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Abstract 

Human pluripotent cells, including embryonic stem cells (ESCs), have been used for interspecies 
blastocyst complementation, with the potential to generate human organs in animals for clinical 
applications. However, ethical concerns exist as human cells may contribute to the germline and central 
nervous system (CNS) in chimeric animals. To prevent such concerns, here we generated BLIMP1 and 
PAX6 knockout human ESCs (hESCs) that are capable of contributing to all cell and tissue types, except 
the germline and CNS in human-mouse chimeras. To overcome the low chimerism efficiency of hESCs, 
we also engineered BLIMP1-/-/PAX6-/- hESCs with a doxycycline-inducible system to express the anti-
apoptotic gene BCL2 (iBCL2) and injected them into Igf1r-/- mouse blastocysts, which remarkably enhanced 
the chimerism efficiency. To test organogenesis potential, mesenchymal stem cells were generated from 
BLIMP1-/-/PAX6-/-/iBCL2+ hESCs injected into Sox9+/- mouse blastocysts, which rescued Sox9 
haploinsufficiency skeletal defects and contributed to mesenchymal tissues of the chimeric fetuses and 
neonates. Thus, we provide a simple and effective approach to generating human-animal chimeras that 
are free of ethical concerns. 
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Introduction 
Interspecies chimerism is one method to test the 

developmental potential of pluripotent stem cells 
(PSCs) by injecting the cells into a recipient blastocyst-
stage or earlier embryo followed by uterine 
implantation into a surrogate [1]. It has been 
demonstrated that human PSCs (hPSCs), including 
human embryonic stem cells (hESCs) and induced 
pluripotent stem cells (iPSCs), can contribute to all 
three germ layers of a chimeric embryo [2]. 
Furthermore, blastocyst complementation has been 
attempted to generate human organs in chimeras by 
knocking out specific genes essential for the 
development of an organ of interest in the host. The 
first proof-of-concept was shown by injecting wild-
type (WT) donor mouse ESCs into the mouse 
blastocyst with RAG-2 knockout (KO), which led to 

development of only donor-derived B and T 
lymphocytes in the chimeras [3]. Rat PSCs injected into 
mouse blastocyst with Pdx1 KO (to disable 
pancreatogenesis) also generated functional rat 
pancreas in the chimeras [4]. More recently, genetically 
modified hPSCs with enhanced viability for 
chimerism generated humanized skeletal muscles and 
mesonephros in porcine fetuses with multigene KO to 
create niches conducive to the development of these 
tissues and organs [5, 6].  

However, the risk of germline or neural 
contributions by human cells has posed serious ethical 
concerns, restricting human-animal chimerism 
studies. As an example, a recent study demonstrated 
that transplanting human cortical organoids into the 
somatosensory cortex of immunocompromised rats 
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allows the growth of mature human brain cells and 
even drives reward-seeking behavior in the chimeras 
[7]. These findings potentially indicate that neural 
integration of human cells may cause human-like 
behavior or mindsets in chimeras, which could also be 
passed on transgenerationally via gametes. Thus, the 
International Society for Stem Cell Research guidelines 
urge researchers to prevent contribution of human 
cells to the central nervous systems (CNS) and 
germlines of the chimeras and prohibit production of 
chimeric gametes [8]. However, there also appears to 
be no clear regulations for the end point of chimeric 
studies as it depends on ethical, regulatory, and 
scientific considerations. Ethics committees usually 
recommend terminating human-mouse chimera 
experiments before birth and terminate human-animal 
chimera experiments involving larger animals at an 
early stage of pregnancy to avoid the above concerns 
[9]. However, such restrictions prevent the proper 
maturation of human organs in chimeras, thereby 
limiting the utility of such studies to understanding 
the full developmental potential of human cells in 
animal fetuses and neonates.  

One strategy to overcome such restrictions is to 
delete key genes required for the proper 
differentiation of hPSCs into germline and neural cells, 
to circumvent the contribution of human cells to those 
tissues in chimeric animals. Hashimoto et al. proved 
this strategy by knocking out Prdm14 and Otx2 in 
donor mouse ESCs followed by chimerization with 
recipient mouse blastocysts [10]. However, both genes 
do not execute exactly the same functions in humans 
[11-13]. For human organogenesis through human–
animal chimerism, it remains essential to identify the 
genes critical for human germline and neural 
development, so that they can be selectively disrupted 
in donor hPSCs. Here, we selected and knocked out B 
lymphocyte-induced maturation protein 1 (BLIMP1) 
and Paired box protein 6 (PAX6) in hPSCs, which were 
then injected into the mouse blastocysts to generate 
human-mouse chimeras. We show that the double 
knockout (DKO) of BLIMP1 and PAX6 is sufficient to 
prevent germline and neural contributions of hESCs — 
while retaining their developmental capacity to 
generate various cell types of tissues including that of 
bone and cartilage — in chimeric mice. Hence, we 
provide an effective strategy to generate ethically-
acceptable human-animal chimeras for basic and 
translational research.  

Results 
BLIMP1 KO in hESCs prevents germline 
differentiation 

To identify a key determinant for primordial 
germ cell (PGC) differentiation to target, we obtained 
RNA-seq data from NCBI #GSE99350 on WT and 
BLIMP1-/- human iPSCs (hiPSCs) for human PGC-like 
cells (hPGCLC) induction [14]. The early PGC markers 
including BLIMP1, TFAP2C, CD38, NANOS3, and 
UTF1 were shown to be upregulated following 
hPGCLC induction (Fig. S1A). Among these genes, 
BLIMP1 has been shown to play a crucial role in hESC 
differentiation into hPGCLCs [15], [16]. BLIMP1 is 
known to activate and stabilize a germline 
transcriptional circuit while repressing a default 
neuronal differentiation program [15]. KO of BLIMP1 
in hESCs has been described to lead to failure of 
hPGCLC specification and increase the expression of 
somatic markers during the PGC differentiation [17]. 
Thus, we first knocked out BLIMP1 in the CT3 hESC 
line [18] using CRISPR-Cas9 to see whether it is 
sufficient to block germline differentiation. 
Genotyping demonstrates that five bases in exon 5 of 
BLIMP1 were deleted in both alleles, resulting in a 
frameshift mutation and loss of BLIMP1 protein 
expression (Fig. 1A). Then, BLIMP1-/- hESCs were 
induced to differentiate into hPGCLCs via embryoid 
body (EB) formation following a previously reported 
protocol [19] (Fig. 1B and S1B-C). At day 4 of the 
differentiation, only WT, but not BLIMP1-/-, hESCs 
expressed BLIMP1 (Fig. 1C). Expression of BLIMP1 
and other primordial germ cell (PGC) markers 
TFAP2C, and SOX17 was remarkably down-regulated 
in BLIMP1-/- hESCs at day 4 of the differentiation 
compared to the WT control (Fig. 1D). Absence of 
BLIMP1 was also observed in hPGCLCs differentiated 
from hESCs in monolayer using a recently reported 
method when examined both by western blotting and 
immunostaining [20] (Fig. S1D-G). Furthermore, both 
WT and BLIMP1-/- hESCs formed teratomas following 
stochastic differentiation in immunocompromised 
NOG/SCID mice, thereby demonstrating their 
pluripotency. The germline marker, DAZL protein 
(per immunostaining, Fig. 1E) in addition to other 
germline markers including VASA, STELLA, and 
NANOS3 RNA (per qPCR, Fig. 1F) were all detected in 
teratomas formed by WT hESCs but virtually absent 
from those formed by BLIMP1-/- hESCs. Thus, BLIMP1 
KO blocked both directed and stochastic 
differentiation of hESCs into hPGCLCs and their 
derivatives. 



