
Induced pluripotent stem cells: A novel frontier in the study
of human primary immunodeficiencies

Itai M. Pessach,MD, PhD,a,b Jose Ordovas-Montanes, BA,a,c Shen-Ying Zhang,MD,d Jean-Laurent Casanova, MD, PhD,d,e

Silvia Giliani, PhD,f Andrew R. Gennery, MD,g Waleed Al-Herz, MD,h Philip D. Manos, PhD,i,j Thorsten M. Schlaeger,

PhD,i,j,k In-Hyun Park, PhD,i,j,l Francesca Rucci, PhD,a Suneet Agarwal, MD, PhD,i,k,m Gustavo Mostoslavsky, MD, PhD,n

George Q. Daley, MD,i,j,k,m and Luigi D. Notarangelo, MDa,m Boston, Medford, and Cambridge, Mass, Tel-Hashomer, Israel,

New York, NY, Paris, France, Brescia, Italy, Newcastle-upon-Tyne, United Kingdom, Kuwait City, Kuwait, and New Haven, Conn
Background: The novel ability to epigenetically reprogram
somatic cells into induced pluripotent stem cells (iPSCs)
through the exogenous expression of transcription promises to
revolutionize the study of human diseases.
Objective: Here we report on the generation of 25 iPSC lines
from 6 patients with various forms of primary
immunodeficiencies (PIDs) affecting adaptive immunity, innate
immunity, or both.
Methods: Patients’ dermal fibroblasts were reprogrammed by
expression of 4 transcription factors, octamer-binding
transcription factor 4 (OCT4), sex determining region Y-box 2
(SOX2), Krueppel-like factor 4 (KLF4), and cellular
myelomonocytosis proto-oncogene (cMYC), by using a single
excisable polycistronic lentiviral vector.
Results: iPSCs derived from patients with PIDs show a stemness
profile that is comparablewith that observed in human embryonic
stem cells. After in vitro differentiation into embryoid bodies,
pluripotency of the patient-derived iPSC lines was demonstrated
by expression of genes characteristic of each of the 3 embryonic
From athe Division of Immunology, Children’s Hospital Boston, Harvard Medical

School, Boston; bthe Talpiot Medical Leadership Program, Safra Children’s Hospital,

Sheba Medical Center, Tel-Hashomer; cthe Department of Biology, Tufts University,

Medford; dSt Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller

Branch, the Rockefeller University, New York; ethe Laboratory of Human Genetics of

Infectious Diseases, Necker Branch, University Paris Descartes and INSERM U980,

Necker Medical School, Paris; f‘‘Angelo Nocivelli’’ Institute for Molecular Medicine,

Department of Pediatrics, University of Brescia; gPediatric Immunology, Institute of

Cellular Medicine, University of Newcastle-upon-Tyne, Newcastle-upon-Tyne; hthe

Allergy and Clinical Immunology Unit, Department of Pediatrics, Al-Sabah Hospital,

Kuwait City; ithe Division of Pediatric Hematology/Oncology, Children’s Hospital

Boston and Dana-Farber Cancer Institute, Boston; jStem Cell Program, Children’s

Hospital Boston; kthe Harvard Stem Cell Institute, Cambridge; lthe Yale Stem Cell

Center, Department of Genetics, Yale School of Medicine, New Haven; mthe Manton

Center for Orphan Disease Research, Children’s Hospital, Boston; nthe Department of

Medicine andCenter for RegenerativeMedicine (CReM), BostonUniversity School of

Medicine.

Supported by National Institutes of Health grants 1R03AI088352-01 and 1R21AI0898-

10-01, March of Dimes grant 6-FY10-282, the Translation Research Program (all to

L.D.N.), and a Harvard Catalyst Grant (to G.Q.D.). Also supported by the Manton

Foundation (to L.D.N. and G.Q.D.) and by Fondazione ‘‘Angelo Nocivelli’’ (to S.G.).

Disclosure of potential conflict of interest: G. Q. Daley is on the Scientific Advisory

Boards for iPierian, Epizyme, Solasia, and MPM Capital and has lectured for Johnson

& Johnson. The rest of the authors have declared they have no conflict of interest.

Received for publication September 14, 2010; revised October 28, 2010; accepted for

publication November 3, 2010.

Available online December 24, 2010.

Reprint requests: Luigi D. Notarangelo, MD, Division of Immunology and the Manton

Center for Orphan Disease Research, Children’s Hospital Boston, Karp Bldg, Rm

9210, 1 Blackfan Circle, Boston, MA 02115. E-mail: luigi.notarangelo@childrens.

harvard.edu.

