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Abstract

The generation of autologous human induced pluripotent stem cells (hiPSCs) from a patient’s somatic cells and the sub-
sequent differentiation of these cells into desired cell types offer innovative treatment options for tissue regeneration.
The hiPSCs obtained are usually implanted in immunodeficient mice, and teratoma formation is analyzed after 4 to 6
weeks to assess the cells’ pluripotency. In this study, an alternative in vivo model based on chicken egg chorioallantoic
membrane (CAM) was established to analyze the pluripotency of newly created hiPSCs. 0.5, 1, 2, 4 x 108 hiPSCs gen-
erated from urine-derived renal epithelial cells were seeded on CAM and incubated for 9 days. Teratoma formation
was detected in 70% of eggs inoculated with 2 x 106 hiPSCs and in 100% of eggs inoculated with 4 x 106 hiPSCs.
All teratomas exhibited vascular structures. The robustness of the CAM model was confirmed using two additional hiPSC
lines derived from human fibroblasts (NuFFs) or jaw periosteal cells. The presence of all three germ layers within the
teratomas was successfully verified by histochemical and immunofluorescence staining and gene expression analysis of
germ layer-specific markers. Urine-derived renal epithelial cells were used as negative control and showed no teratoma
formation. The CAM-based in vivo model provides an optimal in vivo test environment for the pluripotency evaluation of
newly generated hiPSC lines. This simple, fast, inexpensive and reproducible method reduces the suffering of animals and

thus implements the principles of the 3Rs (replacement, reduction, and refinement).

1 Introduction

The groundbreaking discovery of the reprogrammability of so-
matic cells into human induced pluripotent stem cells (hiPSCs)
opened up new opportunities in the field of tissue engineering
and the development of personalized cell therapies. Since hiP-
SCs are derived from patient’s somatic cells, their generation
and use avoid ethical concerns related to embryonic stem cells.
Thus, hiPSCs are a promising cell source to generate patient-spe-
cific cell types. Yamanaka and colleagues first reprogramed mu-
rine fibroblasts into iPSCs (Takahashi and Yamanaka, 2006),
and shortly thereafter reprogramming was also demonstrated in
human fibroblasts using retroviral vectors encoding four tran-
scription factors, KIf4, c-Myc, Oct4 and Sox2 (Takahashi et al.,
2007). However, retroviral vectors are inserted into the host ge-
nome, and this is associated with a significant risk of insertional
mutagenesis, incomplete transgene silencing or reactivation, and
residual expression of reprogramming factors, which can lead to

tumor development (Cieslar-Pobuda et al., 2017). Therefore, to
prevent genetic alterations in hiPSCs for later clinical applica-
tions, several non-genome integrating approaches have been de-
veloped (Kaji et al., 2009; Yu et al., 2009; Warren et al., 2010).
Especially, synthetic messenger RNA-based reprogramming
methods using synthetic messenger RNA (mRNA) or self-repli-
cating RNA (stRNA) are promising (Steinle et al., 2017, 2019a).
After the exogenous delivery of reprogramming factor-encoding
RNAs into somatic cells, desired reprogramming factors are ex-
pressed under physiological conditions by the cellular transla-
tional machinery until the cells are reprogrammed. In compari-
son to plasmid DNA, synthetic mRNAs or srRNAs do not need
to enter the cell nucleus. This allows the expression of desired
proteins in dividing and non-dividing cells and results in an im-
mediate translation of delivered mRNA or srRNA in the cytosol.
Since these RNAs are not integrated into the genome, the risk
of insertional mutagenesis can be eliminated (Rabinovich and
Weissman, 2013).
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After the successful generation of hiPSC lines, a detailed char-
acterization of the cells is essential. In addition to the exclusion
of genetic abnormalities and the expression of proteins associat-
ed with stem cell properties, the confirmation of pluripotency is
required. To confirm the pluripotency of newly generated hiPSC
lines, their differentiation into three germ layers is analyzed by
subcutaneous or intramuscular injection of hiPSCs in immuno-
deficient mice (DeBord et al., 2018; Nelakanti et al., 2015). An-
imals are monitored for approximately 6 weeks and sacrificed to
explant the teratoma before it is larger than 1 cm?. Because of its
tumor-like growth, it can cause the animals pain and suffering and
therefore raises ethical concerns (Buta et al., 2013). In addition,
keeping immunodeficient mice is time-consuming and expensive.

