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Pigs with severe combined immunodeficiency (SCID) may provide
useful models for regenerative medicine, xenotransplantation, and
tumor development and will aid in developing therapies for human
SCID patients. Using a reporter-guided transcription activator-like
effector nuclease (TALEN) system, we generated targeted modifica-
tions of recombination activating gene (RAG) 2 in somatic cells at
high efficiency, including some that affected both alleles. Somatic-
cell nuclear transfer performed with the mutated cells produced
pigs with RAG2mutations without integrated exogenous DNA. Bial-
lelically modified pigs either lacked a thymus or had one that was
underdeveloped. Their splenic white pulp lacked B and T cells. Under
a conventional housing environment, the biallelic RAG2 mutants
manifested a “failure to thrive” phenotype, with signs of inflamma-
tion and apoptosis in the spleen compared with age-matched wild-
type animals by the time they were 4 wk of age. Pigs raised in
a clean environment were healthier and, following injection of hu-
man induced pluripotent stem cells (iPSCs), quickly developed ma-
ture teratomas representing all three germ layers. The pigs also
tolerated grafts of allogeneic porcine trophoblast stem cells. These
SCID pigs should have a variety of uses in transplantation biology.

Stem cells show great promise for regenerative medicine.
Creation of human induced pluripotent stem cells (hiPSCs),

in particular, may afford sources of tissue for individualized
transplantation therapy, provided that effective delivery systems
and differentiation protocols can be developed. However, con-
cerns exist about whether iPSCs, in particular, have full plurip-
otent potential and whether they are safe to be applied to
transplantation therapy. Moreover, there is growing recognition
that animal models other than rodents are needed for many
biomedical applications (1, 2), including the development of
procedures for establishing xenografts from whole organs and
transplanted cells. Moreover, rodents are not always appropriate
for mimicking some human genetic and infectious disease states,
and, for some surgical and clinical monitoring purposes, rodents
are simply too small to be practical (3, 4).
Rodents with severely compromised immune systems, including

ones with either a mutated recombination activating gene (RAG)
1 (5) or RAG2 (6) gene, have become valuable for a variety of
purposes in addition to studying the development of the immune
system. For example, after further genetic modifications, they can
be used for the production of “humanized” rodents carrying hu-
man cell lineages (7, 8). They have proved especially useful in
stem-cell biology for studies on tissue regeneration and for ex-
amining whether or not stem cells form teratomas and exhibit full
pluripotency (9). Mice, however, not only have limitations in
terms of size, longevity, and organ physiology but have diverged
extensively from humans in various aspects of both their adaptive
and innate immune systems, such that mutations in particular
genes do not necessarily affect both species similarly (10). By

contrast, the immune cell populations of pigs and humans are
quite similar and differ in numerous respects from those of the
mouse (4). Moreover, rodents show very different patterns of
gene expression after inflammation compared with humans (11).
Pigs are an excellent animal model to represent some human

diseases, as the two species share similar physiologies, and pigs
can replicate some human diseases with higher fidelity than ro-
dent models (3, 12). This response to immune challenge may be
particularly true for diseases associated with the immune system.
For example, there are two brief descriptions of a group of
SCID-like pigs that arose spontaneously in a standard breeding
program (13, 14). These animals were unable to produce anti-
bodies, had atrophied lymph nodes, and lacked a thymus and B
and T cells, and were also able to accept s.c. grafts of human
melanoma and pancreatic carcinoma cells. However, the genetic
basis of this SCID-like phenotype remains unclear. Two other
groups have disrupted the X-linked porcine gene encoding IL2RG
(interleukin 2 receptor gamma) and obtained a SCID phenotype.
Suzuki et al. (15) targeted IL2RG in somatic cells by homologous

Significance

Pigs have many features that make them attractive as bio-
medical models, especially in regenerative medicine. Here, we
have introduced inactivating mutations simultaneously into
both alleles of the recombination activating gene (RAG) 2 gene
in fibroblasts derived from minipigs and then used somatic-cell
nuclear transfer to produce RAG2−/− cloned animals with a se-
vere immune deficiency (SCID) phenotype and lacking T and B
cells. When human induced pluripotent (iPS) cells were injected
into these SCID pigs, the animals readily form teratomas rep-
resenting a wide range of human tissues. Provided they can be
protected from pathogens, these genetically engineered pigs
could be a valuable resource as models for human patients with
analogous immunodeficiencies and for testing the safety and
regenerative capacity of grafts derived from iPS cells.

