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Abstract

Human induced pluripotent stem cells (hiPSC) are obtained by reprogramming differentiated cells into a pluripotent state. As they can differentiate in vitro into
numerous (if not all) human cell types, hiPSC are a promising source of cells for modeling normal and diseased organs/tissues. However, in classical cell culture
systems, hiPSC differentiation is limited by the fact that only monolayers of cells or oligo-layered structures are produced, mainly because of the absence of vasculature.
Conversely, hiPSC injection in immunosuppressed mice induces teratomas (i.c., three-dimensional structures that include tissues from the three germinal layers).
Here, we thoroughly investigated the extent of airway development in hiPSC-derived teratomas. Teratomas were produced by injecting undifferentiated hiPSC
subcutaneously in NOD.Cg-Prkdc« I12rg™™/Sz] mice that were sacrificed after seven to ten weeks. Teratomas were collected, fixed in 4% paraformaldehyde and
embedded in paraffin. Their structure and composition were analyzed by immunohistochemistry using different antibodies. Within hiPSC-derived teratomas, typical
endodermal tubes were formed that comprised patches of airway epithelium. These epithelia expressed CK7, TTF1/NKX2.1 and CC10, but not CD20 and CDX2
(markers of intestinal epithelial differentiation) that were expressed only in CC10-negative areas. Well differentiated mesenchymal structures, such as smooth muscle
bundles, vessels and cartilage, formed underneath the airway epithelial patches, thus mimicking the normal airway wall. These results show that hiPSC-derived

teratomas are a promising tool to study airway development and to model hereditary lung diseases.

Introduction

For obvious ethical issues, human development can be studied
in utero only with non-invasive techniques, such as echography,
or in vitro in cultured embryos, but only until the blastocyst stage.
Human pluripotent stem cells (hPSC) can differentiate into any cell
type of the body [1]. They are derived from the blastocyst inner cell
mass (human embryonic stem cells, hESC), or by reprogramming
differentiated cells into human induced pluripotent stem cells (hiPSC)
through forced expression of reprogramming factors, such as OCT4,
SOX2, ¢-MYC and KLF4 [2,3]. However, upon differentiation,
cultured hPSC produces only monolayers of cells or oligo-layered
structures, partly because of the absence of vasculature. By contrast,
hPSC injection in immunosuppressed mice to form teratomas is a
useful three-dimensional (3D) system that mimics more closely early
human development. Indeed, teratomas can make use of the mouse’s
vasculature to form relatively large structures. This allows: (1) the
formation of a 3D structure that reproduces physiological embryo
development, including the complex interactions between different cell
types, (2) cell/tissue differentiation during a long period (i.e., at least
two months). Indeed, teratomas are made of many different tissues
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that originated from the three germ layers and that often show the
microscopic morphology of the equivalent fetal human somatic tissues.
However, the presence of lung tissue within teratomas, has only rarely
been mentioned [4-6], although it is a major organ of endodermal
origin. Here we investigated the extent of airway development in
hiPSC-derived teratomas.

Materials and methods

Cell culture

Human foreskin fibroblasts (hFF1 cell line from ATCC) were
cultured in DMEM supplemented with 10% fetal calf serum. The
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hiPSC line M4C7 was cultured on irradiated human foreskin fibroblasts
with KO-DMEM supplemented with 10% KO-SR (Gibco, Life
Technologies®). The hiPSC line iPCD02-30 was cultured in feeder-
free conditions on Matrigel (BD Biosciences) in mTeSR™1 medium
(StemCell Technologies), or on Geltrex matrix in E8 medium (Gibco,
Life Technologies®).

hiPSC generation

The two hiPSC lines M4C7 and iPCDO02-30 were obtained by
reprogramming human skin fibroblasts using lentiviral vectors
that encode the open reading frames (ORFs) of human POUS5FI,
SOX2, NANOG and LIN28 [7], or the CytoTune-iPS 2.0 Sendai
Reprogramming Kit, respectively. The hFF1 cell line (ATCC) was used
to derive the M4C7 hiPSC line and skin fibroblasts from a donor after
informed consent for the iPCD02-30 line. FACS, immunofluorescence,
RT-qPCR or phosphatase alkaline activity analyses demonstrated that
both cell lines had the typical hiPSC expression profile (Supplemental
Fig S1 and S2). After injection in immunocompromised mice, they
produced teratomas that included tissues from all three germ layers [8].

