Analyses of LAMP, OBCAM, Neurotrimin, and Kilon in Rat Brain Biochemistry, Vol. 47, No. 38, 2008 10151

100 1007
9195|y i
@®1048.2 (2+ ' n-1(2 Kilon (Asn36
10462020 e (12D ( )
g (@ HexNAc | Hex ox3 { &“pen n-22)
E
5 886.0 [[M — Hex + 2Hp*
2 956.8
®
2 MHexTHex Hex! Hex| H
‘u‘!; iex lex lex’ lex jex n_3(2)
4 8055
7240 J
642.9
562.0
oL T lul Wl ol o hdaad PO N
500 1000 1500 2000 1000 1500
m/z m/z
1007 ) @10712(3+) (M ~HexNA + 2HR* [M - HexNAG + 2H]2* 125 i
?1071 260 | ¥ 5038 Kilon (Asn118)
3 @ 15038 (2+)
5 ¥ pep
k! o
é 500 1000 1500 |dHex| Hex | Hex —
[ ) T T T dHex
'g HexnAc | Hex 'Hexnac | Hex ! Hex § Hexnpc M- dHex + 2HP* m-pep
k] BOBE-pp Yo »
& Y g™ Y,";g;“‘; 17658 19108
W-pep
| |
o ) . e .I I J | 1 L . " LA i
0
0 v T T T h T Y T 1 T T T 1 Y \
500 1000 1500 2000 1000 1500
m/z m/z
1007 964.6|[M - Hex + 3HF* 1001 ]
@ 10206 (3+) o s e ;rom Kilon (Asn238)
3 Y 9106
I o ox2 ?ll—pen
g
2
S
3
<
2 856.5 Heacl HexT Hex T Hex THex
;‘.‘; B-pep
5 Y2
. 10:20 , .L
748.7
35?1 | l A JJ. ! l.“. | PR " = ' Mde e dabdbs 4 In - i s
04~ T 7 T r y ' t t y T T T T T T T 0 f Y T T d
500 1000 1500 2000 1000 1500
m/iz m/iz
1007 . 100 1
[M - HexNAc + 2H]2" "
® 10549 (34) Kilon (Asn249)
8 é Hex 'HexnacidHex' Hex
2
S W-pep | & pep
5 Vi
2 1406.6
g M —dHex + 3HP* dHbx 1
5 Yi,
2 1552.6 a-10@2) q-11(2) 9-2(2)
| | i
I I . ahegb Bl o g,
0+ bty 0 y y Y
500 1000 1500 2000 1000 1500
m/z m/z
1007 N 125 X
®i0s120 TIPLAG) -t 2 M = Hex + 2HP> Kilon (Asn257)
8 :14744 2+ e e
g v @ " Wmn
'g o [M — dHex + 2HJ?
o 0
2 500 1000 1500 i
2 Trexnacl Hex THexaclaHex! Hex THex TlHex 'p::“ ¢
E: momre Yoy 17305
) 15847
0- y T ¥ T by " 0 h 'l. l "
500 1000 1500 2000 1000 1500
miz m/z

FIGURE 8: MS spectra of Kilon glycopeptides. (A1) MS/MS spectra of glycopeptide GAWLN?*R; elution position, 3; precursor ion, [M +
2H)** (mfz 1048.2). (A2) Integrated mass spectrum obtained from position 3. (B1) MS/MS and MS/MS/MS spectra of glycopeptide
GTN!"8VTLTCLATGKPE; elution position, 16; precursor ion, [M + 3H]3* (m/z 1071.2). (B2) Integrated mass spectrum at position 16.
(C1) MS/MS spectrum of glycopeptide LENGQQGIIIQN?®FSTR; elution position, 22; precursor ion, [M + 3H]** (m/z 1020.6). (C2)
Integrated mass spectrum at position 22. (D1) MS/MS spectrum of glycopeptide SILTVTN?**VTQE; elution position, 17; precursor ion,
[M + 3HP]** (m/z 1054.9). (D2) Integrated mass spectrum at position 17. (E1) MS/MS and MS/MS/MS spectra of glycopeptide
HFGN?"YTCVAANK; elution position, 10; precursor ion, [M + 3H]** (m/z 1051.2). (E2) Integrated mass spectrum at position 10. Symbols
are as in Figure 9.

HexNAc-(Hex-)(NH,Et-PO4-)Man3, and HexNAc-(NH,Et- are shown in panels AI—El and A2—E2 of Figure 8,

POs-)Man3, respectively. The existence of two isomers was respectively. The MS/MS spectra of the glycopeptide con-
suggested in peak N2 by the presence of two different MS/ taining both Asn270 and Gly287 could not be picked out
MS spectra at different elution times (Table 2). from the MS data.

Glycosylation Analysis of Kilon. Kilon has six potential (i) Asn36. Panel Al of Figure 8 shows one of the MS/MS

N-glycosylation sites at Asn36, -118, -238, -249, -257, and spectra acquired at position 3. This glycopeptide was
-270. The predicted linkage site of GPI is Gly287. The typical identified as GAWLN?**R with Man-6 based on Y ion and
MS/MS spectra and the integrated mass spectra of the the monosaccharide composition. Other glycans at Asn36
glycopeptides containing Asn36, -118, -238, -249, and -257 were estimated as Man-5, -7, and -8 from the existence of
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FIGURE 9: Summary of glycosylation of IgLON family proteins.

molecular ions with 81 m/z units intervals in the integrated
mass spectrum (peaks n-1—3 in panel A2 of Figure 8) (Table
IN).

(ii) Asnl18. As shown in panel Bl of Figure 8, the MS/
MS/MS spectrum acquired at position 16 contained Yy
15, which suggested that the peptide portion is
GTN'""|VTLTCLATGKPE. The linkage of BA-2 was
deduced from the monosaccharide composition
(dHex HexsHexNAcs), and Y ipzass”" and Yiq (inset of
panel B1 of Figure 8). Additionally, the linkage of Le®*
or antigen H-modified and/or bisected complex type was
suggested by the integrated mass spectrum (peaks o-1—5
in panel B2 of Figure 8 and Table 10).

(iii) Asn238. The MS/MS spectra of glycopeptides that
contain Asn238 were picked out from positions 22
[LENGQQGIIIQN?#ESTR (panel C1 of Figure 8)], 21
(RLENGQQGIIIQN?**FSTR), and 19 (KRLFNGQQGIII-
QN?*®ESTR). These MS/MS spectra and molecular ions
appearing in the integrated mass spectrum revealed that the
only carbohydrate structure at Asn238 was Man-5 (peak p-1
in panel C2 of Figure 8 and Table 1P). Together with the
results of the database search analysis, in which nonglyco-
sylated peptide LENGQQGIIIQN?*¥FSTR was identified, it
was suggested that Man-5 was partly attached to Asn238
(Table 1P).

(iv) Asn249. Panel D1 of Figure 8 shows the representative
MS/MS spectrum of glycopeptide SILTVTN***VTQE at
position 17. The carbohydrate structure was characterized
as a Le*-modified and core-fucosylated complex type by

the existence of the Le¥*-related ions and Y .. The integrated
mass spectrum and alternative LC—MS”" with the C30
column (scan ranges of m/z 700—2000 and 1000—2000)
suggested that Asn249 is glycosylated with Le¥* or antigen
H-modified core-fucosylated hybrid- and complex-type oli-
gosaccharides, BA-2, and Man-5 (peaks g-1—11 in panel
D2 of Figure 8 and Table 1Q).

(v) Asn257. As shown in panel E1 of Figure 8, one of the
glycopeptides eluted at position 10 was identified as
HFGN»"YTCVAANK linked by dHex;HexsHexNAc, based
on Ygip ion in the MS/MS/MS spectra and monoisotopic
mass. The carbohydrate structure was characterized as a
bisected- and core-fucosylated hybrid-type oligosaccharide
based on the presence of Yig3a35*" and Y q (inset of panel
E2 of Figure 8). Other major glycans were estimated as Man-
5, Le¥*-modified complex- and hybrid-type oligosaccharides,
and BA-2 (peaks r-1—7 in panel E2 of Figure 8 and Table
IR).

DISCUSSION

The cell adhesion molecules in the central nervous system
play an essential role in the differentiation of neuronal cells
and formation of neural circuits. Although glycosylation on
the cell adhesion molecules is known to regulate cell—cell
interactions (2—4), their carbohydrate structures remain
unknown due to the difficulty with respect to their isolation
and the limited sample amounts. The glycans in the [gLON
family proteins are considered to be implicated in the
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formation of neural circuits, including migration of neuronal
cells, axonal guidance, and fasciculation. However, the high
degree of homology of their amino acid sequences makes it
difficult to isolate them from each other and to analyze their
carbohydrate structures in detail.

In this study, we performed a site-specific glycosylation
analysis of LAMP, OBCAM, neurotrimin, and Kilon simul-
taneously using SDS—PAGE and LC—MS". Enriched GPI-
linked proteins were separated by SDS—PAGE, and four
target proteins were extracted from a gel piece together with
other contaminating proteins. The protein mixture was
digested and analyzed by the C30 and C18-LC—MS" runs
via MS, data-dependent MS in SIM by the FT ICR-MS, and
data-dependent MS/MS and MS/MS/MS. A set of MS data
consisting of the mass spectrum, the mass spectrum acquired
by the FT ICR-MS in SIM mode, the data-dependently
acquired MS/MS, and the MS/MS/MS spectra of a glyco-
peptide was selected from all MS data on the basis of the
existence of the oligosaccharide characteristic oxonium ions
in the MS/MS spectrum. The carbohydrate structure and
peptide sequence were deduced from the carbohydrate-related
ions and peptide-related ions in the product ion spectra. The
structural assignment of the glycopeptide was confirmed by
the accurate mass acquired on the FT ICR-MS. The b- and
y-ions arising from the peptide backbone in the MS/MS/
MS spectra were also used for the peptide assignment. The
carbohydrate heterogeneity at each glycosylation site was
characterized by integrating the mass spectra of the glyco-
peptides which yielded identical peptide-related ions. We
successfully determined the site-specific glycosylation in
LAMP, OBCAM, neurotrimin, and Kilon with the exception
of Asn120 in LAMP, Asnll13 in OBCAM, Asnl20 in
neurotrimin, and Asn270 in Kilon. We also demonstrated
the structure of the GPI moiety using LC—MS" equipped
with a GCC. A set of data was picked out from all MS data
by using GPI-characteristic ions, and the structure of GPI
and the linkage site were deduced from the product ions in
the MS/MS spectra. Three different structures are commonly
found in LAMP, OBCAM, and neurotrimin.