Author contributions: K.L., D.-N.K., and T.E. designed research; K.L., D.-N.K., T.E., A.N.B.,
M.S.S., K.-W.P., E.M.W., and C.N.M. performed research; K.L., D.-N.K., T.E., Y.-J.C., C.P., A.C.E.,
A.N.B., E.M.W., D.Y.K., Jae-Hwan Kim, and C.L.F. analyzed data; K.L., D.-N.K., T.E., R.M.R.,
R.S.P., and Jin-Hoi Kim wrote the paper; and R.M.R., R.S.P., and Jin-Hoi Kim supervised
the project.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1K.L., D.-N.K., and T.E. contributed equally to this work.
2Present address: Department of Animal and Poultry Sciences, Virginia Polytechnic Insti-
tute and State University, Blacksburg, VA 24061.

3To whom correspondence may be addressed. E-mail: robertsrm@missouri.edu, PratherR@
Missouri.edu, or jhkim541@konkuk.ac.kr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1406376111/-/DCSupplemental.

7260–7265 | PNAS | May 20, 2014 | vol. 111 | no. 20 www.pnas.org/cgi/doi/10.1073/pnas.1406376111

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1406376111&domain=pdf&date_stamp=2014-05-08
mailto:robertsrm@missouri.edu
mailto:PratherR@Missouri.edu
mailto:PratherR@Missouri.edu
mailto:jhkim541@konkuk.ac.kr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1406376111


recombination and used serial nuclear transfer and further breed-
ing to generate heterozygous IL2RG+/− females and IL2RG−/Y

males that were athymic and had impaired production of immune
cells. The aberrant phenotype of the males could be corrected by
allogeneic bone marrow transplantation. Watanabe et al. (16) used
the more efficient zinc finger nuclease (ZFN) technology to knock
out the same gene in fibroblasts, performed nuclear transfer, and
observed an essentially identical phenotype as Suzuki et al. (15).
However, they did not perform grafts on the animals.
The use of meganucleases, such as ZFNs, and transcription

activator-like effector nucleases (TALENs) has permitted a highly
efficient and precise means for gene targeting by introducing
double-strand breaks (DSB) at preselected sites, which results in
random mutations through nonhomologous end joining (NHEJ)
(17, 18). ZFNs and TALENs are showing great promise for creating
genetically engineered pigs (16, 19–21) although, in many cases,
additional cloning or breeding steps are required to produce bial-
lelic mutant animals without any integration of exogenous DNA
because a selectable marker or transposon element is often used in
association with the vector. Because pigs have a gestation length of
almost 4 mo and do not reach sexual maturity until about 6 mo of
age, it would be advantageous to produce biallelic mutants in the
founding generation. A major goal of the present project was to
target simultaneously both alleles of the autosomal RAG2 gene.
Such mutations could have value as models for several SCID-
related diseases in humans, including Omenn syndrome (22, 23).
RAG2 and RAG1 orchestrate the generation of antigen receptor
diversity by properly regulating V(D)J rearrangements (24). In
mice, inactivating mutations in RAG2 results in impaired de-
velopment of B and T cells, thus disrupting the adaptive immune
system (6). RAG2 null mice, because they are immunodeficient, are
valuable for a range of purposes in transplant studies and are es-
pecially useful for generating teratomas for pluripotency assessment
tests (25). Here, we report an efficient method for generating RAG2
mutant pigs with a T-B-NK+ SCID phenotype: i.e., the animals lack
T and B cells but possess NK cells, which supports proliferation and
differentiation of hiPSC and allogeneic porcine trophoblast stem
cells. In addition to being models for SCID-related diseases in
humans, these pigs may be a useful translational animal model to
evaluate the efficacy and safety of stem-cell engraftment, to develop
surgical procedures for placement of grafts before clinical trials
in humans, and to produce partially humanized swine.

