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PEG-DAO showed bacteriostatic activity in a dose-
dependent manner (Figure 1a). Different concentrations of
p-Ala  also  demonstrated  dose-dependent  activity
(Figure 1b). Bacteriostatic activity was not observed with
treatment of PEG-DAO and 1-Ala (Figure la). Adding
1 mg/mL catalase (5000-15,000 U/mL) to samples with
PEG-DAO and p-Ala nullified the bacteriostatic activity of
PEG-DAO (Figure 1c).

PEG-DAO restored antibacterial activity of NADPH
oxidase-deficient mouse neutrophils

As Hy0, is a highly cell permeable oxidant, we examined
H,0, generated by PEG-DAO plus p-Ala in the medium
to determine whether H,O, could penetrate cell membranes
and enter the cells. H,O, treatment increased oxidative
stress inside neutrophils, as shown by analysis using fluor-
escence flow cytometry in the presence of the fluorescent
reactive oxygen species probe dichlorofluorescein diacetate
(DCFH-DA) (Figure 2a). In the presence of 10 mmol/L
D-Ala, treatment with PEG-DAQO increased the intracellular
HyO, concentration in a dose-dependent manner as
judged by this fluorescent probe (Figures 2b and c).
However, PEG-DAO alone did not induce oxidative stress
(data not shown). To mimic defective CGD neutrophils,
mouse peritoneal neutrophils were treated with 10 umol/L
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DPI to inhibit NADPH oxidase. DPI treatment increased
the numbers of viable bacteria inside the treated neutro-
phils, as seen by the colony forming assay (Figure 2d).
However, PEG-DAO treatment in the presence of
10 mmol/L  p-Ala, restored bactericidal activity of
DPI-treated defective neutrophils; the number of viable bac-
teria inside neutrophils almost recovered to the normal,
non-CGD concentration. No enhancement of antibacterial

activity by PEG-DAO in normal neutrophils was observed
(Figure 2d).

PEG-DAO induced MPO-dependent bactericidal
activity of CGD-equivalent mouse neutrophils

Consistent with the results shown in Figure 2, the bacteri-
cidal activity of mouse peritoneal neutrophils, which had
been pretreated with DPI and thus had no NADPH
oxidase activity, was restored by adding PEG-DAQO and
D-Ala (Figure 3). Treatment with 4-ABH, a specific inhibi-
tor of MPO, clearly suppressed the bactericidal activity of
normal mouse neutrophils. An interesting finding was the
significant suppression of bactericidal activity of neutro-
phils by 4-ABH treatment, even with added PEG-DAO
and p-Ala. This result demonstrates the important
role of MPO in PEG-DAO-mediated bacterial killing
(Figure 3).
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Figure 1 Bacteriostatic activity of polyethylene glycol-conjugated p-am-amino acid oxidase (PEG-DAO) against Staphylococcus aureus. (a) Increasing concen-
trations of PEG-DAO in the presence of 10 mmol /L p-Ala or (b) increasing concentrations of p-Ala in the presence of 10 mU/mtL. PEG-DAQ were incubated with
S. aureus bacteria (1 x 108 CFU/mL) for five hours, after which turbidity at 570 nm was measured. (c) S. aureus bacteria (1 x 10% CFU /mL) were incubated for five
hours with PEG-DAO plus p-Ala with or without 1 mg/mL bovine catalase, and after which turbidity at 570 nm was measured. ** and * indicate statistically
significant differences (P < 0.01) and (P < 0.05), respectively, by Student’s t-test. Values are means +8D (n=12)
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Figure 2 Increase in intracellular hydrogen peroxide (H20,) by means of treatment with polyethylene glycol-conjugated p-amino acid oxidase (PEG-DAQ) plus
p-Ala and restoration of bactericidal activity of chronic granulomatous disease-like neutrophils. Mouse peritoneal neutrophils were pretreated with 10 pmol/L
dichlorofluorescein diacetate, a fluorescent molecular probe for H,0,, and were then incubated with (a) increasing concentrations of H20; or (b) increasing con-
centrations of PEG-DAO {1-100 mU/mL) plus a fixed amount of 10 mmol /L o-Ala, followed by incubation for 30 min at room temperature. The fluorescence inten-
sity of neutrophils was measured by means of a flow cytometer. (c) Normalized fluorescence intensity of cells in (b) representing intracellular reactive oxygen
species. (d) Mouse peritoneal neutrophils were pretreated with 10 umol/L diphenylene iodonium and were then incubated with opsonized Staphylococcus
aureus to allow phagocytosis for 30 min. After removal of non-phagocytosed bacteria in the supernatant, neutrophils were treated with PEG-DAO plus
10 mmol/L p-Ala for 30 min. Viable bacteria inside the neutrophils were counted as described in Materials and methods. Values are means + SD (n = 4). ** indi-
cates statistically significant differences (P < 0.01) by Student’s t-test
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Figure 4 Restoration of bactericidal function of human chronic granulomatous disease (CGD) neutrophils by polyethylene glycol-conjugated p-am-amino acid
oxidase (PEG-DAO) treatment. (a) Human CGD neutrophils were pretreated with 10 pmol /L dichlorofluorescein diacetate, an intraceltular marker of oxystress, and
were then incubated with PEG-DAO (10 or 30 mU/mL) and 10 mmol /L p-Ala for 30 min at room temperature. The fluorescence intensity of the neutrophils was
measured by using a fluorescence flow cytometer. (b) CGD neutrophils were incubated with Staphylococcus aureus to allow phagocytosis. After removal of
the non-phagocytosed S. aureus by centrifugation, neutrophils were treated with PEG-DAC and p-Ala for 30 min followed by incubation with 0.2% Tween-20
to liberate bacteria from the neutrophils. Serial dilutions of bacteria were then mixed with trypticase soy agar in Petri dishes and incubated overnight at 37°C,
and bacterial colonies was counted. Values are means + SD (n = 3). ** indicates statistically significant differences (P < 0.01) by Student’s t-test

sites. Furthermore, H,O, may harm mammalian cells that
have no catalase or other antioxidants.* Thus, new strat-
egies to deliver the HyO, to the target site are required,
which may provide a new strategy of H,O,-dependent treat-
ment of infection and cancer.

To achieve the delivery of H,O; to an infected or inflamed
site, we prepared PEG-DAO, which retained a degree of
Hy0O,-generating activity that was comparable with that of
native DAO.*” Also, DAO derived from a porcine source
can be used in humans, because pegylation reduced the anti-
genicity of this enzyme. PEG-DAO accumulates preferentially
in tumor tissue because of the EPR effect, the mechanism of
which is based on the highly enhanced extravasation of
macromolecules in the tumor and inflamed tissues. In
addition, impaired lymphatic clearance of such macromol-
ecules from interstitial space makes this effect more distinct.
This increased vascular permeability is induced partly by
overproduction of inflammatory vascular mediators such as
bradykinin, nitric oxide and many others.>®

The concentrations of b-amino acids, which are substrates
of PEG-DAQ, are extremely low in mammalian blood
plasma, so H,O, generation by PEG-DAO alone in systemic
circulation is quite limited. However, we can induce H,O,
generation with an intravenous injection of p-amino acids.
PEG-DAO at first accumulates predominantly at inflamed
site because of the EPR effect. After several hours of
PEG-DAO infusion via an intravenous route allowing
PEG-DAO to accumulate more selectively at the disease
site, at that time PEG-DAO concentration in blood is very
low, p-amino acid is infused subsequently via the intrave-
nous route. Thus, PEG-DAO is preferable for delivery of
H;0, to the inflamed sites or cancer tissue, and avoids sys-
temic generation of H,0,.°

PEG-DAO plus p-Ala, as mediated by H>0,, showed bac-
teriostatic activity against S. aureus in a dose-dependent
manner via production of H,O, (Figure 1). These results
indicate that PEG-DAO can serve as an antibacterial agent
if it is selectively delivered to an infected site. This delivery
became a possibility as a result of the prolonged plasma
half-life of PEG-DAO and the EPR effect.

When PEG-DAO plus p-Ala was supplied to NADPH
oxidase-deficient neutrophils, it increased the amount of

H0; inside the cells (Figures 2 and 4). The fluorescent oxys-
tress probe DCFH-DA, which effectively enters neutrophils,
contains a diacetate group that is quickly hydrolyzed, so
DCFH-DA becomes reactive to H,O, and then fluorescent.’?
The higher fluorescence intensity of DCFH-DA thus indi-
cates a higher oxidative state inside cells, but does not
reflect the oxidative state outside cells. As expected,
PEG-DAO treatment or H,O, treatment increased the intra-
cellular level of H,O, in a dose-dependent manner
(Figure 2a). Furthermore, in the presence of p-Ala, addition
of PEG-DAO also increased the amount of intracellular
H;0; in a dose-dependent manner (Figures 2a and b).
These results clearly indicate that PEG-DAQ treatment can
supply exogenous H,O; efficiently to neutrophils and that
this restored level of intracellular H,O,, as Hy,0O, is con-
verted to the hypochlorite ion by MPO, would facilitate
potent bactericidal activity of neutrophils from a CGD
patient.

We also examined whether PEG-DAO treatment would
restore the bactericidal activity of CGD-like neutrophils.
We prepared these neutrophil mimics, which are similar
to neutrophils in patients with CGD, by pretreatment with
10 umol/L DPI, which achieves its effects by inhibitin
NADPH oxidase and thus suppressing H,O, generation.
In this experiment, we used PEG-DAO plus p-Ala and
examined the effect of this treatment on phagocytosed bac-
teria. We observed a significant increase in the number of
viable bacteria inside these neutrophils after DPI treatment
(Figure 2d). In this setting, the bactericidal activity of
DPI-treated neutrophils was similar to that of neutrophils
from a CGD patient. However, PEG-DAO treatment of
DPI-treated neutrophils greatly suppressed the number of
viable bacteria inside neutrophils, almost to the number in
healthy neutrophils (Figure 2d).

