
ABSTRACT 

MARKS, ODESSA. Generation of Severe Combined Immunodeficient (SCID) Pigs: A 
Novel Large Animal Model for Human Stem Cell Research. (Under the direction of 
committee chair Jorge A. Piedrahita, PhD). 

 

Pigs are an excellent large animal model for studies of human disease because of their 

similarities to humans in organ size and physiology. Developing pigs with severe combined 

immunodeficiency (SCID) would offer a powerful tool for human biomedical research. I 

report the generation of a “double knockout” SCID pig containing inactivating mutations in 

the genes encoding interleukin-2 receptor subunit gamma (IL2RG) and recombination 

activating gene 1 (RAG1) using transcription activator-like effector nucleases (TALENs). 

SCID pigs have no functional T, B, or NK lymphocytes and have an atrophic, non-functional 

thymic remnant, with loss of lymph nodes and Peyer’s patches. Their spleens lack germinal 

centers and red/white pulp differentiation. Serum IgM, IgG, and IgA are absent in SCID pigs.  

Allogeneic bone marrow transplantation (BMT) with T cell depleted porcine bone 

marrow was performed on SCID pigs. Intravenous BMT led to transient reconstitution of 

only the T cell lineage, while intraosseous BMT reconstituted T cells, B cells, and low levels 

of NK cells. Engrafted T cells after allogeneic BMT predominantly displayed an activated, 

memory phenotype, likely due to the absence of a functional thymus and extrathymic 

differentiation of peripheral T cell progenitors. Transplanted pigs that showed strong B cell 

repopulation also expressed plasma IgM and IgG up to WT levels, but not IgA. While 

irradiation led to earlier engraftment following allogeneic BMT, it was also quite toxic to the 

pigs, while higher levels of late engraftment were achieved without irradiation.  

To generate SCID pigs reconstituted with human lymphocytes, human CD34+ cells 

were transplanted into SCID pigs, leading to successful engraftment with human T cells, 



which repopulated the blood, spleen, thymus, and bone marrow, as well as human B cells, 

which repopulated the blood and spleen. In utero intrahepatic transplantation of human donor 

cells was significantly more effective than postnatal intraosseous transplantation. Engrafted 

human T cells predominantly expressed a naïve phenotype, with lineage marker expression 

largely consistent with normal thymic T cell development. Human IgM was present in the 

plasma, reflecting the presence of functional B cells. These findings constitute the first 

successful construction of a “humanized” SCID pig reconstituted with a human immune 

system. The humanized pig represents a powerful new animal model for numerous 

biomedical disciplines, particularly for the development of novel approaches to human 

transplantation and stem cell therapy. 
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CHAPTER 1: INTRODUCTION 
 

1.1. “Humanized” animal models for the study of human physiology and disease. 

 Animal models are essential tools for biomedical research and the development and 

testing of novel therapeutic agents. While direct studies of human subjects and clinical trials 

are ultimately needed to validate discoveries made in animal models, the range of 

experimentation possible with humans is limited by ethical considerations, in addition to 

being both resource and time intensive. With the wide availability of molecular tools for 

transgenesis and targeted genomic mutation in mammalian organisms, in vivo studies in 

animal models allow for mechanistically detailed and relatively rapid testing of hypotheses 

and provide an avenue for preclinical safety testing before embarking on potentially risky 

and costly human trials. The challenge, then, is to develop animal models that are similar 

enough to human physiology to be predictive of how diseases and novel therapies will 

behave in human subjects. 

 One major success in making a more “physiologic” animal model is the development 

of human hemato-lymphoid system mice, termed “humanized” mice (Rongvaux et al., 2013), 

in which the murine immune system is replaced with human hematopoietic cells. This allows 

the unparalleled opportunity to investigate the human immune system in vivo in a model 

organism that can be readily and precisely manipulated experimentally. To facilitate 

engraftment of the xenotransplanted human immune system, the endogenous murine immune 

system must be eliminated; this is accomplished via targeted mutations (a.k.a. “knockouts”) 

of genes essential to the early development of the immune system, producing 

immunodeficient mice. In the following sections, I will review how these genetically 
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immunodeficient mice were developed and subsequently utilized to produce humanized 

mice. I focus on the inactivation of two essential and widely conserved genes that are 

necessary for lymphocyte development: IL2RG and RAG1. I will then discuss the limitations 

of using humanized mice, and the prospects for developing a human hemato-lymphoid 

system large animal model – specifically, the pig – that more accurately recapitulates human 

physiology.  

1.2. Of humanized mice and men: mice with severe combined immunodeficiency and 

engraftment with human hematopoietic cells.  

 In 1983, a mutation in the PRKDC gene (protein kinase, DNA activated, catalytic 

polypeptide) was found to cause the absence of mature B and T cells in CB-17 mice, known 

thereafter as scid (severe combined immunodeficiency) mice (Bosma et al., 1983). Five years 

later, multiple groups reported the successful engraftment of human peripheral blood 

mononuclear cells (PBMCs), fetal hematopoietic tissue, and hematopoietic stem cells (HSCs) 

into scid mice (Lapidot et al., 1992; McCune et al., 1988; Mosier et al., 1988), however 

engraftment was at a low level and did not reconstitute a functional human immune system. 

One reason for the poor engraftment in scid mice was the persistence of natural killer (NK) 

cells, which inhibit human hematopoietic cell engraftment (Christianson et al., 1996). This 

was addressed by crossing the scid mutation onto the non-obese diabetic (NOD) mouse 

background; NOD-scid mice have intrinsically lower levels of NK cell activity as well as 

impairments in innate immunity (Shultz et al., 1995), both of which improved engraftment 

with human PBMCs and HSCs (Hesselton et al., 1995; Lowry et al., 1996; Pflumio et al., 

1996).  
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 Another barrier to scid mouse engraftment with human cells was the spontaneous 

generation of murine B and T cells later in the life of the mouse. To address this, knockout 

mice were developed with functional inactivation of recombination-activating gene 1 

(RAG1) or RAG2. These genes encode the RAG1/2 enzymes that catalyze site-specific 

V(D)J recombination and thereby produce the sequence diversity in immunoglobulins (Igs) 

from B cells and the T cell receptor (TCR) on T cells to generate a lymphocyte repertoire that 

can respond to a diverse range of antigens with high specificity (McBlane et al., 1995; de 

Villartay et al., 2003). The RAG1 and RAG2 proteins are encoded on adjacent genes and 

work synergistically by binding the recombination signal sequences adjacent to each gene 

segment participating in the V(D)J recombination reaction and thereby directing the location 

of DNA cleavage (Oettinger et al., 1990) (Bassing et al., 2002). The RAG1/2 proteins 

assembled within the synaptic complex cleave DNA, with non-adjacent sequences processed 

and repaired by the non-homologous end joining pathway to complete the recombination 

event. Naturally occurring mutations in RAG1 or RAG2 in humans result in the loss of all T 

and B cells (Schwarz et al., 1996), or Omenn syndrome, in which T cells are autoreactive due 

to the deficiency in V(D)J recombination (Villa et al., 1998). Mice with inactivating 

mutations in either RAG1 or RAG2 lack mature T and B cells, but only show limited 

engraftment with human hematopoietic cells due to the persistence of NK cells (Mombaerts 

et al., 1992; Shinkai et al., 1992). 

 The needed breakthrough to improve human cell engraftment came with the 

development of SCID mice bearing homozygous mutations of the interleukin-2 receptor γ-

chain (IL2RG), also known as the common cytokine-receptor γ-chain. IL2RG is a shared 
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common subunit that is a necessary component of the cytokine receptors for IL-2, IL-4, IL-7, 

IL-9, IL-15, and IL-21 (Sugamura et al., 1996). Signaling through IL2RG occurs via the 

association of its cytoplasmic tail with JAK3, such that mutations in IL2RG that disrupt the 

JAK3 interaction lead to more severe immunodeficiency (Russell et al., 1994). Because 

IL2RG is necessary for the signaling of numerous cytokines, knockout of IL2RG in mice 

severely impairs the development of B and T cells, and completely eliminates NK cells due 

to their dependence on IL-15 (Cao et al., 1995; DiSanto et al., 1995; Ohbo et al., 1996). 

There are naturally occurring human mutations of IL2RG, which is located on the human X 

chromosome and therefore causes X-linked SCID (Puck et al., 1993). Unlike IL2RG 

knockout mice, which lack all lymphocyte lineages, human X-linked SCID patients have 

diminished T cells in their peripheral blood and normal B cell numbers, but the B cells are 

non-functional, highlighting the differences in IL2RG function between humans and mice 

(Noguchi et al., 1993). IL2RG knockout mice were crossed into both the NOD-scid and 

NOD-RAG2-/- backgrounds, both of which showed the highest levels of engraftment of 

human PBMCs and HSCs seen for any of the humanized mouse models as well as 

development of functional human blood and immune systems (Ishikawa et al., 2005; Ito et 

al., 2002; Shultz et al., 2005; Traggiai et al., 2004).  

The goal of transplantation when making humanized mice is to direct human HSCs to 

a supportive microenvironmental niche within the SCID mouse (Shultz et al., 2012). 

Approaches differ between research groups, including administration of donor cells via 

intravenous (Ishikawa et al., 2005), intrahepatic (Traggiai et al., 2004), intraosseous 
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(Mazurier et al., 2003), and in utero (Schoeberlein et al., 2004) routes, however head-to-head 

comparisons of engraftment protocols are lacking for humanized mice.  

1.3. Limitations in mouse models and the advantages of swine as a novel large animal 

model for human immunology. 

 Despite the wealth of knowledge gained from experiments with humanized mice, 

there are still limitations in the translatability of that knowledge to human immunology and 

biomedicine. Mice have diverged extensively from humans to the point that there are major 

differences in numerous aspects of innate and adaptive immunity between the two species 

(Mestas and Hughes, 2004). Some particularly divergent immunologic features include the 

percentages of different immune effector cells, the tissue distribution of Toll like receptor 

(TLR) expression, cell surface markers, immunoglobulin classes, interleukins, the regulation 

of Th1 and Th2 signaling and differentiation, and the phenotypes of various genetic 

knockouts, including IL2RG, discussed previously (Mestas and Hughes, 2004). A recent high 

profile article raised particular concern that genomic responses to inflammation are very 

different between mice and humans (Seok et al., 2013), however a recent reanalysis of that 

data set called that conclusion into question and actually suggests strong interspecies 

correlation for specific functional classes of genes (Takao and Miyakawa, 2014). The small 

size and short lifespan of mice make it challenging to perform surgical procedures and 

experiments over a protracted time course that requires serial collections of blood or tissue. 

There is thus an urgent need for a humanized large animal model that better mirrors human 

physiology and immune function.  
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 Pigs are an excellent model organism for biomedical research because of their 

similarities to humans in size, anatomy, physiology, and metabolism (Lunney, 2007). Pigs 

are genetically more closely related to humans than mice and share a more similar 

chromosome structure (Hart et al., 2007; Jørgensen et al., 2005; Sun et al., 1999; Wernersson 

et al., 2005). With their longer lifespan of 10 to 20 years, pigs are better suited for studies 

that require long-term follow-up over a clinically relevant time frame, including cancer, stem 

cell biology, and transplantation. Several disease processes progress similarly between 

humans and pigs, including cardiovascular disease and infections that are shared by both 

species. As a large animal experimental model, pigs offer the advantages of reaching early 

sexual maturity (by 5 to 8 months), having a variety of breeds, a short generation interval of 

12 months with breeding in all seasons (Wolf et al., 2000), and large litters, containing 10 to 

12 piglets on average (Aigner et al., 2010). Standardized practices for pig housing, feeding, 

and hygiene are well-developed with regularly updated consensus guidelines. With an 

increasing number of well-defined porcine cell lines, molecular tools, pig-specific 

microarrays (Meurens et al., 2012), and publication of a complete draft of the pig genome 

(Groenen et al., 2012), the pig model has recently become much more accessible to precise 

experimental manipulation. The emergence of techniques allowing targeted modification of 

the pig genome has resulted in a surge of novel porcine models of human diseases, including 

Alzheimer’s disease (Kragh et al., 2009), Huntington’s disease (Uchida et al., 2001), retinitis 

pigmentosa (Kraft et al., 2005; Petters et al., 1997), cardiovascular disease (Hao et al., 2006), 

cystic fibrosis (Rogers et al., 2008a, 2008b; Stoltz et al., 2013), and type 2 diabetes (Renner 

et al., 2010).  
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 In comparing the pig, mouse, and human immune systems, the pig was the more 

similar organism to human for >80% of measured immunologic parameters compared to 

<10% for mice (Dawson, 2011). All the major immune cell populations described in humans 

and mice are present in pigs (Meurens et al., 2012). Humans and pigs both have high 

percentages of peripheral blood neutrophils (50 to 70%), in contrast to mice (Fairbairn et al., 

2011). Porcine orthologs have been identified for all the human cytokines that mediate Th1, 

Th2, Th17, and Treg differentiation, function, and signaling (Käser et al., 2011; Kiros et al., 

2011; Murtaugh et al., 2009). The human neutrophil chemoattractant, IL-8, has a direct pig 

ortholog while mice have no such homolog (Fairbairn et al., 2011). While the expression of 

TLRs 7 and 9 is limited to plasmacytoid dendritic cells (DCs) in humans and pigs, these 

TLRs are also expressed on conventional DCs in mice, making pigs a likely more accurate 

model of innate immune responses to pathogen-associated molecular patterns (PAMPs) and 

vaccine adjuvants (Summerfield and McCullough, 2009). In models of sepsis, mice are 

extremely resistant to endotoxin-induced shock, whereas pigs and humans are both quite 

sensitive to endotoxin (Fairbairn et al., 2011). Swine are now more tractable models for 

immunologic study, due to the publication of comprehensive catalogs of swine leukocyte 

antigens (Piriou-Guzylack and Salmon, 2008), the increasing commercial availability of pig-

specific ELISAs and antibodies (Meurens et al., 2012), and the discovery of antibodies that 

cross-react between human and swine antigens (Faldyna et al., 2007).  
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1.4. Comparing the immune systems of humans and pigs: a primer on porcine 

lymphocyte development.  

 In preparation for constructing a SCID pig and subsequently, a humanized pig, there 

are some differences to note between the porcine and human immune systems. Pigs express 

species-specific antimicrobial host defense peptides while lacking α-defensins (Sang et al., 

2009). Porcine lymph nodes have an unusual inverted structure which lacks a typical 

medulla, and is instead composed of a cortical layer surrounded by a paracortex (Rothkötter, 

2009). In addition to the typical discrete Peyer’s patches seen in the jejunum, pigs also have a 

continuous ileal Peyer’s patch similar to ruminant animals, including sheep and cattle 

(Barman et al., 1997). The porcine ileal Peyer’s patch exists for only a short time in the early 

postnatal period, and its function in lymphocyte development remains unclear. In humans, 

passive immunity is conveyed by the mother to her fetus transplacentally in the form of IgG, 

and after birth, via breast milk containing IgA which coats the mucosal surfaces of the 

infant’s GI tract. In contrast, fetal pigs do not receive maternal antibodies via the placenta; 

rather, they take up maternal antibodies from the milk or colostrum during neonatal suckling 

via a specialized mechanism in their gut mucosa whereby enterocytes non-selectively 

transport macromolecules from the gut lumen into the bloodstream of the newborn piglet 

(Kömüves and Heath, 1992). This non-specific macromolecule uptake ceases within 24 to 48 

hours after birth during a period known as “gut closure” (Leary and Lecce, 1978). 

Interestingly, there is even evidence that antigen-specific lymphocytes can be taken up by the 

neonatal gastrointestinal tract and function in the piglet prior to gut closure (Nechvatalova et 
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al., 2011), highlighting the importance of passively transferred, maternal cell-mediated and 

humoral immunity in the early neonatal period.  

 Porcine lymphocyte development is overall quite similar to humans, with a few 

notable exceptions. Hematopoietic development begins in the porcine yolk sac, and lasts 

from day of gestation (DG) 16 to DG27, however only a relatively small amount of 

hematopoietic progenitors are produced during this period (Sinkora and Butler, 2009). B cells 

are the first of the lymphocyte lineages to appear at DG20 and are the dominant lymphocyte 

lineage during early gestation. Hematopoietic production is taken over by the fetal liver at 

DG30 and the first B cells expressing surface IgM appear around DG40. The first T cell 

progenitors appear on DG38, and have a surface phenotype of CD3- CD4- CD8-. Shortly 

thereafter on DG40, T cells are first seen in the thymus and almost universally express T cell 

receptors (TCRs) composed of TCRγδ heterodimers. Unlike humans, γδ T cells compose the 

majority of T cells during fetal life and the early postnatal period (Gerner et al., 2009). In 

contrast to T cells bearing a standard TCRαβ heterodimer, γδ T cells participate in MHC-

independent responses to non-peptide antigens via cytolytic activity and can serve as memory 

T cells and professional antigen presenting cells (pAPCs) to stimulate αβ T cells. V(D)J 

rearrangement and cell surface expression of TCRγδ takes less than 3 days, leading to the 

appearance of γδ T cells in the peripheral blood around DG45. In contrast, TCRαβ expression 

requires 15 to 20 days, such that the first αβ T cells do not appear in the thymus until DG55, 

and are first seen in the periphery on DG58.  

 DG45 marks a turning point when the bone marrow takes over from the fetal liver as 

the primary hematopoietic center, with liver hematopoiesis decreasing until cessation at birth. 
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Peripheral B cells expand rapidly during this period, and B cells remain the dominant 

lymphoid cell until DG55, when they are overtaken by γδ T cells, which rapidly expand at 

the end of gestation. Natural killer (NK) cells also make their first appearance on DG45 in 

the umbilical cord and spleen. NK cell numbers increase and stabilize by DG70 into 

postnatal life. Lymphopoiesis peaks between DG60 and DG80, during which the majority of 

peripheral T and B cells are produced. In the thymus, γδ T cells predominate from DG40 to 

DG60, at which point they are overtaken by conventional CD4+ CD8+ double positive (DP) 

αβ T cells, which then (similarly to humans) differentiate to either CD4+ or CD8+ single 

positive (SP) T cells by GD70 (Charerntantanakul and Roth, 2007).  

Fetal B cells in the pig exhibit two notable unique features compared to humans. (1) 

Class switch recombination occurs in utero independently of environmental antigens, with 

the production of low levels of IgM, IgG, and IgA throughout the second half of gestation. 

(2) B cells expressing all antibody isotypes are present in the thymus through the early 

postnatal period, though the role of the thymus in porcine B cell development remains 

unclear (Butler et al., 2009).  

 There are also several notable differences in postnatal lymphocyte biology between 

humans and pigs. Among porcine T cell subpopulations, γδ T cells are present in a 2:1 ratio 

relative to αβ T cells at 4 months after birth, however this ratio is reversed by 12 months of 

age (Charerntantanakul and Roth, 2007). More CD8+ SP T cells than CD4+ SP T cells are 

seen in pigs, which is the opposite of the pattern seen in humans and mice 

(Charerntantanakul and Roth, 2007). As pigs age, the relative numbers of CD4+ SP T cells in 

the peripheral blood decrease while there is an increase in CD4+ CD8+ DP T cells. Double 
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positive T cells are not typically observed in humans, however they are common in pigs, and 

represent memory T cells whose progenitors were CD4+ SP T cells that acquired CD8 

expression as part of the transition to the memory phenotype (Gerner et al., 2009; Stepanova 

et al., 2007).  

 Understanding the similarities and differences between the pig and human immune 

systems helps to contextualize the results from the allogeneic transplantation experiments 

described in Chapter 3 and the xenogeneic transplantation experiments with human donor 

cells outlined in Chapter 4. In the next sections, I will review the techniques I employed to 

produce targeted genomic mutations in swine and the use of somatic cell nuclear transfer 

(SCNT) for the rapid generation of genetically modified pigs.  

1.5. Transcription activator-like effector nucleases (TALENs): a method for targeted 

genomic modification in swine.  

 The development of targetable nucleases for genomic engineering has revolutionized 

our ability to rapidly and efficiently produce genetically modified animal models of human 

disease (Carroll, 2014). This breakthrough resulted from the confluence of several lines of 

research: (1) the discovery that double strand breaks in chromosomal DNA stimulate the 

endogenous DNA repair machinery for homologous recombination (HR) or non-homologous 

end joining (NHEJ), (2) the discovery of zinc fingers as modular DNA recognition domains, 

and (3) characterization of the FokI endonuclease. Three major classes of targetable 

nucleases have been developed: zinc finger nucleases, transcription activator-like effector 

nucleases (TALENs), and CRISPR/Cas RNA-guided nucleases. This section will focus on 
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the biology and applications of TALENs, which were utilized in the present work to generate 

SCID pigs. 

 Mammalian cells contain multiple mechanisms to repair genomic double strand 

breaks (DSBs). Homologous recombination is one such mechanism, which uses an unbroken 

sister chromatid or homologous chromosome as a template in an attempt to accurately 

reproduce the DNA sequence lost at the DSB. HR can be appropriated for gene targeting by 

introducing exogenous DNA sequences flanked by regions homologous to the desired 

insertion site, allowing for precisely targeted gene “knock-ins” or “knockouts.” Alternatively, 

most cells also have the machinery for non-homologous end joining, which responds to 

DSBs by rejoining broken chromosomal ends without regard for sequence homology, a 

process which often introduces short stretches of inserted or deleted sequence that produce 

frameshift mutations. The introduction of targeted DSBs can thereby exploit NHEJ-mediated 

mutagenesis to introduce mutations into genomic DNA sequences of interest.  

 Transcription activator-like effector (TALE) proteins are derived from plant-tropic 

infectious bacteria and contain sequence-specific DNA binding modules that act as 

transcriptional activators to promote infection (Bogdanove and Voytas, 2011). The TALE 

DNA-binding domain is composed of a tandem repeat of ~34 amino acids, with residues in 

positions 12 and 13 called repeat variable diresidues (RVDs) that correspond to base pairs in 

the target DNA sequence (Boch et al., 2009; Moscou and Bogdanove, 2009). TALEs bind 

DNA in the forward orientation, with the N-terminus of the repeat binding the 5’-most base 

pair. The correspondence between sets of RVDs and their DNA base pair specificity has been 

decoded, with numerous publicly available methods for the modular generation of TALE 
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domains that will bind nearly any DNA sequence of interest with high specificity (Joung and 

Sander, 2013).   

