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on the induction of differentiation and lipogenesis, as
in NB4 cells.

The basis for differentiation therapy of acute leuke-
mia is the treatment of cells with several physiolog-
ical agents at low concentration because high doses
of single agents might provoke the side-effects of
the agents and the resistance to the induction of dif-
ferentiation. In this study, when PPARY ligands were
used alone, differentiation did not occur, but the com-
bination of PPARy ligand and ATRA synergistically
promoted the differentiation of NB4 cells. The
observed cooperativity between PPARy ligands and
ATRA has important implications for the use of com-
binations of these agents in differentiation therapy.
PPARy, like many members of the nuclear hormone
receptor superfamily, functions as a heterodimer with
the RXR. Recent studies have identified two types of
RXR-dependent heterodimers: non-permissive and
permissive (Schulman etal 1998, Westin etal.
1998). In non-permissive heterodimers, such as
those between RXR and RAR, the partner actively
interferes with the ability of RXR-specific ligands. In
contrast, permissive heterodimers, such as RXR-
PPARYy, allow RXR signaling. In the current study, we
demonstrated the synergistic effects of PPARy lig-
ands and ATRA on the differentiation of NB4 cells.
The individual signaling pathways of RAR/RXR and
PPARY/RXR may have synergistically transduced sig-
nals for differentiation in NB4 cells. 9-cis RA, mono-
cis isomers of retinoids, binds to RXR receptors in
addition to RAR receptors and induces differentiation
in HL-60 cells (Kizaki etal. 1993; Sakashita etal.
1993). However, 9-cis RA was clinically less effective
for remission APL compared with ATRA. We did not
perform experiments on the synergic effects of 9-cis
RA with PPARY ligands instead of ATRA in this study.
Indeed, the duration of cell treatments being
between 2 and 4 days, ATRA could be, at least par-
tially, converted into 9-cis RA and 13-cis RA. In this
case, the pathway of PPARYRXR may have induced
differentiation by the synergic effects of 9-cis RA and
PPARy ligands. Further investigation will be needed
to clarify this point.

In order to determine whether AD4833 or PGJ2 in
fact binds PPARy in NB4 cells, we examined the
effects on differentiation using PPARy or RXR antag-
onists. GW9662 and BADGE, both of which are
specific PPARY antagonists, significantly suppressed
the differentiation of NB4 cells induced by PPARy
ligand and ATRA. The inhibitory effect of GW9662 was
stronger than that of BADGE at the same concentra-
tion. Recently, Fehlberg et al. reported that high con-
centrations of BADGE induced apoptosis in tumor
cells independently of PPARy (Fehlberg et al. 2002).

In our study, NB4 cells did not show apoptosis because
we used a low concentration of agonist (data not shown).
HX531 is an RXR antagonist but acts also as a
potential inhibitor of PPARY/RXR in an in vitro trans-
activation assay and to prevent triglyceride accumu-
lation in 3T3L1 adipocytes (Yamauchi efal 2001).
HX831 significantly inhibited the differentiation of
NB4 cells induced by PPARYy ligand and ATRA. Both
PPARy and RXR antagonists suppressed this differ-
entiation, indicating that AD4833 and PGJ2 act on
the cells via PPARY/RXR receptor.

With regard to the effects of PPARY ligands on the
accumulation of lipid in the cytoplasm, several stud-
ies using rosiglitazone have found that PPARy may
promote macrophage lipid accumulation (Nagy et al.
1998; Tontonoz etal 1998; Chawla etal. 2001).
Recently, the opposite theory was proposed, namely
that PPARy activation by rosiglitazone is not related
to lipid accumulation in macrophages (Chinetti et al.
2001; Moore etal 2001; Vosper etal 2001). Our
findings were consistent with the former theory, that
is, lipid droplets accumulated during differentiation
in NB4 cells treated with PPARYy ligand and ATRA.
The triacylglycerol levels in PPARYy ligand- and ATRA-
treated cells were obviously higher than that in cells
treated with ATRA alone (Fig. 6b). These findings
suggest that PPARy accelerated the formation of lipid
droplets by upregulating gene expression related to
lipogenesis in NB4 cells. We examined the enzyme
activity of glycerol-3-phosphate  dehydrogenase
(GPDH; EC 1.1.1.8), and the expression of CD36
(scavenger receptor-class B, fatty acid translocase).
However, there was no difference in the enzyme
activity or protein expression between PPARy ligand
and ATRA-treated and untreated cells. CD36 expres-
sion was not detected by fluorescence activated cell
sorting analysis in either untreated or treated cells
(data not shown). On the other hand, expression of
aP2 mRNA in NB4 cells was upreguiated by PPARy
ligand treatments (Fig. 4).

Furthermore, to elucidate the features of lipogene-
sis during differentiation, we examined the incorpo-
ration of fluorescent fatty acids in the cytoplasm. The
fluorescent analogue was rapidly converted to tria-
cylglycerols and targeted to the lipid droplets in NB4
cells treated with PPARy ligand and ATRA. Large lipid
droplets from adipocytes, rich in triacylglycerols, are
retained within the cells as a source of fatty acids
for mitochondrial and peroxisomail oxidation to
produce energy (Brasaemle et al. 1997). However,
almost all other mammalian tissues examined contain
small lipid droplets, which are less well characterized
(Atshaves et al. 1998; Murphy & Vance 1999; Sparrow
et al. 1999). Burns et al. reported that human neutrophils
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take up much more fatty acid than lymphocytes
primarily because they synthesize much larger
quantities of triacylglycerols, a fatty acid storage form
(Burns et al. 1976). It is postulated that lipid droplets
may represent the storage form for free fatty acids
which may be utilized for membrane synthesis
during phagocytosis (Elsbach 1964; Elsbach & Farrow
1969; Lutas & Zucker-Frankiin 1977). In these theories,
the differentiation of phagocytes is accompanied by
lipid droplet accumulation. We also examined the
biosynthesis of triacylglycerois using flucrescent fatty
acid. The results demonstrated that the rate of tria-
cylglycerol synthesis is more than twofold greater in
differentiated cells. From the results of triacylglycerol
enzyme activity assays, we suggest that triacylglyc-
erols are synthesized from glycerol but not dihy-
droxyacetone phosphate in PPARy ligand- and
ATRA-treated cells. In adipocytes, thiazolidinediones
markedly induce glycerol kinase gene expression
and stimulate the incorporation of glycerol rather than
glucose into triacylglycerol (Guan et al. 2002). In the
synthesis of glycerolipids, it is well established that
glycerol has to be phosphorylated to glycerol-3-
phosphate before acylation occurs. However, in the
microsomal fraction of heart, liver, kidney, skeletal
muscle and brain tissues, direct acylation of glycerol
becomes more prominent when exogenous glycerol
levels become elevated (Lee etal 2001). Both of
those reports are in accord with our conclusion that
glycerol was used as substrate in triacylglycerol syn-
thesis. Further investigations will be required to
determine the relationship between differentiation
and the accumulation of lipid droplets in acute mye-
loid leukemia treated with PPARYy ligands and ATRA.
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Abstract

Nonobese diabetic/severe combined immunodeficiency/y chain™' (NOG) mice are excellent recipients for xenotrans-
plantation and have been especially valuable for the evaluation of human hematopoietic stem cell (HSC) activities. Because
human hematopoietic cells that developed in this mouse were mainly lymphoid cells and not myeloid cells, mature human
myeloid cells such as neutrophils were hardly detectable in peripheral blood. We demonstrated that human neutrophils accu-
mulated by means of a zymosan-induced air pouch inflammation technique could be identified with a fluorescence-activated
cell sorter in NOG mice with transplanted CD34* cells from human umbilical cord blood, which were putative hematopoietic
progenitor cells including HSC. Our results indicate that human neutrophils with a chemotactic capacity can develop from
human hematopoietic progenitor cells in vivo, suggesting that our system may be a useful tool for the evaluation of human
HSC activities.
Int J Hematol. 2006:84:231-237. doi: 10.1532/1JH97.06040
© 2006 The Japanese Society of Hematolog
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1. Introduction that human hematopoietic cells develop in hematopoietic
tissue or the peripheral blood of NOG mice that have

Hematopoietic stem cells (HSC) have been defined to  received transplants of human hematopoietic progenitor
possess both the ability to self-renew and the capacity to cells, such as umbilical cord blood (CB) and bone marrow
differentiate into full lineages of hematopoietic cells [1], =~ CD34* cells containing HSC [3-6]. However, because the
capabilities that have been evaluated by the transplantation ~ human hematopoietic cells that developed in these mice

of human cells into experimental animals. Nonobese dia- ~ were mainly lymphoid cells and not myeloid cells [4-6],
betic/severe combined immunodeficiency (NOD/SCID)  mature human myeloid cells such as neutrophils were hardly
mice have widely been used as recipients in xenotransplan-  detectable in the peripheral blood of the mice that had

tation to evaluate the abilities of human HSC, although the  received such transplants. Therefore, no study has definitely
engraftment rate of human hematopoietic cells in these mice  identified human neutrophils in mice with transplanted
has been low [2]. human hematopoietic progenitor cells.

