
ized by host cells packed full of fluorescent para-
sites unable to egress efficiently. These grossly
swollen cells often detached from the monolayer
and could be found floating in the culture medi-
um giving the appearance of a hot air balloon
convention.

Fibroblast cell lines derived from CAPNS1
KO mouse embryos lack both calpain-1 and -2
activity (30), and infection of these cells with T.
gondii produced the same swollen cell phenotype
observed in CAPNS1 knock-down experiments
(Fig. 3C). Transgenic expression of CAPNS1 in
the KOmutants restores calpain-1 and -2 activity
(30) and also complemented the T. gondii egress
defect. Parasite tachyzoites were readily able to
invade (Fig. 3D) and replicate (Fig. 3E) in WT,
CAPNS1 KOs, and CAPNS1-complemented
fibroblasts, demonstrating that the impact of host
cell calpains on T. gondii infection is specific to
egress. Plaque assays showed a ~13-fold reduc-
tion in plaque size for T. gondii in CAPNS1
mutants versus parental MEF cells or CAPNS1-
complementedKOs (Fig. 3, F andG). In contrast to
P. falciparum, which rarely emerge from calpain-
depleted erythrocytes (Fig. 2), some T. gondii
parasites did eventually manage to escape from
calpain-deficient fibroblasts, yielding a small
plaque phenotype.

In summary, in addition to the many roles that
parasite-encoded cysteine proteases play in the
biology of infection and pathogenesis (25), the
apicomplexans Plasmodium falciparum and
Toxoplasma gondii both exploit host cell calpains
to facilitate escape from the intracellular parasito-
phorous vacuole and/or host plasma membrane.
The precise mechanism of calpain-mediated para-
site egress is unknown, but calpains play a role in
remodeling of the cytoskeleton and plasmamem-
brane during the migration of mammalian cells
(31), and activated calpain-1 can degrade eryth-
rocyte cytoskeletal proteins in vitro and during
P. falciparum infection in vivo (fig. S4). The
calcium responsible for calpain activation during
parasite infection may be supplied through the
action of a parasite-encoded perforin recently
implicated in T. gondii egress (32). The parasito-
phorous vacuole was labeled by the calcium-
specific dye Fluo-4-AM during late schizogony,
and depletion of internal calcium with the
membrane-permeant chelator EGTA-AMblocked
parasite egress, whereas removal of calcium
from the culture medium did not (fig. S5). We
suggest a model in which a calcium signal
triggered late during parasite infection activates
host cell calpain, which relocalizes to the host
plasma membrane, cleaving cytoskeletal pro-
teins to facilitate parasite egress (fig. S6).
Because parasites that fail to escape from their
host cells are unable to proliferate, this sug-
gests an intriguing strategy for anti-parasitic
therapeutics.
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Human Induced Pluripotent
Stem Cells Free of Vector
and Transgene Sequences
Junying Yu,1,2,3* Kejin Hu,3 Kim Smuga-Otto,1,2,3 Shulan Tian,1,2 Ron Stewart,1,2
Igor I. Slukvin,3,4 James A. Thomson1,2,3,5*

Reprogramming differentiated human cells to induced pluripotent stem (iPS) cells has applications
in basic biology, drug development, and transplantation. Human iPS cell derivation previously
required vectors that integrate into the genome, which can create mutations and limit the
utility of the cells in both research and clinical applications. We describe the derivation of
human iPS cells with the use of nonintegrating episomal vectors. After removal of the episome, iPS
cells completely free of vector and transgene sequences are derived that are similar to human
embryonic stem (ES) cells in proliferative and developmental potential. These results demonstrate
that reprogramming human somatic cells does not require genomic integration or the
continued presence of exogenous reprogramming factors and removes one obstacle to the
clinical application of human iPS cells.

