Systemic NK4 gene therapy inhibits tumor growth
and metastasis of melanoma and lung carcinoma in
syngeneic mouse tumor models
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Hepatocyte growth factor (HGF) promotes malignant development of
cancer cells by enhancing invasion and metastasis. NK4, a competitive
antagonist for HGF, is a bifunctional molecule that acts as a HGF
antagonist and angiogenesis inhibitor. Although successful tumor
inhibition by NK4 gene expression in tumor models has been demon-
strated, the effects of systemic NK4 gene introduction are yet to be
addressed. Here we show that systemic administration of a replication-
defective adenovirus expressing NK4 (Ad.NK4) inhibits tumor growth
and lung metastasis of B16F10 melanoma and Lewis lung carcinoma
in syngeneic mice. Single tail-vein injection of Ad.NK4 achieved ther-
apeutic levels of NK4 in the circulation and in multiple organs. Despite
NK4 expression that was highest in the liver, toxicity in the liver was
minimal. Ad.NK4-mediated growth inhibition was associated with
decreased blood vessel density and increased apoptosis in tumor
tissues, which suggests that NK4 suppressed tumor growth as an
angiogenesis inhibitor. Metastasis of B16F10 melanoma and Lewis lung
carcinoma cells to the lung was potently inhibited by systemic Ad.NK4-
administration. Our results demonstrated that the adenovirus-mediated
induction of high levels of circulating NK4 significantly inhibited in vivo
tumor growth and distant metastasis without obvious side effects. NK4
gene therapy is thus a safe and promising strategy for the treatment
of cancer patients, and further validation in clinical trials is needed.
(Cancer Sci 2009; 100: 1351-1358)

H epatocyte growth factor (HGF), originally identified and
cloned as a potent mitogen for hepatocytes,? plays bio-
logical and physiological roles in both embryonic development
and adult tissue regeneration.®* In malignant tumors, HGF
enhances dissociation of cell-cell adhesiveness, cell motility, and
extracellular matrix breakdown through the Met receptor tyrosine
kinase, thereby leading to tumor invasion and metastasis.“®
Blockade of HGF—Met signaling is thought to be a strategy for
cancer therapy, and various approaches for inhibiting the HGF-
Met pathway are currently being tested, including Met tyrosine
kinase inhibitors,” neutralizing antibodies,®® siRNA knock-
down,"” and selected domains of Met or HGF such as decoy Met,
Sema domain of Met, and NK4.49

We earlier prepared NK4 as a competitive antagonist for HGF-
Met association."” NK4 is composed of the NH,-terminal and
four-kringle domains in the a-chain of HGE.'Y NK4 binds to Met
and competitively antagonizes HGF-induced activation of Met.!>'9
Furthermore, in addition to its activity as a HGF antagonist, NK4
inhibits angiogenesis driven by basic fibroblast growth factor
(bFGF), vascular endothelial growth factor, and HGFE.!"!® The
inhibition of Met activation by NK4 is not involved in the inhibitory
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effect of NK4 on bFGF-induced and vascular endothelial growth
factor-induced angiogenic responses, suggesting a mechanism
independent of its HGF-antagonist action.!® Although the mech-
anism by which NK4 inhibits angiogenesis is yet to be defined,
the bifunctional properties of NK4 (angiogenesis inhibitor and
HGF antagonist) have led to a therapeutic approach for the treat-
ment of invasive and metastatic tumors."®

Gene therapy is considered as another approach for antiangio-
genesis therapy by virtue of its ability to locally and/or system-
ically deliver polypeptide angiogenesis inhibitors for a certain
period."” In multiple human cancer xenograft mouse models, NK4
gene delivery has been shown to inhibit tumor growth, invasion,
and metastasis,">'® and thus is now under development for clin-
ical trials of cancer gene therapy. On the other hand, the safety and
efficacy of systemic induction of NK4 genes must be carefully
examined in experimental tumor models, as systemic delivery of
viral vectors is currently one of the most effective means of gene
therapy®” and antitumor activity of NK4 would be anticipated for
any toxicity or side effects in real patients. In addition, previous
studies have been done in immunodeficient nude mice with human
cancer cells,??® thus NK4 gene delivery to immunocompetent
animals needs to be addressed. In the present study we developed
a highly efficient systemic NK4 delivery system in mice by taking
advantage of the intravenous injection of NK4-expressing aden-
oviral vector. We show here that in syngeneic immunocompetent
mice systemic NK4 gene therapy inhibited tumor growth and lung
metastasis of Lewis lung carcinoma (LLC) and B16F10 melanoma.

