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Abstract 
 

We have previously developed a relatively simple, feeder-free method for deriving 
monocytes and macrophages from human Embryonic Stem cells, enabling the routine 
harvest of batches of up to 107 homogeneous monocytes from culture supernatants from a 
single standard 6-well tissue culture plate. Here we demonstrate further functional 
characteristics of these stem cell-derived macrophages. They are infectable with various 
strains of HIV-1, with appropriate replication kinetics, making them an attractive source 
of cells for studying HIV-macrophage interactions. They are also infectable with an 
important arbovirus, dengue virus. They suppress T cell proliferation, with tryptophan 
catabolism implicated in the process. We describe methods for genetically modifying the 
stem cells to maximise expression of genes-of-interest in the differentiated macrophages, 
addressing potential issues of transgene silencing transgene during differentiation. We 
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also show that the method can be used to differentiate monocytes/ and macrophages from 
human induced Pluripotent Stem cells. This provides an accessible, reproducible, 
tractable system for investigating macrophage biology and host-pathogen interactions 
against known patient and control genetic backgrounds. 
 
 

Introduction 
 
Human Embryonic Stem cells (hESc) were first derived from the inner cell mass of 

blastocysts by James Thomson in 1998 [1].They can be expanded indefinitely (unlike other 
stem cells such as hematopoietic stem cells (HSC), which have limited proliferative capacity 
in vitro), and they are pluripotent i.e. have the potential to differentiate into all types of cell of 
the human body (unlike multipotent stem cells, such as HSCs, which can only differentiate 
into cells of that particular lineage). These properties have enabled many research groups to 
develop protocols for deriving a wide range of differentiated cell types in vitro from hESc. 

More recently, the stem cell field has been completely revolutionised by the discovery 
that differentiated somatic cells can be reprogrammed to a pluripotent state very similar to 
that of hESc. This was first achieved by Yamanaka in 2006, by over-expressing four key 
transcription factors (Oct4, Sox2, Klf4 and c-Myc) using retroviral vectors in mouse 
fibroblasts [2]. The following year it was demonstrated using human fibroblasts, by 
Yamanaka again, using the same four transcription factors [3], and also by Thomson’s group 
(who used a slightly different cocktail: Oct4, Sox2, Lin28 and Nanog) [4]. Because human 
induced Pluripotent Stem cells (hiPSc) can be derived from patients with relative ease, using 
a small skin biopsy from which fibroblasts grow out as starting material [5], and the hiPSc 
derived would reproduce the patient’s genetic background, it was immediately apparent that 
cells differentiated from hiPSc could play a profound role in studying the etiology of disease, 
be used for drug screening and toxicity studies, and (if safety issues are satisfactorily 
addressed) have potential in cell-based therapy (reviewed in [6]). This has further invigorated 
the field regarding developing protocols for differentiating cells from pluripotent stem cells. It 
has been shown that hiPSc can have lower differentiation efficiency than hESc [7], so 
protocols that are developed for hESc can require further optimising for efficient 
differentiation from hiPSc.  

We have previously described a method for producing functional monocytes and 
macrophages from hESc [8]. This method relies on firstly, the spontaneous differentiation of 
hESc into embryoid bodies (comprising ectoderm, mesoderm and endoderm) in suspension 
culture. Secondly, myeloid differentiation is directed with IL-3 and M-CSF to produce a 
homogeneous population of monocytes (esMC) that can be harvested directly from the 
supernatant of the differentiation cultures. When these monocytes are further cultured in M-
CSF, they differentiate into macrophages (esMDM) that are phenotypically and functionally 
comparable to blood monocyte-derived macrophages (bMDM) (the method is summarized in 
Figure 1A).Over the past few years, several other groups have also published protocols for 
producing monocytes/ and macrophages from hESc and hiPSc [9-13]. These protocols 
involve coculture on mouse stromal cells (e.g. OP9 cells), and/or purification of progenitor 
cells from partially-differentiated cultures prior to differentiation to monocytes. They are, 
therefore, more technically complicated, and less amenable to scaling. Our relatively simple, 
robust protocol enables the production of several million monocytes from a 6-well plate at 
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each harvest, and enables several harvests at weekly intervals before the cultures start to 
deteriorate. This relatively large and predictable yield has allowed us to expand the 
characterization of the monocytes/ and macrophages beyond the original study, and to utilize 
the cells to investigate virus-macrophage interactions and basic macrophage biology, which 
form the basis of this chapter. 

HIV-1 infects CD4+ T cells as its primary target, but it also infects macrophages, where 
infection can be relatively long-lived (reviewed in [14]). CD4 is its primary receptor, and on 
macrophages CCR5 is used as the secondary receptor. Our lab has dissected the entry 
pathway of HIV-1 in primary blood monocyte-derived macrophages and shown it to enter via 
an endocytic route that is dependent on lipid rafts, dynamin, Rac1 and Pak1 [15, 16]. This 
chapter provides data on the infectivity and replication kinetics of several strains of HIV-1 in 
hES-macrophages relative to bMDM. 

Monocytes and macrophages are key targets of human dengue virus (DENV) infection, 
as shown by detection of DENV non-structural proteins in activated monocytes in the blood 
[17, 18], in phagocytes in the lymph node and spleen [19] and in macrophages in the spleen 
and lung [20]. In addition to direct infection, macrophages are susceptible to targeted DENV 
infection via Fc-mediated opsonisation in a process known as antibody-dependent 
enhancement (ADE) [21-24]. Studies of DENV infection of monocytes/ and macrophages are 
important in understanding their role in severe dengue disease as sources of both new virus 
and immune mediators that form the course of the subsequent immune response [25-29]. 

T cell activation and recognition of the major and minor histocompatibility antigens is 
one of the central events that ultimately lead to graft rejection [30, 31]. The macrophage is 
one of several cells that are capable of suppressing activated allogeneic T cells through 
immunoregulatory mechanisms, and thereby inhibit graft rejection. One immunoregulatory 
mechanism is the depletion of the essential amino acid tryptophan via the activity of 
indoleamine-pyrrole 2,3-dioxygenase (IDO) [32]. Based on previous in vitro studies that have 
shown that M-CSF-matured bMDM have distinct properties [33, 34] and are capable of 
suppressing activated T cells [32], we have tested the hypothesis that esMC-derived 
macrophages (esMDM) would suppress activated allogeneic T cells and report the results 
here. 

bMDM have been used extensively as the most relevant experimental model of human in 
vivo macrophages. However, each donor is genetically different, and their cells are in 
significantly different physiological states on different occasions. This means that it is 
necessary to use many different donors on multiple occasions, to ensure that one has a 
representative sample of human cells. This is expensive, laborious, and often impracticable. It 
is a particular problem for HIV studies, and to a lesser extent dengue virus, where genetic 
variability between donors affects the entry and replication of virus in macrophages. Second, 
and perhaps more importantly, macrophages are particularly refractory to genetic 
manipulation. This is a major problem because only by manipulating the expression of 
specific genes, in an otherwise fixed genetic background, can one hope to study the role of the 
products of those genes in physiological and pathological processes. These problems cannot 
be satisfactorily overcome by using animal models, as a) species differences can mean results 
are not always relevant to human immunopathology and, critically, b) HIV in particular will 
only infect a limited number of primate species, including man. Existing cell lines, myeloid 
cell lines, such as THP-1, are by definition, not terminally differentiated, and do not replicate 
the HIV replication kinetics of primary macrophages. Therefore, pluripotent stem cell-derived 
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macrophages offer the best available system for genetic modification of human macrophages. 
Pluripotent stem cells can be genetically modified using lentiviral transduction; to produce a 
cell-line that can be expanded indefinitely, and differentiated at will, with expression of the 
transgene in the differentiated progeny. We have adopted this technology, and demonstrate in 
this chapter the ability of hES-derived monocytes and macrophages to express transgenes 
delivered at the stem cell stage.  

Finally, we show here that hiPSc can be successfully differentiated to monocytes and 
macrophages using our protocol. This opens the door to using hiPSc-derived macrophages 
from patients who have genetic defects/variants in innate immune pathways as models to 
understand the etiology of these diseases. 