0091-6749/$36.00

� 2010 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2010.11.008

1400
layers. We have confirmed the patient-specific origin of the iPSC
lines and ascertained maintenance of karyotypic integrity.
Conclusion: By providing a limitless source of diseased stem
cells that can be differentiated into various cell types in vitro, the
repository of iPSC lines from patients with PIDs represents a
unique resource to investigate the pathophysiology of
hematopoietic and extrahematopoietic manifestations of these
diseases and might assist in the development of novel
therapeutic approaches based on gene correction. (J Allergy
Clin Immunol 2011;127:1400-7.)

Key words: Primary immunodeficiency, induced pluripotent stem
cells, reprogramming

Primary immunodeficiencies (PIDs) comprise more than 150
distinct disorders of immune system development, function, or
both.1 Dissection of the cellular pathophysiology of PIDs has
been largely based on in vitro studies using patient-derived cells
and on analysis of suitable animal models. Although largely suc-
cessful, both of these approaches have important inherent limita-
tions. In particular, many forms of PID are rare and severe and
affect predominantly infants and young children. In these cases
access to biological specimens from affected patients might be
problematic. Furthermore, there is significant heterogeneity of
clinical and immunologic phenotypes among patients with differ-
ent mutations in the same gene, but limited information is avail-
able on this diversity at the cellular level.2 Finally, studies that
aim to define the cellular pathophysiology of human PIDs are
usually performed on blood samples, occasionally on the bone
marrow, rarely on lymphoid tissues (thymus, lymph nodes, and
spleen), and almost never on nonhematopoietic tissues, yet
many forms of PID also include extraimmune manifestations.1,3

This is the case for immunodeficiency syndromes characterized
by multisystem developmental defects (eg, DiGeorge syndrome4

and cartilage hair hypoplasia5), broad expression of the disease-
specific gene (eg, defects of DNA repair,6 nuclear factor kB
essential modulator deficiency,7 hyper-IgE syndrome caused by
signal transducer and activator of transcription 3 deficiency,8,9

and adenosine deaminase deficiency10), or tissue-specific suscep-
tibility to infections (eg, herpes simplex encephalitis11-13).

On the other hand, although murine models of PIDs have
provided key insights, they also carry significant inherent limi-
tations because of differences in immune system development
and function between mice and humans and the relative lack of
phenotypic variability and heterogeneity of mutations in murine
models compared with PIDs in human subjects.
After the demonstration in 2006 by Takahashi and Yamanaka14

that murine fibroblasts can be reprogrammed into induced
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TABLE I. Patients and mutations

J ALLERGY CLIN IMMUNOL

VOLUME 127, NUMBER 6

PESSACH ET AL 1401
Disease

Abbreviations used
phenotype Gene Mutation Reference
bFGF: B
asic fibroblast growth factor
cMYC: C
ellular myelomonocytic proto-oncogene

SCID RAG1 c.1228C>T; c.2332C>T Unpublished data
hES: H
uman embryonic stem

Leaky SCID RAG1 c.1180C>T; c.1180C>T Unpublished data

44

iMEFs: I
rradiated murine embryonic fibroblast
OS RAG1 c.256-257del; c.2164G>A Cassani et al
45
iPSC: I
nduced pluripotent stem cell

HSE1 STAT1 c.1928_1929 insA; Chapgier et al
KLF4: K
rueppel-like factor 4
c.1928_1929 insA
OCT4: O
ctamer-binding transcription factor 4

HSE2 TLR3 c.1660C>T; c.2236G>T Guo Y et al,
PID: P
rimary immunodeficiency
unpublished data
QRT-PCR: Q
uantitative real-time polymerase chain reaction
CHH RMRP c. 27G>A; c. 27G>A Unpublished data
RAG1: R
ecombinase activating gene 1
SCID: S
evere combined immune deficiency

CHH, Cartilage hair hypoplasia; HSE, herpes simplex encephalitis; OS, Omenn

syndrome; RAG1, recombinase activating gene 1; RMRP, RNA component of the

SOX2: S
ex determining region Y-box 2
mitochondrial RNA processing endoribunuclease; STAT1, signal transducer and
STEMCCA: S
tem cell cassette
activator of transcription 1; TLR3, Toll-like receptor 3.
pluripotent stem cells (iPSCs) through transient forced expression
of defined transcription factors, generation of iPSCs from termi-
nally differentiated human cells has been recently reported.15-17

Similar to embryonic stem cells, these cells hold the unique po-
tential to differentiate into various tissue cell types, including neu-
rons,18-25 cardiomyocytes,26-28 hepatic cells,29-31 gastrointestinal
cells,32 thymic epithelial cells,33 hematopoietic cells,34,35 and
many others.36-41 Furthermore, iPSCs have also been used to
correct genetic disorders in mice after gene targeting and homol-
ogous recombination.42,43

Over the last 10 years, we have established an extended
repository of fibroblast cell lines from patients with various
forms of PID. This repository is also representative of the
diversity of the clinical and immunologic phenotype that is
associated with different mutations occurring in the same gene.
Using this collection of fibroblast cell lines, we now report on the
successful generation and characterization of a series of PID-
specific iPSCs that might serve as the foundation for future studies
of disease pathophysiology and gene correction.

