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Transfusion of red blood cells (RBCs) from ABO-matched but
genetically unrelated donors is commonly used for treating
anemia and acute blood loss. Increasing demand and insuffi-
cient supply for donor RBCs, especially those of universal
blood types or free of known and unknown pathogens, has
called for ex vivo generation of functional RBCs by large-scale
cell culture. However, generating physiological numbers of
transfusable cultured RBCs (cRBCs) ex vivo remains chal-
lenging, due to our inability to either extensively expand pri-
mary RBC precursors (erythroblasts) or achieve efficient
enucleation once erythroblasts have been expanded and
induced to differentiation and maturation. Here, we report
that ectopic expression of the human BMI1 gene confers exten-
sive expansion of human erythroblasts, which can be derived
readily from adult peripheral bloodmononuclear cells of either
healthy donors or sickle cell patients. These extensively
expanded erythroblasts (E3s) are able to proliferate exponen-
tially (>1 trillion-fold in 2 months) in a defined culture me-
dium. Expanded E3 cells are karyotypically normal and capable
of terminal maturation with approximately 50% enucleation.
Additionally, E3-derived cRBCs can circulate in a mouse model
following transfusion similar to primary human RBCs. There-
fore, we provide a facile approach of generating physiological
numbers of human functional erythroblasts ex vivo.

INTRODUCTION
Transfusion of red blood cells (RBCs) is a standard and indispens-
able cellular therapy in current clinical practice. In 2017, over 300
million RBC units (2 � 1012 RBCs per unit) were needed globally
in elective and emergency surgery and for treating anemic patients
who need frequent transfusion, while the current donor-based
supply is often insufficient to meet this need.1 Due to limited
donor availability, risks of pathogen contaminations, and potential
allo-immunization to donor RBCs even after ABO blood-type
matching, ex vivo production of functional erythrocytes in a labo-
ratory setting is highly desirable and has been pursued in the past
decades.2,3
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Mature RBCs that lack nuclei and cell proliferative capacity can be
generated from primary hematopoietic stem and progenitor cells
(HSPCs) residing naturally in bone marrow of adults, via committed
erythroidproliferatingprogenitors called erythroblasts.Various sources
of stem cells, which have extensive self-renewal and proliferation capac-
ity, have been explored for ex vivo generation of erythroblasts that are
able to divide �10 times before being differentiated to mature and
enucleated erythrocytes.4–6 For example, significant progress has been
made in the generation of mature human erythrocytes from CD34+

HSPCs.7 However, because of limitations in the efficiency of differenti-
ation in vitro, production of large quantities of erythrocytes from a rela-
tively small number of primary CD34+ HSPCs remains a challenge.2,4,8

The advent of human pluripotent stem cells (PSCs), which can be
expanded infinitely in culture, provides an unprecedented hope that
wemay have a renewable or unlimited cell source for massive produc-
tion of RBCs and other types of hematopoietic cells.9,10 Over the past
20 years, we and others gradually improved the efficiency of human
PSC hematopoietic differentiation in generating erythroid cells.11–19

However, the efficiency of generating terminally differentiated,
enucleated erythrocytes from human PSCs remains low (�10%).20

Even if the obstacle could be overcome in the near future, lengthy pro-
cesses of generating induced PSCs and then producing re-differenti-
ated hematopoietic cells in multiple steps are significantly
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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disadvantageous for efficacious and cost-effective production of
mature erythrocytes in large quantities.

An alternative approach that has been also investigated in recent years
is to find a way to directly and extensively expand or immortalize
erythroid precursors (erythroblasts) from a postnatal source of indi-
vidual patients or desirable human donors, without the need of gener-
ating induced PSCs and lengthy differentiation from expanded stem
cells.6,21 A study with mouse early erythroid progenitors also reported
their immortalization by a c-myc vector, although it is unclear
whether it is applicable to human counterparts.22 Although human
erythroblasts can be immortalized by defined genetic factors, full
maturation and enucleation of these genetically engineered erythro-
blasts to produce functional RBCs are usually blocked by the presence
of potent pro-growth genes or induced genetic or epigenetic alter-
ations.21,23,24 For example, we previously used a lentiviral vector ex-
pressing a set of reprogramming factors and immortalized postnatal
human umbilical cord blood (UCB)-derived erythroblasts.21 Around
the same time, others used lentiviral vectors to transduce human
CD34+ cells and inducibly express one or two genes in proliferating
erythroblasts.23,24 Kurita et al.25,26 showed that inducible expression
of theHPV16-E6/E7 oncogene is able to immortalize human erythro-
blasts derived from either human PSCs or UCB CD34+ cells, gener-
ating erythroblast-like cell lines such as HUDEP2. The method was
later used with human adult bone marrow CD34+ HSPCs to establish
an erythroid cell line, BEL-A.24,27 Both HUDEP2 cell line and BEL-A
could proliferate for years while retaining the basic capability to
differentiate into erythrocytes. However, the HPV16-E6/E7 trans-
duced erythroblasts after expansion carry abnormal karyotypes.28

More critically, significant cell death was observed shortly after with-
drawal of the induced HPV16-E6/E7 gene expression, in order to
achieve terminal differentiation.24,25,28

Recently, the mouse Bmi1 (also called Bmi-1 or Pcgf4) gene was
reported to confer extensive self-renewal capacity upon mouse bone-
marrow-derived erythroblasts (ESREs).29Notably, theBmi-1 transduc-
tion did not interfere with the ability of mouse ESREs to terminally
mature to erythrocytes in vitro and in vivo.29 The BMI1 protein
encoded by mouse Bmi1 or human BMI1 gene is a component of the
polycomb repressive complex 1 (PRC1) that catalyzes ubiquitination
and degradation of the repressive form of histone H2A and is involved
in cell-fate determination and maintenance/self-renewal of many cell
types.30–32 It is widely known that mouse Bmi1 gene is required for
maintenance of adult stem cells in many organs; inactivation of Bmi1
leads to impaired stem cell self-renewal.33–36 These studies showed
thatBmi1 acts at least partially by repressing the Ink4a/Arf locus, which
encodes a cyclin-dependent kinase inhibitor p16Ink4a and a tumor sup-
pressor p19Arf .37–39 Increasing evidence demonstrates that BMI1 reg-
ulates HSPC activity both intrinsically and extrinsically.39–45 The
mouse Bmi1 gene is highly expressed in mouse erythroid progenitor
cells, and its deficiency impairs erythroid differentiation.46 BMI1 is
also important for human erythroid development from human
CD34+ HSPCs.46 In contrast, little is known about the role of BMI1
in cell proliferation and differentiation of human erythroblasts.
Encouraged by a 2015 report that Bmi1 overexpression enhances
mouse erythroblast self-renewal ex vivo and the fact that BMI1 is
often associated with self-renewal of human hematopoietic cells,29,46

we started investigating several years ago if BMI enables extensive
proliferation of functional human erythroblasts. We mainly focused
on erythroblast cultures established from human peripheral blood
mononuclear cells (PBMCs). Here, we report that the enforced
BMI1 gene expression in proliferating human erythroblasts effectively
represses spontaneous differentiation, conferring more than 1 trillion
(1012)-fold expansion of human erythroblasts in 2 months. Moreover,
these extensively expanded erythroblast (E3) cells are karyotypically
normal and capable of efficient terminal maturation, yielding �50%
enucleated erythrocytes after induction toward terminal differentia-
tion. Additionally, E3 cells are amenable to genetic manipulations
including gene knockout and overexpression. Most importantly,
E3-derived erythrocytes are able to circulate in immune-deficient
mice following transfusion, similar to human primary RBCs.

