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Abstract

AIM: To investigate the inhibitory effect of kallistatin
(KAL) on angiogenesis and HCT-116 xenograft tumor
growth.

METHODS: Heterotopic tumors were induced by
subcutaneous injection of 2 x 10° HCT-11 cells in mice.
Seven days later, 2 x 10" rAAV-GFP or rAAV-KAL was
injected intratumorally (7 = 5 for each group). The
mice were sacrificed at d 28, by which time the tumors
in the rAAV-GFP group had grown to beyond 5% of
the total body weight. Tumor growth was measured by
calipers in two dimensions. Tumor angiogenesis was
determined with tumor microvessel density (MVD) by
immunohistology. Tumor cell proliferation was assessed
by Ki-67 staining.

RESULTS: Intratumor injection of rAAV-KAL inhibited
tumor growth in the treatment group by 78% (171 +
52 mm’) at d 21 after virus infection compared to the
control group (776 + 241 mm?®). Microvessel density
was significantly inhibited in tumor tissues treated with
rAAV-KAL. rAAV-KAL also decreased the proportion
of proliferating cells (Ki-67 positive cells) in tumors
compared with the control group.

CONCLUSION: rAAV-mediated expression of KAL
inhibits the growth of colon cancer by reducing
angiogenesis and proliferation of tumor cells, and may
provide a promising anti-angiogenesis-based approach to
the treatment of metastatic colorectal cancer.
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INTRODUCTION

Advanced colorectal cancer (CRC) is a critical health
concern in the world; overall survival is highly dependent
upon the stage of disease at diagnosis. The estimated
5-year survival rates range from 85% to 90% for patients
with stage I disease to < 5% for patients with stage IV
disease. Over 50% of patients with colorectal cancer

presenting with metastatic or locally advanced disease
experience local recurrence or develop distant metastases
after potentially curative surgery. The most important
treatment currently available for patients with stage [V
disease is systemic chemotherapy. Although there have
been recent advances in the field, with randomized trials
confirming the activity of irinotecan, oxaliplatin and
capecitabine, median survival remains at only 15-18 mo.
There is, therefore, a critical need for more effective and
better-tolerated therapies.

With the role of angiogenesis in tumor growth and
progression firmly established, considerable efforts have
been directed to antiangiogenic therapy as a new modality
to treat human cancers. Clinical trials have provided strong
evidence that antiangiogenic agents, such as bevacizumab
(avastin, anti-VEGF humanized monoclonal antibody),
may play a meaningful role in colorectal anticancer therapy,
with an optimistic increase of 20%-30% in survival.
Based upon the results of these randomized studies!™,
bevacizumab has now been approved by the FDA for
the first-line treatment of metastatic colorectal cancer in
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combination with chemotherapy.

Despite the enthusiasm and promising early results,
there are still several problems to resolve in evaluating the
activity of antiangiogenic agents, which are predominantly
cystostatic rather than cytotoxic, and the clinical results are
still disappointing according to internationally accepted
RECIST criteria. Antiangiogenic gene therapy strategy
holds great promise in advancing antiangiogenesis as an
effective cancer therapy to be evaluated in clinical trials
in the future. Several lessons can be learned from eatly
clinical trials in antiangiogenic therapy. (1) Prolonged
use of angiogenesis inhibitors is envisioned for cancer
patients. Because antiangiogenic agents stabilize tumor
growth but do not reduce tumor burden, constitutive
expression of an antiangiogenic protein even at lower
concentrations than bolus doses may be more effective
than the intermittent peaks associated with repeated
delivery of a recombinant protein. Preclinical experiments
have shown that a constant level of these inhibitors
in the circulation provides more effective anti-cancer
therapy than intermittent peaks of inhibitor in micel.
Therefore, in the future, antiangiogenic gene therapy
may be important for protein angiogenesis inhibitors.
(2) The angiogenic switch has become recognized as
a critical step in tumor propagation and progressionl®.
Multiple angiogenic pathways are involved in the balance
between endogenous stimulators and inhibitors. From this
perspective, the body may harbor many in situ tumors,
yet the tumors do not progress to lethal tumors unless
there is an imbalance between a tumor’s pro-angiogenic
output and the body’s total angiogenic defensel. Gene
therapy offers a strategy whetreby an individual could
boost their endogenous angiogenic defenses and tip the
balance favorably, because multiple therapeutic genes
can be engineered into one vector. (3) The production
of functional proteins can be expensive, and repeated
usages will not be affordable for patients. Gene therapy
offers the opportunity for patients to become their own
source of production, i.e., an endogenous factory for
antiangiogenic protein production.