Figure 9 illustrates the site-specific glycosylation in the
four proteins. N-Glycosylation sites near the N-terminus in
LAMP, OBCAM, and neurotrimin were commonly occupied
with biantennary complex-type and hybrid-type oligosac-
charides containing disialic acids. Oligosialic acids and
disialic acids, which are found in several glycoproteins,
including NCAM, are considered to regulate the cell—cell
interaction by changing their degree of polymerization (6).
Disialic acids at the near N-terminus in LAMP, OBCAM,
and neurotrimin might regulate the cell—cell interaction in
a manner similar to that of other glycosylated adhesion
molecules.

The first domains in IgLON family proteins are commonly
glycosylated with Man-5, -6, -7, -8, and -9. The linkage of
high-mannose-type oligosaccharides is found in several Ig
superfamily proteins, including L1, MAG, and PO (3). Since
Horstkorte et al. have reported that 1.1 binds to NCAM
through oligomannosidic carbohydrates in L1 (34), the high-
mannose-type oligosaccharide in IgLON family proteins
could interact with certain biological molecules.

The third domains of all IgLON proteins were highly
heterogeneous due to a linkage of diverse oligosaccharides,
including BA-2, the Le¥* or Le*¥ motif, and Man-5. BA-2,
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a bisected agalacto-complex type, is known as a brain-
specific glycan and is much more abundant in mammalian
brains than in other tissues (35, 36). Recently, the Nat/K*-
ATPase B1 subunit was identified as a GlcNAc-binding
protein in the mouse brain (37). The Nat/K*-ATPase 1
subunit is a potassium-dependent lectin which binds to
GlcNAc-terminating oligosaccharides and is involved in
neural cell interactions in a trans-binding fashion. A 74 kDa
protein was suggested to be the GlcNAc-terminating glycan
carrier protein binding to the Na™/K*-ATPase 81 subunit.
The linkage of BA-2 to IgLON family proteins implies that
these proteins might be the ligand proteins for the Na*/K*-
ATPase 51 subunit.

Glycosylation in a great number of membrane glycopro-
teins remains largely unknown. This is mainly because the
limited amount of available sample and the low solubility
of glycoproteins make their isolation quite difficult. Our
strategy, which includes enrichment of the target glycopro-
teins, separation by SDS—PAGE, and LC—MS" of digests
of a protein mixture, can be applied to the site-specific
glycosylation analysis of various membrane glycoproteins.
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ABSTRACT

Induced pluripotent stem (iPS) cells, which are generated
from somatic cells by transducing four genes, are expected
to have broad application to regenerative medicine.
Although establishment of an efficient gene transfer system
for iPS cells is considered to be essential for differentiating
them into functional cells, the detailed transduction charac-
teristics of iPS cells have not been examined. Previously, by
using an adenovirus (Ad) vector containing the elongation
factor-1a (EF-1a) and the cytomegalovirus enhancer/B-actin
(CA) promoters, we developed an efficient transduction sys-
tem for mouse embryonic stem (ES) cells and their aggre-
gate form, embryoid bodies (EBs). In this study, we applied
our transduction system to mouse iPS cells and investigated
whether efficient differentiation could be achieved by Ad
vector-mediated transduction of a functional gene. As in the

case of ES cells, the Ad vector containing EF-1« and the CA
promoter could efficiently transduce transgenes into mouse
iPS cells. At 3,000 vector particles/cell, 80%-90% of iPS
cells expressed transgenes by treatment with an Ad vector
containing the CA promoter, without a decrease in pluripo-
tency or viability. We also found that the CA promoter had
potent transduction ability in iPS cell-derived EBs. More-
over, exogenous expression of a PPARy gene or a Runx2
gene into mouse iPS cells by an optimized Ad vector
enhanced adipocyte or osteoblast differentiation, respec-
tively. These results suggest that Ad vector-mediated tran-
sient transduction is sufficient to increase cellular
differentiation and that our transduction methods would be
useful for therapeutic applications based on iPS cells. STEM
CELLS 2009,27:1802-1811
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INTRODUCTION

Because embryonic stem (ES) cells, derived from the inner
cell mass of mammalian blastocysts, can be cultured indefi-
nitely in an undifferentiated state and differentiate into vari-
ous cell types [1, 2], ES cells have been regarded as a poten-
tial source of specific cell populations for cell replacement
therapy. However, there are two important issues that must be
addressed before ES cells can be applied for regenerative
medicine: one is the ethical issue about the use of embryos,
and the other is the risk of immune rejection after transplanta-
tion. In 2006, Takahashi and Yamanaka [3] reported that ES
cell-like pluripotent cells, designated as induced pluripotent
stem (iPS) cells, could be generated from mouse skin fibro-
blasts by retroviral transduction of four genes (POU domain
class 5 transcription factor 1 [Oct-3/4], SRY-box containing

box 2 [Sox2], cellular myelocytomatosis oncogene [c-Myc],
and Kruppel-like factor 4 [KIf4]). A recent study demon-
strated that iPS cells possessed mostly the same characteristics
as ES cells, such as global gene expression [4], DNA methyl-
ation [5], and histone modification [6]. Furthermore, iPS cells
give rise to adult chimeric offspring and show competence for
germline transmission [4-6]. Because iPS cells not only have
the properties as described above but also can overcome the
ethical concerns and problems with immune rejection and
because human iPS cells can also be generated from somatic
cells [7-10], they are expected to be applicable to regenera-
tive medicine in place of ES cells.

To apply iPS cells to regenerative medicine, establishing
methods for the differentiation of iPS cells into pure func-
tional cells is indispensable. Among the many methods for
promoting cellular differentiation, genetic manipulation is one
of the most powerful techniques, because overexpression of a
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differentiation-associated gene in the cells is considered to
direct the cell fate from stem cells into functional cells. Many
studies have reported that gene transfer into stem cells pro-
moted their differentiation into functional differentiated cells,
including hematopoietic cells [11], pancreatic cells [12], and
neurons [13].

Adenovirus (Ad) vectors are some of the most efficient
gene delivery vehicles and have been widely used in both ex-
perimental studies and clinical trials [14, 15]. Ad vectors are
an attractive vehicle for gene transfer because they are easily
constructed, can be prepared in high titers, and provide effi-
cient transduction in both dividing and nondividing cells. We
have developed efficient methods for Ad vector-mediated
transduction into mouse ES cells and their aggregate form,
embryoid bodies (EBs) [16, 17]. We also showed that adipo-
cyte differentiation from mouse ES cells was markedly pro-
moted by use of the Ad vector for transient transduction of
the peroxisome proliferator-activated receptor y (PPARy) gene
[17], which is known to play essential roles in adipogenesis
[18, 19].

Because our transduction method using an optimized Ad
vector was effective for enhancing the differentiation of
mouse ES cells into target cells, we attempted to apply this
system to mouse iPS cells and examined whether the adipo-
cyte and osteoblast differentiation potential of mouse iPS cells
could be increased by using Ad vector. In all studies, mouse
ES cells were used as a control for comparison with mouse
iPS cells. By comparing the promoter activity in mouse iPS
cells, we successfully developed a suitable Ad vector for gene
transfer into mouse iPS cells. We also found that adipocyte
and osteoblast differentiation from mouse iPS cells could be
facilitated by Ad vector-mediated transient transduction of a
PPARy gene and a runt-related transcription factor 2 (Runx2)
gene, respectively.

MATERIALS AND METHODS

Adenovirus Vectors

Ad vectors were constructed by an improved in vitro ligation
method [20, 21]. The shuttle plasmids pHMCMVS5, pHMCAS,
and pHMEFS5, which contain the cytomegalovirus (CMV) pro-
moter, the CMV enhancer/f-actin promoter with f-actin intron
(CA) promoter (a kind gift from Dr. J. Miyazaki, Osaka Univer-
sity, Osaka, Japan) [22], and the human elongation factor-1o (EF-
la) promoter, respectively, were constructed previously [16, 21].
The mCherry gene, which is derived from pmCherry (Clontech,
Mountain View, CA, http://www.clontech.com), was inserted into
pHMCMYVS5, pHMCAS, and pHMEFS, resulting in pHMCMV-
mCherry, pHMCA-mCherry, and pHMEF-mCherry, respectively.
pHMCMV-mCherry, pHMCA-mCherry, or pHMEF-mCherry was
digested with I-Ceul/PI-Scel and ligated into I-Ceul/PI-Scel-
digested pAdHM4 [20], resulting in pAd-CMV-mCherry, pAd-
CA-mCherry, or pAd-EF-mCherry, respectively. Ad-CMV-
mCherry, Ad-CA-mCherry, and Ad-EF-mCherry were generated
and purified as described previously [17]. The Rous sarcoma vi-
rus (RSV) promoter-, the CMV promoter-, the CA promoter-, or
the EF-1o promoter-driven f-galactosidase (LacZ)-expressing Ad
vector (Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LacZ, respectively), the CA promoter-driven mouse PPARy2-
expressing Ad vector (Ad-CA-PPAR7y2), the CA promoter-driven
mouse Runx2-expressing Ad vector (Ad-CA-Runx2), and a trans-
gene-deficient Ad vector (Ad-null), were generated previously
[16, 17, 23, 24]. The vector particle (VP) titer and biological titer
were determined by using a spectrophotometric method [25] and
by means of an Adeno-X Rapid Titer Kit (Clontech), respec-
tively. The ratios of the biological-to-particle titer were 1:31 for
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Ad-CMV-mCherry, 1:20 for Ad-CA-mCherry, 1:28 for Ad-EF-
mCherry, 1:14 for Ad-CA-LacZ, 1:22 for Ad-EF-LacZ, 1:41 for
Ad-RSV-LacZ, 1:21 for Ad-CMV-LacZ, 1:8 for Ad-CA-PPAR?y2,
1:17 for Ad-CA-Runx2, and 1:11 for Ad-null.

Mouse ES and iPS Cell Cultures

Three mouse iPS cell clones 20D17, 38C2, and stm99-1 (a kind
gift from Dr. S. Yamanaka, Kyoto University, Kyoto, Japan)
were used in the present study (20D17 was purchased from Riken
BioResource Center, Tsukuba, Japan, http://www.brc.riken.jp) [4,
26]. 20D17 and 38C2, both of which carry Nanog promoter-
driven green fluorescent protein (GFP)/internal ribosomal entry
site/puromycin-resistant gene, were generated from mouse embry-
onic fibroblasts (MEFs) [4], and stm99-1, carrying the Fbx15 pro-
moter-driven f3-geo cassette (a fusion of the fS-galactosidase and
neomycin resistance genes), was generated from gastric epithelial
cells [26]. These mouse iPS cells and mouse E14 ES cells were
routinely cultured in leukemia inhibitory factor-containing ES
cell medium (Speciality Media) on mitomycin C-treated MEFs,
and iPS cell lines and ES cells were passaged every 2nd day
using 0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA, http://
www.invitrogen.com). Mouse iPS cells 20D17 and E14 ES cells
were also cultured on a gelatin-coated dish. To obtain GFP-
expressing undifferentiated cells, iPS cells 20D17 were cultured
in ES cell medium containing 1.5 pg/ml puromycin (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) on a gela-
tin-coated dish. Mouse iPS cell clone 20D17 was used in this
report except where otherwise indicated. EB formation from
mouse ES and iPS cells was induced using the hanging drop
method as described previously [17].