In 1992, it was discovered that the type II restriction endonuclease, FokI, possessed 

different domains for target recognition and DNA cleavage that could be separated by 

proteolysis (Li et al., 1992). This finding was extended by demonstrating that fusion of the 

FokI endonuclease domain to different DNA-binding domains changed the DNA sequence 

specificity of the nuclease activity (Kim and Chandrasegaran, 1994; Kim et al., 1996). 

Transcription-activator like effector nucleases (TALENs), then, are fusion proteins that join 

the sequence specificity of the TALE domain to the endonuclease activity of FokI. For each 

cleavage target, two TALEN binding sites must be chosen to facilitate dimerization of the 

FokI domain, which is necessary for nuclease activity. The binding sites are separated by an 

intervening spacer, where the DSB is introduced. TALEN expression can be achieved in 

cultured mammalian cells by the standard methods of transduction or viral transduction. 

TALENs are less toxic and appear to be more specific than their predecessors, the zinc finger 

nucleases (ZFNs) (Carroll, 2014).  

Both ZFNs and TALENs have been used to introduce targeted genomic modifications 

into swine. ZFNs were first successfully used in swine to generate pigs with a biallelic 

knockout of porcine α 1,3-galactosyltransferase (GGTA1) (Hauschild et al., 2011). 

Messenger RNA encoding ZFNs targeting IL2RG was introduced into fetal fibroblasts and 

combined with SCNT to produce IL2RG-/Y pigs that were similar in phenotype to human X-

linked SCID patients (Watanabe et al., 2013). TALENs targeting the DAZL and APC genes 

were used to construct pig models of infertility and colon cancer, respectively (Tan et al., 
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2013). One group documented monoallelic and biallelic modification rates of 54% and 17%, 

respectively, following TALEN delivery into porcine fibroblasts (Carlson et al., 2012). These 

TALENs targeted the LDL receptor gene to produce a pig model of familial 

hypercholesterolemia. Many of the resultant fibroblast colonies contained large chromosomal 

deletions (10%) or inversions (4%). More recently, TALENs have been used in swine to 

produce single gene biallelic knockouts of RAG1 and RAG2 within the founding generation; 

these studies are discussed in more detail in a later section (Huang et al., 2014; Lee et al., 

2014). Overall, these studies demonstrate that swine are amenable to precise TALEN-

mediated genomic modification, which has been successful in inactivating genes that regulate 

a wide variety of biological functions.  

1.6. Somatic cell nuclear transfer for the rapid generation of genetically modified swine.  

 A key advance for the pig as a large animal model was the combination of TALEN 

technology with somatic cell nuclear transfer (SCNT), known colloquially as cloning. 

Successful production of cloned pigs from an adult somatic cell donor was first reported in 

2000 (Polejaeva et al., 2000), and several successful SCNT protocols exist for swine 

(Betthauser et al., 2000; Onishi et al., 2000). The SCNT procedure proceeds as follows. 

Genetically modified cells are selected and maintained in culture. Oocytes in metaphase II 

are recovered and enucleated. Donor nuclear transfer is accomplished by electrofusion with 

the enucleated oocyte or piezo-actuated microinjection (less commonly used) and activation. 

The reconstructed embryos are then cultured in vitro and later transferred to synchronized 

recipient sows for pregnancy with the cloned fetus.  
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 Numerous factors influence the efficiency of pig SCNT, with published estimates 

ranging from 0.5% to 5% of SCNT-transferred embryos resulting in viable offspring (Aigner 

et al., 2010). The overall poor efficiency of pig SCNT is attributed to failures in epigenetic 

reprogramming (Shi et al., 2003). Some of these factors include preventing simultaneous 

fusion and activation by reducing or removing calcium from the media, use of homogenous 

media to prevent stress when cells are transferred between different pools of media, and the 

use of naturally cycling gilts as recipients (Walker et al., 2002). To identify factors that 

influence the efficiency of SCNT, a multifactorial analysis was recently performed on a data 

set of 18,649 embryos transferred into 193 recipients comprising 274 SCNT experiments 

(Kurome et al., 2013). Factors that positively influenced SCNT efficiency included use of 

mesenchymal stem cells as a donor, in vitro embryonic development to the 2- to 4-cell stage, 

while multiple rounds of cloning worsened outcomes. The authors of that study caution that 

their results are unlikely to apply to other pig SCNT centers, but that the approach of 

multifactorial analysis can be applied to improve outcomes within a particular center.  

1.7. Human T cell development in the fetal porcine thymus: heralds of the humanized 

pig? 

 Despite the relatively recent development of genetic SCID pig models (discussed in 

the next section), several lines of evidence spanning nearly two decades suggest that the pig 

can support the development of a human immune system. An early proof-of-principle 

experiment demonstrated that intravenous transplantation of pigs with crude human bone 

marrow shortly after birth resulted in engraftment with human cells that remained detectable 

by PCR on postnatal day 340 (Starzl and Demetris, 1997). Tolerance to human donor cells 
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was conveyed during transplantation, because human donor-specific suppression of the 

mixed lymphocyte reaction was seen only in transplanted pigs, and this suppression 

increased in magnitude over time.  

 With increasing interest in xenotransplantation and the development of human T cell-

based immunotherapies, several groups sought to determine whether porcine thymic tissue 

can support human T cell development. One particularly well-characterized model involves 

placement of a fetal pig thymus graft into an immunodeficient pig, followed by 

transplantation with human hematopoietic precursor cells. Multiple studies with this model 

demonstrate that porcine thymic tissue supports the development of a diverse human T cell 

repertoire that is tolerant to antigens from the pig donor (MHC-matched), human donor, and 

mouse, but is reactive against non-donor human and pig antigens (Habiro et al., 2009; Lan et 

al., 2004; Nikolic et al., 1999) and is effective with or without co-engraftment with porcine 

hematopoietic cells (Lan et al., 2004). When comparing T cell development in SCID mice 

with implanted pig thymic tissue versus human thymic tissue, no difference was seen in TCR 

Vβ gene segment usage or TCR repertoire (Shimizu et al., 2008). The swine thymus can 

generate all human T cell subsets, including T regulatory cells (Tregs) (Kalscheuer et al., 

2014).  

It has been proposed that mechanisms of both central and peripheral tolerance 

regulate the antigen-response profile of human T cells educated in the implanted pig thymus. 

The findings above imply that, for central tolerance, human TCRs can undergo positive 

selection on pig MHC molecules, known as swine leukocyte antigens (SLAs), such that the 

similarity between HLA and SLA molecules makes a productive human TCR-SLA 
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interaction possible (Chardon et al., 2001; Gustafsson et al., 1990a, 1990b; Ho et al., 2010; 

Renard et al., 2001). In contrast, negative selection likely occurs on a variety of human, 

porcine, and murine antigens (Nikolic et al., 1999). Peripheral tolerance is proposed to be 

mediated by human Tregs that develop in the pig thymus (Kalscheuer et al., 2014). Education 

in the implanted pig thymus of SCID mice is, however, associated with some defects in 

human T cell function, including decreased CD8+ SP T cells in the peripheral blood, 

suppression of homeostatic T cell proliferation in response to lymphopenia, reduced 

conversion to the memory phenotype, accelerated decay of memory cells, and reduced 

responses to protein antigens (Kalscheuer et al., 2014). Why pig thymus-educated human T 

cells have these functional deficits remains unclear. Despite these limitations, this series of 

experiments suggests that the pig thymus has the capacity to productively educate and select 

developing human T cells.  

1.8. In utero transplantation of human hematopoietic cells and hepatocytes into pigs.  

 An alternative approach to human immune cell engraftment in the pig is to introduce 

human cells in utero prior to or during porcine lymphopoiesis. The reasoning behind this 

approach is that the presence of human antigens during T and B cell development will 

tolerize the pig to the engraftment of human tissues later in life. Fujiki and colleagues 

delivered human cord blood in utero into the intraperitoneal space of fetal pigs, ranging from 

DG31 to DG78 (Fujiki et al., 2003). Transplanted pigs showed low levels of engraftment by 

flow cytometry for all leukocyte lineages, including T cells, B cells, NK cells, CD34+ 

progenitor cells, and myeloid cells. Most animals showed PCR-detectable engraftment until 

postnatal day 80 to 110, with one animal having detectable human cells until day 315. In 
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another study, intraperitoneal transplantation of T cell depleted human bone marrow resulted 

in the presence of rare human T cells in the pig thymus, as detected by IHC and RT-PCR 

(Ogle et al., 2009). These T cells derived from de novo lymphopoiesis, as they showed 

increased T cell receptor excision circles (TRECs), increased TCR diversity, and new 

responses to vaccination that were absent in untransplanted, donor human bone marrow cells. 

The human T cells also showed donor-specific tolerance, but proliferated in response to non-

HLA matched allogeneic human cells and non-SLA matched porcine cells, suggesting that 

human T cells had undergone productive education in the pig thymus.  

 In utero transplantation has also been suggested to tolerize pigs to postnatal 

engraftment with non-hematopoietic cells. Fisher and colleagues performed intrahepatic 

injection of human hepatocytes on DG40, followed by a second intrahepatic transplantation 

of human hepatocytes around postnatal day 7 (Fisher et al., 2013). Human liver cells were 

shown to be successfully engrafted by PCR, IHC, and FISH; human albumin was detected in 

the serum of transplanted pigs as late as postnatal week 6, indicating that the engrafted 

human hepatocytes were functional.  

 These studies suggest that in utero transplantation can be employed to engraft human 

T cells and hepatocytes into immunocompetent pigs, presumably due to tolerization of the 

fetal porcine immune system to exogenously introduced human antigens. It is reasonable to 

assume, then, that in utero transplantation with human hematopoietic progenitors 

(particularly into the hematopoietically active fetal liver) would be quite effective for 

repopulating SCID pigs with human lymphocytes to generate humanized pigs.  
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1.9. Current pig models of severe combined immunodeficiency.  

 Several SCID pig models have been reported thus far, nearly all of which are based 

on well-established gene knockouts from SCID mice. The first SCID pigs arose 

spontaneously, although the genetic basis for their SCID phenotype remains unknown (Basel 

et al., 2012; Ozuna et al., 2013). These naturally occurring SCID pigs can accept xenografted 

human tumors and are highly susceptible to pneumonia. They had no thymus and had 

diminished secondary lymphoid tissues containing only sparse to absent T and B cells.  

Two SCID pig models have been generated by targeting the IL2RG gene, one of 

which utilized conventional gene targeting (Suzuki et al., 2012) while the other used an 

IL2RG-specific zinc finger nuclease (Watanabe et al., 2013). IL2RG -/Y SCID pigs have an 

immune deficiency limited to T and NK cells while retaining B cell expression, which 

mimics human X-linked SCID disease more accurately than the IL2RG -/Y mouse model, in 

which all mature lymphocyte lineages are absent. The remaining B cells are poorly 

functional, likely due to the absence of T cell help, producing decreased serum levels of IgM, 

IgG, and IgA. Allogeneic bone marrow transplantation (BMT) of IL2RG -/Y SCID pigs led to 

partial rescue of the lymphocyte populations as well as partial restoration of serum IgM, IgG, 

and IgA levels (Suzuki et al., 2012).  

 The remaining SCID pig models are based on biallelic inactivation of either the 

RAG1 or RAG2 gene using TALENs (Huang et al., 2014; Lee et al., 2014). These pigs also 

had no thymus, lost splenic red/white pulp differentiation, and showed loss of T and B cells 

with persistence of NK cells. Their TCR and IgH genes remain in the germline configuration 

due to the absence of V(D)J recombination (Huang et al., 2014). Injection of human induced 
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pluripotent stem cells into RAG2-/- pigs led to the development of mature teratomas 

containing human tissues derived from all three germ layers (Lee et al., 2014).  

A limitation of the current SCID pig models is that none of them can support 

repopulation with a functional human immune system, due to the inability of a single gene 

knockout to completely ablate all three lymphocyte lineages. The IL2RG-/Y knockout SCID 

pigs are deficient in T and NK cells, however the B cell population persists. IL2RG -/Y SCID 

pigs require pre-conditioning with cytotoxic drugs to eliminate progenitor cells and allow 

engraftment of pig hematopoietic stem cells, requiring up to 8 weeks for the detection of 

donor T cells (Suzuki et al., 2012). The RAG1-/- and RAG2-/- SCID pig models show loss of T 

and B cells, however the NK cell population is unchanged, which is problematic because NK 

cells have been shown to impair stem cell engraftment (Mombaerts et al., 1992; Shinkai et 

al., 1992). Based on these single knockout models, a double knockout of the IL2RG and 

RAG1 genes (similar to IL2RG-/- RAG2-/- mice) would be predicted to cause complete loss of 

the lymphocyte lineages and produce SCID pigs with no functional T, B, or NK cells. 

1.10. Chapter Summary.  

In this chapter, I reviewed the development of humanized mice with a focus on the 

biology of RAG1, RAG2, and IL2RG, and how knockouts of these genes can be used to 

produce SCID mice that can be repopulated with human immune cells. I then highlighted the 

pitfalls of using mice as models of human immunology, and outlined how pigs provide 

several advantages as an animal model that more closely mirrors human physiology and 

immune function. After comparing and contrasting human and porcine immune development, 

I discussed how combining TALENs and SCNT can be utilized to rapidly produce 
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genetically modified swine. I then reviewed multiple studies which indicate that the pig 

thymus can support development of functional human T cells, and that in utero 

transplantation of human cells into pigs can lead to the successful engraftment of human 

hematopoietic cells and functional human hepatocytes. Finally, I highlighted the salient 

features and shortcomings of current SCID pig models, the majority of which were generated 

using genome-targeted sequence-specific nucleases.  

In the following chapters, I describe the production of novel double knockout SCID 

pigs with inactivating mutations of both the IL2RG and RAG1 loci, thereby eliminating 

functional T, B, and NK cells. In subsequent chapters, I describe the results of experiments 

for both allogeneic transplantation and transplantation with human hematopoietic cells to 

generate humanized pigs reconstituted with a human immune system. I compare several 

transplantation protocols to find the optimal balance between toxicity of the conditioning 

regimen and efficacy of repopulation with human lymphocytes.  
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CHAPTER 2: GENERATION OF IL2RG-/Y RAG1-/- PIGS 
WITH SEVERE COMBINED IMMUNODEFICIENCY 

 
2.1. Overview. 

 There is considerable interest in generating a genetically modified pig with severe 

combined immunodeficiency (SCID), due to the similarities between human and porcine 

physiology and the numerous potential biomedical applications of a large animal SCID 

model. Current SCID pig models rely on genetic disruption of IL2RG (Suzuki et al., 2012) or 

either RAG1 or RAG2 (Huang et al., 2014; Lee et al., 2014). IL2RG -/Y pigs lack T and NK 

cells; in contrast, knockout of RAG1 or RAG2 generates pigs that are defective in T cells and 

functional B cells, because they are the lymphoid lineages that require RAG activity for 

development. It would be desirable to generate a pig in which all three lymphoid lineages – 

T, B, and NK cells – are eliminated or functionally inactivated. This would improve 

engraftment with donor hematopoietic stem cells, potentially without the need for 

preconditioning regimens that deplete the bone marrow, but are also toxic to other organs, 

thereby increasing the costs of maintaining such animals. In this chapter, I report the 

generation of pigs with combined knockouts of the IL2RG and RAG1 loci to eliminate 

functional T, B, and NK cells. To overcome the technical challenges of generating a double 

knockout (DKO) pig within a reasonable time frame, I used transcription activator-like 

effector nucleases (TALENs) to mutate the IL2RG and RAG1 genes and generated viable 

mutant pigs via somatic cell nuclear transfer (SCNT). The presence and distribution of 

lymphoid cells were evaluated by flow cytometry and immunohistochemistry, while plasma 

Ig levels were measured by ELISA. 
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2.2. TALEN-mediated genomic modification of IL2RG. 

To mutate the IL2RG locus, a primary porcine male fibroblast (PPMF) cell line was 

transfected with TALENs targeting the junction between the signal peptide and the 

extracellular region of the IL2RG gene (Fig. 1A). The TALENs were co-transfected with an 

indicator plasmid (GFP-pSSA) which expresses functional GFP in the presence of sequence-

specific TALEN activity. GFP-positive cells were enriched by fluorescence-activated cell 

sorting and expanded from single cell colonies. The spacer region between the TALEN 

recognition sites contains an AvaII restriction site (Fig. 1B) which is eliminated by TALEN-

mediated mutation of the IL2RG locus. Genomic DNA (gDNA) was isolated from each 

clonal cell line and subjected to AvaII restriction screening, which demonstrated mutation of 

IL2RG in 3 of the 35 PPMF colonies (8.5%). Genomic DNA sequencing from the 3 modified 

colonies confirmed that the IL2RG gene was mutated in the targeted region. 

 One of these colonies (IL2RG Δ79-83/Y) had 5 bases deleted from the targeted region in 

exon 1 (Fig. 1D), resulting in the loss of 2 amino acids and the generation of a downstream 

premature stop codon (PSC) adjacent to the 3’ end of exon 1 and several additional 

downstream PSCs in the coding region. Somatic cell nuclear transfer (SCNT) was used to 

generate 127 embryos from the IL2RG Δ79-83/Y fibroblasts. Transfer of these embryos into a 

gilt generated 6 fetuses (Fig. 1C), all of which were collected at day 42 of gestation to 

generate six IL2RG Δ79-83/Y PPMF cell lines. PCR and restriction screening of IL2RG Δ79-83/Y 

fetal tissues demonstrated the expected loss of the AvaII restriction site from the IL2RG 

targeted region (data not shown). Heart tissue genomic DNA from all 6 fetuses was isolated 

and sequenced to verify the presence of the IL2RG Δ79-83/Y deletion. Western blot analysis of  
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Fig. 1. Generation of IL2RG-/Y pigs by TALENs.  
(A) IL2RG 5’ and 3’ target sequences and the intervening spacer where the TALEN-mediated double 
strand break is made. (B) Locations of the IL2RG PCR primer binding sites and AvaII restriction site 
for genotype screening. A total of thirty-five individual colonies were screened. Three positive 
IL2RG-/Y mutants were confirmed. (C) IL2RG-/Y fetus at 42 days gestation. A total of 6 fetuses were 
generated from an individual pregnancy and used to generate six primary IL2RG-/Y porcine cell lines. 
(D) IL2RG sequence alignment showing the TALEN-induced 5 bp deletion. (E) IL2RG Western blot 
from WT and mutant pig cardiomyocyte lysates. Results are representative of three independent 
experiments. 
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cellular extracts from the IL2RG Δ79-83/Y fibroblasts demonstrated the loss of IL2RG protein 

expression (Fig. 1E). 

2.3. Generation of IL2RG-/Y RAG1-/- double knockout piglets using TALENs. 

To produce SCID piglets containing a double knockout of both IL2RG and RAG1, we 

designed TALENs that bind the RAG1 promoter region and a region just downstream of the 

translational start site (Fig. 2A). The spacer region between the RAG1 TALEN recognition 

sites contains a NlaIII restriction site, which is eliminated by TALEN-mediated mutagenesis 

(Fig. 2B). IL2RG Δ79-83/Y fibroblasts were transfected with plasmids encoding the RAG1 

TALENs and GFP-pSSA indicator containing the RAG1 TALEN target site, followed by 

FACS to enrich for GFP-expressing cells and expansion of single cells into clonal cell lines, 

as before. Genomic DNA was isolated from these clones, followed by PCR and restriction 

screening with NlaIII. From a total of 103 colonies, the RAG1 TALEN produced eleven 

IL2RG Δ79-83/Y RAG1-/+ heterozygous colonies (11.7%) and three IL2RG Δ79-83/Y RAG1-/- 

homozygous (2.9%) colonies (Fig. 2C).  

Sequence analysis of a RAG1 heterozygote, IL2RGΔ79-83/ RAG1-/+ colony 42, revealed 

a monoallelic deletion of 20 nucleotides resulting in a PSC (Fig. 2D). A series of mutant 

RAG1 homozygotes, IL2RGΔ79-83/Y RAG1-/- colonies 16, 31 and 103, all showed different 

deletion mutations resulting in frame shifts containing PSCs, with one example shown in Fig. 

2D. A total of nine embryo transfers generated seven pregnancies, resulting in the live birth 

of 18 piglets (Fig. 2E). Two IL2RGΔ79-83/Y RAG1+/+ piglets, eight IL2RGΔ79-83/Y RAG1-/+ 

piglets, and eight IL2RGΔ79-83/Y RAG1-/- piglets were born. Peripheral blood mononuclear cells 

(PBMCs) were collected on postnatal day 1 or 2 from IL2RGΔ79-83/Y RAG1-/+ and IL2RGΔ79- 



 

26 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Generation of IL2RG-/Y RAG1-/- pigs by TALENs.  
(A) RAG1 5’ and 3’ target sequences and the intervening spacer where the TALEN-mediated double 
strand break is made. (B) Locations of the RAG1 PCR primer binding sites and NlaIII restriction site 
for genotype screening. (C) Restriction screening of fibroblast colonies for mutations in RAG1. 
Genomic DNA from fibroblast colonies was PCR amplified using the primers above and digested 
with NlaIII. Of the 103 IL2RG-/Y individual colonies screened, 11 were IL2RG-/Y RAG1-/+ (red arrow) 
and 3 were IL2RG-/Y RAG1-/- (yellow arrow). IL2RG-/Y RAG1-/- colonies were TOPO cloned and 
sequenced to verify mutations in both alleles. (D) Sequence alignment of the RAG1 gene from RAG1 
heterozygous and homozygous pigs. All IL2RG-/Y RAG1-/+ litters were generated from the same 
colony. The results are representative of two IL2RG-/Y RAG1-/+ litters. IL2RG-/Y RAG1-/- litters were 
generated from the three IL2RG-/Y RAG1-/- colonies and the results are representative of nine litters. 
(E) Litter of IL2RG-/Y RAG1-/- pigs. (F) Restriction screening of IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-

/- pigs. Genomic DNA from PBMCs was PCR amplified and digested with NlaIII. Results are 
representative of experiments from 18 individual piglets. 
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83/Y RAG1-/- piglets as well as age-matched WT controls. Genomic DNA was isolated from 

PBMCs, followed by PCR and restriction screening with NlaIII (Fig. 2F). RAG1 

heterozygous animals (upper panel) showed the presence of both the WT allele with 

preservation of the NlaIII site (lower band) and a mutant allele (upper band) where the NlaIII 

site has been eliminated. In contrast, RAG1 homozygous animals (lower panel) bear only the 

mutant allele (upper band only). These data demonstrate the successful construction of both 

IL2RG-/Y RAG1-/+ heterozygous and IL2RG-/Y RAG1-/- double knockout (DKO) piglets.  