 
 

Materials and Methods 
 

 hESc and hiPSc Lines 
 
Work with the hESc line HUES-2 [35] was reviewed and approved by the UK Stem Cell 

Bank Steering Committee. The hiPSc line iPS-DF19-9, which was derived using non-
integrating episomal vectors was obtained from James Thomson [36]. Other hiPSc lines (iPS-
Ox-1-18, iPS-Ox-1-19, iPS-Ox-1-23) were derived in-house from fibroblasts from a skin 
biopsy from a normal male donor after signed informed consent (REC 10/H0505/71). 
Fibroblasts were reprogrammed with a cocktail of retroviruses encoding the following 
reprogramming factors in the following ratio: hOct4; hSox2; hKlf4; hMyc; mNanog 
3;1;1;1;1. pMXs plasmids encoding these genes were obtained from Addgene and were as 
used in the original paper by Takahashi and Yamanaka [3]. They were packaged using the 
Plat-E retroviral packaging cell line (containing retroviral gag and pol genes) and 
cotransfected with VSV-G (as described for lentivirus production below) to make iPS 
retrovirus vectors. Reprogramming was carried out following [3]; colonies were picked, 
expanded, banked and characterized, then used for differentiation to monocytes and 
macrophages. Genome integrity was analysed by running genomic DNA on an Illumina 
Human CytoSNP-12v2.1 beadchip array and subsequent analysis using KaryoStudio software 
(Illumina). Morphological assessment, passageability and immunocytochemistry for markers 
of pluripotency were also used. For immunocytochemistry, colonies grown on MEFs on glass 
coverslips were fixed for 10 minutes with 4% paraformaldehyde (Sigma) in PBS, 
permeabilised with 0.1% Tween 20 (Sigma) in PBS for 30 mins (for internal antigens; Tween 
was retained throughout staining), blocked for 30 minutes in PBS with 10% serum from the 
same species as the secondary antibody, incubated overnight with the appropriately diluted 
primary antibody (in 10% serum), washed 3 times, incubated with the relevant AlexaFluor 
secondary antibody (Invitrogen), then photographed using an Zeiss Axioscope set up for 
fluorescence imaging with a Qcapture camera and QCapturePro7 imaging software. 

Anti-human-SSEA-4 (Mouse IgG3, R&D) was used with anti-mouse-IgG Alexa 488 
secondary antibody (Invitrogen). Anti-human-Tra-1-81antibody (StemGent) was directly 
conjugated to Alexa 488. qPCR for assessing integration of transgenes into genomic DNA of 
iPS lines and expression of transgene sequences was carried out using primer sequences 
published by Takahashi and Yamanaka [3], on an Applied Biosystems StepOne Plus Real 
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Time PCR machine, with StepOne software, using Applied Biosystems SYBR green PCR 
mix + ROX, and iPS targets were compared to actin B control (actin B primers, Eurogentec). 

 
 

Genetic Modification of Pluripotent Stem Cells 
 
For constitutive expression of a transgene, the coding sequence for the fusion 

proteinGreen Fluorescent Protein-human Actin B was inserted into the self-inactivating 2nd 
generation lentiviral vector backbone plasmid pEF1-IRES-Puro-WPRE-SIN (based on [37, 
38]). 

The inserted gene was, therefore, under the control of the constitutively active. 
Elongation Factor 1α (EF1α) promotor, and was transcribed on a bicistronic transcript 
together with the Internal Ribosome Entry Sequence (IRES), followed by the gene for 
resistance to puromycin. At the ribosome, the two genes on the bicistronic transcript are 
translated as two separate peptides; however, the above arrangement ensures that cells 
expressing the first gene can be reliably selected with puromycin.  

For knockdown of an endogenous gene, pEF1α -RFP-shCD4-IRES-Puro-WPRE-SIN was 
constructed, by cloning Red Fluorescent Protein (RFP) downstream of the EF1α promotor, 
with or without an shRNAmir targeting 5’ to 3’ CCTGATCATCAAGAATCTTAA in CD4 
mRNA, which was inserted after the coding sequence of RFP. 

For inducible transgene expression, a TRIPZ construct containing RFP (and an irrelevant 
shRNA mir targeting sequence 5’ to 3’ ATCTCGCTTGGGCGAGAGTAAG) was obtained 
from Open Biosystems. This lentiviral construct (TRE-RFP-shRNA-UBC-rtTA3-IRES-Puro-
WPRE-SIN) constitutively expresses rtTA3-IRES-Puro under the control of the ubiquitin 
promotor, which acts on a tet-inducible promoter to drive the expression of RFP when 
doxycycline is added to the culture medium. 3μg/mL doxycycline (freshly thawed aliquot) 
was used to induce expression of RFP. 

For production of lentivirus, HEK-293T cells were cultured in DMEM (Invitrogen) + 
10% Fetal Calf Serum (Biosera). They were co-transfected using Polyethylenimine (PEI; 
Sigma) [39] with the relevant plasmid as above, together with plasmid pCMVdR 8.91 
encoding the structural lentiviral genes (gag and pol) and a plasmid pMD2.G encoding 
vesicular stomatitis virus-G (VSV-G) pan-tropic envelope [37], in the ratio 4:6:3 
(vector:gagpol:VSV-G). 20μg DNA and 82 μL of 10 μM PEI in DMEM was used per T75 
flask of cells, incubated for 4 hours then replaced with medium containing 10% FCS. 
Supernatant containing lentivirus was harvested at 48 and 72 hr, pooled, filtered, concentrated 
50-fold by ultracentrifugation at 25,000 RPM in an SW28 rotor in a Beckman ultracentrifuge, 
resuspended in PBS and frozen in aliquots at -80 degrees Celsius until use. 

For infection of pluripotent cells, 50 μL of concentrated virus was added to the medium 
of cells at ~70% confluence in one well of a 24 well plate and left overnight. 

Cells were then fed as normal for 2 days, and on day 3 puromycin was added. Surviving 
colonies were fed with MEF-conditioned medium until ready to passage using TryplE 
(Invitrogen) and 10 μM ROCK inhibitor (Y27632; Calbiochem) onto fresh MEFs. Puromycin 
was added to cells for at least two days before each subsequent (manual) passage and cells 
were fed with MEF-conditioned medium. Puromycin (Sigma) was used at 5 μg/mL for 



Sally A. Cowley, Karl R. Karlsson, Bonnie van Wilgenburg et al. 88

selection and maintenance of embryonic stem cells and for continuous selection during 
differentiation, and at 0.5-1 μg/mL during maturation of esMDM. 

 
 

Pluripotent Stem Cell Culture  
and Differentiation into esMC and esMDM 

 
Human PScs were expanded and stored with the aim of working with relatively low 

passage numbers to minimize risk of karyotypic change (HUES2 was received at p16 and 
always used at less than passage 40). They were maintained on mitomycin C-inactivated 
mouse embryo fibroblasts (MEF) in 0.1% gelatin-coated 6-well tissue culture plates 
containing 2 mL hES medium consisting of Knock-out DMEM (Invitrogen), KO-Serum 
Replacement (20% Invitrogen), Glutamax-I (2 mM Invitrogen), non-essential amino acids 
(1% Invitrogen), penicillin (100 U/mL Invitrogen), streptomycin (100 μg/mL Invitrogen), 2-
ME (55 μM Invitrogen) and bFGF (10 ng/mL R&D). Colonies were passaged weekly by 
manual microdissection and medium changed daily by removing 1 mL and replacing with 
fresh hES medium. hES cells were differentiated into esMC and esMC-derived macrophages 
(esMDM) as previously described [40]. Briefly, colonies were mechanically lifted from 
MEFs by scoring each 10cm2 well into a grid of approx. 100 patches with a 23G needle, then 
lifting the patches with a cell scraper. 

Patches were transferred into 6-well ultra-low adherence plates (Corning) in hES culture 
medium and cultured for 4 days. For differentiation, 20 EBs were transferred into one well of 
a 6-well tissue culture plate in 3 mL medium. 2/3 of the medium was replaced every 5 days. 
Culture medium consisted of Advanced Dulbecco's modified Eagle's medium (Invitrogen) 
and 10% fetal calf serum (Biosera or PAA), supplemented with 100 ng/mL M-CSF (R&D or 
Invitrogen), 25 ng/mL IL-3 (R&D), 2 mM glutamax (Invitrogen), 100 U/mL penicillin and 
100 μg/mL streptomycin (Invitrogen), and 0.055 mM β-mercaptoethanol (Invitrogen). 

Once esMC were visible in the supernatant of the cultures (from 2-3 weeks onwards), 
non-adherent esMC were harvested weekly from the supernatant of EB cultures and 
differentiated into esMDM in RPMI, 10% FCS, 2 mM glutamax,with M-CSF (100 ng/mL) 
for 6-7 days at a density of 1.5 × 105 cells/cm2, with a 50% medium change at day 3-4. For 
IFNγ-activation of esMDM, IFNγ  (R&D, 100 U/mL) and/or LPS (Sigma,100 ng/mL) was 
added to the culture medium during the last 48 hours for experiments with PBLs, and for the 
last 18 hours for cytokine profile experiments. 

 
 

HIV-1 Virus Stocks 
 
HIV-1 strains were obtained through the AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH: HIV-1 BaL from S. Gartner [41]; HIV-1 ADA 
from H. Gendelman [42]; HIV-1 JR-FL from I. Chen [43]; and HIV-1 89.6 from R. Collman 
[44].  

Viral stocks were generated in differentiated, unstimulated PBMCs cultured in X-Vivo 
(Lonza) with 1% autologous serum. Infected cell supernatants were harvested 14–21 days 
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after infection and frozen for use in infectivity assays. Virus stocks with proviral DNA 
removed were generated for qPCR experiments by treatment with 100 μg/mL DNase I 
(Sigma). 

