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Background: Engineered blood has the greatest potential to combat a predicted future shortfall in the US blood supply
for transfusion treatments. Engineered blood produced from hematopoietic stem cell (HSC) derived red blood cells
in a laboratory is possible, but critical barriers exist to the production of clinically relevant quantities of red blood
cells required to create a unit of blood. Erythroblasts have a finite expansion capacity and there are many negative
regulatory mechanisms that inhibit in vitro erythropoiesis. In order to overcome these barriers and enable mass pro-
duction, the expansion capacity of erythroblasts in culture will need to be exponentially improved over the current
state of art. This work focused on the hypothesis that genetic engineering of HSC derived erythroblasts can overcome
these obstacles.

Objectives: The objective of this research effort was to improve in vitro erythropoiesis efficiency from human adult
stem cell derived erythroblasts utilizing genetic engineering. The ultimate goal is to enable the mass production of
engineered blood.

Methods: HSCs were isolated from blood samples and cultured in a liquid media containing growth factors. Cells
were transfected using a Piggybac plasmid transposon.

Results: Cells transfected with SPI-1 continued to proliferate in a liquid culture media. Fluorescence-activated cell
sorting (FACS) analysis on culture day 45 revealed a single population of CD717CD117" proerythroblast cells. The
results of this study suggest that genetically modified erythroblasts could be immortalized in vitro by way of a system
modeling murine erythroleukemia.

Conclusion: Genetic modification can increase erythroblast expansion capacity and potentially enable mass production

of red blood cells.
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Introduction

Blood transfusion demand in the US is expected to sur-
pass donated blood collections within the next 5 years (1, 2).
Even though significant previous research has long pre-
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dicted a future shortfall in the US blood supply, an ideal
solution has not been found despite decades of intense re-
search effort (3-7). There are currently seasonal shortages
(July-August) of all blood types and there is a continuous
shortage of type O negative blood that can serve as an uni-
versal donor without risk of blood mismatch, however, on-
ly 6.6% of the population are type O- (8). In vitro en-
gineered blood has the greatest potential to combat the fu-
ture shortage and assist with seasonal fluctuations in
supply. The production of engineered blood from HSCs
in the laboratory has been well established in the liter-
ature (9-18). A critical barrier to the realization of en-
gineered blood is the production scale that would be re-
quired to create the 2.5 trillion red blood cells that make
up a unit of blood. 2.5 trillion is a massive number of
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cells, roughly equal to the number of fish in the ocean.
The development of the erythroid cell line from HSCs
is a complicated process that is difficult to completely
mimic in vitro. Erythropoiesis is regulated by several
growth factors, including erythropoietin (EPO), and stem
cell factor (SCF). Erythroblasts are initially highly de-
pendent on EPO for the activation of specific erythroid
genes to enable rapid proliferation as well as inhibit apop-
tosis (19). In the terminal stages of development, the er-
ythroblast cells are less dependent on EPO and become
more dependent on @4 /1 integrin stimulation (20).
Development begins with erythroid lineage commit-
ment of HSCs and the subsequent development of highly
proliferative erythroid progenitor cells and ending with
terminal differentiation of the mature enucleated red
blood cell. The HSCs will lose the ability for self-renewal
as they mature into erythroblast cells and ultimately ma-
ture erythrocytes. The first erythroid line committed pro-
genitor cells are the most proliferative and referred to as
the erythroid burst-forming unit (BFU-E) (21). The pro-
liferative capacity of the cells decreases as they mature in-
to subsequent erythroid colony forming units (CFU-E).
Each cell division leads to serial morphological changes,
committing the cell to an increasingly mature state as well
as limiting the capacity for further divisions (Fig. 1). The
cells will typically undergo only three to four cell divisions
as they mature into morphologically distinct erythroblasts
identified as  proerythroblasts, basophilic, poly-
chromatophilic, and terminating with the enucleation of

the Orthochromic normoblast, forming the adult red blood
cell (22). A temporary block in cellular differentiation at
an early and highly proliferative stage of development
could potentially increase the proliferation capacity of er-
ythroblasts in culture. Temporarily delaying differ-
entiation of the more immature and highly proliferative
proerythroblast stage could potentially increase culture ex-
pansion capacity.

