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Abstract. Embryonic neural tumors are responsible for a 
disproportionate number of cancer deaths in children. Although 
dramatic improvements in survival for pediatric malignancy 
has been achieved in previous years advancements seem to be 
slowing down. For the development of new enhanced therapy 
and an increased understanding of the disease, pre-clinical 
models better capturing the neoplastic niche are essential. 
Tumors of early childhood present in this respect a particular 
challenge. Here, we explore how components of the embryonic 
process in stem‑cell induced mature teratoma can function 
as an experimental in vivo microenvironment instigating the 
growth of injected childhood neuroblastoma (NB) cell lines. 
Three human NB cell lines, IMR-32, Kelly and SK-N-BE(2), 
were injected into mature pluripotent stem cell‑induced tera-
toma (PSCT) and compared to xenografts of the same cell lines. 
Proliferative NB cells from all lines were readily detected in 
both models with a typical histology of a poorly differentiated 
NB tumor with a variable amount of fibrovascular stroma. 
Uniquely in the PSCT microenvironment, NB cells were found 
integrated in a non‑random fashion. Neuroblastoma cells were 
never observed in areas with well-differentiated somatic tissue 
i.e. bone, muscle, gut or areas of other easily identifiable tissue 
types. Instead, the three cell lines all showed initial growth 
exclusively occurring in the embryonic loose mesenchymal 

stroma, resulting in a histology recapitulating NB native 
presentation in vivo. Whether this reflects the ‘open’ nature 
of loose mesenchyme more easily giving space to new cells 
compared to other more dense tissues, the rigidity of matrix 
providing physical cues modulating NB characteristics, or if 
embryonic loose mesenchyme may supply developmental cues 
that attracted or promoted the integration of NB, remains to be 
tested. We tentatively hypothesize that mature PSCT provide 
an embryonic niche well suited for in vivo studies on NB.

Introduction

Key knowledge is still missing for the successful cure of 
aggressive neuroblastoma (NB), representing one of the most 
deadly pediatric malignancies (1-4). Neuroblastoma is a small 
round cell tumor of childhood and is considered to arise from 
dedifferentiation of primordial neural crest cells that populate 
the sympathetic trunks and the adrenal medulla (reviewed in 
ref. 5). During this process, an aberrant response to microen-
vironment cues may play an important role in modulating the 
tumor phenotype, and hence also lead to the variable clinical 
presentations of NB in patients. The clinical presentation 
spans from a benign type with the ability to spontaneously 
regress to a variant with a high rate of recurrence, metastatic 
spread and a high frequency of therapy-resistance. Current 
consensus supports the importance of a strong interplay 
with the surrounding tissue promoting tumor growth and 
spread (6). Thus, pre-clinical studies of childhood NB would 
for increased relevance benefit from in vivo models better 
matching the embryonic neoplastic niche in early development 
from which this tumor is believed to originate.

Pluripotent stem cells (PSC) are defined by their ability 
to differentiate into any of the three germ layers and ectopic 
injections into mice repeatedly produce what is described as 
experimental teratoma (7,8). Although generically referred to 
as a tumor, others and we have previously reported evidence 
that pluripotent stem cell-derived teratoma (PSCT) from PSC 
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with normal karyotype can be described as a failed embryonic 
process including increasingly chaotic embryonic tissues and 
an emerging organoid development (7,8-11). Despite lacking a 
developmental axis this process can show striking similarities 
to the events in the human embryo, including and often domi-
nated by components of early neural development (9,10). When 
compared to human embryos at diagnosed gestation stages, we 
observed minor kinetic deviations in the appearances of several 
organoid structures in PSCT developed from the well-studied 
human embryonic stem cell line HS181 (10). However, more 
advanced organoid structures are rare (7-10) and a prolonged 
immaturity of some neural components is a consistent finding 
also in benign PSCT induced by PSC with normal karyotype 
(reviewed in ref. 8). More specifically, such immature neural 
areas display a strong resemblance with primitive neuroec-
todermal tumors and a similar histology when appearing in 
patient samples is considered potentially malignant.

The stem cell induced teratoma environment has earlier 
been suggested as an experimental platform for studying human 
tumor cell lines of a variety of origins (ovarian, prostate, lung, 
glioblastoma, breast, colorectal cancer) (12-14). Similarly, we 
studied growth from a malignant melanoma cell line in human 
experimental teratoma and identified a de-differentiated tumor 
phenotype not present in xenografts from the same cell line 
(15), possibly indicating an adaptation of the tumor cells to the 
embryonic microenvironment.