LacZ Assay

Mouse ES cells or iPS cells (5 x 10* cells) were plated on 24-
well plates. On the following day, they were transduced with
each Ad vector (Ad-null, Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-
CA-LacZ, or Ad-EF-LacZ) at 3,000 VPs/cell for 1.5 hours. At 24
hours after incubation, X-galactosidase (Gal) staining was per-
formed as described previously [16]. ES cell-derived EBs (ES-
EBs) or iPS cell-derived EBs (iPS-EBs) cultured for 5 days (5d-
ES-EBs or 5d-iPS-EBs, respectively) were transduced with each
Ad vector at 3,000 VPs/cell. Two days later, LacZ expression
was measured by X-Gal staining and f-Gal luminescence assays.

mCherry Expression Analysis

Mouse ES cells or iPS cells were plated on gelatin-coated 24-
well plates. On the following day, they were transduced with the
indicated dose of Ad-CA-mCherry or Ad-EF-mCherry for 1.5
hours. Twenty-four hours later, mCherry expression was analyzed
by flow cytometry on an LSR II flow cytometer using FACSDiva
software (BD Biosciences, Tokyo, Japan, http://www.bdbioscien-
ces.com). To transduce the EB interior, the ES-EBs or iPS-EBs
were transduced with 3,000 VPs/cell of Ad-CMV-mCherry or
Ad-CA-mCherry three times on days 0, 2, and 5 (hereinafter
referred to as triple transduction) [17]. In brief, 0d-ES-EBs or 0d-
iPS-EBs (ES or iPS cell suspension, respectively) were trans-
duced with Ad vector at 3,000 VPs/cell in a hanging drop for 2
days, and 2d-ES-EBs or 2d-iPS-EBs and 5d-ES-EBs or 5d-iPS-
EBs were transduced with the same Ad vector at 3,000 VPs/cell
for 1.5 hours. On day 7, mCherry expression in the ES-EBs or
iPS-EBs was visualized via confocal microscopy (Leica TCS SP2
AOBS; Leica Microsystems, Tokyo, Japan, http://www.leica.-
com). The ES-EBs or iPS-EBs were then trypsinized and ana-
lyzed for mCherry expression by flow cytometry.

Expression of Coxsackievirus and

Adenovirus Receptors

For detection of coxsackievirus and adenovirus receptor (CAR)
expression, ES and iPS cells, both of which were cultured on gel-
atin-coated dishes, were harvested by using phosphate-buffered
saline (PBS) containing 1| mM EDTA. Cells were then reacted
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with rat anti-mouse CAR monoclonal antibody (kindly supplied
from Dr. T. Imai, KAN Research Institute, Hyogo, Japan) and
stained with phycoerythrin-labeled donkey anti-rat IgG (Jackson
Immunoresearch Laboratories, West Grove, PA, http://www.jack-
sonimmuno.com). CAR expression was analyzed by using an
LSR II flow cytometer.

In Vitro Differentiation

Two days after culture with a hanging drop, the EBs were trans-
ferred into a Petri dish and maintained for 3 days in suspension
culture in differentiation medium (Dulbecco’s modified Eagle’s
medium [Wako Chemical, Osaka, Japan, http://www.wako-chem.-
co.jp/english] supplemented with 15% fetal calf serum [Specialty
Media, Inc., Phillipsburg, NJ, http://www.millipore.com], 0.1 mM
2-mercaptoethanol [Nacalai Tesque, Kyoto, Japan, http://www.na-
calai.co.jp.en], 1x nonessential amino acid [Specialty Media,
Inc.], 1x nucleosides [Specialty Media, Inc.], 2 mM L-glutamine
[Invitrogen], and penicillin/streptomycin [Invitrogen]) containing
100 nM all-trans-retinoic acid (RA) (Wako Chemical) and then
cultured for 2 more days in differentiation medium without RA
[27, 28]. The cells were transduced with 3,000 VPs/cell of Ad
vector (Ad-CA-LacZ, Ad-CA-PPARy2, or Ad-CA-Runx2) at days
0, 2, and 5 as described above and plated on a gelatin-coated
dish on day 7. For adipogenic or osteoblastic differentiation, cells
were cultured in differentiation medium containing adipogenic
supplements (0.1 M 3-isobutyl-L-methylxanthine [Sigma-Aldrich),
100 nM insulin [Sigma-Aldrich], 10 nM dexamethasone [Wako
Chemical], and 2 nM triiodothyronine [Sigma-Aldrich]) or osteo-
genic supplements (50 pug/ml ascorbic acid 2-phosphate [Sigma-
Aldrich]), 5 mM f-glycerophosphate [Sigma-Aldrich], and 10 nM
dexamethasone [Wako Chemical]), respectively.

Biochemical Assays

Cells were cultured with adipogenic or osteogenic supplements
for 15 days after plating on gelatin-coated plates. Adipocyte dif-
ferentiation from mouse ES and iPS cells was evaluated by oil
red O staining and glycerol-3-phosphate dehydrogenase (GPDH)
activity. The oil red O staining and GPDH assay were performed
using a Lipid Assay kit and GPDH Assay kit, respectively (Pri-
mary Cell Co., Ltd, Hokkaido, Japan, http://www.primarycell.-
com), according to the manufacturer’s instructions. To detect ma-
trix mineralization in the cells, cells were fixed with 4%
paraformaldehyde-PBS and stained with AgNO; by the von
Kossa method. To measure calcium deposition, cells were washed
twice with PBS and decalcified with 0.5 M acetic acid, and cell
culture plates were rotated overnight at room temperature. Insolu-
ble material was removed by centrifugation. The supernatants
were then assayed for calcium concentration with a calcium C-
test kit (Wako Chemical). DNA in pellets was extracted using a
DNeasy tissue kit (Qiagen, Valencia, CA, http://wwwl.qiagen.-
com), and calcium content was then normalized to cellular DNA.
For the measurement of alkaline phosphatase (ALP) activity, cells
were lysed in 10 mM Tris-HCI1 (pH 7.5) containing 1| mM MgCl,
and 0.1% Triton X-100, and the lysates were then used for assay.
ALP activity was measured using the LabAssay ALP kit (Wako
Chemical) according to the manufacturer’s instructions. The pro-
tein concentration of the lysates was determined using a Bio-Rad
assay kit (Bio-Rad, Hercules, CA, http://www.bio-rad.com), and
ALP activity was then normalized by protein concentration.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from various kinds of cell populations
with the use of ISOGENE (Nippon Gene, Tokyo, Japan, http://
www.nippongene.com). cDNA was synthesized by using Super-
Script II reverse transcriptase (RT) (Invitrogen) and the oligo(dT)
primer. Polymerase chain reaction (PCR) was performed with the
use of KOD Plus DNA polymerase (Toyobo, Osaka, Japan, http://
www.toyobo.co.jp/e). The product was assessed by 2% agarose
gel electrophoresis followed by ethidium bromide staining. The

Efficient Differentiation of iPS Cells by Ad Vector

sequences of the primers used in this study are listed in support-
ing information Table S1.

Teratoma Formation and Histological Analysis

Mouse iPS cells were transduced with Ad-CA-mCherry at 10,000
VPs/cell for 1.5 hours. After culture for 3 days, mouse iPS cells
were suspended at 1 x 107 cells/ml in PBS. Nude mice (8-10
weeks; Nippon SLC, Shizuoka, Japan, http://www.jslc.co.jp) were
anesthetized with diethyl ether, and we injected 100 ul of the cell
suspension (1 x 10° cells) subcutaneously into their backs. Five
weeks later, tumors were surgically dissected from mice. Samples
were washed, fixed in 10% formalin, and embedded in paraffin.
After sectioning, the tissue was dewaxed in ethanol, rehydrated,
and stained with hematoxylin and eosin. This process was com-
missioned to Applied Medical Research Laboratory (Osaka,
Japan).

REsuLTS

Mouse iPS Cells Express Coxsackievirus and
Adenovirus Receptor

In the present study, we mainly used the mouse iPS cell clone
20D17 [4]. To assess whether iPS cells have properties similar
to those of ES cells under the present culture conditions, we ini-
tially investigated the expression of cellular marker genes of
iPS cells (Fig. 1A). Semiquantitative RT-PCR analysis revealed
that Oct-3/4 and Nanog, both of which are undifferentiated
markers in ES cells, were strongly expressed in iPS cells. iPS
cells also expressed GFP in the undifferentiated state only,
because GFP expression was driven by the Nanog promoter
[4]. By EB formation, the expression levels of Oct-3/4, Nanog,
and GFP in iPS cells were decreased and, in turn, the three
germ layer marker genes (ectoderm: nestin and fibroblast
growth factor-5; mesoderm: brachyury T and flk-1; and endo-
derm: GATA-binding protein-6 and o-fetoprotein) were
expressed. These results showed that the gene expression pat-
terns of iPS cells were indistinguishable from those of ES cells.

We next examined the expression of CAR, a primary Ad
receptor on the cellular surface, in iPS cells, because the
expression of CAR is known to be essential for the transduc-
tion using the conventional Ad vector [29-31]. We have
reported that CAR was highly expressed in mouse ES cells
and ES-EBs [16, 17]. RT-PCR and flow cytometric analysis
showed that CAR expression was observed in iPS cells and
the expression level of CAR in iPS cells and iPS-EBs was
equivalent to that in ES cells and ES-EBs, respectively (Fig.
1A, 1B). Notably, the expression of CAR was observed in
more than 95% of GFP-expressing undifferentiated iPS cells.
These results suggest that iPS cells could be efficiently trans-
duced by using a conventional Ad vector.

