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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 MCSF, 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 nonintegrating episomal vectors was obtained from James Thomson [36]. Other hiPSc lines (iPSOx-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-PuroWPRE-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
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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), 2ME (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-594labelled 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/carboncoated 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 GMCSF (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 membraneconnected 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).
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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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densely packked into mem
mbrane-bounnded vacuolees (Figure 3 C and E), oor in more loose
l
intracellular tubules and vesicles
v
(e.g. Figure 3D). The intracelllular virus paarticles could
d also
be labelled w
with the 2G122 monoclonall antibody to the HIV-1 ennvelope proteein (Figure 3H,I),
suggesting thhat these aree bona fide HIV
H particless that are likeely to be inffectious. Notaably,
immature virrus particles and buds weere also obserrved in these locations (Figure 3F andd 3D;
note that the p17 antibody
y does not staain the immaature virion inn Figure 3D). In addition, HIV
particles couuld be seen at the cell surfa
face plasma membrane,
m
annd cell surfacee virus buds were
w
labelled withh antibodies to
o p24 (Figuree 3G) or to thhe envelope prrotein (Figuree 3J).

Figure 3. HIV
V-1 assembly inn esMDM. A, B Immunofluoorescence stainning. Semi-thinn cryosections of
o
esMDM infectted with HIV-1 BaL for 6 daays were labeleed with antiboddies to p24/p555Gag (A) or p117
(B). Phase imaages are shownn on the right. The cells in A have fused intto a large synccytium. Most virus
v
staining is at inntracellular sittes, sometimes in large intraccellular comparrtments (arrow
ws). Note also the
t
faintly auto-fluuorescent largee lysosomes (aarrowheads in B).
B Scale bars = 10 µm. C – J. For electronn
microscopy, uultrathin cryoseections of esMD
DM infected with
w HIV-1 BaL
L for 6 days (oor 7 days in H))
were labeled with
w antibodiess to p24 (C, E, F and G), p177 (D), or the HIIV-1 envelope glycoprotein Env
E
(H – J) and 100 nm protein A-gold
A
particless. Assembled viruses
v
were seeen in large intrracellular vacu
uoles
(C, E and I) orr in smaller tubbules and vesiccles (D, F and H). The presennce of buddingg figures and
immature viruus particles indicates that HIV
V assembly takkes place at theese sites (D andd B). Some virrus
budding was aalso observed at
a the cell surfaace (G). PM; cell
c surface plasma membranee, L; large mulltilamellar phagoo-lysosomes. Arrows
A
indicatte immature virrus particles annd buds. Scale bars = 200 nm
m.
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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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Figure 5. esMD
DM express loow levels of coostimulatory m
molecules, and are
a poor accesssory cells for T cell
activation. A, CD4 T cells were
w cultured with
w allogeneic mature bDC (n=2)
(
or esMD
DM (n=3) for 7 days
C
were ppulsed on day 6 with 3H-Thym
midine and
at a stimulatorr-to-responder ratio of 1:1. Cultures
harvested 24 hhours later. Meean data from replicates
r
are shown.
s
B, PBL
L were culturedd with either reesting
esMDM, IFNγγ-activated esM
MDM or allogeeneic mature bDC (mDC) at increasing stim
mulator-toresponder ratioos for 7 days. Cultures
C
were pulsed and harrvested as abovve. Mean data from duplicatees
are shown. C, CD4-positive T cells were cultured
c
with eiither resting essMDM, IFNγ/L
LPS-activated
b
at increasing stimulaator-to-respondder ratios for 7
esMDM ,alloggeneic bMDM or IFNγ/LPS bMDM
days, pulsed aand harvested as
a above. Meann of 3 differentt donor bMDM
M or esMDM ccultures +/- SD
D. **
Significantly ddifferent from the same ratio with esMDM (8.3 fold; 2 tailed-heterosceddastic t test,
p=0.005). D, C
CFSE-loaded PBL
P
were cultuured with eitheer IFNγ/LPS-acctivated esMD
DM or IFNγ/LP
PS
bMDM at incrreasing stimulaator-to-respondder ratios for 5 days then anaalysed by flow cytometry for
CFSE intensityy. Mean of 3 different
d
donorr bMDM or esM
MDM culturess and 3 allogenneic PBL donorrs
(i.e.n=9) +/- S
SD. E,esMDM and bMDM were
w cultured foor 72 hours witth or without IF
FNγ/LPS and then
t
analysed by im
mmunocytocheemistry for exp
pression of surfface MHC I annd II and for coostimulatory
molecules CD
D80 and CD86, and quantifiedd by flow cytometry. Resultss are expressedd as fold increaase in
intensity over the isotype control on a log2 scale (mean of
o 3 different donor bMDM oor esMDM culttures
+SD).
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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. PHAactivated 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 (3.2fold) 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,CFSEloaded 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, CFSElabelled 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 CD3gated 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 2,3dioxygenase (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 1MT 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 concentrationdependent 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 Geneof-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 dosedependent 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 photomicroscopy (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 GFPactin-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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anshRNAmirr cotranscribbed with the GOI, in ourr case EF1α-RFP-shCD44-IRES-Puro--SIN.
This allows eexpression off the GOI, thhe shRNAmirr and the purromycin resisstance gene under
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the control of the same prromotor. The fate of the traanscripts is expected to bee divided betw
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some that arre transcribed at the riboosome, and some that arre processed to make maature
interfering R
RNAs.
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he GFP-actin construct deescribed in thhe previous seection. We found
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that the shCD
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MDM
to around hallf of its norm
mal level (Figuure 9A).

