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Hematopoiesis

Introduction

Hematopoiesis occurs in niches that ensure specific interac-
tions and cross-talk of hematopoietic cells with the surround-
ing stromal cells and among different hematopoietic cells
themselves. These niches dictate processes such as lineage
specification, cell survival and mobilization. Hematopoietic
stem and progenitor cells (HSPC) reside in perivascular niches
and within the non-endosteal parenchyma.1-4 This
hematopoietic niche consists of mesenchymal stem cells,
osteoblasts, and hematopoietic effector cells, such as T regu-
latory cells and tissue-resident macrophages. The niche is
important for hematopoietic stem cell (HSC) homeostasis as
well as hematopoietic lineage development including erythro-
poiesis.5 In mice, tissue-resident macrophages are important
regulators of HSC retention within the bone marrow,6,7 and
ablation of CD163+CD169+ macrophages leads to mobiliza-
tion of HSPC, committed progenitors8 and erythrocyte precur-
sors.8 These myelodepleted mice experience compensated
anemia with increased splenic erythroblasts. Increased ery-
throcyte survival in these mice is likely due to reduced phago-
cytosis of aging red cells by red pulp macrophages. 

Central tissue-resident macrophages also contribute to the
erythroid islands in the bone marrow (the erythron) which
regulate erythroblast differentiation, the final stages of enu-
cleation, and reticulocyte maturation.9-12 However,
macrophage colony-stimulating factor (M-CSF)-deficient

op/opmice and CSFR-/- mice, which display reduced F4/80 tis-
sue-resident macrophages, are characterized by hypocellular-
ity of the bone marrow and reduced erythroid burst-forming
units (BFU-E),13 which indicates a major effect of macrophages
on HSPC. In addition, erythroblast proliferation in bone mar-
row was unchanged in myeloablated mice and the ratios
between the different stages during erythroblast maturation
were comparable.8 Together, these observations suggest a
major role for (tissue-resident) macrophages in the control of
proliferation and/or differentiation of HSPC, which needs to
be investigated. 

We have previously shown that erythroblast expansion
from unsorted peripheral blood mononuclear cells (PBMC) is
4- to 15-fold increased compared to CD34+ cells purified from
a similar number of PBMC.14 This increased erythroid yield
may partly be explained by the presence and differentiation
of CD34- cells in peripheral blood.14 However, erythroid dif-
ferentiation from CD34- PBMC does not fully account for the
increased erythroid yield from unselected PBMC. This sug-
gests that additional processes underlie the increased ery-
throid yield from total PBMC compared to CD34+ cells isolat-
ed from PBMC. We hypothesize that PBMC with feeder/stro-
mal cell-like properties can positively influence HSPC prolif-
eration, differentiation, and/or survival to yield more ery-
throblasts. A role for these effector cells during ex vivo culture
may also reveal clues to their function in the bone marrow
niche. 
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Expansion of erythroblasts from human peripheral blood mononuclear cells is 4- to 15-fold more efficient than that
of CD34+ cells purified from peripheral blood mononuclear cells. In addition, purified CD34+ and CD34- populations
from blood do not reconstitute this erythroid yield, suggesting a role for feeder cells present in blood mononuclear
cells that increase hematopoietic output. Immunodepleting peripheral blood mononuclear cells for CD14+ cells
reduced hematopoietic stem and progenitor cell expansion. Conversely, the yield was increased upon co-culture of
CD34+ cells with CD14+ cells (full contact or transwell assays) or CD34+ cells re-constituted in conditioned medium
from CD14+ cells. In particular, CD14++CD16+ intermediate monocytes/macrophages enhanced erythroblast out-
growth from CD34+ cells. No effect of CD14+ cells on erythroblasts themselves was observed. However, 2 days of
co-culturing CD34+ and CD14+ cells increased CD34+ cell numbers and colony-forming units 5-fold. Proliferation
assays suggested that CD14+ cells sustain CD34+ cell survival but not proliferation. These data identify previously
unrecognized erythroid and non-erythroid CD34- and CD34+ populations in blood that contribute to the erythroid
yield. A flow cytometry panel containing CD34/CD36 can be used to follow specific stages during CD34+ differen-
tiation to erythroblasts. We have shown modulation of hematopoietic stem and progenitor cell survival by CD14+

cells present in peripheral blood mononuclear cells which can also be found near specific hematopoietic niches in
the bone marrow.
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In this study we showed that human PBMC-derived
CD14+ cells, in particular CD14++CD16+ intermediate
monocytes/macrophages, increased the erythroid yield
from CD34+ HSPC in co-culture experiments.
Macrophages sustained HSPC that precede the erythrob-
last stage, which resulted in increased erythroid expansion
from CD34+ cells in ex vivo cultures.

Methods

Cell sorting
CD3, CD19, CD14 and CD34 MicroBeads (Miltenyi Biotec;

Bergisch Gladbach, Germany) were used for magnetic-activated
cell sorting (MACS) from PBMC (manufacturer’s protocol). Prior
to sorting, monocytes/macrophages were purified from PBMC by
counterflow centrifugal elutriation (JE-6B Beckman-Coulter cen-
trifuge, Beckman Instruments Inc.; Palo Alto, CA, USA).
Monocyte/macrophage subsets and hematopoietic precursors
were sorted on a FACS-Aria II/III (BD Biosciences; Oxford, UK).

