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Abstract

Human red blood cell production, or erythropoiesis, occurs within bone marrow. Living animal
and human cadaver models have demonstrated the marrow production of red blood cells is a spatially-
complex process, where cells replicate, mature, and migrate between distinct niches defined by
biochemical nutrient access, supportive neighboring cells, and environmental structure.

Unfortunately, current research in understanding normal and abnormal human production of
blood takes place in petri dishes and t-flasks as 2D liquid suspension cultures, neglecting the role of the
marrow environment for blood production. The culture of blood on marrow-mimetic 3D biomaterials
has been used as a laboratory model of physiological blood production, but lacks characterization. In
this work, a 3D biomaterial platform is developed and to capture the in vivo blood production process
and manufacture red blood cells from human umbilical cord blood.

First ceramic hollow fibres were designed and tested to be incorporated and perfused in a 3D
porous scaffold bioreactor to mimic marrow structure, provide a better expansion of cell numbers, a
better diffusion of nutrients, and allow for the continuous, non-invasive harvest of small cells in
comparison to static, unperfused biomaterials. Quantitative 3D image analysis tools were developed to
spatially assess bioreactor distributions and associations of and between different cell types. Using these
tools, the bioreactor distribution of red blood cell production were characterized within niches in
collaboration with supportive, non-blood cell types and designed miniaturised, parallelised mini-
bioreactors to further explore bioreactor capabilities.

This thesis presents a hollow fibre bioreactor able to produce blood cells alongside supportive
cells at 1,000-fold higher cell densities with 10-fold fewer supplemented factor than flask cultures,
without serum, with one cell source, and continuously harvest enucleate red blood cell product to

provide a physiologically-relevant model for cell expansion protocols.



Page vii of 150

Table of Contents
ACKNOWISAZEIMENES ...vvvviviiiiiiiiiiiiiiiiiiitii it e e e e s e s e e e e e naeesenns ii
DIECIATALIONS .ottt e ettt e ettt e e e e e e e sttt e e e e e e e s bbbt e e e e e e e e e e e e e nnbeaeeeaaeeesaannareeeeas iii
LiSt Of PUDICALIONS .evteiiiiiiiiiiiiiiee ettt e e e ettt e e e e e et bbbt e e e e e e e e s e sabbbneeeeaeeeas iv
F N 1 1 T SR UUPPP SRR Vi
Table OF CONLENES ...iiiiiiiiiiiiiiiiiie ittt ettt ettt et et ettt ettt et ettt e ee et et seseseaesesebabsbnssbnbsbssnnnsnnes vii
1 o) 0 0 1 o) (T PP ix
Table Of FIgUIES...ceeieieieieeee e X
| 6413 (o4 L1 To] 510 O UUPPPR PP 1
2. Review of in vivo and ex vivo models of the human marrow environment ..........ccceeeeevvvveeeennnn. 4
2.1, Bone Marrow SIIUCTUIR ........ceeiiiiiiiiiiiii ettt ettt ettt e e e e e eeeeeeeeeeees 4
2.1.1. Lo 1) (o1 0] 013 8 (1 SN 4
2.1.2. ChemiCal FACTOTS ... .ciiiiiiiiiiiiitieee et e ettt e e e e e e e e e 6
2.1.3. Extracellular matrix Proteins .......eeeeeeeriirerirreeireeeneeeiiiiieeere e e e e serirrreee e e e e e e e 6
2.2, HEMALOPOIESTS ..o eeueetttteeeeeeee ettt ettt eeee e s sttt bttt e e e eeesaaabbbbte et eeeeeesaaanbbeeteeeeeeeesaaannbbeneaeeens 7
2.2.1. Hematopoietic progenitor hieTarchy ............eeeeieeeriiiiiiiiieiiieeee e 7
2.2.2. Hematopoietic niche enVIrONMENt..........oocuuviiiiiriieiieiiiiiieee e e e e e e s 8
2.2.3. Hematopoietic Growth FACIOrS .......cceiiiiiiiiiiiiiiiiiiiie e 9
2.3, EIYERIOPOIESIS 1uuueeereteeeteeeieiiitt ettt e e ettt e e e e e ettt et e e e e e e sttt et e e e e e e e s bbb aaeeeeeas 10
2.3.1. Erythroid hierarchy.........oooiemiiiiiieee e 10
2.3.2. Erythroid niche environment ............ooiiiiiiiiiietiieinii e 11
2.3.3. Erythroid Growth FACIOTS......ccovuviiieiiiiiieiiiiie e 12
2.3.4. Transendothelial MIGration ..........cceeeieiiiiiiiiiieiiiireii e 13
2.4, Erythropoiesis EX VIVO ....ccoioiiiiiiiiiiieiiiiiec ettt 14
2.4.1. 2D: Human erythroid massive amplification (HEMA) cultures ...........cccccceeeeinnnnneee. 14
24.2. 3D: Mimicking physiological hemato-erythroid niches............ccccevevveeiriiiireeennnneen. 18
2.5. Analysing Erythropoi€sisin 3D .......ceiiiiiiiiiiiiiii e e e et e e e e e e e e aaaas 25
2.5.1. Methods of 3D IMaAGING......ciiiiiiie e et e e e e e e 25
2.5.2. [N VIVO 3D iMAgE @NAlYSES.....ceviiiiiiiieeeeeiiiiiie e e ee ettt e e e e e e e e ea e e e e e seeasbbaeeeeeeaeenns 26
2.5.3. EX VIVO 3D iMag @NalYSES..uuiiiiiiieeiiii e ee et e et e et e e e et e e et e e e e 27
3. AIMS ANA ODJECEIVES. ..uuutiitiiiieee ittt e ettt e e e e ettt e e e e e e e sebbb b et e e e e e e eesaabbnbbbeeeeeens 29

4. Incorporation of hollow fibres able to perfuse nutrients and harvest cells within a 3D porous
SCATTONA. .. e 32



Page viii of 150

N (111 (04 1111570 ) | PP PP PPPTRR PP 33
4.3, MethOdOIOZY .oeeeeiiiiieieee e e et e e e e e e e 35
A4, RESUIS ceeeeiiieee et e e e e e s as 41
44.1. Phase-inversion bore fluid controls ceramic fibre micropore structure....................... 41
44.2. Cross-flow filtration enriches enucleate fractions ............cceeeevcieeeeriiiieeeeniiieee e 43
4.4.3. Dead-end filtration filters large numbers of enucleate red cells ...........ccccceeeeeinnnnnee. 47