The proliferative and developmental po-
tential of both human embryonic stem
(ES) cells and human induced pluripotent

stem (iPS) cells offers unprecedented access to
the differentiated cells that make up the human
body (1–3). In addition, iPS cells can be derived
with a specific desired genetic background, in-
cluding patient-specific iPS cells for disease
models and for transplantation therapies, with-
out the problems associated with immune rejec-
tion. Reprogramming of both mouse and human
somatic cells into iPS cells has been achieved

by expressing combinations of factors such as
OCT4, SOX2, c-Myc, KLF4, NANOG, and LIN28
(2–4). Initial methods used to derive human iPS
cells used viral vectors, in which both the vector
backbone and transgenes are permanently in-
tegrated into the genome (2, 3). Such vectors
can produce insertional mutations that interfere
with the normal function of iPS cell derivatives,
and residual transgene expression can influence
differentiation into specific lineages (2), or even
result in tumorigenesis (5). Vector integration–
free mouse iPS cells have been derived from
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liver cells with adenoviral vectors (6) and from
embryonic fibroblasts with repeated plasmid
transfections (7), but the low frequencies ob-
tained make it unclear how practical these ap-
proaches will be for human cells, which generally
require longer exposure to reprogramming fac-
tors (2, 3).

While this manuscript was in review, two
alternative approaches were described to remove
transgenes from mouse or human iPS cells. In
one approach, Cre/LoxP recombination was used
to excise integrated transgenes (8, 9). This ap-
proach successfully removes transgene sequences,
but leaves behind residual vector sequences,
which can still create insertional mutations. A
second approach used seamless excision of
piggyBac transposons to produce vector- and
transgene-free mouse iPS cells (10). Although
a promising approach, vector removal from
human iPS cells produced by this method has
not yet been reported, and removing multiple
transposons is labor intensive. Here, we report
that human iPS cells completely free of vector
and transgene sequences can be derived from
fibroblasts by a single transfection with oriP/
EBNA1 (Epstein-Barr nuclear antigen-1)–based
episomal vectors.

Derived from the Epstein-Barr virus, oriP/
EBNA1 vectors are well suited for introducing
reprogramming factors into human somatic cells,
as these plasmids can be transfected without
the need for viral packaging and can be subse-
quently removed from cells by culturing in the
absence of drug selection. The stable extrachro-
mosomal replication of oriP/EBNA1 vectors in
mammalian cells requires only a cis-acting oriP
element (11) and a trans-acting EBNA1 gene (12).
The oriP/EBNA1 vectors replicate only once per
cell cycle, and with drug selection can be es-
tablished as stable episomes in about 1% of the
initial transfected cells (13, 14). If drug selection
is subsequently removed, the episomes are lost
at ~5% per cell generation owing to defects in
plasmid synthesis and partitioning; thus, cells
devoid of plasmids can be easily isolated (15).

OCT4, SOX2, NANOG, and LIN28 are suffi-
cient to reprogram human embryonic, neonatal,
and adult fibroblasts to iPS cells (2, 16), but
the reprogramming efficiency is low (<0.01%
for newborn foreskin fibroblasts) (2). Such low
efficiency makes it difficult to reprogram with
oriP/EBNA1-based vectors because the stable
transfection efficiency is almost two orders of
magnitude less than that of our lentiviral vectors

(2). Thus, we first improved reprogramming ef-
ficiency with lentiviral vectors. By testing dif-
ferent linkers to coexpress OCT4 and SOX2, we
found that the internal ribosome entry site 2
(IRES2) supported higher reprogramming effi-
ciency (fig. S1, A and B). Because linkers have
less effect on reprogramming efficiency when
used to coexpress NANOG and LIN28 (fig. S1B),
IRES2 was chosen to coexpress reprogramming
factors. Using IRES2-mediated expression of
OCT4, SOX2, NANOG, and LIN28, we im-
proved the reprogramming efficiency for human
foreskin fibroblasts by about 10-fold (~0.1%)
over what we had previously reported (fig. S1C).
The addition of c-Myc and KLF4 further im-
proved the reprogramming efficiency to more

than 1%, the highest efficiencies we have achieved
for these cells (fig. S1C) (17). Thus, we cloned
all six reprogramming factors (OCT4, SOX2,
NANOG, LIN28, c-Myc, and KLF4) into an oriP/
EBNA1 vector using IRES2 for coexpression.
Because our previous experience suggested that
both the balance between transgenes and their
absolute expression levels are critically important
to achieving reprogramming, we tested different
transgene arrangements to achieve appropriate
levels empirically (table S1).

