the different expansion systems and which are uniquely expressed. Data was obtained 

from three different pools of CB units. ..................................................................................... 123 

Figure IV-6. Identification of differentially expressed genes (DEG) between each studied 

expansion system (LC_Stat, CO_Stat and LC_Dyn) (A) Volcano plots of up-regulated and down-

regulated DEG of each expansion system. Top 20 genes were individually labelled. (B) Gene 

ontology (GO) enrichment analysis of identified DEG. Top 10 significant GO terms were 

individually labelled. Data was obtained from three different pools of CB units. Padj – adjusted 
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Figure IV-7. Expansion system comparison by transcriptomic profiling using studied expansion 

systems (LC_Stat, CO_Stat and LC_Dyn) and other clinically relevant systems with publicly 

available datasets (Small_Molecule – non-expanded HSPC (SM_Day0), cytokine only (SM_Ctrl), 

StemRegenin-1 (SM_SR1) and UM171 (SM_UM171); Valproic_Acid – non-expanded HSPC 

(VPA_Day0), cytokine only (VPA_Ctrl) and valproic acid (VPA_Exp); Zwitterionic – non-expanded 

HSPC (ZW_Day0), zwitterionic hydrogel (ZW_Exp)). (A) Correlation matrix with hierarchical 

dendrogram of joined datasets without batch effect correction. (B) Principal component analysis 

(PCA) of joined datasets without batch effect correction. Bi-plot of principal component (PC) 1 

and PC2. (C) Correlation matrix with hierarchical dendrogram with batch effect correction using 

a harmonization algorithm, ComBat-seq. (D) PCA with batch effect correction using a 

harmonization algorithm, ComBat-seq. Bi-plot of PC1 and PC2. (E) Total number of differentially 
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calculated regression. (D) Deviations between data points and regressions were visualized. Norm 

– normalized. ............................................................................................................................ 171 

Figure VIII-2. Preparation and polishing of experimental data with assessment of regression 

quality for FI CFU-GM for both expansion systems, HSPC suspension culture (CS_HSPC) and 

HSPC co-cultured with MSC(M) (CS_HSPC/MSC). (A) Data from cells retrieved from every UCB 

donor was normalized revealing coinciding reaction patterns, highlighting variability exclusively 

due to different cytokine combinations. (B) Outlier screening was performed through Z-score 

determination. Data points with absolute score values higher than 3 were labelled outliers and 

were consequently removed from their data set before proceeding to the regression 

determination. (C) After regression determination, experimental data points were compared with 

calculated regression. (D) Deviations between data points and regressions were visualized. Norm 

– normalized. ............................................................................................................................ 172 

Figure VIII-3. Preparation and polishing of experimental data with assessment of regression 

quality for FI CFU-Mix for both expansion systems, HSPC suspension culture (CS_HSPC) and 

HSPC co-cultured with MSC(M) (CS_HSPC/MSC). (A) Data from cells retrieved from every UCB 

donor was normalized revealing coinciding reaction patterns, highlighting variability exclusively 

due to different cytokine combinations. (B) Outlier screening was performed through Z-score 

determination. Data points with absolute score values higher than 3 were labelled outliers and 

were consequently removed from their data set before proceeding to the regression 

determination. (C) After regression determination, experimental data points were compared with 

calculated regression. (D) Deviations between data points and regressions were visualized. Norm 

– normalized. ............................................................................................................................ 173 

 
 

  

https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541599
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541599
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541600
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541601
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602
https://ulisboa-my.sharepoint.com/personal/ist172930_tecnico_ulisboa_pt/Documents/Thesis_AndreBranco.docx#_Toc152541602


 

 
 
 
 

 
 

xxi 

LIST OF TABLES 

 

Table II-1. List of cytokine combinations derived from the face-centered central composite (CCF) 

design. Concentrations values were symbol coded to facilitate identification and combinations 

were numbered to aid with cocktail recognition. In total, 17 combinations were defined, 

consisting of 8 factorial points, three repeated center points and 6 axial points. (+) 100 ng/mL; 

(0) 50 ng/mL; (-) 0 ng/mL. ........................................................................................................... 58 

Table II-2. Parameter estimations after regression determination for each response variable and 

expansion system. A backward stepwise regression algorithm was used to correlate the 

experimental data with the proposed model. Quality of determined regressions and degree of 

correlations was expressed by the coefficient of determination (R2), root mean squared error 

(RMSE), adjusted coefficient of determination and statistic regression test and associated p-

value. .......................................................................................................................................... 59 

Table II-3. List of every optimized cocktail with respective denomination and selection of the 

final selected combination (ng/mL). A total of 8 different optimal combinations were obtained. 

Prioritization for FI TNC and FI CD34+ cells with an average of their optimal concentrations, 

originated the selected cocktail for both expansion systems (AB20). ........................................ 65 

 



 

 
 
 
 

 
 

xxii 

LIST OF EQUATIONS 

 

Equation II-1. Proposed second-order polynomial function as a behavior function for a specific 

response variable (Yn), considering three cytokines (X1, X2 and X3). This model includes an 

intercept (K), responsible for describing the response variable when no cytokines are present, 

and three different types of cytokine effects. These include main individual cytokine impact (bi 

parameters), interaction between the different cytokines (bi j parameters) and molecular effects 

within the same cytokine (bi i parameters). .................................................................................. 55 

  



 

 
 
 
 

 
 

xxiii 

LIST OF ABBREVIATIONS AND ACRONYMS 

 
# 

2D – Two-dimensional 

3D – Three-dimensional 

α-MEM – Minimum essential Eagle medium - alpha modification 
 

A 

A/A – Antibiotic-Antimycotic 

AGM – Aorta-gonad-mesonephros 

ANOVA – Analysis of variance 

APC – Antigen presenting cells 

AT – Adipose tissue 

ATMP – Advanced therapy medicinal products 

B 

BACS – Buoyancy-activated cell sorting 

BET – bromodomain and extra-terminal domain 

bFGF – Basic fibroblast growth factor 

BFU-E – Erythroid burst-forming unit 

BM – Bone marrow 

bp – Base pairs 

BSA – Bovine serum albumin 

C 

CAFC – Cobblestone area-forming cells 

CAR – Chimeric antigen receptor 

CB – Umbilical cord blood 

CCF – Face-centered central composite 

CFD – Computational fluid dynamics 

CFU – Colony-forming unit 

CFU-GM – Colony-forming unit granulocyte-monocyte 

CFU-Mix – Multilineage colony-forming unit 

cGMP – Current good manufacturing practices 

CGT – Cell and gene therapies 

CLP – Common lymphoid progenitor 

CMP – Common myeloid progenitor 

COG – Cost of goods 

CPP – Critical process parameters 

CQA – Critical quality atributes 

CV – Coefficient of variance 

 



 

 
 
 
 

 
 

xxiv 

D 

D – Diversity 

dECM – Decellularized extracellular matrix 

DEG – Differentially expressed genes 

DLI – Donor lymphocyte infusions 

DLL1 – Delta-like ligand 1 

DMEM – Dulbecco’s modified Eagle’s medium 

DMSO – Dimethyl sulfoxide 

DO – Dissolved oxygen 

DoE – Design of experiments 

DUCBT – Double unit cord blood transplant 

E 

EC – Endothelial cells 

ECM – Extracellular matrix 

EDTA – Ethylenediamine tetraacetic acid 

EHT – Endothelial-to-hematopoietic transition 

EMA – European medicines agency 

EU – Europe 

EV – Extracellular vesicles 

F 

Fab – Antigen-binding fragments 

FACS – Fluorescence-activated cell sorting 

FBS – Fetal bovine serum 

FC – Fold change 

FDA – U.S. Food and Drug Administration 

FL – Feeder layer 

Flt-3L – fms-like tyrosine kinase 3 ligand 

FSC – Forward side scatter 

FTIR – Fourier-transform infrared spectroscopy 

G 

G-CSF – Granulocyte-colony stimulating factor 

GMP – Good manufacturing practices 

GO – Gene ontology 

GSEA – Gene set enrichment analysis 

GVHD – Graft-vs-host disease 

GVL – Graft vs. leukemia 

H 

HCT – Hematopoietic cell transplantation 

HLA – Human leukocyte antigen 

HPL – Human platelet lysate 



 

 
 
 
 

 
 

xxv 

HSC – Hematopoietic stem cells 

HSPC – Hematopoietic stem and progenitor cells 

HSPC(CB) – Cord blood-derived hematopoietic stem and progenitor cells 

HSPC(M) – Bone marrow-derived hematopoietic stem and progenitor cells 

HSPC(PB) – Peripheral blood-derived hematopoietic stem and progenitor cells 

HUVEC – Human umbilical vein endothelial cells  

I 

iBB – Institute for Bioengineering and Biosciences 

IFN-γ – Interferon-γ 
IL-3 – Interleukin-3 

IL-6 – Interleukin-6 

IMDM – Iscove’s modified Dulbecco’s medium 

iPSC – Induced pluripotent stem cells 

IR – Infrared 

ISCT – International Society for Cell & Gene Therapy 

ISEL – Instituto Superior de Engenharia de Lisboa 

IV – Intravenous 

J 

J – Joining 

L 

LepR – leptin receptor 

LT-HSC – Long-tern hematopoietic stem cells 

LTC-IC – Long-term culture-initiating cells 

M 

MACS – Magnetic-activated cell sorting 

MFI – Median fluorescence intensity 

MNC – Mononuclear cells 

MNC(CB) – Cord blood-derived mononuclear cells 

MNC(M) – Bone marrow-derived mononuclear cells  

MNC(PB) – Peripheral blood-derived mononuclear cells 

MoA – Mechanism of action 

mPB – Mobilized peripheral blood 

MSC – Mesenchymal stromal cells 

MSC(AT) – Adipose tissue-derived mesenchymal stromal cells 

MSC(M) – Bone marrow-derived mesenchymal stromal cells 

 

O 

OD – Optical density 
 



 

 
 
 
 

 
 

xxvi 

P 

PAT – Process analytical technology 

PB – Peripheral blood 

PBS – Phosphate buffered saline 

PCA – Principal component analysis 

PCL – Polycaprolactone 

PEG – Polyethylene glycol 

PID – Proportional-integral-derivative 

Q 

Qbd – Quality by design 

QTPP – Quality target product profile 

 

R 

R2 – Coefficient of determination  

RGD – Arginylglycylaspartic acid 

RTL – Relative telomere length 

RMA – Raw material attributes 

RMSE – Root mean square error  

RT – Room temperature 

S 

SCERG – Stem Cell Engineering Research Group 

SCF – Stem cell factor 

SCID – Severe combined immunodeficiency 

SEM – Standard error of the mean 

SFEM – Serum-free expansion medium 

SR-1 – StemRegenin-1 

SSC – Side scatter 

ST-HSC – Short-term hematopoietic stem cells 

SUB – Single-use bioreactors 

T 

TCR – T cell receptor 

TEPA – Tetraethylenepentamine 

TERT – Telomerase 

TFF – Tangential flow filtration 

TNC – Total nucleated cells 

TPO – Thrombopoietin 

Treg – Regulatory T cells 

U 

USA – United States of America 

UV – Ultraviolet 



 

 
 
 
 

 
 

xxvii 

V 

V – Variable 

VPA – Valproic acid 

W 

WBMT – Worldwide Network of Blood and Marrow Transplantation 

  



 

 
 
 
 

 
 

xxviii 

 



 

 
 
 
 

 
 

1 

 

 

I. Introduction 

 

 

 

 

 

 
 

This chapter is partly published as: 

 

*de Almeida Fuzeta, M.; *Branco, A. et al. Addressing the Manufacturing Challenges of 

Cell-based Therapies. In Advances in Biochemical Engineering/Biotechnology, 

Springer: Cham, Germany, 171, 225-278 (2019). ISBN 978-3-030-40463-5 
*These authors contributed equally. 



 

 
 
 
 

 
 

2 

I.1. Hematopoiesis - A Lifelong Commitment 
 

The human body is a structure made up of multiple systems that intricately interact and 

assure daily functions. When reaching such complexity, a network of channels is 

required to guarantee inter- and intra-system connectivity. Comparable to urban 

network development, where roads and avenues tie a city together bringing supplies 

and people to their functions, the circulatory system connects every element of the 

body. While the circulatory framework is composed of endothelial, smooth muscle cells 

and pericytes, an ever in motion fluid (i.e. blood) is transported throughout the network 

assuring vital functions, such as nutrient, oxygen and signal transport, immune 

surveillance, waste removal, wound healing, hydration and thermoregulation1. To 

guarantee such diverse tasks, several types of different blood cells are needed, 

stemming from the same hematopoietic master lineage. 

Erythrocytes, enucleated cells that represent 94,1% of the total peripheral blood cell 

count, have the important task of gas transport, supplying oxygen to and removing 

carbon dioxide from tissue where gas diffusion would never reach2. Their ability for gas 

transport is due to their harboring of hemoglobin, a protein with high affinity for oxygen. 

With a mean lifespan of 120 days, a turnover of 2.15 x 1011 cells per day is required to 

replenish the erythrocyte population3. Of note, humans cannot normally survive for 

more than a few minutes without oxygen, highlighting the importance of stable 

erythrocyte production. 

With nutrients and oxygen being safely distributed, other threats to human life exist. 

Whether against exterior-originated infiltration of harmful substances, pathogens and 

infectious disease or self-inflicting genetic disorders or cancer, body immunity is 

essential and is based on specialized hematopoietic cells present in the blood. 

Depending on the type of immunity (i.e. innate or adaptive), different protagonists are 

responsible for triggering a proportional response. The innate immune system is the 

first layer of defense, comprised of physical, chemical, humoral and cell-based 

elements4. Granulocytes (i.e. neutrophils, eosinophils and basophils), macrophages and 

natural killer (NK) cells are responsible for the cellular response of the innate immune 

system2. Being chemoattracted by inflammation, granulocytes and macrophages 

phagocytose threatening pathogens, particles and apoptotic cells. After engulfing them 

and forming a phagosome, existing granules that characterize these cells and are filled 

with bactericidal molecules fuse with the phagosome, leading to pathogen digestion4. 

Neutrophils represent the majority of granulocytes, with eosinophils and basophils 

having a residual contribution, being responsible for a turnover rate of 5.94 x 1010 cells 

per day3. On the other hand, NK cells act through a different mechanism. Either through 

interferon-γ (IFN-γ) production or direct cytotoxic activity, these lymphocytes help 

bolster the response of other immune players and are able to recognize and clear virus-
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infected cells and tumor cells5. From circulating lymphocytes, 4% to 29% are NK cells, 

resulting in a turnover rate of up to 2.11 x 109 cells per day3. Overall, this type of 

immunity is based on pattern-recognition receptors that detect conserved pathogen-

associated molecular patterns. As a generic defensive line, innate immunity is an 

immediate reaction towards pathogens, while also signaling (when necessary) 

reinforcements from the adaptive immunity6. Contrarily to the innate immune system, 

adaptive immunity exists to tackle ever-changing pathogens. When facing a novel threat 

that is not detected nor is resolved by the innate immunity, adaptive immunity steps in 

and mounts an appropriate response. B and T lymphocytes are responsible for 

implementing adaptive immunity2. Their versatility is due to their very diverse repertoire 

of surface receptors, that originate from recombination of Variable (V), Diversity (D) and 

Joining (J) genes7. With such extreme diversity, nearly any antigen is eventually covered 

by a respective receptor. While B cells directly detect the presence of a foreign antigen, 

T cells require antigen presenting cells (APC) to become activated. B cells also differ 

from T cells regarding their mode of action. Whereas T cells fight pathogens through 

cytotoxic granules containing granzyme and perforin, B cells can differentiate into 

plasma cells and produce neutralizing antibodies. Turnover rates for these two cell types 

are similar, around 4.00 x 109 cells per day3. 

As such an important piece of the human puzzle, blood requires its own safeguarding 

mechanism to act whenever the circulatory network is compromised. Being pressurized 

to reach every corner of the body, blood would be drained completely if capillary 

ruptures could occur without any protective measures. Platelets, another enucleated 

cell type, hold the essential task of ensuring rapid repair of injured vessel walls, through 

hemostasis2. After sensing subendothelial matrix proteins from the vessel exterior, 

platelets rapidly adhere to the wound site and aggregate with more platelets to form a 

temporary plug, keeping blood in8. Then, a coagulation cascade is activated by platelets 

that eventually leads to polymerized insoluble fibrin formation, providing structural 

stability to the platelet plug. These cellular fragments that originate from 

megakaryocytes, have a turnover of 1.85 x 1010 cells per day3. 

The immense daily cell demand is characteristic of the hematopoietic system, since 86% 

of total cell turnover are blood cells3. To keep blood cell production continuous over 

several decades, primitive cells that can give rise to the different hematopoietic lineages 

(multipotency) and are able to self-renew are required. Hematopoietic stem and 

progenitor cells (HSPC), that encompass long-term (LT-), short-term (ST-) hematopoietic 

stem cell (HSC) and progenitor populations, define the apex of the hematopoietic tree 

by having these two properties in different degrees. This hierarchical structure of 

hematopoiesis was originally designed with consecutive branching between discrete 

cell states characterized by a unique set of surface marker, beginning with HSC9.  
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Advances in cell marker identification have been made, reaching an ever more distinct 

combination for each hematopoietic cell category. LT-HSC are until now defined by 

their co-expression of CD34+CD45RA-CD38-CD90+CD49f+ITGA3+, linking this subset 

with the highest long-term engraftment and reconstitution potential10. Either by tracking 

the ratio of active X-chromosomes of paternal and maternal origin in women or by 

inferring HSC clonal dynamics from somatic mutations, a limited HSC pool of between 

3000 and 200 000 HSC has been proposed to maintain steady-state hematopoiesis11,12. 

As multipotency is gradually lost (transitioning to ST-HSC and further into myeloid and 

lymphoid progenitors) expression of ITGA3, CD49f, CD90 is lost, while CD38 expression 

increases. Additional markers then appear as hematopoietic progenitors split between 

the two main hematopoietic lineages (i.e. myeloid and lymphoid). Common myeloid 

progenitors (CMP) begin to express CD135, while common lymphoid progenitors (CLP) 

see an upregulation of CD7 and CD10, as well as abovementioned CD45RA13. 

Expression of CD34, a historical HSPC marker that remains the gold standard for HSPC 

enrichment and also serves as a transplantation criterion, accompanies the different 

stages of hematopoietic tree, except in fully differentiated progeny14. Interestingly, for 

such a notorious transmembrane protein, much remains to be uncovered concerning 

the actual function of CD34. As a sialomucin, CD34 has demonstrated ability to bind to 

selectins and other adhesion molecules, having a role in cell-cell contact and cell 

migration14,15. 

With such defined and extensive surface marker combinations attributed to the different 

hematopoietic populations, individual positions in the hematopoietic tree were 

regarded as homogenous populations. However, following the development of OMICS 

techniques (e.g. transcriptomics) with single-cell resolution, hematopoietic populations 

are now known to be heterogenous16,17. Functional heterogeneity has also been proven, 

with single HSC transplanted in a mouse model being unable to reconstitute all the 

different lineages, indicating marker-independent lineage priming18. Consequently, 

hierarchical hematopoietic representation has evolved, being depicted as a continuum 

from primitive HSC down to fully differentiated cells (Fig. I-1). 
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I.2. Bone Marrow – Steady-State Hematopoietic Command Post 
 

Given its importance and high turnover rates, a secure location for in vivo blood 

production by HSPC is needed. Interestingly, sites of hematopoiesis have a 

spatiotemporal distribution, changing throughout embryonic development to the adult 

body (Fig. I-2).  

Primitive hematopoiesis begins in extraembryonic tissue, namely the yolk sac. When the 

vascular system begins to form, mesodermal cells adhered to the recently formed 

endothelium form the first hematopoietic structures (i.e. blood islands)19. Right away, 

shared mesodermal ontogeny, embodied by hemangioblasts, reveal a close 

relationship between hematopoietic and endothelial lineages that will eventually define 

the origin of definitive HSC20. This primitive hematopoiesis serves to guarantee oxygen 

supply to the highly proliferative embryo and assist in tissue remodeling, with formation 

of erythroid, macrophage and megakaryocyte progenitors21. After relying on the 

transient nature of primitive hematopoiesis, definitive hematopoiesis commences once 

more in the yolk sac, with formation of erythromyeloid progenitors that possess more 

adult-like phenotype22. With time secured by these two initial hematopoietic 

Figure I-1. Hierarchical models of the hematopoietic system. Initially, a defined state was 

attributed to each hematopoietic cell type, with an ever-reducing range of precursors until 

reaching the pinnacle of the hematopoietic tree, the long-term hematopoietic stem cell (HSC) 

(left). As our understanding of hematopoietic biology increased, the existing pool of HSC was 

discovered to be heterogenous, with several multipotent progenitor subpopulations with 

different differentiation and reconstitution potential (middle). Currently, the concept of well-

defined and discrete cell states has been overtaken. Lineage priming, which is normally hidden 

when looking for typical surface markers, is now known to occur even at the more primitive HSC 

level. Now, hematopoiesis is being described as a continuous flow of malleable cell states that 

go down well-defined avenues of differentiation (right). Adapted from 16. 
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phenomena, hematopoiesis can now begin in the embryo itself. So far, no primitive HSC 

have been formed. In the aorta-gonad-mesonephros (AGM) region, the stem cell pool 

that will eventually be responsible for decades of blood production starts to emerge. 

Similarly to the hematopoietic genesis in the yolk sac, HSC are generated from another 

endothelium, namely the hemogenic endothelium, located in the dorsal aorta, through 

a process called endothelial-to-hematopoietic transition (EHT). Recently, EHT has also 

been shown to give rise to hematopoietic progenitor populations, with different 

transcriptomic signatures compared to HSC23. Immense self-renewal capacity of human 

EHT-derived HSC was experimentally validated in a xenotransplantation model 

(specifically, the NOD.Cg-Prkdcscid Il2rgtm1Wjl/Sz mouse species)24. 

 

 

After their generation, as embryo development continues, HSC migrate to the fetal liver 

(of endoderm origin), serving as its main niche during pre-natal development25. Here, 

HSC suffer significant expansion (around 38-fold), in order to reach enough cells to 

guarantee lifelong hematopoiesis26. Niche signals responsible for inducing expansion 

are poorly understood, but stromal support through cell-cell contact or paracrine 

signaling has been implicated. Perivascular Nestin+NG2+cells, endothelial cells (EC) and 

hepatic progenitors have all been shown to be involved, as well as hematopoietic 

Figure I-2. Spatial evolution of hematopoiesis from development to adult life. Briefly, after 

primitive hematopoiesis occurs in the aorta-gonad-mesonephros (AGM) region, hematopoietic 

stem cells (HSC) migrate to the fetal liver, allowing their significant expansion. Connected to the 

fetal liver, blood enriched in HSC and hematopoietic progenitor cells (HPC) fills the umbilical 

cord. Before birth, the HSC pool travels to the bone marrow, where it will assure lifelong 

hematopoiesis. During adult life, hematopoietic cells produced from the bone marrow move to 

the peripheral blood to guarantee their cellular functions. After completing their purpose, the 

spleen takes care of removing cellular waste and damaged or aged cells. Adapted from 16. 



 

 
 
 
 

 
 

7 

cytokines such as stem cell factor (SCF), thrombopoietin (TPO), angiopoietin-like 2 and 

3, and insulin-like growth factor 227–29. Since the fetal liver still possesses 

underdeveloped vasculature at the time of hematopoietic colonization, HSC are found 

in a dense liver parenchyma, a rich environment that facilitates cell-cell interactions30. 

Simultaneous expansion of the hepatic vascular tree itself may also be a driver of HSC 

expansion. Difficulties in studying fetal liver hematopoietic expansion can be partially 

attributed to an ever-changing niche environment, opposed to adult hematopoietic 

niches (e.g. bone marrow) that have more temporal stability25. HSC present in the fetal 

liver also need to care for the developing embryo, with early fetal-stage HSC showing 

priming for the erythroid lineage to assure proficient oxygen transport, while late fetal-

stage becomes more focused on producing a balanced and complete hematopoietic 

system30. 

Before the fetus fully develops, hematopoiesis wanders again, from the fetal liver to the 

fetal spleen and the newly formed fetal bone marrow. The role of the fetal spleen in 

fetal hematopoiesis is still largely unknown, although studies have hinted towards being 

a site of hematopoietic differentiation, complementing the fetal bone marrow31. Its 

occupation by HSC from the fetal liver might just be to prepare the spleen for its adult 

role of supporting the immune system (white pulp) and removing damaged erythrocytes 

and pathogens (red pulp), as well as adult extramedullary hematopoiesis during stress32. 

Fetal bone marrow, after ossification and bone vascularization, is finally ready to fulfill 

its function as the ultimate site of hematopoiesis33. Although colonized during the later 

stage of development, HSC numbers also increase after birth, when the umbilical cord 

is disconnected from liver portal vessels, and these suffer a remodeling that results in 

the loss of periportal pericytes and remaining HSC27. Remarkably, tissues that support 

fetal development (i.e. placenta) have also been shown to harbor some HSPC during 

several stages of gestation34. As expected, placental stromal cell lines generated from 

various developmental stages were also capable of supporting HSPC through co-

culture34. 

Besides suffering from a final spatial relocalization, HSC also begin to change their 

behavior after birth. After three initial weeks with a proliferative phenotype, HSC also 

change their wiring, gaining their more quiescent state35. This transition has been 

transcriptomically shown to be gradual and uncoordinated36. Largely protected inside 

bone, the adult bone marrow ends up harboring a heterogenous but spatially 

coordinated niche for hematopoiesis (Fig. I-3). Its shielding function accoupled to the 

critical role of hematopoiesis makes it hard to investigate the bone marrow 

environment. Unlike most organs, bone marrow lacks physical references aside from its 

dense vasculature and circulating bone37. Still, the hematopoietic bone marrow niche 

has been described having two main subniches that have radial distribution.  

Closer to the bone lining, an endosteal niche has been described associated with 
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promoting HSC dormancy and genomic protection from proliferation-based stress38. 

Small arterioles, more present next to the bone surface have also been implicated in 

contributing toward the endosteal niche39. Osteoblasts present in the bone surface, 

responsible for bone formation, have been connected with HSC regulation in the 

endosteal niche. Osteoblast ablation or increase through genetically altered models 

caused interference or enhancement in BM hematopoiesis, respectively40. With such 

consistent phenotypical changes, osteoblasts were the first cellular elements of the 

bone marrow niche to be identified. In addition to their niche-promoting effect, 

secretion of osteopontin has been proven to promote HSC quiescence, which is 

coherent with increased presence of more primitive HSC in the endosteal niche41. 

Enveloping arterioles in the endosteal niche are rare NestinhighNG2+ pericytes that also 

promote HSC dormancy39. Depletion of these supportive stromal cells caused HSC 

cycling and disrupted long-term repopulation capacity. However, the endosteal niche 

remains controversial, since arteriolar contribution as well as the entire endosteal niche 

has been questioned, as multiple studies have not been able to detect HSC in proximity 

to arterioles42. 

Sinusoids, unique vessels in the bone marrow that serve as migration avenues for newly 

formed hematopoietic cells, surrounded by stromal leptin receptor+ (LepR+) pericytes 

are responsible for assuring a sinusoidal niche that harbors much of the HSC population 

in the BM42. More distanced from the bone surface, in addition to sinusoidal EC, these 

pericytes secrete HSC maintenance and self-renewal factors (e.g. stem cell factor (SCF), 

CXCL12 and Pleiotrophin)42. Perisinusoidal megakaryocytes also have a part in 

regulating adult hematopoiesis, being able to secrete TGF-ß1 and CXCL4, which are 

promotors of HSC quiescence43,44. 

With improved imaging techniques as well as more precise cell markers and 

transcriptomic profiles of cellular populations, more knowledge on the bone marrow 

niche is continuously being uncovered45,46. Although most of our understanding comes 

from murine bone marrow, fortunately, considerable comparability exists between 

species. Nevertheless, innovative methods for studying human bone marrow in vivo 

would definitely have impact in the field. 

 

I.3. Hematopoietic Cell Transplantation – The Beginning of Cellular Therapies 
 

Being such a remarkable cell population, HSPC were rapidly exploited therapeutically. 

The ability of HSPC of creating and sustaining a hematopoietic system was taken 

advantage of with the establishment of hematopoietic cell transplantation (HCT), 

marking the onset of cellular therapies. Early work in murine models led to the 

observation that mice could survive supralethal radiation if animals were infused with a 

BM graft47. BM aspirates containing HSPC were able to migrate to the affected BM after 
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radiation-derived myeloablative treatment and reconstitute the entire hematopoietic 

system.  

 

 

After proving to treat radiation injury, BM transplantation was considered as a possible 

treatment for leukemia. In 1956, normal BM grafts were infused into leukemic mice as a 

proof of concept48. Knocking out a murine hematopoietic system also meant eliminating 

its blood-related malignancies. Transplants of healthy grafts would then repopulate the 

BM and form a new hematopoietic system. By transposing this knowledge to humans, 

in 1957, HCT was successfully performed in human leukemia patients, between identical 

twins (of which one had leukemia and the other served as a matched marrow donor). 

Although patients did not reach full remission, they did successfully survive HCT, paving 

the way towards showing the feasibility of cell therapies49.  

HCT development demonstrated that a main and contemporary hurdle of cell therapies, 

known as rejection, could be overcome. Indeed, early on, rejection was crucially 

identified as an immunologic response by observing the progressive degradation of 

skin grafts50. In 1953, a breakthrough was described that brought down the inevitability 

of rejection. The concept of acquired tolerance was described when lack of rejection 

was seen in mice that were previously infused with donor cells during fetal development, 

Figure I-3. The adult bone marrow niche. A complex network of hematopoietic and non-

hematopoietic cells make up the controlled environment that regulates medullary 

hematopoiesis. Whether close to the endosteal bone surface and arterioles or to sinusoids 

located further away from the bone, hematopoietic stem cells (HSC) are put into contact with a 

diverse array of signaling factors, that can promote differentiation or self-renewal and quiescence 

when required. When this network is disrupted, several bone marrow diseases can erupt, causing 

deficient hematopoiesis. Adapted from 44. 
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originating chimeras51. HCT was able to surpass rejection through acquired tolerance 

with elimination of the existing immunological response by radiation pre-conditioning. 

Rapidly after the discovery of acquired tolerance, another major concern related with 

cell therapies arose. Even with spleen or BM cells infused to induce tolerance, skin grafts 

continued to fail as the age of the recipients increased52. The reason behind this adverse 

reaction was another immunological response, brought upon by the actual graft. Active 

immune cells from the donor that accompanied the grafts were not tolerant towards the 

recipient. Consequently, these would launch a hostile immune response mirroring 

rejection mechanisms. However, this reaction is limited to HCT, not occurring in solid 

organ transplantation, where the only mechanism of rejection is the attack triggered by 

the immune system of the recipient against the transplanted organ. Initially termed runt 

disease, since affected mice would not develop into their adult life, this immune-based 

effect is presently known as Graft-vs-host disease (GVHD). 

Rejection and GVHD possess similar modes of action, being based on an immunologic 

response. Circumventing these complications in a transplant scenario meant finding the 

basis of immunological identity, namely genes encoding for the human leukocyte 

antigens (HLA)53. With the development of HLA typing, transplants could be performed 

between HLA-matched patients, with the hope of avoiding rejection and GVHD. This 

led to the first successful HLA-matched HCT between two siblings in 1968 to treat 

severe combined immunodeficiency (SCID), thus demonstrating the potential of HCT to 

treat illnesses other than cancer54. 

Except for blood transfusions, HCT was the first cell therapy to be adopted in a clinical 

setting, ultimately gaining widespread acceptance for treatment of genetic or 

oncological disease with therapeutic success. The implementation of most current cell 

therapies can be traced back to knowledge gained by the establishment of HCT. For 

instances, the field of solid organ transplantation, which is very limited by tissue 

tolerance, has also benefited from HCT experience. Joint transplantation of organs with 

their respective BM graft was able to cause acquired tolerance towards the solid organ 

and overcome HLA-mismatch55. Gained knowledge of the potential and limits of 

allogenic and autologous approaches has facilitated therapeutic objective delineation 

in skin grafts. Using an allogenic source for the production of dermal and composite 

substitutes (e.g. Dermagraft® and Apligraf®) has limited grafts to serve only as a 

temporary barrier that promotes wound healing, without any permanent 

engraftment56,57. On the other hand, autologous skin grafts (e.g. EpiCel® and 

Permaderm®) integrate the skin of the patient while continuously promoting wound 

closure, reducing scar tissue formation and mitigating an inflammatory 

microenvironment58,59.  

Besides GVHD, HCT also demonstrate a graft-vs-leukemia (GVL) effect against residual 

malignant cells that defied conditioning treatments. This behavior has been associated 
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with lymphoid constituents of the transplant, which has heightened interest in adoptive 

T cell therapy. Donor lymphocyte infusions (DLI) of specific T cell subsets or, more 

recently,  enhancement of their antitumoral capabilities through chimeric antigen 

receptor T (CAR-T) cell technology are approaches that have shown great success in 

both treating cancer and mitigating GVHD in patients60,61. 

Infusion of healthy marrow cells into radiation-treated diseased BM (close to reaching 

its 70th anniversary) has been able to cure up to 1.5 million patients, according to the 

Worldwide Network of Blood and Marrow Transplantation (WBMT)62. Each year, an 

average of 84 000 transplants are successfully performed. Interestingly, allogeneic 

(using cells from a donor) and autologous (using cells from the patient) HCT have each 

gained their own value and have indications for specific diseases. As of 2019, 53.5% of 

all HCT were allogeneic, but both have increased between 2006 and 2016 (allogeneic 

– 89.0%; autologous – 68.9%)62. While leukemias and non-malignant hematological 

disorders (e.g. Hemoglobinopathies or autoimmune disorders) are preferentially treated 

with allogeneic HCT, patients with lymphoproliferative disorders and solid tumors are 

mostly subjected to autologous HCT62.  

Although infusion of HSC and their engraftment are the key therapeutic objective in 

HCT, side objectives, from avoiding thrombocytopenia to accomplishing timely immune 

reconstitution, are essential for early patient survivability. After myeloablation, the 

coordinated production pipeline of the hematopoietic system is disrupted. Engrafted 

HSC can reinstate steady-state hematopoiesis, while more differentiated progenitor 

cells ensure short-term hematopoietic reconstitution. Therefore, hematopoietic 

progenitor cells also serve an essential purpose, and their role in the initial success of a 

HCT might be even more significant than their more undifferentiated progeny (i.e. 

HSC)63. The ideal hematopoietic graft should include a mixture of hematopoietic stem 

and progenitor cells, safeguarding both long-term and short-term hematopoiesis, 

respectively, while allowing to reduce transplant-related mortality. Importantly, fully 

differentiated cells, especially of the immune system, must be avoided to reduce the 

probability of GVHD and other immune-mediated complications64. 

The success of HCT is multi-factorial, with multiple approaches being explored to 

continuously improve such an impacting therapy. In what concerns the donor-recipient 

compatibility, high-resolution HLA-typing has allowed even greater immunological 

compatibility. Permissive mismatches in HLA-DPB1 have been shown to cause limited 

alloreactivity (promoting GVL, while shielding from GVHD), which has led to their 

inclusion in the donor selection criteria65,66. Also, the clinical impact of minor 

histocompatibility antigen mismatching is poorly understood, being a target for 

research to improve the outcome of allogeneic transplants67,68. Concerning pre-HCT 

patient conditioning, for certain diseases, the development of non-myeloablative and 

reduced-intensity regimens has significantly reduced toxicity and increased the range 
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of eligible ages for HCT69,70. Patients of age ≥70 years, who did not have access to this 

treatment option beforehand, are undergoing allogeneic or autologous HCT with 

steady growth over the years71. At the cellular level, improving HSPC homing, and 

engraftment has been similarly explored as a strategy. Identifying the CXCR4/CXCL12 

axis as a primary mechanism for HSPC homing, use of glucocorticoids, stabilization of 

HIF-1α or incorporation of CXCR4 into lipid rafts have contributed towards enhancing 

this chemotaxis/migration axis72. 

While each of the abovementioned approaches has relevance, graft cell dose is a 

dominant factor affecting HCT outcome. Patients require a defined number of infused 

cells to ensure engraftment. For HCT transplants using BM grafts, an optimal dose of 3 

x 108 total nucleated cells (TNC) per kg is sought73. Reaching clinically relevant cell doses 

may be more complicated depending on the HSPC source and has limited making HCT 

more widespread. 

 

I.4. Sourcing HSPC – Reaching Hematopoietic Ancestors 
 
For clinical application of HSPC, cell procurement is essential and defines the availability 

of HSPC and patient's eligibility for HCT. Fortunately, HSPC can be harvested from 

different locations for later application in HCT and other curative therapies (Fig. I-4). As 

the homeostatic home of adult HSPC, BM was the sole source of HSPC for many years. 

While HSPC were also found in peripheral blood, their number is residual and 

insufficient for clinical application. However, with better knowledge on HSPC regulation 

and biology, spatial restriction of HSPC in the BM was seen to be tightly regulated. 

