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The early emergence of macrophages and
their large pattern of tissue distribution
during development suggest that they
may play a critical role in the initial steps
of embryogenesis. In the present study,
we show that monocytic cells derived
from human embryonic stem cells
(hESCs) and from fetal liver follow a differ-
entiation pathway different to that of adult
cells, leading to specific functions. Embry-
onic and fetal monocytic cells differenti-
ated from a CD14'°“CD16~ precursor to
form CD14hghCD16* cells without produc-

ing the CD14"9"hCD16- cell population
that predominates in adult peripheral
blood. Both demonstrated an enhanced
expression of genes encoding tissue-
degrading enzymes, chemokines, and
scavenger receptors, as was previously
reported for M2 macrophages. Compared
with adult blood monocytes, embryonic
and fetal monocytic cells secreted high
amounts of proteins acting on tissue re-
modeling and angiogenesis, and most of
them expressed the Tie2 receptor. Further-
more, they promoted vascular remodel-

ing in xenotransplanted human tumors.
These findings suggest that the regula-
tion of human fetal and embryonic mono-
cytic cell differentiation leads to the gen-
eration of cells endowed mainly with anti-
inflammatory and remodeling functions.
Trophic and immunosuppressive func-
tions of M2-polarized macrophages link
fetus and tumor development, and hESCs
offer a valuable experimental model for in
vitro studies of mechanisms sustaining
these processes. (Blood. 2011;117(11):
3065-3075)

Introduction

The mononuclear phagocyte system (MPS) is a network of highly
versatile and multifunctional cells that include peripheral blood
monocytes, dendritic cells, and tissue macrophages, which play
major roles in development, scavenging, inflammation, and an-
tipathogen defenses.!* These cells originate from hematopoietic
stem cells in the bone marrow through differentiation steps
generating common myeloid progenitors shared with neutrophils,
then enter the blood as monocytes to be recruited into normal
healthy tissues or at sites of injury, where they differentiate into
dendritic cells or macrophages.* Macrophages demonstrate a
remarkable heterogeneity related to their phenotype, localization,
and function.3?

It has been proposed to distinguish between M1 macrophages
attributed with proinflammatory functions and M2 macrophages
attributed with wound-healing or tissue-remodeling functions,
which is an overly simplistic but useful categorization of this
complex cell lineage.®7 It remains unsolved whether these hetero-
geneous functions are determined only by the local tissue environ-
ment or if they also reflect specific developmental maturation
pathways.>8-9

In mice and birds, macrophages are part of primitive hematopoi-
esis and first emerge in the yolk sac at day 7.5 postcoitum. A second

wave of macrophages is formed in the yolk sac between days 8 and
8.5 postcoitum through maturation of a myeloid-erythroid progeni-
tor. These macrophages resemble those appearing later from the
differentiation of a lympho-myeloid hematopoietic stem cell pres-
ent in the fetal liver.!'!! Macrophages generated in the fetal liver
are rapidly dispersed in all embryonic tissues.'?> The early emer-
gence of macrophages and their large pattern of tissue expression
during development suggest a critical role of these cells in the
initial steps of embryogenesis.'14

As is the case in adult mice, macrophages play a key role in the
innate response to pathogens and constitute the primary host
defense in the mouse embryo. Several lines of evidence also
suggest trophic roles for mouse embryonic macrophages, including
bone morphogenesis, ductal branching, neuronal networking, and
angiogenesis.'*!'> The gene signature of mouse embryonic macro-
phages is shared with a subset of adult peripheral blood monocytes
expressing the angiopoietin receptor Tie2, known as Tie-2—
expressing monocytes (TEMs), which may be part of the group of
Grl~/Ly-6¢'°/CX3CR1"e"/CCR27/CD62L" cells.!®!7 Their hu-
man counterparts belong to the less-frequent subpopulation of
“nonclassic” circulating monocytes with a CD14*CD16* pheno-
type.>!8 Part of the embryonic mouse macrophage signature is
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shared with the so-called tumor-associated macrophages, which
have tumor-remodeling and immunosuppressive functions.!317.19-21
These data suggest that embryonic mouse macrophages are special-
ized in tissue remodeling and that similar cells are recruited or
reprogrammed during tumor development.'* Common remodeling
and immunosuppressive functions of M2-polarized macrophages
may link normal developmental and pathologic processes.

Our knowledge on the development and functional properties of
the human MPS during ontogeny is much less extensive because of
the limited availability of human embryos at the earliest stages of
development.?> In recent years, human embryonic stem cells
(hESCs) have been used as an in vitro model of the early stages of
tissue maturation. In vitro hESC hematopoietic differentiation
recapitulates the main stages of early in vivo embryogenesis,?-?7 so
this model was used in the present study for studying embryonic
monopoiesis. More specifically, we examined monocytes/macro-
phages obtained from differentiation of hESCs and fetal liver
CD34+ cells issued from first-trimester fetuses. We show that, in
the early stages of human development, most of the generated fetal
and embryonic monocytic cells share a specific pathway of differentia-
tion that is correlated with transcriptional and functional patterns that
characterize anti-inflammatory and tissue-remodeling cells.

Methods

hESC maintenance and differentiation

H1 (NIH code WAOI1) and H9 (NIH code WAO09) hESC cell lines were
obtained from the WiCell Research Institute. Most experiments were
performed with the H9 cell line. Undifferentiated hESCs were grown as
described previously. Differentiation was achieved from embryoid bodies
(EBs), and the differentiation medium consisted of Iscove modified
Dulbecco medium (IMDM) supplemented with 15% fetal bovine serum
(FBS). Mesoderm and hematopoietic specifications were induced by adding
bone morphogenetic protein 4 (BMP-4, 10 ng/mL), vascular endothelial
growth factor (VEGF, 5 ng/mL), interleukin-3 (IL-3, 100 U/mL), and fetal
liver tyrosine kinase 3 ligand (FLT3-L, 10 ng/mL; all from Peprotech); stem
cell factor (SCF, 50 ng/mL; a gift from Amgen, Thousand Oaks, CA); and
thrombopoietin (TPO, 10 ng/mL; a gift from Kirin Laboratories, Tokyo,
Japan). CD147 cells were sorted and their terminal differentiation toward
the monocyte/macrophage lineage was achieved in presence of monocyte-
colony—stimulating factor (M-CSF, 50 ng/mL), granulocyte-macrophage
colony—stimulating factor (GM-CSF, 20 ng/mL), IL-3 (100 U/mL), and
FLT3-L (10 ng/mL; Peprotech). Cultures were maintained in a 5% CO2/5%
O, environment and the differentiation medium was changed every 4 days.