Teratoma formation

Undifferentiated M4C7 and iPCD02-30 cells were dissociated with
Trypsin or Versen, and then 1x107 cells were mixed with Matrigel (BFD
Biosciences) and injected subcutaneously in anesthetized NOD.Cg-
Prkdc T12rg™"i/Sz] (NSG) mice [9]. Mice were sacrificed after seven
to ten weeks. Teratomas were collected, fixed in 4% paraformaldehyde
and embedded in paraffin. The teratomas 13F0351, 13F0353, 13F0355
and 13F0358 were derived from the M4C7 hiPSC line, and the teratomas
032, 103, 104, 105 and 106 from the iPCD02-30 line.

Immunohistochemistry

Paraffin-embedded teratoma sections were deparaffinized with
xylene and rehydrated through alcohol gradient (100% ethanol,
95% ethanol, 70% ethanol, 50% ethanol). After heat-induced antigen
retrieval in Tris-EDTA buffer (100mM Tris, 1mM EDTA and
Tween20, pH = 9.0), sections were blocked and incubated with primary
antibodies against NKX2.1/TTF1 (Dako M3575), CC10 (BioVendor
RD181022220), CK20 (Abcam ab15205), CK7 (Dako M7018 clone
OV-TL 12/30), CDX2 (Biogenex MU392A-UC clone cdx288), Smooth
muscle actin (Dako MO0851 clone 1A4), Ki67 (Dako M7240 clone
MIB-1), Vimentin (Santa Cruz SC7557), epithelial membrane antigen
(EMA) (Novocastra NCL-MUC1/EMA clone Ma695), PGP9.5 (Abcam
ab8189), Tubulin IV (Sigma-Aldrich ONS.1A6) and Muc5AC (Abcam
45M1) for 1lhr, and Aquaporin 5 (Abcam ab92320), HuNu (Merk
MABI1281 Clone 235-1), overnight. Immunohistochemical staining was
visualized using the avidin-biotin system (Dako, LSAB2 System-HRP)
in combination with 3-3'-diaminobenzidine (DAB).

Results

Teratomas have many tubular structures surrounded by
mesenchymal tissue

All hiPSC-derived teratomas displayed tubular structures (Figure
1A) composed of cuboidal or pseudostratified columnar epithelium,
as indicated by the tightly packed cells that formed continuous sheets.
The epithelium organization and the frequent presence of goblet cells
indicated that these structures were of endodermal origin. The number
of tubes varied from 3 to 59 per section, depending on the teratoma and
the position of the section within the teratoma. These tubes seemed to
be randomly associated with other tissue types, such as smooth muscle
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bundles (arrows) and vessels (arrowheads) (Figure 1A), or cartilage
(arrows), which is an important component of the upper respiratory
tract (Figure 1B). Cells in the endodermal tubes were mostly Ki67-
positive, a marker of cell proliferation, thus suggesting immature,
developing structures (Figure 1C). Similarly, immature neural tissue,
consisting of neural rosettes (arrows), was also frequently observed
(Figure 1D). These epithelia developed on a basement membrane
sheet that was underneath a vimentin-positive connective tissue layer
(arrows in Figure 2). The interface between the epithelium and the
subjacent mesenchymal tissue was very well delimited, indicating
a highly organized developing tissue. Moreover, staining with an
anti-smooth muscle actin antibody showed that smooth muscle cells
surrounded the endodermal tubes, as typically observed in the airway
and digestive tracts (arrows in Figure 2D).

