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SUMMARY
Human leukocyte antigen (HLA)-matched cord blood (CB) transplantation is a procedure for the treatment of certain hematological

malignancies, hemoglobinopathies, and autoimmune disorders. However, one of the challenges is to provide a sufficient number of

T cell-depleted hematopoietic stem and progenitor cells. Currently, only 4%–5% of the CB units stored in CB banks contain

enough CD34+ cells for engrafting 70-kg patients. To support this clinical need, we have developed an automated expansion proto-

col for CB-derived CD34+ cells in the Quantum system’s dynamic perfusion bioreactor using a novel cytokine cocktail comprised of

stem cell factor (SCF), thrombopoietin (TPO), fms-like tyrosine kinase 3 ligand (Flt-3L), interleukin-3 (IL-3), IL-6, glial cell line-

derived neurotrophic factor (GDNF), StemRegenin 1 (SR-1), and a fibronectin-stromal-cell-derived factor-1 (SDF-1)-coated mem-

brane. In an 8-day expansion of a 2 3 106 positively selected CD34+ cell inoculum from 3 donor lineages, the mean cell harvest

and cell viability were 1.02 3 108 cells and 95.5%, respectively, and the mean frequency of the CD45+CD34+ immunophenotype

was 54.3%. The mean differentiated cell frequencies were 0.5% for lymphocytes, 15.8% for neutrophils, and 15.4% for platelets.

These results demonstrate that the automated monoculture protocol can support the expansion of CD34+ cells with minimal

lymphocyte residual.
INTRODUCTION

Human leukocyte antigen (HLA)-8-allele-matched cord

blood (CB) transplantation is an allogeneic procedure for

the treatment of certain hematological malignancies, he-

moglobinopathies, and autoimmune disorders (Horan

et al., 2012; Gragert et al., 2014; Barker et al., 2020; Shpall

and Rezvani, 2021). CB-derived CD34+ stem cells and

progenitor cells are typically selected for hematopoietic

reconstitution as a result of their increased capacity for

self-renewal and proliferation, longer telomeres, and lower

incidence of graft-versus-host disease (GVHD) through a

lower frequency of alloreactive T cells along with their abil-

ity to achieve rapid engraftment in hematological trans-

plant recipients (Gupta and Wagner, 2020). However, one

of the challenges in this setting is to provide a sufficient

number of T cell-depleted hematopoietic stem and progen-

itor cells, which are necessary to support mixed allogeneic

hematopoietic stem cell transplantation (HSCT) (Diaz

et al., 2021; Singh et al., 2019). Only about 4%–5% of the

CB units stored in CB banks contain a sufficient number

of CD34+ cells for single-unit grafts (R1.05 3 107 CD34+

cells) or for double-unit grafts (R1.40 3 107 CD34+ cells)

for 70-kg patients (Politikos et al., 2020; Cohen et al.,

2020; Barker et al., 2019).

Methods to expand CB-derived CD34+ cells, in either co-

culture with mesenchymal stromal cells (MSCs) or with

small molecules in combination with various cytokine

supplements, frequently rely on inoculums of 4–6 3 106

or more CD34+ cells from CB units (CBUs) (Barker et al.,
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2019; Corselli et al., 2013; Horwitz et al., 2014). In order

to maximize the available inventory of stored CBUs,

we have developed a monoculture expansion protocol for

low initial seeding of 2 3 106 preselected CB-derived

CD34+ cells in the Quantum Cell Expansion System’s

perfusion-based, 2-chambered, semi-permeable hollow fi-

ber membrane (HFM) bioreactor. All components of a pri-

mary cytokine cocktail comprised of recombinant human

stem cell factor (SCF), thrombopoietin (TPO), fms-like tyro-

sine kinase 3 ligand (Flt3L), interleukin-3 (IL-3), and IL-6

were used at one-tenth of the manufacturer’s recommen-

ded concentration (Lin et al., 2020). This cytokine cocktail

was further supplemented with recombinant human glial-

cell-line-derived neurotrophic factor (GDNF) to maintain

cell viability and combined with the aryl hydrocarbon re-

ceptor to upregulate the expression of the anti-apoptotic

gene BCL2 in human CB-CD34+ progenitors and to limit

HSC differentiation during CD34+ cell expansion, respec-

tively, when implemented with other HSC cytokines (Boi-

tano et al., 2010; Fonseca-Pereira et al., 2014). The prox-

imity of MSCs and hematopoietic stem and progenitor

cells (HSPCs) in the bone marrow sinusoids, coupled with

the perivascular support of HSPCs by SCF from CD146+

MSCs, are part of the rationale for their inclusion in

hematopoietic co-culture processes (Corselli et al., 2013;