Generation of monocytes/macrophages from fetal and adult
CD34* cells

Adult CD347 cells were recovered from cytapheresis performed in healthy
donors submitted to hematopoietic stem cell harvest. Fetal CD34" cells
were recovered from fetal liver ranging from 10-17 weeks estimated
gestational age, which were obtained after legal abortion. CD34* cells from
fetal liver or from adult peripheral blood mononuclear cells (PBMCs) were
purified using CD34 immunomagnetic beads (MACS; Miltenyi Biotec).
Proliferation and differentiation of CD34" cells toward the monocyte/
macrophage lineage was achieved in conditions similar to those described
for hESCs in the presence of M-CSF, GM-CSF, IL-3, and FLT3-L.

Human PBMC sorting

PBMCs were sorted from cytaphereses performed in healthy donors,
isolated using a Ficoll gradient, and monocytes were enriched by adherence
in IMDM supplemented with 15% FBS.
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Flow cytometry and cell sorting

To obtain a single-cell suspension, EB cultures were treated with trypsin-
EDTA (trypsin-ethylenediaminetetraacetic acid, 0.25%; Sigma-Aldrich) for
5 minutes at 37°C. Adherent monocytes from hESCs, fetal liver, and blood
CD347 cells or from the peripheral blood were detached from the plastic
plates by incubation with cold EDTA/phosphate-buffered saline (2mM) for
10 minutes. The single-cell suspension was incubated for 30 minutes at 4°C
with the different conjugated monoclonal antibodies (MoAbs) and washed
twice. Flow cytometric characterization was performed using a panel of
anti-human MoAbs: phycoerythrin (PE)—conjugated anti-CD14, -CD16,
-CD163, -CD64, -CCRS5, and -CD34 (all from Becton Dickinson); Tie2
(R&D Systems); fluorescein isothiocyanate (FITC)—conjugated anti-CD16
and -CD15 (Becton Dickinson); allophycocyanin (APC)—conjugated CD14,
CD32, CDI15, CD36, and CD62L (Becton Dickinson); CDI115 (R&D
Systems); and CD16 (Caltag Laboratories). Cells were analyzed with a
FACSort flow cytometer (Becton Dickinson). The percentage of positive
cells was determined by comparison with isotypic controls, establishing the
background level of nonspecific staining. CellQuest software Version 4.0
(Becton Dickinson) was used for data acquisition and analysis. CD14* or
CDI147CD16~ and CD147CD16% cells were sorted after labeling with
PE-conjugated anti-CD14 and APC-conjugated anti-CD16 MoAbs using a
FACSDiva cell sorter (Becton Dickinson).

Cell morphology

CD14* cells obtained from hESCs were sorted after 21 days of differentia-
tion from EB cultures and then cultured in the presence of FLT3-L, IL-3,
GM-CSF, and M-CSF. Differentiated cells were stained with May-Griinwald-
Giemsa solution, myeloperoxidase, and the double-specific (naphthol AS-D
chloroacetate esterase)/nonspecific (-naphthyl butyrate esterase) esterase
staining kit (Sigma-Aldrich) in accordance with the manufacturer’s protocols.

Quantification of hematopoietic progenitors in semisolid
cultures

To study hematopoietic progenitors, dissociated cells from EBs were plated
in triplicate at a density of 3 X 10* cells/mL in human methylcellulose
medium H4434 containing cytokines (StemCell Technologies). Progenitor-
derived hematopoietic colonies were scored after 9-14 days.

Total RNA isolation, RT-PCR, and quantitative RT-PCR

CD147CD167 cells were sorted from embryonic or fetal cells or from adult
PBMCs (> 4 repeated experiments in each condition). When indicated,
cells were activated with 100 ng/mL of lipopolysaccharide (LPS; Sigma-
Aldrich) and 1000 U/mL of interferon-y (IFN-y; PeproTech) for 24 hours.
Total RNA was isolated using the RNeasy Micro Kit (QIAGEN), and the
RNA concentration was adjusted to 100 ng/pL (NanoDrop Technologies).
Quality was assessed using the Lab-on-a-Chip 2100 Bioanalyzer technol-
ogy (Agilent Technologies). For each condition, the RNA of 3 experiments
was mixed, a total of 1 pg of RNA was reverse transcribed into cDNA with
SuperScript III (Invitrogen), and quantitative RT-PCR analyses were
performed with TagMan low-density arrays. cDNA (0.1-1 pg) was loaded
on immune panel and customized gene array (Applied Biosystems).
Quantitative RT-PCR was run for 35 cycles in standard mode using an
ABI7900HT apparatus (Applied Biosystems). Raw data were extracted
using SDS 2.2.1 software, and the difference between the threshold cycle
(CT) of each gene and that of the endogenous controls 18S and GAPDH
was used to determine (ACT) gene expression.