Ad Vectors Containing the CA or the EF-1a
Promoter Have Potent Transduction Activity in
Mouse iPS Cells

To examine the transduction efficiency in iPS cells by using
Ad vectors, we prepared LacZ-expressing Ad vectors under
the control of four different promoters, the RSV promoter, the
CMV promoter, the CA promoter, or the EF-la promoter
(Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LacZ, respectively). We also prepared Ad-null, a transgene-
deficient Ad vector, as a control vector. ES and iPS cells
were transduced with each Ad vector at 3,000 VPs/cell, and
LacZ expression in the cells was measured. X-Gal staining
showed that Ad-RSV-LacZ- or Ad-CMV-LacZ-transduced ES
cells expressed little LacZ, whereas Ad-CA-LacZ- or Ad-EF-
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Figure 1. Gene expression patterns of mouse iPS cells were similar to those of mouse ES cells. (A): Total RNA was isolated from mouse ES
cells (lane 1), 5d-ES-EBs (lane 2), 10d-ES-EBs (lane 3), iPS cells (lane 4), 5d-iPS-EBs (lane 5), or 10d-iPS-EBs (lane 6), and semiquantitative
reverse transcriptase-polymerase chain reaction was then performed as described in Materials and Methods. The primers for Oct-3/4 and Nanog
amplified both endogenous gene and exogenous factors. (B): The expression levels of CAR in mouse ES cells and iPS cells were detected with
anti-mouse CAR monoclonal antibody by flow cytometry. As a negative control, the cells were incubated with an irrelevant antibody. Data shown
are from one representative experiment of three performed. Abbreviations: AFP, a-fetoprotein; CAR, coxsackievirus and adenovirus receptor;
Cont., control; EB, embryoid body; ES, embryonic stem; 5d-ES-EBs, ES cell-derived 5-day-cultured EBs; 10d-ES-EBs, ES cell-derived 10-day-
cultured EBs; FGF, fibroblast growth factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GATA, GATA-binding protein; GFP, green
fluorescent protein; iPS, induced pluripotent stem; 5d-iPS-EBs, iPS cell-derived 5-day-cultured EBs; 10d-iPS-EBs, iPS cell-derived 10-day-cul-

tured EBs; mCAR, mouse CAR.

LacZ-transduced ES cells successfully expressed LacZ (Fig.
2A, top) as described previously [16]. Likewise, the CA and
the EF-1o promoter but not the RSV or the CMV promoter
exhibited potent transduction activity in iPS cells (Fig. 2A,
bottom). Besides mouse iPS cell clone 20D17, mouse iPS cell
clones 38C2 and stm99-1, which were generated from MEFs
[4] and gastric epithelial cells [26], respectively, also effi-
ciently expressed transgenes by an Ad vector containing the
CA or EF-1ua promoter (supporting information Fig. S1).

To confirm that the transgene was expressed in GFP-
expressing undifferentiated iPS cells, we generated Ad-CA-
mCherry and Ad-EF-mCherry, both of which express a mono-
meric DsRed variant, mCherry. Flow cytometric and fluores-
cent microscopic analysis showed that the mCherry expression
was observed in GFP-expressing iPS cells transduced with Ad-
CA-mCherry or Ad-EF-mCherry (Fig. 2B, supporting informa-
tion Fig. S2). Furthermore, the expression of mCherry in iPS
cells was dose-dependent, and more than 90% of the cells
expressed mCherry after transduction with 10,000 VPs/cell of
Ad-CA-mCherry and Ad-EF-mCherry (Fig. 2C and data not
shown). Importantly, there was no significant difference in the
percentage of GFP-positive cells between nontransduced cells
and Ad-CA-mCherry- or Ad-EF-mCherry-transduced cells
(Fig. 2D and data not shown). Moreover, neither alkaline phos-
phatase activity nor Oct-3/4 expression in iPS cells on day 3 af-
ter Ad vector-mediated transduction was different from that in
nontransduced cells (supporting information Fig. 3). We also
examined the pluripotency of Ad vector-transduced iPS cells
by teratoma formation. Mouse iPS cells were transduced with
Ad vector and were then injected subcutaneously into the backs
of nude mice. After subcutaneous transplantation, we obtained
teratomas containing epidermis, cartilage, and gut epithelial tis-
sues (Fig. 2E). These observations demonstrated that the undif-
ferentiated state and pluripotency in iPS cells were still main-
tained even after Ad vector transduction. Furthermore, we
counted the number of viable iPS cells at 24, 48, and 72 hours
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after transduction to investigate the cytotoxicity in iPS cells
transduced with Ad-CA-mCherry at 3,000 or 10,000 VPs/cell.
The number of viable iPS cells transduced with Ad-CA-
mCherry at 3,000 VPs/cell was comparable to the number of
viable nontransduced iPS cells, whereas the number of viable
iPS cells was slightly (but not significantly) reduced in Ad-CA-
mCherry-transduced iPS cells at 10,000 VPs/cell (Fig. 2F).
This result was quite similar to that for ES cells (Fig. 2F), and
our data suggest that Ad vector transduction has almost no cy-
totoxicity against either mouse ES cells or mouse iPS cells.
These results clearly demonstrated that an Ad vector containing
the CA or the EF-1x promoter is an appropriate vector for both
ES cells and iPS cells and that iPS cells have the same features
as ES cells in terms of Ad vector-mediated transduction.

Ad Vectors Containing the CA Promoter Robustly
Drove Transgene Expression in iPS-EBs

We next performed a transduction experiment for ES-EBs and
iPS-EBs using a LacZ-expressing ‘Ad vector. Consistent with
our previous report [17], the CA promoter showed the highest
LacZ expression in ES-EBs. Similarly, the CA promoter
showed the highest transduction efficiency in iPS-EBs (Fig.
3A, 3B). Interestingly, the CMV promoter had strong activity
in iPS-EBs despite its weak activity in ES cells, ES-EBs, and
undifferentiated iPS cells (Figs. 2A, 3A, 3B). These phenom-
ena were also observed by using other iPS cell clone-derived
EBs (supporting information Fig. 4).

We next attempted to express the transgene inside the ES-
EBs and iPS-EBs, as it is considered to be essential to express
the transgene in the EB interior to differentiate ES cells or
iPS cells into functional cells. Thus, ES-EBs and iPS-EBs
were transduced in triplicate with Ad-CMV-mCherry or Ad-
CA-mCherry. This transduction method, namely the triple
transduction method, is a gene transfer method that uses an
Ad vector to express the transgene in the EB interior (see
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Figure 2. Efficient transgene expression in mouse iPS cells by using an Ad vector containing the CA and the EF-1x promoter. (A): Mouse ES
cells or iPS cells were transduced with a LacZ-expressing Ad vector at 3,000 VPs/cell. On the following day, X-galactosidase (Gal) staining was
carried out. Similar results for X-Gal staining were obtained in three independent experiments. (B): Mouse ES cells or iPS cells were transduced
with Ad-CA-mCherry at 3,000 VPs/cell, and mCherry-expressing cells were then analyzed by flow cytometry. (C, D): Mouse ES cells or iPS
cells were transduced with different amounts of Ad-CA-mCherry for 1.5 hours. mCherry expression (C) and GFP expression (D) were determined
by flow cytometry. The data are expressed as the mean = SD (n = 3). (E): Paraffin sections of the teratomas derived from Ad-CA-mCherry-
transduced iPS cells were prepared, and sections were stained with hematoxylin and eosin: a, ectoderm (epidermis); b, mesoderm (cartilage and
adipocyte); ¢, endoderm (gut epithelium) (F): After adenoviral transduction, viable mouse ES cells or iPS cells were counted. Data are expressed
as the mean & SD (n = 3). Abbreviations: Ad, adenovirus; CA, cytomegalovirus enhancer/fi-actin promoter; CMV, cytomegalovirus; EF, elonga-
tion factor-1x; ES, embryonic stem; GFP, green fluorescent protein; IPS, induced pluripotent stem; LacZ, f-galactosidase; RSV, Rous sarcoma vi-

rus; VP, vector particle.

Materials and Methods) [17]. Confocal microscopic analysis
revealed mCherry expression interior in ES-EBs or iPS-EBs
by triple transduction, whereas mCherry expression was
observed only in the periphery of the ES-EBs or iPS-EBs by
single transduction (Fig. 3C). The percentage of mCherry-pos-
itive cells in the ES-EBs or iPS-EBs transduced in triplicate
with  Ad-CA-mCherry was 43% or 56%, respectively, as
determined by flow cytometry (Fig. 3C). In addition, confocal
microscopic analysis and flow cytometric analysis showed
that Ad-CMV-mCherry-transduced ES-EBs expressed little
mCherry even using the triple transduction method, whereas
iPS-EBs transduced in triplicate with Ad-CMV-mCherry
expressed mCherry only in the periphery of the iPS-EBs.
These results are in agreement with LacZ expression in Ad-
CMV-LacZ-transduced iPS-EBs as described above. Our data
demonstrated that, as in the case of ES cells and ES-EBs, the
choice of a suitable promoter was important for efficient
transduction in iPS cells and iPS-EBs.

Adipocyte and Osteoblast Differentiation of

Mouse iPS Cells Was Facilitated by

Ad Vector Transduction

We have shown previously that adipocyte differentiation from
mouse ES cells is enhanced by the transduction of the PPARYy
gene, which is known to be a master regulator gene for adipo-

genesis [18, 19], into ES cells and ES-EBs using an Ad vec-
tor. In this study, to examine whether adipocyte differentia-
tion from iPS cells could also be promoted by Ad vector-
mediated transduction and to compare the adipogenic poten-
tial between ES cells and iPS cells, both types of cells were
differentiated into adipocytes by the transduction of the
PPARy gene using the triple transduction method described
above. Oil red O staining after culturing for 15 days revealed
that lipid droplets were accumulated in both ES cell-derived
cells and iPS cell-derived cells by culturing with adipogenic
supplements, although the level of lipid accumulation in iPS
cell-derived cells was lower than that in ES cells-derived cells
(Fig. 4A). In the presence of adipogenic supplements, the per-
centage of oil red O-positive cells in nontransduced or Ad-
CA-LacZ-transduced ES-EBs was approximately 50%,
whereas 20%-30% of the nontransduced or Ad-CA-LacZ-
transduced iPS-EBs were positive for oil red O. Importantly,
adipocyte differentiation in Ad-CA-PPARjy-transduced cells
was more efficient than that in nontransduced or Ad-CA-
LacZ-transduced cells (Fig. 4A). Oil red O-positive cells in
Ad-CA-PPARy-transduced ES cell- or iPS cell-derived cells
were more than 90% or 80% of the total cells, respectively.
Furthermore, enhanced adipocyte differentiation from PPARy-
transduced ES and iPS cells was also confirmed by measuring
the activity of GPDH and the expression of marker genes
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Figure 3. Comparison of promoter activity in iPS-EBs by using Ad vectors. ES cell-derived or IPS cell-derived 5-day-cultured EBs were trans-
duced with each Ad vector at 3,000 vector particles/cell. After 48 hours, X-galactosidase (Gal) staining (A) and a f-galactosidase luminescence
assay (B) were performed as described in Materials and Methods. (A): Similar results of X-gal staining were obtained in six independent experi-
ments. (B): Data are expressed as the mean £ SD (n = 3). *, p < .01 (C): Either ES-EBs or iPS-EBs was transduced with Ad vectors by triple
transduction (Triple) or by single transduction (Single). mCherry expression in ES-EBs or iPS-EBs was detected by confocal microscopy and
flow cytometry. As a negative control, both types of EBs were transduced with Ad-null by triple transduction. Abbreviations: Ad, adenovirus;
CA, cytomegalovirus enhancer/f-actin promoter; CMV, cytomegalovirus; EB, erythroid body; EF, elongation factor-la; ES, embryonic stem;
IPS, induced pluripotent stem; LacZ, fi-galactosidase; RSV, Rous sarcoma virus.