Materials and Methods

Materials. Recombinant HGF and NK4 were purified from the
conditioned medium of CHO cells transfected with cDNA for
human HGF and NK4 respectively.!4*?5 A polyclonal antibody
against human HGF and ELISA Kkits for detection of human HGF
and mouse HGF were obtained from B-Bridge International
(Mountian View, CA, USA). Animal experiments were carried
out in accordance with the institutional guidelines of the
animal committee of Osaka University Medical School.

Cell culture and invasion assay. LL.C, B16F10, and HEK293 cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA). SUIT2 cells were generously provided by
Dr Iguchi (Fukuoka, Japan). LLC and SUIT2 cells were cultured in
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RPMI-1640 medium containing 10% FBS, and HEK293 and
B16F10 cells were maintained in DMEM containing 10% FBS.(%
For the invasion assay, cells were seeded on Matrigel invasion
chamber plates (Becton Dickinson Labware, Franklin Lakes, NJ,
USA) at a density of 1.5 x 10* cells/cm? and cultured in the medium
containing 2% FBS. HGF and/or NK4 were added to the lower
chamber, cells were cultured for 36 h, and invasive cells were
stained with hematoxylin—eosin.

Adenovirus-mediated NK4 expression. Replication-defective aden-
ovirus type 5-based vectors lacking E1 and E3 regions were used
to generate Ad.NK4 and Ad.LacZ expressing the NK4 and LacZ
genes respectively under the cytomegarovirus immediate early
promoter/enhancer (CMV) promoter.?? The adenoviral vectors
were propagated in HEK293 cells. For detection of NK4, the
conditioned medium of HEK293 cells infected with either Ad.NK4
or Ad.LacZ were subjected to immunoprecipitation and western
blotting. The amount of NK4 in the medium was determined
using an ELISA kit for human HGF. For in vivo systemic gene
delivery, adenovirus (1 x 10° pfu in 100 UL of 3% glycerol in
PBS) was administered intravenously into mice via the tail vein.
Tissues were homogenized in buffer composed of 20 mM Tris-HCl
(pH 7.5), 2M NaCl, 0.1% Tween-80, 2 mM EDTA, and 1 mM
PMSEF, and centrifuged at 12 000g for 30 min. The supernatant
was used as the tissue extract. Concentrations of mouse HGF in
tumor tissues and NK4 in tissues and plasma were determined
using ELISA kits for mouse HGF and human HGF respectively.
The human HGF ELISA kit detects both human NK4 and human
HGEF, but does not detect mouse HGF. The mouse HGF ELISA
kit does not detect NK4.

Tumor models. Male C57BL/6 mice (6 weeks old) (SLC, Hama-
matsu, Japan) were implanted subcutaneously with either syngeneic
LLC or B16F10 cells (10° cells in 100 uL saline), both of which

were established from C57BL/6 mice. Twenty-four hours after
tumor implantation, the mice were injected intravenously in the
tail vein with 100 uL of either the vehicle (3% glycerol in PBS),
Ad.LacZ, or AA.NK4 (MOI of 1 x 10° pfu for each). The tumor
volume was calculated using the following formula: tumor volume
(mm?®) = 0.52 x (width [mm)])* x (length [mm]). All mice were killed
3 weeks after tumor implantation when control mice began to
die. For the lung metastasis model, 10° cells in 100 pL saline were
injected into the tail vein and the mice were injected intravenously
in the tail vein with either the vehicle, Ad.LacZ, or Ad.NK4 (1 x
10° pfu for each) at 24 h after tumor inoculation. Mice were killed
when control mice began to die on day 21 after tumor implantation.
The number of metastatic nodules was counted microscopically.