Among the identified endogenous inhibitors of
angiogenesis, kallistatin (KAL) is one of the best
choices because of its broad-spectrum characteristics!‘.
It is capable of inhibiting vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor
(bFGF) mediated angiogenesis [unpublished data], as
well as preventing tumor invasion via the activation of
metalloproteinases by inhibiting tissue kallikrein activity.

Gene transfer vectors based on adeno-associated virus
(AAV) are of particular interest as they are capable of
inducing transgene expression in a broad range of tissues
for a relatively long time without stimulation of a cell-
mediated immune response. Perhaps the most important
attribute of AAV vectors is their safety profile in phase
[ clinical trials ranging from cystic fibrosis (CF) to
Parkinson’s disease. The utility of AAV vectors as a gene
delivery agent in cancer therapy is showing promise in
preclinical studies. With the identification of different
serotypes and recent progress in the improvement of
AAV vectors, such as dual vectors to overcome the
limited packaging capacity, self-complementary vectors to
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increase the level and onset of transgene expression, and
capsid modifications to mediate cell specific transduction,
it will be possible in the future to design more specific
and efficient therapies for use in the cancer treatment
arenal. Therefore, an approach whereby the KAL gene
is delivered to tumors in a form enabling stable and long-
term gene expression has become increasingly attractive.
Our recent laboratory work revealed that KAL could be
a suitable candidate for hepatocellular carcinoma (HCC)
therapy [unpublished data]. In the present study, an anti-
angiogenic approach by transfer of the KAL gene through
an AAV vector was employed to treat colon cancer in a
mouse model.

MATERIALS AND METHODS

Plasmid construction

The full-length ¢cDNA fragments of human KAL
were amplified from human liver first-stranded
cDNA by PCR. Specific primers were designed from
the nucleotide sequence of human KAL published
in NCBI (accession number L19684), Kalli-F
(5’-AAGAATTCGAGGATGCATCTTATCGAC)
and Kalli-R (5°-AAGGTACCAAGCTT
CTATGGTTTCGTGGGGTC). Restriction enzyme sites
(underlined) were introduced into primers for subcloning.
The conditions of PCR wete 45 s each at 94°C, 50C and
68°C for 36 cycles. The PCR fragments were sequenced and
subcloned into the AAV-2 vector, which has been described
previously®™. The cDNA fragments of KAL wete generated
by PCR and were confirmed by DNA sequencing. The
sequence of KAL matched that published in NCBI except
for two nucleotides. The differences were at nucleotides
1145 and 1146, which resulted in a sense mutation in amino
acid sequence. The residue threonine (ACG) at codon 382
was changed into a serine (AGC) residue.

To attain a constitutive and high-level expression of
KAL, the KAL cDNA was inserted into the AAV vector
between the inverted terminal repeats (ITRs) under the
control of cytomegalovirus (CMV) enhancer/chicken

B-actin promoter. A woodchuck hepatitis B virus post-
transcriptional regulatory element (WPRE) was inserted
into constructs immediately after the inserted genes, in

otder to boost transgene expression"’.

Generation of rAAV vectors

AAV particles were generated by a three plasmid, helper-
virus free packaging method®". The viral titre was
determined by real-time PCR analysis as described
previouslyt''l.

