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Abstract

Human embryonic stem cells can differentiate into CD34+ hematopoietic progenitors by co-
culture on murine feeders such as OP9 and S17. These CD34+ progenitors can be further
differentiated into several cells of the hematopoietic lineage including macrophages. However, co-
culture on murine feeders is time consuming and involves extensive manipulations. Furthermore,
CD45 expression is low on hematopoietic cultures derived from stromal co-cultures. In this study
we describe a novel and highly efficient system of generating differentiated macrophages from
hematopoietic progenitors generated from embryoid body cultures of human embryonic stem
cells. The hematopoietic progenitors generated from these embryoid bodies express higher
numbers of CD45+ cells and are able to differentiate to macrophages when cultured in presence of
cytokines. Using this system we were able to generate higher yields of CD14+ macrophages
compared to traditional stromal cell culture methods. The embryoid body derived macrophages are
phagocytic, respond to Toll-like receptor stimulation and express phenotypic markers of mature
macrophages. Importantly, the embryoid body system generates hematopoietic progenitors
suitable for clinical use by eliminating the need for murine feeder cells. Furthermore, this system
is amenable to genetic manipulation and may thus be used to study important mechanisms of
macrophage differentiation and function.
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Introduction

Macrophages (M¢’s) are a population of ubiquitously distributed mononuclear phagocytes
that participate in both specific immunity via antigen presentation and cytokine production
and in nonspecific immunity against bacterial, viral and fungal pathogens. They participate
in tissue remodeling [1] and in clearing invading pathogens, cellular debris and apoptotic
cellular waste [2]. M¢’s also serve as presenters of antigens to T cells and secrete various
immune-regulating cytokines [3]. M¢’s have been characterized in various metabolic
diseases such as atherosclerosis and type-2 diabetes mellitus as well as in autoimmune
disorders such as multiple sclerosis [4, 5]. Despite being well understood in terms of their
contribution to chronic inflammatory states, a thorough study of human M¢ biology has
been restricted by the absence of a tractable genetic system. Current systems involve tumor-
derived cell lines and also primary bone marrow-derived Mg’s, peritoneal Mg¢’s or
peripheral blood derived monocytes that can be differentiated to M¢’s. While these systems
have generated significant data they are also limited. The cell lines may differ significantly
from normal Me¢’s because of their origin while the existing sources of primary cells
represent either a more quiescent state or more activated tissue Mg state. Further, these adult
cells are terminally differentiated and do not possess a great replicative potential nor are
they very amenable to genetic manipulation.

Human embryonic stem cells (hESC) can be coaxed to differentiate into various tissue types
of the body [6]. With respect to the hematopoietic system, hESC have been differentiated
into both myeloid and erythroid lineages by co-culturing hESC on murine bone marrow
stromal cells such as S17 and OP9 [7] and also by the formation of embryoid bodies (EB’s)
that are cultured in the presence of a combination of cytokines [8] [9]. The EB’s
spontaneously differentiate into cells of all three embryonic germ layers [10]. The
differentiation toward a desired lineage can be potentiated by addition of appropriate
cytokines [11]. Both culture methods result in the production of CD34+ hematopoietic
progenitors that proceed through a sequential development and are capable of forming
multilineage hematopoietic colonies /n vitro[12]. hESC recapitulate aspects of embryonic
hematopoiesis closely [13, 14]. The earliest progenitors arising from stromal co-cultures are
erythroid in nature as determined by early expression of CD235 and CD34. Myeloid
progenitors arise a little later and are accompanied by expression of CD45 on the CD34+
cells [15].

Mg’s are derived from common myeloid progenitors following induction of myeloid
differentiation by hematopoietic cytokines. /n7 vivo, this process is regulated by the
interaction of specific hematopoietic cytokines with their cognate receptors on the surface of
progenitor cells present in the bone marrow resulting in the activation of various signal
transduction pathways [16]. /n vitro, Mg’s can be differentiated from hESC by co-culture on
S17 stroma for 15-17 days, followed by subsequent culture of the differentiated CD34+
cells in methylcellulose for 2 weeks followed by further suspension culture of the colonies
obtained from methylcellulose for an additional 12-15 days [17]. Though this system is
more pliable than existing adult sources of Mg’s, the use of mouse stroma restricts its use in
clinical contexts. Very recently, the differentiation of hESC into mature M¢’s via EB
cultures has been demonstrated [18]. However this system cannot be adapted for transplant
purposes since these conditions do not identify the lineage progenitors that are
transplantable and produce only the final product namely terminally differentiated M¢’s.
Hence we chose to determine whether the feeder-free EB system could be used to identify
and obtain hematopoietic progenitors that can be specifically differentiated into mature
Mg’s. The hematopoietic progenitors can carry genetic modifications introduced into hESC
and thus be utilized in gene therapy and transplantation studies to address Mg specific
disorders.