Most MPO exists in vacuoles in neutrophils,™* and MPO
oxidizes the chloride ion, with H,O,, to produce hypochlor-
ous acid, one of the most potent bactericidal molecules in
biological systems. We therefore hypothesized that restor-
ation of bactericidal activity of DPI-treated neutrophils by
treatment of PEG-DAO and p-Ala was mediated by the
function of MPO. Consistent with our hypothesis, 4-ABH,
an MPO inhibitor, suppressed the bactericidal activity of
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the neutrophils, even in the treatment of PEG-DAO plus
p-Ala (Figure 3).

As a more important result, we found that PEG-DAQO plus
D-Ala treatment restored the bactericidal activity of neutro-
phils from a CGD patient. Although the CGD neutrophils
showed decreased bactericidal activity, in great contrast to
healthy neutrophils (Figure 4), treatment with PEG-DAO
plus p-Ala restored the bactericidal activity of these CGD
neutrophils (Figure 4).

Our results thus demonstrated that H,O, supplemen-
tation via PEG-DAO plus p-Ala would protect against bac-
terial infection. In our experiments, we used porcine DAO
to prepare PEG-DAO. For porcine DAO, the K, and K,
values for D-proline are 43.3 s* and 2 mmol/L, respectively,
whereas those corresponding values for p-Ala are 645"
and 3.1 mmol/L.*® Thus, using D-proline may be preferable
to using p-Ala to treat CGD neutrophil, although this issue
requires additional investigation. Furthermore, H,O, can
enter the cytosol of neutrophils and be converted to hypo-
chlorous acid by MPO. These observations suggest that
H,0, supplementation via enzymatic action may become
a plausible approach for treatment of patients with CGD.
Less useful therapeutic strategies for CGD exist as yet,
despite the great advances in the development of antimicro-
bial agents. The previously reported pharmacokinetics of
PEG-DAO indicated an effective targeting ability to solid
tumor as a result of the EPR effect. Bacterial components
such as bacterial proteases and endotoxin facilitate the vas-
cular permeability, and thus leakage of blood components
such as albumin from circulating blood. Consequently,
these macromolecules will accumulate at the infected or
inflamed site."®'” Although accumulation property of
macromolecular protein at the tumor and inflamed tissue
is similar, accumulation of PEG-DAO at the inflamed
tissue in CGD mouse model of human patients is yet to
be determined. PEG-DAO pharmacokinetics may be simi-
larly beneficial for targeting to the inflamed granuloma
tissue in patients with CGD, although more studies are
needed to confirm this possibility.
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In this review, 1 have discussed various issues of the cancer drug targeting primarily related to the EPR (en-
hanced permeability and retention) effect, which utilized nanomedicine or macromolecular drugs. The con-
tent goes back to the development of the first polymer-protein conjugate anticancer agent SMANCS and
development of the arterial infusion in Lipiodol formulation into the tumior feeding artery (hepatic artery
for hepatoma). The brief account on the EPR effect and its definition, factors involved, heterogeneity, and various
methods of augmentation of the EPR effect, which showed remarkably improved clinical outcomes are also dis-
cussed. Various obstacles involved in drug developments and commercialization are also discussed through my
personal experience and recollections.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction: from the past to the present
From the time of the hypothetical concept of the magic bullet proposed

by Paul Ehrlich at the end of the 19th century, almost 40-50 years elapsed
before the appearance of practical clinical drugs such as sulfonamide and
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0168-3659/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j jconrel.2012.04.038

penicillin for the control of microbial infections. However, more than
100 years have passed since Ehrlich's concept to achieve advances in can-
cer treatment. The field of cancer chemotherapy began when, in 1943
during World War II in Bari, Italy, nitrogen mustard gas, a chemical war-
fare agent, was accidentally found to have antileukemic activity. However,
research aimed at discovering acceptable, effective anticancer agents has
not achieved its goal. Only in the last 10 years have we developed prom-
ising agents such as imatinib (Glivec), which is quite effective against
chronic myelogenous leukemia. Although SMANCS (discussed below)
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was such a candidate, interest in it has been declining because of business
reasons. Thus, antitumor drugs that would be effective against a wide
range of solid tumors are not available, and ideal drugs that act against
solid tumors do not yet exist. In fact, the overall cancer mortality rate
has not changed very much in the past 50 years [1,2], whereas the mortal-
ity rate in patients with bacterial infections has dropped dramatically
since antibiotics became available.

One of the fundamental difficulties in cancer therapy lies in the
great genetic diversification seen in human cancers, even in individual
patients in which the process of genetic alteration of patients’ tumor
would have progressed in the past 10-30 years by the time when the pa-
tient tumor was diagnosed. In the past 10-20 years, so-called molecular
target drugs became popular as the least toxic but promising therapeu-
tics. This trend, despite its being fashionable, is now rather problematic.
In fact, these agents, such as the well-known example of molecular target
drug, rofecoxib (Vioxx®, though it is not anticancer drug), with more
than US$ 10 billion being paid as compensation for unexpected adverse
effects, are not miracle drugs. The highly diverse genetic mutations in
individual cancer patients, which were just mentioned, make the drug
development strategy of utilizing a single molecular target, based on a
tumor-specific molecular epitope or target enzyme, very difficult if not
completely impossible [3-6].

Other concerns about molecular target anticancer agents include not
only poor efficacy but also the cost of drugs to patients. Some drugs, for
example, cost far more than interferon or other anticytokine agents.
Many molecular target drugs for cancer cost almost US$ 10,000 per
dose, or more than US$ 100,000 per year, yet the expected prolongation
of life is a few weeks more than the expected survival time of 3 or
5 years for control subjects not receiving the drugs. One can find such
information in various references [e.g., 7-12].

With regard to a new modality with potentially less cost, the drug-
targeting method based on the enhanced permeability and retention
(EPR) effect has a more universal application for solid tumors, so lower
costs seem possible, with greater therapeutic effects on more types of tu-
mors and fewer adverse effects. These reasons provide a good rationale
for pursuing this method and encouraging such drug development. As
this symposium issue will show, anticancer drugs that are more generally
effective against solid tumors should be developed, and investigation of
the EPR effect, which is based macromolecular therapeutics, will lead to
ideal candidates. (Other examples, e.g., that of F. Kratz et al., will also ap-
pear in this special issue). Tables 1 and 2 summarize the definition of the
EPR effect and the factors involved in solid tumors and inflammation.

One can, of course, argue that the heterogeneity of the EPR effect re-
duces its universal validity. The EPR effect is not perfect or effective for

Table 1
Profiles of the EPR effect.

Characteristics Comments

Molecular size Above 40 kDa; 800 kDa still shows an active EPR
effect
No coagulation, no interaction with blood
components and blood vessels, no cell lysis, no
RES? clearance (e.g., macrophages). Protease
bound protease-inhibitor is cleared in a few min
even though biocompatible macromolecules.
More than several hours in circulation in mice®,
effects The trend can be seen even initial 30 min.
Drug retention time of Mostly days to weeks?, in great contrast to
macromolecular drugs in tumor  passive targeting of low MW drugs which is
only few minutes®,
Weakly acidic to weakly cationic. Polycationic
particles will disappear rapidly from circulation.

Biocompatibility

Time required to achieve EPR

pH (isoelectric point)/surface
change

2 Reticuloendothelial system, such as macrophages.

b Ppassive tumor targeting (visualization) can be observed by radiography with low MW
contrast agents upon infusion into the artery. These images are visible for only a few mi-
nutes after the infusion, which is typical in passive targeting, but disappears in a few
min. In contrast biocompatible nanomedicine exhibits prolonged tumor-retention period
of days of weeks, Thus a great contrast to the passive targeting to the EPR effect.

Table 2
Factors and mediators involved in the EPR effect in cancer and inflammation, and their
responsible enzymes or effectors.”

Comments; actions of
enzymes and factors, or
sources of factors

EPR effect-enhancing factors/ Enzymes responsible
mediators for factors

1. Bradykinin (kinin) Kallikrein and other Angiotensin I-converting
proteases, enzyme (ACE) degrades
plasminogen activator kinin; ACE-inhibitor
produce bradykinin potentiates activity by
blocking kinin degrada-
tion. Kinin induces NO
synthase
Nitric oxide synthase  Nitroglycerin, isosorbide
(NOS), inducible dinitrate (ISDN, Nitrol®),
isoform of NOS (iNOS) and nitroprusside yield
nitrate, and nitrite-
reductase, which occurs in
hypoxic tissue (tumor),
generates NO in hypoxic
tumors.
PGl; agonist/beraprost

2. Nitric oxide (NO)

3. Prostaglandins (PGs) Cyclooxygenase 2

(COX-2) affect the EPR effect
4. Carbon monoxide (CO) Heme oxygenase-1 Hemin, NO, and ultravio-
(HO-1) let light, and heat induce

HO-1
5. Peroxynitrite (ONOO") Generated by NO+ O, Extremely rapid reaction
6. Matrix metalloproteinase
(MMP), or collagenase
(+ proMMP)®
7. Vascular endothelial
growth factor (VEGF/VPF)

Procollagenase
activation by ONOO™

ONQO™ activates pro-
MMP? - MMP

Nitric oxide synthase
(NOS)

NO, endotoxin, and other
cytokines can induce this
VEGF

Induces inflammation and
normalization of tumor
vasculature

e.g. HO-1 and inflamma-
tion etc.