In recent years, the chorioallantoic membrane (CAM) assay was
applied to investigate angiogenesis (Steinle et al., 2018; Naik et
al., 2018), tumorigenesis (Li et al., 2015; Dexter et al., 1983; Du-
rupt et al., 2012; Rovithi et al., 2017), bone and cartilage genera-
tion (Moreno-Jimenez et al., 2016), and irritant potential of chem-
icals (Gilleron et al., 1996; Ying et al., 2010). CAM is formed by
the fusion of the mesodermal layer of the allantois with the me-
sodermal layer of the chorion by the third day of development of
the chicken embryo (Kunz et al., 2019; Dohle et al., 2009). The
highly vascularized CAM mimics a perfect environment for cell
transplantation, and it can maintain engrafted cells (Deryugina and
Quigley, 2008). Furthermore, the CAM assay provides a highly re-
producible, cost-effective, immunodeficient, and non-innervated
extra-embryonic test environment (Kunz et al., 2019; Kunzi-Rapp
et al., 2001) and can be used to implement the 3R principles (re-
duction, replacement, and refinement) (Petrovova et al., 2019). An
ethical advantage of the CAM assay is that the CAM itself is not
innervated, allowing the growth of xenografts without pain or im-
pairment of the embryo (Kunz et al., 2019). Furthermore, the lack
of nociception in chicken embryos due to incomplete neuronal dif-
ferentiation until day 14 of the gestation period makes the model a
favorable alternative to rodent models (Buhr et al., 2020). There-
fore, in some countries, ethical approval is not required for CAM
assays with chicken embryos until 14 days of development. In oth-
er countries, the chicken embryo is not considered an independent
living animal until day 17 or until hatching (Winter et al., 2020),
so ethical approval for animal experiments is not required. Thus,
depending on the country, the legal requirements should be fol-
lowed and, if necessary, the approval of an ethics committee for
animal experiments should be obtained.

In this study, we describe the applicability of a CAM as-
say-based in vivo model as an alternative to conventional rodent
models for analyzing the pluripotency of patient-specific hiPSCs
by spontaneous teratoma formation.

2 Materials and methods

Cultivation of hiPSCs

Footprint-free hiPSCs were generated by reprogramming human
renal epithelial cells (RECs) isolated from 100-200 mL urine of
healthy human donors using VEE-OKSiM-GFP srRNA encod-
ing OCT4, KLF4, SOX2, cMYC, and GFP. Transfection and
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reprogramming were performed according to our recent study
(Steinle et al., 2019b). The obtained hiPSCs were cultivated on
T25 culture flasks coated with 0.5 mg/cm? vitronectin (Thermo
Fisher Scientific, Waltham, MA, USA) in E8 stem cell medi-
um (Essential 8, Thermo Fisher Scientific) at 37°C and 5% COa,.
After reaching 70% confluence, hiPSCs were washed once with
Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher
Scientific) and incubated for 5 min at 37°C with DPBS containing
0.5 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich,
Steinheim, Germany). After detachment, cells were suspend-
ed in E8 medium containing 10 pM ROCK inhibitor Y-27632
(Enzo Life Sciences, Lausen, Switzerland) and passaged at a
1:10 split ratio into a new vitronectin-coated T25 culture flask.
hiPSCs were cultivated at 37°C and 5% CO; (normoxia). After
24 h, the medium was changed to E§ medium without ROCK
inhibitor Y-27632, and daily medium changes were performed.