RESULTS
Human PBMC-derived erythroblasts depend on BMI1 for

expansion in culture

Although human erythroblast cultures could be differentiated from a
small number of CD34+ HSPCs isolated from UCB, adult marrow, or
cytokine-immobilized PBMCs,47–52 they can also be established
directly from unsorted adult PBMCs in a defined medium that selec-
tively supports erythroblast commitment and expansion. We and
others have used this system to establish human erythroblast culture
from adult PBMCs and UCB mononuclear cells (MNCs), without the
need to first purify CD34+HSPCs.11,21,53–55 In this cell culture system,
the committed or emerging erythroblasts differentiated from CD34+

HSPCs continuously proliferate, while lymphocytes and other mature
myeloid cells, which represent the majority of PBMC or UBC MNCs
die out. Approximately at day 8, the total cell number recovers and
reaches the input level after the initial reduction (Figure 1A). Nearly
all the cells at day 8 and onward show erythroblast phenotypes (Fig-
ures 1B and 1C). The total number of erythroblasts reaches a peak at
approximately 18 days after culturing of PBMCs, before a gradual
decline over the next 2 weeks. In this study, we examined the cell
properties at day 32 of erythroblast culture when there are still enough
cells available for analysis, in comparison with erythroblasts at an
earlier stage (day 12) using established. Differentiation of erythro-
blasts was monitored at the indicated days by flow cytometric analysis
based on the expression of band 3 and alpha integrin (CD49d).56,57 It
appears that the established erythroblasts spontaneously and gradu-
ally differentiated into more mature erythrocytes (Figures 1C and
1D). This conclusion is further supported by evidence of reduced
cell proliferation, terminal erythrocyte differentiation, and cell
apoptosis (Figures 1E–1H).

To address possible roles of BMI1 in human erythroblast prolifera-
tion, we performed an analysis of the BMI1 gene expression during
the course of the erythroblast culture established from PBMCs. As
shown in Figure 2A, The BMI1 mRNA was expressed significantly
lower in late-stage (day 32) than in early-stage erythroblasts (days
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Figure 1. Erythroblast enrichment and expansion from human peripheral blood mononuclear cells (PBMCs)

(A) PBMCs were cultured toward the formation and expansion of erythroblasts in a serum-free medium supplemented with growth factors. Numbers of viable cells were

counted at various days, normalized by the input PBMC number (as 1 or 100) at the start of culture (day 0). Data of PBMC cultures from two adult normal donors P152 and

P154 were presented. (B) The morphology of erythroblasts from early stage (E12) and late stage (E32) of erythroblast cultures. Scale bar, 20 mm. (C) Flow cytometric analysis

of erythroblast cultures at the early stage (E12; upper) or later stage (E32; lower) days after culture. Nearly all the cells in the cultures are positive for CD235a (glycophorin A).

Based on the expression of band 3 and ɑ4-integrin (CD49d), erythroblasts are separated into 5 populations showing different stages of erythroid differentiation: pro-

erythroblasts (pros), early basophilic (EB) erythroblasts, late basophilic (LB) erythroblasts, polychromatic (poly) erythroblasts, and orthochromatic (ortho) erythroblasts. (D)

Quantitative results of flow cytometric analysis of day 12 and 32 erythroblast cultures from 3 independent experiments. (E) Representative images of new DNA synthesis in

proliferating erythroblasts after incubation with EdU nucleotide analog on the indicated days. DAPI staining after cell permeabilization is used tomark nuclei. Scale bar, 50 mm.

EdU, 5-ethynyl-20-deoxyuridine; DAPI, 40-6-diamidino-2-phenylindole. (F) Percentages of EdU+ (proliferating) cells at indicated days after erythroblast culture. Data represent

the mean ± SEM from 3 independent experiments. ***p < 0.001. (G) Representative of flow cytometric analysis of viable or apoptotic cells in erythroblast cultures. PI staining

here is used to identify cells with leaking membrane, and annexin V staining is to identify cells with phosphorylated serine expressed on the surface of apoptotic cells and/or

mature RBCs. PI, propidium iodide. (H) Quantification of annexin V-positive cells at indicated days from triplicate experiments. Data represent the mean ± SEM. ***p < 0.001.
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8–16). This is consistent with the BMI1 gene expression pattern using
sorted human primary erythroid cells at various stages in marrow, in
comparison with human CD34+ HSPCs that expresses BMI1 at a high
level.58 To test the hypothesis that BMI1 is critical to erythroblast
growth, we used short hairpin RNAs (shRNAs)-mediated knockdown
approach to reduce the BMI1 gene expression. We designed two sepa-
rate shRNAs targeting either BMI1 coding cDNA sequence (CDS) or
a 30 untranslated region (UTR), respectively (Figure 2B). Lentiviral
vectors expressing an shRNA were constructed (Figure 2C) and
used to transduce early-stage erythroblasts (day 8 of erythroblast cul-
tures) for BMI1 loss-of-function investigation. Reduction of BMI1
protein levels by shRNA-mediated knockdown in erythroblasts by
either shRNA was validated (Figure 2D). We found that the knock-
down of BMI1 by either BMI1 shRNA substantially inhibited the pro-
liferation of erythroblasts from day 8 and onward, compared to the
1920 Molecular Therapy Vol. 29 No 5 May 2021
shGFP shRNA control (Figure 2E). To further confirm the specificity
of BMI1 knockdown by shRNA, we constructed a lentiviral vector ex-
pressing human BMI1 CDS as a transgene (Figure 2F), in conjunction
with the use of a shRNA targeting either BMI1 CDS or UTR region.
As shown in Figure 2G, BMI1 transgene only rescued the growth of
shBMI1-UTR transduced erythroblasts as expected, but not that
transduced by shBMI1-CDS that should also block the BMI1 trans-
gene expression. Together, these results suggest the BMI1 gene
expression is essential to maintain a proliferative state of human
erythroblasts established in culture.