METHODS

Patients
Dermal fibroblast samples were obtained from 6 patients with PIDs

carryingmutations in different genes, as detailed in Table I.44,45 Informed con-

sent was obtained from a parent or guardian. Study protocols were approved

by the Children’s Hospital Boston Institutional Review Board.

Cell lines and culture
A previously reported human iPSC line17 obtained by reprogramming

dermal fibroblasts with retroviral vectors encoding octamer-binding transcrip-

tion factor 4 (OCT4), sex determining region Y-box 2 (SOX2), Krueppel-like

factor 4 (KLF4), and cellular myelomonocytosis proto-oncogene (cMYC)

transcription factors, was used as an internal control.

Patients’ and healthy control subjects’ fibroblasts were maintained in Dul-

becco modified Eagle medium (high glucose and L-glutamine) containing

10% FBS, 1 mmol/L L-glutamine, and penicillin/streptomycin (hFib media).

iPSCs were maintained in human embryonic stem (hES) cell medium

composed of Dulbecco modified Eagle medium/F12 (Invitrogen, Carlsbad,

Calif) containing 20% KOSR (Invitrogen), 10 ng/mL basic fibroblast growth

factor (bFGF; Gemini Bio-Products, West Sacramento, Calif), 1 mmol/L

L-glutamine, 100 mmol/L nonessential amino acids, 100 mmol/L 2-b-mercap-

toethanol, and penicillin/streptomycin. The cells were cocultured on CF1 irra-

diated murine embryonic fibroblasts (iMEFs; Globalstem, Inc, Rockville,

Md), as previously described.16,17 Expansion and splitting of the iPSC

colonies was done by means of either mechanical passage or through the

use of collagenase, as previously described.46
iPSC differentiation into embryoid bodies was achieved by transferring

iPSC colonies into low-adhesion plates free of feeder cells and using a

bFGF-free hES cell medium, as previously described.16,17,47

Lentiviral reprogramming vector production
Lentiviruses containing the previously described48-51 polycistronic lentivi-

ral vector stem cell cassette (STEMCCA)–LoxP were produced by using a

5-plasmid transfection system, as previously described.52

Reprogramming of fibroblasts and human iPSC

generation
Fibroblasts were infected with the lentiviral reprogramming vector in hFib

media supplemented with 5 mg/mL protamine sulfate (Sigma, St Louis, Mo)

for 24 hours. After 72 hours, cells were transferred onto iMEFs in hES cell

media. iPSC colonies with hES-like morphology started to appear after 3 to 5

weeks. Colonies were picked, subcloned, and expanded by means of

mechanical transfer into new plates containing fresh and adhered iMEFs, as

previously described.16 Several clones were derived and characterized from

each fibroblast line (see Table E1 in this article’s Online Repository at

www.jacionline.org).

Immunohistochemistry
iPSC colonies were stained for OCT4, NANOG, TRA-1-60, TRA-1-81,

SSEA3, and SSEA4, as previously described.47 Images were acquired with a

Pathway 435 bioimager equipped with a 103 objective (BD Biosciences, San

Jose, Calif).

Quantitative real-time PCR
The mirVana RNA isolation kit (Ambion, Austin, Tex) was used for total

RNA extraction and reverse transcription preformed with qScript cDNA

supermix (Quanta Biosciences, Gaithersburg, Md), according to the manu-

facturer’s instructions.

Quantitative real-time PCR (QRT-PCR) in PowerSYBRGreen PCRMaster

Mix (Applied Biosystems, Carlsbad, Calif) was performed on an AB 7500

Real-Time PCR system (Applied Biosystems). Primer sequences used for

amplifying OCT4, SOX2, NANOG, REX1, GDF3, hTERT, KLF4, cMYC,

RUNX, AFP, GATA4, Brachyury, NESTIN, NCAM, and the b-actin gene

(ACTB) were as previously described.16,17,47

Results were normalized to ACTB expression, and relative expression was

calculated by using the delta-delta-Ct (ddCt) method relative to expression

levels in the individual parental cell lines by using SDSv1 software.