4.4.4.  Continuous fibre perfusion increases nutrient exchange and cell proliferation in a 3D

POTOUS SCATTOI. ..eeie i e e s e e e e e e e s s eeeeeas 48
o T B 3 ol 0] )4 F P UPPTR 52
4.6, CONCIUSTON ..eeviiiiiiiiiiiieeee ettt e e e et e e e e e e s et ee e e et e e e e e e snnnenees 54
5. Development of animage analysis tool to spatially quantify 3D cellular distribution and
ASSOCIATIONL. 1. uuutttttteteeeeeiaittt ettt et eeeeesatib bttt eeeeesea bbbt b bttt eeeeesaaaasbbe e eeeeeeeeaaanaanbbbbeeeaaeeeaannbbneeeeeeens 55
5.2, IIEOAQUCTION . .. tteeeieee ettt ettt e e e e s s ettt e e e e e e e s s bbb bbeeeeeeaeeeeaaa 56
530 MeEthOOIOEY ...eveeeeiiieeiiiie ettt e et e e e e et ee e e e e e e 59
54, RESUIES oottt ettt e e e e e ettt e e e e e e e e e et et eeaaeeeeaaa 68
5.4.1. Enhanced Utilization of Imaged Data..............uevvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 68
5.4.2. Comparison of 3D Distance Analysis against Manual Scoring ............ccccceeeeerenunnnnes 69
5.4.3. Random Sampling ACCUIACY ....cevviiiiiiiiiiiiiitiieeteeeererererererererrrerrrerererrrera——————. 71
5.4.4. 3D Distribution with Regional ASYmMMEtries ........cc.uvveeeeeeriiiiiiiiiiiieeeeeeeeeiiieeeeeenn 71
5.5, DIISCUSSION ..ttt s e s e e e e e e e e e e e e e e e e e e eeaaaeens 73
T €101 161 1113 (0] 1 PP PP TOPPTPPPPPPP 75
6. Characterization of structured, niche-like HSC and erythroid microenvironments within the
MATTOW-TNIMETIC DIOTEACTOT ......uieiiieieeeee ittt ettt e e e e ettt e e e e e e s sttt et et e e e e e saanbbbeeeeeaeesenaannreeae 76
6.2, INEOAUCTION ... et et e 77
6.3, MEthOAOIOZY ...ttt e e ettt e e e e e e e eeaeas 79
0.4, RESUMS oo 89
6.4.1. A perfused HFR established CBMNC hypoxic gradients ..........cccccceevvvvvrieeeeeereennnns 89
6.4.2. Organization of an interactive hematopoietic environment..........cccccceeeeeieereeeennnnnn.. 96
6.4.3. Production of a supportive stromal environment ..............ceeeeverniieiieeeeeeeerennniineeeen. 101
6.4.4. Genesis and harvest of 1ed CellS .......covvvriiiiiiiiiiiee e 108
6.4.5. Increasing cell density enhances erythropoiesis........ccoeevvviiiiiiiiiiiiiiiiiceee e, 113
0.5, DISCUSSION 1.ttt eietieitetee e e e ettt ee e e e e e e ettt e e e e e e s sa i aaebeeeeeeeeeeesannntteeeaaeeeeeaaaannnnneaeaaaeens 117
0.6, CONCIUSTON 1.ttt ettt et e e e e e s sttt et e e e e e e s e saibbbeeeeaeeens 118
7. Development of high-cell-density mini-bioreactors toward producing blood. ..............ccc...e.... 120

72 115 (o T L1 To1 50 ) o AT 121



Pageix of 150

7.3, MEthOOIOZY .ueeeeeeeeiiieee et e e e 123
T4, RESUIS ...t 131
7.4.1. Mathematical design of mini-bioreactor (BR) fabrication ............ccccevcvvveeiriiieeeenns 131
7.4.2. Mini-BR culture of hUCB MNCs forms large, confluent cell clusters in 3D ............ 132
7.4.3.  Exclusion of hollow fibre improves phenotypic RBC egress.........ccceeevvvvvreennnneeenn. 136

7.5, DISCUSSION ..eetiiuiiiiiiiiiiiie ettt ettt e e e s a e e e s e e e e s a e s e e 140
7.6, CONCIUSION ..eeeiiiiieeiiiite ettt et e e st e e e e e e e e te e e e s n e e e e enneeeens 141

8. CONCIUSIONS ..vviiiiiiiiiiiiiiiie ettt b et e s ba e e e s s s abae e e s sbraeeesans 142
0. FULUIE WOTK....eeeiieiiiie ettt e e e e e s e e s s e e e s enneeee s 147
9.2.  Identify and exploit biomarkers in proliferative hUCB donations ...............cccceeeeveeeeennnn. 147
9.3.  Further develop the a mini-BR for dense hUCB MNC expansion and RBC egress.......... 148
9.4.  Qualitatively assess RBC product qUALIty ..........ccoorriiuiiiieeiiiriniiiiiiiieeeeee e 149
9.5.  Quantify and exploit endogenous hematopoietic support provided by accessory cells ...... 149
9.6. Model and treat abnormal hematopoIESIS €X VIVO «.eceevvieieiiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeee, 150
O A £5) (5] 11 TSP PP OPUPPPPPPPRP xii
11. LTI (S 0318 L 1S3 4 0 D13 () 3 XXiii

Table of Tables

Table 1: List Of abDIEVIATIONS ......eeiiriuiiiieiiiiiiee ittt e e e e e s ee e Xi
Table 2: In vivo HSPC niche factors..........ccviiiiiiiiiiiiiiiiiiiiiicicc e 10
Table 3: In vivo erythroid niche (erythroblastic island) factors..........ccccceerviiiiiiiiiiiiei e, 14
Table 4: Current HEMA liquid suspension culture state-of-the-art. ...........cccceeeviiieeiniiiiieeiniiieeenns 17
Table 5: Selected examples of marrow-mimicry biomaterial culture systems. ..........cccceeevviuiveeeenen.. 25

Table 6: Primary antibody stains implemented for confocal detection in Figure 16C and Figure 17.. 39
Table 7: Filtrate collected within 6 hours of cross-flow and dead-end filtration for Water and DMSO

FIDIE LY P, ceteeeeitetee it e e e ettt e et e ettt e e e e e s e e e e e e e e e e e e e e e e e e s e b b e r e e e e e e e e e rrreeeeens 45
Table 8: Confocal 3D immunofluorescent microscopy primary antibody staining protocol. ............. 60
Table 9: Mathematical parameters USEA. ........ceeieeiiiiiuiiiiiiieeee ettt e e e e e e e e reeeee e 61
Table 10: Comparison of calculating 3D cell density distributions. ............coeeecviiiieeeeeeensescciiieeennnn. 70
Table 11: List of primary and secondary antibodies and counterstains implemented in confocal
TNICTOSCOPY ANALYSIS. ..veevteeeiiiiitiit et e e ettt e e e e st e e e e e e e st e e e e e e e e s asnnrereeeereeeeesanannnenees 84
Table 12: List of threshold DAPI to stain co-localisation distances and internal image replicates for
€aCh ANALYSEA STAIN. 1.iiiiiiiiiiiiiiiiiiiit ettt ettt ettt et e e et ettt et ettt ettt e sttt bt bt b e be bt nababnb b abnbabanaae 84
Table 13: Mathematical parameters for krogh cylinder BR model. .........c.cccoviiniiiiiiiniiiiiiiniieen. 124
Table 14: Summary of successful design mini-BR medium profiles implemented up to 04/2017. ....129

Table 15: Summary of figure reprint PErMISSIONS. ......ccevcurrrerrrirrreerrirereeerireeeeeeirreeeesnreeee s XXiii