Fifty-thousand human embryonic kidney (HEK)
293 cells were seeded into 6-well plates and were grown
overnight. The medium was replaced by complete medium
with reduced fetal bovine serum (FBS) (2%). A total of
5 X 10° vector genome tAAV-GFP particles wete
incubated with cells for 8 h. Two days later, the ability of
the virus to infect and transduce the cell line was assessed
by fluorescent microscopy.

Cell lines, animals and antibodies
The HEK 293 cell line and the colon adenocarcinoma
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Figure 1 Tumor growth suppression curve: tumor volumes of the rAAV-KAL group
versus the rAAV-GFP group on the indicated days.

cell line HCT-116 were purchased from American Type
Culture Collection (ATCC). The cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen, Grand Island, NY) supplemented with 10%
FBS (Gemini, Sacramento, California), 100 unit/mL
penicillin and 100 pg/mL streptomycin (Invitrogen). Six-
to eight-week-old male BALB/c mice were obtained from
the Laboratory Animal Unit of the University of Hong
Kong. All surgical procedures and care administered to the
animals were approved by the University Ethics Committee
and performed according to institutional guidelines. The
anti-CD34 (clone MEC 14.7), anti-Ki-67 (clone B56) and
anti-rat polyclonal antibodies and anti-mouse polymer
conjugate were purchased from Santa Cruz (Santa
Cruz, CA), Pharmingen (San Jose, CA), BD Biosciences
(San Jose, CA) and Zymed (South San Francisco, CA),

respectively.

Tumor model

Tumors were established by subcutaneous inoculation of
2 % 10° HCT-116 cells into the dorsal skin of mice us-
ing 25-G needles. Seven days later, 2 X 10" rAAV-GFP
or rAAV-KAL was injected intratumorally (7 = 5 for each
group). The mice were sacrificed at d 28, by which time
the tumors in the AAV-GFP group had grown to beyond
5% of the total body weight.

Tumor growth was monitored for 4 wk by measuring
two perpendicular diameters. Tumor volume was calculated
according to the formula 0.52 X 4 X /7, whete # and b are
the largest and smallest diameters, respectively.

Evaluation of microvessel density

Microvessel density (MVD) was assessed by the method
defined by Weinder and co-workers!"? after CD34 staining.
The mean value of the three hot spots was taken as the
MVD, which was expressed as the absolute number of
microvessels (0.7386 mm? per field).

Quantitation of Ki-67 proliferation index

Positive and negative stained cells were counted on a
minimum of 10 randomly selected X 400 high-power
fields from representative sections of tumors. The Ki-67
proliferation index (the fraction of proliferating cells) was

rAAV-GFP

Figure 2 Representative photographs of a tumor at 21 d for mice injected with
rAAV-GFP and rAAV-KAL intratumorally.

calculated from the number of Ki-67 positive cells divided
by the total cell count.

Statistical analysis
Comparisons of tumor volume between groups were
made with the Student’s #test where indicated and were

considered statistically significant if the P value was less
than 0.05.

RESULTS
KAL suppressed growth of HCT-116 tumors in vivo

Tumor formation was detected in all of the mice. Tumor
growth was significantly slower in the rtAAV-KAL group
than in animals injected with tAAV-GFP (Figure 1). At d
21 after virus infection, tumor growth was reduced by 78%
(171 £ 52 mm’) in the treatment group compared to the
control group (776 £ 241 mm’, P < 0.01). Representative
photographs of the tumor at 21 d for both groups are
shown in Figure 2.

Evaluation of angiogenesis by CD34 staining

We found that delivery of KAL could significantly reduce
growth of tumors, demonstrating that the treatment
method was effective. Since KAL is an antiangiogenic
inhibitor, in order to determine whether the suppression
of tumor growth in the mice injected with rAAV-KAL
was related to the antiangiogenic ability of the transgene
product, the tumor blood vasculature was examined by
staining for endothelial cell antigen CD34 (Figure 3). A
significant reduction in microvessel density was observed
in tAAV-KAL [73 £ 29 vessels/high power field (hpf),
P < 0.01] compared with control mice (236 £ 67 vessels/

hpf).