Cell culture
Human cells were cultured in StemSpan (Stem Cell

Technologies; Grenoble, France) supplemented with stem cell fac-
tor (SCF; supernatant equivalent to 100 ng/mL), erythropoietin (2
U/mL, ProSpec; East Brunswick, NJ, USA),  dexamethasone (1 μM,
Sigma; St. Louis, MO, USA) and cholesterol-rich lipids (40 μg/mL,
Sigma) as described elsewhere.14,15 Informed consent was given in
accordance with the Declaration of Helsinki and Dutch national
and Sanquin internal ethic boards. Conditioned media were col-
lected from CD14+ cells cultured for 2 days at 5-10x106 cells/8 mL,
filtered (0.22 μm) and stored at 4°C. Isolated CD34+ cells were cul-
tured with conditioned media diluted 1:2 with fresh culture medi-
um. The media were replenished every 2 days.

Co-culture experiments
CD34+ cells were co-cultured with purified hematopoietic effec-

tor cells using ratios found in PBMC (1:100 CD14+ cells; 1:430
CD3+ cells and 1:25 CD19+ cells). CD34+ cells were co-cultured
with CD14++CD16-, CD14++CD16+ or CD14+CD16+ cells (at a ratio
of 1:100). 

Transwell assays
CD14+ and CD34+ cells were seeded into transwells (0.4 µm

polyester membrane, Corning; NY, USA) with CD34+ cells inside
the transwell and CD14+ cells in the well (at a ratio of 1:100). Cells
were analyzed after 2-8 days on the flow cytometer. 

Colony assays
Colony assays were started with freshly purified, sorted, or cul-

tured cells mixed with methacult (Medium ColonyGel™ Cell
Systems; Troisdorf, Germany). After 14 days, total colony num-
bers and colony-forming units were manually scored twice using
a wide-field microscope (Axiovert 200M, Carl Zeiss Inc.;
Thornwood, NY, USA). 

Proliferation assays
CD34+ cells were washed in phosphate-buffered saline (PBS)

supplemented with 0.1% bovine serum albumin (BSA, Sigma;
PSA). Cells were labeled with 0.5 μM carboxyfluoroscein suc-
cinimidyl ester (CFSE, Molecular Probes; Leiden, The
Netherlands) for 8 min with gentle shaking at 37°C. Cells were
washed in 1% PSA and cultured with or without CD14+ cells (at
a ratio of 1:100) for 2 days. CFSE dilution was measured by
flow cytometry. 

Flow cytometry
Cells were washed in PBS and re-suspended in 1% PSA. Cells

were incubated with primary antibodies for 30 min at 4°C,
washed in PBS and measured on a FACS Canto II or LSR Fortessa
(both BD Biosciences) and analyzed using FlowJo software
(FlowJo v7.6.4/v10; Ashland, OR, USA). The antibodies are
detailed in the Online Supplementary Methods. For apoptosis exper-
iments, cells were stained in 100 μL binding buffer with annexin
V-APC (BD Biosciences; 1:200) at 4°C. After 30 min, 100 μL bind-
ing buffer and propidium iodide (50 mg/mL; Sigma) were added. 

Cytospins
Cells (5×105) were cytospun onto glass slides, fixed in methanol,

and stained with May-Grünwald-Giemsa stain (manufacturer’s
protocol). Images were processed using Adobe Photoshop 9.0
(Adobe Systems Inc.; CA, USA). 

Statistical analysis
The Student t-test was used for the statistical analyses. P values

≤0.05 are considered statistically significant.

Results

Hematopoietic cell fractions in peripheral blood
mononuclear cells

The erythroid yield is significantly higher from total
PBMC than from CD34+ cells purified from PBMC.14 To
investigate which cells contribute to this phenomenon we
first examined the presence, frequency and erythroid
potential of CD34+ and CD34- HSPC and their down-
stream precursor cells in PBMC. PBMC contained low
numbers of CD34+ cells (0.16±0.08%; Figure 1A) which
could be subdivided into 69% HSC/common myeloid
progenitors (CMP), 29% granulocyte-monocyte progeni-
tors (GMP)  and 1% megakaryocyte-erythroid progenitors
(MEP; Figure 1B and Online Supplementary Figure S1).
Around 22% of the CD34+ cells consisted of CD34+CD38-

CD36- long-term HSC (Online Supplementary Figure S2A).
The erythroblasts expanded and differentiated from
PBMC may potentially also originate from erythroblasts
present in PBMC. We, therefore, evaluated the frequency
of erythroblasts in PBMC. T cells (CD3) and
monocytes/macrophages (CD14), further denoted as
Lineage (Lin), were excluded from the analysis. Lin-

CD34+CD36- (A; HSPC morphology), Lin-CD34+CD36+ (B;
blast morphology), Lin-CD34-CD36+ and Lin-CD34-