To generate new insights and testing a principle of closer 
developmental match between the injected tumor and the 
PSCT microenvironment, we conducted experiments to 
explore the PSCT milieu specifically for in vivo support of 
tumors of embryonic origin. Proliferative tumor cells from 
the injections of three aggressive NB cell lines; IMR-32, 
Kelly and SK-N-BE(2) could readily be identified and growth 
was found exclusively integrated into areas of loose mesen-
chyme, presenting tumors with histological resemblance to 
clinical NB.

Materials and methods

Ethical permission. This study was performed in full 
accordance with permission for experiments using human 
embryonic stem cells, from the Local Ethics Committee at 
Karolinska Institute (114/00), and for animal experimentation 

from the regional ethics committee (Stockholm Northern 
Animal Review Board; Dnr S172-03 and N105/07).

Cell lines. The human embryonic stem cell lines HS181 (16) 
and H9 (17), both of 46:XX karyotype, were maintained in 
culture as previously described (18). The human male NB 
cell lines IMR-32, Kelly and SK-N-BE(2) were obtained 
from ATCC (Manassas, VA, USA). For genetic profile see 
Table Ι. All tumor cell lines were cultured in Iscove's modi-
fied Dulbecco's medium (IMDM) supplied with 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin (all from 
Invitrogen, Carlsbad, CA, USA), at 37˚C, 6.8% CO2, with high 
humidity.

Animals and generation of PSCT. SCID/Beige (C.B.-17/
GbmsTac-scid-bgDF N7; M&B, Ry, Denmark), male mice, 
6-8 weeks old, were used. PSCT were generated by injection 
of 104-105 HS181 under the testicular capsule of mice, as 
previously described (8,9). PSCT were allowed to progress for 
45 days before injected with NB tumor cells. The variations of 
germ layer formation in separate HS181 PSCT formed under 
the present conditions have been described previously in more 
detail and were in all cases minor (9,15).

Injection of NB cells. Cells from the indicated cell lines 
(1x106  cells in 20 µl PBS), were injected into 45-day-old 
PSCT, or as a xenograft, directly under the testis capsule of 
mice anesthetized using isofluran (3%). Injections of NB cells 
resulted in outgrowth in all cases. For number of injections 
and frequency of tumor takes see Table  I. Animals were 
sacrificed two weeks after NB tumor cell injection, before 
reaching the limit of the accepted total size of the PSCT, 
including NB tumor growth, according to the ethical permit 
for the recipient animal.

Tissue preparation. Tumors were harvested after two weeks, 
fixed in 4% paraformaldehyde at 4˚C 24 hours and dehydrated 
through a graded series of alcohol to xylene, embedded in 
paraffin, then serially sectioned into 5-µm-thick sections and 
stained using standard hematoxylin and eosin (H&E) staining 
for basic histological orientation. For each NB cell line, two 
xenografts and two PSCT with injected NB tumor were 
subjected to detailed screening of 10-30 sections each.

Table I. Overview of tumor cell lines and the experimental setup.

	 Number of injections and
	 frequency of tumor takes
	 ------------------------------------------------------
Tumor cell line	 Origin	 Genetic profile	 Xenografts	 PSCT

IMR-32	 Abdominal tumor mass	 MYCN amplification	 3/3	 8/8
		  1p deletion
Kelly	 Brain metastasis	 MYCN amplification	 4/4	 2/2
		  17q amplified
		  11q deletion
SK-N-BE(2)	 Bone marrow metastasis	 MYCN amplification	 2/2	 3/3
		  1p deletion
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Verification of NB tumor growth. Presence of NB tumor 
cells was verified using genetic identification as described 
previously (15). Human Y‑ and X‑chromosomes was detected 
using mixed probes (CEP XY; Vysis Inc, Downers Grove, 
IL, USA) against the human X- and Y-chromosomes, thus 
positively separating human from mouse cells in xenografts, 
as well as separating IMR-32 cells (XX) from PSCT cells 
(XY), as previously described (15). For the identification of 
Kelly and SK-N-BE(2), both lacking stable Y-chromosome 
centromeres, the identification of their genetic MYCN ampli-
fication was performed using the probes LSI N-MYC, 2p24 
(Vysis Inc).

Histological analysis. Areas of identified tumor growth were 
subjected to immunohistochemistry (IHC) using criterion for 
histological analysis of NB cell differentiation as those used in 
daily clinical practice and in other studies (19,20).

