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Summary

Background: Pluripotent stem cells, including induced
pluripotent stem cells (iPSCs), have the capacity to dif-
ferentiate towards all three germ layers and have been
highlighted as an attractive cell source for the field of re-
generative medicine. Thus, stable expression of thera-
peutic transgenes in iPSCs, as well as thereof derived
progeny of hematopoietic lineage, may lay the founda-
tion for innovative cell replacement therapies. Methods:
We have utilized human iPSC lines genetically modified
by lentiviral vector technology or targeted integration of
reporter genes to evaluate transgene expression during
hematopoietic specification and differentiation towards
macrophages. Results: Use of lentiviral vectors equipped
with an ubiquitous chromatin opening element (CBX3-
UCOE) as well as zinc finger nuclease-mediated target-
ing of an expression cassette into the human adeno-as-
sociated virus integration site 1 (AAVS1) safe harbor re-
sulted in stable transgene expression in iPSCs. When
iPSCs were differentiated along the myeloid pathway
into macrophages, both strategies yielded sustained
transgene expression during the hematopoietic specifi-
cation process including mature CD14+ and CD11b+
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macrophages. Conclusion: Combination of human iPSC
technology with either lentiviral vector technology or de-
signer nuclease-based genome editing allows for the
generation of transgenic iPSC-derived macrophages
with stable transgene expression which may be useful
for novel cell and gene replacement therapies.

© 2017 S. Karger GmbH, Freiburg

Introduction

Pluripotent stem cells (PSCs) and in particular induced pluripo-
tent stem cells (iPSCs) as first introduced by Kazutoshi Takahashi
and Shinya Yamanaka in 2006 [1], hold the promise to revolution-
ize the field of cell and gene therapies and open new avenues of
personalized treatment strategies also for the hematopoietic sys-
tem. Human iPSCs (hiPSCs) nowadays can be easily generated by a
number of reprogramming techniques and from various cell and
tissue sources, including peripheral blood-, cord blood- or bone
marrow-derived CD34+ hematopoietic stem/progenitor cells
(HSPCs). Thereafter, iPSC lines can be differentiated towards the
different cell types of all three germ layers, highlighting their at-
tractiveness for the field of regenerative medicine. However, suc-
cessful iPSC-based gene and cell therapy will rely on the efficient
differentiation of iPSCs into the desired cell types. Whereas sub-
stantial progress has been made to differentiate hiPSCs into de-
fined mature hematopoietic cells such as granulocytes, mac-
rophages, erythrocytes, megakaryocytes or dendritic cells, lym-
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phoid differentiation or the generation of long-term repopulating
hematopoietic stem cells (LTR-HSCs) from human but also mu-
rine PSCs is still hampered by the low quality and inefficient quan-
tity of the output cells [2]. The efficient generation of functional
mature myeloid cells has been described by several groups utilizing
different strategies, which include embryoid body formation, co-
culture systems as well as small molecule- or cytokine-driven ap-
proaches [3-6]. In this context, the scalable production of erythro-
cytes or megakaryocytes/platelets is of particular interest for trans-
fusion medicine [7, 8]. Another highly attractive target population
for cell-therapeutic strategies is represented by monocyte/mac-
rophages, including tissue-resident macrophages (TRMs).

Following up on recent reports highlighting the self-renewal
and repopulating capacity of TRMs as well as their considerable
tissue plasticity upon transplantation [9, 10], we have recently
demonstrated that a single intrapulmonary transplantation of
healthy or genetically corrected bone marrow-derived mac-
rophages can substantially improve the disease phenotype of pul-
monary alveolar proteinosis in two relevant murine in vivo disease
models [11, 12]. Although our initial studies used HSPCs derived
from murine bone marrow or human cord blood, also iPSC-de-
rived macrophages represent a highly interesting source for cell
therapy strategies in diseases related to macrophage dysfunction
[13, 14]. Here, the embryonic origin of the cells may even serve as
an advantage [15], and the transplantation of iPSC-derived mac-
rophages potentially may be superior to the transplantation of
adult CD34+ HSC-derived macrophages. Consequently, a combi-
nation of hematopoietic cell-based gene therapy applications with
the unique potential of iPSCs has been explored for quite some
time. However, transcriptional repression or silencing of retroviral
transgene expression has long remained as a major hurdle [16]. In
particular, the stable genetic modification of PSCs that harbor
strong intrinsic silencing mechanisms, presumably as a mode of
antiviral defense to protect germ line cells from mutagenesis, has
proven a challenge [17, 18].

