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medium for 10 min at 37 °C with FL containing pCMV-script/OVA
(1 pg), Lipofectin {Invitrogen) complexed with 1 pg plasmid as de-
scribed in the manufacturer’s protocol. After 24 h cultivation, total
RNA was extracted from the transfected cells and used as a template
for RT-PCR analysis.

Antigen presentation assay. The in vitro assay for antigen process-
ing and presentation was performed as described in other studies [26]
In brief, IC21 cells (10° cells/well in 96-well plate) were incubated with
various concentrations of antigens-encoding plasmids entrapped or
complexes with various vectors at 37 °C for only 10 min. The cells were
washed and subsequently incubated at 37 °C for 24 h. Then the cells
were fixed with 0.05% glutaraldehyde, washed three times, and cul-
tured with CD8OVAL3 T hybridoma cells (10° cells/well). The re-
sponse of the CD8OVAL.3 T cells was determined by the level of IL-2
secretion using a CTLL-2 proliferation assay. Results are expressed as
means £ SD for triplicate/group.

Detection of OVA-specific antibody production by ELISA. OVA-
specific antibody was detected as described previously, ELISA plates
were coated with 10 mg/ml OVA in 50 mM bicarbonate buffer. Wells
were blocked with 2-fold diluted Block Ace (Dai-Nippon Pharma-
ceutical) for 16 h at 4 °C. After washing four times with PBS con-
taining 0.05% Tween 20 (PBS-T), each diluted serum was added (50 pl/
well) and incubated for 2 h at 37°C. Serums from non-immunized
mice were included as controls. HRP conjugated anti-mouse IgGl
(Southern Biotechnology Associates, Birmingham, AL) was used as
the detection Ab. Following 2 h incubation at 37 °C, plates were wa-
shed, and the reaction was developed by 3,3',5,5'-tetramethylbenzidine
(Moss, Pasadena, CA), and color development was terminated after a
15-min incubation by addition of 2 N H,S0,. Endpoint titers were
expressed as the reciprocal log2 of the last dilution, which gave an OD
at 450 nm of 0.1 greater than non-immunized mice.

Cytokine analysis by ELISA. Cytokine levels in culture superna-
tants of Ag-stimulated splenocytes were determined by a cytokine-
specific ELISA. Briefly, splenocytes from immunized mice were
cultured with 1 mg/ml OVA. Culture supernatants were harvested 96 h
after incubation, and the levels of Thl (IFN-y) and Th2 (IL-4, 1L-§,
and IL-6)-type cytokines were determined by cytokine-specific ELISA
kit (Amersham-Pharmacia Biotech). The concentration of cytokines
was calculated by standard curves obtained according to the instruc-
tion provided by the manufacturer.

In vitro CTL induction and cytotoxic assay. C57TBL/6 mice (7
weeks old, male, H-2b) were immunized twice at two-week intervals
with 50 pg of naked DNA, cationic lipid/plasmid complex, and
plasmids entrapped in a conventional liposome or FL. Spleen cells
from immunized or non-immunized mice were recovered 14 days
after the last immunization and were stimulated in vitro with
mitomycin C-treated EG7 cells for § days. The cytotoxic activity of
these effector cells was tested on 3'Cr-labeled target cells, OVA-ex-
pressed EG7 cells, and EL4 as a control, at various effector/target
ratios. The cytotoxicity assay was completed in triplicate. The
maximum release was determined by adding 1% Triton X-100 to the
target cells. A spontaneous release was obtained in target cells
incubated without effector cells. EL4 cells were used as control for
specificity. The released radioactivity was measured in the superna-
tant. The specific lysis was determined as follows: percentage of
specific lysis = [(percentage of lysis of positive target) — (percentage
of lysis of negative target)].

Tumor rejection assay, CSTBL/6 mice were immunized twice s.c. at
the tail base using three doses of naked DNA, cationic lipid/plasmid
complex, and plasmids entrapped in a conventional liposome or a FL
at two-week intervals. Fourteen days after the last immunization (day
0), 1 10° OVA-expressing EG7 cells or 1 x 10% ELA4 cells were intra-
dermally injected. Six to thirteen mice were used for cach experimental
group. Tumor growth was monitored by calculating the tumor volume
and was individually plotted. The tumor volume was calculated as
follows: V= (lcngthxwidthz)/z Tumor measurements were deter-
mined until they exceeded 1000 mm”®.