 
 

Quantitative PCR 
 
Macrophages were infected in 12-well plates with 500 μL of DNase I treated HIV-1 BaL 

by spinoculation in a sealed plate spinning centrifuge at 2000 × g for 90 min at 37 °C. The 
virus inoculum was removed, cells were overlaid with RPMI/10%FCS/100 ng/mL M-CSF 
and infections were left to proceed for 28 h. Cells were harvested by scraping and DNA was 
extracted using DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's 
instructions. The qPCR assay was performed either using a fluorescent probe assay as 
described previously [15] or using a SYBR® Green protocol with the same primers and 
standards. In both cases, the HIV-1 copy number was normalised to the number of cells using 
a β actin control kit (Eurogentec). 

The target of the HIV-1 primers is the region of the HIV cDNA between the 5′ LTR 
sequence and the 5′ end of the gag gene; this sequence is present in late stage reverse 
transcripts. SYBR® Green reaction mixtures contained 2× MESA Green qPCRMasterMix 
Plus for SYBR® Assay No ROX (Eurogentec), 100 nM of each primer, and either 2 μL of 
standard or 7 μL of sample DNA, in a total reaction volume of 25 μL. A PTC 200 Peltier 
Thermal Cycler PCR machine (MJ Research) was used with the following SYBR® Green 
programme: 95 °C for 10 min, 40 cycles of 95 °C for 30 s, 62 °C for 1 min, 72 °C for 1 min, 
with a plate read after each cycle, followed by a final 1 min at 95 °C and a melting curve from 
55 °C to 95 °C (read every 1 °C). Data were collected and analysed using OpticonMonitor 
software, version 2.03. 

 
 

Luciferase Assay for HIV-1 Integration 
 
Replication-defective pseudotyped HIV-1 was used to quantitate the stages of the viral 

life cycle up to and including integration into the genome of the target cell. An NL4.3 based 
virus was used that is negative for Env and Vpr, and has the gene for luciferase inserted into 
the nef gene, allowing it to be used as a reporter gene for infection (NIH AIDS Research and 
Reference Reagent Program, Division of AIDS, NIAID, NIH from Dr. Nathaniel Landau 
[45]. HIV-1 pseudovirus Envelope proteins (HIV-1JRFL, HIV-1BaL, obtained from the 
NIH/AIDS reagents programme and the control envelope protein VSV-G) were expressed 
from the vector pcDNA3.1/Zeo (Invitrogen). VSV-G was used as control, as it is known to 
allow virus entry into cells through clathrin-mediated endocytosis and pH dependent fusion 
[46]. VSV-G is an amphotropic envelope protein, as the receptor is thought to be a ubiquitous 
membrane component such as phospholipid [47]. 

For production of pseudotyped virus capable of a single round of replication, HEK-293T 
cells were co-transfected with PEI and pNL4.3.Luc.R-E- and pBaLEnv or pVSV-G, in the 
ratio of 4:1. Transfection and harvest of virus was performed as described above. 
Macrophages were infected in 96-well plates with 50 μL of pseudotypedvirus by 
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spinoculation in a sealed plate spinning centrifuge at 2000 ×g for 90 min at 37 °C. The virus 
inoculum was removed, 200uL of RPMI/10%FCS/100 ng/mL M-CSF was added. 
Macrophages were lysed 3 days later with 60µL/well of ONE-Glo™ luciferase substrate 
(Promega) and the expression of luciferase from the viral genome was measured by 
transferring 50uL of lysed cells to a white 96 well plate. The luminescence (in arbitrary units 
termed relative light units; RLU) was quantified using SpectraMax M5 with SoftmaxPro 
version 5 software. Luciferase activity was measured using ONE-Glo™ Luciferase Assay 
System (Promega). 

 
 

ELISA for P24 Antigen 
 
To measure multiple rounds of HIV infection, macrophages were infected in 12-well 

plates with HIV-1 BaL for 2 h at 37 °C. The inoculum was removed and replaced with 
RPMI/10%FCS/100 ng/mL M-CSF. Over a 14–16 day period, supernatant samples were 
taken at intervals and kept at −80°C. Samples were diluted in TES (1× Tris buffered saline 
TBS, 1% EmpigenFluka, 10% FCS, 0.05% Tween 20), heat inactivated and p24 levels 
quantified by p24 ELISA as described previously [15]. 

 
 

Immunolabelling of Cryosections  
for Fluorescence or electron Microscopy 

 
esMDM were differentiated for 7 days, infected with HIV-1 BaL as described for 

quantitative PCR, and cultured for a further 6 – 7 days. The cells were fixed by adding an 
equal volume of pre-warmed double-strength fixative (8% paraformaldehyde in 0.1 M sodium 
phosphate buffer, pH 7.4) directly into the culture medium. After 10 min, the medium was 
replaced with 4% paraformaldehyde and fixation was continued for 90 min. Cells were rinsed 
in 20mM glycine in PBS, embedded in 12% gelatin, infiltrated with 2.3 M sucrose, and 
frozen in liquid nitrogen as previously described [48]. Semi-thin (0.5 μm) or ultrathin (50–60 
nm) cryosections were cuton an Ultracut UCT microtome equipped with an EM FCS 
cryochamber (Leica). The following antibodies against HIV-1 were obtained through the 
National Institute for Biological Standards and Control Centre forAIDS Reagents (CFAR), 
which is supported by the EU Program EVA and the UK Medical Research Council: mouse 
monoclonal antibodies against HIV-1 p24 (38:96K and EF7, ARP365 and 366, respectively, 
from B. Wahren, National Bacteriological Laboratory, Stockholm, Sweden) or p17 (4C9, 
ARP342, R.B. Ferns and R.S.Tedder, Middlesex Hospital Medical School, London, UK), and 
the human antibody 2G12 against HIV-1 Env SU (EVA3064; obtained from H. Katinger, 
Institute of Applied Microbiology, Vienna, Austria). 

For immunofluorescence staining, semi-thin cryosections on glass slides were quenched 
in 50 mM glycine/50 mM NH4Cl and extracted in 0.1% TX-100 for 6 min. Sections were 
stained with mouse primary antibodies diluted in PBS 1% BSA, followed by AlexaFluor-594-
labelled goat anti-mouse secondary antibodies (Invitrogen), mounted in Mowiol (Merck 
BiosciencesLtd.), and examined with a fluorescence microscope (Axioskop; Carl Zeiss Ltd) 
fitted with a Plan Neofluar oil immersion objective [100×/1.30 numerical aperture]. Images 
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were recorded with a CCD camera (Orca-ER; Hamamatsu) controlled by OPENLAB 5.0.2 
software (Improvision, Perkin Elmer). 

For electron microscope immunolabelling, ultrathin cryosections on formvar/carbon-
coated grids were quenched in 50 mM glycine/50 mM NH4Cl and labeled with mouse 
antibodies against p24 or p17 and a rabbit anti-mouse bridging antibody (DakoCytomation), 
or with 2G12 anti-Env, followed by 10 nm protein A-gold (the EM Lab, UtrechtUniversity). 
Sections were stained in neutral uranyl acetate and embedded in uranyl acetate–
methylcellulose as described [48]. Grids were examined with a Tecnai G2 Spirit transmission 
EM (FEI), and digital images were recorded with a Morada 11 MegaPixel TEM camera 
(Olympus Soft Imaging Solutions) and the Analysis software package. All images were 
adjusted for brightness and contrast andassembled into montages with Adobe Photoshop CS. 

 
 

Infection of esMDM  
with Dengue Virus 

 
DENV2 strain 16681 (gift from E. Gould, Centre for Ecology and Hydrology, Oxford, 

UK) was propagated in the C6/36 cell line (a gift from Armed Forces Research Institute of 
Medical Sciences, Thailand). 106 esMDM differentiated on glass coverslips for 7 days were 
infected with DENV2 strain 16681 at a multiplicity of infection (MOI) 1, for 90 min at room 
temperature with rocking, or XVIVO10 medium (Lonza) alone as a control. Medium was 
then replaced with regular macrophage differentiation medium and cells were incubated for 2 
days. The cell culture supernatant was removed, centrifuged for 5 min at 400 x g to pellet any 
cells and stored at -80oC. Cells were fixed with 4% paraformaldehyde. Infectious viral titres 
in cell supernatant were obtained by viral plaque assay [22] on LLC-MK2 monkey kidney 
cells (a gift from Armed Forces Research Institute of Medical Sciences, Thailand) (limit of 
plaque detection was 33 pfu/mL). Percent infected cells were measured by 
immunofluorescence staining with 10 ug/mL 3H5 (specific for DENV2 E protein) (a gift 
from Dale Greiner) followed by an Alexafluor 488-labelled secondary anti-mouse IgG 
antibody (Molecular Probes) as described [22]. For quantification of DENV-infected cells, 
10-12 fields (~1000 individual cells) were counted per slide, by fluorescent microscopy. 

