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Pyothorax-associated Lymphoma : Loss of Epstein-Barr

Virus Nuclear Antigen-3B Protein Expression as a Result

of Mismatch Repair Phenotypes

Tetsuya TAKARUWA

Abstracts : Pyothorax-associated lymphoma (PAL) is an EBV-associated lymphoma, which develops in the

pleural cavity of immunocompetent patients with an over-20-year history of pyothorax. PAL tumor cells

taken from a 72-year-old man revealed having mismatch repair (MMR) phenotype and expression of all
Epstein-Barr virus latent genes except EBNA-3B. EBNA-3B gene in the derived cell line had frameshift
mutation in mononucleotide repeats, indicating that EBNA-3B was the target for the MMR phenotype.

Because EBNA-3B works as target antigens for host cytotoxic T-lymphocyte (CTL) responses via two HLA-

All-restricted epitopes, loss of EBNA-3B expression may contribute for PAL cells to escape from host

immune surveillance in the present case.
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Introduction

Malignant lymphoma frequently develops in the pleural
cavity of patients with over 20-year history of pyothorax").
This tumor stand as a distinct clinicopathologic entity, thus
the term pyothorax-associated lymphoma (PAL) has been
proposed for this type of tumor?. PAL is now listed as a
distinct disease entity in the recent World Health
Organization Classification of tumors®. PAL is non-
Hodgkin lymphoma, mostly diffuse large B-cell lymphoma
(DLBCL), which is strongly associated with Epstein-Barr
virus (EBV) infection.

Previous study on a relatively small number of PAL cases
reported the Latency (Lat) III pattern of EBV infection at
protein level, i.e. the tumor cells express all 9 latent genes®,
Whereas, we recently demonstrated that the EBV latency
pattern in PAL was various among cases”. Latent
infection antigens of EBV, including EBV nuclear antigens
(EBNAs) and latent membrane proteins, are expressed in
latently infected and immortalized B cells but they work as
target antigens for host cytotoxic T-lymphocyte (CTL)
responses in a HLA class I-restricted manner®”.  Among
these latent antigens, the immunodominant CTL epitopes
in EBNA-3B (EBNA-3B 399-408 and EBNA-3B 416-424)

are well characterized. The major cytolytic activity of the
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host CTL is induced via two HLA-A1l-restricted epitopes
in the viral EBNA-3B antigen®”.

Usually, there are no clinical findings suggesting the
presence of immune dysfunction in patients with PAL"?,
Therefore some mechanism for PAL cells to escape from
host immune surveillance must be present. Production of
immunosuppressive cytokine IL-10 by PAL cells, decreased
of expression of HLA class I molecules in PAL cells, or
mutation of CTL-epitope in EBNA3B might be involved in
the escape of PAL cells from CTL® !9,

We have established several cell lines from PAL tissues'

3

among them one line (OPL-3) with Lat III pattern of latent
gene expression did not express EBNA-3B protein.
Sequencing analysis revealed frameshift mutations in
mononucleotide repeats within EBNA-3B gene, which
generates premature stop codon, thus abolish EBNA-3B
protein expression. In addition to reduction of HLA class
I molecules, loss of the EBNA-3B expression may
contribute to PAL cells to escape from host immune
surveillance. The host tumor cells were mismatch repair
(MMR) phenotype, which may cause in mutations of
EBNA-3B genes.

Case report

A 72-year-old man was admitted to National Kinki-
Chuou Hospital with left chest pain.  He had suffered from
pulmonary tuberculosis in the left lung and received an
artificial pneumothorax when he was 22 years old.
Computed tomographic (CT) scan on admission of this time

revealed the masses in the left pleural cavity and diaphragm,
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Fig. 1 Aspiration biopsy from the pleural cavity revealed a monomorphous proliferation of large lymphoid cells in the collagens and fat
tissues (HE). Immunohistochemistry revealed that these cells were positive for CD79 and negative for GD3, thus diagnosed as
diffuse large lymphoma of B-cell type. Few intermingling small lymphocytes were observed.

which were affected by pyothorax. Aspiration biopsy from
the pleura revealed monomorphic proliferation of large
lymphoid cells in the collagens and fat tissues (Fig. 1).
Immunohistochemistry revealed that most proliferating cells
were positive for CD20 and CD79a, and negative for CD3,
thus diagnosed as diffuse large lymphoma of B-cell type.

100

OPL-3

Counts
20 40 80 80

O [T RTINS I TE I Y

l....G

100

Counts
20 40 &0 80

Lotk tbndetodetotodododotot o fotattatad ottt

0

10” 10! 10% 10° 10
Fig. 2 Flow-cytometric analyses for expression of HLA class

I antigens in PAL cell lines OPL-3 and EBV infected
peripheral B lymphocytes (lymphoblastoid cell line ;
LCL). Cells were incubated with HLA class I
monoclonal antibody (white) or with control
antibodies (shaded), incubated with FITC-labeled
second antibodies, and analyzed with a flow-
cytometry.

As for EBV gene expression, both LMP-1 and EBNA-2
were positive in immunohistochemistry. A cell line was
established from a part of the sample with informed consent
HLA-A
allele of the patient was A2/Al1 (data not shown). Flow-

in accordance with the Declaration of Helsinki'".

cytometric analyses of the cell line revealed slightly reduced,
but definite expression of HLA class I molecule (Fig. 2).
Radiographic examination including abdominal CT, brain
magnetic resonance imaging, and Gallium scintigraphy
together with bone marrow biopsy revealed metastasis in
the spleen. Combined two courses of chemotherapy
(cyclophosphamide, doxorubicin, vincristine, and predni-
solone) and 50 Gy of radiation therapy were started, but he
died of disease 30 months after admission. Autopsy was

not performed.
Materials and Methods

1. HLA-A allotyping and flow-cytometric analysis

for HLA class 1

Low-resolution HLA-A locus-specific PCR typing of the
patient was performed using HLA-A locus sequence-
specific primers combinations in PCR amplification of
genomic DNA as described previously”.  Flow-cytometric
analysis for expression of HLA class I molecule in the cell
lines was done.
2. RT-PCR analysis for detection of EBV latent

gene expression

Total RINA was extracted from the samples with the
TRIzol reagent (Invitrogen, Inc., Rockville, MD) according
to the manufacturer’s instructions. Five ug of total RNA
were reverse-transcribed by random hexamer priming using
the Superscript first strand synthesis system (Invitrogen).
Primer pairs were designed to distinguish different EBNA-1

promoter usage from each other, and to detect EBNA-2 and
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EBNA-3B transcripts as described previously®'?.

3. Detection of mutations

Long-distance PCR was performed to amplify the whole
EBNA-3B gene. After electrophoresis on 1.0% agarose
gel, DNA fragments were excised and purified using the
Wizard SV gel extraction kit (Promega Co., Madison, WI).
The purified DNA was used as template for PCR, and the
products were directly sequenced with appropriate primers.
4. Western blotting

Western  blotting was carried out as described
previously'®.  Briefly, whole cells were lyzed in 1 x sample
buffer, separated with 10% SDS-PAGE, and then blotted to
polyvinylidene difluoride membrane using a wet-blotting
apparatus. Anti-LMP-1 and -EBNA-2 antibodies were
purchased from DAKO (Glostrup, Denmark), and anti-
EBNA-3B antibody from Exalpha Biologicals (Boston, MA).
Anti-actin antibody (Sigma, St. Louis, MO) was used as

control. Signals were visualized with ECL plus

Chemiluminescent reagents (GE Healthcare Bio-Sciences
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Fig. 3 According to the International Workshop on MSI
and RER phenotypes in Cancer Detection and
Familial Predisposition, five microsatellite repeats,
D2S123, D55346, D175250, BAT25, and BAT26
were analyzed in OPL-3. MMR-target genes such
as IGFIIR and hMSH6 were mutated. PCR
products from established cell line (C), tumor (T)
and corresponding peripheral blood leukocytes (B).

EBNA-3B
Y3/3B

Y3K

EBNA-1
QK

EBNA-2 Y2H1

Fig. 4 Analysis of EBNA-1 promoter usage and expression

of EBNA-2, and -3B transcripts in OPL-3.

. Products were visualized on agarose gels stained with
ethidium bromide.

