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Abstract

Induced pluripotent stem cells (iPSCs) hold tremendous potential both as a biological tool to
uncover the pathophysiology of disease by creating relevant cell models and as a source of stem
cells for cell-based therapeutic applications. Typically, iPSCs have been derived by the transgenic
overexpression of transcription factors associated with progenitor cell or stem cell function in
fibroblasts derived from skin biopsies. However, the need for skin punch biopsies to derive
fibroblasts for reprogramming can present a barrier to study participation among certain
populations of individuals, including children with autism spectrum disorders (ASDs). In addition,
the acquisition of skin punch biopsies in non-clinic settings presents a challenge. One potential
mechanism to avoid these limitations would be the use of peripheral blood mononuclear cells
(PBMCs) as the source of the cells for reprogramming. In this article we describe the derivation of
iPSC lines from PBMCs isolated from the whole blood of autistic children, and their subsequent
differentiation in GABAergic neurons.

Introduction

Autism spectrum disorders (ASD) comprise a complex and heterogeneous group of
neurodevelopmental conditions including autism, Asperger syndromes, and pervasive
developmental disorder-not otherwise specified (PDD-NOS)[37]. These conditions are
characterized by impaired social interactions, deficits in verbal and nonverbal
communication, and the presence of restricted and/or stereotyped repetitive behaviors[17].
The incidence of ASDs varies between 10 to 20 per 1000 children, making ASDs one of the
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most common neurodevelopmental disorders[2]. Despite their high prevalence, relatively
little is known about the pathology underlying ASDs. The lack of widely available
biological samples of relevant cell and tissue types has made studying the pathophysiology
of many neurological conditions a challenging prospect. Although animal models have been
used successfully to increase our understanding of the biology underlying a variety of
disorders, the development of these models is often time consuming, expensive, and requires
an understanding of the genetic underpinnings of the disease being studied[31]. Therefore,
alternative model systems are needed. One potential model system that has recently emerged
is induced pluripotent stem cells (iPSCs). The ectopic expression of transcription factors that
control pluripotency and self-renewal in mouse and human stem cell population was shown
to reprogram terminally differentiated somatic cells into a pluripotent state [18,23,35,42].
Most commonly this involves the expression of some combination of SOX2, KLF4, OCT3/4,
LIN28, Nanog and c-MYC, using oncoretroviral or lentiviral-based vectors[42]. Additional
mechanisms of reprogramming have been described, including purified recombinant
proteins, in vitro transcribed mRNAS, non-integrating plasmid-based expression systems and
the overexpression of the stem cell-specific miR-302-367 cluster[1,38,43]. IPSCs are
morphologically identical to embryonic stem (ES) cells, display similar gene expression
profiles and phenotypic markers, can self-renew, and retain the potential to be differentiated
into all cell types in the body[40]. Therefore, iPSCs provide a powerful platform for
studying the genetic and molecular underpinnings of complex diseases in the cell type(s)
most relevant for that disease.

Fibroblasts derived from skin punch biopsies are predominantly used as the starting material
for the derivation of iPSCs since they can be easily cultured and will continue to grow and
propagate in vitro for extended periods of time prior to undergoing cellular senescence.
However, skin punch biopsy samples are difficult to acquire outside of a clinic setting and
can be restrictive in certain patient populations, such as individuals with ASD. On the other
hand, the collection of whole blood is less invasive and is routinely performed on patients in
the field. Therefore, the development of iPSCs from peripheral blood mononuclear cells
(PBMCs) would be beneficial in the study of ASDs. Although derivation of iPSCs from
blood cells has been recently reported, this technology has not been implemented in the
creation of patient-specific iPSCs, despite its practicality for such use[7,16,32]. Furthermore,
differentiation of reprogrammed PBMCs into cell types relevant for the study of human
disease has not been shown. To address these issues, we developed iPSC lines from PBMCs
derived from individuals with ASDs. These iPSCs efficiently formed embryoid bodies (EBs)
expressing markers from the three different germ layers - endoderm, mesoderm and
ectoderm. In addition, the ASD patient-specific iPSCs could be differentiated into
GABAergic neurons, a cell type postulated to play a central role in the pathogenesis of
ASDs. These studies lay the ground work for the development of relevant neuronal (or non-
neuronal) cell models to begin to unravel the pathophysiology of ASDs.
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Materials and Methods