Int. J. Biol. Sci. 2026, Vol. 22 
 

 
https://www.ijbs.com 

7950 

 
Figure 1. BLIMP1 KO prevents hESCs from differentiating into germ cells. (A) Strategy and genotyping for BLIMP1 KO. (B) Schematic for directed differentiation of 
hESCs into hPGCLCs in vitro and random differentiation of hESCs to form teratoma in vivo. (C) Immunostaining for BLIMP1 on WT and BLIMP1-/- hESCs at day 4 (D4) of 
hPGCLC induction. Scale bar, 25 µm. (D) Quantitative PCR (qPCR) to detect germline markers in WT and BLIMP1-/- hESCs at D4 of hPGCLC induction (n = 3). (E) 
Immunostaining for the germline marker DAZL in teratomas formed by WT and BLIMP1-/- hESCs. Scale bar, 25 µm. (F) qPCR to detect germline markers in teratomas formed 
by WT and BLIMP1-/- hESCs (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  

 
PAX6 KO in BLIMP1-/- hESCs prevents neural 
differentiation 

Next, to select a key gene critical for NPC 
differentiation, we used a heatmap to analyze the 
expression of eight NPC markers during hESC 
differentiation into NPCs. All marker genes were 
upregulated over time (Fig. S2A). PAX6 is a 
determinant for neuroectoderm (NE) specification and 
is uniformly expressed in the NE differentiated from 
hESCs [21]. PAX6 KO in hESCs blocks their 
differentiation into the NE [22] as well as formation of 
neural organoids [23]. Thus, we targeted the PAX6 
gene for KO in our BLIMP1-/- hESCs in an attempt to 
abolish their capacity to produce neural lineages. 
Genotyping showed that 1 base was inserted into exon 
1 of PAX6 in both alleles, leading to a frameshift 
deletion of the PAX6 protein (Fig. 2A). We then 
directly differentiated our BLIMP1-/-/PAX6-/- hESCs 
into neural progenitor cells (NPCs) using either a 
previously reported protocol [24] (Fig. S2B) or through 
stochastic differentiation via teratoma formation (Fig. 
2B). At D11 of NPC induction, PAX6+ cells were 
detected highly among the WT cells but were 
negligible among the BLIMP1-/-/PAX6-/- cells with flow 

cytometry (Fig. 2C). At D20 of NPC induction, WT 
cells displayed neuroepithelial-like morphology with 
high density whereas BLIMP1-/-/PAX6-/- cells 
appeared to be mesenchymal-like with low density 
(Fig. S2C). Western blotting also showed that PAX6 
and other NPC markers, including NESTIN and SOX2, 
were present in the WT cells but absent BLIMP1-/-

/PAX6-/- cells. We also found another NPC marker 
SOX1 was downregulated remarkably in the BLIMP1-

/-/PAX6-/- cells compared to the WT cells (Fig. 2D). 
Immunostaining confirmed the presence of PAX6 and 
NESTIN in the WT but not BLIMP1-/-/PAX6-/- cells 
(Fig. 2E). Consistent with these findings, 
neuroepithelial-like cells (derived from the neural 
ectoderm) were found only in teratomas formed by the 
WT but not BLIMP1-/-/PAX6-/- hESCs, although 
mesoderm- and endoderm-derived tissues were 
detected in both groups (Fig. 2F). Immunostaining also 
showed that the neuronal marker TUJ1 was detected 
in teratomas formed by the WT, but not BLIMP1-/-

/PAX6-/-, hESCs (Fig. 2G) while the mesodermal 
marker SP7 and endodermal marker AFP were 
detected in teratomas formed by both WT and 
BLIMP1-/-/PAX6-/- hESCs (Fig. S2D and S2E). These 
results indicate that PAX6 KO in the BLIMP1-/- hESC 
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background could further abolish the potential of cells 
to undergo neural differentiation. 

Transcriptome profiling of BLIMP1-/-/PAX6-/- 
hESCs shows a loss of differentiation capacity 
to become gametes and neurons  

To test whether pluripotency is retained in the 
BLIMP1-/-/PAX6-/- hESCs, we first confirmed that both 
WT and BLIMP1-/-/PAX6-/- hESCs expressed 
pluripotency markers NANOG, OCT4, and SOX2 by 
immunostaining (Fig. 3A). Then, we also performed 
RNA sequencing (RNA-seq) on WT and BLIMP1-/-

/PAX6-/- hESCs with or without NPC induction and 
obtained RNA-seq data from NCBI #GSE99350 on WT 
and BLIMP1-/- hiPSCs with or without PGCLC 
induction [14]. Through principal component analysis 
(PCA), WT and BLIMP1-/- hPSCs were found to be 
very similar to each other in transcriptome (Fig. S3A), 
as were WT and BLIMP1-/-/PAX6-/- hPSCs (Fig. S3B). 
However, WT and BLIMP1-/- cells exhibited high 
variance after PGCLC induction (Fig. S3A), as did WT 
and BLIMP1-/-/PAX6-/- cells after NPC induction (Fig. 
S3B). Volcano plot showed 477 genes were 
upregulated and 834 genes were downregulated in the 

BLIMP1-/- group compared to the WT control after 
PGCLC induction (Fig. S3C). The downregulated 
genes included PGC markers as well as NANOG and 
PRDM14 which are highly expressed in PGCs [15], 
whereas some mesodermal and endodermal markers 
were among those upregulated genes (Fig. 3B).  

After NPC induction, 572 genes were 
downregulated and 389 upregulated in the BLIMP1-/-

/PAX6-/- group compared to the WT group (Fig. S3D). 
NPC markers including PAX6, SOX1, SOX2, and 
NESTIN were among those downregulated genes and 
mesodermal and endodermal markers were among 
those upregulated genes (Fig. 3C). This was also 
consistent with our gene ontology (GO) analysis of 
downregulated (Fig. 3D) and upregulated (Fig. 3F) 
genes in BLIMP1-/-/PAX6-/- cells after NPC induction, 
which shows that genes in neural-related pathways 
were downregulated (Fig. 3E) and genes in 
mesenchyme development pathways were 
upregulated (Fig. 3G) in the BLIMP1-/-/PAX6-/- group 
compared to the WT group. Together with our results 
from the teratoma assays, this validates that the DKO 
of BLIMP1 and PAX6 prevents hESCs from germinal 
and neural differentiation while retaining the potency 
to generate most other developmental lineages. 

 

 
Figure 2. PAX6 KO prevents BLIMP1-/- hESCs from neural differentiation. (A) Strategy and genotyping for PAX6 KO. (B) Schematic for directed differentiation of 
BLIMP1-/-/PAX6-/- hESCs into NPCs in vitro and random differentiation of the BLIMP1-/-/PAX6-/- hESCs to form teratomas in vivo. (C) Flow cytometry for PAX6 in WT and BLIMP1-

/-/PAX6-/- hESCs at D11 of NPC induction. (D & E) Western blotting (D) and immunostaining (E) for NPC markers in WT and BLIMP1-/-/PAX6-/- hESCs at D20 of NPC induction. 
Scale bar, 25 µm. (F) Hematoxylin and eosin staining on sections from teratomas formed by WT and BLIMP1-/-/PAX6-/- hESCs. Scale bar, 250 µm. (G) Immunostaining for the 
neuronal marker TUJ1 on sections from the above teratomas. Scale bar, 25 µm. 
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Figure 3. Transcriptomic comparison of WT and BLIMP1-/-/PAX6-/- hESCs and derivatives. (A) Immunostaining for pluripotency markers in WT and BLIMP1-/-/PAX6-

/- hESCs. Scale bar, 25 µm. (B & C) Heatmap for designated marker gene expression in WT and BLIMP1-/- hiPSCs with or without PGCLC induction (B) and WT and BLIMP1-/-

/PAX6-/- hESCs with or without NPC induction (C). (D & F) Heatmap for downregulated (D) and upregulated (F) genes in BLIMP1-/-/PAX6-/- cells compared to WT cells after 
NPC induction. (E & G) GO analysis for top terms associated with downregulated (E) and upregulated (G) genes in BLIMP1-/-/PAX6-/- cells versus WT cells after NPC induction.  
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Inducible BCL2 (iBCL2) expression enables 
robust chimerism of BLIMP1-/-/PAX6-/- hESCs 
with the mouse blastocysts  

To unequivocally confirm that BLIMP1-/-/PAX6-/- 
hESCs will not contribute to either germ cells or neural 
cells during embryogenesis, we employed the human-
mouse chimerism assay via microinjection of the 
mouse blastocyst with the WT and BLIMP1-/-/PAX6-/- 
hESCs. The ENVY hESC line was used for this 
purpose, which was genetically modified to 
constitutively express GFP for the injection [25]. hPSCs 
have been described to have low chimerism efficiency 
with rodent blastocysts due to lower competitiveness 
and survival than rodent PSCs, which is thought to be 
caused by activated NFκB and apoptotic signaling 
pathways in hPSCs [26, 27]. Since ectopic expression of 
the anti-apoptotic gene BCL2 remarkably increases the 
survival and chimerism of hESCs with the mouse 
blastocyst [28], we transduced the ENVY hESCs with 
lentiviral vectors for iBCL2 expression upon treatment 
with DOX (Fig. 4A). Constitutive BCL2 expression was 
not chosen as repressed cell death can interrupt the 
normal development and functions of embryonic cells 
[29]. Indeed, stably transduced iBCL2 lines established 
from both WT and BLIMP1-/-/PAX6-/- hESCs expressed 
substantially higher levels of BCL2 in the presence of 
DOX than in its absence per western blotting (Fig. 4B).  

