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APOA-1 is a Novel Marker of Erythroid Cell Maturation
from Hematopoietic Stem Cells in Mice and Humans
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Abstract The mechanism that regulates the terminal
maturation of hematopoietic stem cells into erythroid cells
is poorly understood. Therefore, identifying genes and
surface markers that are restricted to specific stages of
erythroid maturation will further our understanding of
erythropoiesis. To identify genes expressed at discrete
stages of erythroid development, we screened for genes
that contributed to the proliferation and maturation of
erythropoietin (EPO)-dependent UT-7/EPO cells. After
transducing erythroid cells with a human fetal liver (FL)-
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derived lentiviral cDNA library and culturing the cells in
the absence of EPO, we identified 17 candidate genes that
supported erythroid colony formation. In addition, the
mouse homologues of these candidate genes were identified
and their expression was examined in E12.5 erythroid
populations by qRT-PCR. The expression of candidate
erythroid marker was also assessed at the protein level by
immunohistochemistry and ELISA. Our study demonstrat-
ed that expression of the Apoa-I gene, an apolipoprotein
family member, significantly increased as hematopoietic
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stem cells differentiated into mature erythroid cells in the
mouse FL. The Apoa-1 protein was more abundant in
mature erythroid cells than hematopoietic stem and
progenitor cells in the mouse FL. by ELISA. Moreover,
APOA-1 gene expression was detected in mature erythroid
cells from human peripheral blood. We conclude that
APOA-1 is a novel marker of the terminal erythroid
maturation of hematopoietic stem cells in both mice and
humans.

Keywords APOA-1 - Erythroid cell maturation - Fetal liver
erythropoiesis - Library screening - Lentiviral cDNA library

Introduction

Hematopoiesis is the process in which pluripotent
hematopoietic stem cells (HSCs) are generated, differen-
tiated into specific progenitors, and ultimately matured
into a variety of blood cell types (erythrocytes, mega-
karyocytes, lymphocytes, neutrophils, and macrophages)
[1]. During embryonic development, HSCs emerge in the
aorta-gonad-mesonephros (AGM) region and expand first
in the fetal liver (FL) and then in the bone marrow (BM)
[2-5]. Among these hematopoietic organs, the FL is a site
of both HSC expansion and active erythropoiesis [6].
Erythropoiesis is the process by which a vast number of
enucleated red blood cells (RBCs) are produced from
hematopoietic stem cells (HSC) [7]. However, the molec-
ular mechanisms underlying erythropoiesis have not been
fully elucidated, largely because there are only a few
molecular markers of terminal erythroid maturation in
both mice and humans. To address this issue, we focused
on the events that regulate the terminal erythropoiesis of
HSCs to mature erythroid cells in order to identify novel
markers of mature erythrocytes.

A previous study established a mouse embryonic (ES)
cell-derived erythroid progenitor (MEDEP) cell line [8].
Although erythroblasts expressing the erythroid matura-
tion marker Terll9 [9] (a protein that molecularly
resembles glycophorin) can be generated from ES/iPS-
derived MEDEP cells, most of these cells remained
nucleated, indicating that they have failed to complete
terminal maturation. Ter119 antigen is currently the only
erythroid-specific marker in mice. However, Terl19 is
expressed at many maturation stages, from erythroblasts to
mature, circulating erythrocytes. Therefore, additional
markers for mature erythrocytes are needed. Numerous
attempts at generating vast quantities of enucleated
erythrocytes have failed to efficiently give rise to fully
functional erythrocytes in vitro. This may in part be due
to the gaps in our understanding of the mechanisms that
regulate erythropoiesis.
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The cytokine erythropoietin (EPO) plays important
roles in erythropoiesis by regulating erythroid cell
differentiation, maturation, proliferation, and survival.
Erythroid cells are highly dependent on EPO during
early differentiation and maturation but lose this depen-
dency and express lower levels of the erythropoietin
receptor (EPOR) as they mature [10]. We hypothesized
that EPO-independent signaling plays an important role
in the terminal stages of erythropoiesis.

We previously established a system in which specific
lentiviral gene transduction induced hematopoiesis from
embryonic stem cells of a nonhuman primate common
marmoset in the absence of bone marrow stromal cells
[11]. In addition, we constructed a high-performance
human fetal liver (FL)-derived ¢cDNA lentiviral library as
a tool to facilitate the discovery of novel genes that are
involved in the expansion of HSCs, erythropoiesis and/or
liver development [12]. During embryogenesis, the FL is
the major site of hematopoiesis, particularly erythropoiesis.
Therefore, the FL-derived cDNA lentiviral library that we
constructed contains many genes that are involved in the
differentiation and maturation of these lineages. The goal of
this study was to identify novel genes that are involved in or
expressed during: EPO-independent terminal erythroid
maturation. We identified APOA-1 as a novel marker of
the maturation of hematopoietic stem cells into mature
erythroid cells.

Materials and Methods
Cells

UT-7/EPO cells [13] (kindly provided by Dr. Komatsu)
are an EPO-dependent cell line that was established from
the bone marrow of a patient with acute megakaryoblastic
leukemia. This cell line was cultured in Iscove’s modified
Dulbecco’s medium (IMDM) supplemented with 10%
fetal bovine serum (FBS) and 1 U/mL human recombinant
EPO (R&D Systems, Minneapolis, MN) at 37°C in 5%
CO,.

Lentivirus Production

The previously generated human fetal liver-derived Entry
¢DNA library [12] was used in this study. Briefly, 34 pug
(1-2x10° cDNA clones) of the library was mixed with
20 pg of pCAG-HIVg/p and 20 pg of pCMV-VSVG-
RSV-Rev as the packaging plasmids in 3.5 ml of FBS-free
DMEM, and then 370 ul of 1 mg/ml polyethylenimine
(PEI) was added to the mixture. After a 30-min incuba-
tion, the DNA/PEI complexes were dropped onto semi-
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confluent 293 T cells in a T175 flask containing Opti-
MEM medium and then incubated for 3 h. Next, these
cells were cultured in DMEM containing 10% FBS. Virus-
containing supernatants were harvested 4 days post
transduction and concentrated by centrifugation
(9,000 rpm, 6-8 h, 4°C). The virus pellet was resuspended
in 1 ml of IMDM and used for overnight transduction of
UT-7/EPO cells.

Transduction of the Lentiviral Library into UT-7/EPO Cells

UT-7/EPO cells were transduced with the viral cDNA
library and cultured in methylcellulose semi-solid
medium containing IMDM, 10% FBS, and P/S without
EPO for one month. After this period, several colonies
were harvested, and genomic DNA was isolated from
each colony using the QIAamp DNA Micro Kit
(Qiagen, Valencia, CA).

Genomic PCR and Sequence Analysis

The integrated cDNAs were PCR amplified using a forward
primer (5'-TTCAGGTGTCGTGAACACGCTACCG-3")
and reverse primer (5-CCTCGATGTTAACTCTAGAG
GATCC-3"). The Expand Long Template PCR System
(Roche, Basel, Switzerland) was used following the
manufacturer’s protocol. ¢cDNAs that were cloned into
the CSII-CMV-RfA vector were sequenced with the
forward (5-CAAGCCTCAGACAGTGG-3") and reverse
(5'-AGCG TATCCACATAGCG-3') primers using a Big-
Dye Terminator v3.1 Cycle sequencing kit (Applied
Biosystems, Foster City, CA) and an ABI PRISM 3100
Genetic Analyzer (Applied Biosystems). The sequences
were compared with the DNA database from the DNA
Data Bank of Japan using BLAST.