Corp., Piscataway, NJ).
Results

The cell line (OPL-3) established from the patient was an
immunophenotype of B cell and similar to that of the
original biopsy specimen (i.e. positive for CD20, CD30 and
CD79a, and negative for CD3, CD4, CD5, CD7, and
CD8), which were confirmed with three different subclones.
Terminal repeat of fusion of EBV in lymphoma cells was
monoclonal pattern. Karyotype was complex with
numerous  structural and numerical abnormalities.
Disruption of the MMR system, as revealed by
Microsatellite Instability (MSI) was found (Fig. 3)'".
According to the International Workshop on MSI and RER
phenotypes in Cancer Detection and Familial Predi-
sposition'®, four of five microsatellite repeats were positive.
MMR target genes such as /GFIIR and hMSHG6 were also
mutated. Promoter usage of EBNA-1 was Lat III pattern
in OPL-3 (Fig. 4). LMP-1, EBNA-2, and EBNA-3B were
also expressed as expected. LMP-1 and EBNA-2 proteins
were expressed as well, whereas, EBNA-3B protein was not
detected by Western Blotting analysis (Fig. 5).

Sequencing analysis of EBNA-3B in OPL-3 and
peripheral blood leukocytes from the patient was
performed. Compared with EBV genome in the strain
B95-8, (Gene Acc V01555.2), more than 10 polymorphisms
were observed in EBNA-3B from both OPL-3 and
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‘b peripheral blood leukocytes (data not shown). Frameshift

Y 4 mutation at mononucleotide tracts from nucleotide 96007

V , V to 96013 in OPL-3, which generates premature stop codon,

Q 0 was observed in OPL-3 but not in the peripheral blood
O V leukocytes (Fig. 6).

- Change in mononucleotide repeat lengths was not
observed in other EBV latent genes including, LMP-1 (poly
C7 ; nt number 5804-5810 in B95-8), EBNA-2 (poly C8; nt
number 48696-48703), EBNA-3A (poly C7; nt number
94177-94183, nt number 94697-94703), EBNA-3B (poly
A7; nt number 95887-95893, poly G7; nt number
95387-95393, nt number 95999-96005, number 98075-
98081), EBNA-3C (poly C7; nt number 100738-100744),
EBNA-1 (poly G7; nt number 107026-107032) as well as
OriP regions (poly A8 ; nt number 8§339-8346, poly C8 ; nt
number 9439-9446) (data not shown).

EBNA-3B

EBNA-1

EBNA-2

Discussion

PAL is an EBV-associated lymphoma, which develops in

LMP-1

patients with over 20 year-history of chronic pyothorax and
2)

with no evidence of immune dysfunction?.  Because most
PAL expresses full range of EBV latent genes, escape
mechanisms from host CTL should work in PAL*™.
Indeed, OPL-3 showed the Lat III pattern of EBV latent

gene ecxpression and expressed HLA-All. However,

Actin

Fig. 5 Latent gene protein expression in PAL cell lines by
Western blotting. Expression of EBNA-3B was not

detected in OPL-3. histologic examination of biopsy sample did not reveal the
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Fig. 6 Sequencing of EBNA-3B gene containing at mononucleotide tracts from nucleotide 96007 to 96013 (A) and predicted amino
acid sequences in OPL-3 (B). Frameshift mutation was observed in OPL-3, which gnerate premature stop codon. No frame
shift mutations were observed in peripheral blood leukocytes. B95-8 sequence was shown as comparison.
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findings suggestive of CTL response against the proliferating
PAL cells, i.e., infiltration of T lymphocytes.

EBNA-3B protein was not expressed in OPL-3. The
sequencing analysis revealed the frameshift mutations
within EBNA-3B gene, which might result in loss of the
EBNA-3B protein. The mutations were insertions within
mononucleotide repeats, which are frequently observed in
cells with MMR phenotypes. In the previous report' ", we
demonstrated that OPL-3 had MMR phenotypes and
MMR-target genes such as IGFIIR and hMSH6 was
mutated. Because EBV replication is synchronized with
host cell division using the host replication system, the
simple repeat sequences in EBV genome might also be the
target in the host with MMR phenotype. EBV genome
contains many mononucleotide repeats. In the present
study the insertion G was obscrved in only EBNA-3B gene
in OPL-3. Further in vitro and in vivo study may be
necessary whether loss of EBNA-3B may be growth
advantage or not.

MMR type is rare in non-Hodgkin lymphoma except for
immunodeficiency-related lymphoma such as HIV infec-
tion-related lymphomas and posttransplant lymphoproli-
ferative disorders’®. Immunotherapy employing antigen-
specific T cells for treatment of human malignancies is
becoming popular. EBNA-3B epitope is one of the
candidates for the virus-specific CTL therapy in fatal
lymphoproliferative diseases. Gottschalk et al reported a
case in which CTL therapy to fatal lymphoproliferative
disease resulted in the selection of clone with EBNA-3B
deletion'®. It is possible that EBNA-3B deletion clone
might be selected in such lymphomas as same mechanism as
observed in the present case.

The present case suggests that not only host genome but
also infected EBV genome could be targets for mutations in
cells with MMR phenotype. Resultant loss of latent gene
EBNA-3B expression provides an advantage for tumor
growth via escape from host GTL responses. This seems
to be one of the mechanisms how PAL cells avoid from CTL
response. It is interesting to know whether other EBV-

related lymphomas have deficiency in EBNA-3B expression.
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After the first report of induced pluripotent stem cells (iPSCs),
considerable efforts have been made to develop more efficient
methods for generating iPSCs without foreign gene insertions.
Here we show that Sendai virus vector, an RNA virus vector that
carries no risk of integrating into the host genome, is a practical
solution for the efficient generation of safer iPSCs. We improved
the Sendai virus vectors by introducing temperature-sensitive
mutations so that the vectors could be easily removed at non-
permissive temperatures. Using these vectors enabled the efficient
production of viral/factor-free iPSCs from both human fibroblasts
and CD34* cord blood cells. Temperature-shift treatment was more
effective in eliminating remaining viral vector-related genes. The
resulting iPSCs expressed human embryonic stem cell markers and
exhibited pluripotency. We suggest that generation of transgene-
free iPSCs from cord bloed cells should be an important step in
providing allogeneic iPSC-derived therapy in the future.

regenerative medicine | nonintegrating RNA vector

Safer and more efficient reprogramming methods have been
explored since the first report of the generation of human in-
duced pluripotent stem cells (iPSCs) (1, 2). Toward this end,
several techniques have been used for obtaining integration and/or
transgene-free iPSCs, including the use of plasmids (3, 4), the Cre/
loxP system (5, 6), adenoviruses (7), piggyBac (8, 9), minicircle
vector (10), and proteins (11, 12). However, these methods suffer
from low efficiency, require repetitive induction, and/or produce
insufficient excision of integrated vectors. Synthetic modified
mRNA may solve the problem, but the reagents must be added
every day (13). Thus, more efficient and simple methods are
needed to generate human iPSCs with no noise of integration or
remaining factors for both clinical applications and basic studies.

An alternative technology involves the use of Sendai virus
(SeV) vectors. SeV, a member of the Paramyxovirdae family, is
an enveloped virus with a single-stranded, negative-sense, non-
segmented RNA genome of ~15 kb (14). Importantly, recombi-
nant SeV vectors replicate only in the cytoplasm of infected cells
and do not go through a DNA phase or integrate into the host
genome (15). SeV vectors have proven to be efficient for the

introduction of foreign genes in a wide spectrum of host cell

species and tissues, and SeV vectors have been studied for ap-
plying to clinical studies of gene therapy for cystic fibrosis, critical
limb ischemia, vaccines for AIDS, and other areas (reviewed in
ref. 16). We previously reported that the SeV vectors efficiently
generate human iPSCs from human fibroblasts (17) and human
blood cells (18). However, to apply SeV vector technology to the
generation of safer iPSCs, the issue of the sustained cytoplasmic
replication of viral vectors after the iPSCs have been established
had to be overcome, even though viral vectors are slowly diluted
during the robust cell division of iPSCs and SeV vector—positive
cells can be removed using an anti-SeV-HN antibody (17). In

14234-14239 | PNAS | August23,2011 | vol. 108 | no. 34

other words, a more efficient shutdown of viral replication is
needed to generate human iPSCs. We considered the use of
temperature-sensitive (TS) SeV vectors the likeliest best solution.

Here we show that by introducing point mutations in the
polymerase-related genes, we obtained new TS vectors and effi-
ciently generated viral/factor-free human iPSCs from fibroblasts
using these vectors by two strategies, (i) replacing the MYC
vector only and (ii) replacing all reprogramming vectors to the TS
vectors. We also applied this method to CD34" cord blood (CB)
cells because SeV vector provides a highly efficient gene transfer
into human CB-derived hematopoietic stem cells (19). CD34*
CB cells are the youngest somatic stem cells and are expected to
have no postnatal genomic aberration by irritants from the en-
vironment or UV rays. They correspond to the hematopoietic
stem cells and progenitors with less epigenetic modification re-
lated to hematopoietic differentiation. These unique features of
CD34" CB cells suggest that this cell fraction might be an ideal
cell source fraction for generating a gold standard iPSC. How-
ever, the risk of foreign gene integration (20, 21) needs to be
overcome for future clinical applications. We successfully
obtained viral/factor-free CB-iPSCs by the TS SeV vectors, and
examined the advantages of using the TS SeV vector.