8. Tumor necrosis factor o Cytokines, growth
(TNF-ce) and TFG- inhibitor factor

9. Heat Heat shock protein,

HO-1 (HSP-32)

See text for detail.

@ Above factors are most common mediators of inflammation and cancer that facilitate
extravasation.

® proMMP: pro-matrix metalloproteinase (collagenase) is activated by ONOO™ or by
other proteases.

all solid tumors, because tumors of different patients vary greatly in
actual clinical settings. For example, tumor diameters can be less than
1cm to larger than 10cm; and tumors can be highly hypoxic to
normoxic, can have different pathological classes, are genetically di-
verse, can have partial or extensive necrosis, can have occluded or com-
pressed vascular systems with or without blood coagulation in or
around the tumor mass, and so on. This heterogeneity can be overcome
in a number of ways. For instance, modulating the patient's hydrody-
namic state by systemic (i.v.) infusion of angiotensin Il leads to higher
blood pressure on the laminar side and more effectively pushes a drug
into the tumor interstitium. Section 3 in this article demonstrates the
proof of this method in the clinical settings. We have also developed eas-
ier methods utilizing various vascular mediators, as given in Table 3.

2. Our prototype polymer-conjugate drug, SMANCS, and a new
strategy for intraarterial (i.a.) infusion: the ultimate tumor-targeted
delivery

In 1979, we pioneered the development of the protein-polymer
conjugate SMANCS, which is the antitumor protein drug neocarzinostatin
(NCS) chemically conjugated with a synthetic copolymer of styrene-
maleic acid copolymer (SMA) [13-15]. SMANCS exhibited unique prop-
erties compared with the parental NCS [14-18]. These properties in-
cluded (i) prolongation of the plasma t;» (by 20-fold); (ii) improved
tumor-targeting capacity because of the EPR effect, i.e, a markedly




Table 3

Strategies to overcome the heterogeneity of the EPR effect, and augmentation of the

EPR effect to enhance tumor drug delivery.”
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Methods® Mechanism Remarks

1. Use of angiotensin Hydrodynamic; Drug is infused into the
Il-induced vasoconstriction induced tumor-feeding artery via
hypertension hypertension — mechanical cathether.

2. Use of angiotensin
I-converting enzyme
(ACE) inhibitor such
as enalapril

3. Use of nitroglycerin
given topically by
dermal patch, or by
infusion via the
tumor-feeding artery

4. Use of prostaglandin
(PG) I, analogue,
beraprost sodium

opening of endothelial cell-

cell gaps passively.
Selectively elevates the
kinin level only in tumors,
by inhibiting kinin
degradation by ACE-
inhibitor, which occurs in
the tumor tissue,
Generates NO in hypoxic

tumor issue selectively, See

analogy to angina pectoris.

PG agonist effect (with the
ty2 more than 100 times
longer in plasma) when

Given orally, very safe,
clinically proven.

Nitroglycerin, isosorbide
dinitrate (ISDN, Nitrol®),
nitroprusside, and others;
clinically proven (see
text).

given orally.
TGF-f is tumor growth and  Shown effective in the
differentiation factor. pancreatic cancer in vivo
Facilitate productive of model.
extracellular matrix. The
inhibitor counteracts to
restore vascular maturation
and normalization, which
may be affected by vascular
mediator.
6. Use induction of HO-1, Zn protoporphyrin or
or a CO generator
(ruthenium tri
carbonyl, CORM2")

5. Use of TGF--inhibitor

No data available for in
hemin-polymer conjugates vivo therapeutic efficacy.
induce HO-1 in tumors; use

of CORM2 generates CO.

See text,

? These strategies will be effective only with nanoparticle or polymeric drugs.
b Carbon monoxide-releasing molecule.

higher (10- to 20-fold) intratumor concentration compared with the
concentration in plasma [15-21}; (iii) no immunogenicity [15]; and
(iv) higher lipophilicity, which enabled solubilization and formulation
with a lipid contrast agent (Lipiodol®) as a carrier (i.e., the SMANCS/
Lipiodol formulation) [14,18,21-25]. This lipid formulation allowed
truly selective tumor targeting and tumor delivery by infusion into the
tumor-feeding artery via a catheter under X-ray guidance of angiograph-
ic technique as viewed on the monitoring screen [21-25). A drug concen-
tration in the tumor as much as 2000 times the concentration in blood
(2000:1) can be achieved by using this method [22]. The EPR effect is
now known to allow most macromolecular drugs to be selectively deliv-
ered to solid tumors, where they remain for very long periods, several
weeks or months or even more [16,18,21-25). This sustained drug activ-
ity will result in a marked therapeutic effect [18,22-24].

3. Advancements in tumor targeting with SMANCS/ Lipiodol via the
i.a. route

We have now extended the application of SMANCS/Lipiodol therapy,
administered via i.a. infusion, to advanced, difficult-to-treat solid tumors
such as massive and multiple metastatic liver cancers, bile duct carcino-
mas and cholangiocarcinomas, and pancreatic cancers and their meta-
static nodules in the liver [24]. We also successfully treated massive
renal cell cancer similarly, by infusion into the renal artery. Descriptions
of these examples have been published [18,25]. In this article, we provide
examples of such augmented drug delivery, by means of angiotensin
ll-induced high blood pressure, to advanced, difficult-to-treat tumors:
pancreatic cancer with metastatic liver cancer (Fig. 1A and B), and met-
astatic liver cancer that had originated from gastric cancer, which had
previously been removed (Fig. 1C and D).

For both cases, we infused SMANCS/Lipiodol i.a. under conditions of
angiotensin Il-induced high blood pressure (e.g., from 100 mm Hg to
150 mm Hg) [25]. The blood pressure of 150-160 mm Hg was achieved
via slow iv. infusion of 0.5 ng/ml angiotensin 11, that is set in a 20 ml in-
fusion syringe-pump. This method offers not only an improved thera-
peutic effect but also a diagnostic value, given the highly sensitive
detection, by means of computed tomography (CT), of the tumor-
selective uptake of Lipiodol, even in small tumor nodules with diameters
of 3-5 mm. Another advantage of using angiotensin Il-induced high
blood pressure is application to more types of tumors that may be treat-
ed by this method. In fact almost all cases responded very well (25).
Under normotension, as SMANCS/Lipiodol was originally used, the
drug was most effective for primary liver cancer (hepatocellular
carcinoma) but was less effective for metastatic liver cancer and
cholangiocarcinoma. The reason for this difference may be poor drug de-
livery to the tumor because of the heterogeneity of the EPR effect. As
Fig. 1 shows, the improved delivery method that utilizes angiotensin
ll-induced high blood pressure indeed makes SMANCS/Lipiodol highly
effective. Another benefit of this method is the reduced time required
for tumor regression (e.g., to achieve 50% of tumor volume), perhaps be-
cause of increased targeted drug delivery, and with less frequent drug
administration needed,

4. Heterogeneity of the EPR effect, which hinders tumor delivery,
and the method of circumventing this heterogeneous drug delivery
[16-18]

Although the EPR effect offers the first step in the process of delivering
drugs to tumor tissue or near tumor cells, solid tumors in clinical settings
frequently have heterogeneous characteristics as described in Section 1,
and some tumors impede drug access to tumors because of necrosis,
fibrosis, clot formation, or interference by stromal tissue [16,17,26,27].
However, in the past several years, we have devised ways, by means of
different techniques, to improve this process of drug delivery to such tu-
mors, as described below and as shown in Table 3.

4.1. Induced hypertension by using a slow i.v. infusion of angiotensin I

Inducing hypertension via a slow iv. infusion of angiotensin I
[21,25,28,29] is more useful for macromolecular drugs and drug/
Lipiodol formulations given during arterial infusion than for low-
MW drugs. This method was briefly described above (Section 3). Low-
MW drugs offer little advantage in this method, perhaps because of
rapid diffusion or washout [29].

4.2. Using nitroglycerin or other nitric oxide (NO)-releasing agents

Nitroglycerin and other NO-releasing agents generate NO from NO5
selectively in hypoxic tumor tissue compared with normoxic tissues
[30,31]. Thus, such nitro agents facilitate the EPR effect via local NO gen-
eration in tumors, with drug delivery enhanced 2- to 3-fold and an im-
proved therapeutic effect. Yasuda et al. [32,33] and Siemens et al. [34]
also demonstrated the beneficial effect of NO-releasing agents used in
combination with conventional low-MW drugs. In this review, I describe
clinical cases of bronchogenic lung cancer for which isosorbide dinitrate
(ISDN), an NO-releasing agent, was administered 50~100 pgin 1-2 ml of
physiological saline, bolus, via the bronchial artery immediately before
SMANCS/Lipiodol infusion into the same bronchial artery (see Section 6).

4.3. Using an angiotensin-converting enzyme inhibitor (ACEI)

Solid tumors generate bradykinin, which would aid the EPR effect.
ACEIs inhibit the degradation of bradykinin, thus raising the local bra-
dykinin concentration in tumor tissue more than in other tissues in
the body [16,17,26]. For example, use of the combination of an ACEI
and hypertension improved monoclonal antibody delivery 2- to 3-fold
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Case 1

¢ 2 months

SXia
=25

AT
1.6 months

Size 8.9 X 6.9 cm 10130/05

"Size 3.8 X 3 cm 12/19/ 05

Fig. 1. Cases 1 and 2. Therapeutic effect of SMANCS/Lipiodol against advanced, difficult-to-treat cancers. The drug was infused via the tumor-feeding artery (hepatic artery) under
angiotensin Il-induced high blood pressure. A and C are abdominal CT scans 2 days after drug infusion. B and D are CT scans taken 2 and 1.5 months after drug infusion, respectively.
Case 1. Pancreatic cancer with metastatic liver cancer (A) regressed significantly after 2 months. (B) Remarkable reduction in the size of the metastatic liver cancer (top, right). Case 2,
Gastric cancer had metastasized to the liver (C). The two visible large tumor foci evidenced a marked size reduction after 1.5 months (D). White areas in the CT scans, other than
bones, indicate where SMANCS/Lipiodol was selectively taken up by the tumors; other (normal) areas did not take up the drug (see the text for a description of the procedure).