Page x of 150

Table of Figures

Figure 1: Environmental factors influencing marrow blood production. ............cceccvveeeiniieeeeriniieeennne 2
Figure 2: Human bone marrow structure as understood from three-dimensional imaging. .................. 5
Figure 3: A subset of antigen markers that denote the hematopoietic lineage............ccceveeeeriinnrreennenn. 8
Figure 4: A subset of growth factors (cytokines) which promote hematopoietic cell expansion. ....... 10
Figure 5: Antigen expression during the process of HSC-derived erythropoiesis. ..........ooevuvvveeeeen.. 11
Figure 6: An illustration of selected growth and transcription factors within erythropoiesis.............. 13
Figure 7: Example outputs of major advancements in HEMA culture. .............oooiiuiiiiiiiienininnnnnnee. 15
Figure 8: Examples of marrow-mimicking 3D biomaterial Cultures. .........ooeeeveiereiiisiiiiiiieeeeeeeeeeeenn, 23
Figure 9: Quantitative 3D confocal imaging analysis state-of-the-art..............ccceevviieiiiniiiireennnneen. 28
Figure 10: Schematics for hollow fibre cell filtration eXperiments. ............cceeeeerriiiiieeeeeeeeeennnnnnenee. 37
Figure 11: Fibre fabrication parameters producing structural differences in porosity and pore size. .. 42
Figure 12: Ceramic hollow fibre StrUCHUIE. ........ccovvuiiiiiiiiiiiiiiiiiiec e 43
Figure 13: Cross-flow filtration effiCiency. ........coouiiiiiiiiiiiieiiiiie e 44
Figure 14: Cross-flow cell filtrate Cell tyPes.....uuuumumurumuiiiiiiiiiiiiiire s e e 46
Figure 15: Dead-end filtration €ffiCIENCY. ..oouvuveieiiieiiiiieee e 48
Figure 16: Long-term 3D perfusion hollow fibre bioreactor culture. .............cccuvveeeeeieeinnniiiiiiieeeennn. 50
Figure 17: Expression of hematopoietic, osteogeneic, and endothelial markers within the scaffold
region of day 21 HFBR CrOSS-SECHOMNS. .........utuiiiiiiieiiiiiiiiiteitee e e e ettt e e e e e e ee e e e e e e s 51
Figure 18: Imaging regions of the 3D culture deviCe. ........ueevveriiiiiiiiiiiiieeeeee e 58
Figure 19: A visualization of the 2D distance cell density analysis. ........cccevvvveeeiniiieeiniiieecinnee. 63
Figure 20: 2D tissue distance cell density analysis. ..........cceieeieiiiiiiiiiiiierieeeiniiiieeeee e 65
Figure 21: A visualization of the 3D cell clustering density analysis in confocal images. ................. 67
Figure 22: Convex hulls illustrating the cell clustering 50 um neighborhood estimation.................... 68
Figure 23: Comparison of algorithm efficiency in comparison with manual scoring. ....................... 70
Figure 24: Assessment of methods and applications for calculating 3D cell clustering density. ........ 72
Figure 25: Manual measurement and scoring of cell-to-HFR surface distances.............ccocevuuvveeeeenen. 86
Figure 26: HFR mechanical structure and function. .............ceeeeriiiiiiiiieeiieeeeniiniiiieieeee e 90
Figure 27: HFR culture medium replenishment, cell viability, and metabolism. ..........c..ccceeeevnneeen. 91
Figure 28: A hollow fibre bioreactor (HFR) structures hUCB MNC distribution. ..........cccccceevvuueeneee. 92
Figure 29: HFR hUCB culture DAPI and ATP diStributions. ...........coccuveeeiriiieeeeniiiieeeenieeee e 93
Figure 30: Distribution of cellular hypoXia. ........ccoceiiriiiiiiiiiiiiie e 95
Figure 31: Distribution statistics of HIF-1a, Pimo, and Ki-67 co-localised MNCs.........c.cccovrunnnnnee. 96
Figure 32: Hematopoietic organization and interaction. .............ceeeeerrureeeennmiieeesnireeeeesireeeesneeees 99
Figure 33: Distribution statistics of CD45, CD34, C-KIT, and VCAM-1 atdays 0, 14, and 28. ....... 100
Figure 34: Stromal proliferation generates an erythroid-interactive mesenchymal-osteogeneic matrix.
................................................................................................................................................. 103
Figure 35: Distribution statistics of Stro-1, OSx, and OPN.......cccoiiiiiiiiiiiiiiiiiicceeeee, 105
Figure 36: Distribution statistics of SDF-1, collagen type 1 (Col-1), laminin type 2 (Lam-2), and
FIbronectin (FIDI). .ovviiiiiiiiiiii et e e et bt e b e b e rerererarnre 106
Figure 37: Differentiation and harvest of enucleated red cells. ........ccovvvieiiiniiiieiniiiiieeiieceeee, 109
Figure 38: Distribution statistics of erythroid markers: enucleated CD235a and CD71 (eCD235a,
eCD71), nucleated CD235a, CD71, EPO-R, CD45, and enucleate cell membranes (Enucleate)....... 112
Figure 39: Increased cell density enhances RBC production. ...........c.ccceeeeerviiieerniiiieeeiniieeeeeee, 114

Figure 40: Comparisons of HFR noculum densities. ........cccceeevviviiiiiiiiieiiiniiie e 116



Page xi of 150

Figure 41: Mathamtical design and fabrication of mini-BRS. ..........ccoociiiiiiiiiiiiniicece, 127
Figure 42: Mini-BR culture formed dense cellular clusters in 3D. .........coevieiiiiiiiiiiiiiiieieeiiieee, 134
Figure 43: Comparison of mini-BR cultures with and without hollow fibres. ...........ccccceevviiiinnneen. 138

Table 1: List of abbre viations

Abbreivation Full First pg.
RBC Redblood cell 1
HEMA Human Erythroid Massive Amplification 2
ECM Extracellular matrix 4
HS(P)C Hematopoietic stem (and progenitor) cell; with varied prefixes | 7
(e.g. Long term HSC: LT-HSC)
GF Growth factor; with varied prefixes (e.g. fibroblast growth 7
factor: FGF)
BMP Bone morphogenic proteins 7
MPP Multi-potent progenitors 7
SCF Stem cell factor 9
IL Interleukens, with varied suffix numbers 9
CSF Colony stimulating factors, with varied prefixes (e.g. 9
granulocyte: G-CSF)
OPN Osteopontin 9
SDF-1 Stromal derived factor-1 (a.k.a. CXCL-12) 9
VLA-4 Very late antigen-4 9
VCAM-1 Vascular cell adhesion molecule-1 9
CD Cluster of differentiation 11
CFU/BFU Colony/burst forming unit, with suffixes (erythroid: CFU-E) 11/12
EPO Erythropoietin 12
MSC Mesenchymal stem cell 19
PU Polyurethane 20
hUCB/CB Human umbilcal cord blood / cord blood 20
hBM/mBM Human bone marrow / murine bone marrow 20
hPB Human peripheral blood 20
MNC/CBMNC | Mononuclear cell / cord blood mononuclear cell 20
CT Computerised tomography 26
HF/H(F)BR/BR | Hollow fibre / hollow fibre bioreactor / bioreactor 32
DMSO Dimethyl sulfoxide 35
MIP Mercury intrusion porosimetery 35
CFP Capillary flow porometry 35
SEM Scanning electron microscopy 35
PFA Polyfluoro-alkoxy 36
TIPS Thermally induced phase separation 36
PBS Phosphate buffered saline 36
Uuv Ultraviolet (light) 36
IMDM Iscove’s Modified Dulbecco’s Medium 37
FBS Fetal bovine serum 37
CSB Cell staining buffer 38
CSMB Cell staining microscopy buffer 38
DAPI 4’ 6-diamidino-2-phenylindole 39
OSx Osterix 48
AF Alexa Fluor 57
Pimo Pimondiazole (Hypoxyprobe Inc.) 91
HIF-1a Hypoxia inducible factor-1a 91
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1. Introduction
Bio-mimetic cell culture platforms investigate normal biological processes, model diseases,

screen drugs and treatments, and manufacture cell therapies to provide cost-efficient and
physiologically-relevant solutions in clinical trials and stem cell bio-manufacturing. Major
pharmaceutical R&D has declined by 80-fold since 1950 due to high clinical trial expenses, which
account for approximately £700 million annually, or 63% of the total development cost for new
pharmaceuticals (Paul et al. 2010; Scannell et al. 2012). The development of a single successful
therapeutic requires more than a decade of research, and costs approximately $2.6 billion (Peng et al.
2016). Most drug candidates fail in clinical trials due to low efficacy and adverse effects, failures whose
costcould be mitigated by screening therapeutic hopefuls on bio-mimetic platforms faithfully modelling
the complex bodily in vivo environment (Lane et al. 2014).

Redblood cell production represents a bodily process rich in therapeutic potential if able to be
mimicked ex vivo. Hospitals throughout the United Kingdom require 8000 units of peripheral blood per
day at a cost of £2.25 billion per annum, with $225.42 per typical blood unit in the USA or £125 in the
UK (Blood & Transplant 2010; Blood & Transplant 2013; Whitaker & Henry 2012). This demand can
only be satiated by blood donation, as 92 million units of whole donor blood are globally collected
yearly but still 3.3% of hospitals delay surgery due to a lack of blood and 10.3% of hospitals experience
at least one day per year where blood needs cannot be met (Timmins & Nielsen 2009; Whitaker &
Henry 2012). These shortages are further exacerbated by patients with rare blood types and/or diseases
(e.g. sickle cell disease), who must undergo regular transfusions at higher expense due to low
availability: between $1150 to $3025 per unit rare blood in the USA, and up to £25,000 in the UK
(Whitaker & Henry 2012; Blood & Transplant 2010; Timmins & Nielsen 2009). Red blood cell (RBC)
manufacture in vitro has been studied to fulfil blood donation shortages, but remains infeasible due to
high costs and might be made more efficient by implementing physiological features of in vivo blood
production.

