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The majority of the in vitro erythroid expansion potential resides in CD34 cells,
outweighing the contribution of CD34* cells and significantly increasing the
erythroblast yield from peripheral blood samples
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ABSTRACT

The study of human erythropoiesis in health and disease
requires a robust culture system that consistently and reliably
generates large numbers of immature erythroblasts that can
be induced to differentiate synchronously. We describe a cul-
ture method modified from Leberbauer et al. (2005) and
obtain a homogenous population of erythroblasts from
peripheral blood mononuclear cells (PBMC) without prior
purification of CD34" cells. This pure population of immature
erythroblasts can be expanded to obtain 4x10° erythroblasts
from 1x10° PBMC after 13-14 days in culture. Upon synchro-
nized differentiation, high levels of enucleation (80-90%) and
low levels of cell death (<10%) are achieved. We compared
the yield of erythroblasts obtained from PBMC, CD34" cells
or PBMC depleted of CD34" cells and show that CD34 cells
represent the most significant early erythroid progenitor pop-

ulation. This culture system may be particularly useful for
investigating the pathophysiology of anemic patients where
only small blood volumes are available.

Key words: erythroid, erythropoiesis, CD34.

Citation: van den Akker E, Satchwell T], Pellegrin S, Daniels G,
and Toye AN. The majority of the in vitro erythroid expansion
potential resides in CD34" cells, outweighing the contribution of
CD34 cells and significantly increasing the erythroblast yield
from peripheral blood samples. Haematologica 2010;95(9):
1594-1598. doi:10.3324/haematol. 2009.019828

©2010 Ferrata Storti Foundation. This is an open-access paper.

Introduction

The detailed study of erythropoiesis requires a culture system
that reliably generates homogenous populations of erythroblasts
at any given stage of differentiation and in quantities amenable
to biochemical analysis. Most methods for culturing human ery-
throblasts utilize CD34" cells isolated from peripheral blood
mononuclear cells (PBMC) or cord blood as the source of
hematopoietic stem cells.”* However, the number of cells
required to perform large scale biochemical experiments out-
numbers the amount of erythroblasts that can generally be cul-
tured from CD34" cells isolated from the small samples of
peripheral blood usually provided. Furthermore, these culture
systems suffer from significant spontaneous differentiation
resulting in asynchronous cultures, making it difficult to study
the cellular events that occur at specific stages of differentiation.

Leberbauer et al. described a culture method which exploited
the signal transduction cascades of stress erythropoiesis,
achieving a 10°-fold expansion of erythroblasts from cord blood
cells without prior CD34" isolation.” It was not clear from this
study whether the high yield of progenitors was primarily from
CD34" progenitor cells or due to a contribution of CD34 cells
in cord blood. CD34 hematopoietic stem cells are present in
cord blood, peripheral blood and bone marrow®’ and support

hematopoiesis/erythropoiesis.” We hypothesized that these
CD34 cells may make a substantial contribution to erythroid
expansion when total PBMC are used as starting material for
the in vitro culture of erythroblasts.

Here we have modified a protocol originally described by
Leberbauer et al” and show that the yield of erythroblasts
expanded either from PBMC or from PBMC depleted of CD34
cells is dramatically higher than from CD34* cells alone.
Importantly, PBMC-derived erythroblasts have similar prolifera-
tion and differentiation kinetics to erythroblasts derived from
CD34 cells. We conclude that the bulk of the erythroid poten-
tial in peripheral blood resides in the CD34 progenitor cells, a
fraction that has until now been largely ignored when culturing
erythroblasts.