Dilutions and conditions for the specific antibodies and 
secondary detection methods are presented in Table II. The 
IHC results were verified using positive control slides from 
tissues known to express the antigen of interest. Negative 
controls were performed by omitting primary antibody and by 
using non-specific antibodies as isotype controls in the same 
concentration as the primary antibody. Species‑specificity of 
the human specific antibody for CD31 was verified internally 

in each staining, since both xenografts and the PSCT environ-
ment contain numerous vessels of murine origin, which were 
all negative.

Image analysis. Imaging was performed using a Zeiss 
Axiovert 200M microscope and Openlab 5.0 software. Images 
were adjusted for auto levels in Photoshop.

Results

Histopathology of NB cell lines in xenografts and PSCT. 
For all three NB cell lines the injections of 106 cells yielded 
detectable tumor growth in all animals. The number of 
injections and frequency of tumor takes are summarized in 
Table I.

All NB cell lines presented growth in smaller nodules as 
well as larger areas of cohesive tumor growth. A consistent 
finding in both xenografts and PSCT was a poorly differenti-
ated tumor with a variable amount of fibrovascular stroma, 
and no Schwann cell differentiation (Table III and illustrated 
in Fig. 1A-F for all three NB lines). Further, presence of a 
neuroendocrine phenotype as reflected by positive staining for 
synaptophysin and chromogranin A was a consistent finding 
for all three NB cell lines in both models, as exemplified by 
SK-N-BE(2) in Figs. 1E,F and 2D.

Table II. Antibodies used.

Antigen	 Source	 Dilution	 2nd detection

CD31	 DAKO, M 0823	 1:20	 DakoCytomation EnVision+System-HRP
Chromogranin A	 DAKO, A 0430	 1:2000	 Bond Polymer Refine detection kit, Leica
Cripto-1	 Rockland, 600-401-99337	 1:400	 4+ Biotinylated Goat Anti-Rabbit-IgG, Biocare Medical
E-cadherin	 Abcam, ab1416	 1:50	 Vectastain Universal Elite ABC
HIF2α	 Novus Biologicals, NB100-132	 1:150	 DakoCytomation EnVision+System-HRP
Ki67	 Abcam, ab833	 1:50	 Vectastain Universal Elite ABC
Lefty	 Santa Cruz, SC-7408	 1:25	 4+ Biotinylated Mouse Anti-Goat-IgG, Biocare Medical
Nodal	 Life Span BioScience, LS-B3955	 1:100	 4+ Biotinylated Mouse Anti-Goat-IgG, Biocare Medical
Synaptophysin	 Novocastra/Leica, NCL-L-Synap-299	 1:100	 DakoCytomation EnVision+System-HRP

Table III. In vivo growth characteristics.

Tumor cell line	 Xenograft (intra testis)	 PSCT

IMR-32	 Poorly differentiated deliminated growth pattern	 Poorly differentiated, moderately small,
	 with a rich fibrovascular stroma. Polygonal	 blastic cells with scant stroma.
	 tumor cells with sheets of neurofibrillary material.	 No evident neuropil.
Kelly	 Poorly differentiated deliminated growth pattern	 Undifferentiated stroma-poor appearance.
	 with a fine fibrovascular stroma. Moderate amount	 Small nuclei with condensed chromatin
	 of cytoplasm forming neuropil.	 and scant cytoplasm without any sign of
		  differentiation. Band-like necrotic areas
SK-N-BE(2)	 Undifferentiated solid areas as well as infiltrating	 Similar to xenografts.
	 growth pattern. Pleomorphic nuclei and a
	 moderate amount of eosinophilic cytoplasm
	 without fibrillary extensions.
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The numbers of mitosis were similar in PSCT and xeno-
grafts; IMR-32 showed a proliferation index of >70% in both 
models, while SK-N-BE and Kelly showed a proliferation 
index of 40-50%.

Tropism of NB outgrowth in the PSCT microenvironment. 
For practical reasons the NB cells were injected into random 
positions in the PSCT cell mass. Small nodules of tumor 
growth were however detected exclusively in areas compat-
ible with undifferentiated mesenchymal stroma, and never 
observed in areas with well differentiated somatic tissue i.e. 
bone, muscle, gut or areas of other easily identifiable tissue 
types.