Ehninger and Trumpp, 2011; Morrison and Scadden,

2014). However attractive, the co-culture of MSCs and

HSPCs adds complexity, time, and potential variability to

the stem cell and progenitor expansion process (Hatami

et al., 2014). Even so, MSC and HSPC co-culture can serve
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to point toward alternative production strategies in CB-

derived CD34+ cells (Sieber et al., 2018). Automating the

hematopoietic cell and progenitor expansion process is

central to providing a dependable quantity of selected cells

for therapeutic indications. Moreover, the Quantum sys-

tem (Terumo Blood and Cell Technologies, Lakewood,

CO, USA) has a history of supporting the expansion of

both adherent MSCs as well as suspension CD3+ T cells

and regulatory T cells with a perfusion-based HFM biore-

actor (Jones et al., 2013; Hanley et al., 2014; Nankervis

et al., 2018; Jones et al., 2020; Garcia-Aponte et al., 2021;

Cunningham et al., 2022). In our CB-derived CD34+ cell

expansion method, the intracapillary (IC) HFM lumen of

the bioreactor is coated with a mixture of human fibro-

nectin (Fn) and the chemokine stromal cell-derived factor

1 (SDF-1) prior to cell seeding in order to mimic the stimu-

latory and homing effects of bone-marrow-derived or

Wharton’s Jelly-derived MSCs (Lapidot and Kollet, 2002).

The preselected CB-derived CD34+ cells were subsequently

propagated under suspension culture conditions, but they

were also allowed to adhere to the coated HFM IC surface

during this process in order to engage with the Fn-SDF-1-

modified surface. Studies by Peled et al. have shown that

the immobilized SDF-1 is required to develop integrin-

mediated cell adhesion of CD34+ cells by VLA-4 integrin

to murine endothelial cells (Peled et al., 1999). In this

context, Cuchaira et al. have also shown that hydrogel

immobilization of SCF and SDF1a, along with the incorpo-

ration of the arginine-glycine-aspartic acid (RGD) integrin

recognition sequence, onto the cell culture surface recapit-

ulates certain aspects of the bone marrow microenviron-

ment (Mendez-Ferrer et al., 2010; Cuchiara et al., 2013).

These underlying studies led us to hypothesize that

expanding CB-derived CD34+ cells with a modified extra-

cellular matrix protein could be feasible.

Here, we report on the automated monoculture expan-

sion of CB-derived HSCs and progenitor cells beginning

with mixed, positively selected CB-derived CD34+ cells.

These cells were resuspended in serum-free medium and

supplemented with a defined hematopoietic cytokine

cocktail and expanded under a programmed, but modifi-

able, perfusion protocol for a period of 8 days in order

to minimize T cell differentiation in the Fn-SDF-1-coated

HFM bioreactor system (Lang et al., 2011; Schaniel

et al., 2021). Quantum-system-expanded CB-derived

CD34+ cells generated a sufficient quantity of cells to sup-

port both single- and double-unit minimal CD34+ dose

equivalency while conserving the CD34+ phenotype

with a minimal frequency of lymphocytes. Furthermore,

these CB-derived expanded progenitor cells demonstrated

their ability to differentiate into mature hematopoietic

colony-forming units (CFUs) under methylcellulose assay

conditions.
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RESULTS AND DISCUSSION

Three master lots of CB-derived, preselected, mixed CD34+

cells were expanded in a 2.1 m2 HFM bioreactor with a

124 mL culture volume and harvested using an automated

suspension cell protocol. Cells were introduced into the IC

side of the HFM bioreactor through a defined perfusion

protocol and maintained within the lumen of the biore-

actor with a custom counter-flow fluidics program.