Current methods of ex vivo blood production methods vary greatly from in vivo hematopoiesis,

limiting clinical relevance. Current blood culture typically takes place in liquid suspension, or 2D
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culture, where a purified stem cell source is expanded at low densities within a vat of liquid
supplemented with expensive growth factors more than 10-100 fold more concentrated than what is
present in the human body. This has been defined as a human erythroid massive amplification (HEMA)
culture, and has been optimised to produce very large quantities of immature red blood cells
(reticulocytes) per stem cell input (order of 10° reticulocytes produced per stem cell), with well
characterized phenotype, oxygen carrying capacity, and deformability, and have been transfused into a
human patient to undergo final functional red blood cell maturation (Rousseau et al. 2014). These
advances in HEMA culture, and the recent red blood cell production from immortalised erythroblast
cell lines (Trakarnsanga et al. 2017), have removed the burden of cost from the stem cell starting
material and shifted it towards medium, growth factor, and platform costs, which remain 40-fold greater

than clinical costs by conservative estimates (Timmins & Nielsen 2009).
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Figure 1: Environmental factors influencing marrow blood production.

(Centre) Cellular distribution within the marrow is influenced by (top) sinus vasculature: the source of
nutrients and oxygen which diffuse into the marrow spaces to create environments of different oxygen
tensions, nutrients, and metabolites for unique cell types. (Left) Hematopoietic cells exist in interactive
niches comprised of stromal and osteolincage cells which form (right) an environmentally diverse
environment amongst the marrow structure of vasculature and bone. Centre image is adapted from (U.S.
National Cancer Institute 2017).

Many blood production shortcomings could be remedied by culture platforms which better
mimic aspects of in vivo hematopoiesis, as illustrated in Figure 1. Current attempts to mimic marrow

structure in vitro use 3D cell-scaffoldings and mimic marrow function by imparting continuous



Page 3 of 150

perfusion as an approximation of engineered “vasculature” to permit 10-100x higher cultured cell
densities or using lower concentrations of expensive growth factors (Mantalaris et al. 1998) than
unperfused systems due an enhanced diffusion of nutrients reducing the volume and cost of the culture
medium required for blood production. While 3D perfusion cultures limit invasive culture handling,
they are much more complex systems than 2D suspension cultures to characterize, model, and optimize:
unable to be continuously monitored, with more complex considerations for fluid dynamics, nutrient
diffusion-reaction, and the impact of cell-cell and cell-environment interactions (e.g. adherence,
paracrine stimulation, migration) (Allenby etal 2017). A critical limitation of 3D cell cultures is their
nability to easily and continuously harvest cell therapy product: where 2D platforms can easily extract
cells by extracting a fraction of medium, 3D cultures must be invasively aspirated for cells, requiring
culture termination. In summary, bio-mimetic hematopoietic culture must be improved by: developing
biomaterials which can further enhance platform nutrient exchange and continuously harvest cell
therapy products, developing analytical tools to better characterize the interaction of cells within their
environments, and designing culture platforms which can optimize scheduling of exogenous nutrient

supplementation alongside paracrine and juxtacrine cell stimulation.
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2. Review of in vivo and ex vivo models of the human marrow environment

Hematopoiesis is defined as the renewal of hematopoietic stem cells and their differentiation
into lymphoid and myeloid components of blood. The ability to up-regulate hematopoietic cell survival
and production of blood is dependent its surrounding microenvironment, or hematopoietic niche, within
the adult human bone marrow. Different niches have been implicated in the growth of specific
hematopoietic stem, lymphoid, and myeloid, and therein, erythroid subpopulations, aseachniche allows
the appropriate nutrients and physiochemical factors to reach its cells, including secreted and
membrane-bound cytokines, stromal and neighboring cell types, and a diverse extracellular matrix
(ECM) (Klein 1995; Kfoury & Scadden 2015). This range of environmental niche conditions is
necessary for hematopoietic, and erythropoietic, homeostasis: the maintenance of a blood cell
production steady-state which allows for continuous basal production and for stressed production in
times of demand, and is the blueprint for three-dimensional hematopoietic cultures ex vivo.

The majority of hematopoietic niche understanding has been derived from non-human animal
models. As the hematopoietic niche is spatially defined and must be observed unseparated from its
native environment, human experiments are impractical to perform. While animal models provide
limited clinical insight due to confounding deviations from human erythropoiesis at phenotypic and
genetic levels (An et al. 2014), they have become surrogates to a non-existent human model. In
addition, the lack of a human model makes generating an ex vivo bone marrow-mimetic culture platform
all the more necessary to better understand and treat normal and abnormal human hematopoiesis.

2.1. Bone Marrow Structure

2.1.1.Physical Properties

Adult hematopoeiesis exists within the marrow: the trabecular region of long bones. These
trabeulae are 75-90% porous with pore diameters of 300-900 um on average (Lee et al. 2012; Duchey
& Healy 2015), whose mechanical properties, biochemical concentrations, and cellular composition is
typically segregated into distinct zones or “niches” as illustrated in Figure 2. Within the trabecular bone
arange of material stiffnesses exist between the outer endosteal bone surface, which encases the marrow

(>35 kPa), perivascular regions (2-10 kPa), and vascular spaces (0.3 kPa) (Nelson & Roy 2016). The
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marrow is well-vascularised by one large central sinus, 1700 venous sinusoids, 101 arterial capillaries,
and 30 arterioles per cm? of cross section surface where cell nutrients are perfused and diffuse into the

marrow trabeculae structure (Bartl & Frisch 2012; Schoutens 1993).

Endosteal Niche

Peri- and
Vascular
Niches

Bone
Marrow

Peri-vascular  Vascular
Niche Niche

Endosteal .
Niche Central Vein

Perivascular Quiescent  Activated Perivascular }_ - —ff— —————
stroma HSC HSC stroma ’L e

1

Endothelial wall

Figure 2: Human bone marrow structure as understood from thre e -dimensional imaging.

(A) A cross section of adult human marrow within long bones containing a large central vein surrounded
by a vascular network of arterioles and sinusoids and encased within cancellous bone. These
architectural components make three well-defined environments for hematopoietic cell growth: the
endosteal niche, near cancellous bone, and peri-vascular and vascular niches, which are detailed in (B)
as vascular niches within a few cell distances from any given vein’s endothelial wall, or peri-vascular
otherwise. Adapted from (Mendelson & Frenette 2014).

Maturing blood cells (e.g. RBCs, platelets) exit the marrow into peripheral circulation through
transendothelial migration. As these cells are deformable, they can squeeze through tight junctions
between endothelial cells comprising marrow vasculature to enter bodily circulation. This process of

cellular trafficking in and out of the marrow predominately takes place through “leaky” sinusoids with

endothelial pores near 2-3 um which cells can compress through (Itkin et al. 2016). The process of
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murine marrow egress provides a sinusoidal wall shear stress of 150 mPa, which may contribute towards
mature RBC and platelet remodelling towards functional maturation (Leblond etal. 1971).
2.1.2.Chemical Factors

The marrow concentration of chemical nutrients and metabolites is dependent on two metrics:
their distance from vasculature, acting as the source of nutrients and outlet of metabolites; and their
distance from other cell types which consume nearby nutrients and produce metabolites. Oxygen
tension is an important determinant of proliferation and differentiation of hematopoietic cells. Despite
being well-vascularised, in vivo murine marrow oxygen tension remains quite low, as intravascular
oxygen is delivered at a tension of only 2.7% O,, making average extravascular oxygen 1.8% O,. Recent
studies have demonstrated higher oxygen climates reside near arteriolar endosteal marrow regions, and
decrease with distance towards a more hypoxic sinusoidal region during hematopoietic homeostasis,
while, during periods of murine marrow remodelling after radiation and chemotherapy, the oxygen
gradient between endosteal and perisinusoidal regions was abolished due to low marrow cellularity
(Spencer et al. 2014).