CD36dim (C,D; blast, basophilic, orthochromatic, polychro-
matic, reticulocytes) cells were identified in PBMC (Figure
1C,D and Table 1). The Lin-CD34-CD36- population E con-
sisted primarily of the remaining assorted cells (e.g. B cells,
natural killer cells, CD34- HSC and other CD3-CD14-

CD34-CD36- cells).
Supplementing lineage depletion with CD117 (c-kit)

antibodies resulted in severe reductions of populations A
and B indicating that the majority of these cells are
CD117+ (Figure 1E). Supplementing lineage depletion with
CD38 resulted in a loss of population D and reductions in
populations A, B, C and E. Combining CD117 and CD38
in the lineage depletion resulted in complete loss of popu-
lations A, B and D and reductions in C and E (Figure 1E).
These results suggest that the CD34+CD36+CD38+CD117+

population B is enriched for MEP. This was further con-
firmed  through supplementing lineage depletion with

Human CD14+ cells enhance ex vivo HSPC survival
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BAH1.1 which resulted in complete loss of population B
and only a modest loss in population A (Figure 1E).
Populations A-E were seeded in colony assays.
Populations A and B contained the majority of the colony
formation capacity, whereas populations C, D and E dis-
played low to no colony-forming capability (Table 1). This

is in line with our previously published data showing that
the CD34- population has severely limited colony-stimu-
lating capacity.14 Population A can be discriminated from B
by its greater ability to generate granulocyte-monocyte
colony-forming units (CFU-GM), indicating that popula-
tion A is composed of more immature hematopoietic pro-

E. Heideveld et al.
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Table 1. Frequency of the five populations identified in Figure 1C on the basis of CD34/CD36 staining in PBMC and respective colony formation
capacity. Colonies shown per 500 cells. Results are presented as mean (±SD) of three to five separate experiments. 
Population Phenotype Frequency CFU-E BFU-E CFU-GM CFU-GEMM Total CFU

PBMC N/A N/A 0.75±0.03 0.5±0.3 0.2±0.1 0.006±0.005 0.8±0.7
A CD34+CD36- 0.14±0.05 320±32 112±91 67±46 4±6 263±281
B CD34+CD36+ 0.04±0.05 272±16 152±130 11±14 4±5 303±306
C CD34-CD36+ 0.96±0.52 0.1±0.01 0.1±0.01 0.1±0.002 0.1±0.05 0.35±0.05
D CD34-CD36dim 2.04±0.76 0 0 0 0 0
E CD34-CD36- 83.5±20 0 0.1±0.1 0.02±0.03 0.001±0.002 0.1±0.1
PBMC: peripheral blood mononuclear cells; CFU: colony-forming units; BFU-E: erythroid burst-forming units; E: erythroid; GM: granulocyte-monocyte; GEMM: granulocyte-erythrocyte-
monocyte-megakaryocyte.

Figure 1. Defining hematopoietic progenitor cells and frequencies in peripheral blood mononuclear cells (PBMC). (A) The percentage of CD34+

cells in PBMC measured using flow cytometry (n=8). (B) Representative dot plots of CD34+ cells from panel A stained for CD45RA and BAH1.1
to discriminate between MEP (CD34+BAH1.1+CD45RA-), GMP (CD34+BAH1.1-CD45RA+) and CMP (CD34+BAH1.1-CD45RA-) at day 0 and at day
3 of ex vivo culture. The low abundant MEP population was quantified using a specific MEP marker BAH1.1 (characterization in Online
Supplementary Figure S1). (C) Gating strategy to show hematopoietic precursors according to CD34/CD36 expression. Live cells were gated
(FSC/SSC; i), followed by gating of single cells (FSC-A/FSC-H; ii). A dump-channel containing CD14+ and CD3+ cells, henceforth denoted as Lin,
was set up to exclude specific populations (iii). Lin-negative cells are depicted in a CD34/CD36 dot plot (iv) and five distinct populations are
indicated (A-E; frequencies in Table 1). (D) May-Grünwald-Giemsa stained cytospins of FACS-sorted populations as indicated in (C) (iv). (E)
Representative CD34/CD36 dot plot as indicated in (C) (i), supplementing the Lin-negative cells with anti-CD117 (ii), anti-CD38 (iii) or both
anti-CD38/anti-CD117 (iv) or BAH1.1 (vi; control in v). FSC(-A/H): forward-scatter(-area/height); SSC: side-scatter; MEP: megakaryocyte-ery-
throid progenitor; CMP: common myeloid progenitor; GMP: granulocyte-monocyte progenitor; Lin: lineage.
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genitors (e.g. HSC, CMP, GMP), whereas population B
contains MEP committed to the megakaryocyte-erythroid
lineage. In conclusion, the cells in population A are early
HSPC, population B is composed of MEP and cells in tran-
sition to become erythroblasts. Populations C and D are
mixed pools of cells that also contain erythroid cells at dif-
ferent stages. 