Assessment of cell proliferation by Ki-67 staining

Tumor growth retardation could also be a result of
reduction in cell proliferation. To quantitatively compare
the proliferation index of tumors in different groups,
tumor sections were stained for expression of Ki-67. Ki-67
is strictly expressed in proliferating cells and is commonly
used as a marker for cell proliferation. Treatment with
rAAV-KAL decreased the proportion of proliferating cells
(Ki-67 positive cells) in tumors compared with the control
group. Based on the counting of 10 randomly selected
microscopic fields, the proliferation index was significantly
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Figure 3 Evaluation of microvessel density at 21 d after intratumor injection of
rAAV-GFP (A) and rAAV-KAL (B) (x200).

decreased from 63% x 9% in the control group to 41 * 6
% in the rAAV-KAL group (P < 0.01).

DISCUSSION

Our present data showed that the application of the
angiogenic inhibitor KAL suppressed angiogenesis and
resulted in growth retardation of colon tumors. CD34
staining of the HCT-116 tumors revealed a significant
direct correlation between MVD in histological sections of
cancer and size of the tumor. This finding demonstrated
that continuous release of KAL in mice could successfully
decrease the MVD in HCT tumors, thereby blocking
angiogenesis effectively. Ki-67 protein is widely known
as an appropriate and useful marker of the proliferating
fraction within a given cell population. Since Ki-67
expression provides information on the proliferating status
of the tumor cells, it should give good insight into the
effect of treatment. The success of the current treatment
method lays an important foundation, not just for colon
tumor treatment, but also for anti-angiogenic gene therapy.

Miao ef al found that human KAL significantly inhibits
both VEGF and bFGF induced proliferation, migration,
and adhesion of primary cultured human endothelial cells
in vitro, and attenuates both VEGF and bFGF induced
increases in capillary density and hemoglobin content in
subcutancously implanted Matrigel plugs i vivo®. KAL is
also a heparin binding protein. The major heparin-binding
domain was identified in the region between the H helix
and C2 sheet of KAL, which contains clusters of positively
charged residues. KAL may act by competing with VEGF
and bFGF binding to heparan-sulfate proteoglycans, a
low affinity-binding site, and thus suppressing VEGF-
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and bFGF-binding activity and the angiogenesis signaling
cascades induced by VEGF and bFGE

As a broad-spectrum angiogenesis inhibitor, KAL
inhibits angiogenesis mediated by its heparin-binding
activity, which is similat to that of endostatin’!. It has
become clear that various growth factors and lymphokines
are required to bind to two distinct classes of cell surface
receptors to elicit a signal!l. In many ligand-receptor
systems, ligands bind first to an abundant low-affinity
receptor, which draws the ligand onto the cell surface
and then links it to a second, high-affinity receptor that
transduces the signal into cells. In addition, KAL is a
specific serine proteinase inhibitor (serpin) for human
tissue kallikrein. Like plasmin, tissue kallikrein may have
a role in degrading extracellular matrix to promote tumor
invasion. Our study results confirmed KAL’s multifunction
purpose for tumor inhibition.

With the role of angiogenesis in tumor growth and
progression firmly established, considerable efforts have
been directed to antiangiogenic therapy as a new modality
to treat human cancers. There is much enthusiasm for
the role that antiangiogenic agents may play in preventive
therapy. Nevertheless, it is still unclear whether KAL
can regress a tumor completely, even after prolonged
treatment. Many leaders in the field of angiogenesis now
believe that some of the most important future cancer
therapies may not completely eradicate all tumor cells in
an individual, but instead, may turn cancer into a chronic
manageable disease. Gene therapy strategies leading
to increased production of endogenous angiogenesis
inhibitors would seem perfectly suited to support such
an approach by tipping the balance toward a more
antiangiogenic state.