PU.1, is a transcription factor encoded by the SPI-1/Sfpi
gene, and is vital in the regulation of hematopoietic devel-
opment (23). When over expressed, PU.1 disrupts the dif-
ferentiation program in erythroblasts (24-26). In the mod-
el of murine eryrtholeukemia, the insertion of the Friend
spleen focus-forming virus (SFFV) upstream to the tran-
scription start site of the PU.1 gene leads to constitutive
expression and to blockage of erythroid cell differentiation
(27). Therefore, we theorize that temporary overexpression
of PU.1 by transfection will increase in vitro proliferation
efficiency of the erythroblasts by blocking differentiation
at an immature and highly proliferative state. The over-
expression of PU.1 can lead to erythroblast expansion in-
dependent of EPO (25). Transfected gene expression can
be strategically controlled by an inducible promoter gene
such as Tetracycline-Responsive Promoters. Erythroblast
differentiation and proliferation could potentially be tight-
ly controlled in vitro through genetic engineering.

Study Methods and Procedures
The collection of peripheral blood from healthy volun-

Fig. 1. Stages in the development of erythroblasts. (A) Proerythroblast is the earliest committed stage in erythropoiesis. It is rather large
cell (12~20 ¢m), up to three times a normal erythrocyte. Proerythroblast have large nucleus, and blue cytoplasm that forms a thin rim
around the nucleus. The chromatin is granular and stripped. The nucleus have multiple nucleoli. Proerythroblast have small pale area
adjacent to the nucleus that corresponds to the Golgi apparatus and have a characteristic pale perinuclear halo. (B) Polychromatophilic
Normoblast is smaller (12~15 m) then the proerythroblast. Hemoglobin in the cytoplasm reduces the basophilia of the cytoplasm. The
chromatin shows a greater degree of clumping and irregular dense areas of staining are seen in the nucleus. (C) Orthochromatophilic
Normoblast is smaller (8~12 m) than the polychromatophilic normoblast The cytoplasm has the same color as a mature erythrocyte.
The orthochromatophilic normoblast is the nucleated erythroid precursor. Scale bar 10 z«m.
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teers was approved by the Santa Barbara Cottage Health
Institutional Review Board for Human Sample-Based
Experiments. All studies involving the use of human sam-
ples were conducted in accordance with the Declaration
of Helsinki and the Santa Barbara Cottage Health Institu-
tional Review Board.

Circulating adult HSCs were isolated from whole blood
samples by treatment with a tetrameric antibody cocktail
Human Hematopoietic Progenitor Cell Enrichment Cocktail
(Stem Cell Technologies, Vancouver, Canada). The tetra-
meric antibodies conjugate cells expressing surface anti-
gens associated with differentiated cells lines. Adult stem
cells within the sample were isolated through negative
selection. Blood samples were purified through centrifu-
gation density gradient (o 1.077 mg/mL) at 1,200 g for
20 minutes, according to the manufacturer’s recommen-
dations (Stem Cell Technology). The purified HSCs were
washed in phosphate buffered saline (PBS). The cells were
seeded in a liquid suspension culture system described
below.

Generation and expansion of HSCs derived
erythroblasts

Purified mononuclear cells containing CD34" and
CD34 HSCs were seeded in a liquid growth media con-
taining alpha MEM™, Fetal Bovine Serum (Heat in-
activated US origin) 20% (both from Life Technologies,
Carlsbad CA), with interleukin-3 (IL-3) 10 ng/mL, re-
combinant human EPO 6 u/mL, SCF 10 ng/mL, and
Insulin like Growth Factorl (IGF-1) 10 ng/mL (all from
PeproTech, Rocky Hill NJ), Chem Defined Lipid 0.5%,
Dexamethasone 1 ~#M and Estradiol 1 1M (Sigma-Aldrich,
St Louis MO). The culture was maintained at 37°C, in
high humidity, pCO2 5%, and pO2 5%. On culture day
10, cells were transfected with Plasmid DNA.

Plasmid DNA Vector Construction

Two vector constructs were used to transfect HSCs de-
rived erythroblast on day 10. The primary expression vec-
tor was a PiggyBac (PB) transposon vector construct pPB-
CMV:SPI-1: IRES: hrGFP. Expression of the transfected
genes from this vector enables transcription of the SPI-1
and a humanized form of the green fluorescent protein.
The second vector was the helper plasmid pPB-Puro-CA-
GG-Pbase encoding the PB transposase that has been de-
scribed previously (28, 29). Expression of the transfected
genes from this vector enables transcription of the PB
transposase and puromycin resistance. Plasmid cloning
services were obtained through Cyagen Biosciences, Santa
Clara, CA.

Cell Transfections

On day 10, HSC derived erythroblasts were washed in
PBS and 1x10° cells were suspended in 400 L Ingenio
solution (Mirusbio, Madison, WI) containing plasmid
DNA at concentrations of 20 «g/mL (PB) transposon vec-
tor and 20 x«g/mL PB transposase. Cell solutions were
transfected by electroporation with Gene Pulser Xcell™
(Bio-Rad, Hercules, CA). Cell solutions were pulsed with
square waves of 220 V for 38 ms according to manu-
facturer’s published instructions. Cells were immediately
transferred to 24 well plate, suspended in liquid growth
media, and maintained at 37°C in high humidity: pCO2
5% and pO2 5%.