Tracking hematopoietic stem and progenitor cell 
differentiation to erythroblasts

The Lin-CD34/CD36 flow cytometer readout provides a
novel tool to follow the differentiation of HSPC through
the MEP stage to erythroblasts. CD34+ cells were isolated
from peripheral blood and cultured ex vivo for 8 days.
Differentiation of CD34+ cells was monitored daily by

assessing Lin-/CD34/CD36/CD71/CD235a membrane
expression and GATA1 and erythropoietin receptor
(EPOR) mRNA expression during culture (Figure 2 and
Online Supplementary Figure S2B,C). CD71 (transferrin
receptor) and CD235a (glycophorin A; GPA) are more clas-
sical markers for erythroblasts and subsequent stages of
differentiation towards erythrocytes,16 but fail to identify
the upstream progenitor progression of HSC towards ery-
throblasts. At day 0, cells are primarily CD34+CD36- HSPC
(P1) but progress towards CD34+CD36+ MEP (P2,3) during
days 1-5, mirrored by an increase in GATA1mRNA levels.
From day 5 to day 7, the cells finally become CD34-CD36+

erythroid cells (P4), accompanied by a 100-fold increase in
GATA1 and EPOR mRNA levels compared to levels in
CD34+ cells at day 0. CD71highCD235adim erythroid cells

Human CD14+ cells enhance ex vivo HSPC survival
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Figure 2. Tracking hematopoietic stem and progenitor cell (HSPC) differentiation to erythroblasts. CD34+ cells purified from PBMC and total
PBMC (n=3) were cultured for 7 days. (A) Dot plots depicting delineated CD34/CD36 populations from a representative donor over time
(CD34+ culture: top; total PBMC culture: bottom). The specific stages, hematopoietic stem and progenitor cells (HSPC; P1), megakaryocyte-
erythroid progenitors (MEP; P2-P3) and erythroblasts (P4) are indicated within the dot plots. Note the progression from stage 1 to 4 during
culture. (B) Dot plots depicting CD71/CD235a expression from CD34+ cell (top panels) and total PBMC (bottom panels) cultures over 7 days.
Note that CD71highCD235adim cells appear gradually during culture. Histograms showing the percentage of cells in stage P1-4 of panel A for (C)
CD34+ cell cultures and (D) total PBMC cultures. The sum of the percentages within P1-4 is set to 100% to better visualize the relative changes
during culture. The line depicts the percentage of CD71highCD235adim erythroid cells in the total culture. Note that erythroid cells appear faster
in the CD34+ cell culture than in total PBMC cultures. This is because CD34+ cell cultures do not contain any other cells then CD34+ cells at
the onset of culture in contrast to total PBMC, which contain large numbers of T cells, B cells and CD14+ monocytes/macrophages during the
first days of culture. However, these cells are outcompeted by the proliferating erythroid cells after 6-7 days (see also Figure 2B). PBMC:
peripheral blood mononuclear cells. 
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start to appear after 4 days (Figure 2B,C) and are the pre-
dominant population by day 7. This coincides with the
up-regulation of GATA1 and EPOR mRNA and markedly
increased protein levels of gata1 and the erythroid specific
markers α/β-spectrin and band3 (SLC4A1; Online
Supplementary Figure S2B-D). This pattern of marker
expression is similar in cultures initiated from total PBMC,
although the erythroid compartment is enhanced com-
pared to that from CD34+ cultures (Figure 2C,D). In con-
clusion, the Lin-CD34/CD36 scheme allows sorting for
specific populations of HSPC, MEP and erythroblasts but
also for cells between these specific stages.

Expansion of erythroblasts from sorted peripheral
blood mononuclear cell populations

Next, we investigated the contribution of each specific
population in Figure 1C to the outgrowth of erythroid
cells from total PBMC (Figure 3A,B). Populations A and B
have the majority of the proliferative potential. Eight days
after initiation of the cultures, the cells stained negative for
CD34, CD38 and CD41, and positive for CD117, CD71
and CD235a (Online Supplementary Figure S2E), indicating
a pure erythroblast population. To assess the relative con-
tribution of each population to the erythroid expansion
capacity of total PBMC, the absolute number of cells in
each fraction was corrected for the frequency with which
the initiating cells were present in PBMC (Table 1). The
number of CD71highCD235adim erythroblasts produced by
each population at day 17 of culture was compared to the
number of erythroblasts obtained from total PBMC
(Figure 3B). The CD34+ populations A and B accounted
maximally for 43.6% of the total erythroid yield from
PBMC, and the CD34- fraction accounted for 5.6% of the
erythroid yield. A relatively small proportion (<3%) of this
yield could be attributed to the Lin-CD34-CD36dim popula-
tion D in PBMC. Importantly, the total number of ery-
throblasts from populations A-E did not recapitulate the
erythroid yield from total PBMC.  