2.4. Survival, gross pathology, and histology of IL2RG-/Y RAG1-/- piglets. 

The Kaplan-Meier survival curves for the IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- 

piglets are plotted in Figure 3. Nearly 40% of both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- 

piglets died on postnatal day 1, predominantly from failure to thrive. Survival declined 

steadily until all piglets had died by day 34, with no significant difference in survival 

between IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- animals. These later deaths were due to 

overwhelming sepsis, with necropsies showing numerous abscesses across multiple organs 

(discussed below).   

Gross pathology revealed that IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets had 

lower body weights compared to age-matched WT piglets. On postnatal day 1, WT piglets 

had grossly normal thymus glands that were readily visible at the thoracic inlet. In contrast, 

IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets only had a 0.3 mm thymic remnant (Figs. 4A 

and 5C). Lymph nodes were similarly absent in IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- 

piglets (Fig. 5D). The gross appearance of the liver and spleen was similar between WT, 

IL2RG-/Y RAG1-/+, and IL2RG-/Y RAG1-/- piglets (Figs. 5A and 5B). The organ weights of the  
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Fig. 3. Kaplan-Meier survival curve for IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- pigs. 
IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglet survival was tracked from postnatal day 1 to 
death, with eight animals per experimental group at the beginning of the study.   
 

liver and spleen were lower in the IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets compared 

to WT, however the lower organ weights were in proportion to the lower body weights of the 

mutant animals (Table 1).  

Hemtoxylin and eosin (H&E) staining of the thymus from WT pigs revealed normal 

lobular architecture with distinct cortical and medullary areas and normal cellularity. In 

contrast, the thymic remnant of IL2RG-/Y RAG1-/- piglets was composed almost exclusively 

of epithelial cell elements arranged in well-defined anastomosing nests with rare lymphocytic 

infiltrates supported by a collagen stroma, consistent with severe thymic atrophy or complete 

involution (Fig. 4B). H&E staining of the spleen from both the IL2RG-/Y RAG1-/+ and IL2RG- 
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Table 1. Organ and total body weights of the IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- pigs. 
(A) Thymus. (B) Spleen. (C) Total body weight. All pigs are IL2RG-/Y. Indicated genotype is for 
RAG1.  
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Fig. 4. Gross pathology and histology of IL2RG-/Y RAG1-/- pigs.  
(A) Gross pathology of the thymus or thymic remnant on postnatal day 1. Results are representative of 
three IL2RG-/Y RAG1-/+ and 6 IL2RG-/Y RAG1-/- piglets. (B) H&E stain of thymus sections on postnatal 
day 1. (C) H&E stain of spleen sections from around postnatal day 30. Results are representative of 
results from the following number of animals in parentheses: IL2RG-/Y RAG1-/+ (2) and IL2RG-/Y 
RAG1-/- (2) piglets. Scale bar = 100 μm.  
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Fig. 5. Gross organ pathology of IL2RG-/Y RAG1-/- pigs.  
(A) Liver, (B) spleen, (C) thymus, and (D) lymph nodes were collected or examined on postnatal day 
1 and compared to organs from age-matched IL2RG+/Y RAG1+/+ controls. Gross organ pathology is 
representative of results from the following number of animals in parentheses: IL2RG+/Y RAG1+/+ (3), 
IL2RG-/Y RAG1-/+ (3), and IL2RG-/Y RAG1-/- (6) piglets.  
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/Y RAG1-/- pigs showed a hypoplastic white pulp with no germinal centers and no red/white 

pulp differentiation (Fig. 4C). There were no obvious differences in hepatic architecture 

between the mutant and WT pigs by H&E staining (data not shown). These data show that 

the combined mutation of IL2RG and RAG1 in pigs results in thymic atrophy, absent lymph 

node development, and severe aberrations in splenic architecture.  

A total of 10 piglets died within the first week after being farrowed – two IL2RGΔ79-

83/Y RAG1+/+, three IL2RGΔ79-83/Y RAG1-/+, and five IL2RGΔ79-83/Y RAG1-/- piglets. The 

remaining eight piglets – five IL2RGΔ79-83/Y RAG1-/+ and three IL2RGΔ79-83/Y RAG1-/- – all 

succumbed to opportunistic bacterial infections between 8 and 35 days old. Necropsies from 

several IL2RG-/Y RAG1-/- DKO pigs were notable for signs of severe exudative epidermitis 

(greasy pig disease) due to infection with Staphylococcus hyicus, which is a normal 

component of the commensal porcine skin flora (L’Ecuyer, 1966; L’Ecuyer and Jericho, 

1966; Tanabe et al., 1996). These pigs had oily skin and hairs, crusting lesions over the eyes 

and ears, and skin lesions over their abdomen and legs, with some black-tinged lesions due to 

skin necrosis (Fig. 6A). No pigs with a IL2RG-/Y RAG1-/+ genotype developed exudative 

epidermitis. The observation that a commensal organism caused severe systemic infection in 

IL2RG-/Y RAG1-/- pigs suggests that these animals are severely immunocompromised. In 

addition to greasy pig disease, multiple organs showed diffuse, pale inflammatory infiltrates, 

including the lungs (Fig. 6B) and liver (Fig. 6C). Gross abscesses were also visible in the 

lung, liver, kidney (Figs. 6B-D), leg, and peritoneal wall (Fig. 6E). Culture data from these 

animals prior to euthanasia demonstrated polymicrobial bacterial infection (data not shown), 

consistent with severe immunocompromise.  
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Fig. 6. Gross pathology of diseased organs from IL2RG-/Y RAG1-/- pigs.  
(A) Exudative epidermitis (greasy pig disease) present at postnatal day 26. Findings are representative 
of six piglets. (B) Lungs with diffuse pulmonary inflammatory infiltrates and abscesses. Findings are 
representative of eight piglets. (C) Liver with diffuse hepatic inflammatory infiltrates and abscesses 
(arrows). (D) Kidney with renal abscess. (E) Abscesses in the leg and on the peritoneum. Findings in 
C-E are representative of results from two IL2RG-/Y RAG1-/- piglets. 
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2.5. Immunophenotyping of IL2RG -/Y RAG1-/- piglets by flow cytometry. 

     To investigate the effects of mutating the IL2RG and RAG1 loci on lymphocyte 

populations, peripheral blood mononuclear cells (PBMCs) were collected at different time 

points from both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets and were analyzed via flow 

cytometry for the presence of T, B, and NK cells. The porcine T cell population is defined by 

positive staining with CD3, with additional T cell subsets defined by coexpression of CD4 

and/or CD8 (Piriou-Guzylack and Salmon, 2008). On postnatal day 1 (Fig. 7A) and day 28 

(Fig. 8A), only a trace population of CD3+ T cells was detected in both IL2RG-/Y RAG1-/+ 

and IL2RG-/Y RAG1-/- piglets compared to WT. Staining for CD3+ CD4+ T helper cells or 

CD3+ CD8+ cytotoxic T lymphocytes (CTLs) showed loss of both of these populations in 

IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets (Figs. 7B and 8B).  

Porcine NK cells are defined by negative staining for the myeloid marker, 74-22-15 

(also known as SWC3), and positive staining with CD16 (Piriou-Guzylack and Salmon, 

2008). Both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets showed near absence of the NK 

cell population in the peripheral blood on postnatal day 1 (Fig. 7C) and day 28 (Fig. 8C) 

relative to WT controls.  

The porcine B cell population is defined by negative staining for 74-22-15 and CD3 

and positive staining for CD45RA (Piriou-Guzylack and Salmon, 2008). On postnatal day 1, 

the B cell population in the peripheral blood was decreased, but not absent in the mutant 

piglets relative to WT (Fig. 9, left column). In WT piglets, B cells composed 12.7% of 

PBMCs; this decreased to 3.63% in IL2RG-/Y RAG1-/+ piglets (28.5% of WT levels) and to 

3.45% in IL2RG-/Y RAG1-/- DKO piglets (27.2.2% of WT levels). On postnatal days 14 and  
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Fig. 7. Peripheral blood T cells and NK cells in newborn IL2RG-/Y RAG1-/- pigs.  
PBMCs were collected on postnatal day 1 and stained for (A) CD3, (B), CD4, and CD8 to identify the 
T cell lineage and (C) 74-22-15(-) CD16(+) to identify the NK cell lineage. P < 0.01 for the 
differences in T and NK cell percentages, WT vs IL2RG-/Y RAG1-/+, and WT vs IL2RG-/Y RAG1-/-. 
Flow cytometry data are representative of results from the following number of animals in 
parentheses:  IL2RG+/Y RAG1+/+ (3), IL2RG-/Y RAG1-/+ (8), and IL2RG-/Y RAG1-/- (8) piglets.  
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Fig. 8. Peripheral blood T cells and NK cells from IL2RG-/Y RAG1-/- pigs on postnatal day 28.  
PBMCs were collected and stained for (A) CD3, (B), CD4, and CD8 to identify the T cell lineage and 
(C) 74-22-15(-) CD16(+) to identify the NK cell lineage. P < 0.01 for the differences in T cell 
percentages, WT vs IL2RG-/Y RAG1-/+, and WT vs IL2RG-/Y RAG1-/-.  P = 0.239 for the differences in 
NK cell percentages. Flow cytometry data are representative of results from the following number of 
animals in parentheses:  IL2RG+/Y RAG1+/+ (3), IL2RG-/Y RAG1-/+ (2), and IL2RG-/Y RAG1-/- (2) piglets.  
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Fig. 9. Peripheral blood B cells from IL2RG-/Y RAG1-/- pigs.  
PBMCs were collected on postnatal days 1, 14, and 28, and the B cell population was identified as 
74-22-15(-) CD3(-) CD45RA(+). (A) WT, (B) IL2RG-/Y RAG1-/+, and (C) IL2RG-/Y RAG1-/- pigs. P < 
0.01 for the differences in B cell percentages, WT vs IL2RG-/Y RAG1-/+, and WT vs IL2RG-/Y RAG1-/-. 
Flow cytometry data are representative of results from the following number of animals, given in 
parentheses, day 1: IL2RG+/Y RAG1+/+ (3), IL2RG-/Y RAG1-/+ (8), and IL2RG-/Y RAG1-/- (8) piglets. Day 
14: IL2RG+/Y RAG1+/+ (3), IL2RG-/Y RAG1-/+ (4), and IL2RG-/Y RAG1-/- (3) piglets. Day 28: IL2RG+/Y 

RAG1+/+ (3), IL2RG-/Y RAG1-/+ (3), and IL2RG-/Y RAG1-/- (2) piglets.  
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28, the B cell population steadily increased in WT piglets (Fig. 9A), while it decreased to 

nearly absent in both IL2RG-/Y RAG1-/+ (Fig. 9B) and IL2RG-/Y RAG1-/- piglets (Fig. 9C). In 

summary, these flow cytometry studies demonstrate that combined mutation of the IL2RG 

and RAG1 genes in pigs leads to loss of all the lymphoid lineages in the peripheral blood – T, 

B, and NK cells.  

To evaluate the effects of the combined IL2RG and RAG1 mutations on lymphoid 

populations in the bone marrow and spleen, cell suspensions were generated from each 

anatomic site using WT and mutant pigs sacrificed around postnatal day 30. Cells were then 

analyzed via flow cytometry for T, B, and NK cells using the cell surface markers described 

above. The bone marrow and spleen of IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets 

showed near total loss of the T cell population relative to WT (Fig. 10, first and second 

columns). A markedly reduced but detectable population of splenic B cells was present in 

both the IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets (Fig. 10, third column); B cells made 

up 18.5% of splenic cells in WT, 10.1% in IL2RG-/Y RAG1-/+ (54.6% of WT levels), and 

8.88% in the IL2RG-/Y RAG1-/- DKO (48% of WT levels). The splenic NK cell population 

was markedly reduced to nearly absent in both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- 

animals (Fig. 10, final column). There was insufficient thymic tissue in either the IL2RG-/Y 

RAG1-/+ or IL2RG-/Y RAG1-/- animals to perform flow cytometry. These experiments 

demonstrate that combined mutation of the IL2RG and RAG1 genes leads to loss of T cells in 

the bone marrow and loss of T and NK cells in the spleen. A small population of putative 

splenic B cells persists in mutant piglets.  
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Fig. 10. Immunophenotype of bone marrow and spleen cells from IL2RG-/Y RAG1-/- pigs.  
(A) IL2RG+/Y RAG1+/+, (B) IL2RG-/Y RAG1-/+, and (C) IL2RG-/Y RAG1-/-. Bone marrow and spleen cells 
were collected from animals sacrificed around postnatal day 30 and used to generate single cell 
suspensions. Bone marrow was collected from the right and left femur, and right tibia, and stained for 
CD3. Cell suspensions from the spleen were stained for 74-22-15, CD3, CD45RA, and CD16. CD3 
identified the T cells, the B cells are 74-22-15(-) CD3(-) CD45RA(+), and the NK cells are 74-22-
15(-) CD3(-) CD16(+). The last two columns (staining for B and NK cells, respectively) are gated on 
CD3(-) cells. P < 0.01 for the differences in T or B cell percentages, WT vs IL2RG-/Y RAG1-/+, and 
WT vs IL2RG-/Y RAG1-/- except for B cells in column 3 (p = 0.0185). Flow cytometry data are 
representative of results from the following number of animals in parentheses:  IL2RG+/Y RAG1+/+ (3), 
IL2RG-/Y RAG1-/+ (2), and IL2RG-/Y RAG1-/- (2) piglets.  
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2.6. Immunohistochemistry of IL2RG -/Y RAG1-/- piglets. 

 Thymic and splenic tissues from WT and mutant piglets were subjected to 

immunohistochemistry (IHC) to determine the amounts and tissue distribution patterns of T 

cells and B cells. Cytokeratin staining of the thymic remnant from IL2RG-/Y RAG1-/- piglets 

confirmed loss of distinct cortical and medullary zones with only cytokeratin-positive 

epithelial cell nests remaining (Fig. 11A). While CD3+ T cells localized predominantly to the 

thymic medulla in WT animals, the thymic remnant in IL2RG-/Y RAG1-/- animals contained 

only rare infiltrating CD3+ T cells. Neither WT nor IL2RG-/Y RAG1-/- piglets showed 

significant thymic expression of the B cell marker, CD79a (Piriou-Guzylack and Salmon, 

2008).  

 In the spleen from WT piglets, CD3+ T cells displayed a characteristic staining 

pattern within the periarteriolar lymphoid sheath (PALS), while only rare CD3+ T cells were 

seen in the spleens from IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets (Fig. 11B, upper 

panel). Splenic CD79a+ B cells were present in IL2RG-/Y RAG1-/+ animals, but were largely 

absent from IL2RG-/Y RAG1-/- DKO animals (Fig. 11B, lower panel) despite detection of a 

distinct population of putative splenic B cells by flow cytometry (Fig. 10).  

2.7. ELISA measurement of plasma immunoglobulins from IL2RG -/Y RAG1-/- piglets. 

 Humoral immunity was assessed via ELISA by measuring the concentrations of IgM, 

IgG, and IgA in plasma collected from IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- animals. 

IL2RG-/Y RAG1-/+ piglets showed markedly decreased serum IgM expression compared to 

wild type (Fig. 12A). Furthermore, serum IgG was detected at lower levels but began to 

recover by day 20 compared to wild type (Fig. 12B). However, IgA was undetectable in the  
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Fig. 11. Immunohistochemistry of immune organs from IL2RG-/Y RAG1-/- pigs.  
(A) Thymus sections from postnatal day 1 stained for cytokeratin, CD3, and CD79a. (B) Spleen 
sections from approximately postnatal day 30 stained for CD3 and CD79a. IHC results are 
representative of two IL2RG-/Y RAG1-/+ piglets and two IL2RG-/Y RAG1-/- piglets. 
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Fig. 12. Plasma immunoglobulin levels in SCID pigs.  
Number of animals for each experimental group indicated in parentheses. Plasma was collected from 
individual WT (5) and SCID (IL2RG-/Y RAG1-/+ (7), IL2RG-/Y RAG1-/- (8)) piglets at the time points 
indicated and subjected to ELISA to measure levels of (A) IgM, (B) IgG, and (C) IgA. (D) Mean Ig 
titers in the surviving pigs. Experiments were performed in triplicate for each time point and animal 
shown.  
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IL2RG-/Y RAG1-/+ piglets (Fig. 12C). In contrast, IL2RG-/Y RAG1-/- piglets showed an even 

more severe phenotype, with only trace plasma levels of IgM, IgG, or IgA detected after the 

first week of life, similar to prior observations in IL2RG-/Y pigs (Suzuki et al., 2012). The low 

levels of plasma IgM, IgG, and IgA detected during postnatal week one likely reflect 

maternal transfer of antibodies via the colostrum (Nechvatalova et al., 2011). The observed 

deficits in humoral immunity are consistent with the RAG1 mutation causing the loss of 

functional T helper cells, which are necessary for B cell-mediated antibody production.  

2.8. Chapter Summary.  

 The experiments in this chapter demonstrate the first successful production of IL2RG-

/Y RAG1-/- double knockout pigs. TALEN-mediated knockout of the IL2RG and RAG1 loci, 

combined with somatic cell nuclear transfer (SCNT), facilitated the rapid production of 

IL2RG-/Y RAG1-/- DKO pigs within two reproductive generations. IL2RG-/Y RAG1-/- DKO 

pigs have an atrophic thymic remnant, absent lymph nodes, and markedly distorted splenic 

architecture. Table 2 summarizes the lymphocyte profiles from IL2RG-/Y RAG1-/+ and IL2RG-

/Y RAG1-/- pigs. Knockout of both the IL2RG and RAG1 genes produces pigs that have 

severely reduced to absent numbers of: (1) all lymphocytes cells in the peripheral blood, (2) 

T cells in the thymus, and (3) T and NK cells in the spleen. A small population of putative 

splenic B cells was observed by flow cytometry in both IL2RG-/Y RAG1-/+ and IL2RG-/Y 

RAG1-/- pigs. While this splenic B cell population was seen by IHC in IL2RG-/Y RAG1-/+ pigs, 

it was not detected by IHC staining for CD79a in DKO pigs. In the absence of T cell help, 

the few remaining B cells are likely to be functionally defective, similar to human X-linked 

SCID (Noguchi et al., 1993; Puck et al., 1993), and as evidenced by nearly undetectable  
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Table 2. Summary of lymphocyte profiles from IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- pigs.  
Values shown for T and NK cells are percent of total leukocytes. Values shown for B cells are percent 
of non-myeloid leukocytes. Values shown are the highest measured across all trials and time points. 
     

 

plasma levels of IgM, IgG, and IgA in DKO pigs. In total, the IL2RG-/Y RAG1-/- DKO pigs 

display the hallmarks of severe combined immunodeficiency and are the first pig model 

generated that lacks T and NK cells as well as functional B cells. In the next chapter, I 

describe proof-of-principle experiments for allogeneic bone marrow transplantation of these 

novel SCID pigs.  
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CHAPTER 3: ALLOGENEIC BONE MARROW TRANSPLANTATION OF SCID 
PIGS  

 
3.1. Overview.  

In the previous chapter, I reported the generation of IL2RG-/Y RAG1-/- SCID pigs 

which lack T and NK cells and functional B cells. SCID animal models are powerful tools 

for the study of hematopoietic development, stem cell biology, and bone marrow 

transplantation (BMT). A major technical challenge is the development of BMT protocols 

that facilitate optimal engraftment and production of donor-derived lymphoid cells while 

minimizing toxicity to the animal, as many bone marrow-ablative protocols cause severe, and 

potentially lethal toxicity. In this chapter, I describe proof-of-principle allogeneic 

transplantation experiments conducted in both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- DKO 

SCID pigs. I compare several different BMT protocols for their efficacy in reconstituting 

lymphocytes in the SCID pigs.  

3.2. Survival and analysis of peripheral blood lymphocytes after allogeneic 

transplantation by flow cytometry.  

 Figure 13 compares the Kaplan-Meier survival curves of SCID pigs after undergoing 

different protocols for allogeneic BMT. Regardless of the protocol used, the majority of pigs 

died between postnatal day 20 and day 54 of overwhelming sepsis. One of the pigs that was 

irradiated and underwent intraosseous BMT survived until day 79, however this pig was 

persistently ill and required broad spectrum antibiotics to keep alive before also succumbing 

to sepsis. One pig that underwent intraosseous BMT without irradiation survived until day 97  
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Fig. 13. Kaplan-Meier survival curve for SCID pigs after allogeneic transplant. 
IL2RG-/Y RAG1-/+ or IL2RG-/Y RAG1-/- piglets were transplanted with allogeneic T cell depleted pig 
bone marrow on postnatal day 1 or 2, with their survival tracked over time. The starting number of 
animals in each experimental group was as follows: a total of five IL2RG-/Y RAG1-/+ piglets were 
transplanted – three via IV route and two via IO route. A total of nine IL2RG-/Y RAG1-/- piglets were 
transplanted – three via IV route, four via IO route without irradiation, and two via IO route with 
irradiation (+irradn).  
 

and died of severe anemia without evidence of infection. Notably, this pig showed the 

highest levels of reconstitution across all lymphocyte lineages (reviewed in detail below).  

I next tested the efficacy of allogeneic BMT in SCID pig reconstitution with T, B, 

and NK cells in the peripheral blood. On postnatal day 1 or 2, IL2RG-/Y RAG1-/+ and  IL2RG-

/Y RAG1-/- SCID pigs were transplanted via intravenous or intraosseous injection with T cell-

depleted bone marrow (BM) leukocytes from an allogeneic donor pig. A total of 2x107 donor 

BM cells were used per animal for intravenous transplant and 4x107 cells for intraosseous 

transplant. The donor pigs expressed a transgenic marker (either Cre or H2B-GFP) which  
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Fig. 14. Detection of donor-specific transgene in SCID pigs after allogeneic transplant.  
PBMCs were harvested from the indicated animals +/- allogeneic transplant on postnatal days 14 and 
42. PCR was performed on gDNA isolated from the PBMCs to detect a Cre transgene present only in 
donor-derived cells. Results are representative of four independent experiments. 
 

was used to distinguish donor-derived and recipient-derived cells. On the day of transplant, 

two pigs were additionally treated with 1.6 Gy of total body irradiation to determine whether 

irradiation improves donor cell engraftment. Non-irradiated pigs (n = 5) that underwent 

allogeneic BMT lived for an average of 47.2 days.   