Results

Generation of TS SeV Vectors. The SeV RNA polymerase com-
prises the phosphoprotein (P) and the large protein (L), and
formation of the P-L complex is required for RNA synthesis (14).
Mutations in P or L have been shown to confer temperature
sensitivity to the virus (22, 23). Although a conventional non-
transmissible F protein-deficient (AF)/TS vector was demon-
strated to have low cytotoxicity at temperatures above 37 °C (24),
it still expressed the GFP gene at 39 °C, albeit at slightly lower
levels (Fig. 1B). Thus, we generated a greater number of TS
vectors using combination of known point mutations in the P and/
or L genes and screened for GFP gene expression in infected cells
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at various temperatures. The TS vectors obtained were (i) P2
vectors (D433A, R434A, and K437A), which contain a charge-to-
alanine mutation in the L-binding domain of the P protein (22);
(i) TS7 vectors (Y942H, L1361C, and L15581); (iit) TS13 vectors
(P2 and L15581); and (iv) TS15 vectors (P2, L1361C, and L15581),
as indicated in Fig. 1. In the present study, we chose to evaluate
these candidate vectors with combined mutations, because a single
mutation appeared to be insufficient to confer temperature sen-
sitivity (i.e., the Y942H, 115581, or L1361C vector). Furthermore,
by using TS candidates with combined mutations, the occurrence
of WT revertant, as occasionally observed in RNA viruses (14),
was less likely. In contrast with the conventional SeV vector, the
TS7 and TS13 vectors expressed GFP at 32 °C and 35 °C, and
weakly at 37 °C, but not at nonpermissive temperatures of 38 °C or
39 °C. The TS15 vector exhibited greater temperature sensitivity;
with this vector, GFP expression was barely detected at 37 °C
(Fig. 1B). We confirmed that there was no GFP expression after
transfection of cells with the TS7 and TS13 vectors after tem-
perature-shift treatment to 39 °C, even when the infected cells
were then cultured at 37 °C for >1 mo with several passages (Fig.
1C). None of the vectors was cytotoxic, and all infected cells were
attached and live, with or without temperature-shift treatment.
Thus, we used these TS vectors to generate human iPSCs.

Generation of Human iPSCs with TS SeV Vectors from Fibroblasts. To
apply the TS vectors to generate human iPSCs, we adopted two
strategies, ({) to replace only c-MYC—carrying vector and (i) to
replace all of the four gene-carrying SeV vector mixtures to the
TS vectors. Our previous study showed that the exogenous c-
MYC inserted between the HN and L positions in the SeV vector

18+ HNL
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(HNL-MYC) persisted in the infected cells longer than any other
vectors carrying OCT3/4, SOX2, or KLF4 at the top of the vec-
tors (18+). When ¢-MYC was inserted at the 18+ position, such
selective retention of the c-MYC—carrying vector was not ob-
served. This was apparently due to the prolonged replication of
the HNL-MYC vector (17). Because GFP expression with the TS
vectors was relatively weak compared with that obtained using
conventional vectors (Fig. 1B), we initially inserted HNL-MYC
into the TS vectors so that the initial levels of expression could
be restored by the polymerases supplied in trans from the other
vectors (OCT3/4, KLF4, and SOX2). In addition, it was hoped
that by using this strategy, the viral vectors might easily disappear
when the remaining vector was HNL-MYC in the TS vector alone
(Fig. 24). Using these vectors at a multiplicity of infection (MOI)
of 3, we obtained colonies from human fibroblast cells that were
alkaline phosphatase (ALP)-positive and exhibited human em-
bryonic stem (ES) cell-like morphology ~28 d after induction
(Fig. 2B and Table S1). We then monitored the amount of the
SeV genome present during reprogramming and cell expansion
using quantitative RT-PCR (qRT-PCR). Surprisingly, replace-
ment of the HNL-MYC vector into only one of the four re-
programming factor mixtures using the TS vectors resulted in
a marked decrease in all viral genomes after the appearance of
the iPSCs (Fig. 2C). As expected, expression of ¢c-MYC on the TS
vectors was correlated with the viral genome (Fig. S1). Then
individual colonies were isolated, and the remaining SeV ge-
nome in each colony was evaluated. During cell expansion, the
vectors were diluted, and most colonies were only partially
positive for SeV (Fig. 2D, Middle). At passage 4, 80% of the
colonies were negative for the viral genome using the TS13-

C

Fig. 1. Generation of TS SeV vectors and inactivation after temperature-shift treatment. (4) Point mutations were introduced into the polymerase-related
genes P (P2: 433, 434, and 437) and/or L (942, 1361, and 1558), as indicated in the schematic structure of the AF/SeV vector. Open angles indicate conventional
mutations in the previous TS vector; closed angles, newly introduced mutations. (B) Confluent LLC-MK2 cells were transduced with each SeV vector carrying
GFP at an MOI of 5 and cultured at the indicated temperatures (32, 35, 37, 38, and 39 °C). Green fluorescence was compared at 3 d after infection. (€) To
confirm the irreversible inactivation of gene expression by temperature-shift treatment, infected cells were cultured at 37 °C for 10 d and then split into two
groups, one group cultured at 37 °C and the other cultured at 39 °C for 28 d, with cells passaged every 7 d. Similarly, cells infected with a TS vector treated at
a nonpermissive temperature of 39 °C for 7 d were also cultured for a further 28 d at 37 °C, with cells passaged every 7 d, to evaluate GFP expression.
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containing four factors. During reprogramming, polymerases may be supplied to the TS vector (which has c-MYC at the HNL position) by OCT3/4-, SOX2-, and
KLF4-carrying conventional SeV vectors. Then the SeV vector may disappear when there is TS vector alone at nonpermissive temperature. (B) Procedure for
reprogramming using SeV vectors. (C) qRT-PCR of existing SeV genomes in induced cells. RNA was extracted from cells between 3 d and 2 mo after infection,
and the amount of SeV genome was analyzed by qRT-PCR. iPSC colonies were passaged every 7 d after day 35 (arrow), and whole colonies on the culture dish
were analyzed. (D) Typical staining of iPSC colonies with anti-SeV antibodies. (Left) At passage (P) 1, many colonies were positive for SeV. (Middle) After
several passages (P4), many colonies were partially positive. (Right) Colonies were found to be negative for SeV at P10. (Scale bar: 200 ym.)

HNL-MYC and TS15-HNL-MYC vectors, and by passage 10, all
colonies were negative for the vector by gqRT-PCR (Fig. 34,
Left). Because the number of SeV-negative colonies was not
increased using the TS7 vector at passage 10, although the partial
negative colonies were increased, the iPSCs were subjected to a
temperature shift to 38 °C (Fig. 34, Right). Incubation of cells at
38 °C for 3-5 d was sufficient to obtain SeV-negative iPSCs (Figs.
34 and 4B) with no changes in the expression of human ES cell
(hESC) marker genes, NANOG (Fig. 4B), or the other related
marker genes. Quantitative RT-PCR analysis and Western blot

analysis of these iPSCs obtained by the first strategy revealed no

detectable viral genome or protein expression in the established
iPSCs at the late passage numbers, with slightly detectable viral
genome or protein expression in the pooled colonies at passage 8
(1/1,000-1/10,000 compared with day 3; Fig. 3 B and C and Table
S3). TS15 showed higher dilution than other vectors, comparable
to their temperature sensitivities. More importantly, copy num-
bers of OCT3/4, SOX2, KLF4, and c-MYC genes in SeV-gener-
ated iPSCs were the same as in parental cells, in contrast to
retroviral-generated iPSCs, in which copy numbers were verified
because of the vector integration (Fig. 3D). The condition and
the efficiencies of these experiments and characteristics of
obtained iPS clones are summarized in Tables S1 and S3.

Expression of Human ES Cell Markers and Epigenetics. All iPSCs
examined expressed hESC markers, as determined by qRT-PCR,
and were positive for stage-specific embryonic antigen (SSEA)-4,
TRA-1-60, TRA-1-81, NANOG, and OCT4, as demonstrated by
immunostaining (Fig. S2 4 and B). Furthermore, CpG dinucleo-
tides at the OCT3/4 promoter region in the iPSCs were deme-
thylated (Fig. S2C). Global gene expression in the iPSCs was
similar to that of hESCs (Fig. S34). Clustering analysis revealed
a high degree of similarity among the reprogrammed iPSCs
obtained using the TS7, TS13, or TS15 vectors that clustered to-
gether with hESCs and was distant from that of the parental so-
matic cells. These iPSCs had a normal 46 XY or 46 XX karyotype,
even after temperature-shift treatment, and could be maintained
for more than 20 passages (Fig. S44 and Table S3). DNA fin-
gerprinting analysis verified that these iPSCs were indeed derived
from the parental fibroblast cells (Fig. S4B).