Cell Culture and Sorting

The EPO-dependent UT-7/EPO cell line was established
and cultured as previously reported [13]. C57BL6J mice
and ICR mice were purchased from Nihon SLC. Twelve
o’clock noon was considered to be 0.5 day postcoitum
(dpc) for plugged mice. Fetal liver (FL) cells from a
12.5 dpc embryo were filtered through a 40 pM nylon
mesh and washed with PBS. The cells were stained with
a FITC-conjugated anti-mouse CD71 Ab (BD Bioscien-

ces), PE-conjugated anti-mouse Sca-1 Ab (BD Bioscien-

ces), APC-conjugated anti-mouse c-Kit Ab (BD
Biosciences), PE-Cy7-conjugated anti-mouse CD45 Ab
(eBioscience) and APC-Cy7-conjugated anti-mouse Terl19
AD (eBioscience). The cells were sorted using a FACS Aria
cell sorter (BDIS), and the data files were analyzed using
FlowlJo software (Tree Star, Inc.).

Human peripheral blood (PB) was obtained from
healthy volunteers. The PB was stained with a FITC-
conjugated anti-human CD45 Ab (eBioscience), PE-
conjugated anti-GPA antibody (eBioscience) and APC-
conjugated anti-human CD41 antibody (BD Bioscience).
The cells were sorted using a FACS Aria cell sorter
(BDIS), and the data files were analyzed using FlowJo
software (Tree Star, Inc.).

All animal studies were approved by the Committee on
Ethics in Animal Experiments of Kyushu University, and
the ‘human studies were approved by the Committee on
Ethics in Human clinical samples of Kyushu University. All
of these studies were performed following the guidelines of
Kyushu University.

RNA Extraction and Real-time RT-PCR

Total RNA was isolated from FL cells of ICR embryos at
12.5 dpc or whole émbryos at 10.5 dpc using the
RNAgqueous-4PCR kit (Ambion). Total RNA from human
peripheral blood was isolated with the RiboPure Kit
(Ambion). A high-capacity cDNA Archive kit (Applied
Biosystems) was used to synthesize cDNA from RNA. The
mRNA levels of various genes were analyzed by qRT-PCR
using SYBR Green and gene-specific primers with the
StepOnePlus real-time PCR system (Applied Biosystems).
The mRNA level of each target gene was normalized to (-
actin as an internal control.

Immunohistochemistry

Ter119-positive cells from 12.5 dpc FL cells were isolated by
flow cytometry as described above. Cells were cytospun onto
glass slides and air-dried. The cells were fixed in 1% PFA at
room temperature (RT) for 10 min. Nonspecific binding was
blocked by incubating the cells at RT for 30 min in a blocking
solution containing 1% BSA and 0.05% Triton X-100 in PBS.
The following antibodies were diluted in the blocking
solution: rabbit anti-Apoa-1 (1:50, Santa Cruz Biotechnolo-
gies, Inc.). A donkey anti-rabbit IgG (H+L)-Alexa555 (1:250,
Invitrogen) was used as secondary antibody and TOTO-3
(1:1500, Invitrogen) was added as a nuclear stain. Coverslips
were mounted with fluorescent mounting medium (Dako),
and the slides were examined using a confocal microscope

(Olympus).
ELISA

c-Kit-positive cells and Terl19-positive cells were iso-
lated by flow cytometry as described above. Proteins
were extracted from the sorted cells using the Qproteome
Mammalian Protein Preparation kit (Qiagen). To detect
the Apoa-1 protein, a goat anti-Apoa-1 (0.8 pg/ml,
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Fig. 1 Lentiviral human FL cDNA library screening in UT-7/EPO
cells. a Strategy for identifying candidate EPO-independent regulators
of erythropoiesis. Four pools (#65, #50, #70 and #110) of human FL-
derived cDNA library were transfected into 293 T cells with helper
plasmids to generate the lentiviral library. UT-7/EPO cells were
transduced with these lentiviral library pools and then cultured in
semisolid, EPO-deficient media for four weeks to positively select for
clones that were able to form EPO-independent erythroid colonies.
Finally, the ¢cDNAs of the positive clones were sequenced to identify
the transduced genes. b Erythroid colony assay. UT-7/EPO cells were
transduced with the lentiviral pools (#65, #50, #70 and #110) and then
transferred to semi-solid culture media. A representative colony

Rockland Immunochemicals) was used as a capture
antibody, a rabbit anti-Apoa-1 (1:100, Santa Cruz
Biotechnologies, Inc.,) was used as a detection antibody
(primary antibody), and an anti-rabbit IgG-HRP (1:5000,
Millipore) was used as the secondary antibody. Each
antibody was captured onto 96-well immunoplates
(Nunc) at 4°C for 16 h. Nonspecific binding was blocked
by incubating the plate with 1% BSA/PBS for 2 h at RT.
After the extracted proteins were added to the plate for
2 h at RT, the primary antibody was added for 1 h at RT,
followed by the secondary antibody for 30 min at RT.
The tetramethylbenzidine substrate was added to the
wells for 30 min at RT, followed by a Stop Solution
(R&D). The O.D. at 450 nm was measured using a
Thermo Multiskan EX plate reader.
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derived from cells transduced with pool #65 is shown (Scale bar=
200 um). A non-transduced colony was negative for Venus, while the
lentiviral library-transduced colony was positive for Venus. ¢ Colony
number. A total of 22 colonies were obtained from UT-7/EPO cells
that had been transduced with four lentiviral library pools and then
analyzed by the colony formation assay. d Genomic PCR analysis.
The inserted candidate genes were examined by genomic PCR using
lentivirus insertion-specific primers. Lane 1: Untransduced UT-7/EPO
cells (negative control), Lanes 2, 3: A colony derived from UT-7/EPO
cells that had been transduced with lentiviral pool #65, Lane 4: GFP-
transduced UT-7/EPO cells (positive control)

Results

Screening for Genes that Replace EPO/EPOR Signaling
in UT-7/EPO Cells Using a Human FL Lentiviral Library

To identify novel genes that regulate erythroid cell
maturation, we designed a strategy that monitored the
ability of the EPO-dependent cell line, UT-7/EPO, to form
erythropoietin (EPO)-independent colonies. Recently, we
constructed a lentiviral human fetal liver (FL) cDNA library
to search for novel genes that regulate hematopoiesis,
including erythropoiesis [14]. Lentiviral ¢cDNA library
pools, which contained 1.32—1.98x10° cfu (colony forming
-units) per pool [14], were examined in this screen. We used
the UT-7/EPO cell line, which is dependent upon EPO [13].
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Table 1 Genes transduced in
lentiviral-transduced erythroid Lentivirus pool # Gene symbol Discription
colonies arising in the absence
of Epo 65 Angiotensinogen AGT
Estrogen receptor binding site associated antigen 9 EBAG9
50 B-cell CLL/lymphoma 2-like 1 BCL2-like 1
Apolipoprotein A-1 APOA-1
70 ferritin heavy subunit FHS
3-phosphoinositide dependent protein kinase-1 ) PDPK1
abl interactor 2 ABI2
Fibrinogen like 1 FGL1
Apolipoprotein E APOE
Interferon induced transmembrane protein 2 1-8D
110 ; Asialoglycoprotein receptor 2 ASGR2
Ferritin light chain FLC
Solute carrier family 27 (fatty acid transporter) SLC27A2
Ribosomal protein L10 'RPLILO
Collagen type XVIII alpha 1 COL18AL1
Apolipoprotein J APOJ
Group-specific component GC