Granulocyte colony-stimulating factor (G-CSF) and, more recently, plerixafor came as 

disruptors of HSPC retention, through suppression of CXCL12/CXCR4, c-kit/SCF and 

VCAM-1/VLA-4 axes74,75. Consequentially, mobilization of HSPC was made possible, 

opening another alternative for HSPC harvest76. With time, gained knowledge of 

developmental hematopoiesis pointed out that HSPC might exist in other tissues, 

leading to the finding of HSPC in umbilical cord blood (CB), drawing enthusiasm 

towards exploiting a medical waste of easy procurement77. Together, BM, mobilized 

peripheral blood (mPB) and CB provide complementing options for HSPC isolation, with 

differences between them, impacting their potential as a source for HCT. These HSPC 

sources, each with distinct properties and advantages, have made it possible for nearly 

any patient to find a potential donor78. 

As the base of operations of lifelong hematopoiesis, BM is a naturally protective 

environment for HSPC. Accordingly, HSPC collection involves an invasive procedure 

under general anesthetic where a needle must pierce bone multiple times in order to 

retrieve up to 1.5 L of marrow79. Although devices have been developed to significantly 

improve marrow aspiration (e.g. MarrowMiner), BM collection is the most invasive 
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intervention and has the most relevant harvest risks for the donor79. With its historical 

background, harvesting has had considerable success. Yet, quality of BM grafts has 

been declining, with a multivariate study showing correlation with diminishing treatment 

center and physician experience with BM80. Depending on donor availability and HLA-

matching score, BM aspirates can be sourced for matched sibling, matched unrelated 

and haploidentical transplants. These transplants have a moderate risk of developing 

GVHD, since T cell maturation is done in the thymus instead of the BM and many 

differentiated immune cells are located in secondary hematopoietic organs or in 

circulation81. Unsurprisingly, for matched unrelated and haploidentical transplants BM-

derived grafts resulted in lesser incidence of chronic GVHD compared to mPB, with  

equivalent or improved survival measures82,83. 

When looking to mPB, collection of HSPC from this source has progressively gained 

popularity, being by far the preferred source in allogeneic HCT for adult patients84. 

Mobilization of HSPC has very practical benefits, with graft procurement becoming 

similar to a common blood harvest for donation. Although actual recovery of HSPC from 

mPB has reduced risks compared to BM, donors must follow a stringent and costly 

mobilization regimen (IV administration) that can last up to 5 days74. Furthermore, 

successful mobilization is not guaranteed, with failure rates reaching up to 40% and 

affecting donors without any known risk factors (e.g. multiple myeloma, lymphoma or 

diabetes diagnosis)85. When mobilized, BM HSPC gradually migrate into circulation, 

mixing with normal PB and their native hematopoietic populations. Thus, 

immunologically active cells are much more present in mPB grafts, increasing the threat 

of GVHD86. This increased alloreactivity also has benefits, especially in allogeneic HCT 

for malignant diseases. GVL is enhanced in mPB grafts and helps reduce relapse risk87. 

To push the balance between GVHD and GVL towards the latter, increased mobilization 

of regulatory T cells (Treg) might improve patient protection against GVHD while 

maintaining a valuable GVL effect88. 

When sourcing HSPC from CB (HSPC(CB)), grafts benefit from inherent neonatal 

primitiveness. As such, GVHD-contributing populations are rare, providing an important 

option that can partially circumvent such a transplant-related complication89. Its 

attractiveness is also due to its collection as a source, which involves recovering blood 

from a severed umbilical cord, existing no risk for the donor. Moreover, such a naïve 

graft also allows loosening of HLA-matching requirements, with recent selection 

guidelines for HCT stating at least a 4/6 HLA-match or 4/8 for high-resolution HLA-

match90. On the other hand, compared to the remaining sources, patients with HCT 

performed with HSPC(CB) have the longest time to engraftment and hematopoietic 

reconstitution due to this same graft trait91. Without more differentiated progenitors, 

transplanted HSPC will take longer in replenishing the entire hematopoietic system until 

steady-state hematopoiesis can be reached. Limited collection volume (around 100 mL, 
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with a range of 50 – 200 mL) also restrains use of an increased CD34+ cell dose, having 

pressured the development of ex vivo expansion to bypass this obstacle92,93. A recent 

systematic review has confirmed clinical advantages of HCT done with expanded HSPC 

from cord blood, though alerting towards the need for long-term outcome data94. 

 

 

 

The diversity of available HSPC sources brings forth an array of options that differentially 

affect HCT measures, such as overall survivability, graft failure, onset of GVHD, HLA-

match availability or time to hematopoietic reconstitution91. Ideally, depending on the 

clinical condition of a patient, the best grouping of source – disease should be 

investigated, taking into account the best prognostic prediction. Nevertheless, the field 

of HCT has seen trends in source selection that do not necessarily have scientific 

rationale or are due to over extrapolation of clinical results. Although the benefits of CB 

transplantation are well described, its use has declined steadily over the last decade95. 

Figure I-4. Clinically relevant sources of hematopoietic stem and progenitor cells (HSPC). HSPC 

can be obtained by aspirating the bone marrow several times. With the discovery of stem cell 

mobilization, HSPC can be collected from peripheral blood, as soon as HSPC have been 

stimulated to leave the bone marrow. Additionally, HSPC can also be found and successfully 

harvested from umbilical cord blood, which is considered medical waste. Adapted from 45,86. 
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The improvement of haploidentical transplants through depletion of α/β T cells or use 

of post-transplant cyclophosphamide can potentially justify this registered drop in CB 

transplants96. Also, in spite of increased incidence of acute and chronic GVHD, mPB has 

largely overtaken remaining sources in allogeneic transplants (reaching up to 80% in the 

U.S.)97. These decisions should be made with caution and have scientific consensus, 

since disregard for a certain source will lead to limited experience of the transplant 

center, compromising source handling. Specifically for CB, when a matched related 

donor cannot be found, clinical results show that unrelated CB transplants still typically 

perform better than other transplants when treating metabolic diseases, aggressive 

acute myeloid leukemia and primary immunodeficiencies that suffer from viral 

infections96. Therefore, results of retrospective and prospective comparative studies 

should be consulted to back up decisions in source selection for HCT. 

 

I.5. Ex Vivo Expansion of HSPC – More from Less 
 
The ability to generate desired numbers of any cell type in vitro is a tremendous feat.  

Harnessing the expansion potential of HSPC is meaningful since they and their progeny 

represent such a significant portion of the body cell turnover (86%)3. Development and 

rapid evolution of ex vivo expansion of HSPC have been pushed essentially by 

researchers and clinicians tackling the limited application of CB units as a cell source for 

HCT. Nevertheless, new fields of study also take advantage of possibly having HSPC as 

unlimited raw material, such as hematopoietic gene therapy and hematological disease 

modeling98,99. Instead of directly using expanded HSPC, important hematopoietic 

populations of interest may also be generated, including virus-specific T cells, NK cells, 

lymphocytes for DLI, CAR-T or CAR-NK production, regulatory T cells (Treg) and 

erythrocyte production for transfusions96,100. 

Initial protocols for HSPC expansion were solely based on cytokine supplementation, 

causing a chase for novel ligands or signaling molecules responsible for promoting self-

renewal. At that time, along with basal medium formulations and animal serum, the use 

of cytokines and growth factors became the bedrock of any HSPC expansion system. 

While a great variety of cytokines were sequentially discovered to promote HSPC 

expansion, a recurrent core of signaling molecules, including stem cell factor (SCF), fms-

related tyrosine kinase 3 ligand (Flt-3L), thrombopoietin (TPO) and interleukin-6 (IL-6), 

have solidified their almost ubiquitous presence in expansion cultures (extensively 

reviewed101–103). Improvement of cytokine-based expansion then turned to the 

development of tailored expansion media, specifically tuned to improve HSPC 

proliferation104–106. Beyond personalizing basal formulations, undefined sera were 

phased out, significantly reducing batch variability during expansions. In the hope of 

eventually reaching chemically-defined media, remaining animal-derived products still 
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present have also been slowly substituted, coalescing with recommendations by 

regulatory agencies for cGMP107. As cytokine-based expansion became more 

widespread, to boost HSPC self-renewal even more, cytokine concentrations were 

identified as a relevant target for optimization. Through experimental design, fine-

tuning cytokine concentrations was achieved, uncovering synergistic relationships and 

giving rise to multiple optimized cytokine cocktails108,109. Although cytokine-based 

expansion alone was able to expand HSPC enough to originate a clinical trial110, 

numerous strategies have now evolved from this initial platform. 

I.5.1. Co-Culture Expansion 

 

As previously described, the native environment of HSPC is rich in cell diversity, 

responsible for upholding the complex structure of the BM. Different niches exist inside 

the BM, regulating HSPC behavior to maintain a healthy steady-state hematopoiesis111. 

In coexistence, EC lining the marrow vasculature, as well as supportive mesenchymal 

stromal cells (MSC) (i.e. pericytes), are part of the sinusoidal niche, where HSPC are 

stimulated to increase their proliferative capacity to respond to hematopoietic needs112. 

An expected strategy would be establishing a co-culture system with cell types that 

promote expansion of HSPC in vivo.  

Following that rationale, several attempts have been made to expand HSPC using EC. 

Since primary EC cannot be sustained for many passages in vitro without losing their 

characteristic phenotype or undergoing cell death, an adenovirus gene, E4ORF1, has 

been used to stabilize cultured EC113. EC hematopoietic support was initially shown in 

murine models to be contact-dependent, and their mechanism based on AKT-activated 

expression of an array of angiocrine factors, including Notch pro-expansion ligands (i.e. 

Jagged-1, Jagged-2, DLL1, and DLL4)114. However, the benefit from EC co-culture has 

been hypothesized to be tissue-dependent115. A recently completed clinical trial 

exploiting this strategy (i.e. NCT03483324 – Completed: January 2022) successfully 

uses human umbilical vein EC (HUVEC). Interestingly, E4ORF1+-umbilical arterial EC 

were shown to promote more significant HSPC expansion, namely approximately 

double fold change (FC) in TNC, CD34+, CD34+CD38- and CD34+CD38-CD90+ cells, 

compared to co-cultures with HUVEC after 14 days116. On the other hand, kidney-

derived EC worsened the fold increase of HSPC compared to EC-free conditions117. 

Thus, vascular niches have been labeled organ-specific with unique angiocrine 

phenotypes, highlighting the importance of correct EC-procurement for HSPC 

expansion by co-culture118. 

An alternative adherent cell candidate for co-culture would be BM-derived MSC. Unlike 

EC, MSC have significant expansion capacity in vitro and have proven to be a valuable 

cell population in cell therapy119. Given their diverse therapeutic properties (e.g. anti-
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inflammatory, immunomodulatory and anti-apoptotic), MSC manufacturing has 

witnessed impressive evolution. Numerous scalable expansion platforms have been 

developed and required reagents improved to uphold ever more stringent regulatory 

standards (e.g. xeno-free formulations or chemically-defined media)120–122. As with EC, 

MSC can be sourced from various tissues, with most having been studied for their 

population-specific hematopoietic support capacity123,124. Interactions between HSPC 

and MSC were also seen to be contact-dependent125–127. HSPC expansion dynamics 

during this type of co-culture have been shown to be elaborated. After sedimentation, 

HSPC that maintain contact with supportive MSC become the main drivers of 

proliferation125. A more differentiated non-adherent population forms as progeny of 

adherent HSPC, through cell egress125. A fraction of adherent HSPC eventually migrate 

beneath the MSC feeder layer, proliferate slower and become more enriched in 

CD34+CD38- cells125. Interestingly, reported HSPC behavior is comparable to the native 

BM, with the formation spatially and functionally distinct HSPC populations (i.e. 

primitive cells under MSC – proliferative cells over MSC – non adherent cells; quiescent 

HSPC in endosteal niche – proliferative HSPC in contact with MSC in sinusoidal niche – 

progenitor cells that migrate into sinusoids). By creating such a biomimetic effect with 

a single supportive cell type, HSPC expansion through MSC co-culture has originated 

two clinical trials, starting with unselected CB MNC128. Enhancement of MSC and their 

known hematopoietic support capabilities was eloquently pursued by having them 

express angiopoietin-like-5 or a selection of 5 transcription factors (Klf7, Ostf1, Xbp1, 

Irf3 and Irf7) that regulate niche factors, leading to improved HSPC expansion129,130. 

I.5.2. Extracellular vesicles (EV)-mediated expansion 

 

The discovery of EV, cell-derived particles comprising exosomes and microvesicles, has 

disrupted our established knowledge of cell biology by uncovering new means of cell 

communication131. Since mechanisms by which the abovementioned co-cultures benefit 

HSPC expansion are unknown, EV have been proposed as a possible key player. 

Although cell contact has been implicated, EV may partially explain the advantage 

brought upon by EC or MSC. Naturally, MSC-derived EV were one of the initial 

candidates to be tested on HSPC expansion132,133. BM-derived MSC (MSC(M)) EV from 

fetal or adult origin were evaluated side-by-side for their possible hematopoietic 

supportive capacity133. While EV isolated from adult MSC(M) nearly doubled TNC FC 

and CD34+ cell FC compared to an experimental control (i.e. expansion without EV), 

fetal EV showed no advantage compared to control conditions.  Through proteomic 

profiling, a deeper look into the EV cargo uncovered enrichment of proteins involved in 

the TGF-β receptor pathway in EV from fetal MSC(M). TGF-β is described as one of the 

major inhibitors of HSPC proliferation, and a recent report has also identified the 
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presence of Smad2, a TGF-β signal transducer, in murine MSC-derived EV 134,135. 

Consistently, the addition of a TGFB1 inhibitor to the expansion cocktail, including fetal 

MSC(M)-derived EV, significantly increased the expansion of TNC, CD34+ and 

CD34+CD38-CD45RA- expressing cells133. Intriguingly, osteoblast-derived EV have been 

described to have a similar effect on HSPC expansion136. Although belonging to a 

quiescence-promoting microenvironment (i.e. endosteal niche), osteoblast-derived EV 

led to a 2.4 FC of CD34+ cells relative to increases without EV supplementation. Here, 

the most abundant elements of the EV cargo, both at the miRNA and protein level, were 

identified as having the EGR1 gene as a target, which encodes a transcription factor 

responsible for HSPC regulation136.  

Improvement of an EV-based benefit for HSPC expansion largely depends on cargo 

manipulation. A more native approach would explore other cell types as EV producers 

to find the ideal match between cargo and hematopoietic supportive properties. 

Another strategy has been, considering EV as a cellular derivative, to apply cell pre-

conditioning to have the producing cell alter its own EV composition. By exposing MSC 

to a hypoxia culture before EV collection, changes in their native EV cargo were 

observed, which led to improved TNC FC and percentage of CD133+ cells137. Still, to 

harness the full potential of EV as systems of signaling modulation, instead of working 

with native cargos, bioengineering EV to reach customizable cargos would be the 

ultimate objective in the field138,139. 

I.5.3. Ligand Immobilization-based Expansion 

 
Different methods have been used to tap into signaling pathways that drive HSPC 

expansion. Although the use of ligands was early explored and simple to incorporate, 

some were observed to require structural stability to enhance their effect140,141. The 

Notch-mediated expansion system was developed through ligand immobilization. 

Specifically, Notch ligand delta-like ligand 1 (DLL1) was fused to the Fc portion of human 

IgG-1 (Delta1ext-IgG) and immobilized onto plastic culture ware, being able to support 

HSPC expansion142. Initial efforts in translating this system led to the development of a 

clinical trial to evaluate the applicability of expanded HSPC in double unit cord blood 

transplantation (DUCBT) (NCT00343798)143. Although rapid myeloid reconstitution was 

observed due to the expanded unit, persistent long-term engraftment was mainly 

assured by the unexpanded graft. In fact, after 16 days of culture, the expression of 

CD34 was down to 14.5%, indicating the presence of more differentiated 

populations143. This result was not unexpected since the Notch signaling pathway is also 

highly associated with T cell development and involved in the regulation B cell 

differentiation144,145. Acknowledging the limitations of this particular expanded HSPC-

based product in what concerns long-term engraftment and reconstitution, a shift in 
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therapeutic purpose was admitted. Instead of pursuing long-term reconstitution, 

requiring more primitive HSC, expanded HSPC deriving from this expansion system 

could be employed to facilitate/accelerate immune reconstitution after an HCT, a major 

post-transplant constraint. Multiple clinical trials have explored the applicability of using 

the Notch system to accelerate immune reconstitution as therapeutic approach, 

sponsored initially by a Seattle-based spin-off, Nohla Therapeutics146,147. In the 

meantime, as a technological platform, this expansion system has been transferred to 

the proprietary portfolio of Deverra Therapeutics. Nevertheless, attempts were made 

to maintain undifferentiated populations by combining Delta1ext-IgG coatings with 

hypoxia, limiting ER stress148. By using hypoxia (1-2% O2), long-term HSC experienced 

a 4.2 FC compared to the same experimental system under normoxia148. 

I.5.4. Bioreactor-based Expansion 

 

For cell and gene therapies, translation to bioreactor systems is deeply encouraged107. 

These systems, widely implemented in the pharmaceutical industry for the production 

of biologicals, facilitate reliable manufacturing since they take advantage of feedback 

from sophisticated monitoring instruments to monitor and control production. Early 

application of bioreactor systems in HSPC expansion saw the arrangement of two 

clinical trials, one using BM MNC for autologous transplants and another evaluating 

expansion of CB MNC for HCT149,150. HSPC were expanded in an AastromReplicell 

System, where stromal populations (only present in BM MNC) can form an adherent 

supportive layer in situ. A feeding regimen based on perfusion, allows continuous 

exchange of nutrients and metabolites, while maintaining cells inside. No advantage in 

reconstitution timeframes was observed, although these trials were pivotal in 

demonstrating safety of expanded HSPC. 

The benefit of active monitoring of secreted factors that negatively affect HSPC 

expansion (e.g. TGF-β1) has been demonstrated. Through computational modeling, a 

fed-batch routine was hypothesized to increase HSPC expansion levels, due to the 

dilution of paracrine factors that accumulate over time151. Real-time monitoring of 

individual secreted factors, through quantum dot labeling, allowed for continuous 

adjustment of dilution rates, improving HSPC proliferation even more152. Further 

development of a proportional-integral-derivative (PID) controller optimized the 

feedback control system, showcasing the impact monitoring can have on HSPC 

expansion153. 

Recently, a membrane bioreactor (Quantum® Cell Expansion System) was used as a 

platform for HSPC expansion154. As an automated platform, labor times are significantly 

reduced and medium changes are performed through a perfusion system. A central 

chamber lined with a membrane separates it into two different compartments (hollow 
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fiber membrane module). In this particular study, the dividing membrane was coated 

with fibronectin and SDF-1, adding an extracellular matrix element and simulating 

chemotactic homing in the system to support growth of HSPC in the lumen of the 

bioreactor. An 8-day expansion from a starting inoculum of 2 x106 CD34+ cells yielded 

a 51 FC in the same population, largely overcoming minimal doses for single cord and 

DUCBT90. Concomitant differentiation was seen to be predominantly of the myeloid 

lineage, namely immature neutrophils and platelets. 

I.5.5. Biomaterial-supported Expansion 

 

The incorporation of natural or synthetic biomaterials in devising novel strategies for 

HSPC expansion has been primarily explored155. These biomaterials provide structural 

support by granting cell anchorage for possible 3D assembly and control cell 

organization depending on their distribution or geometry. Biochemical and mechanical 

cues are also introduced based on the choice of biomaterial and these might be 

exploited to stimulate cell behavior. 

ECM is an indispensable component of any cell niche, especially in a complex and 

multilayered environment like the BM.  Cell type-specific ECM can now be produced 

and exploited through decellularization, for different applications. Decellularized ECM 

(dECM) from HS-5 (a human BM stromal cell line) was tested as a substrate for HSPC 

expansion. Native dECM from traditional 2D cultures and spin-coated dECM were 

directly compared with expansions with a HS-5 feeder layer and without dECM nor HS-

5 cells156. Spin-coated dECM had a more uniform distribution and doubled the 

roughness of the native dECM. Interestingly, spin-coated dECM had the best 

performance, with increased FC in every studied HSPC population (i.e. TNC, 

CD34+CD45low, CD34+CD38- and CD34+CD133+) and CFU colony type. Of note, quality 

of produced dECM through traditional in vitro culture has been questioned.  To boost 

the benefit of dECM, macromolecular crowding during ECM production has been 

shown to improve ECM organization, better mimicking in vivo conditions157. A 7-day 

expansion of HSPC on dECM substrates produced with macromolecular crowding 

consistently showed better results than traditionally made dECM. 

By maintaining a biomimetic perspective, hydrogels have provided an attractive avenue 

to integrate numerous niche factors (e.g. extracellular mechanics, structure three-

dimensionality (3D) or matrix turnover)158. As water-swollen materials based on 

polymeric networks, their hydrophilicity and softer stiffness align with the native 

environment of HPSC. Additionally, hydrogels also have the advantage of being 

translucid, therefore highly compatible with multiple microscopic techniques for 

observation. Polyethylene glycol (PEG)-based macroporous hydrogels functionalized 

with adhesive motifs (i.e. Arginylglycylaspartic acid (RGD)) successfully harbored HSPC 
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supported by MSC(M) and led to increased expansion when compared to traditional 

two-dimensional (2D) culture surfaces159. In trying to validate expansion of circulating 

HSPC, a PuraMatrix™ hydrogel was used as an expansion system160. From a starting 

population of peripheral blood MNC, an impressive 70 FC in CD34+ cells was observed. 

Of note, while most expansion systems focus on HSPC(CB), this study managed to 

demonstrate the potential of expanding non-mobilized peripheral blood-derived HSPC. 

Still, to date, the most thorough and tailored hydrogel development for HSPC 

expansion was done using a zwitterionic hydrogel161. By using a super-hydrophilic 

zwitterionic polymer, negative culture artifacts linked to their hydrophobic surfaces were 

avoided, providing an interaction-free scaffold. Polymer links through a polypeptide 

with metalloproteinase cleavable motifs allowed expanded HSPC to modulate the 

matrix as desired. After a 24-day period, encapsulated HSPC maintained their 

primitiveness (94.6% CD34+ expression) and suffered a 322 FC in TNC, showing 

preservation of long-term repopulating capacity through secondary transplants in 

mouse models. 

Ultimately, the use of biomaterials is allowing the formation of more complex systems 

for HSPC expansion. The ability to construct hierarchical structures or reach 

resemblance with organ-like organization might unlock even greater expansion 

potential. An interleaved lattice-mesh structure made of PCL spiked with hydroxyapatite 

(lattice) and polyurethane (mesh) was coated with vitronectin and seeded with 

HPSC(CB)162. The HSPC-infused scaffold was then incubated in a vessel capable of 

applying controlled hydrostatic pressure. Scaffold-adhered HSPC were not indifferent 

towards the existence of hydrostatic pressure, outperforming the remaining conditions. 

Taking advantage of extramedullary niches where HSC naturally go through an 

extensive expansion phase during development, fetal liver has been hypothesized to 

be an interesting alternative to model. Ferret-derived fetal livers were decellularized 

and repopulated with human fetal liver-derived stromal cells before infusing 

HSPC(CB)163. This top-down approach produced ECM with native structure to better 

recreate the fetal liver niche. 3D fetal liver constructs were able to better support HSPC 

expansion than 2D co-cultures and fetal liver-derived stromal cells outdid other tested 

cell types for repopulation of decellularized livers, such as hepatoblasts or BM Stro-1+ 

progenitor stromal cells. In an attempt to mimic the trabecular bone structure where 

HSPC reside, a porous ceramic scaffold was populated with MSC(M) that underwent 

three weeks of osteogenic differentiation164. ECM production was promoted, causing 

the formation of a gel-like film around the ceramic scaffold, renamed engineered niche. 

After HSPC injection, cells were expanded in a perfusion regimen, reaching a 61 FC in 

TNC. Differentiated compartments were observed inside the engineered niche, similarly 

to the several microenvironments found in the BM. 
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I.5.6. Small Molecule Expansion 

 

Recognizing the simplicity of supplementation of recombinant cytokines or EV 

supplementation in ex vivo expansion protocols, small molecules have also penetrated 

the field. Their simplified manufacture (compared to cytokines and EV) allied with their 

compatibility with high throughput molecular design and optimization have made them 

very appealing165. While initially tallying only a few molecules, small molecules have 

become the most rapidly expanding category of HSPC expansion promoters. 

Tetraethylenepentamine (TEPA) was an early representative of small molecule-based 

HSPC expansion. TEPA was able to improve HSPC expansion compared to a cytokine-

only control. Re-sorted CD34+ cells derived from the expanded population also showed 

increased engraftment in xenotransplantation models166. As a copper chelator, cytosolic 

copper seizing in HSPC might be behind the mechanistic effect of TEPA, particularly by 

promoting histone acetylation167. Since copper has been described to induce oxidative 

stress, a decline of free intracellular copper avoids production of reactive oxygen 

species, promoting HSPC expansion168. Nicotinamide, a form of vitamin B3, was also 

identified as an enhancer of HSPC expansion and homing properties169. Interestingly, 

nicotinamide demonstrated potent inhibitory activity against sirtuin1, a histone 

deacetylase. An expansion system using nicotinamide has successfully advanced the 

clinical trial pipeline, having been recently granted market authorization by the US Food 

and Drug Administration (FDA)170. Specifically, Omisirge is an expanded HSPC product 

resulting from nicotinamide-based expansion for use in HCT or immune reconstitution 

after HCT (affected or not with post-transplant viral infection) or chemotherapy170. This 

marks a remarkable achievement, stemming from years of research and clinical 

development, bringing forth the first expanded HSPC cell product to the market. This 

overlapping effect of two different small molecules highlighted the impact of epigenetic 

modification on HSPC self-renewal. Unsurprisingly, more molecules affecting histone 

acetylation have come forward as candidates for improving HSPC expansion. Valproic 

acid (VPA) has been shown to increase HSPC self-renewal by upregulating HOXB4171. 

While initially demonstrated using HSPC(CB), adult HSPC (from mPB and BM) were also 

proven to be susceptible to VPA-based expansion172. Currently being evaluated in a 

clinical trial, a VPA-expanded HSPC product was produced using clinical-grade reagents 

and its cryopreservation was optimized, contributing towards its translation173. These 

abovementioned molecules were a result of having identified a specific mechanism of 

action and, consequently, fully exploiting its potential. 

Another approach that was especially explored for small molecules was high-

throughput screening of compound libraries. Being a simple expansion system, iterative 

testing of a myriad of molecules was facilitated and led to the identification of more 

impacting small molecules. StemRegenin-1 (SR-1) (aryl hydrocarbon receptor 
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antagonist), UM171 (repressor of differentiation through degradation of an epigenetic 

regulator), P18IN011 and P18IN003 (p18 inhibitors), and CPI-203 (bromodomain and 

extra-terminal domain (BET) inhibitors) were all flagged after screening174–177. Both SR-1 

and UM171 have distanced themselves from remaining candidates, with impressive in 

vitro results and their own clinical trials as stand-alone grafts178,179. More molecules are 

being brought up every year, being detailed in a recent review180. Notably, a recent 

chemically defined cytokine-free expansion system (a caprolactam polymer-based 

culture with a cocktail of UM171, 740Y-P and butyzamide)  was developed with stable 

long-term expansion of HSPC capable of serial engraftment in xenotransplantation 

assays181. Such an approach aligns deeper knowledge of HSPC biology with a 

translational focus, facilitating the transition towards manufacturing according to current 

good manufacturing practices (cGMP). 

 

I.6. Cell and Gene Therapy Manufacturing – Translating Bench to Bedside 
 

With multiple cell and gene therapies (CGT) already reaching the market, one of the 

most pressing issues will be addressing the challenges in manufacturing these products. 

Expanded HSPC are no exception, although expertise in handling of hematopoietic 

products can be seized from extensive HCT experience. As of January 2023, 36 CGT 

Figure I-5. Overview of a generic manufacturing pipeline for production of expanded 

hematopoietic stem and progenitor cell (HSPC) products. Tissue procurement guarantees 

collection of necessary cells and tissues. When required, defined cell subpopulations can be 

isolated, through positive or negative selection techniques. In this particular case, isolated cells 

are then manipulated through ex vivo expansion (e.g. co-culture expansion) until production 

goals are reached. Expanded HSPC need to be subsequently purified from cellular (e.g. 

mesenchymal stromal cells) or molecular contaminants (e.g. exhausted expansion medium). 

Finally, expanded HSPC need to be stored and transported to clinical facilities for final patient 

infusion. Between each process unit, cell product quality needs to be guaranteed according to 

stringent guidelines (i.e. cell identity, function and purity). For such a complex production 

pipeline, continuous monitoring is strongly encouraged. 
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have been approved and received marketing authorization in the European Union (EU) 

and United States of America (USA) combined182–184. Omisirge (omidubicel), an 

expanded HSPC product produced with a nicotinamide-based expansion system by 

Gamida Cell, has just joined the list of approved CGT170.  

Due to their uniqueness, cell therapies have earned their own category in regulatory 

agencies with special directives concerning approval candidature. In the EU, CGT are 

considered advanced therapy medicinal products (ATMP), defined by the European 

Medicines Agency (EMA) as medicines for human use that are based on genes, tissues 

or cells, offering groundbreaking new opportunities for the treatment of disease and 

injury183. Although this millennium has been marked with considerate advances, with 

regulatory victories for multiple CGT, recent success is due to much effort in the past, 

uncovering and understanding all the obstacles that stood before the establishment of 

cell-based therapeutic options. HCT was decisive as a vehicle of problem-solving and 

thus has deserved its recognition as a foundation for cell therapy development185. 

CGT have pushed therapeutic potential to new heights, but therapy costs have followed 

the same tendency, with never-before-seen prices. Price tag for Omisirge has been set 

around $338 000, but other CGT have reached up to $3.5M (Hemgenix – a gene 

therapy for adults with hemophilia B)186,187. Additionally, CGT have been targeting 

medical conditions with increasing population incidence. Hence, implementation of 

cost-effectiveness measures that facilitate healthy process development, potentially 

being able to influence end product pricing, are urgently needed.  

Robust and scalable cell manufacturing for the cost-effective delivery of safe and potent 

CGT (either with autologous origin (i.e. cells from the patient) or allogeneic) relies on 

process engineering tools to track cell product function and performance. The 

manufacturing process of CGT generally requires tissue collection, cell isolation, culture 

and expansion (upstream processing), cell manipulation, cell harvest, separation and 

purification (downstream processing) and, finally, product formulation and 

cryopreservation (Fig. I-5). Each of these stages presents significant challenges that have 

been the focus of study over the years, leading to innovative and ground-breaking 

technological advances. Although HSPC are non-adherent simplifying many 

bioprocessing stages, co-culture expansion systems also require adherent supportive 

cell types (e.g. MSC) and their respective manufacturing.  

I.6.1. Isolation of Target Cell Population 

 

CGT depend primarily on obtaining the appropriate material from which cells with 

possible therapeutic application can be isolated and manipulated. Depending on the 

nature of a specific CGT, cell isolation might be complicated due to lower cell frequency 

(e.g. stem and progenitor cells) or tissue access (e.g. bone marrow). HSPC (CD34+) 
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frequency in BM aspirates is only 1.1% and MSC frequency in a BM aspirate is only 

0.001% to 0.01%188,189. A large scale study of 126 341 red blood cell-depleted CB units 

in the USA inventory revealed that the median frequency of CD34+ cells was 0.34%190. 

Assuring source availability and succeeding in tissue collection may be enough to 

proceed to the following bioprocessing stage. For minimally manipulated cell products, 

such as HCT, heterogeneous populations are isolated and directly infused into the 

patient. However, newer and more advanced cell therapies are becoming ever more 

population specific. Thus, bulk populations that normally result from harvesting 

procedures need funneling techniques that isolate a desired cell type.  

For adherent cell types (e.g. MSC), the most commonly used method employed for 

isolation relies solely on the ability of cells to adhere to plastic surfaces191. After tissue 

collection, cells are plated on polysterene-based tissue culture flasks. After adhering to 

the plastic surface, non-adherent contaminating cells, are washed away after medium 

change and passaging192,193. Before plating MSC that are obtained from tissues such as 

cord matrix, AT or synovial membrane, they can be either enzymatically digested using 

collagenase solutions193–195 or simply plated directly onto plastic surfaces as explants196–

198.  

More sophisticated techniques can be used to isolate specific cell populations following 

tissue collection, typically relying on affinity-based and centrifugation-based 

separations. Although affinity-based separation has gained significant momentum in 

cell therapy manufacturing, classical centrifugation techniques are still part of typical 

bioproduction processes. When CB, BM or mPB samples are used, a first isolation step 

with density gradient centrifugation, using a polymeric solution (e.g. ficoll or percoll), 

separates the mononuclear cell (MNC) fraction from other constituents such as plasma 

and erythrocytes192. Considerable percentage of CGT are centered on hematopoietic 

subpopulations (e.g. CAR-T cells, Treg, monocytes and HSPC), whose mentioned 

isolation consists on centrifugation approaches for separation and extraction of MNC. 

Several Sepax (GE Healthcare) cell processing systems, have brought a fully closed and 

automated centrifugation unit to cell therapy production pipelines199. More advanced 

centrifugation platforms combine different physical forces to achieve higher isolation 

recovery and purity. Terumo BCT has established a continuous centrifugation system 

(Elutra®) that joins centrifugal forces with counterflow200. Using blood, initial 

centrifugation separates the MNC layer from plasma and erythrocytes. Fluid moving in 

counterflow separates the buffy coat into different fractions. By achieving cell 

population separation based on size and density, these platforms are able to reach 

much higher resolution in separation. 

Cell isolation through affinity is an ever-growing alternative due to its separation criteria 

being based on biological instead of physical characteristics. Cell population 

immunophenotype is commonly used to isolate specific cells from their original sources, 
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such as HSPC (CD34+ selection)201,202 and MSC (Stro-1+ selection)203,204. Typically 

mediated by antibody-antigen interactions, fluorescence activated cell sorting (FACS) 

and magnetic activated cell sorting (MACS) occupy leading roles in affinity-based 

separation. Through fluorescent labelled antibodies, FACS is able to separate cell 

populations based on their surface marker expression. This technology allows for 

multiple marker selection with high selectivity due to single-cell analysis205. In 

combination with cell separation, multi-parametric studies can be performed 

simultaneously, allowing for identity and quality control.  

MACS shares the same separation criteria as FACS (i.e. immunophenotype) but achieves 

cell sorting with antibodies coupled to magnetic particles. While these techniques are 

not novel, direct and thorough comparison have only recently been established206. 

Whereas FACS dominates selectivity and subpopulation purity, the respective cell sorter 

is not inherently prepared for a clinical setting. An expensive hardware system 

combined with lack of parallelization, sterility issues and time-consuming protocols are 

some constraints that contribute against its translation.  Due to its column-based 

system, MACS is able to separate cells at a much faster rate with possibility for parallel 

operation and is compatible with cGMP guidelines. Closed versions of MACS (e.g. 

CliniMACS Plus® by Miltenyi Biotec and CTS™ DynaMag™ by ThermoFisher) have 

been developed for clinical scale cell isolation207,208. Nevertheless, lack of bead 

detachment from cells after isolation is a significant drawback for MACS as a CGT 

bioprocessing unit. Besides particle contamination during the production process, 

epitope restrain by antibody-magnetic particle complexes can affect cell performance 

and undermine therapeutic value.  

Interestingly, both techniques are complementary and therefore selection of cell sorting 

technique is application-dependent. Still, for CGT process development, there is a clear 

tendency towards MACS due to previously mentioned arguments. Recently, efforts 

have been made by both sides to overcome their limitations.  

New platforms for FACS that include disposable microfluidic cartridges provide 

optimism for its adaptation into production pipelines. WOLF (NanoCellect Biomedical) 

and On-chip Sort (On-chip Biotechnologies) are two cell sorters that use this concept to 

overcome typical FACS limitations. The microfluidic cartridges allow for a closed circuit 

that includes the optical path and sterile sorting containers, minimizing contamination 

risks. Still, these systems have intrinsically low sorting rates that combined with 

demanding clinical cell dose targets make their use unrealistic205. Development of the 

MACSQuant Tyto (Miltenyi Biotec) system has been the latest contribution towards 

FACS adoption into the cell therapy bioproduction process. With sorting speeds 

reaching 30 000 cells/sec, MACSQuant Tyto outmaneuvers its microchip competitors 

by a factor of 100205. Although not possessing an established clinical platform, vortex 

actuated cell sorting (VACS) has come forward as a potential challenger for MACSQuant 
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Tyto. This technology uses the same principles for cell sorting as FACS but possesses a 

different sorting mechanism. The valves or deflection plates used to separate distinctive 

cell populations are substituted by a microfluidic thermal vapor bubble actuator that 

deflects cells due to the formation of an inertial vortex in the flow. Designed by Cellular 

Highways, the prototype sorter named Highway 1 is currently being developed, with 

sorting rates reaching 43 000 cells/sec. It combines full automation with closed circuits, 

possibility for multiplexing and a respectable sorting speed209.  