Figure 9. (Conntinued).
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Figure 9. Knocckdown of enddogenous genee expression in esMDMby shhRNAmir. HUE
ES2 hESc weree
transduced witth a lentiviral construct
c
contaaining EF1α-R
RFP-IRES-puro
o, with or withhout an shRNA
Amir
against CD4. Following
F
puroomycin selectiion, hESc weree differentiatedd to monocytess in the continu
uous
presence of 5μ
μg/mL puromyycin, and then to
t macrophagees in 1μg/mL puromycin.
p
A, Flow cytometrry
for expressionn of CD4 in esM
MDM with or without
w
shCD44mir; Histograam plot from onne differentiatiion
culture (right), and bar graphh of fold changge in Mean Fluuorescence Inteensity of CD4--stained cells
PCR for reverse
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transcription products,
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FP expression is
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The leveel of CD4 knnockdown waas shown to be
b functionallly relevant, as it led to lo
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levels of infeection when the
t cells were challenged with HIV-1 BaL comparred with the RFPR
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ds of
infection witthin the culturre (Figure 9D
D).
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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, TRESIN-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 doxinducible 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 CytoSNP12v2.1 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). RTPCR 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. (Coontinued).
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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 iPSOx1-18; 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 genomewide 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

114

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

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 1MT 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 gearchange.

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 HIV1. 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.

Support and Financial Disclosure Declaration
This research was supported by the Wellcome Trust, Edward Penley Abraham Fund, the
John Fell OUP Research Fund, Parkinson’s Disease UK (through the Oxford Parkinson’s
Disease Centre),the Oxford Glycobiology Endowment, funding from the James Martin 21st
Century School to support the James Martin Stem Cell Facility, and by funding from the UK
Medical Research Council to the Cell Biology Unit.

116

Sally A. Cowley, Karl R. Karlsson, Bonnie van Wilgenburg et al.
The authors have no conflicts of interest to declare.

Acknowledgments
We thank Sam Evetts for plating the skin biopsy before hiPSc generation; Laura
Bernstone and Andre Raposo for freshly isolated blood monocytes and PBLs.