Then we injected mouse blastocysts with iBCL2 
hESCs after DOX treatment for 24 hours (h). The 
injected blastocysts were cultured in vitro for 16 h or 
transplanted immediately into the uterus of a 
surrogate mouse followed by collection of fetuses at 
embryonic day 14.5 (E14.5) (Fig. 4C). Immunostaining 
shows that the apoptotic marker activated caspase 3 
(aCasp3) was not detected in the blastocysts injected 
with iBCL2 hESCs pretreated with DOX but detected 
in those without DOX treatment after culturing in vitro 
for 16 h (Fig. 4D). Quantitative PCR (qPCR) at E14.5 
showed that human genomic DNA (gDNA) was 
detected in chimeric fetuses formed by blastocysts 
injected with both WT and BLIMP1-/-/PAX6-/-, DOX-
treated iBCL2 hESCs (hereafter abbreviated as WT and 
DKO chimeras, respectively) approximating a 10-4 
dilutions of pure hESC gDNA (Fig. S4A). A human-
specific marker STEM121 was detected and 
overlapped with GFP signal in sections of the chimeras 
per immunostaining (Fig. S4B). Of E14.5 embryos, 
53.3% and 50% contained GFP+ human cells for the 
group injected with DOX-pretreated iBCL2+ WT and 
iBCL2+/BLIMP1-/-/PAX6-/- hESCs, respectively. In 
contrast, no GFP+ human cells were detected in 
embryos injected with the iBCL2+ WT hESCs without 
DOX pretreatment (Table 1). GFP+ cells were 
quantified using ImageJ (NIH, USA) as previously 

described [30] to calculate the human cell ratio in 
multiple sections of the WT and DKO chimeras. It 
ranged from 0.00023 to 0.00093 without significant 
difference between the two groups (data not shown), 
consistent with the human gDNA ratio quantified via 
qPCR (Fig. S4A). These results suggest that, via iBCL2, 
both WT and BLIMP1-/-/PAX6-/- hESCs contributed to 
the chimeric fetuses. 

Next, we tracked the human cells in chimeras. We 
used an antibody specifically against human NANOS3 
to detect human germ cells in the gonads of the 
chimeras. Immunostaining of E14.5 chimeras detected 
NANOS3 in the gonads of the WT but not DKO 
chimeras (Fig. 4E and 4F). Similar results were 
obtained with the antibody Hu-Mito against human 
mitochondria (Fig. S4C). On the other hand, GFP 
signal overlapping with the neuronal marker TUJ1 
was detected in the spinal cord (Fig. 4G and 4H) and 
GFP signal overlapping with the NPC marker SOX2 
was detected in the brain (Fig. S4D and S4E) of the WT, 
but not DKO, chimeras. Moreover, the human-specific 
marker HNA, overlapping with the neuronal marker 
PAX6, was observed in the brain of the WT, but not 
DKO, chimeras (Fig. S4F and S4G). In contrast, GFP 
signals overlapping with the mesodermal marker SP7 
and the endodermal marker AFP were detected in the 
spine (Fig. 4I) and liver (Fig. 4K), respectively, of both 
WT and DKO chimeras. Significant differences were 
observed in the ratio of GFP+SP7+ cell number over the 
total SP7+ cell number or the ratio of GFP+AFP+ cell 
number over the total AFP+ cell number in the liver, 
but not the spine, between the WT and DKO chimera 
groups (Fig. 4J and 4L). These results suggest that 
DKO specifically prevented hESCs from contributing 
to germ cells and neural tissues in the chimeras 
without affecting their capacity to produce meso- and 
endodermal lineages.  

Igf1r KO enables higher human cell 
contributions into human-mouse chimeras  

Igf signaling is essential for the embryonic 
development and body size [31]. Genetic ablation of 
Igf1r in the mouse embryo results in growth 
retardation and neonatal death [32]. A recent study 
demonstrated that Igf1r KO enables robust 
contribution of rat ESCs into rat-mouse chimeras and 
prevented deduction of the body size seen with Igf1r-/- 
embryos without such chimerization [33]. To enhance 
human cell contribution into human-mouse chimeras, 
we injected hESCs into Igf1r-/- mouse blastocysts 
derived from mating of male and female Igf1r+/- mice, 
transplanted the injected blastocysts into the uterus of 
surrogate mice, and collected embryos at E16 (Fig. 5A). 
As expected, WT embryos appeared larger than Igf1r-/- 
embryos. However, injection of either WT or BLIMP1-
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/-/PAX6-/- hESCs into Igf1r-/- blastocysts failed to 
increase the body size and weight, in comparison to 
non-injected embryos (Fig. 5B-5D), even though 
higher human gDNA ratios were recorded in Igf1r-/- 
than WT embryos injected with WT hESCs (Fig. 5E). 
This failure may be due to the poor competence of 
human cells in mouse embryos which is caused by 
various mechanisms that have been previously 
described [27]. 

As seen in chimeras formed by human cell-
injected WT mouse embryos (Fig. 4), GFP signals 
overlapped with the mesodermal marker SP7 and the 
endodermal marker AFP in all groups (Fig. S5B and 
S5E). But the GFP+ cell ratio was higher in Igf1r-/- than 
WT embryos injected with either WT or BLIMP1-/-

/PAX6-/- hESCs (Fig. S5C and S5F), indicating that 

human cells showed higher contribution in Igf1r-/- than 
WT mouse embryos. Again, human specific NANOS3 
in the gonads and HNA signal, overlapping with 
PAX6, in the brain was only seen in embryos from WT 
but not BLIMP1-/-/PAX6-/- hESCs (Fig. 5F & H). These 
results suggest that, even with increased contribution 
of human cells into Igf1r-/- embryos, BLIMP1-/-/PAX6-/- 
hESCs still only contribute to tissues apart from the 
CNS and gonads. It is worth noting that the ratio of 
HNA+ cell number/total cell number appeared 
around 10% (Fig. 5J), much higher than the ratio per 
qPCR analysis (Fig. S4). However, the images were 
taken from some human cell-enriched areas. On 
average, human cells contributed much less in the 
chimeras. 

 

 
Figure 4. iBCL2 allows robust chimerism of BLIMP1-/-/PAX6-/- hESCs with the mouse blastocyst without gametal and neural contributions. (A) Schematic for 
a DOX-inducible BCL2 (iBCL2) expression construct. (B) Western blotting for BCL2 expression in both WT and BLIMP1-/-/PAX6-/- iBCL2 hESCs after DOX treatment for 24 h. 
(C) Schematic for blastocyst injection, implantation into the uterus of a surrogate mouse or in vitro culture followed by sample collections. (D) Immunostaining for BCL2 and 
aCasp3 in injected mouse blastocysts cultured in vitro for 16 h. (E-L) Immunostaining and quantification for NANOS3 in the gonad (E & F), TUJ1 in the spinal cord (G & H), 
SP7 in the spine (I & J), and AFP in the liver (K & L) in both E14.5 WT and DKO chimeras. Scale bar, 25 µm. Quantification method: the NANOS3+/DAPI+ cell ratio stands 
for the ratio of the NANOS3+ cell number over the total DAPI+ cell number in observed views of the gonad, and likewise for GFP+TUJ1+/TUJ1+ ratio in the brain, GFP+SP7+/SP7+ 
ratio in the spine, and GFP+AFP+/AFP+ ratio in the liver. Scale bar, 25 µm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

Table 1. Summary of efficiency for chimerism between the mouse blastocyst and injected hESCs with various genetic modifications*. 

hESCs for injection DOX induction # of transplanted embryos # of collected embryos (%) # of chimeras (%) 
GFP+/iBCL2+ hESCs Yes 84 15 (17.8) 8 (53.3) 
GFP+/iBCL2+/BLIMP1-/-/PAX6-/- hESCs Yes 81 14 (17.3) 7 (50) 
GFP+/iBCL2+ hESCs No 42 8 (19.0) 0 