On the other hand, strategies for MACS improvement regarding disruption of cell-

magnetic particle complexes have also been explored, focusing on the interaction 

between antibody and magnetic particle. ThermoFisher’s Dynabeads® FlowComp™ 

combine streptavidin coated beads with biotin conjugated antibodies, enabling a post-

isolation bead removal mechanism210. STEMCELL Technologies established their own 

product, termed Releasable RapidSpheres™, that possess a tetrameric antibody 

complex which assures cell and particle interaction211. Following cell isolation, a mild 

dissociation agent cleaves the tetrameric complex, releasing the magnetic particles. 

Successful particle removal will also help alleviate regulatory issues over end product 

safety. Consequences of nano and microparticle contaminations are still debatable, with 

magnetic bead internalization being a validated concern. 

Instead of improving existing techniques, novel approaches for affinity-based cell 

isolation have also been investigated. Since cell therapies possess more stringent safety 

criteria, delivering cells without any by-products due to bioprocessing is crucial. 

Therefore, antibody removal after affinity separation is of considerable interest. 

Traceless affinity cell selection (Fab-TACS®) is an innovative technology that explores a 

reversible antibody-antigen interaction. Antigen-binding fragments (Fab) are combined 

with a short peptide tag (Strep-tag®II) with significant affinity towards a derivative of 

streptavidin (Strep-Tactin®). By having a Strep-Tactin® coated agarose matrix, desired 

cells are retained in a Fab-TACS® column212. Using biotin analogs, cells are eluted from 

the column due to interaction competition. Since the antibody fragments have low 

affinity towards the selected antigen, Fab release occurs, leaving the isolated cells 

without any separation by-product or trace. This technology has been translated into an 

automated commercial device (FABian® by IBA Lifesciences)212. 

A combinatorial approach for cell isolation has been explored by Akadeum Life 

Sciences. Instead of improving or developing new techniques, a new method has been 

devised that brings centrifugation and affinity-based separation together. Buoyancy-

activated cell sorting (BACS™) brings several above-mentioned concepts together in a 

novel manner213. Biotinylated antibodies are introduced in a cell suspension to target 

undesired cells (negative selection). Glass-shelled microbubbles coated with 

streptavidin are mixed to capture antibody-tagged cells. These microbubbles are 

separated from the remaining cells populations through centrifugation by flotation.  



 

 
 
 
 

 
 

28 

Isolation of a target cell population can have different impact depending on a specific 

cell therapy, with products ranging from bulk and heterogeneous populations to very 

selective subpopulations with a defined phenotype. Adequate selection of a separation 

method is also dependent on the prioritization of opposing purification concepts, such 

as purity and recovery. 

I.6.2. Scalable Culture Vessels 

 

After successful isolation, cell populations of interest need to undergo manipulation, 

requiring appropriate cell culture vessels and systems. Scalability is of utmost 

importance in CGT, since patient coverage is ever-growing and costly development 

needs cost-effective means of increasing production when necessary. 

In terms of complexity, at the rear-end of cell culture technology are simple plasticware 

containers. Petri dishes, T-flasks, roller bottles and multiwell plates all incorporate cell 

culture plasticware and are typically made of polystyrene that is previously treated either 

chemically or physically in order to gain hydrophilic functional groups (e.g. ketones, 

aldehydes, hydroxyl and carboxyl groups)214. Indeed, surface treatment has a dramatic 

impact on adherent and non-adherent cell culture. For HSPC expansion, use of 

zwitterionic hydrogels was deemed a clean slate for HSPC proliferation, removing 

adverse side effects of cultureware contact and being partially responsible for the 

impressive results observed161. For adherent cells, unfortunately, when using culture 

media without animal components, cell adhesion can be compromised due to 

deficiency in serum-derived adhesion factors215. Commercial enhanced plasma 

treatment plasticware (e.g. CellBIND® by Corning Life Sciences) and xeno-free surface 

coatings (e.g. CELLstart™ by ThermoFisher Scientific and Synthemax® by Corning Life 

Sciences) have been developed to address this issue216,217. 

Besides allowing gas exchange through the cap region and having excellent optical 

clarity, commonly used vessels are seriously limited regarding any type of monitoring 

and control. Conventional plasticware as culture flasks also lack an agitation mechanism, 

not being able to assure fully homogenized cell cultures. Since their design was directed 

mainly towards research purposes, manufacturers quickly identified scalability issues for 

large-scale production. Advanced and scalable culture systems based on plasticware 

were created to avoid laborious and unsustainable scale-out.  

Although very simplistic, plastic malleable bags have a consolidated place in cell 

culture. Being integrated in basic plasticware, they offer a simple closed system solution 

which is critical for manufacturing under cGMP. However, lack of any culture control and 

poor agitation severely limit their application in optimized processes. Nevertheless, 

therapies based on hematopoietic cells (e.g. HSPC, Tumor-infiltrating lymphocytes, 

CAR-T) have relied on these platforms for cell culture, reaching human use in clinical 
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trials 218–220. Notably, Omisirge has been described to be produced in these cell culture 

bags221. 

Roller bottles have also been optimized for large scale manufacturing of cells. Cord 

blood-derived MNC were isolated and expanded in multiple 500 mL roller bottles with 

rotation assured by a bottle roller222. Further improvement led to the design of 

RollerCell™ by Cellon, a system capable of simultaneously holding 40 roller bottles with 

automated robotic processors for cell handling. RollerCell™ comparison with 

CellCube® (a perfusion-based multi-layered polystyrene plates) for cell line production 

yielded similar results223. 

Although planar systems have evolved to closed and scalable systems, bioreactors have 

been the ultimate objective for cell therapy manufacturing, seeing that they incorporate 

monitoring and control, reduce process footprint and minimize cell handling. 

Incorporating highlighted challenges of a cell-centered process requires platforms 

capable of dealing with parameter complexity to deliver a safe and reproducible cell-

based product. Innovative bioreactor designs have come forward to challenge more 

classical versions. 

Stirred tank bioreactors maintain widespread use, with their simpler and more 

standardized geometry. With extensive experience in what concerns the production of 

traditional biopharmaceuticals, much knowledge regarding these bioreactors has been 

transposed to cell-based therapies. These systems have mechanical impellers that are 

responsible for appropriate mixing and assuring dynamic flow. High compatibility with 

monitoring probes and respective modules has made culture control an intrinsic part of 

this bioreactor. Internal sparging mechanisms allow for efficient gas transfer, although 

shear stress associated with bubbling can be an issue to sensitive cells224. Exhaustive 

knowledge on fluid profiles based on computational fluid dynamics (CFD) models have 

given significant predictive control on culture estimates. While being naturally prone for 

suspension cultures, adherent cell culture has been adapted through microcarrier 

development225. These spherical particles provide the surface area for cell adhesion to 

occur. A broad variety of materials, porosity levels and surface coatings have been 

developed to fulfil specific cell needs. The high variety of microcarriers has been 

extensively reviewed226,227. Clinical-grade expansion of MSC of different human sources 

(i.e. BM and AT) in scalable microcarrier-based bioreactors using S/XF culture 

components has been achieved228. The scalability potential of stirred tank bioreactors 

for cell-based therapies has been embodied by development of MSC expansion 

processes. Sscalability of stirred tank MSC culture was pushed forward by successfully 

expanding human MSC in a 50-L bioreactor, being able to produce 177 clinical doses 

(70 million cells/patient assuming a 70 Kg patient) in a single run229. Consequently, both 

adherent and suspension cultures are firmly established for cell culture in stirred tank 

bioreactors. 
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Cells are known to be shear sensitive which stimulated efforts to develop non-abrasive 

environments during cell culture. Packed bed bioreactors provide a fixed chamber 

where microcarriers or scaffolds are located, being an attractive choice for co-culture 

systems230. Adhered cells that populate the chamber have translational movements 

restricted, thus being able to better mimic solid tissue presence. Their constrained 

movement also promotes structured organization and cell-cell interaction, leading to 

high density cultures. Low velocity fluid flow guarantees dynamic culture without 

causing shear damage to cells. Culture medium has access to the chamber providing 

necessary nutrients and removing metabolites. Diffusion limitations or nutrient 

deficiency can occur due to 3D culture organization. Furthermore, significant cellular 

organization can result in beneficial biological outcomes, but will normally complicate 

cell extraction and subsequent downstream processes. Expansion of MSC in a 2,5 L 

CelliGen® bioreactor (New Brunswick Scientific) with Fibra-Cel® (Eppendorf) disks 

demonstrated large-scale manufacturing potential for packed bed bioreactors231. Co-

culture of HSPC with human primary stromal cells immobilized in porous glass carriers 

was successfully adapted to a packed bed bioreactor232. 

Increasing available area for cell culture while protecting cells from harsh conditions, 

has inspired innovative bioreactor designs. Hollow fiber bioreactors fulfill those 

requirements by joining thousands of hollow fibers. These fibers are made of thin and 

porous material that provide a selective passage of nutrients. Culture medium 

recirculates through the fibers producing interesting tangential flow, mimicking 

vasculature to some extent230. However, significant quantity of fibers originates 

successive diffusion barriers that cause concentration gradients for nutrients, signaling 

factors or gases. Similar to packed bed bioreactors, cell extraction processes are 

challenging to perform due to high cell interaction and difficulty in reaching cells 

uniformly inside the bioreactor. These bioreactors have been validated with adherent 

AT MSC, MSC(M), periosteum-derived MSC and neural stem cells233–237. Furthermore, 

recent application of HSPC expansion in a hollow fiber bioreactor demonstrates its 

potential to impact CGT that use expanded HSPC154.  

With unprecedented tight regulatory measures, the field of bioreactors has moved 

towards disposable and single-use versions. In order to avoid clean-in-place (CIP) and 

steam-in-place (SIP) procedures and assure contamination-free product quality, 

conventional stainless steel or other reusable bioreactors are being substituted by 

plastic single-use bioreactors (SUB). They reduce cross-contamination and can be 

combined with limited monitoring probes. Disposable technology has been able to 

successfully adapt existing geometries, such as the Mobius series by EMD Millipore for 

stirred tank bioreactors and the Quantum® bioreactor by Terumo BCT for hollow fiber 

bioreactors. However, other designs, such as the wave bioreactor and the Vertical-

Wheel™ bioreactor, have also shown that there is space for bioreactor innovation that 
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integrate single-use technology. An overview of SUB and their applicability towards cell 

therapy has been investigated238. Their versatility and single-use nature align with cost 

reduction and demanding regulatory guidelines associated with cell therapies. 

However, culture monitoring remains a challenge and long-term bag stability must be 

assured. 

Numerous bioreactor designs exist for performing cell culture, nevertheless selecting 

the correct culture vessel with an appropriate scalability strategy is the actual challenge 

for the manufacture of cell therapies. Achieving parallelization of individual units (scale-

out) tends to be more associated with autologous therapies, while increasing bioreactor 

size and maintaining culture conditions (scale-up) is more adequate for an allogeneic 

production. A compromise between scalability and optimal culture conditions is 

deemed necessary. 

I.6.3. Downstream Processing 

 

For traditional biopharmaceuticals, cellular contribution ends after upstream 

processing, where cells are taken advantage of as miniature factories to produce a 

desired product. Downstream units from cell-centered bioprocesses have an 

unprecedented challenge in trying to design purification methods that give special care 

to cell sensitivity without changing cell identity and potency. Fortunately, cell separation 

is a common practice in research, thus manufacturing units can try to scale existing 

technology or develop entirely novel techniques. The same techniques mentioned in 

the previous cell isolation section are also valid for downstream processing. 

After upstream manipulation, cells must be harvested from their respective vessels to 

proceed to downstream processing. While cells grown in single cell suspensions can be 

easily recovered, adherent cells require surface detaching techniques. Enzymatic 

methods disrupt cell-surface interactions by causing proteolytic cleavage of integrins, 

which are proteins responsible for cell adhesion and contribute to cell signaling by 

transducing ECM stimuli239. While damaging integrins can affect cell phenotype or 

function, enzymatic detachment of cells is common in cell-related processes240–243, with 

possibilities varying between Trypsin-EDTA, TrypLE™ and Accutase™. In order to avoid 

disrupting cell phenotype, approaches focused on reversible adherence to microcarriers 

have been pursued.  

Considering that many cell therapies will be administered intravenously, the presence 

of particulates or intact microcarriers into the final cell product represents a major safety 

risk244. In this context, different technologies have emerged that may address this 

concern. For instances, Advanced Corning® Dissolvable Microcarriers (Corning Life 

Sciences) have been developed to facilitate adherent cell harvesting. These carriers are 

comprised of polygalacturonic acid chains cross-linked by calcium ions, which can be 
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dissolved with exposure to ethylenediamine tetraacetic acid (EDTA) and pectinase. iPSC 

expanded in a Vertical-Wheel™ bioreactor were successfully extracted from dissolvable 

microcarriers245.  

Considering their different size and density, cell-carrier separation has been explored 

by filtration or centrifugation techniques. These selected approaches must be 

compatible with manufacturing processes of considerate scale, while respecting cell 

sensitivity. Dead-end filtration represents the scalable version for small scale mesh 

filters, with commercial versions (Opticap® series by Merck Millipore) being applied for 

efficient separation of MSC from respective microcarriers after cell expansion and 

detachment246. In order to avoid fouling and membrane clogging associated with 

normal flow filtration, tangential flow filtration (TFF) might be an improved alternative 

for such separation. Hollow fibers (developed by Repligen or GE Healthcare) allow for 

separation with less pressure due to feed flow occurring tangential to the membrane. 

Being reliant on pressure for separation, filtration methods can cause cellular stress. 

Therefore, centrifugation techniques are a suitable alternative for such separations. 

Aforementioned counterflow centrifugation or fluidized bed centrifugation minimize 

shear stress during cell separation and can also be implemented for downstream 

purposes247. However, the more demanding volume scale might limit application of 

previously described instruments. kSep systems developed by Sartorius explore the 

same centrifugation principles, having been designed to be  able to process larger 

volumes and also allow for continuous cell isolation248. 

At this point, both adherent or suspension cells converge in their respective 

downstream pipeline, requiring concentration and washing units before entering the 

formulation and filling stage. Fortunately, reducing volume possesses coincident 

methods with cell-carrier separation. Previously mentioned TFF or counterflow 

centrifugation are both viable options for concentration. TFF implementation for MSC 

concentration after microcarrier detachment and clarification was studied with a 

systematic breakdown of hollow fiber characteristics246 (i.e. material and pore size) and 

filtration operation modes249.  

Although downstream stages appear to be dominated by filtration and centrifugation 

processes, disruptive separation mechanisms are being explored for cell therapy 

manufacturing applications. FloDesign Sonics has harnessed acoustic waves to 

influence cell movement250. Using acoustophoresis, cells are restrained in produced 

acoustic waves, which allows for washing and volume reduction without negatively 

affecting cells. Ekko represents a continuous, closed and scalable platform that has been 

commercially developed by FloDesign Sonics for cell therapy manufacture. 

Downstream flowcharts for cell therapy manufacturing vary between adherent and 

suspension cultures. Still, the limited amount of approaches for downstream processing 

is a critical issue for cell therapy manufacturing. 
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I.6.4. Formulation and storage 

 

When purified cells are compliant with quality control objectives, their formulation and 

filling is required for commercialization. Transport of CGT is much more demanding 

than conventional biopharmaceuticals. For minimally manipulated therapies, such as 

transplants, cells are delivered fresh in cold storage. Autologous products can follow 

similar formulation and filling principles, since their shelf-life is typically low. However, 

allogeneic cell therapies that serve a one-fit-all business model, depend heavily on 

cryopreservation methods. Logistically, cryopreserved products are a burden as 

specialized infrastructure and equipment are necessary for handling and transport.  

Moreover, cryopreservation processes are prone to inflict cell damage through multiple 

mechanisms251. These include abrupt temperature changes and unwanted thermal 

fluctuations. Therefore, appropriate cooling rates and temperature maintenance are 

important parameters for a successful cryopreservation.  Cell injury can be associated 

with extracellular and intracellular ice formation. In order to prevent ice formation, 

crypoprotectants are usually added to cryopreserved suspensions. However, 

cryoprotectants can also be toxic to cells. Finally, cells are also subject to thawing injury, 

as a result of intracellular recrystallization. 

In order to minimize cryopreservation-induced cell damage and enhance product 

reproducibility, automated and quantitative tools can be used for cryopreservation and 

thawing252. Programmable controlled rate freezers (CRFs) employing liquid nitrogen as 

a refrigerant offer greater control and customizability of cooling rates. New freezing 

systems that do not require liquid nitrogen have recently emerged such as the 

Asymptote VIA Quad, Duo, and Research freezers252. These are suitable for GMP 

cleanroom facilities where the use of liquid nitrogen tanks leads to risks in terms of 

contamination and air quality. 

Automated dry-thawing devices can eliminate the risks associated with manual thawing 

in a water bath, such as water-borne contaminants and operator variability252. Examples 

of this technology include the Asymptote VIA Thaw SC2 and CB1000, the Biocision 

ThawSTAR, Medcision ThawCB, and Sarstedt Sahara.  

To some extent, it might be desirable to avoid cryopreservation at all, either to prevent 

cryo-induced cell damage, or to circumvent laborious and expensive freeze and thawing 

procedures. Storage at 2-8ºC can be sufficient, especially in situations that only require 

short-term storage. Specialized hypothermic storage media such as HypoThermosol 

(BioLife Solutions) allow an increased product stability at hypothermic temperatures 

(e.g. 2-8ºC), avoiding the need for cryopreservation procedures253. In 2012, TiGenix 

completed the first phase I clinical trial with MSC from AT (MSC(AT)) (i.e. Alofisel) stored 

and administered in HypoThermosol (NCT01743222)254. 



 

 
 
 
 

 
 

34 

An innovative technique has been developed that could have major implications on 

tissue and cell preservation. Osiris Therapeutics has designed a lyophilization 

technology (Prestige Lyotechnology) to preserve living cells and tissue. A proof-of-

concept was performed with placental tissue, which can be used as biological dressings 

for treatment of burns and deep wounds255. Lyophilized tissue was compared directly 

with cryopreserved samples concerning cell viability, ECM components and tissue 

organization, showing comparable results. Lyopreservation of cells has major 

consequences, as lyophilized samples can be stored at room temperature without the 

need for expensive cryopreservation equipment. For cell therapy manufacturing, this 

breakthrough might imply considerable cost reductions, with deep structural changes 

to formulation and filling.  

 

I.7. Improving Therapy Viability – Manufacture, Cost and Quality 
 

With CGT reaching unmatched complexity, heavy investment is required for their 

development. This allied with abovementioned manufacturing challenges and lack of 

full control over cells as dynamic systems, exposes many threats to CGT viability182. 

Fortunately, steps can be taken to mitigate those threats and improve therapy viability 

and sustainability. 

I.7.1. Culture Monitoring 

 

Monitoring of culture conditions is essential in any cell manufacturing process. An ideal 

continuous gathering of information from every bioprocess stage would allow for real-

time informed decision making, complete control and oversight, extensive knowledge 

of the whole manufacture process and model estimation with response simulation. 

Naturally, any cell therapy manufacturing process would hugely benefit from such 

observational power, especially due to inherent complexity of being based on living 

organisms. The dynamic nature of cells is a significant source of instability for process 

control.  

Monitoring has been exposed to ever increasing difficulties associated with more 

advanced processes and products. Cell therapies has turned the spotlight towards cells 

and monitoring has not been able to fully respond to newfound needs. However, 

regulatory agencies have implemented guidelines in order to stimulate the 

improvement of monitoring tools, establishing the process analytical technology (PAT) 

framework256,257. It highly recommends design, incorporation and control of innovative 

analytical tools for continuous improvement of cell therapy manufacturing. In order to 

ensure product quality and facilitate monitoring variable selection strategies and 

prioritization, critical process parameters (CPP) must be identified and closely followed. 
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As previously mentioned, cell therapies possess conventional physicochemical process 

parameters (e.g. pH, temperature and agitation speed). Nevertheless, introduction of 

cells has brought a significant amount of unprecedented process parameters, whose 

nature revolves around cellular-based concepts. For a cellular product, assurance of cell 

viability and cellular fitness involves controlling a microenvironment based on complex 

nutrient formulations and dissolved gas concentrations. Besides parameters related with 

cellular well-being, complexity in cell therapy production monitoring is associated with 

information on cell state, including phenotype and functionality. Identity of a cell 

population during production must meet desired standards and quality control, thus 

surface marker expression, transcriptomics and metabolic profile are also important 

monitoring targets. Concisely, having cells as therapeutic products has considerably 

extended the list of CPP in both length and complexity, forcing PAT to advance and to 

try to develop novel tools at an unprecedented and unmanageable rate.  

With the identification of process parameters present in cell therapy production that can 

be difficult to measure, versatility in monitoring might facilitate early development of 

new PAT tools. Measurement of process parameters should preferably be performed in 

situ, avoiding lag phases and delays in information gathering that can endanger the 

whole bioprocess258. By measuring directly inside the manufacturing unit, these sensors 

provide real-time data and do not compromise the sterility barrier. However, another 

possibility includes online measurement, which requires sample displacement and 

return to the unit through a by-pass mechanism, but also maintains vessel sterility.  

For techniques that have not been developed for in situ integration, off-line and at-line 

monitoring are possible alternatives. These require destructive sampling accoupled with 

external sample preparation and analysis. The difference between both is related with 

the distance of the assay equipment, with at-line having the advantage of close 

proximity to the respective manufacturing unit. Consequently, any process control with 

these monitoring strategies will be performed in retrospective with delayed information. 

 Currently, cell therapy manufacturing possesses process parameters with different 

kinds of monitoring methods. Nevertheless, advancement of PAT aspires for universal 

in situ monitoring. 

Conventional CPP have monitoring techniques that have existed for several decades. 

The lack of modernization associated with industry resistance in applying PAT 

advancements has crippled much needed innovation in cell therapy manufacturing. 

Instead of having monitoring development accompany efforts in making standard 

bioprocessing units cell-centered, manufacturers have paradoxically opposed it259. This 

is clearly evident for traditional univariable parameters, whose monitoring is based on 

outdated techniques.  

Historically, pH and dissolved oxygen (DO) tracking is performed using electrochemical 

sensors260,261. Fortunately, advancements in optical fibers have made it possible to follow 
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pH and DO without the need of electrochemical probes. Optical sensors are able to 

quantify these parameters through the presence of indicator or fluorescent dyes262. 

Continuous optical monitoring of pH in a perfusion bioreactor for a baby hamster kidney 

(BHK-21) cell culture was achieved using phenol red as an indicator263. Additionally, 

instead of having bulk media constituents as indicators, dye adsorption on a solid matrix 

combined with patch technology has originated viable products and systems for cell 

culture during manufacture (e.g. Optical pH and DO sensors by PreSens Precision 

Sensing GmbH or Ocean Optics). Optical patch sensors were used to monitor pH and 

DO in a high-throughput system for simultaneous operation of 12 bioreactors264. 

Versatility, easy implementation and miniaturization potential of patch sensors have also 

been exploited in disposable culture technology.  Single-use bioreactors, such as 

BIOSTAT STR® produced by Sartorius, have integrated patch sensors for both DO and 

pH. This system has been used for scalability studies on AT MSC expansion using 

microcarriers in a stirred bioreactor265. Although optical sensors exhibit great 

adaptability and allow for continuous external monitoring, their dyes are vulnerable to 

photobleaching. Nevertheless, a comparison between electrochemical and optical pH 

and DO sensors highlighted considerable correlation between parameter 

measurements, easing concerns regarding lesser robustness of optical sensors266. 

Cell-related CPP demand pioneering approaches and instruments that are capable of 

following complex and multivariate data. For certain parameters it would be impossible 

to individually follow each specific component in a parallel manner. Cell OMICS 

techniques (e.g. transcriptomics) are an interesting option that provide a widespread 

perspective on cell state. Spectroscopy is an attractive technique to address multi-

parametric needs since a broad range of wavelengths can be covered262. Additionally, 

electromagnetic radiation interacts with any type of matter, which makes spectroscopy 

also applicable to biological parameters258. Partition of this wide-reaching field 

originates multiple techniques, with several being adapted as PAT tools for monitoring. 

Ultraviolet (UV)/visible spectroscopy focuses on consequences of sample or analyte 

excitation through a UV or visible light source. Information for cell-based bioprocessing 

monitoring can be retrieved by observing two different radiation phenomena, namely 

scattering and absorption. Measurement of light absorption through a specific 

pathlength is the basis for optical density (OD) and absorbance techniques258. Although 

restricted to suspension cultures, medium turbidity can be correlated with cell 

concentration. Furthermore, significant absorption targets for this range of the spectrum 

include aromatic molecules, such as fluorophores, chromophores and aromatic amino 

acids. The latter can be extremely useful for protein quantification. Quality of cytokines 

used in medium supplementation can be certified using this technique.  

Moving to higher wavelengths in the spectral window leads to infrared (IR) 

spectroscopy. Lower energy radiation associated with IR spectroscopy affects the 
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vibrational states of molecules. Fortunately, each molecule after excitation emits its own 

unique radiation fingerprint258. Spectral monitoring of culture media allows for multiple 

quantification of culture medium components and metabolic by-products in a non-

invasive manner. Unfortunately, water molecules present can also interfere with data 

acquisition. Deconstruction of these measured spectra are necessary to distinguish 

between individual analytes267. Thus, there is a significant dependence on chemometric 

algorithms to unravel incoming data. An in situ near infrared spectroscopy probe was 

validated in determining analyte concentrations in a CHO-K1 cell culture268. Fourier 

transform infrared (FTIR) spectrometers are a third generation of instruments to reach 

the field of IR spectroscopy. With a higher signal-to-noise ratio, this technique has also 

been successfully used to follow MSC osteogenic differentiation and the metabolic 

profile of MSC expanded on microcarriers in a XF culture system269,270.  

Molecular vibrational interactions are also responsible for originating Raman 

spectroscopy. This technique is based on sporadic inelastic scattering of incident light. 

In contrast to IR spectroscopy, it is less affected by water interference and therefore 

substantial focus is being given to Raman spectroscopy258. This method combines 

possibility for versatile in situ probes, continuous and non-invasive real-time monitoring, 

sensitivity for most culture components and a high signal-to-noise ratio. Cellular events 

aside from proliferation are also potential targets for Raman spectroscopy, with 

differentiation of adipose-derived MSC in multiple lineages being followed with an in 

situ probe271. 

Radiation-based monitoring strategies have an extensive application potential and have 

unquestionably expanded monitoring capabilities. Further spectroscopy techniques 

that have been explored as PAT tools include fluorescence spectroscopy and dielectric 

spectroscopy272. In situ probes based on the latter (e.g. iBiomass by Fogale Biotech and 

Incyte by Hamilton) have been developed for cell density measurements and are 

compatible with microcarrier-based cultures273,274. 

With an ever-growing listing of CPP, the demand for techniques or instruments that 

incorporate multiple culture parameters in an efficient manner is growing. YSI 2950D by 

YSI is a metabolite analyzer that has been used to simultaneously measure up to 6 

different culture parameters using proprietary immobilized enzyme electrodes275,276. The 

leading instrument BioProfile Flex2 by Nova Biomedical has challenged the boundaries 

of parameter parallelization with monitoring capacity for 16 different parameters, 

ranging from glucose concentration to cell vialbility277. However, these devices do not 

fulfill in-line monitoring ambitions. In trying to solve this issue, a prototype capsule 

(PATsule) currently in development has heightened hopes for a real-time 

multiparametric in-line device259.  

The development of these techniques hopes to give PAT significant observational 

power, helping assure cell therapy manufacturing needs. The need for PAT 



 

 
 
 
 

 
 

38 

advancement emphasized beforehand has culminated with a momentum in solving this 

issue. Recently, Raman spectroscopy was employed as a PAT tool in an autologous 

immunotherapy model for cell therapy bioprocessing278. 

I.7.2. Cost of Goods 

 

Feasibility is a key concept concerning cell therapy development. Although possessing 

great therapeutic potential, cell therapies have inherently complex manufacturing 

processes that can impact on their commercial viability. The introduction of cells as a 

therapeutic product has caused a paradigm shift in bioproduction. Every manufacture 

stage has had difficulties in translating typical manufacturing units to cell-based 

products. More sophisticated microenvironments during upstream production are 

necessary when producing cell-based therapies, which can include feeder layers and 

biomaterial-based scaffolds. During the downstream phase, sensitivity of living cells to 

typical separation and purification processes demands innovative approaches, which 

usually are costly. Also, end-stage product transportation cannot yet fully rely on more 

conventional lyophilization options, since cells still depend either on fresh or 

cryopreserved storage for transport.  

In turn, production has a high risk of becoming exceptionally expensive, leading to an 

unsustainable commercial product. Even after achieving regulatory approval, recent 

products have suffered with suspicions against long-term commercial sustainability. 

CAR-T therapies, such as Yescarta and Kymriah, have battled with health insurers to 

achieve coverage deals in several countries279. In England, its health cost-effectiveness 

watchdog (NICE) had initially ruled against acceptance of Yescarta into the national 

healthcare system, claiming £300 000 per patient was an excessive strain on its 

healthcare budget280. However, progress was made when Yescarta-producing Gilead 

offered a confidential discount on the listed price, leading to the approval of Yescarta 

for treatment of adult patients with diffuse large B-cell lymphoma281. Being potential 

cures for blood malignancies, their pricing must recognize a less favorable commercial 

and manufacturing scenario associated with one-time treatments. Additionally, their 

therapeutic indication has been for cancer patients who have shown resistance to 

chemotherapy and have ruled out bone marrow transplants. Thus, expected demand 

for such CGT is relatively low. Every one of these constraints is a threat against reliable 

commercialization of these potentially life-saving cell therapies.  

CAR-T cell therapies are not isolated cases, since approved Alofisel has also suffered 

from similar concerns. In early 2019, NICE released its final appraisal on this cell-based 

product, advising against its adoption for treatment of perianal fistulas in adults with 

non-active or mildly active luminal Crohn’s disease282. Although possessing very 

promising clinical trial results with 50% of patients treated with Alofisel during its Phase 
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3 trial showing fistula remission283, lack of long-term remission studies has raised 

suspicions on the durability of its treatment benefit. Consequently, the proposed 

therapeutic value of Alofisel reflected in its pricing (List price – £13 500/vial with one 

dose consisting in four vials) cannot be assured, leading to rejection of coverage by 

NICE.  

In order to assure the sustainability of approved therapies, with regulatory consent and 

adoption by healthcare providers, detection of cost reductions at any stage of a cell 

therapy bioprocess is crucial284.  

Incorporation of cost of goods (COG) analysis allows for a systemic search for cost 

drivers and should be included during any decision related with the manufacture 

process285. Assessing COG at a preliminary level facilitates process modifications that 

would become laborious and critically expensive at a later stage. In the case of cell 

therapies, there are some inherent characteristics that differentiate their production 

backbone and are responsible for immediate distinctions in the COG analysis approach. 

Interestingly, cell origin has a profound impact on manufacture, commercialization and 

business model choice. Production of allogeneic therapies is an economy of scale, which 

becomes increasingly cost-effective as the demand increases. Aligned with common 

concerns regarding the need of high cell doses for most cell therapies, donor to patient 

treatments have a desired production profile. Scale-up allows for reductions of 

consumable costs and operating labor. However, allogeneic therapies have yet to fully 

harness the potential for COG reduction of an economy of scale. The abovementioned 

lack of automation and closed production pipelines for “off-the-self” allogeneic 

products have been holding these therapies back. Nevertheless, these concerns have 

been identified and efforts are being made to overcome them. Decisional tools for the 

manufacture process based on risk management analysis that incorporate COG 

breakdown have been developed for allogeneic cell-based therapies286. Recently, an 

open source bioprocess economics tool revealed that the Vertical-WheelTM bioreactor 

system would allow cost savings in the manufacturing of MSC for cell therapy 

purposes287. 

Autologous therapies have their own distinct scenario concerning COG. Being patient-

specific, each produced lot is restricted to only one patient. Instead of implementing a 

scale-up strategy, these therapies require parallelization as their manufacturing dogma. 

This has clear consequences in COG analysis, with single-use modular options 

becoming more attractive than traditional larger scale production vessels. Furthermore, 

autologous cell therapies do not follow conventional demand-supply relationships. In 

this case, demand is simultaneously supply, since the patient possesses the cellular 

component for its own cell therapy. This significantly reduces any implementation of 

cost-effectiveness measures due to demand predictability. Although demand can be 

tracked, increasing cell therapy stock is not possible for autologous therapies, as they 
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are not an “off-the-shelf” product. In terms of manufacturing facility policy, autologous 

therapies require prioritized point-of-care. Since cells from the patient are extracted, 

altered/expanded and reinfused, proximity to the patient is critical. Accordingly, the 

concept of decentralized facilities for COG reduction in autologous approaches has 

been explored288.  

Tailored COG analysis models are necessary to accurately reduce costs in autologous 

and allogeneic therapies. However, there have been attempts to increase cell therapy 

versatility by changing its cell source requirement. By removing the endogenous T-cell 

receptor (TCR) from allogeneic T-cells, advances were made towards the creation of a 

universal CAR-T product289. Consequently, an allogeneic COG model was able to be 

developed for such a cell therapy290. Altering the nature of tissue procurement may be 

a COG solution when trying to convert an unsustainable cell therapy into a commercially 

available product. Although cell source is able to deeply condition cost drivers due to 

different production models, other manufacturing parameters also have impact on 

commercial sustainability. COG optimization should be pursued through the whole 

bioprocess, even as development advances. 

I.7.3. Quality by Design 

 

Having cells taking the central role in a therapy has broaden therapeutic angles to tackle 

innumerous diseases. However, ensuring high quality products with consistency is more 

challenging for such CGT. The complexity of the cellular component associated with 

lack of complete comprehension of its machineries demands even more stringent 

quality measures during manufacture.  

After initial proof-of-concept research, bioprocess development must include product 

quality guidelines to guarantee cellular therapeutic attributes, avoid manufacturing 

failure and alleviate regulatory concerns regarding safety. Quality assurance in the 

biopharmaceutical field was introduced by the FDA to tackle alarming waste rates, 

nonexistence of predictable models and insufficient production control291. cGMP were 

delineated to renew the pharmaceutical sector to address this issue. Quality 

management of biopharmaceuticals changed with the creation of the Quality by Design 

model (QbD)292. Due to its increasing impact, the FDA and EMA launched a joint pilot 

program with parallel application assessments in order to harmonize and integrate QbD 

guidelines293. A holistic view of the bioprocess allied with extensive scientific knowledge 

of each production component and a systematic and iterative method of improvement 

serve as the basis of QbD (Fig. I-6).  

Cell therapies have followed traditional biopharmaceutical development mistakes 

regarding manufacturing development. Inability to apply QbD and COG analysis has 

increased manufacturing failures and unsustainable bioprocesses. Translation of 
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prominent clinical trial results to a scalable and cost-effective bioprocess has led to 

several letdowns with development suspension and product withdrawal294,295. A logical 

sequence of steps is delineated by QbD in order to advise manufacturers regarding 

intelligent production pipeline development for cell therapies. Initial guidelines concern 

the end product, with the identification of therapeutic objectives. These should describe 

with great detail cut-off goals for concepts such as identity, potency and purity107. High 

degree of clarity and detail in defining end product properties will facilitate 

identification of critical production processes and problem localization and solving. By 

creating a quality target product profile (QTPP), the framework for QbD is established.  

With the target profile set, the entire process needs to be broken down to identify 

critical variables that have a direct effect on the QTPP. Raw material attributes (RMA) 

need to be controlled for quality with selected checkpoints so that variability and lack 

of quality cannot compromise the bioprocess from the start292. After controlling process 

inputs, continuous monitoring with PAT throughout the entire process should exist to 

assure correct transformation or manipulation of raw materials into the final product.  

Considering that following every possible variable is unrealistic, critical quality attributes 

(CQA) should be selected. For CGT, these attributes correspond to cellular features. 

Since living cells are multi-variate systems, isolating inputs (e.g. signaling factors) and 

controlling outputs (e.g. cell expansion) is not trivial. Knowledge on cell networks is 

increasing, but a complete map of cellular machinery is still far from reach. Thus, 

identification of CQA, which are crucial for QbD, can be difficult. 

Throughout the bioprocess, each unit has an impact on cells and is accountable for 

altering their characteristics to some extent. Controlling CQA will depend on identifying 

which CPP are responsible for changing those same features. Control strategies should 

build on CPP discovery, which serve as directives for selection of monitoring 

techniques292. The holistic nature of QbD demands whole process overview, with 

parallel interventions as the production pipeline moves forward. After definition of 

individual CQA and respective CPP, studying their interactions should follow. By 

uncovering and exploring networks, process knowledge increases greatly. In turn, 

reaction to process variability can be achieved quickly and pragmatically by tweaking 

CPP. Rapid process correction is particularly relevant for cell therapy manufacturing. 

