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Developing robust methodology for the sustainable production
of red blood cells in vitro is essential for providing an alterna-
tive source of clinical-quality blood, particularly for individuals
with rare blood group phenotypes. Immortalized erythroid
progenitor cell lines are the most promising emergent technol-
ogy for achieving this goal. We previously created the erythroid
cell line BEL-A from bone marrow CD34+ cells that had
improved differentiation and enucleation potential compared
to other lines reported. In this study we show that our immor-
talization approach is reproducible for erythroid cells differen-
tiated from bone marrow and also from far more accessible
peripheral and cord blood CD34+ cells, consistently generating
lines with similar improved erythroid performance. Extensive
characterization of the lines shows them to accurately recapit-
ulate their primary cell equivalents and provides a molecular
signature for immortalization. In addition, we show that only
cells at a specific stage of erythropoiesis, predominantly proer-
ythroblasts, are amenable to immortalization. Our methodol-
ogy provides a step forward in the drive for a sustainable supply
of red cells for clinical use and for the generation of model
cellular systems for the study of erythropoiesis in health and
disease, with the added benefit of an indefinite expansion win-
dow for manipulation of molecular targets.

INTRODUCTION
The restricted availability of blood for transfusion presents a global
healthcare problem. As a result, much work has focused on devel-
oping an alternative source of clinical-quality red blood cells, partic-
ularly for hard-to-match patient groups. This includes individuals
with rare blood group phenotypes and chronically transfused pa-
tients, such as those with sickle cell disease, b-thalassemia, and
some cancers, who can develop an alloimmune reaction, necessitating
26 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
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more extensively blood group-matched donors. Cultured red blood
cells provide such an alternative and have additional potential advan-
tages over donor blood, including reduced risk of disease transmis-
sion and the production of nascent red cells with improved survival
rates in circulation.1

To date the most efficient stem cells for in vitro culture of erythroid
cells are adult peripheral blood (PB) and umbilical cord blood (CB)
hematopoietic stem cells (HSCs). However, although both types of
HSCs can be differentiated to mature erythroid cells,1–3 they possess
a limited proliferative capacity, restricting the number of red cells that
can be obtained from each HSC donation.

In recent years immortalized erythroid cell lines have emerged as an
alternative approach for the production of cultured red cells.4–8 These
lines provide an unlimited supply of early erythroid cells with only
minimal culture required to generate the final product, potentially
enabling a sustainable supply of reticulocytes for clinical use. In addi-
tion, such lines serve as invaluable tools for the study of erythropoiesis
in health and disease, providing an indefinite expansion window for
manipulation of molecular targets.

In 2017 we reported the first human immortalized adult erythroid line
(BEL-A) from adult bone marrow (BM) CD34+ cells.9 The line was
also the first to closely recapitulate normal adult erythropoiesis. The
cells express levels of adult globin equivalent to primary adult
erythroid cells and enucleate to form reticulocytes that are
ber 2021 ª 2021
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functionally identical to those from primary adult erythroid cell
cultures. Enucleation capacity of BEL-Awas further improved by sub-
sequent adjustment of the differentiation protocol to give a rate of
�40%.10 The unlimited proliferative window and ease of molecular
manipulation, combined with unparalleled enucleation capacity,
have enabled the application of BEL-A for demonstrating proof-of-
principle production of reticulocytes with increased transfusion
compatibility,11 identifying the molecular basis of the MAM blood
group antigen,12 and the study of surface protein requirements for
Plasmodium falciparum invasion.13

However, isolation of BMCD34+ cells is highly invasive, so the ability to
generate lines frommore accessible PB and CB CD34+ cells is essential
for opening up wider applications of the technology, such as creating
lines from individuals with specific and rare blood group phenotypes
and from patients with erythroid diseases for research purposes.

Despite both PB and BM CD34+ cells originating from the same
source, differences have been detected in their characteristics,
including surface marker expression14 and suitability for allogenic
transplant,15 which may impact immortalization potential and
phenotype of resultant lines. Although erythroid cells generated
from CB express an increased proportion of fetal hemoglobin
(HbF), which possesses an oxygen dissociation profile less optimal
for adult circulation, individuals with genetic variants leading to he-
redity persistence of fetal globin (up to 30% HbF in adulthood) do
not suffer any clinical consequences.16 Indeed, such observations
have led to the ongoing development of therapeutic strategies to
increase HbF levels in patients suffering from adult hemoglobinopa-
thies, such as b-thalassemia and sickle cell disease.17 Therefore, lines
generated from CB CD34+ cells also have potential for clinical appli-
cation, with a particular advantage being their accessibility via human
CB banks worldwide, representing a wider variety of donor ethnicities
and genetic backgrounds than from blood donor banks for seeking an
optimal match for chronically transfused patients.18,19

Previous studies describing the generation of immortalized erythroid
lines from CB and PB CD34+ cells have resulted in lines with very
poor enucleation capacity (HUDEP-1, HUDEP-2, HUDEP-3;4 EJ8),
that display a globin expression profile differing from the primary
cell source (HUDEP-24), or that require a stromal cell co-culture sys-
tem for differentiation that is not appropriate for scale up or clinical
application (iE6), as well as confounding enucleation efficiency deter-
mination due to removal of dead and dying nucleated erythroblasts by
stromal cells. We therefore sought to determine whether our immor-
talization approach could generate lines from CB and PB CD34+ cells
with the same improved erythroid phenotype as BEL-A in our feeder-
free culture system and that also closely represent the phenotype of
their parental cell origin.

In addition, all reported erythroid lines to date have been generated
by immortalization of cells at predominantly the proerythroblast
stage of erythroid differentiation. However, immortalization of
earlier cells when more plastic, or at later stages of erythroid differ-
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entiation, may result in lines with further improved enucleation
capacity.