It has long been established hematopoietic progenitors proliferate at increased capacities i
vitro in low oxygen environments (<5% O,), while higher efficiencies of RBC production occur at high
oxygen environments (20% O,) (Chow etal. 2001). This positive effectof oxygen on late erythropoiesis
could explain traditional examinations of higher numbers of erythroid colonies nearer higher marrow
oxygen climates, and greater numbers of dormant marrow stem cells in lower oxygen climates (Weiss
1984; Cui etal. 1996; Frassoni etal. 1982). Although cellular consumption of other common nutrients,
e.g. glucose, glutamine, and the removal of metabolite waste, e.g. lactate, ammonia have been
considered in previous models of physiological hematopoiesis, oxygen has been identified as the
limiting factor for viable cell growth, and during healthy hematopoiesis other nutrients would follow
similar but less critical reaction-diffusion gradients (Chow et al. 2001a; Misener et al. 2014).

2.1.3.Extracellular matrix proteins

The trabeculae and vascular marrow structure is coated with ECM proteins native to the marrow
environment which include various subtypes of collagen (I, I1I, I'V), fibronectin, and laminin, amongst

others. (Nilsson etal. 1998). HSCs have been shown to bind to fibronectin and immature myeloid and
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erythroid cells have been shown to bind to both fibronectin and collagen type 1, with fibronectin
theorized to prevent erythroblast apoptosis and assist in nuclear expulsion (Nilsson et al. 1998; Williams
et al. 1991; Eshghi et al. 2007; Ji et al. 2011). Collagen type 1, produced by osteoblasts, is primarily
distributed in the marrow-peripheral endosteal niche. Fibronectin, produced by fibroblasts, remains well
distributed in both endosteal and perivascular niches within the central marrow. Laminin, produced by
fibroblasts and endothelial cells, are predominately expressed near and on marrow vessels, both sinuses
and arteries (Nilsson et al. 1998). ECM proteins do not only act as sites for cell anchorage and
biomechanical forces, but also can bind and present growth factors (GFs) to neighbouring cells,
especially collagens and fibronectin which can bind fibroblast- (FGFs), hepatocyte- (HGF), vascular
endothelial- (VEGFs), transforming- (TGFs) growth factors, and bone morphogeneic proteins (BMPs)
(Gattazzo etal. 2014).
2.2. Hematopoiesis

2.2.1.Hematopoietic progenitor hierarchy

Blood production occurs by cell replication, where the symmetric division of identical cells is
known as proliferation or self-renewal, and the asymmetrical division of a new progeny from a parent
cell is known as differentiation, forming a family tree, or hierarchy, of “immature” hematopoicetic stem
cells (HSCs) able to populate all mature blood cell types, as proposed in Figure 3. HSCs exist as three
successive maturations: long-term renewing HSCs (LT-HSCs) which are thought to differentiate into
short-term renewing HSCs (ST-HSCs) followed by multipotent progenitors (MPPs) (Cabrita etal. 2003;
Reya et al. 2001). In theory, LT-HSCs can self-renew for the entire lifetime of the organism whereas
ST-HSCs have more limited renewal, only able to restore hematopoiesis in a lethally irradiated mouse
for up to four months. Both ST-HSCs and their MPP progeny undergo cell division much more
frequently than LT-HSC precursors and continue differentiation to progenitors constrained to

repopulate lymphoid and myeloid lineages.
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Antigen expression throughout hematopoiesis lineage
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Figure 3: A subset of antigen markers that denote the hematopoietic line age.
(Handel et al. 2010; Doulatov et al. 2012; Kondo et al. 2003)

2.2.2.Hematopoietic niche environment

The factors which drive in vivo haematopoiesis occur at subcellular (chemical, metabolomics;
protein, proteomic) and intercellular (niche cell-cell adherence) scales. The exposure of a cell to each
stimulating factor is dependent on its niche environment within the marrow. The most studied
hematopoietic environment is the HSPC niche, summarised in Table 2. The classical structure of
hematopoiesis places the most immature HSCs in endosteal niches far from vasculature where areas of
hypoxia were thought to occur near bone cells (osteoblasts) known to secrete factors maintaining
quiescence (Schofield 1978; Parmar et al. 2007; Allen & Henshaw 2001). During cell differentiation
toward mature blood types, cells sequentially organize themselves in areas closer to marrow sinusoids
in vascular and peri-vascular niches containing higher oxygen tensions, mesenchymal stromal cell
types, and stimulatory factors produced from other organs (EPO) (Yokoyama et al. 2003; Mohandas &
Prenant 1978). Once mature, these sinus-adjacent positions would be advantageous for marrow egress

mnto peripheral circulation.
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Recently, this traditional view has been challenged as LT- and ST-HSCs have been found in
different marrow microenvironments, and it is unclear whether the cellular kinetics separating fast-
dividing ST-HSCs from largely quiescent LT-HSCs are a result of their environment, or their genetic
programming (Nombela-Arrieta etal. 2013). The majority of HSCs (85%) within murine marrow were
within 10 um of a veneous sinusoids and distant from endosteal arterioles (Acaretal 2015), while more
quiescent “LT-HSC” populations distribute near less permeable arterial vessels (Itkin et al. 2016;
Kunisaki et al. 2013). The more permeable or “leaky” veous sinusoids, as well as cell-adhesive proteins
or molecules, control the majority of cellular trafficking out of and into the marrow.

2.2.3. Hematopoietic Growth Factors

Soluble growth factors, e.g. cytokines and migratory chemokines, can direct HSC proliferation
or quiescence, promote erythroid differentiation, and influence interactions of many other surrounding
niche cell neighbours, a subset of which are represented in Figure 4. Near the top of the hematopoietic
hierarchy, stem cell factor (SCF) regulates HSC proliferation through binding to the C-KIT receptor
and stimulating HSCs to enter and proceed through the cell cycle by inhibition of p27 and upregulation
of Cyclin E (Tamir et al. 2000). Many pro-inflammatory cytokines, including members of the
mterleukin (IL) and hematopoietic colony stimulating factor (CSF) families, also act as mitogenic
factors and differentiation agents of hematopoietic stem cells toward a myeloid lineage. Endosteal
agents, such as osteopontin (OPN), promote HSC quiescence in the marrow for long-term
hematopoietic repopulation during times of stress. Nearly all these HSC-acting factors are secreted by
neighbouring fibroblasts and osteolineage stromal cells that, when upregulated in the murine marrow,
increase the frequency of LT-HSCs, and when depleted, cause a loss of cellularity and an
immunophenotypic reduction in hematopoietic and erythroid progenitors (Kfoury & Scadden 2015).
Neighboring niche cells, both stromal and hematopoietic, also express chemoattractant cytokines such
as stromal derived factor 1 (SDF-1; CXCL-12) and very late antigen-4 (VLA-4) as well as adhesive
motifs including vascular cell adhesion molecule-1 (VCAM-1) amongst others, to recruit, migrate, and

mediate adhesion of HSCs and other hematopoietic cells.
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Cytokine stimulation throughout hematopoiesis lineage
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Figure 4: A subset of growth factors (cytokines) which promote hematopoietic cell expansion.