Histopathological analysis. Apoptotic cells were determined by
terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay (Promega, Madison, WI, USA).12! For
detection of proliferating cells and blood vessels, tissue sections
were subjected to immunostaining for proliferating cell nuclear
antigen (PCNA)">!'7 and von Willebrand factor (vWF)."” The
number of TUNEL- or PCNA-positive cells and vWF-positive
vessels was counted under a microscope at 100X magnification
using at least 20 randomly selected fields per section.

Statistical analyses. Data are presented as mean values + SEM.
Normally distributed data were analyzed using an unpaired #-test.
Data not normally distributed were analyzed using the Mann—
Whitney test. P < 0.05 was considered significant.

Results

NK4 inhibits invasion by B16F10 melanoma and LLC cells. We inves-
tigated the pro-invasive properties of HGF and the anti-invasive
effect of NK4 on B16F10 melanoma and LLC cells using a Matrigel
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Inhibitory effects of NK4 on invasion of B16F10 and Lewis lung carcinoma (LLC) cells. Typical appearances of (a) B16F10 and (c) LLC cells that

invaded through the Matrigel and a membrane. Change in the number of invasive cells: (b) B16F10 or (d) LLC cells were cultured for 36 h. Each
value represents the means + SEM (n =3 in each group). HGF, hepatocyte growth factor.
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Fig. 2. Adenovirus-mediated NK4 gene expression in vitro. (a) Expression of NK4 protein. Cell lysates from HEK293 cells were analyzed by immunoprecipi-
tation and western blotting using antihuman hepatocyte growth factor (HGF) antibody to detect NK4 (67 kDa). The o-chain of HGF (69 kDa), also detected
by the same antibody, was used as a control. (b) Inhibitory effect of adenovirally expressed NK4 on invasion of cancer cells. SUIT2 cells were infected
with Ad.NK4 or Ad.LacZ and subjected to Matrigel invasion assay either with or without HGF (110 pM). (c) Inefficient adenovirus-mediated NK4 induction
in B16F10 and Lewis lung carcinoma (LLC) cells. SUIT2, B16F10, and LLC cells were infected with either Ad.NK4 or Ad.LacZ, and culture media were
harvested for measurement of NK4. Each value represents the means + SEM (n =3 in each group).

invasion chamber (Fig. 1). In control culture, the cells did not
invade but remained above the filter membrane. The addition of
HGF increased invasion by cancer cells in a dose-dependent
manner (Fig. 1), and maximal stimulation was achieved at 110 pM
(10 ng/mL) HGF. Addition of NK4 in the presence of 110 pM
HGEF inhibited the invasion by cancer cells and nearly complete
inhibition to the basal level (without HGF) was achieved by
addition of 110 nM NK4. NK4 alone did not significantly affect inva-
sion by cancer cells (not shown). These results indicate that HGF
potently enhances invasion by B16F10 and LLC cells and that NK4
inhibits the invasion by those cells that is stimulated by HGE.

Expression and biological activity of virally generated NK4. The
expression of NK4 in Ad.NK4-infected 293 cells was checked by
ELISA and western blotting. ELISA detected 808.9 ng/mL. NK4
in the culture supernatants of 293 cells infected with Ad.NK4,
whereas NK4 was not detectable in Ad.LacZ-infected cells. Like-
wise, NK4 was specifically detected in the conditioned medium
of Ad.NK4-infected cells by western blotting with anti-HGF anti-
body (Fig. 2a). The molecular size of the NK4 protein was 67 kDa,
whereas the o-chain of recombinant HGF was 69 kDa (Fig. 2a).
Thus, 293 cells infected with the prepared Ad.NK4 successfully
produced and secreted NK4 protein.