In this study, using our BEL-A immortalization methodology,9 we
demonstrate that multiple cell lines immortalized at different time
points in culture from the same donor BM CD34+ cells all exhibit a
predominantly proerythroblast morphology and invariant phenotype
regardless of timing of induced HPV16-E6 and E7 expression. Thus,
only proerythroblasts and, to a much lesser extent, early basophilic
erythroblasts are amenable to immortalization. The data also demon-
strate reproducibility of the BEL-A immortalization approach for BM
CD34+ cells. We next use our methodology to successfully generate
lines from the far more easily accessible CB (BEL-C) and PB
(BEL-P) CD34+ cells, with similarly improved erythroid maturation
and enucleation potential as BEL-A and the above BM lines. Extensive
characterization of the lines, including differentiation, globin expres-
sion, and proteomics, showed them to recapitulate their primary cell
source (BEL-C has a fetal phenotype, BEL-P has an adult phenotype),
demonstrating the reproducibility of our immortalization approach
across multiple stem cell sources and that immortalization does not
alter the intrinsic and fundamental erythroid characteristics of the
cells. Finally, interrogation of proteomic datasets across multiple lines
provides a signature for HPV16 E6/E7 immortalization. These
findings pave the way for use of this technology to generate cell lines
under goodmanufacturing practice as a sustainable supply of red cells
for transfusion and diagnostics, as well as creation of disease model
systems to investigate underlying molecular defects and to trial novel
therapeutics.

RESULTS
Timing of initiation of HPV16 E6 and E7 expression during line

establishment does not impact characteristics of resultant cell

line

The original BEL-A line was generated via transduction of BMCD34+

cells with a Tet-inducible HPV16-E6/E7 expression system4 on day 1
of culture, with cells transferred to expansion medium containing
doxycycline to induce E6/E7 expression on day 5.9 This resulted in
a cell line comprising predominantly proerythroblasts with a small
number of basophilic erythroblasts.9

We speculated that the timing of initiation of E6 and E7 expression
could impact the properties of the line developed, with the potential
to generate cell lines with further improved terminal differentiation
and enucleation potential, for example, if cells were immortalized at
a later stage of differentiation. To investigate this possibility, four
immortalized lines were initiated from the same donor BM CD34+

cells. The CD34+ cells were incubated in the primary medium of our
erythroid culture system and transduced with the Tet-inducible
HPV16-E6/E7 construct on day 1 of culture, with transfer to expansion
mediumcontaining doxycycline on day 3, 5, 7, or 9 to induce E6 andE7
expression, referred to as the Tet-on day (td; schematic of experimental
design shown in Figure 1A). The composition of the cell population on
these days with respect to stage of differentiation is also shown in Fig-
ure 1A. The resulting erythroid lines, td3, td5, td7, and td9,were kept in
erapy: Methods & Clinical Development Vol. 22 September 2021 27
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Figure 1. Only early erythroid cells, predominantly proerythroblasts, display efficient immortalization potential

(A) schematic of the td3, td5, td7, and td9 cell line initiation protocol. Vertical bars depict morphology data obtained from cytospins of BM CD34+ cell erythroid culture at days

3, 5, 7, and 9 of differentiation. Pre-proE, pre-proerythroblast; ProE, proerythroblast; BasoE, basophilic erythroblast; PolyE, polychromatic erythroblast; OrthoE, ortho-

chromatic erythroblast; Retic, reticulocyte. (B–E) characterization of the td3, td5, td7, and td9 cell lines during the undifferentiated stage. (B and C) doubling time (B) and

percentage viability (C) determined by trypan blue exclusion assay of established cell lines from days 152–198 of expansion culture. Data are shown as mean ± standard

deviation (SD). (D) representative images from cytospins of cell line expansion cultures. Scale bars, 20 mm. (E) expression of GPA, band 3, CD36, a4-integrin, and CD71 in the

undifferentiated cell lines as determined by flow cytometry (n = 3) with MFI frequency distributions normalized to mode. Histograms are representative of three independent

experiments.
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expansion culture for over 6 months before being frozen for storage as
the lines were established. The lines showed mean doubling times be-
tween 19 and 25 h (Figure 1B) and consistently high viability (>98% on
average) (Figure 1C), with their expansion rate unchanged over time or
after freeze-thawing and further culture (Figure S1A). The oldest cells
cultured to date for td3, td5, td7, and td9 were 202, 203, 184, and
188 days post CD34+ cell thawing, respectively. Surprisingly, despite
the differing compositions of erythroid cell maturation stages present
at each of the four time points (Figure 1A), all four lines exhibited a pre-
dominantly proerythroblast morphology, with small numbers of early
basophilic erythroblasts (Figure 1D; td3 86% ± 4%, td5 84% ± 5%, td7
83% ± 6%, td9 88% ± 7% proerythroblasts). Hence, although for
example at day 9 the predominant cell types present were basophilic
28 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
(51%) and polychromatic (22%) erythroblasts, with only 23% proery-
throblasts, it was still predominantly proerythroblasts that became
immortalized. At day 3 there were no proerythroblasts detected, the
majority of cells being early progenitors with a small number (24%)
of pre-proerythroblasts. However, the resultant cell line (td3) again
comprised predominantly proerythroblasts, E6 and E7, although ex-
pressed earlier, clearly not taking effect until the cells had differentiated
to this stage. It therefore appears that only proerythroblasts and early
basophilic erythroblasts are amenable to immortalization, at least
with this technique.