To verify that peripheral blood mononuclear cells (PBMCs) in BMT recipients were 

donor-derived, endpoint PCR targeting the donor Cre transgene was performed on genomic 

DNA from the PBMCs of intraosseously transplanted and non-transplanted SCID pigs (Fig. 

14). Only transplanted pigs showed the presence of the donor transgene on postnatal days 14 

and 42. 

Flow cytometry was used to compare the efficacy of intravenous versus intraosseous 

reconstitution of peripheral blood lymphocytes after allogeneic BMT. WT pigs showed a 

large, stable population of CD3+ T cells (Fig. 15A). Intravenous BMT of IL2RG-/Y RAG1-/+ 

pigs led to a transient increase in peripheral blood T cells that peaked by postnatal day 28 and  
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Fig. 15. Peripheral blood T cell reconstitution after intravenous or intraosseous allogeneic bone 
marrow transplantation in SCID pigs.  
IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets were transplanted intravenously or intraosseously with 
allogeneic pig bone marrow (allogeneic BMT) on postnatal day 1. PBMCs were collected on the days 
indicated (except C, last column, which was collected on day 34) and stained with CD3 for flow 
cytometry. Flow cytometry data are representative results from the following number of animals in 
parentheses: (A) WT (3), (B) IL2RG-/Y RAG1-/+ IV (3), (C) IL2RG-/Y RAG1-/- IV (3), and (D) IL2RG-/Y 
RAG1-/- IO (3). P < 0.01 for the difference in T cell percentage between IL2RG-/Y RAG1-/- IV on day 
34 and IL2RG-/Y RAG1-/- IO on day 42.  
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disappeared by day 42 (Fig. 15B). A similar time course was seen after BMT of IL2RG-/Y 

RAG1-/- pigs, however the magnitude of the increase on day 28 was only 20% of the level 

seen for IL2RG-/Y RAG1-/+ animals (Fig. 15C). In contrast, intraosseous BMT led to a slower 

but sustained rise in peripheral blood T cells (Fig. 15D). Examination of the T cell subsets 

showed that in WT pigs, there is a rise and then fall in CD4– CD8– double negative (DN) T 

cells, consistent with production then differentiation of the DN cells. Over time, the 

proportion of CD4+ CD8+ double positive (DP) and CD8+ single positive (SP) T cells 

increases, while the proportion of CD4+ SP T cells decreases (Fig. 16A). In IL2RG-/Y RAG1-

/+ pigs after intravenous BM, on day 28 the transient T cell population seen is composed 

largely of CD8+ SP T cells, with much smaller populations of DN, followed by DP T cells, 

and almost no CD4+ SP T cells (Fig. 16C). Intraosseous BMT led to the accumulation of 

largely CD8 SP cells on day 28, but then mostly DP cells by day 42 with only a small CD4 

SP T cell population (Fig. 16F).  

Expression of CD45RA is a marker of naïve T cells, while loss of CD45RA 

expression on T cells is a marker of activation or a memory phenotype (Mackall et al., 1993; 

Piriou-Guzylack and Salmon, 2008). WT pigs had large numbers of both naïve and activated 

T cells, with a slightly higher number of activated T cells in early postnatal life (Fig. 17A). In 

contrast, regardless of BMT method used, reconstituted T cells were overwhelming 

activated/memory cells, at levels 6- to 10-fold higher than naïve T cells (Fig. 17C-F). Only 

intraosseous BMT produced a small population of naïve T cells. Similarly, while intravenous 

BMT led to minimal rescue of B cells (74-22-15–, CD3–, CD45RA+) (Fig. 17C and Fig. 

17E) and NK cells (74-22-15–, CD3–, CD16+) (Fig. 18C and Fig. 18E), intraosseous BMT  
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Fig. 16. Peripheral blood T cell subsets after intravenous or intraosseous allogeneic bone 
marrow transplantation in SCID pigs. 
Allogeneic BMT was conducted as described in Fig. 15. PBMCs were collected on the days 
indicated, gated on CD3(+) cells, and stained for CD4 and CD8 for flow cytometry. Flow cytometry 
data are representative results from the following number of animals in parentheses: (A) WT (3), (B) 
IL2RG-/Y RAG1-/+ non-transplanted (4), (C) IL2RG-/Y RAG1-/+ IV BMT (3), (D) IL2RG-/Y RAG1-/- non-
transplanted (2), (E) IL2RG-/Y RAG1-/- IV BMT (3), and (F) IL2RG-/Y RAG1-/- IO BMT (4) piglets. P < 
0.01 for the percentage of double positive T cells in IO BMT versus non-transplanted pigs on 
postnatal days 28 and 42.  
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Fig. 17. Naïve T and B cells in the peripheral blood after intravenous or intraosseous allogeneic 
bone marrow transplantation in SCID pigs.  
Allogeneic BMT was conducted as described in Fig. 15. PBMCs were collected on the days 
indicated, gated on 74-22-15 (-), and stained for CD3 and CD45RA for flow cytometry. Naïve T cells 
are CD3(+)CD45RA(+); activated or memory T cells are CD3(+) CD45RA (-); B cells are 74-22-15(-
) CD3(-) CD45RA(+). Flow cytometry data are representative results from the following number of 
animals in parentheses: (A) WT (3), (B) IL2RG-/Y RAG1-/+ non-transplanted (4), (C) IL2RG-/Y RAG1-/+ 
IV BMT (3), (D) IL2RG-/Y RAG1-/- non-transplanted (2), (E) IL2RG-/Y RAG1-/- IV BMT (3), and (F) 
IL2RG-/Y RAG1-/- IO BMT (4) piglets. P < 0.01 for the difference in B cell percentage between 
IL2RG-/Y RAG1-/- intraosseous BMT and IL2RG-/Y RAG1-/- intravenous BMT.  
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Fig. 18. Peripheral blood NK cells after intravenous or intraosseous allogeneic bone marrow 
transplantation in SCID pigs.  
Allogeneic BMT was conducted as described in Fig. 15. PBMCs were collected on the days 
indicated, gated on 74-22-15(-), and stained for CD3 and CD16 for flow cytometry. NK cells are 74-
22-15(-), CD3(-), CD16(+). Flow cytometry data are representative results from the following 
number of animals in parentheses: (A) WT (3), (B) IL2RG-/Y RAG1-/+ non-transplanted (4), (C) IL2RG-

/Y RAG1-/+ IV BMT (3), (D) IL2RG-/Y RAG1-/- non-transplanted (2), and (E) IL2RG-/Y RAG1-/- IV BMT 
(3) piglets. 
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yielded significant, sustained reconstitution of B cells (Fig. 17F) and NK cells (Fig. 21C and 

21D). Together, these data demonstrate that intraosseous BMT is superior to intravenous 

BMT for the reconstitution of peripheral blood lymphocytes. Intraosseous transplantation 

was therefore used for the remaining allogeneic BMT experiments described in this chapter.  

Peripheral blood was harvested after allogeneic intraosseous BMT on postnatal days 1, 14, 

28, and 42, with the levels of T, B, and NK cells measured by flow cytometry. As before, 

WT pigs showed a large, stable population of peripheral blood CD3+ T cells (Fig. 19A) 

composed of CD4– CD8– double negative cells, CD4+ CD8+ double positive (DP) cells, 

CD4+ CD8– single positive (SP) T helper (TH) cells , and CD4– CD8+ SP cells (Fig. 19B). 

Within both the DN and CD8+ SP cells is a significant population of γδ T cells, which 

express a T cell receptor (TCR) heterodimer composed of the γ and δ TCR subunits (Gerner 

et al., 2009; Sinkora and Butler, 2009). The γδ T cells are the major T cell subpopulation in 

early postnatal life, but as pigs age, their repertoire shifts towards T cells that express the 

more typical TCRαβ heterodimer (Charerntantanakul and Roth, 2007). Our data showed a 

time-dependent rise and fall in both the DN and CD8+ SP populations, consistent with the 

previously described dynamics of γδ T cells in pigs. From postnatal day 14 to 42, there was 

an increase in CD4+ CD8+ DP cells; unlike humans and mice, these DP cells are commonly 

found in the peripheral blood and represent a memory T cell population (Gerner et al., 2009). 

There is also a decrease in CD4+ SP cells with age (the higher proportion on day 42 is due to 

the relative decrease in the DN population), consistent with prior observations that the 

CD4/CD8 ratio in SP T cells shifts from CD4-dominant to CD8-dominant as pigs age 

(Stepanova et al., 2007).   
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Fig. 19. Immunophenotype of peripheral blood T cells from SCID pigs after allogeneic 
transplant.  
IL2RG-/Y RAG1-/- piglets were transplanted intraosseously with allogeneic pig bone marrow 
(allogeneic BMT) on postnatal day 1; irradiated pigs were transplanted 6 hours post irradiation. 
PBMCs were collected on the days indicated and stained for flow cytometry. (A) CD3, (B) Gated on 
CD3(+) cells, stained for CD8 (x-axis) and CD4 (y-axis). P < 0.01 for the difference in the percentage 
of CD3(+) T cells and DP T cells between non-irradiated and irradiated BMT pigs on postnatal day 
42. Flow cytometry data are representative results from the following number of animals in 
parentheses: WT (3), IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (4), and 
IL2RG-/Y RAG1-/- IO irradiated BMT (2) piglets. 
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Non-transplanted SCID pigs showed rare to absent CD3+ T cells in the peripheral blood at 

all time points tested (Fig. 19A). In non-irradiated SCID pigs receiving allogeneic BMT, 

CD3+ T cells first appeared in the peripheral blood on postnatal day 28 and continued to 

increase through day 42. The T cells observed on day 28 in these animals were an 

approximately equal mix of CD8+ SP cells and CD4+ CD8+ DP T cells, while only a small 

population of CD4+ SP T cells was seen (Fig. 19B). By day 42, there was a relative increase 

in the size of the DP cell population while the numbers of CD4+ and CD8+ SP T cells 

remained largely unchanged. These data show that allogeneic BMT of non-irradiated SCID 

pigs partially reconstitutes peripheral blood T cells. There were more CD8+ SP cells than 

CD4+ SP cells, consistent with the CD8+ SP-biased developmental program of the DP to SP 

T cell transition seen with aging (Charerntantanakul and Roth, 2007; Stepanova et al., 2007). 

The increase in DP cells represents either a growing population of DP progenitors or an 

increasing pool of DP memory T cells in the periphery. The latter possibility is the more 

likely identity of these DP cells, however given the thymic atrophy seen in SCID animals, it 

is possible that DP progenitors may be seen in increased numbers in the peripheral blood as 

they search for alternative lymphoid organs to complete T cell differentiation. 

SCID pigs that underwent both irradiation and allogeneic BMT showed faster 

reconstitution of peripheral blood T cells than non-irradiated animals, with a large CD3+ 

population present by postnatal day 14 (Fig. 19A). The largest proportion of these cells was 

CD8+ T cells (46.2%), with smaller but substantial numbers of CD4+ T cells (25.8%) and 

DP T cells (19.7%) (Fig. 19B). Subsequent time points, however, showed progressive 

decreases in the proportion of CD3+ cells in irradiated BMT pigs, dropping below the level 
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seen in non-irradiated BMT pigs by day 42. Irradiated pigs also showed a relative shift from 

CD4+ T cells towards DPT cells, while the CD8+ T cell population was largely unchanged, 

consistent with the CD8 bias of the CD4/CD8 SP ratio discussed previously. This could also 

reflect conversion of a subset of CD4+ SP cells to DP memory T cells. These data show that 

allogeneic BMT of irradiated SCID pigs leads to the rapid reconstitution and expansion of 

peripheral blood T cells, but that this T cell population is not sustained over time. 

There are several possible explanations for the T cell dynamics seen in irradiated 

BMT pigs. First, radiation-induced ablation of the bone marrow could create a more 

favorable early niche for the engraftment of hematopoietic progenitors. Second, T cell 

expansion may have initially occurred in response to occult viral infection or radiation-

induced tissue inflammation, as irradiated animals were persistently very ill. The post-

expansion decrease in T cell numbers is likely multifactorial, including normal contraction of 

the T cell population after completion of the acute response, disruption of T cell survival 

signals due to the poor health of the animals, and impaired lymphopoiesis due to side effects 

from the antibiotics.  

As discussed above, the peripheral blood population of DN T cells in WT animals 

likely represents γδ T cells. Notably, both non-irradiated and irradiated pigs that underwent 

BMT had low to absent DN T cell populations in the peripheral blood (Fig. 19B). This 

suggests that donor-derived T cell progenitors are largely directed to differentiate into T cells 

expressing TCRαβ which predominate in the later postnatal period, rather than γδ T cells 

which compose the majority of T cells during fetal and early postnatal life. Alternatively, the 
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paucity of DN cells in BMT pigs may reflect the effects of a compensatory increase in 

signals to stimulate T cell development, due to the low numbers of T cells in SCID animals. 

To investigate the activation state of T cells observed in transplanted pigs, CD3+ cells 

were co-stained with CD45RA+, a marker of naïve T cells which is lost with activation 

(Piriou-Guzylack and Salmon, 2008). WT pigs had robust populations of both naïve 

CD45RA+ T cells and activated CD45RA– T cells (Fig. 20A), while both populations were 

minimal to absent in non-transplanted IL2RG-/Y RAG1-/- SCID pigs (Fig. 20B). Non-

irradiated pigs that underwent allogeneic BMT showed time-dependent accumulation of a 

larger population of CD45RA– T cells with a smaller CD45RA+ T cell population (Fig. 

20C). Irradiated BMT pigs showed early accumulation of CD45RA– T cells by day 14 which 

had decreased rapidly by 28, while CD45RA+ T cells formed a small, stable population 

comparable in proportion to non-irradiated counterparts (Fig. 20D). These data show that the 

majority of T cells in transplanted pigs are activated, suggesting that they are rapidly 

activated in response to environmental antigens after completing development. In irradiated 

pigs, the rapid expansion and decrease in the activated CD45RA– T cell population with the 

stability of the naïve CD45RA+ pool is consistent with contraction of activated T cells at the 

completion of an acute immune response.  

The B cell population in the peripheral blood of transplanted pigs was measured by 

staining for 74-22-15 (myeloid lineage) negative, CD3–, CD45RA+ cells. WT pigs had a 

large B cell population that increased in size over time (Fig. 20A), while only a trace 

population was retained in non-transplanted IL2RG-/Y RAG1-/- SCID pigs that was lost by day 

28 (Fig. 20B). Non-irradiated BMT pigs had a large peripheral blood B cell population by  
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Fig. 20. Naïve T and B cells in peripheral blood from SCID pigs after allogeneic transplant.  
IL2RG-/Y RAG1-/- piglets were transplanted intraosseously with allogeneic pig bone marrow 
(allogeneic BMT) as in Fig. 19. PBMCs were collected on the days indicated and stained for flow 
cytometry. PBMCs from (A) WT, (B) non-transplanted/non-irradiated, (C) allogeneic BMT/non-
irradiated and (D) allogeneic BMT/irradiated piglets were gated 74-22-15(-) to detect non-myeloid 
cells and stained with CD3 and CD45RA. CD45RA is a marker of naïve T cells, while loss of 
CD45RA is a marker of T cell activation. CD3(-) CD45RA(+) cells in these flow plots are B cells. 
Flow cytometry data are representative results from the following number of animals in parentheses: 
WT (3), IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (4), and IL2RG-/Y RAG1-/- 
IO irradiated BMT (2) piglets. 
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day 28 which continued to increase by day 42 (Fig. 20C). Irradiated BMT pigs showed 

earlier production of peripheral blood B cells by day 14, however there was no significant 

difference between irradiated and non-irradiated pigs in the B cell percentage on postnatal 

day 42 (Fig. 20D). These studies show that allogeneic transplant of SCID pigs successfully 

repopulates B cells in the peripheral blood. 

WT pigs showed a small population of NK cells (74-22-15– CD16+) which increased 

on day 42 (Fig. 21A), while this population was absent in non-transplanted IL2RG-/Y RAG1-/- 

SCID pigs (Fig. 21B). Allogeneic BMT in either non-irradiated (Fig. 21C) or irradiated (Fig. 

21D) SCID pigs led to partial NK cell reconstitution, seen minimally on day 28 and 

increasing by day 42. Also noted is a 74-22-15+ CD16+ population in the peripheral blood 

which represents dendritic cells (DCs) (Piriou-Guzylack and Salmon, 2008). In WT pigs 

peripheral blood DCs first appeared on day 28 and had increased in number by day 42 (Fig. 

21A). The appearance of DCs is delayed in non-transplanted SCID pigs, however a 

substantial population is seen by day 42 (Fig. 21B), indicating that DCs are relatively 

insensitive to mutations in IL2RG and RAG1, as predicted. Peripheral blood DCs appear in 

non-irradiated BMT pigs on day 28, similar to WT (Fig. 21C), while they appear even earlier 

in irradiated pigs on day 14 (Fig. 21D), however both non-irradiated and irradiated BMT pigs 

have substantial peripheral blood DC populations by day 42.  

3.3. Analysis of lymphocytes in the spleen and thymus after allogeneic transplantation.  

Lymphocyte populations in the spleen were measured from SCID pigs that underwent 

allogeneic BMT without total body irradiation. Over half of splenic cells in WT pigs were 

CD3+ (Fig. 22A), localized predominantly to the periarteriolar lymphoid sheath (PALS) by  
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Fig. 21. NK cells in peripheral blood from SCID pigs after allogeneic transplant.  
IL2RG-/Y RAG1-/- piglets were transplanted intraosseously with allogeneic pig bone marrow 
(allogeneic BMT) as in Fig. 19. PBMCs were collected on the days indicated and stained for flow 
cytometry with 74-22-15 and CD16 to identify NK cells, defined as 74-22-15(-) CD16(+). Flow 
cytometry data are representative results from the following number of animals in parentheses: WT 
(3), IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (4), and IL2RG-/Y RAG1-/- IO 
irradiated BMT (2) piglets. 
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Fig. 22. Rescue of splenic T cells in SCID pigs after allogeneic transplant.  
Splenic cell suspensions were generated from (A) WT (postnatal day 80 or d80), (B) IL2RG-/Y RAG1-

/+, (non-transplanted d32, IV allogeneic BMT d52, IO allogeneic BMT d21) and (C) IL2RG-/Y RAG1-/- 
(non-transplanted d28, IO allogeneic BMT d97) animals. The efficacy of allogeneic transplant via 
intravenous versus intraosseous routes was compared (B, p < 0.01). Flow cytometry data are 
representative results from the following number of animals in parentheses: WT (3), IL2RG-/Y RAG1-

/+ non-transplanted (4), IL2RG-/Y RAG1-/+ IV BMT (3), IL2RG-/Y RAG1-/+ IV BMT (2), IL2RG-/Y 
RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IV BMT (3), and IL2RG-/Y RAG1-/- IO BMT (4) 
piglets.  
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IHC (Fig. 23A). The largest T cell subset was CD4+ SP cells, consistent with their role in 

providing T cell help to splenic B cells (Fig. 24A). A smaller population of CD8+ SP T cells 

was present, with even smaller populations of DN and DP cells, with the latter population 

likely representing a subset of DP memory T cells. Only a trace CD3+ population remained 

in IL2RG-/Y RAG1-/+ pigs (Figs. 22B and 23B) which was lost in IL2RG-/Y RAG1-/- DKO pigs 

(Fig. 22C and 24B). Intraosseous BMT was more effective in reconstituting splenic T cells 

than intravenous BMT (Fig. 22B). Intraosseous allogeneic BMT of DKO pigs led to 

complete rescue of the T cell population (Fig. 22C), with the CD3+ fraction higher than that 

seen in WT, possibly due to thymic atrophy in SCID pigs leading to redirection of T cells to 

other lymphoid organs, including the spleen. Similar to the peripheral blood, the splenic T 

cell population after allogeneic BMT was mostly DP (memory) cells with a small population 

of CD8+ SP cells (Fig. 24C). Irradiated allogeneic BMT pigs showed reduced numbers of T 

cells, which were mostly DP cells with a slightly smaller population of CD8+ SP cells (Fig. 

24D). The reconstituted T cell population in IL2RG-/Y RAG1-/+ pigs localized to the PALS, 

similar to the IHC pattern observed for WT (Fig. 23C). In WT pigs, splenic T cells were 

composed of both naïve (CD45RA+) and activated (CD45RA–) subpopulations in an 

approximately 1:2.6 ratio (Fig. 25A). In transplanted non-irradiated animals, the ratio is even 

more markedly skewed towards activated T cells in a greater than 1:8 CD45RA+/CD45RA– 

ratio (Fig. 25C), consistent with the large numbers of activated T cells seen in the peripheral 

blood (Fig. 20). Splenic B cells in non-transplanted IL2RG-/Y RAG1-/- DKO pigs were 

reduced to less than half of the levels seen in WT pigs but not absent (Fig. 25A and 18B), as 

described in the previous chapter. Allogeneic BMT without irradiation failed to reconstitute  
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Fig. 23. Histology and immunohistochemistry of allogeneic T cell repopulation of the spleen in 
transplanted SCID pigs.  
Spleen sections from (A) WT postnatal d42, (B) non-transplanted d32, and (C) transplanted d54 were 
stained with hematoxylin and eosin (upper panels) or CD3 (lower panels). Representative results 
shown are from two independent experiments. 
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Fig. 24. Splenic T cell subtypes in IL2RG-/Y RAG1-/- pigs after allogeneic transplant.  
Splenic cells from (A) WT postnatal d80, (B) non-transplanted d28, (C) allogeneic BMT/non-
irradiated d97, and (D) allogeneic BMT/irradiated piglets d79 were gated for CD3+ cells and stained 
with CD4 and CD8. P < 0.01 for DP T cells in transplanted pigs versus non-transplanted. Flow 
cytometry data are representative results from the following number of animals in parentheses: WT 
(3), IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (4) and IL2RG-/Y RAG1-/- IO 
irradiated BMT (2) piglets. 
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Fig. 25. Splenic naïve T and B cells in IL2RG-/Y RAG1-/- pigs after allogeneic transplant.  
Splenic cells from (A) WT postnatal d80, (B) non-transplanted d28, (C) allogeneic BMT/non-
irradiated d97, and (D) allogeneic BMT/irradiated d79 piglets were gated on 74-22-15(-) cells and 
stained with CD3 and CD45RA to identify naïve T cells, defined here as CD3(+) CD45RA(+), and B 
cells, defined here as CD3(-) CD45RA(+). Allogeneic BMT/non-irradiated generated a significantly 
higher naïve T cell population than WT (p < 0.01) while allogeneic BMT/irradiation produced a 
significantly higher B cell population compared to WT (p < 0.01). Flow cytometry data are 
representative results from the following number of animals in parentheses: WT (3), IL2RG-/Y RAG1-/- 
non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (4), and IL2RG-/Y RAG1-/- IO irradiated BMT (2) 
piglets. 
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splenic B cells in the SCID pigs (Fig. 25C), however there was substantial rescue of splenic 

B cells in irradiated animals (Fig. 25D). Splenic NK cells were partially reconstituted by 

allogeneic transplant (Fig. 26). Gross pathology of thymic tissue from non-transplanted 

IL2RG-/Y RAG1-/- DKO pigs showed only a small thymic remnant (Fig. 27, middle panel). 