Opposing expression patterns of airway and digestive
markers

As endoderm gives rise to the epithelia that line the digestive
and respiratory tracts, we studied the expression of the intermediate
filament cytokeratin-7 (CK7; a cytoplasmic marker expressed in
various epithelia, such as simple ductal epithelium, mesothelium and
pseudostratified epithelium, but not in intestinal epithelium) [10],
cytokeratin-20 (CK20; a cytoplasmic marker of the gastrointestinal
tract) [11], thyroid transcription factor-1 (TTF1/NKX2.1; involved
in lung, thyroid and forebrain specification) and CDX2 (a nuclear
homeobox transcription factor expressed from the proximal
duodenum to the distal rectum, midgut and hindgut, from week 8 of
gestation and in postnatal life) [12]. CDX2 and CK20 are considered
good markers of intestinal origin of metastatic adenocarcinoma,
and CK7 of pulmonary origin in TTF1-positive/CK20-negative
tumor samples [12-13]. In four M4C7-derived teratomas, most
tubes expressed at least one or both cytokeratins (74.0%) as well as
TTF1 or/and CDX2 (75.6%) (Table 1). Specifically, 41.8% were
CK7-positive and 22% were TTF1-positive, while 47.2% were CK20-
positive and 70.7% CDX2-positive. CK7 often overlapped with

Figure 1. General organization of endodermal tubes in hiPSC-derived teratomas.
All sections were counterstained with hematoxylin, eosin and saffron stain (HES).
Antibody binding was visualized using the avidin-biotin system in combination with
3-3'-diaminobenzidine. (A) Whole section of the teratoma 13F0358 stained with an anti-
CDX2 antibody. (B) Proximity of cartilage (asterisks) with an endodermal tube. Teratoma
13F0358. (C) An endodermal tube stained with an anti-Ki67 antibody showing intense cell
proliferation. Teratoma 13F0358. (D) Neural fetal tubes. Teratoma 104.
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Table 1. Number (and percentage) of tubular structures that express CK7 or/and CK20
(in all four M4C7-derived teratomas), or TTF1/NKX2.1 and/or CDX2 (only in teratomas
13F0351 and 13F0353). Tubular structures were counted in one representative section of
each teratoma. The percentages indicate the fraction of tubes that express a specific protein
relative to all the tubes in that section.

Expression ' 3p03s1 1370353 | 13F0355 | 13F0358  TOTAL
pattern
CK7+/ 1 15 7 11 34
CK20- (33.3%) (75.0%) (15.6%) (18.6%) (26.8%)
CK7-/ 1 1 20 19 41
CK20+ (33.3%) (5.0%) (44.4%) (32.2%) (32.2%)
CK7+/ 0 3 6 10 19
CK20+ 0.0%) (15.0%) (13.3%) (16.9%) (15.0%)
1 1 12 19 33
CKT-/CK20- 33 39, (5.0%) (26.7%) (32.2%) (26.0%)
Total tubes 3 20 45 59 127
NKX2.1+/ ] ) 1 1 2
CDX2- (9.1%) (3.3%) (4.9%)
NKX2.1-/ ) ) 6 16 2
CDX2+ (54.5%) (53.3%) (53.6%)
NKX2.1+/ ] ] 1 6 7
CDX2+ (9.1%) (20.0%) (17.1%)
NKX2.1-/ _ _ 3 7 10
CDX2- (27.3%) (23.3%) (24.4%)
Total tubes - - 11 30 41

Vimentin

Figure 2. Interplay between the endodermal tube epithelium and the underlying
mesenchymal tissue. (A-C) Teratoma 13F0358 sections stained with an anti-vimentin
antibody. (C) Larger view of the boxed area in panel A. (D) Section from teratoma 13F0517
stained with an anti-actin smooth muscle (ASM) antibody to highlight smooth muscle.