To further investigate the maturation stage of the immortalized lines,
flow cytometry was performed for cell surface maker proteins known
ber 2021



Figure 2. Characterization of td3, td5, td7, and td9

cell lines during differentiation

Expanding cells (day 0) were transferred to erythroid dif-

ferentiation medium and samples taken at time points

throughout differentiation. (A) cumulative fold expansion

(i), percentage viability (ii), and percentage enucleation (iii)

of the differentiating td3, td5, td7, and td9 cell lines. (B)

percentage of erythroid cell types present during differ-

entiation of the cell lines. ProE, proerythroblast; BasoE,

basophilic erythroblast; PolyE, polychromatic erythro-

blast; OrthoE, orthochromatic erythroblast; Retic, reticu-

locyte. (C) representative images from cytospins of these

cultures at days 0, 4, 8, and 12 of differentiation. Scale

bars, 20 mm. Arrowheads indicate the following cell types:

white, ProE; blue, BasoE; orange, PolyE; black, OrthoE;

red, Retic. (D) MFI of GPA, band 3, CD36, and a4-integrin

in the differentiating cell lines as determined by flow

cytometry. Differentiation cultures were initiated between

154 and 200 days of continual expansion since the source

CD34+ cells were thawed. Data are shown as mean ± SD,

n = 3.
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either to increase (glycophorin A [GPA], band 3) or to decrease
(CD36, a4-integrin, CD71) during erythroid differentiation.20

Consistent with the observed morphology, all four lines showed a
similar surface marker expression pattern (Figure 1E).

Next we compared the behavior of the four lines during differentia-
tion by transferring expanding cells to our erythroid culture system.11

Although td3 and td5 trended toward a �2-fold greater expansion
rate during differentiation, only td3 versus td9 at day 8 and day 14
(p = 0.03 and p = 0.005, respectively) reached significance (Fig-
ure 2Ai). There were no significant differences in viability detected
(Figure 2Aii), with a decline in viability in all lines from day 8, as
found with the original BEL-A line, whereby cells that fail to enucleate
enter apoptosis.10

Morphological analysis showed that the differentiation potential of all
four lines was also similar (Figures 2B and 2C), with only slight differ-
ences in differentiation rates at early time points. However, such
Molecular Therapy: Methods & Clin
discrete, defined stages bymorphological analysis
are selectedwithin a continuumof differentiation,
with further analysis by flow cytometry revealing
no significant difference in levels of GPA, band 3,
CD36, and a4-integrin (Figure 2D) at any time
point, indicating a high level of similarity between
the lines. There was also no significant difference
in enucleation rates (Figure 2Aiii). The differenti-
ation potential and rate for cells from the same
line at different time points post immortalization
were consistent (Figure 2), with cells at days 200,
199, 182, and186 for td3, td5, td7, and td9, respec-
tively, the oldest differentiated to date. Western
blot analysis of differentiated cells confirmed an
adult globin expression profile for all four lines equivalent to that seen
for BEL-A and for primary adult erythroid cells, with high levels of
b-globin and negligible g-globin (Figure S2).

Overall, these results demonstrate that immortalizing populations of
erythroid cells by transduction of HPV16 E6/E7 at progressively later
stages of differentiation culture does not result in a line comprising
correspondingly later-stage cells. Instead, only proerythroblasts, and
to a lesser extent early basophilic erythroblasts, are amenable to
immortalization, with the four lines generated exhibiting similar
characteristics and behavior. The data also demonstrate reproduc-
ibility of the BEL-A immortalization approach for BM CD34+ cells.

The BEL-A immortalization protocol is reproducible for

generating lines frommore accessible cord and adult peripheral

blood stem cells

Next we wanted to determine whether we could generate lines with
similar recapitulation of erythropoiesis from the more accessible CB
ical Development Vol. 22 September 2021 29
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Figure 3. Characterization of erythroid cell lines derived from PB and CB CD34+ cells

(A–C) characterization of the CB-derived (BEL-C) and PB-derived (BEL-P) cell lines during the undifferentiated stage. (A) representative images from cytospins of BEL-C and

BEL-P expansion cultures. Scale bars, 20 mm. (B and C) doubling time (B) and percentage viability (C) determined by trypan blue exclusion assay of established cell lines from

days 92–146 of expansion culture. (D) cumulative fold expansion (i), percentage viability (ii), and percentage enucleation (iii) of the differentiating BEL-C and BEL-P cell lines

(n = 3). Differentiation cultures were initiated between 100 and 140 days of continual expansion since the source CD34+ cells were thawed. Data are shown as mean ± SD.
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and PB CD34+ cells and that are also representative of their parental
stem cell type (that is, with a fetal and adult phenotype, respectively).

The data above reveal no difference in the phenotype of lines created
at different time points in culture, albeit with a possible expansion
advantage of lines made at earlier time points. Moreover, for genera-
tion of the original BEL-A cell line, HPV16-E6 and E7 expression was
induced at an early time point (day 5).9 Therefore, an equivalent pro-
tocol was used to attempt generation of immortalized lines from CB
and PB stem cells.

Lines from both CB (BEL-C; Bristol Erythroid Line Cord) and PB
(BEL-P; Bristol Erythroid Line Peripheral Blood) CD34+ cells were
successfully established, with continued expansion in culture for
over 6 months before being frozen for storage. Expansion rates for
the lines did not change over time or after freeze-thawing and further
culture (Figure S1B). The oldest cells cultured to date were 183 and
181 days post CD34+ cell thawing for BEL-C and BEL-P, respectively.
BEL-C and BEL-P showed a predominantly proerythroblast
morphology similar to BEL-A and additional cell lines above (Fig-
ure 3A; BEL-C 80% ± 4%, BEL-P 77% ± 5% proerythroblasts), ex-
hibited mean doubling times of 26 h (Figure 3B), and maintained
high viability during expansion (average >97%) (Figure 3C). There
was no change in phenotype or morphology of the cells over time,
and cells re-established efficiently in culture after freeze-thawing.
30 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
When induced to differentiate, both lines displayed broadly similar
expansion, viability, and enucleation profiles, with maximum enucle-
ation rates of�26% on day 14 (Figure 3D). Leaving the cells in culture
for longer did not result in increased yields of reticulocytes, the re-
maining orthochromatic erythroblasts that failed to enucleate
entering apoptosis, as seen with BEL-A.10 The differentiation poten-
tial and rate of cells from the same line at different time points post
immortalization were consistent (Figure 3), with cells for BEL-C
and BEL-P at days 128 and 140, respectively, the oldest differentiated
to date.