Cultivation of RECs

RECs were isolated as described in our previous study (Steinle
et al., 2019b) and cultivated at 37°C with 5% CO; in 0.1% gel-
atin-coated 12-well plates with proliferation medium consisting
of 50% renal epithelial (RE) basal medium with REGM Bullet
Kit supplements (Lonza, Basel, Switzerland) and 50% mesenchy-
mal cell proliferation medium (DMEM high glucose supplement-
ed with 10% fetal bovine serum (FBS), 1x GlutaMax, 1x MEM
(minimum essential medium) non-essential amino acids (NEAA),
50 mg/mL gentamicin, 250 mg/mL amphotericin B, 5 ng/mL
basic fibroblast growth factor (bFGF), 5 ng/mL platelet-derived
growth factor (PDGF)-AB, and 5 ng/mL epidermal growth factor
(EGF). Cell culture reagents were obtained from Thermo Fisher
Scientific, and recombinant human growth factors were acquired
from Peprotech (Hamburg, Germany). The medium was changed
every three days. When reaching 80% confluency, RECs were
passaged using 0.04% trypsin/0.03% EDTA. The reaction was
stopped with trypsin-neutralizing solution (TNS; 0.05% trypsin
inhibitor in 0.1% BSA, PromoCell, Heidelberg, Germany). Then,
cells were centrifuged for 5 min at 300 x g and seeded on 0.1%
gelatin-coated (Sigma-Aldrich) T75 cell culture flasks.

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs of the Lohmann White x White Rock
breed chicken were obtained from a breeding facility (Matthias
Sittig, Buchholz, Germany). Feathers, dirt and excrement were
removed from the eggshells by wiping with a wet tissue. The
eggs were placed in an egg incubator (Heka-Brutgerite, Rietberg-
Varensell, Germany) and incubated at 37°C and 60% relative hu-
midity (Day 0). The eggs were completely rotated twice a day. At
day 3 after fertilization, an 18G needle was inserted at the tip of
the egg without harming the yolk, and 2-3 mL albumen was re-
moved to lower the level of the CAM. A semi-permeable adhe-
sive tape, Suprasorb F (Lohmann & Rauscher, Rengsdorf, Ger-
many) was fixed on the eggshell. Then, under a sterile bench, us-
ing sterile surgical scissors, a circular opening (& 1-1.5 cm) was
cut into the eggshell without damaging the CAM. Unfertilized
eggs without a beating heart or without vasculature were discard-
ed. Afterwards, the window of the eggshell of viable eggs was

443



WEBER ET AL.

closed with the adhesive tape to prevent dehydration and to mini-
mize the risk of contamination. Subsequently, eggs were incubat-
ed without rotation at 37°C and 75% relative humidity. On day 7,
the semi-permeable adhesive tape covering the circular opening
was carefully opened with sterile scissors and the development
of the eggs was analyzed. Insufficiently developed or contaminat-
ed eggs without clearly visible vasculature and movement of the
embryo were removed. Sterile silicone sealing rings of cryovials
with an inner diameter of 0.85 cm (neoLab, Leonberg, Germany)
were carefully placed onto the CAM. 0.5, 1, 2, or 4 x 10° hiPSCs
(passage 11) suspended in 50 pL cell culture medium and mixed
with 50 pL Matrigel (hECS qualified, Corning, NY, USA) were
applied into the silicone ring. As a control, 1 x 10° RECs were ap-
plied onto the CAM. After the application, the opening in the egg-
shell was sealed with the adhesive tape again and further incubat-
ed at 38°C and 80% relative humidity. On day 16, the CAMs in-
cluding the generated teratoma were excised around the silicone
ring and fixed overnight at 4°C with 4% paraformaldehyde (PFA,
Merck, Darmstadt, Germany) for further analysis.

To verify the robustness of the CAM model, 2x10° hiPSCs gen-
erated from newborn human foreskin fibroblasts (NuFFs, Ams-
bio, Milton Park, UK) or human jaw periosteal cells (obtained
from Prof. Dr Dorothea Alexander-Friedrich, Department of Oral
and Maxillofacial Surgery, University Hospital Tiibingen) using
srRNA were also applied onto CAM, and the generated teratomas
were analyzed.