Mutation analysis
GenomicDNAwas isolated from dermal fibroblasts and iPSCs by using the

QiAMPDNAKit (Qiagen, Valencia, Calif). Genes known to be mutated in the

http://www.jacionline.org


FIG 1. PID-specific iPSCs express markers of pluripotency. PID-specific iPSCs have morphology similar to

that seen in hES cells (left column) when grown in coculture with iMEFs and express pluripotency markers,

including Tra-1–81, OCT4, SSEA4, SSEA3, NANOG, and Tra-1-60, as demonstrated bymeans of immunohis-

tochemistry. Nuclear staining with Hoechst 33342 is shown in the second and sixth columns to indicate the

total cell content per image. CHH, Cartilage hair hypoplasia; HSE, herpes simplex encephalitis; OS, Omenn

syndrome; SCID, severe combined immune deficiency.

FIG 2. PID-specific iPSCs show a gene expression panel similar to that of reference iPSCs derived from a

healthy control subject. Quantitative real-time PCR (QRT-PCR) assay for gene expression of OCT4, KLF4,
MYC, SOX2, NANOG, REX1, GDF3, and hTERT was performed in iPSCs derived from healthy control sub-

jects and from patients with PID and comparedwith the pattern observed in a previously established control

human iPSC line obtained by reprogramming with 4 different retroviral vectors.17 QRT-PCR reactions were

normalized against b-actin (ACTB). Expression was calculated by using the ddCt method relative to expres-

sion levels in the individual parental fibroblast cell lines for the normal and PID-specific iPSC or normal con-

trol human fibroblasts for the human embryonic stem cells. CHH, Cartilage hair hypoplasia; HSE, herpes
simplex encephalitis; OS, Omenn syndrome; SCID, severe combined immune deficiency.

J ALLERGY CLIN IMMUNOL

JUNE 2011

1402 PESSACH ET AL



FIG 3. Differentiation of PID-specific iPSCs reveals lineage-specific gene expression. PID-specific iPSC were

allowed to differentiate into embryoid bodies by means of culture in a bFGF-free hES medium and without

coculture with feeder cells. Robust formation of tight and well-formed cell clusters was detected by day 7

and became cystic by day 10 (upper row in each cell-specific panel). Quantitative real-time polymerase

chain reaction (QRT-PCR) gene expression analysis of the derived embryoid bodies after 10 days shows in-

creased expression of lineage-specific markers from each of the 3 embryonic germ layers, including AFP
and GATA4 (endoderm), RUNX1 and Brachyury (mesoderm), and NCAM and NESTIN (ectoderm). QRT-

PCR reactions were normalized against b-actin (ACTB). Expression was calculated by using the ddCT

method relative to expression levels in undifferentiated iPSCs. Black and white bars identify undifferenti-

ated iPSCs and day 10 embryoid bodies, respectively. CHH, Cartilage hair hypoplasia; HSE, herpes simplex

encephalitis; OS, Omenn syndrome; SCID, severe combined immune deficiency.
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patients were amplified by means of PCR, as previously described, by using

primer sets as detailed in Table E2 in this article’s Online Repository at www.

jacionline.org. Amplified products were purifiedwith QIAquick PCR purifica-

tion kit (Qiagen) and sequenced by the DF/HCC DNA Sequencing Facility.

Sequences were analyzed with Sequencher 4.8 software (Gene Codes Corpo-

ration, Ann Arbor, Mich).

In some of the compound heterozygote patients, PCR products were cloned

with the TOPO TA Cloning Kit with pCR2.1-TOPO vector (Invitrogen).

Cloning products were amplified in competent bacteria, purified (QiaPrep

Miniprep Kit, Qiagen), and later sequenced as described above.

Karyotype analysis
Karyotyping and G-banding were performed as previously described (see

theMethods section in this article’s Online Repository at www.jacionline.org)

in a blinded fashion by Cell Line Genetics (Madison, Wis).
RESULTS
We have established a repository of dermal fibroblast cell lines

from more than 60 patients with various forms of PID that are
representative of defects in various components of the immune
system. This repository of PID-specific fibroblast lines has been
used to establish a pipeline for the systematic production of PID-
specific iPSCs.
The initial cohort of iPSCs was derived from patients with Toll-