Even with RMA tightly controlled, cells have inherent complexity that leads to aberrant 

and unpredictable behavior. Therefore, discerning connections between CQA and CPP 

will increase process mapping and improve decision making296.  
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Interactive effects can be revealed by analyzing a defined design space. The range of 

variability of CQA caused by fine-tuning of CPP or RMA will define boundaries for a 

normal operating range in the design space. Working inside the normal operating range 

admits changes in CPP without compromising end product quality. CQA-CPP 

connection can be very laborious and difficult to obtain, with a substantial need for 

Figure I-6. Quality by design framework. An initial quality target product profile (QTPP) requires 

defining end product objectives that satisfy therapeutic needs. Translation of these objectives to 

their cellular features uncovers process critical quality attributes (CQA). In turn, process variables 

that are responsible for influencing CQA are identified as critical process parameters (CPP). 

Controlled variation of these parameters originates a normal operating space, which limits 

process operability. Continuous process monitoring and control facilitates improvement 

implementation, creating a cycle of process optimization. Adapted from 117. 
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varied experimental data. In order to circumvent excess labor and costly optimizations, 

design of experiments (DoE) and systems biology are effective tools that originate the 

same results using up only a fraction of expected time and resources107,297. 

DoE is dedicated to evidencing relationships between input and response variables in 

an optimized manner. Extensive multivariable exploration inside a selected design 

window is performed using the least amount of experimental conditions. Factorial 

design is responsible for generating necessary experimental combinations. Obtained 

experimental data allows delineation of a response surface for every CPP. These 

surfaces are described by behavior functions, which model the abovementioned CQA-

CPP relationships298. Besides enhancing process knowledge, behavior functions enable 

CPP optimization resulting in CQA improvement. Implementation of DoE has caused 

process improvements from pluripotent stem cell cultivation to ex vivo HSPC 

expansion299–301. 

Systems biology tools can also contribute to discerning CQA-CPP interactions. OMICS-

based techniques, such as gene expression and protein production, can contribute to 

QTTP review, updating end product identity and potency. Also, metabolic pathways 

can derive similar information without directly compromising cells. In this context, 

metabolic by-products were used to construct a fed-batch platform for HSPC expansion 

in order to avoid inhibitory feedback signaling151. Intrinsically, large amounts of 

generated data can also yield reduced dimension mechanistic models, similar to 

behavior functions.  Overall, the impact of any CPP modifications on CQA can be more 

easily detected. 

Roadmaps for thorough evaluation of cell potency (an important CQA) in CGT are 

normally lacking. Scarcity of means to measure therapeutic action spreads throughout 

most CGT, in contrast with traditional pharmaceuticals and biopharmaceuticals284. 

Inherent complexity of living cells as a therapeutic product has made development of 

functional assays difficult. In many cases, the therapeutic mode of action (MoA), which 

serves as footing for potency measurements, is partially unknown302. In cases where in 

vitro or in vivo functional assays are available, they may not be adequate for quality 

control of cell-based manufacturing. Extensive read-out waiting period, fragile 

reproducibility or high dependence on operator capability, are some of the concerns 

that affect these important quality and security checkpoints302. Potency assays for CGT 

are, in general, alarmingly underdeveloped, making manufacturers unable to rigorously 

track therapeutic cell function. 

As QbD requires the combination of extensive fundamental knowledge with 

engineering principles, applying it to cell therapies is a daunting task. Biological 

variability is inherent, making standardization and quality control a struggle for any 

process that includes cells. However, QbD guidelines serve as a backbone for correct 

cell therapy manufacturing development. Its implementation is critical to any future 
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bioprocess, assuring quality and robustness throughout each unit. Additionally, 

continuous improvement associated with QbD brings process evolution to the 

production pipeline, making it dynamically resistant to unsustainability107.  

 

I.8. Thesis Aim and Outline 
 
The surge of CGT, with their remarkable level of therapeutic potential, has exposed 

challenges in their development, clinical approval and manufacturing. Severe therapy 

funneling during the development lifecycle of CGT and low success rates are 

vulnerabilities that jeopardize translation of therapeutic value into patient treatment.  

Efforts are required to facilitate CGT development, which also suffers from 

manufacturing inexperience and low compatibility with production knowledge from 

biologicals. QbD provides a framework to tackle these challenges, pushing for 

continuous improvement.  

Although with extensive experience in the CGT field, approaches based on the 

manipulation of the hematopoietic system are also crippled by these challenges. While 

hematological disorders are wide-ranging, providing hematopoietic CGT with more 

potential targets, few therapy candidates have made the final list of therapeutic 

products with regulatory approval.  

This thesis focuses on the improvement of ex vivo expansion of HSPC as a platform for 

future CGT. Despite being initially developed as a means of increasing coverage of CB-

derived HCT, expansion of HSPC can also explore new applications, benefiting from 

the attractiveness of CB as a source. By aiming for process optimization and innovation, 

this thesis strives to demonstrate that peak therapeutic potential may still be locked for 

many CGT. 

Chapter I provides setting for the remaining chapters, introducing concepts and 

offering a comprehensive review of relevant topics. It addresses the presence of the 

hematopoietic system (its cellular occupants and native environments), development of 

ex vivo expansion of HSPC (including main expansion systems) and CGT manufacturing 

(with important process units and means to improve). 

Chapter II features an optimization of cytokine concentrations used during ex vivo 

expansion of HSPC. With their use being transversal to most expansion systems and 

similar between them, tailored cytokine cocktails were developed to maximize the 

capacity of each studied system to promote HSPC expansion. 

Chapter III attempts to disrupt the inevitability of cryopreservation for CGT. To avoid 

cryo-derived cell revitalization, MSC were encapsulated in alginate beads and stored at 

hypothermic temperatures to test its application for certain CGT storage and 

distribution scenarios.  
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Chapter IV tackles the underdeveloped landscape of potency assays and CGT quality 

control. In order to adequately match the complexity of cells, methods with high 

dimensionality, namely FTIR and transcriptomics, were explored for discrimination of 

expanded HSPC populations. 

Chapter V identifies the main milestones of each experimental chapter and extrapolates 

possible avenues of future research that can be built upon results obtained during this 

thesis. 
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II. Tailored Cytokine 

Optimization for Ex Vivo 

Culture Platforms 
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II.1. Summary 

Umbilical cord blood (CB) has been established as an alternative source for 

hematopoietic stem/progenitor cells (HSPC) for cell and gene therapies. Limited cell 

yields of CB units have been tackled with the development of cytokine-based ex vivo 

expansion platforms. To improve the effectiveness of these platforms, namely targeting 

clinical approval, in this study, we optimized the cytokine cocktails in two clinically 

relevant expansion platforms for HSPC, a liquid suspension culture system (CS_HSPC) 

and a co-culture system with MSC(M) (CS_HSPC/MSC). Using a methodology based on 

experimental design, three different cytokines (stem cell factor (SCF), fms-like tyrosine 

kinase 3 ligand (Flt-3L) and thrombopoietin (TPO)) were studied in both systems during 

a 7-day culture under serum-free conditions. Proliferation and colony-forming unit 

assays, as well as immunophenotypic analysis were performed. Five experimental 

outputs (fold increase (FI) of total nucleated cells (FC TNC), FC of CD34+ cells, FC of 

erythroid burst-forming unit (BFU-E), FC of colony-forming unit granulocyte-monocyte 

(CFU-GM) and FC of multilineage colony-forming unit (CFU-Mix)) were followed as 

target outputs of the optimization model. The novel optimized cocktails determined 

herein comprised concentrations of 64, 61 and 80 ng/mL (CS_HSPC) and 90, 82 and 77 

ng/mL (CS_HSPC/MSC) for SCF, Flt-3L and TPO, respectively. After cytokine 

optimization, CS_HSPC and CS_HSPC/MSC were directly compared as platforms. 

CS_HSPC/MSC outperformed the feeder-free system in 6 of 8 tested experimental 

measures, displaying superior capability towards increasing the number of 

hematopoietic cells while maintaining the expression of HSPC markers (i.e. CD34+ and 

CD34+CD90+) and multilineage differentiation potential. A tailored approach towards 

optimization has made it possible to individually maximize cytokine contribution in both 

studied platforms. Consequently, cocktail optimization has successfully led to an 

increase in the expansion platform performance, while allowing a rational side-by-side 

comparison among different platforms and enhancing our knowledge on the impact of 

cytokine supplementation on the HSPC expansion process. 

 

II.2. Background 
 

Hematopoietic cell transplantation (HCT) continues to be the leading cell therapy for 

malignant and non-malignant blood-based disorders and advances in this field have 

expanded the options available for patients concerning graft source. Umbilical cord 

blood (CB) is an accepted and appealing source of hematopoietic stem/progenitor cells 

(HSPC) for HCT303,304. Compared with bone marrow (BM) or mobilized peripheral blood, 

CB transplants have shown similar survival outcomes with lower chances of developing 

graft vs. host disease (GVHD) and lesser compatibility issues concerning human 
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leukocyte antigen (HLA) matching305,306. However, low CB volume recovered from births 

results in an unsatisfactory cell dose for transplants in adults, having initially limited 

transplants of a single CB unit to pediatric patients307. In order to address this problem, 

ex vivo expansion of HSPC has been pursued. By manipulating CB units to increase their 

cell yield, the drawbacks of single unit transplants (such as increased graft failure and 

delayed immune reconstitution) can potentially be surpassed308. Multiple strategies 

have been developed towards achieving a successful expansion, with several reaching 

phase III clinical trial level309. Approaches have varied from promoting HSPC expansion 

with novel small molecules (including StemRegenin-1310, UM171175 and nicotinamide221), 

co-culture with mesenchymal stromal cells 128 and induction of Notch signaling 

pathways143.  

Although different strategies have been explored, HSPC ex vivo expansion has always 

been largely based on the addition of exogenous cytokines102. Numerous cytokines 

have been employed to promote HSPC expansion ex vivo, including fms-like tyrosine 

kinase 3 ligand (Flt-3L), granulocyte colony-stimulating factor (G-CSF), interleukin-3 (IL-

3), interleukin-6 (IL-6), stem cell factor (SCF) and thrombopoietin (TPO)311–313 (reviewed 

in Costa et al., 2018). However, selection of individual cytokines and their 

concentrations for an expansion cocktail has differed between existing strategies. 

Disparity of concentrations can reach 30-fold among similar cytokines included in 

different expansion protocols143,314. Whereas cytokine dosage may vary due to the 

nature of the expansion approach (e.g. targeted expansion of more primitive self-

renewing hematopoietic stem cells compared to expansion of both hematopoietic stem 

cells and early committed progenitors), a defined and clear optimization rationale 

concerning cytokine supplementation has been lacking. Ignoring or underestimating 

optimization opportunities can have a negative impact on existing culture protocols, 

especially concerning cytokine supplementation. Suboptimal cytokine concentrations 

can cause underperformance of cell expansion driving misleading conclusions, 

especially when carrying out comparisons with other competitive strategies. On the 

other hand, overuse of cytokine supplementation has shown to interfere with HSPC self-

renewal and promote unwanted differentiation315,316. Moreover, considering their 

significant cost, these abnormally high cytokine concentrations can also compromise 

process viability, cost-effectiveness and potential for clinical translation317,318. Thus, there 

is a clear gap in protocol standardization and optimization for current HSPC ex vivo 

expansion platforms. 

With the lack of optimized platforms, current evaluation of the performance of various 

expansion approaches based on their published results might be inaccurate, since these 

platforms are most likely not performing at their peak production potential. Therefore, 

improper optimization of cytokine usage can affect decision-making and eventually be 

responsible for negligent or premature withdrawal of certain expansion approaches 
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from the clinical approval pipeline. While improving existing expansion platforms, 

cytokine cocktail optimization will also enable a fair side-by-side comparison of current 

strategies.  

Systematic studies on cytokine use in ex vivo expansion of HSPC will also support 

platforms towards an effective protocol for clinical applications based on cGMP. Besides 

highlighting the abovementioned cost reduction opportunities, cytokine optimization 

will also elucidate on important biological interactions between cytokines and cultured 

HSPC. The knowledge gathered from this relationship will benefit bioprocess 

engineering from a future manufacturing line perspective. The understanding of these 

cytokine requirements will have a direct impact on the feasibility of such a GMP-based 

expansion protocol, which is a priority for platforms at a clinical trial level284. Although 

an initial focus on the cytokine cocktail existed during the early development of ex vivo 

HSPC expansion protocols, previous attempts to study cytokine influence are mostly 

based on simple dose-response studies and are outdated311,316,319–322. Furthermore, due 

to major advances in in vitro culture of HSPC (e.g. development of serum-free medium 

formulations), tested culture conditions are inconsistent with expansion strategies 

presently in clinical trials, making the application of previous optimizations inadequate. 

With a considerable amount of HSPC expansion strategies in late-stage development, 

where major changes in the experimental procedure are rare, any cytokine optimization 

performed at this stage could endure. Thus, existing cytokine variation throughout 

current CB-based expansion strategies was surveyed (reviewed in 103,323). Despite some 

expected variants between strategies, we identified the trio of cytokines SCF, Flt-3L and 

TPO as the most used cytokine combination in the majority of expansion studies 

(reviewed in 103), including those which have progressed to Phase I/II clinical trials 

(reviewed in 323). By specifically selecting these three cytokines, we expect to boost the 

relevance of our study, turning its application more widespread.  

Over the last years, we have gathered significant expertise in what concerns the ex vivo 

cultivation of human HSPC by establishing a co-culture system with MSC(M), in order to 

improve our understanding of the mechanisms underlying the hematopoietic 

supportive capacity of human MSC204,324–328. Having identified the aforementioned gap 

in the field, we tackled the issue with initial efforts focused on pursuing optimization of 

our established co-culture platform with MSC(M) using statistical tools, such as design 

of experiments301. Unable to perform feeder-free HSPC expansion with the selected 

culture conditions, in particular for CB cells324, our previous optimization study was 

restricted to a single expansion platform, exclusively performed in a co-culture system 

with MSC(M).  

Using the same statistical approach based on experimental design, in the present study, 

we have determined unique optimal cytokine cocktails for two different HSPC 

expansions systems (i.e. HSPC expanded alone in a liquid culture system or co-cultured 
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with a MSC(M) feeder layer) currently exploited in clinical trials. By enhancing the 

cytokine contribution for each platform, we were able to level the field and perform a 

rational and pragmatic comparative study between both systems (liquid suspension 

culture versus co-culture). By optimizing the established expansion platforms, we have 

reached a durable optimal cytokine cocktail to hopefully endure and facilitate the road 

to regulatory approval of a viable cell product based on expanded CB-derived HSPC. 

Furthermore, by expanding HSPC from cryopreserved CB MNC, we have made our 

optimization more reliable and applicable to the manufacturing scenario. Indeed, upon 

collection, CB units are routinely kept cryopreserved in public/private banks worldwide. 

Also, we have shown that tailored cytokine optimization should be used as a tool to 

enable unbiased evaluation of existing strategies, rationally impacting the highly 

competitive field of ex vivo expansion of HSPC, namely (but not limited to) CB-derived. 

 

II.3. Methods 

II.3.1. Human Tissues 

 

CB units and BM samples were secured through collaboration agreements between 

Institute for Bioengineering and Biosciences (iBB) at Instituto Superior Técnico (Lisbon), 

Hospital São Francisco Xavier from Centro Hospitalar de Lisboa Ocidental (Lisbon) and 

Instituto Português de Oncologia Francisco Gentil (Lisbon), respectively. Both CB and 

BM samples were obtained from healthy donors and with informed consent following 

the Directive 2004/23/EC of the European Parliament and of the Council of 31st of 

March 2004 on setting standards of quality and safety for the donation, procurement, 

testing, processing, preservation, storage and distribution of human tissues and cells, 

represented in the legal framework of Portuguese legislation by Law nº22/2007 of 29th 

of June.   

II.3.2. CB Mononuclear Cell (MNC(CB)) Isolation 

 

CB was removed from collection bags and diluted with phosphate buffer saline (PBS) 

(Sigma-Aldrich) supplemented with 2 mM ethylenediamine tetraacetic acid (EDTA) 

(Sigma-Aldrich). To isolate MNC(CB) by density gradient centrifugation, diluted CB was 

carefully layered on top of a solution of Ficoll (GE Healthcare) and centrifuged at 500g 

for 30 minutes without brakes. After phase separation, MNC ring was carefully aspirated 

and washed with PBS supplemented with 2 mM EDTA. Removal of contaminating 

erythrocytes was done by incubating MNC(CB) in a cold solution of ammonium chloride 

(155 mM) (Sigma-Aldrich) for 10 minutes. Isolated MNC(CB) were cryopreserved in low 

glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific) 
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supplemented with 10% (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientific) and 

10% (v/v) dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and stored in the liquid phase of 

a liquid/vapor phase nitrogen tank. 

II.3.3. CD34+-Enrichment from MNC(CB) 

 

Cryopreserved MNC(CB) were thawed in DMEM supplemented with 10% (v/v) FBS and 

1% (v/v) Antibiotic/Antimycotic (A/A) (Thermo Fisher Scientific) and washed with 

Magnetic Activated Cell Sorting (MACS) buffer (0.5% (v/v) bovine serum albumin (BSA) 

and 2 mM EDTA in PBS). CD34 positive selection through MACS was done using the 

Human CD34 MicroBead Kit (Miltenyi Biotec), according to the manufacturer’s 

instructions.  

II.3.4. Enrichment for CD34+ cells 

 
Cryopreserved MNC from three CB samples were individually thawed in DMEM + 20% 

(v/v) FBS and washed with magnetic-activated cell sorting (MACS) buffer. CD34+ HSPC 

were then isolated using the CD34 MicroBead Kit UltraPure (Cat. #130-100-453, 

Miltenyi Biotec) through MACS, according to the manufacturer’s instructions. In order 

to attain a highly pure CD34+ cell population (i.e., >98%), cells from the positive fraction 

were subjected to a second LS MACS column. 

II.3.5. Bone Marrow-Derived MSC (MSC(M)) Feeder Layer (FL) Preparation 

 

Isolated MSC(M) from BM were obtained from the Stem Cell Engineering Research Lab 

(SCERG) cell bank at iBB, Instituto Superior Técnico, Lisbon. Cell isolation, expansion, 

characterization according to ISCT standards and preservation were performed through 

previously established protocols329. A single MSC donor was used to isolate HSPC 

variability in the study and mimic an allogeneic universal MSC donor. Cryopreserved 

MSC(M) were thawed and seeded at 3000 cells/cm2 in DMEM supplemented with 10% 

(v/v) FBS MSC-qualified (Thermo Fisher Scientific) and 1% (v/v) A/A. After a revitalization 

passage, MSC(M) were passaged into 12-well plates. After reaching confluence, 

MSC(M) were growth arrested by Mitomycin C (Sigma) treatment. Cells were incubated 

with their culture medium supplemented with 0.5 µg/mL Mitomycin C for 2-3 hours. 

After treatment, inactivated FL were washed three times with culture medium to 

eliminate any residue of the treatment solution and stored in the incubator with fresh 

culture medium until further use in co-culture experiments. 

II.3.6. Ex Vivo Expansion of HSPC(CB) 
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CD34+-enriched cells were seeded on a 12-well plate at 30 000 cells/mL, using 2 mL of 

StemSpan™ Serum-free Expansion Medium (SFEM) II (STEMCELL Technologies) per 

well (60 000 cells/well) supplemented with 1% A/A and defined cytokine cocktails 

composed of SCF, Flt-3L and TPO (PeproTech), with concentrations ranging between 

0-100 ng/mL. Basic fibroblast growth factor (bFGF) (PeproTech) was additionally used 

in all conditions at a concentration of 5 ng/mL to support BM feeder layer cells during 

the co-culture experiments301. HSPC expansion was performed during 7 days at 37°C 

and 5% CO2. For co-culture expansion, MSC culture medium was removed from growth 

arrested FL and CD34+-enriched cells were carefully seeded on top.  

II.3.7. Proliferation Assay 

 

After 7 days, adherent and non-adherent expanded HSPC were harvested with forced 

pipetting (with extra care for co-cultures to avoid lifting the MSC(M) feeder layer). Total 

nucleated cell (TNC) number was determined with the Trypan Blue (Thermo Fisher 

Scientific) exclusion method. Fold change (FC) in TNC was calculated by dividing the 

number of expanded cells by those initially seeded (i.e. 60 000 cells). 

II.3.8. Colony-Forming Unit (CFU) Assay 

 

A clonogenic assay was used to evaluate HPSC potential to originate colonies and 

differentiate into different myeloid lineages. 1000 CD34+-enriched cells (day 0) or 2500 

expanded HSPC (day 7) were suspended in 100 µL PBS and then carefully mixed with 2 

mL MethoCult™ Classic medium (STEMCELL Technologies). Prepared cell suspension 

was split into three wells of a 24-well plate and incubated for 14 days at 37ºC and 5% 

CO2 in a humidified atmosphere. At the end of the assay, formed colonies were 

manually classified as multi-lineage colony-forming unit (CFU-Mix), burst-forming unit 

erythroid (BFU-E) and colony-forming unit granulocyte-macrophage (CFU-GM) and 

counted with a brightfield microscope (Olympus CK40). Colony number was calculated 

by dividing colony counts by the number of seeded cells and multiplying by the number 

freshly isolated (i.e. 60 000 cells) or expanded HSPC(CB). FC in colony number was 

determined by dividing the colony number after expansion (day 7) by the colony 

number before expansion (day 0). 

II.3.9. Cobblestone Area Forming-Cells (CAFC) Assay 

 

As a surrogate for quantification of long-term culture-initiating cells (LTC-IC), a CAFC 

assay was performed to characterize expanded HSPC(CB). An inactivated murine 

stromal cell line (MS-5) FL was prepared as described in the abovementioned section 

for MSC(M). Briefly, MS-5 cells were expanded with DMEM supplemented with 1% A/A 
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and 10% FBS and seeded in 24-well plates for FL preparation. After reaching 

confluence, MS-5 cells were treated with 5 µg/mL Mitomycin C for 2-3 hours. 2000 

freshly isolated or expanded cells were suspended in MyeloCult™ medium (STEMCELL 

Technologies) supplemented with 1% A/A and 350 ng/mL of hydrocortisone 

(STEMCELL Technologies) and seeded on top of inactivated MS-5 FL. Each 

experimental condition was tested in duplicates and incubated at 37ºC and 5% CO2 in 

a humidified atmosphere for 14 days. When finished, each well was visually inspected 

with a phase-contrast microscope (Leica DM3000 B) for the presence of colonies with 

at least five cells with cobblestone morphology (phase-dim, compact grouped and 

angular shaped330) that migrated beneath the MS-5 FL. Colony number and FC CAFC 

colonies were calculated similarly to the previous CFU section. 

II.3.10. HSPC(CB) Immunophenotype 

 

Expression of HSPC identity surface markers was assessed by flow cytometry. Single cell 

suspensions of HSPC(CB) were washed with PBS and incubated with Far Red Fixable 

Dead Cell Stain Kit (Thermo Fisher Scientific) at room temperature (RT) for 15 minutes 

to determine cell viability. Afterwards, cells were surface stained with previously titrated 

CD90 (5E10) PE (BioLegend) and CD34 (8G12) PerCP-Cy5.5 (BD Biosciences) at RT for 

15 minutes. Data acquisition was done on a FACSCalibur™ cytometer (BD Biosciences) 

and analyzed using FlowJo v10 software (Flowjo LLC). 

II.3.11. Cytokine Experimental Design 

 

Response surface methodology was applied to optimize cytokine concentrations for ex 

vivo expansion of HSPC 331. A face-centered central composite (CCF) design was used 

to select concentrations for three different cytokines (SCF, Flt-3L and TPO), resulting in 

17 experimental points. For co-culture expansions, bFGF was present at a constant 

concentration (5 ng/mL), not being a target for optimization. The tested observational 

window was limited by a minimum concentration of 0 ng/mL and a maximum of 100 

ng/mL, for every cytokine. With defined limits, concentrations were coded to simplify 

listing of experimental points (lower level (-1) - 0 ng/mL; center level (0) - 50 ng/mL; 

higher level (1) - 100 ng/mL). The experimental points included three center points in 

order to gain an estimation of the experimental error. Effect on cytokine variation on FC 

TNC, FC CD34+ cells, FC BFU-E, FC CFU-GM and FC CFU-Mix was investigated. These 

outputs were termed response variables (Yn). Every response variable was measured in 

a blinded manner, eliminating experimental bias. A second-order polynomial function 

was suggested to describe and model the experimental data.  
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Equation II-1. Proposed second-order polynomial function as a behavior function for a specific 

response variable (Yn), considering three cytokines (X1, X2 and X3). This model includes an 

intercept (K), responsible for describing the response variable when no cytokines are present, 

and three different types of cytokine effects. These include main individual cytokine impact (bi 

parameters), interaction between the different cytokines (bi j parameters) and molecular effects 

within the same cytokine (bi i parameters). 

 
𝑌! = 	𝐾 +	𝛽"[𝑋"] +	𝛽#[𝑋#] +	𝛽$[𝑋$] +	𝛽"#[𝑋"][𝑋#] +	𝛽"$[𝑋"][𝑋$] +	𝛽#$[𝑋#][𝑋$]

+	𝛽""[𝑋"]# +	𝛽##[𝑋#]# +	𝛽$$[𝑋$]# 
 

II.3.12. Optimization Validation 

 

Determined regressions were validated by comparing predicted values for each 

response variable with corresponding experimental values of cytokine combinations not 

included in the original concentration panel. Two different cytokine combinations, the 

optimized cytokine cocktail and a previously established cocktail (Z9; ([SCF] = 60 ng/mL; 

[Flt-3L] = 55 ng/mL; [TPO] = 50 ng/mL) from our previous study 301 were chosen to test 

the applicability of the regressions in its defined experimental design space. 

II.3.13. Statistical Analysis 

 

Function fitting was performed using a backward stepwise regression. Briefly, all terms 

were considered in the regression. An iterative F-test on the overall regression was 

applied. In each step, when the respective p-value was above the stipulated threshold 

(i.e. 0.05), the least significant parameter was eliminated from the model. This was done 

repeatedly until the regression itself gained significance. Goodness of fit variables (R-

squared, adjusted R-squared and root mean squared error (RMSE) were determined to 

assess regression quality. Unless stated otherwise, values are presented as the 

estimated mean and plotted error bars represent the standard error of the mean (SEM). 

 

 

II.4. Results 
 

Combinations of selected cytokines (SCF, Flt-3L and TPO) were defined using an 

experimental design approach (Fig. II-1). A CCF design delineated a panel of 17 

cytokine combinations, which included three repeated center points to assess intra-

donor variability of CB cells (Table 1). Cytokine concentrations were limited to an 

experimental design window between 0 ng/mL and 100 ng/mL. FC TNC, FC CD34+, FC 

BFU-E, FC CFU-GM and FC CFU-Mix were chosen as response variables for this 
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optimization study, acting as measures of cytokine performance. Two different 

expansion platforms were studied, with HSPC being expanded alone in a liquid culture 

system (CS_HSCP) or co-cultured with an MSC(M) feeder layer (CS_HSPC/MSC). 

Response variables were modelled and corresponding regression surfaces were 

maximized in order to uncover optimized cytokine cocktails for both expansion systems 

(Fig. II-2). Three independent CB donors of were studied to include biological variability 

in the model. CB CD34+-enriched cells (purity: [82 – 98%]) were expanded in serum-free 

conditions for 7 days using both expansion strategies.  

Figure II-1. Definition of experimental design space for the optimization studies. Surface 

response methodology requires limitation of parameters in order to study response variables. 

Concentrations of the cytokines stem cell factor (SCF), fms-related tyrosine kinase 3 ligand (Flt-

3L) and thrombopoietin (TPO) were selected as parameters. A limited experimental design 

window was selected from their full observational space with respective concentration ranges 

between 0 and 100 ng/mL. By incorporating three levels of dimensionality, the design space 

gained a cubic geometry. Having defined the design space, a face-centered central composite 

design was applied, which provided the experimental points necessary in order to reach the 

response surface. These include center points, axial points (located in the center of the cubic 

planes) and factorial points (located in the cubic vertices). 
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Figure II-2. Experimental workflow of the performed optimization. Cord blood (CB) mononuclear 

cells (MNC) were thawed and enriched for CD34 expression. These isolated cells were used as 

the starting population in two different expansion systems (i.e. liquid suspension culture and co-

culture with bone marrow-derived mesenchymal stromal cells) and expanded during 7 days. 

Total nucleated cell number, CD34 expressing cell number and CFU readouts were selected for 

optimization and termed as response variables. Using an experimental design approach, 17 

different cytokine combinations were used during expansion runs and response variables were 

tracked. Experimental data points were modelled, giving rise to unique response surfaces for 

each expansion system. By locating the surface maximum, each response variable originated an 

optimized cytokine cocktail, improving the quantity and quality of the expanded cell product. 
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Table II-1. List of cytokine combinations derived from the face-centered central composite (CCF) 

design. Concentrations values were symbol coded to facilitate identification and combinations 

were numbered to aid with cocktail recognition. In total, 17 combinations were defined, 

consisting of 8 factorial points, three repeated center points and 6 axial points. (+) 100 ng/mL; 

(0) 50 ng/mL; (-) 0 ng/mL. 
 

 

II.4.1. Response Variable Measurement 

 

Selected response variables were successfully measured for three independent CB unit 

donors. FC TNC number fluctuated considerably when expanding cells with the 

different cytokine combinations of the established panel in both expansion culture 

systems (coefficient of variation CVCS_HSPC/MSC = 60 ± 3%; CVCS_HSPC = 76 ± 1%) (Fig. II-3). 

Taking into account every center point replicate, their low deviation (CVCenter = 13 ± 5%) 

demonstrated reproducibility of the expansion performance, discarding possible 

experimental error interference. Combinations with an absence of a certain cytokine 

caused a significant decrease in expansion capabilities, demonstrating the individual 

importance of the tested cytokines (Fig. II-3). Overall, cell expansion capacity varied to 

a higher extent at a lower range (0 – 50 ng/mL), while displaying similar culture 

performance for combinations with concentrations in the higher testing range (50 – 100 

ng/ml). Nevertheless, cytokine panel screening resulted in a FC TNC reaction fingerprint 

that was coherent between donors. Although biological variability was present and the 

absolute values of measured variables were different, the overall pattern was very 

coincident. Additionally, this fingerprint was uniquely distinctive between expansion 

approaches.  

The CFU assay contributed with three response variables (Fig. II-3). Since BFU-E 

formation was always neglectable, it was not possible to progress with the variable FC 

BFU-E to the regression modelling phase. Without quantifiable BFU-E populations, 

CFU-GM and CFU-Mix were mirrored in their population percentage in each assay. FC 

CFU-GM and FC CFU-Mix demonstrated similar sensitivity to cytokine concentration 

variation as with FC TNC, but they developed their own cytokine fingerprint. 

Cytokine Factorial Points 
Center 

Points 
Axial Points 

SCF + + + + - - - - 0 0 0 0 0 + - 0 0 

Flt-3L + + - - + + - - 0 0 0 0 0 0 0 + - 

TPO + - + - + - + - 0 0 0 + - 0 0 0 0 

Combination 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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Table II-2. Parameter estimations after regression determination for each response variable and 

expansion system. A backward stepwise regression algorithm was used to correlate the 

experimental data with the proposed model. Quality of determined regressions and degree of 

correlations was expressed by the coefficient of determination (R2), root mean squared error 

(RMSE), adjusted coefficient of determination and statistic regression test and associated p-

value. 

 Normalized FC TNC 
Normalized FC CD34+ 

Cells 
Normalized FC CFU-GM Normalized FC CFU-Mix 

Parameter Estimate p-value Estimate p-value Estimate p-value Estimate p-value 

CS_HSPC/MSC         

K - - - - - - - - 

SCF 9.90 x 10
-3

 1.05 x 10
-9

 9.27 x 10
-3

 1.04 x 10
-8

 1.00 x 10
-2

 2.02 x 10
-5

 3.82 x 10
-3

 6.09 x 10
-6

 

Flt-3L 9.89 x 10
-3

 4.62 x 10
-10

 9.95 x 10
-3

 8.47 x 10
-10

 6.88 x 10
-3

 2.05 x 10
-3

 6.70 x 10
-3

 1.90 x 10
-2

 

TPO 5.67 x 10
-3

 3.35 x 10
-5

 6.66 x 10
-3

 4.18 x 10
-6

 1.09 x 10
-3

 4.98 x 10
-2

 1.24 x 10
-2

 5.40 x 10
-5

 

SCF x Flt-3L 2.80 x 10
-5

 1.60 x 10
-4

 2.82 x 10
-5

 2.15 x 10
-4

 3.10 x 10
-5

 1.48 x 10
-2

 - - 

Flt-3L x TPO - - - - - - - - 

SCF x TPO 1.60 x 10
-5

 2.23 x 10
-2

 1.51 x 10
-5

 3.49 x 10
-2

 - - - - 

SCF
2
 -7.53 x 10

-5
 5.49 x 10

-8
 -6.95 x 10

-5
 5.23 x 10

-7
 -7.16 x 10

-5
 6.17 x 10

-4
 - - 

Flt-3L
2
 -7.60 x 10

-5
 4.53 x 10

-8
 -7.62 x 10

-5
 8.10 x 10

-8
 -4.89 x 10

-5
 1.53 x 10

-2
 -6.08 x 10

-5
 2.70 x 10

-2
 

TPO
2
 -4.46 x 10

-5
 3.19 x 10

-4
 -5.35 x 10

-5
 4.35 x 10

-5
 - - -9.48 x 10

-5
 8.89 x 10

-4
 

Regression Quality     

R-squared (R
2
) 0.95 0.95 0.79 0.65 

Root Mean Squared 

Error (RMSE) 
0.08 0.08 0.15 0.20 

Adjusted R-squared 0.94 0.94 0.76 0.60 

F-statistic vs constant 

model 
97.8 92.8 26.8 16.0 

p-value 3.23 x 10
-24

 8.77 x 10
-24

 4.89 x 10
-13

 5.87 x 10
-9

 

CS_HSPC     

K -1.65 x 10
-1

 9.90 x 10
-3

 -1.86 x 10
-1

 4.06 x 10
-3

 -1.84 x 10
-1

 5.52 x 10
-3

 -1.38 x 10
-1

 3.66 x 10
-2

 

SCF 1.51 x 10
-2

 1.10 x 10
-7

 1.47 x 10
-2

 1.98 x 10
-7

 1.80 x 10
-2

 1.75 x 10
-10

 1.63 x 10
-2

 1.11 x 10
-7

 

Flt-3L 6.55 x 10
-3

 8.85 x 10
-3

 6.30 x 10
-3

 1.14 x 10
-2

 8.56 x 10
-3

 3.05 x 10
-4

 - - 

TPO 8.02 x 10
-3

 1.65 x 10
-3

 9.31 x 10
-3

 3.26 x 10
-4

 2.37 x 10
-3

 2.09 x 10
-4

 1.15 x 10
-2

 5.53 x 10
-5

 

SCF x Flt-3L - - - - - - - - 

Flt-3L x TPO - - - - - - - - 

SCF x TPO - - - - - - - - 

SCF
2
 -1.19 x 10

-4
 5.67 x 10

-6
 -1.15 x 10

-4
 1.02 x 10

-5
 -1.49 x 10

-4
 7.78 x 10

-9
 -1.38 x 10

-4
 1.55 x 10

-6
 

Flt-3L
2
 -5.41 x 10

-5
 2.40 x 10

-2
 -5.12 x 10

-5
 3.21 x 10

-2
 -6.57 x 10

-5
 3.04 x 10

-3
 - - 

TPO
2
 -5.01 x 10

-5
 3.59 x 10

-2
 -5.85 x 10

-5
 1.50 x 10

-2
 - - -8.22 x 10

-5
 1.86 x 10

-3
 

Regression Quality     

R-squared (R
2
) 0.78 0.79 0.78 0.71 

Root Mean Squared 

Error (RMSE) 
0.16 0.16 0.16 0.19 

Adjusted R-squared 0.75 0.76 0.76 0.69 

F-statistic vs constant 

model 
26.4 27.9 31.5 28.1 

p-value 4.51 x 10
-13

 1.77 x 10
-13

 1.68 x 10
-13

 9.96 x 10
-12
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In contrast with the remaining response variables, CD34 expression did not show the 

same sensitivity towards different cytokine concentrations (not shown). Since CD34 

expression exhibited minor influences by the cytokine panel, its respective response 

variable (FC CD34+ cells) revealed the same response pattern as the FC TNC number 

(Fig. II-3).  

II.4.2. Regression Determination and Analysis 

 

Several steps were taken to prepare and polish the response variables for regression 

modelling. Data from each donor was normalized to remove the biological variability 

on cell expansion intensity, highlighting the effects driven by the cytokine panel (Fig. II-

4A; Fig. VII-1A; Fig. VII-2A; Fig. VII-3A). Prior to regression determination, outliers were 

detected through a Z-score method and eliminated (Fig. II-4B; Fig. VII-1B; Fig. VII-2B; 

Fig. VII-3B). Regressions for each response variable were calculated, reaching 

significance in every case (Table II-2).  