Cell Culture and Treatments

Post transfection, cells were maintained in growth me-
dia containing alpha MEM™, Fetal Bovine Serum (Heat
inactivated US origin) 20%, interleukin-3 (IL-3) 10 ng/mL,
recombinant human EPO 6 x/mL, SCF 10 ng/mL, and
IGF-1 40 ng/mL (all from PeproTech, Rocky Hill, NJ),
Chem Defined Lipid 0.5%, Dexamethasone 1 uM and
Estradiol 1 «M (Sigma-Aldrich, St Louis MO). Partial
growth media changes were preformed daily for 10 days
then every 3 days for up to 45 days. Forty-eight hours after
electroporation, puromycin (0.5 mg/mL) was added to the
growth media. Cells successfully transfected would express
the puromycin resistance gene and survive in the presence
of puromycin, while cells not transfected would not sur-
vive in the presence of puromycin, purifying the trans-
fected cells in culture.

Cells were analyzed in vitro under an Olympus phase
contrast microscope, and fluorescence microscopy. Cell
contrast was achieved using May-Grunwald/Giemsa. Cells
were counted using an automated hemocytometer. The
cells were analyzed by FACS immunophenotyping, per-
formed at the Santa Barbara Cottage Hospital Flow
Cytometry laboratory.

Results

Hematopoietic Stem Cell derived erythroblasts

The HSC derived erythroblasts were analyzed by con-
focal phase contrast microscopy with May Grunwald/Giemsa
staining. The cultured cells demonstrated characteristic
features of maturing erythroblasts.

Transfection efficiency

PB transfection of the immature erythroblasts was ach-
ieved through coelectroporation of the two plasmids, PB
transposon and the PB transposase. The transfection effi-
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ciency approached 10% of cells surviving electroporation.
Successful transfection was determined by green fluo-
rescence under microscopy expressed by the GFP reporter
gene (Fig. 2). To purify the transfected cells, 2 days after
electroporation, puromycin was added to the culture to in-
duce cell death in cells that were not transfected and ex-
pressing the puromycin resistance gene. For the following
three days, there was significant cell death and debris.
Cell cultures were washed daily.

Erythropoiesis efficiency and immortalization of
transfected erythroblasts

Ten day old erythroblasts were transfected by electro-
poration with plasmid DNA. The erythroblast cell cultures

were counted every three to five days with a Countess”

Automated Cell Counter. Transfected cells surviving pur-
omycin negative selection continued to proliferate through
45 days in culture suggesting the cells have been immor-
talized.

Transfected erythroblast immunophenotyping by Flow
cytometry

Transfected erythroblasts were evaluated by Flow cy-
tometry (FC) analysis to determine immunophenotyping
identification of the erythroblast and state of differentiation.
Cells were immunophenotypically analyzed for the pres-
ence of CD71, CD117 and CD235a, demonstrated in Fig.
3~5. CD71 is the transferrin receptor molecule and is re-

Fig. 2. Fluorescence micrographs of HSC derived erythroblasts after electroporation. (A) 48 hours after electroporation. (B) 96 hours after

electroporation. (C) 96 hours after electroporation.
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Fig. 3. Flow cytomtery analysis. Serial phenotypic analysis by FC anaylsis of HSC derived erythroblast of a control culture compared to
genetically enhanced HSC derived erythroblast. By day 41, almost all of the detectable cells (95.9%) analyzed appeared to be CD71%
CD1177, in a pattern that could be consistent with one population of very similar early proerythroblasts. (D) CD117 is the Stem Cell
Factor receptor and expressed at the earliest pro-erythroblast stage. CD71 is the transferrin receptor and is strongly expressed in all cells
erythroid precursors. (A) Erythroblast culture day 10. (B) Erythroblast culture day 14, control. (C) Genetically enhanced erythroblasts culture
day 14, and 3 days after transfection with PU.1/SPI-1 gene. (D) Genetically enhanced erythroblasts culture day 41, and 30 days after trans-

fection with PU.1/SPI-1 gene.
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Fig. 4. (A) Erythroblast culture post, transfection day #3, culture day
#14, (B) Erythroblast culture control, transfection day #30, culture
day #41.
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Fig. 5. (A) Erythroblast culture post, transfection day #3, culture day
#14, (B) Erythroblast culture control, transfection day #30, culture
day #41.

sponsible for iron uptake into the erythroblast. CD71 is
highly expressed in the early erythroblast, but is
down-regulated as the cells pass the basophilic erythro-
blast stage (30). CD117 is the c-kit/Stem Cell Factor re-
ceptor and is present on immature progenitor cells, but
lost as cells differentiate. CD117 is expressed at the ear-
liest proerythroblast stage (31). CD117 " CD71" erythro-
blasts are early proerythroblasts. CD235a is the glycophor-
in A antigen, and is expressed in all erythroid cells in
nearly all stages of differentiation from erythroblasts to
mature erythrocytes (32).