Molecular karyotyping of immortalized cell lines

As potential model systems, it is important to determine the extent of
karyotype abnormalities in immortalized cell lines, especially when
considering genome editing applications. To assess this, molecular
karyotyping of established BEL-C and BEL-P cells, alongside samples
of the td3, td5, td7, and td9 lines (all >150 days of continuous culture)
was performed by single-nucleotide polymorphism array (SNP-
array) analysis. As has been previously observed for both BEL-A10

and HUDEP-2,21,22 which were immortalized with the same HPV-
16 E6 and E7 expression system, all lines showed a number of whole
or partial trisomies, with some lines exhibiting whole or partial chro-
mosome loss (detailed in Table S1). The average chromosome
numbers in the lines ranged from 46 to 51 based on a threshold of
30% abnormality frequency determined by LogR ratio (BEL-C, 46
ber 2021
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XY; BEL-P 51 XX; td3, 50 XX; td5, 50 XX; td7, 49 XX; td9, 48 XX). The
most prevalent trisomies detected at the 30% threshold were of chro-
mosomes 8 (all lines) and 19 (BEL-P, td3, td5, and td9) (Figure S3).

TheBEL-C andBEL-P lines recapitulate phenotype of respective

primary stem cell sources

As well as demonstrating successful immortalization of CB- and PB-
derived erythroid cells with the BEL-A protocol, along with efficient
erythroid differentiation, we wanted to determine whether the lines
model their primary stem cell source in terms of erythroid surface
marker, transcription factor, and globin subunit expression. To
compare differentiation rates and profiles, cultures were initiated
both from expanding BEL-C and BEL-P cells and from CB and PB
CD34+ cells in parallel. Cell samples were taken at regular intervals
for analysis, which for the primary cell cultures was from day 5 as
this is the time point when HPV16 E6 and E7 expression was induced
in the lines (i.e., is equivalent to the undifferentiated BEL-C and BEL-
P cells).

Differentiation potential of BEL-C and BEL-P compared with

primary CB and PB erythroid cells

Morphological analysis shows that both BEL-C and BEL-P undergo
erythroid differentiation in line with that of the respective CB and
PB primary cell cultures, albeit with less heterogeneity in erythroid
cell types during mid-differentiation (Figures 4A and 4B). BEL-C dif-
ferentiation cultures show an increased proportion of early-stage
erythroid cells during mid-differentiation compared to BEL-P, with
significantly more basophilic erythroblasts at days 6 and 8 (p =
0.001 and p = 0.006, respectively). This is consistent with the profile
for CB and PB primary cell cultures, where a similar prevalence of
early-stage cells is seen in CB compared to PB cultures, with a signif-
icant difference in the proportion of basophilic erythroblasts at day 13
(p = 0.02).

For more detailed analysis of differentiation, the inverse expression of
GPA versus CD36 and band 3 versus a4-integrin was measured by
flow cytometry (Figure 4C). BEL-C and BEL-P exhibited a surface
marker profile throughout differentiation similar to their primary
cell counterparts, albeit with reduced heterogeneity and a lack of cells
with a more immature immunophenotype at the early time points
(most clearly seen by the CD36 and GPA double negative population
present at day 5 and day 7 in the CB and PB cultures). In addition, a
greater prevalence of cells with a more immature cell surface marker
expression during differentiation is apparent in the BEL-C and CB
cultures compared to the BEL-P and PB cultures, respectively, most
clearly seen in the band 3 versus a4-integrin plots (Figure 4C) and
band 3 median fluorescence intensity (MFI) (Figure S4), in line
with the earlier erythroid cell types observed from morphological
analysis during mid-differentiation (Figure 4A). Interestingly, these
data also show that although there is heterogeneous surface marker
expression in the CB and PB cultures at the time point of immortal-
ization (i.e., day 5, Figure 4C) only a subpopulation of these cells are
immortalized, represented by the surface marker profile of the undif-
ferentiated cell lines (day 0, Figure 4C), providing further evidence for
Molecular Th
the preferential immortalization of a distinct proerythroblast/early
basophilic erythroblast population.
Comparison of globin expression profiles of BEL-C and BEL-P

cell lines with CB and PB primary cells

To investigate whether the globin expression profiles of the BEL-C
and BEL-P lines reflect their stem cell origin, samples of mature
erythroid cells were collected from late-stage cultures of the lines
and primary cells for reverse-phase high-performance liquid chroma-
tography (RP-HPLC) and western blot analysis. As can be seen in
Figures 5A–5C, erythroid cells differentiated from CB CD34+ cells
express predominantly g- but with some b-globin, reflecting hetero-
geneity in the population due to the developmental globin switch
(from g- to b-globin), which commences just prior to birth and con-
tinues to �6 months of age, and the presence of CD34+ cells origi-
nating from both fetal liver and BM.23 In contrast, erythroid cells
differentiated from PB CD34+ cells express b-globin, with very low
levels of g-globin (Figures 5A–5C). Accordingly, the BEL-P line ex-
presses almost exclusively b-globin, the lower level of g-globin
compared to the PB-derived erythroid cells (more clearly seen by
western blot; Figure 5C) likely due to variation between the donors.
Similarly, the BEL-C line expresses predominantly g-globin, with
very low levels of b-globin (Figures 5A–5C), indicating a fetal pheno-
type. Differences in the g-globin:b-globin ratio between BEL-C and
primary CB erythroid cells may also reflect donor variation, or cir-
cumstantial immortalization of cells of fetal liver origin expressing
predominantly g-globin in the original CB sample. Hence, the two
lines represent the desired fetal and adult phenotypes in terms of
globin expression profile.