References
[1]

Thomson J, Itskovitz-Eldor J, Shapiro S, Waknitz M, Swiergiel J, Marshall V, et al.
Embryonic Stem Cell Lines Derived from Human Blastocysts. Science.
1998;282(5391):1145-7.
[2] Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells from Mouse Embryonic
and Adult Fibroblast Cultures by Defined Factors. Cell. 2006;126(4):663-76.
[3] Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction
of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell.
2007;131(5):861-72.
[4] Yu J, Vodyanik M, Smuga-Otto K, Antosiewicz-Bourget J, Frane J, Tian S, et al.
Induced Pluripotent Stem Cell Lines Derived from Human Somatic Cells. Science.
2007;318(5858):1917-20.
[5] Park I-H, Lerou P, Zhao R, Huo H, Daley G. Generation of human-induced pluripotent
stem cells. Nature Protocols. 2008;3(7):1180-6.
[6] Cowley S. Induced pluripotent stem cells and their application into personalised
therapy. Elsevier; 2011.
[7] Hu B-Y, Weick J, Yu J, Ma L-X, Zhang X-Q, Thomson J, et al. Neural differentiation
of human induced pluripotent stem cells follows developmental principles but with
variable potency. Proceedings of the National Academy of Sciences. 2010;107(9):433540.
[8] Karlsson K, Cowley S, Martinez F, Shaw M, Minger S, James W. Homogeneous
monocytes and macrophages from human embryonic stem cells following coculturefree differentiation in M-CSF and IL-3. Experimental hematology. 2008;36(9):1167-75.
[9] Subramanian A, Guo B, Marsden M, Galic Z, Kitchen S, Kacena A, et al. Macrophage
differentiation from embryoid bodies derived from human embryonic stem cells.
Journal of stem cells. 2009;4(1):29-45.
[10] Anderson J, Bandi S, Kaufman D, Akkina R. Derivation of normal macrophages from
human embryonic stem (hES) cells for applications in HIV gene therapy. Retrovirology.
2006;3(1):24.
[11] Kambal A, Mitchell G, Cary W, Gruenloh W, Jung Y, Kalomoiris S, et al. Generation
of HIV-1 Resistant and Functional Macrophages From Hematopoietic Stem Cellderived Induced Pluripotent Stem Cells. Mol. Ther. 2011;19(3):584-93.
[12] Senju S, Haruta M, Matsumura K, Matsunaga Y, Fukushima S, Ikeda T, et al.
Generation of dendritic cells and macrophages from human induced pluripotent stem
cells aiming at cell therapy. Gene Therapy. 2011.