i

P e

characteristic of adipocyte differentiation (Fig. 4B, 4C). Inter- The GPDH activity in PPARy-transduced ES cells was two-
estingly, iPS cells were more efficiently differentiated into fold higher than that in nontransduced or LacZ-transduced ES
adipocytes than were ES cells after Ad vector transduction. cells, whereas PPARjy-transduced iPS cells showed
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Figure 4. Efficient adipocyte differentiation from mouse ES cells
and iPS cells by the transduction of the PPARy gene. ES-EBs or iPS-
EBs were transduced in triplicate with 10,000 vector particles/cell of
Ad-CA-LacZ or Ad-CA-PPARy. After plating onto a gelatin-coated
dish on day 7, ES-EBs and iPS-EBs were cultured for 15 days in the
presence or absence of AS. After cultivation, (A) lipid accumulation
was detected by oil red O staining, and (B) GPDH activity in the
cells was measured. (A): a, nontreated ES-EBs; b, ES-EBs with AS;
c, ES-EBs with AS plus Ad-CA-LacZ; d, ES-EBs with AS plus Ad-
CA-PPARy: e, nontreated iPS-EBs; f, iPS-EBs with AS; g, iPS-EBs
with AS plus Ad-CA-LacZ; h, iPS-EBs with AS plus Ad-CA-PPARy.
Scale bar = 60 um. (B): Data are expressed as the mean £+ SD (n =
3). * p < .0l; ** p < .05, compared with nontransduced or Ad-CA-
LacZ-transduced ES cells. #, p < .05, compared with nontransduced
or Ad-CA-LacZ-transduced iPS cells. (C): Expression of PPARy, C/
EBPu, aP2, adiponectin, and GAPDH was measured by semiquantita-
tive reverse transcriptase-polymerase chain reaction. Lane 1, non-
treated ES-EBs; lane 2, ES-EBs with AS; lane 3, ES-EBs with AS
plus Ad-CA-LacZ; lane 4, ES-EBs with AS plus Ad-CA-PPARy; lane
5, nontreated iPS-EBs; lane 6, iPS-EBs with AS: lane 7, iPS-EBs
with AS plus Ad-CA-LacZ; lane 8, iPS-EBs with AS plus Ad-CA-
PPARy. Abbreviations: AD, adenovirus; AS, adipogenic supplements;
CA, cytomegalovirus enhancer/f-actin promoter; C/EBPx, CCAAT/
enhancer binding protein «; ES, embryonic stem; EB, erythroid body;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPDH, glyc-
erol-3-phosphate dehydrogenase; IPS, induced pluripotent stem; LacZ,
f-galactosidase; PPARy, peroxisome proliferator-activated receptor 7y;
w/o, without.

approximately fourfold higher GPDH activity than nontrans-
duced or LacZ-transduced iPS cells. These results showed
that, like ES cells, iPS cells could be differentiated into adipo-
cytes and that this adipocyte differentiation could be markedly
facilitated by transient PPARy gene transduction using an Ad
vector.

Efficient Differentiation of iPS Cells by Ad Vector

Because Ad vector-mediated functional gene transduction
was found to be effective to increase the differentiation effi-
ciency from ES and iPS cells, we expected that other func-
tional cells could be efficiently differentiated from ES and
iPS cells by using an Ad vector. To confirm this finding, both
types of cells were differentiated into osteoblasts by Ad vec-
tor-mediated transduction of a Runx2 gene, which was previ-
ously proven to be indispensable for osteoblast differentiation
[32, 33]. ES and iPS cells were transduced in triplicate with
Ad-CA-LacZ or Ad-CA-Runx2 and were cultured with osteo-
genic supplements. We initially examined activity of ALP, an
early osteoblast differentiation marker, in both types of cells,
and showed that Ad-CA-Runx2-transduced cells exhibited
higher ALP activity than nontransduced or Ad-CA-LacZ-
transduced cells (Fig. SA). These results indicated that early
osteoblast differentiation was promoted by Ad vector-medi-
ated Runx2 gene transfer. Next, to estimate the mature osteo-
blast differentiation, matrix mineralization in the cells was
detected by von Kossa staining. Consistent with the previous
report [34], treatment with osteogenic supplements resulted in
matrix mineralization in both types of cells, whereas in the
absence of additives no calcification was observed (Fig. 5B).
We also found that osteoblast differentiation from both ES
and iPS cells could be dramatically promoted by Ad vector-
mediated Runx2 gene transduction (Fig. 5B). The level of cal-
cium in Ad-CA-Runx2-transduced ES or iPS cells was
approximately eightfold higher than that of nontransduced or
Ad-CA-LacZ-transduced cells (Fig. 5C). Semiquantitative RT-
PCR analysis also showed that the expression levels of
Runx2, osterix, bone sialoprotein, osteocalcin, and type I col-
lagen mRNA were up-regulated in the cells transduced with
Ad-CA-Runx2 (Fig. 5D). These results demonstrated that the
osteogenic potential in iPS cells was equal to that in ES cells
and that efficient osteoblast differentiation from ES and iPS
cells could be achieved by exogenous Runx2 expression using
optimized Ad vectors.

DiscussioN

The establishment of an efficient gene transfer system for plu-
ripotent cells would be quite useful for the application of
these cells to regenerative medicine. We have previously
developed suitable Ad vectors for transducing an exogenous
gene into mouse ES cells and ES-EBs and showed that these
Ad vectors could be successfully applied to regenerative med-
icine and basic studies [16, 17]. The aim of this study was to
characterize the efficiency of transduction with Ad vectors in
mouse iPS cells and to develop efficient methods for inducing
the differentiation of mouse iPS cells by means of Ad vector
transduction. This is the first study to report the detailed trans-
duction properties of various types of Ad vectors in mouse
iPS cells.

We optimized the transduction activity in mouse iPS cells
and iPS-EBs by comparing four types of promoters (RSV,
CMV, CA, and EF-12) using Ad vectors. Because iPS cells
have been shown to possess mostly the same properties as ES
cells [4-6] and the CA and the EF-lo promoter exhibited
strong transduction activity in mouse ES cells [16], we specu-
lated that the same results might be obtained in mouse iPS
cells. As we expected, mouse iPS cells and iPS-EBs were ca-
pable of being efficiently transduced by using a conventional
Ad vector containing the CA (and the EF-12) promoter (Figs.
2A, 3, supporting information Figs. S1, S2, S4). We found
that a primary Ad receptor, CAR, was highly expressed in
iPS cells (Fig. 1), which were generated from MEFs [4],
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Figure 5.

Enhanced osteoblast differentiation from ES cells and iPS cells in Ad-CA-Runx2-transduced cells. (A): ES-EBs or iPS-EBs were

transduced in triplicate with 10,000 vector particles/cell of Ad-CA-LacZ or Ad-CA-Runx2. After culturing for 15 days with or without OS, ALP
activity in the cells was determined. Data are expressed as the mean £ SD (n = 3). *, p < .05, compared with nontransduced or Ad-CA-LacZ-
transduced ES cells. #, p < .05, compared with nontransduced or Ad-CA-LacZ-transduced iPS cells. Matrix mineralization in the cells was
detected by von Kossa staining (B) and deposition of calcium was quantified as described in Materials and Methods (C). (B): a, nontreated ES-
EBs; b, ES-EBs with OS; ¢, ES-EBs with OS plus Ad-CA-LacZ; d, ES-EBs with OS plus Ad-CA-Runx2; e, nontreated iPS-EBs; f, iPS-EBs with
OS; g. iPS-EBs with OS plus Ad-CA-LacZ; h, iPS-EBs with OS plus Ad-CA-Runx2. Scale bar = 60 um. (C): Data are expressed as the mean +
SD (n = 3). **, p < .01, compared with nontransduced or Ad-CA-LacZ-transduced cells. ##, p < .01, compared with nontransduced or Ad-CA-
LacZ-transduced iPS cells. (D): Total RNA was isolated, and semiquantitative reverse transcriptase-polymerase chain reaction was performed
using primers for Runx2, osterix, bone sialoprotein, osteocalcin, collagen type I, and GAPDH. Lane 1, nontreated ES-EBs; lane 2, ES-EBs with
OS; lane 3, ES-EBs with OS plus Ad-CA-LacZ; lane 4, ES-EBs with OS plus Ad-CA-Runx2; lane 5, nontreated iPS-EBs; lane 6, iPS-EBs with
OS:; lane 7, iPS-EBs with OS plus Ad-CA-LacZ; lane 8, iPS-EBs with OS plus Ad-CA-Runx2. Abbreviations: AD, adenovirus; ALP, alkaline
phosphatase; CA, cytomegalovirus enhancer/f-actin promoter; ES, embryonic stem; EB, erythroid body; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; IPS, induced pluripotent stem; LacZ, f-galactosidase; OS, osteogenic supplements; Runx2, runt-related transcription factor 2; w/o,

without.

despite the low levels of CAR expression in MEFs [16]. This
would lead to high transduction efficiency in mouse iPS cells
when conventional Ad vectors containing the CA and the EF-
la promoter were used. In addition, we showed that more
than 80% or 90% of the mouse iPS cells expressed mCherry
after transduction with the Ad vector containing the CA pro-
moter at 3,000 or 10,000 VPs/cell, respectively, without any
decrease in the expression of pluripotent genes or viability
(Fig. 2B-2D, 2F, supporting information Figs. 2, 3). Notably,
Ad vector-transduced iPS cells still exhibited teratoma forma-
tion in vivo (Fig. 2E), and the efficiency of adipocyte or
osteoblast differentiation in Ad-CA-LacZ-transduced iPS cells
was similar to that in nontransduced iPS cells (Figs. 4, 5),
indicating that Ad vector transduction did not change the plu-
ripotency of iPS cells. These results indicate that gene transfer
into mouse ES and iPS cells using an optimized conventional
Ad vector would be useful for the application of these cells to
both regenerative medicine and basic research.