J Stem Cells. Author manuscript; available in PMC 2012 October 19.
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Our studies show for the first time a highly efficient method of obtaining high yields of
Mg’s from hematopoietic progenitors derived from EB differentiation of hESC. Cells
derived from EB’s display multiple features characteristic of M¢’s including expression of
definitive markers of M¢’s such as CD14, CD68 and LOX1 (lectin-like Ox-LDL receptor 1)
[19, 20]. We also find that these EB derived cells are competent to phagocytose opsonized
and non-opsonized bacterial proteins and show normal responses to Toll-like receptor (TLR)
ligands. Further, this process is not inhibited by genetic modification of the hESC cells
themselves. Compared to the murine stromal co-culture system, the EB system produces
higher percentages of CD34+ hematopoietic progenitors that in turn yield higher numbers of
functional Mg’s.

Materials and Methods

Growth and propagation of human embryonic stem cells—The H1 line (NIH code
WAO01) was obtained from WiCell Wisconsin. hESC colonies were propagated on irradiated
mouse embryonic fibroblast feeders in DMEM F12 (Invitrogen, Carlsbad, CA) containing
20% Serum Replacer (Invitrogen), 2mM L-glutamine, 100.M non-essential amino acids
and 10ng/ml basic fibroblast growth factor (Invitrogen). The cells were passaged on a
weekly basis with Collagenase IV (Invitrogen). The UCLA IRB and ESCRO committees
approved all work with hESC.

Formation and Differentiation of Embryoid Bodies

Two days prior to passage, undifferentiated H1 cells were treated with 0.5mg/ml Dispase
(Invitrogen) for 20 minutes at 37°C. The dissociated colonies were lifted off the plates by
gentle pipetting, washed in DMEM F12 medium and plated overnight in ultra low
attachment plates (Corning Incorporated, Corning, NY) in Iscove’s Modified Dulbecco
Medium (IMDM) (Invitrogen) supplemented with 15% non-heat-inactivated defined serum
(HyClone, Logan, UT), ImM L-glutamine, 1% non-essential amino acids and 0.1 mM p2-
mercaptoethanol. Medium was changed every alternate day. The medium was supplemented
with different combinations of the following cytokines for the subsequent media changes
starting at day 4. The cytokines used were SCF at 50 ng/ml (Amgen, CA), IL-3 at 20ng/ml
(Invitrogen), IL-6 at 10ng/ml (Peprotech, RockyHill, NJ), M-CSF at 20ng/ml (Peprotech),
BMP-4 at 10ng/ml (R andD Biosystems, Minneapolis, MN), FLT-3L at 10ng/ml (R andD
Biosystems), G-CSF at 20ng/ml (Peprotech) and GM-CSF at 20ng/ml (Peprotech). BMP-4
was removed from the medium at day 12. The EB’s were harvested on the day of
experiments, washed 2X in IMDM and digested with 0.25% Trypsin —EDTA (Invitrogen)
supplemented with 2% chick serum (Sigma, St. Louis, MO) for 30-45 minutes at 37°C. The
resulting cell suspension was washed twice and filtered through a 40 filter to obtain a
single cell suspension.

Differentiation of Human Embryonic Stem Cells on OP9

H1 cells were differentiated on OP9 as described [21] [22]. Briefly, gelatinized 6 well plates
were seeded with 2 x 104 OP9 cells /well and cultured for 5 days with medium change on
day 4. Undifferentiated H1 cells were harvested with Collagenase IV (1mg/ml). The
resulting clumps were plated onto OP9 cells and maintained for 16 days in a-Modified
Minimal Essential Medium supplemented with 10% defined serum (Invitrogen) and 100M
monothioglycerol (Sigma) with half medium changes every alternate day. At the termination
of the culture, single cell suspensions were obtained by treatment with collagenase IV
(Invitrogen), for 20 minutes at 37° C followed by treatment with Trypsin-EDTA (0.05%) for
15 minutes at 37° C. Cell clumps were disrupted by further pipetting, washed twice and
filtered through a 40 filter to obtain a single cell suspension.

J Stem Cells. Author manuscript; available in PMC 2012 October 19.
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Lentiviral Transduction of hESC

The virus was produced as described earlier by co-transfection of three plasmids: (i)
pSIN18.cPPT.hEF1la.EGFP.WPRE, (ii) the vesicular stomatitis virus G (VSVG) expression
plasmid pHCMVG and (iii) the packaging plasmid pPCMVAR8.2DVPR in 293T cells as
previously described [22]. Undifferentiated H1 colonies were mechanically disrupted and
mixed with virus, incubated for 2 h at 37°C, washed and plated on fresh mouse fibroblast
feeders. Newly grown colonies were analyzed under UV microscopy and GFP-positive
regions were selectively excised and passaged, eventually enriching for GFP expression to
near complete homogeneity.