Results
Targeted Mutation of RAG2 Using TALENs. Specific TALENs were
designed and synthesized by Toolgen to mutate exon 2 of RAG2
(Fig. 1A). The constructs coding for TALENs and a reporter
were introduced into pig fibroblast cells by electroporation. This
procedure provides transient expression from the vector without
leading to integration of vector DNA into the host-cell genome.
A reporter containing TALEN recognition sites allowed in-
dividual cells to be screened for proper expression of functional
TALEN sets (26) (SI Appendix, Figs. S1 and S2). The efficiency
of gene targeting was 42.1% (24/57), with 14% (8/57) biallelic
modifications. Some of the mutations were associated with large-
sized inserts/deletions (indels) that could be detected on a gel
(Fig. 1B). The TALEN sets were specific to the targeted regions,
and there was no evidence for any off-target cutting at closely
matching sequences (SI Appendix, Fig. S3).
Interestingly, we found two different RAG2 mutations from

targeted colony no. 14, which originated from a single cell. One
allelic modification was consistent throughout the cell population
whereas the second (see Fig. 1) presumably occurred after the
founder cell had divided. Three RAG2 targeted colonies (no. 12,
male cells with monoallelic mutation; no. 14, male cells, consist-
ing of a mixed population of monoallelic and biallelic mutant
cells; no. 32, female cells with a monoallelic mutation) were used for
somatic cell nuclear transfer (SCNT) (SI Appendix, Fig. S4).

Production of RAG2 Mutant Minnesota Minipigs. RAG2 mutant pigs
were produced by SCNT from the targeted fibroblast cells. In all,
nine embryo transfers were performed. All of the surrogates had
a full-term pregnancy (SI Appendix, Table 1). The first group of
piglets (1–3), derived from the male cell lines no. 12 and no. 14,
were maintained under standard housing conditions and exam-
ined for SCID phenotype. The second group (4–6), all from no.
14, were kept as free as possible from potential pathogens and
used to support growth of teratomas whereas those piglets from
litters 7–9 (from female line no. 32), also kept under clean
conditions, were set aside for future breeding. As, anticipated,
genotyping of piglets from targeted colony no. 14 revealed that
some piglets had monoallelic and others biallelic modifications
of RAG2 (Fig. 1C). The monoallelic mutants (RAG2+/Δ140, S141H)
had a deletion of 3 bases in adjacent codons, resulting in a single
amino acid deletion and one amino acid replacement (S→H)
in one allele. The biallelic mutants (RAG2Δ140,S141H/Δ140–527) had
the same modification on one allele plus a premature stop codon
on the second allele due to the deletion of 14 nucleotides.
The first three litters provided 16 piglets. Three were stillborn

(two monoallelic and one biallelic), and six (four monoallelic and
two biallelic) died during the first week after birth, presumably
resulting from SCNT-induced abnormalities rather than immune
deficiency. The surviving eight pigs (four monoallelic and four

Fig. 1. Production of RAG2 mutant pigs through use of TALENs. (A) TALENs
designed to cause mutations in exon 2 of RAG2. The target site encodes
a beta propeller region of the mature protein, an essential domain for
functional RAG2. (B) Mono- and biallelic modification of RAG2. PCR products
flanking TALEN binding site are shown. The absence of a PCR band of the
anticipated wild-type size indicates a biallelic modification (lane N). The PCR
products had been loaded on a 2.0% agarose gel. (C) Genotypes of the
genetically engineered pigs. Pigs with both mono- and biallelic modification
of RAG2 were observed. They shared a common modification on one allele,
but a significant proportion possessed a mutated second allele. (D) Absence
of exogenous DNA in RAG2mutants. Exogenous DNA could not be amplified
after TALEN-mediated targeting (A, monoallelic; B, biallelic). The PCR prod-
ucts had been loaded on 2.0% agarose gel.