DKO pigs that underwent allogeneic transplant showed an increase in the amount of thymic 

tissue, but not to the amount seen in WT pigs (Fig. 27, top and lower panels). IHC was 

performed with staining for CD3 in tissue sections from the thymus or thymic remnant from 

WT, non-transplanted SCID, and allogeneic BMT pigs (Fig. 28). Allogeneic transplant led to 

scattered, partial reconstitution of CD3+ T cells in the thymic tissue, however the abnormal 

tissue architecture persisted, composed of epithelial cell nests without a cortex or medulla, 

similar to non-transplanted controls. Flow cytometry performed on thymic cell suspensions 

showed that allogeneic transplant resulted in the reconstitution of the thymus with large 

numbers of both CD3– and CD3+ T cells relative to non-transplanted pigs, which showed 

only a small thymic population of CD3– cells (Fig. 29A). Similar to peripheral blood T cells, 

the majority of thymic T cells were CD45RA–, suggesting they are activated, with only a 

small population of CD45RA+ naïve T cells (Fig. 29B). Staining for T cell subsets showed 

the majority of thymic T cells were SPs in roughly equal amounts between CD4+ and CD8+ 

SP cells, with smaller populations of DP and DN cells (Fig. 29C). These studies demonstrate 

that allogeneic BMT repopulates the thymus of SCID pigs with T cells, however BMT does 

not rescue thymic architecture and the majority of thymic T cells show an activated, 

differentiated SP phenotype. 
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Fig. 26. Splenic NK cells in IL2RG-/Y RAG1-/- pigs after allogeneic transplant.  
Splenic cells from (A) WT postnatal d80, (B) non-transplanted d28, and (C) allogeneic BMT/non-
irradiated d97 piglets were stained to identify NK cells, defined as CD16(+) 74-22-15(-). Flow 
cytometry data are representative results from the following number of animals in parentheses: WT 
(3), IL2RG-/Y RAG1-/- non-transplanted (2), and IL2RG-/Y RAG1-/- IO BMT (4) piglets. 
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Fig. 27. Gross pathology of thymic remnant from IL2RG-/Y RAG1-/- pigs after allogeneic 
transplant.  
The thymus was harvested on postnatal d1 from WT pigs and on d28 from non-transplanted and 
allogeneic BMT pigs.  Gross pathology specimens shown are representative results from the 
following number of animals in parentheses: WT (2), IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y 
RAG1-/- IO BMT (4) piglets. 
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Fig. 28. Repopulation of thymic remnant with T cells in SCID pigs after allogeneic transplant.  
Thymic tissue sections were generated from the animals indicated on postnatal day 14 (except for the 
non-transplanted IL2RG-/Y RAG1-/+ sample, which is from day 22). Tissues were stained for CD3 by 
immunohistochemistry. Results are representative of two independent experiments. 
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Fig. 29. T cell subsets in the thymic remnant of SCID pigs after allogeneic transplant.  
Thymic tissue was harvested on d28 from non-transplanted and d97 from allogeneic BMT piglets. 
Thymic cell suspensions were stained with (A-C) CD3, (B) CD45RA, (C) CD4, and CD8. 
Repopulation of thymic T cells was significantly higher in allogeneic BMT compared to non-
transplanted pigs (p < 0.01). Flow cytometry data are representative of results from the following 
number of animals in parentheses: IL2RG-/Y RAG1-/- non-transplanted (2) and IL2RG-/Y RAG1-/- IO 
BMT (4) piglets. 
 

3.4. Analysis of bone marrow lymphocytes after allogeneic transplantation.  

 The effects of allogeneic BMT on the repopulation of recipient SCID pig bone 

marrow were examined by flow cytometry. In irradiated pigs, the bone marrow was 

composed mostly of dead cells or cell fragments, and did not yield usable samples for flow 

cytometry (data not shown). SCID pigs that underwent allogeneic BMT without irradiation 

had a population of bone marrow T cells that showed signs of differentiation into DP and 

CD4+ SP populations (Fig. 30). (There is also likely a separate CD8+ SP population that 

stains brighter than the DP population in this experiment but due to voltage settings during 

flow cytometry, the cells shown stain spuriously positive for CD4.) The majority of these T 

cells had an activated CD45RA– phenotype, however a smaller population of naïve 

CD45RA+ T cells was also present in transplanted pigs (Fig. 31). For B and NK cells, only  
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Fig. 30. Bone marrow T cells in SCID pigs after allogeneic transplant.  
Bone marrow was harvested from sacrificed pigs on d39 from non-transplanted and d97 from 
allogeneic BMT pigs. Bone marrow cell suspensions were stained for CD3 (A) and gated on CD3+ 
cells with staining of CD8 and CD4 (B). Flow cytometry data are representative results from the 
following number of animals in parentheses: IL2RG-/Y RAG1-/- non-transplanted (2), and IL2RG-/Y 
RAG1-/- IO BMT (4) piglets. 
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Fig. 31. Naïve T and B cells in the bone marrow of SCID pigs after allogeneic transplant.  
Bone marrow suspensions were generated as described in Fig. 30, gated on 74-22-15(-) to exclude 
myeloid cells, and stained with CD3 and CD45RA. Flow cytometry data are representative results 
from the following number of animals in parentheses: IL2RG-/Y RAG1-/- non-transplanted (2), and 
IL2RG-/Y RAG1-/- IO BMT (4) piglets. 
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small populations slightly above non-transplanted controls were seen in the bone marrow 

after allogeneic BMT (Figs. 31 and 32). These data show allogeneic BMT of SCID pigs leads 

to bone marrow reconstitution with predominantly activated T cells, and only low level 

reconstitution with B and NK cells.  

3.5. Effects of allogeneic transplant on plasma immunoglobulins in SCID pigs. 

 To measure the effects of allogeneic transplantation on immunoglobulin production, I 

conducted ELISAs to measure plasma levels of pig IgM, IgG, and IgA at various time points 

(Fig. 33 and Fig. 34). In WT pigs, IgM levels decreased from postnatal day 1 until day 14, 

reflecting the loss of IgM initially transferred from the colostrum (Fig. 33A and Fig. 34A), 

similar to prior data on perinatal porcine Ig kinetics (Suzuki et al., 2012). IgM levels then 

increased from day 14 to day 84 as IgM production from the newborn pigs’ B cells is 

upregulated. In contrast, in IL2RG-/Y RAG1-/- pigs, IgM levels do not recover after the initial 

decline from day 1 to day 14 (Fig. 33A and Fig. 34A). Analysis of the aggregate data 

suggested that allogeneic BMT did not rescue IgM production, with or without irradiation 

(Fig. 34A), however analysis of individual piglets with high levels of reconstitution with 

peripheral blood B cells (Fig. 35) revealed a transient increase in IgM production up to WT 

levels on day 28 after intraosseous BMT without irradiation, however by day 42, IgM levels 

in this pig again became undetectable (Fig. 35C). In contrast, no such increase was seen in 

irradiated SCID pigs that underwent intraosseous BMT.  

The initial decline in IgG titer is slower than IgM because of the longer half-life of 

IgG (Fig. 33B and Fig. 34B). Again, allogeneic BMT did not appear to durably rescue IgG 

levels in the aggregate analysis (Fig. 34B), however pigs that underwent intraosseous BMT  
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Fig. 32. Bone marrow NK cells in SCID pigs after allogeneic transplant.  
Bone marrow suspensions were generated as described in Fig. 30, gated on 74-22-15(-) to exclude 
myeloid cells, and stained with CD3 and CD16. The NK cell population increased significantly over 
time (p < 0.01). Flow cytometry data are representative results from the following number of animals 
in parentheses: IL2RG-/Y RAG1-/- non-transplanted (2) and IL2RG-/Y RAG1-/- IO BMT (4) piglets. 
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Fig. 33. Plasma immunoglobulin levels in IL2RG-/Y RAG1-/- pigs after allogeneic transplant.  
Bone marrow was intraosseously injected into IL2RG-/Y RAG1-/- pigs on postnatal day 1, with or 
without total body irradiation on the day of injection. Plasma was collected at various time points 
from individual WT (5), IL2RG-/Y RAG1-/- IO BMT (4), and IL2RG-/Y RAG1-/- IO irradiated BMT (2) 
piglets. Plasma was tested for titers of (A) IgM, (B) IgG, and (C) IgA, which were measured by 
ELISA. Results are from at least three independent experiments. 
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Fig. 34. Plasma immunoglobulin levels in IL2RG-/Y RAG1-/- pigs after allogeneic transplant.  
Experiments were performed as in Fig. 33 with saline injection (- BM) as a negative control. Results 
shown are the mean titer from the surviving piglets of at least three independent experiments.  
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Fig. 35. Comparison of B cell levels and IgM production in SCID pigs after allogeneic 
transplant. 
Flow plots show peripheral blood B cells gated on 74-22-15(-) with CD45RA versus CD3 and the 
plasma IgM level from each corresponding day plotted below. B cells are defined as the CD45RA(+) 
CD3(-) population. (A) WT, (B) non-transplanted IL2RG-/Y RAG1-/-, and (C) allogeneic BMT +/- 
irradiation. Flow cytometry data and plasma IgM ELISA analysis at various time points are from a 
single piglet. Flow cytometry and ELISA data are representative results from the following number of 
animals in parentheses: IL2RG+/Y RAG1+/+ (1), IL2RG-/Y RAG1-/- (1), and IL2RG-/Y RAG1-/- IO 
irradiated BMT (1) piglet. 
 

 

 

 



 

84 

 

 



 

85 

 



 

86 

without irradiation and had strong B cell repopulation showed a steady increase in IgG titers 

from day 28 to 42 up to WT levels, while this IgG increase was not seen in irradiated animals 

(Fig. 36C). I speculate that the transient increase in IgM followed by the steady increase in 

IgG production reflects Ig class switching. In contrast, WT IgA levels declined from 

postnatal day 1 until day 20, then increased to a plateau on day 56, while allogeneic 

transplant failed to rescue IgA production (Fig. 33C and Fig. 34C), even in pigs that showed 

strong B cell repopulation (Fig. 37).  

The large variability in Ig titers between experimental groups on postnatal day 1 

likely reflects variations in the Ig composition of colostrum between sows, as well as 

differences in the number of piglets feeding from a given sow. These ELISA studies show 

that donor-derived B cells produce low to absent levels of IgM, IgG, and IgA following 

allogeneic BMT into IL2RG-/Y RAG1-/- pigs.  

3.6. Chapter Summary.  

 This chapter reviewed the results of allogeneic bone marrow transplantation 

experiments in IL2RG-/Y RAG1-/- SCID pigs, with the lymphocyte phenotypes summarized in 

Table 3. PCR of a donor transgenic marker demonstrated that PBMCs in transplanted pigs 

are of donor origin. While intravenous BMT led to transient reconstitution of only the T cell 

lineage, intraosseous BMT resulted in sustained reconstitution of T, B, and NK cells, likely 

due to the direct delivery of donor precursors into a supportive hematopoietic niche. T cells 

were partially reconstituted in the peripheral blood and thymic remnant and fully 

reconstituted in the spleen, however the thymus remained devoid of normal tissue 

architecture. Thymic T cells were predominantly activated, differentiated SP cells. The T cell  



 

87 

 

 

 

 

 

 

 

 
Fig. 36. Comparison of B cell levels and IgG production in SCID pigs after allogeneic 
transplant. 
Flow plots show peripheral blood B cells gated on 74-22-15(-) with CD45RA versus CD3 and the 
plasma IgG level from each corresponding day plotted below. B cells are defined as the CD45RA(+) 
CD3(-) population. (A) WT, (B) non-transplanted IL2RG-/Y RAG1-/-, and (C) allogeneic BMT +/- 
irradiation. Flow cytometry data and plasma IgG ELISA analysis at various time points are from the 
same piglet as in Fig. 35. Flow cytometry and ELISA data are representative results from the 
following number of animals in parentheses: IL2RG+/Y RAG1+/+ (1), IL2RG-/Y RAG1-/- (1), and IL2RG-

/Y RAG1-/- IO irradiated BMT (1) piglet. 
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Fig. 37. Comparison of B cell levels and IgA production in SCID pigs after allogeneic 
transplant. 
Flow plots show peripheral blood B cells gated on 74-22-15(-) with CD45RA versus CD3 and the 
plasma IgA level from each corresponding day plotted below. B cells are defined as the CD45RA(+) 
CD3(-) population. (A) WT, (B) non-transplanted IL2RG-/Y RAG1-/-, and (C) allogeneic BMT +/- 
irradiation. Flow cytometry data and plasma IgA ELISA analysis at various time points from the 
same piglet as in Fig. 35-36. Flow cytometry and ELISA data are representative results from the 
following number of animals in parentheses: IL2RG+/Y RAG1+/+ (1), IL2RG-/Y RAG1-/- (1), and IL2RG-

/Y RAG1-/- IO irradiated BMT (1) piglet. 
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Table 3. Summary of lymphocyte profiles from SCID pigs after allogeneic BMT.  
Values shown for total, activated, and naïve T cells and NK cells are percent of total leukocytes. 
Values shown for DN, DP, CD4 SP, and CD8 SP cells are percent of total T cells. Values shown for 
B cells are percent of non-myeloid leukocytes. Bone marrow from irradiated pigs contained dead or 
necrotic cells and could not be analyzed. Values shown are the highest measured across all trials and 
time points.     
 

 

 

staining characteristics from the peripheral blood of transplanted animals suggested these 

were largely TCRαβ-expressing T cells with almost no expression of DN γδ T cells and a 

larger population of CD8+ SP relative to CD4+ SP cells, all of which is consistent with a late 

postnatal T cell development program in pigs (Gerner et al., 2009; Sinkora and Butler, 2009; 

Stepanova et al., 2007). T cells from transplanted animals showed a time-dependent increase 

in CD4+ CD8+ DP cells, reflecting an increase in either T cell progenitors or memory T 

cells. T cells were also predominantly activated (CD45RA–), particularly splenic T cells, 

with only a small, stable population of naïve CD45RA+ T cells. Allogeneic BMT led to B 

cell reconstitution in the blood, at low levels in the bone marrow, and in the spleen only in 

irradiated animals. Pigs that underwent intraosseous BMT without irradiation and showed 

strong B cell reconstitution also expressed IgM and IgG up to WT titers, however this was 
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not seen for IgA. Partial NK cell repopulation was observed in the peripheral blood, spleen, 

and bone marrow following allogeneic BMT.  

Total body irradiation led to the earlier appearance of lymphoid cells, particularly 

activated T cells, however this population contracted rapidly and by postnatal day 42, was 

smaller than the amount of T cells seen in non-irradiated age-matched BMT pigs. Irradiation 

did promote splenic repopulation with B cells, which was not observed in non-irradiated pigs 

receiving allogeneic BMT. Irradiated animals that underwent intraosseous BMT showed no 

rescue of plasma IgM, IgG, or IgA expression. Irradiated animals were very ill, had lots of 

dead cells in their bone marrow, were unresponsive to broad-spectrum antibiotics, and 

required significant time and resources to maintain.  

 Overall, the studies in this chapter demonstrate that intraosseous allogeneic BMT of 

SCID pigs leads to the reconstitution of T, B, and NK cells. In the next chapter, I explore the 

possibility of generating a “humanized” pig by using xenogeneic transplantation with human 

bone marrow to repopulate SCID pigs with human lymphocytes.  
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CHAPTER 4: TRANSPLANTATION OF SCID 
PIGS WITH HUMAN HEMATOPOIETIC CELLS 

 
4.1. Overview. 

 In Chapter 2, I characterized the IL2RG-/Y RAG1-/- SCID pigs and determined that 

they lack mature T, B, and NK cells. In Chapter 3, I demonstrated that allogeneic bone 

marrow transplantation of IL2RG-/Y RAG1-/- SCID pigs leads to repopulation with 

lymphocytes from all three lymphoid lineages. A primary motivation for pursuing the 

porcine SCID model is to develop a “humanized” pig – a SCID pig repopulated with human 

lymphocytes, analogous to humanized mouse models. In this chapter, I describe the results of 

experiments comparing the efficacy of different methods of human bone marrow (BM) 

transplantation into IL2RG-/Y RAG1-/- SCID pigs. 

4.2. Intraosseous transplantation of human bone marrow or CD34+ cells into SCID pigs.  

 Based on the success of intraosseous BMT for allogeneic transplantation, I applied 

the intraosseous approach for transplanting human bone marrow into SCID pigs. Two 

formulations of human donor cells were tested – one with T cell-depleted human bone 

marrow (similar to the allogeneic BMT experiments), and the other with hematopoietic 

progenitor cells purified from human mobilized peripheral blood using the cell surface 

marker CD34 (Payne and Crooks, 2002). On postnatal day 1 or 2, recipient SCID pigs were 

injected intraosseously with 2.48 x 107 cells human donor cells. A subset of pigs was treated 

with 1.6 Gy of total body irradiation to determine whether irradiation improved 

reconstitution with human lymphocytes.  
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 As a preliminary test of human cell engraftment and repopulation, peripheral blood 

was collected on postnatal day 42 and stained for human CD45, a broadly reactive cell 

surface marker of lymphoid and myeloid cells (Hermiston et al., 2003). None of the human 

BMT protocols tested led to the appearance of human CD45+ cells in the peripheral blood 

(Fig. 38). Bone marrow was collected to determine the efficacy of human cell engraftment in 

the bone marrow (Fig. 39); marrow was collected both from the site of intraosseous injection 

((+) injected bone) and from a bone which was not directly injected ((-) injected bone) to 

determine whether human donor cells were able to traffic away from the local injection site 

and engraft bone marrow in other locations. Transplantation of T cell-depleted human BM 

was ineffective for both IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- pigs (Fig. 39, first and 

second columns). Transplantation with CD34-selected human cell resulted in minimal 

engraftment of human CD45+ cells in the marrow of non-irradiated recipient pigs (Fig. 39, 

third column). In contrast, irradiated pigs showed a small but definite population of human 

CD45+ cells in the bone marrow, both at the site of injection and in a non-injected bone (Fig. 

39, final column). These CD45+ cells were not T cells, as they were negative for human 

CD3. These experiments were repeated with staining for HLA-DR, a human major 

histocompatibility complex (MHC) class II receptor expressed on several immune cell types, 

particularly professional antigen presenting cells (pAPCs). None of the transplantation 

methods tested led to reconstitution with HLA-DR+ cells in either the peripheral blood (Fig. 

40A) or the bone marrow (Fig. 40B). Additional treatment with the human granulocyte 

colony-stimulating factor analogue, filgrastim (Neupogen) had no effect on human cell 

engraftment (data not shown). These initial studies demonstrated limited reconstitution  
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Fig. 38. Absent repopulation of peripheral blood with CD45+ human cells after intraosseous 
transplantation of human bone marrow or mobilized CD34+ cells in SCID pigs.  
Human bone marrow was either T cell depleted or enriched for CD34 stem cells, then intraosseously 
transplanted on postnatal day 1 into the bone marrow of the indicated SCID pigs using the described 
conditioning regimens. On postnatal day 42, peripheral blood was collected from each of the recipient 
animals (except for IL2RG-/Y RAG1-/- T cell depleted/non-irradiated, which was collected on day 32 
due to euthanasia). PBMCs were stained for human CD45, a general leukocyte marker. Flow 
cytometry data are representative results from the following number of animals in parentheses: 
IL2RG-/Y RAG1-/+ (2) non-transplanted, IL2RG-/Y RAG1-/+ T cell depleted IO BMT (3), IL2RG-/Y RAG1-

/- non-transplanted (2), IL2RG-/Y RAG1-/- non-transplanted irradiated (1), IL2RG-/Y RAG1-/- T cell 
depleted IO BMT (2), IL2RG-/Y RAG1-/- CD34 cell selected IO BMT (7), and IL2RG-/Y RAG1-/- CD34 
cell selected IO BMT irradiated (7) piglets. 
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Fig. 39. Low level repopulation of bone marrow with human cells after intraosseous 
transplantation of human bone marrow or mobilized CD34+ cells in SCID pigs.  
Human bone marrow or human CD34+ selected cells was intraosseously transplanted into the bone 
marrow of the indicated SCID pigs using the described conditioning regimens. Bone marrow was 
harvested either from a bone that was injected during intraosseous transplantation ((+) injected bone) 
or a non-injected bone ((-) injected bone). Bone marrow was harvested from the following sacrificed 
animals: on postnatal day 42 (IL2RG-/Y RAG1-/+ T cell depleted/non-irradiated), d32 (IL2RG-/Y RAG1-/- 

T cell depleted/ non-irradiated), d79 (IL2RG-/Y RAG1-/- CD34 selected/non-irradiated), and d82 
(IL2RG-/Y RAG1-/- CD34 selected/irradiated). Bone marrow cell suspensions were stained for human 
CD45 and human CD3. The detected human CD45+ population was significantly different between 
transplanted and non-transplanted animals (p < .00154). Flow cytometry data are representative 
results from the following number of animals in parentheses: IL2RG-/Y RAG1-/+ T cell depleted IO 
BMT (3), IL2RG-/Y RAG1-/- T cell depleted IO BMT (2), IL2RG-/Y RAG1-/- CD34 cell selected IO 
BMT (7), and IL2RG-/Y RAG1-/- CD34 cell selected IO BMT irradiated (7) piglets. 
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Fig. 40. Absent repopulation of peripheral blood and bone marrow with HLA-DR+ human cells 
after intraosseous transplantation of human bone marrow or mobilized CD34+ cells in SCID 
pigs.  
Human bone marrow or human CD34+ selected cells was intraosseously transplanted into the bone 
marrow of the indicated SCID pigs using the described conditioning regimens. (A) On postnatal day 
14 and 42 blood was collected from all piglets, except for IL2RG-/Y RAG1-/- T cell depleted/non-
irradiated, which was collected on d32 due to euthanasia. (B) Bone marrow was harvested from 
sacrificed animals on postnatal day 42 (IL2RG-/Y RAG1-/+ T cell depleted/non-irradiated), d32 (IL2RG-

/Y RAG1-/- T cell depleted/non-irradiated), d79 (IL2RG-/Y RAG1-/- CD34 selected/non-irradiated), and 
d82 (IL2RG-/Y RAG1-/- CD34 selected/irradiated). Bone marrow was collected from the recipient 
animals at the site of transplantation ((+) injected bone) and from a bone that was not injected for 
transplantation ((-) injected bone). Cells were stained for human HLA-DR, a broadly specific marker 
for professional antigen presenting cells. Flow cytometry data are representative results from the 
following number of animals in parentheses: IL2RG-/Y RAG1-/+ T cell depleted IO BMT (3), IL2RG-/Y 
RAG1-/- T cell depleted IO BMT (2), IL2RG-/Y RAG1-/- CD34 cell selected IO BMT (7), and IL2RG-/Y 
RAG1-/- CD34 cell selected IO BMT irradiated (7) piglets. 
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following transplantation of CD34-selected human cells into irradiated DKO SCID pigs, 

however the resources and costs involved in maintaining the chronically ill irradiated pigs 

made continued use of this approach unfeasible.  