BMI1 induces extensive expansion of erythroblasts from adult

healthy donors

We next tested whether the ectopic expression of the BMI1 transgene
can prolong the expansion of human erythroblasts in culture, which
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Figure 2. BMI1 is essential for erythroblast expansion in culture

(A) qRT-PCR analysis of human BMI1 mRNA expression levels in erythroblasts at the indicated days. Transcript levels were normalized to GAPDH mRNA. Data were

plotted as mean with SEM. **p < 0.01; ***p < 0.001. (B) Overview of the human BMI1 gene and targeting locations of two short hairpin RNAs (shRNAs). CDS, coding

cDNA sequence; UTR, untranslated region. (C) Schematic of a polycistronic lentiviral vector encoding shRNA targeting the endogenous human BMI1gene. LTR, long

terminal repeat; CMV, cytomegalovirus promoter; puro, puromycin resistant gene. (D) Western blot to validate the efficiency of lentivirus-mediated knockdown of

BMI1 proteins in cultured erythroblasts. (E) The expansion curve of erythroblasts after transduction of shRNA vectors for BMI1 knockdown (mean ± SEM, n = 3

biological replicates). (F) Schematic of a lentiviral vector overexpressing BMI1 CDS. LTR, long terminal repeat; J, psi, RNA target site for packaging by nucleocapsid;

cPPT, central polypurine tract; RRE, rev response element; Ubc, human ubiquitin c promoter; WPRE, woodchuck hepatitis virus post-transcriptional regulatory

element. (G) Expansion of erythroblasts after co-transduction of two lentiviral vectors, one expressing a shRNA and one expressing BMI1 cDNA. Mean ± SEM, n = 3

biological replicates).
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normally only lasts for 3–4 weeks (Figure 1A). We used the lentiviral
vector expressing human BMI1 CDS (Figure 2F) to transduce estab-
lished erythroblasts at 8 days after PBMC culture (defined as day 0 for
erythroblast expansion), as shown in Figure 3A. We compared the
levels of BMI1 proteins in expanded erythroblasts from a GFP control
and BMI1-transduced cultures. As shown in Figure 3B, the BMI1 pro-
tein level was much higher in BMI1-transduced erythroblasts than in
the control GFP-transduced cells. Similar to untransduced erythro-
blasts, the GFP-transduced cells ceased proliferation within 3 weeks
post-transduction (Figure 3C). In contrast, BMI1-transduced eryth-
roblasts continued to proliferate for 60 days and then gradually
slowed down in proliferation, resulting in a R1014-fold expansion
of erythroblasts established from PBMCs of two adult donors (Fig-
ure 3C). To simplify the nomenclature, we named these cells “exten-
sively expanded erythroblasts,” or E3 cells. E3 cells at different time
points (up to 60 days post-BMI1-transduction) displayed mainly a
blastic morphology and a basophilic cytoplasm (Figure 3D), similar
to those of early-stage erythroblasts (days 8–24 after PBMC cultures).
Even after 60 days after BMI transduction, the E3 cells continued ex-
pressing high levels of CD36, CD71, and CD49d, and intermediate
levels of CD235a and CD117. Band3 expression was also noted, indi-
cating that spontaneous differentiation co-existed with E3 cell prolif-
eration in these cultures (Figures 3E, S1A–S1C, and S1E). In addition,
the E3 cells maintained a normal diploid karyotype even at day 60 af-
ter BMI1 transduction (Figures 3F and S1D). In additional to several
PBMC cultures established from diverse genetic backgrounds, similar
E3 cell cultures were obtained with UCB MNCs, including a frozen
stock that has been stored in liquid nitrogen for 22 years (Figure S2).
Molecular Therapy Vol. 29 No 5 May 2021 1921
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To investigate the capacity of BMI1-E3 cells to terminally differen-
tiate into reticulocytes, a maturation medium was applied to replace
the expansion medium at various time points after transduction and
expansion (Figure 3A). Previous data showed that the transgene
expression from this lentiviral vector using the Ubc promoter is
significantly lower in differentiated cells as compared to proliferating
erythroblasts (data not shown). Similar to normal erythroblasts after
maturation induction, BMI1-E3 cells after differentiation progres-
sively downregulated the cell-surface expression of CD117, CD36,
CD71, and CD49d (Figures 3G and S1F). By day 8 of terminal differ-
entiation, the majority of cells expressed Band3, an erythrocyte matu-
ration marker (Figure 3G). Consistent with flow cytometric analysis,
histochemical staining showed that the majority of cells after terminal
differentiation are enucleated mature erythrocytes (Figure 3H). We
also examined the expression levels of hemoglobin HBB and HBG
in differentiated erythrocytes by flow cytometry, indicating a high
percentage of adult hemoglobin (HBB) as well as HBG present after
terminal maturation (Figure 3I-3J). Finally, levels of nucleated versus
enucleated erythroid cells were assessed by staining with DRAQ5, a
DNA- or nuclei-illuminating dye. Figure 3K showed representative
enucleation profiles of terminally differentiated E3 cells cultured up
to 60 days after BMI1 transduction. Quantitative analysis demon-
strated that BMI1 transduction to human erythroblasts did not inter-
fere with erythroid differentiation, once the culture was switched to a
terminal maturation condition (Figures 3L and 3M). Taken together,
these data indicate that BMI1 can induce extensive expansion of
erythroblasts from healthy donors and BMI1-E3 cells maintain the
potential to terminally mature into erythrocytes ex vivo.

BMI1 induces extensive expansion of erythroblasts from sickle

cell disease (SCD) patients

Next, we examined whether the action of BMI1 transduction is repro-
ducible in erythroblasts derived from PBMCs of two adult patients
with SCD. PBMCs from SCD patients were similarly cultured for
erythroblast enrichment and expansion, followed by BMI1 transduc-
tion and further expansion (Figure 4). Similar to what we observed
with normal adult PBMCs, BMI1 enabled extensive expansion of
erythroblasts from SCD patients’ PBMCs, resulting in more than 1
trillion (1012)-fold expansion of erythroblasts after 60 days (Fig-
ure 4A). Surface marker presentations and cell morphology (Figures
4B-4D and S3) of SCD-derived E3 cells also followed the same pattern
as E3 cells from normal donors. We then evaluated the enucleation
levels of erythroblasts at different time points after BMI1 transduction
Figure 3. BMI1 induces extensive expansion of erythroblasts from healthy don

(A) A scheme for BMI1 transduction of PBMC-derived erythroblasts, extensive expansio

(E8) were used for BMI transduction (counted as day 0). Erythroblasts were expanded c

SFEM, serum-free expansion medium. (B) Western blot to assess BMI1 protein levels af

BMI1 gene transduction. Established early erythroblasts from health donors P152 and 15

at different time points. Scale bar, 20 mm. (E) Flow cytometric analysis of surface marker

BMI1 transduction. (F) A representative normal karyotype of the BMI1-E3 cells 60 days a

maturation. (H) Histochemical (Gimesa) staining of erythrocytes after terminal maturation

terminal maturation. (J) Quantitative analyses of differentiated erythrocytes expressing HB

after terminal differentiation for 8 days. (L) Quantification of enucleation rate at different
and expansion. Similar results were seen to those with non-sickle-cell
erythroid cells (Figures 4E-4H), although a slight decrease of enucle-
ation efficiency was noted for the SCD E3 cells that have been
expanded for 60 days after BMI transduction (Figures 4I and 4Ji).
Collectively, these findings imply that BMI1 also confers extensive
expansion of functional erythroblasts derived from PMBCs of SCD
patients.