Reprogramming of PBMCs into pluripotent stem cells

Lentiviral plasmids expressing OCT4, SOX2, KLF4, and c-MYC human cDNAs from
tetracycline responsive promoters were obtained from Addgene. Production of lentiviral
particles was carried out using standard protocols[12,33]. Peripheral blood was isolated from
three ASD-affected males following informed consent under University of Miami guidelines
and regulations. Prior to infection, PBMCs were cultured in a-MEM/10% FBS medium
containing 10 ng/ml IL-7 (R&D Systems). One day before infection 0.5 UM thiazovivin and
10 uM Y27632 were added to the media and continually added thereafter. Starting 24 hours
after transduction, 2mM valproic acid, 2 uM R(+)Bay K 86644, 1 uM B1X1294 were added
to the medium for 8 days and 2 pg/mL doxycycline was added up to 5 weeks. On the third
day post-infection, the PBMCs were transferred to MEF feeder plates. After 2-3 weeks,
colonies exhibiting embryonic stem cell morphology were selected and expanded either
manually or enzymatically with collagenase 1V (Stemcell technologies). See the supporting
online material for detailed protocols for differentiating EBs, neural progenitor cells (NPCs),
and GABAergic neurons.

RT-PCR and gRT-PCR

Total RNA was extracted using TRIzol (Invitrogen) and reverse transcribed using
SuperScript I First-Strand Synthesis (Invitrogen) and random hexamers. The resulting
cDNA was amplified by PCR using an ABI Veriti Thermal Cycler with Platinum Taq
(Invitrogen). Quantitative real-time PCR was performed on an ABI 7900HT using SYBR
Green PCR Master Mix (ABI). See supplemental Table 1 for a complete list of primers used.

Immunocytochemistry and alkaline phosphatase staining

Results

For immunocytochemistry cells were fixed with 4% formaldehyde in PBS, blocked with
PBS containing 5% normal donkey serum (Jackson ImmunoResearch) and 0.1% Triton
X-100, and incubated with the primary enzyme (in PBS containing 2% normal donkey
serum). See Supplementary Table 2 for a complete list of antibodies. Alkaline phosphatase
staining was performed using the Alkaline Phosphatase Staining Kit (Stemgent).

Derivation of ASD-iPSC lines from PBMCs

Whole blood was acquired from three individuals with ASDS representative of the
heterogeneity within this group of disorders (see Supplemetary Table 1). The IL-7
stimulated PBMCs were transduced with lentiviral vectors expressing human OCT3/4,
KLF4, SOX2 and c-MYC from a doxycycline (DOX) inducible promoter and a
constituitively active reverse tetracycline transactivator[12]. Following transduction, the
cells were cultured on mitomycin-C treated mouse embryonic fibroblasts in the presence of
DOX to induce pluripotent transgene expression. IPSC colonies with embryonic stem (ES)
cell-like morphology began to be observed in culture approximately 9 days after DOX
induction. By day 14 there were = 200 colonies growing in each patient’s culture, with the
exception of ASD13 which had < 20 colonies. Interestingly, almost all of these initial

Neurosci Lett. Author manuscript; available in PMC 2014 December 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DeRosa et al.

Page 4

colonies had a granulated morphology suggestive of partially reprogrammed cells. However,
they rapidly self-renewed and were capable of doubling in cell number every 3 days. From
each of the patient samples, 2 to 7 individual colonies that most closely resembled the
morphology of ES cell colonies were picked and expanded into cell lines. See Figure 1 A for
representative iPSC colonies from two of the patients, ASD49 and ASD26, compared to a
well validated control iPSC line. After 2 to 3 weeks DOX was removed from the medium
with the majority of the ASD-iPSCs independently sustaining pluripotency after an extended
number of passages. Immunocytochemical staining of the ASD-iPSC lines showed uniform
expression of the pluripotency markers NANOG, OCT3/4, SOX2, and SSEA4 (Figure 1 B).
Furthermore, the ASD-iPSCs exhibited strong alkaline phosphatase activity (Figure 1 C), an
early marker for pluripotency[21].

Quantitative real time-PCR (qRT-PCR) showed endogenous expression of NANOG,
OCT3/4, SOX2, KLF4, DPPA5, and ZFP42 in all the ASD-iPSC lines tested (ASD26-iPS1,
ASDA49-iPS1 to iPS3) at levels comparable to those found in a control human iPSC line
(Figure 1D). Although all of these genes were shown to be expressed in the ASD-iPSC lines,
there was some heterogeneity in expression between the individual cell lines. This
heterogeneity in expression levels of the pluripotency factors and stem cell markers is
consistent with other published reports and reflects variability in the extent of
reprogramming which requires a balance between the four reprogramming factors, as well
as, stochastic differences resulting from the iPSC line reprogramming, selection and
culturing.[6,19].