Table 2: In vivo HSPC niche factors

Primary Cells Accessory Cells Structural cues Humoral cues Biochemical
Cues
LT-HSCs, ST- Mesenchymal Matrix stiffness | SCF Oxgen: Lower
HSCs, MPPs stromal cells, collagen-1 (ECM | (proliferation) for LT-HSCs,
osteoprogenitors, | protein) OPN (quiescence) | higher for ST-
osteoblasts, VCAM-1, VLA- | SDF-1 HSCs and MPPs
stroma and 4 (cell adhesion | (migration)
endothelial cells markers) CSFs, ILs
(differentiation)

2.3. Erythropoiesis

2.3.1.Erythroid hierarchy

Hematopoietic MPP cells can differentiate into immature blood precursor cells confined to
produce a single cell type, such as erythroblasts, and mature into terminal cell types (erythrocytes)
which exit the marrow and enter blood circulation. Erythropoiesis defines the sub-process of red blood
cell production within myelopoiesis, within hematopoiesis. Hematopoietic cell types have been well

characterized by the expression (+) or the absence (-) of specific antigen “markers” on their surface,
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many of which provide functionality to cells such as adhesive motifs (VCAM-1), for protein uptake and
transport (C-KIT,CD71), or the induction of differentiation (EPO-R). Most hematopoietic mononuclear
cells are characterized by the expression of cluster of differentiation (CD)45, and are CD45" (Migliaccio
et al. 2012). Many other antigen surface markers exist and are specifically used to characterize stages
of erythropoiesis from HSCs to RBCs, such as CD34, CD38, CD45, CD36, CD71, and CD235a
(Rappold et al. 1997; Bertrand et al. 2007) and are outlined in Figure 5. Ex vivo erythropoietic cultures
traditionally focus on the expansion capacity of erythroid progenitors (Doulatov etal. 2012; Cabrita et
al. 2003). However, recent studies have emphasized the benefit of simultaneously maintaining HSC

pools to continuously produce red cells in long-term cultures (Mortera-Blanco et al. 2011; Serafini et

al. 2007).
Antigen expression throughout erythropoiesis lineage
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Figure 5: Antigen expression during the process of HSC-derived erythropoiesis.
(Chesney et al. 2011)

2.3.2. Erythroid niche environment

Upon commitment to myelo-erythroid lineages, HSCs differentiate through several colony-
forming-unit (CFU) stages, named for their high proliferative capacity that form hematopoietic colonies
when plated in methylcellulose assays ex vivo. These differentiation stages amplify replicate cell
numbers, with granulocytic colonies appearing near bone surfaces and erythroid colonies appearing
perivascular, with more mature erythroid colonies approaching closer and closer to the sinusoidal wall,
as noticed in animal stereologic studies (Weiss 1984; Yokoyama et al. 2003; Frassoni et al. 1982).
Erythroid colonies contain erythroblasts, cells which have committed to the erythroid fate with
proliferative potential until nuclear expulsion at a late erythroblast stage (normoblast) whereupon the

remaining enucleate reticulocyte must undergo membrane remodelling as an essential step to resemble
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a mature erythrocyte (Weiss 1965). These erythroid maturation steps include physical interaction with
a macrophage, and many erythroid cells typically assemble into an “erythroblastic island” surrounding
a central macrophage, which supplies specific factors and adhesive signals to promote enucleation as
outlined below (Manwani & Bieker 2008). Erythroid colonies are not found in direct contact with the
wall of the sinus, as platelet-producing megakaryocytes are, but exist 15-40 um (1 to 4 cell-distances)
away from rat marrow sinuses (Mohandas & Prenant 1978). The unique distribution of LT-HSC, ST-
HSC, MPP, and erythroid niches impact their exposure to biochemical factors (nutrients, metabolites,
growth factors) as well as their niche-neighboring cells which is summarized in Table 3.

2.3.3. Erythroid Growth Factors

Erythropoietin (EPO), the essential growth factor for erythropoiesis, is almost completely
produced from the kidney during oxygen demand, and rises from basal serum concentrations of 15
IU/mL to stress concentrations up to 10,000 IU/mL (Jelkmann 2011). EPO induces an erythroid lineage
bias and rescues cells at the colony forming unit-erythroid (CFU-E) stage from apoptosis (Grover et al.
2014) by interacting with EPO-receptors (EPO-Rs) present on BFU-E and CFU-E cell surfaces
(Misener et al. 2014). EPO is provided to marrow erythroblasts via the central sinus, and may influence
how more mature erythroblastic islands distribute closer to marrow sinuses for egress (Y okoyama et al.
2003; Weiss 1984). Recent studies have indicated EPO can also be secreted by murine marrow
osteoblasts, if in much lower concentrations (Singbrant et al. 2011; Shiozawa et al. 2010). In these
mature erythroblastic islands, characteristic macrophage-erythroblast interactions may augment the
response of maturing erythroblasts to EPO (Tordjman et al. 2001; Muta et al. 1995), while also
providing iron, erythroid and angiogenic factors (VEGF-A), and presenting adhesive motifs
(fibronectin, VCAM-1) (Manwani & Bieker 2008; Tordjman et al. 2001). The presence of adhesive
motifs on macrophages promotes erythroblast nuclear expulsion to become reticulocytes, whose nuclei
are then phagocytosed by contacting macrophages (Pallotta et al. 2011). A summary of growth factors

in erythropoiesis are presented in Figure 6.
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Cytokine influence throughout erythropoiesis lineage
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Figure 6: Anillustration of selected growth and trans cription factors within erythropoiesis.

2.3.4.Transendothelial migration

Once enucleated, reticulocytes cease production of adherent suface markers and depart from
erythroid islands and travel to sinuses for marrow egress towardbodily circulation. Although enucleate,
the reticulocyte is not considered a functionally mature erythrocyte (red blood cell) and cannot bind
oxygen or undergo deformation similar to erythrocytes. Final erythrocyte maturation is a time-
dependent process of membrane remodelling, and occurs while reticulocytes are in bodily circulation
and is aided during the stressful process of egress, and has corresponded to a decreasing phenotypic
expression of CD71 (Liu et al. 2010; Malleret et al. 2013). During marrow egress, reticulocytes must
deform through the tight endothelial wall gaps of marrow sinuses, typically 2-3 pum, although sub-1 um
transendothelial migration has been witnessed in murine models (Waugh & Sassi 1986; Silber et al.
1978; Lichtman 1978). This egress aids in shedding excess reticulocyte membrane proteins which, with
time, leaves a functional and deformable erythrocyte (Johnstone 1992).

Physiological haematopoiesis and therein, erythropoiesis, is spatially reliant on both its (1)
environmental distribution near vasculature or bone surfaces and also its (2) local organization near
surrounding niche cells. Where vasculature provides a site for nutrient and EPO supply, metabolite and
erythrocyte removal, and mechanical stimulation, neighbouring niche cells provide paracrine
supportive factors and physical interaction through adhesive motifs. These neighboring niche cells can
include macrophages, megakaryocytes, mesenchymal, and osteoblastic cells that secrete supportive
growth factors and produce adhesive extracellular matrix (ECM) proteins (Boulais & Frenette 2015;

Kunisaki etal. 2013; Zhu & Emerson 2002; Kfoury & Scadden 2015; Ehninger & Trumpp 2011). While

detailed information regarding the in vivo distributions and niche interactions of the hemato-erythroid
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environment is only available for animal models, many culture platforms have implemented bio-
mimetic 3D geometries and co-cultures to study ex vivo human hematopoiesis.

Table 3: In vivo erythroid niche (erythroblastic island) factors.

Primary Cells Accessory Cells | Structural cues Humoral cues Biochemical
Cues

Erythroblasts Macrophages Fibronectin EPO (from Iron, increasing
(multiple stages), | (erythroid (ECM protein) sinuses) concentrations of
reticulocytes: island): VCAM-I (cell VEGF (accessory | oxygen with
CD36,CD71, CD68, CD169 adhesion) cells) maturity
CD44, CD235a Compression

(egress)

2.4.Erythropoiesis Ex Vivo

Current methods in recapitulating hematopoiesis and, specifically, erythropoiesis in the
laboratory have two goals: either to efficiently produce cell therapies (e.g. redblood cells in this review)
or to create bio-mimicry platforms to study the progression of normal and abnormal hematopoiesis. The
pursuit of an ex vivo method to produce RBCs at clinically relevant numbers and costs have taken place
almost entirely in liquid suspension culture systems, which along with monolayer cultures, are classified
as two-dimensional (2D). State of the art 2D cultures have created 10° enucleated red cells per CD34*
hematopoietic stem cell (Timmins et al. 2011) which have been further transplanted into a human
subject to terminally and functionally mature into adult RBCs (Giarratana et al. 2011). The design of
physiologically relevant platforms to recreate and study mechanisms ex vivo theorized to occur in vivo
(as human models are non-existent) frequently implement 3D culture geometries, either as co-culture,
encapsulates, or porous scaffoldings. These 3D platforms may provide bio-mimetic attributes to reduce
2D RBC production cost which remain conservatively 40-fold higher than donation costs (Rousseau et

al. 2014).