We found that the CMV promoter, which is currently in
wide use in transduction experiments, had weak activity in both
mouse ES cells [16, 35] and mouse iPS cells (Fig. 2A, support-
ing information Fig. S1). Several groups have reported that un-
differentiated ES cells expressed low levels of transgene when
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the CMV promoter was used, whereas the expression levels of
reporter genes, when driven by the CMV promoter, were mark-
edly increased in ES cell-derived neurons or cardiomyocytes
[36, 37]. Consistent with our results (Fig. 3, supporting infor-
mation Fig. S4), other authors have shown that the activity of
the CMV promoter in ES-EBs was also lower than that of the
CA and the EF-1a promoters [37]. These results suggest that
the CMV promoter in the Ad vector would be silenced, possi-
bly owing to DNA methylation [38] in mouse ES, ES-EB, and
iPS cells. Interestingly, we observed that the CMV promoter
was more strongly activated in mouse iPS-EBs than in ES-EBs
(Fig. 3, supporting information Fig. S4). We have no idea why
the CMV promoter was able to drive robust transgene expres-
sion in mouse iPS-EBs. It is possible that cellular types that
comprise iPS-EBs might be different from those of ES-EBs
because iPS cells showed slightly slower proliferation than ES
cells (Fig. 2F) [4], which may have led to the difference in the
transduction efficiency in iPS-EBs and ES-EBs when the CMV
promoter was used. On the other hand, the expression levels of
the three germ layer marker genes in iPS-EBs were largely
comparable to those in ES-EBs (Fig. 1A), suggesting that, as
for ES cells, iPS cells differentiate into ectoderm, mesoderm,
and endoderm cells. Therefore, which kinds of cells in iPS-EBs
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could express transgenes after the transduction with Ad vector
containing the CMV promoter should be investigated. As with
iPS-EBs, it has been reported that human ES cells and human
ES cell-derived EBs, albeit not all ES cell clones, could also be
transduced with an Ad vector containing the CMV promoter
[39, 40]. Hence, further analysis of the precise mechanism reg-
ulating the CMV promoter in stem cells will be also needed.

We observed that mouse iPS cells could be differentiated into
adipocytes and osteoblasts using the same protocols as those used
for mouse ES cells (Figs. 4, 5). However, mouse iPS cells
showed less efficient adipocyte differentiation than ES cells (Fig.
4), although almost no difference in osteoblast differentiation was
observed between ES and iPS cells. ¢P2 is a valuable indicator of
adipocyte differentiation but there is no evidence that aP2 is an
adipocyte master gene (Fig. 4C). In addition, mouse iPS cells
proliferated more slowly than ES cells as described above (Fig.
2F) [4], and thus their differentiation into adipocytes may have
been delayed. To examine whether this is a general difference
between ES and iPS cells or a specific characteristic of 20D17,
we attempted to differentiate other iPS cell clones (38C2 and
stm99-1) into adipocytes. Oil red O staining showed that the effi-
ciency of adipocyte differentiation in 38C2-derived cells was
equivalent to that in ES cell-derived cells, whereas stm99-1, like
20D17, had slightly less adipogenic potential than ES cells (sup-
porting information Fig. S5). This result suggests that there is a
difference in the differentiation potential among iPS cell clones.
Therefore, to differentiate iPS cells into functional cells, the
choice of appropriate iPS cell clone would be essential.

We showed that the efficiency of adipocyte differentiation
from iPS cells was significantly increased by the triple trans-
duction of the PPARy gene (Fig. 4). We found previously that
single transduction with Ad-CA-PPAR7y into ES-EBs at day 5
was not enough for enhancing the adipocyte differentiation
(our unpublished data). Although the transgene was not
expressed in all of the cells that comprise ES-EBs or iPS-EBs
even by triple transduction (Fig. 3C), transgene expression by
at least triple transduction, but not by single transduction,
should be necessary to trigger efficient differentiation. Thus,
we concluded that gene transduction in triplicate into iPS
cells would be required for promoting the differentiation of
iPS cells into functional cells. Notably, PPARy transduction
in mouse iPS cells was more effective than that in mouse ES
cells probably because the efficiency of Ad vector transduc-
tion was higher in mouse iPS cells than in mouse ES cells
(Fig. 2C). Our data thus demonstrate that our transduction
system can be successfully applied to mouse iPS cells. We
also succeeded in efficient osteoblast differentiation from
mouse ES cells and iPS cells by Ad vector-mediated Runx2
transduction. Previously, Tai et al. [41] reported that stable
transduction of the osterix gene, which is required for osteo-
blastogenesis [42], in mouse ES cells promoted osteoblast dif-
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Abstract

A recombinant adeno-associated virus serotype 2 Reference Standard Material (rAAV2 RSM) has been produced
and characterized with the purpose of providing a reference standard for particle titer, vector genome titer, and
infectious titer for AAV2 gene transfer vectors. Production and purification of the reference material were carried
out by helper virus—free transient transfection and chromatographic purification. The purified bulk material was
vialed, confirmed negative for microbial contamination, and then distributed for characterization along with
standard assay protocols and assay reagents to 16 laboratories worldwide. Using statistical transformation and
modeling of the raw data, mean titers and confidence intervals were determined for capsid particles ({X},
9.18x10™ particles/ml; 95% confidence interval [CI], 7.89x10" to 1.05x10" particles/ml), vector genomes
({X}, 3.28x10'° vector genomes/ml; 95% CI, 2.70x10% to 4.75x10'° vector genomes/ml), transducing units
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({X}, 5.09x10° transducing units/ml; 95% CI, 2.00x10® to 9.60x10® transducing units/ml), and infectious units
(X}, 4.37x10° TCIDso IU/ml; 95% CI, 2.06x10° to 9.26x10” TCIDs, IU/ml). Further analysis confirmed the
identity of the reference material as AAV2 and the purity relative to nonvector proteins as greater than 94%. One
obvious trend in the quantitative data was the degree of variation between institutions for each assay despite the
relatively tight correlation of assay results within an institution. This relatively poor degree of interlaboratory
precision and accuracy was apparent even though attempts were made to standardize the assays by providing
detailed protocols and common reagents. This is the first time that such variation between laboratories has been
thoroughly documented and the findings emphasize the need in the field for universal reference standards. The
rAAV2 RSM has been deposited with the American Type Culture Collection and is available to the scientific
community to calibrate laboratory-specific internal titer standards. Anticipated uses of the TAAV2 RSM are

discussed.

Introduction

RECOMBXNANT ADENO-ASSOCIATED VIRAL (rAAV) vectors
are rapidly becoming the gene delivery vehicle of choice
for gene transfer, with numerous publications describing their
use in animal models and more recently in clinical trials
(Warrington and Herzog, 2006; Mueller and Flotte, 2008). The
movement of the gene therapy field toward the use of rAAV
vectors in clinical trials is largely due to the demonstration of
long-term transgene expression in animal models with little
associated toxicity and good overall safety profiles in humans
(Snyder and Flotte, 2002; Moss et al., 2004; Warrington and
Herzog, 2006; Maguire et al., 2008; Mueller and Flotte, 2008;
Brantly et al., 2009). Most of the historic data involve rAAV
serotype 2 vectors, but vector systems based on other AAV
serotypes with more efficient gene delivery profiles in specific
tissues are currently in human trials (Brantly ef al., 2009;
Nienhuis, 2009) and their use will likely increase.

A major problem associated with the body of data to date
has been the inability to normalize vector doses administered
by different investigators to animals and humans. Thus,
there is a need for a reference standard that is recognized by
the rAAV research community and that is used to normalize
laboratory-specific internal reference standards and test
vector titers related to common reference standard units.
This need is not new to the field of gene therapy and has
previously been addressed for adenoviral vectors. The
Adenovirus Reference Material Working Group (ARMWG)
developed and characterized the adenovirus reference ma-
terial (ARM) for the purpose of normalizing titers and
doses of gene therapy vectors based on adenovirus type 5
(Hutchins, 2002). Following this example, the U.S. Food and
Drug Administration (FDA) and the National Institutes of
Health (NIH) Recombinant DNA Advisory Committee
(RAC), together with the support of the National Gene
Vector Laboratory (NGVL), a program of the NIH National
Center for Research Resources (NCRR), encouraged aca-
demic and industry scientists within the AAV commu-
nity to form an AAV Reference Standard Working Group
(AAVRSWG) charged with the development a high-quality
rAAV reference standard material (Snyder and Flotte, 2002).
The AAVRSWG is a volunteer organization and comprises
members from both industry and universities in nine dif-
ferent countries, and the International Society for BioProcess
Technology (www.ISBioTech.org), under the guidance of the
FDA and NIH (Moullier and Snyder, 2008; Potter et al., 2008).
Although new serotypes of AAV are currently emerging as

efficient gene delivery vectors, the AAVRSWG decided that
the first AAV reference standard material should be based on
the prototypical AAV serotype 2 because this is by far the
best characterized serotype. The approach used in the de-
velopment of this reference standard lays the groundwork
for the development of reference standard materials based
on other serotypes. Indeed, a second AAVRSWG has been
formed for the development of an AAVS reference material
(Moullier and Snyder, 2008).

The AAV2RSWG recognized that the rAAV2 reference
standard material (rAAV2 RSM) must be supplied in suffi-
cient quantity to each requestor for use in all necessary tests
at each location, be of high quality, and remain stable for an
extended period of time. The group drew up guidelines for
the production and purification of the rAAV2 RSM, which
were carried out at the Vector Core of the University of
Florida’s Powell Gene Therapy Center (Gainesville, FL)
(Potter et al, 2008). The production process involved
cotransfection of batches of ten 10-layer Cell Factories con-
taining HEK293 cells with an AAV2 genome/eGFP trans-
gene plasmid and a second plasmid encoding the AAV2
capsid proteins and necessary helper functions. The trans-
fected cells were harvested and the vector was purified by
sequential rounds of column chromatography. A Quality
Control subcommittee of the AAV2RSWG was formed for
the purpose of characterizing the rAAV2 RSM. In consulta-
tion with members of the AAV2RSWG, the committee
selected the following characterization assays: (1) capsid titer
by A20 enzyme-linked immunosorbent assay (ELISA; Pro-
gen Biotechnik, Heidelberg, Germany); (2) vector genome
titer by quantitative polymerase chain reaction (QPCR); (3)
infectious titer by median tissue culture infective dose
(TCIDsp) with qPCR readout and by transduction (green
fluorescent protein [GFP] readout); and (4) purity and capsid
identification by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE).

The AAV2 RSM was distributed worldwide to 16 labora-
tories that volunteered to conduct one or more of the char-
acterization assays. Testing proceeded from July 2008 to
March 2009, at which point the quantitative data were col-
lated and statistically analyzed to determine mean titer and
confidence intervals. Preliminary analysis showed significant
variance and nonnormal data distribution with all of the
assays except for particle titer determination. The variance
was observed despite providing a standardized protocol and
reagents to the testing group and highlights the need within
the AAV community for a reference standard with which
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assay titers can be normalized. Using statistical transforma-
tion to better approximate normal distributions and model-
ing to offset the lack of independence of duplicate assays
within an institution, appropriate estimations of the mean
titers and confidence intervals have been determined.