Cell Sorting and Flow Cytometry

hESC differentiated as either OP9 co-cultures or as EB’s were stained with monoclonal
antibodies to CD34, CD45, CD14, HLADR, CD11c, CD4, CD68, CD86, (Beckman Coulter,
Fullerton, CA) conjugated to FITC (fluorescein isothiocyanate), PE (phycoerythrin), APC
(allophcocyanin), ECD (electron-coupled dye) or PE-Cy7. LOX-1 antibody was purchased
from Hycult Biotechnology, Canton, MA and CD209 from BD Biosciences, Bedford, MA.
Cells were analyzed for fluorochrome expression with a Coulter FC500 flow cytometer and
FloJo software (Tree Star Inc, Ashland, OR). At indicated times post differentiation, CD34+
cells were sorted by magnetic sorting. Cells were labeled with anti-CD34 microbeads
(Miltenyi Biotech, Auburn, CA) and the positive fraction was obtained on an AutoMACS
cell sorter (Miltenyi). Greater than 85% enrichment was obtained by this process. CD14
positive cells were sorted using CD14- PE (Beckman Coulter) monoclonal antibody
followed by staining with anti-PE microbeads (Miltenyi Biotech). The cells were sorted
using the AutoMACS.

Macrophage Differentiation

Sorted CD34+ cells were plated at 300,000/well in 6 well plates and expanded in IMDM +
20% heat-inactivated fetal bovine serum (FBS) supplemented with 1L-3 at 20ng/ml, M-CSF
at 20ng/ml and SCF at 50ng/ml. Half medium change was performed at day 4 post plating
and the floating cells were transferred to new wells.

Following additional 4-5 days of culture, the adherent cells were collected using PBS +
2mM EDTA and washed. The cells were counted and replated in new 6 well plates at
500,000 cells/well in IMDM + 20% FBS with 20ng/ml M-CSF for additional 5-6 days.
Meg’s from human peripheral blood were obtained by the method of adherence. Peripheral
blood mononuclear cells were obtained from the Virology Core, UCLA.

Hematopoietic Colony Forming Assays

H1 cells differentiated by co-culture on OP9 or as EB’s were dissociated to single cell
suspensions. H1 cells co-cultured with OP9 were plated in complete methylcellulose
medium, Methocult GF* H4435 (Stem Cell Technologies, Vancouver, BC, Canada) at a
concentration of 10° cells/ml. Cells cultured as EB’s were plated at a concentration of
25000/ml. All assays were performed in quadruplicates. Colonies were counted at 2 weeks
post-plating. P values were determined using the Student’s t-test. Cytospin preparation from
colonies were made using a cytospin centrifuge (Shandon, Thermo Electron Corporation,
Pittsburgh, PA) and stained with Wright-Giemsa stain (Sigma-Aldrich). Images were
captured using an Olympus 1X51 inverted microscope.

Immunoblotting

H1 derived macrophages at 1x10e6/ml were stimulated with 200ng/ml of LPS for 6 hours.
Cells were lysed in lysis buffer (1% Triton-X-100, 20 mM Tris-HCI (pH 7.5), 150 mM
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NaCl, 1.0 mM EDTA, 1.0 mM inhibitor mixture). NazVVOy,, and a protease Protein samples
were separated on 10% SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted with antibodies against anti-phospho-STAT-1 (BD Pharmingen) antibody to
determine the activation of STAT-1. The blots were also re-probed with antibodies against
[-actin protein as loading control.

H1 derived macrophages were stimulated with 100ng/ml of LPS for 6 hours. Total RNA was
isolated with Trizol reagent (Invitrogen) and was reverse-transcribed with SuperScript 111
reverse transcriptase (Invitrogen) according to the manufacturer’s instructions. PCR was
performed for TNFa and GAPDH. The primers used were as follows. TNF a.:
5'CAGAGGGAAGAGTCCCCCAGGGACC 3’ and
3'CCTTGGTCTGGTAGGAGACGGCGATG 5’. GAPDH primers were:
5'CTGGGCTACAC TGAGCACCAG 3’ and 3’"CCAGCGTCAAAGGT GGAG 5'.

Phagocytosis Assays

TNFa ELISA

Results

Phagocytosis assays with £. coli expressing green fluorescence protein (GFP) was
performed as previously described [23]. Briefly, the green fluorescence protein (GFP)
expressing £. coli (a kind gift from Dr. Genhong Cheng, UCLA) was grown from a single
colony in Luria- Bertani broth containing 100ng/ml ampicillin. A subculture was started to
bring the bacteria to the logarithmic phase of growth. The bacteria were washed twice in
phosphate buffered saline (PBS) and the optical density was measured using a
spectrophotometer. hESC derived Mg’s and peripheral blood derived M¢’s were stimulated
with and without LPS for 24hrs. The cells were mixed with bacteria at an MOI of 50 and
100 respectively. Optimal time for phagocytosis was determined to be approximately 90
minutes. The cells were then washed in cold PBS and pictures were taken using an Olympus
IX51 inverted camera at 200x magnification. The cells were then collected from the plates
and fixed in 1% paraformaldehyde and analysed on a Coulter FC500 flow cytometer.
Polyinosinic acid (Sigma) was used at a concentration of 0.5mg/ml. For phagoctyosis assays
to determine Fcry receptor specificity, fluorescently labeled staphylococcus aureus
bioparticles were purchased from Molecular Probes along with the opsonizing reagent. The
protocol provided by the company was followed to determine phagocytosis. Human AB
serum (Sigma) was used as a blocking agent.

H1 and PBMC derived Mg’s were stimulated for 6hrs with LPS and lysed. The lysates were
tested for TNFa expression following instructions provided by the manufacturer (BD
Biosciences, San Jose, CA).