NOD/SCID/y chain (yc)™" (NOG) mice, an NOD/SCID Human neutrophils, a primary constituent of peripheral
mouse strain that lacks the interleukin 2 receptor yc, were blood leukocytes, play an important role during host
recently established to improve the engraftment efficiency of ~ defense against invading microorganisms [7]. The decreased
the conventional NOD/SCID mouse, which possesses natu-  numbers of neutrophils or attenuated function of neu-
ral killer cell activity [3]. Several studies have demonstrated  trophils results in serious infections in several pathologic
situations, such as congenital leukocyte function deficien-
cies or myelosuppression caused by chemotherapy [8,9].
The microbicidal functions of neutrophils are executed via

Correspondence and reprint requests: Akira Yuo, MD, PhD, total harmonization of all their specific functions, such as
Department of Hematology, Research Institute, International chemotaxis, adhesion, phagocytosis, and respiratory burst
Medical Center of Japan, 1-21-1, Toyama, Shinjuku-ku, Tokyo activity [10]. Several conventional methods are available to
162-8655, Japan; 81-3-3202-7181; fax: 81-3-3207-1038 (e-mail: evaluate these effector functions of human neutrophils in
yuoakira@ri.imcj.go.jp). vitro [11}. In addition, some functions, such as chemotaxis,

231

— 142 —



232 Doshi et al / International Journal of Hematology 84 (2006) 231-237

can be evaluated in vivo by using the acute-inflammation
model in mice [12].

Acute inflammation is induced by the injection of zymosan
into a dorsal air pouch created in a mouse and the subsequent
accumulation of a large number of murine neutrophils into the
air pouch [13,14]. Consequently, highly purified murine neu-
trophils with a sufficient capacity to migrate from other sites,
such as the peripheral blood, into inflammatory sites can be
isolated from mice by means of this inflammation model. Our
objective was to investigate whether the zymosan-injection air
pouch methodology can be used in immunodeficient mice
with transplanted human HSC to elicit neutrophil migration
and inflammation. This methodology gives us the opportunity
to evaluate not only human neutrophil production but also
critical functions of engrafted human neutrophils.

2. Materials and Methods
2.1. Animals

The experimental protocol was approved by the Commit-
tee of Animal Care and Experiments of the Research Insti-
tute of the International Medical Center of Japan (IMCJ)
(protocol no. 17-Tg-7). NOG mice were purchased from the
Central Institute of Experimental Animals (CIEA) (Kana-
gawa, Japan). All mice were kept under specific pathogen-free
conditions at the animal laboratory of the Research Institute
of IMCYJ in accordance with CIEA guidelines.

2.2. Transplantation of Human CB CD34*
Cells into Mice

Nine-week-old female NOG mice were sublethally irradi-
ated with 2 Gy via an MBR1520-3 x-ray source (Hitachi Med-
ical, Tokyo, Japan). After 24 hours, mice received intravenous
transplants of 1.8 x 10° human CB CD34* cells (AllCells,
Berkeley, CA, USA) or vehicle (saline). The purity and via-
bility of the CB CD34* cells were greater than 95%.

2.3. Zymosan-Induced Air Pouch Inflammation

Six, 8, or 10 weeks after the transplantation of human CB
CD34* cells, a subcutaneous air pouch was formed on the
back of NOG mice, as has been described previously [13,14].
Five hundred microliters of zymosan solution (1 mg/mL in
saline) was injected into the air pouch. Sixteen hours after
zymosan injection, mice were decapitated under diethyl
ether anesthesia, and the air pouch was washed with 1 mL of
ice-cold phosphate-buffered saline (PBS) to obtain accumu-
lated leukocytes.

2.4. Determination of Superoxide Release

Superoxide release stimulated by phorbol myristate
acetate was assayed by the superoxide dismutase—inhibitable
reduction of ferricytochrome c, which was monitored contin-
uously in a Hitachi 556 double-wavelength spectropho-
tometer (Hitachi High-Technologies, Tokyo, Japan)
equipped with a thermostatted cuvette holder (37°C), as
described previously [11].

2.5. Preparation of Neutrophils from Human
Peripheral Blood

Granulocytes and mononuclear cells were prepared
from healthy adult donors as described previously [11] by
using dextran (Nacalai Tesque, Kyoto, Japan) sedimenta-
tion, centrifugation with a separating solution (Lympho-
prep; Axis-Shield, Oslo, Norway), and hypotonic lysis of the
contaminating erythrocytes. Neutrophils constituted
greater than 90% of the granulocyte fractions, and the
remaining cells were eosinophils. Mononuclear cell frac-
tions consisted of 20% monocytes and 80% lymphocytes.
Both cell fractions were suspended in PBS containing 5%
fetal calf serum (FCS).

2.6. Preparation of Murine Bone Marrow
and Spleen Leukocytes

Bone marrow cells were harvested from the mice by flush-
ing the femurs with ice-cold Hanks balanced salt solution
(HBSS). Spleens were harvested from the mice and minced
in ice-cold HBSS. The resulting cell suspensions were filtered
through a nylon mesh, and contaminating erythrocytes were
eliminated by hypotonic lysis. The cells were then washed
once and suspended in PBS containing 5% FCS.

2.7. Determination of Cell Surface Antigens
by Fluorescence-Activated Cell Sorting

All suspensions of single cells were stained with the
appropriate antibodies and analyzed by fluorescence-
activated cell sorting (FACS) with a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA). Cells were
incubated with monoclonal antibodies for 30 minutes on ice
in PBS containing 5% FCS. Nonspecific binding to cells bear-
ing Fecy receptors was blocked with a rat antimouse
CD16/CD32 monoclonal antibody (BD Biosciences). The
following monoclonal antibodies were used in this flow cyto-
metric study: fluorescein isothiocyanate (FITC)-conjugated
rat antimouse Ly-6G and Ly-6C antibody (Gr-1 antibody)
(BD Biosciences), phycoerythrin (PE)-conjugated mouse
antihuman CD45 (BD Biosciences), PE-conjugated mouse
antihuman CD10 (BD Biosciences), FITC-conjugated
mouse antihuman CD66b (Beckman Coulter, Miami, FL,
USA), and each isotype as a control. Antimouse Gr-1 anti-
body, which reacts selectively with murine neutrophils, does
not cross-react with human hematopoietic cells, including
neutrophils, and antihuman CD45, CD10, and CD66b anti-
bodies, which react selectively with human neutrophils, do
not cross-react with murine neutrophils.

2.8. Immunocytochemical Study

Celis collected from air pouches were washed with PBS
and fixed on glass slides by means of a Cytospin apparatus
(Cytospin 2; Shandon, Pittsburgh, PA, USA). After further
fixation with acetone/methanol solution (1:3), immunos-
taining was performed as described previously [15] by using
FITC-conjugated antihuman CD16b monoclonal antibody
(Beckman Coulter) or antihuman CD45 monoclonal
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Figure 1. Air pouch inflammatory model in nonobese diabetic/severe
combined immunodeficiency/y chain®™! (NOG) mice. Zymosan sus-
pended in saline (0.5 mg/mouse) was injected into the air pouch of NOG
mice to induce inflammation. The pouch was washed with phosphate-
buffered saline 16 hours after zymosan injection to obtain accumulated
leukocytes. A, Fluorescence-activated celi-sorting analysis of the expres-
sion of the granulocyte-specific antigen Gr-1 was carried out with leuko-
cytes from the air pouch of NOG mice (n = 3). B, Morphology of the
leukocytes in the air pouch of NOG mice. After fixation to glass slides,
cells were stained with Wright-Giemsa solution and examined by light
microscopy. C, The number of leukocytes in the air pouch was deter-
mined in B6 and NOG mice. D, The respiratory burst activities of gran-
ulocytes in the air pouch in B6 and NOG mice. Superoxide (O;") release
stimulated by 100 ng/mL phorbol myristate acetate was determined by
the reduction of cytochrome ¢ and is expressed as nmol/minute per 10
cells. Data for (C) and (D) are expressed as the mean + SE (n = 6), and
statistical analysis was performed by means of an unpaired Student
t test. *P < .05, NOG versus B6 mice.

antibody (BD Biosciences). For the control, an isotype
antibody reaction was performed by using FITC-
conjugated immunoglobulin M (IgM) k (ICN Biomedicals,
Aurora, OH, USA) and IgG1 x (BD Biosciences) for the
anti-CD16b and anti-CD45 antibody reactions, respectively.
The second antibody reaction was performed by using
Alexa Fluor 488 goat antimouse IgM (Invitrogen, Carlsbad,
CA, USA) and Alexa Fluor 488 goat antimouse IgG
(Invitrogen) for the anti-CD16b and anti-CD45 antibody
reactions, respectively.

2.9. Morphologic Observation

Cells were fixed on glass slides with a Cytospin 2
apparatus, stained with Wright-Giemsa solution (Muto Pure

Chemical, Tokyo, Japan), and then observed with a light
microscope (Olympus Optical, Tokyo, Japan).

2.10. Statistical Analysis

Statistical analysis was performed by means of the
unpaired Student ¢ test and the StatView software package
(version 5.0; SAS Institute/Abacus Concepts, Berkeley,
CA,USA).