In this context, we here have used lentiviral vectors equipped
with an ubiquitous chromatin opening element (CBX3-UCOE) or
zinc finger nuclease(ZFN)-mediated targeting of an expression cas-
sette into the human adeno-associated virus integration site 1
(AAVS1) safe harbor in order to provide a tool which allows for
stable transgene expression in PSC-derived mature hematopoietic
cells. Considering the substantial engraftment potential and tissue
plasticity of macrophages including TRMs, derivation of such ge-
netically optimized macrophages may pave the way for the use of
iPSC-derived macrophages in a variety of different disease entities.

Material and Methods

iPSC Cultivation

Human iPSCs were maintained on murine CF-1 feeder cells in ESC medium
(knock-out Dulbecco’s modified Eagle medium (KO-DMEM) with 20% knock-
out serum replacement, 0,1 nmol/l f-mercaptoethanol, 1 mmol/l L-glutamine,
1% non-essential amino acids and 1% penicillin/streptomycin) supplemented
with 10-20 ng/ml basic fibroblast growth factor (bFGF; Peprotech, Hamburg,
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Germany). Passaging was performed every 7-10 days depending on the colony
size by using 2 mg/ml collagenase IV (Invitrogen, Carlsbad, CA, USA). Cells
were incubated at 37 °C and 5% CO,

Lentiviral Vector Preparation

SIN-lentiviral vectors were generated according to standard cloning tech-
niques, and lentiviral containing supernatants were produced by transient
transfection of the producer cell line HEK293T by calcium phosphate precipita-
tion. Viral supernatants were harvested 24 and 48 h post transfection, filtered,
and concentrated by ultracentrifugation for 3 h at 25,000 rpm and 4 °C. Titra-
tion was performed on murine SC-1 fibroblasts using serial dilution transduc-
tion and flow-cytometric analysis of green fluorescent marker protein(GFP)- or
RedStar,,.-positive cells.

Transduction of hiPSCs

For transduction, hiPSCs were dissociated to single cells using TrypLE and
subsequently pre-seeded on Matrigel/Geltrex®-coated plates in ESC-medium
containing 10 pmol/l Rock Inhibitor Y-27632 (Tocris Bioscience, Bristol, UK)
and 10-20 ng/ml bFGF. Cells were transduced with the lentiviral supernatant in
the presence of 10 ug/ml protamine sulfate.

Differentiation of hiPSCs

Hematopoietic differentiations of hiPSCs were performed using a previ-
ously published protocol [4]. In short, iPSC colonies were disrupted using col-
lagenase IV and used for embryoid body (EB) formation for 5 days in ESC me-
dium containing 10 pmol/l Rock Inhibitor (Y-27632) on an orbital shaker (100
rpm). EBs were selected, manually transferred onto tissue culture plates, and
cultivated in differentiation medium I (X-Vivo medium; Stem Cell Technolo-
gies, Cologne, Germany) supplemented with 25 ng/ml human IL-3 and 50 ng/
ml human M-CSF for macrophage generation. Macrophages generated by my-
eloid cell-forming complexes (MCFCs) could be harvested from day 10 to day
15 onwards, filtered through a 100 pm mesh and cultivated for 7-10 days for
further maturation in differentiation medium II (RPMI1640 medium supple-
mented with 10% calf serum, 1 mmol/l L-glutamine, 1% penicillin/streptomy-
cin and 50 ng/ml human M-CSF).