14236 | www.pnas.org/cgi/doi/10.1073/pnas.1103509108

Established iPSCs Show Potentiality of Differentiation to Three Germ
Layers. The ability of hESCs/iPSCs to differentiate into all cell types
provides the basis for their potential in regenerative medicine.
Thus, we investigated the differentiating potential of SeV-generated
iPSCs by evaluating teratoma formation. In these experiments,
the virus-negative iPSCs were injected s.c. or i.m. into NOD/SCID
mice. Histological examination of the teratomas revealed that the
tissues had originated from the three embryonic germ layers and
included neura] and epithelial tissues, muscle, cartilage, bone, gut-
like structures, and various glandular structures (Fig. S3B). We
further tested the pluripotency of SeV-generated iPSCs in vitro.
Like hESCs, these iPSCs formed embryoid bodies in suspension
culture (Fig. S4C). For mesoderm-derived differentiation, the
embryoid bodies were grown in adherent culture with 0.1 mM
ascorbic acid and 20% FBS to enhance cardiomyocyte differen-
tiation (25), whereas an established protocol for hESCs involving
activin A treatment (26) was used for the induction of definitive
endoderm cells. As a result, SeV-generated iPSCs differentiated
into beating cardiomyocytes and endoderm-derived pancreatic
cells that stained positive for pancreatic and duodenal homeobox
1 (PDX1; Fig. S4C). Coculture of these iPSCs with PA6 feeder
cells resulted in the generation of dopaminergic neurons (ecto-
derm derivatives) that were positive for BIII tubulin and tyrosine
hydroxylase (27) (Fig. S4C). These data indicate that the SeV-
generated iPSCs are pluripotent, like hESCs, and respond to
different differentiation stimuli. Based on these results, we con-
clude that the viral/factor-free iPSCs generated using TS SeV
vectors meet the criteria of hESCs and could serve as a clinically
important source of stem cells without the danger of integration of
any foreign genes.

Generation of Human iPSCs from CB Cells. In the second strategy, we
obtained viral-free iPSCs from human fibroblasts using TS13 or
TS7 vector mixtures consisting of four reprogramming factors
(i.e., 4F/TS13 and 4F/TS7, respectively) at a higher MOI of 30 at
37 °C, with (TS7) or without (TS13) temperature-shift treatment
(Fig. 44 and B and Table S1). In this case, we used a higher MOI
because we could not obtain iPSCs at a lower MO, likely due to
the weak expression of TS vectors at 37 °C, lacking any supple-
mental polymerases from mixed conventional vectors. However,
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Fig. 3. (A) Ratio of SeV-positive colonies. P, passage number. (Left) Randomly chosen colonies were expanded independently, and the existence of SeV
vectors was evaluated by gRT-PCR at P4 and P10. The number of positive and negative colonies was counted and is expressed for each as a ratio of all colonies
chosen (n = 12 per each TS vectar). (Right) Temperature shift to a nonpermissive temperature of 38 °C effectively removed SeV vectors from the iPSC colonies
generated using TS7 vectors. The culture dishes at P4 were split and transferred to culture at 37 or 38 °C for the number of days indicated. The ratio was
calculated as left panel. (B) SeV proteins were not detected in iPSC colonies by Western blot analysis with anti-SeV antibodies. Clone B1, positive control for
iPSCs in which the SeV persisted (17); control, LLC-MK2 cells transfected with plasmids encoding SeV vectors. 5.5-3 and 5.5-5 were generated with MYU/TS7;
13-1, 13-5, and 13-6 were generated with MYC/TS13; and 15-3, 15-4, 15-5, and 15-6 were generated with MYC/TS15. (C) qRT-PCR of viral genome in SeV-
generated iPSCs (viral genome/actin). BJ, parental fibroblasts; day 3 and day 7, BJ cells infected with SeV vectors after 3 and 7 d; HNL1 and HNLs, iPSCs
established using conventional SeV (17). P8, pooled colonies at passage 8. Values <0.001 were backgrounds under the calculation curve as detected in pa-
rental cells. (D) Copy numbers of OCT3/4, SOX2, KLF4, and c¢-MYC in parental cells [B) and human dermal fibroblast (HDF) cells] and iPSCs generated by SeV
(SeV-iPS; n = 11) or retrovirus (retro-iPS; n = 6), as determined by gRT-PCR of genomic DNA. The passage numbers of tested clones are listed in Table S3.

an MOI of only 2 was sufficient to generate iPSCs from the CB  This was reduced to 0% after recloning (clones SeV iPSC 44,
cells described below, possibly because of the highly efficient gene ~ 15A, and 17A; passage 4), followed by the heat treatment. The
transfer into human CB stem cells (19). We infected freshly percentages of SeV-positive cells were determined by the pro-
isolated mononuclear cells with the GFP construct at an MOl of  portion of sum of the area positively detected with anti-SeV HN
2 and found that GFP expression was limited to the CD34"  (envelope) antibody against total colony area. In the agreement
fraction (43% of the CD347 cells were GFP™ cells), whereas no  with this staining result, SeV constructs were not detected by
GFP™ cells were found in the CD34~ fraction at 2 d after SeV ~ qRT-PCR at passage 4 after heat treatment (Fig. 4E). The virus-
infection (19). The rate of SeV infection determined by GFP  negative ESC-like clones showed the expression of hESC markers
expression in CD34" cells was increased up to 100% if we used  (Fig. S5.4 and B), global gene expression profile similar to that of
SeV vectors at an MOI of 20. This fraction corresponds to he-  hESCs (Fig. S5 C and E), and normal karyotype (Fig. S5D). Seven
matopoietic stem cells or progenitors, as reported elsewhere (28).  established cell clones were tested for embryoid body-mediated
Then freshly isolated purified CD34" CB cells (purity of CD34™,  in vitro differentiation potential, and three out of the seven clones
96-99%) or the frozen CD34% CB cells (RIKEN BioResource  were found to have in vivo differentiation potential in a teratoma
Center; purity of CD34", 97-99%), thawed 1 d before infection,  formation assay with SCID mice. All three of these clones were
were used for SeV infection. These cells were treated with a SeV  able to give rise to cells of all three germ layers as detected by
vector mixture consisting of SeV TS7-OCT3/4, -SOX2, -KLF4,  immunocytochemistry and cell morphology studies (Fig. S5F).
and -c-MYC. Infected cells were incubated under hematopoietic ~ These three lines formed the teratomas with a cystic mass con-
cell culture conditions, followed by cocultivation on mitomycin C  taining differentiated tissues morphologically corresponding to
(MM(C)-treated SNL cells on day 4 or day 10 (Fig. 4C). hESC-like  all three germ layers (Fig. S5F). The characterization of estab-
colonies expressing SSEA-4 appeared after 14 d of cocultivation  lished clones from fibroblasts and CB cells is summarized in
with SNL (18 d after SeV infection), whereas no colonies were  Table S3.

obtained after transfer onto SNL on day 10 (Table S2). The . .

efficiency with which iPSC colonies emerged on SNL feeder cells Discussion

using SeV TS7 vectors is also shown in Table S2. To eliminate ~ The present study has demonstrated that the established TS SeV
remaining SeV virus constructs, ESC-like colonies were subjected ~ vectors TS15, TS13, and TS7 are highly effective tools with which
to heat treatment at 38 °C for 3 d and recloned. SeV-positive cells ~ we were able to obtain transgene-free human iPSCs. These iPSCs
constituted 60-80% of total cells within hESC-like colonies be-  were generated efficiently by robust gene replication, with a sub-
fore heat treatment (clones SeV iPSC 4, 15, and 17; passage 2).  sequent rapid decrease in the level of factor-carrying SeV vectors
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percentage of SeV-positive cells in the respective colony was determined using a two-value recognition function and is given below the gRT-PCR image.