From Ref. [25].

in a xenograft mouse model of human gastric cancer [26,35]. This meth-
od was also validated effective by Dr. F. Kratz of Freiburg in different
tumor model (personal communication).

4.4. Generating carbon monoxide (CO)

Fang et al. in our laboratory described the important role of heme
oxygenase 1 (HO-1) in the EPR effect which is upregulated in most
solid tumors; its product, CO, was also a factor influencing the EPR
effect. CO has a physiological role similar to the vasodilator role of
NO, so it will also have a key function in the EPR effect [36]. Thus,
upregulation of HO-1 by HO-1 inducers such as pegylated hemin or
similar agents, or CO-releasing agents (e.g., carbon monoxide-releasing
molecule, CORM2), can facilitate the EPR effect [17,36].

5. Drug access to tumor cells and cellular drug uptake, followed by
reaction of active drug with target molecules in tumor cells

Although nanoparticles can get to tumor tissues by means of the
EPR effect, other issues complicating efficient drug uptake remain to
be cleared. These issues include access of drugs to tumor cells and in-
ternalization of drugs, followed by release of the free or active drugs
from macromolecular formulations composed of liposomes, micelles,
or polymer conjugates such as polyethylene glycol (PEG), N-(2-
hydroxyproply)methacrylamide (HPMA), or SMA. Achieving efficient
drug uptake requires knowledge of tumor biology, such as targeting to
unique receptors, making use of higher lipophilicity, and utilizing a
unique ligand with high affinity to tumor cell receptors of a particular
tumor. With regard to uptake of nanoparticle-drugs into tumor cells,
in many cases cancer cells have more active endocytic uptake than do
dormant normal cells.

Cellular drug uptake is more efficient with SMA micelles than with
PEG-micelles [37 and our unpublished data]. For example, when we eval-
uated SMANCS and NCS, SMANCS was much more toxic to tumor cells
than to normal cells [38]. Also, to kill 80% of the cells, NCS required
more than 1 h at 30 nM, whereas SMANCS required only a few minutes
at 15 nM [38]. Furthermore, a recent comparison of SMA-Zn protopor-
phyrin (PP) micelles and PEG-ZnPP micelles showed a more rapid cellu-
lar uptake for the former [37]. SMA~ZnPP micelles also demonstrated
rapid uptake by tumor cells, with very quick disintegration of the micellar

structure in the cells. Thus, release of free drug, ZnPP upon rapid
endocytic uptake of SMA-ZnPP into tumor cells is anticipated [37].
Then, the free active drugs would be expected to react with target mole-
cules in the cells (unpublished data).

6. Obstacles in drug development, drug promotion, and
decision-making in business: dilemmas for science and business

6.1. Novel drug administration technique for use at the bedside

The first obstacle that we encountered in clinical drug development
concerned the method of drug administration: the route via the tumor-
feeding artery. In cardiology, the angiographic technique for imaging,
which utilizes arterial infusion of a contrast agent to visualize an occlud-
ed artery and damaged tissue, is a routine practice in major hospitals.
The same technique has been used much less frequently or very rarely
in cancer treatment, although interventional radiologists utilize it, pri-
marily for embolization of the tumor-feeding artery so as to achieve
tumor necrosis, with limited effects [39].

In SMANCS/Lipiodol therapy, the lipid formulation of SMANCS is
infused into the tumor-feeding artery—the hepatic artery for hepato-
ma, the renal artery for cancer of the kidney, and the bronchial artery
for lung cancer or bronchogenic cancer (Figs. 1-3) [18,23,25]. This infu-
sion occurs simultaneously with angiographic imaging of the tumor,
with identification of the tumor-feeding artery. This technique requires
adequate skill to manipulate the catheter under X-ray guidance, more
skill than that needed for the commonly used i.v. infusion, and not
every health care professional can perform such drug administration.
Also, some pharmaceutical companies do not view such an elaborate
method favorably, so it becomes a negative incentive for a business un-
dertaking. However, this perception may be reversed when members of
top management of a company carefully examine and investigate the
positive clinical outcomes. For example, organizing a task force to pro-
mote this therapeutic modality using SMANCS/Lipiodol may encourage
opening of a new market.

6.2. Market size: n xT dominates the corporate decision

The second obstacle to developing new candidate drugs, which is
usually the first question that people ask us, is, how big will the market




H. Maeda / journal of Controlled Release xxx (2012) xxx-xxx 5

Case 3

Rt. bronc. art.

i.a. infusion of SMANCS/Lipiodol
immediately after i.a.
Infusion of ISDN

6/2004

58 F
Surviving, Oct. 2011

6/2005

Fig. 2. Case 3. Lung cancer (adenocarcinoma). A and B are angiograms showing infusion of contrast agent into the right bronchial artery (A) and left bronchial artery (B). These X-ray
images indicate that the tumor is fed by two different arteries, (C) Initial CT scan at the start of treatment (arrow shows tumor area). (D) CT scan showing considerable tumor regression

(arrow) after 1 year, SMANCS/Lipiodol, about 0.5 ml (mg), was infused into each bronchial arte

ry immediately after infusion of a microdose of Nitrol (10-50 g/dose). (D) One year after

treatment, the tumor in the pleural cavity is considerably smaller. White areas indicate remaining drug, (E) Graph showing the decrease in the tumor marker CEA (carcinoembryonic

antigen); Cand D in [E] correspond to the CT scans in C and D.

be? When we began the clinical application of SMANCS/Lipiodol to treat
hepatoma in Japan in the 1980s, about 20,000 cases occurred per year,
which by 2010 had increased to about 33,000. In the United States,
the corresponding number in the 1980s was about 10,000, although it
is much larger now, which was not a favorable size for drug develop-
ment. In addition, not all of 10,000 patients would be using SMANCS
so that actual market size would be far smaller.

Case 4

Today in Japan, almost 500,000 new cancer cases arise annually. How-
ever, in contrast to the number of cancer patients, the number of patients
in Japan with diabetes mellitus, hypertension, hypercholesterolemia, and
osteoporosis, which are the primarily chronic diseases, exceeds several
million. In addition, cancer patients require a much shorter period of
drug administration compared with patients with those chronic diseases,
Therefore, for anticancer drugs, the product of n (number of patients

Fig. 3. Case 4. Lung adenocarcinoma. (Top left) Initial chest X-ray showing multiple tumors A, B, and C (circled areas, arrows). The patient underwent Nitrol infusion followed by
SMANCS/Lipiodol infusion of 0.5 mg/0.5 ml into both bronchial arteries, as in Case 3. (Middle) CT scans from the subscapular to the lower pleural cavity at the time of initial infu-

sion. (Right) Both chest X-ray (top) and CT scan (bottom) show remarkable tumor regression after 1.5 years; and the patient had no subjective complaints during this period.
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eligible to use a drug for the approved tumor type) x T (time period dur-
ing which the drug will be used) is far less than that for antihypertensive
drugs, for instance. Furthermore, for any anticancer drug, a regulatory
agency will approve its use by clinicians for only a specific type of cancer,
e.g., brain, esophageal, pancreatic, or bile duct cancer individually, and its
use for other types of cancer is not permitted. If a clinician in Japan pre-
scribes the drug for another, unapproved type of cancer, the national
insurance will not cover any related medical expenses, so that the patient
must pay all medical expenses. In other words, use of a drug for an
unapproved disease is not permitted—no off-label drug use is allowed
in Japan. Therefore, in view of the 10,000-20,000 patients per year with
many of these types of cancer in Japan, i.e., not much more than 50,000
patients per year, the market size (nxT), may be about 1/1000-1/
10,000 for each cancer type, compared with, for example, that for statins
(anticholesterol agents). Antihypercholesterolemic drugs, for instance,
were obviously more lucrative because several million patients would
use them for far longer than, say, 10-20 years. Many large pharmaceuti-
cal companies are therefore less enthusiastic about getting involved in
anticancer drug development, which for them is not a high priority. A
market size of half-a-million may be moderately interesting. A related
issue concerns development of drugs for childhood cancer, in which
there is not much interest. The development of orphan drugs also lags be-
hind need, so society needs some system to support orphan drug devel-
opment as well in Japan and elsewhere,

When SMANCS/Lipiodol was first demonstrated to be very effective
against liver cancer, the market size in the United States was small,
about 10,000, and the potential market for this drug was not so lucrative.
The company that was developing SMANCS/Lipiodol in Japan also did
little to promote the drug, regardless of its advantages—remarkable clin-
ical benefits and very few adverse effects. Such decisions depend on the
policies of each individual pharmaceutical company, and unfortunately,
the executives of the company developing SMANCS/Lipiodol did not see
the potential impact of this drug in Japan or elsewhere. In addition, this
therapeutic strategy, which would have stimulated a paradigm change
in solid tumor treatment as described earlier herein, would have stimu-
lated the growth of a new market for use of this agent to treat other solid
cancers.

With regard to the cost/benefit issue for cancer patients, many con-
ventional anticancer drugs usually produce severe side effects but have
marginal therapeutic efficacy and high costs. High drug prices mean
that the drugs will be highly profitable and lucrative for the pharmaceuti-
cal companies. SMANCS/Lipiodol, however, is usually administered three
to five times in the first year, and then two or three times the next year.
This administration schedule means that the number of sales is quite
small, which thus impedes drug development.