 
 

Isolation and Culture of Human PBL  
and CD4 T Cells 

 
PBMC were isolated by density gradient centrifugation using heparinised buffy coats 

obtained from anonymous adult blood donors (from the National Blood Transfusion Service, 
with local Ethical Committee approval), tested negative for HIV-1 and hepatitis B/C. PBL 
were isolated from PBMC by CD14-depletion using the CD14+ isolation kit (MiltenyiBiotec 
130-050-201) and following the manufacturer’s instructions. The CD14-negative fraction 
(>90% CD3-positive) was frozen in FCS and DMSO (10% Sigma) and stored at -80°C until 
used for cell culture experiments or CD4 T cell isolation. CD4 T cells were isolated from 
thawed PBL by negative selection using the CD4+ T cell isolation kit II (MiltenyiBiotec, 130-
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091-155) and >99% were CD3+CD4+. Cell viability by trypan blue exclusion was greater than 
95%. 

 
 

Differentiation of Blood Monocytes to bMDM 
 
CD14+ monocytes isolated from buffy coats as described above, were seeded and 

differentiated with M-CSF (100 ng/mL) for 7 days as for esMDM described above. 
 
 

Differentiation and Maturation  
of Blood DC  

 
Blood MC were differentiated into DC (bDC) by culturing CD14-selected bMC in GM-

CSF (50 ng/mL R&D) and IL-4 (50 ng/mL R&D) for 6 days at a density of 5.3 x 105 
cells/cm2 in 6-well plates. Medium was changed after 3 days by replacing half of the culture 
medium (2 mL) with twice the final concentration of growth factors (100 ng/mL). Blood DC 
were matured with LPS (1 μg/mL, Sigma) for an additional 48 hours in culture medium 
containing growth factors. 

 
 

Analysis of Cell Surface Molecules  
by Flow Cytometry 

 
Cells were washed and stained in FACS buffer consisting of PBS, human IgG (10 μg/mL 

Sigma), FCS (1% Hyclone) and sodium azide (0.01%). For esMDM analysis, cells were 
detached using cold PBS containing EDTA (5mM) and 12mM lidocaine (Sigma). Cells were 
washed once and stained with an antibody or an isotype-matched control (with same 
fluorophore, from the same manufacturer) on ice for 30 minutes. Antibodies used were 
against: MHC I (HLA-A,B,C, Immunotools 21159033); MHC II (HLA-DR, Immunotools 
2139993); CD80 (B7-1 R&D FAB140P); CD86 (B7-2, R&D FAB141P); human CD14 
(Immuno Tools APC-conjugated mouse IgG1);CD4 (R&D, APC-conjugated mouse IgG2a, 
Clone 11830); CCR5 (R&D, phycoerythrin-conjugated mouse IgG2b,Clone 45531). Cells 
were washed three times and fixed with 4% formaldehyde in PBS. Fluorescence was 
measured using a FACS Calibur (Becton Dickinson), and data was analysed using FlowJo 
software. 

 
 

esMDM Accessory  
Cell Function  

 
Resting esMDM or activated esMDM were cultured for 7 days in 96-well plates with 

either 2x105 PBL, or with 2x105 CD4 T cells at ratios ranging from 1:1 to 1:100 (APC:CD4 T 
cell). Allogeneic mature bDC or activated bMDM were included as a positive control. 
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Proliferation was evaluated using 3H-Thymidine incorporation by adding 1μCi to the culture 
medium for the last 16-24 hours and harvesting cells with a Microbetafiltermate harvester 
(PerkinElmer). Alternatively, proliferation was evaluated by CFSE-loading PBLs (see below) 
before culture with the accessory cells. 

 
 

Measurement of T Cell Proliferation  
Using CFSE 

 
PBL or CD4 T cells were stained with CFSE (1μM, Molecular Bioprobes) at 37°C for 5 

minutes and CFSE quenched by adding culture medium containing FCS. Cells were washed 
twice and CFSE-labeled PBL or CD4 T cells were cultured in flat 96-well plates in 200μL 
culture medium with either 2x105 or 4x105 cells per well.  

For suppression of PBL proliferation, CFSE-labeled PBL were first stimulated with PHA 
(1 μg/mL, Sigma) for one hour before adding PBL to resting adherent esMDM differentiated 
in flat-96-well plates. Suppression of PBL proliferation by esMDM was tested in 
esMDM:PBL ratios ranging from 1:4 to 1:100 after 6-7 days. For suppression of CD4 T cell 
proliferation, isolated CD4 T cells were first stimulated with anti-CD3/CD28 beads (ratio 1 
bead : 2 cells, Miltenyi) for 1 hour before adding CD4 T cells to resting adherent esMDM 
differentiated in flat-96-well plates using a multichannel pipette. Suppression of CD4 T cell 
proliferation was tested in an esMDM:PBL ratio of 1:4 after 5 days. 

For experiments using the inhibitor 1-methyl-(L,D)-tryptophan (1-MT, 1 μM and 
dilutions thereof - Sigma) to inhibit indoleamine-pyrrole 2,3-dioxygenase (IDO) to prevent 
tryptophan catabolism, and for experiments using L-tryptophan (Sigma), esMDM were first 
preincubated for 1 hour before adding activated PBL or CD4 T cells.  

1-MT and tryptophan stocks were made by dissolving in 1M HCl at 0.1M, then diluted to 
10mM in medium, neutralised with NaOH, filtered, aliquoted and stored at -20 degrees 
Celsius. 

For suppression of PBL proliferation after stimulation with allogeneic mature bDC, 
CFSE-labeled PBL (2 x 105) were mixed with allogeneic mature bDC (2 x 105) and 
immediately added to resting adherent esMDM differentiated in flat-96-well plates. Cells 
were cocultured for 6 days in culture medium containing M-CSF (100ng/mL). Unstimulated 
PBL and PBL stimulated with bDC were included as controls.  

Suppression of T cell proliferation was analysed by harvestingcells after 6-7 days using a 
multichannel pipette and (in small-scale experiments only) staining with an anti-CD3-PE 
antibody (Becton Dickinson). Proliferation was analysed (on CD3-gated cells in small-scale 
experiments) and a minimum of 50,000 gated events were acquired using a FACS Calibur 
(Becton Dickinson) flow cytometer.  

CFSE-loaded PBLs were consistently >90% CD3 positive, so in larger-scale 
experiments, CD3-staining was not used. Proliferation kinetics were analysed using FlowJo 
software; cells that had divided (and therefore had a lower CFSE intensity) were gated and 
results expressed as the percentage of CFSElow cells. 
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Zymosan Uptake 
 
S.cerevisiae ZymosanA BioParticles® (unconjugated or Alexa Fluor 594 conjugated, 

Invitrogen) were reconstituted according to the manufacturer’s instructions, using PBS with 2 
mM sodium azide, and sonication to disrupt particle aggregates.  

For flow cytometry analysis, fluorescent zymosan particles were carefully counted, and 
added to adherent macrophages (bMDM or esMDM or ipsMDM) at a ratio of 2 particles per 
cell, in serum-free RPMI. Phagocytosis was allowed to occur for 30 min at 37 °C, followed 
by 1 wash with PBS, 1 wash with 250 μg/mL trypan blue in PBS to quench particles bound to 
the outside of the cell, and a further wash with PBS. Cells were then incubated with 0.25% 
trypsin/0.5 mM EDTA (in Hanks’ Balanced Salt Solution; Sigma) at 4 °C for 1h to detach the 
cells. Detached macrophages were centrifuged at 400g and fixed with 4% formaldehyde in 
PBS. Uptake of zymosan was quantified using a Becton-Dickinson FACS Calibur flow 
cytometer and data analysed using FlowJo software. Fluorescence negative cells (not fed 
zymosan) were used to establish a threshold for quantifying the percentage of positive cells 
having taken up one or more zymosan particle. 

For imaging phagocytosis of zymosan by GFP-actin-expressing esMDM, unconjugated 
zymosan particles were added to GFP-actin esMDM matured on coverslips, at a ratio of 50:1. 
They were visualised live by time lapse photomicroscopy using a Zeiss Axiovert 200M 
inverted 510META microscope equipped with temperature and humidity chamber and 5LIVE 
system. Some were also fixed with 4% formaldehyde in PBS after 30 minutes, coverslips 
were mounted on slides using Mowiol, and images collected using a Zeiss Pascal confocal 
microscope and Metamorph software. 

 
 

Proteome Profiler Human Cytokine Array 
 
Media from 7 day differentiated macrophages (either unactivated, or activated for 18 h 

with 20 ng/mL IFNγ (R&D) and 100 ng/mL LPS (Sigma) (added into the existing medium) 
were spun down at 400g to remove cells and the supernatant was frozen at -20 °C until 
analysis. Proteome Profiler Human Cytokine Array (Panel A, R&D Systems) was used to 
detect the presence of 36 different cytokines using a membrane antibody array, with 
biotinylated detection antibodies followed by streptavidin conjugated to horse radish 
peroxidase (HRP) and development with a chemiluminescent substrate (Pierce, performed 
according to the manufacturer’s instructions). The pixel density of spots on the image 
(captured with Gene Snap software) was quantified using Gene Tools software, with 
background subtracted, and individual cytokine pixel density was expressed as a percentage 
of the mean positive control spot density.  