like receptor 3 deficiency, immune deficiency associated with
systemic disorders (cartilage hair hypoplasia), and early defects
in T- and B-cell development (recombinase activating gene
1 [RAG1] mutations, Table I). For the latter, we sought to derive
iPSCs from patients with a different clinical and immunologic
phenotype (severe combined immune deficiency [SCID], leaky
SCID, and Omenn syndrome) associated with null or hypomor-
phic mutations in the same gene (RAG1). In parallel, iPSCs
were also derived from healthy control subjects’ fibroblasts.
Various strategies have been described for reprogramming

somatic cells to pluripotency. We have made use of an excisable,
human STEMCCA–containing single polycistronic lentiviral
vector that allows transduction of the 4 reprogramming factors
OCT4, SOX2,KLF4, and cMYC (see Fig E1 in this article’s Online
Repository at www.jacionline.org). After infection with the
STEMCCA lentivirus, patient- and control subject–derived fibro-
blasts were maintained under stringent hES cell–supporting cul-
ture conditions, as previously described.16,17,47 After 3 to 5

http://www.jacionline.org
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FIG 4. Patient’s origin and chromosomal integrity of the PID-specific iPSCs. A, PCR amplification followed

by DNA sequencing of genomic DNA derived from the PID-specific iPSCs and their parental fibroblasts was

performed by using specific primers corresponding to the disease-causing mutations for each of the lines

and demonstrated that the PID-specific iPSC lines carry the same disease-causing mutations as their paren-

tal fibroblasts. In the case of the first allele (c.256-257del) of the RAG1-mutated patient with Omenn syn-

drome, genetic identity between patient-derived iPSCs and fibroblasts was demonstrated on cloning and

sequencing of the specific product. B, PID-specific iPSCs were analyzed for chromosomal integrity by using

G-banding karyotyping. CHH, Cartilage hair hypoplasia; HSE, herpes simplex encephalitis; OS, Omenn syn-

drome; SCID, severe combined immune deficiency.
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weeks of culture, ES-like colonies emerged and were picked and
expanded. Several clones were derived from each of the fibroblast
lines (see Table E1).
Human iPSC colonies were initially selected based on the

similarity to hES cell colonies, with discrete and compact colony
morphology (Fig 1, left column). The selected colonies were then
expanded and studied for expression of stemness markers, includ-
ing Tra-1–81, Tra-1–60, OCT4, NANOG, SSEA3, and SSEA4.
As shown in Fig 1, all iPSC colonies demonstrated uniform
expression of these pluripotency markers.
Expression of pluripotency-related genes was also evaluated by

means of QRT-PCR. Compared with the parental fibroblast lines,
patient-derived (and control-derived) iPSCs demonstrated robust
expression of pluripotency-associated genes, such as OCT4,
SOX2, NANOG, REX1, GDF3, and hTERT (Fig 2). As an internal
control of the pluripotency gene expression profile, we used a pre-
viously reported control iPSC line17 that had been generated with
4 retroviral vectors, each of which contained one of the 4 reprog-
ramming factors. A similar profile of gene expressionwas demon-
strated in the newly generated patient- and control subject–
derived iPSCs and in reference iPSCs.
ThePID-specific iPSC lineswere allowed to differentiate invitro

into embryoid bodies, as previously described, to confirm
pluripotency and the ability to support multilineage differentia-
tion.17,47 Similar to what was previously shown for hES cells, tight
clusters of differentiating cells formed by day 7 and later cavitated,
becoming cystic by day 10 (Fig 3). Both PID-specific and control
iPSCs showed expression of markers of all 3 embryonic germ
layers (ectoderm, mesoderm, and endoderm; Fig 3), thus confirm-
ing their ability to develop along multiple lineages.
To confirm patient-specific origin, we analyzed each of the

iPSCs and the parental fibroblast lines for the specific gene
mutation or mutations identified in each patient. In all cases
genetic identity was observed between patient-derived fibroblasts
and iPSCs (Fig 4, A).

It has been previously reported that reprogramming of somatic
cells to pluripotency and prolonged culture of hES cells might
result in clonal somatic chromosomal aberrations.49,53,54 We
tested representative PID-specific and control-derived iPSC lines
for karyotypic integrity. At least 1 line was analyzed for each
patient-specific iPSC line (see Table E1). For each line assayed,
cytogenic analysis was performed on 20 G-banded metaphases.
All but one of the various PID-specific iPSC lines that were ana-
lyzed demonstrated a normal karyotype (Fig 4, B). In one of the
iPSC lines derived from a patient with RAG1-deficient SCID,
2 cells of the 20 analyzed carried a trisomy of chromosome