Design and Methods

Antibodies

Monoclonal antibodies used were BIRMAK3 (CD34), BRIC256
(GPA), BRIC6 (band 3) IBGRL, Bristol, UK), c-kit-PE (Pharmingen, San
Diego, CA, USA), CD71-PE (Pharmingen), CD14-PE (Sigma, Dorset,
UK), CD3-PE (Serotec, Kidlington, UK) and CD20-PE (Serotec).
Secondary antibodies: rabbit anti-mouse PE conjugated, rabbit anti-
mouse [gG2B and IgG1 control antibodies (Dako, Glostrup, Denmark).
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Erythroid expansion from PBMC -

Erythroblast expansion and differentiation Cells were cultured as described previously” but with modifications.
(3 phase culture system) PBMC and PBMC depleted of CD34" cells were seeded at 1x107

Blood was obtained from healthy donors and informed consent  cells/ml whereas CD34" cells were seeded at 1-2x10° cells/mL in
was given in accordance with the Declaration of Helsinki. PBMC  expansion medium (ExpM, phase 1), consisting of Stemspan (Stem
were isolated by density purification using Percoll (GE Healthcare,  Cell Technologies, Grenoble, France) supplemented with SCF (cell
Little Chalfont, UK) with density p1.077. CD34" cells were purified  supernatant equivalent to 100 ng/mL), Epo (2 U/mL, Bristol Royal
using Magnetic Activated Cell Sorting (Miltenyi Biotec, Bergisch  Infirmary, Bristol, UK), dexamethasone (1 uM, Sigma), IGF-1 (40
Gladbach, Germany) following the manufacturer’s instructions. ng/mL, R&D systems) and cholesterol-rich lipids (40 ug/mL, Sigma)
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Figure 1. Expansion of erythroblasts from PBMC outperforms expansion from CD34" cells purified from PBMC. (A and B) Dot plots showing
forward and side scatter plots before (A, total PBMC) and after (B) CD34" isolation. Gate-1 shows area where CD34" cells reside (see C). (C)
CD34 positivity of cells in Gate-1 using an antibody against CD34 (BIRMAK3) compared to an IgG control: shows all cells in Gate-1 are
CD34". (D and E) Dot plots show PBMC present in Gate-1 as FSC against CD34 positivity before (D) and after (E) CD34" cell-depletion. No
CD34" cells remain after depletion (right plot, black circle). Circle indicates position of CD34" cells. (A-E) Representative of four independ-
ent experiments. (F) Amount of CD34" cells isolated from PBMC as percentage of cells found in Gate-1 (see B). White bars: PBMC; black
bars: PBMC depleted of CD34" cells. Note absence of CD34" positive cells after the depletion of CD34" cells (black bars, CD34" staining).
Standard deviations (SD) represent four independent experiments. (G) Outgrowth of erythroblasts from 1x10® PBMC (black squares), 1x10®
PBMC depleted of CD34" cells (gray squares), 0.2x10° CD34* cells purified from 1x10® PBMC (white squares). Expansion monitored for 14
days and total cell numbers (in millions) plotted against time in days. SD calculated from four independent experiments. (H) Addition of IL-
3 during 1% expansion phase increases outgrowth of erythroblasts from total PBMC: 1x10° PBMC expanded for 13 days in the presence
(black squares) or absence (white squares) of IL-3 during 1st culture phase. (G and H) Vertical dotted lines represent media changes for dif-
ferent culture phases (see Design and Methods). Graph represents average of two experiments.
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Figure 2. Pure erythroblast population
obtained after 12-day expansion. (A) Cell
surface expression of lineage specific
markers in PBMC culture as percentage
of positive cells against time in days. At
indicated times, cell surface expression
of CD3 (lymphocytes, white diamonds),
CD20 (B cells, white triangles), CD14
(monocytes, white squares), c-kit (ery-
throblasts, black triangles) and CD71
(erythroblasts, black squares) was
assessed by flow cytometry. Numbers of
dead cells (white circles) assessed with
propidium iodide. Black arrow shows
time point of 2™ Percoll density purifica-
tion to remove lymphocytes. (B) Cell sur-
face expression of lineage markers CD3
(lymphocytes), CD14 (monocytes), CD20
(B cells) and erythroid markers CD117
(c-kit), CD741 (transferrin receptor) and
GPA (glycophorin A) as percentage of
positive cells against time in days
checked at day 12 during expansion of
total PBMC (left panel), CD34* depleted
PBMC (middle panel) and CD34* cells
(left panel) by flow cytometry. Presence
of lymphocytes, monocytes and B cells
was not assayed on CD34* cultures
(these are lost during CD34"* purification
protocol). Experiments represent 2-4
independent measurements. (©)
Benzidine/Giemsa stained cytospins of
respective cultures in (B). Note absence
of other hematopoietic lineages and
presence of a pure blast population.