For both expansion systems, the hypothesized model was able to describe cytokine 

influence on the values of FC TNC to a considerable extent. For CS_HSPC/MSC, every 

projected term was significantly present, except for interaction effects between Flt-3L 

and TPO (Table II-2). Negative quadratic effects were determined, leading to the 

existence of a concavity in the response surface and the existence of a local maximum 

in the tested range. On the other hand, for CS_HSPC, there were no interaction terms 

between cytokines. Also, regression fitting determined a negative intercept (K = -0.165), 

which has no biological translation and was disregarded.  

CFU assay response was modelled by a lesser number of significant parameters. FC 

CFU-GM and FC CFU-Mix had regressions with two particular characteristics. Unlike FC 

TNC number, some cytokines did not have a negative quadratic effect. Additionally, FC 

CFU-Mix for CS_HSPC showed total independence towards Flt-3L, lacking every type 

of cytokine effect considered in the model. In terms of overall regression quality, CFU-

Mix originated fittings with lower quality (R2
CS_HSPC/MSC = 0.65; R2

CS_HSPC = 0.71) compared 

to the remaining response variables.  

As previously observed, FC CD34+ cells had similar behavior as the FC TNC number. 

Consequently, parameter estimation led to the same significant parameters and 

resembling values.  

Regression performance was quantitively assessed by the chosen quality measures. 

Although the regression quality varied, adjusted correlation coefficients maintained 

above 0.6 and were able to describe the experimental data significantly. Quantitative 

variables (FC TNC number and FC CD34+ cells) consistently produced higher quality 

regressions when compared to the semi-quantitative variables (FC CFU-GM and FC 
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Figure II-3. Measurements of response variables for two different expansions systems, HSPC 

suspension culture (CS_HSPC) and co-culture with bone marrow mesenchymal stromal cells 

(CS_HSPC/MSC). Throughout the entire cytokine panel of 17 combinations, values of fold 

change (FC) of total nucleated cells (TNC), FC of CD34+ expressing cells, FC of colony-forming 

unit granulocyte-monocyte (CFU-GM) and FC of multilineage colony-forming unit (CFU-Mix) 

were followed. Cells isolated from three different donors were used for testing the response 

variables for CS_HSPC/MSC (A) and CS_HSPC (B). (+) 100 ng/mL; (0) 50 ng/mL; (-) 0 ng/mL. 
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 Figure II-4. Preparation and polishing of experimental data with assessment of regression quality 

for FC TNC for HSPC suspension culture (CS_HSPC) and co-cultured with MSC(M) 

(CS_HSPC/MSC). (A) Data from every CB donor was normalized, highlighting variability 

exclusively due to different cytokine combinations. (B) Outlier screening was performed through 

Z-score determination. Data points with absolute score values higher than 3 were labelled 

outliers and were consequently removed from their dataset. (C) After regression determination, 

experimental data points were compared with calculated regression. (D) Deviations between 

data points and regressions were visualized. Norm – normalized. 
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Figure II-5. Response surface plots of every response variable with localization of optimal cytokine 

concentrations for HSPC suspension culture (CS_HSPC) and HSPC co-cultured with MSC(M) 

(CS_HSPC/MSC). Calculated regressions were extrapolated to the whole design window, originating 

response surfaces. Surface plots containing the response surfaces were observed for the identification 

of a local optimal response. Regressions were maximized inside the limited design window, giving rise 

to the optimized cytokine cocktail. These are represented by a black arrow, while a dotted line 

highlights the corresponding cytokine concentrations that led to the maximum response. Flt-3L 

concentrations was maintained constant at their respective optimal concentration. Norm – normalized. 
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CFU-Mix) of the same expansion system. Quality assured regressions were then used 

to predict responses for the cytokine panel and were compared with experimental 

data points (Fig. II-4C; Fig. VII-1C; Fig. VII-2C; Fig. VII-3C). Residual determination was 

performed to visualize and quantify deviation between the model and data points 

(Fig. II-4D; Fig. VII-1D; Fig. VII-2D; Fig. VII-3D). 

With an average residual of 0.10 ± 0.02, CS_HSPC/MSC consistently showed increased 

correlation between the experimental data and the determined regressions for every 

response variable compared to the CS_HSPC with an average residual of 0.13 ± 0.01. 

II.4.3. Cytokine Concentration Optimization 

 

Each calculated regression gave rise to a distinct response surface, limited by the design 

space. As predicted by the estimated parameters, every response variable produced a 

response surface with some degree of concavity, being a direct consequence of 

negative quadratic effects (Fig. II-5). Maximization of each surface inside the design 

window was performed. Concentrations corresponding to the maximum were defined 

as the optimal cytokine combination for that specific response variable (Table II-3). Since 

the values of FC TNC and FC CD34+ cells possessed coinciding reaction fingerprints, 

their respective optimal combinations were very similar, which was observed for both 

expansion systems (Fig. II-6). Variables that did not possess negative quadratic effects 

for a certain cytokine in their regression caused their optimal concentration to reach the 

limit of the design space (100 ng/mL). Optimization was done for every response 

variable, which resulted in 4 optimized cytokine concentrations in each expansion 

approach. Due to their higher quality regressions and more quantitative nature, optimal 

concentrations of FC TNC number and FC CD34+ cells were given priority over the CFU 

output variables. Equal importance was given to the chosen variables and an average 

of their optimal combinations was performed to reach the final optimal combination 

(coined as AB20) for each expansion type.  
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Table II-3. List of every optimized cocktail with respective denomination and selection of the 

final selected combination (ng/mL). A total of 8 different optimal combinations were obtained. 

Prioritization for FI TNC and FI CD34+ cells with an average of their optimal concentrations, 

originated the selected cocktail for both expansion systems (AB20).  
 

  CS_HSPC/MSC  CS_HSPC 

Response 

Variable 
Cocktail [SCF] [Ftl-3L] [TPO] Cocktail [SCF] [Flt-3L] [TPO] 

FI TNC HM1 88 82 80 H1 63 60 80 

FI CD34+ cells HM2 92 82 75 H2 64 62 80 

FI CFU-GM HM3 92 99 100 H3 61 65 100 

FI CFU-Mix HM4 100 55 75 H4 59 - 70 

Selected Cocktail AB20 90 82 77 AB20 64 61 80 

 

Figure II-6. Optimal cytokine concentrations for every response variable and expansion system. 

Maximization of regressions led to optimal cytokine concentrations. Concentration plots 

displaying the different optimal cocktails observed for each response variable. Sharp differences 

were detected between both expansion systems, evidencing that cytokine influence is majorly 

dependent on the expansion approach. 
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II.4.4. Validation 

 

In order to validate the determined response surfaces for each response variable, their 

range of applicability was evaluated. Cocktails with concentrations not included in the 

initial experimental design panel are excellent candidates to assess predictive 

capabilities of calculated regressions. Besides the optimized cocktails (AB20), the 

combination of cytokines  from our previous study (Z9) 301, determined exclusively for 

the co-culture expansion system and using a different serum-free culture medium 

formulation, was also selected for validation studies ([SCF] = 60 ng/mL; [Flt-3L] = 55 

ng/mL; [TPO] = 50 ng/mL).  

Respective regressions were applied to determine predicted responses of each 

variable. Also, confidence intervals were determined to define the expected range of 

prediction variation. HSPC expansion using the selected conditions was performed and 

resulting experimental data compared. Only 2 out of 32 experimental points (6.25%) 

were outside the predicted range, FC CFU-GM expanded with Z9 in CS_HSPC/MSC 

and FC CFU-GM expanded with AB20 in CS_HSPC (Fig. II-7A).  
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If regressions were to be used as a comparison tool and AB20 and Z9 considered as 

competitors, every regression would able to successfully predict the outcome between 

them. FC TNC number and FC CD34+ cells using a AB20 combination in CS_HSPC/MSC 

were considerably higher when compared to the Z9 cocktail (FC TNCCS_HSPC/MSC: 1.00 ± 

0.00 vs. 0.89 ± 0.03; FC TNCCS_HSPC: 0.95 ± 0.05 vs. 0.97 ± 0.03) (FC CD34+
CS_HSPC/MSC: 

1.00 ± 0.00 vs. 0.87 ± 0.03; FC CD34+
CS_HSPC: 0.97 ± 0.03 vs. 0.93 ± 0.07) (Fig. II-7B). 

The remaining comparisons resulted in no substantial difference between tested 

cytokine cocktails, as predicted by their respective regressions. CD34 median intensity 

fluorescence (MFI), CAFC assays and levels of expansion of cells with a more primitive 

phenotype (%CD34+CD90+) were also analyzed to discern the effects of the AB20 

combination on other relevant clinical variables (Fig. II-7C, D, E). Coherent increases of 

CD34 MFC in both culture systems using the AB20 cocktail were observed when 

compared to the Z9 cocktail (CD34 MFICS_HSPC/MSC: 1.00 ± 0.00 vs. 0.88 ± 0.06; CD34 

MFICS_HSPC: 1.00 ± 0.00 vs. 0.80 ± 0.03). In terms of FC CAFC, AB20 cocktails in both 

expansion systems originated more colonies. Optimized cocktails were responsible for 

an increase of 2.5 ± 0.3 in CAFC compared to Z9 in the CS_HSPC/MSC, while AB20 

also produced 4.7 ± 1.1 more colonies than Z9 in the CS_HSPC. On the other hand, 

AB20 cocktails had mixed performance concerning expansion of primitive progenitors. 

Both cocktails maintained a residual population percentage of CD34+CD90+ cells 

regardless of the culture system, with AB20 resulting in an average of 2.59 ± 0.68% and 

Z9 in an average of 2.65 ± 0.74%. 

Figure II-7. Validation of determined response surfaces and in-depth analysis of AB20 cocktails. 

(A) AB20 and Z9 cocktails were used as validation tests for calculated regressions. Predictability 

of regressions was analyzed by comparing function predictions and respective confidence 

intervals with experimental confirmation for every response variable and expansion system. 

Prediction represented by dashed line and confidence intervals by grey columns. (B) Average of 

two different donors showed that biological variability did not affect the predicted outcomes of 

comparison between Z9 and AB20. AB20 performed better or similar to Z9 cocktails as 

anticipated by the prediction and respective 95% confidence intervals. (C) Further comparison 

highlighted that benefits of AB20 cocktail determination went beyond selected response 

variables. Expansion using AB20 cocktails led to higher fold increase in CAFC and higher CD34 

median fluorescence intensity. (D) Representative histogram of CD34 expression demonstrating 

that AB20 cocktails are able to delay loss of this marker during expansion. (E) Representative dot 

plots of CD34 and CD90 expression before and after expansion using both culture systems and 

cocktails. Initial CD34+CD90+ population is mostly lost during expansion, although a residual 

population percentage is observable in every condition. Mixed results were visible concerning 

maintenance of the more primitive population. Populations were previously gated for live cells 

using a viability assay. Data is represented by the mean ± standard error of the mean.  
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II.4.5. Differential Cytokine Influence 

 

This systematic method of achieving optimization provided considerable insight into 

the relationship between cytokines and cells in both expansion systems (i.e. HSPC 

culture with/without a MSC(M) feeder layer). Cytokine reaction fingerprints were 

previously mentioned and were compared to highlight differences in cytokine influence 

(Fig. II-8).  

Normalized FC TNC number (Fig. II-8A) displayed significative differences in several 

specific combinations, leading to three main observations. Firstly, the total fingerprint 

area for this variable for CS_HSPC/MSC was higher compared to the CS_HSPC 

(AreaCS_HSPC/MSC = 1.02 vs. AreaCS_HSPC = 0.59). Thus, the presence of a feeder layer 

appears to synergize with cytokine benefit during culture, boosting expansion levels 

closer towards their maximum performance. Moreover, the reaction fingerprints show 

that CS_HSPC is more vulnerable to the lack of an individual cytokine than 

CS_HSPC/MSC. Cells expanded in co-culture display an alleviated negative response 

whenever a combination without the presence of a cytokine was used. Lastly, adverse 

effects in cell expansion performance due to excess of cytokines are evident in 

CS_HSPC, shown by the transition between center points (combination 9, 10 and 11) 

and the combination with highest concentration of each cytokine (combination 1). 

Lack of sensitivity of CD34 expression (Fig. II-8B) to the cytokine panel led to a circular-

shaped reaction fingerprint. Over the entire cytokine panel, CS_HSPC/MSC displayed 

a reduced CV of 4.5 ± 3.9% for CD34+ cell percentage, while CS_HSPC exhibited a CV 

of 12.4 ± 8.8%. Nevertheless, CS_HSPC showed some dependence on TPO, since 

combinations without TPO had some negative impact on CD34 expression (Fig. II-8B). 

A decrease in CD34+ cell percentage of 16.4% was observed between combination 1 

to 2, 17.3% from combination 3 to 4 and 12.5% from combination 12 to 13. 

CFU outputs (Fig. II-8C,D) had complementary reaction fingerprints, due to insignificant 

BFU-E quantification. Percentage of CFU-GM had low variation due to the cytokine 

panel, although some differences were visible. Fingerprint area was ubiquitously larger 

for co-culture system (AreaCS_HSPC/MSC = 17 142 vs. AreaCS_HSPC = 9838), demonstrating 

that its priming towards the granulocyte-macrophage lineage did not change with 

different cytokine cocktails. Clear benefits were apparent from Flt-3L supplementation, 

whereas TPO seemed to influence against CFU-GM development. This was more 

obvious in CS_HSPC, where combinations with those features (combination 2, 6 and 13) 

caused the differences in CFU-GM percentage between fingerprints of both systems to 

narrow. 
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Figure II-8. Reaction fingerprints obtained out of the 17 cytokine combinations. Information 

obtained from creating response surfaces can be exploited to further assess the relationship 

between an expansion system and cytokine use. Unique reaction fingerprints were 

determined for normalized FC TNC (A), percentage of CD34+ cells (B), percentage of CFU-

GM (C) and percentage of CFU-Mix (D). Circular rings around plots display respective 

cytokine concentrations associated with each data point. CS_HSPC/MSC appear to 

synergize better with cytokines, except for CFU-Mix. Percentage of CD34 expression for 

cytokine combination 8 in the CS_HSPC was not quantified due to insufficient cell number. 
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II.4.6. Comparison of Expansion Strategies 

 
Upon completion of the optimization approach, cytokine contribution in each HSPC 

expansion system was maximized allowing a fair side-by-side comparison of the two 

studied expansion platforms. Several variables were followed during cell expansion at 

their maximum cytokine strength. The overall scale was clearly favorable towards the 

co-culture system, with seven out of nine measures (78%) evidencing a better 

performance (Fig. II-9A). However, CS_HSPC demonstrated more capability towards 

promoting mixed colonies in the CFU assay in detriment to granulocyte-macrophage 

colonies. Although none were able to maintain the initial CD34 phenotype of CB cells 

after 7 days, CS_HSPC/MSC showed it was able to significantly reduce the loss of this 

surface marker in cultured cells with a positive CD34 MFC difference compared to the 

CS_HSPC of 55.8 ± 7.8. When compared, the respective CD34 expression histograms 

appear almost mirrored (Fig. II-9B). Thus, with their cytokine cocktails optimized, 

expansion using a co-culture system demonstrated an overall superior potential in 

generating an expanded a HSPC product with higher retention of CD34 expression and 

primed for originating more CFU-GM. 

  

 

 

Figure II-9. Side-by-side comparison between expansion systems with respective optimal cytokine 

concentrations. (A) A number of significant variables concerning HSPC expansion were chosen as 

comparison criteria between CS_HSPC (red) and CS_HSPC/MSC (blue). Co-culture displayed 

superior performance in most variables, with the exception of FI CFU-Mix and percentage of CFU-

Mix. (B)  Contour plot of CD34 and CD90 expression after 7 days expansion with AB20 cocktail. At 

day 7, CS_HSPC/MSC demonstrated a substantially different CD34 expression profile, being able 

to retain expression of CD34 more effectively when compared to CS_HSPC. Two different CB 

donors. Data is represented by the mean ± standard error of the mean. 
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II.5. Discussion 
 

With cell therapy manufacturing gaining traction as more advanced cell-based therapies 

get approved and reach the commercialization stage, efforts have been made in 

promoting the adoption of “Quality by Design” (QbD) guidelines, including process 

optimization and experimental design, while encouraging their implementation early on 

during the research and development phase107,292.  

Experimental design of cytokine cocktails has been previously pursued, especially 

during initial studies on CB-derived HSPC ex vivo expansion108,301. However, 

applicability of the aforementioned studies to current expansion strategies is restricted. 

Whether due to having been performed in non-human cells315, used to study ex vivo 

hematopoietic differentiation rather than HSPC expansion332,333 or to the lack of surface 

response models and optimizatio319,334, previous attempts struggle in being transposed 

to present expansion protocols. This can be justified by a gradual improvement of HSPC 

expansion protocols, where innovation has eventually led to inconsistencies between 

culture conditions in current strategies and in abovementioned optimizations. Basal 

culture media have had their own dynamic evolution over time. Earlier culture media 

used in ex vivo HSPC expansion protocols were typically composed of basic 

formulations, having been developed for more generic cell culture applications. These 

usually required supplementation with FBS in order to enrich the formulation to allow 

for cell expansion, with such basal media varying between Minimum Essential Medium 

Eagle - Alpha Modification (α-MEM)221,335,336, Iscove’s modified Dulbecco’s Medium 

(IMDM) 314,337 and others (reviewed103). With the development of culture media 

specifically for human HSPC expansion, aligned with growing concerns with the use of 

FBS as an undefined supplement, formulations were developed to be serum-free, with 

protocols implementing specialized culture media such as X-VIVO™ 10 medium338, 

QBSF-60 serum-free medium104,204, StemLine® stem cell expansion medium339 and  

StemSpan™ serum-free expansion medium143,175,310,340. This has benefited cell expansion 

results but ultimately compromised the applicability of previous optimizations described 

in the literature. Although we have contributed towards the resurgence of optimization 

of culture conditions targeting the expansion of human HSPC, our own initial study on 

cytokine supplementation optimization was performed with QBSF-60 medium as the 

established expansion medium301. This proprietary serum-free medium was originally 

designed to support human CD34+ cells104.  

With StemSpan™ (STEMCELL technologies) medium being more prevalent in latest 

studies on HSPC ex vivo expansion and in most advanced clinical trials testing expanded 

HSPC179,310,340–342, we have seized this opportunity to achieve an enduring optimization 

with direct impact on ongoing late-stage development of cell therapies based on ex 

vivo expanded HSPC from CB. However, the formulation StemSpan™ serum-free 
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medium used herein still has undisclosed supplements and some animal-derived 

components in its formulation (i.e. bovine albumin). In the absence of a clearly defined 

and disclosed formulation, possible extrapolation of our results to different media is 

limited and any animal-derived components increase the risks of contamination. 

Nevertheless, with the cell therapy manufacturing field pressing for animal-component 

free and chemically defined formulations, StemSpan™ medium has currently adapted 

to those needs. If existing or novel strategies decide to transfer to such formulations 

through regulatory pressure or due to new GMP guidelines, our optimization study with 

StemSpan™ stands a considerable chance in maintaining its applicability on clinical-

grade ex vivo HSPC expansion. 

In our work, we have aimed at achieving an enduring optimization of cytokine 

supplementation for two clinically relevant ex vivo HSPC expansion platforms, CS_HSCP 

and CS_HSPC/MSC (i.e. HSPC being expanded alone in a liquid culture system or co-

cultured with a MSC(M) feeder layer, respectively). With cytokines maintaining a 

significant role in protocols of ex vivo expansion of human HSPC102, namely those from 

CB, optimization of the used concentrations through experimental design is crucial. 

When attempted, optimization applied to biological issues with inherent variability is 

largely determined by the existence of a donor-independent pattern. Once approved 

as a therapy, CB-derived expanded HSPC will hope to be produced from a single cord 

unit. Therefore, donor variability is a central issue and must be considered when 

performing such studies and thus selected response variables were followed for three 

different donors to increase the robustness of the optimized cocktail343. As expected, 

biological variability was present and may be partly related to differences observed in 

the initial CD34 expression after enrichment327. Interestingly, this variability did not 

prevent the appearance of a recurring pattern in every response variable (Fig. 4; Fig. 

S1; Fig. S2; Fig. S3). Although different donors of CB cells originated different absolute 

values for the selected response variables, cell-cytokine relationship did not change and 

cytokine optimization was carried out.  

Early on, we observed that our response variables displayed greater fluctuations with 

lower concentrations of the defined cytokine panel (SCF, Flt-3L and TPO). A certain 

degree of cytokine saturation was apparent from the center points (concentrations of 

50 ng/mL) onward (Fig. 3). With many expansion platforms being employed in clinical 

trials using concentrations of 100 ng/mL or higher128,143,174,175, there is an observable 

overuse of cytokine supplementation without a rational justification. Excess amount of 

these molecules will be responsible for unnecessary costs, which might jeopardize the 

implementation of the respective potential cell therapies343. Eventually, this overload of 

cytokine molecules can also have a negative impact on the cells themselves, since it 

largely differs from the levels of cytokines that HSPC experience in vivo. With 

concentrations of cytokines in the BM ranging in the picomolar344–346, several groups 
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may be crippling their expansions with HSPC overstimulation. Interestingly, in contrast 

to the four main response variables (FC TNC, FC CD34+ cells, FC CFU-GM and FC CFU-

Mix), CD34 expression observed post-expansion was an exception to the previously 

described behavior. This surface marker expressed by HSPC did not display any 

significant variation to the cytokine panel but did vary with other factors, such as cell 

expansion platform (CS_HSPC vs. CS_HSPC/MSC) and culture duration (Fig. 8B). In 

general, selected response variables met optimization requirements, such as pattern 

emergence and fluctuation inside the design space. 

As mentioned beforehand, modelling biological behavior with precision can be a 

challenge, depending on the nature of the selected response variables. Naturally, better 

quality regressions arose from more quantitative measures, such as FC TNC number 

(Table 2). Both CFU and CAFC outputs suffer from some subjectivity, inherent to these 

specific assays, requiring a significant dependence on experimental technique to 

originate results that make modelling possible347,348. The existence of a single outlier 

proves the quality of the response variable measurements.  

Taking each of these regressions into account, CS_HSPC/MSC was able to produce 

more consistent results than its counterpart system (i.e. without a feeder layer). The 

presence of a MSC(M) feeder layer (originally anticipated to better recreate the HSPC 

niche ex vivo) appears to create a buffer zone environment which is capable of making 

responses and expansion performance more uniform. This may be related with the 

specific cell expansion dynamics of a co-culture setting. During this type of culture, 

HSPC that adhere directly to the stromal feeder layer and are phase-bright (i.e. do not 

migrate underneath the feeder layer) become responsible for most of the cell division 

observed over the culture duration349. Although the fraction of non-adherent or 

suspended cells typically has the highest fold increase in cell number, these cells 

themselves do not seem to be proliferatively active. Only phase-bright adherent cells 

were observed to have an active cell cycle with a considerable cell number in the G2/M 

phase125. Thus, attached HSPC, which saturate the entire stromal layer, are responsible 

for the increase in the non-adherent cell fraction observed by releasing their progeny 

into suspension125. This behavior may justify lower cell expansion variation, since contact 

area saturation of the stromal layer appears to become the main regulator of 

proliferation, creating a stable cell expansion mechanism. Of note, CS_HSPC/MSC also 

has an additional cytokine (i.e. bFGF) in its experimental setting. While its main function 

is stromal support during HSPC expansion, synergistic or other type of interactions with 

targeted cytokines may exist and cannot be ruled out. Although co-culture introduces 

more biological factors, the results obtained for this platform have displayed reduced 

experimental deviation. Despite this, every response variable in both systems originated 

a good degree of correlation in their respective regressions, despite the existence of 

some expected variability. 
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Regression manipulation gave origin to a total of 8 optimal combinations, resulting from 

the selection of four response variables (FC TNC, FC CD34+ cells, FC CFU-GM and FC 

CFU-Mix) for two different expansion systems (Fig. 6). Prioritization of variables was 

required to appoint a single and representative optimal cytokine combination for each 

expansion platform. For most clinical trials related with ex vivo expansion of HSPC, TNC 

and number of CD34+ cells are selected as critical parameters179,310. Considering their 

significant clinical relevance allied to their higher regression quality, these two measures 

(i.e. FC TNC and FC CD34+ cells) were chosen to define the optimal cocktails for each 

culture system. Following the described rationale, prioritization of variables led to 

determination of optimal cocktails (AB20) for the CS_HSPC ([SCF] = 90 ng/mL; [Flt-3L] 

= 82 ng/mL; [TPO] = 77 ng/mL) and for the CS_HSPC/MSC (([SCF] = 64 ng/mL; [Flt-3L] 

= 61 ng/mL; [TPO] = 80 ng/mL) (Table 3). These cocktails were responsible for 

expansion results up to 49 FC TNC and 33 FC CD34+ cells for the CS_HSPC and 75 FC 

TNC and 70 FC CD34+ cells for the CS_HSPC/MSC from a single CB unit. When 

comparing with clinical trial data using these types of platforms (Median FC TNC = 56, 

Median FC CD34+ cells = 4 for cytokine-based expansion (i.e. feeder free) and Median 

FC TNC = 12, Median FC CD34+ cells = 30 for co-culture expansion102), cell expansions 

obtained herein with optimized cocktails demonstrated competitive outcomes, 

surpassing the performance of most reports of ex vivo HSPC expansion in similar 

platforms. Additionally, with the optimized cytokine cocktails displaying concentrations 

lower than many current protocols (e.g. 143,174), we have highlighted avoidable costs and 

uncovered an opportunity for a cost-effectiveness measure. These results demonstrate 

the need for tailored optimization in improving the viability and financial feasibility of 

CB-derived HSPC expansion platforms. 

Following optimization, regression-derived response surfaces required validation in 

order to confirm their donor-independent applicability. Validation was successfully 

completed using two different cocktails, the determined optimal cocktails (AB20) and a 

previously established optimized cocktail by our group (Z9)301. Expansion outcome and 

behavior using these cocktails performed as projected by their respective regressions 

(Fig. 7A). The few out-of-bounds experimental points were associated with the semi-

quantitative nature of the CFU assay. When compared, AB20 cocktails outperformed or 

matched Z9 performance concerning the four response variables. Interestingly, AB20 

cocktails were able to overtake Z9 in other important measures that were not included 

in the initial experimental design, including CD34 mean fluorescence intensity and 

CAFC formation (Fig. 7C, D). However, since AB20 and Z9 cocktails were located in the 

higher concentration range, their comparison was challenging, since lower variations of 

response variables were previously highlighted for that range. As expected, with 

concentrations differences lower than 30 ng/mL, determined regressions predicted only 

slight differences between AB20 and Z9 for some response variables. Nevertheless, 
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solid predictive capacity was demonstrated and optimized cocktails still showed 

superior expansion performance. 

Throughout this study, we have once more confirmed the important role cytokines play 

in promoting HSPC expansion. Taking advantage of this optimization, we also focused 

on the cell-cytokine relationship to further complement our comparison between 

CS_HSPC and CS_HSPC/MSC. By identifying the existence of unique reaction 

fingerprints, we were able to shed light on the different impact cytokines have on both 

studied expansion platforms. These fingerprints showed obvious distinctions in cytokine 

reaction behavior. In agreement with previous observations, the MSC(M) feeder layer 

seems to develop a protective microenvironment around the HSPCs, resembling their 

role in the BM niche. In fact, FC TNC reaction fingerprint from CS_HSPC evidenced its 

higher vulnerability to early culture saturation by excess quantities of cytokines (Fig. 8A). 

Indeed, the presence of a MSC(M) feeder layer was able to ameliorate negative cytokine 

inhibition. When adding an interactive feeder layer, the network of individual and 

synergistic cytokine effects changes and gains complexity350. While the exogenous 

cytokines added to the culture medium in both systems are the same, the environment 

of endogenous cytokines and their respective quantities change due to feeder cell 

presence. With a very dynamic secretome, MSC are known to produce other cytokines 

that promote HSPC expansion102. By better mimicking the hematopoietic niche with this 

stromal component, the microenvironment is able to reach a higher number and level 

of synergies which can potentially lead to higher cell expansion yields351,352. 

Knowledge from these reaction fingerprints and their regressions may be used for 

purposes other than the expansion of CB-derived HSPC for HCT. Revived interest in 

autologous gene therapy has consolidated the application of expanded adult HSPC for 

treatment of genetic hematological diseases353,354. Approval of Strimvelis, a gene 

therapy product of transduced autologous BM-derived CD34+ cells for treatment 

of severe combined immunodeficiency due to adenosine deaminase deficiency, was a 

milestone in the field and represents the considerable potential that expanded HSPC 

have in gene therapy355. Other areas within the hematological field can also potentially 

take advantage of these regression strategies to tailor HSPC culture for their own needs. 

There has been interest in using CB-derived HSPC culture platforms for the 

differentiation of cells towards the lymphoid lineage for use in immunotherapy (e.g. 

donor lymphocyte infusions, tumor-infiltrating lymphocytes, etc.)356. Both culture 

systems included in this study have been explored for such purposes. CS_HSPC/MSC 

has been shown to have potential as a system to maintain early lymphoid progenitors 

(i.e. CD34+CD7+ cells)326 and support the generation of functional natural killer and 

dendritic cells 357. On the other hand, CS_HSPC in combination with the small molecule 

StemRegenin-1 has been recently used for generation of progenitor T cells358. 

Exploitation of these expansion systems for such different applications can also largely 
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benefit from the cytokine optimization strategy established in the present study and the 

information gathered on the effects of cytokines on cultured cells. 

To our knowledge, cytokine optimization has not been used as a tool to enable a correct 

side-by-side comparison of different strategies. This evaluation is critical for decision-

making over which platform should be supported for clinical trial progression or apply 

for regulatory approval. Criteria for the selection of cytokine concentrations have 

roughly been the same throughout different types of expansion culture systems, 

ignoring high specificity of each strategy. Without determining unique cytokine 

cocktails for each one, direct comparison of published results in an unstandardized 

manner may cause unrealistic conclusions. By pursuing a tailored cytokine optimization 

in two expansion approaches, these may be rightfully compared at their full cytokine 

potential, making their critical steps and parameters more easily identifiable107. 

In the optimized conditions of our study, CS_HSPC/MSC undoubtedly showed better 

capabilities in promoting HSPC expansion, which explains the progression of ex vivo 

mesenchymal-cell coculture through the clinical trial pipeline 128. In our assessment, 

CS_HSPC/MSC proved to have a superior production capacity as a platform concerning 

every studied variable except for FC CFU-Mix (Fig. 9). Notably, CD34 expression, which 

displayed reduced variability due to cytokine effects, was observed to be consistently 

higher in an HSPC/MSC co-culture setting. This difference was originally observed by 

comparing cytokine reaction fingerprints of the percentage of CD34+ cells (Fig. 8B) and 

was quantitively confirmed in optimal conditions by comparison of CD34 median 

intensity fluorescence (Fig. 9A, B). Indeed, enhanced expansion of HSPC through a co-

culture setting with MSC has also been observed in other studies. Beneficial impact 

compared to traditional liquid suspension has been described concerning cell 

expansion levels326,359,360, but also in what concerns the biological features of the 

cultured cells, for instances, contributing towards an enhanced migration capability of 

HSPC349,361. Overall, our evaluation of each expansion system after cytokine optimization 

has provided a more reliable and unbiased view over their genuine production 

capabilities of a potential expanded HSPC product. 

To fully assess the viability of these such systems as potential cell therapy platforms, the 

entire manufacturing process needs to be considered. Importantly, we have used 

cryopreserved CB HSPC to mimic the CB unit processing in current clinical trials, as 

these pioneering trials normally lay the groundwork for the manufacturing process of 

the respective approved product. With source cryopreservation being an important 

bioprocess step that can have an impact on the characteristics of the cell product (e.g. 

need for cell revitalization), disregarding it can also affect optimization applicability. 

Additionally, acquired process knowledge of cytokine interactions will also prove to be 

very useful in building such a manufacturing pipeline for an expanded HSPC product 
107. Determined regressions will provide critical information on expansion reaction and 
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a degree of predictability if unavoidable changes in cytokine concentration should 

happen during production. However, expansion yield by itself is not the only priority in 

cell therapy development and an overall balance among operational parameters is 

needed122. Although CS_HSPC/MSC was shown to produce a higher number of 

expanded HSPC with superior quality measures necessary for HCT, it also holds a higher 

level of complexity as a culture system. Normally, a trade-off between complexity and 

feasibility has existed in the manufacturing of cell therapies, hindering their 

translation362. In this case, the presence of a feeder layer in the expansion system will 

require add-ons or modifications to its manufacturing process when compared to the 

simpler CS_HSPC. An additional upstream source collection and isolation procedure for 

MSC will be needed, while downstream units will have to be able to separate MSC from 

expanded HSPC to assure end product purity. Also, preparation of MSC feeder layers 

inevitably increases the total culture duration and requires culture formats compatible 

with adherent cell culture. All these issues, which might prove challenging or costly, 

need to be considered and counterbalanced with the performance increase shown by 

CS_HSPC/MSC in product quantity and quality. Therefore, bioprocessing studies with 

economic modelling must accompany this co-culture system to determine if this more 

complex platform is worthwhile343,363–365.  

Strategies similar to our experimental design should become widespread, as they 

represent a statistically sound and efficient way to reach optimal experimental 

conditions107,366. The methodology applied in our study, targeting the use of cytokines 

for ex vivo HSPC expansion, can be translated to other culture parameters and 

applications. Stem cell fate studies (self-renewal versus differentiation)367,368, as well as 

biomaterial development for tissue engineering369, are fields that are centered on 

continuous improvement and optimization of experimental conditions in order to reach 

a defined differentiated cell type or scaffold, respectively. Filled with possible 

optimization parameters (e.g. differentiation media, oxygen tension, cell aggregate 

size, scaffold porosity, stirring speed in bioreactor systems, etc.), studies benefit 

immensely by using experimental design as they avoid unnecessary iterations of dose-

response experiments, reduce reagent and material costs and become more time-

efficient369,370.   
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III. Hypothermic 

Preservation of Adipose-

Derived Mesenchymal 

Stromal Cells as a Viable 
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III.1. Summary 
 

Cell and gene therapies (CGT) have reached new therapeutic targets but have 

noticeably high prices. Solutions to reduce production costs might be found in CGT 

storage and transportation, since it typically involves cryopreservation, a heavily 

burdened process. Encapsulation at hypo-thermic temperatures (e.g. 2-8ºC) could be a 

feasible alternative. Adipose tissue-derived mesenchymal stromal cells (MSC(AT)) 

expanded using fetal bovine serum (FBS)- (MSC-FBS) or human platelet lysate (HPL)-

supplemented medium (MSC-HPL) were encapsulated in alginate beads for 30 minutes, 

5 days and 12 days. After bead release, cell recovery and viability were determined to 

assess encapsulation performance. MSC identity was verified by flow cytometry and a 

set of assays was performed to evaluate functionality. For a standard transportation 

period of 5 days, MSC(AT) were able to survive encapsulated, with recovery values of 

56 ± 5% for MSC-FBS and 77 ± 6% for MSC-HPL (a negligible drop compared to earlier 

timepoints). Importantly, MSC function did not suffer from encapsulation, with 

recovered cells showing robust differentiation potential, expression of 

immunomodulatory molecules and hematopoietic support capacity. MSC(AT) 

encapsulation was proven possible for a remarkable 12 day-period. Currently unable to 

completely replace cryopreservation in CGT logistics and supply chain, encapsulation 

has shown potential to act as a serious competitor. 

 

III.2. Background 
 

CGT have seen a significant growth in the past decades due to their unmatched 

potential to improve the treatment landscape of a large variety of diseases371. CGT 

products differ from traditional biopharmaceuticals since they are capable of a much 

more complex response to disease than small molecules or antibodies. By dynamically 

reacting to environmental and biological cues, CGT can restore tissues or increase the 

body’s innate ability to fight disease372.  

Among potential CGT products, MSC became the subject of great research interest, 

spurred mainly by their potential for application in regenerative medicine. Their 

differentiation potential into different lineages, allied with their significant in vitro 

expansion capacity, their accessible isolation from multiple sources with few ethical 

issues associated (e.g. umbilical cord and adipose tissue (AT)), and their good safety 

and efficacy profiles from a variety of pre-clinical studies, encouraged their increased 

use in human clinical trials, particularly between 2004 and 2011373. However, despite 

the large number of clinical trials and contrary to expectations, the lack of statistically 

significant results in terms of efficacy and their discrepancy with the results of pre-clinical 

assays hampered the advancement of MSC-based therapies as marketed CGT373,374. It 
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was only in 2018 that the European Medicines Agency (EMA) approved Alofisel, an 

allogenic MSC-based therapy for complex perianal fistulae in Crohn’s disease375. 

The success of Alofisel, contrasting with the underwhelming results of previous human 

clinical trials, can be explained by a paradigm shift in the mechanism of action of MSC. 

Focus was changed from their tissue regeneration potential to their immunomodulatory 

action, leveraging their complex secretome and opening the door for the first 

statistically significant results in human clinical trials using MSC376,377. Because of this, 

and despite their initial disappointing results, MSC are again being used in a great 

number of clinical studies, the great majority of them in phase I and II (a search in 

clinicaltrials.gov in July 2022 for the term “Mesenchymal” yielded 1,720 studies). The 

high number of ongoing early phase clinical trials suggests there is a great untapped 

potential for more MSC-based CGT to be developed and approved.  

