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ABSTRACT 

 

A major goal of research in stem cell biology and regenerative medicine is the generation 

of organs, tissues and cells for replacement therapy. Differentiation of phenotype-specific 

cell types can be achieved from Embryonic stem cells (ESCs), induced Pluripotent stem 

cells (iPSCs) or via Direct reprogramming. However, the generation of entire functional 

organs and completely reprogrammed authentic cells is yet to be achieved.  

Blastocyst complementation utilizing human pluripotent stem cells (hPSCs) is an 

approach that can potentially generate whole organs. We utilized an interspecies 

complementation strategy by injecting hPSCs into porcine parthenogenetic blastocysts. 

Through this, we were able to achieve successful incorporation of human stem cells into 

the inner cell mass (ICM) of the parthenogenetic blastocysts, and ultimately in the 

porcine parthenote fetuses, when the chimeric blastocysts were implanted into surrogate 

pigs. A previous study reported successful complementation of normal porcine 

blastomeres in the blastocysts of an organogenesis-disabled pig, leading to the 

development of a completely donor-derived organ in that pig. We wanted to determine if 

a similar approach could be achieved by complementing human stem cells in a porcine 

blastocyst lacking a gene for lens development and generation of dopaminergic neurons 

(Pitx3). hPSCs successfully incorporated into Pitx3 deficient blastocysts and resulted in 

the presence of lens-like fibers in the eyes of complemented fetuses. Though more 

analyses on the fetuses are yet to be performed to confirm successful complementation of 

human cells in the Pitx3
-/-

 pigs, initial analyses provide promising results for potential 

generation of human-derived cells or organs in an organogenesis-disabled pig. Thus, 

inter-species blastocyst complementation approach using hPSCs can provide more 

opportunities for safe cell/organ replacement therapy.  
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INTRODUCTION 

The fields of stem cell biology and regenerative medicine hold a major promise of 

generating human cells and/or organs for replacement therapy
1
. The hallmark 

characteristics of self-renewal and pluripotency exhibited by stem cells have enhanced 

the significance of these cells for generating specific cell types and/or organs for 

modeling and treatment of several diseases including stroke, Parkinson’s and 

Alzheimer’s diseases, myocardial infarction, muscular dystrophy, spinal cord injury and 

several types of leukemia. Understanding the biology and properties of these stem cells, 

achieving efficient and functional differentiation into cells or organs, preventing immune-

related responses, etc. are some of the major issues to be addressed before 

transplantation
2
. However, lack of donor cells or organs necessitates the development of 

innovative strategies for effective replacement therapy.  

1.1 Reprogramming strategies – use of ESCs, iPSCs and Direct 

reprogramming 

Human pluripotent stem cells (hPSCs) can be broadly classified into two types 

based on their source and physiology, as embryonic and non-embryonic (adult)
3
. 

Embryonic stem cells (ESCs) can be obtained from inner cell mass (ICM) of embryos at 

the blastocyst stage of embryonic development. These cells have the ability to 

differentiate into the three germ layers, namely ecto-, meso- and endoderm, that 

ultimately give rise to a fully developed fetus
4
. Adult stem cells (ASCs), usually found 

among a differentiated cell population within a tissue or an organ, maintain homeostasis 

and can also transdifferentiate (however, limited) in the case of damaged cell replacement 

during injury repair
5
. Human ESCs (hESCs) extend great opportunities for regenerative 

medicine and drug discovery. With hESCs as the source, in vitro differentiation of these 

cells to a desired cell type is being increasingly achieved via a pool of lineage-specific 

transcription factors. For example, ectopic introduction of muscle specific factors like 

MyoD along with chromatin remodeling molecules into hESCs has given rise to myoblast 

like cells
6
. Other examples include studies on differentiation of hESCs to beating 

cardiomyocytes
7
, or to neuronal precursor and neuronal cells

8,9
, in particular 

mesencephalic dopaminergic neurons
10

 that have been described. In addition, hESCs are 
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also a great source of origin to obtain cells of hepatic
11

, pancreatic
12

 and hematopoietic 

lineages
13

. Ever since the in vitro culturing of hESCs from donor blastocysts was first 

reported
14

, an extensive number of cell lines has been derived in several laboratories. 

Differences in techniques across labs have contributed to variations in gene expression of 

hESC lines
15

. Such variations between individual cell lines could impact the 

differentiation potential of these cells. An intense survey on 59 hESC lines by the 

International Stem Cell Initiative (ISCI) revealed that differences exist between the 

imprinting statuses of certain genes in the cell lines, although a global analysis suggested 

similar expression patterns of most genes and surface antigens
16

.     

To overcome the ethical concerns of using hESCs, the discovery of induced 

Pluripotent Stem Cells (iPSCs)
17,18

 has gained enormous significance  since these cells 

are converted to a state of pluriotency, and hence closely resemble hESCs. iPSC 

technology, which involves using four transcription factors (Oct4, Sox2, Klf4 and c-Myc) 

to reprogram adult somatic cells to an ESC-like population, enables the use of these cells 

as models for disease study and drug discovery. Human iPSCs (hiPSCs) are an ideal 

source for patient-specific therapies by overcoming two major issues – embryonic source 

to generate ES cells; and immune rejection following cell transplantation
19

. Further 

research demonstrated the use of other factors to generate hiPSCs from adult somatic 

cells
20,21

. The multilineage potential of hiPSCs has been exploited for their differentiation 

into a variety of cell types, including adipocytes
22

, hematopoietic progenitors and 

endothelial cells
23

, neurons
24

, pancreatic islet cells
25

, etc. However, gene array analysis 

reveals differences in expression profiles between different hiPSC lines, and furthermore, 

the preference of hiPSCs to readily differentiate into cell types of their original source is 

an increasing concern, as these cells retain ‘epigenetic memory’
25,26

. This bias provides 

difficulties in generating other cell types from hiPSCs with similar efficiencies.    

Direct reprogramming, which involves conversion of cells from one cell fate to 

another by forced expression of lineage-specific transcription factors, is also an attractive 

strategy for prompting differentiation without the need to reprogram the cells to a 

pluripotent fate. This has been accomplished in the generation of skeletal muscles
27

, 

neurons
28

, islet cells
29

, hepatocytes
30

, cardiomyocytes
31

, etc. from different starting cell 
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populations. Strikingly, differentiation across different germ layers, such as fibroblasts 

(mesodermal) to neurons (ectodermal)
32

 also indicate the robustness of direct cellular 

reprogramming. The highly complex cascade of signaling events in cell types such as 

neurons and cardiomyocytes has led to discrepancies in the use of transcription factors 

that can be deemed necessary and sufficient for cell conversion.  

Most of the cell differentiation protocols, irrespective of the source of starting cell 

population (i.e. hESCs, hiPSCs, or somatic cells), have met with variable success. Often, 

functional properties of reprogrammed cells are not always comparable to those of wild-

type cells. For example, though pancreatic β cells derived from hPSCs secrete insulin, 

they are not as robustly responsive as normal islet cells to increased glucose levels. 

Similarly, hPSC-derived dopaminergic neurons often do not make synaptic connections 

though they stain positive for tyrosine hydroxylase. Researchers are still optimizing their 

methods to enhance the differentiation efficiency in order to achieve a pure population of 

differentiated cells. Moreover, functionality and in vivo engraftment of differentiated 

cells are additional constraints for successful reprogramming. Although multiple 

approaches for reprogramming PSCs to give rise to specific cell types are ongoing, 

generation of whole organs or completely reprogrammed authentic cells has not yet been 

achieved. 

1.2 Generating Authentic Cells via Blastocyst Complementation 

The advancement in reprogramming techniques to generate specific cell types 

from iPSCs or ESCs has enhanced the possibilities of using stem cells for replacement 

therapy. However, inabilities to reproduce protocols or generate terminally differentiated 

cells are some of the major hurdles that need to be overcome for safe transplantation of 

cells into patients. A more reliable source for generating a pure population of organ or 

tissue-specific human cell types would be from chimeric models of cloned animals 

injected with patient-derived iPSCs or ESCs at the blastocyst stage of embryonic growth. 