Macrophages from Human Pluripotent Stem Cells

117

[13] Choi K-D, Vodyanik M, Slukvin I. Hematopoietic differentiation and production of
mature myeloid cells from human pluripotent stem cells. Nature Protocols.
2011;6(3):296-313.
[14] Cobos-Jiménez V, Booiman T, Hamann J, Kootstra N. Macrophages and HIV-1.
Current opinion in HIV and AIDS. 2011;6(5):385-90.
[15] Carter G, Bernstone L, Sangani D, Bee J, Harder T, James W. HIV entry in
macrophages is dependent on intact lipid rafts. Virology. 2009;386(1):192-202.
[16] Carter G, Bernstone L, Baskaran D, James W. HIV-1 infects macrophages by
exploiting an endocytic route dependent on dynamin, Rac1 and Pak1. Virology.
2011;409(2):234-50.
[17] Durbin AP, Vargas MJ, Wanionek K, Hammond SN, Gordon A, Rocha C, et al.
Phenotyping of peripheral blood mononuclear cells during acute dengue illness
demonstrates infection and increased activation of monocytes in severe cases compared
to classic dengue fever. Virology. 2008 Jul 5;376(2):429-35.
[18] Kou Z, Quinn M, Chen H, Rodrigo WW, Rose RC, Schlesinger JJ, et al. Monocytes,
but not T or B cells, are the principal target cells for dengue virus (DV) infection among
human peripheral blood mononuclear cells. J. Med. Virol. 2008 Jan;80(1):134-46.
[19] Balsitis SJ, Coloma J, Castro G, Alava A, Flores D, McKerrow JH, et al. Tropism of
dengue virus in mice and humans defined by viral nonstructural protein 3-specific
immunostaining. Am. J. Trop. Med. Hyg.. 2009 Mar;80(3):416-24.
[20] Jessie K, Fong MY, Devi S, Lam SK, Wong T. Localization of dengue virus in
naturally infected human tissues, by immunohistochemistry and in situ hybridization.
The Journal of infectious diseases. 2004;189(8):1411-8.
[21] Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S, Limpitikul
W, et al. Cross-reacting antibodies enhance dengue virus infection in humans. Science.
2010 May 7;328(5979):745-8.
[22] Miller JL, de Wet BJ, Martinez-Pomares L, Radcliffe CM, Dwek RA, Rudd PM, et al.
The mannose receptor mediates dengue virus infection of macrophages. PLoS. Pathog.
2008 Feb 8;4(2):e17.
[23] Peiris JS, Porterfield JS. Antibody-mediated enhancement of Flavivirus replication in
macrophage-like cell lines. Nature. 1979;282(5738): 509-11.
[24] Schieffelin JS, Costin JM, Nicholson CO, Orgeron NM, Fontaine KA, Isern S, et al.
Neutralizing and non-neutralizing monoclonal antibodies against dengue virus E protein
derived from a naturally infected patient. Virol J. 2010;7:28.
[25] Bosch I, Xhaja K, Estevez L, Raines G, Melichar H, Warke RV, et al. Increased
production of interleukin-8 in primary human monocytes and in human epithelial and
endothelial cell lines after dengue virus challenge. J. Virol. 2002 Jun;76(11):5588-97.
[26] Carr JM, Hocking H, Bunting K, Wright PJ, Davidson A, Gamble J, et al. Supernatants
from dengue virus type-2 infected macrophages induce permeability changes in
endothelial cell monolayers. J. Med. Virol. 2003 Apr;69(4):521-8.
[27] Fink K, Ng C, Nkenfou C, Vasudevan SG, van Rooijen N, Schul W. Depletion of
macrophages in mice results in higher dengue virus titers and highlights the role of
macrophages for virus control. Eur. J. Immunol. 2009 Oct;39(10):2809-21.
[28] Halstead SB. Antibody, macrophages, dengue virus infection, shock, and hemorrhage: a
pathogenetic cascade. Rev Infect Dis. 1989 May-Jun;11 Suppl. 4:S830-9.

118

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

[29] Sun P, Bauza K, Pal S, Liang Z, Wu S-j, Beckett C, et al. Infection and activation of
human peripheral blood monocytes by dengue viruses through the mechanism of
antibody-dependent enhancement. Virology. 2011;421(2):245-52.
[30] Robertson NJ, Brook FA, Gardner RL, Cobbold SP, Waldmann H, Fairchild PJ.
Embryonic stem cell-derived tissues are immunogenic but their inherent immune
privilege promotes the induction of tolerance. Proc. Natl. Acad. Sci. USA. 2007 Dec
26;104(52):20920-5.
[31] Archbold JK, Ely LK, Kjer-Nielsen L, Burrows SR, Rossjohn J, McCluskey J, et al. T
cell allorecognition and MHC restriction--A case of Jekyll and Hyde? Mol. Immunol.
2008 Feb;45(3):583-98.
[32] Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL. Inhibition of
T cell proliferation by macrophage tryptophan catabolism. The Journal of experimental
medicine. 1999;189(9):1363-72.
[33] Verreck FA, de Boer T, Langenberg DM, van der Zanden L, Ottenhoff TH. Phenotypic
and functional profiling of human proinflammatory type-1 and anti-inflammatory type2 macrophages in response to microbial antigens and IFN-{gamma}- and CD40Lmediated costimulation. J. Leukoc. Biol. 2005 Dec 5.
[34] Xu W, Schlagwein N, Roos A, van den Berg TK, Daha MR, van Kooten C. Human
peritoneal macrophages show functional characteristics of M-CSF-driven antiinflammatory type 2 macrophages. Eur. J. Immunol. 2007 May 2.
[35] Cowan CA, Klimanskaya I, McMahon J, Atienza J, Witmyer J, Zucker JP, et al.
Derivation of embryonic stem-cell lines from human blastocysts. N. Engl. J. Med. 2004
Mar 25;350(13):1353-6.
[36] Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin I, et al. Human Induced
Pluripotent Stem Cells Free of Vector and Transgene Sequences. Science.
2009;324(5928):797-801.
[37] Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D. Multiply attenuated lentiviral
vector achieves efficient gene delivery in vivo. Nature Biotechnology. 1997;15(9):8715.
[38] Demaison C, Parsley K, Brouns G, Scherr M, Battmer K, Kinnon C, et al. High-level
transduction and gene expression in hematopoietic repopulating cells using a human
immunodeficiency [correction of imunodeficiency] virus type 1-based lentiviral vector
containing an internal spleen focus forming virus promoter. Human gene. therapy.
2002;13(7):803-13.
[39] Ehrhardt C, Schmolke M, Matzke A, Knoblauch A, Will C, Wixler V, et al.
Polyethylenimine, a cost-effective transfection reagent. Signal Transduction.
2006;6(3):179-84.
[40] Karlsson H, Samarasinghe S, Ball LM, Sundberg B, Lankester AC, Dazzi F, et al.
Mesenchymal stem cells exert differential effects on alloantigen and virus-specific T
cell responses. Blood. 2008 Apr 29.
[41] Gartner S, Markovits P, Markovitz DM, Betts RF, Popovic M. Virus isolation from and
identification of HTLV-III/LAV-producing cells in brain tissue from a patient with
AIDS. JAMA : the journal of the American Medical Association. 1986;256(17):236571.