CD14+ monocytes/macrophages enhance erythroblast
expansion from CD34+ cells

As we observed an increased yield of erythroblasts from
total PBMC compared to CD34+ cells, we hypothesized

that PBMC contain a cell fraction that functions as
´helper/feeder cells´. PBMC mainly contained CD3+ T
cells, CD19+ B cells and CD14+ monocytes (Figure 4A).
Depletion of CD14+ cells, but not CD3+ or CD19+ cells,
from PBMC consistently reduced expansion of
CD71highCD235adim erythroid cells by 35-40% (Figure 4B
and Online Supplementary Figure S3 for isolation/depletion
efficiencies). The CD14+ fraction did not contain cells with
expansion capacity, which indicates that hematopoietic
progenitors are not co-depleted with CD14+ cells.
Conversely, the addition of CD14+ cells to CD34+ cells
increased the number of erythroid cells (Figure 4C). In
addition, co-culture of PBMC-derived CD14+ cells with
CD34+ cells isolated from cord blood or bone marrow also
increased the erythroblast yield (Online Supplementary
Figure S4A,B). PBMC-derived CD14+ cells expressed
CD16, CD4, CD38 and CD163, but not CD117, CD34,
CD3 or CD19 (Online Supplementary Figure S4C). The addi-
tion of CD3+ and CD19+ cells only marginally affected out-
growth of erythroblasts from CD34+ cells. Together, the
data indicate that CD14+ cells isolated from PBMC posi-
tively influence hematopoiesis/erythropoiesis.

CD14+ monocytes/macrophages do not exert their
effect on erythroblasts but increase the numbers 
of CD34+ hematopoietic stem and progenitor cells 
during co-culture

CD14+ cells persisted in culture until day 7 (Online
Supplementary Figure S4D), at which time erythroblasts are
emerging. CD14+ cells could, therefore, elicit their effect
on all stages from HSC to erythroblasts. To test this,
CD14+ cells were added to day 8 cultures of erythroblasts
only; the expansion of erythroblasts was similar in the
presence or absence of CD14+ cells (Figure 5A). 

To examine whether CD14+ cells exert their effect on
HSPC prior to the erythroblast stage, PBMC-derived
CD14+ and CD34+ cells were co-cultured for 2 days. This
resulted in a 5-fold increase in CD34+ cell numbers com-
pared to when CD34+ cells were cultured alone (Figure
5B). In addition, CD34+ cell numbers from cord blood or
bone marrow were 1.5-fold increased in the presence of
PBMC-derived CD14+ cells (Online Supplementary Figure
S4E,F). The CD14+ cell fraction did not contribute to ery-

E. Heideveld et al.
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Figure 3. Cumulative yield of erythroblasts from sorted precursor populations present in PBMC is inferior to total PBMC erythroid yield. (A) One
million cells of each population as defined in Figure 1C were cultured for 17 days. The growth curve depicts the cell number in millions as a
function of time in days (n=5). (B) To normalize the yield observed in (A) to the frequencies of the individual populations observed in PBMC,
the cell number at day 17 was multiplied by the frequencies presented in Table 1. The data are shown as fold change with respect to the ery-
throblast yield of PBMC (n=5). PBMC: peripheral blood mononuclear cells.
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throid outgrowth nor did these cells become CD34+

(Figure 5B,E). Population A (Lin-CD34+CD36-) was sorted
and cultured in the presence or absence of CD14+ cells for
2 days. Cell numbers increased 3-fold in population A and
5-fold in population B (Figure 5C). However, the ratio
between A and B did not increase upon co-culture (Online
Supplementary Figure S5A,B). These data suggest that pro-
liferation and/or survival of the HSPC and MEP popula-
tions is affected by CD14+ cells. They predict that deple-
tion of CD14+ cells from PBMC should decrease the total
number of CD34+ cells during culture. Indeed, PBMC
depleted of CD14+ cells resulted in decreases in popula-
tions A and B within 2 days (Figure 5D and Online
Supplementary Figure S5C). 

To determine whether co-culture is required or whether
the effect is exerted immediately, we seeded CD34+ cells
in colony assays in the presence or absence of CD14+ cells,
and with or without 2 days of co-culture. Without co-cul-
ture, the presence or absence of CD14+ cells did not
increase colony numbers. However, co-culture of CD34+

with CD14+ cells resulted in a 5-fold increase in
hematopoietic colony formation compared to CD34+ cell
cultures or cells seeded in colony assays at the initiation of
culture (Figure 5E). Note that CD14+ cells do not form any
colonies and that co-cultures of CD34+ with CD14+ cells
yielded the same number of colonies as 2-day cultures of
total PBMC. CD14+ cells may increase CD34+ cell numbers
in the erythroid biased culture conditions through: (i)
enhanced lineage specification; (ii) induction of cell sur-
vival; or (iii) promotion of proliferation. To examine an
effect on lineage specification the number of CFU-GM
(myeloid), granulocyte-erythrocyte-monocyte-megakary-
ocyte colony-forming units (CFU-GEMM; mixed) and
BFU-E (erythroid) colony-forming cells was determined.
The overall distribution of CFU-GM, CFU-GEMM and
BFU-E after 2 days of co-culture with CD14+ cells was not

biased towards erythropoiesis (Figure 5F). This suggests
that CD14+ cells do not push CD34+ cells towards a line-
age, but affect the overall yield of HSPC.