4.3. Human CD34+ cell transplantation via in utero injection into the fetal liver of SCID 

pigs. 

 Due to the poor engraftment efficiency of human donor cells into SCID pigs and the 

need for irradiation to promote engraftment, alternative transplantation methods were 

explored for the delivery of CD34-selected human cells. A previous study demonstrated low-

level multilineage engraftment of human cord blood transplanted into pig fetuses in utero 

(Fujiki et al., 2003). In utero transplantation of sheep with human hematopoietic stem cells 

has been shown to promote long-term multilineage expression of human hematopoietic cells 

(Zanjani et al., 1992, 1994). A more recent study demonstrated that in utero injection of the 

fetal pig liver on DG40 with human hepatocytes facilitated later engraftment with human 

hepatocytes when they were re-injected intrahepatically on postnatal day 7 (Fisher et al., 

2013). A transplantation protocol was therefore developed for in utero intrahepatic injection 

of fetal SCID pigs with human CD34 selected cells.  

 Gestational day 42 was selected for transplantation, since this is when the fetal liver is 

both the dominant site of lymphopoiesis (Sinkora and Butler, 2009) and physically large 

enough to be injected accurately. Pregnant sows underwent surgery under sterile conditions 

to expose the gravid uterus. Human CD34 selected cells were then delivered via transuterine 

injection into the fetal liver under live ultrasound guidance.  
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The Kaplan-Meier survival curves for SCID pigs transplanted via different protocols 

with human cells are summarized in Figure 41. Regardless of the transplant method used, the 

majority of pigs died between postnatal day 20 and day 50. All deaths were due to 

overwhelming sepsis. Nearly 40% of pigs transplanted in utero were stillborn for unclear 

reasons. One SCID pig transplanted intraosseously survived to day 81, while another 

survived to day 80 after irradiation and intraosseous transplant with human CD34+ cells. I 

speculate that these pigs survived longer  

 

 

Fig. 41. Kaplan-Meier survival curve for SCID pigs after transplant with human hematopoietic 
cells.  
IL2RG-/Y RAG1-/- piglets were transplanted intraosseously (IO) with human CD34 selected 
mobilized stem cells on postnatal day 1 or 2, or in utero (IU) on gestational day 42. Neupo indicates 
pigs treated with Neupogen (filgrastim). A total of 25 IL2RG-/Y RAG1-/- piglets were used for 
transplantation: five IO, two IO with Neupogen, seven IO with irradiation, two IO with irradiation 
and Neupogen, and eleven IU.  
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because they were separated from their mother on day 30 and thereby exposed to fewer 

infectious pathogens.  

In SCID pigs transplanted in utero with human CD34+ cells, gross pathology 

revealed a thymus substantially larger than the thymic remnant seen in non-transplanted 

controls (Fig. 42). Tissue sections from the thymus and spleen were taken from transplanted 

animals and stained via IHC for human CD45 (Fig. 43). Intraosseous injection did not 

repopulate the thymus with human cells, while the spleen showed low levels of human 

CD45+ cells (Fig. 43B, see inset). In contrast, both the thymus and spleen showed robust 

repopulation with CD45+ human hematopoietic cells after in utero transplantation (Fig. 43, 

final column).  

 To determine the effects of in utero human CD34+ cell transplantation on peripheral 

T cell repopulation, PBMCs were collected and stained for human CD45, CD3, CD45RA, 

CD4, and CD8. Non-transplanted IL2RG-/Y RAG1-/- DKO pigs showed no appreciable 

staining with any human cell surface markers used (Figs. 44 and 45). Similarly, in utero 

transplantation of IL2RG-/Y RAG1-/+ pigs yielded minimal to absent staining for human cells 

in the peripheral blood (Fig. 44, second row). However, in utero transplantation of IL2RG-/Y 

RAG1-/- DKO pigs led to repopulation with human CD45+ PBMCs by postnatal day 3 (Fig. 

44A, bottom row) which were nearly all CD3+ T cells (Fig. 44B, bottom row). Staining for 

human T cell subsets showed that the CD3+ cells were CD45RA+ (Fig. 45A) and 

predominantly CD4+ CD8+ DP cells with small populations of CD8+ SP and CD4+ SP cells 

(Fig. 44C, bottom row and 45B). Notably, the CD3+ population disappeared by day 14 and 

remained absent on day 27 (Fig. 45A and 45B). Additionally, a substantial human CD19+ B  
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Fig. 42. Thymic expansion after in utero transplantation with CD34+ human cells in SCID pigs.  
Thymus was collected from a non-transplanted (middle panel) and transplanted (lower panel) SCID 
piglet on d27 and a WT piglet on d1.  



 

106 

 

Fig. 43. In utero transplantation is more effective than intraosseous transplantation for 
repopulation of the thymus and spleen of SCID pigs with human hematopoietic cells.  
Tissue sections of (A) thymus and (B) spleen were generated on postnatal day 26 from sacrificed 
IL2RG-/Y RAG1-/- pigs transplanted with CD34+ human cells via the protocols indicated. All tissues 
were stained for human CD45 by IHC.  
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Fig. 44. Effects of in utero transplantation with CD34+ human cells on peripheral blood human 
T cells.  
PBMCs were harvested on postnatal day 3 and stained for the following human cell surface markers: 
(A) CD45, a general leukocyte marker (B) CD45 and CD3, (C) gated on CD3+ cells, staining for CD4 
and CD8. The top row shows human PBMCs as a positive control, second row is in utero 
transplanted IL2RG-/Y RAG1-/+ pigs, third row is non-transplanted IL2RG-/Y RAG1-/- pigs, and bottom 
row is in utero transplanted IL2RG-/Y RAG1-/- pigs. P < 0.01 for in utero transplantation of IL2RG-/Y 
RAG1-/- pigs versus in utero transplanted IL2RG-/Y RAG1-/+and non-transplanted IL2RG-/Y RAG1-/- 

pigs. Flow cytometry data are representative results from the following number of animals in 
parentheses: IL2RG-/Y RAG1-/+ IU BMT (1), IL2RG-/Y RAG1-/- IU non-transplanted (7), and IL2RG-/Y 
RAG1-/- IU BMT (1) piglet. 
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Fig. 45. Dynamics of human peripheral blood T cell subpopulations after in utero 
transplantation of SCID pigs.  
Peripheral blood was collected on postnatal day 3, 14, and 27 from the piglets described in Fig. 44 
and stained for human (A) CD3 and CD45RA, and (B) CD3, CD4, and CD8; last column is gated on 
CD3(+) cells. On day 3, there were significantly higher T cell and DP T cell populations in 
transplanted pigs versus non-transplanted or WT (p <0.01). Human PBMCs are shown as a positive 
control. Flow cytometry data are representative results from the following number of animals in 
parentheses: IL2RG-/Y RAG1-/- IU BMT (1) piglet. 
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cell population was present in the peripheral blood after in utero transplantation on postnatal 

day 3, however this population disappeared by day 14, similar to T cells (Fig. 46).  

Human hematopoietic cell repopulation of solid organs was tested by performing 

flow cytometry on single cell suspensions generated from the liver, spleen, and thymus of 

pigs (Fig. 47). In utero transplantation of IL2RG-/Y RAG1-/+ pigs yielded no appreciable 

repopulation with human CD45+ cells over non-transplanted DKO controls. In IL2RG-/Y 

RAG1-/- DKO pigs that underwent transplant, a small population of human CD45+ cells was 

found in the liver (Fig. 47A), while the spleen and thymus (Fig. 47B and 47C) showed 

substantial numbers of human CD45+ cells. A significant population of human CD19+ B 

cells was present in the spleen from in utero transplanted SCID pigs on day 27 (Fig. 48). The 

experiments above were repeated with staining for HLA-DR in PBMCs, the spleen, and 

thymus (Fig. 49). In utero transplantation of IL2RG-/Y RAG1-/+ pigs resulted in a small but 

appreciable increase in HLA-DR+ cells over non-transplanted DKO controls. In utero 

transplantation of IL2RG-/Y RAG1-/- DKO pigs again showed substantial repopulation with 

human HLA-DR+ cells in all compartments tested. In total, these data demonstrate that in 

utero intrahepatic transplantation with CD34+ human cells results in successful repopulation 

with human hematopoietic cells in the peripheral blood, liver, spleen, and thymus.  

To determine the efficacy and characteristics of human T cell repopulation in the 

thymus and spleen, single cell suspensions were generated from these organs, stained for 

CD3, CD4, and CD8, and evaluated by flow cytometry (Fig. 50). IL2RG-/Y RAG1-/+ pigs that 

underwent transplant showed no clear increase in human CD3 staining compared to non-

transplanted DKO controls. In utero transplanted IL2RG-/Y RAG1-/- DKO pigs showed  
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Fig. 46. Repopulation of peripheral blood with human B cells after in utero transplantation of 
SCID pigs with CD34+ human cells.  
Peripheral blood was collected on postnatal days 3 and 14 then stained for human CD19, a B cell 
marker. P < 0.01 for transplanted versus non-transplanted. Flow cytometry data are representative 
results from the following number of animals in parentheses: IL2RG-/Y RAG1-/- IU non-transplanted 
(7), and IL2RG-/Y RAG1-/- IU BMT (1) piglets. 
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Fig. 47. Human leukocyte populations in solid organs after in utero transplant of CD34+ human 
cells into SCID pigs.  
Cell suspensions from the (A) liver, (B) spleen, and (C) thymus were obtained from SCID pigs at the 
following times: non-transplanted IL2RG-/Y RAG1-/- on postnatal day 26, transplanted IL2RG-/Y RAG1-

/+ on day 27, transplanted IL2RG-/Y RAG1-/- liver on day 48, and transplanted IL2RG-/Y RAG1-/- spleen 
and thymus on day 27. Cells were stained with CD45 and assayed by flow cytometry. Among the in 
utero transplanted pigs, there was a significantly larger splenic human CD45+ population (p = 0.018) 
and thymic human CD45+ population (p < 0.01) in IL2RG-/Y RAG1-/- compared to non-transplanted 
and transplanted IL2RG-/Y RAG1-/+pigs. Flow cytometry data are representative results from the 
following number of animals in parentheses: IL2RG-/Y RAG1-/+ IU BMT (1), IL2RG-/Y RAG1-/- IU non-
transplanted (7), and IL2RG-/Y RAG1-/- IU BMT (4) piglets. 



 

114 

 

Fig. 48. Splenic repopulation with human B cells after in utero transplant of CD34+ human cells 
into SCID pigs.  
Cell suspensions from the spleen were obtained on postnatal day 27 from non-transplanted (left 
panel) and in utero transplanted (right panel) IL2RG-/Y RAG1-/- piglets and stained for human CD19 
(B cells). P < 0.01 transplanted versus non-transplanted. Flow cytometry data are representative 
results from the following number of animals in parentheses: IL2RG-/Y RAG1-/- IU non-transplanted 
(7), and IL2RG-/Y RAG1-/- IU BMT (2) piglets. 
 

substantial populations of human T cells in both the thymus (Fig. 50, lower row) and spleen 

(Fig. 51). In the thymus, these were almost all CD4+ CD8+ DP T cells (Fig. 50C), with the 

majority staining CD45RA+ (Fig. 50B), suggestive that these are naïve T cells. In contrast, 

splenic T cells were largely SPs, with a slightly higher number of CD4+ SPs versus CD8+ 

SPs (Fig. 51C); the splenic T cells also predominantly stained CD45RA+ (Fig. 51B). These 

results are consistent with human T cells undergoing development and selection within the 

pig thymus, where predominantly DP cells are seen (Spits et al., 1995). (DN human T cells 

are not detected in the thymus by this gating strategy because they are largely CD3 negative.) 

The findings also suggest that after the DP to SP transition, naïve SP human T cells exit the 

thymus to the periphery, as observed in the spleens of transplanted animals.  
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Fig. 49. Human HLA-DR+ cell populations in blood and solid organs after in utero transplant of 
CD34+ human cells into SCID pigs.  
(A) Peripheral blood was obtained on postnatal day 3 and cell suspensions from the (B) spleen and (C) 
thymus were obtained on d1 from a IL2RG-/Y RAG1-/+ pig and d26 from a IL2RG-/Y RAG1-/- pig after 
both pigs were transplanted in utero. Cells were stained for HLA-DR and evaluated by flow 
cytometry. For transplanted IL2RG-/Y RAG1-/- versus non-transplanted or transplanted IL2RG-/Y RAG1-

/+, p = 0.29 for the peripheral blood, p = 0.19 for the spleen, and p < 0.01 for the thymus. Flow 
cytometry data are representative results from the following number of animals in parentheses: 
IL2RG-/Y RAG1-/+ IU BMT (1), and IL2RG-/Y RAG1-/- IU non-transplanted (7), and IL2RG-/Y RAG1-/- 
IU BMT (4) piglets. 
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Fig. 50. Thymic repopulation with human T cells after in utero transplant of CD34+ human 
cells into SCID pigs.  
Cell suspensions from the thymus were obtained on postnatal day 27 from non-transplanted IL2RG-/Y 
RAG1-/- and in utero transplanted IL2RG-/Y RAG1-/- piglets. Cells were stained for the following 
human markers: (A) CD3, (B) CD3 and CD45RA, and (C) Gated on CD3+ cells, staining for CD4 and 
CD8. P < 0.01 for transplanted versus non-transplanted piglets. Flow cytometry data are 
representative results from the following number of animals in parentheses: IL2RG-/Y RAG1-/- IU non-
transplanted (7), and IL2RG-/Y RAG1-/- IU BMT (4) piglets. 
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Fig. 51. Splenic repopulation with human T cells after in utero transplant of CD34+ human cells 
into SCID pigs.  
Cell suspensions from the spleen were obtained as described in Fig. 50. Cells were stained for the 
following human markers: (A) CD3 and CD45RA, (B) CD3, and (C) Gated on CD3+, staining for 
CD4 and CD8. For transplanted versus non-transplanted, p = 0.029 for the difference in total CD3+ 
cells, while p < 0.01 for the difference in CD3+ CD45RA+ naïve T cells, CD3+ CD4+ SP T cells, or 
CD3+ CD8+ SP T cells. Flow cytometry data are representative results from the following number of 
animals in parentheses: IL2RG-/Y RAG1-/+ IU BMT (1), IL2RG-/Y RAG1-/- IU non-transplanted (7), and 
IL2RG-/Y RAG1-/- IU BMT (4) piglets. 
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Flow cytometry was performed on cell suspensions generated from the bone marrow of 

SCID pigs transplanted in utero to determine the efficacy of marrow repopulation by human 

lymphocytes. Transplanted pigs showed a time-dependent accumulation of human CD45+ 

hematopoietic cells in the marrow (Fig. 52A). The majority of these were T cells, which on 

day 1 and day 31 showed a nearly equal balance between activated CD45RA– T cells and 

naïve CD45RA+ T cells (Fig. 52B). By day 48, the proportion of activated CD45RA– T cells 

had increased substantially. The majority of human T cells in the human bone marrow was 

DP, with a small population of CD4+ SP cells and essentially absent populations of DN or 

CD8+ SP cells (Fig. 52C). These studies demonstrate successful bone marrow repopulation 

with T cells following in utero transplantation, with rapidly increasing numbers of activated 

T cells associated with aging and impaired differentiation to the CD8+ SP T cell fate. 

4.4. Human antibody production after in utero transplantation of human CD34+ cells 

into SCID pigs.  

 To measure antibody production from human B cells, anti-human IgM ELISAs were 

performed on plasma collected from IL2RG-/Y RAG1-/- pigs that had been transplanted with 

human bone marrow (Fig. 53). Prior to postnatal day 14 there was significant variability in 

measured IgM levels due to cross-reactivity between the anti-human IgM antibody and 

maternal porcine IgM transferred via the colostrum (data not shown). Neither irradiation nor 

Neupogen treatment with intraosseous human BMT led to sustained increases in IgM titers 

during the first 40 days of life. Irradiation and neupogen treatment with intraosseous human 

BMT led to a rise in human IgM levels in a single animal on day 42. In contrast, in utero 

injection of human CD34+ cells led to a steady increase in human IgM titers from day 27 to  
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Fig. 52. Bone marrow reconstitution with human T cells after in utero transplant of CD34+ 
human cells into SCID pigs.  
Bone marrow was collected on postnatal day 1, 31, and 48 from sacrificed piglets transplanted in 
utero and on day 39 from the non-transplanted control. The bone marrow cells were then stained for 
human (A) CD45, (B) CD3 and CD45RA, or (C) gated on CD3+, staining for CD4 and CD8. P < 
0.01 for transplanted versus non-transplanted pigs on all days tested. Flow cytometry data are 
representative results from the following number of animals in parentheses: IL2RG-/Y RAG1-/- IU non-
transplanted (7) and IL2RG-/Y RAG1-/- IU BMT (3) piglets. 
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Fig. 53. Plasma immunoglobulin levels in IL2RG-/Y RAG1-/- pigs after transplantation with 
CD34+ human cells.  
IL2RG-/Y RAG1-/- pigs were intraosseously administered either saline (non-transplanted) or CD34-
enriched human cells +/- total body irradiation on postnatal day 2 and +/- Neupogen treatment on 
d14. Another group of IL2RG-/Y RAG1-/- pigs was transplanted with human bone marrow in utero 
(fetal injection) on DG42. Plasma was collected at the indicated times and used to measure human 
IgM levels by ELISA.  ELISA data are representative results from the following number of animals in 
parentheses: IL2RG-/Y RAG1-/- non-transplanted (2), IL2RG-/Y RAG1-/- IO BMT (5), IL2RG-/Y RAG1-/- 
IO irradiated BMT (5), IL2RG-/Y RAG1-/- IO BMT plus Neupogen (2), IL2RG-/Y RAG1-/- IO irradiated 
BMT plus Neupogen (2), and IL2RG-/Y RAG1-/- fetal injection IU (4) pigs. Plasma was tested for titers 
of (A) IgM, (B) IgG, and (C) IgA as measured by ELISA. Results shown are the mean titer from the 
surviving piglets (see Fig. 41 for number of surviving piglets at each time point). ELISA was 
performed in triplicate for each animal at each time point.  
 

day 48. These ELISA results suggest that in utero intrahepatic transplantation of human 

CD34+ cells leads to the generation of antibody-secreting human B cells in SCID pigs. 

4.5. Chapter Summary. 

 In this chapter, I demonstrated successful xenogeneic transplantation of human 

CD34+ cells into IL2RG-/Y RAG1-/- SCID pigs and repopulation with human T and B cells.  
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Table 4. Summary of lymphocyte profiles from SCID pigs after transplantation with human 
HSCs.  
Values shown for CD45+, total T cells, and B cells are percent of total leukocytes. Values shown for 
activated, naïve, DN, DP, CD4, and CD8 cells are percent of total T cells. Values shown are the 
highest measured across all trials and time points. 
 

 

 

The leukocyte profile from SCID pigs transplanted in utero with human CD34+ cells is 

summarized in Table 4.  In utero intrahepatic transplantation of CD34 selected human cells 

was clearly superior to intraosseous transplantation. SCID pigs transplanted intraosseously 

showed no improvement in engraftment with irradiation or G-CSF treatment. In utero 

transplant resulted in increased thymic size, and thymic repopulation with predominantly 

naïve human DP T cells, prior to the DP to SP transition. The peripheral blood was 

transiently repopulated with predominantly naïve human DP T cells, with smaller 

populations of CD4+ and CD8+ SP T cells, however T cells were absent from the peripheral 

blood by postnatal day 14. The spleen contained largely naïve human CD4+ and CD8+ SP T 

cells. The bone marrow had a shift from naïve to activated human T cells with increasing 

age; these bone marrow T cells were mostly DP, with a smaller population of CD4+ SP cells 

and no CD8+ SP cells. There was also strong repopulation of the peripheral blood and spleen 

with human B cells, at least some of which are functional and secrete human IgM. These 

results demonstrate, to my knowledge, the first successful construction of a human hemato-

lymphoid system “humanized” pig.   
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CHAPTER 5: DISCUSSION 
 
5.1. Summary of primary findings. 

 In Chapter 2, I reported the use transcription-activator like effector nucleases 

(TALENs) to generate IL2RG-/Y RAG1-/- double knockout pigs that lack functional T, B, and 

NK cells. IL2RG-/Y RAG1-/- pigs have an atrophied thymic remnant, absent lymph nodes, and 

loss of splenic red/white pulp differentiation. Flow cytometry and IHC studies demonstrated 

the loss of T, B, and NK cells in the peripheral blood, thymus, and spleen, with the exception 

of a small population of 74-22-15– CD3– CD45RA+ cells in the spleen, putatively identified 

as B cells. IL2RG-/Y RAG1-/- pigs had only trace levels of plasma IgM, IgG, and IgA, 

consistent with a severe defect in humoral immunity. These studies demonstrated that IL2RG-

/Y RAG1-/- pigs have severe combined immunodeficiency (SCID) and are the first 

immunodeficient pig model with functional loss of all mature lymphocyte lineages.  