Materials and Methods
Reference standard material production

Production and purification of the TAAV2 RSM were
carried out at the Vector Core of the University of Florida’s
Powell Gene Therapy Center between February 2006 and
January 2007. The production process has been described in
detail elsewhere (Potter et al., 2008) and is briefly summa-
rized here. Production was initiated by cotransfection of
HEK293 cells in ten 10-layer Nunc Cell Factories (Thermo
Fisher Scientific, Waltham, MA) with plasmid pTR-UF-11,
containing the vector genome and eGFP expression cassette
(Burger et al., 2004), and the pDG-KanR helper plasmid, a
kanamycin-resistant version of pDG (Grimm et al., 1998) at a
1:1 molar ratio, using a calcium phosphate precipitation
method. After a 60-hr incubation at 37°C, 5% CQO,, trans-
fected cells were washed with phosphate-buffered saline
(PBS) and harvested in PBS containing 5 mM EDTA. Samples
of cells were combined with spent tissue culture medium
and tested for mycoplasma and in vitro adventitious agents.
Cells were collected by centrifugation and stored at —20°C
until purified. For vector purification, cells were thawed,
lysed with 0.5% sodium deoxycholate, treated with Benzo-
nase (Merck, Darmstadt, Germany), and then disrupted by
microfluidization. Virions were then purified by STREAM-
LINE (GE Healthcare Life Sciences, Piscataway, NJ) heparin
affinity chromatography. Peak fractions were pooled and
applied to a Phenyl Sepharose (GE Healthcare Life Sciences)
chromatography column. The flow-through collected from
this second purification step was purified and concentrated
by sulfopropyl cation-exchange chromatography. Vector
was eluted with 5-10ml of 135 mM NaCl in PBS (equivalent
to 285mM ionic strength) and stored at —80°C. Eighteen
batches were prepared and pooled. The purified bulk was
diluted to ~2x10"" vector genomes (VG)/ml with 135 mM
NaCl in PBS, and sterile filtered into two 1.3-liter portions.
This filtered formulated bulk was stored frozen (-80°C) until
vialed. One of the 1.3-liter portions of the bulk was thawed
and refiltered, and 0.5 ml was dispensed into 2087 vials at the
American Type Culture Collection (ATCC, Manassas, VA) to
produce VR-1616, the rAAV2 RSM.

Predistribution testing

Mycoplasma. Mycoplasma testing of the production
culture cell harvest and of the filtered formulated bulk pu-
rified material was performed at a contract testing laboratory
(WuXi AppTec, Shanghai, China). For the cell harvest ma-
terial, medium and supernatant from each production batch
were sampled and pooled for testing. A total of 1x107 cells in
15ml of production culture supernatant was tested accord-
ing to Good Laboratory Practice (GLP), using the “Points to
Consider” assay described by the FDA Center for Biologics
Evaluation and Research (CBER/FDA, 1993). This assay
detects the presence of mycoplasma by both indirect (cell
culture) and direct (broth and agar) assays. The test article
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was incubated with monkey kidney cells, stained with a
DNA-binding fluorochrome (Hoechst stain), and evaluated
microscopically by epifluorescence. Agar and broth flasks
were inoculated with test article and incubated anaerobically
and aerobically, respectively. Broths were subcultured onto
agar plates on days 3, 7, and 14 days postinoculation. All
plates were examined no sooner than 14 days postinocula-
tion. Purified bulk rAAV2 RSM was tested by a modification
of the “Points to Consider” assay, in which three cycles of
inoculation and incubation on Vero cells precede the assay to
allow amplification of mycoplasma. Both harvested material
and purified bulk material were also tested, using a PCR
assay directed against the 16S rRNA gene of various myco-
plasma species (WuXi AppTec).

Bioburden. The presence of aerobes, fungi, spores, and
anaerobes in the purified bulk material was quantified by
plating on various media under specific incubation condi-
tions (WuXi AppTec). The sensitivity of this assay is <5
colony-forming units (CFU)/ml.

Sterility. The vialed rAAV2 RSM (cat. no. VR-1616;
ATCC) was tested for sterility at the Indiana University
Vector Production Facility (Indianapolis, IN) according to
GLP guidelines. The presence of aerobes, anaerobes, and
fungi was tested by direct inoculation of thioglycolate broth,
Trypticase soy broth, and Sabouraud dextrose agar and in-
cubation for 14 days at the appropriate temperature. Nega-
tive and positive (Bacillus subtilis, Candida albicans, and
Bacteroides vulgatus) controls were included.

Endotoxin. The vialed rAAV2 RSM was also tested for
endotoxin at the Indiana University Vector Production Fa-
cility according to GLP guidelines and using the Limulus
amebocyte lysate gel-clotting assay. Test samples were as-
sayed in duplicate and diluted 2-fold with water. The test
reagent (100 ¢l) was added to the rAAV2 RSM dilution and
incubated at 37°C for 60 min, and the tube was examined for
the presence of a gel clot. Negative, positive, and spiked
controls were included. The sensitivity of the assay was 0.06
endotoxin unit (EU)/ml.

Previaling stability study. An rAAV2-GFP vector prepa-
ration at 2x10"" VG/ml, in the same formulation as the
rAAV2 RSM (PBS + 135mM NaCl), was placed in polypro-
pylene and glass vials (not siliconized) at 0.5ml per vial.
Vials of each type were stored at both temperatures. Vials
held at room temperature were assayed for infectious titer
after 1hr, 1 day, 3 days, and 7 days; vials stored at —80°C
were assayed for infectious titer at 1hr, 1 day, 14 days, 35
days, and 124 days (Potter et al., 2008).

RSM handling stability study. The rAAV2 RSM was
thawed on ice and aliquoted into siliconized plastic vials.
Aliquots were either tested immediately for transducing
titer, infectious titer, and vector genome titer or stored at 4°C
or —80°C for 3 days and then tested.

rAAV2 RSM handling. For AAV2 RSM characterization,
each testing laboratory received two vials from the ATCC on
dry ice. On receipt both vials were stored frozen at —70°C to
—90°C. One vial was thawed at room temperature while
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mixing gently and then kept on wet ice. Within 1hr
of thawing, the infectious titer and transducing titer as-
says were conducted. The remainder of the thawed vial
was stored at 4°C and mixed gently on use. Within 5 days
of vial thaw, the particle titer, vector genome titer, and
purity/identity assays were performed. These steps were
repeated for the second vial, starting on a different calen-
dar day.

rAAV2 RSM characterization assays

Brief descriptions of each characterization assay follow.
For those wishing to reproduce these assays, detailed pro-
tocols can be found at the links specified below or may be
requested directly from M. Lock or R. Snyder.

Particle titer. Particle concentration was determined by
each laboratory, using four separate dilution series from a
single vial in the Progen AAV2 titration ELISA (cat. no.
PRATYV; Progen Biotechnik), by comparison with a standard
curve prepared from a previously titered TAAV2 prepara-
tion. See the protocol posted at http://www.isbiotech.org/
ReferenceMaterials/pdfs/AAV2_capsid_titer_assay_V2.pdf

Vector genome titer. Vector genome concentration was
determined in duplicate, testing one replicate from each of
two vials, by quantitative PCR of serial dilutions of tAAV2
RSM against a standard curve of plasmid pTR-UF-11 (MBA-
331; ATCC) (Burger et al., 2004) See the protocol posted at
http: //www.isbiotech.org /ReferenceMaterials /pdfs /AAV2_
RSS_genome_copy_titration_QPCR.pdf

Transducing titer. Serial 10-fold dilutions of rAAV2 RSM
were made on HeLaRC32 cells (CRL-2972; ATCC) (Chadeuf
et al., 2000) and coinfected with adenovirus type 5 (VR-1516;
ATCC). Fluorescence microscopy was used to count GFP-
expressing cells at 72 hr postinfection. See the protocol posted
at http: //www isbiotech.org/ReferenceMaterials/ pdfs/AAV2_
RSS_Infectious_titer_assays_V2.pdf

Infectious titer. Serial 10-fold dilutions of an rAAV2 ref-
erence standard stock (RSS) were made on HeLaRC32 cells
(CRL-2972; ATCC) and coinfected with adenovirus type 5
(VR-1516; ATCC). Seventy-two hours postinfection total cell
DNA was extracted and analyzed for vector genome copies
by gPCR. Input vector genomes were subtracted and TCIDsg
titers were calculated according to the method of Karber
(Kérber, 1931). See the protocol posted at http://www
Jisbiotech.org/ReferenceMaterials /pdfs/AAV2_RSS_Infectious_
titer_assays_V2.pdf

Purity and identity. The purity and identity of the rAAV2
RSM were evaluated by SDS-PAGE, using SYPRO ruby
(Invitrogen, Carlsbad, CA) or silver staining (SilverXpress;
Invitrogen). The AAV2 VP1, VP2, and VP3 capsid protein
bands were evaluated for their stoichiometry and size. Purity
relative to nonvector impurities visible on stained gels was
determined. Vector identity was verified by observation of
the electrophoretic banding pattern expected for AAV2 and
by comparison with positive controls. See the protocol
posted at http://www.isbiotech.org/ReferenceMaterials/
pdfs/AAV2_RSS_Identity-Purity_assay.pdf
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Resulits
rAAV2 RSM production and predistribution testing

The goal of the AAV2RSWG manufacturing subcormmittee
was to make a single lot of an rAAV-eGFP vector with a yield
of 1x10"® vector genomes. Eighteen batches of ten 10-layer
cell factories containing 293 cells were transfected and the
resulting AAV vector was purified from the transfected cells
by sequential heparin affinity, hydrophobic interaction, and
cation-exchange chromatography. The final column eluates
from the 18 batches prepared were pooled for a total of 150 ml.
The genome titer of this purified bulk was assayed by dot-blot
assay and, using this method, it was determined that the
material contained 5.69x 10" VG (Potter et al., 2008). The puw-
rified bulks were combined, diluted to ~2x10"" VG/ml, and
sterile filtered into two 1.3-liter portions. This filtered for-
mulated bulk was stored frozen (-80°C) in anticipation of
vialing. In March 2008, one of the 1.3-iter portions of
the bulk stock was thawed, refiltered, and dispensed into 2087
vials at the ATCC to produce the rAAV2 RSM (cat. no. VR-
1616). The vials, frozen in the repository at the ATCC, are
available for distribution. The other 1.3-liter portion of the bulk
material remains frozen at the ATCC, to be dispensed at a
later date if demand warrants (Potter ef al., 2008).

Before freezing, the filtered formulated bulk was sampled
(5ml) and tested for bioburden by a contract testing labo-
ratory (WuXi AppTec). Aerobes, fungi, spores, and obligate
anaerobes all tested negative with an assay sensitivity of <5
CFU/sample. Before distribution, the vialed rAAV2 RSM
was tested under GLP guidelines for sterility (aerobes, an-
aerobes, fungi) and endotoxin at the Indiana University
Vector Production Facility. No bacterial or fungal contami-
nation was detected and endotoxin levels were less than 0.06
EU/ml. The production culture cell harvest and the filtered
purified bulk material were tested at WuXi AppTec for
mycoplasma contamination as detailed in Materials and
Methods (GLP “Points to Consider” assay). The harvest
material tested positive for Mycoplasma arginini (bovine ori-
gin) and the tests were valid (i.e., all controls performed).
The filtered purified bulk material was tested for myco-
plasma, using a modified assay with increased sensitivity. In
this test, a sample of the bulk material was passaged three
times on Vero cells before performing the GLP “Points to
Consider” assay. The bulk material tested negative for my-
coplasma whereas the spike-in controls performed as ex-
pected, indicating that the assay was valid. Last, the harvest
and bulk materials were tested by PCR (WuXi AppTec) for a
165 rRNA gene region specific to various mycoplasma spe-
cies. Using this assay, the harvest was confirmed positive
and the filtered formulated bulk again tested negative, with
all controls performing as expected. Thus whereas the har-
vested cells were positive for mycoplasma, the purified bulk
was negative for viable mycoplasma and no mycoplasma
DNA was detected, so it was concluded that the purification
process likely separated and/or inactivated the contaminat-
ing mycoplasma present in the harvest material (Potter et al.,
2008).