We have discovered very interesting therapeutic drugs or new modal-
ities for treatment of cancer and other rare diseases [39-42], but making
such drugs or modalities available for patients with chronic granuloma-
tous disease [41] or fulminant hepatitis with hyperbilirubinemia [43]
requires enthusiastic physicians, pharmaceutical scientists, and indus-
trialists. In practice, development of such drugs is indeed quite difficult
or almost, if not completely, impossible.

6.3. Regulation in drug development

The third obstacle to developing new drugs concerns regulatory
agencies. SMANCS consists of two parts: NCS (protein) and a synthetic
copolymer of SMA. Both parts are chemically conjugated, so the drug
is a single chemical entity. For its administration, we developed a new
formulation with the lipid contrast agent Lipiodol, as described above.
However, a regulatory agency in Europe required all data related to tox-
icity, pharmacokinetics, and pharmacodynamics, as well as clinical data,
to be provided separately for each component: NCS, Lipiodol, and SMA
copolymer, (the latter two have no cytotoxic or anticancer activity).
Our preclinical data in rodents showed that only the SMANCS in Lipiodol
formulation demonstrated the far greater therapeutic benefit as well as

diagnostic value. If a company had carried out such experiments for each
separate component in humans, the cost would have been prohibitory,
so no such experiments were done. In addition, my colleague physicians,
with no reason to believe that clinical benefit would ensue, objected to
doing such unethical clinical studies of humans, with legal actions fol-
lowing as the worst outcome.

Therefore, during the filing for approval process, regulatory agencies
should require and examine only preclinical and clinical data of the drug
being used. The agencies should be concerned with the formulation of
the drug as used in the clinical setting, not each separate component.
To conduct experiments that are not directly relevant to clinical practice
or patient benefit will delay drug development and create great financial
burdens on companies and society. In fact, cost reduction in drug devel-
opment is now becoming a critical issue. Not only in the United States
but also in Japan and Europe, huge national financial debts are causing
difficulties, and medical expenditure is indeed partly responsible for
this; reduction in medical cost is thus a requirement in every aspect of
medical care, including drug development [7-1 0,44]. Therefore, impos-
ing unreasonable requirements for filing for drug approval should be
avoided [7,8].

7. Conclusion

In this article, I describe my personal experiences with the EPR effect
and development of macromolecular therapeutics (SMANCS), including
marketing issues. Essential focal points of development of such drugs
involve the cost of the drug and its efficacy. Price setting is a complex
issue: if a price is too low, a company will lose interest, but if it is too
high, society will suffer. Furthermore, in the current arena of anticancer
drug development, the need for a wide range of knowledge about can-
cer genomics and cancer biology is not fully appreciated. Drug develop-
ment based on the EPR effect is certainly an important first step, but
some problems still remain. Even after a drug is delivered to cancer tis-
sue, it must be taken up by tumor cells, and free active drug must then
be released and interact with target molecules. The case of SMA-ZnPP
micelles serves as an example of such a drug in development. Also,
the heterogeneity of the EPR effect must be overcome. I have addressed
this heterogeneity and achieved realistic in vivo solutions that have no
obvious adverse effects, and 1 will be excited when clinicians adopt
these solutions. The enthusiasm of scientists as well as industry is by
far the most important key for successful drug development.

I also discuss how regulatory agencies should act responsibly, with
prudence and wisdom, not only with regard to safety issues, even when
the remotest possibility of any harm may exist, but also with regard to
economic burdens to society at large. Clinical efficacy is, of course, the
most important issue, and in addition, patients should display a high de-
gree of satisfaction with their treatment.
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We reported previously the antitumor effect of heme oxygenase-1 (HO-1) inhibition by zinc protopor-
phyrin IX (ZnPP). ZnPP per se is poorly water soluble and thus cannot be used as anticancer chemother-
apeutic. Subsequently, we developed water-soluble micelles of ZnPP using styrene-maleic acid
copolymer (SMA), which encapsulated ZnPP (SMA-ZnPP). In this report, the in vitro and in vivo therapeu-
tic effects of SMA-ZnPP are described. In vitro experiments using 11 cultured tumor cell lines and six nor-

ﬁ?;w;rds: mal cell lines revealed a remarkable cytotoxicity of SMA-ZnPP against various tumor cells; average [Csq is
Hemse oxygenase-1 about 11.1 uM, whereas the ICsq to various normal cells is significantly higher, that is, more than 50 HM.
EPR effec¥g i In the pharmacokinetic study, we found that SMA-ZnPP predominantly accumulated in the liver tissue

after i.v. injection, suggesting its applicability for liver cancer. As expected, a remarkable antitumor effect
was achieved in the VX-2 tumor model in the liver of rabbit that is known as one the most difficult tumor
models to cure. Antitumor effect was also observed in murine tumor xenograft, that is, B16 melanoma
and Meth A fibrosarcoma. Meanwhile, no apparent side effects were found even at the dose of ~7 times
higher concentration of therapeutics dose. These findings suggest a potential of SMA-ZnPP as a tool for
anticancer therapy toward clinical development, whereas further investigations are warranted.

© 2012 Elsevier B.V. All rights reserved.

Styrene-maleic acid copolymer
Cancer chemotherapy
Zinc protoporphyrin

1. Introduction High expression of HO-1 is now well known in many solid tu-

mors {2,5,6], which is at least partly associated with the hypoxic
micro-environment that is common in most solid tumors. More-
over, it is interesting that many cancer cells lost or downregulate
antioxidative enzymes such as catalase, superoxide dismutase
and glutathione peroxidase [7-11]. HO-1 thus serves as an essen-
tial antioxidative and antiapoptotic defense of cancers to support
their rapid growth [2,6]. Accordingly, we developed an antitumor
strategy by targeting HO-1 in tumors, ZnPP thus became a good
candidate for this treatment; however, its poor water-solubility
greatly limits its application. To overcome this drawback, we pre-
viously developed a water-soluble ZnPP derivative, poly(ethylene
glycol)-conjugated ZnPP (PEG-ZnPP), which showed remarkable
antitumor effect with very less apparent side effects by selectively

Zinc protoporphyrin IX (ZnPP) is a member of metalloporphy-
rins in which the heme iron is replaced by zinc, which becomes a
competitive inhibitor of heme oxygenase (HO). HO is the key en-
zyme in the degradation of heme and exhibits antioxidative and
antiapoptotic effects [1,2]. HO-1 is also a member of heat shock
protein (HSP) family, namely HSP32 [2,3]. HO-1 is the inducible
isoform of HO as a result of various intracellular and extracelluar
stimuli, such as oxystress including superoxide radical, UV irradia-
tion, nitric oxide and hypoxia [2-6]. Subsequently, its critical role
in protecting cells against such insults has been reported [2-6].
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targeting tumor based on the EPR (Enhanced permeability and
retention) effect [12,13].

Along this line, more recently we developed a micellar type of
ZnPP by use of copolymer of styrene-maleic acid (SMA), namely
SMA-ZnPP [14]. Similar to PEG-ZnPP, SMA-ZnPP exhibited good
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water solubility, and it remained same HO inhibitory activity com-
pared to native ZnPP. However, the loading of ZnPP in SMA-ZnPP
micelle was much higher than that in PEG-ZnPP, which may sub-
stantially decrease the net weight of the compounds used for tu-
mor therapy, thus reducing the viscosity of the injection solution
and improve the therapeutic effectiveness/cost. Furthermore, from
SMA-ZnPP micelle, free ZnPP was released at a constant rate of 20—
30%/day. In addition, SMA-ZnPP micelle showed an apparent
stoke’s radius of 176.5 nm as measured by dynamic light scattering
in a physiological solution [14]. It will further show a larger molec-
ular size in circulation because of the albumin binding property of
SMA [15,16]. Thus, the sustained in vivo antitumor effect was
anticipated.

To investigate the therapeutic potential of SMA-ZnPP, in this
study various tumor strains and normal cell lines were used to
examine the pharmacological activity of SMA-ZnPP and the
in vivo antitumor effect was evaluated by using various murine
and rabbit tumor models. The intracellular uptake, pharmacokinet-
ics and body distribution of SMA-ZnPP, and the safety were also
investigated.

2. Materials and methods
2.1. Materials

Protoporphrin IX was purchased from Sigma-Aldrich (St. Louis,
MO). SMA with a mean molecular size of 1280 Da (Mw/Mn: 1.1)
was obtained from Kuraray Ltd., Kurashiki, Japan. Other reagents
were of commercial reagent grade and were used without further
purification,

2.2, Animals

Female BALB/c mice and male C57BL/6 mice, 5-6 weeks of age
and weighing 20-25 g, as well as New Zealand white rabbits about
3 months old, weighing 2.0-2.25 Kg, were from SLC, Inc. (Shizuoka,
Japan). All experiments were carried out according to the
guidelines of the Laboratory Protocol of Animal Handling, Sojo
University.

2.3. Synthesis of SMA-ZnPP micelles

The preparation, purification and characterization of SMA-ZnPP
micelle were described in our recent work [14].

2.4. In vitro cytotoxicity assay

In vitro cytotoxicity of SMA~ZnPP micelles was examined by
use of MTT assay with 11 tumor cell lines and six normal cell lines
as described in Table 1. Cells were plated in 96-well culture plates
(3000 cells/well). After overnight pre-incubation, predetermined
concentration of SMA~ZnPP was added to respective culture med-
ia, and the cells were further incubated for 72 h. Toxicity was
quantified as the fraction of surviving cells relative to untreated
controls.