The effect of CD14+ cells is independent of cell 
contact, in particular CD14++CD16+ intermediate mono-
cytes/macrophages enhance erythroblast 
expansion

To investigate whether CD14+ cells increase prolifera-
tion of CD34+ cells, the CD34+ cells were loaded with
CFSE and CFSE dilution was measured during 2 days of
culture. Both in the presence and absence of CD14+ cells,
the CFSE signal in CD34+ cells was reduced to similar lev-
els, indicating comparable numbers of cell divisions
(Figure 6A). When lineage specification and proliferation
are similar, CD14+ cells most likely enhance survival of
CD34+ cells. Indeed, the presence of CD14+ cells decreased
apoptosis of CD34+ cells (Figure 6B). However, this was
not regulated via B-cell CLL/lymphoma2 (BCL2) or BCL2-
like 1 (BCL2L1) anti-apoptotic signaling pathways as
mRNA levels of these proteins were unchanged in co-cul-
ture conditions compared to the levels in CD34+ cultures
alone (Online Supplementary Figure S5D,E).

Monocytes/macrophages express various integrins,
membrane-bound ligands of integrins, and other sequester-
ing membrane proteins. These molecules facilitate
macrophage functions in innate immune responses, and
regulate cell-cell contact-mediated signal transduction in
CD14+ and associated cells. We hypothesized that cell con-
tact may be important for CD14+ cells to exert their effect
on CD34+ cells. However, a dose-dependent effect of the
number of CD14+ cells in a transwell assay supported the
involvement of secreted factors rather than cell-cell contact
(Figure 6C). These experiments did not discriminate
between an exclusive effect of CD14+ cells or an interplay
between secreted factors by CD34+ cells that regulate the

Human CD14+ cells enhance ex vivo HSPC survival
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Figure 4. CD14+ cells positively affect erythroblast yield. (A) The percentage of
lymphocytes (anti-CD3), monocytes/macrophages (anti-CD14) and B cells
(anti-CD19) was assessed in PBMC using flow cytometry (n=10). (B) PBMC
were depleted for CD14+, CD3+ or CD19+ cells using magnetic beads coupled
to specific antibodies (for efficiencies see Online Supplementary Figure S3).
Erythroid yield was assessed after 8 days of culture and depicted as fold
changes with respect to the erythroid yield from total PBMC (n=3). (C) CD34+

cells were isolated from PBMC and co-cultured with isolated CD3+, CD14+ or
CD19+ cells. The erythroid yield was assessed after 8 days and depicted as
fold changes normalized to the yield from CD34+ cells alone (n=3-6). PBMC:
peripheral blood mononuclear cells.
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factor secretion profile of CD14+ cells. To investigate this,
conditioned media from cultured CD14+ cells were added
to cultures of isolated CD34+ cells. Similar to CD14+ cells,
supernatant increased expansion of erythroid cells, sug-
gesting that the spectrum of factors secreted by CD14+ cells
is not influenced by CD34+ cell-induced signaling. Of note,
the reduced erythroid yield of the conditioned media

(Figure 6D) compared to the transwell assays (Figure 6C) is
probably explained by: (i) the half-life of the secreted fac-
tors in the conditioned media, rather than continuously
replenished factors in the transwell setting; and (ii) the dilu-
tion of the supernatant 1:2 with fresh culture medium.
Together, these results show that CD14+ cells exert their
effect on HSPC primarily through secreted factors.

E. Heideveld et al.
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Figure 5. CD14+ cells do not affect erythroblasts, however they positively influence hematopoietic stem and progenitor cells (HSPC). (A)
Erythroblasts were expanded from PBMC and were cultured with or without CD14+ cells for 4 additional days (n=6). (B) CD34+ cells were cul-
tured in the presence or absence of CD14+ cells for 2 days. CD34+ cell numbers were assessed by multiplying the percentage of CD34+ cells
by total cell counts. The data are depicted as fold changes normalized to CD34+ cell numbers of CD34+ cell cultures (n=4). Note the absence
of CD34+ cells in the CD14+-only condition. (C) Population A, as defined in Figure 1C, was FACS-sorted from CD34+ cells and cultured for 2 days
with or without CD14+ cells. Populations A and B were quantified and absolute counts are displayed (n=3). (D) PBMC depleted for CD14+ cells
were cultured for 2 days. CD34/CD36 populations were delineated and normalized to total PBMC. Note the reduction in population A and B
when CD14+ cells were absent (n=3). (E-F) Total PBMC, CD34+ cells and CD34+ with CD14+ cells were subjected to colony assays at initiation
(day 0) and after 2 days of culture (day 2). Total colony numbers were normalized to colony numbers from total PBMC (n=4) (E). Quantification
of colony-forming units. Total colony number is set to 1 to visualize any bias towards a specific hematopoietic lineage (n=4) (F). EBL: erythrob-
lasts; PBMC: peripheral blood mononuclear cells; CFU: colony-forming units; GEMM: granulocyte-erythrocyte-monocyte-megakaryocyte; GM:
granulocyte-monocyte; BFU-E: erythroid burst-forming units.
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CD14+ monocytes/macrophages from PBMC can be
subdivided into three populations based on CD14 and
CD16 expression: classical (CD14++CD16-), intermediate
(CD14++CD16+) and non-classical (CD14+CD16+) mono-
cytes/macrophages (Figure 7A).17 Each subpopulation has
its own functional and molecular characteristics.18-20 To
investigate whether a specific subset is responsible for the
increased erythroid yield, CD14++CD16- (P1),
CD14++CD16+ (P2) or CD14+CD16+ (P3) subpopulations
were sorted and co-cultured with CD34+ cells (Figure 7B).
Of note, the percentages of the specific subsets in PBMC
reflect literature values (Figure 7A). Co-culture of
CD14++CD16+ cells (P2) or CD14++CD16- cells (P1) with