Beta testing

The AAV2RSWG Quality Control subcommittee was
formed for the purpose of characterizing the rAAV2 RSM.
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TaBLE 1. rAAV2 REFERENCE STANDARD MATERIAL
TESTING LABORATORIES

University of Naples Federico II, Italy

University of North Carolina Vector Laboratories, USA

Universitat Autonoma de Barcelona, Spain

Research Institute at Nationwide Children’s Hospital, USA

University of Florida, USA

Laboratoire de Thérapie Génique, France

Généthon, France

Applied Genetic Technologies, USA

International Center for Genetic Engineering and
Biotechnology (ICGEB), Italy

German Cancer Research Center (DKFZ), Germany

University of Pennsylvania, USA

Jichi Medical University, Japan

Sangamo BioSciences, USA

Université Libre de Bruxelles, Belgium

Amsterdam Molecular Therapeutics, The Netherlands

Children’s Hospital of Philadelphia, USA

Decisions regarding the characterization assays required
were made in consultation with the AAV2RSWG, and
members were invited to submit their assay protocols. These
protocols were reviewed and a lead protocol was chosen for
each assay. The assays chosen included (1) confirmation of
the serotype and capsid particle titer by A20 ELISA (Progen
Biotechnik); (2) determination of vector genome titer by
gPCR; (3) determination of infectious titer by median tissue
culture infective dose (TCID5o) with qPCR readout and by
transduction (GFP readout); (4) evaluation of the purity,
capsid subunit stoichiometry, and chemical integrity of the
capsid by SDS-PAGE.

During the protocol selection process it was realized that
the highest level of assay reproducibility in the various
festing laboratories could be ensured only if certain reagents
were provided along with the rAAV2 RSM. The reagents,
which are now available from the ATCC, include a cell line
expressing the AAV2 rep and cap genes (HeLa32; kindly
provided by P. Moullier, INSERM UMR649 Nantes, France),
a concentrated adenovirus helper virus (the adenovirus type

5 reference standard material, ARM) (VR-1516; ATCC) for -

the transduction and infectivity assays, and the pTR-UF-11
vector plasmid (kindly provided by S. Zolotukhin, Powell
Gene Therapy Center and Division of Cellular and Molecular
Therapy, Department of Pediatrics, University of Florida,
Gainesville, FL) used to manufacture the AAV2 RSM viral
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vector. For both genome titer and infectious titer assays, a
qPCR primer-probe set directed to the simian virus 40
(SV40) poly(A) sequence and a dilution series specific to the
RSM were selected. For the purity and identity assay, com-
mercially available assay reagents with the highest sensitiv-
ity were suggested. Using these reagents, the modified assay
protocols were beta tested at the University of Pennsylvania
Gene Therapy Program against both in-house standards
(AAV2.CMV.eGFP and AAV2.CMV .]acZ) and the rAAV2
RSM itself. The genome, infectious, and transduction titers of
the in-house standards correlated well with the titers previ-
ously established by in-house assays (see Table 2; and data
not shown) and vector genome-to-infectious or transduction
unit ratios were similar to those published elsewhere (Sal-
vetti ef al., 1998; Zolotukhin et al., 1999; Zen et al., 2004).
Repeating the beta testing with the rAAV2 RSM allowed
appropriate dilution ranges to be established for several of
the characterization assays. The finalized protocols were
posted at the International Society for BioProcess Technology
website (www .ISBioTech.org) and the HeLaRC32 cells (CRL-
2972; ATCC), pTR-UF-11 plasmid (MBA-331; ATCC), and
ARM (VR-1516; ATCC) assay reagents were made available
through the ATCC. The rAAV2 R5M (VR-1616; ATCC) was
distributed along with the required reagents and handling
instructions to 16 laboratories worldwide (Table 1) that vol-
unteered to conduct one or more of the characterization
assays.

Before filling the rAAV2 RSM, a study was conducted
with a different lot of rAAV2-GFP vector in the same for-
mulation to evaluate the short-term stability of the vector at
room temperature (the filling condition) and at —80°C (the
storage condition). Vials were filled with the beta test vector
and held at the test temperatures for the time periods indi-
cated (see Materials and Methods) and were then assayed for
infectious titer. In all scenarios, a 30-40% drop was observed
between the initial titer and the average of all samples taken
during the time course and it was assumed that this loss
likely indicated absorption to the container surfaces at the
low vector concentration (Potter et al., 2008), because these
containers were not siliconized. After filling the rAAV2 RSM,
a limited study was also conducted to evaluate the stability
of the rAAV2 RSM after post-thaw storage at 4°C, and after
refreezing at —80°C. The purpose of the study was to de-
termine the appropriate conditions for handling of the RSM
once received by the testing laboratory. Transduction titers
fell 35 and 56% after storage or refreezing at 4°C and —80°C,
respectively, and infectious titer fell 78 and 63%, respectively

TABLE 2. QUALIFICATION OF REFERENCE STANDARD MATERIAL (RSM) TEsTING METHODS UsiNG IN-Housg
STANDARDS AND BETA TESTING OF rAAV2 RSM UNDER VARIOUS STORAGE CONDITIONS

In-house standards rAAV2 RSM
AAV2.CMVe.GFP AAV2.CB.lacZ At thaw 4°C* -80°C*
Transducing titer (GFU /ml) 1.42x10%° NA 1.89x10° 1.23x10° 8.38x10%
Infectious titer (TCIDsy TU/ml) 6.96x10° 2.42x10" 1.65x10™° 3.56x10° 6.23x10°
Physical titer (vector genomes/ml) 4.53x10" 2.15x10" 3.39x10" 3.39x10" 3.41x10"
Vector genomes: infectious units 65 8.87 2.05 953 5.39
Vector genomes: transducing units 319 NA 17.90 27.50 40.70

Abbreviations: GFU, GFP (green fluorescent protein) forming units; NA, not available; TCIDsg, median tissue culture infective dose.
“Assayed 3 days postthawing, after storage at the indicated temperature.
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(Table 2). Conversely, no change was observed in the vector
genome titers under the various storage conditions. These
results indicated that the postthaw storage conditions were
adversely affecting the potency of the rAAV2 RSM and that
this decrease was not due to absorption to the siliconized
aliquot vials used in this study, because the vector genome
titer was unchanged. On the basis of these data the decision
was made to test two separate aliquots of the RSM and to
determine transducing and infectious titers within 1hr of
thawing a vial.

rAAV2 RSM characterization

The characterization phase of the rAAV2 RSM proceeded
from July 2008 to March 2009. On receipt, the RSM was
evaluated by the 16 testing laboratories according to the
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posted protocols, and data were recorded on the assay
worksheets provided, which contained the necessary calcu-
lations for titer determination. Fifteen laboratories performed
the particle titer assay (31 replicates), 16 laboratories per-
formed the genome titer assay (36 replicates), 10 laboratories
performed the infectious titer assay (23 replicates), and 12
laboratories performed the transducing titer assay (19 repli-
cates). In some cases (four of the tests), substantial experi-
mental deviation from the posted protocols was noted and
these data have been omitted from the statistical analyses.
The raw data that emerged from the testing laboratories
for the four quantitative titer assays (Table 3) was statistically
analyzed to determine true mean titer values and confidence
intervals. The distribution was first visualized as histograms
(Fig. 1), and it was noted that with the possible exception of
the particle titer results, the data do not appear to be nor-

TABLE 3. rAAV2 REFERENCE STANDARD MATERIAL RAW CHARACTERIZATION DATA

Transducing titer Infectious titer

Particle titer Genome titer (green cells) (TCID50)
Laboratory Replicate (ELISA) (pt/ml) (gPCR) (VG/ml) (GFLI/ml) (ILl/ml)?
A 1 1.08x 102 4.68x10'° 1.27x10°
2 1.26x10'? 8.77x10'° 1.26x10°
B 1 8.25x10" 7.03%10° 3.63x108 6.32x10°
2 8.28x 10" 7.58x10'° 1.00%x 108 1.36x10°
3 9.39x10' 7.15%107 2.00x10°
C 1 7.70x 10" 8.60x10' 9.80x10°
2 6.05x10"! 4.19x10'
D 1 8.80x 10" 1.01x10'° 1.70x10° 1.02x 10"
2 7.83x 10 3.71x10'° 2.77x10° 6.96x10°
E 1 1.16x 10" 1.58x10"
2 1.04x 10" 1.14x10"°
3 1.61x10%°
F 1 1.66x10'2 2.17x10%° 6.60x108
2 1.01x 10" 2.12x10% 5.70x10%
G 1 1.90x10'? 1.13x10' 402x10% 3.23x10°
2 9.39x 101 1.30x10'° 2.67x10°
H 1 2.04x10'°
2 2.13x10%°
I 1 8.56x10"! 5.93x10'° 2.20x107
2 7.08x10"! 6.10x10'° 2.95%x107
] 1 1.24x10% 3.39%10%° 1.89x10° 1.65x10™
2 1.07x10"? 4.49x%10'° 1.22x10° 2.42x10%
K 1 5.29x10"! 3.72x10' 2.01x108
2 7.75x10" 3.62x10' 2.04x10°
L 1 8.13x10" 1.31x10° 5.96x10° 1.50x10°
2 4.99x 10" 1.63x10'° 6.48x10° 6.96x10°
M 1 1.11x10" 1.16x10'° 8.88x10° 2.00x10°
2 1.25x10" 1.53x10%° 452x10° 1.50x 10°
N 1 3.93x10"! 1.47x10'° 3.82x10° 2.00x 10"
2 5.59x 10" 7.63x10° 2.62x108 7.66x10°
3 9.58x10"! 424x10° 2.40x10°
0 1 1.06x101? 6.04x10°
2 1.09x 10" 1.27x10"
P 1 8.02x 10" 420x10%° 7.66x10°
2 7.74x 10" 5.10x10% 6.96x10°
3 4.82x10Y 9.28x10°
Mean 9.43x 10" 3.82x10'° 6.94x108 7.00x10°
Standard deviation 3.19%10"! 2.97x10% 7.03x10% 6.70x10°

“Four replicate test results were omitted because of documented experimental deviation from the posted protocols.