during cell expansion (Fig. 2C). Almost all of the colonies picked
up were virus-negative at late passages, and even if vectors were
present, they could be easily removed using the temperature-shift
protocol (Figs. 34 and 4). Indeed, the iPSCs generated using TS
SeV vectors were free of any integrated viral factors, in contrast to
retroviral-generated iPSCs, which express variable copy numbers
of OCT3/4, SOX2, KLF4, and ¢-MYC (Fig. 3D). We also demon-
strated that using TS SeV vectors, virus-negative iPSCs were effi-
ciently generated from CD34" human CB cells (Fig. 4).
Although the use of synthetic modified mRNA to generate
iPSCs has been reported, this is highly dependent on the gene
delivery system, because it requires repetitive transfection for
16 d (13). Therefore, it might not be applicable to difficult-to-
transfect cells, such as primary peripheral blood cells. The ad-
dition of decoy receptor to prevent IFN production by host cells
is also needed. In contrast, SeV vectors require no transfection
reagents or decoy receptors. We suggest that this is a consider-
able advantage to using nonintegrating SeV; the iPSCs thus
generated have a homogeneous genetic background. Several
studies on the generation of iPSCs from blood cells and CB cells
with integration-free episomal vectors have been published re-
cently (29-31). The efficiency of generating iPSCs is lower with
episomal vectors than with SeV (>0.1% at an MOI of 2) and
varies depending on the construction of the vectors and the
nature of the transfection medium used. The major advantage of
using nonintegrated SeV vectors is a potent and robust protein-
expressing property that does not require optimization of the
transfection medium. The volume of collected CB is 80-120 mL
and may contain 2-4 x 10° CD34" cells on average. Our results
show that only 1 x 10 CD34™ cells, corresponding to ~5 mL of

14238 | www.pnas.org/cgi/doi/10.1073/pnas.1103509108

CB, are needed to obtain 10 independent iPSC clones with SeV.
The rest of the CB can be sorted and used for the regular bone
marrow transplantation therapy. In addition, there have been no
reports of pathogenicity associated with SeV in primates, and the
safety of the SeV vector is further enhanced by the F-deficiency
that makes the vector nontransmissible (16).

In the present study, we have confirmed that the SeV vectors
were not reactivated or detected in iPSCs at late passages or after
temperature-shift treatment (Figs. 1C and 3). It has been sug-
gested that TS mutations in P and L affect polymerase activity
and promote degradation of the virus vector after treatment at
nonpermissive temperatures (23). Based on our findings, we be-
lieve the TS SeV vector system that allows the elimination of
remaining SeV construct from reprogrammed cells by tempera-
ture-shift treatment could accelerate future clinical application
of iPSCs generated from cells obtained by less invasive or even
noninvasive methods.

Materials and Methods

The induction of human iPSCs was done as reported previously (1, 17). Unless
indicated otherwise, SeV vectors (OCT3/4, SOX2, KLF4, and ¢-MYC) were used
atan MOI of 3 or 30 for 1 x 10 fibroblasts. For retroviral induction, fibroblasts
were infected with mCAT containing simian immunodeficiency virus (SIV)
vector at an MOI of 50, and then expanded by induction with retrovirus vec-
tors containing reprogramming factors. Infected cells were transferred onto
MMC-treated mouse embryonic fibroblast (MEF) feeder cells on day 6 after
induction. Details of the experimental procedures are provided in 5/ Materials
and Methods.
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Human leukemia inhibitory factor (LIF) was immobilized into insect virus-derived microcrystals (poly-
hedra) to generate LIF polyhedra (LIF-PH) that can slowly release LIF into embryonic stem (ES) cell
culture media and thus maintain ES cells in an undifferentiated state. Assays of the biological activities of
LIF-PH indicated that a single addition of LIF-PH to the ES cell culture medium can support the prolif-
eration of mouse ES and induced pluripotent stem (iPS) cells continuously for 14 days, and suggest that

ﬁ?’wmds" LIF-PH can be successfully used in the place of a periodic addition of recombinant LIF to the media every
Polyhedra 2-3 days. The release of LIF protein from LIF-PH was determined by enzyme-linked immunosorbent
Slow release assay (ELISA). Maintenance of undifferentiated state of mouse ES and iPS cells cultured with LIF-PH was
ES cells determined by the detection of pluripotency-related biomarkers Oct3/4 and stage-specific embryonic
iPS cells antigen-1 (SSEA-1) through immunostaining and measurement of alkaline phosphatase activity. In this

paper, we propose a closed culture system for mass production of ES and iPS cells that utilize a slow-

releasing agent of LIF.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Leukemia inhibitory factor (LIF) initially was identified as
a cytokine capable of inducing the differentiation of M1 myeloid
leukemia cells, and later was shown to have a strong differentia-
tion-inhibiting activity on embryonic stem (ES) cells [1,2]. At
present, mouse ES cells are cultured in an undifferentiated state on
gelatin-coated polystyrene plates in the presence of LIF [3,4]. LIF
belongs to the family of interleukin-6 (IL-6)-type cytokines. This
family of cytokines stimulates target cells through the gp130
receptor, which is expressed in all cells of the body, while the
specific cytokine receptor subunits are expressed in a cell-specific
manner and induce a specific cellular response when triggered by
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a particular member of the cytokine family. LIF induces hetero-
dimerization of the gp130 and LIF receptor (LIFR) upon binding to
receptor subunits, and this dimerization results in the activation of
associated Jak tyrosine kinases and initiation of intracellular
signaling cascades [5]. Jak-mediated phosphorylation of specific
tyrosine residues in the gp130 cytoplasmic domain creates docking
sites for Src homology 2-containing signal transducer and activator
of transcription (STAT) proteins, which are then phosphorylated
and translocate to the nucleus as dimers to induce expression of
specific sets of genes [6,7]. The STAT protein family has seven
members, of which STAT3 is the major mediator of gp130 signals
[8]. STAT3 is thought to be involved in the induction of a set of
genes related to maintenance of pluripotency and self-renewal in
ES cells [9,10]. Previous reports indicate that mouse LIF binding
activity is specific to mouse LIFR, while human LIF can bind LIFR
from either human or mouse. In addition, the binding activity of
human LIF to mouse LIFR is higher than that of mouse LIF [11,12].
The disruption or removal of LIF signaling (e.g. by cytokine
starvation) will trigger a signal within stem cells to differentiate
[13]. Presumably, continuous activation of LIF-mediated signaling by
a slow, steady release of LIF in cell culture, rather than spikes in
activation and rapid withdrawal of LIF-mediated signaling observed
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during periodic addition of recombinant LIF would be beneficial for
maintaining stem cell pluripotency during self-renewal. For this
purpose, we have developed a new slow-releasing agent comprised
of a viral protein crystalline matrix containing immobilized human
LIF molecules.

Cypovirus (CPV) infections of insect larvae are characterized by
the production of massive amounts of a major virus-encoded
protein (polyhedrin). The polyhedrin protein molecules crystallize
in the cell cytoplasm to form cubic inclusion bodies (polyhedra)
that incorporate numerous virus particles. CPVs belong to a genus
within the Reoviridae family [14]. Polyhedra function to facilitate
the survival of the incorporated virus in hostile environments,
stabilizing the virions and allowing long-term viability. These
polyhedra are also highly resistant to both nonionic and ionic
detergents and are soluble at neutral pH [15]. Previously, we have
produced recombinant polyhedra derived from Bombyx mori
cypovirus (BmCPV) without incorporation of virus particles. We
developed two targeting strategies for the incorporation of foreign
proteins into polyhedra. Diverse foreign proteins can be immobi-
lized into polyhedra by fusing a polyhedron-targeting tag sequence
at the C- or N-terminus of the foreign protein [16].

As described in this report, we have generated two types of
polyhedra by immobilizing human LIF fused with a polyhedron-
targeting tag sequence at either the C- or N-terminus. The biolog-
ical effects of these polyhedra on cultured stem cells were deter-
mined and compared to those effects seen when using recombinant
human LIF (rhLIF) in analogous experiments.

2. Materials and methods
2.1, Generation of LIF polyhedra

Recombinant LIF baculovirus transfer vectors were generated using GATEWAY®
cloning technology (Invitrogen). The LIF gene fused to DNA encoding either the VP3
or the H1 immobilization signal was amplified by polymerase chain reaction (PCR)
using primer sets containing attB1 and attB2 sequences. The forward primer 5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGGTCTTGGCGGCAGGAG-3'  and
reverse primer 5-GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAGGCCTGGGCCAA-
CACGGCG-3' were used to amplify the LIF gene coupled to DNA encoding the VP3
immobilization signal, and the forward primer 5'-GGGGACAAGTTTGTACAAAAAA-
GCAGGCTTAAAGGTCTTGGCGGCAGGAGTTG-3' and reverse primer 5'-GGGGAC-
CACTTTGTACAAGAAAGCTGGGTGCTAGAAGGCCTGGGCCAACACGGCG-3' were used
to amplify the LIF gene fused to DNA encoding the H1 immobilization signal. The
resulting attB-flanked PCR products were cloned into a donor vector (p)DONR221) by
BP reactions of GATEWAY® system. To produce transfer vectors encoding H1 or VP3
immobilization signals, the open reading frame cloned between the attL1 and attL2
sites in the entry vectors was transferred to destination vectors (pDEST-C-VP3 or
pDEST-N-H1) via LR Clonase™ reactions. The resulting transfer vectors were co-
transfected into Spodoptera frugiperda IPLB-Sf21-AE (Sf21) cells with linearized
Baculogold Baculovirus DNA (BD Pharmingen), and replication-competent baculo-
virus was rescued by recombination between transfer vector and the linearized viral
DNA and ultimately harvested from the supernatant. Immobilization of LIF using
VP3 or H1 signals was accomplished by dual infection of the recombinant baculo-
viruses that express the LIF fusion proteins and a recombinant baculovirus AcCP-H
expressing BmCPV polyhedrin. The resulting polyhedra were recovered and purified
from Sf21 cells, and detected by western blotting as previous reported in Reference
[16]. Polyhedra were stored in distilled water containing penicillin (100 U/mL) and
streptomycin (100 pg/mL).