*10-15 cells were injected per blastocyst. Embryos were collected at E14.5. 
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Figure 5. Igf1r KO allows increased human cell chimerism with the mouse embryo without neural and gametal contributions. (A) Schematic for generation 
of Igf1r-/- mouse blastocysts, injection with hESCs (ES), and uterine implantation. (B) Representative images of E16 fetuses derived from WT or Igf1r-/- mice. (C-E) Representative 
images (C), body weight (D), and human gDNA quantification (E) of E16 fetuses derived from WT or Igf1r-/- mouse blastocysts injected with WT or BLIMP1-/-/PAX6-/- hESCs. (F) 
Immunostaining for the human germ cell marker NANOS3 in the gonads in E16 chimeras. (G) Quantification for the NANOS3+/DAPI+ cell ratio in the gonad. (H) 
Immunostaining for the neural marker PAX6 and human-specific marker HNA in the brain in E16 chimeras. (I) HNA+DAPI+/DAPI+ cell ratio in the brain. (J) HNA+PAX6+/PAX6+ 
cell ratio in the brain. Scale bar, 25 µm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  

 
Partial rescue of chondrogenesis in Sox9+/- 
mice using BLIMP1-/-/PAX6-/- hESC-derived 
mesenchymal stem cells (MSCs) 

Recently, we demonstrated that hESC-
differentiated MSCs (EMSCs), due to their naturally 

high BCL2 level, can also form chimera with mouse 
blastocyst and partially rescue chondrogenesis in mice 
with heterozygous KO of Sox9 [34], an essential 
transcription factor for chondrogenic development 
[35]. Absence of Sox9 in mice causes immature and 
deformed cartilage and bone development [35]. To 
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examine whether BLIMP1-/-/PAX6-/- hESCs still have 
the rescue effect via blastocyst complementation, we 
first obtained EMSCs through differentiation from WT 
and BLIMP1-/-/PAX6-/- hESCs using the method as 
reported [34] and verified the MSC features based on 
the morphology (Fig. S6A) and MSC marker 
expression (Fig. S6B). Then Sox9+/- mice were 
generated via the Cre/loxP system by mating female 
Sox9flox/flox mice with male Prx1/Cre mice. WT or 
BLIMP1-/-/PAX6-/- EMSCs were injected into Sox9+/- 
mouse blastocysts followed by implantation into the 
uterus of WT surrogate mice immediately. The 
resultant chimeras were collected at E16 (Fig. 6A). 
Whole-mount skeletal staining showed retarded 
skeleton in Sox9+/- fetuses including decreased 
chondrogenesis and osteogenesis in thorax and limbs 
compared to Sox9flox/flox fetuses, which was largely 
rescued in chimeric fetuses formed by Sox9+/- 
blastocysts injected with WT or BLIMP1-/-/PAX6-/- 
EMSCs (Fig. 6B). Again, BLIMP1-/-/PAX6-/- EMSCs 
failed to contribute to the gonads (Fig. 6C), brain (Fig. 
6D) and spinal cord (Fig. S6C) in E16 chimeras.  

Next, we let chimeras be born and develop until 
P1 or P7, which exhibited morphological 
characteristics and behaviors similar to those of the 
WT neonates (Fig. 6E and 6H). By analyzing the P1 
chimeric neonates, we found that GFP+/SP7+ and 
GFP+/α-SMA+ cells (in yellow) could be found in the 
spine and skin, respectively (Fig. 6F). Again, BLIMP1-/-

/PAX6-/- EMSCs failed to contribute to germ cells in 
the gonads and neuronal cells in the brain and spinal 
cord, whereas some GFP+ cells were found adjacent to 
these organs (Fig. S6D). Upon qPCR of various organs 
from P1 chimeric neonates, human gDNA was 
detected the highest in bone, moderately in skin, heart, 
kidney, liver, lung, and gut, with little in the gonads 
and virtually absent from the brain (Fig. 6G). The 
presence of human gDNA, although at very low levels, 
in the gonads and brain may be the result of 
mesenchymal tissues surrounding both organs. 

In P7 chimeric neonates, GFP+/SP7+ cells and 
GFP+/α-SMA+ cells (in yellow) were still present in 
limbs and skins, respectively (Fig. 6I). Human gDNA 
was also detected in the P7 organs with a pattern like 
that in the P1 organs but at reduced levels (Fig. 6J), 
which may be the result of a faster increase in mouse 
cells than human cells in the chimeras. Additionally, 
Sox9+/- mice may also have sufficient chondrogenic 
cells to compete with the human counterparts in 
chimeric tissues. Together, these results suggest that 
BLIMP1-/-/PAX6-/- hESC-derived MSCs also partially 
rescue skeletal defects in Sox9+/- chimeric fetuses like 
WT hESC-derived MSCs as we showed previously 
[34]. BLIMP1-/-/PAX6-/- human cells neither 
contributed to germ cells or neural cells nor interfered 

with chimera development.  

Discussion 
In this study we employed a simple, yet effective 

approach to overcome the ethical challenges 
associated with human-animal chimeras by 
specifically preventing the contribution of human 
neural and reproductive tissues. These challenges 
arise due to the pluripotency of hPSCs, i.e., their ability 
to contribute to any tissue in chimeras formed with 
animal blastocysts [28, 36]. This can cause significant 
ethical concerns regarding the identity of the 
somehow humanized chimeras and the risk of the 
possibility that such humanized traits could alter the 
biological characteristics of the chimeric animals. 

To eliminate these concerns, we knocked out 
PAX6, an essential gene for the initial neuroectoderm 
development from hESCs, which totally prevented 
hESCs from differentiating to neural cells and 
contributing to the CNS in chimeras. However, this 
approach also has drawbacks as it eliminates the 
possibility of generating potentially therapeutic 
neurons via chimerism for a variety of neural diseases 
such as dopaminergic neurons for Parkinson’s Disease 
[37], intracerebral hemorrhage stroke [38] and spinal 
cord injury [39]. Furthermore, PAX6 is widely 
regarded as a key transcription factor in eye 
development, being active in all progenitor cells of the 
eye including its neuroectoderm, surface ectoderm, 
and periocular mesenchyme as well as in various 
differentiated ocular cell types [40]. In addition, three 
members of the PAX transcription factor family 
including PAX2, PAX4, and PAX6 are critical 
regulators of pancreatic development and 
differentiation [41]. Therefore, deletion of PAX6 in 
donor cells may also affect or prevent the genesis of 
these organs or tissues derived from the donor cells in 
the host. For this sake, KO of intelligence-specific 
genes such as CHRM2 [42] may be an alternative 
solution to overcome these ethical concerns.  

Another relevant, and perhaps even worse, 
concern is that human cells contribute to germ cells, 
carrying over human genes and identity into future 
generations of the chimeras if poorly controlled, which 
could, in theory, also potentially spread into the wild. 
So far, it has not been shown that hPSCs could 
contribute to germ cells in chimeras formed with 
animal blastocysts, which may result from some not-
yet-identified barrier or the overall low contribution of 
human cells in chimeras. However, it has been 
reported that hPSCs can differentiate into PGCLCs in 
vitro [15, 16] and hPSC-derived hPGCLCs can further 
develop to oogonia and spermatogonia [43, 44]. Thus, 
all human-animal chimera studies should, in theory, 
have these safeguards in place in order to meet these 
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ethical safety standards. Here, by knocking out 
BLIMP1 in hESCs, we abolished their ability to 
differentiate into PGCLCs in vitro and contribute to 
germ cells in vivo through a variety of assays, thus 
providing solid evidence that BLIMP1-/- hESCs meet 
the necessary ethical standard. Although testis and 
ovary are essential for reproduction, they are not basic 
organs directly related to life support. Hence, there is 
no urgent demand for organogenesis of testis and 
ovary via chimerism. Furthermore, BLIMP1 plays a 

unique role in adaptive immunity by driving plasma 
cell formation in B cells and regulating effector 
functions in T cells, and also influences innate 
immunity by controlling dendritic cell maturation. It 
functions by competing with other transcription 
factors and by recruiting chromatin-modifying 
enzymes in dose- and context-dependent manners 
[45]. Thus, BLIMP1-/- hESCs should not be used for 
generating human hematopoietic cells in host animals.  