3. Results

3.1. Zymosan-Induced Air Pouch Inflammation
in NOG Mice

The leukocytes that accumulate by zymosan-induced air
pouch inflammation in normal mice are known to be pre-
dominantly neutrophils, along with small numbers of
monocytes and lymphocytes (data for normal B6 mice are
not shown) [13,14]. In the present study, we first investigated
whether zymosan-induced accumulation of mature murine
neutrophils into the air pouch also occurs in NOG mice.

As has been observed with this inflammatory model in
normal mice, the leukocytes that accumulated in the air
pouch after zymosan injection in NOG mice were predomi-
nantly neutrophils. This result was established by detecting
the expression of a specific surface antigen of mouse neu-
trophils, Gr-1, as well as the typical morphologic characteris-
tics obtained via Wright-Giemsa staining (Figures 1A and
1B). Both the FACS analysis of the Gr-1 antigen and the
morphologic evaluation indicated that greater than 90% of
the accumulated leukocytes were neutrophils. In the NOG
mice lacking lymphocytes, the remaining leukocytes (<10%)
were monocytes {data not shown).

These results indicate that the migration of neutrophils
toward inflammatory sites occurs almost normally in NOG
mice, suggesting that the neutrophils of NOG mice have a
normal chemotactic function. The number of leukocytes in
the air pouch of NOG mice, however, was significantly lower
(P < .05) than that of B6 mice (Figure 1C). On the other
hand, the respiratory burst activity, another important func-
tion of neutrophils, was normal, because agonist-induced
superoxide release from the leukocytes in the air pouch of
NOG mice was equivalent to that of B6 mice (Figure 1D).

3.2. Engraftment of Human CB CD34* Cells
in NOG Mice

We next transplanted human CB CD34* cells into recipi-
ent NOG mice. After being sublethally irradiated, NOG mice
received intravenous transplants of human CB CD34" cells.
Six weeks after transplantation, leukocytes in the bone mar-
row and spleen were analyzed for the expression of the
human panleukocyte marker, CD45 (Figure 2). In these
hematopoietic organs, approximately 90% of the cells
expressed human CD45 antigen, both at 6 weeks and at 8
weeks after the transplantation of human CB CD34"* celis
(Figure 2). These findings indicate the highly effective
engraftment of human hematopoietic cells in this immunod-
eficient mouse, and the efficiency of engraftment obtained in
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Figure 2. Engraftment of human cord blood CD34 celis in nonobese
diabetic/severe combined immunodeficiency/y chain™! (NOG) mice.
CD34* cells from human umbilical cord blood (1.8 x 10° cells/mouse)
were transplanted into NOG mice intravenously. Bone marrow (BM)
and spleen leukocytes were obtained at 6 and 8 weeks after transplanta-
tion as described in “Materials and Methods.” Cell surface expression of
human CD45 was determined by fluorescence-activated cell-sorting
analysis. Data are expressed as the mean = SE (n = 3).

this study was equivalent to or better than the results
described in previous reports [3,4].

We then evaluated whether CD45* human hemato-
poietic cells appear in the air pouch of NOG mice that had
received transplants of human CB CD34* cells. As is shown
in Figure 3 (upper panel), more than 90% of the leukocytes
in the air pouch of NOG mice infused with vehicle alone
were Gr-1* murine neutrophils, and there were no human
CD45* leukocytes. In contrast, a significant level (approxi-
mately 10%) of human CD45* cells in the air pouch was
present in NOG mice that had received transplants of
human CB CD34* cells, and there was a concomitant
decrease in the percentage of Gr-1* murine neutrophils. We
observed these findings at both 6 weeks and 8 weeks after
transplantation of human CB CD34* cells, although the
human CD45" cells in the air pouch had decreased at
8 weeks for an unknown reason.

3.3. Identification of Human Neutrophils Accumulated
by Zymosan-Induced Air Pouch Inflammation in
Mice with Transplanted Human CB CD34* Cells

Because most of the leukocytes in zymosan-induced air
pouch inflammation were neutrophils, the human CD45*
leukocytes in Figure 3 were considered human neutrophils
that had differentiated in vivo in the NOG mice. To further
confirm this hypothesis, we performed FACS analysis with
monoclonal antibodies that specifically recognize mature

human neutrophils. We selected 2 neutrophil-specific cell
surface molecules, CD10 and CD66b. CD10, well known as
a common acute lymphoblastic leukemia antigen [16], has
been reported to be expressed in mature neutrophils
[17-19], and CD66b is a specific cell surface antigen of
human granulocytes [20].

Before the transplantation experiments with NOG mice,
we performed several experiments with normal human
neutrophils and mononuclear leukocytes to establish experi-
mental conditions for the 2-color flow cytometric analysis of
CD10 and CD66b. As is shown in Figure 4 (upper panel), we
successfully performed 2-color analysis with a granulocyte
fraction isolated from a healthy donor. The granulocyte
fraction contained 96.5% CD66b* granulocytes, which con-
sisted of 86.3% CD10* neutrophils and 10.2% other CD10"
granulocytes, probably eosinophils. This granulocyte fraction
contained more than 98% CD45" cells (data not shown). In
contrast, the cells in mononuclear cell fractions were nega-
tive for both CD66b and CD10.

Using this analytical condition, we then performed a
2-color flow cytometric analysis of the leukocytes that had
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Figure 3. Identification of human leukocytes in the air pouch of
nonobese diabetic/severe combined immunodeficiency/y chain®!
(NOG) mice. CD34* cells from human umbilical cord blood (1.8 x 10°
cellsfmouse) (CD34*) or saline (vehicle) was transplanted into NOG
mice intravenously. Zymosan was suspended in saline (0.5 mg/mouse)
and injected into the air pouch to induce inflammation by 6 or 8 weeks
after transplantation. The pouch was washed with phosphate-buffered
saline 16 hours after zymosan injection to obtain accumulated leuko-
cytes. Cell surface expression of murine Gr-1 and human CD45 was
determined by fluorescence-activated cell-sorting analysis. Data are
expressed as the mean + SE (n = 3).
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Figure 4. Two-color fluorescence-activated cell-sorting (FACS) analysis
of CD10 and CD66b in human peripheral blood leukocytes. Human gran-
ulocytes and mononuclear cells were isolated as described in “Materials
and Methods.” Two-color FACS analysis of the cell surface expression of
human CD10 and CD66b was performed with each isotype antibody as a
control.

accumulated in the air pouch after zymosan injection into
mice with transplanted human CB CD34* cells. As is shown
in Figure S, double-positive (both CD10* and CD66b")
human neutrophils were detected in the air pouch at both
6 weeks and 10 weeks after the transplantation of human CB
CD34* cells. It is interesting that the double-positive human
neutrophils in the air pouch had decreased by 10 weeks,
compared with the numbers at 6 weeks. These data for
double-positive human neutrophils in the air pouch almost
corresponded to the data estimated from the numbers of
human CD45* leukocytes in the air pouch (data not shown).

Finally, we used immunocytochemical staining to confirm
that human neutrophils actually existed in the air pouch fol-
lowing zymosan injection into mice with transplanted human
CB CD34* cells. As is shown in Figure 6, we were able to
detect human CD45* cells with a neutrophil morphology in
the leukocytes that had accumulated in the air pouch of mice
with transplanted human CB CD34" cells. In contrast, human
CD45* cells were not observed in the leukocytes that had
accumulated in the air pouch of mice that had not undergone
transplantation (data not shown). The presence of human
neutrophils in the air pouch of mice with transplanted
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Figure 5. Two-color fluorescence-activated cell-sorting (FACS) analy-
sis of CD10 and CD66b in leukocytes in the zymosan-induced air pouch
in nonobese diabetic/severe combined immunodeficiency/y chain™!
(NOG) mice with transplanted human umbilical cord blood (CB)
CD34* cells. Human CB CD34* cells (1.8 x 10° cells/mouse) were trans-
planted into NOG mice intravenously. Zymosan suspended in saline
(0.5 mg/mouse) was injected into the air pouch to induce inflammation
at 6 or 10 weeks after transplantation (middle and lower panels). Sixteen
hours after zymosan injection, the pouch was washed with phosphate-
buffered saline to obtain accumulated leukocytes. Cell surface expres-
sion of human CD10 and CD66b was determined by FACS analysis. As
a negative control, leukocytes that had accumulated in the air pouch in
NOG mice without CD34* cell transplantation were analyzed, and the
results are shown in the top panel. Data are expressed as the mean = SE
(n = 3). Statistical analysis was performed by means of an unpaired
Student ¢ test. *P < .05, 10 weeks versus 6 weeks.

human CB CD34* cells was also confirmed with antihuman
neutrophil-specific CD16b antibody (Figure 7).

Thus, using an in vivo inflammatory model, we have
shown the functional engraftment of human neutrophils.