 
 

Statistical Analysis  
 
Replicate data are presented as the mean, with the standard deviation given where 

replicates are three or more. Student’s two-tail t-test, or 2-tail, non-parametric Mann-Whitney 
test was used to compare the significant difference between experiments having two 
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conditions. Samples were paired when the experiment was carried out on cells from the same 
donor or with esMDM from the same EB culture when using esMC or esMDM. 
ANOVA/Bonferroni multiple comparison test was used for experiments having more than 
two conditions. 

 
 

Results 
 

Differentiation of Monocytes from Pluripotent Stem Cells 
 
Figure 1A summarises the differentiation protocol. The number of embryoid bodies (EB) 

seeded into each 10 cm2 well (i.e. one well of a six well plate) of the differentiation culture 
has a large effect on the yield of monocytes. 20 HUES2 EBs/well gave the highest yield; 
significantly greater (p< 0.001) than 80 EBs/well, with 40 EBs/well giving an intermediate 
yield (Figure 1B-E).We have observed that plating lower numbers of EBs than in this 
experiment leads to large areas of tissue culture plastic being left uncovered by the spreading 
stromal cells from differentiating EBs, and this leads to emerging monocytes adhering to the 
exposed plastic and hence becoming unharvestable (data not shown). The density of plating 
of EBs is therefore critical to generating high yields of monocytes, the optimal density being 
approximately 20 EBs/10 cm2, which can yield over 10x106 monocytes from a 6-well plate of 
differentiation cultures. 

 
 

esMDM Support the Productive  
Infection of HIV-1 Strains 

 
esMDM and bMDM were infected in parallel with several strains of HIV-1, and virus 

production was assessed by measuring p24 antigen in supernatants harvested over a two week 
period (Figure 2A-F, H). ADA, JRFL, 89.6 and BaL strains were all capable of productive 
infection. Virus production kinetics showed that esMDM produce slightly less virus in the 
first half of the majority of experiments, but reaches similar levels to bMDM virus production 
by the end of the two week period.  

Infections with HIV-1 BaL were carried out over a period of several months, with 
different production runs of esMDM and against bMDM from different donors. 

The reproducibility of productive infection with BaL is shown in three graphs 
representing three independent experiments over several months (Figure 2E, F and H). In the 
latter two experiments,cell samples were taken from some of the infections at 28hr to measure 
the level of BaL reverse transcription products (Figure 2G, I). 

This gives an indication of the initial infectivity rate. At this early stage of infection, 
bMDM had in the order of 5-fold higher levels of BaL reverse transcripts than most esMDM 
infections. Nevertheless, by the end of the two week period, virus production in these 
experiments, as assessed by p24 production, was similar to that of bMDM.  

Flow cytometry analysis for HIV-1 receptors CD4 and CCR5 (Figure 2J) shows that both 
receptors are present on the cells, though the levels are lower than in bMDM. CCR5 
expression in esMDM is very low, but the small shift observed has been observed 
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consistently.This goes some way to explaining the somewhat slower initial infectivity of 
esMDM, and is explored in more detail in later sections of this chapter. 

 

 

Figure 1. Differentiation of monocytes from human pluripotent stem cells. A, Schematic showing main 
steps for differentiation of human pluripotent stem cells to macrophages. Scale bars =200 μm (panel 1 
and 2); 500 μm (panel 3); 100μm (panel 4). B-E, yield of monocytes from differentiation cultures 
seeded with 20 HUES2embryoid bodies (B), 40 embryoid bodies (C), or 80 embryoid bodies (D) per 
well of a 6-well plate. Each plot on each graph represents the cumulative yield of monocytes from an 
individual culture (i.e. 1 well of a six well plate) over the entire differentiation culture duration. E, mean 
cumulative yields from data sets B-D + 1S.D. *** = p<0.001 by ANOVA/Bonferroni multiple 
comparison test between 20 and 80 EBs per well. 

 

Morphology of HIV-1-Infected esMDM 
 
In cultured macrophages, HIV has been observed to bud and accumulate in complex 

membrane-bounded intracellular compartments [49]. Recently, these intracellular HIV 
assembly compartments in bMDM have been shown to consist of cell surface-connected 
plasma membrane domains [50, 51], see also [52], termed intracellular plasma membrane-
connected compartments (IPMC) [53]. To examine whether virus assembly in esMDM occurs 
in a similar location, HIV-infected esMDM were prepared for cryosection immune labelling. 
Initial analysis of semi-thin cryosections by immunofluorescence staining for p24 or p17 
showed scattered labelling associated with the cells, with larger patches of fluorescence, 
presumably accumulations of virus particles, in intracellular compartments (Figure 3 A,B). 
Notably, staining with an antibody to p17 that only detects the cleaved MA protein indicates 
that these are mature virus particles (Figure 3B). Double staining immunolabelling 
demonstrated that some of these compartments also contain the tetraspanins CD9 and CD81 
(data not shown). 



Macrophages from Human Pluripotent Stem Cells 97

 

Figure 2. esMDM support the productive infection of HIV-1 strains. A-F,H, p24 antigen in supernatants 
of HIV-1-infected esMDM (plotted in black) and bMDM (plotted in grey). A and B were conducted at 
the same time on the same batches of macrophages; likewise C, D and E.HIV-1 BaL infections (C, F 
and H) were conducted over a period of several months, with different batches of macrophages to 
assess reproducibility. G, I, quantitative PCR of reverse transcription products of BaL-infected esMDM 
(black/hatched black bars) and bMDM (grey bars) 28hr post-infection.J, Flow cytometry of esMDMand 
bMDMfor surface expression of HIV receptors CD4 and CCR5. 

To examine the esMDM at higher resolution, ultra-thin cryosections were labelled with 
antibodies against p24, p17 or the HIV envelope protein and examined by electron 
microscopy. HIV particles were observed in various intracellular compartments, sometimes 
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Although HIV could be found in intracellular compartments in esMDM, the IPMC were 
not well developed, i.e. their morphology appeared less complex than that seen in bMDM [50, 
53], the compartments were often seen close to the cell surface, and there were no β2 
integrin-containing coat structures [53]. Indeed, the level of β2 integrin expression was below 
the limit of detection for immunofluorescence staining (data not shown). Some of the esMDM 
contained striking intracellular multi-lamellar phago-lysosomes (see Figure 3C, G), 
suggesting that these cells have significant phagocytic and/or endocytic activity. 

 
 

esMDM Support the Productive Infection  
of Dengue Virus 

 
Infection with DENV strain 16681 (MOI=1) of 106 esMDM from 2 separate 

differentiation cultures resulted in a mean infection rate of 5.6% of esMDM (6.4%; 4.8%), as 
assessed by immunocytochemistry at 48hr post-infection (Figure 4).  

The level of infection in esMDM is only slightly higher than that previously seen for 
primary human bMDM, where, in the absence of IL-4 pre-treatment, around 1% cells are 
infected [54]. The pattern of immunofluorescent staining for DENV E protein in esMDM 
looks very similar to that observed in bMDM [54]. 

 

 

Figure 4. esMDM support the productive infection of dengue virus. Top image, esMDM infected with 
dengue virus, stained for dengue virus E protein (green) and DAPI (blue). Lower left image shows 
control stain without primary antibody, and right image shows dengue antigen staining of uninfected 
esMDM. Scale bars = 100μm. 
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The DENV-infected esMDM were able to produce infectious virus, as assessed by plaque 
assay of culture supernatants. After 2 days incubation, infected esMDM produced a mean of 
3.1± 0.7 x 104 plaque-forming units/mL (n=4). These levels of virus production are within the 
normal range generally observed in human bMDM (1-18 x 104 plaque-forming units /mL, 
n=12, our unpublished observations). 

 
 

Esmdm Express Low Levels of Costimulatory 
Molecules, and are Poor Accessory Cells for 

Allogeneic CD4 T Cells 
 
To test the accessory cell function of esMDM, proliferation of CD4 T cells was evaluated 

in cocultures (i.e. mixed lymphocyte reactions, MLRs) with esMDM for 7 days using 
thymidine incorporation. esMDM failed to induce any significant proliferation in allogeneic 
CD4 T cells (Figure 5A).CD4 T cells were functional and did proliferate extensively in 
cocultures with mature bDC suggesting that esMDM are poor accessory cells.  

esMDM were also poor accessory cells to PBL cocultured at various ratios with either 
resting orIFNγ or IFNγ+LPS activated esMDM (respective mean maxima: 6320, 5270, 
2410cpm x 103) while PBL proliferated in a cell-density dependent manner when cocultured 
with allogeneic mDCor IFNγ+LPS activated bMDM (respective mean maxima 29,900, 
20,100cpm x 103) (Figure 5B and 5C). 