 
 

 
Figure 6. BLIMP1-/-/PAX6-/- hESC-derived MSCs partially rescue chondrogenesis in Sox9+/- mice and human gDNA detection in P1 and P7 chimeric neonates. 
(A) Schematic for Sox9+/- blastocyst generation, blastocyst injection, uterine implantation in a surrogate mouse, and sample collections. (B) Skeletal images of E16 fetuses derived 
from Sox9flox/flox , Sox9+/- blastocysts, and Sox9+/- blastocyst injected with WT and BLIMP1-/-/PAX6-/- EMSCs. (C-D) Immunostaining for the germline marker DAZL in the gonads 
(C), the neural marker SOX2 in the brain (D) in E16 chimeras. Scale bar, 25 µm. (E) Representative image for P1 chimeric neonates. (F) Detection of GFP+ and SP7+ cells in 
the spine, GFP+ and aSMA+ cells in the skin in P1 chimeric neonates. Scale bar, 25 µm. (G) Human gDNA quantification in organs from P1 chimeric neonates. (H) A representative 
image of P7 chimeras. (I) Detection of GFP+/SP7+ cells in a limb and GFP+/aSMA+ cells in skin of P7 chimeric neonates. Scale bar, 25 µm. (J) Human gDNA quantification in 
organs of the P7 chimeric neonates. 
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In this study, we knocked out two relevant genes 
in donor hESCs using CRISPR/Cas9 to prevent the cell 
differentiation into germline and neural cells within 
the host. To mitigate potential effects of these KOs on 
early developmental processes that require these 
genes, they may, instead, be deleted using an inducible 
system. 

Apart from ethical concerns, the major 
histocompatibility (MHC) as well as minor 
histocompatibility (MiHC) of a donor organ and its 
recipient are also important for organogenesis as their 
mismatch will cause varying degree of immune 
rejection [46]. Use of patient-derived iPSCs, if used for 
organogenesis in a chimera, can reduce this concern. 
However, xenogeneic glycoproteins, e.g., α-1,3-
galactose, NeuGc, SDa, can also trigger serious 
immune rejection in a host receiving transplantation of 
tissues or organs carrying these xenogeneic proteins 
[46]. This could also occur upon transplantation of a 
chimera-derived organ to a human patient even with 
an HLA match. Thus, KO of these genes in a host 
animal is probably also necessary to reduce the 
contamination of chimera-derived organs by 
xenogeneic glycoproteins [47-49]. 

In our study, we employed Igf1r-/- mice to 
enhance the chimeric efficiency of donor hESCs. 
Although the human DNA content was increased in 
chimeras derived from Igf1r-/- mouse blastocysts, the 
body size of these chimeras did not differ from those 
derived from the WT blastocysts. This outcome may 
reflect the inherently low chimeric efficiency between 
hESCs and mouse blastocysts, even with Igf1r KO, due 
to interspecies incompatibility, as reported by other 
groups [50, 51]. In addition, we used cartilage 
compensation as a proof-of-concept for organogenesis 
in a chimera based on our recent findings that EMSCs 
can form chimera with the mouse blastocyst [34]. 
However, it was an incomplete recovery of the 
cartilage, indicating that BLIMP1-/-/PAX6-/- cells may 
not behave totally in the same way as WT cells, which 
will require further investigation. Additionally, 
cartilage is not a tissue in high demand for 
transplantation and heterozygous deletion of Sox9 is 
not sufficient for human MSC derivatives to dominate 
or take over chondrogenic tissues. Thus, a key test for 
blastocyst complementation will be complete KO of a 
gene(s) for the development of a life-essential organ or 
tissue such as the kidney, liver, and islet tissue. 
Furthermore, larger animals such as pigs or monkeys 
would be more appropriate species than the mouse for 
genesis of human organs via chimerism. Therefore, 
future work will be necessary to determine whether 
our findings extend to the generation of life-essential 
organs in larger animals.  

Although we addressed two major ethical 

concerns in this study, there are more challenges to be 
resolved in chimera-based organogenesis. For 
example, it remains unclear exactly how much the 
chimerism models actually reflect real organogenesis 
in humans, whether induced expression of BCL2 at 
hESC stage would affect the differentiation and 
morphogenesis of their derivatives or even induce 
tumorigenesis. Another big challenge will be the 
removal of host-derived supporting cells such as 
stromal cells, vascular cells, neural cells, tissue-
resident immune cells from human organs and 
replacing them with human counterparts. Moreover, 
chimerism efficiency was still quite low, especially at 
the later developmental stages. It is not only 
determined by the survival of hPSCs in an animal 
blastocyst, but also by competition and selection of the 
donor cells in the host. The innate immunity/NFκB 
pathway has been found to be a conserved gatekeeper 
for a host embryo to eliminate less-fit donor cells 
during interspecies chimerism, and inhibition of the 
pathway and use of naïve, instead of primed, hPSCs 
can overcome this gatekeeper effect [26, 27]. 
Regardless of these remaining concerns, this study has 
taken one important step towards the realization of 
human-animal chimeras as a method to study human 
organogenesis and potential future clinical 
applications. 

Materials & Methods 
Ethics statement 

This study strictly followed the International 
Society for Stem Cell Research guidelines for studies 
on hESCs [52, 53] and the ethics protocol #BSERE19-
APP026-FHS-M02 approved by the University of 
Macau Panel on Research Ethics which allowed 
human-mouse chimeras to develop to term with the 
neonates secured and terminated within two weeks. 
Animal experiments in this study followed the 
amended version of the animal use protocol 
#UMARE-030-2019 approved by the University of 
Macau Animal Research Ethics Sub-panel. 

Mice 
Male and female ICR (CD-1) mice, raised in the 

University of Macau Animal Research Core, were used 
to produce WT blastocysts, and male Prrx1Cre mice and 
female Sox9flox/flox mice, purchased from the Jackson 
Laboratory, were crossed to produce Sox9+/- 
blastocysts. Igf1r-/- mouse blastocysts were generated 
by mating Igf1r+/- male and female mice purchased 
from the European Mouse Mutant Archive. The 
blastocysts were used for microinjection with donor 
cells. ICR female mice were used for surrogacy of the 
injected blastocysts. All mice were maintained in the 
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animal research core and tested to be free of specific 
pathogens.  

hESC culture and MSC generation 
The ENVY (GFP+) [25] and CT3 hESC lines [18] 

were used in this study. hESCs were cultured in 
mTeSR1 medium and passaged every 5-7 days [54]. 
EMSCs were generated by inducing hESCs to 
differentiate into MSC via neural crest cells following 
the reported protocol [55]. Specifically, hESCs were 
seeded in mTeSR1 medium for overnight attachment. 
Cells were applied with neural crest induction 
medium consisting of 1 μM dorsomorphin (Selleck), 1 
μM CHIR99021 (Selleck), 10 μM SB431542 (Selleck), 10 
ng/ml bFGF (Thermo), and 22.5 ng/ml sodium 
heparin (Sigma) in Essential 6 (E6) medium (Gibco) for 
15 days. Cells were split at a ratio of 1:6 upon reaching 
full confluence. Then complete MSC medium was 
applied for further 10 days induction to complete full 
EMSCs derivation.  

Derived MSCs were cultured in complete MSC 
medium containing 20% fetal bovine serum, 1× NEAA 
and 1× GlutaMax in α-MEM (Gibco BRL, Grand 
Island, NY, USA) at 37 ℃ with 5% CO2. MSCs were 
passaged every 3-5 days when confluency reached 
more than 90%, using 1× TrypLE for 5-min. incubation 
followed by seeding of 15% of resuspended cells in a 
new culture plate. The cells were verified for typical 
MSC markers via flow cytometry and trilineage 
differentiation and used in this study before they 
reached passage 5. 

Generation of BLIMP1 and PAX6 DKO cell 
lines 

By using previously reported sgRNA sequences 
(Table S1) [16, 56], we generated two CRISPR-Cas9 
expression vectors to target BLIMP1 and PAX6, 
respectively. The BLIMP1-targeting vector was 
transfected into hESCs. After 48 h of puromycin 
selection for ENVY hESCs or cell sorting for CT3 
hESCs, single-cell cloning was performed to identify 
clones with successful BLIMP1-KO which was verified 
via sequencing of the target gDNA following PCR 
amplification with specific oligos (Table S1). Then, 
PAX6-targeting vector was transfected into the hESCs 
with BLIMP1 KO. After 48 h of puromycin selection for 
ENVY hESCs or cell sorting for CT3 hESCs, single cell 
cloning was performed to seek for clones with 
successful PAX6-KO which was verified via 
sequencing of the target gDNA following PCR 
amplification with specific oligos (Table S2). The 
resultant cell lines were confirmed for the DKO of both 
BLIMP1 and PAX6. 