Human Embryonic Stem Cell Derived Embryoid Bodies Give Rise to CD14 Expressing
Cells in the Presence of Cytokines

To determine if we could differentiate M¢’s from hESC derived EB’s, we began by
generating hematopoietic progenitors from EB cultures [8, 13, 24] and determining the
expression of CD14 on the differentiated progenitors, as expression of CD14 is a defining
characteristic of monocytes/Mg’s. In order to generate EB’s, intact hESC colonies are
detached from supporting stroma by enzymatic treatment and transferred to low attachment,
feeder-free plates where they form 3-dimensional aggregates in suspension. For comparison,
we co-cultured H1 cells on OP9 stromal feeder layers, a method that is known to result in
myeloid differentiation [21]. The hESC line was also cultured as EB’s in the presence of
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Interleukin 3 (IL-3), Interleukin 6 (IL-6), Stem Cell Factor (SCF), FIt-3 ligand (FLT-3L) and
bone morphogenetic protein 4 (BMP-4) [8, 25] (BASAL medium, Table 1). In order to
compare the efficiency of the two methods in obtaining CD34 expressing hematopoietic
progenitors, we first dissociated the cultures after 14—-15 days on OP9 or as EB cultures and
plated the cells in methylcellulose supplemented with various growth factors to determine
multi-lineage hematopoietic colony forming ability. The 2 week culture time point was
deemed to be optimal for both methods based on hematopoietic progenitor formation
assayed over 21 days of culture (data not shown). As seen in Figure 1A, the H1 cells
cultured as EB’s had significantly higher potential to form hematopoietic colonies as
compared to cells cultured on OP9. Further, the EB cultures yielded almost 2 fold higher
numbers of myeloid colonies as compared to the progenitors derived from the OP9 co-
cultures. Interestingly, the erythroid potential of cells cultured on OP9 as well as in EB
cultures was relatively low with the EB culture having the lesser potential. To evaluate the
hematopoietic progenitors obtained, we analyzed expression of CD34 and CD45 on cells
from both systems. As seen in Figure 1B, at day 15, the EB culture system yields higher
numbers of CD34+ cells.

In addition, numbers of CD34+ cells expressing CD45 are higher in the EB culture system
when compared to the OP9 system that has previously been shown to have lower levels of
CD45 expression [8]' [21, 22]. This observation coincides with earlier studies suggesting
that CD34+ cells are precursors of CD45+ cells [24]. Subsequently, CD34+ progenitors
were isolated from both systems and cultured in the presence of IL-3, SCF and M-CSF for
8-9 days followed by further differentiation in the presence of M-CSF for an additional 6-7
days. We then determined the level of CD14 expression on these cells. As shown in Figure
1C, the numbers of CD14 expressing cells were dramatically higher from the EB derived
CD34+ hematopoietic progenitors as compared to the OP9 co-cultures. From equivalent
numbers of CD34+ cells (1 x 10°) from either culture system, the EB derived CD34+ cells
consistently yield 400,000-450,000 CD14 expressing cells when subjected to our cytokine
differentiation approach, while the OP9 co-cultures yield 125,000-150,000 CD14
expressing cells (an approximate 4 fold increase in efficiency) (Figure 1B). Thus the EB
system promotes the development of cells expressing the monocyte/M¢ marker CD14 in
significantly higher numbers compared to traditional co-culture on murine stromal lines.

Optimization of Embryoid Body Culture Conditions for Hematopoietic Progenitor
Differentiation

Based on our initial observation that H1 EB cultures result in higher yields of CD14
expressing cells, we next sought to optimize our EB culture conditions to obtain higher
numbers of hematopoietic progenitors with maximum myeloid potential. We compared three
different combinations of cytokines as shown in Table 1. BASAL medium served as the
primary cytokine cocktail and contained BMP-4, IL-3, IL-6, SCF and FLT-3L [8]. Addition
of G-CSF (Granulocyte colony- stimulating factor) and GM-CSF (Granulocyte macrophage
colony-stimulating factor) to the BASAL medium yielded the second cocktail (BASAL +G/
GM) while the addition of G-CSF and M-CSF (macrophage colony-stimulating factor
yielded the third (BASAL +G/M). BMP-4, a strong ventral mesoderm inducer, is essential
for hematopoietic progenitor differentiation [8]. SCF and FLT-3L, the ligand for the
receptor tyrosine kinase Flk-2, are known to play a key role in the survival and development
of hematopoietic progenitors isolated from bone marrow and cord blood [25, 26]. IL-6 is
involved in myeloid cell differentiation [27, 28]. IL-3 determines the progression from
pluripotent stem cell state to a definitive myeloid-restricted progenitor[29]. GM-CSF and M-
CSF are intermediate acting growth factors and give rise to monocyte/macrophage progeny
[29]. To compare the efficiencies of these three combinations, H1 cells were cultured as
EB’s with the three different cocktails and the cells were analyzed from 9-21 days for
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hematopoietic marker expression by flow cytometry. We also compared their ability to form
colonies in methylcellulose. As observed in Figure 2A the expression of CD34 was at its
peak at day 15 and dropped at day 21 in all three culture conditions. Further the expression
of CD45 increased over time in all three conditions.