Paraffin embedding and histochemical evaluation of teratomas
The PFA-fixed teratomas and CAMs seeded with RECs as neg-
ative controls were washed with DPBS, dehydrated using an as-
cending ethanol series (50%, 70%, 80%, 90%, 99%), and em-
bedded in paraffin for sectioning. Using a microtome (MICROM
GmbH, Walldorf, Germany), 5 um sections were cut from paraf-
fin-embedded tissues. Sections were placed on SuperFrost micro-
scope slides (R. Langenbrinck GmbH, Emmendingen). The sec-
tions were then deparaffinized and rehydrated with xylene, a de-
scending ethanol series (100%, 80%, 70% 60%), and deionized
water. Afterwards, the sections were stained with hematoxylin and
eosin (H&E) (Morphisto, Frankfurt, Germany). In the next step,
sections were dehydrated using an ascending ethanol series (60%,
70%, 80%, 100%), and xylene. Finally, the sections were covered
with glass coverslips. The teratoma structures were microscopi-
cally analyzed regarding the presence of tissue-specific structures.
To prove the presence of cells from all three germ layers, im-
munohistochemical staining was performed using an automated
immunostainer (Ventana Medical Systems, Inc., Arizona, USA)
and specific antibodies against early cell types of three germ
layers according to the company’s protocols with slight modi-
fications. Monoclonal mouse anti-human CD34 antibody (Da-
ko, Agilent Technologies, Santa Clara, USA) was used to show
the presence of mesoderm tissue. CD34 is a marker for hema-
topoietic stem cells and endothelial progenitor cells. Mono-
clonal mouse anti-human SALL4 antibody (M03), clone 6E3,
(Abnova, Taipeh, Taiwan) was used to detect endoderm tis-
sue. The presence of ectodermal tissue was assessed using the
monoclonal mouse anti-human vimentin (V9) (ROCHE, Basel,
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Switzerland) antibody, which is a neural and pancreatic progeni-
tor cell marker. All antibodies were visualized by the automated
immunostainer using DAB (deaminobenzidine). Counterstain-
ing was performed using hematoxylin. Images were taken using
an Axiovert135 microscope (Carl Zeiss, Oberkochen, Germany)
and EOS Utility software (Canon, Tokyo, Japan).

Cryosectioning and immunofluorescence staining of teratomas
The PFA-fixed teratomas were washed in DPBS and then dehy-
drated at RT by sucrose (Saccharose, Sigma-Aldrich) solutions
of increasing concentrations (10%, 15%, 20%) for 15 min each.
Teratomas were then transferred into Tissue-Tek Cryomolds
(Sakura Finetek Germany GmbH, Staufen im Breisgau, Germa-
ny), embedded in Tissue-Tek (Sakura Finetek Germany GmbH),
and stored at -80°C. The frozen block was sectioned at 18 pm
using a cryomicrotome (Leica Biosystems Nussloch GmbH,
NuBloch, Germany). After overnight drying at RT, the sections
were immunostained.

To perform immunofluorescence staining, the teratoma sections
were washed with DPBS and blocked with 4% BSA in DPBS for
1 h at RT. Sections were then incubated for 1 h at RT with fluo-
rescently labeled antibodies in DPBS with 2% BSA or in DPBS
with 2% BSA and Triton X-100 (Sigma-Aldrich) for intracellu-
lar staining. After washing, the coverslips were mounted using
Fluoroshield mounting medium with DAPI (Abcam, Cambridge,
UK). Alexa Fluor® 488-mouse anti-human B-tubulin (BD Bio-
sciences, Franklin Lakes, USA), PE-mouse anti-human CD31,
and PE-mouse anti-human CXCR4 (both from Miltenyi Biotec,
Bergisch Gladbach, Germany) antibodies were used to detect the
three different germ layers. Staining with the respective isotypes
was performed as control.