2.2, Cell culture

The mouse ES cell line, EB5, was derived from E14tg2a (ATCC) by inserting the
Aspergillus terreus blasticidin S deaminase gene and was provided by Dr. Niwa (Riken
CDB, Kobe), and maintained as previously described in References [3,4]. In brief, EB5
cells were maintained on 6-well plates (Asahi Glass) coated with 0.1% type A gelatin
(Sigma—Aldrich) in undifferentiation medium [“glow minimum essential medium”
(GMEM; Invitrogen) supplemented with 1% fetal bovine serum (FBS; CELLect, MP
Bioscience), 10% KnockOut Serum Replacement (KSR; Invitrogen), 0.1 mm nones-
sential amino acids (NEAA; Invitrogen), 1 mm sodium pyruvate (Invitrogen), 0.1 mm
2-mercaptoethanol, blasticidin (500 ng/mL; Invitrogen), and 2000 U/mL (10 ng/mL)
rhLIF (Chemicon International LIF1005)]. Cultivation of undifferentiated EB5 cells
harboring a blasticidin resistant gene that is fused to the Oct-4 promoter region was
achieved through blasticidin selection. EB5 passaging was accomplished by washing

cells once with phosphate-buffered saline (PBS) and then incubating with 0.05%
trypsin-ethylenediaminetetraacetic acid (EDTA) at 37 °C for 5 min. Cell clumps were
dissociated completely by pipetting in undifferentiation medium. Ten thousand cells
were seeded in a 6-well plate and cultured in 2 mL of undifferentiation medium for 3
days before the next passage.

To generate mouse iPS cells, neural stem cells (NSCs) isolated from Oct-4/green
fluorescent protein (GFP) transgenic mice [17] were used as cell source for reprog-
ramming. One hundred thousand NSCs were transduced with retroviruses bearing
c-Mye, KIf4, Oct3/4 and Sox2 genes as described in Reference [18]. Twenty-four hours
post-transduction, cells were transferred to ES medium and maintained in feeder-
free gelatin-coated plates. Oct-4-GFP positive cells emerged within 1 week and iPS
cells (IWF-1; named after iPSc Without Feeder cell) were established in 3 weeks.
Silencing of the exogenoxfs factor and reactivation of the series of endogenous
pluripotency markers were confirmed by reverse transcription (RT)-PCR. Generation
of chimeric mice was confirmed following blastocyst injection.

2.3. Cell proliferation assay

For both short-term (7 days) and for long-term culture (14 days) culture, 2 x 10°
cubes or 5 x 10° cubes of polyhedra containing either H1-tagged LIF (H1/LIF poly-
hedra) or VP3-tagged LIF (LIF/VP3 polyhedra) were mixed in 0.1% gelatin solution,
coated on a polystyrene plate, and air-dried at room temperature. Cells were har-
vested and counted at indicated days.

2.4. Immunostaining of ES cell undifferentiation markers

Mouse ES or iPS cells were cultured with either 2 x 10° cubes of H1/LIF poly-
hedra, LIF/VP3 polyhedra, empty polyhedra (CP-H polyhedra), 10 ng/mL of rhLIF, or
without rhLIF in the absence of blasticidin for 3 days. Cells were then fixed in 4%
paraformaldehyde in permeabilization solution (0.2% Triton X-100 in PBS) for
20 min at 4 °C, rinsed with PBS, and then blocked in a blocking buffer (PBS con-
taining 0.1% bovine serum albumin (BSA)) for 15 min at room temperature. The ES
cells were incubated with a 1:100 dilution of primary antibody against Oct-4 (Santa
Cruz Biotechnology, catalog #5SC-5279) or against stage-specific embryonic antigen-
1 (SSEA-1; Santa Cruz Biotechnology, catalog #5SC-21702), and mouse iPS cells were
incubated with primary antibody against SSEA-1 at 4 °C overnight followed by
incubation with Alexa fluorophores (Invitrogen) for 1 h at 37 °C. Alkaline phos-
phatase (ALP) activity of cultured cells was detected with a Vector Blue® Alkaline
Phosphatase Subtraction Kit (Vector Laboratories) according to the manufacturer’s
instructions. Cells were observed by either fluorescence microscopy or by phase-
contrast microscopy using an Olympus CKX-31 inverted microscope.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Concentration of LIF in culture media was determined by ELISA. Two hundred
thousand cubes of CP-H polyhedra or either LIF/VP3 or H1/LIF polyhedra were added
in undifferentiation medium to 1 x 10° EB5 cells. The release of LIF from polyhedra in
fresh undifferentiation medium was measured at days 0 (1 h after adding polyhedra
to the cell culture), 1, 2, 3, 4 or 5, and was determined using a Human LIF Quantikine
ELISA kit (R&D Systems) in accordance with the manufacturer’s protocol. The release
of LIF from polyhedra in a conditioned medium harvested from culture medium
used to keep EB5 in confluence for 24 h was also determined with this kit. The
amount of soluble LIF was measured by absorbance at 450 nm with a microplate
reader (Model 680, Bio-Rad).

Activation of STAT3 was also determined by ELISA. Ten thousand EBS cells were
cultured without rhLIF in the presence of blasticidin for 3 days to generate a LIF
starvation culture, and then either 2 x 10° cubes of H1/LIF polyhedra or 10 ng/mL
rhLIF was added to the cell culture. The cells were harvested at designated time
points, mixed with ice-cold cell lysis buffer (Cell Lysis Buffer (10x); Cell Signaling)
with 1 mm phenylmethylsulfonyl fluoride (PMSF; Sigma) and incubated at 4 °C for
5 min after assessing the cell number. The cell lysate was centrifuged at 14000xg for
10 min at 4 °C, and the supernatant was then collected. Soluble phospho-STAT3
(Y705) levels in the supernatant were measured by ELISA using a PathScan® plate in
accordance with the manufacturer’s protocol. Horse radish peroxidase (HRP)-
conjugated antibody was used for the detection of phospho-STAT3, and absorbance
at 450 nm was measured with a microplate reader (Model 680, Bio-Rad).

2.6. Western blotting

Analysis by sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and western blot detection was performed by suspending 4 x 10° cubes of each
type of polyhedra in 30 pL of SDS-PAGE sample buffer (50 mm Tris~HC! (pH 6.8),
100 mwm dithiothreitol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol), followed by
boiling for 5 min, cooling on ice, and separating the polyhedra lysates by SDS-PAGE at
25 mA. Duplicate lanes for each polyhedra sample were prepared, and following
electrophoresis one-half of the gel was transferred onto a nitrocellulose membrane at
54 mA for 90 min for western blotting while the other half was stained with coo-
massie blue. The blotted membrane was incubated with an anti-human LIF mono-
clonal primary antibody (R&D systems) diluted 1:250 in 3% skim milk/Tris-buffered
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saline with Tween-20 (TBS-T) for 2 h at 25 °C, followed by a second incubation at
25 °C for 2 h with an HRP-conjugated anti-mouse secondary antibody (Bio-Rad)
diluted 1:3000 in 3% skim milk/TBS-T. After several washes, the membrane was
developed with an immunostaining kit (HRP-1000; Konica) according to the manu-
facturer’s instructions.

3. Results
3.1. Immobilization of human LIF into BmCPV polyhedra

The viral protein VP3 mediates incorporation of BmCPV into
polyhedra, and a stretch of 52 amino acids within this protein is
sufficient to direct immobilization of foreign proteins into polyhedra.
This 52-aa sequence was fused to the C-terminus of LIF to direct LIF
uptake into polyhedra, and is termed VP3-tag. Similarly, a stretch of
30 amino acids from the N-terminal alpha helix of the BmCPV pol-
yhedrin protein can be used to direct immobilization of foreign
proteins into the cubic polyhedra structure [15,16,19], and this 30-aa
sequence (termed H1-tag) was fused to the N-terminus of LIF to
direct LIF immobilization into polyhedra. Human LIF protein bearing
either a VP3-tag or a Hl-tag was immobilized into polyhedra to
generate two types of LIF polyhedra that can slowly release LIF into
the culture medium, namely H1/LIF polyhedra and LIF/VP3 poly-
hedra. The amount of immobilized LIF, the LIF release rate from
polyhedra, and the biological activities of the released protein were
examined in biological assays, with the two tagging methods
yielding differing outcomes.