CD34+ cells resulted in 5-fold and 3-fold increases in ery-
throblast yield, respectively, compared to culture of CD34+

cells alone (Figure 7B). Co-culturing CD34+ cells with
CD14+CD16+ cells (P3) led to only a modest increase in
erythroid yield, indicating that this population is not
involved. Additional analysis showed that CD14++CD16+

intermediate cells (P2) can be further discriminated from
classical and non-classical cells by the combination of
CXCR4, CD163, CD169 (Figure 7C) and HLA-DR (data not
shown). All peripheral CD14+ cells are negative for the M2
macrophage marker CD206 (mannose receptor). CD14+

cells cultured for 2 days showed differentiation towards a
CD14++CD16+CD206+ macrophage population that also

Human CD14+ cells enhance ex vivo HSPC survival
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Figure 6. CD14+ cells affect CD34+ cell survival by secreted factors. (A) PBMC-derived CD34+ cells were loaded with CFSE and cultured for 2
days with or without CD14+ cells. The CFSE dilution is displayed as arbitrary units (a.u.) of mean fluorescence intensity (MFI) (n=6). The his-
togram and dot plot show a representative experiment. (B) CD34+ cells were isolated from PBMC and cultured in a transwell assay with or
without CD14+ cells. After 2 days, apoptosis was measured by assaying the cumulative number of annexinV/propidium iodide-positive cells,
which is displayed as the percentage of apoptotic cells in the bar graph (n=4). Note the high baseline rate of apoptosis (60%) of CD34+ short-
term cultures on erythropoietin, stem cell factor and dexamethasone as previously described.14 The dot plots depict a representative experi-
ment. (C) PBMC-derived CD34+ cells were cultured with or without CD14+ cells in a transwell assay preventing cell-cell contact (using various
concentrations of CD14+ cells) or in full contact co-culture (CC). The bar diagram displays the erythroid yield after 8 days of culture normalized
to the erythroid yield (CD71highCD235adim) in CD34+ conditions without any CD14+ cells (n=4). (D) CD34+ cells isolated from PBMC were cultured
for 8 days in conditioned medium as described in the Methods. The erythroid yield was normalized to the erythroid yield observed in CD34+

cells (n=3). MFI: mean fluorescence intensity; CFSE: carboxyfluorescein succinimidyl ester; FSC: forward-scatter; CC: co-culture.
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upregulate tissue residency markers like CXCR4, CD163
and CD169 (Figure 7C and Online Supplementary Table 1).
Note that CD16 expression is similar to intermediate
monocytes freshly isolated from peripheral blood. Low to
no expression of CD209 was observed thereby excluding
the presence of dendritic cells (data not shown). 

Discussion

Survival and proliferation of HSPC is crucial to prevent
bone marrow failure in vivo, and to enable expansion of
HSPC for cellular therapy in vitro. For future transfusion
medicine, the in vitro production of erythrocytes is the
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Figure 7. In particular CD14++CD16+ mono-
cytes/macrophages positively influence the
erythroblast yield (A) Dot plots representing
enrichment of monocytes after elutriation (left).
Sorting strategy of the monocyte subsets on the
basis of the expression of CD14 and CD16
(right): CD14++CD16- (P1), CD14++CD16+ (P2),
and CD14+CD16+ (P3). (B) Sorted subpopula-
tions P1, P2, and P3 were co-cultured with
CD34+ cells. After 8 days CD14-

CD71highCD235adim cell numbers were counted
on the flow cytometer and depicted as fold
changes with respect to the erythroid yield from
CD34+ cells alone (n=5). (C) Distribution graphs
displaying the geometric mean fluorescence
intensity of CD16, CXCR4, CD163, CD169 and
CD206 on freshly isolated monocyte popula-
tions in PBMC and after 2 days of culture (n=3-
8). Online Supplementary Table S1 shows the
statistical significance between each popula-
tion and marker. Abbreviations: FSC-A: forward-
scatter(-area); SSC: side-scatter; MFI: mean flu-
orescence intensity.
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Holy Grail to provide anemic patients with fully matched
erythrocytes, which requires a maximum expansion
capacity during all stages of erythropoiesis. We previously
found that total PBMC cultures display a better expansion
of erythroblasts compared to CD34+ cells isolated from a
similar amount of PBMC.14 Unraveling the mechanisms
that drive this process is important to optimize in vitro ery-
throid expansion protocols and potentially unlocks clues
of CD34+ cell homeostasis. Here, we show that CD14+

monocytes/macrophages in PBMC secrete factors that
enhance the expansion of CD34+ HSPC. In particular, it is
the CD14++CD16+ subset of intermediate
monocytes/macrophages17 that is involved. Interestingly,
they affect early CD34+CD36- HSPC and CD34+CD36+