Injection of donor human stem cells into host animal blastocysts allows human cells to 

occupy the ‘niche’ in the host by proliferating and differentiating into organ specific cells 

or tissues. Development and validation of effective stem cell therapies via 
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xenotranplantation using pig models is a reliable approach, based on the fact that pigs are 

physiologically, anatomically and genetically similar to humans
33–35

.  

1.2.1 Blastocyst complementation of PSCs  

Blastocyst complementation is a technique involving injection of donor stem cells 

of a species into a host blastocyst of either the same (intraspecies complementation) or a 

different species (interspecies complementation) (Fig. 1A and B). This approach is 

increasingly being viewed as a strategy to obtain donor derived cells or organs in the host 

for transplantation. Intraspecies complementation was first performed in complementing 

Rag2 (Recombination-activating gene 2) deficient mice with normal WT mouse ESCs to 

generate T and B cells
36

. Lack of Rag2 gene results in the failure of initiating V(D)J 

recombination, that is required to generate precursor B and T cells. Interestingly, 

complementation of Rag2
-/-

 mouse blastocysts with WT mouse ESCs, followed by 

implantation into foster mice, gave rise to intraspecific chimeras possessing functional B 

and T cells, which meant that these immune cells were donor stem cell-derived. Other 

examples of intraspecies complementation studies include injection of mouse PSCs in an 

aprancreatic (Pdx1
-/-

) mouse blastocyst to generate chimeras with an entire pancreas
37

, 

and a similar strategy using Sall1
-/-

 (kidney-deficient) mouse blastocysts for producing 

chimeric mice with entire kidneys
38

 (Fig. 1A). 

Interspecies complementation involving generation of viable chimeric organisms 

from two different species has been done; however, this is subject to differences in 

morphogenesis of organs
37,39

. A pioneering study on generating a completely donor-

derived organ by interspecific complementation was reported by Kobayashi et al.
37

. The 

authors generated mouse and rat iPS cells to perform xenogenic complementation, by 

injecting mouse iPSCs into rat blastocysts and rat iPSCs into mouse blastocysts, followed 

by their implantation into foster mothers (of host blastocyst species) (Fig. 1B). 

Fluorescent tagging of injected iPSCs enabled tracking of the cells/organs generated from 

the injected donor cells in the resulting chimeric organisms. The two kinds of chimeras 

obtained could survive up to adulthood and the substantial contribution of the donor cells 

within the organs of the chimeras demonstrated that viable organisms could result from 
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xenogenic complementation. Combining the facts that (i) PSCs can occupy the 

developmental niche created by the loss of an organ-specific gene expression (e.g., Pdx1 

for pancreatic or Sall1 for kidney development) in a species; and (ii) PSCs from one 

species can complement and contribute to organs of the other species, Kobayashi et al. 

extended the possibility of determining if niche occupancy could be brought about via 

interspecies complementation. For this purpose, by injecting rat iPSCs into Pdx1
-/- 

mouse 

blastocysts, they achieved successful generation of functional rat pancreas in an 

apancreatic mouse model (Fig. 1C). 
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Fig. 1. Blastocyst complementation strategies for generating donor derived 

cells/organs
37,38

: (A) Schematic showing complementation of genes by injecting donor 

PSCs from a species same as the host (B) Chimerism between two different species 

(mouse cells in a rat and rat cells in a mouse) has been achieved (C) Combination of the 

previous two approaches – use of donor PSCs from a species to complement loss of a 

gene in the host from a different species.  

 

The most recent complementation study was also performed in the same lab to 

generate pancreas in an apancreatic cloned pig via complementation of WT pig ES cells 

(Fig. 2)
40

. In this study, aprancreatic male pigs were generated by a transgenic approach 

through introduction of Pdx1-Hes1 gene that inhibits pancreatic development. Fibroblasts 

generated from the mutant pigs were cloned by Somatic Cell Nuclear Transfer (SCNT) 

and the resulting host embryos were complemented with donor blastomeres from a huKO 

(humanized Kusabira-Orange, a red fluorescent protein) expressing female pig. The 

resulting chimeric pigs developed normally and possessed an entire pancreas which 

expressed orange fluorescence, stained positive for insulin and responded to increased 

glucose levels. This finding advanced the possibilities of generating exogenous organs in 

higher animal models by blastocyst complementation.   

Complementation of hPSCs in porcine parthenogenetic blastocysts  

So far, there is evidence that complementation can be achieved between different 

species and also within the same species among higher animal models, such as pig. 

However, no one has reported complementation of human PSCs within pig blastocysts to 

determine the efficiency of chimerism that can be generated. For this purpose, we made 

use of porcine blastocysts generated by a process called parthenogenesis. Parthenogenesis 

is a mechanism of zygote formation with oocytes, without fertilization
41

. Mammalian 

parthenogenetic embryos have been reported to have lower cell number compared to 

fertilized embryos, developmental defects and thus fewer days than normal in gestation, 

due to genomic imprinting
42,43

. Despite such shortcomings of using parthenogenetic 

embryos, there are some advantages, such as faster and easier embryo generation, and in 

higher quantities than those obtained by natural or artificial fertilization. Moreover, 
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porcine oocyte activation protocols have been modified to enhance the quality and 

development of the parthenotes
44,45

.  

 

Fig. 2. Blastocyst complementation study in a pig model
40

: A schematic showing intra-

species complementation of an apancreatic cloned pig embryo with donor blastomeres 

from a huKO expressing female embryo. The resulting chimeric blastocysts on 

implantation gave rise to pigs with completely donor-derived pancreas.  

 

The choice of hPSCs for our complementation studies mainly included CD34
-
 

human umbilical cord blood stem cells (hUCBSCs) isolated previously from the 

umbilical cord of a donor
46,47

, hiPSCs and human Multipotent Adult Progenitor Cells 
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(hMAPCs)
48

. The main objective was to use different types of hPSCs and study their 

internalization within porcine parthenogenic blasocysts in order to determine effective 

incorporation of the human stem cells within porcine ICM, and ultimately in the fetuses 

to generate human-pig chimeras.   

1.3 Complementation of hPSCs in Pitx3
-/- 

porcine blastocysts 

The proof of principle that inter-species complementation can be achieved has 

been established. Taking this concept to the next level, organogenesis-disabled pig 

models providing a developmental niche can also be complemented by human PSCs, to 

potentially generate human cells or organs within a porcine system. In order to prove this 

hypothesis, and as a prototype for such a study, Pitx3
-/-

 porcine blastocysts were chosen 

for complementation with hUCBSCs and hiPSCs (hPSCs) to investigate if hPSCs can 

result in human-porcine chimeras and complement the loss of porcine Pitx3 gene. 

Pitx3 is one of the members of the Pitx homeobox family of genes
49

. Several 

studies enumerate the role of Pitx3 as one of the essential genes for the production of 

dopaminergic neurons in the substantia nigra of the mid-brain
50–52

. Moreover, absence or 

deficiency of this gene is also associated with an aphakia (ak) phenotype, characterized 

by small eyes lacking lenses
53–55

. The gene is conserved in its sequence and expression 

pattern among humans and different animals, including mouse, frog and zebrafish
56–59

. 

TALEN-mediated knockout of Pitx3 in an adult pig somatic cell, such as skin fibroblast, 

followed by nuclear transfer of a Pitx3
-/-

 cell in an enucleated porcine oocyte can 

potentially give rise to a Pitx3
-/-

 pig fetus. However, injection of hPSCs into Pitx3
-/-

 

porcine blastocysts, followed by implantation in a surrogate mother can possibly give rise 

to human-porcine chimeric fetuses with normal eyes and dopamine neurons by successful 

complementation of this gene. Since the expression of this gene is mostly restricted to the 

mammalian eye and midbrain, successful complementation can be ascertained based on 

phenotypic analysis, such as presence of smaller eyes, as well as histological analyses of 

the chimeric fetuses. 

1.3.1. TALEN based gene editing  
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 Gene editing mechanisms, such as addition, deletion/inactivation or replacement 

have historically been achieved by homologous recombination. Limitations of this 

approach due to its limited efficiency led to the discovery of advanced methods for this 

purpose. One such example is the use of Transcription Activator-like Effector Nucleases 

(TALENs), a powerful tool for genome engineering
60

. These are synthetic nucleases that 

comprise DNA binding motifs for target specificity and Fok nucleases for inducing 

double-strand breaks. TALENS are increasingly being used for gene correction strategies 

due to their high targeting capacity (1 site per 35bp of DNA)
61–63

.   