Cytospins

Cytospins were prepared with the use of a Shandon cytocentrifuge (Thermo
Scientific, Langenselbold, Germany) by spinning of 2 x 10° cells for 10 min at
700 rpm. Slides were stained in May-Griinwald staining solution for 5 min and
in 5% Giemsa staining solution for 10 min. Slides were washed intensively,
dried until coverage and subsequent analysis using bright-field microscopy.

Flow Cytometry

In brief, cells were harvested using TrypLE and resuspended in phosphate
buffered saline (PBS) for analysis. Expression of hematopoietic and macrophage
markers was analyzed using a FACSCalibur (Becton & Dickinson, Franklin
Lakes, NJ, USA). All antibodies were used as recommended by the manufac-
turer. Antibodies used: hCD45-PE, hCD11b-APC, hCD14-PE.

Results

Vector Design for Improved Gene Expression in iPSC-Derived

Macrophages

In order to prevent silencing of lentiviral transgene expression,
a number of epigenetic regulatory elements have been introduced
into vector backbones. These regulatory elements can be grouped
into two classes: i) elements exhibiting a border or boundary func-
tion intended to block the spread of heterochromatin into the inte-
grated expression cassette, e.g. insulators or scaffold/matrix attach-
ment regions (S/MARs), and ii) elements that are able to actively
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Fig. 1. CBX3-UCOE-mediated transgene expression in hiPSC-derived macrophages. A Scheme of the lentiviral vector expressing GFP from the EFS
(Lv.CBX3.EFS.GFP) (LTR: long terminal repeat). The lentiviral vector was further equipped with a CBX3-UCOE to prevent epigenetic transgene silencing such as
methylation and to favor an open chromatin state. B Experimental scheme of lentiviral-mediated transduction of hiPSCs. Lentiviral particles (Lv.CBX3.EFS.GFP)
were used to transduce hiPSC monolayer. After transduction, modified iPSCs were subjected to hematopoietic differentiation to study transgene stability. C Flow-
cytometric analysis of GFP in transduced CD34iPSC11 over 28 days of culture. D GFP expression in transduced CD34iPSC16 and during hematopoietic differentia-
tion in EBs and MCFCs (scale bars; column 1 and 3: 500 um, column 2 and 4: 200 um). E GFP expression in CD34iPSC16-derived macrophages in cell culture (left
column) and unstained cytospin (right column) (scale bars: 100 pm). F Flow-cytometric analysis and G stained cytospins of terminally differentiated macrophages.
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Fig. 2. Stable transgene expression from the AAVS1 locus in hiPSC-derived macrophages. A Scheme of ZFN-mediated targeting of the fluorescence reporter
genes GFP or RedStar,, into the AAVS1 safe harbor locus (HAL, homology arm left; HAR, homology arm right). B Schematic outline of nuclease-mediated ge-
nome editing of iPSCs. After nucleofection of iPSCs with suitable ZFNs and donor constructs, GFP- or RedStar,,.-positive cells were sorted to obtain transgenic iPS
single cell clones. C GFP expression during hematopoietic differentiation (scale bars; column 1 and 2: 200 um, column 3 and 4: 500 pm) and E in iPSC-derived

macrophages (scale bars: 100 um). D RedStar,,,. expression during hematopoietic differentiation (scale bars; column 1 and 2: 200 pm, column 3 and 4: 500 um) and
F in iPSC-derived macrophages (scale bars; column 1: 100 um and column 2: 50 um). G Flow-cytometric analysis of terminally differentiated macrophages derived
from iPSCs which either express GFP or H RedStary,. from the AAVSI locus. I Cytospins of differentiated macrophages derived from iPSCs which either express

GFP or J RedStar,,,.

remodel the local chromatin environment and activate transcrip-
tion such as locus control regions (LCRs) or ubiquitous chromatin
opening elements (UCOEs) [19]. UCOEs were initially introduced
by Antoniou et al. [20] in 2003 as genomic regions that consist of
two divergently transcribed promoters spanning a methylation-
free CpG-island and exerting an independent dominant chromatin
remodeling function. As the best characterized model, the A2U-
COE that is derived from the heterogeneous nuclear ribonucleo-
protein A2/B1 (HNRPA2B1)/Chromobox3 (CBX3) housekeeping
locus has been shown to mediate stable and reproducible transgene
expression even from integrations within centromeric heterochro-
matin and to efficiently stabilize and enhance gene expression
driven by the human cytomegalovirus (hCMV) promoter in mam-
malian cell lines, when placed upstream of an heterologous pro-
moter [21].