Generation of DOX-inducible BCL2-OE hESCs 
A full-length BCL2 fragment was cloned from 

EF1a-BCL2-IRES-eGFP-IRES-PuroR vector (Addgene) 
and then the construct was inserted into BamHI- and 
NdeI-digested Ptight-TYR-IRES-EGFP-PuroR vector 
(Addgene) by using the In-fusion Cloning Kit 
(Takara). For viral vector packaging, PMD2G, 
PCMVR8.74, and Ptight-BLC2-IRES-EGFP-PuroR or 
pCAG-tet-ON-NeoR vector (Addgene) were 
transfected together into 293T cells by using 
lipofectamine 3000. Viral supernatant was collected 
24-48 h post transfection and added to culture of WT 
and BLIMP1-/-/PAX6-/- hESCs together with 1:1000 
polybrene. 48 h later, the cells were selected using 
puromycin (500 ng/ml) and neomycin (800 mg/ml) 
for two weeks. Stably selected cells were confirmed for 
DOX-inducible expression of BCL2. 

Differentiation of hESCs into hPGCLCs 
By following a reported protocol [19], hESCs 

were dissociated into single cells using TrypLE. 
Briefly, 200,000 dissociated hESCs were seeded in 
Matrigel-coated 12-well-plates in 1 ml of the iMeLC 
media per well to generate incipient mesoderm-like 
cells. After 24 h, 3000 dissociated incipient mesoderm-
like cells were seeded into ultra-low cell attachment U-
bottom 96-well plates per well with 200 μL of the 
hPGCLC media. After 4 days, hPGCLCs were 
generated and confirmed for PGC markers. 

Differentiation of hESCs into NPCs 
By using a reported protocol [24], hESCs were 

treated with 4 μM CHIR99021, 3 μM SB431542, and 0.1 
μM Compound E in a neural induction medium 
containing Advanced DMEM/F12:Neurobasal (1:1) 
(Gibco), 1×N2, 1×B27, 1% GlutaMAX, 5 μg/mL BSA 
and 10 ng/mL hLIF (Millipore) for 7 days. Then, the 
resultant NPCs were cultured with 3 μM CHIR99021 
and 2 μM SB431542 in the neural induction medium 
for expansion. 

Teratoma formation assay 

As reported [57], a mixture of 50 µl DPBS 
containing 106 hESCs and 50 µl Matrigel was grafted 
into the thigh of each hindlimb of a male NOD/SCID 
mouse around 6 weeks of age. Tumors were collected 
2 months after the injection and fixed in 4% 
paraformaldehyde (PFA) overnight followed by 
embedding in paraffin. For H&E staining and 
immunostaining, the tumors were sectioned at 5 µm 
thick. 

Transcriptomic profiling and analysis 
As reported [58], total RNA of WT and BLIMP1-/-

/PAX6-/- hESCs with or without NPC induction were 
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isolated by TRIzol reagent (Invitrogen) and RNA-seq 
was conducted via Illumina NovaSeq 6000 by 
following the manufacturer’s instructions. Raw data of 
WT and BLIMP1-/- hESCs with or without PGCLC 
induction (GSE99350) were downloaded for read-
count analysis. Qualified reads for above samples 
were aligned to the Homo sapiens reference genome 
(GRCh38.p12) via STAR software (v2.7.0f). Genes with 
zero count in all samples were removed before 
downstream analysis. The EdgeR (v3.40.2) and 
DESeq2 (v1.38.3) package in R (v4.2.2) was applied to 
perform PCA and differentially expressed genes 
(DEGs) analysis. Among them, in edgeR analysis, 
genes with log2 fold change(log2FC) > 2 and p value < 
0.01 were considered as DEGs and in DESeq2 analysis, 
the threshold of DEGs was log2FC > 1 and adjusted P 
value < 0.05. Gene ontology (GO) term enrichment and 
dotplots was performed by using Cluster Profiler 
(v4.6.2) and enrichplot (v1.18.3). Heatmaps were 
generated by pheatmap (v1.0.12) and ggplots package 
(v3.4.0). 

Blastocyst microinjection 
Superovulation, mating, and blastocyst retrieval 

were performed as described previously [59]. Briefly 
as reported [34], female ICR mice (3~4 weeks old) were 
superovulated through i.p. injection with 5 IU of 
pregnant mare serum gonadotropin (PMSG). After 48 
h, they were injected i.p. with 5 IU of human chorionic 
gonadotropin (hCG) and mated with male mice. Plugs 
were checked the next morning, which is designated 
as 0.5-day post coitum (dpc). Females with plugs were 
used as surrogate host for embryo implantation and 
were euthanized by CO2 exposure at 3.5 dpc. Each uterine 
horn was flushed with 1 mL M2 medium. The embryos 
that possess obvious blastocoel were picked up using 
mouth pipette. Cells that need to be injected were 
dissociated in M2 medium. 10-15 cells loaded into a 
micropipette (20 μm inner diameter) were injected into 
the cavity of each mouse blastocyst. The injected 
blastocysts were kept in warm M2 medium before 
being transferred to in vitro culture or to surrogate 
hosts. 

Embryo implantation and sample collection 
3-6 months ICR female mice were mated with 

vasectomized adult male mice. Plugs were checked the 
next morning, which is designated as 0.5 dpc. Adult 
ICR female mice in estrus were mated with 
vasectomized adult male in 1:1 pairing to achieve 
pseudopregnancy. Females with plugs were used as 
surrogate host for embryo implantation. 
Pseudopregnant ICR mice at 2.5 dpc were 
anesthetized and each mouse was implanted with 10-
12 injected blastocysts loaded into a glass pipette and 

transferred to each of the two uterine horns of the 
mouse. The implantation was finished within 20 min 
per surrogate and the operated animals were kept 
warm via heating until they woke up from 
anesthetization. Fetuses or P1 and P7 neonates were 
euthanized and fixed for subsequent analyses. 

DNA quantification of chimeras 
E14.5 chimeric fetuses and 2-day-old neonates 

were minced with scissors and tissue pieces were then 
frozen using liquid nitrogen and smashed. DNA was 
extracted using the DNA Extraction Kit (Beyotime) 
based on the manufacturer’s instructions. DNA 
concentration was determined using NanoDrop. A 
standard curve was made using various ratios of 
mouse and hESC DNA in 100 ng DNA in total. Human 
gDNA was detected using iTaq Universal SYBR Green 
(Bio-Rad) on a CFX96 Touch RT-qPCR system (Bio-
Rad). The human specific gene used in this study is 
ARHGAP11B [60]. 

Immunostaining 
Tissue sections or cultured cells, fixed in 4% PFA, 

were permeabilized with 0.5% Triton X-100 in PBS for 
20 min. Samples were then blocked with 5% BSA in 
PBS for 1 h and incubated overnight at 4 °C with the 
first antibody. After washing three times using PBS 
including 0.1% Tween20 (PBS-T), the samples were 
incubated at room temperature for 1 h with secondary 
antibody, which was washed three times using PBS-T 
again. Cell nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 5 min. Samples were imaged 
on a Carl Zeiss Axio Observer microscope for 
individual imaging or SpinSR 10 spinning disk 
confocal microscopy for large-scale imaging (Olympus 
Life Science, Japan). The proteins detected via 
immunostaining were as follows: BLIMP1, DAZL, 
NANOS3, PAX6, NESTIN, TUJ1, aCASP3, BCL2, 
STEM121, GFP-FITC, SOX2, SP7, and AFP, and human 
mitochondria were stained using the antibody Hu-
Mito (antibody information listed in Table S3). For 
quantification of human cell contribution to a target 
cell type, at least 3 chimeras and 3 slides per chimera 
per group were visualized. Cells positive for a specific 
fluorochrome were quantified using ImageJ (NIH, 
USA) as previously described [30]. The ratio of human 
cell contribution was calculated as % of the number of 
cells positive for both GFP and the immunostained 
target cell marker over the total number of cells 
positive for the marker per observed view, unless 
stated otherwise. 

Western blotting 
10% SDS-polyacrylamide gel was used to resolve 

cellular proteins. The proteins were transferred to a 
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polyvinylidene difluoride (PVDF) membrane (Bio-
Rad) using the Semi-dry Transference (Bio-Rad). 
PVDF membrane was then blocked in PBS-T 
containing 5% skim milk for 1 h. The membrane was 
incubated overnight at 4 °C with a first antibody 
(antibody information listed in Table S3). After 
washing three times with PBST, the membrane was 
incubated at room temperature for 1 h with the 
secondary antibody, which was washed three times 
using PBS-T again. The membrane was rinsed in an 
enhanced chemiluminescence (ECL) (Bio-Rad) 
substrate and imaged using the Western Blotting 
Detection System (Bio-Rad). 