 In our studies, TALENs were utilized for the inactivation of the Pitx3 gene in pig 

fibroblasts for complementation studies with hPSCs. These human-porcine chimeric 

blastocysts were transferred to surrogate sows by nuclear transfer cloning. 

1.3.2 Somatic Cell Nuclear Transfer (SCNT) 

In vitro production of embryos refers to the process of oocyte maturation, 

fertilization and embryo culture in vitro. It is possible to obtain viable embryos in culture 

and this is slightly more efficient in pigs than in cattle. Some of the in vitro techniques to 

produce viable embryos in animal species include in vitro fertilization (IVF), 

intracytoplasmic sperm injection (ICSI), and somatic cell nuclear transfer (SCNT)
64–66

.  

Nuclear reprogramming via SCNT involves transfer of the donor nucleus from an adult 

somatic pig cell, such as a skin fibroblast into an enucleated mature pig oocyte followed 

by electrical activation. Later on, the donor nucleus undergoes reprogramming to an 

‘early’ stage and progresses in development through mitotic divisions. Implantation of 

the embryo into a surrogate mother is followed by the development of cloned fetuses. For 

inducing and maintaining pregnancy in pigs, several high quality (at least more than four) 

embryos are required for implantation each time
67

. There are several factors associated 

with the efficiency of the process, such as the source and quality of oocytes, complexity 

of embryo culture, failure of activation method, and failure of reprogramming in the 

transplanted nucleus, etc
66

. Previous studies have shown that SCNT-cloned pigs or their 

offsprings are not phenotypically different from naturally bred pigs
68

, and that the nuclear 

transfer method is capable of efficient generation of cloned animals, especially in 

pigs
69,70

. 
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The overall goal of this blastocyst complementation approach is to generate patient-

derived organs in a pig model (organ-deficient) for transplantation by complementation 

of patient PSCs (corrected, in case of genetic defect) in pig embryos (Fig. 3)
100

. 

Successful complementation to generate human-porcine chimeras would significantly 

advance regenerative therapy and ultimately provide better medical solutions for 

generating phenotype-specific cells as a source for cell replacement therapies.  

 

Fig. 3. Potential outcome of generating human-porcine chimeras
101

: iPSCs from a 

patient can be used for complementation into blastocysts of an organ-deficient large 

animal, e.g. pig, to generate patient-derived organs that can be isolated and transplanted 

back into the patient. 
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MATERIALS AND METHODS 

Analyses of human-porcine chimeric blastocysts and fetuses 

 

 

Fig. 4: Timeline for chimeric human-porcine study in parthenogenetic blastocysts 

and fetuses: (A) Parthenogenetic zygotes were generated by electrical activation (Day 0) 

and were injected with 10 hPSCs (pre-labeled or unlabelled with DiI) at the blastocyst 

stage (6 days post-activation). The chimeric blastocysts were fixed at Day 7 and Day 8, 

and analyzed for detection of human cells (B) For generating parthenogenetic fetuses, 

unlabeled hUCBSCs were injected into Day 6 parthenogenetic blastocysts and implanted 

into foster mothers. The chimeric fetuses were harvested at 28 days of gestation.      
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Cell culture: 

(i) CD34 negative non-hematopoietic human umblical cord blood stem cells (hUCBSCs) 

hUCBSCs were isolated and cultured in our laboratory as previously described
4646

. 

Briefly, the cells were cultured on fibronectin-coated sterile 24 well tissue culture plates 

(Corning). The media composition for hUCBSC culture primarily consisted of 60% 

Dulbecco’s Modified Eagle Medium: F12 (DMEM: F12) [low glucose] (Invitrogen) and 

30% MCDB 201 medium (Sigma). Supplements such as 10% Fetal bovine serum (FBS) 

(Invitrogen), 100 units/ml Primosin (Invitrogen), 100 uM L-ascorbic acid-2-PO4 

(Sigma), 20nM Dexamethasone (Sigma), 1x Insulin transferrin selenium (ITS) media 

supplement,  1 mg/ml Linoleic acid/ BSA (Sigma) were included. Additionaly, growth 

factors such as 10 ng/ml Recombinant human EGF (Sigma) and 10 ng/ml Recombinant 

human PDGF (R&D Systems) were also added. Incubation conditions were 37°C and 5% 

CO2. 

For microinjections into porcine parthenotes, the hUCBSCs were plated with a density of 

0.08 X 10
6
 cells per well 2-3 days prior to the day of injection. In order to harvest cells 

for injection, the cells were washed with PBS twice and dissociated using TryplE 

(Invitrogen) for 4 minutes at 37°C. The cells were collected using additional UCB media 

and the cell suspension was made homogenous. The final cell density and viability was 

counted using Trypan blue staining. The cells were then centrifuged at 1000 rpm for 6 

minutes and the pellet was resuspended in about 1 ml of UCB media (without cytokines). 

The cell suspension was then passed through a 40 μm cell strainer (Fisher Scientific) to 

isolate similarly sized cells, collected in an autoclaved eppendorf tube and transported on 

ice to the Mouse Genetics Laboratory (MGL) facility at Cancer and Cardiovascular 

Research Building (U of M) for microinjections. 

 (ii) human induced Pluripotent cell line SHIPS 9-1 (hiPSCs) 

The hiPSCs were generously provided by the Dutton lab (U of M). The cell line was 

prepared from human skin fibroblasts by delivering reprogramming factors using Sendai 

virus
71

. The hiPSCs were cultured on feeder-free vitronectin coated plates. Essential 8 

(E8) media was used for cell culture and incubation conditions were 37°C and 5% CO2. 
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The hiPSCs were passaged after a minimum of 2 days in culture following a previous 

passage when they were approximately 70-80% confluent. The cells were washed again 

with pre-warmed DMEM:F12 (Life Technologies), dissociated with 0.1 ml/cm
2
 of 

Accutase (Life Technologies) after incubation at 37  C for 5 minutes. The cells were 

washed with DMEM:F12 and passed through a 40 μm cell strainer (Fisher Scientific). A 

small volume of cell sample was taken for cell counting, and the rest of the cell 

suspension was further diluted with DMEM:F12 such that accutase and DMEM:F12 were 

at a 1:10 ratio. The cell suspension was centrifuged at 1000 rpm for 3 minutes. Total cell 

number and viability were determined by Trypan blue staining. The supernatant was 

removed and the pellet was resuspended in 1ml of pre-warmed Essential 8 media with 10 

μM ROCK inhibitor (Selleckchem). Since it was found that these cells failed to maintain 

a normal phenotype when placed on ice, suspensions were maintained at RT throughout 

blastocyst injections.  

DiI labeling of hPSCs: 

To track the hPSCs within live porcine parthenotes at 24 and 48 hours post-injection, the 

hPSCs were pre-labeled with a fluorescent lipophilic dye (Vybrant cell labeling solution 

CM-DiI, Molecular Probes). Prior to this experiment, the dye concentrations and 

incubation conditions for the different hPSCs were optimized for homogenous and 

single-cell labeling. For optimization experiments, hPSCs cultured on 12 or 24 well 

plates were washed twice with PBS and different concentrations (2μM, 4μM and 6μM) of 

the fluorescent dye, prepared in the cell culture media, were added.  The cells were then 

incubated for varying time points.  Next, cells were washed again, twice with PBS and 

supplied with original cell culture media. Fluorescent images were taken for the hPSCs 

incubated under the different conditions. For the hUCBSCs, the incubation time points 

tested with the DiI were 5, 10 and 15 minutes. For the hiPSCs, the time points were 45 

minutes, 1 hour, 2 hours or overnight. The labeled cells were tracked for a minimum of 

three days post-labeling to study retention of the DiI.  

Collection and parthenogenetic activation of porcine oocytes: 

The following protocol was provided by the supplier: 
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Parthenogenetically activated porcine oocytes were obtained from a commercial supplier 

(DeSoto Biosciences, Inc., TN, USA). Briefly, cumulus oocytes were collected from 

mature sows and placed in maturation medium. Oocytes were then transferred to a 

haluronidase solution (2 mg/ml) 40-44 hours post-maturation for denuding. This was 

followed by electrical activation of the mature oocytes with two DC pulses of 1.5kV/cm 

for 30μs, delivered by a BTX Electro Cell Manipulator 20 (Biotechnologies and 

Experimental Research Inc., San Diego, CA, USA). The presumptive zygotes were then 

incubated for 4 hours in NCSU-23 medium containing 7.5μg/ml cytochalasin B.  