4. Discussion

Mature human neutrophils derived from human
hematopoietic progenitor cells have not been identified in
the peripheral blood of immunodeficient mice with trans-
planted human HSC, although HSC are considered to dif-
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Figure 6. Immunocytochemical analysis of CD45 in leukocytes in the
zymosan-induced air pouch in nonobese diabetic/severe combined
immunodeficiency/y chain™ (NOG) mice with transplanted CD34*
cells from human umbilical cord blood (CB). Human CB CD34* cells
(1.8 x 10° cells/mouse) were transplanted into NOG mice intra-
venously. Zymosan suspended in saline (0.5 mg/mouse) was injected
into the air pouch to induce inflammation at 6 weeks after transplan-
tation. The pouch was washed with phosphate-buffered saline 16 hours
after zymosan injection to obtain accumulated leukocytes. Immunocy-
tochemical analysis of human CD45 expression (top) was performed
with isotype antibody as a control (bottom), and the staining pattern
was observed with an inverted microscope. The left panels are differ-
ence interference contrast (DIC) images, the middle panels are the
corresponding images obtained by fluorescence microscopy, and the
right panels are combined images of the corresponding left and middle
panels.

ferentiate into all hematopoietic cell lineages, including
neutrophils. In the present study, we established a novel
system to detect human neutrophils in NOG mice with
transplanted human CB CD34* cells by using a model of
experimentally induced inflammation and a 2-color FACS
analysis that used 2 monoclonal antibodies specific for
mature human neutrophils and/or granulocytes (Figure 5).
In addition, the results obtained with our system, which
selectively detects neutrophils that have migrated into the
site of inflammation, indicated that the functional human
neutrophils had developed from human hematopoietic
progenitor cells in vivo.

Analysis of the cell surface antigens of leukocytes by
FACS has been widely performed in many immunologic
and hematologic studies because morphologic identifi-
cation has not been capable of distinguishing lymphocyte
subpopulations. In contrast, studies for specific cell surface
markers of human neutrophils have been extremely limited,
because human neutrophils are easily recognized by their
morphology and there are no distinct subpopulations with the
same morphology. However, to distinguish precisely between
human and mouse neutrophils in chimeric mice with trans-
planted human hematopoietic progenitor cells requires deter-
mining specific cell surface antigens of human neutrophils. In

the murine system, Gr-1 is a well-known granulocyte-specific
cell surface marker and is known as a common epitope of Ly-
6 subtypes in mice [21]. Stroncek et al reported that CD177,
known as human neutrophil-specific antigen NB1, was a
member of the Ly-6 gene superfamily and that it might be a
human counterpart of Gr-1 [22]. However, the level of CD177
expression in human neutrophils is approximately 50%
(unpublished data), suggesting that CD177 is not suitable for
the complete identification of human neutrophils. In contrast,
the present study clearly revealed that human neutrophils
could be identified by a 2-color FACS analysis of 2 cell surface
antigens, CD10 and CD66b, which are specific markers for
granulocytes and/or neutrophils (Figure 4).

We found that neutrophil accumulation during zymosan-
induced acute inflammation was reduced in NOG mice,
compared with B6 mice (Figure 1C). Zymosan is known to
activate the alternative pathway of complement and C5a for-
mation [12], and inflammatory mediators, such as arachido-
nate metabolites, that are released from resident macro-
phages upon zymosan stimulation cause neutrophils to
accumulate at the site of inflammation [23]. NOG mice have
multiple immunologic defects in innate immunity, including a
lack of macrophage function, complement-dependent
hemolytic activity, and natural killer cell activity [3]. There-
fore, the reduction of macrophage function and complement-
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Figure 7. Immunocytochemical analysis of CD16b in leukocytes in
the zymosan-induced air pouch in nonobese diabetic/severe combined
immunodeficiency/y chain™! (NOG) mice with transplanted CD34* cells
from human umbilical cord blood (CB). Human CB CD34* cells
(1.8 x 10° cells/mouse) were transplanted into NOG miice intravenously.
Zymosan suspended in saline (0.5 mg/mouse) was injected into the air
pouch to induce inflammation at 6 weeks after transplantation. The
pouch was washed with phosphate-buffered saline 16 hours after
zymosan injection to obtain accumulated leukocytes. Immunocytochem-
ical analysis of human CD16b expression (top) was performed with
isotype antibody as a control (bottom), and the staining pattern was
observed with an inverted microscope. The left panels are difference
interference contrast (DIC) images, the middle panels are the correspon-
ding images obtained by fluorescence microscopy, and the right panels
are combined images of the corresponding left and middle panels.
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dependent hemolytic activity may account for the reduction
of neutrophil accumulation during zymosan-induced acute
inflammation in NOG mice. On the other hand, superoxide-
producing capacity, another important function of neu-
trophils, was normal in NOG mice (Figure 1D). Therefore, the
development and function of neutrophils are considered nor-
mal to some degree in NOG mice.

Previous studies have shown that engraftment of human
CD45* cells in NOG mice is lymphocyte predominant and
that engraftment increases gradually for 4 to 12 weeks fol-
lowing the transplantation of human CB CD34* cells
[3,5,6]. On the other hand, we found that the engraftment of
human neutrophils as estimated by our in vivo air pouch
inflammatory model declined from 6 to 10 weeks after the
transplantation of human CD34* cells (Figures 3 and 5).
Although the exact reason for these different observations
remains unclear, there are 2 possibilities: (1) extremely dif-
ferent life cycle and production kinetics for neutrophils and
lymphocytes, or (2) the relatively normal development of
murine neutrophils versus an almost complete lack of
murine lymphocytes in NOG mice.

Investigators have recently concluded that human embry-
onic stem cells constitute a valuable resource for regenerative
medicine because of their high capacity to differentiate into a
broad range of cell types [24]. Consequently, many
researchers have been vigorously studying such cells to estab-
lish culture conditions and techniques for the in vitro differ-
entiation of human embryonic stem cells into hematopoietic
stem or progenitor cells [25,26]. For clinical applications, how-
ever, both the differentiation and therapeutic potential of
such cells should be investigated and evaluated in vivo,
although performing such in vivo studies is not allowed in
human beings. Therefore, our system may be useful as an in
vivo system to evaluate the hematopoietic activities, particu-
larly granulopoietic, of human hematopoietic progenitor cells
derived from human embryonic stem cells.
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Vascular endothelial growth factor (VEGF) is known to play a
major role in angiogenesis in a variety of tumors. A soluble form of
Flt-1 (sFlt-1), a VEGF receptor, is potentially useful as an antagonist
of VEGF, and accumulating evidences suggest the applicability of
sFlt-1 in tumor suppression by means of anti-angiogenesis. We pre-
viously demonstrated the efficacy of sfit-I gene expression in situ to
suppress tumor growth and ascites in ovarian cancer. Here, we dem-
onstrate the therapeutic applicability of muscle-mediated expression
of sFit-1 in tumor-bearing mice. Initially, tumor suppressive action
was confirmed by inoculating sFlt-1-expressing ovarian cancer
(SHIN-3) cells into mice, both subcutaneously and intraperitoneally.
To validate the therapeutic efficacy in a more clinically relevant
model, adeno-associated virus vectors encoding sfif-1 were intro-
duced into mouse skeletal muscles and were subsequently inoculated
with tumor cells. As a result, high serum sFlt-1 levels were con-
stantly observed, and the growth of beth subcutaneously- and intra-
peritoneally-inoculated tumors was significantly suppressed. No
delay in wound healing or adverse events of neuromuscular damage
were noted, body weight did not change, and laboratory data, such
as those representing liver and renal functions, were not affected.
These results indicate that sFit-1 suppresses growth and peritoneal
dissemination of ovarian cancer by the inhibition of angiogenesis,
and thus suggest the usefulness of gene therapy for ovarian cancer.
© 2006 Wiley-Liss, Inc.
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In recent years, the incidence of ovarian cancer has been on the
increase. It is currently the leading cause of death from gynecologi-
cal cancer.! Since the early-stage ovarian cancer is generally
asymptomatic, more than half of the patients are diagnosed with
the condition at an advanced stage with ascites and peritoneal dis-
semination.” The standard treatment for advanced ovarian cancer is
radical cytoreductive surgery followed by combination chemother-
apy. Fortunately, ovarian cancer is relatively sensitive to chemo-
therapy, and a remission can be achieved in a majority of patients,
even at the advanced stages.>* Nonetheless, more than half of the
patients develop recurrence, and this eventually leads to death,
thereby indicating the limitations of the current therapy. Therefore,
new strategies are required to improve the therapeutic outcomes.

Angiogenesis is closely related to the development of malignant
tumors,” and it plays an important role in the growth of primary,
metastatic and disseminated lesions of ovarian cancer.® Therefore,
the inhibition of angiogenesis may suppress peritoneal dissemina-
tion, the main mode of progression of ovarian cancer, and may im-
prove the prognosis of advanced ovarian cancer.

The significance of angiogenic factors upon clinical outcome of
ovarian cancer have been intensively studied, including vascular
endothelial growth factor (VEGF), basic fibroblast growth factor,®
platelet-derived endothelial cell growth factor (PD-ECGF)’ and he-
patocyte growth factor.!® Among all, VEGF appears to be the most
important and versatile, and it is also reported to be an independent
prognostic factor in ovarian cancer patients.’