Considering the vast therapeutic potential of MSC, from GVHD to spinal cord injury, the 

establishment of a robust cGMP compliant manufacturing process that minimizes 

variability and facilitates the approval of new CGT, ensuring a quick translation from 

bench-to-bedside, should be a priority122,371,372,376,377. Furthermore, because CGT usually 

have higher costs when compared with other classes of medicines, and to ensure 

commercial effectiveness, it is important to consider COG optimization in the early 

stages of process development with the aim of minimizing the cost per dose without 

compromising the product quality. In the specific case of allogeneic MSC-based 

products, because these medicines usually require large manufacturing scales, 

opportunities for economies of scale can be leveraged285,364,378. Indeed, the large-scale 

production of allogeneic MSC is not a straightforward process and the decisions 

regarding production platform design have a great impact in the robustness, validation, 

and commercial viability of the cell product.  

One of the critical steps in MSC production is their storage and journey from bench-to-

bedside379. The process used for storage and transportation must ensure the cell 

product is consistently GMP-compliant and safe, maintaining cell viability and potency 

during the time window that separates the release of the product from a CCMP facility 

to the clinical trial center or therapeutic facility377,380,381.  

Cryopreservation is currently regarded as an indispensable step of CGT production, 

being a feasible strategy to allow for an MSC-based product as an off-the-shelf product 

that can meet economical, logistical, and regulatory requirements. Cells can be stored 

in controlled conditions for extended periods and be shipped in a frozen state to 

healthcare centers where they can be thawed and quickly administered to patients381–

383. However, cryopreservation and thawing procedures are known to induce cellular 

injuries that negatively affect the stability and therapeutic efficacy of MSC-based 

products, being possibly responsible, at least partially, for early disappointing clinical 

results382,384. 
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Although cryopreservation is currently considered the gold standard in MSC 

manufacturing, finding alternative strategies that can replace and/or complement this 

process (serving as transportation solutions between the production and the healthcare 

providing facilities) has been the focus of several studies. Lyophilization, or freeze-drying 

has been investigated as a possible strategy to store cells at ambient temperature by 

rapidly freezing and dehydrating cells while using a protective compound such as the 

sugar trehalose385. This method was efficiently demonstrated in preserving placental 

tissue at room temperature (RT), suggesting it can be a viable alternative for the 

preservation and storage of cellular products, including MSC, as it will simplify 

storage255. In the cases where an extended shelf-life is not required, the hypothermic 

storage (between 2 and 8°C) of cell products is perhaps a simpler solution as it relies 

only on storing and/or transporting cells in culture media designed specifically for this 

purpose. Multiple studies have showed the ability of research and clinical-grade media 

to maximize cell viability and function while storing them for periods between 1 and 7 

days at temperatures around 4°C253,386,387. Another popular strategy that relies on 

hypothermic storage for safely storing and transporting cells is encapsulation in different 

polymers, both natural and synthetic, the most common of which being alginate379.  

Alginate is a natural polysaccharide that can be obtained from seaweed and jellified 

when cations are added, to generate a biocompatible hydrogel388. The advantages of 

alginate as a simple and cost-effective solution for protecting cell products during 

storage and transportation have been attributed to its ability to stabilize the membrane 

of cells in suspension and to protect them from osmotic shock and mechanical 

stress379,389. Alginate encapsulation has the potential to impact CGT manufacturing. 

Cells would be encapsulated in beads, stored at hypothermic temperatures in a non-

proliferative stage, and then recovered by dissolving the gel and replacing the solutions 

with fresh culture media.  

In this study we aim to attest the ability of alginate encapsulation to maintain cell 

viability, identity, and function in the context of MSC-based therapy manufacturing. For 

that, adipose tissue-derived MSC (MSC(AT)) were encapsulated and stored for a total 

of 12 days at hypothermic temperatures. To establish a xeno(geneic)-free condition, in 

line with CCMP requirements, MSC(AT) expanded in medium supplemented with 

human platelet lysate (HPL) were compared with cells expanded in medium 

supplemented with fetal bovine serum (FBS), the historical standard. To our knowledge, 

this is the first study to push MSC(AT) encapsulation to relevant time periods (i.e. 12 

days) using a standardized, commercially available kit (BeadReady™) able to comply 

with CCMP conditions. Encapsulated MSC(AT) were extensively analyzed to determine 

if their identity and function were preserved for the tested conditions, in comparison to 

non-encapsulated cells. 
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III.3. Methods 

III.3.1. Human Tissues 

 

Adipose tissue (AT) samples were obtained through collaboration agreements secured 

by Institute for Bioengineering and Biosciences (iBB) at Instituto Superior Técnico (IST) 

with Clínica de Todos-os-Santos (Lisbon). Informed consent was obtained from healthy 

donors before harvesting of samples, in accordance with Directive 2004/23/EC of the 

European Parliament and of the Council of March 31st, 2004, regarding standards of 

quality and safety for the donation, procurement, testing, processing, preservation, 

storage and distribution of human tissues and cells, represented by the counterpart 

Portuguese Law 22/2007. Adipose tissue-derived mesenchymal stromal cells (MSC(AT)) 

isolation, characterization, and cryopreservation was performed following protocols 

previously established at the Stem Cell Engineering Research Group at iBB329,390. CB 

units were secured as described in Chapter II (II.3.1). 

III.3.2. MSC(AT) Expansion 

 

Cryopreserved MSC(AT) were thawed and seeded in low glucose DMEM (Thermo Fisher 

Scientific) supplemented with 10% (v/v) MSC-qualified fetal bovine serum (FBS) (Thermo 

Fisher Scientific) and 1% (v/v) Antibiotic-Antimycotic (A/A) (Thermo Fisher Scientific) 

(DMEM-FBS) at a cell density of 3 000 cells/cm2 on standard tissue culture plastic and 

transferred to an incubator at 37°C and 5% CO2 in a humidified atmosphere. DMEM-

FBS expansion medium was changed every 3-4 days until cells reached between 70-

80% confluence. Cells were detached from their culture surface with 0.05% (v/v) trypsin 

(Thermo Fisher Scientific) and 1 mM ethylenediaminetetraacetic acid (EDTA) (Sigma-

Aldrich) in phosphate buffered saline (PBS) (Sigma-Aldrich). In order to establish a 

xenogeneic-free culture condition, detached cells were evenly split between the 

existing DMEM-FBS condition and low glucose DMEM supplemented with 5% (v/v) 

human platelet lysate (HPL) (UltraGRO™-PURE; kindly provided by AventaCell 

Biomedical Corp.) and 1% (v/v) A/A (DMEM-HPL). Adaptation to xeno-free conditions 

was completed after an additional DMEM-HPL passage for MSC(AT). Cell detachment 

under xeno-free conditions was performed using TrypLE (Thermo Fisher Scientific). 

III.3.3. MSC(AT) Encapsulation 

 

MSC(AT) encapsulation in alginate beads was performed following the instructions 

included in the BeadReady™ kit (kindly provided by Atelerix), provided by the 

manufacturer. Briefly, the procedure was separated into three sections, gelation, 

storage/transportation and release. For each single encapsulation, 6 x 106 cells were 
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suspended in their respective medium at twice the final encapsulation density and then 

carefully mixed with an alginate solution. Slowly, the mixture was dropwise transferred 

into a gelation solution, using a needle, in order to form uniform and spherical beads. 

After gelation stabilization, beads were washed and stored in their respective expansion 

medium in a tightly sealed tube, away from light, at a temperature between 10° and 

20°C to mimic possible temperature oscillations during transportation. During 

encapsulation, medium samples were taken from each bead-containing tube, 

centrifuged and stored at -80°C for future metabolic analysis. Beads were dissociated 

30 minutes after encapsulation (D0), and at day 5 (D5) and at day 12 (D12). Cell release 

was done by replacing expansion medium with the provided dissolution buffer. 

Afterwards, released cells were washed and resuspended in fresh expansion medium. 

Recovered MSC(AT) were quantified to determine bead recovery and their viability was 

also assessed. 

III.3.4. Glucose and Lactate Profiles 

 

Medium samples were thawed at room temperature (RT) and vortexed before being 

distributed on a 96-well culture plate in duplicates. Glucose and lactate concentrations 

were determined by membrane-bound immobilized enzyme quantification in a YSI 2500 

Biochemistry Analyzer (YSI). First-order regressions were fitted to MSC(AT) glucose and 

lactate concentration profiles. MSC(AT) glucose consumption and lactate production 

rates were determined from regression slopes multiplied by the expansion medium 

volume (5.5 mL) in bead-containing tubes. MSC(AT) specific glucose consumption and 

lactate production rates were calculated by dividing glucose and lactate rates by the 

cell number at each encapsulation timepoint. Glucose consumption and lactate 

production rates for MSC(AT)-hematopoietic stem and progenitor cells (HSPC) co-

culture and HSPC culture control (No FL) were calculated by dividing the difference in 

concentration at the beginning and at the end of the co-culture by the duration period 

of the hematopoietic support assay (7 days). 

III.3.5. MSC(AT) Immunophenotype 

 

Released and non-encapsulated MSC(AT) were sent in their respective expansion 

medium at 4ºC to the Flow Cytometry Unit at Centro Hospitalar e Universitário de 

Coimbra, where their immunophenotype was analyzed by flow cytometry on a 

FACSCanto II cytometer (BD Biosciences), using the FACSDiva software (v8.02, BD 

Biosciences). For each condition, cells were resuspended in 100 μL PBS and stained for 

cell surface markers resorting to a stain-lyse-wash direct immunofluorescence 

technique. MSC(AT) were stained with the following antibodies: HLA-DR (L243) V450 
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(BD Biosciences), CD274 (29E.2A3) BV421 (BioLegend), CD108 (KS-2) BV421 (BD 

Biosciences), CD45 (2D1) V500-C (BD Biosciences), CD73 (AD2) FITC (BioLegend), 

CD44 (L178) FITC (BD Biosciences), CD105 (TEA3/17.1.1) PE (Beckman Coulter, USA), 

CD39 (TU66) PE (BD Biosciences), STRO-1 (STRO-1) PE (ExBio), CD54 (LB-2) PE (BD 

Biosciences), CD34 (8G12) PerCP-Cy5.5 (BD Biosciences), CD200 (OX-104) PerCP-

Cy5.5 (BioLegend), CD146 (SHM-57) PerCP-Cy5.5 (BioLegend), ICOSL (2D3) PerCP-

Cy5.5 (BioLegend), CD19 (J3-119) PE-Cy7 (Beckman Coulter), CD271 (ME20.4) PE-Cy7 

(BioLegend), CD106 (STA) PE-Cy7 (BioLegend), CD90 (5E10) APC (BioLegend), CD142 

(NY2) APC (BioLegend), CD14 (MφP9) APC-H7 (BD Biosciences), B7-H4 (MIH43) APC 

Fire 750 (BioLegend), CD10 (HI10α) APC-H7 (BD Biosciences). MSC(AT) were surface 

stained for 10 minutes in the dark and at RT. Following this step, cells were incubated 

for 10 minutes in the dark at RT with 2ml of FACSLysing solution (BD Biosciences) and 

centrifuged, discarding the supernatant. Cell pellets were then washed with PBS and 

resuspended, ready to be acquired. Following acquisition, data analysis was performed 

using Infinicyt (Cytognos), version 2.0. 

III.3.6. MSC(AT) Multilineage Differentiation 

III.3.6.1. Adipogenic Differentiation 

 

Released and non-encapsulated cells were plated at a density of 100 000 cells/cm2. 

After 24 hours, differentiation was induced with the StemPro™ Adipogenesis 

Differentiation Kit (Thermo Fisher Scientific). Complete differentiation medium 

supplemented with 1% (v/v) A/A was changed twice a week for 21 days. Cells were then 

washed with PBS, fixed with 4% (v/v) paraformaldehyde (Sigma Aldrich) for 30 minutes 

at RT and washed again with PBS. Fixed cells were initially incubated with a 60% 

isopropanol (Fisher Chemicals) solution for 5 minutes at RT. Then, cells were stained to 

determine their degree of adipogenesis with a mixture (3:2) of 0.3% (v/v) Oil Red O 

(Sigma Aldrich) in a 60% (v/v) isopropanol solution and water for 1 hour at RT. After 

incubation, cells were washed three times with distilled water and kept in PBS. 

Differentiation phenotype was observed under the microscope (Leica DMI3000 B, 

Germany) and images were taken. 

III.3.6.2. Osteogenic Differentiation 

 

MSC(AT) were seeded at a density of 100 000 cells/cm2 on a 24-well culture plate. 

Differentiation was also induced 24 hours later, by using StemPro™ Osteogenic 

Differentiation Kit (Thermo Fisher Scientific). Complete differentiation medium 

supplemented with 1% (v/v) A/A was changed twice a week for 21 days, after which cells 

were fixed as stated for the adipogenic differentiation protocol. To verify their 
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osteogenic differentiation, cells were subjected to both an alkaline phosphatase and to 

a Von Kossa stain. Firstly, fixed cells were incubated for 40 minutes at RT in a solution 

of Fast Violet (Sigma Aldrich) and Naphthol (Sigma Aldrich), being washed with distilled 

water afterwards. With the alkaline phosphatase stain completed, cells were then 

incubated for 30 minutes with silver nitrate (Sigma Aldrich), washed three times with 

distilled water and kept in PBS. Differentiation phenotype was observed under the 

microscope and images were taken. 

III.3.6.3. Chondrogenic Differentiation 

 

For the chondrogenic differentiation, released and non-encapsulated MSC(AT) (800 000 

cells in each condition) were prepared for aggregation by the hanging drop method. 

After being centrifuged and having their supernatant discarded, cells were resuspended 

in 240 µL and droplets of 30 µL were placed on a Petri dish lid. After filling the bottom 

of the Petri dish with PBS, the droplet-containing lid was inverted onto its respective 

dish. Petri dishes were placed at 37°C for 24 hours for cell aggregates to form. Then, 

MSC(AT) aggregates were transferred onto Costar® ultra-low attachment plates 

(Corning) and differentiation was induced with the MesenCult™-ACF Chondrogenic 

Differentiation Kit. Complete chondrogenic differentiation medium supplemented with 

1% (v/v) A/A was changed twice a week for 21 days. To assess chondrogenic 

differentiation, cells were incubated for 1 hour in an 1% (v/v) Alcian Blue (Sigma Aldrich) 

solution, washed three times with distilled water and kept in PBS. Cells were observed 

under the microscope and images were taken. 

III.3.7. Hematopoietic Support Assay 

III.3.7.1. MNC(CB) Isolation 

 

MNC(CB) were isolated as described in Chapter II (II.3.2). 

III.3.7.2. Generation of a Cryopreserved CD34+ Pool from MNC(CB) 

 

To generate a pool of CD34+ expressing cells for the entire study, six different donors 

of previously isolated MNC(CB) were thawed and pooled for CD34 enrichment through 

Magnetic Activated Cell Sorting (MACS) using the CD34 MicroBead Kit (Miltenyi Biotec) 

according to the manufacturer’s instructions. CD34+ expression was confirmed by flow 

cytometry and a quality criterion of at least 70% CD34 expression was defined. Enriched 

cells were also subjected to a CFU assay and a complete immunophenotypic analysis 

before being refrozen in DMEM-FBS supplemented with 10% DMSO and stored in a 

liquid/vapor phase nitrogen tank. 
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III.3.7.3. MSC(AT) FL Preparation 

 

Released and non-encapsulated MSC(AT) were seeded at a density of 100 000 

cells/cm2 on 12-well plates and left to adhere overnight in an incubator. The day after, 

confluent feeder layers were selected for the hematopoietic support assay. 

III.3.7.4. Ex Vivo Expansion of HSPC 

 

For each expansion, a fraction of the pool of CB-derived CD34+-enriched cells was 

thawed and seeded at a density of 30 000 cells/mL, with the presence of an MSC(AT) 

feeder layer (co-culture) and without (no feeder layer control – No FL). HSPC were 

expanded for 7 days in StemSpan SFEM II (STEMCELL Technologies) (2 mL/well) 

supplemented with 1% (v/v) A/A and a cytokine cocktail consisting of stem cell factor 

(SCF), fms-like tyrosine kinase 3 ligand (Flt-3L), thrombopoietin (TPO) and basic 

fibroblast growth factor (bFGF) (PeproTech) with concentrations of 90, 77, 82 and 5 

ng/mL, respectively. Cytokine concentrations used were previously optimized targeting 

maximization of the expansion of CB-derived CD34+-enriched cells in co-culture with 

MSC109.  

III.3.7.5. Proliferation Assay  

 

Expanded HSPC were quantified as described in Chapter II (II.3.7). 

III.3.7.6. CFU Assay 

 

CFU assay was performed as described in Chapter II (II.3.8). 

III.3.7.7. HSPC Immunophenotype 

 

The immunophenotype of isolated and expanded HSPC was analyzed by flow 

cytometry.  Briefly, cells were washed with PBS and viability was evaluated using a Far 

Red Fixable Dead Cell Stain Kit (Thermo Fisher Scientific). Afterwards, cells were surface 

stained using previously titrated CD45RA (HI100) FITC (BD Biosciences), CD90 (5E10) 

PE (BioLegend) and CD34 (8G12) PerCP-Cy5.5 (BD Biosciences). Stained cells were 

acquired on a FACSCalibur™ cytometer (BD Biosciences). Data was analyzed using 

FlowJo v10 software (FlowJo LLC). 

 

III.3.8. Statistical Analysis 
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Data was analyzed using GraphPad Prism 8 software (Dotmatics). Results are presented 

as mean ± standard error of the mean (SEM). First-order regressions were made using 

the least squares regression fitting method. Goodness of fit was evaluated with the 

coefficient of determination (R2). For statistical hypothesis testing, a Shapiro-Wilk test 

was carried out to assess data normality. One-way analysis of variance (ANOVA) was 

used to detect significant differences and Tukey multiple comparison test was done to 

determine which specific groups had statistical significance. 

 

III.4. Results 
 
The feasibility of encapsulating mesenchymal stromal cells (MSC) as a means of storage 

and transportation for cell therapies was tested. Three independent donors of adipose 

tissue-derived MSC (MSC(AT) were expanded in vitro either in standard fetal bovine 

Figure III-1. Study Design. Three different adipose tissue-derived mesenchymal stromal cell 

(MSC(AT)) donors were expanded in fetal bovine serum (FBS) or human platelet lysate (HPL)-

supplemented expansion medium in standard tissue culture plastic. After reaching desired 

numbers, MSC(AT) were encapsulated in alginate beads and kept at temperatures between 10ºC 

and 20ºC. MSC(AT) were left encapsulated during three different time periods: 30 minutes (D0), 

5 days (D5) and 12 days (D12). Cells were then released and subjected to different 

characterization assays and compared with non-encapsulated MSC(AT). Cell retainment and 

survival during encapsulation, MSC identity and functional immunophenotype, MSC tri-lineage 

differentiation potential, metabolic activity and hematopoietic support capacity were 

determined and compared between timepoints. 
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serum (FBS)-supplemented medium or xeno-free, human platelet lysate (HPL)-

supplemented medium. For each condition, cells were encapsulated in alginate beads 

using the BeadReady™ kit. Encapsulated cells were maintained in an environment 

simulating transportation and storage conditions during three different time periods (30 

minutes (D0), 5 days (D5) and 12 days (D12)). When reaching their specific timepoints, 

encapsulated cells were released and compared to non-encapsulated cells in what 

concerns cell number, immunophenotype, metabolism, differentiation potential and 

hematopoietic support capacity (Fig. III-1). 

 

III.4.1. MSC(AT) were successfully encapsulated and able to withstand hypothermic 

temperatures for up to 12 days 

 

A commercially available encapsulation kit, BeadReady™, based on alginate beads, was 

tested using adipose tissue-derived mesenchymal stromal cells (MSC(AT)) as target 

cells. An initial timepoint of 30 minutes of encapsulation (D0) was defined to quantify 

the encapsulation efficiency (i.e. ratio between encapsulated cells at D0 and the initial 

cell number prior to encapsulation). MSC(AT) expanded in fetal bovine serum (FBS)-

supplemented medium (MSC-FBS) reached a 71 ± 5% efficiency, whereas MSC(AT) 

expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL) achieved a 

77 ± 5% encapsulation efficiency (Fig. III-2A). After closely following the encapsulation 

protocol, formed beads were stable throughout the duration of the study, with no 

unwanted bead loss being observed. As storage time increased, cell recovery 

decreased for both MSC-FBS and MSC-HPL, reaching 44 ± 2% and 50 ± 5% at D12, 

respectively.  

Interestingly, while for MSC-FBS, cell recovery shows a gradual drop throughout the 

timepoints (D0 – 71 ± 5% vs. D5 – 56 ± 5% (p>0.082); D5 vs. D12 - 44 ± 2% (p>0.194); 

D0 vs. D12 (p<0.01)), MSC-HPL appear to show a more stable encapsulation profile with 

no detectable cell loss within the first five days (D0 - 77 ± 5% vs. D5 - 77 ± 6%; D5 vs. 

D12 - 50 ± 5% (p<0.05); D0 vs. D12 (p<0.05)). Nevertheless, from D5 to D12, MSC-HPL 

showed a sharper decline, reaching similar levels of cell recovery at D12 as for MSC-

FBS. 
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Cell viability of encapsulated cells was also tracked throughout all timepoints (Fig. III-

2B). Before encapsulation, a high viability was guaranteed (96 ± 0.3% for MSC-FBS and 

95 ± 3% for MSC-HPL). Overall, recovered cells maintained their viability during the 12 

Figure III-2. Cell encapsulation performance and MSC(AT) metabolic analysis. (A) – Cell 

recovery from alginate beads after 30 minutes (D0), 5 days (D5) and 12 days (D12) for MSC-

FBS (blue) and MSC-HPL (red). (B) – Cell viability of MSC(AT) before encapsulation (Non) 

and after their release from encapsulation at D0, D5 and D12. (C) – Glucose and lactate 

concentration profiles. (D) – Glucose (left) and Lactate (right) profile regression modelling. 

Fitting of first-order regressions with presentation of equation and coefficient of 

determination (R2). (E) – Molar glucose consumption and lactate production rates. (F) – 

Specific molar glucose consumption and lactate production rates at the various 

encapsulation timepoints. (Three MSC(AT) donors; mean ± SEM; *P < 0.05, **P < 0.01). 
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days, although MSC-FBS did display a slight reduction trend to 76 ± 8% at D12, 

somewhat mimicking the trend observed for cell recovery. 

These results show that MSC(AT) can be encapsulated and survive in hypothermic 

temperatures, albeit with some cell loss occurring over time and decrease in viability, 

namely when working with MSC-FBS. 

III.4.2. Encapsulated MSC(AT) demonstrated an active metabolism regardless of the 

expansion medium 

 

During encapsulation, adipose tissue-derived mesenchymal stromal cells (MSC(AT)) 

showed a coherent consumption of glucose and production of lactate between cell 

donors (Fig. III-2C). Neither biological variability, nor expansion medium choice 

(MSC(AT) expanded in fetal bovine serum (FBS)-supplemented medium (MSC-FBS) vs. 

MSC(AT) expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL)) 

were causes of different MSC(AT) metabolic profiles. Consumption of glucose and 

production of lactate displayed a mirrored behavior, with steady decreases and 

increases as the encapsulation time grew. By D12, glucose levels were residual, thus 

exhibiting signs of nutrient exhaustion. 

To better assess the metabolism of MSC(AT) while encapsulated, metabolic profiles 

were subjected to regression analysis. Both glucose and lactate curves were successfully 

fit to individual linear functions with high correlation coefficients (R2=[0.89-0.96]) (Fig. 

III-2D). Consequence of possessing linear regression functions, encapsulated MSC-FBS 

and MSC-HPL displayed constant glucose consumption and lactate production rates 

throughout the encapsulation (Fig. III-2E). Interestingly, MSC-HPL consumed 2.2 ± 0.2 

μmol glucose/day, higher than MSC-FBS with 1.6 ± 0.1 μmol glucose/day. On the other 

hand, lactate production rates were very similar between MSC-FBS and MSC-HPL 

conditions. 

For a better understanding of these metabolic rates at a cellular level, specific 

consumption and production rates were determined (Fig. III-2F). Since MSC(AT) had 

constant metabolic rates and cell recovery decreased over time, specific metabolic rates 

generally increased with encapsulation time. Specific glucose consumption rates from 

both MSC-FBS and MSC-HPL varied between 0.38 and 0.74 fmol/day.cell and specific 

lactate production rates between 0.65 and 1.25 fmol/day.cell. Apparent lactate/glucose 

yields (Ylactate/glucose) reflect previously mentioned differences in glucose consumption 

between MSC-FBS and MSC-HPL, with values of 2.05 and 1.38, respectively. 
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III.4.3. Upon encapsulation, released MSC(AT) maintained their identity, 

immunosuppressive potential and clonogenic capabilities as well as their 

differentiation potential 

 

After being encapsulated, recovered adipose tissue-derived mesenchymal stromal cells 

(MSC(AT)) preserved their ability to differentiate into osteogenic, chondrogenic and 

adipogenic lineages. Following a 21-day differentiation, every biological donor from 

MSC(AT) expanded in fetal bovine serum (FBS)-supplemented medium (MSC-FBS) and  

MSC(AT) expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL) 

was able to successfully originate cells from each one of the three lineages (Fig. III-3A). 

Thus, no changes in MSC(AT) differentiation potential were observed after 

encapsulation. 

To uncover whether released MSC-FBS and MSC-HPL maintained their identity and 

function, their immunophenotype was extensively characterized by flow cytometry 

analysis. MSC identity markers (positive and negative) were tracked and did not change 

their expression throughout encapsulation (Fig. III-3B)191,391. Multiple MSC(AT) 

clonogenic and immunosuppression markers were also followed and showed different 

expression behavior (Fig. III-3C). Those that gave rise to positive subpopulations (e.g. 

B7-H4 – immunosuppression and CD271 – clonogenic), showed an increasing trend as 

encapsulation time grew for both MSC-FBS and MSC-HPL (Fig. III-4A). For markers 

where MSC(AT) displayed a homogeneous expression, median fluorescence intensity 

(MFI) analysis was done to detect variations in expression over time (Fig. III-4B). No 

significant differences in MFI were observed for these markers. Going further into MSC 

function, a small set of particular markers were also studied, namely motility-related 

CD10, trans-endothelium migration-related CD54 and hematopoietic support-related 

CD146 (Fig. III-4C). MFI tracking was able to discern an increase in CD146 expression 

as MSC(AT) reached D12 of encapsulation (Fig. III-4C). However, this MFI rise was not 

Figure III-3. Differentiation potential and immunophenotype of MSC(AT) before and after 

encapsulation. (A) – Map of MSC(AT) tri-lineage differentiations showing successful 

differentiation in every timepoint. Representative image of osteogenic (left), adipogenic (center) 

and chondrogenic (right) stainings. (B) – Positive and negative identity marker expression for 

MSC-FBS (left) and MSC-HPL (right) (%). (C) - Representative MSC(AT) marker expression for a 

defined encapsulation timepoint. For homogeneous populations with no subpopulations 

identified, dotplots containing stained cells (orange) were overlaid with the unstained control 

(dark grey) (first, third and fourth row). Marker expression that led to MSC(AT) positive 

subpopulations were gated in contour plots (second row). Scale bar: 100 μm, Non – non-

encapsulated; SSC – Side scatter; MFI – Median fluorescence intensity (Three MSC(AT) donors; 

mean ± SEM). 
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enough to give rise to a positive population or subpopulation, with MSC-FBS and MSC-

HPL maintaining their negative expression (Fig. III-3C).  

 

 
Figure III-4. Characterization of MSC(AT) immunosuppression potential and clonogenic ability. 

(A) – Subpopulation immunosuppressive and clonogenic marker expression for MSC-FBS (left) 

and MSC-HPL (right). (B) – Homogeneous immunosuppressive and clonogenic populations with 

marker percentage and median fluorescence intensity (MFI) levels, MSC-FBS (left) and MSC-HPL 

(right). Interconnected dots – marker percentage; bars - MFI (C) – MFI analysis for motility (CD10), 

translocation (CD54) and hematopoietic support-related (CD146) markers for MSC-FBS (left) and 

MSC-HPL (right). Non – non-encapsulated; (Three MSC(AT) donors; mean ± SEM). 
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MSC(AT) preserved their identity during encapsulation, as a homogeneous population 

for the set of markers analyzed. For MSC-FBS and MSC-HPL, numerous functional 

branches were explored and shown to be stable during storage at hypothermic 

temperatures. 

III.4.4. Encapsulation time did not impact the hematopoietic support capacity of 

MSC(AT) 

 

A hematopoietic support assay was proposed as a potency/functional assay for 

mesenchymal stromal cells (MSC) and was used to further evaluate the functionality of 

encapsulated cells (Fig. III-5A). Hematopoietic stem and progenitor cells (HSPC) from 

umbilical cord blood (CB) (HSPC(CB)), known for expressing CD34, were sorted and co-

cultured with a feeder layer (FL) of MSC(AT). In vitro expansion of HSPC(CB) within this 

co-culture system was evaluated with MSC(AT) as feeder layers (MSC FL) from each 

encapsulation timepoint and MSC expansion medium. Each HSPC(CB) expansion had 

an internal control, where HSPC were cultured without an MSC FL. 
Concerning the expansion fold change (FC) in total nucleated cells (TNC), no statistical 

differences were found between FL made by non-encapsulated MSC(AT) and 

encapsulated MSC(AT) (Fig. III-5B). Non-encapsulated MSC(AT) were able to support 

the expansion of HSPC(CB) up to a normalized 1.8-fold and 1.5-fold, for MSC-FBS and 

MSC-HPL respectively. This advantage in expanding HSPC with a FL co-culture was 

never lost, even though FL were prepared with MSC(AT) with increasingly longer 

encapsulation times. However, a slight decreasing trend appears to be present, 

apparently causing the FL advantage to shorten (Fig. III-5B). 

Cell metabolism during HSPC(CB) expansion was also followed to detect any possible 

changes in MSC behavior due to encapsulation. Here, due to the nature of a co-culture, 

both MSC and HSPC contributed to the metabolic dynamics observed. In both profiles, 

glucose and lactate, co-culture led to more exhausted media due to its inherent higher 

cell number in culture than its control without FL (Fig. III-5C). Whether looking at 

glucose consumption or lactate production, co-culture of hematopoietic progenitors 

with MSC-FBS or MSC-HPL from the different encapsulation timepoints appeared to be 

very similar and did not seem to point to any metabolic changes. Quantification of 

metabolic rates confirmed that, metabolically, MSC(AT) FL established from previously 

encapsulated cells did not change their properties with the encapsulation process or 

encapsulation time (Fig. III-5D). 

The impact of an MSC(AT) FL on the ex-vivo expansion of HSPC(CB) was further 

explored by identifying and quantifying different hematopoietic populations. Cell 

populations with ever increasing stemness were tracked (CD34+, CD34+CD45RA- and 

CD34+CD45RA-CD90+) by immunophenotyping (Fig. III-6A). 
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Feeder layers formed by released MSC(AT), either MSC-FBS or MSC-FBS, had 

comparable impact on CD34 expression of expanded HSPC. Both types of FL caused 

decreasing trends as time of MSC encapsulation increased, with MSC-HPL FL, 

specifically, having an expression decline from close to 60% down to around 40% (Fig. 

III-6B). Interestingly, when looking to the expansion levels (FC), CD34+ cells increased 

their numbers in a similar fashion between all conditions (encapsulation time and MSC 

expansion medium), namely around normalized 2.4-fold (Fig. III-6C). 
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Progenitor population CD34+CD45RA- had post-expansion percentages with no 

considerable differences concerning increased MSC encapsulation time. On the other 

hand, expansion levels (FC) for CD34+CD45RA- cells oscillated, with reduced levels for 

FL prepared with MSC(AT) encapsulated for longer periods. Concerning the more 

primitive HSPC population, CD34+CD45RA-CD90+, with a percentage before expansion 

of around 7%, no obvious differences in post-expansion percentages were noticed. D12 

for MSC-HPL seems to contribute towards a decreasing trend, reaching a positive 

percentage of 0.9% (Fig. III-6B). Overall, expansion FC followed suit, however D12 for 

MSC-HPL became the only condition with a significant decrease, being under the 

normalization line (Fig. III-6C). 

To take advantage of the dynamics of CD34 expression, where the loss of CD34 during 

the expansion is gradual and continuous, median fluorescence intensity (MFI) of CD34-

expressing cells at the end of each expansion was also followed (Fig. III-6D). No 

significant distinctions could be made between encapsulation conditions for both MSC-

FBS and MSC-HPL. 

The colony-forming unit (CFU) assay, which tests the myeloid differentiation potential 

of HSPC, was performed as part of the hematopoietic support assay. While cell culture 

without MSC FL typically originates an equal share of colony-forming unit granulocyte-

macrophage (CFU-GM) and CFU-multilineage (CFU-Mix) for the expanded CB cells, the 

co-culture system increases the proportion of CFU-GM109,124. This difference was used 

to detect any loss of function by MSC(AT) during encapsulation. MSC-FBS were able to 

maintain this difference throughout the multiple encapsulation timepoints (Fig. III-6E). 

Coherent with the results concerning the percentage of CD34+ and CD34+CD45RA-

CD90+ cells, D12 for MSC-HPL also shows a slight increase in the proportion of CFU-

Mix.  

Figure III-5. Hematopoietic support assay for MSC(AT) potency/function. (A) – Experimental 

layout. Non-encapsulated and released MSC(AT) are replated as a feeder layer to investigate 

their hematopoietic support capacity. Umbilical cord blood-derived hematopoietic stem and 

progenitor cells (HSPC(CB)) were isolated by magnetic activated cell sorting (MACS) and seeded 

onto the MSC(AT) feeder layer. After 7 days in a co-culture setting, expanded HSPC(CB) are 

harvested and analyzed concerning cell number, immunophenotype, metabolic activity and 

differentiation potential by colony forming unit (CFU) assay. (B) – Mean fold change (FC) in total 

nucleated cell (TNC) number after HSPC(CB) expansion normalized to the control condition 

(HSPC(CB) expanded without an MSC(AT) feeder layer; No FL). (C) – Glucose (top) and lactate 

(bottom) concentration profiles for co-cultures of HSPC(CB) and MSC-FBS (left) and MSC-HPL 

(right). (D) – Glucose consumption (left) and lactate production (right) rates during hematopoietic 

expansion. No FL – control condition without an MSC(AT) feeder layer; Non – non-encapsulated 

(Three MSC(AT) donors; mean ± SEM). 
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Figure III-6. Immunophenotype and clonogenic potential (CFU) of hematopoietic 

stem/progenitor cells co-cultured with MSC(AT). (A) – Representative dotplots showing the gating 

strategy used for identification of different HSPC populations before expansion (Pre-Exp) and 

after expansion using released (D0, D5, D12) or non-encapsulated (Non) MSC(AT) as feeder 

layers. Live HSPC were gated on forward scatter (FSC) versus side scatter (SSC), followed by the 

use of a viability dye. Then, CD34 expression was identified (top) and, to explore the remaining 

populations, CD45RA and CD90 expression were also investigated (bottom). (B) – FC of 

normalized CD34+ (relative to the control No FL) (left), CD34+CD45RA- (center) and 

CD34+CD45RA-CD90+ (right). (C) – Percentage of CD34 expression (left), CD34+CD45RA- (center) 

and CD34+CD45RA-CD90+ (right). (D) – Quantification of CD34 loss after expansion. Mean 

fluorescence intensity (MFI) of CD34+ expression was quantified and normalized by the width of 

the positive CD34 population. (E) – CFU population percentage. Neglectable burst-forming unit-

erythroid (BFU-E) led to mainly two populations, colony forming-unit granulocyte (CFU-GM) and 

colony forming-unit multilineage (CFU-Mix). (F) – FC in total CFU number after HSPC expansion 

using FL from encapsulated and non-encapsulated MSC(AT), previously expanded in FBS or HPL 

supplemented medium. No FL - control condition without an MSC(AT) feeder layer; Non – non-

encapsulated; SSC – Side scatter; LL – Lower limit; UL – Upper limit (Three MSC(AT) donors; mean 

± SEM). 
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Nevertheless, FC in total CFU number of expanded HSPC show that levels obtained by 
co-culturing them with encapsulated MSC(AT) were similar to co-culturing them with 
non-encapsulated MSC(AT) (Fig. III-6F). 
Considering every MSC-related variable studied, encapsulated MSC(AT) demonstrated 

mostly preservation of identity and functionality for the different encapsulation periods 

tested (Fig. III-7).  