MEP but not erythroblasts. Besides erythroid expansion
from CD34+ cells, also myeloid colony forming potential
increased following co-culture of CD34+ cells with CD14+

monocytes/macrophages. Analysis of cell divisions using
CFSE labeling showed similar proliferation capacity of
CD34+ cells in culture with or without CD14+ cells, indi-
cating that the increased erythroid yield is through activa-
tion of survival pathways. 

Tissue-resident macrophages have been found in
hematopoietic niches near the HSC where they provide
retention signals to HSPC.6 Depletion of macrophages in
mice reduces erythropoiesis not because of impaired ery-
throblast proliferation per se, but rather as a result of HSPC
and erythroblast mobilization.8 This is in agreement with
our data showing that CD14+ cells enhance the number of
CD34+ HSPC but not the proliferation rate of human ery-
throblasts. We showed that CD14+ cells do not alter line-
age commitment or proliferation. Instead, we show that
CD14+ cells support CD34+ cell survival, although this
remains to be proven in vivo. Reduced BFU-E formation
and hypocellularity of the bone marrow was observed in
M-CSF deficient op/op mice and CSFR-/- mice which are
characterized by reduced F4/80 tissue-resident
macrophages.13 The combination of retention signals and
survival signals could explain the hematopoietic pheno-
types observed in op/op mice and underscores that
macrophages play a role in hematopoietic/erythropoietic
homeostasis. Thus, besides being involved in the retention
of HSPC in the bone marrow, we discovered a potential
additional role for macrophages in the survival of CD34+

HSPC during differentiation. An important remaining
question is whether survival and retention of CD34+ cells
by the CD14+ monocytes/macrophages are the same, or
originate from independent signal transduction pathways.
We observed that the increased survival of CD34+ cells
and subsequent yield of erythroblasts is caused by a
secreted factor, whilst the retention of CD34+ HSPC in the
bone marrow was dependent on cell contact through
VCAM-1 (CD106).6 This favors a model in which these
two macrophage functions can be separated. 

CD14+ cells in peripheral blood are a mixed population
of cells that includes phenotypes resembling bone marrow
tissue-resident macrophages (CD14+CD163+CD169+).6,8

We find that these cells are present in the intermediate
monocyte population in PBMC. This population also dis-
plays the best HSPC support during co-culture experi-

ments. During (co-)culture these monocytes differentiate
towards CD206+ macrophages that further upregulate tis-
sue resident markers like CXCR4, CD163, CD169 resem-
bling tissue resident M2 macrophages.21, 22 It is important
to compare this specific subset and their similarity to bone
marrow isolated resident macrophages. The observed
effects are caused by secreted factors and hence the iden-
tity of these growth factors is of paramount importance to
optimize in vitro erythropoiesis and to better understand
HSPC survival in the hematopoietic niches. At present,
hematopoietic stem cell transplantation is performed with
total mobilized PBMC rather than purified CD34+ HSPC
from PBMC or bone marrow. However, the effect of dif-
ferent hematopoietic effector cells on HSPC engraftment
is unclear. As we found that CD14+ cells promote survival
of CD34+ HSPC, a putative beneficial effect of CD14+ cells
in HSPC survival after engraftment is possible.

Analysis of total peripheral blood and PBMC-derived
CD34+ cell cultures on the basis of lineage depletion
(CD3/CD14) and CD34/CD36 during time, revealed a
gradual disappearance of CD34 and appearance of CD36
during HSPC differentiation as recently observed for cord
blood CD34+ cells.23 Colony assays confirmed that
CD34+CD36- cells were HSPC, CD34+CD36+ cells were
highly enriched for MEP and CD34-CD36+ cells were ery-
throblasts. This Lin-CD34/CD36 staining provides a novel
tool to follow HSPC differentiation towards erythroblasts
and enables sorting of specific differentiation intermedi-
ates. Subsequently, the erythroblasts can be further ana-
lyzed during differentiation to enucleated reticulocytes
using previously described protocols.16,24 Here, we found
that CD14+ cells provide support to HSPC cells leading to
increased survival of CD34+ cells. The observations explain
the increased erythroid expansion from total PBMC com-
pared to CD34+ cells isolated from a similar amount of
PBMC and unravel a novel role for CD14+ cells in survival
of hematopoietic progenitors. Furthermore, we designed a
novel tool to follow specific stages during CD34+ differen-
tiation to erythroblasts in adult erythropoiesis using a Lin-

CD34/CD36 flow cytometry panel.
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