Results and discussion

Initially, using RT-PCR analysis, we verified the
expression of OVA mRNA transcribed from the plas-
mid, pCMV-script/OVA (Fig. 1), used for DNA vacci-
nation (Fig. 2, lane a). We also performed in vitro
transfection studies to assess the OVA proteins ex-
pressed in a transfected mouse macrophage cell line
(IC-21) and fibroblasts (L cells). It appears that a major-
ity of the DNA injected in vivo is rapidly degraded by
extracellular deoxyribonucleases. In this regards to inti-
mate the in vivo milieu, in vitro transfection experiments
were performed for only 10 min. Surprisingly, in only
10 min transfection, a remarkably higher OVA mRNA
expression was detected in IC-21 and L cells treated with
FL than by other transfection techniques (Fig. 2, naked
plasmid, lane b; liposome, lane c; Lipofectin, lane d; and
FL, lane ¢). For example, OVA expression was lower for
a commercially available cationic lipid-based gene deliv-
ery method (Lipofectin) than for FL-mediated transfec-
tion in L cells. Furthermore, OVA expression was not
observed in IC-21 cells in response to the Lipofectin
method.

We have demonstrated that FLs deliver their contents
via membrane fusion rather than endocytosis and that
macrophages preferentially phagocytize positively
charged liposomes {29.30]. Together, these studies indi-
cate that plasmid vectors complexed with cationic lipids
are taken up through an endocytotic pathway and de-
graded in endosomes. In contrast, FLs mediate rapid
and efficient introduction of the encapsulated plasmid
into cells, which leads to antigen processing and presen-
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Fig. 2. RT-PCR analysis of OVA in L and IC-21 cells that were
transfected by various vectors. L (A) and IC-21 (B) cells were
incubated with various vectors at 37°C for 10 min. after 24h in
culture, Naked §pug pCMV-script/OVA plasmid (b), conventional
liposome encapsulating 1 pg pCMV-script/OVA (c), 5 ug Lipofectin/
pCMV-script/OVA complex {d), and 1 pg pCMV-script/OVA-FL (¢)
were co-amplified by Tag DNA polymerase generating 864 bp PCR
fragments. The samples were electrophoresed through a 2.0% agarose
gel and stained with ethidium bromide.
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Fig. 3. Presentation of OVA using FL on MHC class I molecules by
1C-21 cells. IC-21 cells were incubated with various concentrations of
antigen-encoding plasmids entrapped or complexed with various
vectors at 37 °C for only 10 min. After 24 b in culture, the IC-21 cells
were incubated with CD8OVAL3 T hybridoma cells for 24 h. The
responses of CDS8OVAL3 were determined by their level of IL-2
secretion, using a CTL bioassay. Results are expressed as means + SD
for each group (n=13).
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tation to MHC class I molecules in a murine macro-
phage cell line (IC-21) (Fig. 3).

In the present study, we also investigated anti-OVA
IgG responses in mice after subcutaneous immunization
with FL. We collected blood samples from mice at the
indicated time points after immunization with pCMV-
script/OVA-FL and several other plasmid formulations.
Both IgG1 and IgG2a antibodies were assessed by ELI-
SA against recombinant OVA proteins (Fig. 4). The

IgG1
12

OVA-specific IgG1 and IgG2a responses in the serum
of mice subcutaneously immunized with pCMV-script/
OVA-FLs were remarkably higher than those from mice
immunized with naked plasmid, pCMV-script/OVA
encapsulated conventiona! liposome, or Lipofectin/
pCMV-script/OVA complexes. These serum Ab re-
sponses remained elevated for at least 12 weeks and
demonstrated that FL-mediated antigen expression in-
duced efficient and antigen-specific humoral immune
responses.