FIG 5. Schematic representation of the process of producing PID-specific iPSCs and their possible use in

disease characterization and gene correction. CNS, Central nervous system; GI, gastrointestinal; HSC, he-
matopoietic stem cell; LTR, long terminal repeat.
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7 (47,XX 17) and hence might represent a clonal chromosomal
aberration. Two other lines derived from the same patient demon-
strated a normal karyotype.
DISCUSSION
The field of iPSCs is rapidly growing as novel reprogramming

strategies and protocols that allow differentiation of iPSCs into
various cell types become available. In spite of this progress,
variable efficiency of the nuclear reprogramming process, incom-
plete maintenance of iPSC stemness profile, failure to achieve
transgene silencing, and integration-dependent effects on endog-
enous gene expression remain significant challenges.55-57

To generate iPSCs from patients with various forms of PID, we
have chosen to use a single lentiviral vector expressing the 4
common reprogramming factors OCT4, SOX2, KLF4, and cMYC,
which are coded on a single polycistronic cassette. Using this vec-
tor, we have succeeded in generatingmultiple iPSC clones for each
of the fibroblast cell lines that we have infected. A very high effi-
ciency of reprogramming had been also observed with a murine
version of the STEMCCA.50 Another potential advantage of this
vector is that the STEMCCA is flanked by 2 inverted LoxP sites,
thus permitting excision of the lentiviral sequences by transient ex-
pression of theCre recombinase.48,49 This strategy limits the resid-
ual genetic signature that is left after the reprogramming process to
a minimum and removes all reprogramming transgenes.
We have demonstrated that the PID-specific iPSCs generated

with this approach exhibit a robust stemness gene expression
profile. Furthermore, iPSC lines expressed TRA-1-60, a marker
that has been shown to identify fully reprogrammed cells capable
of pluripotency.58 In keeping with this, when cultured under
appropriate conditions and allowed to differentiate into embryoid
bodies, iPSC lines expressed genes specific for each of the 3 em-
bryonic layers. Nuclear reprogramming is thought to result from
transient expression of the OCT4, SOX2, KLF4, and cMYC trans-
genes, followed by induction of endogenous genes while the
transgenes are silenced. Comparison of the pattern of expression
of the OCT4, SOX2, KLF4, and cMYC genes in our series of PID-
specific iPSCs is consistent with this notion. In particular, KLF4
and cMYC were expressed at similar levels in patient-derived
iPSCs, their parental fibroblasts, and in reference iPSC cells,
whereas iPSCs maintained high levels of expression of SOX2
and OCT4. Because transcription of all 4 transgenes contained
in the STEMCCA is under control by the same promoter, these
data suggest silencing of the transgenes and differential induction
of the endogenous genes. This has been recently confirmed by us-
ing a modified version of the STEMCCA lentiviral vector also
containing an m-Cherry reporter gene.48

Clonal chromosomal aberrations have been previously reported
in aged hES cells.53,54 Maintenance of karyotypic integrity is an
important feature when considering use of patient-derived iPSCs
to study the pathophysiology of the disease at the cellular level.
With a single exception, all PID-specific iPSC lines tested retained
a normal karyotype, demonstrating that genomic integrity is gen-
erally maintained at this level of resolution after reprogramming.
However, assessment of genomic integrity remains an important
test that should be performed on all newly generated iPSCs.
Before this study, generation of iPSCs had been reported only

for one type of PID, namely adenosine deaminase deficiency,47 us-
ing 4 retroviral vectors to allow transduction of the reprogramming
factors.We have now shown that iPSCs can be generatedwith high
efficiency from patients with various forms of PID that affect
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different arms of the immune system. However, it is possible that
some forms of PID remain resistant to reprogramming. In partic-
ular, use of integrating vectorsmight fail to induce reprogramming
in fibroblasts from patients with defects in DNA repair because of
toxicity and cell death associated with insertion of the vector. In
this case alternative strategies could be considered to generate
iPSCs, such as delivery of the reprogramming factors through non-
integrating vectors or transient correction of the cellular defect.
Generation of a repository of iPSCs from patients with various

forms of PID provides unique research opportunities (Fig 5). In
vitro generation of T lymphocytes has already been reported for
hES cells cultured on stromal OP9-DL4 cells.59-61 If a similar ap-
proach becomes available for human iPSCs, it would be possible
to compare the cell-intrinsic potential of iPSCs carrying different
mutations in the same gene to support T-cell differentiation. For
example, use of the 3 patient-derived iPSC lines with mutations
in the RAG1 gene but with differing clinical phenotypes could
provide a previously unforeseen experimental avenue to directly
compare the efficiency and fidelity of human thymopoiesis.
Patient-derived iPSCs might also represent a unique tool to