CB-CD34+ cell expansion

Based an initial cell seeding of thawed2.03106CD34+ cells,

the mean harvest yield of CD34+ cells was 1.02 3 108 cells

(range: 4.02 3 107–1.61 3 108 cells) with a mean cell

viability by trypan blue exclusion of 95.5% (range:

93.3%–96.8%) as enumerated by Vi-CELL XR cell analyzer

over the course of the 8-day expansion period (Figures 1A

and1B). The cell expansionyieldof 4.03107–1.63108 cells

exceeds theminimumCD34+ cell dose of 1.53 105 cells/kg

for a single-unit graft anda1.03105 cells/kg fordouble-unit

graft, which translates into minimum doses of 1.1 3 107

CD34+ cells and 1.4 3 107 CD34+ cells, respectively, for

a 70-kg patient (Politikos et al., 2020). In the auto-

mated expansion of the three (3) CB-derived CD34+ cell

lineages, the mean cell population doubling was 5.4 (range:

4.3–6.3), the mean cell population doubling time was

34.9 h, and the mean-fold increase was 51.0-fold (range:

20.1- to 80.5-fold); (Figure 1). The IC medium input perfu-

sion flow rates were adjusted in response to glucose and

lactate metabolite levels and ranged from 0.1 to

0.2mL/min (Figure 1D). To put the results of this cell expan-

sion protocol into perspective, Barker et al. have shown, in

an audit of US public CBbanks, that amedianCBU contains

about 4.4 3 106 CD34+ cells up to a maximum of about

23 107 CD34+ cells (Barker et al., 2019). These data suggest

that average expansion yields from a single CBU, which are

ontheorderof2.23108 to1.03109CB-derivedstemorpro-

genitor cells, are potentially feasible with an automated

8-day monoculture cell expansion protocol by simply

increasing the cell inoculum from 2 3 106 cells up to

4.43 106–23 107 cells with a full CBU CD34+ cell fraction.

Thiswouldhave the effectof increasing the cell seedingden-

sity from 1.6 3 104 to 3.6 3 104–1.6 3 105 cells/mL in the

perfusion bioreactor and entertain the possibility of a

shorter expansion time frame, which could reduce the po-

tential for cell differentiation (Ahrens et al., 2011; Liedtke

et al., 2021). In comparing the CD34+ harvests after 8-day

expansion with the precryopreservation technique across

various UCB donors, these data also suggest a relationship

between expansion yields and precryopreservation cell

viability, which ranged from 84% to 98% (Figure 1C). Over-

coming a broad range of precryopreservation cell viability is

central to the robust expansion of HSC progenitor cells for



Quantum system CB-CD34+ Cell Harvest Summary 
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Donor Lineages 
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Mixed Donor 1 4.0 93.3% 4.3 42.1 20.1 
Mixed Donor 2 16.1 96.8% 6.3 29.8 80.5 
Mixed Donor 3 10.5 96.3% 5.7 32.8 52.5 
Mean 10.2 95.5% 5.4 34.9 51.0 
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Figure 1. Quantum system CB-derived mixed CD34+ cell expansion results
(A) CD34+ cell harvest yield from three different donor cell lineages after 8 days of monoculture compared with the minimum single and
double CBU CD34+ cell dosing guidelines for a 70-kg patient.
(B) Harvest cell viability by trypan blue dye exclusion.
(C) Correlation of precryopreservation cell viability with CB-derived CD34+ cell harvest yield. Pearson’s correlation coefficient of
R2 = 0.8863.
(D) Mean of CD34+ normalized glucose consumption rate (mmol/day) and lactate generation rate (mmol/day).
(E) Quantum system CB-CD34+ cell harvest summary table.
These results are from 3 independent cell expansion experiments, which are based on 3 separate pooled CB-derived CD34+ cell lineages.
Each donor cell harvest and cell viability by trypan blue value is the mean of 50 replicate measurements per expansion sample as acquired
by a Beckman Coulter Vi-CELL XR Cell Analyzer.
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engraftment (Lee et al., 2008). Monitoring the glycolytic

metabolism shows that the glucose consumption rate

ranged from 0 to a high of 0.596 mmol/day on day 5 and

that the lactate generate rate ranged from 0 to a high of

0.650 mmol/day on day 8 (Figure 1D). The difference in

peak days for these twometabolites can be attributed tome-

diaflowrate adjustments,differential expressionof enzymes

controlling glycolytic flux, and thedemand for biosynthetic

metabolites during cell expansion (Tanner et al., 2018).