Initial tests with the six reprogramming genes
in the episomal vectors failed to yield human iPS
cell colonies (table S2). With this combination
of genes, substantial cell death was observed
during the first week after transfection, possibly
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Fig. 1. Reprogramming
human foreskin fibroblasts
without genomic vector in-
tegration. (A) Episomal vec-
tors (combination 19 from
experiment 3; table S2).
pEF: the eukaryotic elonga-
tion factor 1a promoter;
pCMV: the cytomegalovirus
immediate-early promoter.
Transgenes and other fea-
tures of vectors are indicated
by red and green arrows,
respectively. (B) Bright-field
image of iPS cells obtained
by transfection of combi-
nation 19 episomal vectors
(clone DF19-9: “Defined
Factor” combination 19, and
clone 9). Scale bar, 0.1 mm.
(C) Pearson correlation analyses of global gene expression (51,337 transcripts) in human fibroblast-
derived iPS cell clones (combination 19). 1-PCC: Pearson correlation coefficient. (D) Hematoxylin and
eosin staining of teratoma sections of iPS cell clone DF19-9 (53 days after injection). Teratomas were
obtained from all 10 iPS-DF19 clones. Scale bars, 0.1 mm. (E) PCR analysis of episomal DNA in iPS-
DF19 clone 1 to 10. G: genomic DNA template; E: episomal DNA template. Genomic and episomal DNA
from nontransfected and combination 19 episomal vector-transfected (day 17 after transfection)
fibroblasts were used as negative (−) and positive (+) controls, respectively. Thirty-two PCR cycles were
used for all primer sets.
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owing to the toxic effects of high c-Myc expres-
sion (18). To counteract the possible toxic ef-
fects of c-Myc expression, we included the SV40
large T gene (SV40LT) in some of the combi-
nations (19). Three of these combinations, all of
which included OCT4, SOX2, NANOG, LIN28,
c-Myc, KLF4, and SV40LT, were successful in
producing iPS cell colonies from human fore-
skin fibroblasts with oriP/EBNA1-based vectors

(Fig. 1A, fig. S2D, and table S2). At least two
plasmids in each successful combination express
OCT4 and SOX2, consistent with the observa-
tion that high expression of these transgenes
improves reprogramming. Clones from two of
these combinations (19 from experiment 3 and 6
from experiment 4; table S2) were chosen for
expansion and analysis. These iPS cell colonies
exhibited typical human ES cell morphology

(e.g., compact colonies, high nucleus-to-cytoplasm
ratios, and prominent nucleoli) (Fig. 1B) and
exhibited gene expression profiles that were
very similar to those of human ES cell lines, but
dissimilar to those of the parental fibroblasts
(Fig. 1C and table S3). Similar to human ES cells,
when injected into immunocompromised mice,
these iPS cells formed teratomas consisting of
differentiated derivatives of all three primary

Fig. 2. Human foreskin fibroblast–derived iPS cells free
of vectors and transgenes. (A) RT-PCR analysis of
transgene expression in iPS-DF6-9 subclone 9T and 12T,
and iPS-DF-19-9 subclone 7T and 11T. Negative control
(−): fibroblasts; positive control (+): fibroblasts transfected
with combination 19 episomal vectors (day 4 after
transfection). Thirty-two PCR cycles were used for all primer
sets. (B) PCR analysis of episomal DNA in iPS-DF6-9 (P:
parental clone), iPS-DF6-9 subclone 9T and 12T, iPS-
DF19-9 (P), and iPS-DF19-9 subclones 7T and 11T. G:
genomic DNA template; E: episomal DNA template.
Negative (−) and positive (+) controls were the same as
in Fig. 1E. Thirty-two PCR cycles were used for all
primer sets except OCT4 endo (28 cycles). (C) Southern
blot analysis of exogenous DNA in iPS-DF6-9 and iPS-
DF-19-9 subclones. The pCEP4 vector was used as a
probe to detect the presence of vector backbone, and
the open reading frames of OCT4 and SOX2 were used as probes to examine
both the endogenous gene and possible transgenes. 1: iPS-DF6-9-9T; 2: iPS-
DF6-9-12T; 3: iPS-DF19-9-7T; 4: iPS-DF19-9-11T; F: foreskin fibroblasts. E:
undigested episomal DNA; G: digested genomic DNA. Combination 19
episomal vector DNA diluted to the equivalents of 0.2 and 1 integration per
genome was used as positive controls (0.2× and 1×).