2.5. Intracellular uptake of SMA-ZnPP

Intracellular uptake study was carried out in human laryngeal
cancer cells Lxc. 50,000 cells were cultured in 16-well plates. After
12 h of culture, SMA-ZnPP solution in deionized water or free
ZnPP, dissolved first in DMSO and then diluted with 0.01 M NaOH,
were added to the cells at dose of 5 tM ZnPP equivalent. The med-
ium containing drug was removed at predetermined time, and the
cells were washed twice with PBS. Cells were then lysed by 1 ml

:[ o

Table 1

ICso of SMA-ZnPP against various tumor cells and normal cells.
Tumor cells 1Cs0 (HM) Normal cells ICs0 (M)
DLD-1 14.0 Ccv-1 50.0
Sk-Hep 16.0 HBE140 >50.0
HT-29 5.8 RLF >200.0
A431 15.0 Hc >50.0
KP-1N 3.6 HEK293 >50.0
CNE 194 CEF 25.2
ES2 9.8
Lxc 4.2
MCF-7 3.1
Meth A 10.8
B16/F10 20.1
Mean 11119 Mean >50.0

ICsp was determined by the MTT assay. See text for details.

DLD-1 and HT-29, human colon cancer cells: Sk-Hep, human liver cancer cell; A431,
human lung cancer cell; CNE and Lxc, human laryngeal cancer cells; ES2, human
ovarian cancer cell; KP-1N, human pancreatic cancer cell; MCF-7, human breast
cancer cell; Meth A, mouse fibrosarcoma cell; B1 6/F10, mouse melanoma cell,
CV1, monkey kidney fibroblast; HBE140, human bronchial epithelial cell; RLF, rat
liver fibroblast; HEK293, human embryonic kidney cell; CEF, chick embryonic
fibroblast; He, human hepatic cell.

lysis buffer (4 N HCl in 70% ethanol) then heated to 70°C for
15 min. The solution was centrifuged at 15,000 rpm for 3 min,
and the supernatant was used for measuring the fluorescence
emission from 550 to 600 nm by excitation at 420 nm (correspond-
ing to ZnPP) using a fluorescence spectroscopy (Hitachi F-4500, To-
kyo, Japan). Experiments were also carried out in mouse
fibrosarcoma Meth A cells and mouse melanoma B16/F10 cells
similarly.

2.6. Pharmacokinetics of SMA-ZnPP after i.v. injection into tumor-
bearing mice

In vivo pharmacokinetics of SMA-ZnPP was examined by the
use of ®*Zn-radiolabeled derivatives. Radiolabeled SMA-ZnPP was
prepared by the same method as that described by lyer et al
[14], in which ®5Zn-labeled zinc acetate (Riken, Saitama, Japan)
was used.

Mouse sarcoma S180 cells (2 x 10°) were implanted, s.c. in the
dorsal skin of ddY mice, At 10-15 days after tumor inoculation
when tumors reached a diameter of 7-10 mm, each mouse re-
ceived iv. injections of ®*Zn-labeled SMA-ZnPP via the tail vein
[50 ug ZnPP equivalent, 45,000 cpm (0.75 kBq), 0.2 ml/injection].
After scheduled time, mice were killed, blood samples were drawn
from the inferior vena cava, and mice were then subjected to reper-
fusion with 20ml of physiological saline containing heparin
(5 units/ml) to remove blood components in the blood vessels of
the tissues. Then, tumor tissues as well as normal tissues, including
the liver, the spleen, the kidney, the intestine, the heart, the lung,
the brain and the muscle, were collected and weighed. Radioactiv-
ity of these tissues was measured by using a gamma counter (1480
WIZARD, Perkin Elmer, Waltham, MA).

The pharmacokinetics of SMA-ZnPP was also examined in Meth
A and B16 tumor-bearing mice as described below, by measuring
the fluorescence intensity at 590 nm of ZnPP. Namely, at schedule
time after SMA-ZnPP (20 mg/kg, ZnPP equivalent) i.v. injection,
mice were killed and each tissue and organ was resected. Each tis-
sue was then weighted, and dimethylsulfoxide was added at a ratio
of 1 mL/100 mg tissue, followed by homogenization to extract the
SMA-ZnPP by centrifugation (12,000 g, 25 °C, 10 min) to precipi-
tate the insoluble tissue debris. Content of SMA-ZnPP in the super-
natant was quantified by fluorescent intensity (Ex. 422 nm, Em.
590 nm).
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2.7, In vivo antitumor effect of SMA-ZnPP

Mouse Meth A fibrosarcoma and melanoma B16 were prepared
by implanting Meth A and B16/F10 cells (2 x 10° cells) s.c. in the
dorsal skin of BALB/c and C57BL/6 mice, respectively. On day 7-
10 after tumor injection when tumors had reached a diameter of
5~7 mm, SMA-ZnPP micelles at the desired concentration were
administered intravenously via the tail vein according to the treat-
ment protocol. Growth of the tumors was monitored every 2 days
by measuring tumor volume with a digital caliper, which was esti-
mated by measuring longitudinal cross section (L) and transverse
section (W) according to the formula V= (L x W?)/2.

VX-2 carcinoma that is a papilloma virus-induced squamous
cell carcinoma was established in New Zealand white rabbits,
Briefly, laparotomy was performed with central incision, using
pentobarbital sodium for general anesthesia at dose of 30 mg/kg
intravenously. A solid VX-2 tumor mass of about 2 x 2 x 2 mm?>
was inoculated through forceps into the subcapsular parenchyma
of left anterior lobe of the liver. Fourteen days after tumor inocula-
tion, intravenous treatment with SMA-ZnPP (once a week) was
commenced for successive 4 weeks. One month after treatment,
another laparotomy was performed and the liver was exposed to
measure the diameter of tumor. Three months after tumor inocu-
lation, all survived animals were sacrificed, and liver biopsy from
the tumor site was collected for histological examination.

2.8. Histological examination

Tissue specimens collected from VX-2 tumor models as de-
scribed above were fixed with 10% buffered neutral formalin solu-
tion and were then embedded in paraffin. Sections were stained
with H&E as usual.

2.9. Measurement of HO activity

Meth A, B16 and S180 tumor tissues, collected from tumor-
bearing mice after 24 h with or without i.v. injection of SMA-ZnPP
(20 mg/kg, ZnPP equivalent), were homogenized by a Polytron
homogenization with ice-cold homogenate buffer [20 mM potas-
sium phosphate buffer (pH 7.4) plus 250 mM sucrose, 2 mM EDTA,
2mM phenylmethylsulfonyl fluoride, and 10 pg/ml leupeptin].
Homogenates were centrifuged at 10,000¢ for 30 min at 4 °C, after
which the resultant supernatant was ultracentrifuged at 105,000g
for 1h at 4 °C. The microsomal fraction was suspended in 0.1 M
potassium phosphate buffer (pH 7.4) followed by sonication for
2s at 4 °C. The reaction mixture used for measuring HO activity
composed of microsomal protein (1 mg), cytosolic fraction of rat li-
ver (1 mg of protein) as a source of biliverdin reductase, 33 pM
hemin and 333 uM NADPH in 1 mi of 90 mM potassium phosphate
buffer (pH 7.4). The mixture was incubated for 15 min at 37 °C, and
then, the reaction was terminated by the addition of 33 pl of
0.01 M HCL. The bilirubin formed in the reaction was extracted
with 1ml of chloroform, and the bilirubin concentration was
determined spectrophotometrically by measuring the difference
in absorbance between 465 and 530 nm, with a molar extinction
coefficient of 40 mM~' cm™".

2.10. Safety of SMA-ZnPP micelles

BALB/c mice with Meth A tumors of about 5-7 mm in diameter
were used for this study. SMA-ZnPP micelles were administered at
the dose of 50 mg/kg (ZnPP equivalent), which is 5-10 times higher
concentration than therapeutic dose. Seventy-two hours later,
mice were killed and blood samples were obtained. RBC, WBC

counts and hemoglobin levels were determined by using an
automated blood counter (F-800 Microcell Counter, Toa Medical
Electronics, Kobe, Japan). Plasma obtained by centrifugation was
used for measurement of enzyme activities of alanine aminotrans-
ferase, aspartate aminotransferase, lactate dehydrogenase, blood
urea nitrogen and total creatine values by using a sequential multi-
ple Auto Analyzer system (Hitachi Ltd., Tokyo, Japan).

2.11. Statistical analyses

All data were expressed as means + SD. Student’s t-test was
used to compare differences between experimental groups, and it
was considered statistically significant when p < 0.05.
3. Results

3.1. In vitro cytotoxicity of SMA~ZnPP

In human liver cancer Sk-Hep cells, SMA-ZnPP exhibited
remarkable cytotoxicity, in a dose-dependent manner, whereas

Sk-Hep cells
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Fig. 1. In vitro cytotoxicity of SMA-ZnPP against normal (Hc) and tumor (Sk-Hep)
cells. Cells were exposed to increasing concentration of SMA-ZnPP for 48 h,
followed by MTT assay to determine cell viability. Values are mean + SE (n=6-8).
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no significant cytotoxicity was observed up to 50 uM against nor-
mal hepatocytes Hc (Fig. 1 and Table 1). Similar results were found
in other tumor and normal cell lines. The average 50% inhibitory
concentration (ICso) of SMA-ZnPP against different cells was sum-
marized in Table 1. Most normal cells tested in this study exhibited
relative tolerance to SMA-ZnPP treatment with ICsg of higher than
50 uM. In contrast, tumor cells showed much sensitive to this
treatment, whose average ICsp was 11.1+ 1.9 uM.