Because thymidine could be taken up by cocultured accessory cells (which could retain 
some proliferative capacity), not just PBLs, PBL-specific proliferation was measured in 
subsequent experiments using CFSE-loaded PBLs, and the results concurred with the 
thymidine incorporation results (Figure 5D).  

To evaluate whether the poor activation could be explained by insufficient costimulatory 
surface molecules, we examined the expression of MHC I, MHC II, B7-1 (CD80) and B7-2 
(CD86) (Figure 5E). Expression of these antigens was increased on bMDM upon stimulation 
(most notably, a 7.6-fold increase in CD80 and 14-fold increase in CD86 mean expression), 
but they were not increased to the same degree in esMDM by IFNγ and LPS activation (most 
notably, only a 2.0-fold increase in CD80 and 1.1-fold increase in CD86 mean expression).  

Together these findings confirm that esMDM are poor accessory cells for allogeneic T 
cells, even when the esMDM are maximally activated. 

 
 

esMDM Suppress Proliferation of T Cells Activated 
with PHA or Allogeneic DC 

 
An inhibition assay was used to test if esMDM could suppress activated T cells, by 

evaluating the proliferation of T cells cultured in the presence or absence of esMDM. PHA-
activated CFSE-labeled PBL were cultured with increasing numbers of esMDM or bMDM, ± 
IFNγ+LPS, and the proliferation of gated PBL measured by the frequency of CFSElow cells. 
esMDM strongly inhibited PHA-driven proliferation of PBL with maximal suppression (3.2-
fold) at 1:10 esMDM:PBL and above (Figure 6A). This suppression was even more marked 
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when IFNγ+LPS-activated esMDM were used (4.9-fold at 1:10) (Figure 6C). bMDM did not 
suppress PBL proliferation so dramatically, and only at higher ratios (1:4, 2.2-fold 
suppression with bMDM and 1.9-fold with IFNγ+LPS-activated bMDM) (Figure 6B and 6D).  

To test if esMDM could also suppress T cellsactivated in vitro by allogeneic dendritic 
cells, which are a more physiologically relevant stimulant than PHA, allogeneic mature bDC 
were cultured with CFSE-labeled PBL and the frequency of CD3+CFSElow T cells measured 
(Figure 6E). Up to 30% of CD3+CFSElow T cells could be detected using the CFSE-assay 
after 6 days of coculture with mature allogeneic DC.  

 

 

Figure 6. esMDM suppress proliferation of T cells activated with PHA or allogeneic DC. A–D,CFSE-
loaded PBLs were stimulated with PHA and cocultured with esMDM (A); allogeneic bMDM(B); 
IFNg/LPS-activated esMDM (C); or allogeneic IFNγ/LPS-activated bMDM (D) at increasing 
stimulator-to-responder ratios for 5 days then analysed by flow cytometry. Results are expressed as 
%CFSElow, i.e. the % of PBLs that have proliferated (mean of 3 PBL donors +/- SD). E,F, CFSE-
labelled PBL (2 x 105) from two donors were stimulated with allogeneic mature bDC (1:1) for 6 days 
and stained with anti-CD3-PE antibodies. Bar charts show mean frequencies of dividing CFSElow CD3-
gated T cells stimulated with allogeneic bDC or cultured in medium only. Error bars represent standard 
deviation from experimental replicates. Inserted dot plots show PBL stimulated with allogeneic mature 
bDC (right) or cultured in medium only (left) with CD3 plotted on Y axis against CFSE on X axis. F, as 
for E i.e. PBL stimulated with allogeneic bDC, but with serial dilutions of esMDM also added (n=1).  
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When esMDM were added to these cocultures, esMDM suppressed the proliferation of 
CD3+ T cells in a cell density dependent manner (Figure 6F). Together these findings confirm 
that esMDM suppress the proliferation of T cells activated with either PHA or allogeneic DC. 
The observation of suppression in both these experimental setups argues that the macrophages 
have a direct suppressive effect on T cells, and that this is not mediated via macrophage 
interaction with DCs. 

 
 

esMDM Suppress T Cell Proliferation  
by Tryptophan Catabolism  

 
We next sought to identify the mechanism by which macrophages were able to suppress 

T cell proliferation. Amino acid catabolism is used by several cell types to suppress the 
proliferation of neighbouring cells. In particular, M-CSF-differentiated bMDM have been 
shown to be able to suppress T cells by tryptophan catabolism via indoleamine-pyrrole 2,3-
dioxygenase (IDO) [32].  

To test the hypothesis that esMDM suppress T cell proliferation by tryptophan 
catabolism, we used an inhibitor of IDO (1-MT). Inhibiting the enzyme IDO abrogated 
esMDM-mediated suppression and restored PBL proliferation (Figure 7A). 

To confirm that esMDM suppressed T cells directly, purified CD4 T cells were activated 
with anti-CD3/CD28 beads and cocultured with esMDM in the presence or absence of 1-MT. 
In agreement with a direct suppressive effect on T cells, esMDM also suppressed proliferation 
of purified anti-CD3/CD28 stimulated CD4 T cells, while the addition of 1-MT restored CD4 
T cell proliferation (Figure 7B).  

This effect was concentration-dependent (Figure 7C). At the highest concentration of 1-
MT tested (1 mM) PBL proliferation was completely restored (82.6% mean proliferation of 
PBLs with PHA, reduced to 50.4% in the presence of activated esMDM, and restored to 
83.9% by 1-MT). Tryptophan catabolism was specific to esMDM since 1-MT did not alter 
proliferation of PBL activated in the absence of esMDM. 

As further evidence that the suppression was due to tryptophan catabolism, reversal of 
suppression was also tested using tryptophan supplementation. Supplementation of the 
coculture media with exogenous tryptophan restored proliferation of PBL in a concentration-
dependent manner (at 1 mM tryptophan, mean proliferation was restored to 83.9%) (Figure 
7D). 

 
 

Transgene Expression in esMC and esMDM 
 
We have investigated several lentiviral-based systems for delivering genes into hESc and 

monitoring expression in esMDM differentiated from the genetically modified hESc. 
Successful results have been obtained using the EF1α promotor (which is constitutively 
active) to drive the expression of a Gene-Of-Interest-IRES-puro bicistronic RNA. This 
arrangement gives a very high likelihood that puromycin-selected cells also express the Gene-
of-Interest (GOI.). 
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Figure 7. esMDM suppress T cell proliferation by tryptophan catabolism. A and B, 1-MT restores the 
proliferation of T cells in the presence of esMDM. A, Individual FACs plots of CFSE-labelled PBLs, 
activated with PHA for 5 days in culture medium only or in culture with esMDM (1:10 esMDM:PBL 
ratio) or IFNγ/LPS-activated esMDM, with or without 1-MT (1mM). Gate is shown on CFSE-loaded 
PBL (at day 0) plot and the number on each plot is the % within the gate, i.e. % CFSElow (i.e. cells that 
have proliferated). B, Individual FACs plots of CFSE-labelled CD4-purified T cells, activated with 
anti-CD3/CD28 beads for 5 days in culture medium only or in culture with esMDM (1:4 esMDM:PBL 
ratio) with or without 1-MT (1mM). C, The restoration of proliferation of PHA-activated PBL in the 
presence of esMDM by 1-MT is dose-dependent. Mean +/- SD of 3 individual PBL donors. D, 
Tryptophan restores the proliferation of PHA-activated PBL in the presence of esMDM in a dose-
dependent fashion. Mean +/- SD of 3 individual PBL donors. ** Significantly different from no 
esMDM control (2-tail, non-parametric Mann-Whitney test, p<0.01). 
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We tested this system using GFP-actin as the GOI, in order to generate macrophages 
whose actin cytoskeleton interactions and rearrangements could be visualized in real-time. 
Under continuous puromycin selection, a homogeneous population of CD14-positive esMC 
expressing GFP-actin could be harvested from the differentiation cultures (Figure 8A and 
8B). These were capable of phagocytosing yeast zymosan particles (Figure 8A), during which 
clear phagocytic cups containing well-organised GFP-actin can be seen forming around the 
zymosan particles being engulfed. GFP-actin esMDM (seeded onto and matured on glass 
coverslips) could be visualized in real-time phagocytosing zymosan by time-lapse photo-
microscopy (Movie). Continuous antibiotic selection during differentiation was found to be 
necessary to generate consistently GFP-positive monocytes. When selection was absent 
during differentiation, GFP expression was seen to be variable (i.e. reduced in some 
differentiation cultures; data not shown). 