Fig. 3. Characterization of iPS cell subclones. (A) Bright-field
image of iPS-DF6-9-12T. Scale bar, 0.1 mm. (B) G-banding
chromosome analysis of iPS-DF6-9-12T. (C) Analysis of the
methylation status of the OCT4 and NANOG promoters in iPS
cell subclones by means of bisulfite sequencing. Open circles
indicate unmethylated, and filled circles indicate methylated
CpG dinucleotides. (D) Flow cytometry expression analysis of
human ES cell–specific cell surface markers. Gray line: isotype
control; black line: antigen staining.
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germ layers (Fig. 1D). Polymerase chain reaction
(PCR) analysis failed to detect episomal vector
integration in the genome, but did detect their
persistence in the episomal fraction (Fig. 1E).
The persistence of the episomal vectors suggests
that prolonged transgene expression is required
for successful reprogramming.

Because oriP/EBNA1 episomal vectors are
gradually lost from proliferating cells in the ab-
sence of selection, we performed subcloning to
derive iPS cell clones that had spontaneously
lost the episomal vectors. We chose one iPS cell
clone derived with combination 6 (iPS-DF6-9)
and another one with combination 19 (iPS-
DF19-9), and isolated 12 subclones from each.
More than one-third of the subclones lost their
episomal vectors (fig. S3A). We expanded two
subclones from each vector combination for de-
tailed analysis (iPS-DF6-9 subclone 9T and 12T,
iPS-DF19-9 subclone 7T and 11T). Reverse
transcription (RT)–PCR analysis with transgene-
specific primers failed to detect any residual
transgene expression in any of the four iPS cell
subclones (Fig. 2A). In contrast to the parental
iPS cell clones, PCR analysis demonstrated the
absence of the vector and transgene sequences

in both the genomic and the episomal fractions
of all four iPS cell subclones (Fig. 2B), which
was confirmed by Southern blot analysis (Fig.
2C and fig. S3B).

The iPS cell subclones were morphologically
similar to human ES cells (Fig. 3A); had normal
karyotypes (Fig. 3B); expressed human ES cell–
specific cell surface markers (Fig. 3D) and genes
(Fig. 4, A and B, fig. S4, and table S4); and
differentiated into derivatives of all three germ
layers in teratomas (Fig. 4C). Both the OCT4 pro-
moter and the NANOG promoter were de-
methylated in these iPS cells, similar to human
ES cells and in contrast to the parental foreskin
fibroblasts (Fig. 3C). As of this writing, combi-
nation 19 iPS cells have been in continuous
culture for 7 months after the initial fibroblast
transfection and have demonstrated no period of
replicative crisis. DNA fingerprinting confirmed
their origin from foreskin fibroblasts (table S5).

With oriP/EBNA1-based episomal vectors,
exogenous DNA is not integrated into the hu-
man iPS cell genome, and owing to the gradual
loss of cellular episomal vectors in the absence
of drug selection, vector- and transgene-free hu-
man iPS cells can be isolated through subcloning

without further genetic manipulation. Similar
to mouse studies based on nonintegrating re-
programming methods (6, 7), the current repro-
gramming efficiency of human fibroblasts with
oriP/EBNA1 vectors is low (about three to six
colonies per 106 input cells). These frequencies
are, however, sufficient to recover iPS cells from
a reasonable number of starting cells, and fibro-
blasts are easy to obtain and culture. Because
different cell types have different reprogramming
frequencies (20), and oriP/EBNA1-based vectors
are established as stable episomes at different
frequencies in different cell types (13), it might
be possible to identify another accessible human
cell type more easily reprogrammed with these
episomal vectors. The addition of chemical com-
pounds that increase reprogramming efficiency
might also facilitate reprogramming by these
episomal vectors (21, 22).