The VEGF-inhibiting factor used in this study was sFlt-1. This is a
soluble form of VEGFR-1, and acts as a VEGF antagonist.™ sFlt-1 is
a secretory protein, and systemic expression through circulation can
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be expected. Main VEGF receptors are Flt-1 and KDR, and both are
tyrosine kinase receptors. KDR shows stronger tyrosine kinase activ-
ity when the li%and, VEGF, binds, but Fit-1 has stronger VEGF-bind-
ing activity."™ Accordingly, when sFlt-1 is present in circulation at
a sufficient level, sFlt-1 may competitively inhibit binding of blood
VEGF to Flt-1 and KDR, resulting in inhibition of VEGF action.

We have previously demonstrated the tumor suppressive activ-
ities of sFlt-1 when it was introduced into ovarian cancer cells.
In this study, we aimed at developing a more clinically relevant
strategy through a continuous supply of sFlt-1 by muscle-mediated
gene transfer using adeno-associated virus (AAV) vectors. AAV
vector is derived from a nonpathogenic virus, and a long-term
transgene exgression can be obtained after intramuscular vector
injection.'>!’ Taking these facts into consideration, we began to
test the efficacy of the therapeutic approach for ovarian cancer
using muscle-mediated sfit-/ gene expression and compared with
the previous strategy which utilized tumor cell transduction.

Material and methods
Cells and plasmids

The human ovarian serous adénocarcinoma cell line SHIN-3'®
was provided by Dr. Y. Kiyozuka (Hyogo College of Medicine,
Japan) and used in this study, instead of the previously utilized
RMG-1 cells,* as the latter cell line did not efficiently form tumors
upon inoculation. The SHIN-3 and the human embryonic kidney
293 cell lines were maintained as described previously.'®!® The
murine Sf"] cDNA was isolated from the Smal sites of plasmid
psFlt-1,'* and inserted into the Smal site of the pCMV-IRES-bsr
vector™ to generate pCMV-sFlt-1-IRES-bsr. Luciferase (LUC)-
encoding pCMV-LUC-IRES-bsi*® was used as a control vector.
p2ITR-hsFit-1 is an sFlt-1 expression plasmid prepared by incorpo-
rating human sfft-] cDNA into the EcoRI site of pAAV-MCS (Stra-
tagene, La Jolla, CA). Suppression of VEGF-driven HUVEC pro-
liferation by conditioned medium of sFlt—l-expressing cells was al-
ready confirmed for both murine'* and human™ constructs.

Development of stably transduced cells

Either pCMV-sFlt-1-IRES-bsr or pCMV-LUC-IRES-bsr was
introduced into the SHIN-3 cells using the standard calcium phos-
phate precipitation method.” After transfection, the cells were
cultured and selected in the presence of 10 pg/ml of blasticidin S
hydrochloride (Kaken Pharmaceutical, Tokyo, Japan). After 4
weeks, the blasticidin-resistant SHIN-3/sFlt-1 and SHIN-3/LUC
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cell lines were established and maintained thereafter in the pres-
ence of 10 pg/ml of blasticidin S hydrochloride.

AAV vector production

AAV vectors were produced based on the triple plasmid trans-
fection to 293 cells using p2ITR-hsFlt-1, the helper flasmid for
adenovirus genes,” and the helper plasmid for AAV1.%*%5 A plas-
mid encoding /acZ gene was used to prepare the control AAV vec-
tor. The vector stocks were purified using iodixanol %Invilrogen,
Carlsbad, CA) density-gradient ultracentrifugation,242 27 and the
titer was determined by quantitative DNA dot-blot hybridization.

VEGF quantitation

SHIN-3 cells were inoculated into 10-cm dishes and cultured in a
10% FBS-supplemented DMEM medium. When the cells grew to
approximately 80% confluence, the culture supernatant was re-
placed with serum-free culture medium. After 24 hr, the culture su-
pernatant was recovered. The concentration of VEGF in the super-
natant was determined by ELISA System (Amersham Biosciences,
Piscataway, NJ).

Western blot analysis

sFlt-1 in the culture supernatant of SHIN-3/sFlt-1 was detected
by Western blotting, using standard techniques as described previ-
ously.14 Briefly, the culture supernatant was electrophoresed, trans-
ferred into nitrocellulose membrane and incubated with a 1:200
dilution of anti-sFlt-1 polyclonal antibody (provided by Dr. Shi-
buya). Subsequently, the membrane was reacted with a horseradish
peroxidase-labeled secondary antibody, i.e., anti-rabbit antibody
(Amersham Biosciences). The bound antibody was visualized by
chemiluminescence using an ECL kit (Amersham Biosciences).

In vitro cell growth kinetics

SHIN-3/sFlt-1 and SHIN-3/LUC were plated in 6-well plates
at a density of 5§ X 10* cells/well, and cultured in a 10% serum-
supplemented DMEM/F-12 medium. For each group, the cells
from a single well were dislodged using 0.05% trypsin-EDTA
every 24 hr and were counted using a hemocytometer. This experi-
ment was performed in triplicate.

Tumor cell transduction model

Subcutaneously inoculated tumor growth. Four- to five-week-
old female BALB/c nude mice (Japan Clea Laboratories, Tokyo, Ja-
pan) were used in the experiment. SHIN-3/sFlt-1 or SHIN-3/LUC
cells (5 X 106) were subcutaneously transplanted into the back of
the mice, and tumor sizes were measured twice a week using a mi-
crometer caliper. The tumor volume was calculated using the for-
mula: volume = (short diameter)* X (long diameter) X 0.5.%8

Angiogenesis in subcutaneous tumor. On the 21st day after the
subcutaneous transplantation of 5 X 10° SHIN-3/sFlt-1 or SHIN-
3/LUC cells into the back, the mice were killed and the subcutane-
ous tumors were excised. After fixation of the tumors in 4% para-
formaldehyde, frozen sections were cut, and the endogenous per-
oxidases were blocked with 3% hydrogen peroxide. The sections
were incubated overnight at 4°C with a 1:50 dilution of anti-CD3!
antibody (Pharmingen, San Diego, CA) as the primary antibody
that recognizes vascular endothelial cells. The sections were then
reacted with the secondary antibody, i.e., peroxidase-conjugated
anti-rat antibody (Simple Stain Mouse MAX-PO, Rat; Nichirei,
Tokyo, Japan) at room temperature for 30 min, followed by color
development with diaminobenzidine (DAB). In addition to CD31,
immunostaining of von Willbrand factor (vWF) and endothelial
nitric oxide synthase (eNOS) was performed. For the specific anti-
bodies, anti-vWF (H-300) and anti-NOS3 (C-20) (Santa Cruz Bio-
technology, Santa Cruz, CA) were diluted 50 times, and reacted
with the sections at room temperature for 2 hr, followed by color
development by DAB reaction using a DAKO LSAB Kit (DAKO,
Carpinteria, CA). The number of newly formed vessels was
counted under a light microscope at 100X magnification.
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Ascites and peritoneal tumor dissemination. SHIN-3/sFlt-1 or
SHIN-3/LUC cells (5 X 106) were inoculated into mice intraperi-
toneally. After 23 days, the mice were killed using diethyl ether,
the volume of the ascitic fluid was measured and the peritoneally
disseminated lesions were weighed. The volume of ascitic fluid
was calculated by subtracting 1 ml from the total volume of fluid
that was recovered after the intraperitoneal injection of 1 ml of
PBS. The weights of the peritoneally disseminated lesions were
calculated by subtracting the weight of the intestine of age-
matched, untreated mice from the total weight of the intestine and
disseminated lesions removed in one block.

Survival time. SHIN-3/sFlt-1 or SHIN-3/LUC cells (5 X 106)
were inoculated into mice intraperitoneally, and the mice were
monitored twice daily until they died of massive ascites. Survival
rates were calculated using the Kaplan—Meier method.

Therapeutic model using AAV vector

Measurement of serum VEGF and ascitic VEGF. Nude mice
were subcutaneously (n = 5) or intraperitoneally (n = 5) inocu-
lated with SHIN-3 cells (5 X 10° cells), and blood was collected
from the tail vein 1, 2, and 3 weeks after inoculation. The serum
VEGEF level was measured using human VEGF ELISA (R&D sys-
tem, Minneapolis, MN). Mice that received intraperitoneal SHIN-
3 cell inoculation were killed using diethy! ether 3 weeks after
inoculation (n = 3), ascites were collected, and the ascitic VEGF
level was measured by ELISA (R&D system).

Measurement of serum sFlt-1. AAV1-sFlt-1 or AAVI-LacZ
vector (2.5 X 10" genome copy) was given in 10 separate injec-
tions into the hind limb skeletal muscles of mice, and the blood
samples were obtained from the tail vein every 2 weeks. The con-
centration of sFlt-1 in the serum was measured using a human
sVEGF-R1 ELISA (Bender MedSystems, Vienna, Austria).

Subcutaneously inoculated tumor growth. AAV1-sFlt-1 or
AAVI1-LacZ vector (2.5 X 10'? genome copy) was injected into
the hind limb skeletal muscles of mice. After 9 days, the mice
were subcutaneously inoculated with 5 X 10° SHIN-3 cells and
monitored thereafter.