Figure 3. Opposing expression patterns of airway and digestive tract-specific
cytokeratins. (A-B) Staining of consecutive sections of teratoma 13F0358 with the
anti-CK20 and -CK7 antibodies shows the mutually exclusive expression patterns of
CK7 (marker of airway tissue differentiation) and CK20 (marker of digestive tissue
differentiation).
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TTFI1, and CK20 with CDX2, indicating the bronchial nature of the
CK7/TTF1-positive epithelia and the digestive tract nature of CK20/
CDX2-positive epithelia (Figure 3 and 4). CK20 and CK7 (Figure 3)
or CDX2 and TTF1 (Figure 4) were often concomitantly expressed in
the same tube. However, CK7 or TTF1 never overlapped with CK20 or
CDX2. For example, CK7 and CK20 expression were always mutually
exclusive (Figure 3). Thus, teratomas included endoderm-derived
epithelia that were simultaneously engaged in digestive tract and also
in airway differentiation. The proportion of CK7-positive, CK20-
positive or CK20/CK7-positive tubes varied greatly within each and
among teratomas, suggesting a chaotic determinism of the dominant
differentiation direction in the endoderm tubes.

Expression of mature airway markers in teratomas

Analysis of the expression of SCGB1A1/CC10, a mature bronchial
marker of club cells, showed that it was expressed specifically by
epithelial cells in TTF1-positive, but never in TTFI1-negative areas
(Figure 5A). Mucin 1 (MUCI1), also called epithelial membrane antigen
(EMA), was expressed in CK7-positive tubes (Figure 5B). Furthermore,
we used anti-CCSP, anti-tubulin IV and anti-MUCS5AC antibodies
to highlight the presence of club cells, ciliated cells, and goblet cells,
respectively. Conversely, we did not detect expression of PGP9.5
(neuroendocrine cell marker) and of Aquaporin 5 (type I alveolar
epithelial cell marker) (Figure 5C). These results indicate that patches
of endoderm-derived epithelia display markers of maturing airway.
Finally, we confirmed that mesenchyme and epithelial cells within
teratomas were derived from the injected hiPSC by using a mouse anti-
HuNu antibody that marks human cells (Figure 5C).

Discussion

In this report, we show that hiPSC-derived teratomas can be used
for 3D modelling of human bronchial epithelium differentiation as
they include highly organized airway epithelial structures that are
surrounded by vascularized mesenchyme and cartilage. As the hiPSC
technology allows choosing the genetic background of the starting cell
donor and specific genes can be knocked down by using the CRISP/
cas9 technology, it will be possible to mimic human embryonic airway
development defects or the early steps of genetic diseases. Modeling
normal or diseased human tissues is one of the nine applications of
hiPSC [3]. Moreover, the teratoma system offers some advantages over
common 2D differentiation protocols. The teratoma 3D microscopic
architecture is closer to that of human tissues compared with 2D cell
culture models. The complex and organized interconnection between
the endodermal epithelium and the underlying vimentin-positive
mesenchymal layer, of human origin (Figure 5C), is a good illustration
of this feature. While 3D organoids can be used to generate differentiated
tissues, including airway cells mixed with mesenchymal cells [14,15],
the volume of tissue produced by teratomas is bigger, suggesting a better
differentiation potential and an improved global architecture.

These observations suggest that teratomas recapitulate the
dynamics of early human development, such as some aspects of
gastrulation and the formation of endodermal tubes. Indeed, the
intimate development of the mesenchymal layer underneath the
endodermal tubes observed in teratomas mimics the normal airway
development in which mesenchyme plays a crucial role [16]. Hence,
hiPSC-derived teratomas might be a tool to study these essential early
steps of airway development, for instance by using hiPSC in which specific
growth factors or transcription factors have been genetically deleted.