Cytokine and chemokine secretion and expression

CD147CD16"-sorted cells (300 X 103) were washed and cultured for
24 hours in 0.2 mL of IMDM with 10% FBS. Cells were either untreated or
stimulated with LPS or IFN-y (n =4 repeated experiments in each
condition). Levels of 20 cytokines released into the supernatants were
determined using a customized Procarta Cytokine Assay Kit (Ozyme) and
XMAP Technology multianalyte profiling (Luminex). Quantification of
cytokines was realized using the Bio-Plex 200 (Bio-Rad). The culture
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Figure 1. Differentiation of hESCs into monocytes/macrophages. (A) Description of the 3-step protocol designed to induce hESC differentiation into monocyte/
macrophages: step 1: EB formation with mesoderm specification in the presence of BMP-4 and VEGFA; step 2: hematopoiesis induction in the presence of SCF, TPO, FLT3-L,
and IL-3; and step 3: culture of CD14* cells sorted between days 14 and 21 in the presence of M-CSF, GM-CSF, FLT3-L, and IL-3. (B) hESC-derived cells were characterized
by cell surface marker analysis using flow cytometry at the indicated times of the culture. (C) Methylcellulose-based colony-forming assay: (— ) typical primitive erythroid
(Ery-P) and macrophage (Macro-P) colonies and definitive (BFU-E, CFU-G, CFU-GM, CFU-M, and CFU-GEMM) colonies. Original magnification was 20x (Ery-P and
Macro-P) and 10X (definitive colonies). Cells were assessed for their ability to form erythroid and myeloid colonies in a standard methylcellulose assay at the indicated times of
the culture. The middle panel shows the percentages of the indicated colonies. The right panel shows the absolute numbers of CFU-GM + CFU-M per 105 total EB cells.
Results are mean = SD of 3 independent time-course experiments with methylcellulose assays performed in triplicate and colonies enumerated at days 9-10. (D) Proliferative
potential of monocytic cells; the percentage of CD14* cells was measured at different times during the culture and related to the total number of cells, including adherent,
floating, and those from EB cells. (E) CD14" cells from step 2 were sorted, cultured, harvested at different times, and stained with May-Griinwald-Giemsa solution. Typical
morphologic features of monoblasts (top panel), monocytes (middle panel), and macrophages (bottom panel) are shown. Photographs were taken with a 63 objective.

medium was used as a negative control. Data were analyzed with the
BioManager 5.0 software (BioRad) using 4-5 parameter values. The Human
Angiogenesis Array Kit (R&D Systems) was used to measure the relative
levels of tissue remodeling—related proteins (n = 55) following the Pro-
teome Profiler Array technology. All experiments were performed in
duplicate.

In vivo tumor angiogenesis assays

All animal treatment and procedures were approved by the Institut Gustave
Roussy animal care and use committee. Sorted CD14*CD16" from hESCs,
fetal CD347" cultures, and adult peripheral blood cells (2.5 X 10°) were
coinjected subcutaneously with U87 human glioma cells (5 X 10°) in nude
mice; control mice received only glioma cells (n = 6 for each group).
Tumors were grown for 5-7 days. To quantify angiogenesis, serial sections
spanning the whole tumor were immunostained for CD34 (anti-mouse
CD34; Hycult Biotechnology), followed by incubation with a rabbit
antibody (SouthernBiotech) for 1 hour. Quantification of CD34-stained
microvessels was achieved using PIXCIT, a software package designed by
the Groupe Régional d’Etudes sur le Cancer (Caen, France). Cell quantifica-
tion was also performed using flow cytometric analysis with a PE-
conjugated anti-human CD45 MoAb and an FITC-conjugated anti—-mouse
CD34 MoAb (n = 6 for each group).

Phagocytosis assay

Cells (250 000) were suspended in 0.5 mL of Hank buffered salt solution
containing 10wM luminol, incubated at 37°C in a thermostatic luminom-

eter, and stimulated (or not) with opsonized zymosan (0.5 mg/mL;
Sigma-Aldrich). Changes in chemiluminescence were measured over a
30-minute period.

Statistical analysis

Differences in quantitative RT-PCR and protein analysis and in tumor
angiogenesis assays between groups were assessed by pairwise ¢ tests
(Software Inc). The pooled standard deviation (SD) switch calculated a
common SD for all groups and was used for all comparisons. The reported
P value is a result of the Bonferroni adjustment method. P < 5% was
considered statistically significant.

Results

Embryonic monocytes and macrophages develop from hESCs
through a process similar to bone marrow monopoiesis

We induced human ESC differentiation into the monocyte/
macrophage lineage through a 3-step protocol (Figure 1A). Step 1
was EB formation by culturing the SSEA4* H9 cell line (Figure
1B) in low-attachment plates in the presence of BMP-4 and
VEGFA for 5 days, which led to mesoderm specification attested by
the appearance of CD34+*VEGFR2" cells (Figure 1B). Step 2 was
hematopoietic differentiation in the presence of SCF, FLT3-L,
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Figure 2. Differential expression of CD14 and CD16 allows the characterization of 2 subsets of hESC- and fetal liver-derived CD14* cells. (A) CD14 and CD16
expression on cells issued from day 21 hESCs (top panel), day 10 fetal liver CD34* cells (middle panel), and day 10 adult peripheral blood CD34* cells (bottom panel). hESCs
were cultured as described in the legend to Figure 1; fetal liver and adult CD34" cells were cultured in the presence of M-CSF (50 ng/mL), GM-CSF (20 ng/mL), IL-3
(100 U/mL), and FLT3-L (10 ng/mL). Blue indicates CD14"S"CD16" cells; purple indicates CD14'°“CD16~ cells. Right panel shows the forward (FSC) and size (SSC) scatter
properties of CD14~ cells. (B) Embryonic, fetal, and adult CD14°“CD16~ cells were sorted and cultured in the presence of IL-3 or GM-CSF or M-CSF for 9 days before

assessing cell surface expression of CD14 and CD16.

TPO, and IL-3 from days 5-21, which resulted in the emergence of
CD347CD43* cells (Figure 1B), a population of embryonic
hematopoietic progenitors. Hematopoietic cells were detected in
EBs and floating cells emerging from EBs, and included cells
expressing monocytic lineage markers, CD45, CD14 (Figure 1B),
and CD115 (M-CSFR, shown subsequently) as early as day 14.
Step 3 was the expansion and differentiation of the monocyte/
macrophage lineage by sorting CD14" cells between days 14 and
21, and then culturing these cells in the presence of M-CSF,
GM-CSF, FLT3-L, and IL-3, which efficiently supported the
development of adherent cells with typical macrophage morphol-
ogy (Figure 1A-B).