CB-CD34+ cell immunophenotyping

Over the three (3) CB-derived donor cell lineages, flow

cytometry revealed the mean frequency of the

CD45+CD34+ immunophenotype to be 54.3% (range:

51.9%–57.9%) and the mean frequency of the more primi-

tiveCD133+CD38� immunophenotype tobe31.8% (range:

25.9%–39.0%) at harvest on day 8 of automated culture

(Figure 2A) (Radtke et al., 2015). These results compare

favorably with other CD34+ cell 7-day expansion protocols

using StemRegenin 1 (SR-1) (CD34+ cells 10%–25%) media

as shown by Tao et al. and 21-day CD34+CD38�expansion
protocols using nicotinamide (CD34+ cells 0.2–4.4%) me-

dia as shown by Peled et al. in UCB-derived cell culture

(Tao et al. 2017; Peled et al. 2012). Upon further analysis,

the mean frequency of the differentiated cell lineages was

0.5% for lymphocytes (CD3+, CD19+, CD56+), 27.7% for

neutrophils (CD34+CD15+), and 26.5% for platelets

(CD34+CD41a+). The fact that biomarkers for both neutro-

phils and platelets are present in an expanded CB-derived

CD34+ cell populationcanbeattributed, inpart, to the cyto-

kine composition of the expansion media, which contains

the interleukins IL-3 and IL-6. Although used to support

CD34+ cell expansion, both cytokines have also been impli-

cated in the development of myeloid cell lineages (Koller

et al., 1993). Inour study, theCD34+CD15+ immunopheno-

type defines immature neutrophils, which is consistent

with the identification strategy used by E.Dick et al. in their

study of ex-vivo-expanded bone-marrow-derived neutro-

phils (Dick et al., 2008). This generates an overall

CD34+C15+ immature neutrophil frequency of 15.8% in

our expanded progenitor cell population (Figure 2B). In

addition, our identification of CD34-derived platelets is

analogous to previous work by R. Feng et al., which has

shown that CD34+CD41a+ platelets are dual biomarkers

that predict platelet recovery after autologous blood stem

cell transplantation (Feng et al., 1998).With this definition,

our results generate an overall CD34+CD41a+ platelet im-

munophenotype frequency of 15.4% in the expanded CB-

derived progenitor cell population (Figure 2B).

In vitro CB-CD34+ clonal differentiation

The MethoCult CD34+ cell differentiation assay of

harvested cells generated hematopoietic progenitor
2588 Stem Cell Reports j Vol. 17 j 2585–2594 j December 13, 2022
lineages of granulocyte-erythroid-macrophage-megakaryo-

cyte (GEMM), granulocyte-macrophage (GM), and burst-

forming-unit erythroid (BFU-E)CFUs.After 14daysofmeth-

ylcellulose-based cell culture, the CB-derived CD34+ cell

differentiated CFUs averaged 56% for the GM, 23% for

GEMM, and 21% for BFU-E progenitor lineages of the total

CFUs across the three (3) expanded CB-derived CD34+ cell

lines (Figure 3A and 3B). These CFU results are comparable

to prior studies with methylcellulose H4034 cytokine

differentiation of electroporated, genetically unmodified

CB-derived CD34+ cells by Chicaybam et al., where thema-

jority of the lineages were GM-CFU (60%) clones followed

by BFU-E (36%) and GEMM-CFU (10%) clones, and by

Pavel-Dinu et al., where themajority of both the genetically

modified and unmodified clones were also GM-CFU (60%)