In general, DNA vaccines that do not use an immu-
no-modulating adjuvant (CpG oligonucleotides, chol-
era-toxin, and heat-labile toxin) exhibit low
immunogenicity [6,13,16,17]. These observations are
supported by the results of human trials of DNA vacci-
nation, which are generally ineffective [1]. In this regard,
the development of a delivery system for DNA vaccina-
tion, which possesses immuno-potentiating adjuvant
activity, is desirable. We therefore characterized the
Ag-specific splenocytes from mice subcutaneously
immunized with pCMV-script/OVA-FLs, and deter-
mined Thl (IFN-y} and Th2 (IL-4)-specific cytokine
production levels (Table 1). Thl- and Th2-type cytokine
production in splenocytes increased remarkably in mice
immunized with pCMV-script/OVA-FLs. These results
indicated that FLs could elicit systemic Thl- and Th2-
type CD4+ T cells without co-administration of
adjuvants.

As indicated in Fig. 4, Thl-type Ag-specific responses
were also induced by FL-mediated DNA vaccination,
which suggests that this method could induce efficient
and Ag-specific CTL responses. To confirm this theory
we performed an in vitro cytotoxicity assay. CTL activ-
ity of splenocytes from mice immunized with pCMV-
script/OVA-FLs against EG7 cells was stronger than
that of splenocytes from mice immunized with other
pDNA formulations, such as naked pDNA, Lipofec-
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Fig. 4. OVA-specific Ab responses after intradermal immunization with pCMV-script/OVA-FL. Balb/c mice were immunized with 50 pg of naked
pCMV-script/OVA (0)), S pug conventional liposome encapsulating pCMV-script/OVA (@), 25 pg of a Lipofectin/$ pg pCMV-script/OVA complex
(&), or 5 pg pCM V-script/OVA-FL () twice with an interval of two weeks between treatments. Serum samples were collected from each mouse and
assayed for OVA-specific IgGl and IgG2a by ELISA at different time intervals after the primary immunization. Titers were defined as the highest
dilution required to reach an OD of 0.1 at 450 nm.
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Table 1
Characterization of Thl- and Th2-responses in vivo
Vector Stimulation IFN-y (pg/ml) IL4 (pg/ml)
Saline Medium 157.0 £ 12.7 <18
: OVA 1614 £ 153 <78
Naked DNA Medium 1704 £ 26.4 103£25
OVA 4438+ 1395 115118
Liposome Medium 165.7 £ 10.7 9.5k LS
. OVA 438.1 £214 98+ 12
Cationic liposome Medium 182.6 + 14.6 128+ 1.7
OVA $29.4 £ 25.7 114+ 24
Fusogenic liposome Medium 176.1 + 18.4 124+ 24
OVA 861.1 + 584 242437

Splenocytes (5 x 10° celis/ml) were stimulated in vitro for 48 h with OVA protein (1 mg/mt), and the cytokine levels in the culture supernatant were
determined by ELISA. The mean % SD is shown for each group of three mice. The lower limit of IL-4 detection was 7.8 pg/ml.

tin/pDNA complexes or pDNA encapsulated by con-
ventional liposomes. These findings emphasize that plas-
mid DNA vaccination combined with FL could induce
effective CTL responses (Fig. 5).

Finally, we investigated whether FL-mediated DNA
vaccination could induce antigen-specific anti-tumor
immunity. In order to determine the effects of FL-med-
iated prophylactic vaccination, we analyzed tumor
growth and survival after vaccination in the EG7 model.
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Fig. 5. In vivo immunization with pCMV-script/OVA encapsulated by
FL induced antigen-specific CTL responses. Fourteen days after the
last immunization, splenocytes from mice immunized with naked
pCMV-script/OVA (50 pg), pCM V-script/OVA (5 pg) encapsulated by
a conventional liposome, Lipofectin/pCMV-script/OVA (25 pg) com-
plex or FL containing pCMV-script/OVA (5 pg) were isolated and
restimulated with MMC-treated EG7 for § days to enhance the
frequency of Ag-spesific CTLs. CTL activity against EG7 or EL4 was
measured by a >!Cr release assay. The figure represents the amount of
lysis against the *'Cr-labeled EG? and ELA.