In addition, we looked at the expression of key erythroid transcription
factors, in particular those involved in the regulation of globin expres-
sion, at early and mid-stage differentiation by western blot along with
densitometry analysis, selecting time points to match cells at as
similar stages of maturation as possible. A representative western
blot is shown in Figure S5. There was no statistically significant differ-
ence in the level of GATA1 and KLF1 protein in BEL-C and BEL-P
compared to CB- and PB-derived erythroid cells, respectively (Fig-
ure 5D), or in the level of BCL11A between BEL-P and PB-derived
erythroid cells. In contrast, the level of BCL11A was significantly
lower in BEL-C compared to CB-derived cells (p = 0.04; Figure 5D).
As BCL11A inhibits g-globin expression,24 this is in line with the pre-
dominance of g-globin expression and much lower level of b-globin
in BEL-C. Such a correlation between BCL11A and g-globin is sup-
ported by erythroid cells differentiated from CBCD34+ cells, whereby
those with lower levels of g-globin have higher levels of BCL11A (Fig-
ure S6), also demonstrating variation in levels between donor
samples.
Comparative proteomic analysis of BEL-C and BEL-P cell lines

with CB and PB primary erythroid cells

Finally, for a comprehensive comparative analysis of expanding
BEL-C and BEL-P with their primary erythroid cell equivalents, we
erapy: Methods & Clinical Development Vol. 22 September 2021 31
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Figure 4. Comparison of differentiating BEL-C and BEL-P cell lines with erythroid cell differentiation from respective cord blood and adult peripheral blood

CD34+ cells

(A) Percentage of erythroid cell types present during differentiation of BEL-C, CB, BEL-P, and PB cells during erythroid differentiation. Pre-proE, pre-proerythroblast; ProE,

proerythroblast; BasoE, basophilic erythroblast; PolyE, polychromatic erythroblast; OrthoE, orthochromatic erythroblast; Retic, reticulocyte. (B) representative images from

cytospins of these cultures. Scale bars, 20 mm. Arrowheads indicate the following cell types: green, Pre-proE; white, ProE; blue, BasoE; orange, PolyE; black, OrthoE; red,

Retic. Data are shown as mean ± SD (n = 3). (C) flow cytometry analysis of band 3 versus a4-integrin and GPA versus CD36 cell surface expression of BEL-C, BEL-PO, CB,

and PB cells during erythroid differentiation. Plots are representative of three independent cultures.
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Figure 5. Globin and erythroid transcription factor expression in BEL-C, BEL-P, CB, and PB cells

(A and B) RP-HPLC of BEL-C and BEL-P cells at day 10 of differentiation and CB and PB cells at day 17 of differentiation. (A) representative RP-HPLC trace. The injection

peak is identified along with peaks for b-globin (b), Gg-globin (Gg), a-globin (a), and Ag-globin (Ag); d-globin expression is below the detection limit. (B) quantification of RP-

HPLC data showing percentage of a-, b-, and g-globin (Gg + Ag) subunits detected. Data are shown as mean ± SD (n = 3). (C) western blots of lysates obtained from BEL-C

and BEL-P erythroid cells at day 10 of differentiation and CB and PB erythroid cells at day 17 of differentiation incubated with antibodies to a-, b-, and g-globin. a-globin was

used as a protein loading control. (D) densitometry analysis from western blots of lysates obtained from early and mid-differentiation cultures (day 0/4 for BEL-C and BEL-P

and day 5/9 for CB and PB for early/mid-differentiation, respectively) incubated with antibodies to BCL11A, GATA1, and KLF1 normalized to b-actin. Data are shown as

mean ± SD (n = 2). *p < 0.05 Welch’s t test (all other relevant cell line versus primary cell comparisons are statistically non-significant).
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performed tandem mass tag (TMT) liquid chromatography-tandem
mass spectrometry (LC-MS/MS) quantitative proteomics.

To obtain CB and PB erythroid cells stage-matched to expanding
BEL-C and BEL-P, CD34+ cells were initially cultured in our primary
erythroid medium to induce differentiation, followed by a further
2 days in expansion medium (Figure S7), the period in expansion me-
dium ensuring that any differences in the proteome detected were not
due to differences in the culture medium the cells were exposed to.
Cells were obtained from 3 independent cultures of BEL-C and
BEL-P cell lines and 2 independent cultures of pooled CB and pooled
PB CD34+ samples, the pooled samples to quench differences in pro-
tein levels due to variation between individuals rather than between
lines and primary cells. Data for BEL-C were compared to those for
CB, and data for BEL-P were compared to those for PB.

LC-MS/MS of peptides derived from whole cell lysates gave quantita-
tive data for 8,367 proteins for BEL-C versus CB comparison and
8,368 proteins for BEL-P versus PB comparison. Protein abundances
were normalized to total protein abundance, ensuring that any differ-
Molecular Th
ences in individual protein abundance detected were not due to dif-
ferences in the total protein input between samples. Heatmaps of
these data showed a very similar overall pattern of normalized protein
abundances between the BEL-C and CB samples (Figure 6A, left) and
the BEL-P and PB samples (Figure 6A, right).

To display the frequency and magnitude of differences in the prote-
ome of each cell line and primary erythroid cell equivalent, volcano
plots were generated depicting �log10 p value and log2 fold change
for each protein hit (Figure 6B). When a false discovery rate (FDR)
threshold for significance was applied, only 2.06% of proteins were
significantly R2-fold lower and 1.65% significantly R2-fold higher
in abundance in BEL-C compared to CB (Figure 6B, left), and only
1.96% of proteins were significantlyR2-fold lower and 1.40% signif-
icantlyR2-fold higher in abundance in BEL-P compared to PB (Fig-
ure 6B, right).