When UT-7/EPO cells are transduced with genes in this
lentiviral library that can functionally replace EPO/EPOR
signaling, expression of these genes will result in colony
formation in the absence of EPO (Fig. 1a). 293 T cells were
transfected with four different lentiviral cDNA pools (#65,
#50, #70 and #110). Subsequently, UT-7/EPO- cells were
transduced with these four different lentivirus library pools
and cultured for four weeks in semi-solid media in the
absence of EPO. Clones that acquired the ability to
proliferate in the absence of EPO were identified and
analyzed. Lentiviral-transduced cells were identified by
Venus fluorescence that was encoded by the lentiviral
vector. UT-7/EPO cells that were cultured in the absence of
EPO failed to generate colonies, whereas these cells
generated equal numbers of colonies when cultured in
semi-solid media containing EPO (data not shown). When
UT-7/EPO cells that had been transduced with the
lentiviral library (6x10° ¢DNAs) were cultured in the
absence of EPO, 22 EPO-independent colonies formed
(Fig. 1b-c). ,

Next, to identify the cDNAs responsible for this EPO-
independent proliferation, genomic DNA was isolated
from each colony, and the integrated cDNAs were PCR
amplified using lentivirus-specific primers (Fig. 1d).
. Agarose gel electrophoresis of the PCR products for each
colony showed multiple bands of different sizes (Fig. 1d,
lanes 2 and 3). This amplification was specific because
untransduced UT-7/EPO cells did not yield any PCR
products (lane 1), and a PCR product of the expected size
was amplified from UT-7/EPO cells transduced with a
lentivirus encoding green fluorescent protein (GFP)
(lane 4).

Candidate Genes Identified from UT-7/EPO Cells
Transduced with Human FL Lentiviral cDNA Library

The PCR products from the first round of screening were
sequenced to identify the candidate genes that were
expressed during erythropoiesis. ‘Each pool contained a
different number of inserted genes (Table 1). From the first
screening, the following genes were identified as candidates
that contributed to the growth of EPO-independent colo-
nies; FHS and FLC encoding iron—binding proteins; the
vitamin D-binding protein GC; the plasma protein receptor
ASGR?2; the vasoregulator AGT; estrogen-responsive protein
EBAGY; the collagen COLI8AI; the ribosomal protein
RPL10; the kinase PDPKI; ABI-2, a kinase-binding
protein; APOA-1, APOE, APOJ and SLC27A42, all of which
encode lipid metabolism-related proteins; the anti-apoptotic
protein BCL2-likel; and [-8D, encoding a protein of
unknown function.

Among the integrated -genes, some (AGT, FHS, 1-8D,
FLC and GC) were inserted into the host genome as a full-
length coding sequence (CDS). As a result, these genes
produced functional proteins that could be expressed in UT-
7/EPO cells and lead to colony formation in the absence of
EPO.. Other genes (BCL2-likel, APOA-1, PDPKI, FGLI,
APOE, SLC27A42 and COLI8AI) were inserted as a partial
CDS that lacked the 5’ first start codons but contained 3’
stop codons, indicating that these genes were translated
from a secondary start codon to the stop codon to yield
partial proteins. As a result, functional proteins may be
expressed in UT-7/EPO cells, leading to colony formation
in the absence of EPO. The remaining inserted genes
(EBAGY, ABI-2, ASGR2 and APOJ) consisted of only a
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Table 2 Gene specific primers for candidate genes in mice

Agt 5! AGTGGGAGAGGTTCTCAATAGCA

3 GACGTGGTCGGCTGTTCCT
Ebag9 5 GCAGCTACACAAGACATGCCTTT

3 TCCCACGCATTGCTATTTTCT
Bel2-likel 5! GGCTGGGACACTTTTGTGGAT

3’ AAGCGCTCCTGGCCTTTC
Apoa-1 5! GACAGCGGCAGAGACTATGTGT

3 AGGAGATTCAGGTTCAGCTGTTG
Fhs 5 GCATGCCGAGAAACTGATGA

3 TCACGGTCTGGTTTCTTTATATCCT
Pdpk1 5 TTCTTGGCGAGGGCTCTTT

3 CATATTCTCTGGAAGTGGCCAGTT
Abi-2 5! GCGGGTGGCCGACTACT

3 TCTTCTAGGGCTCGCTGCTT
Apoe 5’ AGCTGCAGAGCTCCCAAGTC

3’ TTACTTCCGTCATAGTGTCCTCCAT
1-8d 5! CCTGGGCTTCGTTGCCTAT

3 CACATCGCCCACCATCTTC
Asgr2 5 GGAGGAGAAGCAGCAACAGCTA

3 TGGGAAGTGCTTCAGGTGAAA
Flc 5 CGGGCCTCCTACACCTACCT

3 GCCACGTCATCCCGATCA
Slc27a2 5 CAACACACCGCAGAAACCAA

3 CCATTTCCCAGGGCTTTTTIT
Rpl10 5 TTCCATGTCATCCGTATCAACAA

3 CCCTGTCTGGAGCCTGTCA
Coll8al 5! GCAGAGCCAGAGAATGTTGCT

3 CCCGACGTGAGGGTCATC
Apoj 5 GGTCGGCCAGCAGCTAGAG

3 CGCCGTTCATCCAGAAGTAGA
Ge 5! GGATCCTGCTGTACTTCTGCAA

3 TGCTTCATCTGGAGTCTCTCCTT

partial CDS without an open reading frame (ORF). These
genes were translated from the shifted reading frame of the
original mRNA and produced proteins of uncertain func-
tion. However, these genes resulted in UT-7/EPO colony
formation in the absence of EPO. All of the 17 candidate
cDNAs with full-length, partial or matched ORFs or partial
but non-matched ORFs were examined in a secondary

screen to identify specific genes that were involved in.

terminal erythroid maturation.

Expression of EPO-independent Growth-inducing Genes
in Mouse FL Erythroid Populations

To determine which candidate genes obtained from first
screen are critical for primary erythroid cell maturation, we
performed a second screen to analyze gene expression
during erythroid development. We used mouse fetuses for
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the second screen since mouse fetal samples are easier to
obtain and use than human samples. The mouse homo-
logues of these candidate genes were identified and the
expression of the candidate genes was analyzed by RT-PCR
using gene-specific primers (Table 2). '

First, gene expression was assessed in samples from E10.5
whole embryos (WE) and E12.5 FL. All candidate genes were
expressed in E12.5 FL with the exception of Asgr-2, which
was eliminated as a gene of interest (Fig. 2). Ebag9 and
Coll8al expression was lower in the FL than in the whole
E10.5 embryos, while Fhs and Gc had the opposite
expression pattern with higher expression in the FL samples.

Next, we analyzed candidate gene expression in a series
of FL-derived hematopoietic populations ranging from
uncommitted hematopoietic stem cells (HSCs) to mature
erythrocytes as determined by the expression of the surface
markers CD45, Sca-1, ¢-Kit, CD71 and Teri19 (Fig. 3a).
The following criteria were used to identify each hemato-
poietic population: (1) CD45+/Sca-1+/c-Kit+ cells repre-
sent HSCs; (2) c-Kit+ (Sca-1-/c-Kit+/CD71-/Ter119-) cells
are BFU-E; (3) c-Kit+/CD71+ (Sca-1-/c-Kit+/CD71+/
Ter119-) cells are committed erythroid progenitor cells or
CFU-E; (4) CD71+/Ter119+ (Sca-1-/¢-Kit-/CD71+/Ter119+)
cells are proerythroblasts; and (5) Terl19+ (Sca-1-/c-Kit-/
CD71-/Ter119+) cells represent mature erythroblasts and
erythrocytes (Fig. 32) [14, 15].