 

 

Figure 8. Transgene expression in esMC and esMDM. HUES2 hESc were transduced with a lentiviral 
construct containing GFP-actin-IRES-Puro under the control of the constitutive EF1αpromotor. 
Following puromycin selection, hESc were differentiated to monocytes in the continuous presence of 
5μg/mLpuromycin, and then to macrophages in 1μg/mL puromycin. A, Confocal image of a GFP-
actin-expressing esMC that has engulfed multiple yeast zymosan particles (unlabeled zymosan, visible 
as spaces in the cytoplasm). Two phagocytic cups are clearly visible as the esMC engulfs two separate 
zymosan particles. B, Flow cytometry of GFP-actin esMC. GFP-actin-expression is detectable in the 
majority of CD14-positive monocytes emerging from the puromycin-selected differentiation culture 
(top right scatterplot). 
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We also assessed the level of RFP that was expressed in esMDM with and without 
shCD4mir in the construct (Figure 9E). The level of expression of RFP was lower when 
shCD4mir was incorporated into the construct than in the RFP-only control, and this was 
consistent for both esMC and esMDM. This was presumably due to a proportion of the 
transcripts being processed for miRNA instead of being translated. 

This could pose a problem in experimental design and interpretation as it means that the 
GOI is not expressed at the same level as the non-mir control. This system is therefore able to 
knockdown endogenous gene expression, but the knockdown is not as high as in simpler cell 
systems such as can be achieved by shRNA knockdown in HeLa cells, and it is not suitable 
where controlled co-expression of a GOI is also necessary. 

 
 

Unintended Silencing of Transgene Expression in 
esMDM Using an Inducible Expression System 
 
Many GOIs that would be informative to express in esMDM are potentially toxic, or may 

pervert the differentiation process. Therefore, we have assessed an inducible system, which 
would allow controlled levels of expression of the GOI when the terminal experiment is 
underway in fully differentiated esMDM, and suppress it during differentiation. The construct 
tested was a TRIPZ construct: TRE-RFP-shRNA-UBC-rtTA3-IRES-Puro-WPRE-SIN. 
Following puromycin selection of transduced hESc, doxycycline addition showed that RFP 
was inducible (Figure 10).  

 

Figure 10. Unintended silencing of transgene expression in esMDM using an inducible expression 
system. HUES2 hESc were transduced with a doxycycline-inducibleTRIPZ lentiviral construct, TRE-
SIN-RFP:shRNAmir-UBC-rtTA3-IRES-puro, were selected with 5 μg/mL puromycin as hESc and 
were puromycin-selected continuously during differentiation. Graph of mean fluorescence intensity of 
RFP relative to no-dox control, at different stages of differentiation upon doxycycline induction, 
showing that the inducible construct is inducible at the stem cell level but not during differentiation to 
macrophages. n=8 individual cultures for ESc, n=4 (EBs), n= 9 (esMC), n=8 (esMDM). 

Cells were differentiated in the continuous presence of puromycin, without doxycycline. 
Once plated for final differentiation to macrophages, doxycycline was added. However, 
despite high levels of dox, (3μg/mL), for up to 7 days, no induction of RFP expression was 
detectable, in contrast to the inducibility seen in the hESc. This indicates that this dox-
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inducible system is highly susceptible to being silenced during differentiation from hESc to 
esMDM despite continuous antibiotic selection. This was also observed using another dox-
inducible system (RetroXTetON, Clontech) in our differentiation system (data not shown). 

 
 

Characterisation of hiPSc Lines  
Used in This Study 

 
In order to assess the robustness of our differentiation system in hiPSc, we used a 

published hiPSc line, iPS-DF19.9, that has been reprogrammed using an episomal vector 
system [36].  

We also used lines that have been generated in-house, within the James Martin Stem Cell 
Facility. The parent normal human adult dermal fibroblasts, named Ox1NHDF, were from a 
healthy donor. Three lines derived from these fibroblasts, using Yamanaka retroviral vectors, 
were used for this study (iPS-Ox1-18, iPS-Ox1-19 and iPS-Ox1-23). Genome integrity of the 
parental fibroblasts and the three derived lines was assessed byIllumina Human CytoSNP-
12v2.1 beadchip array. This interrogates 300,000 SNPs throughout the genome and as such 
gives much higher resolution information than traditional G-band karyotyping, or M-FISH. It 
reveals most known chromosome anomalies, including amplifications, deletions, 
chromosome loss/gain, and loss of heterozygosity. It only would not detect a perfectly 
balanced translocation. This analysis showed no gross chromosomal abnormalities in the 
parent fibroblasts or the three derived hiPSc lines (Figure 11A). 

The initial colonies emerging from the reprogramming cultures showed typical 
pluripotent stem cell morphology, i.e. densely packed, small cells in a colony with defined 
edges (Figure 11B top panel). Morphology improved further over subsequent manual 
passaging, and they have retained typical pluripotent stem cell morphology over multiple 
passages. Staining for Tra-1-60 and SSEA4 showed that the three hiPSc lines express 
pluripotency markers (Figure 11B, middle and lower panels respectively). Tra antigen 
expression is considered to be the most rigorous indicator of pluripotency of reprogrammed 
lines [55].  

PCR to detect integration of the iPS transgenes into the genome of the hiPSc lines 
showed presence of integrated iPS vectors in the genomic DNA of the reprogrammed lines 
(Oct, Sox and Klf shown in Figure 11C, with Ox-1NHDF included as a negative control). The 
expression relative to actin appears to be very different for different transgenes, but this is 
mostly due to differences in efficiency of amplification. The important observation is that the 
integrants are at least as many as the actin B gene in the iPS lines.  

During reprogramming, the integrated retroviral sequences are reported to undergo 
silencing, such that hiPSc lines express low or no transgene products (but have instead 
activated the endogenous versions of the transcription factors that control pluripotency). RT-
PCR to assess levels of transgene silencing showed very low levels of production of iPS 
transgene transcripts compared to actin transcripts (though note detectable levels of 
transgenic Oct in iPS-Ox1-19; Oct, Sox and Klf shown in Figure 11D, with Ox1 NHDF as a 
comparison). Finally, embryoid bodies could be routinely generated from all three lines (data 
not shown). 
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Figure 11. Characterisation of hiPSc lines used in this study. A, Genome integrity of the parental (male) 
fibroblasts (left) and three hiPSc lines, by Illumina Human CytoSNP-12v2.1 beadchip array analysis. 
Over-representation is indicated by blue alongside the relevant chromosome; under-representation by 
orange/red. The male donor has the expected monoallelic representation for the X and Y chromosomes 
B, Morphology of initial hiPSc colonies picked on the reprogramming plates (upper panel); Expression 
of pluripotency markers Tra-1-81 (middle panel) and SSEA-4 (lower panel, with DAPI nuclear stain) 
on hiPSc colonies. Bar =100 μm.C, qPCR for detection of iPS transgenes integrated into genomic DNA 
of hiPSc lines. Ox1 NHDF genomic DNA is included as a negative control. Results are expressed as the 
number of copies relative to actin B, but note Oct amplification is more efficient than Actin 
amplification in this assay, D,qPCR of cDNA from RNA from hiPSC lines, for assessing the degree of 
silencing of iPS transgenes in hiPSc lines. Results are expressed as transgene expression relative to 
actin B. 
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Figure 12. hiPSc lines can be differentiated to produce monocytes and macrophages. A, Cumulative 
counts of monocytes harvested from differentiation cultures from hiPSc lines versus HUES2 control. 
Each line represents the yield per 6 well plate of differentiation cultures (n=6 for HUES2; n=2 for iPS-
Ox1-18; n=1 for the remaining lines). B, Flow cytometry analysis showing CD14 expression (left 
panel) and CD45 expression (right panel) of macrophages from hiPSc lines; grey filled plot = isotype 
control, black line = antibody. C, Phagocytosis of fluorescent yeast zymosan particles by bMDM, 
esMDM and iPS-Ox1-19-MDM. D, Cytokine production by iPS-Ox1-19-MDM (bottom panel) 
compared to bMDM (top panel); and esMDM (middle panel); bar representsmean + 1.S.D., For bMDM 
n= 3 independent donors; esMDM n= 2 independent differentiation cultures; iPS-Ox1-19 n=1 
differentiation culture. Duplicate array spots were measured for each supernatant tested. E, as for D, but 
macrophage cultures were stimulated with IFNγ + LPS for 16 h before harvesting supernatants. . n.s. = 
not significantly different (Bonferroni multiple comparison test). 

 

Discussion 
 
We have previously established a method to produce relatively large numbers of 

homogenous monocytes from hES cells [56]. These monocytes resemble the major blood 
monocyte and differentiate into functionally relevant macrophages that share properties with 
M-CSF-differentiated bMDM, including morphology, surface marker expression, and 
functionality (e.g. high phagocytocytic ability) [33, 34, 57, 58]. The method is robust, having 
been demonstrated to work across multiple hESc lines [8, 59], and here we have demonstrated 
the ability of multiple hiPSc lines to differentiate to monocytes using this protocol. hiPSc can 
be less efficient at differentiation [7], thought to be due to differences in epigenetic status 
between hESc and hiPSc, so it is important to establish that differentiation protocols that have 
been developed using hEScs are reproducible inhiPSc. Whilst all the hESc lines we have 
tested to date have been capable of generating monocytes, not every hiPSc line tested has 
been capable of monocyte differentiation. In addition to the 4 hiPSc lines reported in this 
chapter, we have tested 7 others, of which 5 produced useable numbers of monocytes (Jiang 
et al, 2012 in press), but 2 previously published lines did not [60]. The fact that there is 
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variability even between three lines derived from one donor, implies that the factors 
determining differentiation efficiency are not genomic, but likely to be epigenetic, and this 
underscores the need to screen several hiPSc lines from each donor. We have shown here that 
the efficiency of monocyte production is also dependent on the density of plating of the EBs, 
with low density leading to reduced yield due to adherence to naked plastic, and high density 
leading to decreased yields, presumably due to metabolic stress and limiting concentrations of 
growth factors. To be able to use hiPSc-derived cells for studying differentiated phenotypes, 
understanding host-pathogen interactions, and screening drugs, differentiation systems must 
be reproducible across multiple lines, with consistently good, predictable yields, and the 
system we have developed fulfill these criteria. 