The yields of CD34+ cells were higher at both day 15 and day 21 in the BASAL + G/GM
and BASAL + G/M cultures compared to the BASAL medium cultures. Expression of CD45
also showed the same trend. Between the BASAL +G/GM and BASAL +G/M cultures, the
number of cells expressing CD34 was slightly higher in the BASAL+G/GM at both day 15
and 21. We then compared the myeloid and erythroid colony forming potential among all
the three culture conditions at the above mentioned time points. Although the yields of
CD34 expressing cells as determined by flow cytometry appear similar at day 15 of culture
between the BASAL + G/GM and BASAL + G/M culture, the colony forming potential
differs significantly between these 2 conditions with the latter producing approximately 2.5
fold more myeloid colonies (Figure 2B). At day 21 of culture the total colony forming
potential did not significantly differ between the 3 culture conditions. In addition, in all the
three culture conditions, the myeloid colonies outnumber the erythroid colonies (Figure 2B,
C). The cellular morphology of the colonies obtained in culture was determined by Wright-
Giemsa stains (Figure 2D). Based on our observations that the myeloid colony potential is
significantly different and peaks at day 15 in BASAL + G/M as compared to the other 2
conditions, we conclude that 15 days of culture in the BASAL +G/M medium is optimal for
hematopoietic progenitor derivation.

CD14 Expressing Cells Differentiated from H1 Embryoid Bodies Express Normal
Phenotypic Markers

To determine whether cells differentiated from EB’s exhibit phenotypic markers
characteristic of differentiated Mg’s, we compared these cells to mature Mg’s derived from
PBMC cultured for the same duration of time. CD34+ progenitors derived from EB’s
cultured in BASAL + G/M medium as previously described, were isolated and expanded in
culture in the presence of IL-3, SCF and M-CSF for a week followed by further
differentiation for 5-6 days in the presence of M-CSF alone. M¢’s were differentiated from
PBMC by adherence to tissue culture dishes. We first analyzed the cells for expression of
the hematopoietic markers CD34 and CD45. We then determined expression of functional
markers of mature M¢’s including CD14, CD11c, HLADR, CD68, CD4 and CD209 (Figure
3). CD14 is the high affinity receptor for lipopolysaccharide (LPS) on Mg’s. CD45 is the
pan leukocyte marker on human cells. CD11c, an integrin family member [30], is involved
in the phagocytosis of various pathogens as well as in the binding of cell adhesion molecules
[31, 32], bacterial LPS [33] and complement protein [34]. HLADR is a class || MHC
molecule expressed on antigen presenting cells. CD4 on T cells is the co-receptor in MHC
class 1l induced antigen activation, however its function on human M¢’s is not well
understood. CD209, also known as DC-SIGN, is a C-type lectin that binds Human
Immunodeficiency Virus [35] and other mannose-type carbohydrate expressing pathogens
and is expressed selectively on subpopulations of Mg’s in the tonsil, dermis of skin and in
lymph nodes [36]. CD68 [37], an intracellular class D scavenger receptor (SR) is involved in
low-density lipoprotein uptake [19] and in pathogen interactions. Some of the SR’s are also
known to act as pattern recognition receptors [20] and hence the expression of this molecule
is key in determining aspects of Mg function involved in pathogen recognition and
phagocytosis.

CD34 expression was detectable in very low amounts (<1.5%) in the EB-derived cells (data
not shown) suggesting that the progenitors were losing pluripotency and becoming
committed to specific lineages. The majority of cells in both EB —derived as well as PBMC
— derived cultures expressed CD45. The expression levels were very high on the EB-derived
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cells compared to the initial expression on CD34+ progenitors (Figure 1B) suggesting that
the CD34+ progenitors are able to differentiate successfully in the presence of the utilized
cytokines. The expression levels of Mg lineage markers CD14, CD11c, HLADR and CD4,
CD209 and CD68 were all similar in EB derived cells and in PBMC derived Mg’s. In
addition, the EB - derived cells showed increased adherence to tissue culture plates,
fibroblastoid appearance and process extension (data not shown), which are morphological
characteristics of mature M¢’s. Hence, the EB cultures give rise to hESC derived M¢’s that
are morphologically and phenotypically similar to adult peripheral blood derived Mg’s.

Human Embryonic Stem Cell Derived Macrophages Demonstrate Functional Toll-Like
Receptor Responses

A hallmark of Mg function is their ability to recognize microbial components and initiate
immune responses. Ability of M¢’s to interact with nonopsonized bacteria is based on
recognition of conserved microbial pathogen associated molecular patterns by pattern
recognition receptors such as TLR’s [38]. Recognition of LPS by TLR-4 [39], one of the
TLR family members, induces the activation of both nuclear factor-kappa B (NF-kB) and
interferon (IFN) pathways leading to upregulation of co-stimulatory molecules such as
CD86 and CD80 [40] on the cell surface and secretion of inflammatory cytokines [41]. To
examine the response of EB derived M¢’s to TLR ligands we treated the cells with LPS and
examined the levels of CD86 and TNFa expression. LPS increased both number of cells
expressing CD86 and the mean fluorescence intensity (MFI) in EB derived cells (Figure
4A). PCR analysis also showed LPS-induced increase in TNFa; expression in both EB and
PBMC derived Mg’s (Figure 4B). This was also confirmed by ELISA measurements (Figure
4D). Activation of the type | IFN induction pathway by LPS leads to production of IFN that
binds to the type I IFN receptor and activates the STAT1 pathway. We hence examined
phosphorylation of STATL in the EB derived cells. As shown in Figure 4C, treatment of
cells with LPS led to increased STAT1 phosphorylation in both EB and PBMC derived
Meg’s. These results suggest that EB derived cells have functional TLR pathways similar to
adult peripheral blood - derived Mg’s.