Using a methylcellulose-based colony-forming assay, we de-
tected the emergence, at day 8, of primitive erythroid colonies
comprising 6-20 cells (Ery-P) and primitive macrophage colonies
(Macro-P) similar to those described in mouse hematopoiesis and
ex vivo human hemangioblast culture (Figure 1C left panel). At day
15, hematopoietic activity was mainly granulocyte and macro-
phage progenitors (CFU-G, CFU-GM, and CFU-M), with only rare
erythroid (BFU-E) and mixed (CFU-GEMM) progenitors (Figure
1C left and middle panels). The production of macrophage
progenitors peaked at day 21 (Figure 1C right panel). Cytologic
examination revealed the presence of mature macrophages in
CFU-M-, CFU-GM-, and CFU-GEMM-derived colonies (Figure
1C left panel). These data suggested 2 waves in the in vitro
development of the embryonic monocyte/macrophage lineage. The
second wave generated a progenitor hierarchy close to that
observed during fetal or adult hematopoiesis. The proliferative
potential of monocytic cells issued from these embryonic progeni-
tors is shown in Figure 1D.

To dissect more accurately the maturation of embryonic mono-
cytes and macrophages, CD14" cells from step 2 were sorted,
cultured, harvested at different times, and stained with May-
Griinwald-Giemsa solution. After 1 week in culture, we observed a
large spectrum of cells belonging to the monocyte/macrophage

lineage (Figure 1D), ranging from monoblasts (Figure 1D top
panel) to mature macrophages (Figure 1D bottom panel), with the
presence of monocytes (Figure 1D middle panel). Later, the
cultures contained mainly macrophages, which were negative for
myeloperoxidase and positive for nonspecific esterase (supplemen-
tal Figure 1A, available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). Electron
microscopy showed typical features of macrophages with cytoplas-
mic pseudopodia, highly developed vacuoles, and rough dark
granules of various densities (supplemental Figure 1B). This
experimental approach enabled the efficient generation of hESC-
derived monocytes and macrophages (subsequently named mono-
cytic cells) through the main stages of adult monopoiesis.

CD16 expression identifies 2 populations of CD14+
hESC—-derived cells

CD14 and CD16 (FcyR-III) are used to distinguish 2 subsets of
monocytes with distinct functional properties in human adult
peripheral blood."*?8 The major subset, called classic monocytes,
expresses CD14 but lacks CD16 (CD14he"CD16~), whereas a
minor subset that expresses CD16 includes at least 2 populations
with distinct functions, CD14"¢"CD16* and CD14°¥CD167 cells.”
Whatever their function, macrophages usually express both CD14
and CD16.%° Analysis of CD14 and CD16 expression at the surface
of hESC-derived cells identified a major population of
CD14MehCD16* cells and a minor population of CD14°¥CD16~
cells (Figure 2A top panel). These 2 subsets demonstrated distinct
size and granularity, with CD14"¢"CD16" cells showing scatter
properties similar to those of macrophages (Figure 2A top panel).
This pattern of CD14 and CD16 expression was quite different
from that reported for adult monocytes and macrophages. To
determine whether this differential pattern was related to the
ontogenic stage or to the experimental procedure, we cultured fetal
liver and adult peripheral blood CD34* cells according to step 3 of
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Figure 3. hESC- and fetal liver—derived CD14*CD16" cells demonstrate a nonclassic monocyte phenotype. Immunophenotype analysis of hESC-derived (top left
panel), CD34* fetal liver—derived (top right panel), and CD34* adult-derived (bottom panel) CD14*CD16* cells. The percentages of cells expressing the indicated markers
within CD14* cells are shown. The majority of embryonic and fetal subsets expressed CCR5 and CX3CR1. When monocytic cells were generated from adult CD34* cells, a
marker of the inflammatory type, CCR2, was detected on a subset of cells. Gating was set according to the negative isotype controls. One of at least 3 representative
experiments is shown. The corresponding cell frequencies as determined in 3 independent experiments are presented.

the culture protocol used for hESCs. Culture of fetal liver CD34+
cells for 10 days in the presence of M-CSF, GM-CSF, IL-3, and
FLT3-L generated the same pattern of CD14 and CD16 expression
as hESC-derived cells (Figure 2A middle panel), whereas adult
CD347 cells gave rise to CD14*CD16™ cells with a large spectrum
of CD14 expression (Figure 2A bottom panel); the latter included a
majority of CD14Me"CD16~ cells with low scatter properties,
similar to peripheral blood classic monocytes. These results
suggested that mononuclear phagocytes generated in the embryo
and fetus might differ from those generated in adults.

We then sorted CD14°YCD16~ cells and cultured these cells in
the presence of IL-3 or GM-CSF or M-CSF. CD14°*CD16~ cells
derived from hESCs and fetal liver CD34% cells rapidly formed
groups of 4-10 round, proliferating cells that became larger clusters
(10-50 cells) and semiadherent colonies (> 50 cells) after 7-10 days of
culture (supplemental Figure 2A). At day 9, cells with morphologic
characteristics of macrophages and a unique CD14"¢hCD16" pheno-
type were observed, whatever the cytokine conditions (Figure 2B top
and middle panel). In contrast, sorted CD14°¥CD16~ cells derived from
adult CD34 " cells gave rise to CD14"¢"CD16~ cells that subsequently
differentiated into CD14""CD167" cells (Figure 2B bottom panel). We
subsequently focused on the phenotypic, molecular, and functional
characterization of the embryonic and fetal CD14Me"CD16* subset.

hESC- and fetal liver—derived monocytic cells demonstrate a
nonclassic monocyte phenotype