followed by BFU-E (18–20%) and GEMM-CFU (5%) clones

(Chicaybam et al., 2016; Pavel-Dinu et al., 2019). The differ-

ences in the relative distribution of the CFU clones among

these studies can be attributed to variations in the donor

CBU cell sources, stem cell selectionmethods, and the cyto-

kine cocktail formulations used in the expansion of the CB-

derived CD34+ cells prior to differentiation (Rheaume et al.,

2020). In asmuchaswe expandedpositively selectedCD34+

mixed donor cell populations in a perfusion system as a

proof of concept andmyeloid differentiation of CD34+ cells

being dependent on GM-CSF and G-CSF, we only detected

granulocyte, macrophage (myeloid), or GEMM/GM col-

onies in thedifferentiation ofCB-derivedCD34+ cells where

the stimulatory medium contained recombinant human

(rh)-GM-CSF and rh-G-CSF (Stec et al., 2012; D’Aveni

et al., 2015). These monocyte growth factors were not

present in the media used to expand CB-derived CD34+

cells. However, the clonal results do suggest that the mono-

cyte lineage should be present under differentiation condi-

tions since we have observed GEMM colonies in the pres-

ence of the hematopoietic agents G-CSF and GM-CSF.

Conclusion

Various strategies for cell processing and expansion of CB-

derived CD34+ have been proposed to reduce the incidence

of GVHD and to increase the cell dose for engraftment in

HSCT (Diaz et al., 2021; Lang et al., 2014). More recent pro-

tocols involve both the selection of CD34+ cells and the

retention of CD34� fraction, which may contain immune

modulatory cell types for co- or sequential administration

(Cohen et al., 2020). In our study, we chose to expand

23106preselectedCB-derivedCD34+cells,or theequivalent

of one-third to one-half of a CBU CD34+ cell fraction, under

novel cytokine conditions, which include Fn-immobilized

SDF-1 and cell culture medium containing the requisite sol-

uble SCF, TPO, Flt-3L, IL-3, and IL-6 cocktail at 10% of the

manufacturer’s recommendations with the addition of

SR-1 and GDNF in an automated perfusion HFM bioreactor
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Figure 2. Immunophenotype frequency of Quantum-expanded CB-derived CD34+ cells at harvest
(A) Mean frequency of HSC immunophenotype displayed in blue bar chart with error bars based on SEM.
(B) The immunophenotype frequency of differentiated hematopoietic cell lineages is presented using representative biomarkers: HSCs
(CD34+), lymphocytes (CD3+, CD19+, CD56+), neutrophils (CD34+CD15+), platelets (CD34+CD41a+), error bars based on SEM, p < 0.05.
(C) The FMO gating strategy (FSC-A versus SSC-A/ singlets FSC-H versus FSC-A/ live cells SSC-A versus & 7-AAD-A/ SSC-A versus CD45-
APC-H7 / SSC-A versus CD34-APC / CD133-PE versus CD38-BB515) (C) was verified with Streck CD-Chex-CD34 Level 3 peripheral blood
reference standard.
The immunophenotype results are based on 3 independent cell expansion experiments with 10,000 events acquired per sample.
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Figure 3. Methocult assay of CB-derived
human CD34+ cells
(A) Differentiated colony-forming units
(CFUs) from Quantum-expanded CD34+ cells
14 days post-harvest. The mean CFU values
for each progenitor colony type are based
on 6 replicates across each pooled donor
cell line over 3 independent cell expansion
experiments. Error bars based on standard
deviation.
(B) Representative images of CFU-gran-
ulocyte, erythroid, macrophage, megakaryo-
cyte, CFU-granulocyte and macrophage, and
BFU-erythroid lineages. Scale bar: 200 mm.
system(Figures4Aand4B).Theperfusionof themediaacross

the HFM permits the concentration of both medium and

large molecular weight molecules during the automated

8-day expansionofCD34+ cells. Thepurpose of this cytokine

compositionandperfusionprotocol is to recreate the simula-

tory microenvironment of the bone marrow sinusoids with

the goal of generating conditions, which are conducive to

the expansion of both CD45+CD34+ hematopoietic stem

cells and CD133+CD38� progenitor cells. In vitro function-

ality of the expanded CD34+ cells was confirmed by clonal

differentiation in GM-CFU, GEMM-CFU, and BFU-E assays.
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These results, taken as a whole, demonstrate that the

Quantum system perfusionmonoculture protocol can sup-

port the cGMP expansion of preselected CB-derived CD34+

cells for both single and double CBU dose equivalency of

an average of 1.023 108 cells withminimal lymphocyte re-

sidual and harvest cell viability on the order of 95% while

employing a reduced seeding density for cell expansion.