Peritoneal tumor dissemination. AAV1-sFlt-1 or AAV1-LacZ
vector (2.5 X 1012 genome copy) was injected into the hind limb
skeletal muscles of mice. After 9 days, the mice were intraperito-
neally inoculated with 5 X 10° SHIN-3 cells. After 23 days later,
the mice were killed, and the weights of the intraperitoneally dis-
seminated lesions were measured.

Adverse events. AAV1-sFlt-1 or AAV1 LacZ vectors (2.5 X 10"?
genome copies) were injected into the hind limb skeletal muscle of
mice. The following experiments were performed to investigate
wound healing, neuromuscular damage and body weight changes:
Regarding wound healing, a 6-mm square incision was made with
scissors in the dorsal skin in nude mice 2 weeks after AAV vector
injection, and the healing process was observed with time. As for neu-
romuscular damage, skeletal muscle of the hind limb at the AAV vec-
tor-inoculated site was excised 5 weeks after AAV vector injection,
fixed with formalin, paraffin-embedded and sectioned, and the mor-
phology was observed by HE staining. As for body weight changes,
body weight of the nude mice was measured before AAV vector
injection and 2 and 4 weeks after the administration. Blood was col-
lected 5 weeks after AAV vector injection, and complete blood
counts, Alb, BUN, Cr, AST, ALT, Na, K and Cl were measured.

Statistical analysis. Intergroup differences were tested for sig-
nificance using Student’s z-test. Survival rates were analyzed by
the generalized Wilcoxon and log-rank tests. p values less than
0.05 were considered to be significant.

Results
Detection of VEGF and sFlit-1 in culture supernatants

The concentration of VEGF in the culture supernatant of SHIN-
3 cells was 600 pg/ml. sFlt-1 was detected by Western blotting
only in the culture supernatant of SHIN-3/sFlt-1 (data not shown).
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Fi1GURe 1 ~ (@) In vivo tumor growth of sFElt-1-expressing SHIN-3 cells. Tumor cells were subcutaneously injected into the back of mice, and
the tumor size was measured every 3 days. The tumor size of SHIN-3/sFlt-1 (®) was significantly smaller than that of SHIN-3/LUC (3, p < 0.01
(*)). The tumor volume was calculated using the formula: (width)2 X (length) X 0.5 (mm3). The data represent the mean * SD. (b and ¢) Immu-
nostaining of subcutaneous tumors of SHIN-3/LUC (b) and SHIN-3/sFit-1 (¢) with anti-CD31 antibody (upper), anti-vWF antibody (middle) and
anti-eNOS antibody (bottom). Endothelial cells of newly formed vessels (arrowhead) were stained dark brown. (d) The numbers of new blood ves-
sels in SHIN-3/sFlt-1 and SHIN-3/LUC subcutaneous tumors on the 21st day after inoculation. The number of new blood vessels in SHIN-3/sFlt-1
tumors was significantly smaller than that in SHIN-3/LUC tumors (anti-CD31 antibody; 1.5 * 0.7 versus 19 * 4, p < 0.05, anti-vWF antibody;
2.7 £ 0.6 versus 17.7 £ 2.5, p < 0.01, anti-eNOS antibody; 1.7 * 0.6 versus 15.3 * 2.1, p < 0.01). Each bar represents the mean + SD.

In vitro cell growth kinetics

The effects of sFlt-1 gene expression on in vitro cell growth
were examined. There were no differences in growth between
SHIN-3/sFlt-1 and the control (SHIN-3/LUC), indicating that the
expression of the sfit-1 gene does not affect in vitro cell growth
kinetics (data not shown).

Tumor cell transduction model

Subcutaneously inoculated tumor growth. As shown in Figure
la, subcutaneous tumor growth was markedly suppressed in cells
expressing sFlt-1. The size of subcutaneous tumors on the 34th
day after the transplantation of SHIN-3/sFlt-1 cells was signifi-
cantly smaller than that of control (43 * 37 mm° versus 1004 =
421 mm®, p < 0.01).

Angiogenesis in subcutaneous tumor. Typical immunohisto-
chemistry of tumors determined using anti~-CD31 antibody, anti-
vWF antibody and anti-eNOS antibody is shown in Figures 15 and
lc, and the number of new vessels is summarized in Figure 1d. The
number of new vessels was significantly smaller in SHIN-3/sFit-1
than that in control (anti-CD31 antibody; 1.5 = 0.7 versus 19 * 4,
p < 0.05, anti-vWF antibody; 2.7 = 0.6 versus 17.7 £ 2.5, p <
0.01, anti-eNOS antibody; 1.7 = 0.6 versus 153 = 2.1, p < 0.01).

Ascites and peritoneal tumor dissemination. The effects of sfit-1
gene expression on peritoneal dissemination in vivo are shown in
Figure 2a. The mean volume of ascitic fluid on the 23rd day after
intraperitoneal inoculation of SHIN-3/sFlt-1 cells was significantly
smaller than that of control (Fig. 25; 0.17 = 0.13 ml versus 1.67 +

0.71 ml, p < 0.01). Similarly, the number of metastasis (Fig. 2¢)
and mean weight of the peritoneally disseminated SHIN-3/sFlt-1
tumors was significantly lower than that of control (Fig. 2d; 0.48 *
0.29 g versus 2.74 = 0.54 g, p < 0.001). Thus, sflt-1 gene expres-
sion suppressed ascites production and peritoneal dissemination.

Survival time. The survival of mice was monitored after inocu-
lating tumor cells intraperitoneally. In the control group, the accu-
mulation of ascitic fluid became prominent from the 14th day after
inoculation, and all mice died by the 46th day. In contrast, in the
SHIN-3/sFit-1 group, ascitic fluid accumulation was suppressed,
resulting in a significantly longer survival (Fig. 2e, p < 0.05).
Therefore, sfl-1 gene expression prolonged the survival of mice
with peritoneal dissemination of ovarian cancer.

Therapeutic model using AAV vector

Serum VEGF concentration and ascitic VEGF concentra-
tion. The serum VEGEF level was lower than the detection limit in
both the subcutaneous and intraperitoneal inoculation groups. In
contrast, the ascitic VEGF level was very high (30 = 9 ng/ml).

Serum sFlt-1 concentration. Following the injection of AAV1-
sFlt-1 vector into the mouse skeletal muscles, serum sFlt-1 levels
were higher than 1,000 pg/ml throughout the observation period,
whereas in the control group with AAV1-LacZ vector, the levels
were below the detection limit (Fig. 3a).

Tumor growth. The efficacy of muscle-mediated sFlt-1 expres-
sion was evaluated in both subcutaneously- and intraperitoneally-
transplanted SHIN-3 tumor cell growth. As shown in Figure 3b, a
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fluid accumulation on the 23rd day
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of cancer cells. Large amounts of
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in the SHIN-3/LUC group, whereas
in the SHIN-3/sFlt-1 group, the ac-
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the 23rd day after peritoneal inocula-
tion of cancer cells. In the SHIN-3/
LUC group, marked peritoneal dis-
semination was observed, particularly
on the intestinal surface (arrowheads),
whereas in the SHIN-3/sFit-1 group,
peritoneal dissemination was signifi-
cantly suppressed (2.74 = 054 ¢
versus 0.48 + 029 g, p < 0.001).
(¢) Kaplan—-Meier analysis after in-
traperitoneal inoculation of cancer
cells. Survival was significantly pro-
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longed in the SHIN-3/sFlt-1 group, 00 20
when compared with that in the
SHIN-3/LUC group (p < 0.05).

significant suppression of tumor growth was observed in the sFlt-1
injected group (p < 0.05). In mice with peritoneal dissemination,
the total weight of the peritoneally disseminated lesions on the
23rd day after inoculation was significantly lower than that of con-
trol group (Fig. 3¢; 1.07 = 0.87 g versus 3.15 = 2,10 g, p < 0.03).
Therefore, a therapeutic effect was observed in both models.

40 60 80 100

Days after injection

Survival time. The survival of mice was monitored in both groups.
The animals showed accumulation of ascites, and the mean sur-
vival lengths were 28.2 and 30.1 days for AAV-LacZ- and AAV-
sFlt-1-injected group, respectively. Although the survival in AAV-
sFlt-1 group was longer than the controls, statistic significance was
not recognized between these groups.
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(@) Serum sFlt-1 concentrations. In the mice that were intramuscularly injected with AAV1-sFlt-1, the serum sFit-1 concentration

was higher than 1,000 pg/ml. In contrast, in the mice that were intramuscularly injected with AAV1-LacZ, the serum sFlt-1 concentration was
below the detection limit. (b) Growth of SHIN-3 subcutaneous tumors in the mice that were intramuscularly injected with AAVI-sFlt-1 or
AAV1-LacZ. The growth of subcutaneous tumors was significantly suppressed in the intramuscular AAV1-sFlt-1 injection group, compared
with that in the intramuscular AAV1-LacZ injection group. The sizes of subcutaneous tumors on the 36th day after the transplantation of SHIN-
3 cells in the AAV1-sFlt-1 and AAVI-LacZ groups were 380 = 250 mm® and 921 * 466 mm’ , Tespectively (¥, p < 0.05). (c) The total weight
of peritoneally disseminated tumors on the 23rd day after the intraperitoneal inoculation of SHIN-3 cells in the mice that had been intramuscu-
larly injected with AAV1-sElt-1 or AAV1-LacZ. The peritoneal dissemination was significantly suppressed in the AAV1-sFlt-1 group, when
compared with that in the AAV1-LacZ group (1.07 % 0.87 g versus 3.15 = 2.10 g, p < 0.05). (d) A 6-mm square injury was made in the dorsal
region 2 weeks after intramuscular injection of AAV1- sFlt-1 or AAV1-lacZ into nude mice. Photographs of typical views immediately and 3, 6

and 10 days after skin incision are presented. No significant difference was noted between the groups.