Embryoid body (EB) formation of ASD-iPSCs

When cultured in suspension in the absence of bFGF, human pluripotent stem cells and
iPSCs form EBs which are spherical aggregates of cells that are differentiating into the three
primary germ layers[14]. After 24 hours in suspension culture, the ASD iPSCs formed
spherical EBs (Figure 2A). RT-PCR analysis of the EBs derived from ASD26- and ASD49-
iPSCs confirmed that the differentiated cells expressed NESTIN (ectoderm), NCAM
(ectoderm), RUNX1 (mesoderm), BRACHYURY (mesoderm), and GATA4 (endoderm)
(Figure 2B).

Derivation of GABAergic neurons from ASD-iPSCs

GABAergic neurons from the cerebral cortex are derived from neural progenitor cells
(NPCs) in the ventral forebrain [46]. To determine the potential of ASD-iPSCs to
differentiate into GABAergic neurons, we induced iPSC lines from two of the ASD
individuals to first adopt a ventral forebrain cell fate before terminal differentiation was
carried out by treatment with RA. To accomplish this, the ASD iPSC-derived EBs were
cultured in the presence of Noggin (BMP antagonist), DKK1 (Dickkopf-related protein 1)
(Wnt antagonist), and DAPT, an inhibitor of a-secretase (Notch antagonist).

Recent studies have implicated an important role for RA signaling in corticogenesis and
differentiation of GABAergic neurons[8,14]. Terminal differentiation of ASD-NPCs into
GABAergic neurons was initiated by the withdrawal of growth factors (bFGF and IGF1)
from the medium and beginning treatment with RA with the addition of BDNF (brain-
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derived neurotrophic factor), and GDNF (glial-derived neurotrophic factor) to maintain the
mature neurons. Final analysis of the neural cultures took place after 20 days of
differentiation. Using this method, the ASD26- and ASD49-iPSCs were able to differentiate
into cells having neuron morphology (i.e. rounded cell bodies, clear axonal and dendritic
projections) and expressed specific markers of mature and GABA-synthesizing neurons
(Figure 3).

In mammals, the inhibitory transmitter GABA is synthesized from glutamate by two
different glutamate decarboxylases, GAD67 and GADG5, and is transported by VGAT
(vesicular GABA transporter) into synaptic vesicles. Co-expression of these genes is
fundamental for differentiation into GABAergic neurons. The mature GABAergic neurons
derived from two ASD-iPSC lines showed strong expression of VGAT by
immunocytochemistry (Figure 3A and B) and both VGAT and GAD67 by RT-PCR (Figure
3C). In addition, both ASD26- and ASD49-neuronal cultures stained positively for the
neuronal-specific markers NCAM and MAP2 (Figure 3A and B). The number of cells that
stained VGAT and NCAM positive relative to the total number of cells in the culture was
48%(x7.8%) and 77%(£0.33%) in the ASD26- and ASD49-neuronal cultures, respectively.
Not unexpectedly, although these cultures are enriched for GABAergic neurons, there are a
variety of other cell types that are present, including other neuronal cell types (eg.
dopaminergic neurons) and astrocytes (data not shown).

RT-PCR analysis showed that the ASD-GABAergic neuronal cultures expressed significant
levels of the mature neuron markers - MAP2 (dendrite marker), NeuN (mature neuronal
marker), Synapsin (synaptic activity marker) (Figure 3C). In addition, B-tubulin I1l and
MAP2 were expressed and colocalized in the dendrites of ASD26- and ASD49-neurons as
shown by immunocytochemical staining (Figure 3A and B). However, DCX (immature
neuronal marker) was also observed in the ASD-neural cultures indicating that some of the
cells were still mitotically active and in the process of maturation (Figure 3C).

In vivo, GABAergic neurons are expressed throughout all brain regions along the anterior-
posterior axis. Upon exposure to RA, both ASD26- and ASD49-neurons expressed the
anterior marker SIX3 and the posterior marker HOXB4 (Figure 3C). The anterior marker
OTX2 was not seen expressed in the ASD neurons indicating that its expression is
independent of RA.