In addition, this automated CD34+ cell protocol provides

a manufacturing strategy to broaden the available

CBUs in CB banks, which can be considered for HSCT

development.
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EXPERIMENTAL PROCEDURES

CB-derived CD34+ cell selection and expansion
Human, mixed, CB-derived (CB) CD34+ cells were purchased from

STEMCELL Technologies (Vancouver, BC, Canada). The vendor

had previously isolated CD34+ cells from the CB of healthy donors

under the auspices of an Institutional Review Board (IRB) approval

or other regulatory authority-approved consent protocols. The

cells were isolated using a Ficoll preparation of mononuclear cells

and subsequent StemSep positive immunomagnetic selection,

which involves the depletion of undesirableMNCs, red blood cells,

lymphocytes, and platelets. Approximately 2 3 106 CB-derived

CD34+ cells (2 mL) were thawed at 37�C in a water bath and

washed in 23 mL and resuspended in 50 mL of serum-free GMP

SCGM medium (CellGenix GmbH, Freiburg, Germany) supple-

mented with StemSpan CD34 Supplement 10X (STEMCELL Tech-

nologies), which contains rh Flt3l, SCF, TPO, IL-3, and IL-6 at a

concentration of 1%by volume,GDNF at 10ng/mL (R&DSystems,

Minneapolis, MN, USA), SR-1 at 0.75 mM (STEMCELL Technolo-

gies), and PSN antibiotic mixture 100X at 1% by volume (Thermo

Fisher Scientific, Waltham, MA, USA) in complete medium. Base

medium was formulated with serum-free GMP SCGM supple-

mented with 0.75 mM SR-1 and PSN antibiotic mixture 100X at

1% by volume as previously described.

Prior to seeding the CD34+ cell inoculum, the Quantum system

HFM bioreactor (Terumo Blood and Cell Technologies) was coated

overnight with a mixture of 5 mg human plasma-derived Fn or

0.23–0.24 mg/cm2 (Corning Life Sciences, Corning, NY, USA) and

recombinant human stromal-cell-derived factor 1 (SDF-1) at

0.075 ng/cm2 (R&D Systems, Minneapolis, MN, USA) in 100 mL

PBS without (w/o) Ca2+-Mg2+ (Lonza Group, Walkersville, MD,

USA) at a temperature of 37�C andmixed gas (5%CO2, 20%O2, bal-

ance N2). CB-derived CD34+ cells were seeded in suspension into

the coated HFM bioreactor in 50 mL complete medium after IC

(complete) medium and EC (base) medium exchange/condition-

ing, expanded in monoculture, and harvested on day 8 of cell cul-

ture using the Quantum system automated tasks as outlined in

Tables S1–S3. Default tasks were used for the Quantum system

priming, IC media/EC media exchange, and media conditioning

tasks. In-process glucose and lactate levels were monitored by

i-STAT Analyzer G and CG4+ cartridges (Abbott Point-of-Care,

Princeton, NJ, USA). During cell expansion, the Quantum system

IC and EC inlet flow rates were adjusted in response to the glucose

consumption and lactate generation rates and the nature of the

automated task.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.10.006.
Figure 4. Cytokine interaction bioinformatics and Quantum syste
(A) Proposed cytokine gene product relationships derived from www.pa
of stem cell factor (KITLG), thrombopoietin (THPO), fms-related tyro
derived neurotrophic factor (GDNF), stem-cell-derived factor 1 (CXCL1
are summarized.
(B) Quantum Cell Expansion System with hollow fiber membrane bior
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