Given the rapid pace of the iPS cell field, it is
likely that reprogramming efficiencies will improve
substantially and that it soon will be possible to
derive vector- and transgene-free human iPS
cells by several alternative methods. However, it
will be essential to determine which of these meth-
ods most consistently produces iPS cells with the
fewest genetic or epigenetic abnormalities, because
any abnormalities would affect the application of
these cells in basic research, drug development,
and transplantation therapies much more than the
initial reprogramming frequencies. Substantial
challenges also remain in cell-specific differentia-
tion and delivery, but the derivation of vector-
and transgene-free human iPS cells is nonetheless
an important advance toward the clinical appli-
cation of these cells.
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Fig. 4. Characterization of iPS cell subclones. (A) Pearson correlation analyses of global gene
expression (51,337 transcripts) in iPS cell parental clone DF6-9 and DF19-9; iPS cell subclone DF6-
9-9T, DF6-9-12T, DF19-9-7T, and DF19-9-11T; five human ES cell lines; foreskin fibroblasts. 1-PCC:
Pearson correlation coefficient. (B) Expression of genes that are differentially expressed between
human ES cells and foreskin fibroblasts. (Top) Thirty well-known human ES cell–enriched genes;
(bottom) top 25 foreskin fibroblast-enriched genes. The color key is shown on the left. (C)
Hematoxylin and eosin staining of teratoma sections of iPS-DF19-9-11T (7 weeks after injection).
Teratomas were obtained from all four iPS cell subclones. Scale bars, 0.1 mm.
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Benzothiazinones Kill
Mycobacterium tuberculosis by
Blocking Arabinan Synthesis
Vadim Makarov,1,2* Giulia Manina,1,3* Katarina Mikusova,1,4* Ute Möllmann,1,5*
Olga Ryabova,1,2 Brigitte Saint-Joanis,1,6 Neeraj Dhar,7 Maria Rosalia Pasca,1,3
Silvia Buroni,1,3 Anna Paola Lucarelli,1,3 Anna Milano,1,3 Edda De Rossi,1,3
Martina Belanova,1,4 Adela Bobovska,1,4 Petronela Dianiskova,1,4 Jana Kordulakova,1,4
Claudia Sala,1,7 Elizabeth Fullam,1,7 Patricia Schneider,1,7 John D. McKinney,7
Priscille Brodin,8 Thierry Christophe,8 Simon Waddell,1,9 Philip Butcher,1,9
Jakob Albrethsen,1,10 Ida Rosenkrands,1,10 Roland Brosch,1,6 Vrinda Nandi,1,11
Sowmya Bharath,1,11 Sheshagiri Gaonkar,1,11 Radha K. Shandil,1,11
Venkataraman Balasubramanian,1,11 Tanjore Balganesh,1,11 Sandeep Tyagi,12
Jacques Grosset,12 Giovanna Riccardi,1,3 Stewart T. Cole1,7†

New drugs are required to counter the tuberculosis (TB) pandemic. Here, we describe the
synthesis and characterization of 1,3-benzothiazin-4-ones (BTZs), a new class of antimycobacterial
agents that kill Mycobacterium tuberculosis in vitro, ex vivo, and in mouse models of TB.
Using genetics and biochemistry, we identified the enzyme decaprenylphosphoryl-b-D-ribose
2′-epimerase as a major BTZ target. Inhibition of this enzymatic activity abolishes the formation of
decaprenylphosphoryl arabinose, a key precursor that is required for the synthesis of the
cell-wall arabinans, thus provoking cell lysis and bacterial death. The most advanced compound,
BTZ043, is a candidate for inclusion in combination therapies for both drug-sensitive and
extensively drug-resistant TB.

The loss of human lives to tuberculosis
(TB) continues essentially unabated as a
result of poverty, synergy with the HIV/

AIDS pandemic, and the emergence of multi-

drug- and extensively drug-resistant strains of
Mycobacterium tuberculosis (1–3). Despite some
recent successes, such as the discovery of the
diarylquinoline drug TMC207 (4) and the prom-
ise of the bicyclic nitroimidazole compounds
(5–8), and because of the high attrition rate in
drug development (9), much greater effort is
required to find better drugs in order to meet the
desired goals of killing persistent tubercle bacilli
and reducing TB treatment duration from 6 to
less than 3 months (10, 11).