Lee et al. PNAS | May 20, 2014 | vol. 111 | no. 20 | 7261

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental/pnas.1406376111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental/pnas.1406376111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental/pnas.1406376111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406376111/-/DCSupplemental/pnas.1406376111.sapp.pdf


biallelic) were compared with two wild-type control pigs, which
were euthanized when they were 17 and 29 d of age. Integration of
exogenous DNA was not detected in any of the genetically
modified animals. Specifically, TALENs and the reporter con-
structs were absent as indicated by PCR (Fig. 1D). The lack
of integration was anticipated, as the constructs coding for the
TALENs and reporter were designed to be transiently introduced
into the cells and eventually lost. Additionally there was no sign of
red fluorescence, which would have indicated persistence of the
vector in the pigs or fibroblast cells derived from the animals.

SCID-Like Phenotype in Biallelic RAG2 Mutants. The genotype of the
RAG2 biallelic mutants (RAG2Δ140,S141H/Δ140–527) suggested that
the piglets would have a nonfunctional RAG2, as a stop codon
had been introduced into one allele whereas both the deleted and
replaced amino acids on the other allele are highly conserved and
presumed essential across various species (SI Appendix, Fig. S5).
A SCID-like phenotype was therefore anticipated in these pigs
but not in the RAG2+/Δ140, S141H heterozygotes.
Birth weights of the RAG2 mono- and biallelic pigs were

similar to those of wild-type control animals. However, 2 wk after
birth, the wild-type and RAG2+/Δ140, S141H pigs in the standard
housing environment began to gain weight faster than the
RAG2Δ140,S141H/Δ140–527 mutants, whose growth had begun to
slow appreciably (Fig. 2 A and B). Such a neonatal failure to gain
weight is commonly observed in human SCID infants (27, 28).
Skin-derived fibroblast cells from the RAG2Δ140,S141H/Δ140–527

pigs proliferated at a rate comparable with those from the two
groups of pigs, indicating that cellular proliferation was probably
not the cause of the failure to gain weight (Fig. 2C). The
RAG2Δ140,S141H/Δ140–527 pigs had appeared to eat normally, and,
at necropsy, their stomachs contained feed. On the other hand,
they began to show an elevated body temperature and shivering,
by the time they were 2 wk old, and all either died or were eu-
thanized before they had reached 29 d.
Postmortem analysis showed that the RAG2Δ140,S141H/Δ140–527

animals displayed mild infiltration of lymphoid cells in kidney,
liver, and lung (Fig. 2D) and an increased abundance of mRNA
for genes indicative of inflammation and apoptosis in the spleen
compared with age-matched wild-type animals (SI Appendix,
Figs. S6 and S8). Signs of apoptosis were further confirmed by
TUNEL staining (Fig. 2E and SI Appendix, Fig. S7).
All four RAG2+/Δ140, S141H pigs examined had thymus glands

comparable in size with those recovered from the two wild-type
control pigs (Fig. 3A). By contrast, three of four RAG2Δ140,S141H/

Δ140–527 pigs lacked a thymus whereas that of the fourth was very
small compared with that of an age-matched (day 29) control pig
(Fig. 3A and SI Appendix, Fig. 9). In addition, the spleens of the
biallelic mutants were smaller than those of the control pigs
(Fig. 3B) (weights 8.32 g, 6.49 g, and 1.88 g in wild-type, mono-
allelic, and biallelic mutants, respectively). The white pulp of
spleens from RAG2Δ140,S141H/Δ140–527 mutants was markedly hypo-
plastic and lacked germinal centers and periarteriolar lymphoid
sheaths (SI Appendix, Fig. S10). Only a few cells carrying markers
for B cells (CD79A+) and T cells (CD3+) were present, and these
cells were scattered throughout the sections (Fig. 3C). In contrast,
B- and T-cell numbers from the RAG2+/Δ140,S141H pigs appeared to
be normal. Although NK cells were present in all animals, their
numbers in the RAG2Δ140,S141H/Δ140–527 pig spleen appeared
lower than in the other two groups (Fig. 3C). Macrophages were
detected in all animals (SI Appendix, Fig. S11), but flow cytometry
confirmed that RAG2Δ140,S141H/Δ140–527 pigs lacked mature CD21+

B and CD3+ T cells (Fig. 3D). Together, these results confirmed
a consistent T-B-NK+ immunodeficient phenotype in the
RAG2Δ140,S141H/Δ140–527 pigs.