qRT-PCR analysis

RNA was isolated from the explanted teratomas generated from
2 x 10° hiPSCs or hiPSCs cultivated in cell culture plates (con-
trol) using the Aurum™ Total RNA Mini Kit (Bio-Rad, Munich,
Germany). 300 ng RNA was reverse transcribed into complemen-
tary DNA (cDNA) using the iScript kit (Bio-Rad). The primers
used for the specific amplification of transcripts, ordered from Eu-
rofins (Luxembourg, Luxembourg) or ELLA Biotech (Martinsried,
Germany), are listed in Table 1. They were used at a final concen-
tration of 300 nM. Real-time qRT-PCR reactions were performed
in a CFX Connect Real-Time PCR Detection System (Bio-Rad)
using 1Q SYBR Green Supermix (Bio-Rad). Expression of the
constitutively expressed gene GAPDH (glyceraldehyde 3-phos-
phate dehydrogenase) was used as an internal control for the
amount of RNA input. Primers were designed by using the Prim-
er-Blast tool from NCBI (Ye et al., 2012). Melting temperatures
and self-complementarities were checked using the Oligonucle-
otide Properties Calculator from Northwestern University Medi-
cal School (Kibbe, 2007).

The qRT-PCR amplification of cDNA was performed under
the following conditions: 3 min at 95°C for one cycle, followed
by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 10 s.
After 40 cycles, melt curve analyses were performed to detect
the specific amplification of transcripts. The qRT-PCR reactions
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Tab. 1: List of primer sequences used for gRT-PCR analysis

Gene Germ layer Forward primer Reverse primer

5-3 5-3
GAPDH - TCAACAGCGACACCCACTCC TGAGGTCCACCACCCTGTTG
CD31 GAACGGAAGGCTCCCTTGA AGGGCAGGTTCATAAATAAGTGC
CD34 Mesoderm GATTGCACTGGTCACCTCGG TCCGTGTAATAAGGGTCTTCGC
aSMA GAGGGAAGGTCCTAACAGCC TAGTCCCGGGGATAGGCAAA
FOXA2 TGCACTCGGCTTCCAGTATG CGTGTTCATGCCGTTCATCC
AFP Endoderm AAATGCGTTTCTCGTTGCTT GAGTTGGCAACAAGTGGCTG
Pax6 CTGAGGAATCAGAGAAGACAGGC ATGGAGCCAGATGTGAAGGAGG
Sox1 Fotoderm AATACTGGAGACGAACGCCG AACCCAAGTCTGGTGTCAGC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; aSMA, alpha-smooth muscle actin; FOXA2, forkhead box protein A2; AFP,
alpha-fetoprotein; Pax86, paired box gene 6; Sox1, sex determining region Y-box 1a

were run in triplicates with a total volume of 15 pL per well.
Levels of mRNA for each gene were normalized to GAPDH.
The results are shown relative to control mRNA levels.

3 Results

3.1 Analysis of teratoma formation upon application

of hiPSCs onto CAM

To analyze the teratoma formation of newly generated hiPSCs,
a CAM-based assay was established (Fig. 1A). The viability of
embryos was evaluated using 176 viable eggs. After the opening
of eggs on day 3 and incubating the eggs until day 7, 15 embryos
died, which corresponds to a survival rate of 91%. After 16 days,
63% of the initial embryos were still viable (Fig. 1B).

Using a total of 33 eggs, the formation of teratomas was
analyzed by seeding different numbers of hiPSCs on CAM.
Teratoma formation was analyzed 9 days after the inoculation
of CAM with 0.5, 1, 2, or 4 x 10 hiPSCs (Fig. 1C). Teratomas
were formed in 30% (3/10) of the eggs after the application of
0.5 x 106 hiPSCs, 50% (5/10) after the application of 1 x 10°
hiPSCs, and 70% (7/10) after the application of 2 x 10° hiPSCs.
The application of 4 x 10° hiPSCs resulted in the formation of
teratomas in 100% (3/3) of the eggs (Fig. S11).

3.2 Analysis of teratoma size, tissue structures,

and vascularization

On the 16™ day of incubation, the hiPSC-derived teratomas were
explanted (Fig. 2A and Fig. S1B!). The H&E staining of CAMs
seeded with 0.5, 1,2 x 10° (Fig. 2B) or 4 x 10° hiPSCs (Fig. S1D!)
showed that the teratomas contained different types of tissues.
The seeding of 1 x 10° RECs onto the CAM showed no teratoma
formation (Fig. 2B, control). Measuring the size of the teratomas
(Fig. 2A,C) revealed that the seeding of 2 x 10¢ hiPSCs on CAM

1 doi:10.14573/altex.2005221s
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led to an increased teratoma size (24.47 + 11.71 mm?) compared
to the seeding of 1 x 106 (12.79 + 1.91 mm?) or 0.5 x 10 hiPSCs
(12.5 £ 0.69 mm?) (Fig. 2C). Histological examinations showed
the formation of vascular structures within the teratomas, which
enable the blood supply to the cells (Fig. 2D).