Adverse events. Regarding wound healing, the wound was
completely repaired about 2 weeks after skin incision in both the
AAV1-sFlt-1 (n = 3) and control (n = 3) groups, showing no sig-
nificant difference in the time required for healing between the
groups. Photographs of typical views immediately and 3, 6, and
10 days after skin incision are shown in Figure 3d. As for neuro-
muscular damage, no apparent damage was noted at the histologi-
cal level in the AAV1-sFlt-1 group, similar to the control group
(data not shown). The body weights were 17.1 = 1.0, 21.5 = 0.9,
and 23.3 = 1.2 g before intramuscular AAV vector injection and 2
and 4 weeks after the injection, respectively, in the AAV1-sFlt-1
group (n = 5) and 169 = 1.2, 20.7 = 1.8, and 23.0 = 19 g,
respectively, in the control group (rn = 5), showing no significant
difference. The laboratory data are shown in Table 1. There were
no significant differences in the serum Alb, BUN, Cr, AST, ALT,
Na, K or Cl level between the AAV1-sFlt-1 and control groups, nor
were there significant differences in the complete blood counts.

Discussion

In this study, we demonstrated the efficacy of muscle-mediated
sFlt-1 expression using AAV vectors in both subcutaneous and in-
traperitoneally disseminated tumors.

A VEGEF receptor, Flt-1, consists of an intracellular tyrosine
kinase domain, transmembrane domain and extracellular do-
main, containing 7 immunoglobulin-like domains. sFlt-1 gener-
ated by alternative splicing of the Flt-1 gene lacks the intracellu-
lar tyrosine kinase and transmembrane domains, and consists of
an extracellular domain containing 6 immunoglobulin-like do-
mains, from which the 7th immunoglobulin-like domain is de-
leted. The VEGF-binding site of Flt-1 is located on the 2nd and
3rd 1mmunoglobulm-hke domains in the extracellular do-
main.”®* Hence, sFlt-1 has VEGF-binding ability. However, it
has no signal transduction activity because the molecule is not
anchored on the cell surface, and lacks the tyrosine kinase do-
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TABLE I - LABORATORY DATA
AAVi-LacZ (n = 3)

AAVI-sFlt-1 (n = 3) P

WBC (10%/ul)

17203 1405 n.s.
Hemoglobin (g/dl) 123+ 1.0 139x13 n.s.
Platelets (10%/u1) 75+ 49 96 + 42 n.s.
Albumin (g/dl) 0.5%0.1 05%0 n.s.
BUN (mg/dl) 365 20+ 4 n.s.
Creatinine (mg/dl) 025 £ 0.03 0.19 £ 0.04 n.s.
AST (UMD 103 = 34 86 = 30 n.s.
ALT (IU/MD 37x35 312 n.s.
Na (meg/l) 153+ 2 154 =2 n.s.
K (meg/l) 41 *+04 42 = 0.1 n.s.
Cl (meqg/l) 116 £ 2 116 £2 n.s.

AST, aspartate aminotransferase; ALT, alanine aminotransferase;
n.s., not significant.

main. Therefore, sFlt-1 acts as a VEGF antagonist by competing
with the original VEGF receptors, Flt-1 and KDR,

Studies suggesting the therapeutic efficacy with sFlt-1-encoding
adenoviral vectors for lung®' or pancreatic®> cancer have been
reported. Our strategy is aimed at attaining long-term sFlt-1
expression not only for tumor suppression but also to prevent the
potential recurrence of the tumor after surgical excision. For this
purpose, AAV vector appears to be ideal, since transgene expres-
sion can be achieved for a number of years.'®'7?* To date, various
serotypes of AAV (1 through 11) have been identified, and the
applicability of these serotype-derived vectors has been investi-
gated. > 33-%9 In case of muscle transduction, AAV1-based vector
was shown to be more efficient than the rest of the serotypes.?*%”
Therefore, we used AAV1 vectors for sflt-1 gene transfer. In fact,
we had previously attempted the same set of experiments using
vectors AAV2 and AAVS; however, none of these experiments
showed any promising results (data not shown).

In this study, we confirmed the tumor-suppressive actions of
sFlt-1 by transducing tumor cells as we reported in different cell
line' and demonstrated the therapeutic efficacy of muscle-
directed sflt-] gene transfer in the tumor-bearing mouse model.
Although the muscle transduction model is clinically more rele-
vant, the tumor suppressive action observed in this model was less
complete, as assessed by tumor growth (Figs. la vs. 3b), tumor
volume (Figs. 2d vs. 3¢) and overall survival. The difference in
therapeutic outcome seems to lie in the concentration of sFlt-1
within tumor and the surrounding area. Therefore, in order to
obtain more substantial therapeutic benefit, approaches to enhance
the supply of sFlt-1 from the muscle by either increasing the vec-
tor dose or by transducing more muscle tissues would be neces-
sary. Another approach, increasing the intraperitoneal concentra-
tions of sFlt-1, would be also helpful to improve the therapeutic
outcome. However, peritoneal dissemination was inhibited at a
concentration of 1,000 pg/ml in this experiment. AAV vectors
have an advantage of long-term gene expression, unlike adenovi-
rus vectors, and the level could be maintained at 1,000 pg/ml or
higher for as long as 6 weeks in this experiment. The persistent
sFlt-1 gene expression may have contributed to the inhibition of
peritoneal dissemination. For clinical application, combination of
available anticancer drugs and AAVI1-sFit-1 may be recom-
mended more than administration of AAV I-sFit-1 alone.
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Molecular targeted therapy against VEGF has been conducted
by using a variety of different molecules.**™** Of all these mole-
cules, bevacizumab, an anti-human VEGF monoclonal antibody,
appears to be most promising, and clinical trials are ongoing for
patients with cancer, 40424 Significant prolongation of progres-
sion-free survival was noted in clinical trials with bevacizumab
for metastatic colorectal* and renal® cancer, either in combina-
tion with chemotherapy or independently. On the other hand, this
strategy requires frequent infusion of drugs, and the adverse
effects due to the use of the monoclonal antibody have been
noted.*> Although difficult to predict, our approach may be safer,
since it eliminates inherent problems that arise during the repeti-
tive injection of a monoclonal antibody. However, an influence on
vascular endothelial cells in normal tissues is a concern as an
adverse drug reaction of angiogenesis inhibitors including sFlt-1.
Actually, an anti-human VEGF monoclonal antibody, bevacizu-
mab, has been reported to exhibit adverse events of proteinuria,
hypertension, nasal bleeding and hematuria.*® The mechanism of
proteinuria is assumed to be injuries of kidney glomerular endo-
thelial and epithelial cells due to bevacizumab-induced reduction
of the blood VEGF level.*® A delay in wound healing has also
been reported.”” However, no delay in wound healing, neuromus-
cular damage or body weight changes were noted in our experi-
ment, nor were there changes in the laboratory data, and no appa-
rent AAV1-sFlt-1-induced adverse event was observed.

Reports on gene therapy for ovarian cancer that are underway
include the use of adenoviral vectors encoding tumor suppressor
genes p53* and phosphatase and tensin homolog deleted on chro-
mosome 10." These studies aimed at destroying cancer cells by
introducing a therapeutic gene into the cancer cells. However, these
methods are unrealistic, since introducing a therapeutic gene into alf
of the peritoneally disseminated cancer cells is impractical. On the
other hand, targeted therapy against VEGF is advantageous because
it not only has tumor-suppressive effects but also controls the for-
mation of ascites, since it simultaneously suppresses enhanced vasc-
ular permeability."*>® Theoretically, molecular targeted therapy
against VEGF is effective against high VEGF-producing tumors. It
is demonstrated that approximately half of the ovarian cancer
patients have elevated serum VEGF level.” Therefore, this approach
would be suitable for at Jeast half of the patients with ovarian can-
cer. In case of patients who have ovarian cancer with low VEGF-
producing tumors, an alternative strategy should be applied. The
results of our in vitro study suggests that low VEGF-producing
ovarian cancer cell lines frequently secrete other angiogenic factors
such as PDGF, PD-ECGF and interleukin-8 (unpublished observa-
tions). Therefore, a different therapeutic strategy based on the
increased leve] of another angiogenic factor may prove useful for
treating patients with low VEGF-producing tumors.