Embryoid Body Derived Macrophages Efficiently Respond to Toll-Like Receptor
Stimulation to Specifically Enhance Phagocytosis of Bacteria

To determine whether EB derived M¢’s are functionally competent for phagocytic activity,
we assayed their ability to ingest unopsonized Gram-negative £. coli expressing GFP. To
confirm phagocytosis, cells were treated with polyinosinic acid (PI), a nonspecific polyanion
inhibitor of bacterial phagocytosis by SR’s. The ingestion of bacteria was very minimal in
the absence of LPS treatment. Following activation by LPS, we observed increased uptake
of the bacteria in both EB derived cells and PBMC derived M¢’s (Figure 5A, B).

Pl inhibited the uptake of £. colisignificantly. Decreased phagocytosis in the presence of Pl
suggests that the uptake of the unopsonized bacteria is also dependent on the activity of SR’s
many of which also serve as pattern recognition receptors.[20, 42] There are 8 independent
structural classes of SR’s.[42] We analyzed the expression of LOX1, the class E SR, in EB
derived cells in response to LPS treatment. LOX 1 is expressed in EB derived cells in the
absence of LPS and expression increases on LPS treatment as observed by increased number
of cells as well as higher mean fluorescence intensities (MFI) values (Figure 5C). The
interaction of microbial components with Mg¢’s can be either by direct binding to surface
receptors like SR’s or mediated by opsonins that coat the particles and effect Fc gamma
(Fcy) receptor binding. To determine if the EB - derived cells were also functional in the
context of Fcy receptor specific phagocytosis we tested the cells with opsonized bioparticles
derived from S. aureus, a gram-positive bacterium. Phagocytosis of the bioparticles was
similar in both EB and PBMC derived M¢’s (Figure 6C, D). Blocking Fc+y receptors by the
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addition of human serum inhibited the phagocytosis (Figure 6A, B) confirming that this
functional response was indeed an Fcy receptor specific process. We hence conclude that
EB derived cells exhibit phagocytic activity similar to that displayed by Mg¢’s differentiated
from adult peripheral blood.

Genetically Altered Embryoid Body Cultures Differentiate into Cells That Demonstrate
Normal Phagocytic Responses

Use of the EB derived hematopoietic progenitors in therapeutic strategies or use of EB-
derived Mg’s to study gene function may require the introduction and maintenance of
foreign genes in the cells. To determine if the introduction of a foreign gene perturbed the
Mg differentiation program, we genetically marked the hESC line H1 with a lentiviral vector
which permits constitutive expression of the EGFP reporter gene under control of the EFla
promoter.[22] The H1-GFP transduced cells were differentiated as EB’s using BASAL +G/
M medium as previously described. Mg’s were differentiated from the CD34+ progenitors.
We assessed expression of certain key phenotypic markers characteristic of M¢’s such as
CD14, CD11c, and CD45. The differentiated cells showed similar expression of all the
markers analyzed (data not shown). In order to determine if the cells had functional
phagocytic responses, they were tested with opsonized bioparticles as earlier described. We
observed that the H1-GFP EB - derived cells were able to phagocytose the bioparticles
(Figure 6E, F) and behaved similarly to the non-transduced cells (Figure 6C, D). Hence, the
EB derived cells were able to maintain expression of the introduced foreign gene and
perform characteristic functions of Mg’s.

Discussion

Our studies have identified and characterized a highly efficient method for the
differentiation of functional M¢’s from hESC via differentiation to EB’s. The Mg¢’s are
derived from CD34+ hematopoietic progenitors that arise from EB cultures in the presence
of various cytokines. The cytokines used greatly enrich the cell population for progenitors
that yield primarily myeloid colonies in clonogenic progenitor assays. Utilizing this culture
method, we have successfully circumvented the need for co-culture with murine feeders
such as S17 and OP9. We also observed differences in hematopoietic marker expression
between the two culture systems. It has been reported that hematopoietic progenitors in both
early murine and human embryos lack CD45 expression [43, 44]. CD45 expression appears
in more mature progenitors [8]. Interestingly, we observe that the CD34+CD45+ progenitors
arising from the EB system are higher in numbers compared to CD34+CD45+ cells arising
from OP9 cultures, suggesting that the EB culture system yields more mature CD34+ cells
which may account for their higher efficiency in differentiation. As the CD34+ cells
differentiate further in the presence of the myeloid specific cytokine M-CSF they acquire
phenotypic markers characteristic of mature Mg’s similar to adult PBMC - derived Mg’s.
Published work has shown that H1 derived M¢’s obtained via co-culture on S17 cells are
phenotypically similar to fetal liver - derived Mg’s based on the expression of the surface
markers CD14, CD4, CCR5, HLADR and CXCR4 [17]. This previous study did not
examine the levels of CD45 expression in the Mg’s obtained nor in the CD34+ progenitors
differentiating from the S17 co-cultures. Hence further work involving gene expression
profiling will be needed to determine if hESC derived Mg’s are closer to fetal liver derived
Meg’s or adult Mg’s before a conclusive decision can be made.