Additional immunophenotyping of the embryonic and fetal
CD14"ehCD16" subset revealed the expression of the scavenger
receptors CD36 and CD163 and the Fc receptors CD32 (FcyRII)

and CD64 (FcyRI). These cells also expressed CD15, CD33, and
the cytokine receptors CD115 (M-CSFR) and CD116 (GM-CSFR).
The majority of the cells expressed CCRS and CX3CRI1, but only
marginal amounts of CD62L (L-selectin) and CCR2 (Figure 3 top
panel). Monocytic cells generated from adult CD34" cells under
the same conditions expressed more CCR2 and CCRS and less
CX3CR1 compared with embryonic and fetal CD14"¢"CD16™
(Figure 3 bottom panel). Expression of CX3CR1, CD115, and
CD135 (FLT3) has been also described at the surface of the mouse
macrophage-dendritic precursor’!; we confirmed that hESC- and
fetal liver—derived monocytic cells gave rise to dendritic cells after
8-10 days in the presence of GM-CSF and IL-4 (supplemental
Figure 2B-C). These results reinforced the previous suggestion that
embryonic and fetal monocytic cells are developmentally close and
distinct from adult cells. We therefore determined the functional
state of this population in reference to the subset of peripheral
blood monocytes expressing the same CD14%16™ phenotype.

Cytokine expression in hESC- and fetal liver—derived
monocytic cells evokes anti-inflammatory cells

Cytokine production is the hallmark of the M1 versus M2
polarization paradigm in macrophages. hESC- and fetal liver—
derived CD144¢"CD16" cells demonstrated a similar pattern of
immune and anti-inflammatory cytokine mRNA expression (supple-
mental Table 1). In both cases, IL-10 mRNA expression was higher
than that of IL-12a and IL-128 mRNA, which suggested an M2
anti-inflammatory state (Figure 4A). These data were confirmed at
the level of secreted proteins (Figure 4B). In contrast, CD14*CD16*
adult monocytes demonstrated a similar production of IL-10 and
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Figure 4. hESC- and fetal liver—derived monocytic cells have a pattern of cytokine expression characteristic of an anti-inflammatory state. (A) Gene expression
profile of sorted CD147CD16" from hESC-derived (n = 6) and fetal liver—derived (n = 4) CD34" cell cultures. quantitative RT-PCR analysis shows the expression level of
relevant genes of the M1 and M2 polarization paradigm. Results are expressed as 1/ACT values (mean *= SEM) over the endogenous controls 18S and Gadph. (B-C) Cytokine
production was measured in the supernatant from 3 x 105 hESCs and fetal-sorted CD14+CD16™ cells, and comparatively assessed with CD14+CD16™ peripheral blood
monocytes (n = 4 for each population). Tested cells were either left untreated (basal; B) or were stimulated with LPS and IFN-vy for 24 hours (C); the resulting supernatants
were subsequently analyzed using a Luminex assay. Results are expressed in picograms per milliliter. Note that the response to LPS and IFN-vy in terms of inflammatory
cytokine production is decreased from embryonic and fetal cells compared with the adult. (D) Comparative analysis of TGF- secretion from hESC-derived, fetal liver—derived,
and adult peripheral blood CD14*CD16™ cells. Note that in contrast to other cytokines, TGF-g was oversecreted by embryonic and fetal cells compared with adult cells. Results
are expressed in picograms per milliliter. +Cytokine level was over the maximal range of the assay. Statistical differences between groups were calculated by pairwise t test.
*P < .05 between the expression and production of some proinflammatory cytokines after stimulation with IFN-y and LPS by adult versus hESC- and fetal liver—derived cells.

IL-12. Treatment of hESC- and fetal liver—derived monocytic cells
with IFN-y and LPS stimulated the production of proinflammatory
cytokines. This production remained ~10-fold lower than in their
adult counterparts, with a significant differences in IL-12, IL-6, and
TNFa secretion (P < .05; Figure 4C). Overall, levels of secreted
cytokines in embryonic and fetal monocytic cells remained low
compared with adult CD14*CD16™ monocytes, except for trans-
forming growth factor-@ (TGF-$), with a level 7- and 2.5-fold
increased in the supernatants of embryonic and fetal cells, respec-
tively (Figure 4D). These results suggested that hESC- and fetal
liver—derived monocytic cells might have anti-inflammatory and
immunosuppressive properties as well as tissue-remodeling activity.

Monocytic cells derived from hESCs and fetal liver have a gene
signature of tissue-remodeling activity

We used quantitative RT-PCR to compare the expression of 48 genes
with products involved in tissue remodeling, angiogenesis, immune
response, scavenging, and chemotaxis in CD147CD167 cells derived
from hESCs, those derived from fetal liver CD34" cells, or those
isolated from adult peripheral blood. The expression of these genes was
similar in hESC- and fetal liver—derived monocytic cells compared with