Uses of BMI1-E3 cells for genetic modification

BMI1-induced E3 cells could be a valuable resource for clinical appli-
cations of cell and gene therapies. To broaden and enhance the utility
of these culture-expanded erythroblasts, we tested the feasibility of
genetic manipulation by inserting a transgene or deleting an endoge-
nous gene such as CD55 that encodes a cell-surface protein on eryth-
rocytes (Cromer blood group antigen). It was reported that CD55
serves as a receptor for Plasmodium falciparum, a deadly malaria
parasite that infects human erythrocytes.59 It was reported that
CD55 null erythrocytes were refractory to invasion by all isolates of
P. falciparum because parasites failed to attach properly to the eryth-
rocyte surface. Thus, CD55 null erythrocytes may be a better source of
RBC transfusion to anemia patients in malaria-prevalent areas, espe-
cially for those who became resistant to malaria drugs. To delete the
CD55 gene in the human genome, two guide RNAs (gRNAs) were
used to target its exon 1 and make an 85-bp deletion including the
ATG start codon and part of the coding region, as described in our
previous study.60 The chemically modified sgRNAs and spCas9
nuclease were assembled into a ribonucleoprotein (RNP) complex
and then delivered into BMI1-E3 cells by electroporation (Figure 5A).
CRISPR/Cas9 RNP-mediated gene knockout led to the absence of the
CD55 protein on the cell surface of BMI1-E3 cells (Figures 5B and 5C)
and differentiated erythrocytes (Figures 5D and 5E). The efficiency of
gene knockout by this method reached nearly 100% with minimal
toxicity to transduced erythroblasts (Figure 5C). The CD55 depletion
did not interfere with the BMI1-E3 cell expansion and subsequent ter-
minal differentiation (Figure 5E). Our data provide proof of principle
that the E3 cells are highly amenable to CRISPR/Cas9-mediated gene
editing to generate genetically modified erythrocytes.

We also tested if overexpression of an exogenous protein could be also
achieved efficiently in the BMI1-E3 cells and derived erythrocytes.
We used a cell-surface marker encoded by a truncated nerve growth
factor receptor (tNGFR) that has been used widely for selecting
and tracking of genetically engineered cells.61 More than 99% of
or PBMCs

n, and terminal differentiation in culture. Erythroblasts established at an early stage

ontinuously for at least 60 days and tested for their potential for terminal maturation.

ter GFP or BMI1 transgene transduction. (C) Expansion curves of erythroblasts after

4 were used. (D) Histochemical (Gimesa) staining of BMI1-transduced erythroblasts

s on the BMI1-induced extensively expanded erythroblasts (BMI1-E3) 60 days after

fter expansion from donor P152. (G) Flow analysis of surface markers after terminal

. Scale bar, 20 mm. (I) Flow cytometric analysis of HBB and HBG in erythrocytes after

B and HBG. (K) The levels of enucleation of BMI1-E3 cells at different time points, all

time points. (M) Expansion fold of differentiating E3 cells in terminal maturation.
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Figure 4. BMI1 induces extensive expansion of erythroblasts from PBMCs of sickle cell disease (SCD) patients

(A) Expansion curve of transduced erythroblasts from two SCDpatients (EmSCD01 and EmSCD02) by the BMI1 or a control (GFP) lentiviral vector. (B) Histochemical (Gimesa)

staining of BMI1 transduced SCD erythroblasts at different time points. Scale bar, 20 mm. (C) Flow cytometric analysis of surface markers on SCD erythroblasts 60 days after

BMI1 transduction. (D) A representative normal karyotype of the BMI1-E3 cells 60 days after expansion from EmSCD01. (E) Flow cytometric analysis of surface markers after

terminal maturation. (F) Histochemical (Gimesa) staining of erythrocytes after terminal maturation. Scale bar, 20 mm. (G) Flow cytometric analysis of HBB and HBG on

erythrocytes after terminal maturation. (H) Quantitative analyses of differentiated erythrocytes expressing HBB and HBG. (I) Flow cytometric analysis of enucleation rates of

BMI1-transduced SCD erythroblasts at different time points. (J) Quantification of enucleation rate of BMI1 transduced SCD erythroblasts at different time points.
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Figure 5. Amenability of BMI1-E3 cells to genetic manipulation

(A) Schematic diagram of the experimental approach for genome editing. The CD55-targeting guide (g)RNAs were assembled with recombinant Cas9 protein as an active

CRISPR/Cas9-gRNA RNP complex. BMI1-E3 cells at day 30 were electroporated by the RNP complex. 3 days after electroporation, some of the cells were used for terminal

differentiation, and the rest were used for flow analysis. CRISPR, clustered regularly interspaced short palindromic repeats; RNP, ribonucleoprotein; KO, knockout. (B)

Representative flow cytometric analysis showing the efficiency of CD55 knockout on BMI1-E3 cells 3 days after CRISPR RNP electroporation. (C) Quantitative analyses of

results shown in (B) from 3 independent experiments. Data represent the mean ± SEM. ***p < 0.001. (D) The enucleation efficiency assessed by flow cytometric analysis on

BMI1-E3 electroporated with either Cas9 protein only or gRNAs+Cas9 complex at day 8 after terminal differentiation. CD235a+DRAQ5+ nucleated cells and

CD235a+DRAQ5� mature enucleated erythrocytes were gated respectively for CD55 expression analysis. (E) Quantitative analyses of results shown in (D) from 3 inde-

pendent experiments. Data represent themean ±SEM; ns, not significant. (F) Representative flow cytometry histograms showing the transduction efficiency of a polycistronic

lentivirus on BMI1-E3 cells, expressing a truncated NGFR on cell surface. Twice successive transductions were performed in order to achieve high enough percentage of

NGFR+ erythroblasts. TD, transduction. (G) Quantitative analyses of results shown in (F) from 3 independent experiments. Data represent the mean ± SEM. ***p < 0.001.