The embryos were then transferred to normal NCSU-23 medium in vials, packed and 

shipped in a thermostat container to the MGL facility at the U of M. The embryos were 

received at Day 1 post-activation. Once received, they were unpacked and separated for 

culture into different dishes in a 100 μl drop of NCSU-23 medium under mineral oil until 

they develop to the blastocyst stage (i.e. the day of injection). Culture conditions were 

38.5°C and 5% CO2.  

Basic composition of NCSU-23 medium included 108.73 M NaCl, 25.07 mM NaHCO3, 

5.5 mM Glucose, 4.78 mM KCl, 1.19 mM KH2PO4, 1 mM Glutamine, 7 mM Taurine, 5 

mM Hypotaurine, 0.1 mg/ml Cystein, 1.7 mM CaCl2.2H2O, 1.19 mM MgSO4.7H2O, 1% 

Pen/Strepp, 0.4% BSA and 0.001% Phenol Red. 

Microinjections: 

All microinjections of hPSCs into porcine parthenogenetic blastocysts were done at the 

MGL facility at the University of Minnesota. Parthenote injections were performed at 

Day 6 post-activation of oocytes. Prior to injections, the embryos and the cells to be 

injected were transferred to drops of holding medium (Hepes Medium 199, Life 

Technologies, supplemented with 0.1% BSA and Penn/Strepp 100 U/ml) in oil. Embryos 

that were expanded with a blastocoel cavity were selected for injection, and those that 

were stalled at different stages of development were not included. Embryos were 

manipulated on a stage (maintained at 38.5°C) using a micromanipulator (Olympus 

1X70), and were injected using a 20 μm TransferTip injection needle (Eppendorf) with 

10 hPSCs each (on average) into the blastocoel cavity. The chimeric embryos were then 
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transferred back to the incubator in drops of NCSU-23 under oil. They were imaged live 

or fixed for staining at 24 and 48 hours post-injection.     

Unlabeled hUCBSC-injected chimeric porcine parthenotes were implanted into two 

synchronized surrogate pigs, a gilt and a sow (Gilt is a female pig that has never 

reproduced, whereas a sow is a pig that has birthed). The chimeric fetuses were harvested 

at 28 days of gestation.   

Pig cloning: 

Protocols for cloning and transfer were provided by the Minitube of America, WI. 

TALEN mRNA constructs directing porcine Pitx3 gene of pig fibroblasts was generated 

based on the previous study
72

. For cloning, chromatin transfer of Pitx3 KO fibroblasts 

were used as donor cells into recipient in vitro matured ooytes. The donor cells were 

prepared for cloning as described
73

. Briefly, the cells were trypsinized and washed with 

Ca/Mg Hank’s Balanced Salt Solution (HBSS). Approximately, 0.05 – 0.1 x10
6
 cells 

were incubated in 31.25 U Streptolysin O (SLO-Sigma, St. Louis, MO) in 100 μl for 30 

minutes in a 37°C water bath for permeabilization. The cells were then washed, pelleted 

and incubated in 40 μl of mitotic extract prepared from MDBK cells containing an ATP-

generating system (1 mM ATP, 10 mM creatine phosphate and 25 μg/ml creatine kinase) 

for 30 minutes at 38°C. The reaction mix was then diluted with 500 μl of cell culture 

media (DMEM with 10% FBS), pelleted and resuspended with NCSU-Hepes. Donor 

cells were individually introduced into the perivitelline space of enucleated oocytes (one 

donor cell per oocyte). Membrane fusion was brought about between a donor cell and a 

recipient fibroblast by electrical induction. Restored embryos were then chemically 

activated by 10μM ionomycin for 5 minutes and 2mM 6-dimethylaminopurine (6-

DMAP) for 2-3 hours. Embryos were cultured in mPZM-5 at 38°C for 4 days.      

The host Pitx3 KO embryos were injected with 7-10 donor hiPSCs or hUCBSCs at Day 4 

(morula stage) by micromanipulation. 46 morulae with hiPSCs and 72 morulae with 

hUCBSCs were surgically transferred to the uteri of estrus-synchronized recipient gilts.  

Recipient gilts 
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Crossbred gilts (280-320 lbs) were synchronized by administering 15 mg Matrix 

(Altrenogest, Merck) mixed into the feed for 14-17 days based on the stage of estrous 

cycle. 1,500 IU of PG600 (Intervet) was administered by intramuscular (i.m.) injection 24 

hours after the last Matrix feeding for inducing superovulation. Seven hundred and fifty 

units of hCG (Intervet) was administered by i.m. injection, 82 hours after PMSG 

injection. Reconstructed embryos were transferred around 120 hours post hCG.   

Fetal harvest and processing:  

Eight chimeric parthenote fetuses were harvested at 28 days of gestation. The embryos 

were snap-frozen in Optimal Cutting Temperature (OCT) compound using isopentane 

and liquid nitrogen or perfused by immersing the fetuses in 4% PFA for 1 hour followed 

by transferring them to 15% sucrose, and later embedding in gelatin. One parthenote 

fetus (374-1) that seemed well developed compared to the rest was embedded in OCT 

(only the body). The body was cryosectioned transversally in 100 μm sections which 

were later utilized for immunohistochemistry. 

Regarding the Pitx3 KO complemented fetuses, four hiPSC complemented and eight 

hUCBSC complemented fetuses were obtained from the two gilts at 62 days of gestation. 

The fetuses were transcardially perfused with 4% PFA with or without prior perfusion 

with PBS. The individual organs were dissected and again immersed in 4% PFA 

overnight (most of them) and later transferred to 15% sucrose. The left and the right eyes 

were distinguished by the location of lacrimal gland, embedded in OCT, and parasagittal 

sections (8 μm) were obtained. WT pig fetuses were obtained at the same gestational age. 

WT human fetal eyes were commercially obtained from Advanced Biomedical Research 

Inc. (NJ). WT human fetal and pig eyes were processed in the same manner as the 

chimeric fetuses.  

Immunostaining:  

Human-porcine chimeric blastocysts were stained with an anti-human nuclear antibody 

HuNu (HNA or MAB1281, EMD Millipore) to quantify the human cells within the 

porcine blastocysts. The staining was performed based on the method previously 

described
74

. Blastocysts were fixed at Day 7 and Day 8 for analyses. Fixation was done 
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using 4% PFA for 20 minutes at RT and stored in 0.5% BSA/PBS. For staining, the 

blastocysts were washed with 0.1% Tween-20 (in PBS) thrice, permeabilized using 1% 

TritonX-100 (TX-10) in PBS for 30 minutes, and blocked with 5% BSA/PBS for 1 hour 

at RT. The blastocysts were then incubated with the primary antibody (1:250, MAB1281) 

prepared in blocking solution for 1 hour at RT or at 4°C overnight. The blastocysts were 

then washed thrice with 0.1% Tween-20/PBS and incubated with secondary antibody for 

1 hour at RT. After washing, the samples were incubated with DAPI (1:1000 in PBS, 

from 1mg/ml stock) for 10 minutes. After two washes, the samples were placed in 

chamber slides for immunofluorescent imaging or mounted with Vectashield in chamber 

gaskets for confocal imaging. Secondary antibodies used were Goat anti-mouse Alexa 

Fluor 488 or 555 F(ab’)2 (1:1000, Life Technologies). 

For immunocytochemistry on hPSCs, the same protocol was used. The samples were 

immersed in PBS during immunofluorescence imaging.  

For immunohistochemistry on the human-porcine parthenote cryosections, the slides 

containing tissues were warmed to RT. After performing 4 washes (5 minutes/wash) with 

PBS to remove OCT, blocking of non-specific sites was done by incubation with 5% 

normal donkey serum (NDS)/PBS for 15-30 minutes at RT. The primary antibody (HNA, 

1:250) was prepared in 10% NDS/PBS-TX-100. Sections were incubated overnight with 

the primary antibody at 4°C in a humidified box. After rinsing in PBS-TX-100 thrice (5 

minutes/wash), the slides were incubated with secondary antibody for 2-3.5 hours at RT. 