The main function of Mg’s in immune responses is the detection of pathogens leading to
receptor-mediated endocytosis, digestion and eventual presentation of foreign antigens in the
context of MHC. A wide variety of receptors on Mg’s are responsible for recognizing Gram-
positive and Gram-negative bacteria via conserved pathogen-associated molecular patterns
[15]. These receptors include SR’s, TLR’s and C-type lectins [15, 20]. The diverse receptors
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on the Mg cell surface collaborate with each other to facilitate phagocytosis and/or signaling
thereby providing the trigger for the adaptive immune response mechanisms. Our data show
that EB derived M¢’s respond to the TLR ligand LPS both by increasing expression of the
surface proteins CD86 and LOX1 and showing increased phagocytic activity when exposed
to GFP transduced £. colias well as opsonized bioparticles. Functional responses were in
addition characterized by the increase in expression levels of TNFa and the phosphorylation
of STAT-1, molecules downstream of TLR signaling. These results suggest that the TLR
pathways are functional in these cells. In addition phenotypically the EB derived Mg
cultures showed expression of characteristic markers of mature Mg’s. In all these functional
aspects the EB derived Mg’s were very similar in behavior to PBMC derived Mg’s. Hence,
together these studies show that EB’s can be used to obtain large numbers of functional
Mg’s with normal physiological responses.

Our data are unique in being able to show the ability to obtain functional M¢’s from
hematopoietic progenitors obtained from a stroma-free culture system. Further, the yields of
our CD14+ cells are 4-5 fold higher from the EB culture system than from stromal cell co-
cultures. In order to utilize hematopoietic progenitors in gene therapy strategies targeting the
myeloid lineage, genetic manipulation of hESC may be necessary. Recent published work
[18] has demonstrated the differentiation of M¢’s from hESC derived EB cultures. In this
system monocytes that can be differentiated into Mg¢’s, are generated directly from the EB’s
following cytokine culture. However, neither the EB’s nor the differentiated M¢’s would be
suitable for direct transplant into patients. As our Mg’s are generated via hematopoietic
progenitors, there is a potential for the progenitors to be used directly in clinical studies. Our
results show that our approach is feasible as the differentiating EB cells retain expression of
the transgene, as do the M¢’s obtained from them. The transduced Mg’s also show normal
phenotype and functional responses. With further optimization utilizing inducible promoters
this system could serve as a steady source of primary human Mg’s for studying various
aspects of human Mg biology and relevant diseases involving Mg¢’s such as tuberculosis and
HIV.

Further, additional work is required to tease out the molecular signaling pathways directing
efficient hematopoietic differentiation. In order to utilize these cells for transplantation
purposes, the problems of immune rejection need to be overcome. The EB system of
differentiation is devoid of animal cells and, with additional improvements, can be utilized
to produce completely animal product-free cells. Major advances have been made recently
in optimization of xeno-free conditions for hESC derivation and culturing [45]. The hESC
can also be genetically modified, cultured for long periods of time and expanded to numbers
suitable for clinical applications. M¢’s are being utilized in cancer immunotherapy studies
[46] and in the treatment of patients with lymphoma [47]. We can thus envision the use of
EB derivatives in the future to surmount various genetic or metabolic disorders.
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CD14

Embryoid body cultures yield more myeloid colonies as compared to OP9 cocultures : A)
H1 cells co-cultured with OP9 feeders or as EB’s (in BASAL medium as shown in Tablel)
were dissociated into single cells following 14 days of culture. The single cells were plated
in complete methylcellulose medium and analyzed for colony formation 2 weeks post
plating. The figure is representative of the average of 3 independent experiments with OP9
feeders and 3 independent experiments as embryoid body cultures. Values of colonies that
are significantly different between OP9 cultures and EB cultures are indicated by asterisks
(*, P <0.0015). Probability values were calculated using Students t- test. (B) H1 cells co-
cultured on OP9 feeders or as EB’s (in BASAL medium, Tablel) were analyzed for
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expression of CD34 and CD14 at day 0 of culture. Following 14 days of culture in both
conditions, cells were dissociated and analyzed for CD34 and CD45 expression by flow
cytometry. (C) The CD34+ cells were sorted and differentiated further in presence of
cytokines IL3, SCF and M-CSF and assayed for expression of CD14 and CD45. The figure
is representative of 3 independent experiments.
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Figure 2.