3.3 Analysis of the tri-lineage differentiation of

the hiPSCs

H&E staining of the explanted teratomas that were generat-
ed from 2 x 106 hiPSCs revealed their tri-lineage differentiation
(Fig. 3). Differentiation into mesodermal tissue was demonstrat-
ed by the presence of bone-like structures (Fig. 3A I) and differ-
entiation into endodermal tissue was shown by the detection of
the primitive gut-like epithelium (Fig. 3A II). The presence of
squamous epithelial tissue (Fig. 3A TIT) showed the differentia-
tion of hiPSCs into ectoderm tissue.

Immunohistochemical analyses demonstrated the expression
of the mesodermal marker CD34 (Fig. 3B I), endodermal mark-
er SALL4 (Fig. 3B II), and the ectodermal marker vimentin (Fig.
3B III) associated with the respective morphological structures.
The antibodies showed no binding to tissue sections of CAMs
that were seeded with RECs (Fig. S2A1).

The immunofluorescence analyses of cryosections with specif-
ic antibodies revealed a strong expression of CD31 within the
mesodermal tissue structures (Fig. 3C I), CXCR4 within endo-
dermal tissue (Fig. 3C II), and B-tubulin within ectodermal struc-
tures (Fig. 3C III). Isotype controls showed no binding (Fig.
S2B1). Furthermore, the immunofluorescence analyses of CAMs
seeded with RECs showed no binding to CAM (Fig. S2C1).

Using qRT-PCR, increased expression of mesoderm (CD31,
CD34, and SMA), endoderm (FOXA2 and AFP) and ectoderm
(SOX1 and PAX6) markers was detected on CAMs seeded with
2 x 10° hiPSCs and incubated for 16 days compared to hiPSCs
cultivated in cell culture flasks with E§ medium (Fig. 3D).
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Fig. 1: Evaluation of
teratoma formation after
the seeding of hiPSCs

on CAM

(A) Schematic representation
of the CAM-based assay to
evaluate teratoma formation.
The teratoma formation
assay was completed within
16 days after the start

of incubation of the eggs.
Subsequently, teratomas
were embedded, sectioned,
and histologically analyzed.
(B) Survival rate of chicken
embryos in the CAM assay
(n =176). (C) Efficiency

of teratoma formation
depending on the inoculated
hiPSC numbers on CAM.

Fig. 2: Analysis of teratoma
size, tissue structures and
vascularization

(A) Pictures of excised CAM
with formed teratomas after
the seeding of 0.5, 1, or

2 x 10% hiPSCs on CAM.

As a control, 1 x 10° RECs
were seeded. Teratomas are
encircled in red.

(B) H&E-stained sections of
the teratomas or CAM.

(C) The size of the generated
teratomas was determined by
area calculation (red encircled
area in A). (D) H&E staining
of a teratoma section
showing vascular structures
(black arrows) inside a
teratoma generated from

2 x 108 hiPSCs. The white
arrow shows the CAM. Images
are representative of n = 10
eggs.
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Fig. 3: Detection of three germ
layer-specific tissue types in
teratoma sections

Teratomas were generated

by seeding of 2 x 108 hiPSCs

on CAMs. (A) Representative
microscopic images of teratoma
sections stained with H&E showing
hiPSC-derived tissues of all three
germ layers. Mesoderm: (I) bone-
like tissue; endoderm: (I1) primitive
gut-like epithelium; ectoderm: (IIl)
squamous epithelium. The arrows
indicate the described germ layer-
specific structures. These images
are taken from two teratomas.

