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Introduction

The scientific progress made in recent years with both adult
and pluripotent stem cells demonstrates the importance of
stem cell research and its impact on biology and biomedi-
cine. Additionally, engineering of stem cells possesses enor-
mous potential for tailoring biomedical applications and
cellular therapies towards precise and personalized medi-
cine. This also demonstrates that engineering principles en-
ter biology and biomedicine.

The institute studies genetic programs and epigene-
tic mechanisms that determine cell identity and devel-
opmental potential of stem cells and their differentiated
progeny. A particular focus is on hematopoietic stem cells
(HSC), mesenchymal stem cells (MSC), and embryon-
ic stem cells (ES cells) and on stem cell differentiation to-
wards specific lineages, such as antigen presenting dendritic
cells (DC). In addition, pluripotent stem cells are generat-
ed from somatic cells by reprogramming, referred to as in-
duced pluripotent stem cells (iPS cells; Fig. I).

Novel technologies of genome editing including CRISPR/
Cas have revolutionized both basic and applied research in
many areas of biology and biomedicine. Stem cells are par-
ticularly well suited for genome editing. Thus, one objective
of our research is on stem cell engineering and the gener-
ation of cells with wanted properties e.g. for disease mod-
eling or drug testing.
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Fig. 1: Cellular and genetic engineering identifies genetic
programs of cell fate. Transcription factors (green) are
investigated and used to influence developmental pro-
grams. Mesenchymal stem cells (MSC) and hematopoietic
stem cells (HSC) reside in the bone marrow niche and
develop into cells of connective tissue and all cells in
blood, such as dendritic cells, respectively. Biomaterials are
used to emulate aspects of the niche and impact on cell
growth, differentiation, and function. Induced pluripotent
stem cells (iPS cells) are obtained from somatic cells by
reprogramming. CRISPR/Cas technology is employed for
precision genome editing of stem cells.

Stem cells and their differentiated progeny develop in a
highly specialized microenvironment, referred to as stem
cell niche. Thus, a further objective of our research is to

employ biomaterials and/or specific factors to recapitulate
conditions of the stem cell niche in vitro for optimal growth
and differentiation of stem/progenitor cells. A particular fo-
cus is on DC development and DC migration. This includes
research on molecular mechanisms of cell-to-cell and cell-
biomaterial interaction and their impact on cell motility and
adhesion. Furthermore, mechanisms of genetic and epigen-
etic regulation are investigated to address their impact on
cellular senescence and aging of stem cells and on DC de-
velopment. These studies are expected to provide valuable
insights for cell and tissue engineering that may lead to nov-
el replacement therapies in regenerative medicine.

Induced Pluripotent Stem
Cells and Precision Genome
Engineering

Patient specific iPS cells represent an essentially inex-
haustible cell source for many biomedical applications.
Additionally, iPS cells are ideally suited for genome editing
with CRISPR/Cas, since the genetic changes introduced are
propagated to the daughter generations, including differ-
entiated cells (Zenke et al., 2018). We use patient and dis-
ease specific iPS cells and genome editing with CRISPR/Cas
for studies on the impact of mutated KIT, JAK2 and cal-
reticulin in leukemia and for compound screening (in col-
laboration with Department of Hematology, Oncology,
Hemostaseology and Stem Cell Transplantation, RWTH
Aachen University Hospital, and Organic Chemistry,
RWTH Aachen University, and Department of Medicine
| and Ludwig Boltzmann Cluster Oncology, Medical
University, Vienna, Austria). In addition, iPS cells of patients
with chronic pain were generated to study the pathophys-
iology of pain (Meents et al., 2018; in collaboration with
Institute of Physiology, RWTH Aachen University Hospital).

Fig. 2: Automatic cell production facility (iCellFactory)

Biomedical applications of iPS cells, and of cells derived
thereof, require processing of large numbers of individual
cell products. To meet these needs we followed up on our
efforts to construct an automatic cell production facility (Fig.
2; in collaboration with Laboratory for Machine Tools and
Production Engineering, WZL, RWTH Aachen University
and Fraunhofer Institute for Production Technology, IPT,
Aachen, Germany; Malik et al., 2018).
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by Lin et al. (Nucleic Acids Res., 2015) we studied gene ex-

pression in DC and several histone modifications. We have
now extended this work to map the genome-wide open
chromatin architecture by transposase-accessible chromatin

have a differential impact on regulating homing and migration
of DC (Fig. 4). The differential and sequential role of BMP7
and TGF-BI in differentiation of Langerhans cells, the con-
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Nanomaterials are highly tunable nanoscale objects, which

H3K27ac I have received remarkable attention in therapeutic and
theragnostic applications. Cellulose nanocrystals (CNC)
H3K4me3 . A 2 .‘“u e j l i are a unique and promising natural material extracted from
native cellulose. Due to their special surface chemistry, low
H3K4me1

IRF8 Mmﬂ_

toxicological risk, negligible inflammatory response and the
ability to penetrate cells, CNC are promising candidates
for biomedical applications. In this context, nanocellulose-
based imaging probes have received considerable attention

PU.1 ;

L P o o e

Fig. 3: SpiB locus in plasmacytoid DC subset was analyzed
for gene expression (RNA), open chromatin (ATAC), histone
modifications (H3K4mel, H3K4me3 and H3K27ac) and
transcription factor binding (IRF8 and PU.1).
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Cytokine Signals as Relays in
Genetic Programs of EMT and
MET during Dendritic Cell