3.2. Intracellular uptake of SMA-ZnPP micelle

Fig. 2A shows a time-dependent internalization of SMA-ZnPP
into Lxc cells, which is comparable to that of free ZnPP. These re-
sults suggest that the micellar formation of SMA did not impede
the intracellular uptake of SMA-ZnPP. Instead, SMA-ZnPP appears
more favorable than PEG-ZnPP micelles whose internalization was
about 1/3 of that of SMA-ZnPP at 6 h after addition to the culture

A 400~
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i PEG-ZnPP

Lxc cells

3004

250+

2004

1504

Arbitrary FL unit

1004

50+

30 60 120 240 480 720
Incubation time (min)

B 500

4504 OFree ZnPP
-‘é 400- ®mSMA-ZnPP

Meth A cells

3 5 8 24
Incubation time (h)

B16/F10 cells
« 1200 OFree ZnPP

= =SMA-ZnPP

3 5 8 24
Incubation time (h)

Fig. 2. Intracellular uptake of free ZnPP, SMA-ZnPP and PEG-ZnPP, Lxc cells (A),
Meth A cells (B) and B16/F10 cells (C) were incubated with the investigated
compounds at 5 pM (expressed in ZnPP equivalents) for different period of time.
The amount of drug uptake by different tumor cells was determined measuring the
fluorescence intensity after extracted from the cells, as described in Materials and
Methods (2.5.). Values are mean * SE (n = 4).

media (Fig. 2A). Similar results were obtained in Meth A (Fig. 2B)
and B16/F10 cells (Fig 2C).

3.3. Pharmacokinetics and body distribution of SMA-ZnPP after i.v.
injection

As shown in Fig. 3A, no significant prolonged plasma half-life
(t1/2) was observed for SMA-ZnPP. Namely, more than 50% of the
SMA-ZnPP was removed from circulation during 10 min after i.v.
injection. Moreover, no significant tumor accumulation of SMA—
ZnPP was achieved, for example, the tumor concentration of
SMA-ZnPP at 24 h after SMA-ZnPP administration was similar to
those of most normal tissues (Fig. 3B).

However, surprisingly we found a remarkable increase in liver
delivery of SMA-ZnPP, which is more than 20 times of that in plas-
ma at 24 h after i.v. injection (Fig. 3A). Accumulation of SMA-ZnPP
in liver tissue remained high for at least 4 days (Fig. 3A). Similar re-
sults were also observed in Meth A fibrosarcoma tumor and B16
melanoma tumor-bearing mice, respectively (Fig. S1). These find-
ings suggested the potential application of SMA-ZnPP for cancers
in the liver.
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Fig. 3. Pharmacokinetics of SMA-ZnPP in ddY mice bearing Sarcoma 180 tumor as
determined by using radioactive derivatives. Radiolabeled SMA-ZnPP was injected
Lv. into tumor-bearing mice, After scheduled time periods, mice were killed, and
samples of blood, tumor, liver and other normal tissues and organs were collected.
Radioactivity of each tissue or organ was then measured. A, time-dependent change
in SMA-ZnPP concentrations in plasma (M) and liver (4). B, body distribution of
SMA-ZnPP at 24 h after i.v. injection. Data are expressed as means; bars, +SE (n=4).




ARTICLE IN PRESS

J. Fang et al. /European Journal of Pharmaceutics and Biopharmaceutics xxx (2012) xxx-xxx 5

3.4. In viva antitumor activity of SMA-ZnPP

Based on the findings of pharmacokinetics of SMA-ZnPP de-
scribed in Fig. 3, we first investigated the in vivo antitumor effect
of SMA-ZnPP in rabbit VX-2 tumor model transplanted in the liver.
As shown in Fig. 4 and Table 2, a remarkable antitumor effect of
SMA-ZnPP was observed. At 40 days after tumor transplantation,
all of the non-drug treated control tumeor-bearing rabbits died,
whereas all animals receiving SMA-ZnPP did survive (Table 2).
On days 60 and 80 after VX-2 tumor inoculation, when SMA-ZnPP
was given at 4 and 8 mg/kg (ZnPP equivalent, weekly injection for
4 weeks), the survival rate was 60% and 80%, respectively, whereas
12 mg/kg resulted 100% survival on day 80 (Table 2). More impor-
tant, histological examination showed that tumors became necro-
tic and fibrosis after SMA-ZnPP treatment (Fig. 4). In a long-term
study, out of seven animals treated with 7 mg/kg weekly for
4 weeks, four animals were cured with no recurrence of the tumor
of up to 2 years period of follow-up.

Further, the antitumor activity of SMA-ZnPP was examined in a
Meth A mouse fibrosarcoma model. As shown in Fig. 5A, tumor
growth was remarkably suppressed when SMA-ZnPP was adminis-
tered at the dose of 4 mg/kg. Growth suppression continued to at
least for 19 days after injection of SMA-ZnPP.

SMA-ZnPP
(12 mg/kg)

Fig. 4. Histological changes in rabbit VX-2 transplanted liver cancer after SMA-
ZnPP treatment. Establishment of the tumor model is described in Materials and
Methods. The dose of SMA-ZnPP was 12 mg/kg (ZoPP equivalent). Animals were
killed, and tumor tissues were collected at 30 days (control group) and 60 days
(SMA-ZnPP treatment group) after tumor inoculation, which were fixed by 10%
buffered neutral formalin solution and were then subjected to H&E staining.

Table 2
Therapeutic effect of SMA-ZnPP on rabbit VX-2 papiloma implanted in the liver.

Group  Dose % Survival after treatment® Histological changes (by
(mg/ke)* 40 days® 60 days® 80 days? 2P3rOLOMY)

Control 0O 0 0 1} Growing with invasion
SMA- 4 100 60 60 Fibrosis appearing
ZnPP
8 100 80 30 Necrosis, fibrosis in tumors
12 100 100 100 Necrosis, totally fibrosis

See text and Fig. 4 for details.

2 ZnPP equivalent. SMA-ZnPP was injected once weekly for 4 weeks at the
indicated doses.

b Days after tumor inoculation.

© n=>5-7 Per group.
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Fig. 5. In vivo antitumor effect of SMA-ZnPP. A shows the results in mouse MethA
tumor model; O, no drug control; ®, SMA-ZnPP (4 mg/kg ZnPP equivalent). B and C
show the results of change in tumor size and survival of mouse B16 melanoma
model; <, no drug control; M, SMA-ZnPP (30 mg/kg ZnPP equivalent), Arrows
indicate injections of SMA-ZnPP. Data are means (1 =6-8); bars, SE. *P < 0,0001;
**P<0.001, SMA-ZnPP treatment group vs untreated control group.

Similarly, in B16 melanoma in mice, which is known to progress
rapidly and difficult to cure, significant suppression of tumor
growth was found after 3 continuous injection of SMA-ZnPP at a
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Fig. 6. Modulation by SMA-ZnPP of HO-1 activity in the Meth A (A), B16 (B) and S180 (C) solid tumor models. Tumor-bearing mice were i.v. injected with SMA-ZnPP (20 mg/
kg, ZnPP equivalent). Twenty-four hours after the injection, tumors were obtained and were used for HO activity. Control mice values are means (n = 3-5); bars, SE.*P<0.01;

P < 0.005, SMA-ZnPP treatment group vs untreated chtrol group.

high dose (30 mg/kg). (Fig. 5B). Moreover, this treatment signifi-
cantly contributed in the survival of tumor-bearing mice, that is,
at 21 day after tumor inoculation, all mice of untreated control
group died, whereas 50% of the mice in SMA-=ZnPP.treatment group
remained alive (Fig. 5C). L

3.5. Inhibition by SMA-ZnPP of HO activity in Meth A and B16 solid
tumor ! :

To clarify whether the in vivo suppression of tumor growth by
SMA-ZnPP was due to the inhibition of HO activity, the enzyme
activity of HO-1 in tumor after SMA-ZnPP treatment was exam-
ined. As shown in Fig. 6, HO-1:activity was significantly suppressed
in all tested tumors (by 30-40%). T heéeﬁndings support our work-
ing hypothesis of the antitumor mechanisms of SMA-ZnPP, that is,
through the HO-1 inhibition pathway, at least partly.

3.6. Adverse effect of SMA-ZnPP treatment

As summarized in Table 3, no significant adverse effects such as
decreases in RBC and WBC counts’ and hemoglobin levels were
found 72 h after SMA-ZnPP treatment at the dose of 50 mg/kg,
which is much higher'than the therapeutic dose or effective dose.
Also, no significant changes in the liver enzymes and kidney func-
tions were found under the same conditions (Table 3).

In addition, in a long-term follow-up of the above SMA-ZnPP
treatment at high dose by a bolus administration (200 mg/kg), no

Table 3 o v v
Effect of SMA-ZnPP in hematology:and liver,'kidney function.®

death or body weight changes was observed up to 3 months after
SMA~ZnPP injection (data not shown). These data strongly suggest
the safety of SMA-ZnPP treatment.