(H) The enucleation efficiency measured by flow cytometry on BMI1-E3 without transduction at day 8 after terminal differentiation. CD235a+DRAQ5+ nucleated cells and

CD235a+DRAQ5� mature enucleated erythrocytes were gated separately for NGFR expression analysis. (I) Quantitative analyses of results shown in (H) from 3 independent

experiments. Data represent the mean ± SEM; ns, not significant.
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Figure 6. In vivo circulation of erythrocytes differentiated from BMI1-E3 in a mouse model

(A) Experimental schematic. Differentiated cells after erythroid terminal maturation were injected intravenously into NSGmice (4� 107 cells per mouse) that were pre-treated

with clodronate liposomes (CLs, 100 mL at day�1 and 50 mL at day 0) and cobra venom factor (CVF, 20 mg at day�1 and 10 mg at day 0 before transfusion). At days 3 and 5,

mice were treated with 30 mL CL and 10 mg CVF. To determine the kinetics of human erythrocyte clearance, 5 mL blood samples were collected into heparinized tubes at

various time points after transfusion and stained with anti-human CD235a, and the levels of surviving transfused human erythrocytes were measured by flow cytometric

analysis. (B) Flow analysis of human erythrocytes in circulation at different time points after transfusion. Mouse Ter119 was used to label mouse erythrocytes. (C) Percentages

of human (h)CD235+ cells in mouse blood. The red line is the mean from 3 independent experiments and shaded zone (blue) shows the range of values of mean ± SEM.

(D) Enucleation rate of human erythroblasts in vivo. The blue line is the mean from 3 independent experiments and shaded zone (yellow) shows the range of values of

mean ± SEM.
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erythroblasts expressed tNGFR on the cell surface after two rounds of
lentivirus transduction (Figures 5F and 5G). Moreover, we demon-
strate that the forced transgene expression in E3 cell erythroblasts
did not alter their differentiation potential, including maturation
and enucleation shown in Figures 5H and 5I.

In vivo circulation of erythrocytes differentiated from BMI1-E3 in

a mouse model

We next examined whether human erythrocytes differentiated from
BMI1-E3 cells have the capacity to circulate (and possibly further
mature) in vivo, using an improved mouse model.62,63 In this trans-
fusion model using NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice,
innate immunological rejection to human erythrocytes was further
reduced through both macrophage depletion using clodronate lipo-
somes (CLs) and complement inhibition by cobra venom factor
(CVF). Following this conditioning, we treated NSG mice with CLs
1926 Molecular Therapy Vol. 29 No 5 May 2021
and CVF as shown in Figure 6A. For each treated mouse, we injected
intravenously 4 � 107 differentiated cells from the BMI1-E3 cells or
equal numbers of primary RBCs from healthy donors as a control.
Flow cytometric analysis showed that human erythrocytes expressing
human erythrocyte CD235a marker (but not mouse erythrocyte
marker Ter119) were present in mouse blood for at least 1 week after
injection (Figure 6B). The levels and kinetics of differentiated eryth-
rocytes from the BMI1-E3 cells were similar to human primary RBCs
shown in Figure S5. Similar to previous studies with primary human
RBCs,63 we noted that the numbers of human erythrocytes were de-
tected at the highest levels 2 h post-transfusion and then declined very
rapidly (Figures 6C and S5). However, they could be detected in
mouse blood for at least 1 week. Among the cells expressing the hu-
man erythrocyte marker CD235a, we also examined the levels of
nucleated and enucleated cells based on DRAQ5DNA staining. Inter-
estingly, percentages of enucleated erythrocytes derived from the
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BMI1-E3 maturation products increased in the circulation in mice, to
reach from �57% at transfusion to approximately 72%–84% after
transfusion (Figure 6D). Taken together, these data indicate that
BMI1-E3 cells can differentiate into enucleated reticulocytes that
are able to circulate in vivo, as tested in a mouse model for transfusion
of human RBCs.

DISCUSSION
In this study, we investigated the role of BMI1 in primary erythroblast
expansion and maturation from human PBMCs or UCB MNCs. Our
results revealed for the first time that BMI1 is critical to human
erythroblast expansion; its deficiency leads to impaired erythroblast
expansion. Additionally, we found that ectopic expression of BMI1
transgene represses the spontaneous differentiation found in the cur-
rent standard erythroblast culture system and confers the sustained
proliferative potential upon erythroblasts from PBMCs of either
healthy donors or SCD patients. As a result, BMI1-transduced human
erythroblasts can expand for at least 2 months with more than one
trillion (1012)-fold amplification. Importantly, these E3s retained
the capability of terminal differentiation and maturation, achieving
50% enucleated efficiency after induction in culture. Moreover,
BMI1-E3 cells are amenable to genetic manipulations, including
CRISPR/Cas9-mediated gene ablation and overexpression of an exog-
enous protein with high efficiency. At last, we presented the evidence
that terminally differentiated erythrocytes from the BMI-E3 cell
culture can circulate in vivo, as tested in a mouse model for human
RBC transfusion, similar to primary human RBCs.

Although the importance of generating human RBCs by cell culture
in a laboratory setting for various of applications in transfusion and
other forms of cell/gene therapy has been widely recognized, produc-
ing physiological numbers of cultured RBCs (cRBCs) has been chal-
lenging. In the past decade, we and others have been using human
stem cells a renewal source, because stem cells have tremendous pro-
liferative capacity while in principle retaining potential to differen-
tiate into functional progeny such as erythrocytes.4–6,20,61 However,
several approaches that have been tested so far for the purpose of
generating physiological numbers of cRBCs or their immediate pre-
cursors (erythroblasts) were found to be unsatisfactory.6,20 One
example is the generation of erythroblasts from culture-expanded hu-
man CD34+ HSPCs,7 where their extensive expansion required for
producing physiological numbers of erythroblasts (and then erythro-
cytes) has remained elusive. Alternatively, efforts to generate erythro-
cytes from human PSCs that can be expanded infinitely have also
proven suboptimal, because there appears to be a block in the differ-
entiation program to produce enucleated and functional erythrocytes
from PSC-derived CD34+ HSPCs.6,20

Because of these issues, we and others have been focusing on a third
approach, which is to genetically manipulate directly erythroblasts
derived from adult PBMCs or purified CD34+ HSPCs such that
they gain the ability to proliferate much more extensively than pri-
mary cells.21,23–26 The basic concept is to suppress spontaneous dif-
ferentiation of erythroblasts cultured ex vivo once they are established
from human CD34+ HSPCs or PBMCs directly, in order to allow the
undifferentiated erythroblasts to proliferate extensively. In the
absence of genetic manipulation, culture-expanded primary human
erythroblasts can proliferate 100- to 500-fold ex vivo under the
currently optimized culture conditions, before they cease cell prolifer-
ation and produce short-lived cells resembling mature erythrocytes.
To augment this process and produce significantly more extensive
proliferation ex vivo, the role of various regulatory genes has been
investigated in these cells over the years. Many single transgenes,
such as the human telomere elongation reverse transcriptase
(TERT) gene, have proven insufficient to extend human erythroblast
proliferation for >100-fold (data not shown). In other cases, the addi-
tion of other transgenes singly or in combination, such as HPV16-E6/
E7 or c-MYC together with BCL-xL, support extensive proliferation
of transgenic erythroblasts, although the resulting extensively
expanded or even immortalized human erythroblasts show defects
in terminal maturation; however, the immortalized erythroblasts do
not efficiently produce enucleated erythrocytes that can survive for
an extended time ex vivo and in vivo (at least in a mouse transfusion
model). Although the mechanisms of how HPV16-E6/E7 and c-MYC
stimulate cell proliferation and tumor transformation have been
extensively studied, a mechanism of how these “oncogenes” block
erythroblast differentiation via genetic or epigenetic means remains
unclear.