Fig. 2A illustrates IMR-32 nodular growth (arrows) 
located in a loose mesenchyme environment, with the dotted 

boxed area illustrated at a higher magnification (x40) in 
Fig. 2B. Fig. 2C illustrates the nodular growth of Kelly, here 
located next to vessels staining for human CD31. Similarly, 
Fig. 2D illustrates small groups of SK-N-BE(2) tumor cells, 
here stained for Chromogranin A, embedded in loose mesen-
chyme. 

Nodal-signaling pathway. Expression of Nodal and Cripto-1 
but not Lefty was demonstrated for IMR-32 growth in xeno-
grafts (Fig. 3A-C) as well as in the PSCT microenvironment 
(Figs. 3D-F and 4A-C). Notably, in the PSCT environment, 
non-tumor areas of Cripto-1 positive condensing mesenchyme 
with similar histology as NB tumor growth could be shown to 
exhibit a reciprocal Nodal/Lefty expression pattern (compare 
Fig. 4A2 and A3 with B2 and B3).

Figure 1. In vivo histology of IMR-32, Kelly and SK-N-BE(2). Section of PSCT two weeks after injection of NB cells, showing poorly differentiated tumors 
with a variable amount but mainly little fibrovascular stroma, and no Schwann cell differentiation. In the left hand panels (A, C and E) sections from intra testis 
xenografts, and in the right hand panels (B, D and F) sections after injections into PSCT. (A and B) IMR-32 cells stained for hematoxylin and eosin (H&E). 
(C and D) Histology of Kelly tumor, stained for HIF2α. (E and F) Histology of SK-N-BE(2), stained for COX2. Original magnifications, x40. 
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Discussion

A comparable histology was observed for the three NB cell lines 
in the PSCT microenvironment or when growing as xenografts. 
However, the PSCT environment offered additional information 
and a conspicuous finding following injections into PSCT was 
that the smaller nodules of tumor growth, presumably repre-

senting the initial manifestation of NB, showed for all three NB 
cell lines a strict tissue preference between the components of 
the embryonic process in the stem cell induced mature teratoma. 
Initial growth was observed exclusively in areas compatible with 
embryonic loose mesenchymal stroma. There was no evidence 
for NB cells occurring in areas compatible with bone, muscle, 
gut or areas of other identifiable tissue types.

Figure 2. Nodular NB growth is in the PSCT located in embryonic loose mesenchyme. (A) Section of PSCT two weeks after injection with IMR-32, stained for 
hematoxylin and eosin (H&E). Arrows indicate two separate areas with IMR-32 growth. (B) Higher magnification of boxed area. LM, loose mesenchyme. Inserted 
picture illustrates FISH analysis of adjacent section using human specific probes (green signal, human X-chromosome; red signal, human Y-chromosome) veri-
fying location of IMR-23 cells. (C) Illustration of Kelly nodular growth (indicated by arrows) located in loose mesenchyme and close to vessels staining positive 
for human CD31. (D) Small groups of SK-N-BE(2) tumor cells staining positive for Chromogranin A, embedded in loose mesenchyme. Original magnifications, 
(A) x10; (B, C and D) x40.

Figure 3. Expression of Nodal and Cripto but not Lefty in IMR-32 tumors. (A-C) Paraffin-embedded serial sections of IMR-32 xenografts, stained for (A) Nodal, 
(B) Cripto-1 or (C) Lefty. Seminiferous tubules are seen on the upper left side and the testis capsule in lower right corner. (D-F) Paraffin-embedded serial PSCT 
sections, showing an area of IMR-32 in the middle of the picture, stained positive for (D) Nodal, (E) Cripto-1 but not (F) Lefty. Original magnifications, x40.
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An upfront explanation regarding the mechanism behind 
this tropism could be the ‘open’ nature of the loose mesen-
chyme, i.e. more easily giving space to new cells compared to 
other more dense tissues. In this context, a recent report that 
rigidity of the extracellular matrix may provide a physical cue 
that can modulate NB differentiation, reduce NB proliferation 
and MYCN expression (21), is here of particular interest.

The ability of tumors to invade host tissues is dependent 
on signals mediated by several routes that normally enable 
important physiological functions, such as morphogenesis and 
angiogenesis. Notably, the mesenchyme of the early embryo is 
composed of a matrix of reticular fibers and myxoid ground 
substance and includes undifferentiated spindle or star shaped 
mesenchymal cells but also cells from other germ layers, 
e.g. ectodermal neural crest cells. The loose mesenchyme in 
PSCT is thus best understood as an embryonic tissue in which 

all connective tissue cell types may occur. The three main 
components of loose myxoid ground; glycosaminoglycans, 
proteoglycans and glycoproteins, are known components in 
cell-cell interactions and are here ideally situated for trophic 
factors. Thus, it can also be speculated from the presented 
findings that embryonic loose mesenchyme may supply devel-
opmental cues that attracted or promoted the integration of NB 
tumor cells in the present study.