BASAL+G/M medium yields the highest numbers of myeloid colonies in culture: A) H1
cells were cultured as EB’s in 3 different media conditions as described in Table 1. The
cultures were dissociated at various time points (Day9, Day15 and Day 21) and analyzed for
cell surface expression of CD34 and CD45 by flow cytometry. The figure is representative
of 3 independent experiments. (B, C) The H1 EB’s were dissociated and plated in
methylcellulose medium at various time points to determine hematopoietic colony potential.
Both myeloid and erythroid colonies were scored at 2 weeks post plating. The data is
representative of 3 independent experiments. Asterisks represent values that are significantly
different between the different time points of culture (*, P=0.002, **, P<0.001). P values
were determined using the Students’s t-test. (D) The colonies were stained with Wright-
Giemsa Stain to determine cellular morphology. The figure depicts a Mg and a Granulocyte-
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Macrophage (GM) colony. The magnification is 200x for the images captured with an
Olympus 1X51 inverted microscope.
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Figure 3.

H1 derived macrophage cells exhibit similar phenotypic expression compared to PBMC
derived macrophages. H1 cells were cultured as EB’s in BASAL+G/M medium and CD34
cells were sorted at 15 days of culture. The sorted cells were differentiated in medium
containing IL3, SCF and M-CSF to obtain Mg’s. Panel A represents CD14 expression on
EB - derived and PBMC - derived cells. Subsequent panels B, C, D, E, F and G are all gated
on the CD14 positive population of panel A.
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Figure4.

H1 derived macrophages show TLR specific responses similar to PBMC derived
macrophages. (A) In order to determine TLR function, H1 EB - derived M¢’s were
stimulated with LPS for 18 hours. Following stimulation the cells were analyzed by flow
cytometry for CD86 upregulation. Shaded histograms represent isotype controls. (B)
Following LPS stimulation, the cells were assayed for TNFa expression by RT-PCR
analysis. (C) Phosphorylation of STAT-1 was quantitated following stimulation in presence
of LPS in both EB and PBMC - derived Mg’s. Data are representative of 2 independent
experiments. (D) EB and PBMC derived cells were subjected to TNFa ELISA following
LPS stimulation for 6 hrs. The experiment was performed in duplicates.
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Figure5.

TLR ligands specifically increase phagocytosis of bacteria in EB derived macrophages
similar to PBMC derived macrophages. (A) EB - derived M¢’s and PBMC - derived Mg¢’s
were stimulated in the presence of LPS (green histograms) and in the absence of LPS (blue
histograms) with media alone for 18hours. Following stimulation, the cells were challenged
with £. coliexpressing EGFP for 1.5 hrs and phagocytosis assayed by flow cytometry.
Polyinosinic acid at a concentration of 0.5mg/ml was used as a negative control to inhibit
phagocytic activity (red histograms). The MFI values are denoted in the histogram panels.
(B), (C) The cells challenged with bacteria were analyzed by fluorescence microscopy.
Panels (B) (i, ii) represent EB - derived Mg’s treated with P1 and (C) (i, ii) show PBMC -
derived Mg’s treated with PI. EB - derived Mg’s treated with LPS are shown in panels (B)
(iii, iv) while PBMC - derived Mg’s are in panels (C) (iii, iv). Upper panels represent phase
contrast images while lower panels represent fluorescent images. All images are at 200X
magnification. (D) Upregulation of expression of LOX1 was analyzed by flow cytometry
following treatment of cells with and without LPS. Data are representative of 2 independent
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experiments. Red histograms represent absence of LPS stimulation while black histograms
represent cells treated with LPS. MFI values are shown within the histogram panels.
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Figure®6.

EB derived macrophages exhibit efficient Fcy receptor specific phagocytic activity. EB -
derived macrophages (A, C) and PBMC - derived macrophages (B, D) were treated with (A,
B) or without (C, D) an Fcry receptor blocking agent for 2 hours. Opsonized zymosan
bioparticles were added to the cells, incubated for 1 hour and phagocytic activity determined
by fluorescence microscopy using an Olympus fluorescent microscope. Images are at 200x
magnification. The data is representative of 4 independent experiments. H1 cells transduced
with EGFP differentiate into macrophages with normal phagocytic activity. H1 cells were
transduced with a lentiviral vector expressing EGFP. The transduced cells were
differentiated into macrophages and the functionality of the transduced cells was determined
by assaying their ability to phagocytose opsonized zymosan bioparticles. The figure depicts
the phase contrast (E) and fluorescent (F) images at 200x magnification.
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Composition of three different cytokine cocktails tested on embryoid body cultures

Basal Basil +G/GM | Basa+G/M
1L-3-20 ng/ml 1L-3-20 ng/ml 1L-3-20 ng/ml
I1L-6-10 ng/ml IL-6-10ng/ml I1L-6-10 ng/ml
SCF-50 ng/ml SCF-50 ng/ml SCF-50 ng/ml
FIt-3-10 ng/ml FIt-3-10 ng/ml FIt-3-10 ng/ml

BMP4-10 ng/ml BMP4-10 ng/ml BMP4-10 ng/ml
G-CSF-20ng/ml G-CSF-20ng/ml
GM-CSF-20ng/ml | M-CSF-20ng/ml
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