The schema for generation of the two types of LIF polyhedra and
photos of LIF polyhedra are shown in Fig. 1A. Immobilization of LIF
protein into polyhedra was confirmed by the detection of LIF
protein by western blotting (Fig. 1B). LIF protein can be immobilized
into polyhedra by either the H1-tag or the VP3-tag. However, the
intensity of LIF bands in the western blot indicates that LIF protein
was more efficiently immobilized into polyhedra when the H1-tag
was used.

3.2. Release of LIF in cell culture media

Release of LIF from H1/LIF and LIF/VP3 polyhedra in culture
medium was determined by ELISA. Ten thousand EB5 cells were
cultured with 2 x 10° cubes of H1/LIF polyhedra, and release of LIF
was observed 1 h after the culture was initiated (day 0). However,
the same dose of LIF/VP3 polyhedra did not release detectable levels
of LIF, with measurements showing only background-level signals,
as low as empty polyhedra (CP-H polyhedra) derived from an
infection of Sf21 cells with AcCP-H alone (Fig. 2). The release of LIF
from H1/LIF polyhedra peaked 2 days after the culture was initiated,
and lasted as long as 5 days so far measured. On the other hand,
rhLIF levels begin to diminish at day 3 and are drastically reduced at
day 4 days, with levels almost 1/10 of the initial dose. The rhLIF
levels were barely detectable at day 6. Interestingly, the amount of
rhLIF added to the cell culture is drastically reduced within 1 h. A
likely explanation for this drop is that some portion of rhLIF binds to
LIF receptor, while the majority of rhLIF molecules stick to the wall
of culture dishes or are degraded soon after addition to the cell
culture media. The release of LIF was observed within 1 h when
H1/LIF polyhedra were soaked in fresh cell culture media (without
cells), but not in PBS (Fig. 2). Also interestingly, the amount of LIF
released was suppressed when H1/LIF polyhedra were incubated
with conditioned media alone (without cells) or added to over-
grown EB5 cell culture that had been cultured with mouse
recombinant LIF. The ELISA kit used in these studies detects rhLIF
but not mouse recombinant LIF (data not shown). These data
suggest that the culture media may contain substance(s) that
promotes the degradation of polyhedra, while the conditioned

media may have factor(s) that antagonize or neutralize such puta-
tive digestive activities of substance(s) found in fresh culture media.

3.3. Maintenance of pluripotent stem cells with H1/LIF polyhedra

Colonies of pluripotent mouse ES or iPS cells having a dome-like
morphology require a continuous supply of LIF to proliferate in the
undifferentiated state, while the colonies start to differentiate and
become flat or take on an epithelium-like appearance in the
absence of LIF. EB5 cells cultured with rhLIF or on H1/LIF or LIF/VP3
polyhedra-coated 6-well plates are shown in Fig. 3. Notably, the cell
culture with 2 x 10° cubes of H1/LIF polyhedra, as well as that with
10 ng/mL rhLIF, maintained dome-shape colonies that were posi-
tively-stained with ALP, but such findings from the culture with the
same dose of LIF/VP3 polyhedra were not observed (Fig. 3). In
accord with the LIF release data shown in Fig. 2, these results
suggest that the level of LIF release from LIF/VP3 polyhedra was not
sufficient to maintain the undifferentiated state of mouse ES or iPS
cells. The maintenance of the undifferentiated stage of pluripotent
stem cells was further evaluated by the detection of pluripotency-
related biomarkers such as Oct3/4 or SSEA-1. Mouse ES cell colonies
maintained a dome-like appearance and retained the expression of
Oct3/4 and SSEA-1 molecules when the cells were cultured with
2 x 10° cubes of H1/LIF polyhedra or 10 ng/mL of thLIF, but not with
LIF/VP3 polyhedra or with CP-H polyhedra (Fig. 4A and B). An
epithelium-like colony emerged and loss of SSEA-1 or Oct3/4
expression was observed when the cells were cultured in the
absence of rhLIF (data not shown), as was observed in cell cultures
with CP-H or LIF/VP3 polyhedra.

Like the mouse ES cell colonies, mouse Oct-4-GFP knock-in iPS
cell colonies (iWF-1) cultured with rhLIF and H1/LIF maintained
a dome-shape morphology, SSEA-1 expression at a molecular level,
and Oct3/4 at a transcriptional level, but such cultures in the
presence of LIF/VP3 or CP-H polyhedra did not (Fig. 4C and D),
analogous to the results shown in Fig. 3. Morphology of the iPS cell
colonies cultured with LIF/VP3 polyhedra was distinct from that
with H1/LIF polyhedra. Dish-like colonies emerged when cultured
with LIF/VP3, but the rim of these colonies were detached from the
gelatin-coated dish and formed embryoid body-like cell clumps.
These cell clusters did not express SSEA-1 at the center of the
colony. Interestingly, EB5 cells spontaneously start to differentiate
as an adhesive cell, while iWF-1 cells lose adhesive properties and
start to differentiate following LIF depletion. It is presumed that
difference in epigenetic status may account for a distinct cellular
behavior in differentiation upon LIF depletion in these two cell
lines. The exact mechanism shall be elucidated in future study.

3.4. Addition of H1/LIF polyhedra sustains ES cell growth in a dose-
dependent manner

The effect of LIF polyhedra on mouse ES iPS cell proliferation
during short-term (7-day) culture was determined by assessing cell
number at days 3 and 5. Of particular note, the proliferation
potential afforded by 2 x 10° cubes of H1/LIF polyhedra is equiva-
lent to that of 10 ng/mL rhLIF and far superior to that of LIF/VP3
(Fig. 5A and C). In addition, ES cells proliferated in a dose-depen-
dent manner within the range of 7.5 x 10% to 2 x 10° cubes of H1/LIF
polyhedra (Fig. 5B).

The slow release effect of H1/LIF polyhedra was determined by
assessing cell number during ES cell culture over 2 weeks. ES cells
were cultured either with 2 x 10° cubes or 5 x 10° cubes of H1/LIF
polyhedra or 10 ng/mL rhLIF, and cell numbers were determined at
days 3, 5, 7, and 14. The rhLIF was added to the culture media at
days 0, 3, 5, 7,10 and 12 to sustain cell proliferation, while H1/LIF
polyhedra were added just once, at the start of the culture. H1/LIF
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Fig. 1. (A) Schema for the generation of LIF slow-releasing agents (LIF-containing polyhedra), and corresponding photos of polyhedra crystals. Either H1-tagged LIF or VP3-tagged
LIF was immobilized into polyhedra to generate two types of slow-releasing agents, namely H1/LIF polyhedra (H1/LIF) or LIF/VP3 polyhedra (LIF/VP3). Empty polyhedra (CP-H)
consisting solely of BmCPV polyhedrin protein were used as a control. (B) Detection of LIF immobilized into polyhedra by SDS-PAGE and western blotting. LIF immobilized into
polyhedra was analyzed by electrophoresis on 12.5% polyacrylamide gels (left panel) and detected by western blotting (right panel) with an anti-LIF monoclonal antibody. Lanes 1, 2,
and 3 correspond to CP-H, LIF/VP3, and H1/LIF samples, respectively. Arrows show the bands corresponding to human LIF molecule.

polyhedra showed a slow-releasing effect, as 5 x 10° cubes of
H1/LIF polyhedra sustained ES cell proliferation at a comparable
level to that seen with the cell culture where 10 ng/mL rhlLIF is
added every 2—3 days (Fig. 5D).