Figure 3. Differentiation of erythroblasts derived from total PBMC or CD34" cells is comparable. (A) Proliferation and cell cycle arrest dur-
ing differentiation of erythroblasts from 1x10® total PBMC (black squares) or 0.2x10° CD34" cells purified from 1x10° total PBMC (white
squares). Cell number in millions plotted against time (h). See Design and Methods for differentiation conditions. (B) Hemoglobinization and
cell volume loss during differentiation of erythroblasts expanded from total PBMC (black squares; black circles) or CD34" cells (white
squares; white circles) during erythroblast differentiation (three independent measurements). (C) Comparison of enucleation rates after 168
h differentiation between erythroblasts cultured from total PBMC or CD34" cells. Error bars indicate SD from at least three independent
experiments, counting 125 cells at 168 h in differentiation per cytospin. (D) Cell morphology during erythroblast differentiation is similar
between total PBMC and CD34* derived erythroblasts. At indicated times, aliquots of cell culture were taken, cytospinned and stained with
a benzidine/Giemsa stain (see Design and Methods). Scale bars = 9 um. (E) Cell surface expression of specific erythroid markers over time.
Cell surface expression of c-kit, CD71, GPA and band 3 checked on expanding erythroblasts (O h, red), after 72 h of differentiation (green)
and after 168 h of differentiation (blue) for CD34" derived erythroblasts (top panels) and for erythroblasts derived from total PBMC (bottom
panels). Figures representative of three independent experiments.
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and ng/mL IL-3 (R&D systems). After 4-5 days, erythroblasts were
purified by density purification (Percoll, p1.075) to remove lympho-
cytes and cells were reseeded in expansion medium without IL-3
(phase 2) and kept between 1.5 and 2x10°/mL by daily counting and
medium changes. Differentiation of erythroblasts: cells were
washed three times with PBS and reseeded in Stemspan medium
(phase 3) supplemented with Epo (10U/mL, Bristol Royal Infirmary),
insulin (10 ug/mL, Sigma), human AB plasma (3%, Sigma), thyroid
hormone (T3, 1 wM, Sigma), IGF-1 (40ng/mL, R&D systems) and
holotransferrin (0.5mg/mL, Sigma). Cells were kept between 2-
4x10° cells/ml by daily counting and medium changes.

Cytospins and hemoglobin assays

Hemoglobin was measured as described."" Hemoglobin concen-
tration was normalized to cell volume. To analyze cell morphology,
1x10° cells were centrifuged onto slides, and stained with histologi-
cal dyes and neutral benzidine."” Images were taken with a charge-
coupled device (CCD) camera and processed using Adobe
Photoshop 6.0 (Adobe, San Jose, CA, USA).

Flow cytometry

Cells (3x10°) were washed in ice-cold PBS and in ice-cold PB (PBS,
4% BSA). Cells were reconstituted in PB supplemented with normal
rabbit serum and stained for 1 h at 4°C with specific antibodies (see
figure legends). Where appropriate, cells were washed once in ice
cold PB and incubated with PE/FITC conjugated anti-mouse second-
ary antibodies. Fluorescent signals were measured using FACS
Cantoll-F60 machine (BD Biosciences, Oxford, UK). Data were ana-
lyzed using Flowjo 7.2.5 software (Flowjo, Ashland, OR, USA).