We envisioned that an important breakthrough could be made by
identification of a “goldilocks” transgene that when expressed in
erythroblasts is strong enough to suppress spontaneous erythroblast
differentiation but insufficient to block terminal maturation once
the cultured erythroblasts are induced to terminal differentiation.
To identify such a gene, we focused on the genes that are expressed
at a high level in early-stage human erythroblasts that are highly pro-
liferative, but not in late-stage cultured erythroblasts with undergoing
differentiation. We identified the human BMI1 gene as an interesting
candidate (Figure 1A), which is further supported by the previous
data showing that BMI enables stem cell self-renewal or cell-fate
maintenance,31–36,64 as well as a promising result with adult mouse
marrow-derived erythroblasts.29 To further validate this target, we at-
tempted to achieve ectopic expression of the human BMI1 gene by a
lentiviral vector to transduce and express human erythroblasts at a
high level but reduce transgene expression once erythroblasts are
induced to terminal differentiation to mature erythrocytes. Therefore,
a chemical inducer such as tetracycline is not required during eryth-
roblast proliferation or differentiation. Our data presented here
demonstrate that ectopic expression of human BMI1 gene confers
an extensive expansion of human primary erythroblasts from diverse
postnatal origins, under a chemically defined culture condition. The
vastly expanded E3 cells (> 1 trillion-fold in 2 months) remain karyo-
typically normal and functional in generating enucleated erythro-
cytes. To the best of our knowledge, our approach represents the
greatest yield of human enucleated cRBCs after extensive expansion
of a postnatal cell source. The ability to generate physiological
numbers of cRBCs is of importance for transfusionmedicine. Consid-
ering that a typical unit of packed RBCs for transfusion contains
Molecular Therapy Vol. 29 No 5 May 2021 1927
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about 2.5 � 1012 enucleated RBCs (5 � 105 mL of whole blood is
collected for each RBC unit, at a concentration of 5 � 106 RBCs
per mL of whole blood), a yield of 10 � 1018 enucleated RBCs from
E3 cultures is the equivalent of 4 � 106 packed RBC units for trans-
fusion (Figure S6). Of course, this calculation reflects the theoretical
upper limit of biological potential, not the practical RBC numbers
or volumes one could generate from one batch.

We noticed that as erythroid culture goes, proerythroblasts (day 0 to
day 10 after BMI1 transduction) started showing the sign of low-level
differentiation into early basophilic erythroblasts, late basophilic
erythroblasts, and even polychromatic erythroblasts. Furthermore,
over several batches of BMI1-transduced E3 cells from more than 7
distinct donors or patients, cell proliferation declined, and levels of
differentiated erythrocytes significantly increased after continuous
cultures for 2 months. At this time, we have not explored the exact
underlying mechanism(s). There are at least two possibilities respon-
sible to the observation. The first possibility is that the transgene
expression from the lentiviral vector in proliferating erythroblasts is
gradually silenced, a phenomenon that is also observed in other
proliferating cell types such as PSCs in culture. The second possibility
is that proliferating erythroblasts reach the cellular life-span limit of a
somatic cell, normally due to intrinsic restrictions such as the short-
ening of telomeres at the end of chromosomes. Our preliminary data
suggest that the E3 cells continue expressing the TERT gene at a mod-
erate level, and it is likely that silencing of the BMI1 transgene expres-
sion from the integrated exogenous lentiviral vector is the most likely
explanation (although both possibilities are not mutually exclusive).
Future investigations will address the issue to extend high-level
expansion of a transgene in erythroblasts and therefore sustained
E3 cell proliferation. Nonetheless, the current level of E3 expansion
is sufficient to produce a physiologic number of cRBCs under a
cGMP-compliant culture condition, because it is easy to obtain a large
number of PBMCs from an adult donor (there are >100 million
PBMCs from 10 mL of peripheral blood) as starting materials. There-
fore, we will be able to produce in principle millions of units of RBCs,
based on the current expansion rate (R1012 fold). Moreover, leuko-
cyte filtering and irradiation could be used to remove the nucleated
cells that contain a lentiviral vector encoding BMI1 transgene to
reduce the risk of tumorigenesis. The remaining challenges to be ad-
dressed in the future investigation include how to produce a very large
number of cRBCs efficaciously and cost effectively for clinical appli-
cations, how to ensure the functionality of enucleated erythrocytes
in vivo after freeze and thaw, and what circumstances the product
will be first used safely in clinic.

The approach we report here provides a novel source of ex vivo gener-
ated functional cRBCs to meet the growing and unmet needs for
blood transfusion, either for individual patients who need chronic
transfusion of best matched donor RBCs or for a broad patient pop-
ulation receiving a truly universal RBC blood type after genetic
enhancement. In addition, the cRBCs with genetic enhancement
provide novel types of long-lasting cellular vesicles that produce ther-
apeutic proteins or RNAs in cRBCs and then deliver in vivo after
1928 Molecular Therapy Vol. 29 No 5 May 2021
transfusion. For the latter applications of cell and gene therapy, we
may need fewer cRBCs as required for standard RBC transfusion.
The approach we described here may provide a solution to overcome
a shortcoming of the current approaches that use UCB or adult
CD34+ HSPC-derived cRBCs and are limited by the industrial pro-
duction of cRBCs.65 Furthermore, our data presented in this report
show that the BMI1-transduced E3 cells can be genetically modified
efficiently by gene knockout or overexpression, without evidence
that the genetic modification may adversely affect the potential to
generate mature and enucleated erythrocytes.

MATERIALS AND METHODS
Approvals of using primary humancells fromanonymousdonors

for laboratory research

Use of anonymous human blood cells for laboratory research was
approved by the Institutional Review Board of Johns Hopkins Uni-
versity. Human PBMCs from two SCD patients (coded as EmSCD01
and EmSCD02) were collected at Emory University Hospital (At-
lanta, GA, USA) after informed consent and approval of the Emory
University IRB.