Successful and Efficient Teratoma Formation from Human iPSCs. To
test whether the RAG2Δ140,S141H/Δ140–527 pigs would support
proliferation and differentiation of human iPSCs, we injected
pigs s.c. with cells from a potentially pluripotent cell line that had
been generated from human umbilical cord fibroblasts by
reprogramming with nonintegrating plasmid vectors to de-
termine whether the cells would give rise to teratomas. Before
injection, the cells had been alkaline phosphatase-positive and
expressed the pluripotent markers [POU class 5 homeobox 1
(POU5F1), Nanog homeobox (NANOG), stage specific em-
bryonic antigen 3 (SSEA-3)] (SI Appendix, Fig. S12 C–E). Be-
cause the RAG2Δ140,S141H/Δ140–527 pigs were immunocompromised,
the second group of newly born piglets used for this experiment
were housed independently, and all personnel contacting the
animals wore protective personal equipment (PPE) in an at-
tempt to minimize pathogen exposure. On day 1 of the experi-
ment, either 5 or 10 million cells were injected s.c. close to the
base of the right ear and on the animal’s left flank (biallelic pigs,
n = 3; monoallelic pigs, n = 2). One biallelic mutant pig died of
unknown cause on day 7 without showing any sign of tumor
formation, but the other two developed tumors at each of the
two injection sites. Tumor formation occurred rapidly compared
with the usual time span of many weeks in SCID mice. A pal-
pable tumor was observed by day 12 below the ear site of one
biallelic mutant pig that had received an injection of 10 million
cells (Fig. 4A and SI Appendix, Fig. S13). By day 28, this tumor

Fig. 2. Failure to thrive phenotype in RAG2Δ140,S141H/Δ140–527 pigs. (A) RAG2
bi- and monoallelic mutants at 4 wk of age. (B) Body weight gain of control,
monoallelic, and biallelic mutant pigs over time after birth when they were
maintained under standard housing conditions. Error bars indicate SD. Sta-
tistical treatment of the data was not possible because, at d 28, only one pig
from the biallelic group remained alive. (C) Proliferation of fibroblast cells
derived from wild-type and mono- and biallelic RAG2 RAG2Δ140,S141H/Δ140–527

pigs. Cell numbers were measured at 24 h and 48 h. No differences were
noted in the growth rates of the cells from the three sources (P > 0.05). (D)
Abnormal lymphocyte infiltration into kidney, liver, and lung (arrowed) of
RAG2Δ140,S141H/Δ140–527 pigs. (Scale bar: 100 μm.) (E) Apoptosis in spleen and
lymph node of RAG2Δ140,S141H/Δ140–527 pigs shown by TUNEL staining (pink).
(Scale bar: 500 μm.)
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was capsulated, solid, and partly cystic (size, 3.4 × 2.5 cm; weight,
3.6 g) (Fig. 4 A and B), and appeared to have caused no ill effects
to the host. At necropsy, it was dissected into five pieces, and
sections of tissues were examined by H&E staining. Each tumor
section contained a disorganized mixture of tissues (Fig. 4C).
Striated muscle (mesoderm) (Fig. 4 C and E) was particularly ev-
ident and formed randomly distributed islands of tissue throughout
the tumor. Various other areas comprised epithelium-like cells
organized into glandular-like structures. They included secretory