that of adult CD14"CD16™" peripheral blood monocytes (Figure 5A).
By pair-wise comparisons using the ¢ test, we observed a significant
increase in the expression of genes encoding chemokines (CCL22,
CCL17, and CCLI13; P = .01) related to an M2 polarization state, and a
decrease in the expression of the gene encoding the Thl chemokine
CXCL9 (P = .05) in hESC- or fetal liver—derived cells compared with
sorted adult cells (Figure SA-B). hESC- and fetal liver—derived cells
exhibited a several-fold up-regulation of genes encoding tissue-
degrading enzymes such as metalloelastases and metalloproteases,
including MMP2, MMP12, and MMPI (P = .01) and MMP7 and
MMP9, compared with adult monocytes (Figure SA-B). hESC- and
fetal liver—derived cells also expressed high levels of scavenger receptor—
encoding genes MSRI (macrophage scavenger receptor 1) and
STABILIN-1, whereas the class A scavenger receptor gene SCARAS was
not detected. Compared with the adult subset, hESC- and fetal liver—
derived cells expressed high levels of the phagocytic mannose receptor
gene MRCI, MARCO, or the hyaluronan receptor-1 gene LYVE-I,
which are characteristic markers of M2 macrophages (supplemental
Table 2). This transcriptional pattern indicated that hESC- and fetal
liver—derived monocytic cells have characteristic M2-polarized macro-
phages known to exert a wide range of homeostatic functions.
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Figure 5. hESC- and fetal liver—derived monocytic cells share a distinguishing signature of tissue-remodeling activity. hESC- and fetal liver—derived CD14*CD16*
cells were sorted, and the expression of genes typical of M2 polarization were analyzed in comparison with adult blood sorted CD14+*CD16* cells using a customized gene
array (Applied Biosystems; n = 4 for each population). (A) Heat-map representation of a common M2 gene signature shared by hESC- and fetal liver-derived
monocyte/macrophages. (B) Relative mRNA expression (ACT) for receptor and chemokines tested. Expression of genes was normalized over the endogenous controls
18S and Gapdh; the higher the ACT, the lower the gene expression. (C) Expression of metalloproteases in hESCs and fetal cells is shown in terms of amplification versus
expression in adult cells. Embryonic and fetal macrophages exhibited a several-fold up-regulation of several metalloproteases (MMP2, MMP7, MMP9, MMP12, and MMP14).
*Increased expression of genes encoding metalloproteases and chemokines in hESC-derived cells compared with adult cells by pairwise comparisons using t test of genes
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Monocytic cells derived from hESCs and fetal liver express
tissue-remodeling proteins

We used a protein array to explore the expression of 55 proteins
involved in angiogenesis, vascular morphogenesis, and tissue
remodeling in hESC- and fetal liver—derived monocytic cells
compared with sorted adult CD14*CD167 cells. Embryonic macro-
phages extensively secreted proteins acting on extracellular matrix
and tissue remodeling, such as TIMP-1, MMP-8, and Serpins
(Figure 6A). Analysis of secreted protein using Luminex technol-
ogy corroborated these data and identified an impressive secretion
of MMP-12 several times higher than in adult cultures, which is in
agreement with transcriptional studies (P = .04; Figure 6B). Sur-
prisingly, the secretion pattern of the fetal subset was closer to adult
than to embryonic macrophages (Figure 6A and supplemental
Table 3). Proteins acting specifically on angiogenesis, including
VEGE, angiopoietin, thrombospondin, urokinase plasminogen acti-
vator, and pentraxin 3, were secreted at a lower level (Figure 6B),
but embryonic macrophages still secreted a larger amount of
angiogenic proteins compared with adult blood CD14°¥CD16"
monocytes; these included ~ 70% TEMs known for their pro-
angiogenic activity.'® Proteins significantly increased in hESC-
derived cells compared with those in fetal and adult cells are shown
in Figure 6B. We confirmed that the specific profile of embryonic
and fetal monocytic cells was not related to culture conditions by
comparison with adult CD34"-derived monocytic cells obtained in
the same culture conditions (n = 3; supplemental Figure 3).
Embryonic and fetal CD14"etCD167" cells demonstrated phago-
cytic functions that contributed to their remodeling activity. They
showed the ability to ingest apoptotic cells, including embryonic
erythrocytes and granulocytes (supplemental Figure 4A top left
panel) and Escherichia coli at 37°C (supplemental Figure 4A top
right panel). Phagocytosis of immunoglobulin G—opsonized E coli

induced actin polymerization and the formation of a phagocytic
cup in hESC-derived macrophages (Figure 7A bottom panel), and
phagocytosis of opsonized zymosan particles triggered an oxida-
tive burst as measured by chemiluminescence (supplemental
Figure 4B).

Monocytes/macrophages derived from hESCs and fetal liver
promote tissue remodeling

The Tie-2 angiopoietin receptor is expressed on a subset of
CD147CD16" adult peripheral blood monocytes, and Tie-2—
expressing cells are required for the vascularization and growth of
several tumor models.!® Tie-2 was detected at the surface of ~ 70%
of embryonic and virtually all fetal monocytes/macrophages (Fig-
ure 7A). Sorted hESC- and fetal liver—derived CD14M¢"CD16*
cells were coinjected subcutaneously with human U87 glioma cells
in nude mice, a xenogenic model used for the demonstration of the
proangiogenic effect of adult TEMs. U87 cells alone or coinjected
with adult CD14*CD16" monocytes were used as controls.
Developing CD34" blood vessels were studied in tumors by
immunochemistry at days 5-7. Computer-assisted image analysis
showed that the overall vascular area was not significantly greater
in tumors produced by coinjection of U87 cells with embryonic or
fetal macrophages than in controls (Figure 7B). However, despite
the early times of tumor growth (5-7 days), we observed a profuse
vascular framework both in control and coinjected tumors (supple-
mental Figure 4). In an independent set of experiments, we
observed, using cytometric analysis, that embryonic, fetal, and
adult cells were still present in the tumors on the days of analysis,
but at a significant larger extent for adult CD14*CD16" monocytes
(P < .05; Figure 7C). Additional detailed morphologic analysis
showed that embryonic and fetal macrophages promoted the
development of large blood vessels with wide lumens, whereas

20z Aey £0 uo 1sanb Aq Jpd-G90€001 L L LO8UZ/ZELYEE L/SI0E/ L L/L L L AAPd-8]oilE/POO|g/8U suoedlqndyse//:diy wouy papeojumoq