Four weeks after the last immunization, mice were intra-
dermally challenged with 10° live EG7 cells in the abdo-
men. As shown in Fig. 6, high concentrations of naked
pCMV-script/OVA, 5 pg pCM V-script/OVA/Lipofectin
complexes or pCMV-script/OVA encapsulated in con-
ventional liposomes did not generate protective immu-
nity. In contrast, only 5ug of pCMV-script/OVA
encapsulated in FL exhibited enhanced anti-tumor ef-
fects as demonstrated by reduced tumor growth and
prolonged survival. Furthermore, Hayashi and Kuni-
sawa et al. reported that FL possesses immuno-stimulat-
ing activities derived from Sendai virus accessory
proteins displayed on the FL surface, which up-regulate
co-stimulatory molecules on cells, including antigen pre-
senting cells such as dendritic cells and splenocytes
{27,31]. In the present study, in vitro experiments pro-
vide evidence that FLs mediate efficient introduction
and expression of antigen genes and enhance MHC class
I antigen presentation. Our findings lead us to surmise
that these synergistic effects facilitated antigen-specific
immune reactions in response to FLs used as genetic
vaccine carriers.

Our results demonstrated that FL-mediated genetic
immunization ¢an trigger strong and antigen-specific
humoral and cell-mediated immunity in mice. FL,
which was reconstituted from UV-inactivated Sendai
virus and liposomes, is a promising approach for anti-
gen-encoding gene delivery. Sendai virus-derived acces-
sory proteins incorporated into FL not only enhance
antigen introduction into the cytoplasm and pDNA
expression, but also stimulate inflammatory responses,
a major advantage of DNA vaccination. In conclu-
sion, our present study illustrated that FL-mediated
genetic vaccination facilitates the antigen presentation
by APC in vitro and remarkably enhanced anti-tumor
immune responses in vivo. Thus, by overcoming
the current problems in genetic immunization, the
FL-mediated gene transfer system makes significant
progress toward the development of genetic cancer
or viral vaccines.
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the in vivo pharmacokinetics of synthesized PVP
derivatives with various electrically charge or hy-
drophilic/hydrophobic balance [20]. For instance,
the co-polymer between vinylpyrrolidone (VP) and
vinyl-lauric acid showed a marked increase in
distribution in the spleen compared to that in the
liver. Recently, we synthesized a novel polymeric
drug carrier, PVD, which was a powerful candidate
as a targeting carrier for a renal drug delivery
system. In this study, we attempted to optimize
the renal drug delivery system using PVD.

To assess the usefulness of PVD as a renal
targeting carrier, the relationship between the M,
of PVD and its renal accumulation after intravenous
injection was investigated (I'ig. 11, Renal accumula-
tion was highest for molecules with an M, of 6—
8 kDa, about 80% of the administered dose accu-
mulate in the kidneys 3 h after intravenous injection.
Increase or decrease of an M, lowered the renal
accumulation (g, 2). We have previously showed
that the safety of PVD was similar to that of PEG
and PVP, which are used clinically |i?]. Thus, PVD
with 6-8 kDa of M, seems to be an extremely safe
polymeric carrier with much higher renal targeting
and retention capacity. It has previously been found
that PVD was selectively accumulated in renal
proximal tubular epithelial cells after intravenous
injection {17]. Additionally, the uptake of PVD by
renal tubular cells was inhibited by the energy
inhibitor (NaN;) and was not affected by cytocha-
lasin B. Thus, PVD may be taken in by an energy-
dependent process except for endocytosis. Several
specific molecules play a role in renal transport, and
various organic anions transporter exist in the kid-
ney, but these transporters generally carry low-
molecular-weight drugs. It is unclear why PVD with
a molecular weight of 6-8 kDa was selectively
accumulated in the kidneys. To address this ques-
tion, we are currently in the process of doing some
experiments.

We further evaluated the usefulness of PVD as a
renal targeting carrier by polymer conjugation to
SOD, which has been expected to be a potential
drug to renal disease. Many recent studies have
reported an association between activated oxygen
species such as superoxide radical (O3), hydrogen
peroxide (H.0,). hydroxyl radical (-OH), and NO
with various pathologic disease processes such as