We have demonstrated here the productive infection of esMDM macrophages with 
various strains of HIV-1 that are known to use CCR5 as their co-receptor and known to infect 
bMDM. The initial level of infection is noticeably lower in esMDM than bMDM, as detected 
by levels of reverse transcription products, which may be due to lower levels of CD4 and 
CCR5 on the surface of esMDM than bMDM. This is also reflected in the slightly lower 
levels of virus production in the early phase of infection as shown by p24; however, the 
esMDM are able to support similar levels of virus production as bMDM over a longer (two 
week) timeframe. Staining of cryosections for immunofluorescence or EM showed that, while 
some HIV-1 assembly was seen at the cell surface, many viruses were found in intracellular 
compartments that contained the tetraspanin markers CD9 and CD81 and in this respect 
resemble the intracellular HIV assembly compartments in bMDM [50, 52]. Nonetheless there 
appear to be some differences in the ultrastructure of esMDM compared to bMDM, notably 
the HIV assembly compartments appeared less complex than the IPMC described in bMDM 
of a similar age [53]; it is possible that esMDM may develop a more elaborate IPMC 
morphology and/or β2 integrin expression if they are cultured for longer. Some of the 
esMDM contained striking large multilamellar endosomes or lysosomes, but there were no 
HIV particles associated with these. 

Taken together, our observations on HIV-1 infection of esMDM indicate that they 
support similar productive infection kinetics over multiple rounds of infection compared with 
bMDM, although with a lower initial infection rate and with some differences in the fine 
structure of the HIV assembly sites.This makes them a useful addition to the armoury of in 
vitro models of HIV-1 infection of macrophages, and the fact that they can be genetically 
manipulated widens the repertoire of experiments that can be performed using them. esMDM 
have been used already to help identify the requirement for Transportin 3 in the successful 
integration of HIV provirus in macrophages [61]. Other groups have also used esMDM, 
derived using their own protocols, for HIV studies, and have also successfully genetically 
modified esMDM in these studies, thus illustrating the robustness of this approach [10, 11]. 

DENV infection of esMDM is similar to the previously characterised infection of 
bMDM, with regards to DENV E protein location within the cell, percent of cells infected and 
production of infectious virus. Other cytokines (IL-4 and IL-13) have been shown to enhance 
the susceptibility of bMDM to DENV infection [54], consequently the M-CSF or IL-3 
treatment of esMDM during their differentiation may have contributed to the slightly higher 
percentage of esMDM cells infected with DENV (5%), with comparison to that in bMDM 
(1%). A recent genome wide screen for genes affecting virus propagation [62] and a genome-
wide association study for SNPs associated with severe disease [63] have identified specific 
variant genes that are associated with either virus growth or host susceptibility to severe 
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dengue, respectively. As we identify more human dengue virus host factors, the potential 
offered by the genetic modification of esMDM combined with subsequent DENV infection 
provides an attractive system in which to study the roles of specific host genes in DENV 
infection and pathogenesis. 

The results presented in Figures 5-7 of this study show that esMDM are pooraccessory 
cells, and are able to potently suppress T cell proliferation. Our results using the inhibitor 1-
MT suggest that IDO and tryptophan catabolism is a major mechanism by which esMDM 
suppress T cell proliferation.  

The observation that esMDM suppress proliferation of T cells stimulated with allogeneic 
bDC raises the possibility that esMDM might be capable of modulating responses of T cells 
to DCs to induce anergic T cells. Together the findings presented here support the hypothesis 
that esMDM can suppress activated allogeneic T cells through a mechanism involving 
tryptophan catabolism and that this mechanism is maintained even when esMDM are 
maximally activated [64]. The use of genetic manipulation in hES cells combined with the 
methods presented here, could be used to better understand the biology of immunomodulation 
in macrophages and other myeloid-derived suppressor cells [65]. 

The lack of ability of esMDM to present antigen, coupled with their potent 
immunomodulatory properties, makes them potentially of interest in future cell therapies for 
immune modulation in patients that are, for example, to receive tissue grafts [30]. Most 
significantly, perhaps, as we show that hiPSc can also be differentiated to produce 
macrophages, our findings suggest approaches using hiPSc-derived macrophages might 
enable autologous cell immunotherapy. 

We have described here methods for genetic modification of hESc in order to produce 
modified esMDM: one that achieves constitutive expression of transgenes in esMDM and one 
that achieves knockdown of a target endogenous gene. These are adequate for studies of 
genes whose constitutive expression is not toxic, and for those whose constitutive knockdown 
is not detrimental to the differentiating cultures. Genes involved with immune responses to 
pathogens are good candidates for being manipulated using these methods, and we have 
shown here examples of successful manipulation of such genes. This provides a platform for 
studying macrophage-pathogen interactions in a way that has not previously been possible, as 
bMDM are somewhat refractory to genetic manipulation. However, we have also explored 
systems for inducible, dose-dependent expression of transgenes, and have found that although 
the system is inducible at the hESc level, it is unresponsive by the time the cells have 
differentiated to monocytes. We are currently exploring more sophisticated methods for 
inducible expression of transgenes in differentiated cells. 

Although lentiviral transduction of cells provides a relatively easy way to generate a 
permanently modified line, and is a good workhorse method for the present, the method is 
constrained by the limited packaging capacity of the lentivirus, and the lack of control over 
the sites and number of integrations, leading to variable expression levels, and possible 
insertional mutagenesis. Targeted genome editing is a rapidly progressing new technology 
and the ability to edit genomic sequences in hESc and hiPSc is now a reality, with 
improvements in homologous recombinationin hESc, zinc-finger nuclease and TALE 
nuclease technology [66, 67], reviewed in [68]. It is now possible to introduce a gene into a 
safe harbor site using ZFNs targeting the adeno-associated virus (AAVS1) locus on human 
chromosome 19. This has been achieved for the introduction of a normal copy of the 
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gp91phox gene that is mutated in Chronic Granulomatous Disease, into hiPSc from a CGD 
patient [69].  

It is also possible to correct a disease-causing mutation by direct editing, and this has 
recently been demonstrated in hiPSc from a patient with α1-antitrypsin deficiency, using 
ZFN-directed homologous recombination then flawless excision of the piggyBac-selection 
cassette [67]. These approaches mean that it is now possible to have isogenic controls for 
hiPSc lines, i.e. with and without disease-causing mutation on the same genetic background. 
Aside from the ultimate goal of gene-corrected hiPSc-cell therapy, this will enable much 
more precisely-designed in vitro investigations to be carried out using hiPSc and hESc and 
their differentiated progeny. Taken together, the combination of tools for hiPSc technology, 
genetic manipulation, and scaled-up differentiation from pluripotent stem cells means that we 
are poised to be able to address fundamental and applied biomedical questions as never 
before, and macrophage biology can undoubtedly benefit from this technological gear-
change.  

 
 

Conclusion 
 
Human bMDM are physiologically and genetically heterogeneous, and are notoriously 

difficult to genetically manipulate. Monocytic cell lines are karyotypically abnormal and do 
not faithfully reproduce the monocytic/macrophage phenotype or infection kinetics with HIV-
1. Murine macrophages are also a compromised model, as they do not support HIV-1 
infection.  

Because of these limitations, we have developed a relatively simple method for the 
production of authentic monocytes and macrophages from hESc, with batches of 107 
monocytes routinely harvestable per 6-well plate. These macrophages are infectable with 
HIV-1, with similar replication kinetics as bMDM, and are also infectable with dengue virus.  

They suppress T cell proliferation, in a process that implicates tryptophan catabolism. 
They can be genetically manipulated at the stem cell level: we have shown this using 
lentivirus vectors, but there are also novel methods for genome editing of pluripotent stem 
cells that can extend the possibilities for developing precisely engineered monocytes and 
macrophages from pluripotent stem cells. 

We have also shown here that thedifferentiation method can also be used for producing 
monocytes and macrophages from hiPSC lines. As such, macrophages from pluripotent stem 
cells represent a valuable, genetically-manipulable tool for investigating fundamental 
macrophage biology and host-macrophage interactions against known patient backgrounds. 
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