epithelia: i.e., epithelium with goblet cells (endoderm) (Fig. 4D)
and neural epithelium (ectoderm) (Fig. 4F). General histological
assessments were confirmed by immunohistochemical analysis with
antibodies against CTNNB1 and VWF [β-catenin and von Wille-
brand factor (VWF): endoderm] (Fig. 4 G and J), DES and
ACTG2 (desmin and smooth muscle actin: mesoderm) (Fig. 4 H
and K), and GFAP and ENO2 (glial fibrillary acidic protein and
neuron-specific enolase: ectoderm) (Fig. 4 I and L). Cells positive
for the markers of hematopoietic lineage and potentially plurip-
otent cells were also noted (Fig. 4 M–O). The second biallelic
mutant pig formed slower-growing, smaller tumors (0.75 g and
0.35 g) at the ear site (where 5 million cells were injected) and
flank (10 million cells injected) by 7.5 wk. An additional tumor
was found in the peritoneal cavity of the second pig near the
injection site on the left flank. Proportionately less muscle tissue
and more cystic structures (SI Appendix, Fig. S14A) were ob-
served in tumors from the second pig, but derivatives of all three
germ layers were still present (SI Appendix, Fig. S14 B–D). These
differences in teratoma characteristics cannot be attributed to
the iPSC source because the same cells were used for each pig.
The tumors were also clearly of human and not porcine origin, as
amplicons from human-specific MFN1 (mitochondrial mitofusin-
1) were successfully amplified from the DNA of the human iPSC
line and its derived teratoma but not from DNA of the mutant
pig (SI Appendix, Fig. S15).
To explore whether RAG2Δ140,S141H/Δ140–527 pigs could accept

allogeneic pig cells, we injected what we have inferred previously to
be porcine trophoblast stem cells, which, in nude mice, had given
rise to solid tumors comprised largely of packed epithelial layers,
with islands of striated muscle tissue near the periphery (29). These
same cells provided a somewhat similar, encapsulated tumor in
pigs by day 17. This tumor, like the ones from mouse, was com-
prised predominantly of layers of epithelial tissue. Eosinophilic
material was often present between the cell layers (SI Appendix,
Fig. S16), and regions of striated muscles were detectable near
the margins of the tumor (SI Appendix, Fig. S16 A and B). No
tumors developed in the monoallelic mutant pigs.

Discussion
Pigs, due to their similarities to humans, have great advantages
over rodents as a translational model in advancing stem-cell
therapies. They are likely to provide improved means for de-
velopment of cell delivery and surgical protocols, for gauging the
likely success of grafts, and for judging whether procedures are
likely to be safe. However, medical applications of genetically
engineered large animals have generally been limited because it
has been difficult and expensive to provide the requisite numbers.
One important aspect of the present study is that it demonstrates
the feasibility of producing genetically engineered pigs, free of
exogenous DNA and with both alleles mutated, relatively quickly
and at minimum cost. The RAG2Δ140,S141H/Δ140–527 pigs described
may not only be valuable for experiments in regenerative medi-
cine but may also represent a step forward in developing swine as
model for severe immunodeficiency diseases in humans.
There were clearly differences in phenotype between

RAG2Δ140,S141H/Δ140–527 pigs and RAG2 mutant mice. The latter
have a small, but nevertheless detectable, thymus (6) whereas
three of the four mutant pigs lacked a thymus completely and the
fourth had one that was extremely underdeveloped, as was also
observed in pigs lacking an intact IL2RG gene (15, 16). The lack
of B and T cells is analogous to mouse, rat, and rare human RAG
mutants (6, 30, 31), but, as with the porcine IL2RG knock-outs
and human patients, RAG2Δ140,S141H/Δ140–527 pigs failed to thrive
when kept under standard housing conditions. Fibroblasts
from the pigs proliferated normally, suggesting that there
was not an intrinsic growth defect in the animals. Infiltration
of innate lymphoid cells was detected in a number of tissues
of the RAG2Δ140,S141H/Δ140–527 pigs although the specific type of