After a quick rinse in PBS-TX-100, the tissues were stained in DAPI/H2O for 

approximately 10 minutes, followed by washing. The sections were dehydrated in ethanol 

series and xylene, and mounted with DPX Fluorescent mounting medium with a 

coverslip. The secondary antibody used was Cy3 conjugated Donkey Anti-mouse (1:800, 

Jackson) 

Throughout the immunostaining process, control samples were those treated only with 

the secondary antibody.  

For Hematoxylin and Eosin (H&E) staining, the tissue sections were rehydrated using a 

series of ethanol concentrations from 100% to 50% (1-2 minutes per wash). The sections 
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were then stained with Hematoxylin for 20 minutes and Eosin for 5 minutes, followed by 

dehydration using increasing concentrations of ethanol from 70% 100% (1-2 minutes per 

wash). The sections were mounted under a coverslip using Immumount and sealed with  

a sealant. 

Imaging and Quantification: 

Live imaging of human-porcine chimeric parthenotes was done using Nikon Inverted TiE 

Deconvolution microscope at the University Imaging Centre (UIC, UofM). The samples 

were placed in 8 chamber slides (#1.5 borosilicate coverglass, Lab-Tek). The live cell 

environment chamber included in this system enabled maintenance of the embryos under 

culture incubation conditions throughout imaging.  

Confocal images were taken using Nikon NiE C2 Upright Confocal microscope (UIC, 

UofM). HNA-stained chimeric blastocysts were mounted on CoverWell imaging 

chamber gaskets (Life Technologies) or cover slips on slides. Based on DAPI 

fluorescence, the top and bottom regions of the blastocysts were identified and a series of 

Z stacks were obtained. The stacks were reconstituted to give a 3D image based on 

maximum intensity projection. 

For quantification of cells in the blastocysts, Z stacks were taken using an 

immunofluorescence microscope (Leica Microsystems). Blastocysts that retained an 

intact morphology at the end of staining (i.e. distinguishable CA versus ICM) were 

considered for quantification. Based on visual discrimination under the phase contrast 

field and the presence of HNA negative (pig) cell aggregate, the ICM was distinguished 

from TE. Cell counting in the embryos was performed manually. Contribution of HNA 

(or HuNu) positive cells to ICM, TE or CA was done by determining the ratio of HNA-

positive cells in each of the three respective regions to the total number of DAPI positive 

cells and represented as percentage. 

Statistics: 

All statistical analyses were performed by Student’s paired t-test. To determine % 

hUCBSC incorporation within the different regions (ICM, TE and CA) of the chimeric 
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blastocysts, comparison was done to determine statistical significance between hUCBSC 

contributions in the ICM vs. TE and in the ICM vs. CA on the different days post 

injection. Error bars in the graphs represent standard error of the mean (SEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

20 
 

RESULTS 

3.1  Injected hPSCs localize within porcine parthenogenetic blastocysts 

To determine the incorporation of hPSCs into porcine parthenogenetic blastocysts, donor 

stem cells were pre-labeled with DiI (Fig. 5). The amount of the lipophilic DiI staining 

(based on the intensity of fluorescence) was found to gradually increase with higher 

concentrations of the dye and for longer incubation times. The stained hUCBSCs were 

tracked for about two weeks when the DiI was found to completely diffuse out. It was 

also observed that hUCBSCs stained at higher concentrations had an impact on cell 

viability. For example, the cells stained at 8μM had the least survival rate compared to 

the cells subjected to lower concentrations of the DiI. Hence, the incubation times for the 

other cell types were optimized by staining at 2, 4, and 6μM concentrations. With the 

hUCBSCs, the staining conditions were fixed as 5μM of DiI (i.e. 1:200 dilution) in 

hUCBSC media for an incubation time of 15 minutes. Single cell labeling was achieved 

on all the hUCBSCs and the intensity was observed to further increase 24 or 48 hours 

post staining, due to lateral diffusion of the stain into other organelles of the cells. 

hUCBSCs stained under such conditions, 1 or 2 days prior to the day of injection, were 

used (Fig. 5A). The hiPSCs, however, required longer incubation times, such as 1-2 hours 

with the DiI for minimal detectable labeling. Most of the cells in the colonies were 

labeled when incubated with 5μM for 2 hours (Fig. 5B). The cells were harvested for 

injections on Day 0 or Day 1 after labeling..  
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Fig. 5. DiI labeling of hPSCs for tracking within porcine parthenotes: Fluorescent 

images of hUCBSCs (A)and hiPSCs (B)., , pre-labeled with a lipophilic DiI solution (red) 

before porcine blastocyst injections. The DiI has labeled all the hUCBSCs, and most of 

the hiPSCs in the colonies. Scale: 100μm.  

 

Fluorescent live imaging of the hPSC-injected porcine blastocysts revealed the presence 

and the localization of the human stem cells within the blastocysts (Fig. 6). The 

blastocysts generally collapsed following the injection of cells (Fig. 6A) and later re-

expanded back to become blastocysts containing a cavity again (Fig. 6B and 6C). The 

chimeric blastocysts were tracked at 24 and 48 hours post-injection of hPSCs. Fig. 6B 

represents a Day 7 embryo with pre-labeled hUCBSCs 24 hours after injection. Fig. 6C 

shows a hatching Day 8 embryo that was injected with pre-labeled hiPSCs, 48 hours 

prior. The ICM aggregate can be identified and distinguished from the blastocoel cavity 

based on the cluster of the cells within the blastocyst under the Differential Interface 

Contrast (DIC) field. The hUCBSCs and hiPSCs, evident from the DiI pre-labeling, were 

localized mostly in the ICM of the chimeric blastocysts.   
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Fig. 6. Localization of hPSCs within porcine parthenotes: Deconvolution microscopy 

images of porcine parthenotes injected with labeled hUCBSCs at 0 hrs (A) and 24 hrs (B) 

post injection and with hiPSCs 48 hours post injection (C). hPSCs were localized mostly 

to the ICM of the blastocysts. Scale: 20μm (A), 50μm (B and C).  

 

3.2  hUCBSCs contribute significantly to the ICM of chimeric human-porcine  

parthenotes 

 

In order to identify the individual hPSCs and to quantify them within the chimeric 

blastocysts, a human specific anti-nuclear antibody (HuNu, a.k.a MAB 1281) was used 

for detection. Immunocytochemistry (ICC) on the hPSCs with HuNu and using DAPI 

counterstain as reference revealed the ability of the antibody to stain the nucleus of 
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individual cells (Fig. 7). All DAPI-stained cells were also positive for HuNu in 

hUCBSCs (Fig. 7A ii, iii, iv) and in the hiPSCs (Fig. 7B ii, iii, iv). Absence of 

fluorescence in the cells stained only with secondary antibody confirmed the lack of its 

non-specific binding, and that the HuNu specifically labeled only the nuclei. 
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Fig. 7. HuNu (Human Nuclear) antigen staining of hPSCs: Fluorescent images of 

hUCBSCs (A)and hiPSCs (B) following ICC staining with HuNu anti-human nuclear 

antibody. All the DAPI-stained nuclei (blue) have also stained positive with HuNu 

antibody (red). Scale: 100μm.  

 

Immunostaining on the chimeric human-porcine blastocysts with HuNu distinctly 

revealed the human cells, while the DAPI counterstain revealed the total number of cells 

(of both human and porcine origin) within the different regions of the blastocyst (Fig. 8). 