Considering the enormous potential of iPSC-derived hema-
topoietic cells for autologous gene and cell therapy strategies, but
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also the pronounced epigenetic repression of transgene expression
in these cells, it appeared logical to exploit the anti-silencing activ-
ity of UCOE:s in the context of iPSC-based gene therapy. The A2U-
COE efficiently stabilized transgene expression driven by a trun-
cated elongation factor 1a (EES) or the viral spleen focus forming
virus (SFFV) promoter in murine and human PSCs as well as their
differentiated progeny [22, 23]. Although very efficient, the reduc-
tion of viral titers, as well as the risk of deregulating endogenous
gene expression due to its dual promoter activity or the presence of
splice signals within the sequence, represented critical problems for
the employment of A2UCOE-based vectors. More recently, how-
ever, a minimal 0.7 kb CBX3-UCOE (CBX3-UCOE) has been in-
troduced to the field, which retains most if not all of the A2UCOE
functionality [24]. To further evaluate the properties of the CBX3-
UCOE in hiPSCs, we have designed a third-generation self-inacti-
vating lentiviral vector expressing the GFP from the human EFS
promoter. In order to avoid silencing of the GFP transgene, we
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placed a CBX3-UCOE upstream of the EFS promoter (Lv.CBX3.
EFS.GFP) (fig. 1A). Using the Lv.CBX3.EFS.GFP vector, we could
efficiently transduce hiPSCs (CD34iPSC11) [22] with approxi-
mately 60% transduction efficiency (multiplicity of infection
(MOI): 20) and establish a polyclonal transgenic iPSC line (fig. 1B)
demonstrating stable transgene expression over 28 days of culture
(fig. 1C). Similar results could be obtained for a second iPSC line
(CD34iPSC16) [13]. Here lentiviral transduction with a MOI of 50
resulted in >90% stable GFP expression and maintained iPSC mor-
phology (fig. 1D). To proof the anti-silencing effect of the CBX3-
UCOE also in the context of differentiation processes and the as-
sociated epigenetic repression, we have subjected the transduced
iPSC line (CD34iPSC16) to an established hematopoietic differen-
tiation protocol [4] yielding macrophages in the presence of IL-3
and M-CSF. Within the first days of differentiation, transduced
iPSCs formed EBs with classical round shape morphology which
were positive for GFP as analyzed by fluorescence microscopy
(fig. 1D). Following hematopoietic differentiation, EBs successfully
attached to culture plates and formed MCFCs within 10-15 days of
culture. Of note, MCFCs, as well as adherent endothelial-like
stroma cells, remained positive for GFP, indicating stable transgene
expression during differentiation (fig. 1D). In addition, MCFCs
continuously gave rise to GFP-positive macrophages with classical
morphology and a CD45+ CD11b+ CD14+ surface marker profile
(fig. 1IE-G). Thus, the CBX3-UCOE element efficiently stabilized
transgene expression in hematopoietic differentiation cultures of
hiPSCs.

ZFN-Mediated Targeting of iPSCs and iPSC-Derived

Macrophages

While retroviral-based gene therapy has achieved great suc-
cesses in hematopoietic stem cell-based gene therapy approaches,
even more powerful technologies are available in the context of
iPSCs. Here, innovative genome editing strategies that enable ei-
ther the specific targeting of a safe harbor locus, the correction of a
disease-causing mutation by targeted introduction of a ‘superexon’
into the respective endogenous locus, or the directed ‘repair’ of an
affected gene by using single-stranded DNA oligonucleotides may
be applied. Particularly, the latter two strategies carry the benefit of
maintaining the physiological regulation of the targeted gene.