On culture day 10, FC analysis of the control culture
of HSC derived erythroblasts demonstrated 93.8% of the
cells were CD717CD117" (Fig. 3A). By culture day 14, CD71"
CDI117" cells represented only 72.3% of the cells, indicat-
ing the cells had matured with 25.5% of cells having lost
the expression of the CD117 (Fig. 3B). On culture day 14
of the transfected cells, 3 days after electroporation, a sim-
ilar amount of cells, 74.8%, retained the CD71°CD117"
expression. (Fig. 4A) Interestingly, by culture day 41, 30
days after electroporation, 95.9% of cells were CD71"
CD117", representing a single population of cells trans-
fected with the SPI-1 gene (Fig. SB). The overexpressing
of the SPI-1/PU.1 appeared to hold the cells in a less dif-
ferentiated, immature proerythroblast stage. Between cul-
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Fig. 6. Erythroblast cells count average of three experiments.

ture day 14 and day 41, CD235a expression had increased
by 4.8%. The cells continued to expand through culture
day 45 (Fig. 6). The control culture proliferation slowed
by culture day 20 and the culture became unviable by day
25.

Discussion

In this study, we transfected HSC derived erythroblasts
with electroporation to create a population of erythroblasts
overexpressing the transcription factor PU.1. The en-
gineered population of cells was intended to mimic, in vi-
tro, the highly proliferative erythroblasts of murine leuke-
mia in which the insertion of the Friend SFFV, upstream
to the transcription start site of the PU.1 gene, leads to
constitutive expression of PU.1 and to the blockage of er-
ythroid cell differentiation (27). The FACS analysis sug-
gests a single population of transfected cells that were im-
mature proerythroblasts, likely resulting from overexpression
of PU.L.

PU.1 is known to be a regulator of the proliferation and
differentiation of erythroid cell line (33). It is well known
that aberrant JAK2 STAT signaling produced by the Janus
kinase 2 (JAK2) V617F mutation is associated with both
polycythemia vera (PV), and essential thrombocythemia
(ET) in a dose dependent manner. Patients with PV have
a homozygous JAK2 V617F mutation, and patients with
ET have a heterozygous mutation, indicating the dose de-
pendent effect of the mutation (34). The JAK2 V617F mu-
tation has been shown to upregulate PU.1 in vitro (35).
It has been demonstrated that PU.1 is regulated by
GATA-1, SpiB, Oct-1, Spl, and by PU.I itself (33). The
target genes of PU.1 include those encoding IL-7 receptor
a (IL-7Ra), macrophage colony stimulating factor receptor
(M- CSFR), G-CSF receptor (G-CSFR), and granulocyte mac-
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rophage colony stimulating factor receptor a (GM-CSFRa)
(36).

An inducible expression system such as a tetracycline
transactivator (tTA) protein (37) could potentially be in-
corporated into the plasmid DNA in order to turn off the
overexpression of PU.1 and allow the cultured erythroblast
to differentiate into mature erythrocytes.

The mass production of red blood cells necessary to
reach clinically relevant quantities, near the trillion cell
level present in a transfusion, will require significant ad-
vancement in erythroblast proliferation capacity in culture.
We theorize here that barriers to mass production of er-
ythroid cells may be overcome through genetic engineer-
ing of erythroid progenitor cells, inducing an immature
yet highly proliferative state. Genetic manipulation would
appear to represent one avenue for reaching the tril-
lion-cell level.

In summary, the transfection of human erythroblasts
with the PU.1/SPI-1 gene appears to, at least temporarily
immortalize immature proerythroblast cells and enhance
proliferation. Although the concept of genetically en-
hanced in vitro erythropoiesis is compelling, further stud-
ies are necessary to prove equivalence with in vivo derived
erythrocytes. The temporary overexpression of PU.1 could
result in erythrocytes with abnormal physical characteristics.
Given the block in maturation induced by the PU.I, it is
possible that these transfected cells may be unable to com-
plete the maturation cycle resulting in the enucleation of
the modified nucleus. Overexpression of PU.1 may alter
the formation of hemoglobin. Future investigations should
characterize protein levels with western blot analysis com-
pared to non transfected cells at the same maturation
state. Hemoglobin content and typing should be inves-
tigated in the transfected cells.
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