4. Discussions

In this'study, we demonstrated the superior and selective anti-
tumor effect of SMA-ZnPP, both in vitro against various tumor cell
lines (Fig. 1, Table 1), and in vivo against different type of solid tu-
mors (Figs. 4 and 5), especially indicating its potential as a thera-
peutic for liver cancer. The antitumor activity of SMA-ZnPP is
achieved by its targeting to the HO-1 that is a important “survival
factor” of most tumors [2,5,6], which ZnPP is the pharmalogical ac-
tive principle to inhibit HO-1 activity. This anticancer strategy was
developed in our laboratory, and to improve the water-solubility
and pharmacokinetics of ZnPP, micellar formations of ZnPP were
developed by use of various water polymers, that is, PEG and
SMA, both of which are widely used polymers to modify hardly sol-
uble small molecular drugs. : ah

One of the examples is PEG-ZnPP, which is'a polymer conjugate
that forms micelles in water solutioris with superior in vivo phar-
macokinetics [12,13]. Accordingly, it demonstrated a significant
tumor growth suppression effect {13]. However, we have found a
limitation to the use of PEG as polymeric carrier of ZnPP. Namely,
PEG-ZnPP could only carry 1.5% ZnPP/PEG w/w ratio. This low
loading of ZnPP in PEG conjugate requires relatively large injection
dose that leads to high viscosity at higher dose that may be'needed

Hematological findings

Kidney function

Liver enzymes

RBC (10%/u1) WBC (/) Hb (g/1) BUN (mg/dI) Cr (mgdl) AST (/1) ALT(IUf) . LDHQUJ)
Control 868.7 £ 60.6 186.7 188 13412 23.0£06 0.11+0.01 3953918 260+38 106975 £2247.6
SMA-ZnPp® 820.0+705 206.5+52.0 23312 259+1.1 0.130.01 351.8%88.9 27.5%27 9755.0 £ 1570.8

Abbreviations used are: Hb, hemoglobin; BUN, blood urea nitrogen; Cr, creatinine; AST, aspartate aminotransferase:’ ALT, alanine aminotransferase; LDH, lactate 5

dehydrogenase.

* No significant difference was found between SMA-ZnPP treatment group and control group in all selected indices. Values are presented as means + SE.

S

b SMA-ZnPP was administered i.v, at 50 mg/kg (ZnPP equivalent). Assays were carried out at 72 h after SMA-ZnPP treatment.
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for possible human therapeutic application. Further, the cost of
expensive PEG for such low loading drug results in relatively high
drug cost, which will become a social problem. To overcome these
drawbacks, we further developed a micellar type of ZnPP using
SMA, namely SMA-ZnPP, which can achieve higher loading of
15-45% w|w [14]. The high loading did not affect its solubility in
this micelle; on the contrary, it resulted in solubility of up to
150 mg/ml, which can exceed the solubility required for therapeu-
tic application.

In addition to the increased water-solubility, SMA-ZnPP also
showed faster cellular uptake in all three different tumor cell lines
tested, which is comparable to that of free ZnPP. Namely, it was
about three times higher than PEG-ZnPP (Fig. 2). In our recent re-
port, we compared the intracellular fate of free ZnPP and its poly-
mer conjugates and micells (i.e., SMA-ZnPP and PEG-ZnPP) [17].
While free ZnPP was taken up via free diffusion, SMA-ZnPP was
mostly internalized by endocytosis. During this internalization
process, the micelle integrity was disrupted and free ZnPP ap-
peared to be released upon internalization with cell membrane
components [17]. However, the intracellular uptake of PEG-ZnPP
was greatly impeded, which is called PEG dilemma [17,18]. The
data in present study are consistent with our previous findings,
suggesting that SMA-ZnPP shows stronger cytotoxicity than
PEG-ZnPP because of its efficient cell uptake. To verify this notion,
we tested the cytotoxicity of SMA-ZnPP in various tumor cells,
which exhibited a mean ICsq of 11.1 1M (Table 1), whereas as re-
ported previously, PEG-ZnPP showed a relatively higher 1Csq of
about 20 uM [13].

SMA-ZnPP micelle appeared as large molecule with the appar-
ent molecular size of 144 kDa as determined by size exclusion
chromatography [14]. As such large molecule, we thus anticipated
its higher intratumor concentration based on the EPR effect fol-
lowed by rapid endocytosis. It appears to be an universal phenom-
enon of macromolecular drugs with molecular weight larger than
40 kDa, a feature of the EPR effect, which they are selectively accu-
mulated and being retained in solid tumor because of the unique
anatomical and pathophysiological characteristics of tumor vascu-
lature [19], and it is now known as a gold standard for the design
and development of anticancer drugs [20-26].

However, we could not find good EPR effect for SMA-ZnPP in
the present study, even tough it showed stable macromolecular
micellar structure in physiological solution as described in our pre-
vious report [14]. This may be probably due to the lack of in vivo
stability particularly in circulation, namely SMA-ZnPP micelle
may be disrupted during circulation or upon uptake by RES which
are rich in liver and spleen. Because of the high affinity to liver and
spleen, free ZnPP released from SMA-ZnPP after disruption will
accumulate mostly in liver and spleen. In consistent with this no-
tion, we found interestingly that SMA-ZnPP significantly accumu-
lated in liver tissue, for example, 20 times higher than plasma
concentration at 24 h after i.v. injection, and it retained in the liver
tissue at relatively high concentration for more than 96 h (Fig. 3Q).
The disruption and high liver accumulation of SMA-ZnPP could be
improved by conjugation of SMA with ZnPP via a convalent amide
bond (unpublished data). These data of distribution study, how-
ever, strongly suggest us to use SMA-ZnPP for the treatment of
the liver cancer that is very difficult to treat in clinic with high
mortality. Accordingly, in the present study, a significant cure rate
of rabbits with VX-2 tumor implanted in the liver was achieved by
using SMA-ZnPP, evidences being not only by the survival rate of
animals, but also by the histopathological examination, that is,
SMA~ZnPP treatment resulted in more necrosis as well as fibrosis
of tumor tissues (Fig. 4 and Table 2).

Moreover, in other tumor models, that is, Meth A and B16 mel-
anoma, SMA-ZnPP markedly reduced the tumor volume (Fig. 5),
though complete regression of the tumor was not possible in B16

lated in the liver was very high, while clearance from the circula-

melanoma as in VX-2. In addition, compared to B16 tumors, Meth
A tumors showed higher sensitivity to this treatment. Namely, a
lower dose of SMA-ZnPP (at 4 mg/kg bolus i.v.) exhibited relatively
remarkable tumor suppression effect (Fig. 5A) compared to B16 tu-
mor with higher dose treatment of SMA-ZnPP (three injections of
30 mg/kg) (Fig. 5B). These findings are consistent with the cytotox-
icity data of these two cell lines (ICsy of Meth A, 108 uM vs
20.1 uM of B16, Table 1).

The antitumor mechanisms of SMA-ZnPP were considered
mostly due to the HO inhibition activity, and variation of HO-1
dependence susceptibility in different tumors may result in the
variation of therapeutic effect. This notion was partly verified in
the present study, namely, SMA-ZnPP treatment decreased the
HO-1 activity in Meth A, B16 and 5$180 solid tumors, significantly
though not largely (Fig. 6). It should be also noted that many other
possible mechanisms may also work for the antitumor activity of
SMA~ZnPP. For example, it has been reported that ZnPP-induced
apoptosis of hamster fibroblasts by upregulating p53 expression,
through ZnPP-mediated Egr-1 binding [27). More recently, down-
regulation of BCR/ABL oncogene by ZnPP in case of chronic myeloid
leukemia (CML) has been reported [28]. Administration of PEG—
ZnPP or SMA-ZnPP showed a remarkable therapeutic potential
against CML [29,30], even imatinib-resistant CML [31]. In addition,
SMA copolymer itself was found to have an active role in endoge-
nous interferon induction as well as the activation of NK cells [32-
34]. Furthermore, zinc is also known as an essential messenger
molecule in stimulating immune response [35], and it was also
used for the treatment of prostate cancer, probably via a mitochon-
drial-mediated apoptotic pathway [36-38]; it thus may serve as
another mechanism of SMA-ZnPP-induced antitumor effect by
releasing zinc from the porphyrin ring of ZnPP. The roles of various
factors in mediating different anticancer activity of SMA-ZnPP in
tumors, however, remain to be investigated.

Even though SMA-ZnPP accumulated predominantly in the li-
ver tissues, we did not find apparent adverse effects during our
experiments. In addition, no deterioration of the liver functions
was observed even at high dose of SMA-ZnPP (50 mg/kg) (Table 3).
This may be, at least partly, due to the differences of sensitivities to
SMA-ZnPP between normal and tumor cells. This notion was sup-
ported by in vitro MTT assay, which showed a relatively strong
cytotoxicity of SMA~ZnPP against various tumor cells (Table 1),
that is, the ICsq of SMA-ZnPP to human liver cancer cells Sk-Hep
was 16 UM, and the range of 1Csq in different tumor cells was be-
tween 3 and 20 pM. Importantly and interestingly, normal cells
seemed to be much tolerant to SMA-ZnPP. Namely, the ICsq of
SMA-ZnPP to normal hepatocytes Hc was higher than 50 1M, as
well as other normal cells (Table 1). The difference of the responses
of tumor cells and normal cells against SMA-ZnPP treatment may
be due to the difference of HO-1 expression between tumor and
normal cells, as described earlier [2,5,6,13]; however, further
investigations are needed to define this correlation.

SMA-ZnPP used in our animal study, with some exceptions, was
at the dose range of 1-10 mg/kg; however, animals were able to
tolerate as high as 50 mg/kg without any apparent toxicity as re-
flected by blood cells count and biochemical examination of liver
and kidney functions (Table 3), as well as survival rate. These data
indicate the high safety of SMA-ZnPP with a wide therapeutic
window.

5. Conclusions
The water-soluble micellar type of HO-1 inhibitor SMA-ZnPP

was found to be effective in many solid tumor models, especially
VX-2 tumor transplanted in the liver of rabbit. The drug accumu-
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tion was relatively rapid. SMA-ZnPP was examined both in vitro
and in vivo; whereas it showed relatively potent cytotoxicity to tu-
mor cells (average ICsq of about 11 HUM); the ICso of normal cells
was higher than 50 uM, which resulted in very little adverse effects
to tumor-bearing animals. These findings suggest the potential use
of SMA-ZnPP as a novel anticancer drug especially for liver cancer,
which warrants further development and investigatior
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