 
 

Figure III-7. Heatmap score of MSC(AT) encapsulation. Key variables were put side-by-side to 

perform a comprehensive comparison between encapsulation timepoints for MSC-FBS (top) and 

MSC-HPL (bottom). Each variable was individually normalized by the value of non-encapsulated 

cells or D0, when non-encapsulated cells were not available. Differentiation was set to 1 for 

every timepoint, as every differentiation was successful. Non - non-encapsulated; Glu – Glucose; 

Lact – Lactate; Norm – Normalized; FC – Fold Change; MFI – Median Fluorescence Intensity; 

n.a. – not applicable (Three MSC(AT) donors; mean). 
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III.5. Discussion 
 

Cell and gene therapies (CGT) are becoming a new reality for treatment for multiple 

diseases, from cancer to auto-immune conditions392. With their approval gaining 

traction, tens of novel cell and cell-derived products may enter the market in the next 

years393. This paradigm shift, from traditional biopharmaceuticals to innovative CGT, has 

unlocked more powerful therapeutic means to tackle diseases. As we gain more 

specificity (e.g. CAR-T or CAR-NK targeting a particular tumor) or take advantage and 

augment existing cellular processes (e.g. mesenchymal stromal cells (MSC) for 

immunoregulation of auto-immune-derived wounds), the complexity involved in the 

manufacturing of these products has skyrocketed122. The existence of technical 

challenges in the development of functioning production processes for CGT have led 

to threats against their commercial viability122. Since the production cost has a direct 

influence on the price tag of the final approved therapy, CGT risk reaching unrealistic 

prices upon reaching the market. 

Tackling these challenges has made production cost reduction a key priority for the 

field. Determining the cost of goods (COGs) for the entire manufacturing pipeline is an 

efficient way to map production costs and uncover optimization opportunities. Knowing 

this challenge exists for the entire production pipeline, with this study, we focused our 

ambition on impacting Product Storage and Distribution. Although the amount of COGs 

studies has been limited and the uniqueness of each CGT manufacture makes it hard to 

generalize, therapy distribution has been said to account for up to 20% of the total 

manufacturing cost285. The costly burden of these two process steps, Storage and 

Distribution, can be partially justified by the use of cryopreservation (i.e. preservation at 

ultra-low temperatures, below -130ºC) as the standard storage strategy for cellular 

therapeutics. 

Cell cryopreservation can be considered a double-edged sword. On one hand, it makes 

it possible to stop biological time for large periods, thereby extending the lifespan of 

cellular products and maintaining their properties in an unaltered state. On the other 

hand, cell recovery from thawing has been a longstanding issue when handling cells. 

Post-thaw damage to cells is multifaceted and its impact varies depending on the cell 

type. For MSC, cryopreservation has been thoroughly reviewed and multiple studies 

have shown negative effects on viability, amount of apoptosis, attachment and 

metabolism394. Furthermore, a growing concern in CGT is a cryo-stun effect after 

thawing. This effect appears to have a special relevance for MSC, since it is suspected 

to be a possible cause for the lack of success in their initial clinical trials395. Cryo-stun is 

a cell state where thawed cells display reduced potency or a dysfunctional phenotype. 

Differences between fresh and thawed MSC (e.g. cell growth, differentiation and 

bioactivity) have been reported and reviewed384. Most of these adverse effects due to 
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cryopreservation have been shown to be temporary and were recovered after being 

cultured in vitro (i.e. cryorecovery or revitalization)384. Nevertheless, these strategies 

require additional costly and time-consuming handling before infusion and may be 

unrealistic at a large scale. 

Cell encapsulation proposed herein completely circumvents the challenges of 

cryopreservation by having working temperatures that overlap room temperature (RT) 

range (i.e. between 10ºC and 20ºC). This advantage can effectively eliminate an entire 

bioprocessing stage. By being currently available in the market and having an affordable 

price range, BeadReady™ contributes towards making this technology readily available 

for potential CTG developers. In addition, to facilitate full implementation by clinicians, 

a straightforward cell release step is available, involving a single solution exchange. 

Expensive and energy-consuming cryostorage equipment would no longer be 

necessary, along with qualified labor with certification for handling cryogenic gases. 

Although temperature-controlled containers with real-time temperature tracking would 

still be necessary to ensure the storage range is maintained, the distribution and supply 

chain model would change drastically, since only a handful of companies dominate the 

market of cryo-temperature distribution (e.g. Marken or Cryoport)396. The ability to ship 

and distribute at warmer temperatures would open up a significant range of previously 

ineligible companies as potential partners. 

COVID-19 vaccines were just the latest example of the benefits of such a considerable 

shift. While first-to-market Pfizer required its vaccine to be distributed and stored at 

temperatures between -60ºC and -80ºC, demanding serious logistical maneuvering, the 

latter approval of a vaccine from Johnson & Johnson facilitated vaccine availability, 

needing only temperatures between 2ºC and 8ºC397. In our case, the difference in 

temperature ranges is even higher (from below -130ºC to between 10ºC and 20ºC), 

having the potential to cause a very disruptive change in CGT logistics and supply chain. 
Indeed, we showed adipose tissue-derived MSC (MSC(AT)) were able to survive 

encapsulated up to 12 days. By being able to do so with an adherent cell type (which 

normally require surface adhesion and anchorage cues to survive), we unleash the 

potential of this method and this commercial kit for other non-suspension cells. 

Although we did observe a decline in the recovery percentage over time, values are 

similar to MSC thawing recovery by cryopreservation (around 75%)398,399. Importantly, 

cell viability was maintained over 70% throughout all timepoints and conditions. 

MSC(AT) were able to withstand warmer temperatures, showing few signs of 

deteriorating cellular health. Since cryo-temperatures were not present to halt cell 

metabolism, glucose consumption and lactate production were followed to determine 

the metabolic state of encapsulated MSC(AT) and their role in sustaining them over 

time. MSC(AT) expanded in fetal bovine serum (FBS)-supplemented medium (MSC-FBS) 

and MSC(AT) expanded in human platelet lysate (HPL)-supplemented medium (MSC-



 

 
 
 
 

 
 

102 

HPL) appear to coalesce in their metabolic profiles during encapsulation, evidencing 

only slight distinctions in glucose consumption and lactate production behavior. Both 

specific glucose consumption and lactate production rates of encapsulated MSC(AT) 

determined in this study were consistently lower than previously reported values for 

non-encapsulated cells. Whether for umbilical cord tissue-derived MSC cultured in 

human serum-supplemented medium400, bone marrow-derived MSC cultured in FBS-

supplemented medium401,402, MSC(AT) cultured in a commercially available xeno-free 

medium403 or MSC(AT) cultured in HPL-supplemented medium in a bioreactor system404, 

reported specific metabolic rates are always, at least, one order of magnitude higher. 

Of note, encapsulated MSC(AT) were still subjected to a degree of hypothermic 

temperatures (i.e. between 10ºC and 20ºC, lower than the physiological 37ºC). The fact 

of being stored at such temperatures, combined with increased diffusion limitations 

present in alginate encapsulation may explain a slower metabolic state for encapsulated 

cells. A slower cell metabolism is typically associated with cell preservation, benefitting 

the use of alginate encapsulation for MSC storage and transportation. Interestingly, a 

degree of nutrient exhaustion was present at D12, coinciding with lower values of cell 

recovery. Unlike for MSC-FBS, where a downward trend already was in place, MSC-HPL 

had their cell recovery levels stable until D12. Running out of available glucose may 

have been responsible for the observed loss of cell recovery, especially for MSC-HPL. 

Nutrient limitations should be considered, especially when defining the storage or 

transportation duration. Storage medium changes or higher initial glucose 

concentrations could be considered to potentially prevent reaching undesired nutrient 

and metabolite levels. 

It is worth mentioning that, to better mimic actual transport or storage and test this 

encapsulation in a less ideal scenario, our temperature control allowed for natural 

oscillations inside the recommended range. Although temperature-controlled 

containers exist, temperature variations at some point of the process are expected and 

must be considered for risk assessment. Since MSC(AT) had such a promising behavior 

with temperature oscillations, under the conditions of our study, we can expect cells to 

have improved phenotype and functionality in cases where temperature control is 

tighter.  

The use of alginate as an encapsulation material has always shown promise for 

applications in cell therapy, though so far has not been translated to a clinical scenario. 

With efforts being made at creating high-scale production strategies with cGMP 

compliance405, alginate encapsulation may finally push through as a viable option for 

CGT. Some groups have explored hypothermic storage using alginate encapsulation. 

Human umbilical vein endothelial cells (HUVEC) were shown to maintain around 70% 

viability after 7 days of encapsulation406. After 3 days, 85% of encapsulated MSC(AT) 

were recovered and were able to reattach to a culture surface388. Encapsulated human 
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limbus-derived MSC were able to sustain 5 days of hypothermic temperatures, with a 

recovery of close to 65% and a viability of 77%407. Of note, these encouraging results 

with limbus-derived MSC led to a participation in an ongoing clinical trial (Identifier: 

CTRI/2021/07/035034). Our alginate encapsulation strategy led to similar or better 

values of recovery and viability for those specific timepoints. To our knowledge, this is 

the first study demonstrating the feasibility of having MSC(AT) encapsulated under 

hypothermic conditions up to 12 days. 

Focusing on tackling translational challenges of alginate encapsulation, we investigated 

the effect of alginate encapsulation on MSC(AT) with FBS supplementation, a standard 

for MSC culture, and also HPL supplementation, a xeno-free alternative, more amenable 

to clinical translation. Validation of HPL over FBS as a next-generation supplement to 

improve clinical production of therapeutic MSC has been pursued by several groups 

and has been extensively reviewed408. In addition to eliminating the risk of potential 

immunogenicity and transmission of zoonotic diseases associated with FBS, HPL was 

overwhelmingly shown to increase MSC proliferation, while maintaining their 

immunophenotypic identity and differentiation potential408. However, HPL has also 

been associated with reduced MSC immunomodulation, caused by an altered 

secretome and impaired inhibition of T- and NK-cell proliferation409,410. Additionally, the 

hematopoietic support capacity of MSC was demonstrated to be negatively affected by 

HPL supplementation, being unable to retain certain hematopoietic stem and 

progenitor cell (HSPC) populations124. In our study, cells maintained in HPL-containing 

medium had slightly better encapsulation recovery and viability over time compared to 

FBS-based medium, and comparable performance concerning the remaining assays. 

Cell encapsulation for MSC transportation and storage has been proven to be 

compatible with an animal component-free culture supplement, contributing towards a 

fully CCMP-compliant MSC manufacturing process and promoting its use in a clinical 

setting. 

However, the use of cell encapsulation as a complete substitute for cryopreservation in 

any scenario may not be realistic. MSC-based therapies are typically allogeneic, which 

enable an off-the-shelf production model. Cell storage in such cases, largely exceeds 

our 12-day period, requiring cryopreservation. Our verified encapsulation model would 

not be exploitable in such circumstances. However, even if an allogeneic model is used 

in a particular therapy, the existence of the cryo-stun effect would require additional in 

vitro culture and subsequent transport to the therapeutic facility. Here, alginate 

encapsulation would be able to be complementary to cryopreservation instead of 

substituting it completely. Therefore, applicability of this specific cell encapsulation 

method has the potential to be widespread, being appropriate for both allogeneic and 

autologous scenarios. 
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When evaluating this commercially available alginate-based encapsulation kit, we 

sought to confirm whether MSC(AT) identity and function were preserved throughout 

their encapsulation. The need for reliable MSC functional or potency assays is a long-

standing issue in the field107,411. Depending on the therapeutic goal, MSC therapies 

might require different readouts of potency. Taking this into consideration, the 

development of a set of assays, instead of relying on a single one, encompassing most 

of the therapeutic value of MSC (i.e., immunomodulation, tissue regeneration, homing, 

etc.) may be the future for MSC manufacturing. Such matrix of assays has been 

proposed and is still being refined412,413. In order to contribute to the efforts of 

establishing a potency matrix platform for clinical-grade MSC, we propose a novel 

hematopoietic support potency assay. MSC-HPSC co-culture is considered one of the 

main expansion platforms for clinical HSPC414 and is currently in the clinical trial 

pipeline218. MSC also have a supportive role in hematopoietic cell co-transplants, 

assisting engraftment of transplanted HSPC and reducing conditioning-related bone 

marrow inflammation415. In this co-culture system, MSC feeder layers (FL) were shown 

to confer HSPC an advantage during their expansion, in comparison with systems that 

only use exogenous cytokines109,416. This hematopoietic support ability of MSC can be 

quantified and used as an indicator for MSC potency or function. Our group has an 

extensive background with this co-culture expansion system and has contributed 

towards its translation potential109,124,204,301,324–327,417. Our proposed hematopoietic 

support assay has the advantage of having multiple quantifiable readouts (e.g. HSPC 

expansion fold change, metabolite quantification, HSPC immunophenotype and 

percentages of colony-forming unit (CFU) populations) and an internal control (i.e. HSPC 

expansion only with exogenous cytokines). In our case, taking together all the assay 

readouts, MSC(AT) from both expansion media demonstrated that their encapsulation 

did not have an impact on their functional properties related with hematopoietic 

support. With this precedent, we consider the MSC potency matrix could only benefit 

from including the hematopoietic support assay in its ranks.  

By unblocking access of Product Storage and Transportation to alginate encapsulation, 

we lay the ground for more ambitious goals. The development of an entire cell therapy 

manufacturing process using encapsulated cells may now be possible. This all-in-one 

strategy would allow MSC or other cell types to remain encapsulated from an initial 

manipulation step to the final infusion into the patient. Both cell manipulation and 

clinical administration of encapsulated cells have been widely explored for a great 

variety of applications. However, a bridge between these process units has been 

lacking. Concerning cell manipulation, 3D-expansion of MSC(AT) in alginate core-shell 

capsules has been shown to be possible, obtaining a modest 2.5-fold increase after 4 

days418. Paracrine activity of MSC was also proven to be compatible with alginate 

encapsulation, with angiogenic and chemotactic factors being measured from 
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encapsulated MSC419. Genetic manipulation of MSC in alginate beads, to direct their 

phenotype to a more osteogenic or chondrogenic state as a cartilage or osteochondral 

tissue engineering approach, was likewise successfully demonstrated420. These 

examples validate the compatibility between alginate encapsulation and the different 

therapeutic avenues of MSC. In what concerns administration into patients, alginate has 

a substantial clinical safety record421. Alginate-based islet and β-cell encapsulation has 

had success in enabling in vivo glycemic control in Type 1 diabetes models, with several 

novel encapsulation systems currently in clinical trials379,422. Besides being safe and 

biocompatible, alginate encapsulation can also potentially address some of the 

challenges in MSC translation, namely lack of cell retention. In vivo presence of 

encapsulated immunomodulating MSC was substantially increased after intravenous 

injection in mice423. In a myocardial infarction mouse model, encapsulated MSC were 

detected in higher numbers after 7 days, reducing scar formation and demonstrating a 

superior angiogenesis when compared to free MSC424. Overall, our study has 

significantly contributed towards the feasibility of bridging cell manipulation and 

infusion using alginate encapsulation, making it possible for encapsulated cells to be 

temporarily stored and transported at convenient temperatures from their 

manufacturing and manipulation sites to their therapeutic administration. 
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IV. A Translational Toolbox 

for Tracking 

Hematopoietic Stem and 

Progenitor Cells in Cell 

Therapy Products 
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IV.1. Summary 
 

With an increasing number of CGT reaching the market, therapy manufacturing quality 

must be assured. Cell potency or function are a direct measure of product quality and 

should be efficiently monitored. Assays to rigorously quantify potency in CGT are 

underdeveloped, putting therapy viability in jeopardy. The small number of existing 

assays that evaluate HSPC function, are limited to low dimensional cell features (e.g. 

surface marker expression). Consequently, such assays grant a very narrow 

understanding of the cell state and also are more susceptible to dissociations between 

assay readouts and actual cell potency due to in vitro culture artifacts. Highly 

dimensional techniques (i.e. transcriptomics and infrared spectroscopy) were evaluated 

as tools to better track HSPC after ex vivo expansion using different systems (i.e. static 

liquid culture, static MSC(M) co-culture and dynamic liquid culture). Current low 

dimensional functional assays were also compared with these novel techniques, to 

assess their possible replacement as HSPC function readouts. Transcriptomic profiling 

was able to differentiate expanded HSPC from their freshly isolated counterparts, and 

both techniques were able to distinguish each of the three expansion systems. 

Transcriptomic clusters showed a lower distance between MSC(M) co-culture and 

freshly isolated cells, with k-means distances of 126 for MSC(M) co-culture, 139 for static 

liquid culture and 145 for dynamic liquid culture. Comparison with transcriptomic data 

from publicly available HSPC expansion datasets demonstrated that transcriptomics can 

be used to thoroughly assess different expansion strategies. Manufacture of expanded 

HSPC products for CGT would significantly benefit from including transcriptomics and 

spectroscopy in their quality control guidelines. A more comprehensive view of cell 

machinery can also improve our understanding of the therapeutic mode of action, 

allowing more efficient monitoring of CGT product quality. 

 

IV.2. Background 
 
Cord blood (CB) has established itself as a main source of hematopoietic stem and 

progenitor cells (HSPC) for hematopoietic cell transplants (HCT) to treat a variety of 

hematological diseases425. Although its use has recently slightly declined425, CB 

continues to be the most attractive source for an Advanced Therapy Medicinal Product 

(ATMP) production model. Since CB requires no invasive procedure to harvest and has 

desirable availability as a raw material, tissue procurement is facilitated426. However, an 

inherent limitation of CB is the lower population of native HSPC, with single CB units 

only being able to treat pediatric patients. Ex vivo expansion of HSPC has seen immense 

progress in becoming a viable solution for this drawback414. Different strategies have 

been successful in increasing HSPC number while maintaining their main function for 
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transplantation, being able to reconstitute an entire hematopoietic system long-term. 

Small molecules (e.g. UM171 or SR-1), exogenous cytokines (e.g. SCF or Flt-3L), 

induction of Notch signaling or co-cultures with feeder cells (e.g. endothelial cells or 

mesenchymal stromal cells (MSC)) have contributed to broaden the spectrum of options 

for ex vivo HSPC expansion414. Clinical application of in vitro expanded HSPC for HCT 

is within reach, as multiple expansion systems are advancing the clinical trial pipeline427. 

Our group has contributed significantly to the development and improvement of 

HSPC(CB) expansion through co-culture with MSC. By establishing serum-free co-

culture systems204,324, optimizing cytokine cocktails used in those systems109,428 or 

investigating the impact of oxygen levels417 and MSC sources124 on HSPC expansion, we 

have continuously pursued a better translation of ex vivo HSPC(CB). Of note, co-culture 

with MSC has been the focus of three different clinical trials (NCT00498316 - Phase I, 

DUCBT for myelodysplastic syndrome and leukemia; NCT01624701 – Phase I/II, DUCBT 

for hematological malignancies; NCT0309682 - Phase II, DUCBT for hematological 

malignancies)427. 

To date, non-manipulated or minimally manipulated HSPC isolated from whichever 

source must fulfill a stringent set of criteria to be selected for infusion into patients 

during HCT90. While selection of bone marrow (BM) and mobilized peripheral blood 

(mPB) donors mainly rely on HLA-matching, CB units must also reach cell dose targets 

to be selected. Yet, HSPC potency has been missing as a measure in current 

transplantation guidelines. While some CB banks have started to incorporate potency 

assays in their unit quality control, this practice is far from being standardized429. As 

manipulation of HSPC becomes an available clinical option through Advanced Therapy 

Medicinal Products (ATMP) (i.e. ex vivo expansion, genetic modification or improvement 

of homing capabilities), HSPC potency will gain an indisputable role in assuring cell 

product quality430. A survey conducted by the American Association of Blood Banks 

(AABB) – International Society for Cell and Gene Therapy (ISCT) Joint Working Group 

was able to tally HSPC potency assays currently performed in CB banks431. Of those who 

have a potency assay, 56% of CB banks mentioned the use of the colony-forming unit 

(CFU) assay for potency quantification. Semi-quantitative readouts of the CFU assay, 

where HSPC are cultured for two weeks in a methylcellulose-based medium to assess 

the formation of different myeloid colonies, are mainly based on manual colony 

classification. Quantification of 7AAD-viable CD34+ cells was reported by 53% of CB 

banks, being a flow-based method. Levels of aldehyde dehydrogenase (ALDH) and 

actual engraftment in patients were also mentioned by a few CB banks (5% each). 

With regulatory approval of expanded HSPC products in sight, ATMP quality control, 

especially through potency assessment, continues alarmingly underdeveloped432. In 

case of HSPC(CB), few potency assays currently exist and none is a front-runner to 

becoming a gold standard431. While the CFU assay determines HSPC differentiation 
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potential, which is essential for reconstitution of the hematopoietic system after 

transplantation, it takes significant time until readouts are available and colony 

classification can be subjective and prone to operator-derived variability. For viable 

CD34+ cell quantification, although CD34 is the most notable marker for clinical HSPC15 

and its determination is fast and simple to perform, no direct HSPC functional property 

can be measured. Quantification of ALDH levels also benefit from the speed of a flow-

based method and a correlation has been found with CFU readouts433, but once more 

do not directly evaluate cellular function. These issues with potency testing add to 

worries that surrogate markers commonly associated with therapeutic function in freshly 

isolated cells may be not valid for expanded HSPC173,434. Thus, ideal tracking of HSPC 

potency remains elusive and must be pursued for future manufacture of expanded 

HSPC products435. 

In order to tackle the gap in monitoring HSPC potency, we explored three different 

expansion systems (i.e. static liquid culture with cytokines, static co-culture with MSC, 

dynamic liquid culture in a spinner flask) and expanded HSPC were subjected to total 

RNA-seq. We propose using transcriptomic data as a novel tool to track HSPC potency, 

potentially giving rise to a new surrogate assay. Transcriptomic profiles of expanded 

HSPC and non-expanded CD34+ cells were determined and compared with publicly 

available datasets of other ex vivo expansion strategies. 

 

IV.3. Methods 

IV.3.1. Human Tissues 

 
Femur BM samples were obtained through collaboration agreements between Institute 

for Bioengineering and Biosciences (iBB) at Instituto Superior Técnico (Lisbon) and 

Centro Clínico da GNR (Lisbon), respectively. BM samples were collected from healthy 

donors and with informed consent following the Directive 2004/23/EC of the European 

Parliament and of the Council of 31st of March 2004 on setting standards of quality and 

safety for the donation, procurement, testing, processing, preservation, storage and 

distribution of human tissues and cells, represented in the legal framework of 

Portuguese legislation by Law nº22/2007 of 29th of June. CB units were obtained as 

described in Chapter II (II.3.1). 

IV.3.2. CB Mononuclear Cell (MNC(CB)) Isolation 

 
MNC(CB) were isolated as described in Chapter II (II.3.2). 

IV.3.3. CD34+-Enrichment from MNC(CB) 
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CD34+ enriched cells were sorted as described in Chapter II (II.3.3) 
 

IV.3.4. Bone Marrow-Derived MSC (MSC(M)) Feeder Layer (FL) Preparation 

 
Isolated MSC(M) from femur BM were obtained from the Stem Cell Engineering 

Research Lab (SCERG) cell bank at iBB, Instituto Superior Técnico, Lisbon. Cell isolation, 

expansion, characterization according to ISCT standards and preservation were 

performed through previously established protocols329. A single MSC donor was used 

to isolate HSPC variability in the study and mimic an allogeneic universal MSC donor. 

Cryopreserved MSC(M) were thawed and seeded at 3000 cells/cm2 in DMEM 

supplemented with 5% (v/v) human platelet lysate (HPL) UltraGRO™ (kindly provided 

by AventaCell Biomedical Corp.) and 1% (v/v) A/A. After a revitalization passage, 

MSC(M) were passaged into 12-well plates. After reaching confluence, MSC(M) were 

growth arrested by Mitomycin C (Sigma) treatment. Cells were incubated with their 

culture medium supplemented with 0.5 µg/mL Mitomycin C for 2-3 hours. After 

treatment, inactivated FL were washed three times with culture medium to eliminate 

any residue of the treatment solution and stored in the incubator with fresh culture 

medium. 

IV.3.5. Ex Vivo Expansion of HSPC(CB) 

 
CD34+-enriched cells were expanded using three different expansion systems, namely 

static liquid culture, static co-culture with MSC(M) and dynamic liquid culture in a 

StemSpan™ spinner flask (STEMCELL Technologies). Each expansion was performed 

using StemSpan™ SFEM II (STEMCELL Technologies) supplemented with 1% A/A and 

previously optimized cytokine cocktails (PeproTech)109. For expansions performed in 

static systems (i.e. liquid culture and co-culture with MSC(M)), HSPC(CB) were 

suspended in 2 mL of complete expansion medium (50 000 cells/mL) and seeded in 12-

well plates at an initial concentration of 100 000 cells/well. In case of the static co-culture 

expansion, MSC(M) culture medium was removed from inactivated FL beforehand and 

HSPC(CB) were carefully seeded on top. For HSPC(CB) expansion in dynamic 

conditions, cells were suspended in 25 mL of complete expansion medium (50 000 

cells/mL) and seeded into silicon-treated spinner flasks with continuous agitation set to 

30 rpm. Sidearm caps were loosened to allow gas exchange during culture. HSPC(CB) 

were expanded over a 7-day period at 37ºC and 5% CO2 in a humidified atmosphere 

(Fig. 1). After HSPC(CB) expansion and cell recovery, conditioned medium samples were 

taken from each experimental condition. Medium samples were centrifuged at 360 g 

for 10 minutes and the respective supernatant was transferred to a new tube and stored 

at -80ºC for future use. 
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IV.3.6. Proliferation Assay 

 
For static expansion systems, after 7 days, adherent and non-adherent expanded HSPC 

were harvested using forced pipetting (with extra care for co-cultures to avoid lifting the 

MSC(M) feeder layer). For dynamic expansion, daily samples of 300 µL were taken from 

the spinner flask. When cell concentration was low, samples were centrifuged and 

resuspended in smaller volumes. Total nucleated cell (TNC) number was determined 

with the Trypan Blue (Thermo Fisher Scientific) exclusion method. Fold change (FC) in 

TNC was calculated by dividing the number of expanded cells by those initially seeded 

(i.e. 100 000 cells – static systems; 750 000 cells – dynamic system). 

IV.3.7. Glucose and Lactate Profiles 

 
Glucose and lactate concentrations were detected as described in Chapter III (III.3.4). 

IV.3.8. CFU Assay 

 
CFU assay was performed as described in Chapter II (II.3.8). 

IV.3.9. Cobblestone Area Forming-Cells (CAFC) Assay 

 
CAFC assay was performed as described in Chapter II (II.3.9). 

IV.3.10. HSPC Immunophenotype 

 
Immunophenotype of freshly isolated and expanded HSPC was done as described in 
Chapter III (III.3.7.7). 

IV.3.11. Quantification of Aldehyde Dehydrogenase (ALDH) Activity 

 
To detect more primitive HSPC, a flow cytometry-based assay to detect aldehyde 

dehydrogenase activity was used with both non-expanded and expanded HSPC(CB). 

Cells were subjected to an ALDEFLUOR™ Kit (STEMCELL Technologies) and steps were 

followed as described by the manufacturer. Before acquisition, cell samples were also 

co-stained with CD34 to assure detection of more primitive HSPC. 

IV.3.12. Telomere Length Assay 

 
Evaluation of possible telomere erosion was done using the Telomere PNA Kit (Agilent), 

which is based on detecting fluorescence resulting from in situ hybridization. A FITC-

conjugated probe that recognizes telomere sequences allows for relative quantification 

of telomere length (RTL). Signal of tested HPSC(CB) is compared to the signal of a 
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tetraploid control cell line (i.e. 1301 - human T-cell leukemia cell line), resulting in a RTL 

percentage. Assay instructions were followed as defined by the manufacturer. 

IV.3.13. Fourier-Transform Infrared Spectroscopy (FTIR) 

 
Conditioned medium samples were thawed in ice while transported Laboratório de 

Engenharia e Saúde at Instituto Superior de Engenharia de Lisboa (ISEL) in Lisbon, 

Portugal. Thawed samples were vortexed and triplicates of 25 µL were diluted and 

transferred to a 96-well Si plate, where they were dehydrated for 2.5 hours in a 

desiccator under vacuum (Vaccubrand). Prepared samples were acquired using a Vertex 

70 FTIR spectrometer (Bruker). With a resolution of 2 cm-1, spectra were built in 

transmission mode by scanning between 400 cm-1 and 4000 cm-1. Background signal 

was removed from sample spectra by subtracting a control well without sample. 

Principal Component Analysis (PCA) was performed using the PCAtools package in R. 

IV.3.14. Bulk Total RNA Sequencing 

 
Total RNA was isolated from non-expanded and expanded HSPC(CB) using the High 

Pure RNA Isolation Kit (Roche), as instructed by the manufacturer. RNA samples were 

sent to a sequencing facility of Novogene (Beijing) for library preparation and paired-

end 150 base pairs (bp) sequencing on a Ilumina NovaSeq 6000 platform. After 

alignment, gene counts were normalized with the DESeq2 package and PCA was 

obtained as abovementioned. Data clustering was calculated using k-means, with the 

kmeans function from the stats package. Differentially expressed genes (DEG) were 

determined with the DESeq function. DEG were defined as having an adjusted p-value 

lower than 0.05 and FC between studied conditions higher than four (log2(FC) > 2). 

Gene ontology (GO) enrichment analysis was done through the enrichGO function. All 

ontologies were selected from the org.Hs.eg.db package. When applied, gene sets of 

hematopoietic progenitor populations were obtained from deep transcriptomic 

diversity analysis of human blood progenitors436. Batch effect from multiple datasets was 

compensated with the ComBat-Seq algorithm. Publicly available datasets used in this 

study have the following GEO accession number: Small Molecule dataset - GSE57299, 

Valproic Acid dataset - GSE110968 and Zwitterionic dataset - GSE85800. 

IV.3.15. Statistical Analysis 

 
Experimental data was analyzed using GraphPad Prism 8 software. Values are presented 

as the estimated mean ± SEM. Data normality was determined using the Shapiro-Wilk 

test. Parametric ANOVA was performed to detect significant experimental group 
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differences. Tukey multiple comparison test was used to identify which individual 

groups had statistical significance. 

 

IV.4. Results 
 

An array of HSPC(CB) expansion systems with clinical relevance, namely static liquid 

monoculture (LC_Stat), static co-culture with MSC(M) (CO_Stat) and dynamic liquid 

monoculture (LC_Dyn), was used to evaluate the feasibility of integrating 

transcriptomics in controlling cell quality during manufacture (Fig. IV-1). Additionally, 

cell transcriptome profiling was explored as a novel surrogate of HSPC functionality and 

as a useful tool to equitably compare different expansion systems. To begin reaching 

this objective, expanded HSPC generated from abovementioned systems were 

exhaustively assessed using traditional and well-established proposed identity and 

functional assays. 
 

IV.4.1. Established identity and functional assays can differentially characterize 

expanded HSPC from different systems. 

 

With an expansion period set to 7 days, without any manipulation or intervention in 

between, LC_Stat, CO_Stat and LC_Dyn were compared side-by-side. HSPC expansion 

capacity was determined by quantifying proliferation through FC in TNC. While LC_Stat 

and CO_Stat showed similar FC in TNC (47 ± 1 vs. 39 ± 4), HSPC(CB) expansion in 

LC_Dyn led to significantly inferior FC, about one fourth of the other two systems (Fig. 

IV-2A). A brief insight into the metabolic flux during expansion, by measuring glucose 

and lactate levels, showed distinct profiles for each expansion system (Fig. IV-2B). 

LC_Dyn had the lowest consumption of glucose and production of lactate, coherent 

with the lower FC in TNC. LC_Stat and CO_Stat were also distinguishable, with CO_Stat 

having the highest nutrient consumption and metabolite production. Of note, none of 

the studied expansion systems reached nutrient exhaustion after 7 days. 
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7 days of expansion 

StemSpan SFEM II + 1% Antibiotic/Antimycotic + Optimized cytokines 

Expansion System 1

Co-culture with MSC(M)

(CO_Stat)

Expansion System 2 

Static Liquid Culture

(LC_Stat)

Expansion System 3 

Dynamic Liquid Culture

(LC_Dyn)

o 12-well plate
o Inactivated MSC(M) FL
o FL expanded in HPL
o Volume = 2 mL
o 50 000 HSPC/mL seed

o 12-well plate
o Volume = 2 mL
o 50 000 HSPC/mL seed

o StemSpan™ Spinner 
Flask

o Volume = 25 mL
o 50 000 HSPC/mL seed
o Agitation = 30 rpm

UCB Unit

CD34 MACS
Selection

Positive 
CD34+-enriched 

HSPC

Figure IV-1. Experimental design of studied expansion systems. Umbilical cord blood (CB) units 

were received after donor consent and mononuclear cells (MNC(CB)) were isolated before 

undergoing hematopoietic stem and progenitor cell (HSPC) enrichment. Magnetic activated cell 

sorting (MACS) through CD34 expression was performed, reaching an initial CD34+ percentage 

of 83 ± 4%. Enriched HSPC were used to seed three different expansion systems, namely co-

culture with bone marrow-derived mesenchymal stromal cells (MSC(M)) (CO_Stat), static liquid 

monoculture (LC_Stat) and dynamic liquid monoculture (LC_Dyn). Initial HSPC concentration 

was 50 000 HSPC per mL of expansion medium. CO_Stat and LC_Stat were cultured in wells of 

a 12-well plate (2 mL each), while LC_Dyn was cultured in a StemSpan™ Spinner Flask (25 mL). 

Due to the different nature of each expansion system, CO_Stat had a growth inactivated MSC(M) 

feeder layer (FL) expanded in human platelet lysate (HPL)-supplemented culture medium 

previously prepared and LC_Dyn had a continuous agitation regimen of 30 rpm. HSPC expansion 

were performed in StemSpan SFEM II, supplemented with 1% (v/v) antibiotic/antimycotic and 

optimized exogenous cytokines during 7 days. 
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Looking into specific subpopulations of HSPC with clinical relevance, CD34+, 

CD34+CD45RA- and CD34+CD45RA-CD90+ cells were tracked by assessing population 

percentages and FC (Fig. IV-2C,D). HSPC(CB) enrichment before expansion led to an 

initial CD34+ population with 83 ± 4% expression, whereas the expression of 

CD34+CD45RA- and CD34+CD45RA-CD90+ were 56 ± 2% and 8 ± 2%, respectively. 

CO_Stat was the best system at avoiding loss of CD34 expression during expansion, 

preserving 84% of CD34 expression. Here, LC_Stat and LC_Dyn exhibited lower levels 

of CD34 expression, resulting in a maintenance of only around 60% for both cases. 

Increased retention of relevant HSPC(CB) populations by CO_Stat was repeated for the 

remaining two subpopulations (i.e. CD34+CD45RA- and CD34+CD45RA-CD90+). Still, 

expanded HSPC(CB) from all systems were not able to completely retain hematopoietic 

subpopulations compared with Day 0. Marker loss for CD34+CD45RA- and 

CD34+CD45RA-CD90+ populations were at least half of the initial expression at Day 0 

(for CO_Stat), being even higher for the other two. When evaluating the FC of each 

subpopulation, LC_Stat and CO_Stat always reached comparable values, although 

differences between the two systems, in case of CD34+CD45RA- cells, were close to 

statistical significance (i.e. p-value = 0.06). In agreement with abovementioned results, 

LC_Dyn had the lowest FC for every subpopulation, reaching residual values for 

CD34+CD45RA- and CD34+CD45RA-CD90+ (i.e. 2 ± 1 for both). 

Preservation of clonogenic capacity and differentiation potential in expanded HSPC(CB) 

was evaluated with the CFU assay. Freshly isolated CD34-enriched HSPC(CB) showed 

an equal distribution of CFU-GM and CFU-Mix colonies, with BFU-E colonies 

representing the remaining 4 ± 1% (Fig. IV-2E). Expanded cells from LC_Stat were able 

to more closely mimic the abovementioned CFU population distribution, albeit with a 

smaller percentage of BFU-E colonies (2 ± 1%). CO_Stat and LC_Dyn exhibited a  

 

Figure IV-2. Characterization of expanded HSPC from three different expansion systems (i.e. 

CO_Stat, LC_Stat and LC_Dyn). (A) Fold change (FC) of total nucleated cell number (TNC) after 

a 7-day expansion. (B) Glucose (left) and lactate (right) profiles during expansion, measured in 

concentration (g/L). (C) Percentage of expression of several HSPC subpopulations (i.e. CD34+, 

CD34+CD45RA- and CD34+CD45RA-CD90+) in the bulk expanded HSPC population and the 

initial CD34-enriched population (Day 0). (D) FC of each HSPC subpopulations after undergoing 

expansion with each different system. (E) Percentage distribution of multi-lineage colony-

forming unit (CFU-Mix), burst-forming unit erythroid (BFU-E) and colony-forming unit 

granulocyte-macrophage (CFU-GM) colonies originated from colony-forming unit assays (CFU) 

of freshly isolated (Day 0) and expanded HSPC. (F) FC of CFU-Mix, BFU-E and CFU-GM colonies 

after expansion with CO_Stat, LC_Stat and LC_Dyn. Data was obtained from four different pools 

of CB units and values are represented by their mean ± standard error of the mean. * p-value < 

0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001. 
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considerable increase in the percentage of CFU-GM colonies at the expense of CFU-

Mix and BFU-E. Remarkably, BFU-E colony potential disappeared when expanding 

HSPC(CB) in LC_Dyn. Overall, a positive FC in total CFU was observed for all tested 

expansion systems, reaching up to 25 (LC_Static). Again, LC_Static and CO_Static had 

similar behavior regarding FC of total CFU (25 ± 2 vs. 21 ± 1), as well as FC of individual 

colony types, except for CFU-Mix (Fig. IV-2F). Maintaining a trend of lesser capacity for 

promoting HSPC(CB) expansion, lower FC in CFU expansion, was revealed in general 

by LC_Dyn, compared to the other two systems. Interestingly, intrinsic capacity of 

forming CFU (#CFU/expanded HSPC) was similar between all three expansion systems 

(Fig. IV-3A). 