Discussion/Conclusions

The main advantage of using PBMCs for the derivation of iPSC lines is the ease with which
lymphocytes can be obtained from whole blood in a non-invasive manner that facilitates
acquiring samples in non-clinic settings and among patient populations where the need for
skin punch biopsies would deter participation. Despite these benefits, only a small number
of studies have demonstrated the derivation of iPSCs from PBMCs or specific populations
of lymphocytes [5,10,22,28]. This lack of studies using blood cells for iPSC derivation
results principally from difficulties associated with manipulating PBMCs, their low
transduction efficiencies and the challenges surrounding the selection methods for the
establishment of iPSC lines[10,16,29,32]. We developed iPSC lines from PBMCs obtained
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from several children with ASDs. These iPSC expressed a panel of stem cell and
pluripotency markers similar to a well validated human iPSC line. EBs were derived from
two of the ASD-iPSCs lines. These EBs expressed markers from all three germ layers and
could be differentiated into GABAergic neurons in culture demonstrating that the ASD-
iPSCs were competent for the production of differentiated cell populations. GABAergic
interneurons orchestrate the integration of projection neuron circuits into cerebral networks
and harmonize oscillation rhythms and temporal synchrony between neural networks[9,11].
GABA-mediated calcium signaling regulates several key developmental processes including
cellular proliferation, migration, differentiation, synapse maturation, and cell death.
Therefore, defects in the circuitry, migration, and function of inhibitory GABAergic neurons
in the developing brain could contribute to the pathogenesis of ASDs.

In recent reports, the use of neurons derived from patient-specific iPSCs has proven to be a
useful tool in determining cellular phenotypes and gene expression profiles associated with
neurophychiatric disorders[24,25]. Therefore, the ability to derive iPSC lines from the whole
blood of ASD patients and the subsequent differentiation into neuronal (or non-neuronal)
cell populations would provide the tools necessary to study the complex changes in cellular
functionality that underlie ASDs. Like naturally occurring stem cell populations, iPSCs can
self-renew and, therefore, provide an almost unlimited source of cells for differentiation into
the relevant cell type to be studied. In addition, since iPSCs are pluripotent, they can be
induced to differentiate into practically any cell type desired. This is an important feature of
these cells since in many disorders multiple cell types are impacted and, in some cases such
as ASDs, there is no definitive cell type linked to the disorder. As a result, this approach will
allow researchers to generate large quantities of live human cells to elucidate the cellular
and molecular defects that are contributing to the initiation and progression of ASDs.
Although it would be beneficial to know the specific genetic variation associated with the
disorder, given the genetic complexity of ASDs this is not always possible. Even in the
absence of known causal genetic variations, these iPSCs can shed much needed light on the
pathophysiology of ASDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Derivation of ASD-specific iPSCs from PBMCs. Transgenic overexpression of OCT3/4,

SOX2, KLF4 and c-MYC from doxycycline-inducible lentiviral-based vectors
reprogrammed PBMCs derived from individuals with an ASD into iPSC lines. These iPSC
colonies adopted the characteristic spherical colonies when grown on mitomycin C-treated
MEFs similar to a well characterized control iPSC line. (A) Brightfield images of
representative colonies from iPSC derived from two ASD individuals and the control iPSC.
The ASD-specific iPSC lines stained positive for several markers of pluripotency (Nanog,
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Oct3/4, Sox2 and SSEA4) (B) and were alkaline phosphatase positive (C). (D) Quantitative
real-time PCR confirmed the expression of pluripotency markers (Nanog, OCT3/4, KLF4,
SOX2) and stem cell-associated transcripts (DPPA5 and ZFP42) from representative iPSC
lines derived from ASD13 (cl1), ASD26 (cl1) and ASD49 (cl1-3).
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Figure 2.
ASD iPSC-derived Embryoid Bodies from PBMCs express markers for all three germ layer.

A) Phase contrast images of representative EBs derived from the ASD 26 iPSC and ASD49
iPSC. B) Gene expression analysis for ectodermal (Nestin and NCAM), mesodermal
(RUNX1 and Brachyury), and endodermal markers (GATA4).
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Figure 3.
Differentiation of ASD-specific iPSCs into GABAergic neurons. ASD-specific GABAergic

neurons were derived from ASD26 and ASD49-specific iPSC lines. The ASD-specific
iPSC-derived GABAergic neurons stained positively for both neuronal- (NCAM, MAP2 and
B-tubulin 111) and GABAergic (VGAT)-specific markers. Representative images from
GABA-ergic neurons derived from ASD26 (A) and ASD49 (B) iPSCs are shown. C)
Reverse transcription PCR analysis from the ASD26 and ASD49-specific iPSC-derived
GABAergic neuronal cultures showed strong expression of the neuronal markers (NCAM
and Nestin), mature neuronal markers (NeuroN, Synapsin, and MAP2), GABAergic neuron-
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specific markers (GADG67 (posterior) and VGAT (anterior)) and the positional markers
(SIX3 and HoxB4). The anterior positional marker OTX2 was not expressed in the culture
suggesting its expression is unresponsive to RA stimulation. Heterogeneity of the neuronal
culture was indicated by expression of the immature neuronal marker DCX. D) Quantitation
of the VGAT/NCAM double positive cells in the ASD26 and ASD49-specific iPSC-derived
GABAergic neuronal cultures relative to the total number of cells.
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