Next, we determined the biological activities of virally produced
NK4 in the invasion assay of SUIT2 human pancreatic cancer
cells. The cells were infected with Ad.NK4, harvested after 3 days
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of culture, and subjected to invasion assay. NK4 protein levels
reached ~23 ng/10° cells in the culture medium of SUIT2 cells
infected with 100 MOI of Ad.NK4 (Fig. 2¢). The addition of
10 ng/mL HGF strongly stimulated the invasion of uninfected
SUIT?2 cells through the Matrigel membrane, and control Ad.LacZ
infection had no apparent effect on invasion (Fig. 2b). However,
Ad.NK4 infection dose-dependently blocked the HGF-induced
invasion, and the invasion was completely reversed to the baseline
level by 100 MOI of Ad.NK4 (Fig. 2b). Therefore, NK4 produced
by virally mediated gene expression is fully active in blocking tumor
invasion as a HGF antagonist.

Adenovirus-mediated NK4 gene transduction in mice. To evaluate
the efficiency of adenoviral NK4 gene transduction in syngeneic
tumor models, we infected tumor cells in vitro and host cells in vivo
with Ad.NK4. When B16F10 cells were infected with Ad.NK4,
they expressed NK4 and secreted ~0.6 ng/10° cells of NK4 in
culture medium (Fig. 2c). Similarly, when LLC cells were infected
with Ad.NK4 they produced NK4: 0.15 ng/10° cells in culture
medium (Fig. 2¢) and 1.5 ng/10° cells in cell lysates (not shown).
Both tumor cells expressed NK4 when infected with Ad.NK4, but
the expression levels of NK4 were much lower than that of SUIT-
2 cells: approximately 50 times lower in B16F10 cells and 100
times lower in LLC cells (Fig. 2c).

As NK4 treatment is advantageous in blocking tumor invasion
and distant metastasis, NK4 gene transduction in host tumor-
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surrounding tissues or in distant organs where tumor cells invade,
or metastasize to, is significantly important. C57BL/6 mice were
intravenously injected with Ad.NK4, and NK4 levels in the plasma
and tissues were measured. Surprisingly, one shot of intravenous
Ad.NK4 delivery achieved high expression levels of NK4 in the
blood as well as in major organs, and expression was maintained
for 28 days (Fig. 3). NK4 protein levels peaked at day 7 for lung
(527.0 £ 40.0 ng/g tissue) and plasma (157.6 £ 27.0 ng/mL), and
peaked at day 14 for kidney (800.0 = 277.7 ng/g tissue) and liver
(18.82 +2.69 ng/g tissue) (Fig. 3), whereas NK4 was not detectable
in mice infected with Ad.LacZ. Those levels of NK4 induction
are more than 80 times higher than the levels previously achieved
by intraperitoneal injection.?? Although alanine transaminase
(ALT), a marker for liver toxicity, was elevated to 155.7 + 17.4 TU/L
at 14 days after Ad.NK4 injection, it recovered to the normal
level of 46.4 +£27.8 IU/L at 4 weeks. No histological abnormali-
ties of major organs were seen in the Ad.NK4 treatment group.
Therefore, despite the inefficiency of adenoviral gene transduction
in tumor cells per se, the intravenous injection of Ad.NK4 exerts
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an efficient systemic production of NK4 in the host cells of mice,
and thus is suitable for examining the in vivo efficacy and safety
of vigorous NK4 gene induction.

Inhibition of primary tumor growth. We next examined whether
systemic expression of NK4 would suppress tumor growth in vivo.
Either BI6F10 cells or LLC cells were subcutaneously implanted
into C57BL/6 mice, and either Ad.NK4, Ad.LacZ, or saline was
intravenously introduced in the tail vein 1 day after tumor cell
implantation (Fig. 4). Ad.LacZ treatment did not affect tumor
growth of either tumor cell types as compared to vehicle treatment,
indicating that there is no non-specific tumor inhibition by adeno-
viral gene expression. In contrast, the volume of subcutaneous
primary tumors in Ad.NK4-treated mice was inhibited to 25%
for LLC (P < 0.005, Fig. 4a) and to 24% for B16F10 melanoma
(P < 0.005, Fig. 4b) on day 19 as compared to control mice. NK4
was mostly undetectable in tumor tissues of Ad.LacZ-treated
mice, whereas similar NK4 levels (13.2 2.7 and 13.3 £ 6.0 ng/g
tissue in LLC and B16F10 respectively) were detected in LCC
and B16F10 tissues of Ad.NK4-treated mice (Fig. 4c). In LLC
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tumors, HGF levels in Ad.LacZ- and Ad.NK4-treated mice were
9.2+0.6 and 14.6 £ 2.1 ng/g tissue, respectively, although we could
not explain the reason for this change. In B16F10 tumors, similar
levels of HGF (4.7-5.2 ng/g tissue) were detected Ad.LacZ- and
Ad.NK4-treated mice.