Fig. 3. SCID-like phenotype in RAG2 biallelic RAG2Δ140,S141H/Δ140–527 pigs. (A)
Absence of thymus in the biallelic animals. The thymuses of monoallelic
mutants were similar in size to those of the wild type. (B) Comparison of
spleens from wild-type and mono- and biallelic mutant pigs. (C) SCID pheno-
type in the biallelic mutant pigs as revealed by comparison of the distribution
(red/brown staining by specific antibodies) of CD79A (B cells), CD3 (T cells), and
NK cells (CD335) in the spleen compared with monoallelic and wild-type pigs
of the same age. (Scale bar: 100 μm.) (D) Flow cytometry of spleen cells
showing a significant reduction in B (CD21+) and T (CD3+) cells in the spleen of
RAG2 biallelic mutant comparedwith wild-type pigs. Only 2–3%of splenocytes
from biallelic mutants were positive for B-cell or T-cell markers, roughly
equivalent to the fluorescence observed with an isotype control antibody.
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lymphoid cells was not analyzed in this study. These findings
suggest that the biallelic RAG2Δ140,S141H/Δ140–527 pigs were
more susceptible to inflammatory disease, most likely caused by
pathogens, than controls and monoalleic animals, as was
expected from their SCID genotype. After observing these
pathological symptoms, RAG2Δ140,S141H/Δ140–527 animals were
subsequently housed individually, and all caretaker staff wore
full PPE to minimize contact with human pathogens. Although
this environment did not constitute a pathogen-free environ-
ment, it did allow RAG2Δ140,S141H/Δ140–527 pigs to be maintained
in what appeared to be a healthy condition for up to 8 wk, a time
sufficiently long to complete the transplant experiments. The
RAG2Δ140,S141H/Δ140–527 pigs kept under standard housing con-
ditions, like IL2RG knock-out pigs, exhibited a failure to thrive
(FTT) phenotype comparable with that observed in humans.
Prkdc−/− rats with a SCID phenotype are also growth retarded
(32), but, in this case, the growth retardation begins during early
embryonic/fetal development and does not replicate the human
FTT phenotype particularly well. It still remains unclear whether or
not infections, apoptosis, or inflammation in RAG2Δ140,S141H/Δ140–527

pigs accounts for the FTT phenotype.

Immunohistological analysis confirmed a wide range of tissue
types in the teratoma derived from human iPSCs. Specifically,
the tumors displayed cells positive for GFAP, indicating that the
teratomas were of the so-called mature type (33). In addition, cells
positive for VWF were present, suggesting the presence of he-
matopoietic stem cells (34). The ability of RAG2Δ140,S141H/Δ140–527

pigs to support the rapid growth of well-developed human ter-
atomas representing a wide range of tissue types, and to permit
the growth of tumors from an allogeneic porcine trophoblast cell
line, suggests that such mutant animals could have considerable
value in regenerative medicine. Large animals with a SCID
phenotype have arisen occasionally in breeding programs (13, 14,
35), and IL2RG knock-out pigs have also been genetically
engineered (15, 16). At least some of these animals appear to
permit limited engraftment of both porcine and human cells.
What our studies demonstrate is the capacity of undifferentiated
human stem cells to differentiate rapidly into a wide range of cell
types representative of the three germ layers in a porcine host,
which further emphasizes the potential value of the RAG2
knockout model as an alternative to immunodeficient rodents in
regenerative medicine. On the other hand, the technical chal-
lenge of maintaining these animals free of pathogens for ex-
tended periods of time is likely to become an important issue.
Although the teratoma experiments were completed in a few
weeks, much longer periods will probably be required for full
maturation and functional integration of grafts into whole
organs. Also, most human patients requiring grafts are likely to
be adults so that fully mature animals would be required to
mimic the clinical scenario. These considerations may place
limitations on the value of this pig model.
In summary, we have generated SCID pigs by a relatively ef-

ficient process and demonstrated that the animals could support
the growth of mature teratomas from human pluripotent stem
cells. Provided that such pigs can be maintained in an environ-
ment where exposure to pathogens is minimized and that the
animals do not die prematurely of SCID-related complications,
they are ideal candidates for testing stem-cell therapies, whole-
organ transplants, and other procedures where immune toler-
ance in a large animal is desirable. Such genetically engineered
pigs may be a valuable resource for the biomedical community
and are available via the National Swine Resource and Research
Center (http://nsrrc.missouri.edu/).