cancer, inflammation. septicemia, and necrosis asso-
ciated with ischemic reperfusion {2!.22]. Several
studies have investigated the use of activated oxygen
metabolic enzymes and antioxidants as therapeutic
agents in diseases where stress oxidation plays a
prominent role { 23.24]. SOD has shown promise as a
therapeutic agent, eliminating O3 in the early stages
of formation of highly reactive oxygen species such
as ‘OH. Developments in genetic engineering have
now enabled the production of large quantities of
human Cu/Zn-SOD, which has attracted attention as
a therapeutic agent 25|, With respect to kidney
disease, activated oxygen is known to play an
indispensable role in the mechanisms of ARF, com-
plications associated with long-term maintenance
dialysis, drug toxicity, and various inflammatory
conditions {2{. We prepared PVD-SODs with var-
ious molecular size tTaple ) and then evaluated
their tissue distribution 3 h after intravenous injec-
tion tlig ). The renal accumulation of PVD-SODs
decreased with increasing their molecular size. About
sixfold more L-PVD-SOD with 73 kDa of M,, which
had almost full activity compared with native SOD,
was distributed to the kidneys than native SOD. The
renal accumulation of PVP-modified SOD with the
same molecular size as L-PVD-SOD was similar to
that of native SOD (data not shown). This confirms
that renal accumulation of L-PVD-SOD is attribut-
able to the properties of PVD. However, extensive
PVD modification of SOD did not increase its renal
accumulation. These results indicated that L-PVD-
SOD was the optimal derivative which had a poten-
tial renal targeting capability. Thus, our results
revealed that the renal accumulation probably
involves not only an optimal introduction rate of
electrical charges and/or hydrophobicity to PVD, but-
also molecular size of PVD-SOD.

Renal disease is one of the most serious problems
in the world. Many researchers have attempted to
deliver drug to the kidney. For example, Hashida et al.
reported that cationized SOD and PEGylated SOD
exhibited significant therapeutic effects on ischemic
acute renal failure i 27.221. However, there is no report
as to delivery of drug to the kidney specifically. On
the other hand, PVD accumulated in the kidney about
80% of the administered dose. Therefore, we consider
that PVD may be the most superior carrier for
delivering drug to the kidney. Thus, the development
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of new therapeutic approaches is expected for treating
patients with renal disease. As shown in Tubic 4, L-
PVD-SOD showed great potential as a renal antioxi-
dant agent to ARF. These results suggest that L-PVD-
SOD may be a candidate as a novel therapeutic agent
with high renal targeting capability.
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Abstract

In an attempt to enhance the immunological efficacy of genetic immunization, we investigated a new biological means for deliv-
ering antigen gene directly to the cytoplasm via membrane fusion. In this context, we investigated fusogenic liposome (FL) encap-
sulating DNA as a possible genetic immunization vehicle. RT-PCR analysis indicated that a FL could introduce and express
encapsulating OVA gene efficiently and rapidly in vitro. Consistent with this observation, an in vitro assay showed that FL-mediated
antigen-gene delivery can induce potent presentation of antigen via the MHC class I-dependent pathway. Accordingly, immuniza-
tion with FL containing the OVA-gene induced potent OV A-specific Thl and Th2 cytokine production. Additionally, OVA-specific
CTL responses and antibody production were also observed in systemic compartments including the spleen, upon immunization
with the OVA-gene encapsulating FL. These findings suggest that FL is an effective genetic immunization carrier system for the
stimulation of antigen-specific immune responses against its encoding antigen.
© 2004 Elsevier Inc. All rights reserved.
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Genetic immunization using plasmid DNA (pDNA)
encoding antigens from bacteria, viruses, and cancers
has often led to protective cell-mediated (Thl) and
humoral (Th2) immunity {1]. This system has some prac-
tical advantages over conventional vaccines, such as
safety, stability, cost-effectiveness for manufacturing,
and the ease of modifying and customizing the gene se-
quence to produce the desired type of recombinant pro-

* Corresponding author. Fax: +81 6 6879 8176.
E-mail address: nakagawat@phs.osaka-u.ac.jp (S. Nakagawa).
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tein for expression in vivo. Although naked DNA
vaccines (i.e., pPDNA in saline) are effective in small ani-
mal models {2-4], recent results from large-animal and
non-human primate studies have been disappointing
due to sub-optimal immune responses, despite the use
of multi-milligram doses of naked pDNA [5]. Therefore,
the development of adjuvants and excipients to increase
immune responses to DNA vaccines has become
an active area of research. The potential of genetic
immunization to exert an effective antigen-specific im-
mune response is directly related to both the level of
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expression of the encoded protein and the immuno-
modulatory activity generated by DNA vaccine formu-
lations [6-8].