investigate in greater detail the pathophysiology of extrahemato-
poietic manifestations associated with PIDs. Indeed, we have been
able to differentiate iPSCs derived from patients with genetically
determined susceptibility to herpes simplex encephalitis into
various mature cell types of the central nervous system and by
this means dissect the cellular and molecular phenotype of the
disease (Lafaille and Pessach et al, unpublished data). Similarly, it
might become possible to study the differentiation and function of
thymic epithelial cells and heart cells starting from iPSCs from
patients with DiGeorge syndrome or inflammatory responses in
various cell types obtained from iPSCs derived from patients with
nuclear factor kB essential modulator deficiency. Finally, iPSCs
can be used as a limitless source of stem cells in which novel
strategies to achieve gene correction might be tested. In particular,
they share with embryonic stem cells a higher susceptibility to
homologous recombination and thus represent a promising tool to
study the ability of zinc-finger nucleases, meganucleases, and
sleeping-beauty transposons to mediate gene repair.56,57

In conclusion, we have reported on the successful generation
and characterization of iPSCs from patients with various clinical
PID phenotypes and underlying genotypes. The iPSC technology
is still at its early days. Limitations and potential pitfalls of this
approach include, among others, variability in the efficiency and
validity of the reprogramming strategy and the possible intro-
duction of genomic abnormalities that might lead to increased
tumorigenesis. These problems must be addressed before con-
sidering use of these cells in clinical settings. Nevertheless, it can
be anticipated that this novel technologywill provide new insights
into the pathophysiology of PIDs and facilitate development of
novel and more effective forms of treatment for these disorders.

Clinical implications: iPSCs derived from patients with PIDs
represent a unique resource to study the pathophysiology of
and to develop novel therapeutic approaches for these
disorders.
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METHODS

Lentiviral reprogramming vector production
Lentiviruses containing the previously describedE1-E4 polycistronic lentivi-

ral vector STEMCCA–LoxP were produced by using a 5-plasmid transfection

system, as previously described, with slight modification.E5 293T packaging

cells were transfected with the plasmids coding the packaging proteins Gag-

Pol, Rev, and Tat and the G protein of the vesicular stomatitis virus and

with the STEMCCA–LoxP Vector by using Trans-IT 293 transfection reagent

(Mirus Bio LLC, Madison, Wis). After 48 hours of incubation, viral superna-

tants were collected, and viral particles were concentrated by means of ultra-

centrifugation at 16,500 rpm for 1.5 hours at 48C.

Reprogramming of fibroblasts and human iPSC

generation
Fibroblasts were infected by culturing 105 cells in 1 well of a 6-well plate in

the presence of the lentiviral reprogramming vector in hFib media supple-

mented with 5 mg/mL protamine sulfate (Sigma) for 24 hours. The viral super-

natant was removed after 24 hours. Forty-eight hours later, the infected

fibroblasts were transferred by means of trypsinization to a 10-cm tissue-

culture dish containing iMEFs and cultured in hES media. iPSCs colonies

with ES-like morphology started appearing after 3 to 5 weeks. Colonies were

picked, subcloned, and expanded by means of mechanical transfer into new

plates containing fresh and adhered iMEFs, as previously described.E6 Several

clones were derived and characterized from each fibroblast line (Table E1).

Immunohistochemistry
iPSC colonies were mechanically picked into 96-well plates that were

coated with iMEF feeders. Two or 3 days after plating, cells were washed with

PBS and fixed in 4% paraformaldehyde for 20minutes. Cells werewashed and

treated with 0.2%Triton X in PBS for 30minutes to allow nuclear permeation.

Cells were stained in blocking buffer (3% BSA and 5% goat serum) with

primary and conjugated antibodies at 48C overnight, washed and stained with

secondary antibodies and 1 mg/mL Hoechst 33342 in blocking buffer for 3

hours at 48C, and protected from light. Images were acquired with a Pathway

435 bioimager equipped with a 103 objective (BD Biosciences, San Jose,

Calif). Primary OCT4 and NANOG antibodies (Abcam, Cambridge, Mass)

were used at 0.5 mg/mL, and an anti-rabbit IgG Alexa Fluor 555 (Invitrogen)

was used as the secondary antibody (1:2000). The antibodies TRA-1-60–

Alexa Fluor 647, TRA-1-81–Alexa Fluor 488, SSEA-4–Alexa Fluor 647, and

SSEA-3–Alexa 488 (Millipore, Billerica, Mass) were used at 1:100 dilution.