To this end, programmable and highly specific nuclease-based
tools have been developed, which include ZFNs, transcription acti-
vator-like effector nucleases (TALEN), and the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associ-
ated (Cas) protein 9 system [25]. Employing this technology, pre-
cise correction or knock-out of desired genes has been demon-
strated in multipotent as well as pluripotent stem cells [26-28].
However, so far transfer of this technology to primary HSCs has
been hampered by a number of problems, foremost the low target-
ing efficiencies achieved in these cells calling for the application of
this technology in more suitable and ideally clonally expandable
cell sources, such as iPSCs. Along this line, we have addressed the
stability of transgene expression in hiPSC-derived macrophages,
which have been genetically modified to constitutively express GFP

Ex vivo Generation of Genetically Modified
Macrophages from Human Induced Pluripotent
Stem Cells

or RedStar,, from an exogenous promoter in the AAVSI safe har-
bor [29]. As described previously in more detail [29, 30], the hiPSC
line hCBiPS2 [31] was transfected with AAVS1-specific ZFNs and
donor plasmids harboring either GFP or RedStar,,,, under the con-
trol of the CMV early enhancer element coupled to the chicken
B-actin (CAG) promoter (fig. 2A). Following expression of the re-
porter gene, single cell sorting was performed yielding individual
clones positive either for GFP (hCBiPS2_AAVS1eGFPC18) or
RedStar,,. (hCBiPS2_AAVS1RedStarC8) (fig. 2B). Extended culti-
vation of these clones revealed stable transgene expression over
time, whereby GFP expression could be detected in the entire cyto-
plasm, while RedStar,,. expression was restricted to the nucleus
(fig. 2C,D). This specific, although expected, pattern is of high in-
terest, as it allows delivering transgene expression in distinct sub-
cellular localization. In order to investigate transgene expression
from the AAVSI locus during hematopoietic differentiation, we
subjected both clones to hematopoietic differentiation and evalu-
ated transgene stability in hiPSC-derived macrophages. Both ge-
netically modified iPSC lines formed EBs expressing either GFP or
RedStary,, thus highlighting stable transgene expression during
the formation of the three germ layers. Moreover, stable transgene
expression was also observed in MCFCs derived from the EBs
upon hematopoietic specification (fig. 2C,D). Of note, expression
of GFP or RedStar,,. was also detected in endothelial-like stroma
cells. From day 10-15 onwards MCFC-derived macrophages dis-
played typical morphology on bright-field and cytospin images,
which were positive for GFP or RedStar,,,. and stained positive for
CD11b and CD14 (fig. 2E-]). Of note, expression of RedStar,,,
again was only detectable in the nucleus, whereas GFP expression
could be detected in the cytoplasm of macrophages (fig. 2E,F).
Thus, our data highlight stable and specific transgene expression
from the AAVS1 locus during hematopoietic differentiation of
hiPSCs towards macrophages (fig. 2E-]).

Discussion

hiPSC-based gene and cell therapy holds great potential for in-
novative treatment strategies. The concepts most commonly envi-
sioned in this context postulate the generation of customized, pa-
tient-derived iPSCs, which, after genetic modification and appro-
priate differentiation, will be (re)transplanted to the patient as an
individualized therapy approach (fig. 3). The efficient generation
and subsequent differentiation of iPSCs already has been estab-
lished for a number of different tissues and organ systems, includ-
ing cells of the hematopoietic system. However, iPSC-based gene
and cell therapy approaches employing patient-specific iPSCs will
rely on the efficient genetic modification of the target cells. To this
point, we have used genetically modified iPSC lines to address
transgene stability during hematopoietic differentiation towards
macrophages. While different reports shed light into the mode of
action of the full length or minimal UCOE [22, 24], the authors
have used either lentiviral vectors equipped with a CBX3-UCOE or
ZFN-mediated targeting of an expression cassette into the human
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Thereafter, either gene addition using integrating viral vectors or precise genome editing strategies employing designer nucleases (ZFN, TALEN, CRISPR/Cas9) can
be applied. Corrected iPSCs (subclones) can subsequently be differentiated into the disease-affected cell type or stem/progenitor cells, which could then be investi-

gated in vivo.