 In Chapter 3, I compared the efficacy of several protocols for allogeneic bone marrow 

transplantation (BMT) in IL2RG-/Y RAG1-/- pigs. PCR amplification of a transgenic marker 

was used to verify the donor origin of PBMCs in transplanted animals. The most effective 

BMT protocol for sustained repopulation with donor lymphocytes was intraosseous 

transplantation of T cell depleted porcine bone marrow into non-irradiated IL2RG-/Y RAG1-/- 

pigs. Intravenous BMT led to transient reconstitution of only the T cell lineage in the 

peripheral blood. Intraosseous BMT of irradiated pigs led to earlier repopulation with T and 

B cells, however the T cell population contracted after initial expansion and neither T nor B 

cells in irradiated pigs achieved the levels seen in age-matched non-irradiated controls at 

later time points. Allogeneic BMT resulted in repopulation with predominantly CD45RA– 
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activated T cells in all compartments tested, with only a small population of CD45RA+ naïve 

T cells. In the blood and spleen, the majority of T cells were CD4+ CD8+ DP cells, while 

CD4+ and CD8+ SP cells were more prominent in the thymus with a smaller DP population. 

While B cells strongly repopulated the peripheral blood, no B cell repopulation was seen in 

the spleen. Allogeneic BMT led to weak but detectable NK cell reconstitution. The bone 

marrow was reconstituted with low levels of all lymphocyte lineages after allogeneic BMT. 

SCID pigs that underwent intraosseous BMT without irradiation and showed strong B cell 

reconstitution also displayed rescue of IgM and IgG expression, but not IgA. Rescue of 

antibody production was absent in irradiated allogeneic BMT recipients.  

 In Chapter 4, I performed xenogeneic transplantation of human CD34+ bone marrow 

cells into IL2RG-/Y RAG1-/- pigs to repopulate the SCID pig with human lymphocytes. In 

utero intrahepatic transplantation of CD34+ human bone marrow cells was substantially 

more effective in promoting human cell engraftment than intraosseous postnatal 

transplantation. Conditioning with total body irradiation or filgrastim (Neupogen) treatment 

did not improve engraftment. Transplanted animals showed an increase in thymic size. 

Human T cells showed clear engraftment in all compartments tested, with a predominance of 

naïve CD45RA+ T cells. While only DP T cells were seen in the thymus, a mixture of DP, 

CD4+ SP and CD8+ SP was seen in the peripheral blood, and only SPs were seen in the 

spleen. There was also strong repopulation with human B cells in the peripheral blood and 

spleen, at least some of which are functional and secrete human IgM. These studies 

demonstrate that in utero intrahepatic transplantation with CD34+ human bone marrow cells 

into IL2RG-/Y RAG1-/- pigs leads to repopulation with human T cells and B cells. Overall, this 
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body of work represents the first (to my knowledge) successful construction of a humanized 

pig. 

5.2. TALENs and SCNT for the rapid production of genetically modified swine.  

This study highlights the power of combining TALEN technology with SCNT as a 

rapid and efficient method to generate genetically modified pigs, particularly when mutations 

in multiple genes are desired. The combined TALEN/SCNT strategy allowed for the 

generation of DKO IL2RG-/Y RAG1-/- pigs in only 10 months with a pregnancy rate of greater 

than 50% and at least 4 live births per litter. All the piglets born contained the predicted 

mutations. To generate a double knockout SCID pig, we used TALENs followed by SCNT to 

generate IL2RG-/Y fetuses, from which several IL2RG knockout cell lines were directly 

produced. This approach offers both flexibility and speed by creating a genetically modified 

cell line on which nearly any additional desired mutations can be introduced (via a different 

TALEN set – in our study, targeting RAG1) without requiring a full reproductive generation 

(i.e., growing an adult animal). Not only does this strategy speed up the process of producing 

large animals containing mutations in multiple genes, but it also circumvents the problem of 

keeping animals alive through reproductive age and pregnancy, particularly when they bear 

deleterious mutations. Furthermore, TALENs allowed the production of a biallelic knockout 

(of RAG1) pig in a single generation, similar to prior studies (Huang et al., 2014; Lee et al., 

2014).  
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5.3. Comparison of IL2RG-/Y RAG1-/- pigs to existing SCID mouse and pig models and 

humanized mice.  

The IL2RG-/Y RAG1-/- SCID pigs share several gross pathological and histological 

features consistent with previously reported SCID models and human SCID disease. IL2RG-

/Y RAG1-/- SCID pigs are a phenocopy of mice bearing inactivating mutations at the same loci 

(Pearson et al., 2008), which is summarized in Table 5. The double knockout SCID pigs were 

 

Table 5. Phenotype comparison between mouse and pig models of the IL2RG RAG1 double 
knockout. 
Mouse data from (Pearson et al., 2008).  
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underweight, consistent with neonatal failure to thrive seen in SCID pigs with spontaneous 

primary immunodeficiency (Basel et al., 2012; Ozuna et al., 2013), RAG1-/- and RAG2-/- pigs 

(Huang et al., 2014; Lee et al., 2014), and human SCID patients (Leonard, 1995). Similar to 

all the previously described SCID pig models, the IL2RG-/Y RAG1-/- SCID pigs lack a thymus 

or possess only a small thymic remnant, and show a markedly decreased spleen size with 

hypoplastic white pulp, absence of germinal centers, and disorganization of splenic tissue 

architecture. While spontaneously generated SCID pigs have small lymph nodes and Peyer’s 

patches with abnormal architecture (Ozuna et al., 2013), in IL2RG-/Y RAG1-/- SCID pigs these 

secondary lymphoid structures are completely absent, highlighting the severity of the double 

knockout SCID phenotype. 

The previously reported single knockout SCID pig models each have one preserved 

lymphocyte lineage that develops to maturity. B cells are preserved in IL2RG-/Y pigs, 

although they do not produce antibodies, presumably due to the absence of T cell help 

(Suzuki et al., 2012; Watanabe et al., 2013). NK cells are preserved in RAG2-/- pigs (Lee et 

al., 2014). The IL2RG-/Y RAG1-/- SCID pigs successfully combine these characteristics to 

generate a large animal model deficient in functional lymphocytes from all three lineages. 

Like IL2RG-/Y pigs, IL2RG-/Y RAG1-/- pigs only show low-level expression of IgM, IgG, and 

IgA (Suzuki et al., 2012).  

The antibodies that are detected in the double knockout animals are likely derived 

from colostrum prior to gut “closure,” since the piglets were allowed to continue suckling 

from the sow for the duration of their lifespan (Nechvatalova et al., 2011). To prevent 

confounding from variable, sow-dependent maternal transfer of colostrum antibodies, high 
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levels of glucose can be fed to the newborn piglets to promote early gut closure and inhibit 

antibody transfer through the wall of the neonatal GI tract. Piglets can also be fed from birth 

on formula which contains predetermined concentrations of the different Ig isotypes.  

The only notably persistent lymphocytes in IL2RG-/Y RAG1-/- SCID pigs is a small 

population of 74-22-15– CD3– CD45RA+ cells in the spleen (Fig. 10C); although these were 

putatively identified as B cells, IHC of the spleen from IL2RG-/Y RAG1-/- SCID pigs showed 

no staining with CD79a (Fig. 11B), a marker of the earliest stages of B cell commitment 

which even precedes rearrangement of the IgH locus (Chu and Arber, 2001). Furthermore, 

expression of IgM, IgG, and IgA is nearly absent in the IL2RG-/Y RAG1-/- SCID pigs (Fig. 

12), indicating the absence of functional B cells. Based on these data, it is highly unlikely 

that the 74-22-15– CD3– CD45RA+ CD79a– population in the spleen represents B cells. An 

alternative explanation is that these cells are common lymphoid progenitors (CLPs), which 

stain negative for myeloid markers (Piriou-Guzylack and Salmon, 2008) but do express 

CD45RA (Blom and Spits, 2006). The persistence of CLPs is consistent with RAG1 

inactivation, as hematopoietic progenitors would be arrested at a developmental stage prior to 

RAG activation (and T versus B lineage commitment). It is unclear why CLPs would traffic 

to the spleen; in the absence of a functional thymus or lymph nodes in IL2RG-/Y RAG1-/- 

SCID pigs, it is possible that the spleen, as the only remnant secondary lymphoid organ, 

provides the primary source of lymphoid chemoattractant signals in these animals.  
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Table 6. Comparison of lymphocyte profiles from humanized mouse and pig models.  
Humanized mouse data are summarized from Pearson et al. 2008, in which NOD-Rag1null IL2rγnull 
SCID mice were irradiated with 550 cGy prior to transplantation with 3 x 104 CD34+ human HSCs 
via lateral tail vein injection. Flow cytometry was then used to determine the percentage of 
lymphocytes in the peripheral blood and organs of transplanted NOD-Rag1null IL2rγnull SCID mice 90 
days post transplantation. IL2RG-/Y RAG1-/- pigs were injected with 7 x 106 CD34+ human HSCs in 
utero on gestational day 42 and assessed 72 days post-transplantation. Values shown for CD45+, total 
T cells, and B cells are percent of total leukocytes. Values shown for activated, naïve, DN, DP, CD4, 
and CD8 cells are percent of total T cells. Values shown from the humanized pig are the highest 
measured across all trials and time points.    
 
 

 

 

Table 6 compares the lymphocyte profile of humanized IL2RG-/Y RAG1-/- pigs 

generated by in utero transplantation to the profile from humanized NOD-Rag1null IL2rγnull 

mice generated by lateral tail vein injection (Pearson et al., 2008). In humanized IL2RG-/Y 

RAG1-/- pigs, 15.1% of leukocytes were positive for the human pan-leukocyte marker, CD45, 

on postnatal day 72. This efficacy of repopulation with human leukocytes is comparable or 

slightly better than humanized NOD-Rag1null IL2rγnull mice, which contain 9.5% human 

CD45+ cells at 90 days post-transplant. Furthermore, humanized pigs were generated without 
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irradiation, while comparable humanized mice required preconditioning with 550 cGy of 

irradiation for engraftment. 

The peripheral blood of humanized NOD-Rag1null IL2rγnull mice showed 5.4% human 

T cells, compared to 15.1% in humanized IL2RG-/Y RAG1-/- pigs. In humanized mice, 85.2% 

of the peripheral blood T cells are naïve, compared to 20.54% in humanized pigs. While 

Pearson et al. did not measure CD4+ and CD8+ T cell subsets in the peripheral blood of 

humanized mice, humanized IL2RG-/Y RAG1-/- pigs had detectable naïve, double positive, 

CD4+, and CD8+ peripheral blood T cells.  

The spleens of NOD-Rag1null IL2rγnull mice showed a higher percentage of human 

CD45+ cells at 37.7% compared to the IL2RG-/Y RAG1-/- pigs, which had only 11.2%. 

However, only 2.9% of the human leukocytes were CD3+ positive in the humanized mice 

compared to 6.87% in the humanized pigs. In addition, the spleens of humanized IL2RG-/Y 

RAG1-/- pigs showed the development of double positive, double negative, and single 

positive human T cells, while these subsets were not fully evaluated in the humanized mouse 

model. Similar to the peripheral blood, in the spleen there was a larger population of human 

B cells in the NOD-Rag1null IL2rγnull mice at 60.6%, compared to 13.5% in the IL2RG-/Y 

RAG1-/- pigs. Engraftment in the bone marrow with human CD45+ cells was similar at 48.1% 

in NOD-Rag1null IL2rγnull mice and 43.7% in the IL2RG-/Y RAG1-/- pigs. 

Overall, comparison of the T cell data between humanized mice and pigs is consistent 

with impaired maturation of human T cells in the mouse thymic remnant, while human T 

cells from humanized pigs show a more normal developmental progression, possibly because 

HSCs were transplanted in utero. Although irradiated NOD-Rag1null IL2rγnull mice showed 
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high levels of repopulation with human B cells in the peripheral blood, spleen, and bone 

marrow, the ability of these B cells to produce antibodies was not assessed. In contrast, my 

studies showed that human IgM is detectable in the plasma of humanized pigs, demonstrating 

that the human B cells in IL2RG-/Y RAG1-/- pigs are functional.     

5.4. Predominance of activated T cells with a memory phenotype in SCID pigs after 

allogeneic transplantation and associated B cell dysfunction. 

 The most prominent result from the allogeneic transplantation experiments was the 

reconstitution of IL2RG-/Y RAG1-/- pigs with mostly CD45RA– CD4+ CD8+ T cells, 

indicative of an activated memory phenotype (Sinkora and Butler, 2009). Of note, while 

SCID pigs receiving allogeneic BMT showed a modest increase in thymic size (Fig. 27) and 

repopulation with CD3+ cells by IHC (Fig. 28), thymic architecture remained highly 

abnormal and is likely unable to support normal thymic T cell development. These findings 

are consistent with both human and mouse studies of T cell development following 

transplantation with hematopoietic cells. These studies describe the existence of an 

extrathymic development pathway for transplanted peripheral T cell precursors which rapidly 

differentiate to an activated, memory phenotype (Mackall et al., 1993; Williams et al., 2007). 

In the absence of an functional thymus, donor hematopoietic progenitors are activated upon 

peripheral encounter with antigen (Dulude et al., 1997). A comparison between athymic and 

thymic patients receiving BMT demonstrated that the thymus is necessary for the 

reconstitution of CD45RA+ naïve T helper cells (Heitger et al., 1997). In the 6 months after 

BMT in humans, preconditioning leads to severely impaired thymic function. During this 6 

month window, the reconstituted T cells predominantly express a memory and effector 
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phenotype, with delayed recovery of CD45RA+ T cell expression until 6 months post-

transplant (Dumont-Girard et al., 1998) (Fallen et al., 2003) (Sarzotti et al., 2003). Due to 

age-related decreases in thymic function for older patients receiving BMT, recovery of 

CD45RA+ T cells is substantially delayed with an increase in effector and memory T cells 

(Fallen et al., 2003; Roux et al., 2000). The extrathymic and classical intrathymic T cell 

differentiation pathways compete with one another due to limited supplies of growth factors 

(Mackall et al., 2001). The site of extrathymic T cell differentiation remains unclear; the liver 

has been identified as one of these sites in mice (Sato et al., 1995), with hepatically-matured, 

transplanted T cells bearing a high proportion of autoreactive clones, due to the absence of 

normal thymic stroma for negative selection.  

Based on these studies from humans and mice, the large populations of activated, 

memory T cells seen in SCID pigs after allogeneic BMT most likely represent the products 

of extrathymic differentiation of T cell precursors due to the absence of a functional thymus. 

Evaluation of this model can be pursued by comparing T cell reconstitution in SCID pigs 

with and without transplanted porcine thymic tissue. This model would predict that 

implantation of porcine thymic tissue into SCID pigs would rescue production of CD45RA+ 

naïve T cells and outcompete the extrathymic development pathway.  

 Despite strong reconstitution of peripheral blood B cells after allogeneic BMT in non-

irradiated animals, the B cells fail to traffic to the spleen (Fig. 25C), indicative of B cell 

dysfunction. Splenic B cells do repopulate after allogeneic BMT in irradiated animals (Fig. 

25D), possibly in response to radiation-induced inflammation, however irradiated pigs 

showed no rescue of plasma immunoglobulins. A major reason for the observed B cell 
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dysfunction is the dependence of normal B cell function on T cell help (Allen et al., 2007; 

Garside, 1998; Okada et al., 2005), which is absent due to lack of normal thymic T cell 

development as described above. I also speculate that the encounter of transplanted B cells 

with alloantigens in the absence of costimulatory signals from T cell help renders them 

anergic and prevents normal trafficking to the spleen.  

 NK cell repopulation was relatively poor in all tissues examined (Figs. 21, 22, 32), 

however this is consistent with other studies showing limited human NK cell repopulation 

after (albeit, xenogeneic) BMT in SCID mice (André et al., 2010; Strowig et al., 2010), 

which has been attributed to the absence of IL-15 signaling due to mutation of IL2RG. 

Expression of IL-15/IL-15Rα complexes or exogenous IL-15 has been shown to improve NK 

cell reconstitution, and a similar approach would likely also work in the SCID pig model 

(Huntington et al., 2009; Pek et al., 2011).  

 It is not apparent why allogeneic BMT results in relatively low levels of lymphocyte 

reconstitution in the SCID pig bone marrow. The dominance of extrathymic T cell 

differentiation may divert T cells from bone marrow to peripheral sites. The putative B cell 

dysfunction posited above may also prevent normal B cell trafficking into the bone marrow. 

One caveat is that my study did not directly examine the engraftment of porcine 

hematopoietic stem cells in the bone marrow. This could be accomplished by staining bone 

marrow aspirates from transplanted SCID pigs for porcine hematopoietic progenitor cell 

surface markers, particularly CD34 (Le Guern et al., 2003; Heinz et al., 2002; Layton et al., 

2007).  
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5.5. Comparison of transplantation methods.  

 Multiple factors were evaluated when comparing transplantation protocols, 

particularly the efficacy of lymphocyte repopulation, toxicity of the conditioning regimen, 

morbidity of the transplantation procedure, and costs/resources necessary to maintain the 

transplanted animals. Intraosseous transplantation was superior to intravenous delivery (Fig. 

16F) (Fig. 22B), likely due to the direct delivery of donor progenitor cells into the 

appropriate microenvironmental niche in the bone marrow to support hematopoiesis. For 

allogeneic transplantation, irradiation led to earlier repopulation with T and B cells, possibly 

due to the radioablative effect on the bone marrow to make more “niches” available for 

hematopoietic progenitor cell engraftment. An additional explanation is that the early 

expansion of T and B cells (and B cell trafficking to the spleen) was a transient response to 

radiation-induced tissue inflammation. This is supported by the eventual contraction of the 

activated CD45RA– T cell population, which is consistent with resolution of an acute 

immune response. By postnatal day 42, however, T and B cell reconstitution in the peripheral 

blood of irradiated SCID piglets was inferior to age-matched littermates who were not 

irradiated (Figs. 19 and 20). This was potentially due to the toxicity of total body irradiation, 

as these animals had almost no viable cells in their bone marrow, were persistently sick and 

refractory to antibiotics, and required significant amounts of care and resources to maintain. 

Based on the lower efficacy of sustained lymphocyte reconstitution and the toxicity of the 

protocol, irradiation is not recommended to condition SCID pigs for transplantation.  

 The experiments in Chapter 4 clearly demonstrated that in utero intrahepatic 

transplantation was superior to postnatal intraosseous transplantation for the engraftment of 
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human cells in SCID pigs (Fig. 43). The likely primary reason for this is that in utero 

intrahepatic injection on DG40 directly delivers human CD34+ progenitor cells to the 

primary site of hematopoiesis, the fetal liver (Sinkora and Butler, 2009), thereby increasing 

the chance that the human HSCs will engraft in a favorable microenvironment. Prior studies 

of in utero BMT in immunocompetent pigs demonstrated successful, low level engraftment 

of human hematopoietic cells (Fujiki et al., 2003). The limitations of in utero transplantation 

include the requirements for a large animal surgical suite with general anesthesia capability, 

veterinary personnel with the technical expertise to perform ultrasound-guided in utero 

injections, and the need for two surgeries separated by only 42 days, allowing minimal 

intervening time for healing – the first for delivery of the SCNT embryos, and the second for 

in utero intrahepatic transplantation. Despite these limitations, in utero transplantation is, at 

present, the only effective method to generate humanized pigs.  

5.6. Characterization and future investigations of human lymphocytes in humanized 

pigs.  

 The experiments in Chapter 4 are consistent with human T cell development in the 

thymus of SCID pigs transplanted in utero with CD34+ human bone marrow cells. The 

human T cells are predominantly CD45RA+, suggesting that they have undergone normal 

thymic development. In support of this, only DP T cells are found in the periphery while SP 

T cells are found in the blood and spleen, supporting a model where completion of the DP to 

SP T cell transition leads to egress of SP human T cells from the thymus into the periphery. 

These findings are in accord with studies that show (relatively) normal human T cell 

development is supported by fetal pig thymus tissue implanted into SCID mice (Kalscheuer 
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et al., 2014). The ability of the pig thymus to support human T cell development has been 

attributed to the similarity between the structure of human HLA and porcine SLA molecules, 

such that human TCRs can bind productively to swine SLAs in the pig thymus for positive 

and negative selection (Shimizu et al., 2008).  

The DP T cells present in the peripheral blood likely represent human T cells that 

have not yet undergone the DP to SP transition. Their continued circulation in the periphery 

may represent the absence of available space in the SCID pig thymus, which is diminished 

relative to WT animals. Alternatively, there may be inadequate cross-talk between porcine 

chemokines and human chemokine receptors to fully recruit all the DP human T cells from 

the peripheral blood to their appropriate home in the thymus. Interestingly, in the bone 

marrow of humanized pigs there is a large population of DP human T cells, a smaller 

population of CD4+ SP cells, and a nearly even mixture of CD45RA– and CD45RA+ cells. I 

speculate that the DP T cells in the marrow represent developing T cells awaiting entry into 

the thymus for maturation to SP cells, similar to the DP T cell population in the peripheral 

blood. The reason for the selective presence of CD4+ SP T cells in the marrow is unclear, 

however it is possible the bone marrow provides a favorable site for the provision of T cell 

help. Over time, the CD45RA+ T cell population in the marrow decreases while the 

CD45RA– population increases, consistent with depletion and maturation of the developing 

DP T cell progenitor pool and the accumulation of activated T cells, possibly performing T 

helper functions in this compartment.  

For in utero transplanted SCID pigs, human T cells in the peripheral blood were lost 

after postnatal day 3 and were not subsequently detected. This is consistent with observations 
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of T cell dynamics in humanized mice, where there is an initial transient burst of T cell 

production and thymic maturation, then disappearance from the peripheral blood as the 

mature T cells traffic to secondary lymphoid organs. The T cells in humanized mice do not 

reappear until the 6th week of postnatal life (Rongvaux et al., 2013). Maintaining humanized 

pigs for longer periods with serial evaluation of PBMCs will be necessary to evaluate 

whether human T cell dynamics follow a similar course in the SCID pig. 

 Several characteristics of the engrafted human T cell repertoire in humanized pigs 

remain to be characterized. The accumulation of T cell receptor excision circles (TRECs) in 

the peripheral blood can be used as a surrogate marker of the development of naïve T cells as 

they under TCR gene rearrangement (Ogle et al., 2009). TCR diversity can be assessed by 

evaluating the usage frequency of V gene segments in conjunction with sequencing of the 

recombined TCR gene repertoire (Shimizu et al., 2008). In SCID mice, the human T cells 

that develop in the implanted fetal pig thymus can develop into all major T cell subsets, 

including T regulatory (Treg) cells, and exhibit donor-specific tolerance for both human 

donor (HLA-matched) and swine donor (SLA-matched) antigens (Kalscheuer et al., 2012). 