3072  KLIMCHENKO et al BLOOD, 17 MARCH 2011 - VOLUME 117, NUMBER 11
A M hesc H retal  [J Adult
c ActivinADAMTS Angio | Angio i Angio | Angio i Amphi :Artemi 100000
+ 10 ;| ANgios}, Angll ] c+
A -1 genin jpoietintpoietinZ statin iregulini n
el 10000 |
CFIll | 16* iDPPIVi EGF EG-vEGF TNd0 i Endo: Endo & pop i iper o! par4 | FGF-7 2 . .
glin { statin { thelin1 bl - - . 1 1
i £ 1000 | ;
GONF | CsF* HB-EGR HGF | 'OFBP ligrapai 'OFBP 1 j1ag 1 8T 1 Lap | Leptin iMCP-1 o -
1 3 3 100 | ! :
MIP-1 iMMP8* Pentra | PD- PDGFAIPDGFAB; Per Pro [ - " i
o MMP9 {NFGID: yinge fecori A | /BB sepin | P74 i PIOF ©pcein 10 |
Serpin SEPIN { Serpin TIMP-1+ TSP1* Vaso
A A TIMP-4 TSP2 | uPA | LD VEGF | VEGC 1 i iR all i 1 i
4 0 2 v z = = O = =T
c+ ¢ = £ £ 85 3 8 8 35 @
3 S T T G o] o = T m
L v o 3 . PP L o @
hESC - m B e b oo -
10000
es e > I
2 1000 I :
s 8 e o0 .o ®e g I |
B < 100 |
2@ oo .o =
a
e 10 | I
sl ' B 12585825 EF 3
T T F 20 T 2 z O L
e e e =~ 3 T ~qg g o 3
P 100000 = 5 = 2
CX 2 w =3
£ 10000 i 2
GG -% a~
es Adult se g 1000
w
()
c 100
“ e .. 2
ee .o S
=
il = ol
e 1 , ‘
VEGF MMP 9 MMP 12 MMP 7

Figure 6. Functional activity of hESC- and fetal liver—derived monocytic cells. (A) Protein arrays analysis in culture supernatants of hESC-derived, fetal liver—derived, and
peripheral blood CD14"CD16™" cells. Array signals from scanned X-ray film images were analyzed using digital image analysis software. Array images from 10-minute
exposure to X-ray film (left panel) and profiles created by quantifying the mean spot pixel densities (right panel) are shown. In the top right panel, note that the broadest pattern
of expression associated with various proteins acting on extracellular matrix and tissue remodeling was found in the CD14"9"CD16+ embryonic cells. In the bottom right panel,
the secretion of proteins involved in angiogenesis in the 3 populations is also shown. *Proteins significantly increased in hRESC-derived cells compared with fetal and adult cells
using pairwise comparisons with t test (P < .05). (B) Quantification of MMP secretion by Luminex technology. Note the secretion of large amounts of MMP-12 in embryonic
cells compared with fetal and adult cells. **P = .04. Results are expressed in picograms per milliliter.

CD147CD16" adult monocytes induced a framework of small
capillaries (Figure 7D). Thus, embryonic and fetal monocytes/
macrophages promote vascular morphogenesis and tissue
remodeling.

The specific pattern of CD14 and CD16 expression, inflamma-
tory cytokines, and remodeling proteins was confirmed from
monocytic cells issued from the H1 embryonic stem cell line
(WiCell Research Institute; supplemental Figure 5).

Discussion

The ontogeny of monocyte/macrophage development has been
investigated mainly in mice.!%121432 Therefore, the establishment
of MPS in humans remains poorly understood. The present study
used hESC and fetal liver cell differentiation models to gain
insights into the ontogeny of monocytes/macrophages in humans.
Using these 2 independent experimental approaches, we demon-
strated that both hESC- and fetal liver—derived monocytes/
macrophages arise through a similar developmental process and are
specialized for specific homeostatic functions.
Monocytes/macrophages have been previously derived from
hESCs by 2 approaches. One used hESC differentiation into
hematopoietic cells on OP9 cells and led to the identification of a
GM progenitor that differentiated into monocytes/macrophages.*
The second one used EB formation followed by monocyte/
macrophage differentiation in the presence of M-CSF and IL-3.3
In the present study, we set up a stepwise culture method with
defined combinations of cytokines, which allowed us to generate

functional mature monocytes and macrophages. We identified
2 sequential waves of embryonic monopoiesis temporally linked
with the emergence of primitive and definitive erythroid colonies,
suggesting that this experimental protocol reproduces the main
stages of embryonic hematopoiesis. Clonogenic assays and cyto-
logic examination confirmed the emergence of monocytes/
macrophages from hESCs through steps that included the sequen-
tial formation of mixed progenitors, monocyte precursors, mature
monocytes, and macrophages, as has been described for bone
marrow monopoiesis.

To monitor this differentiation in detail, we combined CD14
and CD16 markers, which discriminate the 2 major types of
monocytes, CD14"CD16~ and CD14"CD16* monocytes, in adult
peripheral blood.?® These cells have been shown to exhibit distinct
phenotypes and functions, although the CD147CD16" cell popula-
tion seems quite heterogeneous. In addition, CD16 expression
appears at the surface of CD14*CD16~ adult peripheral blood
monocytes when induced to differentiate into macrophages on
M-CSF exposure (unpublished data). In hESC- and fetal liver—
derived cultures, these 2 markers identified 2 populations that were
either CD14°¥CD16~ or CDI14"ehCD16%. The first population
clearly consisted of precursors capable of proliferating and giving
rise to the second population in the presence of M-CSF, GM-CSF,
IL-3, or a cocktail of cytokines. The CD14M¢hCD16* cells formed a
homogenous population of monocytes and macrophages that did not
proliferate. Interestingly, whatever the cytokine used and whatever the
time in culture, a CD14M¢"CD16~ cell population was not observed. In
contrast, in adult blood, CD14"¢hCD16~ monocytes represent the major
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Figure 7. Angiogenic phenotype and function of hESC- and fetal liver—derived CD14*CD16* monocytic cells. (A) Tie2 expression analysis. hESCs and fetal
liver—derived CD14+*CD16™" cells were costained with human Tie2 antibody, and expression was studied by cytometric analysis. Plots from one representative experience are
shown. The percentage of Tie2-expressing cells is the mean value of 3 independent experiments. Tie-2 was expressed by the majority of embryonic and by virtually all fetal
monocytes/macrophages. (B) Human glioma U87 cells were injected subcutaneously into nude mice alone (control) or with hRESC- and fetal liver—derived CD14*CD16™ cells
(n = 6 for each group). Developing CD34" blood vessels were studied by immunochemistry at days 5-7. The vascular area was calculated by digital image analysis based on
the quantification of mouse CD34—labeled vessels. Error bars indicate SD. Computer-assisted image analysis showed that the overall vascular area was not significantly
greater in tumors coinjected with embryonic/fetal macrophages than in control tumors. (C) Detection of human cells by flow cytometric analysis. After administration of human
glioma U87 cells into nude mice alone (control) or with hESC-derived and adult CD14*CD16™ cells (n = 6 for each group), at day 7 tumors were dissociated into single-cell
suspensions and labeled with mouse CD31-PE and human CD45-APC. One representative experiment is shown. Results are mean values of the percentage of human CD45*
cells present in the tumors on the days of analysis (n = 6 for each group). *P < .05 for the statistical difference between the residual human CD45™ cells on the days of analysis
after administration of adult and hESC-derived CD14+*CD16" cells. (D) Morphology of vessel sections in tumors coinjected with adult (left panel) or hESC CD14*CD16*