To further determine whether BEL-C and BEL-P model their primary
stem cell source, i.e., a fetal phenotype for BEL-C and an adult pheno-
type for BEL-P, we interrogated the datasets for proteins known to be
erapy: Methods & Clinical Development Vol. 22 September 2021 33
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Figure 6. TMT LC-MS/MS comparative proteomic analysis of undifferentiated BEL-C and BEL-P with stage-matched equivalent primary cells

(A) heatmaps of proteomic data from BEL-C and CB samples (left) and BEL-P and PB samples (right) presented as log2 normalized abundance values. Yellow indicates high

protein expression level; purple indicates low protein expression level. Lane labels indicate samples collected from independent cultures. (B) volcano plots of the proteomic

data of all culture repeats fromBEL-C and CB samples (left) and BEL-P and PB samples (right) depicting�log10 p value and log2 fold change for each protein hit that had data

available from all repeats. p < 0.05 andQ < 0.05 (FDR) thresholds are indicated by red dashed lines. Percentages indicate the proportion of protein hits that showed a >2-fold

difference in abundance between the cell line and the primary cells and also passed the FDR threshold. (C) levels of globins and other key fetal/adult proteins in undiffer-

entiated BEL-C and BEL-P cells with stage-matched equivalent primary cells. Data from TMT LC-MS/MS comparative proteomic analysis are abundance values normalized

to total protein shown as mean ± SD (n = 2 for CB and PB and n = 3 for BEL-C and BEL-P). :Globin abundances are further normalized to a-globin abundance. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. p values represent results from Welch’s ANOVA performed on log2 normalized data.
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differentially expressed between fetal and adult erythroid cells.
Although at an early time point for complete globin expression, the
profile of b- and g-globin (Figure 6C) mirrored that of the differenti-
ated cells shown earlier (Figures 5A–5C). In addition, the levels of em-
bryonic ε- and z-globins were higher in BEL-C than in CB-derived
erythroid cells (Figure 6C), again indicating that this line has a more
fetal globin phenotype. Expression of these embryonic globin subunits
is also repressed by BCL11A,24–26 so these data reflect the lower
BCL11A levels observed in BEL-C. As expected ε- and z-globin
were at a very low level in BEL-P and PB-derived erythroid cells (Fig-
ure 6C). Analysis of other proteins known to be at a higher level in fetal
compared to adult erythroid cells (IGF2BP1 and IGF2BP3,27

LIN28B28) or at a lower level (BCL11A24 and LRF29) further
confirmed the fetal erythroid phenotype of BEL-C and adult pheno-
type of BEL-P (Figure 6C); IGF2BP1, IGF2BP3, and LIN28B were
significantly higher in BEL-C than in BEL-P, and BCL11A and LRF
were significantly higher in BEL-P than BEL-C. Interestingly,
IGF2BP1, IGF2BP3, and LIN28B were significantly lower in CB-
derived erythroid cells compared to BEL-C and BCL11A and LRF
significantly higher, supporting the globin profile and existence of a
heterogeneous population of both fetal and adult-like cells in CB sam-
ples due to timing of the developmental globin switch, as mentioned
34 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
above. This mixed population also explains why BCL11A and LRF,
typically increased in adult erythroid cells, are significantly higher in
BEL-P compared to BEL-C but not compared to CB (Figure 6C).
The relative levels of IGF1BP1, IGF2BP3, and LIN28B were confirmed
by western blot (Figure S8).

Finally, to determine whether the difference in proteome between the
lines and respective primary cells is attributable to HPV16 E6 and E7
expression, and thus revealing the mechanism for immortalization,
we compared the R2-fold differentially expressed proteins across
proteomic datasets for four lines. 43% of the proteins were common
between BEL-C and BEL-P, and of these 56% were also R2-fold
different in BEL-A compared to primary cells. 86% of the changes
common between these three lines were similarly R2-fold different
in an additional line made from BMCD34+ cells with the same meth-
odology (the latter datasets unpublished). This increasing commonal-
ity demonstrates the need for analysis across several cell lines to
generate a list of protein changes that can be confidently attributed
to HPV16 E6/E7 immortalization rather than other factors, for
example, donor variation in the cells used for line generation
compared to the primary cell cultures. Proteins that differed in abun-
dance by R2-fold between the cell lines and respective primary cells
ber 2021



Table 1. Altered biological pathways in immortalized erythroid cell lines

compared to equivalent primary cells

Pathway name

Oncogene-Induced Senescence

Diseases of Cellular Response to Stress

Diseases of Cellular Senescence

Cellular Senescence

Evasion of Oxidative Stress-Induced Senescence Due to p16INK4A Defects

Evasion of Oncogene-Induced Senescence Due to p16INK4A Defects

Evasion of Oxidative Stress-Induced Senescence Due to Defective p16INK4A
Binding to CDK4 and CDK6

Evasion of Oncogene-Induced Senescence Due to Defective p16INK4A Binding to
CDK4 and CDK6

Oxidative Stress-Induced Senescence

Cyclin D-Associated Events in G1

G1 Phase

Evasion of Oxidative Stress Induced Senescence Due to Defective p16INK4A
Binding to CDK4

Evasion of Oncogene-Induced Senescence Due to Defective p16INK4A Binding to
CDK4

Aberrant Regulation of Mitotic G1/S Transition in Cancer Due to RB1 Defects

Defective Binding of RB1 Mutants to E2F1,(E2F2, E2F3)

Formation of Senescence-Associated Heterochromatin Foci (SAHF)

Apoptotic Execution Phase

Cellular Responses to External Stimuli

Mitotic G1 Phase and G1/S Transition

Diseases of Mitotic Cell Cycle

Pathways generated by input of proteins where abundance differed byR2-fold in all of
the BEL-C, BEL-P, BEL-A, and BM cell line datasets into the Reactome Pathway Knowl-
edgebase. The top 20 pathways with false discovery rate of Q < 0.05 are shown.