The mRNA expression of some candidate genes (4bi-2,
Sle27a2) was higher in HSCs and gradually decreased
throughout erythroid cell maturation (Fig. 3b). The expres-
sion of other candidate genes (Pdpkl, Fhs, Flc, Rpll0,
Ebag9 and Apoe) increased from HSCs to erythroblasts and
then gradually decreased from erythroblasts to mature
erythrocytes. Bcl2ll expression was low in HSCs and
gradually increased. Apoa-I was highly expressed in

WE FL WE FL
Agt - Apoe _
Ebag9 | = 184
Bel2-likel g Asgr2
Apoa-1 Flc .
Fhs |8 sic27a2 [
Pdpk! [§ Coll8al |

Abi-2 .
o R

Fig. 2 Expression of candidate erythroid genes in developing mouse
embryos. RT-PCR analyses of candidate genes in mouse embryos. We
used RT-PCR to examine the expression patterns of the mouse
homologues of each candidate gene in 10.5 dpc whole embryos (WE)
and 12.5 dpc FL in ICR mouse embryos

Apoj

B-actin | * e



&

Stem Cell Rev and Rep (2011) 7:43--52

49

.

CD45

100- Apoa-1

600

500 4

4004 .

CD71

RQ

@

©)]
CD45+/Scal*/c-Kit*

c-Kitt/CD71*

@
CD71%/Ter119

3060 4

5
Terll9

i

200

100

i
i

'f"l‘

Sca-1c¢- c-kit c-kit CD71 Terll9
kit CD71 Teril9

RNA extraction

Gene and protein expression analysi

S

Agt RplI0 Apoj Sle-27-a2 Col-18al
15 6 3 15 L5
10 4 2 10 10
o
x| s 2 1 0.5 05
0 0 0 0.0 0.0
gzgae gzzae gEg2e Fgzes R
538 T T sdBa T $Taz s 558 % 3 SSAT T
$°C83E S ;°CEZ SCEE S°0EE
g Fz 5§ g § %z S Fx g %z
17 SR [ SR ©v S R 7] B ] SR
3] 3] O O O
Ebag9 Fhs Flc Pdpk-1 Bcl2-likel
4 40 15 8 8
3 30 0 6 6 :
N 20 ﬁ 4 4
5
10 2 ﬁ ﬁ 2 ﬁ
! i 0 0 ."‘.”.ﬁ, AL o 4 ﬂ Al o A== 1L
0 : . o T L
g2 28x=3 AT EE §EREZ2 ¥Rz 2
t°88z 7 S8 s SR8 7 SEE 1 DE&
) B = = g —~ < g - « g 5 8. =
s 3 & ig & iz g Is & %=
@ S °n A= °a a
(8} 8] o 8]
Apoe Abi-2 Gce 1-8d
4 2 2 L5
3 10
2 1 1
1 L. s
0 0 ol & 0 g L -
=meom s =22 o o == - o o H S -
Z a2 23 a2 22 EIS22
11833 11833 $PBE3 B33
T = F = i Pl S < = e T e
g ¥z 3 ¥z 51 iz g o
o S RO~ ® e ®  ¢4q
o) Q &) 8]
Fig. 3 Isolation of maturing erythroid populations from mouse FL of candidate genes in maturing erythroid populations were analyzed

cells. a Hematopoietic stem cells and maturing erythroid populations
were isolated from 12.5 dpc mouse FL based on the expression of the
surface markers CD45 (common leukocyte antigen), Sca-1 (stem cell
antigen-1), c-Kit (stem cell -factor receptor), CD71 (transferrin
receptor) and Terl19 (Glycophorin A-associated antigen). The
cytospins of each cellular fraction were prepared for May-Grunwald-
Giemsa staining. As erythroid cells mature, the cell size decreased and
finally the erythrocytes were enucleated. b mRNA expression patterns
of candidate genes during erythroid cell maturation. The mRNA levels

by gRT-PCR. Total RNA was isolated from FL cells of 12.5 dpc
embryos (Bars represent the means + SD). The horizontal axes
indicate the HSC fraction and the erythroid cell stage. Erythroid cell
development proceeds from left to right. The vertical axes indicate the
relative quantitation (RQ) of mRNA expression with the Sca-1*/c-Kit*
cell fraction set at an RQ value of 1. ¢ The expression of mouse Apoa-
! was significantly increased in the terminal maturation stages
(Ter119™ cell fraction) of cells obtained from 12.5 dpc FL
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Fig. 4 Apoa-1 protein expression in mouse FL cells. a Immunohis-
tochemistry. Terl19-positive cells from 12.5 dpc FL cells were
cytospun and stained with an anti-mouse Apoa-1 antibody. Apoa-1-
positive cells (red) were observed in 12.5 dpc FL cells. Nuclei were
stained with TOTO3 (blue). b ELISA. c-Kit-positive cells and Terl19-
positive cells from 12.5 dpc FL cells were sorted. Protein was
extracted from each fraction and then analyzed by a sandwich ELISA.
The expression levels of the mouse Apoa-1 proteins are shown for
each fraction

Fig. 5 4APOA-I gene expression
in human peripheral blood. a
Erythrocytes and reticulocytes
were isolated from human pe-
ripheral blood based on the
expression of surface markers
CD41 (integrin 1Ib), CD45
(common leukocyte antigen)
and GPA (glycophorin A). b RT-
PCR was performed to assess

W)

CD41

Ter119-positive mature erythrocytes (Fig. 3¢). The mRNA
levels of Apoa-1 increased approximately 350-fold, respec-
tively, in the Terl19-positive cell population compared to
the HSC population, suggesting that both of these genes are
involved in the terminal maturation of erythroid cells.

Expression of the Apoa-1 Protein in Mouse FL Cells

To determine whether Apoa-1 is expressed at the protein
level in mouse erythroid cells, immunohistochemical
analyses were performed. Terl19-positive cells in mouse
FL cells expressed the Apoa-1 protein (Fig. 4a). A
sandwich enzyme-liked immunosorbent assay (ELISA)
was also performed to quantitatively analyze the protein
expression level in 12.5 dpc mouse FL cells. Because it is
difficult to extract sufficient amounts of protein for an ELISA
from individually fractionated cells in the populations shown
in Fig. 3a, we compared the following two groups to analyze
protein expression: c¢-Kit-positive cells, namely ((1)+(2)+(3)
in Fig. 3) and Ter119-positive cells or ((4)+(5) in Fig. 3). As
shown in Fig. 4b, Apoa-1 protein expression was approxi-
mately two-fold higher in Terl19-positive cells than ¢-Kit-
positive cells, indicating that Apoa-1 expression correlates
with terminal erythroid maturation at the protein level.

APOA-1 Expression in Human Peripheral Blood

To determine whether APOA-1 is useful as a terminal
erythroid marker in human samples, we examined mRNA
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expression in human peripheral blood (PB) erythrocytes
and reticulocytes. Erythrocytes and reticulocytes were
isolated from peripheral blood by flow cytometry based
on the expression of the cell surface markers glycophorin A
(GPA), CD41 and CD45. In the PB, 91.4% of the CD41-/
CD45-cells were positive for GPA (Fig. 5a). Reverse
transcriptase PCR (RT-PCR) analysis showed that -
GLOBIN was expressed in GPA-positive cells, indicating
that erythrocyte and reticulocyte mRNA was successfully
extracted from the PB (Fig. 5b). Furthermore, APOA-I
mRNA was expressed in the same fraction, demonstrating
that this molecules can be used as a potential marker for
terminal erythroid maturation in humans as well as mice.