(middle and right) cells. Magnification is 200X. Note the larger vessel lumen after embryonic cell coadministration (— ).

blood population and the CD14M¢"CD16* subset accounts for only 10%
of all adult monocytes. '8

The difference in phenotype between embryonic/fetal and adult
blood monocytes could reflect developmental changes in the
monocyte/macrophage lineage. To explore this possibility, we
compared the differentiation pattern of CD34* cells from human
fetal liver and from adult blood into the monocyte/macrophage
lineage using a similar cocktail of hematopoietic cytokines. This
approach demonstrated that monocyte/macrophage differentiation
from hESCs and fetal liver were extremely close and occurred from
a CD14°¥CD16~ progenitor; this was in contrast to adult cultures,
in which macrophage differentiation occurred through a
CD14MehCD16~ differentiation step. In addition, we confirmed
results obtained on mouse embryonic monopoiesis demonstrating
the redundancy of M-CSF, GM-CSF, and 1L-3.1435 In mice, a bone
marrow progenitor with a M-CSFR*CXCR3*FIt3* phenotype,
termed MDP, gives rise to several monocyte/macrophage subsets
and dendritic cells.**! The hESC-derived CD14"°%*CD16~ cells also
expressed CD115 (M-CSFR), FLT3, and CXCR3 and gave rise to
both dendritic cells and macrophages; therefore, these cells could
be the equivalent of the MDP murine progenitor. Confirmation of
this assumption will require further experiments performed at the
unicellular level.

Our findings underscore the presence of a developmental
regulation in human monocyte/macrophage differentiation. Mouse
embryonic macrophages are specialized in phagocytosis, tissue
remodeling, and angiogenesis.'>!7 In the present study, we show
that the CD147CD16" embryonic and fetal monocytes/macro-
phages demonstrated a CD62L~CCR2-CCR5"CX3CR1" pheno-
type that overlapped with that of adult nonclassic monocytes.? In
addition, they exhibited a positive ratio between anti-inflammatory
and proinflammatory cytokines, suggesting M2 polarization, and
responded poorly to IFN-y and LPS. Our finding that embryonic/

fetal macrophages secrete higher amounts of TGF-1 suggests the
presence of additional paracrine/autocrine mechanisms that control
the polarization of immune cells, contributing to the maternal-fetal
tolerance during embryonic development.

M2 markers identified in embryonic and fetal monocytes/
macrophages include IGF1, LYVEI, MRC1, STABI, and MMP12,
which are expressed on their murine counterparts and on mono-
cytes expressing the angiopoietin receptor Tie2 (TEMs) and human
tumor-associated macrophages.!” These latter cells promote tumor
development by providing growth factors and remodeling factors
that facilitate invasion and metastasis.'*3%37 The cytokines secreted
at the highest level by the embryonic subset were either those
regulating the degradation of extracellular matrix, such as MMPs,
Serpins, and TIMPs, or pleiotropic cytokines such as IGFs, NRG1,
TGF-B, which are known to act at the different stages of
morphogenesis in the mouse embryo.!43839 The impressive produc-
tion of a wide range of metalloproteases suggests that embryonic
and fetal macrophages may have specific trophic functions to
regulate tissue architecture and cell migration**#!; hRESC- and fetal
liver—derived macrophages particularly expressed a high level of
MMP12, a differential marker between embryonic TEM and other
embryonic macrophages.'” In addition, hESC-derived monocytes/
macrophages synthesized a large pattern of factors involved in
angiogenesis that could even be up-regulated in a hypoxic embry-
onic environment. One of the functions of adult TEMs is to
promote angiogenesis in xenograft transplants.!® In a similar assay,
we could not demonstrate a significant pro-angiogenic activity
using our hESC- and fetal liver—derived “TEMSs.” This negative
result may have 3 explanations: (1) the assay used, because in our
study a profuse angiogenesis was observed in the control group;
(2) the exit of embryonic macrophages from the tumor; or
(3) apoptosis of embryonic macrophages after cytokine starvation.
Nevertheless, embryonic cells promoted the enlargement of the
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tumor vessel lumen, which might be related to MMP secretion.’%3
Like adult macrophages, embryonic monocytes exhibited phagocy-
tosis functions required for development.*?

It remains to be determined whether monocyte/macrophage
subsets and evolution with time reflect the plasticity of a unique
cell population or the presence of distinct precursors. According to
one hypothesis, plasticity could be generated by epigenetic controls
restricting monocyte/macrophage functions to tissue remodeling in
the embryo and the fetus, as recapitulated by tumor-associated
macrophages, and widening monocyte/macrophage functions to
inflammation in adults. A second hypothesis states that distinct
precursors would arise sequentially during development, with the
first wave being more specialized in M2 functions. Monocyte/
macrophage differentiation from hESCs might be a powerful tool
with which to precisely understand the developmental mechanisms
of monocyte/macrophage heterogeneity, and may also offer a
valuable experimental model for in vitro studies of mechanisms
sustaining tumor development.
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