A series of sulfur-containing heterocycles
was synthesized and tested for antibacterial and

antifungal activity (12, 13). Among their de-
rivatives, compounds belonging to the nitro-
benzothiazinone (BTZ) class showed particular
promise in terms of their potency and specificity
for mycobacteria. One of them, 2-[2-methyl-
1,4-dioxa-8-azaspiro[4.5]dec-8-yl]-8-nitro-6-
(trifluoromethyl)-4H-1,3-benzothiazin-4-one
(BTZ038), was selected for further studies. This com-
pound (series number 10526038; C17H16F3N3O5S,
with a molecular weight of 431.4; logP = 2.84)
(Fig. 1A) was synthesized in seven steps with a
yield of 36%. Structure activity relationship work
showed that the sulfur atom and the nitro group at
positions 1 and 8, respectively, were critical for
activity. BTZ038 has a single chiral center, and
both enantiomers, BTZ043 (S) and BTZ044 (R),
were found to be equipotent in vitro. Because
early metabolic studies with bacteria or mice in-
dicated that the nitro group could be reduced to
an amino group, and because many TB drugs are
prodrugs that require activation byM. tuberculosis
(14), the S and R enantiomers of the amino de-
rivatives and the likely hydroxylamine intermedi-
ate were synthesized and tested for antimycobacterial
activity in vitro (table S1). The amino (BTZ045,
S and R) and hydroxylamine (BTZ046) deriv-
atives were substantially less active (500- to
5000-fold).

Theminimal inhibitory concentrations (MICs)
of a variety of BTZs against different mycobac-
teria were very low, ranging from ~0.1 to 80 ng/ml
for fast growers and from 1 to 30 ng/ml for
members of the M. tuberculosis complex (13).
The MIC of BTZ043 against M. tuberculosis
H37Rv and Mycobacterium smegmatis were
1 ng/ml (2.3 nM) and 4 ng/ml (9.2 nM),
respectively (Table 1), which compares favorably
with those of the existing TB drugs isoniazid
(INH) (0.02 to 0.2 mg/ml) and ethambutol (EMB)
(1 to 5 mg/ml) (14). From structure activity
relationship studies, >30 different BTZ deriva-
tives showedMICs of <50 ng/ml against tubercle
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†To whom correspondence should be addressed. E-mail:
stewart.cole@epfl.ch

Table 1. MIC of BTZ043 against three different mycobacterial species and their resistant mutants.

Strain MIC
(ng/ml) Codon Amino acid

M. smegmatis mc2155 4 TGC Cysteine
M. smegmatis MN47 4000 GGC Glycine
M. smegmatis MN84 >16,000 TCC Serine
M. bovis BCG 2 TGC Cysteine
M. bovis BCG BN2 >16,000 TCC Serine
M. tuberculosis H37Rv 1 TGC Cysteine
M. tuberculosis NTB9 250 GGC Glycine
M. tuberculosis NTB1 10,000 TCC Serine
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ERRATUM

www.sciencemag.org SCIENCE ERRATUM POST DATE 5 JUNE 2009 1

CORRECTIONS &CLARIFICATIONS

Reports: “Human induced pluripotent stem cells free of vector and transgene sequences”

by J. Yu et al. (8 May, p. 797). Karyotypes were performed on each of the vector-free iPS

cell clones analyzed and were reported to be normal. Through subsequent  high-resolution

chromosomal analysis by comparative genomic hybridization, a small interstitial deletion

of chromosome 15 was identified in one of the clones  (iPS-DF6-9-12T). Re-review of the

original karyotypes revealed that this small deletion was present and missed, and that the

initial karyotype depicted in Fig. 3B was not normal, but should have been reported as:

46,XY,del(15)(q14q15). The karyotypes for the other vector-free iPS cell clones analyzed

were also re-reviewed, and all are apparently normal.  The revised karyotype for clone 

iPS-DF6-9-12T does not change the substance of the paper given that the karyotypes of

the remaining vector-free clones appear normal.
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