Nonetheless, bona fide organogenesis is not taking place in
teratomas and this might explain why the different tissues are scattered

Volume 5: 3-5



Sansac C (2018) Three-dimensional modeling of human airway development using induced pluripotent stem cell-derived teratomas

Figure 4. CDX2 and TTF1/NKX2.1 expression in endodermal tubes.

(A—C) Staining of consecutive sections with anti-CDX2 and -TTF1/NKX2.1 antibodies
show the non-overlapping expression of TTF1/NKX2.1 (marker of airway tissue
differentiation) and CDX2 (marker of digestive tissue differentiation) in the same
endodermal tube (arrows) or the exclusive expression of one in other tubes (arrowheads).
A. Teratoma 103; B and C: Teratoma 104.
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Figure 5. Late airway marker expression. (A) Two consecutive sections of teratoma
13F0517 stained with anti-TTF1/NKX2.1 and anti-CC10 (a mature bronchial marker of
club cells) antibodies. CC10 is expressed only in TTF1/NKX2.1-positive areas. (B) Two
consecutive sections of teratoma 13F0351 stained with anti-EMA and -CK7 antibodies
show EMA expression in a CK7-positive endodermal tube. (C) Staining with anti-CCSP/
CC10 (teratoma 032), anti-tubulin IV (teratoma 106), anti-MUCSAC (teratoma 105), and
anti-HuNu (teratoma 106) antibodies reveals the presence of club cells, ciliated cells, goblet
cells, and human cells, respectively. Lack of signal for the anti-PGP9.5 (teratoma 103) and
anti-Aquaporin 5 (teratoma 103) antibodies indicates the absence of neuroendocrine cells
and of type I alveolar epithelial cells, respectively. An adult lung tissue section was used as
positive control for Aquaporin 5 (data not shown).

without global organization [17]. For instance, in our teratomas,
immature neural tubes can be close to endodermal tubes, something
never observed during normal development. Moreover, a teratoma may
contain many different endodermal tubes, while only one is generated
during normal development. However, we cannot exclude that the
different tubes observed in the same section are part of a unique tube.
Moreover, in the same tube, TTF1/NKX2.1, a lung-specific transcription
factor, could be expressed in close proximity to CDX2, a transcription
factor expressed in the mid- and hindgut. Therefore, unless it is possible
to manipulate and artificially direct differentiation to mimic the global
organization observed in embryos, it will not be possible to use hiPSC-
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derived teratomas to model complex developmental processes, such as
lung branching.

Teratoma formation is not easily amenable to experimental
intervention to guide the differentiation process, differently from
in vitro 2D or organoid culture models. Nonetheless, teratoma
cell differentiation could be directed towards lung formation by at
least two means. First, instead of injecting undifferentiated PSCs in
immunodeficient mice, cells could be differentiated prior to injection.
This strategy was used by Green et al. [18] to examine the developmental
competence of human ESC-derived definitive endoderm cells in SCID
mice. Similarly, Mou et al. [19] and Huang et al. [20] differentiated
mouse or human hiPSC into TTF1/NKX2.1-positive cells that were
injected subcutaneously in immunodeficient mice. These cells formed
“tracheospheres” that contain terminally differentiated CC10-positive
club cells, FOX]J1-positive ciliated cells and MUC5AC-positive goblet
cells (for mouse cells) or P63-positive progenitor, basal cells (for
human cells). Second, it may be possible to use soaked microbeads as a
device to deliver specific growth factors or chemical inhibitors during
teratoma formation. Such signals may reproduce some early events
that take place during embryonic life and direct organogenesis towards
a desired tissue type.

Conclusion

We have shown that human hiPSC-derived teratomas recapitulate
the early steps of 3D airway development with the formation of
epithelial tubes and the surrounding mesenchymal structures. These
structures display marked morphological analogies with the airway
structures found during early embryo development. Therefore,
teratomas represent potential surrogate tools to study the mechanism
of normal and abnormal early airway development.
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