Two main causes for the ineffectiveness of genetic
immunization have been proposed. First, the pDNAs
are generally unstable in vivo. In other words, most in-
jected pDNAs are degraded by extracellular deoxyribo-
nucleases in situ [9-11]. In addition, a limited amount
of undegraded pDNA is taken up via endocytosis by
neighboring cells around the injection site, including
antigen presenting cells (APCs). The endocytosed
pDNAs are thus generally degraded in intracellular
compartments such as endosomes or lysosomes. Conse-
quently, extremely low levels of pDNAs that escaped
from these host factors could express their encoded
antigens, resulting in inefficient induction of antigen-
specific immunity. Furthermore, in terms of eliciting
antibody responses, DNA vaccines are poorly immuno-
genic relative to other vaccines such as peptide and
protein vaccines [12,13]. Because of the extra- and in-
tra-cellular degradation and low immunogenicity of
naked pDNAs, genetic immunization exhibits poor
performance when administered by routes other than
intramuscular [5].

In this context, various approaches, such as combina-
tion with adjuvant or cytokines and particulating tech-
niques, have been applied to enhance immune
responses to the encoding antigen [9,11]. The carrier-
mediated approach is particularly promising because
of enhanced pDNA stability and immunogenicity, and
also due to the combination with molecular adjuvants.
To address these issues, several DNA-particulating ap-
proaches have been evaluated [14]. Recently, liposomes
and micro- or nano-scale particles have been tested for
genetic vaccination {14-20]. However, due to the low
immunogenicity and degradation of pDNA by APCs,
a novel carrier-mediated approach to improve the po-
tency of DNA vaccines is required.

We previously developed a unique antigen delivery
system based on liposomes fused with UV-inactivated
Sendai virus, known as the fusogenic liposome, FL
{21-25]. The FL efficiently delivered the encapsulated
antigens into the cytoplasm of antigen presenting cells
via membrane fusion for use in the MHC class I-presen-
tation pathway {26,27]. Furthermore, FL possesses adju-
vant activity derived from Sendai virus accessory
proteins. It stimulates antigen presenting cells to up-reg-
ulate cell surface markers and enhances the expression
of inflammatory cytokines by APCs. Additionally, we
demonstrated that subcutaneous immunization with
antigen-encapsulated FL induced high levels of anti-
gen-specific immune responses at systemic immune com-
partments such as the spleen [26].

This information and our previous results allowed us
to hypothesize that FL could be utilized as genetic vac-
cine carrier. Thus, the purpose of the present study was

to analyze the efficiency of immunization through der-
mal delivery of model antigen protein-encoding DNA
(OVA) delivered by FL.

Materials and methods

Mice and cells. Six- to eight-week-old male C57BL/6 (H-2°) mice
were purchased from SLC (Hamamatsu, Japan). EL4 (Tohoku Uni-
versity, Sendai, Japan) is a C57BL/6 T lymphoma and EG7 is an
ovalbumin (OVA)-transfected clone of EL4. 1C21 cells are C57BL/6
macrophage clones, H-2Kb. CD8OVA1.3 (provided by Dr. Clifford V.
Harding, Case Western Reserve University, Cleveland, OH) is a T-T
hybrid cell, which is specific for OVA257-264-Kb.

EL4 and IC21 celis were grown in RPMI1640 medium supple-
mented with 10% FCS. The CTLL-2 cells were maintained in
RPMI1640 medium supplemented with 10% FCS and 1 U/ml human
recombinant IL-2. The EG7 cells were maintained in RPMI1640
medium supplemented with 10% FCS and 400 pg/ml G418. CD8O-
VAL.3 was grown in DMEM supplemented with 10% FCS. All culture
media were purchased from Invitrogen (Carlsbad, CA) and supple-
mented with non-essential amino acids, antibiotics and, 5x 1075 M 2-
mercaptoethanol (2-ME).

Plasmids. The EcoRI fragment of pAc-neo-OVA [28] was cloned
into the EcoRlI site of pBluescriptll KS(-), resulting in pBluescriptIl
KS(~)/OVA. To construct an OVA gene expression vector, the
BamH]/Sall fragment of pBluescript I KS(—)/OVA was ligated into a
BamH]1/Sall cut pCMV-script (Stratagene), resulting in pCMV-script/
OVA (Fig. 1), which is driven by the cytomegalovirus promoter and
contains the SV40 poly(A) signal.