Figure 7. Signature cell cycle protein alterations in immortalized erythroid

cell lines compared to primary cells

Average fold differences in key cell cycle proteins obtained from proteomic data of

four immortalized erythroid cell lines (BEL-C, BEL-P, BEL-A, and BM) compared to

equivalent primary cells. Data are shown as mean ± SD (n = 4).
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across all 4 datasets are shown in Tables S2 and S3. Analysis of these
differentially expressed proteins for overrepresented biological path-
ways using the Reactome Pathway Knowledgebase30 revealed multi-
ple pathways related to cell cycle regulation, including evasion of
cellular senescence, G1 phase, and G1/S phase transition (Table 1),
highlighting their association with HPV16 E6/E7. When considering
the proteins featured within the top 20 pathways identified, four cell
cycle proteins appeared most frequently: CDK4 (18/20), CDK6 (16/
20), p16INK4A (16/20), and Rb (9/20). On average across all four lines,
CDK4 was increased 3-fold, p16INK4A was increased 6-fold, CDK6
was decreased 8-fold, and Rb was decreased 3-fold compared to pri-
mary cells, providing a molecular signature of these altered cell cycle
proteins (Figure 7).

Overall, the data show that the BEL-C and BEL-P cell lines provide
representative cellular systems of fetal and adult erythroid cells,
respectively, in terms of their proteome, globin expression, and differ-
entiation profile. Moreover, the data provide amolecular signature for
immortalization.
Molecular Th
DISCUSSION
In this study we show that our immortalization approach used to
create BEL-A9 is reproducible for erythroid cells differentiated from
BM and importantly also from CB and PB CD34+ cells, consistently
generating lines with similar improved erythroid performance.

We also show that, at least with our approach, only erythroid cells at a
discrete stage of differentiation are amenable to immortalization,
namely proerythroblasts and to a lesser extent early basophilic eryth-
roblasts. Efficiency of proerythroblasts and failure of later-stage
erythroid cells to immortalize may be attributable to a lower propor-
tion of HPV16-E6 and E7 target proteins as differentiation proceeds,
reducing the efficiency of E6 and E7 activity, as the total protein con-
tent of erythroblasts decreases during differentiation.31 Failure of
earlier cell stages to immortalize in these cultures, particularly
HSCs, may be for this same reason, HSCs having lower levels of pro-
tein synthesis than lineage-restricted hematopoietic cell types.32

Alternatively, this may relate to the observed instability of these pro-
genitors that do not exist as stable states but as constantly changing
entities,33,34 severely reducing the window to immortalize specific
erythroid lineage progenitors. Although we cannot exclude the possi-
bility that some later-stage erythroid cells do get immortalized but are
outcompeted during line establishment because of slower division
rates, morphological analysis of our lines during this period showed
very few such cells, suggesting this is unlikely.

The lines reported here all have improved enucleation potential/rates
compared to that of other erythroid lines in the literature,5 even those
generated from the same stem cell sources and with the identical
construct (HUDEP lines;4 BMDEP-1 lines7 and EJ line8). However,
as previously discussed,10 the measure of reticulocyte yield, rather
than rate as routinely used, provides a more transparent and accurate
assessment of the reticulocyte productivity of a line, as it accounts for
expansion potential and cell death (which for many lines can be sub-
stantial) during differentiation; as more nucleated cells die, the pro-
portion of reticulocytes (and thus the apparent enucleation rate) in-
creases, compounded by the use of co-culture with stromal cells
erapy: Methods & Clinical Development Vol. 22 September 2021 35
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that remove dead or dying erythroblasts. For HUDEP-2, generated
from CB CD34+ cells, we have previously calculated the yield under
identical culture conditions,10 which is �50% lower than for
BEL-C. Reticulocyte yield of the EJ line, generated from PB CD34+

cells, is 10 times lower than for BEL-P.8 Viability data were not avail-
able for the BMDEP-1 lines, and reticulocyte values were not available
for the other HUDEP lines, although they were reported as very low.4

Nevertheless, the enucleation rate of BEL-C and BEL-P is lower than
for our original line, BEL-A (�26% versus �40%). This could be due
to variation in how the immortalization mechanism affects cells
during creation of the different lines or due to donor variation.
Notwithstanding, the enucleation rate of BEL-A is lower than that
of non-immortalized erythroid cells differentiated from adult
CD34+ cells,1,3 the basis for which is presently under investigation
and may also inform variation between lines.

Extensive characterization and analyses of BEL-C and BEL-P show
them to accurately recapitulate their primary cell equivalents in terms
of differentiation profile, globin expression, and proteome, with%2%
of proteins significantly upregulated or downregulated. Moreover,
from analysis of consistent differences in the proteome identified
across BEL-C, BEL-P, BEL-A, and an additional erythroid line
made from BMCD34+ cells, we reveal a molecular signature of differ-
ences in key cell cycle proteins CDK4, CDK6, P16INK4A, and Rb as a
result of immortalization by HPV16 E6 and E7.

Rb is the primary target of E735 and can induce its degradation via the
ubiquitin-proteasome pathway,36 in keeping with the lower levels
observed in the immortalized lines. HPV16 E7 has also been shown
to promote p16INK4A expression in cervical carcinoma lines, with
p16INK4A required for cell survival.37 In addition, as p53 is necessary
for p16INK4A repression,38 it is likely that the decreased level of p53 in
the immortalized lines (due to degradation of p53 by E639,40) contrib-
utes to increased p16INK4A expression. Both CDK4 and CDK6 are
activated by D-type cyclins to drive cell cycle progression from G1
to S phase.41 In line with the increased levels seen in the immortalized
lines, CDK4 is known to be increased in many tumor types.42–45 In
contrast to the generally increased expression pattern seen in can-
cer,46 CDK6 is reduced in the immortalized lines, potentially
compensating for increased CDK4 levels. As CDK6 has been previ-
ously reported to counteract the p53-mediated apoptotic response
during immortalization,47 it could be that high levels of CDK6 in
the lines are not required, as p53 is already being degraded by E6.
Although these changes are associated with continual self-renewal,
they do not alter the fundamental erythroid biology of the lines or
impair their ability to differentiate upon removal of doxycycline
and therefore loss of E6 and E7.