Development

DC develop from HSC in bone marrow (Fig. 1) and migrate
as precursors into peripheral tissues, such as skin (Fig. 4).
There, DC are embedded sedentarily and functionally to act
as guardians of the immune system. Following antigen up-
take, DC are activated, leave the peripheral tissue and mi-
grate via lymphatic vessels to lymphoid organs for T cell
stimulation (Fig. 4). We propose the concept that genetic
programs of mesenchymal-to-epithelial transition (MET) and
epithelial-to-mesenchymal transition (EMT) regulate hom-
ing and migration of DC, respectively (Hieronymus et al.,
Semin. Cell Dev. Biol., 2015; Sagi and Hieronymus, 2018).
In EMT and MET programs distinct cytokine signals act as
relays during DC development, function and migration. We
particularly focus on investigating signaling via TGF-f3 recep-
tor and hepatocyte growth factor (HGF) receptor, which

in recent years. However, CNC with near-infrared (NIR;
A=750-1400 nm) probes have not been reported to date.
Higher tissue penetration, lower biological auto-fluores-
cence and reduced light scattering have greatly increased
the interest of NIR fluorescent probes. Known limitations
of these probes include dye aggregation, low solubility in
water and undesired changes of photophysical properties.
Thus, only a limited number of NIR dyes are available, most
of them being not easily functionalized and too expensive.

Fig. 5: Imaging of near-infrared cellulose nanocrystals (NIR-
CNQ). (A-C) Confocal imaging showing NIR-CNC (arrows) in-
ternalized by NIH-3T3 cells. Nuclei were stained with DAPI.
Scale bar: 15 um. (D) Transmission electron microscopy anal-
ysis of NIR-CNC showing their typical needle-like structure
(arrows). Scale bar: 500 nm
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To overcome these limitations, we are working on a
joint project with Luiz H.C. Mattoso (LNNA, Embrapa
Instrumentation, Sdo Carlos, Brazil) centered on the
development of near-infrared cellulose nanocrystals
(NIR-CNC). NIR-CNC are fabricated via the covalent
functionalization of water-soluble perylenediimide based
NIR dyes on the surface of the CNC. Physical and chem-
ical characterization of NIR-CNC is done by FT-IR, X-ray
diffraction, scanning electron microscopy and X-ray pho-
toelectron spectroscopy. Furthermore, live cell imaging
studies (i.e., confocal laser scanning and total internal re-
flection fluorescence microscopy) are performed to de-
termine the biocompatibility and suitability for short and
long-term bioimaging (Fig. 5).

Epigenetic Age-Predictor for
Mice

Specific cytosine residues of our DNA become either
methylated or demethylated upon aging. It is yet unclear
how these epigenetic modifications are governed, but
they provide a very powerful biomarker to estimate the
age of human donors. More importantly, the deviation be-
tween predicted and chronological age was shown to be
affected by parameters that influence the aging process,
indicating that epigenetic age is indicative of biological
age. More recently, several groups described epigenetic
age-predictors for mice based on genome wide deep se-
quencing data. These studies have raised a lot of atten-
tion because they facilitate assessment of age-intervention
strategies in the murine model. However, the methods
based on deep sequencing are relatively labor-intensive
and cost-intensive and cannot be easily applied to large
cohorts of mice.
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Fig. 6: (A) Three CpG multivariable epigenetic age-predic-
tor for C57BL/6 mice. (B) Epigenetic age-predictions using
the three CpG multivariable age-predictor for the
C57BL/6 mice (blue) and DBA/2 mice (red) (Han et al.,
2018).

Our group has described a bisulfite pyrosequencing ap-
proach to analyze the DNA methylation level at only three
specific genomic sites in blood samples of mice (Fig. 6A).
Notably, epigenetic aging varies between mouse strains and
it is accelerated in DBA/2 strain with shorter life expec-
tancy (Fig. 6B). The site-specific DNA methylation analy-
sis at only three CpGs provides an easily applicable tool to
further analyze how epigenetic aging is affected in knock-
out mice or in longevity intervention studies in mice (Han
etal., 2018).

Does Soft Really Matter?
Differentiation of Induced
Pluripotent Stem Cells Towards

Mesenchymal Stromal Cells on
Soft Gels

Due to their functional plasticity MSC are very important
for regenerative medicine, and they are studied in many
clinical trials. However, primary MSC isolated from hu-
man tissue are very limited in cell numbers, they are high-
ly heterogeneous and difficult to standardize. Therefore,
alternative strategies have evolved to derive MSC from
iPS cells (iMSC). However, the differentiation of iPS cells
towards MSC remains incomplete. It has been suggested
that mechanical cues can direct lineage-specific differenti-
ation of stem cells and that particularly matrix elasticity is
important for cell fate decisions.

iMSCs

on plastic

o

Fig. 7: iPS cells can be differentiated towards MSC on stiff
plastic and on soft hydrogel. (A) After 35 days of differenti-
ation, iMSC demonstrated MSC-like morphology. (B) The
pluripotency markers TRA-1-60 (red) and OCT4 (green)
were downregulated during differentiation (nuclei stained
with DAPI, blue) (Goetzke et al., 2018).

We demonstrate that iPS cells can be effectively differ-
entiated towards MSCs on fibrin-based hydrogels (Fig.
7; Goetzke et al., 2018). Unexpectedly, this complex dif-
ferentiation process is not affected by the soft substrate:
iMSC generated on plastic or hydrogel have the same
morphology, immunophenotype, differentiation poten-
tial, and gene expression profiles. Moreover, global DNA
methylation patterns of iMSC generated on plastic or hy-
drogel indicate that they are epigenetically alike. These
findings add to recent controversy if and how mechanical
stimulation impacts on cellular differentiation.

on hydrogel
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