Evaluating the balance of human Th1 and Th2 cells, as well as for the presence and function 

of human Treg cells will help elucidate how accurately the humanized pig recapitulates 

human immune function. Human T cells in humanized pigs would be predicted to be tolerant 

of cells derived from the human bone marrow donor and the recipient pig, and reactive 

against non-donor human cells and allogeneic pig cells. The tolerance profile can be 

evaluated by use of a mixed lymphocyte reaction or CFSE dilution/proliferation assay, and 

potentially provide support for the normal functionality of the engrafted human T cells. 
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 I speculate that the development of the human T cell repertoire in SCID pigs was 

made possible by partial restoration of thymic function from in utero human HSC 

transplantation during lymphopoiesis. It follows that the failure of significant human cell 

engraftment after intraosseous transplantation may largely be due to the absence of a 

functional thymus. Evidence from my allogeneic transplantation experiments as well as data 

from human and mouse BMT experiments (Williams et al., 2007) suggests that the presence 

of functional thymic tissue can rescue normal thymic T cell development. Implantation of 

SCID pigs with human fetal thymic tissue may be sufficient to rescue human T cell 

development following intraosseous transplantation, and would likely bolster reconstitution 

following in utero transplantation as well. A provocative extension of those experiments 

would be to compare how implantation of SCID pigs with either a pig thymus or a human 

thymus affects the development of the human T cell repertoire. If the T cell repertoires are 

similar in phenotype and function, as has been observed in SCID mice bearing pig thymus 

tissue (Kalscheuer et al., 2014; Shimizu et al., 2008), implanted fetal pig thymus (which is 

more readily available than human tissue) may be sufficient to support human T cell 

development.  

 My studies of B cells in the humanized pig indicate robust repopulation of the 

peripheral blood and spleen (Figs. 46 and 48). The presence of human IgM in the plasma of 

humanized pigs implies that at least a subset of these B cells are functional and, in turn, that 

they are likely engaging in productive interactions with human T helper cells (Fig. 53). These 

findings are similar to humanized mice, where human B cells are detected at high frequency 

(Rongvaux et al., 2013), however they exhibit abnormal characteristics and function, 
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including impaired class switch recombination, low levels of IgG with only IgM responses to 

vaccination (Ishikawa et al., 2005; Traggiai et al., 2004), a broad BCR repertoire but no 

somatic hypermutation, and a high frequency of autoreactive B cells (Becker et al., 2010; 

Chang et al., 2012). These defects are attributable, in part, to the absence of human MHC II 

molecules, and can be partially rescued by implantation of human fetal thymic and liver 

tissue DCs (Kalscheuer et al., 2012; Lan et al., 2006; Melkus et al., 2006) or transgenic 

expression of human MHC II molecules (Danner et al., 2011). Immediate future experiments 

to address B cell function in humanized pigs would include ELISAs for other human Ig 

isotypes, studies of BCR gene sequence diversity, and assessment of responses to vaccines 

for which there are commercially available kits to measure serum antibody responses, such as 

measles.  

 Further characterization of the humanized pig would include evaluation of human NK 

cell and myeloid cell engraftment. NK cell engraftment is historically poor in humanized 

mice with knockout of IL2RG due to the loss of IL-15 signaling (André et al., 2010; Strowig 

et al., 2010). Finally, direct assessment of human CD34+ hematopoietic progenitor cells by 

bone marrow aspirate and biopsy will assist with evaluating the efficacy of human cell 

engraftment. 

5.7. Strategies for improving human cell engraftment in SCID pigs.  

A multitude of approaches has been explored to improve human cell engraftment in 

SCID mice, and with the availability of tools for rapid production of genetically modified 

swine, many of the same approaches can be applied to improve the fidelity of the humanized 

pig model. These include the following: 
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(1) Implantation of human fetal liver or thymic tissue into SCID pigs. In SCID mice, this 

approach is known as the BLT model, and successfully supports the development of human 

T cells, B cells, monocytes, macrophages, and dendritic cells (Kalscheuer et al., 2012; Lan et 

al., 2006; Melkus et al., 2006). However, for the reasons discussed above, implantation of 

fetal pig thymus may be sufficient to accomplish the same effect using a more readily 

available tissue source. Alternatively, lymphoid tissue inducer (LTi) cells can be transplanted 

from WT pigs to SCID pigs to support the development of lymphoid organs (especially the 

thymus, lymph nodes, and Peyer’s patches) and thereby promote the development and 

expansion of transplanted lymphocytes. 

(2) Exogenous administration or transgenic expression of human cytokines (Chen et al., 

2009). Ideally, this would be accomplished via knock-in replacement of the pig cytokine with 

the human cytokine at the endogenous locus (Willinger et al., 2011). This has proven 

effective in humanized mice which transgenically express thrombopoietin, which is 

important for the maintenance of the human hematopoietic stem cell niche (Fox et al., 2002; 

Qian et al., 2007). The complement of this approach would be to produce non-lethal 

knockouts of genes encoding porcine growth factors.  

(3) Suppress host innate immunity. Porcine recipient macrophages, dendritic cells, and 

granulocytes can impair engraftment. Ablation of this lineages can be accomplished (a) 

pharmacologically, using drugs like clodronate, (b) by depletion via lineage-specific 

monoclonal antibodies, or (c) genetically by inducible or tissue-specific promoters that 

regulate the production of a toxic protein, such as diphtheria toxin (Shultz et al., 2007).  
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(4) Inhibit phagocytosis by innate immune cells. In humanized mice, donor human T and NK 

cell engraftment is impaired because both cell populations are susceptible to phagocytosis. 

Furthermore, interaction with recipient phagocytes leads to spurious T cell activation 

(Strowig et al., 2011). These effects were mediated by SIRPα on recipient phagocytes 

(Strowig et al., 2011), and were inhibited by expressing mouse CD47 in transplanted human 

HSCs.  

(5) Implant synthetic lymphoid-like organoids to replace absent lymph nodes and Peyer’s 

patches (Suematsu and Watanabe, 2004).  

(6) Improve the hematopoietic niche by implanting a human marrow-containing bone 

fragment in which the human CD34+ donor cells can engraft (Rongvaux et al., 2013).  

(7) Humanize the swine MHC I and MHC II loci by knock-in replacement with HLAs 

(Danner et al., 2011).  

5.8. Experimental challenges and limitations in working with SCID pigs.  

Some limitations of the studies with SCID pigs relate to practical challenges in 

maintaining and experimenting with immunodeficient large animals. Wild type controls were 

age-matched, rather than litter-matched due to constraints with breeding and the need to 

optimize the chances of bringing the SCID pig pregnancies to term. Maintaining a germ-free 

environment to raise pigs is practically very challenging and resource-intensive. The IL2RG-

/Y RAG1-/- pigs in this study were housed in a non-sterile environment, and succumbed to 

bacterial sepsis within 4 weeks, including severe infection with the commensal organism, 

Staphylococcus hyicus. These infections limited the ability to perform long-term studies on 

non-transplanted SCID pigs. To optimally support the nutrition of the piglets, they were fed 
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on colostrum for the duration of their lifespan. This partially limits the ability to ascribe 

differences in serum Ig levels solely to differences in B cell-mediated production, as it is not 

possible to formally eliminate differences in the feeding fitness of WT, IL2RG-/Y RAG1+/-, 

and IL2RG-/Y RAG1-/- pigs and increased access to colostrum following the death of 

littermates as possible contributing factors. 

5.9. Biomedical applications of humanized pigs, with a focus on human liver 

transplantation. 

 The potential biomedical applications of humanized pigs are numerous. With the 

similarities in size and physiology to humans, and now with the engraftment of a human 

immune system, humanized pigs offer a power predictive model to study human disease and 

novel therapeutics. They offer the opportunity to evaluate the human immune responses to 

infections that have tropism for both species (Ramer et al., 2011), and the durability of 

human immunity to vaccines, due to their long lifespan. The mechanisms of autoimmune 

diseases can be studied in vivo by adoptive transfer of PBMCs from patients with these 

conditions, as has been done in humanized mice for systemic lupus erythematosus (Andrade 

et al., 2011) and type 1 diabetes (Unger et al., 2012). SCID pigs can be used to study the 

development of xenografted human solid and liquid tumors, with humanized pigs as a model 

to study anti-tumor immune responses (Aspord et al., 2007; Hope et al., 2004). Humanized 

pigs also offer a potential source of hematopoietic cells that can be used for autologous 

transplantation and adoptive T cell based immunotherapy (Ogle et al., 2009), and have even 

been proposed as a means to tolerize human patients for xenotransplantation (Lan et al., 

2004; Starzl and Demetris, 1997).  
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 The Piedrahita Laboratory has a special interest in utilizing humanized pigs to support 

the growth of human livers for transplantation. SCID mice can bearing “humanized” liver 

recapitulate human-type metabolic responses to drugs, have global gene expression profiles 

similar to mature human hepatocytes, and maintained high metabolic activity for up to 8 

months (Sanoh et al., 2012; Suemizu et al., 2008; Tateno et al., 2004). The proposed 

approach in humanized pigs relies on the engrafted human immune system facilitating 

tolerance of the pig to intrahepatic transplantation with human hepatocytes. Endogenous 

porcine liver tissue can be gradually removed by inducible, liver-specific expression of a 

transgene that induces apoptosis. Human hepatocytes would be harvested from the patient 

awaiting transplant, then engrafted into humanized pigs where the human hepatocytes would 

regenerate to fill the vacated space, producing a chimeric pig-human liver. Once the human 

component of the graft is large enough, it can be harvested for transplantation into a human 

patient. The pig offers clear advantages for human transplantation, as the size of the pig liver 

closely approximates that of a human. There is promising data from a recent study showing 

successful human hepatocyte engraftment and synthetic function from an immunocompetent 

pig (Fisher et al., 2013). Engraftment should be even more robust in a humanized or SCID 

pig.  

There is as urgent need for bringing this research to fruition; as of this writing, nearly 

16,000 people in the USA are awaiting a liver transplant, while only 6,000 liver transplants 

occur per year, with 1,500 people dying annually waiting for a donor liver (ALF, 2013). My 

hope is that the generation of the humanized pig described in this thesis will lay the 

groundwork for closing, and someday erasing, that organ shortage.  
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Materials and Methods. 

TALEN Design and Construction. The design and construction of TALENs targeting 

IL2RG and RAG1 was performed according to the protocol for the fast ligation-based 

automatable solid-phase high-throughput (FLASH) system described in (Reyon et al., 2012) 

and as summarized in Figure 54. In brief, the online ZiFiT software suite 

(http://zifit.partners.org) was queried to identify TALEN sequences from the ZiFiT database 

that will bind and mutate the target sequence. ZiFiT returns the unique FLASH IDs and 

linear ordering of individual modular units which are assembled to build TALENs with a 

customized binding specificity. The target sequences for IL2RG and RAG1 and 

corresponding FLASH IDs of the individual units for TALEN assembly used in this study are 

shown in Table 7.   

Pig Oocyte Collection and Maturation: Preparation for Nuclear Transfer. All chemicals 

were purchased from Sigma (St. Louis, MO) unless otherwise specified. Ovaries were 

retrieved from commercial/occidental breed sows at a slaughterhouse located one hour from 

the laboratory transported in 0.9% saline solution at 30–35°C. Follicular fluid from 3 to 6 

mm antral follicles was aspirated with an 18 G needle attached to a 10 mL syringe. Cumulus-

oocyte complexes (COCs) with uniform cytoplasm and several layers of cumulus cells were 

selected and rinsed twice in washing medium (Tyrode’s lactate-buffered HEPES 

supplemented with 0.1% polyvinyl alcohol) and three times in basic maturation medium 

(TC199-HEPES medium supplemented with 10% porcine follicular fluid, 5 µg/ml insulin, 10 

ng/ml EGF, 0.6 mM cysteine, 0.2 mM pyruvate, 25 µg/ml kanamycin). Approximately 50 to 

70 COCs per well were cultured in 4-well Nunclon dishes containing 500 µl TC199-Hepes  
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Fig. 54. Schematic of FLASH TALEN assembly. 
Individual TALEN units, each encoded by a unique FLASH ID, are selected from a database and 
arranged in order based on analysis of the target sequence. The individual units are digested by 
restriction enzymes in the order shown; the initial digestion products bear sticky ends that are non-
complementary. The first (5’-most) TALEN unit is ligated via its 5’ end to a magnetic bead (not 
shown). The 3’ end of the first unit is digested with BsaI-HF, which can hybridize with the 5’ end of 
the second unit. The first and second units are then joined by T4 ligase, yielding a new 3’ end for 
repeat rounds of BsaI-HF digestion and ligation of subsequent TALEN units. Finally, the assembled 
TALEN is ligated into the FokI expression vector, yielding the TALEN fusion protein containing the 
DNA recognition domain and the FokI endonuclease domain. A 5’ and 3’ TALEN pair is required for 
each desired cleavage target site. Adapted from (Reyon et al., 2012). 
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Table 7. FLASH TALEN target sequences and units.  
Sequences are 5’ to 3’. (A) TALEN target sequences and spacer regions for IL2RG and RAG1. (B) 
FLASH IDs and order of individual units used for TALEN assembly.  
 

 

 

medium supplemented with 10% porcine follicular fluid (pFF), 5 µg/ml insulin, 10 ng/ml 

EGF, 0.6 mM cysteine, 0.2 mM pyruvate, 25 µg/ml kanamycin and 5 IU/ml each of eCG and 

hCG, covered with mineral oil. The oocytes are matured for 40-42 hours at 38.5 oC, 5% CO2 

in a humidified atmosphere. 

Somatic Cell Nuclear Transfer (SCNT). Cumulus cells were removed from the oocytes by 

vortexing for 5 min in 0.1% bovine testicular hyaluronidase. Oocytes were incubated in 

manipulation media (Ca-free NCSU-23 with 5% FBS) containing 5 µg/ml bisbenzimide and 

7.5 µg/ml cytochalasin B for 5 min. Following this incubation period, oocytes were 

enucleated by removing the first polar body and metaphase II plate and one single cell was 
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fused to each enucleated oocyte. Fusion/activation was induced by two DC pulses of 140 V 

for 40 µsec in 280 mM mannitol, 0.001 mM CaCl2, and 0.05 mM MgCl2. After 

fusion/activation, oocytes were placed back in NCSU-23 medium with 0.4% BSA and 

cultured at 38.5oC, 5% CO2 in a humidified atmosphere, before being surgically transferred 

into the recipient.  

Production of Pigs Carrying Targeted Mutations of IL2RG and RAG1. SCID piglets 

were generated via somatic cell nuclear transfer (SCNT) of primary porcine male fetal 

fibroblasts, which were transfected with TALENs targeting the IL2RG genomic locus. An 

eGFP indicator plasmid was co-transfected to assess TALEN activity and enrich for 

genetically modified cells by fluorescence activated cell sorting (FACS). Genomic DNA 

restriction screening by PCR and sequencing were used to verify the IL2RG-/Y genotype. The 

sequences of the PCR primers and corresponding PCR products used for colony screening 

are shown in Table 8. Cells with a mutated IL2RG locus were expanded from single cells and 

cloned via SCNT. IL2RG-/Y cell lines were generated from day 42 fetuses. The IL2RG-/Y cells 

were then cotransfected with RAG1 TALENs and eGFP indicator plasmid and screened to 

produce IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- fibroblasts. Genotypes of the IL2RG-/Y 

RAG1-/+ and IL2RG-/Y RAG1-/- piglets were verified by gDNA restriction screening and 

sequencing. Western blotting of total protein from spleen samples was used to assess IL2RG 

and RAG1 protein expression in the IL2RG-/Y RAG1-/+ and IL2RG-/Y RAG1-/- piglets. 

Animal Care. Newborn piglets were housed with their mothers in an indoor clean 

environment. Piglets were fed from their mother’s colostrum; if the mother was no longer 

producing colostrum, piglets were fed with formula. Piglets were given routine doses of 
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gentamycin and Excede for antimicrobial prophylaxis. Treatment with Baytril was added 

when piglets showed signs of infection. Animals handlers wore full body personal protective 

equipment with a face mask whenever they entered the animal housing area. All experiments 

involving animals were approved by the North Carolina State College of Veterinary 

Medicine Institutional Animal Care and Use Committee (IACUC Protocol 11-119-B). 

 

Table 8. PCR primer and PCR product sequences for screening of TALEN-mediated genomic 
mutations in the IL2RG and RAG1 loci. 
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Allogeneic Bone Marrow Transplantation into SCID Pigs. Donor pig bone marrow (BM) 

was aspirated from the proximal tibia and/or tuber coxae of male boars carrying either a Cre 

or H2B-GFP transgene. Leukocytes were purified from the donor BM using Ficoll-Paque. T 

cells were depleted from the bone marrow cell suspension following incubation with 

biotinylated anti-pig CD3 antibodies and removal using anti-biotin paramagnetic MicroBeads 

according to the manufacturer’s protocol (Miltenyi Biotec). On postnatal day 2, prospective 

transplant recipient pigs were pretreated with butorphanol 0.05 mg/kg, midazolam 0.5 mg/kg, 

and/or ketamine 10 mg/kg depending on the amount of sedation needed for the pig to tolerate 

the procedure. T cell-depleted porcine bone marrow was resuspended in normal saline with 

penicillin and injected intraosseously at three sites – the left and right femur and the right 

tibia – with 1.33 x 107 cells per site, for a total of 4 x 107 cells per pig. On the day of 

transplant, a subgroup of pigs also underwent total body irradiation at 0.5 Gy/min up to a 

total dose of 1.6 Gy.  

Human CD34+ Cell Transplantation into SCID Pigs by Intraosseous Injection. Donor 

human mobilized peripheral blood was obtained from volunteers treated with GM-CSF to 

increase the yield of hematopoietic progenitors prior to blood collection. Freshly collected 

mobilized human cells were flash-frozen for downstream applications. On the day of 

transplant (postnatal day 2), aliquots of human mobilized peripheral blood were rapidly 

warmed at 37 OC. Leukocytes were purified using Ficoll-Paque and CD34+ cells were 

purified from the human mobilized peripheral blood suspension using the CD34 MicroBead 

UltraPure Kit (Miltenyi Biotec) according to the manufacturer’s instructions. CD34-enriched 

human cells was resuspended in normal saline with penicillin and injected intraosseously at 
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three sites – the left and right femur and the right tibia – with 8.3 x 106 cells per site, for a 

total of 2.48 x 107 cells per pig. On the day of transplant, a subgroup of pigs also underwent 

total body irradiation at 0.5 Gy/min up to a total dose of 1.6 Gy. On postnatal day 14, another 

subgroup of pigs was treated with a single dose of subcutaneous filgrastim (Neupogen) at 10 

μg/kg.  

Human CD34+ Cell Transplantation into SCID Pigs by In Utero Intrahepatic Injection. 

CD34-enriched human cells was prepared for transplantation as detailed above. Pregnant 

sows at 42 days gestation carrying IL2RG-/Y RAG1-/- fetuses were brought to the surgical 

suite for monitoring and anesthetized with halothane. The ventral midline region was 

prepped and draped in the usual sterile fashion. A ventral midline incision was performed to 

exteriorize the pregnant uterus. Intrahepatic injection of CD34-enriched human cells was 

performed under live ultrasound guidance using a SonoSite TITAN with a 5 MHz curvilinear 

probe and a sterile NeoGuard transducer cover (CIVCO). The injections were performed 

using a 25 G, 3.5 inch spinal needle (BD) with direct ultrasound visualization of the injected 

marrow entering the fetal liver.  

Gross Pathology, Histology, and Organ Cell Suspensions. Following euthanasia of WT 

and mutant pigs, a complete autopsy was performed with special attention paid to the 

thymus, spleen, and lymph nodes. The thymus or thymic remnant was photographed in situ 

prior to removal. The body and organ weights were recorded. For all pigs, the cranial 

mediastinum and caudal cervical region was carefully examined for thymic tissue. Tissue 

from the thymus (or thymic remnant) and spleen was excised, fixed in 10% neutral buffered 

formalin, processed into paraffin, sectioned, and stained for microscopic examination by 
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routine hematoxylin and eosin staining or immunohistochemistry. Histological assessments 

were conducted by a veterinary pathologist blinded to genotype. To generate organ-derived 

single cell suspensions, 1 g of tissue was placed in a 15 ml conical with 3 ml of HBSS and 

triturated with cotton swabs to create a homogenous suspension. The suspension was then 

filtered sequentially through a 100 micron followed by a 70 micron cell strainer and pelleted 

by centrifugation prior to flow cytometric analysis (see below).  

Cell Preparation and Staining for Flow Cytometry and Fluorescence Activated Cell 

Sorting. Blood from the external jugular vein was collected into EDTA-containing tubes. 

Plasma was separated by centrifugation and stored in aliquots at -20 OC for later ELISA 

analysis (see below). Cell pellets from whole blood, organ-derived single cell suspensions, or 

bone marrow aspirates were resuspended with antibody diluted in staining buffer and 

incubated at 4 OC for 1 hour. Antibodies specific for porcine CD3, CD4, CD8, SWC3, 

CD45RA, and CD16 were used to identify T, B, and NK lymphocytes. The cell suspension 

was then mixed with FACS lysis buffer and incubated for 10 minutes on a shaker at room 

temperature. The stained cells were pelleted by centrifugation, washed once with HBSS, then 

resuspended in staining buffer and stored at 4 OC in the dark until ready for flow cytometric 

analysis.  

Immunoglobulin ELISAs. ELISA plates were coated at 10 μg/ml with antibody targeting 

the Ig of interest (goat anti-swine IgM, goat anti-swine IgG, goat anti-swine IgA, goat anti-

human IgM) (Bethyl Labs) in carbonate bicarbonate buffer, pH 9.5, and incubated overnight 

at 4 OC. Plates were washed three times with PBS-T and blocked with 1% BSA in PBS-T for 

2 hours at room temperature. Plates were washed once with PBS-T, then incubated with 
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stored plasma samples diluted 1:2000 or pooled pig sera (to calculate a standard curve) for 2 

hours at room temperature. Plates were washed five times with PBS-T, then incubated for 1 

hour at room temperature with the appropriate HRP-conjugated antibody targeting the 

antigen of interest and 10% normal goat serum (Gemini Bioproducts) in PBS-T. Plates were 

washed five times with PBS-T, then incubated with ABTS substrate (KPL) for 16 hours. 

Absorbance at 405 nm was measured on a plate reader with the Ig concentration calculated 

using the standard curve. 

Statistical Analysis. Statistical significance was tested either by Student’s t-test or Fisher’s 

exact test. The p value for each comparison is included in the figure legends.  