Because tumor growth is regulated by the counterbalance of
proliferation and death of cancer cells, proliferating and apoptotic
cancer cells were investigated by immunohistochemistry for PCNA
and TUNEL, respectively. The population of PCNA-positive cells
in LLC tumor tissues had no significant difference between values
in Ad.LacZ and Ad.NK4 (59.8% in Ad.LacZ vs 59.0% in Ad.NK4,
P =0.748) (Fig. 5a,b). On the other hand, the population of
TUNEL-positive cancer cells was 1.08 = 0.10% in control mice,
whereas it significantly increased to 2.37 £ 0.40% in Ad.NK4-

Kishi et al.

treated mice (P < 0.01) (Fig. 5a,b). The blood vessel density in
tumor tissues of control mice was 20.7 +2.6/field, whereas it
decreased to 13.3 * 1.6/field in Ad.NK4-treated mice (P < 0.01).
Similarly, in B16F10 tumors NK4 gene expression did not affect
the number of PCNA-positive tumor cells, but it increased the
number of apoptotic cells (0.79% in Ad.LacZ vs 1.64% in Ad.NK4)
and decreased the blood vessel density (24.0 = 3.2 in Ad.LacZ vs
16.8 £ 2.4 in Ad.NK4, P <0.05) (Fig. 5¢,d).

Inhibition of pulmonary metastasis. Because inhibition of tumor
metastasis is still a major challenge for cancer treatment, we inve-
stigated whether experimental lung metastasis would be inhibited
by systemic expression of NK4. Ad.NK4 or Ad.LacZ was intrave-
nously administered at 24 h after injection of tumor cells from
the tail vein, and the number of metastatic nodules on the lung

CancerSci | July2009 | vol.100 | no.7 | 1355
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surface and lung weights were measured 3 weeks after tumor
implantation (Fig. 6). For LLC lung metastasis, control mice
developed more than 100 metastatic nodules on their lung surface,
whereas the number of metastatic nodules decreased to 14.6
nodules/lung in Ad.NK4-treated mice (P < 0.005 compared to
vehicle or Ad.LacZ) (Fig. 6a,b). Consistent with the decreased meta-
stases, the lung weight of Ad.NK4-treated mice was significantly
lower than that of control mice, indicating that metastatic tumor
burden was significantly attenuated in lungs of Ad.NK4-treated mice
(Fig. 6¢). Similarly, lung metastasis of BI6F10 was inhibited by
Ad.NK4 (Fig. 6d), as determined by a decreased metastatic
nodule number (Fig. 6e) and a reduced lung weight (Fig. 6f), com-
pared to treatment with either the vehicle or Ad.LacZ (P < 0.005).

Discussion

Both LLC cells and B16F10 cells were refractory to adenovirus-
mediated gene transduction compared with other Ad.NK4-
permissive cells in previous reports.'1621:22 Instead, when
administered intravenously, Ad.NK4 induced strong expression
of the NK4 transgene in host normal cells in vivo — likely the
highest in liver cells. In addition, in contrast to the undetectable
levels of plasma NK4 by intraperitoneal injection of Ad.NK4,??
intravenous injection achieved therapeutic levels of NK4 in
circulation in this study, and thus is a good experimental model
for systemic NK4 gene therapy. Intriguingly, ALT, a marker
for liver toxicity, was slightly elevated in the mice receiving
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intravenous Ad.NK4 injection (155.7 £ 17.4 IU/L), but it was the
same as, or even lower than, that in the intraperitoneal injections
(185 + 83 TU/L),* suggesting that even high levels of NK4 protein
do not induce overt side effects, at least in mice.