Results and Discussion

The yield of erythroblasts expanded from total
PBMC or CD34 cells is significantly higher
than from CD34" cells alone

To test the hypothesis that CD34" progenitor cells in
PBMC can differentiate into the erythroid lineage and to
compare the yield of erythroblast expansion, CD34" cells,
CD34 PBMC and total PBMC were isolated from a constant
amount of peripheral blood. Figure 1 A-F summarize this
purification and isolation. We compared the expansion of
erythroblasts from 10° PBMC, 10° CD34" PBMC and 2x10°
CD34" cells isolated from 10° PBMC (Figure 1G and H).
Figure 1A shows the forward and side scatter plot of the total
PBMC population. The location (Gate-1) of purified CD34
cells as shown in Figure 1B and C shows that all cells within
Gate-1 are CD34" after CD34" purification. Figure 1 D-F
show that about 1% of the total PBMC found in Gate-1 are
CD34- cells and that this population is lost from PBMC after
CD34" purification, yielding PBMC devoid of CD34" cells
(CD34 population, Figure 1E).

After 13 days of culture, CD34 PBMC yielded 10-12 times
more erythroblasts than CD34" cells purified from the same
amount of peripheral blood. Furthermore, erythroblast
expansion from total PBMC outperformed that from CD34*
cells by about 20 times (300 million vs. 15 million erythrob-
lasts on day 13, Figure 1G), reflecting the combined contribu-
tion of both CD34" and CD34" populations. The rate of pro-
liferation between CD34* cells, CD34~ PBMC, and total
PBMC was similar suggesting that variations in cellular input
account for the different yields. Thus CD34" cells represent a
minority cell population amongst the cells in PBMC with the
specific capability of differentiating into erythroblasts and

Erythroid expansion from PBMC -

hence only using CD34" cells as starting material ignores a
significant portion of erythroid potential within the PBMC.
This improvement of erythroblast yield is of importance
when using peripheral blood from limited sources.

The cell culture conditions used in phase 2 (Figure 1G and
H) are as described by Leberbauer et al” However, we found
that inclusion of IL-3 during the first 4-5 days causes approx-
imately 4 times more outgrowth of erythroblasts compared
to Leberbauer et al” This could be a result of increased prolif-
eration and/or a better direction of hematopoietic stem cell
differentiation into the myeloid branch of hematopoiesis
(Figure 1H).

The dynamics of peripheral blood progenitor cell
differentiation into a pure population of erythroblasts

During the first days, the expanding and differentiating
CD34 progenitors progress to become CD34" cells (Online
Supplementary Figures S1 and S2), and the percentage of this
CD34* population increases with time (Online Supplementary
Figure S1). At day 3 of culture, the CD34" cells are c-kit" and
CD71low/medium but GPA™ which may indicate a mixture
of common myeloid and megakaryocyte/erythroid common
progenitors (Online Supplementary Figure S2). Interestingly, the
CD34 PBMCs were largely devoid of erythroid colony form-
ing ability upon isolation from the peripheral blood. This has
been described before in a subset of CD34" hematopoietic
stem cells, the side population cells or SP cells.” However, a
gradual increase of erythroid colony formation was observed
using our in vitro culture conditions, coinciding with the
appearance of CD34" cells in the CD34 PBMC culture
(Online Supplementary Table S1).

The differentiation of PBMC into an immature erythrob-
last population takes 5-6 days (Figure 2A) and requires a fur-
ther density purification step at day 5 to remove lympho-
cytes and to purify the expanded immature erythroblasts
(arrow, Figure 2A). The addition of glucocorticoids in the cul-
ture media keeps the erythroblasts immature, as assessed by
the continued expression of c-kit, the blast-like morphology
and the absence of more differentiated erythroid cells like
normoblasts and reticulocytes [Figure 2C and Figure 3D (0 h);
the effects of glucocorticoids are more elaborately discussed
in Leberbauer ez al]’ After the second Percoll step at day 5,
the majority of the cells are CD347/CD117+/CD71" and GPA
indicating that these cells are early erythroid progenitors
(Online Supplementary Figure S3). These erythroblasts contin-
ue to expand for a minimum of 12 days (Figure 1G) with typ-
ically less than 10% cell death during the expansion phase
(Figure 2A). After 12 days of expansion no significant con-
tamination by other cell lineages such as lymphocytes (CD3),
monocytes (CD14) or B cells (CD20) was observed (Figure 2B
and C). The majority of cells at day 12 remain immature ery-
throblasts that are CD117*, CD71*, GPA*, CD34" and band 3,
with no differences observed between erythroblasts derived
from CD34" cells, total PBMC or PBMC depleted of CD34*
cells (Figure 2B and Figure 3E for band 3).