J ALLERGY CLIN IMMUNOL

JUNE 2011

1407.e1 PESSACH ET AL



FIG E1. Somatic cell reprogramming to pluripotency using the STEMCCA

lentiviral vector. Schematic representation of STEMCCA lentiviral vector

coding for the expression of a ‘‘stem cell cassette’’ composed of a single

polycistronic mRNA containing an internal ribosome entry site (IRES) ele-
ment separating 2 fusion cistrons. The first cistron consists of OCT4 fused

to KLF4 coding sequences through the use of intervening sequences encod-

ing ‘‘self-cleaving’’ 2A peptides. The second cistron consists of the coding

sequences of SOX2 and cMYC fused in a similar manner. The polycistronic

transcript is driven by a constitutive elongation factor-1a (EF1a) promoter

and is flanked by LoxP sites enabling future Cre-mediated excision, as pre-

viously described.E1-E4 LTR, Long terminal repeat; PSI-RRE-cpPu, packaging
signal-rev response element-central polypurine track; WPRE, woodchuck

hepatitis virus post-transcriptional regulatory element.
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TABLE E1. Number of iPSC lines derived and analyzed for each

patient

Patient

No. of lines

derived

No. of lines

analyzed for

pluripotency and

stemness

No. of lines

analyzed for

karyotypic

integrity

SCID 4 3 3

Leaky SCID 4 2 1

OS 2 2 1

HSE1 4 2 1

HSE2 4 2 1

CHH 2 1 1

Healthy control

subject

5 3 1

Totals 25 14 9

Several lines were derived from each of the patients’ and control subjects’ fibroblast

cell lines that were reprogrammed. After the reprogramming process, part of the lines

were analyzed for pluripotency and stemness by means of immunohistochemistry and

gene expression profiling. Selected lines were analyzed for karyotypic integrity by

means of G-banding karyotyping.

CHH, cartilage hair hypoplasia; HSE, herpes simplex encephalitis; OS, Omenn

syndrome.
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TABLE E2. Primers used for mutation analysis

Gene Disease-causing mutation Amplification primers Sequencing primers

STAT1 c. 1928_1929 insA F: 5-ATTTTGGGATGTTCTATGGG-3

R: 5-AGACTGTGCCACGCTGTT-3

F: 5-ATTTTGGGATGTTCTATGGG-3

R: 5-AGACTGTGCCACGCTGTT-3

TLR3 c.1660C>T F: 5-CTTTCAACAGCATTACAGAG-3

R: 5-AATGACTTTAGAGACACCTG-3

F: 5-CCTACAACAAGTACCTGCAG-3

R: 5-CCTCAACTGGGATCTCGTC-3

TLR3 c. 2236G>T F: 5-ACTGATGCTCCGAAGGGTG-3

R: 5-AGAGCAGGACTCCATCTC-3

F: 5-CCCAGTGAGACTTTTTGATAC-3

R: 5-CACAATGTTTACCTACC-3

RAG1 c.1180C>T F: 5-CCATCTCCTGCCAGATCTGT-3

R: 5-GCCTTCCAAGATGTCTTCTTC-3

F: 5-CCATCTCCTGCCAGATCTGT-3

R: 5-GCCTTCCAAGATGTCTTCTTC-3

c.1228C>T F: 5-GTGCACATTAATAAAGGGGGC-3

R: 5-GCCTTCCAAGATGTCTTCTTC-3

F: 5-GTGCACATTAATAAAGGGGGC-3

R: 5-GCCTTCCAAGATGTCTTCTTC-3

c.2332C>T F: 5-GAGGCTTCTGGCTCAGTCTA-3

R: 5-ATGATGATCGCCATACTGGT-3

F: 5-GAGGCTTCTGGCTCAGTCTA-3

R: 5-ATGATGATCGCCATACTGGT-3

c.256-257del F: 5-GGTACCTCAGCCAGCATG-3

R: 5-AGATGTCGAAGGTTGGCTTG-3

F: 5-GGTACCTCAGCCAGCATG-3

R: 5-AGATGTCGAAGGTTGGCTTG-3

c.2164G>A F: 5-GCAAAGAGGTTCCGCTATGA-3

R: 5-TTTTGAGAGGCTTCCAGACG-3

F: 5-GCAAAGAGGTTCCGCTATGA-3

R: 5-TTTTGAGAGGCTTCCAGACG-3

RMRP c. 27 G>A F: 5-GGAGGATACAGGCGAGTCAG-3

R: 5-GCAGAATAGCTAATAGACAC-3

F: 5-GGAGGATACAGGCGAGTCAG-3

R: 5-GCAGAATAGCTAATAGACAC-3

F, Forward primer; R, reverse primer; STAT1, signal transducer and activator of transcription 1; TLR3, Toll-like receptor 3.
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