Preparation of fusogenic liposome. pPCMV-script/OVA containing
unilamellar liposomes was prepared by a modified reverse-phase
evaporation method using 46 umo! of lipids (egg phosphatidylcho-
line: L-a-dimyristry] phosphatidic acid: cholesterol = 5:1:4, molar
ratio). After three cycles of freezing and thawing, the liposomes were
sized by extrusion through a 0.8 pm polycarbonate membrane
(Nucleopore; Coaster, Cambridge, USA) and pelleted by ultracen-
trifugation to remove unencapsulated plasmids. Then, FL encapsu-
lated pCMV-script/OVA was prepared by fusing the liposomes with
UV (2000 J/cm?)-inactivated Sendai virus as described previously
{21.26). The amount of plasmid DNA encapsulated within liposomes
was determined by means of fluorometric assay using 3,5-diamino-
benzoic acid.

RT-PCR for OVA gene detection. To examine the expression of
OVA mRNA, IC-21 cells were incubated in serum free RPMI1640

OVA

Fig. 1. Structure of OVA expression plasmid pCMV-script/OVA.
OVA cDNA was inserted into an expression plasmid (pCM V-script)
containing a cytomegalovirus (CMV) promoter and a SV40 polyad-
enylation site.
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medium for 10 min at 37 °C with FL containing pCMV-script/OVA
(1 pg), Lipofectin (Invitrogen) complexed with | pg plasmid as de-
scribed in the manufacturer’s protocol. After 24 h cultivation, total
RNA was extracted from the transfected cells and used as a template
for RT-PCR analysis.

Antigen presentation assay. The in vitro assay for antigen process-
ing and presentation was performed as described in other studies [26).
In brief, IC21 cells (10° cells/well in 96-well plate) were incubated with
various concentrations of antigens-encoding plasmids entrapped or
complexes with various vectors at 37 °C for only 10 min. The cells were
washed and subsequently incubated at 37 °C for 24 h. Then the cells
were fixed with 0.05% glutaraldehyde, washed three times, and cul-
tured with CD8OVAI.3 T hybridoma cells (10° cells/well). The re-
sponse of the CDSOVAL3 T cells was determined by the level of IL-2
secretion using a CTLL-2 proliferation assay. Results are expressed as
means + SD for triplicate/group.

Detection of OV A-specific antibody production by ELISA. OVA-
specific antibody was detected as described previously. ELISA plates
were coated with 10 mg/ml OVA in 50 mM bicarbonate buffer. Wells
were blocked with 2-fold diluted Block Ace (Dai-Nippon Pharma-
ceutical) for 16 h at 4°C. After washing four times with PBS con-
taining 0.05% Tween 20 (PBS-T), each diluted serum was added (50 pl/
well) and incubated for 2h at 37°C. Serums from non-immunized
mice were included as controls. HRP conjugated anti-mouse IgGl
(Southern Biotechnology Associates, Birmingham, AL) was used as
the detection Ab. Following 2 h incubation at 37 °C, plates were wa-
shed, and the reaction was developed by 3,3',5,5'-tetramethylbenzidine
(Moss, Pasadena, CA), and color development was terminated after a
15-min incubation by addition of 2N H,SO,. Endpoint titers were
expressed as the reciprocal log2 of the last dilution, which gave an OD
at 450 nm of 0.1 greater than non-immunized mice.

Cytokine analysis by ELISA. Cytokine levels in culture superna-
tants of Ag-stimulated splenocytes were determined by a cytokine-
specific ELISA. Briefly, splenocytes from immunized mice were
cultured with 1 mg/ml OVA. Culture supernatants were harvested 96 h
after incubation, and the levels of Thl (IFN-y) and Th2 (IL-4, IL-S,
and IL-6)-type cytokines were determined by cytokine-specific ELISA
kit (Amersham-Pharmacia Biotech). The concentration of cytokines
was calculated by standard curves obtained according to the instruc-
tion provided by the manufacturer.