Isolation of MNCs and enrichment of primary erythroblasts

Newborn cord blood and adult peripheral blood of healthy donors or
sickle cell patients were 1:1 diluted with 0.6% ACD(A)-PBS, then
MNCs were isolated via Ficoll-Paque premium (GE Healthcare Life
Sciences, Uppsala, Sweden) as we previously published.10 The MNCs
in the interphase layer were harvested and frozen in liquid nitrogen.
The thawed MNCs (4 � 106 per mL) were cultured in a serum-free
expansion medium (SFEM, STEMCELL Technologies, Vancouver,
BC, Canada) supplemented with erythropoietin (EPO; 3 U/mL; R&D
Systems, Minneapolis, MN, USA), human stem cell factor (SCF;
100 ng/mL; R&D Systems), dexamethasone (DEX; 1 mmol/L; Sigma-
Aldrich, St. Louis, MO, USA), interleukin (IL)-3 (10 ng/mL; Pepro-
Tech, Rocky Hill, NJ, USA), and insulin-like growth factor (IGF)-1
(40 ng/mL, Peprotech) as previously described.10,11 This culture is
termed “erythroblast expansion medium.” The cell number of wells
that reached 70% confluence was counted, and fresh medium was
added to obtain a final concentration at 3–5 � 105 cells/mL. Total
cell counts and cell viability were assessed with the trypan blue exclu-
sion method.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from expanded primary erythroblasts using
an RNeasy kit (QIAGEN, Valencia, CA, USA) and treated with a
DNA-free kit (Ambion, Austin, TX, USA) to get rid of residual
DNA contamination. Total RNA (1 mg) was reverse transcribed
into cDNA by using oligo-dT and Superscript III reverse transcriptase
(Life Technologies, Carlsbad, CA, USA), followed by RNase H diges-
tion. The quantitative PCR (qPCR) assays were performed using
SYBR green PCR master mix (Life Technologies) in StepOnePlus
quantitative PCR instrument (Life Technologies). The abundance of
human GAPDH mRNA was used as the normalization control. All
experiments were performed in triplicate, and a negative control
(lacking a cDNA template) was included in each assay. Sequences
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of primers used for BMI1 quantification were as follows: forward,
50-CAGGTGGGGATTTAGCTCAG-30; and reverse, 50-CTTTCAT
TGTCTTTTCCGCC-30.

Constructions of lentivirus vectors and production of lentivirus

particles

The cDNA for the human BMI1 gene was obtained by PCR and
cloned by inserting into the FUGW plasmid (Addgene, catalog no.
14883, Cambridge, MA, USA). Lentivirus vectors encoding shRNA
targeting against the human BMI1 gene were constructed by sub-
cloning synthetic DNA sequence encoding a shRNA that targets
either a coding region in exon 2 (50-CCAGACCACTACTGAATA-
TAA-30) or a 30 UTR region (50-GATACTCCTATGGACGTTAAT-
30) of the BMI1 endogenous sequence into pGLV3-GFP-PURO back-
bone (abbreviated as shBMI1-CDS and shBMI1-UTR).

Lentivirus particles were produced by co-transfecting 293T cells with
the packaging plasmid psPAX2 (Addgene, catalog no. 12260) and the
envelope plasmid pMD2.G (Addgene, catalog no. 12259) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) in Opti-MEM
medium (Gibco, Grand Island, NY, USA). Supernatants containing
recombinant lentiviruses were collected at 48 and 72 h post-transfec-
tion, followed by centrifugation at 500 � g for 5 min to remove any
residual human 293T cells. Virus was concentrated by an Amicon
Ultra-15 centrifugal filter device (100,000 Da; Merck Millipore,
Billerica, MA, USA) and stored at �80�C.

Lentivirus transduction and extensive expansion of erythroid

precursors

0.2� 106 of erythroblasts were re-suspended in 300 mL of erythroblast
expansion medium supplemented with polybrene (4 mg/mL, Sigma-
Aldrich), then lentivirus particles were added into the medium at a
multiplicity of infection (MOI; number of virus per cell) of 2. This
was followed by the spin-infection procedure: the mixture was centri-
fuged at 1,500 � g for 2 h at room temperature (RT) to allow close
contact between virus and the cells. Overnight transduced cells
were washed and cultured into ultra-low attachment plate with fresh
expansion medium. The cells were counted, and fresh medium was
changed every 2 or 3 days to obtain a final cell concentration at
0.5–2 � 106 cells/mL.

Terminal maturation (TM) of human erythroblasts

TM of erythroblasts were performed as we previously published21 with
brief modification. Erythroblasts were seeded in erythroid TMmedium
bymixing with Iscove’s modifiedDulbecco’s medium (IMDM, Invitro-
gen) plus 10% pooled normal adult human peripheral blood plasma
(Innovative Research, Novi, MI, USA), 3 U/mL EPO, 500 mg/mL hu-
man holo-transferrin (R&D Systems), 4 U/mL heparin (Sigma), and
10 mg/mL insulin (Sigma). Fresh medium was changed every 2 or
3 days to maintain the cell density below 3 � 106 cells/mL until day 8.

Flow cytometric analysis

Approximately 5 � 104 cells were washed in PBS and resuspended in
50 mL of PBS containing 1% of fetal bovine serum (FBS; Gibco) and
then stained with the appropriate dilution of the antibody and incu-
bated for 30 min at 4�C in the dark. Quadrant/gating in dot plots was
determined, based on the isotype staining. Antibodies used in this
study were as follows: CD235a-PE (catalog no. 349106, Biolegend,
San Diego, CA, USA), CD36-APC (catalog no. 550956, BD, Franklin
Lakes, NJ, USA), CD71-PE (catalog no. 334106, Biolegend), CD49d-
PE (ɑ4-integrin, catalog no. 304304, Biolegend), CD45-APC (catalog
no. 368512, Biolegend), CD117-PEcy7 (catalog no. 313211, Bio-
legend), DRAQ5 (catalog no. 4084L, Cell Signaling Technology, Dan-
vers, MA, USA), CD55-fluorescein isothiocyanate (FITC) (catalog no.
311306, Biolegend), CD271-FITC (NGFR, catalog no. 345103, Bio-
legend), Ter119-APC (catalog no. 116212, Biolegend). Band3-APC
was kindly provided by Dr. Xiuli An at New York Blood Center.
For intracellular staining, we used the cell fixation and permeabiliza-
tion kit (Invitrogen) to do fixation and permeabilization before
cell staining with HBB-PE (catalog no. sc-21757; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) or HBG-FITC (catalog no. MHFH01;
Invitrogen). Stained cells were monitored by BD FACSCalibur cy-
tometer (BD Biosciences, San Diego, CA, USA) and analyzed with
FlowJo software (TreeStar, Ashland, OR, USA).