Discussion

The goal of this study was to identify novel genes that are
expressed during the terminal, EPO-independent maturation
of erythroid cells. A two-step approach consisting of a
lentiviral human FL ¢DNA library screen followed by an
analysis of the gene expression patterns during erythropoi-
esis was performed to efficiently identify target genes.

This strategy had two clear advantages. First, it is
important to establish a screening system that can detect
erythropoiesis-related genes in an EPO-independent man-
ner. A human FL cDNA library can be screened to identify
novel genes. In this study, UT-7/EPO cells were transduced
with a FL cDNA expression lentiviral library to detect
genes that generate erythroid colonies in semi-solid
medium in the absence of the EPO signaling pathway.
Second, this screen could examine the effects of a large
number (6x10°) of genes on erythroid maturation. As
humans are estimated to have approximately 2-3x10*
genes, our screening encompassed a sufficient number of
human cDNAs.

BCL2-likel (BCL2LI) was one of the candidate genes
identified in the first screen. BCL2L! encodes an anti-
apoptotic protein that plays an important role in erythro-
poiesis in the absence of EPO [16]. Therefore, the results of
our first screen strongly indicated that this system could be
used to identify EPO-independent erythropoiesis-related
genes. Other candidate genes included FHS and FLC,
which encode iron-binding proteins, and APOE, APOA-I,
APOJ and SLC27A42, which encode lipid metabolism-
related proteins. Both iron and lipid metabolism are
important cellular processes that regulate erythroid matura-
tion [17-19]. We also identified a number of genes that
were not previously implicated in erythropoiesis, including
a vitamin D-binding protein (GC), vasoregulator (AGT),
estrogen-responsive gene (EFBAGY), collagen type 18
(COLI8A41), ribosomal protein (RPLI0) and several
kinase-related proteins (PDPK ! and ABI-2).

We also specifically identified a gene that was upregu-
lated in the terminal stages of erythrocyte maturation. The
identification of this gene is significant because very few
molecular markers can be used to examine this stage of
erythropoiesis. The candidate gene, APOA-1, was particu-
larly interesting. APOA-1 is a major protein component of
high-density lipoprotein (HDL) in the plasma and promotes
the efflux of cholesterol from the tissues to the liver for
excretion [20]. APOA-1 is a cofactor for lecithin cholester-
ol acyltransferase (LCAT), which is responsible for the
formation of most plasma cholesteryl esters.

APOA-1 interacts with the ATP-binding cassette trans-
porter ABCA1 (member 1 of human transporter sub-family
ABCA) [21]. A recent report demonstrated that the APOA-
1/ABCA1 pathway functions as an anti-inflammatory
receptor by activating Janus Kinase 2 (JAK2)/Signal
Transducers and Activation of Transcription3 (STAT3) in
macrophages [22]. JAK2/STAT3 and/or JAK2/STATS are
central signal pathways in erythroid cells [23]. Therefore,
APOA-1/ABCA1 may activate the JAK2/STAT3 and/or
JAK2/STATS pathway during the terminal maturation of
erythroid cells. o

It is intriguing to note that defects in APOA-1 are
associated with low HDL levels observed in HDL defi-
ciency type 1, which includes analphalipoproteinemia or
Tangier disease. In Tangier disease patients, APOA-1 fails
to associate with HDL. This inability to bind HDL is likely
due to the faulty conversion of pro-APOA-1 molecules into
mature chains, either due to a defect in the converting
enzyme or a specific structural defect [24-26]. Further-
more, red blood cells in patients with Tangier disease have
stomatocytosis and hemolytic anemia [27]. Moreover,
patients with beta-thalassemia major as well as sickle cell
disease have lower levels of APOA-1 in their plasma than
healthy controls [28]. This abnormal erythrocyte morphol-
ogy could be partially explained by a recent report by Holm
TM et al., which showed that knockout mice with defects in
the high-density lipoprotein receptor SR-BI have abnormal
erythrocyte morphology. On the other hand, the fractional
catabolic rate (FCR) for APOA-1 was significantly
increased in patients with myeloproliferative disorders,
including polycythemia vera, compared with healthy con-
trols [29]. Therefore, accelerated red blood cell production
could be also supported by increased APOA-1 catabolism.
Further studies including both in vitro and/or in vivo
analyses of APOA-1 knockouts are necessary to demon-
strate the direct importance of APOA-1 in the maturation of
red blood cells.

This study is the first to report that APOA-1 is a novel
molecular marker for terminal erythroid maturation from
HSC. In combination with Ter119 antigen or glycophorin A
antigen, this molecule can potentially be used to identify
mature erythrocytes in in vitro cultured erythroid cell
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sources such as ES or iPS cells. It will be necessary to
further investigate whether APOA-1 plays pivotal roles in
erythroid cell maturation and is a useful maturation marker.
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Gene therapy for oral squamous cell carcinoma with JAI.3B
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Abstract. Although replication-competent oncolytic viral
vectors have been developed to improve antitumor activity,
the generation of high titers of neutralizing antibodies inhi-
bits repetitive viral infection. Many studies have reported
that oncolytic virus-infected carrier cells can overcome this
viral induced immunogenicity. However, the effects of onco-
Iytic virus-infeéted carrier cells in human oral squamous
cell carcinoma (OSCC) have not yet been examined. In
the present study, simulating the clinical trial, we examined
the antitumor activity of carrier cells infected with onco-
lytic adenovirus AdE3-JAI.3B in human OSCC. JAI.3B
was highly activated in OSCC cells but not in normal cells.
AdE3-7AI.3B killed OSCC cells in vitro but not normal
cells. AdE3-IA7.3B-infected A549 carrier cells eradicated
OSCC GFP-SAS tumors in nude mice. Anti-adenovirus
neutralizing antibodies completely blocked the antitumor
effect of AdE3-7AI.3B but did not block that of carrier
cells. After the induction of anti-adenoviral CTL responses
by immunization of adenovirus, administration of carrier
cells induced complete regression of murine squamous cell
carcinoma SCC7 tumors. Adenovirus-GM-CSF augmented
the antitumor effect of carrier cells. The JAI.3B-driven onco-
lytic adenovirus-infected carrier cell system might prove
useful in the treatment of OSCC and clinical trials of it
should be conducted in the near future. '
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Introduction

More than 700 clinical trials of cancer gene therapy have
been conducted in the USA, but encouraging clinical results
have yet to be obtained. Recently, replication-competent
oncolytic viral vectors have been developed to improve anti-
tumor activity. However, there remain two major concerns
with the use of these oncolytic vectors: frequent relapse of
tumors despite temporary inhibition of tumor progression
(1), and the generation of high titers of neutralizing anti-
bodies which subsequently inhibit repetitive viral infection
(2). Repetitive infection is difficult to achieve, although anti-
CD3 antibody (2), polyethylene glycol (3), liposome (4),
etoposide (5), and cyclophosphamide (6) have been tested
in attempts to overcome the humoral immune responses to

viral vectors.