The total number of DAPI positive cells was 30±3.66 for Day 7 (n=6) and 43±3.16 (n=8) 

for Day 8 hUCBSC-chimeric blastocysts. Fig. 8A and 8B show porcine blastocysts 

injected with unlabeled hUCBSCs, fixed at 24 and 48 hrs post injection respectively, 

followed by staining with HuNu to identify the hUCBSCs among the porcine 

blastomeres.   
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Quantification of HuNu-positive cells within the different regions of the blastocyst 

confirmed that most of the hUCBSCs significantly contributed to the ICM of the 

blastocyst (Fig. 9(i)). Nearly 39% incorporation of hUCBSCs was observed in the ICM at 

the end of 24 hours and 41.9% incorporation at 48 hours post injection. Very few or no 

human cells incorporated to the trophectoderm (TE) or to the blastocoel cavity (CA) (less 

than 4% contribution). An increase in contribution of the human cord blood cells in the 

ICM at 48 hours compared to 24 hours post injection suggested that these  cells 

proliferated within the blastocysts. As expected, while quantifying few Day 7 and most of 

the Day 8 chimeric blastocysts, an increase in the total hUCBSCs was observed 

compared to the 10 cells that were injected on Day 6 (Fig. 9(ii)). In addition, the natural 

process of blastocyst hatching was also not hindered by introducing the human cells. In 

fact, the overall viability of the blastocysts was observed to be enhanced after hUCBSC 

injection (Fig. 10), suggesting that reduced cell number of parthenogenetic blastocysts 

could affect the viability and that increasing the cell number by addition of cells can 

contribute to better survival and development. Most of the blastocysts (both injected and 

uninjected) were viable only up to Day 8 post-activation and very few hUCBSC injected 

blastocysts survived on Day 9 post-activation (6% survival, on an average of 3 batches of 

10 blastocysts per batch). Most of the studies on quality and survival of parthenogenetic 

embryos have been done only up to the blastocyst stage (Day 6 or 7)
75,76

 of the 

parthenotes, indicating that optimal survival might not be achieved beyond that stage in 

vitro, probably due to the requirement of a complex microenvironment for further 

development. The results so far obtained, hence prove that the porcine parthenotes 

maintained their development and intact morphology even after hPSC injection and most 

of the human cells could be found within the ICM of the porcine blastocysts.   
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Fig. 8. Identification of hPSCs within porcine parthenotes: Confocal images of 

porcine parthenotes injected with hUCBSCs 24 hours (A) and 48 hrs (B) post injection. 

The chimeric blastocysts were stained with HuNu anti-human nuclear antibody. HuNu 

(red) has stained the nuclei of hUCBSCs and are mostly found within the ICM of the 

blastocysts. Scale: 50μm.  



 

27 
 

 

 

Fig. 9. Quantification of hPSCs within human-porcine chimeric blastocysts:              

(i) Graphical representation of hUCBSC incorporation in the ICM, TE or CA of porcine 

parthenotes at different days of development (ii) Average number of hUCBSCs at 

different days following injection of 10 cells into the porcine parthenotes on Day 6 

(n=21and 17  blastocysts for Day 7 and Day 8 respectively). Data are represented as 

mean±SEM. Statistical significance was determined by Student’s paired t-test (P<0.05)  
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Fig. 10. hUCBSC injected porcine embryos show enhanced viability: Graphical 

representation of comparison of blastocyst viability between uninjected and hUCBSC 

injected blastocyst groups (n=3 batches). Statistical significance was determined by 

Student’s paired t-test. 

 

3.3  Human stem cells incorporate to porcine parthenote fetuses 

To determine whether human stem cells can contribute to porcine fetuses, 101 Day 6 

post-activated parthenotes were injected with 10 unlabeled hUCBSCs each, and 

implanted into two synchronized pigs – a sow and a gilt (50-51 chimeric parthenotes per 

pig). On performing ultrasound scanning of the pigs on the third week following 

implantation, only the gilt seemed to show signs of pregnancy. According to a previous 

study, parthenogenetically activated pig oocytes were found to show embryonic 

development for up to 30 days in vivo
77

. Thus, for our analyses, the chimeric fetuses from 

both pigs were recovered on the 28
th

 day of gestation. As expected from the scanning 

results, no fetuses were obtained from the sow (0% recovery), whereas the gilt gave rise 

to 8 fetuses (16% recovery) on the day of harvest.   

Five out of the eight parthenote fetuses obtained are shown in Fig. 10. There was distinct 

variability in the phenotype of the fetuses (Fig. 11). The differences related to changes in 
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the progressive development of the parthenogenetic fetuses. Most of them seemed to 

have developed to the somite stage and no abnormalities, such as hemolysis, were visible. 

However, they had stalled at different stages of development, which can be noticed on 

comparison. Of the 8 fetuses, one (374-1) was well vascularized with the presence of an 

umbilical cord. The crown rump length of this embryo of about 14mm was the longest 

(which is comparable to the length of a fertilized fetus from a similar gestational period
77

) 

compared to the others. The eyes were large and distinct in this fetus compared to those 

less developed in 374-2 or absent in the rest. Fetuses 374-4 and 5 lacked a clearly defined 

head and vascularization. All the embryos had, or at least initiated limb development.  

Transverse sections of the parthenote 374-1 stained with the human-specific HNA 

(HuNu) revealed the presence of human cells distributed within the fetal liver (Fig. 12). 

The HNA positive cells co-localized with DAPI and the absence of any fluorescence in 

the red channel on treatment with only the secondary antibody in a neighboring section 

confirmed the presence of human cells by distinct nuclear staining without non-specific 

binding of the secondary antibody (image not shown). This affirms that the hUCBSCs 

can incorporate and divide within the porcine parthenotes and ultimately contribute to the 

development of organ(s) in a growing fetus. Processing of other tissues from this and 

other parthenotes are yet to be done, however, the results so far obtained indicate that 

viable human-porcine chimeric parthenogenic fetuses can be obtained with hUCBSCs 

and that human cells can also incorporate within the organs of these fetuses. 
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Fig. 11. Fetuses generated from human-porcine parthenotes: (A) Schematic showing 

the implantation of chimeric parthenotes and harvesting of fetuses. (B) Whole mount 

images of 5 out of the 8 fetuses obtained. Scale: 1000μm. 
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Fig. 12. Human cells identified in the porcine embryonic fetus: Parthenote 374-1 (A) 

was sectioned and stained with the anti-human nuclear antibody HNA (HuNu). (B) The 

presence of HNA positive cells and their co-localization with DAPI confirms the 

presence of human cells in the liver. Scale: 1000μm (A), 100μm (B). 

 

3.4  Successful generation of Pitx3
-/-

 porcine fibroblasts via TALEN-based 

genome editing 

 

A key step in the utilization of blastocyst complementation to generate human organs and 

cells is the knockout of specific genes that are involved in the development of those 

organs and cells. TALEN-based gene editing was performed for the basis of generating 

gene knockouts in pig skin fibroblasts. The nucleus of these knockout fibroblasts were 

then introduced into enucleated oocytes via chromatin transfer to generate cloned 

embryos. Three candidate genes Nurr1, Pitx3 and Lmx1a, were chosen for knockout 

studies with TALENs. The candidate genes of interest are critical for neurogenesis, by 

promoting the specification and differentiation of neuronal progenitor cells to explicitly 

midbrain dopaminergic neurons
78

. The function and efficiency of TALENS in swine 

fibroblasts to create gene knockouts, and the enhanced selection strategy by co-

transfection of EGFP
+ 

transposons was recently reported
72

. For further assessment of the 

TALEN system in livestock, especially in swine, TALEN mRNAs bearing target 

sequences for specific exons in the genes Nurr1, Pitx3 and Lmx1a,  were utilized (Fig. 
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13A). PCR analysis using forward and reverse primers specific for the first and last exons 

of the genes revealed the presence of cleaved mRNA products, confirming the disruption 

of the intact genes (Fig. 13B). Thus, the results together demonstrate the ability of 

TALENS to generate successful gene knockouts (KO) in swine fibroblasts. To generate 

cloned porcine embryos for further complementation studies, we made use of the 

TALENS directing knockout of Pitx3 gene. Besides its role in dopaminergic neuron 

development
50

, this gene is also associated with the specification and formation of lens 

fibers, retina and a normal eye phenotype in humans
79

 and other animals
80,59

. Hence, 

using this gene as target for complementation studies would provide more areas for 

analyses, if successful complementation is resulted. 

  

Fig. 13. TALEN-mediated gene knock-outs in pig fibroblasts: (A) Cleavage sites for 

LMXA1, NURR1, and PITX3 genes. (B) PCR on pig fibroblasts treated with TALEN 

mRNAs targeting genes in (A). Double arrows indicate TALEN cleavage products. 
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3.5  hPSCs complement for the loss of lens in human-Pitx3
-/-

 porcine chimeras 

Chromatin transfer of Pitx3
-/-

 fibroblasts into mature porcine oocytes was performed in 

vitro. Three batches of Pitx3
-/-

 porcine embryos were generated for our experiments – (i) 

for direct implantation in a surrogate gilt without hPSC complementation to generate 

Pitx3
-/-

 porcine fetuses; for implantation into surrogate gilts following complementation 

of Pitx3
-/-

 embryos with (ii) hUCBSCs or (iii) hiPSCs. Forty-six Pitx3
-/-

 porcine morulae 

were injected with hiPSCs and seventy-two morulae with hUCBSCs (Fig. 14). 