Whether the explicit tropism identified for the three NB lines 
in the present study can be of a more general importance for 
NB, or specific for the tumors used, remains to be determined 
using a larger panel of NB tumor lines.

Another typical finding was that the NB cells were regu-
larly found in the immediate proximity of vessels. A homing 
to the perivascular niche is in line with the notion that NB 
could be considered a stem cell disease of the sympathetic 

Figure 4. A reciprocal Nodal/Lefty expression of an IMR-32 tumor mirrors that of Cripto-1 positive condensing mesenchyme in PSCT. (A, B and C) Illustrates 
paraffin-embedded serial sections of PSCT two weeks after injection with IMR-32. Stained for (A) Nodal, (B) Lefty and (C) Cripto-1. Blue arrow indicates 
nodular growth of IMR-32 as verified by FISH analysis using human specific probes as described in text and Fig. 2 (data not shown). Two separate areas of con-
densing mesenchyme are indicated with dotted circles (a) and (b), respectively. (A1-3, B1-3 and C1-3) Show higher magnification of the staining in the indicated 
areas. Original magnifications (A, B and C) x5; (A1-3, B1-3 and C1-3) x20.
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nervous system (5) and that the perivascular niche supports 
stem cell self-renewal capacity and an undifferentiated state 
of neural tumor cells (22).

The cellular origin is not exactly known but NB is assumed 
to originate from neural crest precursor cells that specifically 
differentiate into the sympathoadrenal lineage. In this context, 
it is of interest that the timing of NB tumor cell injections used 
in this study, day 45 of the developing embryonic process in 
PSCT, overlaps with the presence in PSCT of neural compo-
nents compatible with gestation stages immediately preceding 
the positioning of adrenal sympatical progenitors in embry-
onic mesenchyme (neural crest development; E25-35) (3,19). 
Thus, we tentatively hypothesize that day 45 HS181 PSCT may 
provide a timely embryonic niche for in vivo studies on NB.

Some further indirect support for this hypothesis comes 
from the findings with the embryonic protein Nodal, member 
of the TGF-β superfamily. Nodal acts as a morphogen in human 
early development, balanced by its antagonist Lefty, but is not 
expressed by most normal adult tissues (23-25). Dysregulated 
expression has however been detected in several malignancies 
and expression of Nodal has been linked with invasiveness and 
metastasis; as reported for melanoma, glioma, and cancers of 
breast endometrium and prostate (25-28). In a previous study 
using a melanoma cell line we detected Nodal positive tumor 
cells invading surrounding mesenchymal stroma in the PSCT 
model (15). We therefore wanted to know whether expression 
of Nodal could be similarly identified for NB. For this we 
selected IMR-32 based on its observed infiltrative growth into 
the surrounding stroma. Our results demonstrated that aggres-
sive IMR-32 tumor growth indeed showed expression of both 
Nodal and its co-receptor Cripto-1, but not the antagonist Lefty. 
Intriguingly, the reciprocal Nodal/Lefty expression of IMR-32 
in PSCT mirrored that of nearby Cripto-1 positive areas of 
condensing mesenchyme. This indicates that the expression 
of Nodal/Lefty in IMR-32 concurred with Nodal regulation in 
PSCT early embryonic patterning (24).

In conclusion, aiming for the principle of a closer develop-
mental match between the tumor and the microenvironment this 
study demonstrates the feasibility of using the embryonic PSCT 
microenvironment for modeling in vivo growth of childhood 
neuroblastoma. The exclusive integration of NB cells into embry-
onic loose mesecnhymal stroma added histology with close 
recapitulation of NB native presentation in patients. This finding, 
together with the advantage of a species identity of surrounding 
stroma, suggests clear benefits for the PSCT model compared 
to xenotransplantation and the PSCT microenvironment to be 
an important well-needed complement for pre-clinical studies of 
NB, facilitating clinical translation. Our continued studies will 
involve expanding the NB model from cell lines to clinical tumor 
material from young NB patients. Considering the extremely 
poor prognosis of malevolent NB, development of new clinically 
relevant models is of utmost importance.
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