Many studies of oncolytic vector-infected carrier cells
have been reported, including intraperitoneal injection of
PA-1 ovarian carcinoma cells infected with an oncolytic
HSV-1 to treat intraperitoneal ovarian carcinoma xeno-
grafts (7), intravenous injection of MDA-MG-231 breast
carcinoma cells infected with wild-type adenovirus to treat
lung metastatic foci of breast cafcinoma xenografts (8),
intravenous injection of mesenchymal stem cells infected with
oncolytic adenovirus to treat lung and breast tumor xeno-
grafts (9), intravenous injection of myeloma cells infected
with oncolytic measles, vaccinia, vesicular stomatitis virus,
and coxsackievirus A21 to treat orthotopic myeloma xeno-
grafts (10), intravenous injection of cytokine-induced killer
cells infected with modified vaccinia virus to treat intra-
peritoneal ovarian tumors and subcutaneous breast tumors
in syngeneic mice (11), intravenous injection of rat hepatoma
cells infected with oncolytic parvovirus to treat lung meta-
static foci of syngeneic rat hepatoma tumors (12), intra-
venous injection of CT26 tumor cells infected with onco-
Iytic vesicular stomatitis virus to treat lung metastatic foci
of syngeneic mouse CT26 colon tumors (13), intravenous
injection of autologous CD8* lymphocytes infected with
oncolytic vesicular stomatitis virus to treat lymphnode meta-
static foci of syngeneic mouse melanoma tumors (14), and
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intratumoral injection of A549 tumor cells infected with
oncolytic adenovirus to treat syngeneic mouse ovarian tumors
(15). These carrier cell treatments have yielded significant
antitumor effects in syngeneic and non-syngeneic mouse
tumors and completely overcome the inhibition of virus
infection by antiviral antibody production (13,15).

The IAI.3B gene was originally isolated using poly-
clonal antibodies to a high-molecular-weight fraction derived
from ovarian carcinoma (16). The promoter activity of the
IAL.3B gene is specific for ovarian carcinoma, and an onco-
Iytic adenovirus termed AdE3-IAI.3B, in which the E/A
gene is under the control of the human /Al.3B promoter,
. replicates as efficiently as the wild-type adenovirus in ovarian
carcinoma cells but causes regrowth following temporary
inhibition of growth of ovarian carcinoma cell tumors (17).
However, the promoter activity of the JA/.3B and the effects
of AdE3-7AI.3B in human oral squamous cell carcinoma
(OSCC) have not yet been examined. In a previous study
(15), human non-small cell lung cancer A549 carrier cells
were infected with AdE3-IAI.3B and the adenoviral particle-
containing cell fragments derived from the carrier cells were
engulfed by target cancer cells. This non-receptor-mediated
adenoviral transfection system circumvented neutralization
by anti-adenovirus antibodies and enhanced antitumor
activity after the induction of anti-adenoviral CTL responses
by preimmunization with adenovirus in syngeneic mice, and
an antitumoral immune response was then induced.
Combination with GM-CSF augments the antitumor effects of
carrier cells and induces complete tumor reduction (15). In the
present study, we examined the promoter activity of JAI.3B,
the antitumor activity of AdE3-IAI.3B, and the antitumor
activity of carrier cells infected with AdE3-7AJ.3B in OSCC.

Materials and methods

Cell lines and culture conditions. Human non-small cell
lung cancer A549, human cervical squamous cell carcinoma
SKGIHIa, human OSCC HSC-2, HSC-3 and HSC-4, human
skin squamous cell carcinoma HSC-5, and human breast carci-

noma MCF-7 cells were obtained from the Japanese Collection .

of Research Bioresources Cell Bank (Osaka, Japan). The
human ovarian clear cell carcinoma KK and human ovarian
adenocarcinoma KF cells were gifts from Dr Y. Kikuchi,
National Defense Medical College, Tokorozawa, Japan.
Human ovarian adenocarcinomas OCC1, 420, OVCAR3,
429, and HEY cells were obtained from Dr G. Mills and
murine squamous cell carcinoma SCC7 from Dr L. Milas
(The University of Texas, M.D. Anderson Cancer Center,
TX, USA). Normal human keratinocyte K42 and normal
human fibroblast F27 cells were established by Dr K.
Hashimoto, Ehime University, Japan. Normal human ovarian
fibroblast NOE-1 cells were established in our laboratory.
Human umbilical vein endothelial HUVECs were obtained
from Cambrex Bio Science Walkersville Inc. (Walkersville,
MD). Human OSCC GFP-SAS was established by S. Shintani
(Showa University, Tokyo, Japan). Human OSCC Ca9-22
was obtained from the Cell Resource Center for Biomedical
Research (Institute of Development, Aging and Cancer,
Tohoku University). Human cervical squamous cell carcinoma
HT-III and CaSki cells, human cervical adenocarcinoma
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HeLa, human colorectal adenocarcinoma HT-29, and human
pancreas carcinoma PANC-1 cells were obtained from the
American Type Culture Collection (Rockville, MD).

Cells were maintained in a humidified 5% CO,/95% air
incubator at 37°C. All cell lines except K42 and HUVECs
were grown in RPMI medium supplemented with 10%
heat-inactivated fetal bovine serum. K42 cells were grown
in MCDB153 (Nissui Co., Tokyo, Japan) with bovine hypo-
thalamus extract. HUVEC cells were grown in EBM-2
(Cambrex, MD).

Construction of the AdE3-IAL3B vector. The pXC1 plasmid
has adenovirus 5 sequences from nt 22 to nt 5790 containing
the EI gene (Microbix Biosystems Inc., Toronto, Canada).
A unique Agel site was introduced to generate the plasmid
pXC1-Agel. The IAI.3B promoter was ligated to pXC1-Agel
plasmid to obtain pXC1-JAI.3B. To construct the AdE3-
IAI.3B virus, homologous recombination was performed
between pXC1-IAI.3B plasmid and the right-hand side
of pPBHGE3 adenovirus DNA containing the E3 region in
293 cells by a standard technique (17). To construct the
wild-type adenovirus AdE3, homologous recombination
was performed between pXC1 and pBHGE3 in 293 cells.
The replication-defective E/-deleted Ad-f3-gal virus was
used as control adenovirus. All viruses were purified with
double Cesium Chloride gradients using standard methods,
and titered with standard spectrophotometry and plaque
assay (17). AxCAmGM-CSF was obtained from RIKEN
Bioresource Center (Tsukuba, Japan).

Real-time quantitative RT-PCR. RNA samples (100 ng)
were used in RT and real-time PCR for RNA expression
studies. Reverse transcriptase and real-time PCR reactions
were carried out with the ABI prism 7700 sequence detection
system (Applied Biosystems, Foster City, CA) in a total
volume of 50 ul that contained TagMan one step RT-PCR
master mix (Applied Biosystems), 0.3 uM of each forward
and reverse primer, and 0.21 uM of MGB probe. The forward
and reverse primer and MGB probe for JAI.3B were respec-
tively 5'-CCACTTGTTCCATGTGACACAGA-3', 5'-CC
GTTTCGTTAACCACTTGTTCTC-3' and 5'-AAGACA
AGCCCCCAGACTGGTTCACAAG-3', respectively. The
reaction was performed with the following thermal cycling
method: 30 min at 48°C for reverse transcription, 5 min at
95°C for AmpliTaq Gold activation, 15 sec at 95°C and 60 sec
at 60°C for 40 cycles. GAPDH was chosen as a house-
keeping gene to be tested as an endogenous control.