(B) Representative microscopic
images of immunohistochemical
staining using antibodies against
() CD34, (Il) SALL4 and

(1) vimentin. Antibody-stained
tissue structures are brown;
sections were counterstained

with hematoxylin. These images
are taken from two hematomas.
(C) Representative immuno-
fluorescence images of teratoma
sections stained with (I) PE-mouse
anti-human-CD31, (Il) PE-mouse
anti-human CXCR4 or (Ill) Alexa
Fluor® 488-mouse anti-human
B-tubulin antibodies. These images
are taken from three teratomas.
(D) gRT-PCR expression analysis
of CD34, SMA, CD31, AFP,
FOXA2, Pax6 and Sox1 transcripts
in teratomas generated from

2 x 108 hiPSCs. mRNA levels were
normalized to GAPDH mRNA
levels. Results are shown relative
to hiPSCs cultivated in cell culture
flask as mean + SEM (n = 3)

Ectoderm

BN
o
Vimentin

B-Tub-FITC

100 um

To further prove the functionality of the CAM model, the ter-
atoma formation potential of two other hiPSC lines, which were
generated in our laboratory by reprogramming of NuFFs or
JPCs, was assessed by seeding of 2 x 10° cells on CAM. The
H&E staining of the explanted teratomas, which were generated
from NuFF-derived (Fig. 4A) or JPC-derived (Fig. 4B) hiPSCs,
demonstrated tri-lineage differentiation potential similar to that of
hiPSC derived from RECs (Fig. 3). Differentiation into mesoder-
mal tissue was demonstrated by the presence of bone-like struc-
tures (Fig. 4A 1) and adipose tissue (Fig. 4B I). Furthermore, gut-
like epithelium showing endodermal differentiation (Fig. 4A II,
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4B II) and squamous epithelium showing ectodermal differentia-
tion (Fig. 4A 111, 4B III) were detected.

4 Discussion

Patient-specific hiPSCs offer the possibility to regenerate de-
stroyed cell types and tissues for personalized treatment. After
the generation of hiPSCs and their differentiation, an extensive
characterization of the cells including confirmation of their plu-
ripotency is required. Typically, cells are implanted in immuno-
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Endoderm

Mesoderm

Fig. 4: Detection of the three
germ layer-specific tissue
types in teratoma sections
generated from NuFF- or JPC-
derived hiPSCs

Representative microscopic
images of H&E stained teratoma
sections of (A) NuFF-derived
hiPSCs: mesoderm: (I) bone-like
tissue; endoderm: (11) primitive
gut-like epithelium; ectoderm:
(1) squamous epithelium,

and (B) JPC-derived hiPSCs:
mesoderm: (I) adipose tissue;
endoderm: (Il) primitive gut-

like epithelium; ectoderm: (II)
squamous epithelium. The
arrows indicate the described
germ layer-specific structures.
These images are taken from
three teratomas, respectively.

deficient mice to demonstrate the ability of newly created hiPSCs
to differentiate into all cell types of the three germ layers, i.e.,
mesoderm, endoderm, and ectoderm (Nelakanti et al., 2015). In
this study, we tested the applicability of the CAM assay as a new
in vivo model for the evaluation of the pluripotency of hiPSCs to
reduce animal suffering.

Commonly, subcutaneous (Cao et al., 2007), intramuscular
(Lee et al., 2009), intramyocardial (Cao et al., 2006), or sub-renal
capsule implantation of hiPSCs is performed into 15 to 20 immu-
nodeficient mice aged 6 to 10 weeks. The animals are maintained
for a period of approximately 4 to 6 weeks to allow the growth
of the implanted cells and teratoma formation (Nelakanti et al.,
2015; Aldahmash et al., 2013). If the cells are transplanted sub-
cutaneously or intraperitoneally, easily palpable teratomas are
formed around 6 weeks post-injection (Zhang et al., 2008). The
teratomas can be measured using the traditional caliper method
(Hentze et al., 2009). Mice should be sacrificed before the tera-
toma is larger than 1 cm? or earlier if the dimension reached im-
pairs the animal’s behavior, motility or food and water intake due
to pain or distress (Nelakanti et al., 2015). The composition of
the explanted teratoma is then analyzed using histological and
immunohistochemical staining.