Approximately 7-10 human stem cells were injected into each morulae. The chimeric 

fetuses were then obtained after 62 days of gestation. One gilt produced 4 hiPSC 

complemented fetuses, and the second gilt produced 8 hUCBSC complemented fetuses. 

Analyses of tissue samples confirmed biallelic knockout of Pitx3 in all fetuses.  

 

Fig. 14. hPSCs injected into the Pitx3
-/-

 porcine embryo at the morula stage of 

development: 7-10 hPSCs were injected into each of the Pitx3 KO porcine embryos (on 

Day 4) cloned by chromatin transfer. 

 

It has been previously reported that consequences of aphakia (ak) mutation relate to eye 

disorders associated with blindness, such as microphthalmia
81,82

. Ak mice are 
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characterized by the absence of lens at birth due to arrested growth at the lens stalk stage. 

The close association of Pitx3 gene to ak phenotype, in that the loss or truncated 

expression of Pitx3 resulted in small eyes with no lens or anterior segment structures 

(characteristic of ak mice), demonstrates the role of Pitx3 gene in eye development
57.83

. 

Pitx3 KO embryos that did not receive hPSCs failed to give rise to any viable fetus in our 

first trial. So, a second implantation of the cloned embryos was done and thirteen Pitx3 

KO pig fetuses (negative control) were obtained from two gilts. Similar to the Pitx3 

KO/mutated phenotype described in other animal models, such as mice
84

, zebrafish
83

 and 

sheep
85

, almost all of the Pitx3 KO pig fetuses displayed closed eyelids (Fig. 15B). 

Among the chimeric pig fetuses, morphological differences in the fetal eyes could be 

witnessed by gross inspection. Some of the chimeric fetuses had open eyelids, similar to 

the age-matched WT pig fetal eyes (Fig. 15A and 15C). This was interesting to note, and 

suggested possibilities of successful complementation and rescue of optical abnormality 

in those chimeric pigs whose eyes resembled WT pig eyes.  

 

 

Fig. 15. Optical abnormality rescued by hPSC complementation:  Eye of a (A) Wild-

type pig fetus (B) Pitx3
-/-

 (negative control) pig fetus, and (C) Pitx3
-/-

 pig with hUCBSC 

complementation. Close resemblance of Pitx3
-/-

+hPSC complemented with WT pig fetal 

eyes and a significant difference from the Pitx3 KO fetal eyes suggested recue of optical 

deformity by Pitx3 complementation by human cells in the chimeric fetuses (arrows point 

to the open/closed eyelids in the fetal eyes). 

 

The eyelids of the different fetal groups were compared and categorized as being open, 

closed or intermediately positioned (Table 1). All of the eyes from the WT pig fetuses 
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had completely open eyelids with clearly visible and pigmented eyes. While almost all of 

the Pitx3 KO fetuses had completely closed eyelids, only one fetus seemed to have 

intermediately positioned eyelids which neither resembled a WT nor the other Pitx3 KO 

pig fetal eyes. Among the eight hUCBSC chimeric fetuses, three had completely open 

and three intermediately positioned eyelids. And among the four hiPSC chimeric fetuses, 

one fetus had completely open eyelids and the rest had closed eyelids. Completely closed 

eyelids are suggestive of the presence of small/no visible eye phenotype that is associated 

with the mutation of Pitx3. Open eyelids in the hPSC chimeric fetuses provide promising 

results, indicating successful complementation of human cells for Pitx3 deficiency, and 

perhaps stochastic or partial complementation in chimeric fetuses with intermediately 

positioned eyelids. 

 

Table 1. Comparison of eyes between the different fetal groups: Categorization of the 

four different fetal groups (WT, Pitx3
-/-

+hUCBSC complemented, Pitx3
-/-

+hiPSC 

complemented, and Pitx3
-/-

) as having either closed, intermediately positioned or open 

eyelids. 

     

In order to determine presence/absence of a lens in the hPSC chimeric fetuses, H&E 

staining was done on eyes and compared with human fetal and WT pig fetal eyes (Fig. 

16). Structure and orientation of the crystalline lens fiber were clearly defined in the WT 

eyes (Fig. 16A and 16B). One of the eyes from the Pitx3
-/- 

fetal group seemed to have a 

degenerated phenotype, without an intact crystalline lens structure similar to the WT pig 

eye (Fig. 16J).  
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Surprisingly, differences were visible in all chimeric eyes with respect to internal 

morphology and sizes of lens-like structures that were present. For example, in eyes from 

some hUCBSC complemented fetuses, there was a wider lens-like structure beginning to 

develop (Fig. 16C), which then acquired an elongated appearance more towards the 

interior of the eye, as observed from a similarly-sized eye from another hUCBSC 

complemented fetus (Fig. 16D). Interestingly, the other eye from this particular fetus was 

smaller and had a varied lens-like structure (Fig. 16D’) compared to the previous ones. 

Also, elongated lens-like structures were observed at the centre of the eyes from few 

fetuses (Fig. 16E and 16F). Contrastingly, an eye from one of the hUCBSC fetuses had a 

different internal morphology (Fig. 16G), and seemed less compact that the rest, yet 

fiber-like structures were beginning to appear at the lateral portion of this eye.  

None of the eyes from the hiPSC complemented fetuses possessed similarities in internal 

structure (Fig. 16H and 16I). Nonetheless, these eyes seemed to possess lens fiber-like 

structures (Fig. 16H and 16I, marked by ‘*’). 

All of the chimeric eyes maintained a spherical morphology, while the Pitx3
-/- 

eye seemed 

compressed, and the loss of an intact morphology suggested degeneration of the internal 

structures, resulting in the loss of eye development. However, only one eye from the 

Pitx3
-/- 

group has been observed and more analysis of this group is required for definitive 

conclusion of such a phenotype.    

Though none of the eyes from the complemented fetuses entirely resembled the WT pig 

or human eye, the variance in the size of the eyes and differences in structures gave a 

sense of possibility of differential contribution of the hPSCs to each embryo. The 

variability in the structure of the eyes may be due in part to a stochastic contribution of 

the hPSCs to the ectodermal germ layer of the blastocyst.    
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Fig. 16. Comparison of eye lens-like structures of chimeric fetal eyes: Hematoxylin 

and Eosin (H&E) staining on eye sections from human, WT pig, Pitx3
-/-

, Pitx3
-/-

+hPSC 

complemented pig fetuses. (A) Human fetal eye at 152 days in gestation, (B) WT pig 

fetal eye, (C-G) Eyes from Pitx3
-/-

 pig fetuses that received hUCBSCs. (H,I) Eyes from 

Pitx3
-/-

 pig fetuses that received hiPSCs. (J) Eye from Pitx3
-/-

 pig fetus. Arrow indicates 

lens in the WT. Lens fiber-like (*) and lens-like (arrow) structures are visible in some of 

the chimeric eyes, revealing possibilities of successful complementation with hPSCs. 

Eyes in panels (B-I) are from fetal pigs 62 days in gestation. EW: Eye width; Scale: 

1000μm  

 

Further immunostaining analyses against Tyrosine Hydroxylase (TH) for the presence of 

dopamine neurons in the substantia nigra of the chimeric brains and the use of HuNu to 

confirm the human origin of these neurons, and using anti-Pitx3, or crystallin antibodies 

to investigate lens development initiated by the hPSCs would also strongly demonstrate 

the successful complementation of the human stem cells within the chimeric fetus. IHC 

on other organ systems too, such as kidneys, liver, muscle, etc. and detection of human 

cells can also elucidate the chimeric potential of the human stem cells. The initial results 
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thus far, obtained from the eyes of the chimeras have been promising and have raised the 

possibilities of engraftment of hPSCs within a porcine organ system. Whether these 

human cells are physiologically active is difficult to determine in the pre-natal stage, 

however successful complementation can create areas for further assessment and better 

understanding of generating human cells or organs in human-porcine chimeras.  
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DISCUSSION 

 

The purpose of our study was to investigate if hPSCs could incorporate within 

porcine blastocysts and thereby fetuses, to render significant chimerism. Currently, 

studies from other groups report the complementation of donor stem cells from the same 

or different species in an organogenesis-disabled or even in a defective hematopoietic 

host model
37,40,86,87

. However, it has been undetermined whether human cells have a 

similar capability in a swine model. To demonstrate this, and to establish proof of 

principle, we made use of human stem cells injected in parthenogenetically activated 

porcine blastocysts. Further, to verify organogenesis complementation, we used these 

human cells in Pitx3
-/-

 porcine embryos.   