24.1. 2D: Human erythroid massive amplification (HEMA) cultures
The production of human RBCs from CD34" hematopoictic stem cells was first accomplished

through the use of murine or human stromal layers, which allowed for high expansion rates (10°-fold
increase in cell number) and enucleate purity (95% of expanded cells) which exhibited all the
functionality of mature RBCs: biconcave morphology, deformability, haemoglobin expression (adult

globin for adult peripheral blood or marrow CD34* sources, fetal globin for umbilical cord CD34*
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sources), phenotype (CD235a"CD71), and oxygenation uptake, and could be functionally transfused
into mice with normal lifespans (~120 days) (Giarratana et al. 2005). This first 21-day HEMA culture
relied on 3 steps: (1) 8 days of cell proliferation and erythroid differentiation in serum-free medium
supplemented with SCF, IL-3, and EPO, (2) 3 days of co-culture only with EPO either on a murine MS-
5 stromal cell line or human mesenchymal cells, (3) 10 days of co-culture without exogenous factors

on a stromal layer as above.
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Figure 7: Example outputs of major advancements in HEM A culture.
(top) The massive expansion of nucleated erythroblasts in 2002, whereupon stromal feeder layers were
required for enucleation. (bottom, left) The massive expansion of enucleated reticulocytes using stroma-
free and serum-free conditions and (bottom, right) maturation into biconcave RBCs after successful
transfusion into a human patient (Neildez-Nguyen et al. 2002; Giarratana etal. 2011).

While the use of xenogenic (murine) stromal line co-culture limited the clinical applications of
RBC product from these early HEMA cultures, direct stromal contact was required for erythroblast
enucleation as physical separation from the murine stromal layer by a transwell plate abrogated
enucleation, and prior stroma-free erythroid production failed to fully mature ex vivo (Neildez-Nguyen
et al. 2002). Allogeneic hUCB and hBM-derived stromal cells or hUCB-derived macrophages had

subsequently been used to replace xenogenic murine stromal layers for erythroblast enucleation in

HEMA co-culture (Fujimi et al. 2008; Baek et al. 2008).
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This second major advancement of this protocol was made in 2006 by successfully replacing
the co-culture system with serum (Miharada et al. 2006) with a four-passage culture protocol across 20
days. While enucleation efficiency was significantly less than when using co-culture (77.5% versus
>90%), the supplementation of VEGF and IGF-II early in culture enhanced expansion and enucleation.
The third major advancement came by transfusing autologous cultured reticulocytes into a human
patient, which were expanded from peripheral blood HSCs from the same patient. To accomplish this,
10'° enucleated cells were produced from 10° CD34" cells over 18 days using a 13 litre liquid suspension
culture platform and were injected and found to mature from a pre-injection reticulocyte stage into a
mature red blood cell in vivo, with normal RBC lifespan (Giarratana etal. 2011). Others improved RBC
yield by increasing proliferation at the HSC expansion step with different steroid combinations, and
could increase culture duration to 50 days and scaled-up culture size to a 1 litre stirred stank bioreactor,
providing 10° red cells/initial HSC and 90% enucleation efficiency (von Lindern et al. 1999; Leberbauer
et al. 2005; Timmins et al. 2011). The major advancements toward HSC-derived RBC production are
summarised in Figure 7 and in Table 4.

Since 2011, advances in RBC production have focused on the use of induced pluripotent stem
cells (iPSCs) as a source. Recently, an immortalised adult human erythroid line has been developed that
produces normal adult human red cells with adult, not fetal or embryonic, haemoglobin for oxygen
transport, and without terminal differentiation defects. The ability to produce RBCs from immortalised
progenitors allows for the unlimited cultivation of source material towards expansion when necessary.
Although this study was limited to low enucleation efficiency (30%), produced reticulocytes were able
to bind oxygen and deform similar to native erythrocytes (Trakarnsanga et al. 2017).

Liquid suspension, or “2D”, culture systems have provided sufficient reticulocyte production
per HSC input, and have proven the clinical utility of these reticulocyte products as transfusable,
functional cells for human use. Even moreso from the successful generation of reticulocyte-producing
immortalised cell lines, the clinical limitation of ex vivo red blood cell production is no longer
production efficiency per HSC input, but is now bioprocess cost (medium, cytokine requirements),
scalability (volume and RBC quantity needed), and product quality (producing immature reticulocytes

versus functional erythrocytes). Liquid suspension cultures are currently limited to densities of 2-5-10°
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cells/mL, should that limit be lifted to 107 cells/mL, estimates predict the HEMA production of one unit
of RBCs (210" cells) would cost $8330, 40-fold higher than clinical costs for normal RBC units
($225.42) and rare RBC units (approx. $1000-3000) (Timmins & Nielsen 2009; Rousseau et al. 2014;
Misener et al. 2014), and the majority of these HEMA production costs can be attributed to culture
medium and cytokine supplementation. Bio-mimetic, 3D culture systems may alleviate these
constraints by implementing: supportive co-culture cells as surrogates for expensive cytokine
supplementation, higher cell densities to promote cell-cell adhesion for enucleation, and complex
culture platform topologies: with a variety of niche environments and biomechanical forces to support

physiological culture homeostasis alongside terminal cell maturation.

Table 4: Current HEM A liquid sus pension culture state-of-the-art.
Pink is 4-step method from (Miharada et al. 2006) which is similar to and was adapted for (Giarratana

etal 2011). Grey is 1-step method from (Timmins etal. 2011)

Culture Stages | Cell Input Cell Output Growth Factors Biochemicals
Passage I 10*/mL 9x10/mL 10° M 20 ng/mL oa-tocopherol
[6 days] 95% CD34* | 65% CD235a* hydrocortisone 4 ng/mL lnoleic acid
0% enucleate 50 ng/mL SCF 200 ng/mL cholesterol
167.5-fold 10 ng/mL IL-3 2 ng/mL sodium selenite
6 IU/mL EPO 200 ng/mL transferrin
10 ng/mL. VEGF | 10 pg/mL insulin
250 ng/mL IGF-2 | 10 uM ethanolamine
0.1 mM 2-mercaptoethanol
5% Plasmanate cutter
In StemSpan H3000
Passage 11 3x10*/mL 2.5x107/mL 50 ng/mL SCF Same as above
[4 days] From I 86% CD235a* 6 IU/mL EPO
2% enucleate
86.4-fold
Passage III 5x10%/mL 5x107/mL 50 ng/mL SCF Same as above
[6 days] From II 87% CD235a" 2 IU/mL EPO
14% enucleate
49.6-fold
Passage IV 5x10°/mL 5x10°/mL None 14.57 mg/m D-mannitol
Enucleation From III 94% CD235a* 0.14 mg/mL adenine
[4 days] 78% enucleate 0.94 mg/mL disodium
1-fold hydrogenphosphate
dodecahydrate
1 uM mifepristone
0.5% Plasmanate cutter
In StemSpan H3000
Direct HSC to | 10*/mL 10°/mL cells 10°* M HC 1% BSA
Retic. CD34* 95% CD235a" 100 ng/mL SCF 120 pg/mL donor-derived
differentiation 92% enucleate 5 ng/mL IL-3 transferrin
[21 to 33 2.25-108-fold 3 IU/mL EPO 10 pg/mL insulin
days] expansion 900 ng/ml ferrous sulphate
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1 litre bioreactor 90 ng/mL ferric nitrate
scale In IMDM

2.4.2. 3D: Mimicking physiological he mato-erythroid niches
HEMA liquid suspension expansion of HSCs, the differentiation of HSCs into erythroid cells,

and the maturation of functional RBCs have shown proof of clinical principle for ex vivo RBC
production and transfusion. However these liquid suspension cultures are limited by low cell density
requirements, and therefore, steep costs exist from the quantity of medium and growth factors needed
for producing clinically-useful numbers of RBCs. These costs could be salvaged implementing cultures
with lower cytokine requirements, higher cell densities, and implementing materials for the continuous
harvest of cell products. 3D cultures can implement these attributes through the use of co-culture

models, biomaterial scaffolds, and dynamic culture platforms.