Macrophages from Human Pluripotent Stem Cells

119

[42] Gendelman HE, Orenstein JM, Martin MA, Ferrua C, Mitra R, Phipps T, et al. Efficient
isolation and propagation of human immunodeficiency virus on recombinant colonystimulating factor 1-treated monocytes. J. Exp. Med. 1988 Apr 1;167(4):1428-41.
[43] Koyanagi Y, Miles S, Mitsuyasu RT, Merrill JE, Vinters HV, Chen IS. Dual infection
of the central nervous system by AIDS viruses with distinct cellular tropisms. Science.
1987 May 15;236(4803):819-22.
[44] Collman R, Balliet JW, Gregory SA, Friedman H, Kolson DL, Nathanson N, et al. An
infectious molecular clone of an unusual macrophage-tropic and highly cytopathic
strain of human immunodeficiency virus type 1. J. Virol. 1992 Dec;66(12):7517-21.
[45] He J, Choe S, Walker R, Di Marzio P, Morgan DO, Landau NR. Human
immunodeficiency virus type 1 viral protein R (Vpr) arrests cells in the G2 phase of the
cell cycle by inhibiting p34cdc2 activity. J. Virol. 1995 Nov;69(11):6705-11.
[46] Matlin KS, Reggio H, Helenius A, Simons K. Pathway of vesicular stomatitis virus
entry leading to infection. J. Mol. Biol. 1982 Apr 15;156(3):609-31.
[47] Yamada S, Ohnishi S. Vesicular stomatitis virus binds and fuses with phospholipid
domain in target cell membranes. Biochemistry. 1986 Jun 17;25(12):3703-8.
[48] Pelchen-Matthews A, Marsh M. Electron microscopy analysis of viral morphogenesis.
Methods in cell biology. 2007;79:515-42.
[49] Pelchen-Matthews A, Kramer B, Marsh M. Infectious HIV-1 assembles in late
endosomes in primary macrophages. J. Cell. Biol. 2003;162(3):443-55.
[50] Deneka M, Pelchen-Matthews A, Byland R, Ruiz-Mateos E, Marsh M. In macrophages,
HIV-1 assembles into an intracellular plasma membrane domain containing the
tetraspanins CD81, CD9, and CD53. The Journal of cell biology. 2007;177(2):329-41.
[51] Welsch S, Keppler O, Habermann A, Allespach I, Krijnse-Locker J, Kräusslich H-G.
HIV-1 buds predominantly at the plasma membrane of primary human macrophages.
PLoS pathogens. 2007;3(3).
[52] Marsh M, Theusner K, Pelchen-Matthews A. HIV assembly and budding in
macrophages. Biochemical Society transactions. 2009;37(Pt 1):185-9.
[53] Pelchen-Matthews A, Giese S, Mlčochová P, Turner J, Marsh M. β2 Integrin Adhesion
Complexes Maintain the Integrity of HIV-1 Assembly Compartments in Primary
Macrophages. Traffic. 2012;13(2):273-91.
[54] Miller J, de Wet B, Martinez-Pomares L, Radcliffe C, Dwek R, et al. The mannose
receptor mediates dengue virus infection of macrophages. PLoS. pathogens. 2008;4(2).
[55] Chan E, Ratanasirintrawoot S, Park I-H, Manos P, Loh Y-H, Huo H, et al. Live cell
imaging distinguishes bona fide human iPS cells from partially reprogrammed cells.
Nat. Biotech. 2009;27(11):1033-7.
[56] Karlsson KR, Cowley S, Martinez FO, Shaw M, Minger SL, James W. Homogeneous
monocytes and macrophages from human embryonic stem cells following coculturefree differentiation in M-CSF and IL-3. Exp. Hematol. 2008;36(9):1167-1175.
[57] Young DA, Lowe LD, Clark SC. Comparison of the effects of IL-3, granulocytemacrophage colony-stimulating factor, and macrophage colony-stimulating factor in
supporting monocyte differentiation in culture. Analysis of macrophage antibodydependent cellular cytotoxicity. J. Immunol. 1990 Jul 15;145(2):607-15.
[58] Smith W, Feldmann M, Londei M. Human macrophages induced in vitro by
macrophage colony-stimulating factor are deficient in IL-12 production. Eur. J.
Immunol. 1998 Aug;28(8):2498-507.