Using the established CAM assay, the incubation of implant-
ed hiPSCs for 9 days was sufficient to form characteristic tissue
structures of all three germ layers. Thus, the established CAM
model is cost-effective and far less time-consuming than the
mouse model. Moreover, since the CAM is not innervated, it al-
lows the growth of xenografts without pain or impairment of the
embryo (Kunz et al., 2019). The highly vascularized CAM effi-
ciently supports the growth of the teratoma. Furthermore, the im-
maturity of the chicken embryo’s immune system enables the use
of cells from different species (Deryugina and Quigley, 2008) as
the seeded cells are not rejected.

448

Although the established CAM assay-based method has sever-
al advantages over the in vivo mouse teratoma assay, it also has
some limitations. Teratoma formation on CAM can only be per-
formed for 9-10 days after the application of hiPSCs, as the chick
hatches 21 days after incubation. In contrast, in mice the incuba-
tion period can be extended to increase the size or tissue matura-
tion of the teratoma if the animal’s behavior is not negatively af-
fected. In a further study, kinetic trajectories showed that around
37 days are required to see and measure the size of the teratoma
externally (McDonald et al., 2020). Thus, we assume that the tis-
sue structures formed in teratomas on CAM are less mature than
those in mice.

However, the established CAM assay is clearly appropriate to
demonstrate the tri-lineage differentiation capability of the gen-
erated hiPSCs. The robustness of the established CAM assay has
been demonstrated by the successful generation of teratomas af-
ter the application of hiPSC lines generated from NuFFs or JPCs
in addition to hiPSCs derived from RECs. The tri-lineage dif-
ferentiation was successfully demonstrated with all three hiPSC
lines. RECs seeded on CAM did not cause teratoma formation.

The Matrigel used to apply the hiPSCs to CAM is obtained
from the murine Engelbreth-Holm-Swarm (EHS) tumor. There-
fore, replacing Matrigel by synthetic hydrogels, such as poly-
mers and scaffolds based on polyacrylamide and polyethylene
glycol (PEG) (Aisenbrey and Murphy, 2020), will further reduce
and prevent pain and suffering of animals in the future.

To test the influence of inoculated cell numbers on terato-
ma formation, different numbers of hiPSCs were seeded on
CAM. The increase of the cell number from 0.5 x 10° to 2 x 10°
hiPSCs led to a higher teratoma formation efficiency (30%
versus 70%). The further increase of hiPSC number to 4 x 10°
cells resulted in teratoma formation on all CAMs. However,
2 x 106 hiPSCs were sufficient to obtain teratomas containing
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cells of all three germ layers. Thus, we recommend using 2x10°
or more hiPSCs for the teratoma analysis. In immunodeficient
mice, usually, 1 x 106 cells are used per injection, and it has been
shown that injections of 2 or 4 x 10° hiPSCs can increase the
chances of successful teratoma formation in mice (Nelakanti et
al., 2015).

Cells of all three germ layers were detected within the formed
teratoma from 2 x 10 hiPSCs. The presence of endoderm, meso-
derm, and ectoderm tissue cell types was detected using specific
antibodies as well as by detection of gene expression using qRT-
PCR. In addition to using the established CAM model to analyze
the pluripotency of hiPSCs, it can also be applied to determine
whether unwanted hiPSCs remain in the differentiated cells. The
implantation of remaining, not fully differentiated hiPSCs can
lead to the formation of teratomas and must be avoided for clin-
ical use. Thus, the CAM assay also can be applied to analyze the
safety of hiPSC-derived cell types and the complete differentia-
tion of hiPSCs into somatic cells.

5 Conclusion

In this study, an alternative in vivo model was established
and tested to evaluate the pluripotency of newly generated
hiPSC lines within 9 days. The CAM model is a valuable meth-
od to bridge the gap between in vitro cell culture and in vivo
animal experiments. In contrast to the immunodeficient mouse
model, it is simple, inexpensive, and time-saving. The applica-
tion of this CAM assay can reduce the number of required ani-
mals and their suffering. Besides the pluripotency evaluation of
the reprogrammed cells, the CAM assay can be also applied to
test the safety of differentiated cells from hiPSCs.
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