RNA extraction and reverse transcription 
quantitative PCR (RT-qPCR) 

Total RNA was extracted from human cells or 
teratomas using the Trizol reagent (Thermo). The RNA 
concentration was determined using NanoDrop. 
cDNA was generated with the cDNA Reverse 
Transcription Kit (Takara). RT-qPCR was performed 
using iTaq Universal SYBR Green on a CFX96 Touch 
RT-qPCR system using primers as listed in Table S2. 

Data analysis 
Data analyses were performed by using 

GraphPad Prism 9. One-way ANOVA analysis was 
used for multiple group comparisons and two-tailed 
Student's t-test was used for two-group comparisons. 
*P < 0.05 was considered statistically significant. The 
results are displayed as the mean ± standard error (SE). 

Supplementary Material 
Supplementary figures.  
https://www.ijbs.com/v22p7948s1.pdf 

Acknowledgments 
We thank all the core facilities in the Faculty of 

Health Sciences, especially the Biological Imaging & 
Stem Cell Core and the Animal Research Core, for 
their excellent services and expertise. This work was 
supported with the Ministry of Science and 
Technology National Key R&D grant 
[2022YFA1105000], National Science Foundation 
China general grant [32270842], Macau Science and 
Technology Development Fund (FDCT) grants [0002-
2021-AKP, 0071-2022-A2 , and 0106/2024/RIA2] and 
University of Macau grants [CPG2024-00037-FHS, 
MYRG2022-GRG00044-FHS, and MYRG2024-
GRG00193-FHS] to R.X. We are grateful to all the 
members of the Alev laboratory (ASHBi, Kyoto 
University), including M. Akgunduz, J. Bu, G. Carraco, 
F.M. Cosar, K.T. Kim, S. Kim, V.Q. Le, A.S. Nasri who 
helped proofread and improve the manuscript, S. 

Goulas (ASHBi, Kyoto University) for constructive 
criticism on the manuscript, and the council members 
of the Macau Society for Stem Cell Research for 
inspiring discussion. 

Author contributions 
R.X. and S.Y. conceived of and designed the 

study. S.Y., K.K., Y.Y, and G.Q. performed the 
experiments and analyzed all the data. C.A. helped 
with the analysis and interpretation of data. B.H. and 
S.F. provided technical assistance. S.Y., C.A., and R.X. 
wrote the manuscript. R.X. gave the final approval of 
the manuscript.  

Competing Interests 
R.X. is a founder of ImStem Biotechnology, Inc., a 

stem cell company. The other authors declare no 
competing financial interests. 

References 
1. Mascetti VL, Pedersen RA. Contributions of Mammalian Chimeras to 

Pluripotent Stem Cell Research. Cell Stem Cell. 2016; 19: 163-75. 
2. Wu J, Greely HT, Jaenisch R, Nakauchi H, Rossant J, Belmonte JC. Stem cells 

and interspecies chimaeras. Nature. 2016; 540: 51-9. 
3. Chen J, Lansford R, Stewart V, Young F, Alt FW. RAG-2-deficient blastocyst 

complementation: an assay of gene function in lymphocyte development. Proc 
Natl Acad Sci U S A. 1993; 90: 4528-32. 

4. Kobayashi T, Yamaguchi T, Hamanaka S, Kato-Itoh M, Yamazaki Y, Ibata M, 
et al. Generation of rat pancreas in mouse by interspecific blastocyst injection 
of pluripotent stem cells. Cell. 2010; 142: 787-99. 

5. Maeng G, Das S, Greising SM, Gong W, Singh BN, Kren S, et al. Humanized 
skeletal muscle in MYF5/MYOD/MYF6-null pig embryos. Nat Biomed Eng. 
2021; 5: 805-14. 

6. Wang J, Xie W, Li N, Li W, Zhang Z, Fan N, et al. Generation of a humanized 
mesonephros in pigs from induced pluripotent stem cells via embryo 
complementation. Cell Stem Cell. 2023; 30: 1235-45.e6. 

7. Revah O, Gore F, Kelley KW, Andersen J, Sakai N, Chen X, et al. Maturation 
and circuit integration of transplanted human cortical organoids. Nature. 2022; 
610: 319-26. 

8. Lovell-Badge R, Anthony E, Barker RA, Bubela T, Brivanlou AH, Carpenter M, 
et al. ISSCR Guidelines for Stem Cell Research and Clinical Translation: The 
2021 update. Stem Cell Reports. 2021; 16: 1398-408. 

9. Hyun I. Ethical considerations for human-animal neurological chimera 
research: mouse models and beyond. Embo j. 2019; 38: e103331. 

10. Hashimoto H, Eto T, Yamamoto M, Yagoto M, Goto M, Kagawa T, et al. 
Development of blastocyst complementation technology without contributions 
to gametes and the brain. Exp Anim. 2019; 68: 361-70. 

11. Sybirna A, Tang WWC, Pierson Smela M, Dietmann S, Gruhn WH, Brosh R, et 
al. A critical role of PRDM14 in human primordial germ cell fate revealed by 
inducible degrons. Nature Communications. 2020; 11: 1282. 

12. Wang Q, Zhang C, Dang Y, Sun J, Zou Z, Li C, et al. Maternal factor OTX2 
regulates human embryonic genome activation and early development. Nat 
Genet. 2025; 57: 2772-84. 

13. Feng Y, Wigg KG, Barr CL. Overexpression of OTX2 in human neural cells links 
depression risk genes. Transl Psychiatry. 2025; 15: 141. 

14. Kojima Y, Sasaki K, Yokobayashi S, Sakai Y, Nakamura T, Yabuta Y, et al. 
Evolutionarily Distinctive Transcriptional and Signaling Programs Drive 
Human Germ Cell Lineage Specification from Pluripotent Stem Cells. Cell Stem 
Cell. 2017; 21: 517-32.e5. 

15. Sasaki K, Yokobayashi S, Nakamura T, Okamoto I, Yabuta Y, Kurimoto K, et 
al. Robust In Vitro Induction of Human Germ Cell Fate from Pluripotent Stem 
Cells. Cell Stem Cell. 2015; 17: 178-94. 

16. Irie N, Weinberger L, Tang WW, Kobayashi T, Viukov S, Manor YS, et al. 
SOX17 is a critical specifier of human primordial germ cell fate. Cell. 2015; 160: 
253-68. 

17. Murakami K, Gunesdogan U, Zylicz JJ, Tang WWC, Sengupta R, Kobayashi T, 
et al. NANOG alone induces germ cells in primed epiblast in vitro by activation 
of enhancers. Nature. 2016; 529: 403-7. 

18. Lin G, Martins-Taylor K, Xu RH. Human embryonic stem cell derivation, 
maintenance, and differentiation to trophoblast. Methods Mol Biol. 2010; 636: 
1-24. 



Int. J. Biol. Sci. 2026, Vol. 22 
 

 
https://www.ijbs.com 

7962 

19. Chen D, Sun N, Hou L, Kim R, Faith J, Aslanyan M, et al. Human Primordial 
Germ Cells Are Specified from Lineage-Primed Progenitors. Cell Rep. 2019; 29: 
4568-82 e5. 

20. Vijayakumar S, Sala R, Kang G, Chen A, Pablo MA, Adebayo AI, et al. 
Monolayer platform to generate and purify primordial germ-like cells in vitro 
provides insights into human germline specification. Nat Commun. 2023; 14: 
5690. 

21. Pankratz MT, Li XJ, Lavaute TM, Lyons EA, Chen X, Zhang SC. Directed neural 
differentiation of human embryonic stem cells via an obligated primitive 
anterior stage. Stem Cells. 2007; 25: 1511-20. 

22. Zhang X, Huang CT, Chen J, Pankratz MT, Xi J, Li J, et al. Pax6 is a human 
neuroectoderm cell fate determinant. Cell Stem Cell. 2010; 7: 90-100. 

23. Xu Y, Xi J, Wang G, Guo Z, Sun Q, Lu C, et al. PAUPAR and PAX6 sequentially 
regulate human embryonic stem cell cortical differentiation. Nucleic Acids Res. 
2021; 49: 1935-50. 

24. Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia P, et al. Rapid induction 
and long-term self-renewal of primitive neural precursors from human 
embryonic stem cells by small molecule inhibitors. Proc Natl Acad Sci U S A. 
2011; 108: 8299-304. 

25. Costa M, Dottori M, Ng E, Hawes SM, Sourris K, Jamshidi P, et al. The hESC 
line Envy expresses high levels of GFP in all differentiated progeny. Nat 
Methods. 2005; 2: 259-60. 