AAVS] safe harbor to provide a tool for stable transgene expres-
sion in iPSCs and differentiated macrophages.

Using different iPSC lines which express reporter genes either
from randomly integrated lentiviral vector expression systems or
the safe harbor AAVS1 allowed for the expression of reporter genes
in pluripotent cells as well as in thereof derived macrophages,
highlighting their suitability to efficiently express therapeutic
transgenes in iPSCs.

With regard to retroviral vectors, a 1.5 kb UCOE (A2UCOE)
successfully has been exploited in the context of iPSC-based gene
therapy approaches, stabilizing transgene expression from various
promoter constructs [22, 23]. Whereas our initial proof-of-concept
studies focused on the expression of fluorescent reporter proteins,
the A2UCOE has also been applied efficiently in the context of
iPSC-based gene therapy for hereditary pulmonary alveolar pro-
teinosis. Utilizing patient-specific iPSCs, an A2UCOE-equipped
lentiviral vector was demonstrated to restore robust and stable ex-
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pression of the GM-CSF receptor a-chain in hiPSCs and thereof
derived macrophages [13]. In order to further optimize the A2U-
COE, we recently generated a minimal 0.7 kb CBX3-UCOE [24].
This element allows for the production of high-titer virus prepara-
tions, reduces the formation of aberrant transcripts initiated by the
dual promoter activity of the A2UCOE, and when investigated in
the context of SFFV promoter-driven transgene expression sus-
tains most if not all anti-silencing activity of the A2UCOE element.
Moreover, the CBX3-UCOE does not interfere with promoter tis-
sue specificity when combined with a myeloid-specific promoter
[24]. To extend this work, we have now used the CBX3-UCOE in
combination with the EFS promoter and could prove stable
transgene expression in both pluripotent cells and thereof derived
macrophages.

As an alternative to lentiviral vector-based gene addition, pre-
cise genome editing tools may be employed to either correct a dis-
ease-specific mutation or to introduce expression cassettes into a
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defined genetic locus (fig. 3). Thus, we have employed iPSC lines
which have been previously genetically modified by ZFN technol-
ogy to express GFP and RedStar,,. from a CAG promoter in the
AAVSI locus [29]. In these cells, transgene expression was sus-
tained in the pluripotent state and all along the hematopoietic dif-
ferentiation pathway towards mature macrophages. Similar results
have been described by other groups applying ZFNs in hiPSCs to
precisely correct certain gene mutations [32]. In our approach, we
have used iPSCs, which were previously modified by ZFNs to ex-
press reporter genes from the safe harbor AAVS1. Although this
approach relies on the use of exogenous promoter elements similar
to the lentiviral approach, precise genome engineering at the
AAVSI locus would minimize the risk of unwanted insertional side
effects. Moreover, suitable ZFN pairs can initially be screened for
their efficacy and off-targeting specificity, and the designed ZFNs
can then in principle be used to incorporate a variety of different
expression cassettes at the same AAVSI site. While we have used a
constitutive CAG promoter, this technology can also be applied to
tissue-specific promoter elements and may be combined with the
use of the CBX3-UCOE to reduce the risk of promoter silencing
[22, 23]. In addition to ZFNs and TALENS, the use of the RNA-
guided DNA endonuclease Streptococcus pyogenes Cas 9 in the
CRISPR/Cas9 system has evolved as a promising alternative [25].
Taken together, we demonstrate that lentiviral vectors can be
used to introduce genes of interest into iPSCs and that these vec-
tors allow for sustained transgene expression during hematopoietic

differentiation when equipped with genetic elements such as the
CBX3-UCOE. As an alternative, we show that designer nucleases
such as ZFNs can be employed to target expression cassettes to safe
harbors, also providing stable transgene expression during hemat-
opoietic differentiation towards macrophages. Showing the feasi-
bility to derive modified iPSC-derived macrophages by both meth-
ods, the generation of genetically corrected patient-specific iPSC-
derived hematopoietic cells may pave the way for future cell-based
treatment strategies.
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