Materials and Methods
Amore complete description of procedures used in the study is provided in SI
Appendix, SI Materials and Methods.

Production of Pigs Carrying Targeted Mutation of RAG2. Mutated pigs were
produce by targeted modification of RAG2 in fetal fibroblast cells followed
by SCNT and embryo transfer. Constructs coding for TALENs and a reporter
were electroporated into fetal-derived fibroblast cells. After 48 h, trans-
fected cells expressing the green fluorescent protein were sorted into in-
dividual wells of a 96-well plate at an estimated dilution of a single cell per
well. Targeted modification of RAG2 was screened by amplifying a genomic
DNA fragment flanking the TALEN cutting sites followed by sequencing the
PCR products. After screening and ensuring lack of off-site mutations, cells
carrying targeted modification of RAG2were used for SCNT. The polar body,
along with a portion of the adjacent cytoplasm of oocyte, presumably
containing the metaphase II plate, was removed, and a donor cell was placed
in the perivitelline space as described previously (36). The reconstructed
embryos were then electrically porated to fuse the donor cell with the oo-
cyte and then chemically activated (37). The activated embryos were in-
cubated in Porcine Zygote Medium 3 (PZM3) (38) with 0.5 μM Scriptaid
(S7817; Sigma-Aldrich) for 14–16 h. Embryos were then washed to remove
the Scriptaid and cultured in PZM3 until they were transferred into the
oviducts of surrogate pigs. A total of nine embryo transfers were performed
for the study, resulting in birth of 22 live piglets (SI Appendix, Fig. S1). All
experiments involving animals were approved by the University of Missouri
Institutional Animal Care and Use Committee.

Fig. 4. Teratoma formation in RAG2Δ140,S141H/Δ140–527 pigs. (A) External view
of a tumor at day 16 (Upper Inset, red arrow) and 4 wk (Lower) after injection
of 10 million cells below the ear. (B) Gross morphology of the capsulated
tumor collected from the injection site. (C–O) Histological examination of the
tumors. Sections were stained by H&E (C–F collected from the tumor at the
ear site) and for a range of diagnostic antigen immunohistochemistry (G–O).
C is viewed at a lower magnification of the tissues. (Scale bar: 200 μm.) (M and
N) Cells positive for hematopoietic markers were present within the tera-
toma. (O) Presence of undifferentiated POU5F1+ cells in the teratoma (green
fluorescence, POU5F1; blue, DAPI stain for DNA). (Scale bar: 200 μm.)
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Generation of iPSCs from Human Umbilical Cord Fibroblasts with Episomal
Vectors. Human umbilical cord tissues from two individuals were collected,
with informed consent, in University Hospital (University of Missouri) with
approval from the University of Missouri Health Sciences Institutional Review
Board (no. 1201132). The fibroblast outgrowths from umbilical cords were
reprogrammed with nonintegrating episomal vectors by a protocol de-
veloped by Okita et al. (39). Two iPSC lines were examined for expression
of alkaline phosphatase and sets of pluripotent markers (POU5F1, NANOG,
SSEA-3) (40).

Teratoma Formation and Analysis. Two human iPSC lines and porcine cells with
a trophoblast phenotype (29) were injected with either 5 or 10 million cells per
site. Tumors were collected following euthanasia 4–7.5 wk after cell injections
and portions fixed in 4% (wt/vol) formaldehyde and embedded in paraffin
wax. Some tissue was retained for analysis of DNA and for extraction of
RNA. Histochemical and immunohistochemical analyses were performed on

5-μm sections on glass slides to identify various tissue types in the tumors.
The extracted genomic DNA was amplified with primers for human specific
mitochondrial mitofusin 1 gene (MFN1) by PCR to ensure that the tumors that
developed in the pigs injected with the human cells were of human origin.
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