2.4.2.1. Co-culture models

The original marrow mimicry predates 2D liquid suspension culture and was developed from
murine bone marrow aspirate, whose cells autonomously formed a co-culture as an adherent monolayer
of stromal cells and collagen nursing hematopoietic cells when cultured in 30% serum across multiple
months (Dexter et al. 1977). Attempts to adapt these foundational long-term “Dexter” cultures to a
humanised model were unsuccessful, despite advances in short-term cell output when supplementing
various CSF and IL growth factors, and human progenitors exponentially decreased with time and
never maintained the expansion found in murine HSCs (Coutinho et al. 1990; Bronzino 1999).

The co-culture of accessory cell types (e.g. stroma, other hematopoietic cells) with HSCs over
7 or 14 days allow for HSC proliferation (3.2-fold) and a more consistent output with regard to donor-
to-donor variability, whereas HSC culture within identical conditions (serum, cytokines) in the absence
of stroma led to culture decline, spontancous HSC differentiation, and variable phenotypic and
clonogenic cell output (Koller et al. 1996; Koller et al. 1995; Breems et al. 1998). The proliferative
contribution of HSC-neighbouring cells (e.g. stroma) was found to be critically dependent on physical
contact through adhesion molecules (e.g. VCAM-1), which alters HSC migratory behaviour and gene
expression profile (Alakel et al. 2009), and also could be otherwise effected through the range of

secretory molecules and factors mesenchymal stromal cells produce (Wagner et al. 2007). A detailed
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analysis of the impact and distribution of HSCs during a 7-day MSC co-culture provided three distinct
MSC-related micro-environments for HSCs: (1) non-MSC-adherent HSCs, (2) HSCs adherent to MSC
feeder surface, (3) HSCs that had migrated beneath the MSC feeder layer. HSCs adherent to the MSC
feeder surface were more proliferative, while more immature (CD34"CD38") HSCs migrated below the
feeder surface where they maintained their more immature phenotype long-term (Jing etal. 2010). HSC-
MSC interactions are most commonly studied through soluble factors (SCF, SDF-1) and adhesion
molecules (VCAM-1); and while chemoattractant SDF-1 does not mediate HSC-MSC adhesion ex vivo,
the stromal-secreted factor plays essential roles in HSC migration in vitro, and retains HSCs within the
marrow in vivo (Anthony & Link 2014).

Co-culture has long been essential for complete erythropoiesis ex vivo. As discussed above, the
in vitro final maturation and enucleation of erythroblasts toward becoming reticulocytes and thereafter,
mature erythrocytes was critically dependent on an adherent stromal layer (Neildez-Nguyen etal. 2002).
Although many RBC-production studies implement stromal layers, the correct in vivo analogy would
be an ex vivo erythroblast enucleation culture with macrophages. Whereas erythroblast-macrophages
adherent interactions which lead to nuclear expulsion are thought to result from VLA-4 or
phosphatidylserine (PS) erythroblast adhesion molecules binding to VCAM-1, CD51, or CD61 on
macrophages (Manwani & Bieker 2008), recent in vitro co-culture found the essential factor was none
of these, but rather was heparin-binding protein erythroblast macrophage protein (Emp) on
erythroblasts, which limited erythroblast differentiation, expansion, and enucleation when blocked
(Fujimi et al. 2008; Hanspal & Hanspal 1994). The liquid suspension culture of late erythroblasts at
high densities (107 MNCs/mL) to form aggregate cell clusters enhanced enucleation efficiencies,
demonstrating that mechanical adherence alone was sufficient to promote enucleation (Lee et al. 2014).
However, this effect could be recapitulated through the use of 3D biomaterial substrates, coated with

adhesive proteins, and cultured with cells at high density.

2.4.2.2. Biomaterial scaffolds
Although co-culture platforms provide a niche bio-mimicry of neighboring cells towards

hematopoietic proliferation, maintainance of stemness, erythroid differentiation, or erythroblast
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enucleation; their dependence on physical monolayer-contact limits scalability, requires low cell
densities to maintain culture viability, and their use of two separate cell sources limits clinical utility.

A wide variety of materials, surface modifications, cellular input, and medium considerations
have been investigated for the ex vivo expansion of hematopoietic cells as analogues to the marrow
microenvironment. Briefly, the most common materials include natural polymers (e.g. gels such as
alginate and ECM proteins) which better recapitulate adhesive motifs and mechanical forces provided
in vivo, or synthetic polymers (e.g. polyurethane (PU), amongst many others), which have been
approved for clinical use without xenogeneic complications, and ceramics have also been used (e.g
calcium, glass, hydroxyapatite). These materials must be formed by a variety of methods into useful
structural templates, including monolayers, hydrogels, microcarriers, encapsulates, and porous or
fibrous matrices; where influential properties include porosity, pore size, and interconnectedness. The
surfaces of these architected materials may be modified chemically (e.g. aminated, made hydrophilic,
etc.) and coated with adhesive peptides (e.g. RGD) and proteins (e.g. collagen type-1, fibronectin,
laminin) to improve cell adhesion and function (Nelson & Roy 2016; Choi et al. 2015).

Human hematopoietic cell sources are typically derived from bone marrow (hBM), umbilical
cord blood (hUCB), and stem-cell-mobilised peripheral blood (hPB). While hBM is difficult to donate
due to collection by invasive aspiration, hUCB and hPB are popular as in vitro HSC sources, with
hUCB-derived HSCs providing better expansion rates than hPB. These cell sources are isolated
typically for mononuclear cells (MNCs) by ficoll-paque, and can be further refined for only progenitor
populations based on phenotypic separation (CD38, CD34, CD133), typically by immunomagnetic
bead separation prior to culture inoculation. The co-culture of hematopoietic cells with stromal cells, or
of specific hematopoietic subsets, provides a more bio-mimetic environment, but incorporating cells
from multiple sources limits clinical application due to xenogeneic or allogeneic immunoresponses
(Sharma et al. 2012; Ventura Ferreira et al. 2012; Ventura Ferreira et al. 2016).

The mitial 3D scaffold cultures provided an alternative to murine Dexter cultures by creating
perfused plug-flow-reactors of collagen microspheres which expanded murine bone marrow cells nearly
20-fold across 120 days of viable culture (Wang & Wu 1992). Recently after, a 2D perfusion culture of

human mononuclear bone marrow cells autonomously formed a stromal layer while expanding total
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cell output 6-fold and CFU-GM content 22-fold after 16 days (Palsson et al. 1993). Thereafter, the
collagen microsphere bioreactor of Wang and Wu was implemented for 6.5-week culture of human
bone marrow MNCs additionally supplemented with low-doses (0.2 [U/mL) of EPO in addition to basal
SCF, IL-3, GM-CSF, and IGF-1, and populated the pores of the microspheres with intimate cell-cell
contact and a high cell density. In comparison with identically stimulated Dexter cultures, whose
primary hematopoietic output consisted of granulocytes instead of erythrocytes (90% vs. 6%),
nonadherent cells within the bioreactor consisted of 43% erythrocytes, 43% granulocytes, 8%
lymphocytes, and 5% monocyte-macrophage cells. When EPO was raised from 0.2 IU/mL to
concentration near prior Dexter concentrations and current HEMA concentrations (2 [U/mL), culture
output only increased 50% and the output expression of erythroid phenotypes declined after week 3.
These results by Mantalaris using the Wu lab bioreactor from 1998 may abnormally high EPO doses
appeared to stunt erythropoiesis by stimulating the early differentiation and exhaustion of EPO-
responsive erythroid progenitors. Whereas, in contrast, lower and more physiological EPO doses may
have maintained such EPO-responsive erythroid progenitors during later time points in culture. This
was the first proof that 3D biomaterials cultures could operate at less