26. Zheng C, Hu Y, Sakurai M, Pinzon-Arteaga CA, Li J, Wei Y, et al. Cell 
competition constitutes a barrier for interspecies chimerism. Nature. 2021; 592: 
272-6. 

27. Wu J, Barbaric I. Fitness selection in human pluripotent stem cells and 
interspecies chimeras: Implications for human development and regenerative 
medicine. Dev Biol. 2021; 476: 209-17. 

28. Wang X, Li T, Cui T, Yu D, Liu C, Jiang L, et al. Human embryonic stem cells 
contribute to embryonic and extraembryonic lineages in mouse embryos upon 
inhibition of apoptosis. Cell Res. 2018; 28: 126-9. 

29. Penaloza C, Lin L, Lockshin RA, Zakeri Z. Cell death in development: shaping 
the embryo. Histochem Cell Biol. 2006; 126: 149-58. 

30. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et 
al. Fiji: an open-source platform for biological-image analysis. Nat Methods. 
2012; 9: 676-82. 

31. Hyun S. Body size regulation and insulin-like growth factor signaling. Cell Mol 
Life Sci. 2013; 70: 2351-65. 

32. Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mice carrying null 
mutations of the genes encoding insulin-like growth factor I (Igf-1) and type 1 
IGF receptor (Igf1r). Cell. 1993; 75: 59-72. 

33. Nishimura T, Suchy FP, Bhadury J, Igarashi KJ, Charlesworth CT, Nakauchi H. 
Generation of Functional Organs Using a Cell-Competitive Niche in Intra- and 
Inter-species Rodent Chimeras. Cell Stem Cell. 2021; 28: 141-9 e3. 

34. Huang B, Fu S, Hao Y, Yeung CK, Zhang X, Li E, et al. Developmental potency 
of human ES cell-derived mesenchymal stem cells revealed in mouse embryos 
following blastocyst injection. Cell Rep. 2023; 42: 113459. 

35. Akiyama H, Chaboissier MC, Martin JF, Schedl A, de Crombrugghe B. The 
transcription factor Sox9 has essential roles in successive steps of the 
chondrocyte differentiation pathway and is required for expression of Sox5 and 
Sox6. Genes Dev. 2002; 16: 2813-28. 

36. Wu J, Platero-Luengo A, Sakurai M, et al. Interspecies Chimerism with 
Mammalian Pluripotent Stem Cells. Cell. 2017;168(3):473–486.e15. 

37. Mahajani S, Raina A, Fokken C, Kügler S, Bähr M. Homogenous generation of 
dopaminergic neurons from multiple hiPSC lines by transient expression of 
transcription factors. Cell Death & Disease. 2019; 10: 898.. 

38. Lee HJ, Kim KS, Kim EJ, Choi HB, Lee KH, Park IH, et al. Brain transplantation 
of immortalized human neural stem cells promotes functional recovery in 
mouse intracerebral hemorrhage stroke model. Stem Cells. 2007; 25: 1204-12. 

39. Kajikawa K, Imaizumi K, Shinozaki M, Shibata S, Shindo T, Kitagawa T, et al. 
Cell therapy for spinal cord injury by using human iPSC-derived region-
specific neural progenitor cells. Mol Brain. 2020; 13: 120. 

40. Diacou R, Nandigrami P, Fiser A, Liu W, Ashery-Padan R, Cvekl A. Cell fate 
decisions, transcription factors and signaling during early retinal development. 
Prog Retin Eye Res. 2022; 91: 101093. 

41. Panneerselvam A, Kannan A, Mariajoseph-Antony LF, Prahalathan C. PAX 
proteins and their role in pancreas. Diabetes Res Clin Pract. 2019; 155: 107792. 

42. Dick DM, Aliev F, Kramer J, Wang JC, Hinrichs A, Bertelsen S, et al. Association 
of CHRM2 with IQ: converging evidence for a gene influencing intelligence. 
Behav Genet. 2007; 37: 265-72. 

43. Yamashiro C, Sasaki K, Yabuta Y, Kojima Y, Nakamura T, Okamoto I, et al. 
Generation of human oogonia from induced pluripotent stem cells in vitro. 
Science. 2018; 362: 356-60. 

44. Xu H, Yang M, Tian R, Wang Y, Liu L, Zhu Z, et al. Derivation and propagation 
of spermatogonial stem cells from human pluripotent cells. Stem Cell Res Ther. 
2020; 11: 408. 

45. Nadeau S, Martins GA. Conserved and Unique Functions of Blimp1 in Immune 
Cells. Front Immunol. 2021; 12: 805260. 

46. Eisenson DL, Hisadome Y, Yamada K. Progress in Xenotransplantation: 
Immunologic Barriers, Advances in Gene Editing, and Successful Tolerance 
Induction Strategies in Pig-To-Primate Transplantation. Front Immunol. 2022; 
13: 899657. 

47. Barth RN, Yamamoto S, LaMattina JC, Kumagai N, Kitamura H, Vagefi PA, et 
al. Xenogeneic thymokidney and thymic tissue transplantation in a pig-to-

baboon model: I. Evidence for pig-specific T-cell unresponsiveness. 
Transplantation. 2003; 75: 1615-24. 

48. Yamada K, Yazawa K, Shimizu A, Iwanaga T, Hisashi Y, Nuhn M, et al. Marked 
prolongation of porcine renal xenograft survival in baboons through the use of 
alpha1,3-galactosyltransferase gene-knockout donors and the 
cotransplantation of vascularized thymic tissue. Nat Med. 2005; 11: 32-4. 

49. Kolber-Simonds D, Lai L, Watt SR, Denaro M, Arn S, Augenstein ML, et al. 
Production of alpha-1,3-galactosyltransferase null pigs by means of nuclear 
transfer with fibroblasts bearing loss of heterozygosity mutations. Proc Natl 
Acad Sci U S A. 2004; 101: 7335-40. 

50. Wang X, Li T, Cui T, Yu D, Liu C, Jiang L, et al. Human embryonic stem cells 
contribute to embryonic and extraembryonic lineages in mouse embryos upon 
inhibition of apoptosis. Cell Research. 2018; 28: 126-9. 

51. Wu J, Fu J. Toward developing human organs via embryo models and 
chimeras. Cell. 2024; 187: 3194-219. 

52. Daley GQ, Ahrlund Richter L, Auerbach JM, Benvenisty N, Charo RA, Chen G, 
et al. Ethics. The ISSCR guidelines for human embryonic stem cell research. 
Science. 2007; 315: 603-4. 

53. Hyun I, Clayton EW, Cong Y, Fujita M, Goldman SA, Hill LR, et al. ISSCR 
guidelines for the transfer of human pluripotent stem cells and their direct 
derivatives into animal hosts. Stem Cell Reports. 2021; 16: 1409-15. 

54. Ludwig TE, Bergendahl V, Levenstein ME, Yu J, Probasco MD, Thomson JA. 
Feeder-independent culture of human embryonic stem cells. Nat Methods. 
2006; 3: 637-46. 

55. Stebbins MJ, Gastfriend BD, Canfield SG, Lee MS, Richards D, Faubion MG, et 
al. Human pluripotent stem cell-derived brain pericyte-like cells induce blood-
brain barrier properties. Sci Adv. 2019; 5: eaau7375. 

56. Hegge B, Sjottem E, Mikkola I. Generation of a PAX6 knockout glioblastoma 
cell line with changes in cell cycle distribution and sensitivity to oxidative 
stress. BMC Cancer. 2018; 18: 496. 

57. Prokhorova TA, et al. Teratoma formation by human embryonic stem cells is 
site dependent and enhanced by the presence of Matrigel. Stem Cells Dev. 
2009;18(1):47-54.  

58. Borkar R, Wang X, Zheng D, Miao Z, Zhang Z, Li E, et al. Human ESC-derived 
MSCs enhance fat engraftment by promoting adipocyte reaggregation, 
secreting CCL2 and mobilizing macrophages. Biomaterials. 2021; 272. 

59. Zhang B, Li H, Hu Z, Jiang H, Stablewski AB, Marzullo BJ, et al. Generation of 
mouse-human chimeric embryos. Nat Protoc. 2021; 16: 3954-80. 

60. Yeung CK, Yan Y, Yan L, Duan Y, Li E, Huang B, et al. Preclinical safety 
evaluation and tracing of human mesenchymal stromal cell spheroids 
following intravenous injection into cynomolgus monkeys. Biomaterials. 2022; 
289: 121759. 

 
 
 