Assay for promoter activity. IAI.3B promoter fragment was
inserted into the luciferase reporter vector PicaGene Basic,
a promoterless and enhancerless vector (Toyo INK MFG Co.,
Tokyo, Japan). The sequence of the insert was confirmed
with an ABI PRISM 310 Genetic Analyzer (Applied Bio-
systems). Construct containing JAI.3B promoter sequence
was fused to the Luciferase gene which was transfected into
cells in the presence of Lipofectamine transfection reagent
(Invitrogen, Carisbad, CA) according to the protocol recom-
mended by the manufacturer. Briefly, 1x10° cells seeded in
a 12-well culture dish were exposed to transfection mixtures
containing 1 ug of luciferase reporter plasmids and 0.2 pg



ONCOLOGY REPORTS 25: 795-802, 2011

of prenilla luciferase-herpes simplex virus thymidine kinase
promoter control vector (Promega, Madison, WI) at 37°C for
48 h. Dual luciferase assays were performed according to
the manufacturer's protocol (Promega).

Crystal violet assay. Cells were plated at a density of
2000 cells/well in 96-well plates. Cells were infected with
AdE3-/Al.3B, AdE3, and co-cultured with AJdE3-IAl.3B-
and AdE3-infected carrier cells with or without high titer
(x6,000) of anti-adenovirus antibodies (Takeda Pharma-
ceutical, Tokyo, Japan). After 5 days, cells were fixed and
stained with 0.5% crystal violet in 50% methanol for | h at
room temperature, washed with water, and air-dried, and
each well was scanned with a spectrophotometric microplate
reader (Immuno Mini, NJ-2300, Nalge Nunc International
K K., Tokyo, Japan) at the wavelength of 540 nm. The 50%
growth inhibitory concentration (ICs,) was determined.

Inhibition of subcutaneous tumor growth in vivo. To determine
the inhibition of xenograftic subcutaneous tumor growth,
AdE3-/AI.3B was injected into subcutaneous tumors in
female nude (nu/ni) mice (CLEA Japan Inc., Tokyo). In
brief, 1x107 GFP-SAS cells in 100 u1 of RPMI were injected
into the left posterior flank of each mouse through an insulin
syringe with a 27 1/2-gauge needle. In each group 5-10
animals were used. After 20-30 days, small (4-5 mm) or
large (8-10 mm) tumors were established. Then 100 ul
of AdE3-IA7.3B (1x10'° PFU, plaque forming units), AJE3
(1x101% PFU), Ad-B-gal (1x10'° PFU), medium alone, or
AS549 carrier cells infected with AdE3-JAI.3B at 200 MOI
(multiplicity of infection) were injected intratumorally on
days 0, 1, 2, 3, 4 and 5. The tumors were measured every 2

days with calipers to determine two perpendicular diameters. -

Tumor volume was calculated by assuming a spherical shape,
with average tumor diameter calculated as the square root
of the product of cross-sectional diameters.

To determine inhibition of syngeneic subcutaneous tumor

growth, murine SCC7 cells (1x10% were injected into the
left thigh of female C3H mice (CLEA) and AJE3-JAI.3B-
infected AS549 carrier cells were injected into subcutaneous
tumors. Five to ten animals were used for each group.
Medium alone, AdE3-IA7.3B (1x10'° PFU), or A549 carrier
cells (5x109) infected with AdE3-/A1.3B at 200 MOI with
or without AXCAmGM-CSF at 10 MOI were injected into
the tumors on days 0, 1, and 2. Mice were preimmunized
with Ad-f-gal (1x10'° PFU) 21 days before the inoculation
of SCCA7 cells. The animal studies were approved by the
Ehime University Review Board.

Statistical analyses. Values are the mean + SD, and were
examined with the unpaired t-test, Cochran-Cox test, Welch
test, and regression analysis. Survival data were plotted
on Kaplan-Meier curves, and examined with the log-rank

test using the LIFETEST procedure. Findings of P<0.05

were considered significant.
Results

mRNA levels of IAI.3B in OSCC cells. To examine the mRNA
levels of IAI.3B in OSCC cells, one-step real-time RT-PCR
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was performed using MGB probe. The mRNA levels of
IAI.3B in OSCC cells were not significantly different from
those in ovarian, cervical and other cancer cells but 6 times
higher than those in normal cells (Fig. 1A).

Transcriptional activities of IAI.3B in OSCC cells. To examine
the transcriptional activities of JA7.3B in OSCC cells, tran-
sient expression assays were performed. Luciferase reporter
plasmid containing the 5'-flanking regions of 1875 bp up-
stream from the transcriptional start site of the /AI.3B
gene was constructed and transfected into each cell, and
cell lysates were tested in luciferase assays. Fig. 1B demon-
strates the transcriptional activities in each cell. The promoter
activity of JAI.3B in OSCC cells was not significantly different
from those in ovarian, cervical and other cancer cells but
36 times higher than those in normal cells.

Transcriptionally targeted AdE3-IAI.3B has potent anti-
proliferative effects in OSCC, ovarian, cervical, and other
cancer cells but not in normal cells. To determine the most
appropriate infection condition, AdE3-/A/.3B was infected
in A549 cells at various MOIs and infection times. A549
carrier cells infected with AdE3-JAI.3B at 200 MOI for
33-48 h exhibited the most potent anti-proliferative effect
on HEY cells in the presence of antiadenovirus antibodies
(Fig. 2A and B). Furthermore, 12-36 h of infection induced
the least injury of carrier cells infected with AdE3-JAI.3B at
200 MOI (Fig. 2C). Therefore, 200 MOI for 33-36 h was
considered the best set of conditions for infection of carrier
cells. More than 48 h of infection induced severe injury in
carrier cells infected with AJE3-7A1.3B at 200 MOI (Fig. 2C).
Furthermore, 33 h of infection was adopted as the infection
time, since it is more convenient than 36 h.

To estimate the potential of /AI.3B promoter for use in
gene therapy of OSCC, AdE3-JA/.3B was transfected into
each cell line. Fig. 3A shows the growth-inhibitory effects
(IC4,) of AJE3-IA].3B in various types of cell lines. The ICs,
of AdE3 did not differ significantly among OSCC, ovarian,
cervical, other cancer cells, and normal cells. AJE3-TAI.3B
did not kill normal cells but significantly suppressed the
growth of OSCC, ovarian, cervical and other cancer cells.
Fig. 3B shows the growth-inhibitory effects (IC,) of AdE3-
IAI.3B-infected carrier cells in various types of cell lines.
The ICs, of AdE3-infected carrier cells did not differ signi-
ficantly among OSCC, ovarian, cervical, other cancer cells,
and normal cells. However, AdE3-JAI.3B-infected carrier
cells did not kill normal cells but significantly suppressed
the growth of OSCC, ovarian, cervical, and other cancer
cells. ' '

AdE3-TAI.3B- and AdE3-IAl 3B-infected A549 carrier cells
suppress subcutaneous tumor growth of OSCC, respectively,
in nude and syngeneic mice. To evaluate the antitumor effect
of AJE3-JAI.3B in small tumors, subcutaneous xenograft
tumors, 4-5 mm diameter were established in the left flanks
of nude mice using GFP-SAS OSCC cells. By 12 days, we
observed significant reduction in tumor size in the AJE3-
IAI.3B- and AdE3-treated groups compared with the medium-
alone- and Ad-f-gal-treated groups in the GFP-SAS tumor
models. By 30 days, complete tumor regression was transiently
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Figure 1. (A) TAI.3B mRNA levels determined by real-time RT-PCR and (B) transcriptional activity of ZAI.3B promoter in head and neck squamous cell,
ovarian, cervical, other cancer and normal cells. mRNA and luciferase activities were plotted as ratios to those in the normal tissue and the control plasmid
(pGV-SV40) driven by the SV40 enhancer/promoter, respectively. Bars, SD.
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Figure 2. (A) The growth-inhibitory effects (IC,) of AdE3-JAI.3B at various
MOIs with anti-adenovirus neutralizing antibodies. (B) The growth-
inhibitory effects (ICsy) of AAE3-JAI.3B-infected carrier cells at various
infection times with or without anti-adenovirus neutralizing antibodies
(Ab). (C) The viability of A549 carrier cells infected with AJE3-IAL3B at
various infection times. Bars, SD.