Previous chimeric human-mouse blastocyst studies have contributed to the 

understanding of engraftment potential of human stem cells within mouse embryos
86,88

. 

In these studies, human stem cells were shown to survive and proliferate in the ICM of 

pre-implanted blastocyst outgrowths, and were also retained in the chimeric fetuses. With 

similar objectives, but by using parthenogenetic pig blastocyst models, we were able to 

demonstrate the biological compatibility of human cells in the pre and post-implantation 

stages of the pig embryos. Quantification of human cells within the human-porcine 

blastocysts revealed (i) significant contribution of these cells within the ICM, and (ii) 

proliferation of the injected human cells, denoted by consistent increase in their numbers 

observed 24 and 48 hours post injections. The enhanced viability of the hPSC injected 

versus the unmaniputaled porcine blastocysts was interesting to note. Parthenogenetic 

embryos, in general, have been shown to exhibit reduced cell number and delayed 

development compared to naturally fertilized embryos
89

. In fact, even in vitro fertilized 

porcine embryos implanted in vivo at 2 cell stage and recovered 4 days after 

transplantation, were found to have almost twice as much number of cells
90

 than what we 

observed in the parthenotes from our studies. Reduction in the total cell number of in 

vitro cultured NT, IVF or parthenogenetic blastocysts could be due to the lack of 

effective culture conditions that can mimic the in vivo microenvironment
91

. However, the 
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ease of generating parthenogenetic embryos by activation, and optimization of porcine 

culture media, have made the embryos produced by this method to be better models for 

studying engraftment of human cells for short-term. Identification of human cells within 

the parthenote fetuses provided convincing evidence that these cells continued to 

proliferate even during later stages of porcine embryo development.  

Further support for the contribution of hPSCs to the developing fetus is seen in 

the presence of HNA-positive human cells in fetal pig liver at gestational age 28 in the 

parthenotes that received hUCBSCs and transferred to surrogate sows. This is the first 

piece of definitive evidence for the generation of a human-porcine fetal chimera and the 

identification of a suitable line of hPSC to create such a chimera. 

 Elucidation of the compatibility of hPSCs to perform inter-specific gene 

complementation in porcine fetuses was done by injecting hiPSCs and hUCBSCs into 

Pitx3
-/-

 porcine blastocysts. Effective gene knockout strategies are key for producing 

organogenesis disabled pig models for human stem cell complementation. The validation 

of the TALEN system with a transposon co-selection strategy in livestock has proven to 

be highly efficient for selective gene targeting with reduced off-target effects
72

. This was 

proved from the PCR results of pig fibroblasts treated with TALEN mRNAs targeting 

Nurr1, Pitx3 and Lmx1a. Moreover, RFLP (Restriction Fragment Length Polymorphism) 

analysis from fibroblasts isolated from the chimeric fetuses showed successful disruption 

of Pitx3 in all fetuses by the TALEN sequence employed. In a recent study, SCNT 

cloning efficiency of generating biallelic knockouts using ZFN technology in pigs was 

reported to be 1.4% (on average)
92

. Though several factors determine the pregnancy of 

surrogate sows to clone mutant pigs, we were able to get a good efficiency of 11.1% for 

hUCBSC injected Pitx3
-/-

 embryos and 8.6% for hiPSC injected Pitx3
-/-

 embryos.  

The overlapping role of Pitx3 in neurogenesis
93

, and in regulating differentiation and 

survival of lens cells
55

 was utilized for confirmation of successful complementation of 

hPSCs in the chimeric fetuses. Phenotypic differences in the eyes of the chimeric fetuses 

were observed from histological studies revealing potential possibilities in the presence 

of a lens in some of the fetuses. The role of Pitx3 in early lens development has been well 

enumerated using mouse and other models
57,59

. Though this has not been extended to pig 
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models, this gene can be expected to play similar roles due to its conserved sequence 

observed in mammals. So far, some of the eyes from the hPSC complemented fetuses that 

have been analyzed have shown the presence of a lens-like or lens fiber-like structures.  

Lens development in vertebrates has been well-studied and it encompasses several 

stages accompanied by expression of diverse factors
94,95

. The formation of the lens 

placode is followed by the development of a spherical vesicle with a central cavity. In 

humans, this occurs at around 4
th
 week of gestation. The epithelial cells from the 

posterior vesicle elongate to form primary lens fibers. Further growth takes place by 

division and migration of these primary fiber cells towards the posterior side of the lens 

equator, where they differentiate into secondary fibers. In the later stages, the cells shed 

their nuclei and organelles and generate large amounts of crystalline proteins that 

contribute to transparency of the lens. Some of the key regulators during the process of 

lens induction include Pax6 (master regulator of lens development), Six3 (expressed in 

optic vesicle), Six5 (expressed in mature lens), Optx2 (expressed in lens placode), Foxe3 

(expressed in lens vesicle), and Pitx3 (expressed in optic vesicle and lens pit)
96,97

. In ak 

mice phenotype, the lens develops at least till the lens cup stage (prior to lens vesicle 

formation) and abnormalities begin to show at later stages (beyond 11 days post coitus, 

d.p.c.)
57

.  

H&E staining on the chimeric eyes revealed the presence of lens fiber-like cells, 

while some revealed an elongated lens-like structure. Immunostaining on the lens-like 

region in the complemented eyes with HuNu (and DAPI) did not reveal the distinct 

nuclei; rather a more smeared staining was observed (data not shown). This could be due 

to the fact that mature lens fiber cells degrade their nuclei to become transparent 

enucleated cells
98

. The use of lens-specific antibodies or crystallins in the eyes from 

Pitx3
-/-

 and hPSC complemented fetuses will help for stronger conclusions for successful 

complementation of the lens. Analyses of mid-brain sections from the chimeric fetuses 

for the presence of human cell-derived dopaminergic neurons, and analyses of other 

organs from the chimeras are yet to be performed.       

The lack or presence of lens development in the chimeric fetuses may be 

attributed to the stochastic nature of the contribution of the hPSCs to the different germ 
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layers of the morula/blastocyst. We injected approximately 7-10 hPSCs into each porcine 

morula, which represents about 35% of the total cells in the embryo at this stage of 

development
99

. Therefore, it is highly likely that some of the hPSCs migrated and 

contributed to the ectoderm layer from which the lens develops. It will be of interest to 

see whether there is a strong correlation with lens development and hPSC contribution to 

the dopaminergic neuron population of the substantia nigra. 

The reason why the implantation of control Pitx3
-/-

 embryos failed in our first trial 

is unknown, despite the fact that several analyses have been carried out on Pitx3
-/-

 

knockout mice, suggesting this mutation is not embryonic lethal
50,100

. However, it is 

inevitable that there are several factors deciding the fate of cloned pig production by 

nuclear transfer
66

. Our second trial resulted in 2 out of 3 litters in using cloned Pitx3
-/-

 

embryos which is close to a 50% success rate for litters derived from cloned 

morulae/blastocysts.  

Overall, our studies suggest that hPSCs can complement gene-deficient porcine 

animal models. The robustness of this complementation approach advances the capacity 

to produce authentic reprogrammed cells, by combining the potential of human stem cells 

with therapeutic cloning. Some of the issues of concern would be the production of 

organogenesis-disabled pigs for all organs; and the production of purely human-derived 

organs or cells without involvement of any host tissues (for e.g., connective tissues, 

blood, etc.) which might initiate immune reaction following transplantation. However, 

these issues can indeed be addressed with further research to aid in better understanding 

of how to transform such approaches safely to the translational level.  
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