Wright-Giemsa staining

Cells were spun onto glass slides (Superfrost white microscope slides;
Fisher Scientific, Pittsburgh, PA, USA) using Shandon cytospin 4
(Thermo Scientific, Waltham, MA, USA), stained with a Wright-Gi-
emsa solution (Hema 3, Fisher Scientific) as previously described.
Bright-field images were taken using Nikon Eclipse TE2000-U in-
verted microscope (Nikon, Melville, NY, USA).

Karyotyping

Karyotyping of human erythroblasts by G-banding (400–500 bands)
was determined by the method we previously described.21 Based on
the criteria used in clinical practice, 20 cells were selected for chromo-
some counting and gross examination, and at least 5 karyotyping im-
ages with high-resolution banding were further examined.

Western blot assay

Human erythroblasts were lysed in RIPA buffer (Thermo Fisher
Scientific, San Jose, CA, USA) supplemented with protease and phos-
phatase inhibitor cocktails (Roche, Nutley, NJ, USA), followed by
centrifugation at 16,000� g for 20 min at 4�C. Protein concentrations
of cell lysates were measured using a Pierce BCA protein assay kit
(Thermo Fisher Scientific). Proteins (20 mg per sample) were sepa-
rated by NuPAGE 4%–12% Bis-Tris gel (Invitrogen) followed by
transfer to nitrocellulose membrane (GE Healthcare) at 300 mA for
1 h. The membranes were blocked in 5% (w/v) skim milk in TBS-T
(Tris-buffered saline containing 0.1% Tween 20; Bio-Rad, Hercules,
CA, USA) and incubated overnight at 4�C with 1:1,000 dilution of
anti-BMI1 (catalog no. ab126783, Abcam, Cambridge, MA, USA)
and 1:1,000 dilution of anti-GAPDH (catalog no. 5174, Cell Signaling
Technology, Danvers, MA, USA). The membrane filters were then
incubated with 1:10,000 dilution of goat anti-rabbit immunoglobulin
G (IgG) (catalog no. 926-32211; LI-COR Biosciences, Lincoln, NE,
USA) secondary antibody for 1 h at room temperature. Detected
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protein bands were visualized by Odyssey Imaging Systems as we pre-
viously published.66

EdU assay for cell proliferation

A cell proliferation assay based on DNA synthesis was performed with
Click-iT plus EdU Alexa Fluor 488 imaging kits (Thermo Fisher Scien-
tific) according to the manufacturer’s instruction. In brief, cells were
incubated with 10 mM EdU solution for 4 h at 37�C. Cells were fixed
in 3.7% formaldehyde in PBS for 15 min and permeabilized with
0.5% Triton X-100 for 20 min. Afterward, freshly prepared reaction
cocktail was added, and cells were incubated at room temperature
away from light for 30 min. Lastly, cellular DNA was stained with
5 mg/mLDAPI (40, 6-diamidino-2-phenylindole, dihydrochloride; Vec-
tor Laboratories, Burlingame, CA, USA) solution and incubated for
30 min at room temperature in the dark. Washing steps were per-
formed with PBS except during fixation and permeabilization steps,
when 3% bovine serum albumin (BSA) in PBS was used. Proliferation
index was then determined by quantifying the fraction of EdU-labeled
cells andDNA-dye-labeled cells using a Celigo high-throughputmicro-
well image cytometer (Nexcelom Bioscience, Lawrence, MA, USA).

Viable and apoptotic cell analysis

For cell apoptosis analysis, cells were collected and stained with a dead
cell apoptosis kit (Thermo Fisher Scientific) containing both annexin
V conjugated with the Alexa Fluor 488 dye and propidium iodide
(PI). Apoptotic-like cells were analyzed using a BD FACSCalibur ma-
chine. Data analysis was performed with FlowJo software.

Genome editing by CRISPR-RNP in human erythroblasts

Chemically modified gRNA oligomers were synthesized by Synthego
(Redwood City, CA, USA). The 20-nt-long specific sequences for tar-
geting the CD55 gene were as follows: 50-GGCGCGCCAT-
GACCGTCGCG-30 and 50- GTTGTGCCTGCCGGCCGTGT-30. 40
pmol of the Cas9 2NLS nuclease (Synthego) was complexed with 2
gRNAs (50 pmol each) to form RNPs for 10 min at room temperature
prior to electroporation. After that, 0.2� 106 BMI1-induced erythro-
blasts were reconstituted in P3 primary cell electroporation solution,
according to the manufacturer’s instructions (Lonza, Basel,
Switzerland) and mixed with RNP complexes. The supplemented
cell solution was transferred into the Lonza 4D-Nucleofector with
20 mL Nucleocuvette strips and electroporated using the EO-100 pro-
gram. Recovered cells were cultured for 72–96 h prior to flow cytom-
etry analysis and erythroid terminal differentiation.

Transgene expression of a marker gene tNGFR on expanded

erythroblasts

The pEhfflucmCNsin lentiviral vector expressing both tNGFR and
humanized firefly luciferase genes was kindly provided by Dr. Xianz-
heng Zhou.61 Lentivirus production using 293T cells and transduc-
tion on expanded erythroblasts were performed as described above.

A mouse model for human RBC transfusion

The use of immunodeficient mice for the erythrocyte transfusion
assay was approved by the Animal Care and Use Committee
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at Johns Hopkins University. 8-week-old female NSG mice were
obtained from the Jackson Laboratory (Bar Harbor, ME, USA)
and maintained under specific pathogen-free conditions. All ani-
mal experiments were conducted in accordance with approved
protocols.

Macrophage and complement depletion in vivo were performed by
intravenous injection of liposome-encapsulated CL2MP (CLs; Lipo-
soma, Amsterdam, the Netherlands) and CVF (Quidel, San Diego,
CA, USA) respectively. CLs were given at 100 and 50 mL per mouse
at day �1 and day 0, and 30 mL per mouse, with an interval of
3 days for long-term studies. CVF was given at 20 mg at day �1
and 10 mg at day 0 before transfusion, and 10 mg per mouse, with
an interval of 3 days for long-term studies.

After pre-conditioning of mice at days �1 and 0 (time of transfu-
sion), human erythrocytes differentiated from BMI1-induced E3
cells or primary human RBCs were injected intravenously into
NSG mice (4 � 107 cells per mouse). To determine the kinetics of
human erythrocyte clearance, 5 mL blood samples were collected
into heparinized tubes at various time points post-transfusion and
stained with an anti-human CD235a monoclonal antibody. The
levels of viable transfused human erythrocytes were measured by
flow cytometric analysis.

Statistical analysis

Statistical analysis was carried out by GraphPad Prism version 8 (La
Jolla, CA, USA). Statistical significance was performed by unpaired
two-tailed Student’s t tests. All experiments were replicated at least
three times. All data are presented as mean ± SEM; p values <0.05
were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001);
p >0.05, non-significant (ns).
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