observed in the AdE3-/AI.3B- and AdE3-treated groups,
though all tumors regrew by 60 days (Fig. 4A). To evaluate

the antitumor effect of AdE3-JA/.3B in large tumors, xeno-
graftic subcutaneous tumors with 8-10-mm diameter were
established in the left flanks of nude mice using GFP-SAS.
By 20-50 days after initiation of intratumoral injections,
AdE3-IAI.3B had significantly repressed the growth of
GFP-SAS tumors, but AJE3-JA7.3B-injected tumors regrew
60 days after the initiation of treatment, to an extent not

'significantly different from the medium-treated control and

Ad-f-gal (Fig. 4B). In contrast, carrier cells infected with
AdE3-IAI.3B completely suppressed the growth of GFP-
SAS tumors 40 days after initiation of treatment and induced
complete tumor regression.

To evaluate the antitumor effects of AdE3-IAI.3B after
immunization in an immunocompetent syngeneic mouse
model, C3H mice were immunized with Ad-f-gal and sub-

‘cutaneous tumors with 5-8-mm diameter were established

in the left thigh of C3H female mice using SCC7 cells
(Fig. 4C). Survival of control mice was not significantly
different from that of the mice treated with AdE3-JAI.3B
alone. The survival of mice treated with A549 carrier cells
infected with AdE3-/AI.3B was significantly longer than those
of the mice treated with medium control or AdE3-JAI.3B.
Furthermore, simultaneous infection with AXCAmGM-CSF
augmented the antitumor effect of A549 carrier cells infected
with AdE3-JAI.3B and induced complete elimination of
tumor in all treated mice. Mice that exhibited complete tumor
regression were resistant to subsequent inoculation of SCC7
cells.

Discussion

The IAI.3B promoter-introduced replication-competent
oncolytic adenovirus AdE3-IA.3B replicates as efficiently
as wild-type adenovirus in human OSCC, human ovarian
carcinoma, human cervical carcinoma, and other cancer cells
expressing high levels of JA7.3B, but does not in normal cells
expressing low levels of JAI.3B (17). However, intratumoral
administration of AdE3-/AI.3B alone yielded no prominent
therapeutic effects in nude mice bearing large xenografts;
nevertheless, injection of AdE3-/AI.3B-infected A549 carrier
cells into the tumors produced significant antitumor effects.
The antitumor effect of carrier cells in nude mice could be
due to increases in local retention time and local concen-
tration of AdE3-JAI.3B by delivery from carrier cells. Direct
intratumoral administration of oncolytic adenoviruses such
as ONYX-015 did not prevent the recurrence of treated
tumors, although ONYX-015 transiently eradicated tumors
in nude mice (1). More than 90% of intratumorally injected
adenoviruses in nude mice migrate into the systemic circu-
lation and accumulate in the liver (15). Therefore, oncolytic
adenovirus itself is unable to induce complete tumor regression
in nude mice, though oncolytic adenovirus-infected carrier
cells are able to.

Treatment with PEGylation (3), liposome-encapsulation
(4), etoposide (5) and cyclophosphamide (6) decreased
the titer of neutralizing antibodies against adenoviruses
and yielded partial recovery of adenoviral infectivity in target
cells on the second injection. However, such modifications
were ineffective in the case of third or later injections, due to
the increase in anti-adenovirus antibody titers, and therefore,
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Figure 3. (A) The growth-inhibitory effects (ICsq) of AJE3-IAI.3B and AdE3 and (B) the ICs, of AdE3-JAI.3B- and AdE3-infected A549 carrier cells in
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Figure 4. (A) The antitumor effects of AdE3-747.3B in subcutancous OSCC
GFP-SAS small (4-5 mm) tumors in nude mice. (B) The antitumor effects
of A549 carrier cells infected with AdE3-JAI.3B in large GFP-SAS sub-
cutaneous OSCC (8-10 mm) tumors in nude mice. (C) The antitumor effects
of AS549 carrier cells infected with AdE3-JAJ/.3B against subcutaneous

‘syngeneic SCC7 tumors established in C3H mice after immunization.

RPMI medium, Ad-f-gal, AAE3-JAI.3B, and AS549 carrier cells infected
with AdE3-JAI.3B with or without AXCAmGM-CSF were injected into
each tumor. Bars, 2SD.

could not produce significant antitumor effects in immuno-
competent animals. Moreover, murine cancer cells are

resistant to replication-competent viral gene therapy because
of their lower expression of adenoviral receptors (18). How-
ever, our carrier cell system completely eradicated murine
tumors in syngeneic mice and produced significant antitumor
effects despite high titers of anti-adenovirus antibodies.

Our previous study demonstrated that A549 carrier cells
bearing oncolytic adenoviruses delivered adenoviral particles
through their cell fragments to target cells (15). Engulfment
of cell fragments was observed only in proliferative malignant
cells and not in non-proliferative normal cells. Carrier cell-
mediated adenoviral infection consequently produced CTL
responses against adenoviruses. Furthermore, mice with
complete tumor regression obtained protective immunity.
It thus appears that the cell fragment-mediated transfer
of adenovirus is independent of adenovirus receptors and
is not blocked by anti-adenovirus antibodies. Many studies
of oncolytic virus-infected carrier cell systems have been
reported in oncolytic HSV-1 mutant-infected PA-1 cells
(7), in modified vaccinia virus-infected cytokine-induced
killer (CIK) cells (11), in oncolytic adenovirus-infected
A549 cells (15), in vesicular stomatitis virus (VSV)-infected
colon carcinoma cells (13), in nerve growth factor-trans-
duced autologous fibroblasts (19), and in human inter-
feron B-transduced umbilical cord matrix stem cell (20).
In this study, AdE3-JAL.3B selectively killed OSCC cells
in vitro and in vivo. IAI.3B promoter-driven oncolytic
virotherapy has not yet been reported in OSCC cells. The
present study is the first report of IAI.3B-specific gene
therapy for OSCC. Although clinical trials for adenovirus-
p53 (21) and oncolytic adenovirus (22) for OSCC have been
reported, the results of such clinical trials were clinically insuf-
ficient, since adenoviral infection was completely blocked
by the production of anti-adenovirus neutralizing antibodies.
This finding is identical to those for gene therapy with other
viruses.

It has been reported that oncolytic virus-infected carrier
cells overcome the viral-induced humoral immune response,
the viral-induced cellular immune response kills virus-
infected target cancer cells, and GM-CSF augments the anti-
tumor effect of carrier cells (15). The present study also
demonstrated that oncolytic adenovirus-infected A549 carrier
cells induced elimination of tumor and adenovirus-GM-CSF
augmented the anti-tumor effect of carrier cells, resulting in
complete regression of tumor in mice. Furthermore, second
challenge with syngeneic mouse squamous cell carcinoma
was completely rejected by a specific antitumor response,
also suggesting that the systemic tumor immune response
induced by carrier cell treatment may cure not only the carrier
cells-injected local tumors but also non-injected metastatic
tumors. In conclusion, JAI.3B promoter-driven oncolytic
adenovirus-infected carrier cells may cure OSCC and human
clinical trials with AdE3-JAI.3B-infected carrier cells should
be possible in the near future.
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