Antiangiogenic approaches should be greatly
encouraged, since the FDA has recently approved the
angiogenesis inhibitor avastin and the SFDA approved
endostatin. Because of the difficulties and high costs
of manufacturing numerous endogenous inhibitors
of angiogenesis, and because of the need for chronic
administration of these agents, gene therapy remains an
exciting strategy to circumvent these difficulties.

AAV based vectors are now being used for clinical
gene transfer for cystic fibrosis, hemophilia, and Canavan’s
discase. Although recombinant adenoviral vectors have
been utilized for a majority of both preclinical and clinical
trials in cancer gene therapy, studies in animal models have
suggested therapeutic benefits for tumor treatment using
AAV vectors!l. T-cell mediated cytoxicity to AAV vectors
has not been observed even though AAV vectors can induce
strong humoral immune responses. AAV can initiate long-
term transgene expression and this transduction is attributed
to episomal concatamer formation without integration into
the host chromosome. Therefore, AAV vectors appear to be
less mutagenic than other virus vectors. With new serotypes
and the potential to develop targeting vectors, AAV holds
great promise as a viral vector delivering therapeutic genes
such as immune regulation and antiangiogenesis genes for
cancer gene therapy.

In addition to AAV studies, the understanding of
tumor development at the biological and molecular
biological level will lead to the discovery of strong,
efficient, and specific enhancers/promoters in tumor cells.
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Utilization of regulatory systems will avoid the undesired
side effect of systemic transgene expression delivered by
AAV vectors for immune-modulation and antiangiogenesis.
As better vectors are developed, combination strategies
continue to evolve, and there is increased understanding of
the complex role that endogenous angiogenesis inhibitors
play in tumor growth. Antiangiogenic gene therapy will
certainly be evaluated in futute clinical trials.

COMMENTS

Background

Colon cancer is one of the most common cancers in the world, with a high
propensity to metastasize. Surgical resection currently remains the only curative
treatment for colon cancer. Since the majority of deaths with colon cancer result
from metastatic disease, inhibition of growth and metastasis of colon cancer is
expected to become an effective treatment.

Research frontiers

Antiangiogenesis strategies have been increasing and have been proven to
be an attractive strategy for colon cancer therapy, as they are less toxic than
conventional chemotherapy and they have a lower risk of drug resistance.
Antiangiogenesis strategies can also transiently ‘normalize’ structure and function
of tumor vasculature to make it more efficient for drug delivery and increase
the efficacy of conventional therapies. Encouragingly, recent studies have
demonstrated it is feasible to complete inhibition of neovascular growth in tumors
by attacking multi-angiogenesis mechanisms.

Innovations and breakthroughs

There is growing evidence linking KAL to a role in the inhibition of angiogenesis.
In contrast to previous reports that antiangiogenic inhibitors inhibited endothelial
cells only, the results of this study clearly showed that KAL not only significantly
inhibited VEGF and bFGF induced proliferation, migration, and adhesion of
endothelial cells, but also suppressed the proliferation of tumor cells. The multi
characteristics of KAL suggest that it is a promising candidate for a colon tumor
angiogenesis inhibitor.

Applications

rAAV-mediated expression of KAL inhibits the growth of xenograft colon cancer by
78% compared with controls. Lack of toxicity may favor the clinical use of rAAV-
KAL, thus demonstrating its potential in a range of clinical applications of therapy.
Furthermore, rAAV-KAL may provide an effective form of therapy for other cancers
in future. Elucidating the suppression of proliferation of tumor cells by KAL will
provide a better understanding of the mechanism of cancer therapy.

Terminology

Tumor angiogenesis: the proliferation of a network of blood vessels that penetrates
into cancerous growths, supplying nutrients and oxygen and removing waste
products. Tumor angiogenesis actually starts with cancerous tumor cells releasing
molecules that send signals to surrounding normal host tissue.

Peer review
This paper provides sufficient and new data of KAL's unique advantage for
colon tumor treatment, and that a KAL based gene therapy has great potential
therapeutic value.
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