Thus peripheral blood contains a multitude of different
progenitor cells that have the capacity to produce erythrob-
lasts and only a portion of these are CD34", a heterogeneous
pool of hematopoietic stem cells in itself.” Indeed, CD34
cells isolated from cord blood have long-term repopulation
abilities in irradiated NOD/SCID mice,"” demonstrating their
hematopoietic potential. Furthermore, erythroid outgrowth
from CD347/Lin" cell populations obtained from PBMC has
been demonstrated before' but has never been directly com-
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pared to the erythroid potential of CD34" cells as conducted
here.

Terminal differentiation of erythroblasts derived from
total PBMC or CD34" to reticulocytes is comparable

Terminal differentiation is the final stage of erythropoiesis
involving enucleation, hemoglobinization, membrane
remodeling and removal of unwanted proteins via exosomes.
Key erythroid specific membrane proteins are expressed dur-
ing terminal differentiation alongside globin. To determine
whether the differentiation from total PBMC is similar to
CD34, erythroblasts derived from CD34" cells or from total
PBMC were induced to differentiate (Phase 3, see Design and
Methods).

Differentiation of erythroblasts is normally accompanied
by a short burst in proliferation (24 h) followed by cell cycle
arrest, a reduction in cell volume, hemoglobinization and
enucleation.” No differences in these differentiation param-
eters were found between PBMC or CD34" derived ery-
throblasts (Figure 3A-C). In addition, Figure 3D shows that
there are no obvious morphological differences during dif-
ferentiation as both cultures display normal progression
from pro-erythroblasts (0 h) to basophllic normoblasts (24-
48 h) to polychromatic normoblasts (48-96 h) to orthochro-
matic normoblasts (96-144 h) to enucleated reticulocytes
(120-168 h). Importantly, the cytospins also demonstrate
that using glucocorticoids during the expansion phase
ensures that differentiation of precursor cells is arrested at
the erythroblast stage creating a strikingly homogeneous
pool of erythroblasts (Figure 3D, first panels) that remain
remarkably synchronous throughout the subsequent stages
of differentiation.

Figure SE shows the cell surface expression of membrane
proteins expressed during specific stages of erythropoiesis.
No gross differences in cell marker expression profiles and
dynamics of c-kit, CD71, GPA and band 3 were observed
between PBMC derived and CD34* derived erythroblasts
during differentiation. Furthermore, the expression profiles

Blood. 1998;92(10):3658-68.
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followed generally accepted dynamics with: i) CD71 cell sur-
face expression, already present on erythroblasts, increasing
marginally during differentiation (72 h) but severely decreas-
ing at the end of differentiation; ii) upregulation of GPA and
band 3; and iii) downregulation of c-kit, a marker of imma-
ture erythroblasts.

In summary, we have demonstrated for the first time that
the expansion of erythroblasts from total PBMC or CD34
cells yields significantly more erythroblasts compared to iso-
lating only the CD34* cells purified from the same amount of
PBMC. We have shown that the CD34 cells in our culture
system enter a CD34" phase before progressing through the
normal hematopoietic/erythropoiesis pathway to the nas-
cent reticulocyte. Importantly, terminal differentiation of
PBMC derived erythroblasts to enucleated reticulocytes is of
a similar nature within all the parameters studied here
(hemoglobinization, morphology, proliferation and erythroid
marker expression). The culture of PBMC described here will
prove invaluable for investigating the alterations that occur
during blood diseases such as hereditary spherocytosis® or
congenital dyserythropoietic anemia type 1I (CDAII) where
only small amounts of blood may be available for study.
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