In addition to providing novel data on proteome changes associated
with HPV16 E6/E7 and thus the mechanism of immortalization, the
molecular signature of altered cell cycle proteins identified offers a
valuable resource for identifying alternative methods of immortaliza-
tion of erythroid progenitors that do not rely on viral oncoproteins.
One possible strategy is the overexpression of CDK4, which has pre-
36 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
viously been utilized to generate keratinocyte and myoblast immor-
talized cell lines in combination with hTERT expression.48–51 Such
more targeted approaches may yield erythroid lines with further
improved characteristics by only generating the minimal number of
alterations necessary for immortalization, avoiding the potentially
broader impact of viral oncogene expression.

Overall, these data expand the application of our immortalization
methodology and provide a significant step forward in the drive for
a sustainable supply of red cells with specific blood group phenotypes
for therapeutics and diagnostics using PB, CB, or BM CD34+ cells. In
addition, the methodology can be applied to create lines with disease
phenotypes for investigating underlying molecular defects and as
drug screening platforms.52 In particular, BEL-C and BEL-P provide
valuable research tools with which to evaluate novel approaches for
conversion of fetal to adult and adult to fetal globins in treatment
of globin gene disorders, such as induction of fetal globin in patients
with sickle cell disease and b-thalassemia.
MATERIALS AND METHODS
Immortalized line generation and culture

Cell lines were generated as previously described unless otherwise
stated.9 Briefly, 5 � 105 to 1 � 106 cryopreserved BM, CB, or PB
CD34+ cells (STEMCELL Technologies, Inc.) were recovered in
erythroid differentiation medium (Iscove’s medium with stable gluta-
mine [Merck] containing 3% [v/v] AB serum [Merck], 2% [v/v] fetal
bovine serum [HyClone], 10 mg$mL�1 insulin [Merck], heparin
3 U$mL�1 [Merck], 200 mg$mL�1 holo-transferrin [Sanquin, the
Netherlands], and 3 U$mL�1 erythropoietin [EPO] [Roche]) supple-
mented with 1 ng$mL�1 interleukin-3 (IL-3) and 10 ng$mL�1 stem
cell factor (SCF) (both R&D Systems) (primary medium) for 24 h,
before being transduced with the lentiviral vector CSIV-TRE-
HPV16-E6/E7-UbC-KT and maintained in primary medium for a
further 4 days (or until day 3, 5, 7, or 9 in the case of the td cell lines).
To induce expression of HPV16-E6 and E7, cells were transferred to
expansion medium (StemSpan SFEM [STEMCELL Technologies,
Inc.] containing 50 ng$mL�1 SCF, 3 U$mL�1 EPO, 1 mM dexameth-
asone, and 1 mg$mL�1 doxycycline) and maintained in this medium
for at least 6 months before cryopreservation for long-term storage.

Differentiation of cell lines was performed as previously described.11

In brief, expanding cells were transferred to primary medium supple-
mented with 1 mg$mL�1 doxycycline for 4 days and for a further
4 days without doxycycline. Cells were then transferred to erythroid
differentiation medium supplemented with holo-transferrin to a final
concentration of 500 mg$mL�1.
Erythroid differentiation culture of BM-, CB-, and PB-derived

CD34+ cells

Erythroid differentiation of CD34+ cells was performed as previously
described.3 In brief, CD34+ cells were seeded in primary medium at a
density of 1–2 � 105 cells$mL�1. On day 7, cells were transferred to
differentiation medium supplemented with 10 ng$mL�1 SCF and
ber 2021
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from days 11 to 21 to differentiation medium with additional holo-
transferrin to a final concentration of 500 mg$mL�1.

Flow cytometry

Aliquots of 2 � 105 cells were incubated with primary antibodies in
PBS containing 1% (w/v) BSA (Park Scientific Ltd) and 2 mg$mL�1

glucose (PBS-AG), followed by secondary antibodies (along with con-
jugate antibodies when appropriate). Cells were analyzed on a BD
LSR Fortessa flow cytometer. Propidium iodide was used to exclude
non-viable cells from analyses. From mid-differentiation onward
(day 6 for cell lines and day 9 for primary erythroid cultures) cells
were incubated with 5 mg$mL�1 Hoechst 33342 nucleic acid stain
(Merck) to distinguish the erythroblast and reticulocyte populations.
Data were analyzed with FlowJo v.10.6.1 (FlowJo LLC).

TMT labeling, mass spectrometry, and data analysis

TMT LC-MS/MS comparative proteomic experiments were per-
formed as previously described11 with the following adaptations.
Aliquots of 100 mg of protein from whole cell lysates were digested
with trypsin (2.5 mg trypsin, 37�C overnight) and labeled with TMT
11-Plex reagents according to the manufacturer’s protocol (Thermo
Fisher Scientific) before labeled samples were pooled.

Data analyses were performed on log2 normalized abundances with
an un-paired, 2-tailed, heteroscedastic Student’s t test in Microsoft
Excel. A 5% FDR threshold for each comparison was calculated
with R Studio. For data visualization, heatmaps with Ward’s cluster
analysis and volcano plots were generated with R Studio.

Statistical analysis

For statistical analysis of >2 groups, after Shapiro-Wilk normality
testing Welch’s ANOVA with Dunnett’s multiple comparison testing
was performed. For analysis of 2 groups, a Welch’s t test was per-
formed. In both cases, statistical tests were performed in GraphPad
Prism 8.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2021.06.002.
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