120

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

[59] Brook FA, Cowley S, Evans E, Turner K, James W, Mardon H. Derivation and
characterisation of the human embryonic stem cell line, OxF1. In vitro cellular and
developmental biology Animal. 2010;46(3-4):173-7.
[60] Armstrong L, Tilgner K, Saretzki G, Atkinson S, Stojkovic M, Moreno R, et al. Human
Induced Pluripotent Stem Cell Lines Show Stress Defense Mechanisms and
Mitochondrial Regulation Similar to Those of Human Embryonic Stem Cells. STEM
CELLS. 2010;28(4):661-73.
[61] Zhou L, Sokolskaja E, Jolly C, James W, Cowley S, Fassati A. Transportin 3 Promotes
a Nuclear Maturation Step Required for Efficient HIV-1 Integration. PLoS Pathog.
2011;7(8):e1002194.
[62] Sessions O, Barrows N, Souza-Neto J, Robinson T, Hershey C, Rodgers M, et al.
Discovery of insect and human dengue virus host factors. Nature.
2009;458(7241):1047-50.
[63] Khor CC, Chau TNB, Pang J, Davila S, Long HT, Ong R, et al. Genome-wide
association study identifies susceptibility loci for dengue shock syndrome at MICB and
PLCE1. Nature genetics. 2011;43(11):1139-41.
[64] Gordon S, Martinez F. Alternative Activation of Macrophages: Mechanism and
Functions. Immunity. 2010;32(5):593-604.
[65] Gabrilovich D, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nature reviews Immunology. 2009;9(3):162-74.
[66] Li M, Suzuki K, Qu J, Saini P, Dubova I, Yi F, et al. Efficient correction of
hemoglobinopathy-causing mutations by homologous recombination in integration-free
patient iPSCs. Cell Research. 2011;21(12):1740-4.
[67] Yusa K, Rashid T, Strick-Marchand H, Varela I, Liu P-Q, Paschon D, et al. Targeted
gene correction of α1-antitrypsin deficiency in induced pluripotent stem cells. Nature.
2011;478(7369):391-4.
[68] Liu G-H, Sancho-Martinez I, Belmonte JCI. Cut and Paste: restoring cellular function
by gene correction. Cell Research. 2011.
[69] Zou J, Sweeney C, Chou B-K, Choi U, Pan J, Wang H, et al. Oxidase-deficient
neutrophils from X-linked chronic granulomatous disease iPS cells: functional
correction by zinc finger nuclease–mediated safe harbor targeting. Blood.
2011;117(21):5561-72.