NK4 levels in subcutaneous LLC and B16F10 tissues reached
13.2 and 13.3 ng/g tissue, respectively, and NK4 levels in tumor
tissues might be predominantly derived from circulating NK4 in
the blood. On the other hand, endogenous HGF levels were 14.6
and 4.7 ng/g tissue in LLC and B16F10, respectively, and the
main source of HGF in tumor tissues might be the host cells. A
previous report demonstrated that intraperitoneal administration
of Ad.NK4 inhibited HGF- and bFGF-induced angiogenesis in
subcutaneous Matrigel in mice.?? In this case, the NK4 level in
subcutaneous tumor tissue reached 1.2 ng/g tissue by intraperito-
neal administration of Ad.NK4 and this was associated with inhi-
bition of tumor angiogenesis and growth. Taken together, although
the precise concentration of NK4 to which subcutaneous tumor
cells were exposed was unknown, it is highly likely that NK4
derived from blood circulation could exert biological activities
as a HGF-antagonist and angiogenesis inhibitor in subcutaneous
tumor tissues.

Hepatocyte growth factor and NK4 had no direct effect on proli-
feration and apoptosis in LLC and B16F10 cells (not shown).
Systemic gene expression of NK4 increased apoptotic cancer cells
and decreased blood vessel density without a change in the number
of mitotic cancer cells, suggesting that the growth suppression
might be due to the increased apoptosis. However, as the increases
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in apoptotic tumor cells were 2.1-2.3-fold compared to the con-
trol values, it is arguable whether apoptosis could entirely explain
the mechanism of growth suppression by Ad.NK4-treatment. The
involvement of necrotic death in cancer cells, which also occurs
by angiogenesis inhibition,®**” is not excluded. Thus, angiogenesis
inhibition by NK4 might have played a role in suppressing the
growth of primary tumors, at least in part. On the other hand, it
is highly likely that both activities as HGF antagonist and angio-
genesis inhibitor are involved in antimetastasis, because NK4
suppressed invasion by cancer cells, and the inhibition of tumor
angiogenesis was associated with a decrease in tumor metastasis.®

Intratumoral or intraperitoneal administration of Ad.NK4 sup-
pressed metastasis and growth of human cancer xenografts.?!??
In intraperitoneal administration, the antitumor effects of Ad.NK4
were described for tumors in local abdominal organs, such as
peritoneal dissemination, liver metastasis, and orthotopic pancre-
atic tumors.®>3? In the present study, we first demonstrated that
intravenous injection of Ad.NK4 provides systemic inhibitory
effects on tumor growth and metastasis. Although the intravenous
delivery of adenoviral vector may be arguable or should be modi-
fied for gene therapy, it seems to have advantages in highly effi-
cient transgene expression. The HGF-Met pathway participates
in anchorage-independent survival of tumor cells,®'? and blood
HGF level increases in patients with tumors.® Thus activation of
the HGF-Met pathway in circulating tumor cells may increase
the incidence of metastatic colonization. Likewise, as malignant
tumors frequently metastasize to distant organs and have already
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formed undetectable micrometastasis when primary tumors are
found, a systemic increase in blood NK4 level may have signi-
ficance to inhibit metastatic colonization, enlargement of meta-
static tumors, and their further spreading to other organs. It is
noteworthy that the clinical trial of intravenous infusion of ade-
novirus demonstrated that the replication-selective adenoviruses
were well tolerated at doses of up to 2 x 10" particles in cancer
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Inhibition of tumor invasion and metastasis awaits the devel-
opment of new strategies in cancer treatment and prevention. The
inhibition of tumor angiogenesis is also a key therapeutic strategy
that holds promise for the advancement of cancer treatment.
Based on the notion that the HGF-Met pathway confers invasive
and metastatic characteristics in tumor cells, systemic NK4 gene
therapy by adenoviral vector, plasmid-based gene delivery,®> and
other appropriate gene transduction methods®® could offer a new
therapeutic option for the inhibition of cancer metastasis and
growth, thereby offering better outcomes for cancer patients.
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