In summary, the experiments using transduced cancer cells con-
firmed that sFlt-1 has angiogenesis-suppressing activity, through
which it inhibits the growth of subcutaneously transplanted ovar-
ian cancer cells and the peritoneal dissemination of tumors. In
addition, the in vivo experiment that aimed at the clinical applica-
tion of gene therapy using the AAV vector (AAVI1-sFlt-1)
revealed that the intramuscular injection of AAV 1-sFlt-1 had simi-
lar inhibitory effects. These results suggest the possibility of
implementing gene therapy using AAV1-sFlt-1 aimed at suppress-
ing peritoneal dissemination of ovarian cancer.
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Abstract

Frequency and clinical significance of cerebrospinal fluid (CSF) pleocytosis in hemopoietic stem cell (HSC) transplantation
were surveyed. Cyclosporine (CSA)- or tacrolimus (FK506)-based regimens were used as graft-vs-host disease (GVHD)
prophylaxis in allogeneic HSC transplantation. CSF pleocytosis with or without neurologic symptoms was detected in 12 of
25 patients receiving allogeneic HSC transplants but in none of 11 patients receiving autologous HSC transplants. Of the 12
patients with CSF pleocytosis, only one patient developed leukoencephalopathy later. There was a correlation between CSF
cell numbers and trough levels of CSA but not with those of FK506. In patients receiving allogeneic HSC transplants, CSF
pleocytosis may be relatively common and may reflect neurologic damage associated with calcineurin inhibitors.

Keywords: Pleocytosis, hemopoietic stem cell transplantation, calcineurin inhibitors

Introduction

Neurologic complications accompanied by CSF pleo-
cytosis in patients receiving CSA or FK506 after allo-
geneic HSC transplantation or organ transplantation
have been reported [1-4]. Mild symptoms including
tremor, neuralgia, headache or peripheral neuropa-
thy are common; however, some patients experience
severe symptoms including psychoses, hallucina-
tions, blindness, seizures, cerebellar ataxia, motoric
weakness or leukoencephalopathy [5-7]. Generally,
symptoms of CSA- and FK506-related neurotoxicity
are reversed by substantially reducing the dosage of
the drugs or discontinuing them [5]. We analysed the
frequency and clinical significance of CSF pleocy-
tosis in patients receiving a HSC transplant.

Materials and methods

Patients with hematologic malignancies who under-
went HSC transplant between February 1990 and

July 2004 at Jichi Medical School Hospital were
retrospectively surveyed. Patients received lumbar
puncture to inject methotrexate to prevent central
nervous system disease both before and after HSC
transplantation. Exclusion criteria in this study were
as follows: central nervous system involvement of
disease before or after HSC transplantation and
death within 6 months after HSC transplantation.
Patients received intrathecal methotrexate injection
once just before HSC transplantation and up to four
times according to the disease status after HSC
transplantation. Since lumbar puncture was per-
formed on the basis of the doctors’ decisions, the day
of it was different in each patient. CSF cell numbers
were counted in all patdents and CSF cell cytology
was examined in the three samples from three
patients. CSF pleocytosis was defined when the total
cell number was more than 15 cells per 3 ul. CSA
and FK506 were given intravenously at first and then
they were given orally. Usually, in hospital, serum
CSA and FK506 trough levels were monitored daily
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or every other day, while in out-patient clinic, they
were monitored weekly or every 2 weeks. CSA and
FK506 blood trough levels were assayed at the same
time of CSF collection using the enzyme multiplied
immunoassay technique. p-values below 0.05 were
considered significant on Mann-Whitney’s U test
and 7* test.

Results

Thirty-six patients were evaluated (Table I): there
were no differences in age, gender, intrathecal
methotrexate injection and cranial irradiation be-
tween the allogeneic HSC transplantation group and
the autologous HSC transplantation group. However,
cases of acute myeloid leukemia were only included in
the allogeneic HSC transplantation group and total
body irradiation (TBI)-based regimens as condition-
ing such as 120 mg kg~ ! of cyclophosphamide plus
12 Gy of TBI or 180 mg kg~ ' of melphalan plus

Table I. Characteristics of the patients.

Auto Allo p-value
No. of Patients 11 25
Age (years#) 23 22 0.3110
Gender 0.8247
Male 5 14
Female 6 11
Disease 0.0369
AML 0 8
ALL 5 11
CML 0 2
NHL 6 4
Conditioning <0.0001
TBI-based 0 25
Non-TBI-based 11 0
GVHD prophylaxis
MTX + CSA ND 14
MTX + FK506 ND 11
Transplant <0.0001
PBSC 11 2
R-BM 0 4
U-BM 0 19
IT before transplantation™ 2.0 4.0 0.0821
IT after transplantation™ 4.0 2.0 0.5365
Time of IT after 167 179 0.6896
transplantation (days#)
Cranial irradiation 1 1 0.5546
ATG 0 7 0.0505
CMV Ig 10 21 0.5546
Follow-up (days™) 2266 2059 0.1103
Outcome 0.1768
Alive 9 24

Auto, autologous hemopoietic stem cell transplantation; Allo,
allogeneic hemopoietic stem cell transplantation; PBSC, peripheral
blood stem cell wansplantation; R-BMT, related bone marrow
transplantation; U-BMT, unrelated bone marrow transplantation;
IT, intrathecal methotrexate injection; ATG, anti-thymocyte
globulin; CMYV, high-titer anticytomegalovirus gammagiobulin;
ND, not done; ¥, median.

12 Gy of TBI were performed in that group. Only
chemotherapy-based regimens were used as condi-
tioning in the autologous HSC transplantation group
as reported previously [8]. In the allogeneic HSC
transplantation group, most patients received allo-
geneic bone marrow transplants from HL.A-matched
unrelated donors. Four patients received allogeneic
bone marrow transplants from HIL.A-identical sib-
lings, one received an allogeneic peripheral blood
stem cell transplant from a HIL.A-identical sister and
one received an allogeneic peripheral blood stem cell
transplant from a HL.A-mismatched mother, High-
titer anti-cytomegalovirus (CMV) gammaglobulin for
CMYV infection prevention was given to most patients
of both groups. Antithymocyte globulin (ATG) for
rejection and GVHD prevention was given only to
seven patients receiving allogeneic HSC transplants.
GVHD prophylaxis was provided by short-term
methotrexate (MTX) plus CSA or short-term MTX
plus FK506.

As shown in Figure 1, CSF cell numbers in the allo-
geneic HSC transplantation group were significantly
higher than those in the autologous HSC transplanta-
tion group (20.9 + 29.5 vs 3.2 + 2.4, p=0.007). In
the autologous HSC transplantation group, there
were no patients with CSF pleocytosis. CSF cells
from three patients with pleocytosis were morpholo-
gically examined by cytospin preparations. As shown
in Figure 2, most of the CSF cells showed normal
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Figure 1. CSF cell numbers in autologous HSC transplantation
and allogeneic HSC twansplantation. The numbers of analysed
CSF samples were 31 in autologous HSC transplantation and 63
in allogeneic HSC transplantation. Auto, autologous HSC
transplantation; Allo, allogeneic HSC transplantation.
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Figure 2. Cell morphology in CSF pleocytosis. Most cells were normal lymphocytes.

lymphocyte morphology, i.e. condensed round to
oval nuclei without nucleoli and fine pale cytoplasm
with a few azurophilic granules. CMV anti-genemia
was detected in 10 patients receiving allogeneic HSC
transplants but not in patients receiving autologous
HSC transplants. Transplant-related complications
were observed in the allogeneic HSC transplantation
group as follows: sepsis (one); hemorrhagic cystitis
due to adenovirus (one); bronchiolitis obliterans organ-
izing pneumonia (one) and pseudomembranous
colitis (two). None of the patients receiving auto-
logous HSC transplants showed severe transplant-
related complications. There were no patients having
meningitis or encephalitis in both groups.

In allogeneic HSC transplantation, factors asso-
ciated with CSF pleocytosis were analysed: CMV
anti-genemia, acute GVHD, chronic GVHD and cal-
cineurin inhibitor (CSA vs FK506) were not related
to CSF pleocytosis (data not shown). Because calci-
neurin inhibitor blood concentrations may be asso-
ciated with neurologic complications, we investigated
the correlation between CSF cell numbers and CSA
or FK506 blood concentrations. As shown in Figure
3, there was a positive correlation between CSF cell
numbers and CSA trough levels but not FK506
trough levels.

There were no patients showing severe neurologic
symptoms such as severe headache, blindness,
seizures, cerebellar ataxia and confusion at the end
of the last intrathecal methotrexate injection in the
allogeneic HSC transplantation group. Some pa-
tients with CSF pleocytosis showed slight neurologic
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Figure 3. Relationship between CSF cell numbers and wough levels
of calcineurin inhibitor. The numbers of analysed CSF samples
were 24 in the CSA group and 31 in the FK506 group. CSF cell
numbers correlated with CSA trough levels (a) ¥ =0.417, p=
0.0007; butnot with FK506 trough levels (b) 7 = 0.087, p = 0.1062).

symptoms including tremor, nausea and headache at
a mild level. Only one patient with lymphoblastic
lymphoma developed leukoencephalopathy after
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