Further surrogate assays regarding cell stemness, engraftment potential and long-term 

repopulation ability were also explored. Telomere length, a crucial measure of genomic 

stability which has to be preserved in a lifelong stem cell, was seen to be comparable 

between expanded HSPC, regardless of the expansion system, and freshly isolated 

HSPC(CB) (Fig. IV-3B). Increased presence of ALDH is associated with a more primitive 

phenotype in HSPC. Although highly detectable in non-manipulated HSPC(CB) (i.e. Day 

0), expanded cells showed a significant decrease in ALDH expression. Still, CO_Stat 

displayed significantly higher levels of ALDH compared to LC_Stat and LC_Dyn, both in 

percentage and FC of CD34+ALDHbri cells (Fig. IV-3C). Additionally, amount of CAFC 

was also quantified after expansion and compared to non-manipulated HSPC(CB). 

LC_Stat and CO_Stat outperformed LC_Dyn, leading to a higher FC in CAFC. 

 

Figure IV-3. Translation of functional outputs from traditional assays to transcriptomic 

alternatives. (A) Relative telomere length (left), in percentage, and normalized telomerase (TERT) 

transcript counts (right) of freshly isolated (Day 0) and expanded populations (i.e. LC_Stat, 

CO_Stat and LC_Dyn). (B) Expression of a CD34+ADLHbri phenotype characteristic of more 

primitive HSPC, in percentage and FC (left), and normalized aldehyde dehydrogenase 1 family 

member A1 (ALDH1A1) transcript counts (right). (C) Total CFU count per 1000 seeded HSPC 

(left) and gene set enrichment analysis (GSEA) between each expansion system and Day 0 using 

common myeloid progenitor and granylocyte/monocyte progenitor gene sets (right). (D) Fold 

change (FC) of cobblestone area-forming cell (CAFC) colonies (left) and GSEA between each 

expansion system and Day 0 using a hematopoietic stem cell gene set (right). (E) Percentage of 

CD34+ cells in Day 0 and expanded HSPC populations (left) and normalized CD34 transcript 

counts (right). For relative telomere length, total CFU/1000 cells, FC in CAFC colonies and CD34 

expression, four different pools of CB units were used, while the remaining outputs were 

obtained from three pools. Values are shown by their mean ± standard error of the mean. 
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IV.4.2. Individual HSPC(CB) potency assays can be replaced with transcriptomic 

output. 

 

Having obtained the transcriptome of HSPC(CB), functional assay readouts were 

equated to their transcriptional counterparts. Potency verification, according to existing 

surrogate assays for HSPC with multiple techniques, was tested herein with 

transcriptional readouts from RNA sequencing. TERT expression was evaluated as a 

substitute for telomere length quantification. Levels of TERT were alike across freshly 

isolated and expanded HSPC from LC_Stat, CO_Stat and LC_Dyn (Fig. IV-3A). As the 

transcript equivalent for aldehyde dehydrogenase in HSPC, ALDH1A1 isoform 

expression was investigated (Fig. IV-3B). A similar decrease of ALDH1A1 expression in 

expanded compared to freshly isolated HSPC was also observed. However, CO_Stat 

did not mirror levels of CD34+ALDHbri, exhibiting a similar transcript count as LC_Stat 

and LC_Dyn. Clonogenic potential of expanded HSPC was similar between all systems 

(Fig. IV-3C). Gene set enrichment analysis (GSEA) of myeloid gene sets (i.e. common 

myeloid progenitor and granulocyte/monocyte progenitor) was chosen as the 

transcriptomic equivalent. CO_Stat was in both cases more enriched than the remaining 

expansion systems, namely LC_Stat and LC_Dyn. As a surrogate assay for long-term 

hematopoietic reconstitution, a CAFC assay was performed, demonstrating that 

CO_Stat was able to form more CAFC colonies (Fig. IV-3D). Similarly to CFU, GSEA of 

a particular gene set (i.e. hematopoietic stem cell) was used to transfer the functional 

output to a transcriptomic perspective Coherently, although all expansion systems had 

negative scores due to the enrichment analysis being done against Day 0, CO_Stat 

obtained the highest enrichment score. Notably, CD34 expression was very highly 

correlated with its respective transcript (Fig. IV-3E). The trend of CD34 expression 

observed by flow cytometry was predominantly repeated when assessing transcript 

counts, except for a slight decrease from LC_Static to LC_Dyn. 

 

IV.4.3. HSPC(CB) expansion through different expansion systems leads to unique 

secretome signatures. 

 
Conditioned medium from LC_Stat, CO_Stat and LC_Dyn was analyzed by FTIR, a 

physical and unbiased analytical technique. Spectra capturing existing molecular 

vibrations were obtained and compared (Fig. IV-4A). As expected, a broad similarity 

between spectra was observed, since all samples were of comparable biological origin, 

namely secretomes of expanded hematopoietic cells. However, statistically significant 

differences between conditioned media from different expansion systems were 

detected. Although measured differences were not always shared between all 
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expansion systems, several wavelength ranges can be highlighted (e.g. 3650 – 3400 cm-

1; 3000 – 2750 cm-1; 1750 – 1300 cm-1 or 850 – 650 cm-1).  
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Figure IV-4. Fourier-transform infrared spectroscopy (FTIR) of expansion-derived conditioned 
media. (A) FTIR spectra obtained from samples of conditioned medium resulting from each 
expansion system, namely LC_Stat, CO_Stat and LC_Dyn. Red-marked wavelengths are 
statistically significant differences (p-value < 0.05) between each expansion system. (B) Second 
derivate spectra of biologically relevant wavelength ranges (500-1800 cm’1 and 2800-3500 cm-1) 
of LC_Stat (light green), CO_Stat (dark green) and LC_Dyn (blue). Arrows highlight spectra 
differences. (C) Principal component analysis (PCA) of second derivative spectra and individual 
cluster identification. Bi-plot of principal component (PC) 1 and PC2. Each expansion system was 
represented by three different pools of CB units, with four technical replicates during spectrum 
acquisition. 
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To exclude non-relevant differences, spectra were analyzed in regions associated with 

vibration of biological molecules (i.e. 3500 – 2800 cm-1 – lipids; 1700 – 1450 cm-1 – 

proteins; 1200 – 500 cm-1 – carbohydrates, phospholipids and nucleic acid (fingerprint 

region)). Also, the second derivative was applied to intensify existing less obvious peak 

discrepancies (Fig. IV-4B). LC_Stat, CO_Stat and LC_Dyn showed distinct peaks in every 

biologically important region, namely 2970 cm-1 and 2825 cm-1 (C-H bonds in lipids), 

1590 cm-1 and 1420 cm-1 (amide II bonds and carboxyl groups present in proteins) and 

also numerous peaks in the fingerprint region (highlighted in a close-up between 950 

cm-1 and 1200 cm-1) (Fig. IV-4B). 

PCA of second derivative spectra was done to gain an overview of spectra differences 

for all three expansion systems and to evaluate whether HSPC(CB) expansion with these 

systems can be discriminated with FTIR. PCA of FTIR spectra showed clustering based 

on expansion system, mainly through PC1, accounting for 41% of variability (Fig. IV-4C). 

Clusters revealed independence from biological variability, which was also captured in 

the PCA by PC2 (11% variability). CO_Stat cluster displayed higher distance from the 

other two clusters, indicating increased dissimilarity compared to LC_Stat and LC_Dyn. 

IV.4.4. Distinct expansion systems produce cell products which are 

transcriptomically different and distant from freshly isolated cells. 

 

A global approach, taking advantage of transcriptomic multidimensionality, was taken 

to rigorously quantify overall differences between expansion systems and their 

relationship with the clinical reference for HCT, CD34+-enriched HSPC(CB).  

Samples clustered based on experimental condition rather than by biological donor 

variability, according to their correlation matrix (Fig. IV-5A). As expected, expanded 

cells in general were more correlated between each other than with non-expanded 

HSPC(CB) (i.e. Day 0). Again, when examining the entire transcriptome, LC_Stat and 

LC_Dyn were hierarchically closer to each other than to CO_Stat, when looking at the 

entire transcriptome. PCA confirmed cluster organization by k-means, with both PC1 

and PC2 describing relevant variability, accounting for 55,7% and 14,3% respectively 

(Fig. IV-5B). However, between expansion systems, LC_Stat and CO_Stat were nearer 

compared to LC_Dyn (k-means distance: LC_Stat vs. CO_Stat - 29.7 and LC_Stat vs. 

LC_Dyn – 55.6), mainly due to PC2.  
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Figure IV-5. Transcriptomic characterization of expanded HSPC from different expansion 

systems (LC_Stat, CO_Stat and LC_Dyn). (A) Correlation matrix with hierarchical dendrogram of 

sequenced samples, including freshly isolated (Day 0) and expanded HSPC using LC_Stat, 

CO_Stat and LC_Dyn. (B) Principal component analysis (PCA) and clustering by k-means. Bi-plot 

of principal component (PC) 1 and PC2. (C) K-means-derived cluster distances, namely of each 

expansion system from Day 0. (D) Number of differently expressed genes (DEG) of each 

expansion system compared to Day 0, shown by total genes, up-regulated genes and down-

regulated genes. (E) Venn diagram of DEG, emphasizing the portion of DEG that are shared 

between the different expansion systems and which are uniquely expressed. Data was obtained 

from three different pools of CB units. 
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Transcriptomic distances were also determined, namely between each expansion 

system and the defined reference (i.e. freshly isolated HSPC(CB)). PCA-derived k-means 

distances demonstrated that HSPC expanded with CO_Stat were transcriptomically 

closer to Day 0 (Fig. IV-5C). Differential gene expression analysis, based on Day 0, 

uncovered a total of 4182 significant genes for LC_Stat, 3618 for CO_Stat and 4470 for 

CO_Stat vs. Day 0 LC_Dyn vs. Day 0LC_Stat vs. Day 0A

B

Figure IV-6. Identification of differentially expressed genes (DEG) between each studied 

expansion system (LC_Stat, CO_Stat and LC_Dyn) (A) Volcano plots of up-regulated and down-

regulated DEG of each expansion system. Top 20 genes were individually labelled. (B) Gene 

ontology (GO) enrichment analysis of identified DEG. Top 10 significant GO terms were 

individually labelled. Data was obtained from three different pools of CB units. Padj – adjusted 

p-value. 
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LC_Dyn. Distribution of DEG was similar between up-regulated and down-regulated 

genes, mirroring the trend observed for k-means distances (Fig. IV-5D). Most DEG were 

shared between all three systems, with LC_Stat having the higher number of uniquely 

expressed DEG (Fig. IV-5E). 

Taking a closer look into each group of DEG, even inside the most significantly 

expressed genes, there were DEG present in all systems (e.g. DTNA, CTTNBP2 or 

MAPK8IP1), DEG shared between only two systems (e.g. TAMALIN – LC_Stat and 

CO_Stat or RGL1 – CO_Stat and LC_Dyn) and uniquely expressed DEG (Fig. IV-6A). GO 

enrichment analysis exposed the most relevant terms in which DEG are represented 

(Fig. IV-6B). A clear majority of the most significant terms in all expansion systems were 

related with cell signaling, namely ligand-receptor interaction. To a lesser extent, terms 

connected with cell motility within the circulatory system, with specific mention to 

leukocytes, were also present. 

IV.4.5. Comparison between Studied Expansion Systems and Publicly Available 

Datasets. 

 
A transcriptome-based approach was taken to discern the potential of using this 

technology for HSPC expansion system comparison. Transcriptomic data from other 

clinically relevant expansion strategies were collected for this comparison. LC_Stat, 

CO_Stat and LC_Dyn were compared to HSPC expanded in zwitterionic hydrogels, 

valproic acid (VPA) or small molecules (i.e. StemRegenin-1 and UM171)161,175,437.  Each 

dataset was chosen based on the relevance of the expansion approach, but also on the 

existence of a non-expanded population with similar immunophenotype as a reference.  

Initially, a side-by-side comparison resulted in a grouping of experimental conditions by 

research groups that generated each dataset. This was observed by correlation of entire 

transcriptomes (Fig. IV-7A), as well as by PCA (Fig. IV-7B). To overcome the existing 

batch effect associated with different workflows during RNA sequencing, including 

sequencing settings (e.g. coverage or individual read size), data harmonization 

algorithms were explored to isolate biologically-relevant variability. After implementing 

Combat-seq, to correct batch effect, the correlation matrix showed hierarchical 

organization similar to our study alone (Fig. IV-7C).  Freshly isolated cells formed a 

group, even though originating from different research groups, and expanded HPSC 

were also more closely related. PCA confirmed improved resolution for relevant 

biological variability, with PC1 separating expanded from non-expanded HSPC (Fig. IV-

7D). While PC2 still exposed vulnerability towards a batch effect, it was no longer the 

primary source of variability. Similar distances between expanded and freshly isolated 

HSPC(CB) were visible between the multiple expansion systems, except when cells were 

expanded in a zwitterionic hydrogel (i.e. ZW_Exp_1 and ZW_Exp_2 vs. ZW_Day0_1 and  
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ZW_Day0_2). Interestingly, almost no difference was observed between expanded and 

non-expanded cells in that particular dataset. Quantification of transcriptomic 

differences as a comparison tool was pursued through DEG determination, with each 

strategy using its own freshly isolated samples as an internal control (Fig. IV-7E). 

 

 

IV.5. Discussion 
 

Approvals for cell and gene therapies (CGT) are estimated to reach 64 by 2030 only in 

the US market438. Concerning CGT based on ex vivo expanded HSPC, Omisirge or 

omidubicel (HSPC expanded with nicotinamide) produced by Gamida Cell has just 

recently received FDA-approval (April 2023) for treatment of hematological diseases170. 

This breakthrough highlights the importance and urgency for potency tracking of CGT 

and development of robust quality control during manufacturing. Such complex 

products require much more stringent overwatch, with existing assays being insufficient 

for such a daunting task that can have considerable negative impact on patients if not 

assured435. This issue has long been identified and guidelines for development of novel 

potency assays have been shared by Cord Blood Advisory Group of the National 

Marrow Donor Program439. 

Here, we demonstrated characterization of expanded HSPC(CB) from three different 

systems to simulate control of product quality using an extended number of traditional 

and recognized assays that assess cell fitness, identity and function (direct or through 

surrogate assays). Overall, LC_Stat and CO_Stat behavior corroborated our far-reaching 

experience with these two systems109,126,440. Of note, CO_Stat expansion fold was not 

superior to LC_Stat, as has been accustomed. This unusual result may be attributed to 

Figure IV-7. Expansion system comparison by transcriptomic profiling using studied expansion 

systems (LC_Stat, CO_Stat and LC_Dyn) and other clinically relevant systems with publicly 

available datasets (Small_Molecule – non-expanded HSPC (SM_Day0), cytokine only (SM_Ctrl), 

StemRegenin-1 (SM_SR1) and UM171 (SM_UM171); Valproic_Acid – non-expanded HSPC 

(VPA_Day0), cytokine only (VPA_Ctrl) and valproic acid (VPA_Exp); Zwitterionic – non-expanded 

HSPC (ZW_Day0), zwitterionic hydrogel (ZW_Exp)). (A) Correlation matrix with hierarchical 

dendrogram of joined datasets without batch effect correction. (B) Principal component analysis 

(PCA) of joined datasets without batch effect correction. Bi-plot of principal component (PC) 1 

and PC2. (C) Correlation matrix with hierarchical dendrogram with batch effect correction using 

a harmonization algorithm, ComBat-seq. (D) PCA with batch effect correction using a 

harmonization algorithm, ComBat-seq. Bi-plot of PC1 and PC2. (E) Total number of differentially 

expressed genes (DEG) between joined datasets. Small Molecule dataset - GSE57299, Valproic 

Acid dataset - GSE110968 and Zwitterionic dataset - GSE85800. 
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the utilization of HPL-supplemented culture medium for the expansion of MSC(M), an 

approach recently adopted in recent studies to improve process translation. So far, 

impact of HPL supplementation on MSC hematopoietic support capacity has been 

controversial. In a systematic study of the impact of MSC source and MSC culture 

medium during HSPC co-culture expansion, HPL-supplementation during FL 

preparation led to a decrease  of  expanded HSPC FC compared with FBS-

supplementation124. Contrasting with this study, recent use of co-culture expansion as a 

potency assay for MSC, after undergoing alginate bead encapsulation, showed no 

adverse effect  on the hematopoietic support capability of MSC, when FL were prepared 

with HPL-supplementation441. A more in-depth study is required to determine if the 

transition from FBS- to HPL-supplementation has a detrimental effect on MSC function, 

specifically their hematopoietic support capacity. 

In contrast to LC_Stat and CO_Stat, LC_Dyn had unexpected disappointing 

performance. Dynamic cultures of HSPC were breakthroughs of past decades, 

demonstrating that HSPC expansion in vitro could transition to more scalable platforms, 

such as spinner flasks and stirred tank bioreactors442,443. This expansion system was 

included in this study to determine if it could capitalize on advances made in promoting 

HSPC expansion (e.g. development of tailored serum-free expansion media or 

optimization of cytokine concentrations), since dynamic expansion has not been 

pursued by many as an attractive and competitive alternative expansion system. 

Unfortunately, with an increased shear stress environment, LC_Dyn led to reduced 

HSPC expansion. 

For such a characterization of expanded HSPC(CB), required equipment and specialized 

reagents necessary at a clinical-grade level would, at least, include a cell counter, a 

metabolite analyzer, a flow cytometer, methylcellulose-based assays, a CFU colony 

counter, patent-protected telomere length and aldehyde dehydrogenase quantification 

kits and supportive cell lines for CAFC assays. Significant investment would be involved 

in securing such non-complementing equipment and guaranteeing their maintenance, 

contributing towards increasing the final price tag of such a therapy. Worsening the 

situation, highly specialized operators would be required for each equipment to 

perform labor-intensive tasks. Included in our panel of assays are also colony forming 

assays (i.e. CFU and CAFC) which have previously mentioned limitations, namely their 

long duration. Extensive assay duration also disqualifies the use of xenotransplantation 

into immune-deficient mouse models as a readout of engraftment and hematopoietic 

reconstitution potential. To address these issues and focus on HSPC function, we initially 

harnessed the potential of transcriptomics to concentrate readouts from very different 

assays into a single one with fast workflow. Comparing functional assay outputs using 

traditional and transcriptional approaches led to very consistent results. Replacing all 

these different techniques with RNA sequencing would significantly impact CGT cost of 
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goods, by obtaining the same information of cell quality and function using a much 

lesser amount of means and resources. RNA sequencing has become a transversal 

technique for most differential gene expression and related studies, being a target of 

investment and innovation to continuously improve its workflow but also reduce 

cost444,445. Having cell function evaluated with RNA sequencing would only benefit from 

such advancements. 

Of consideration, chosen transcriptional equivalents to traditional functional outputs 

may be improved to further capture HSPC functionality. Although telomerase 

expression (TERT) is responsible for elongation of telomeres, it is not a direct measure 

of telomere length. Nevertheless, increased telomerase expression has been associated 

with a HSPC phenotype and its quantification has been used to assess HSPC health, 

age and self-renewal potential446,447. For ALDH quantification, isoform ALDH1A1 has 

been described as the relevant transcript responsible for its expression in HSPC448. 

Having used bulk sequencing, we cannot infer the percentage of positive cells, but we 

can evaluate relative transcript quantity. Contrasting with these previous functional 

assays, CFU are a direct measure of HSPC clonogenic and differentiation potential into 

the myeloid lineage. When translating CFU to transcriptional output, our proposed 

conversion only transmits information on myeloid progenitor enrichment and does not 

quantify actual differentiation. However, CFU are not compatible with potency assay 

goals for expanded HSPC, which makes myeloid progenitor enrichment a feasible 

alternative. Similar to ALDH quantification, CD34 expression determination through 

transcript quantification cannot infer single cell expression. However, it is simultaneously 

proportional to percentage of positive cells and cell antigen density, incorporating both 

positive population determination and median fluorescence intensity (MFI) analysis from 

flow cytometry. To circumvent this particular drawback of bulk transcriptomics, namely 

the inability to determine single cell immunophenotype (specially for extensive 

hematopoietic surface marker panels), a digital cytometry algorithm (i.e. CIBERSORTx) 

has been developed449. This algorithm enables the identification of complex co-

expression patterns of identity markers (e.g. cultured HSC – CD34+CD45RA-

CD90+CD133+ITGA3+) and allows for the inference of expanded cell subpopulations 

based on the analysis of bulk data. Thus, HSPC transcriptomes were demonstrated to 

be able to provide functional insight of expanded populations based on the rationale 

of traditional functional assays. 

After adapting existing functional assays using RNA sequencing, a novel way to track 

expanded HSPC quality during manufacturing was also explored. FTIR-derived spectra 

analysis of conditioned medium was able to correctly distinguish all three expansion 

systems. Taking advantage of such a physical technique has considerable benefits, such 

as its unbiased nature, sensitivity to changes, label-free mode of analysis and non-

destructive measurement450. Additionally, FTIR could be compatible with real-time 
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monitoring of HSPC expansion, providing continuous spectra that could follow 

expansion dynamics. Our initial attempt used conditioned medium, which is much 

simpler to sample and process. However, cell-derived spectra would also be worth 

evaluating, since tracking conditioned medium changes is limited to secretome-based 

fluctuations. It would also permit acquiring spectra from non-expanded cells (i.e. Day 

0), providing an important reference. Cell-based FTIR analysis has been pursued for 

other applications, namely following chondrogenic differentiation in MSC, being able 

to distinguish chondrocyte-induced cells from undifferentiated MSC451.  

Genuine value of transcriptomic profiling relies in its multidimensionality, allowing a 

systemic comparison of individual cell states (i.e. systems modeling)107. While we have 

previously sought to compare ex vivo expansion of HSPC(CB), our battery of traditional 

analytical techniques was limited to the expression of identity surface markers, myeloid 

differentiation potential and in vitro expansion capacity109. By examining the entire 

transcriptome, expanded HSPC can be pinpointed in their manufacturing design space. 

Quality of expanded HSPC can be assured by tracking their transcriptomic signature, 

defined for the optimal product, after each expansion. Furthermore, when combined 

with a reference population, transcriptomic distances from ideal targets can be 

calculated, exposing potential shortcomings of a particular expansion system. CO_Stat 

was shown to best preserve HSPC phenotype (i.e. freshly enriched CD34+ cells) at a 

global level after undergoing expansion. Even when filtering for genes contributing 

towards higher variability between experimental conditions, CO_Stat remained more 

similar. Most DEG between expanded and freshly isolated HSPC are shared between at 

least two systems, indicating that a considerable fraction of variability is due to pervasive 

and inevitable differentiation of stem and progenitor populations. This is to be 

expected, since most expansion systems share experimental settings (e.g. cytokine 

cocktail or expansion medium). Still, cell transcriptome is sensitive enough to also detect 

impact from innovations of different expansion systems, such as incorporation of shear 

stress (LC_Dyn) or a supportive cell type (CO_Stat). Therefore, we propose 

transcriptomic profiling as an efficient tool for accurately detecting expanded 

population differences compared to a chosen reference population. 

Recognizing the significant potential of HSPC transcriptomics in improving production 

of expanded HSPC-derived therapies, we went further and used this tool to 

simultaneously evaluate multiple expansion systems beyond this study that have 

translational potential. This approach would allow a fair evaluation of expansion systems 

(e.g. screening of expansion strategies) to assist decision makers in selecting their 

therapeutic portfolio. However, integration of available datasets was hindered by a 

considerable batch effect. Such batch effects would not be an issue for the 

abovementioned purpose, since RNA sequencing would be performed in a single run 

after in-house screening of expansion systems. Nevertheless, an attempt was made to 
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bypass the batch effect by applying a harmonization algorithm (i.e. Combat-Seq)452. 

Transcriptomic compatibility is a recognized issue in the bioinformatic field, which can 

arise from existing variability in library preparation protocols and sequencing definitions, 

or from sequencing performed at different timeperiods453. Batch effect is present in both 

bulk and single cell transcriptomics and remains relevant, even with advances in 

machine learning and artificial intelligence454. Coherent with the batch corrected PCA, 

expansion strategies using small molecules and VPA had inferior DEG number than 

LC_Stat, CO_Stat and LC_Dyn. As described in their respective studies, these strategies 

are able to better promote HSPC while avoiding differentiation175,437. 

In this study we explored two different ways of tapping transcriptomic data to evaluate 

expanded HSPC. Tracking of individual expansion systems and differentiating between 

them was shown to be possible, having the potential of being used to control 

manufacturing quality of expanded HSPC products. In addition to a novel label-free 

technique (i.e. FTIR spectroscopy), such quality tracking may be significantly enhanced. 

Either continuous (with FTIR-based measurements of conditioned medium or expanded 

cells) or end-point (with RNA sequencing of expanded HSPC) quality control could be 

integrated into the manufacturing process. On the other hand, transcriptomic distances 

from a selected functional reference were determined to assess HSPC potency. For HCT 

using CB, freshly isolated HSPC are the current clinical reference. In fact, the initial goal 

of ex vivo expansion of HSPC was to increase cell number whilst conserving their more 

primitive phenotype. However, a different reference may be selected as we advance 

our knowledge on hematopoietic engraftment, short and long-term reconstitution. If 

wanting to focus on pure engraftment potency, transcriptomic reference could change 

to sorted short-term or long-term HSC. If aiming to produce a lymphoid product to 

apply as DLI, the reference population could change to progenitor or differentiated T 

cells. More complex references may be used, choosing a fine-tuned mixture of different 

hematopoietic populations, since similar importance has been attributed to lymphoid 

progenitor populations that accelerate immune reconstitution and HSC that ensure 

long-term graft success. If necessary, the reference may also be a smaller gene set, 

linked to a particular therapeutic action. For example, a GVHD-triggering gene set 

might be employed to assure that manufactured expanded HSPC will not trigger such 

a complex post-HCT complication455. 

From the different OMICS-approaches, transcriptomics possesses interesting benefits. 

Since it provides information of transcript and not protein levels (as in the case of 

proteomics), it can predict future behavior that has not yet translated to real-time 

protein expression and cellular phenotype changes456. Having such predictive power in 

the manufacturing process is a very valuable tool, helping to avoid failures in therapy 

batch production and assuring near-future functional phenotype. 
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V. Final Remarks and Future 

Directions 
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Hoping to shine light on the potential of CB as a versatile source of HSPC, several 

different approaches were taken to improve ex vivo expansion of HSPC(CB). While the 

technology for therapeutic application of HSPC(CB) already exists, as evidenced by the 

recent approval of Omisirge, manufacturing of these products is far from optimized. 

Aligning with an inexperienced field of CGT production that has been transitioning from 

knowledge obtained from conventional pharmaceuticals, production improvement of 

expanded HSPC products is greatly warranted. Each chapter will hopefully become 

another brick in the wall of consecutive advancements in making ex vivo HSPC 

expansion more efficient, sustainable and cost-effective. 

In Chapter II, we had aimed at addressing three different goals. Initially, with expansion 

strategies reaching or advancing through the clinical trial pipeline, we recognized a 

window of opportunity where performed optimizations could be implemented without 

losing their applicability and sharing the same fate as previous studies. We were 

successful in optimizing each of the studied expansion systems, leading to improved 

expanded HSPC products with higher expansion yields while potentially maintaining 

the quality necessary for expanded HSPC to produce their expected therapeutic value 

(i.e. reconstitute the entire hematopoietic system), characterized herein by their CD34+ 

expression and multilineage potential. Thus, we have produced enduring optimizations 

that directly influence clinically important HSPC expansion platforms or may even guide 

novel HSPC expansion strategies in the future. Secondly, as these strategies are 

simultaneously progressing towards regulatory approval, we had also ambitioned 

establishing optimization as a tool to perform a rational and comprehensive evaluation 

between different approaches. By doing so, differences between CS_HSPC and 

CS_HSPC/MSC were emphasized in an unbiased manner. Our study can influence 

decision-making and risk analysis of both systems as expansion platforms undergoing 

regulatory funneling to reach commercial approval. Finally, by increasing process 

knowledge on cytokine supplementation, we have demonstrated the variability of 

important production variables (e.g. FC in TNC), contributing towards the 

implementation of a healthy manufacturing process for CB-derived ex vivo expanded 

HSPC. Moreover, we have promoted the framework behind our study and its results to 

be used for other potential stem cell-based products outside its original scope, in terms 

of development, manufacturing and economic perspectives. 

In Chapter III, we focused our attention on the supportive stromal cells present in our 

co-culture system. When producing an expanded HSPC(CB) product based on co-

culture expansion, MSC manufacturing will also be integrated into the pipeline, being 

also targeted for process improvement. MSC(AT) were successfully demonstrated to be 

compatible with cell encapsulation at hypothermic temperatures (10º-20ºC). 

Maintenance of identity markers was ensured, while MSC(AT) multilayered functionality 
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was proven to be maintained throughout encapsulation. Differentiation, expression of 

immunomodulatory molecules and hematopoietic support abilities were all individually 

confirmed. Translation of clinical-grade MSC(AT) to this novel product storage and 

transportation model appears to be within reach. Xeno-free processing of MSC(AT) was 

directly compared with traditional FBS-based handling. HPL supplementation, which by 

itself improves MSC proliferation in vitro, did not negatively impact cell behavior during 

our encapsulation study, making it a relevant candidate for FBS substitution for cGMP-

compliant MSC logistics and supply chain. As a model, cell encapsulation will potentially 

have a disruptive impact on CGT as it does not require cryo-range temperatures (below 

-130ºC). Alginate encapsulation also has the potential to be complementary to 

cryopreservation, being appropriate for both allogeneic and autologous scenarios. 

Optimization opportunities exist (e.g. improving initial encapsulation efficiency) and 

should be pursued to further enhance encapsulation potential. 

In Chapter III, we faced the significant gap of HSPC(CB) function tracking through 

potency assays. Identifying cells as complex systems, we proposed going from a low to 

a high dimensionality perspective, especially when the therapeutic mode of action is 

not thoroughly understood. Transcriptomic data and conventional potency assays were 

mostly coherent regarding their readouts of HSPC function. A global view of expanded 

HSPC(CB) from different expansion strategies was uncovered, providing more 

resolution of their differences compared to freshly isolated CD34+-enriched cells. This 

strategy was extrapolated to other expansion systems, through publicly available 

transcriptomic datasets. Although partially hindered by variability in library preparation 

and sequencing definitions, correction of the existing batch effect was attempted. 

Successful harmonization algorithms that allow compatibility between different datasets 

are needed. FTIR spectra of expansion-derived conditioned medium were proven to 

distinguish different expansion systems, being independent of the existing biological 

variability from CB donors. These powerful techniques demonstrated their potential for 

CGT manufacture monitoring and quality control, especially for expanded HSPC. 

The goals reached during the abovementioned approaches can be built upon to enable 

a continuous improvement framework. Heavily influenced by QbD, adopted techniques 

are in line with manufacturing guidelines for CGT. 

Tailored cytokine optimization should be pursued for the whole environment of existing 

expansion strategies, potentially providing increased HSPC yields. With expensive 

clinical grade reagents, such optimizations are critical for uncovering cost-effectiveness 

measures that do not affect product quality. This workflow, using experimental design, 

can also be transferred to other optimization opportunities. With the growing influence 

of small molecules on HSPC expansion protocols, used concentrations are an attractive 

opportunity for potential optimization. Chosen response variables may also be updated 

as more functional targets are uncovered in HSPC biology. Eventually, by determining 
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enough mathematical behavior equations, subpopulation distribution in expanded 

HSPC may be simply modulated by automized changes to cytokine or small molecule 

concentrations. This would give manufacturers extreme versatility when producing 

hematopoietic products derived from HSPC. 

After successful cell encapsulation at hypothermic temperatures of supportive MSC, 

HSPC could also be evaluated using the same approach. With adherent MSC 

performing well during encapsulation, non-adherent HSPC are expected to adapt even 

better, possibly overcoming MSC encapsulation duration. With both cell types adapting 

to cell encapsulation, an all-in-one strategy as discussed previously could also be 

applied to co-culture expansion of HSPC. Although bead release would be necessary 

before patient infusion, co-culture might even be enhanced due to the 3D milieu inside 

the beads. Such encapsulation would be compatible with scalable vessels, such as the 

packed-bed, fluidized-bed or stirred tank bioreactors. Their relative lightweight allows 

for bioreactor packing without increasing too much pressure on the lower layers of the 

vessel, while also allowing for fluidization without a demanding flow rate. Alternatively, 

encapsulated cells are also protected from shear stress that can be very harmful towards 

cells in stirred tank bioreactors. Bioreactor sampling and recovery would be facilitated 

by the relatively simple bead dissociation that does not require any downstream 

separation technique. These projections of alginate bead potential for in situ HSPC 

expansion (using a co-culture or other simpler systems) might be envisioned to be 

performed during distribution. By using environment-controlled containers, 

manipulation might be done simultaneously with their distribution, shortening the total 

bench-to-bedside duration.  

Use of transcriptomics has increased exponentially in cell biology, but application of 

FTIR has been reduced. Transcriptome profiling has considerable untapped potential 

as a quality indicator, since it gives a glimpse of the cell machinery at a given timepoint. 

As costs for sequencing decrease, generalized use is expected. Single-cell 

transcriptomics will provide even more detail, being especially important for 

heterogeneous therapeutic populations, such as HSPC. Ideally, other OMICS 

approaches should partner with transcriptomics, getting a more complete cell 

characterization, including function. On the other hand, FTIR also demonstrated 

interesting sensitivity towards measuring biological differences. Transitioning from 

conditioned media to actual cells could be the next step. In this case, FTIR could 

become similar to transcriptomics, giving rise to global perspectives of cell behavior. 

As a physical technique, FTIR is unbiased and can yield results from samples in a non-

destructive manner. However, its main shortcoming is related with its difficulty in 

associating spectrum shapes or peaks with complex biological phenomena. Still, 

potential of FTIR for quality tracking during manufacture of CGT is evident.  
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All strategies explored to improve production of ex vivo expanded HSPC served their 

purpose but can be taken further when necessary. Manufacturing of expanded 

HSPC(CB) is very compatible with QbD and continuous improvement through 

optimization. 
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VIII.1. Tailored Cytokine Optimization for Ex Vivo Culture Platforms Targeting 

the Expansion of Human Hematopoietic Stem/Progenitor Cells 

(supplementary information of Chapter II) 
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Figure VIII-1. Preparation and polishing of experimental data with assessment of regression quality for FI 

CD34+ cells for both expansion systems, HSPC suspension culture (CS_HSPC) and HSPC co-cultured with 

MSC(M) (CS_HSPC/MSC). (A) Data from cells retrieved from every UCB donor was normalized revealing 

coinciding reaction patterns, highlighting variability exclusively due to different cytokine combinations. (B) 

Outlier screening was performed through Z-score determination. Data points with absolute score values 

higher than 3 were labelled outliers and were consequently removed from their data set before 

proceeding to the regression determination. (C) After regression determination, experimental data points 

were compared with calculated regression. (D) Deviations between data points and regressions were 

visualized. Norm – normalized. 
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Figure VIII-2. Preparation and polishing of experimental data with assessment of regression quality 

for FI CFU-GM for both expansion systems, HSPC suspension culture (CS_HSPC) and HSPC co-

cultured with MSC(M) (CS_HSPC/MSC). (A) Data from cells retrieved from every UCB donor was 

normalized revealing coinciding reaction patterns, highlighting variability exclusively due to different 

cytokine combinations. (B) Outlier screening was performed through Z-score determination. Data 

points with absolute score values higher than 3 were labelled outliers and were consequently removed 

from their data set before proceeding to the regression determination. (C) After regression 

determination, experimental data points were compared with calculated regression. (D) Deviations 

between data points and regressions were visualized. Norm – normalized. 
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Figure VIII-3. Preparation and polishing of experimental data with assessment of regression quality for FI 

CFU-Mix for both expansion systems, HSPC suspension culture (CS_HSPC) and HSPC co-cultured with 

MSC(M) (CS_HSPC/MSC). (A) Data from cells retrieved from every UCB donor was normalized revealing 

coinciding reaction patterns, highlighting variability exclusively due to different cytokine combinations. (B) 

Outlier screening was performed through Z-score determination. Data points with absolute score values 

higher than 3 were labelled outliers and were consequently removed from their data set before 

proceeding to the regression determination. (C) After regression determination, experimental data points 

were compared with calculated regression. (D) Deviations between data points and regressions were 

visualized. Norm – normalized. 