3.5. Signaling delivered by H1/LIF polyhedra is persistent

Propagation of LIF-stimulated intracellular signaling is mediated
by STAT3 activation [20}, which can be determined by the detection
of phosphorylated STAT3. Indeed, addition of rhLIF or H1/LIF
polyhedra to a rhLIF-starved EB5 cell culture induced a spike in

STAT3 phosphorylation at 3 and 6 h (Fig. 6). The STAT3 phosphor-
ylation induced by rhLIF rapidly falls to basal levels by day 3 at the
single cell level, and additional 10 ng/mL rhLIF is needed to resume
increased STAT3 phosphorylation levels. STAT3 phosphorylation
was also assayed 6 h after the addition of rhLIF on days 3 and 5. A
similar induction of STAT3 phosphorylation was observed 6 h after
adding rhLIF on days 3 and 5 of the culture followed by reduction of
STAT3 phosphorylation at days 5 and 7. However, the magnitude of
the phospho-STAT3 induction is attenuated over the course of the
culture at the single cell level due to an increased total cell number
(Fig. 6). In contrast, when 2 x 10° cubes of H1/LIF polyhedra were
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Fig. 2. Concentration of human LIF in ES cell culture media from designated culture conditions. ES cells were cultured either with 10 ng/mL rhLIF, or with 2 x 10° each of cubes of
empty CP-H polyhedral (CP-H), LIF/VP3 polyhedra (LIF/VP3), or H1/LIF polyhedra (H1/LIF) (Upper panel). The amount of LIF in culture media from an individual sample was
determined by ELISA and the measured value is shown as a bar, with an error bar indicating standard deviation (X-axis, different treatments and times; Y-axis, amount in pg/ml).
Samples taken 1 h after the culture was initiated were designated as being collected at day 0. In addition, the amount of human LIF released from 2 x 10° cubes of CP-H or H1/LIF
polyhedra that were suspended for 1 h in PBS, fresh media for EB5 (Fresh Medium), conditioned media from 3-day-old EB5 culture (Condition Medium), or 3-day-old EBS cell
culture (Condition Medium + Cells) was also determined (Lower panel). The inset shows the calibration curve and the best-fit lines used for converting optical density (OD) to
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added to EB5 cells at the start of the culture, the sharp activation of 4. Discussion
STAT3 decreases slowly over time, as determined by measurements

made atday 3 + 6 h,day 5 + 6 h, and day 7 + 6 h. The concentration Our study demonstrates that H1/LIF polyhedra, which immobi-
of LIF in culture media under various culture conditions shown in lized human LIF into polyhedra via the H1-tag, possess long-acting
Fig. 2 also supported these results. biological activities in ES cell culture, with effects comparable to

mES cell

s

Fig. 3. Biological effect of H1/LF and LIF/VP3 on the maintenance of ES cells. Mouse ES cells (EB5 cells; left panels) or mouse iPS cells (iWF-1 cells; right panels) were cultured with
10 ng/mL rhLIF (upper left) or with 2 x 10° cubes of LIFJVP3 (upper right), H1/UF (lower left) or CP-H (lower right) polyhedra for 5 days, followed by ALP staining.
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Fig. 4. Expression of pluripotency-related markers in ES cells cultured with polyhedra. Expression of Oct3/4 (A), SSEA-1 (B)in cultured EB5 cells, or Oct3 /4(C),SSEA-1(D)in cultured mouse
iPS cells (iWF-1 cells) with 10 ng/mL rhLIF (upper left) or 2 x 10° cubes of LIF/VP3 (upper right), H1/LIF (lower left) or CP-H (lower right) polyhedra are shown. Cells were cultured with
respective agents for 5 days and fixed for immunostaining. A phase-contrast image (left) and the corresponding immunostaining image (right) under a fluorescent microscope are shown.
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polyhedra were added to 1 x 10? EB5 cells at the beginning of the culture, while 10, 25, 50 or 100 ng/mL rhLIF was added at days 0 and 3 of the culture to sustain cell proliferation.
The number of cells was assessed at days 3 and 5. B: ES cells proliferate by the addition of H1/LIF polyhedra in a dose-dependent manner. Either 7.5 x 10%, 1.0 x 10% 5.0 x 10% or
2.0 x 10° cubes of H1/LIF polyhedra were added to 1 x 10% EB5 cells at the beginning of the culture, while 10, 25, 50 or 100 ng/mL rhLIF was added at days 0 and 3 of the culture to
sustain cell proliferation. The number of cells was assessed at days 3 and 5. C: Mouse iPS cells proliferate in the presence of H1/LIF polyhedra. Either 2 x 105 cubes of H1/LIF, LIF/VP3,
or CP-H polyhedra were added to 1 x 10* EB5 cells at the beginning of the culture, and 10 ng/mL rhLIF was added at days 0 and 3 to sustain cell proliferation. The number of cells was
assessed at days 3 and 5. D: H1/LIF polyhedra sustain the proliferation of mouse ES cells for 2 weeks. Ten thousand EB5 cells were cultured with either 10 ng/mL rhLIF, 2 x 10° cubes
or 5 x 10° cubes of H1/LIF polyhedra, 2 x 10° cubes of LIF/VP3 polyhedra, or 2 x 10° cubes of CP-H polyhedra for 14 days. The number of cells was assessed at days 3, 5, 7, and 14.
rhLIF was added at days 0, 3, 5, 7, 10 and 12, while polyhedra were only added at the start of corresponding cultures.

those seen for a periodic administration of rhLIF protein to the
culture media. The mechanism underlying how LIF is released from
H1/LIF polyhedra but not from LIF/VP3 polyhedra remains elusive,
and further protein crystal analysis is needed to provide full
answers. Nonetheless, our findings suggest that inexpensive H1/LIF
polyhedra can be productively used to sustain a long-term and
a closed mass culture system.

Recently, a biocarrier using immobilized LIF on a maleic anhy-
dride copolymer thin-film was reported [21]. Here, the immobilized
LIF protein regulated the pluripotency of ES cells growing on the film

for 2 weeks. The ES cell colony spread radially and notably the cells
in the center of the colony, not at the rim of the colony, could use up
LIF immobilized in the film, resulting in differentiation from the
center of colony due to deficient LIF stimulation. In this report,
we demonstrate the biological potential of immobilizing LIF into
polyhedra (e.g. H1/LIF), which can then be mixed with the culture
medium as a soluble, slow-releasing agent of LIF, thereby obviating
the need to add rhLIF to the culture medium every 2—3 days to
maintain ES cell proliferation. Furthermore, unlike rhLIF that
induces spikes in STAT3 phosphorylation (Fig. 6) and cellular
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Fig. 6. STAT3 activation at a single cell level. Ten thousand EB5 cells were cultured
either with 10 ng/mL rhLIF (black bar) or 2 x 10° cubes of H1/LIF polyhedra (gray bar).
The activated form of STAT3 (phosphorylated STAT3), measured in OD units at desig-
nated time points at a single cell level, is shown.

response [13], use of the slow-releasing agent H1/LIF provided
a persistent STAT3-mediated signal activation through continuous
LIF release into the culture medium. This slow-releasing property,
we presume, will be beneficial for the maintenance and proliferation
of ES cells by avoiding the fluctuations (or disruptions) in intracel-
lular signaling through periodic ligand stimulation and starvation.
Recently, two distinct pluripotency stages of the mouse ES cell,
namely the inner cell mass (ICM)-type stem cell and Epiblast-type
stem cells (EpiSCs) have been reported [22—27]. ICM-type mouse ES
cells are “bona fide” pluripotent stem cells representing the pre-
implantation blastocysts that are able to contribute to chimerism
when placed back into blastocysts, and require LIF for the mainte-
nance and proliferation of ES cells. While EpiSCs ES cells, which
represent the post-implantation stage epiblasts, demonstrate the
potential to differentiate into three germ lines in vitro, these cells are
incapable of contributing to chimerism. EpiSCs require basic fibro-
blast growth factor (bFGF) for the maintenance and proliferation of
ES cells. Both human ES cells and humaniPS cells seem to correspond
to the EpiSCs with respect to colony morphology, gene expression
profiles, and cytokine requirement [25], but can be converted to the
ICM-type stem cell stage by cultivation [28] or by constitutive acti-
vation of KIf2/Klf4 genes [26,27] in the presence of LIF. These reports
suggest the potential applications of H1/LIF polyhedra for the
maintenance of ICM-type human ES cells and human iPS cells in
a closed culture system in future study. In the course of reviewing
process of this paper we have succeeded to culture human naive iPS
cells with H1/LIF and show the result in Supplementary figure.

5. Conclusions

Human LIF was immobilized into insect virus polyhedra (LIF
polyhedra) and release of LIF protein from LIF polyhedra was
observed for at least 5 days. Mouse ES cells and mouse iPS cells
were proliferated by adding LIF polyhedra in a dose-dependent
manner. Both ES cells and iPS cells formed colonies and were
stained by Alkali phosphatase positively. Expression of Oct3/4 and
SSEA-1 of ES and iPS colony was also determined. A single addition

of LIF polyhedra to the ES cell culture medium supported the
proliferation of both ES cells continuously for 14 days.
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Appendix

Figures with essential colour discrimination. Figs. 1, 5 and 6 in
this article are difficult to interpret in black and white. The full
colour images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.12.063.

Appendix. Supplementary material

Supplementary data related to this article can be found online at
doi:10.1016/j.biomaterials.2010.12.063.
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