In vitro CTL induction and cytotoxic assay. C5TBL/6 mice (7
weeks old, male, H-2b) were immunized twice at two-week intervals
with 50 pg of naked DNA, cationic lipid/plasmid complex, and
plasmids entrapped in a conventional liposome or FL. Spleen cells
from immunized or non-immunized mice were recovered 14 days
after the last immunization and were stimulated in vitro with
mitomycin C-treated EG7 cells for 5 days. The cytotoxic activity of
these effector cells was tested on >'Cr-labeled target cells, OVA-ex-
pressed EG7 cells, and EL4 as a control, at various effector/target
ratios. The cytotoxicity assay was completed in triplicate. The
maximum release was determined by adding 1% Triton X-100 to the
target cells. A spontaneous release was obtained in target cells
incubated without effector cells. EL4 cells were used as control for
specificity. The released radioactivity was measured in the superna-
tant. The specific lysis was determined as follows: percentage of
specific lysis = {(percentage of lysis of positive target) — (percentage
of lysis of negative target)].

Tumor rejection assay. C5TBL/6 mice were immunized twice s.c. at
the tail base using three doses of naked DNA, cationic lipid/plasmid
complex, and plasmids entrapped in a conventional liposome or a FL
at two-week intervals. Fourteen days after the last immunization (day
0), 1% 10 OVA-expressing EG7 cells or 1 x 10% EL4 cells were intra-
dermally injected. Six to thirteen mice were used for each experimental
group. Tumor growth was monitored by calculating the tumor volume
and was individually plotted. The tumor volume was calculated as
follows: V = (length x width?)/2. Tumor measurements were deter-
mined until they exceeded 1000 mm>.

Results and discussion

Initially, using RT-PCR analysis, we verified the
expression of OVA mRNA transcribed from the plas-
mid, pCMV-script/OVA (Fig. 1), used for DNA vacci-
nation (Fig. 2, lane a). We also performed in vitro
transfection studies to assess the OVA proteins ex-
pressed in a transfected mouse macrophage cell line
(IC-21) and fibroblasts (L cells). It appears that a major-
ity of the DNA injected in vivo is rapidly degraded by
extracellular deoxyribonucleases. In this regards to inti-
mate the in vivo milieu, in vitro transfection experiments
were performed for only 10 min. Surprisingly, in only
10 min transfection, a remarkably higher OVA mRNA
expression was detected in IC-21 and L celis treated with
FL than by other transfection techniques (Fig. 2, naked
plasmid, lane b; liposome, lane ¢; Lipofectin, lane d; and
FL, lane e). For example, OVA expression was lower for
a commercially available cationic lipid-based gene deliv-
ery method (Lipofectin) than for FL-mediated transfec-
tion in L cells. Furthermore, OVA expression was not
observed in IC-21 cells in response to the Lipofectin
method.

We have demonstrated that FLs deliver their contents
via membrane fusion rather than endocytosis and that
macrophages preferentially phagocytize positively
charged liposomes [29.30]. Together, these studies indi-
cate that plasmid vectors complexed with cationic lipids
are taken up through an endocytotic pathway and de-
graded in endosomes. In contrast, FLs mediate rapid
and efficient introduction of the encapsulated plasmid
into cells, which leads to antigen processing and presen-
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Fig. 2. RT-PCR analysis of OVA in L and IC-21 cells that were
transfected by various vectors. L (A) and IC-21 (B) cells were
incubated with various vectors at 37°C for 10 min. after 24 h in
culture. Naked 1 pg pCMV-script/OVA plasmid (b), conventional
liposome encapsulating 1 pg pCMV-script/OVA (c), 5 pg Lipofectin/
pCMV-script/OVA complex (d), and 1 pg pCMV-script/OVA-FL (e}
were co-amplified by Tag DNA polymerase generating 864 bp PCR
fragments. The samples were electrophoresed through a 2.0% agarose
gel and stained with ethidium bromide.
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ion to MHC class I molecules in a murine macro-
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In the present study, we also investigated anti-OVA
3 responses in mice after subcutaneous immunization
h FL. We collected blood samples from mice at the
icated time points after immunization with pCMV-
ipt/OVA-FL and several other plasmid formulations.
th IgG1 and IgG2a antibodies were assessed by ELI-
. against recombinant OVA proteins (Fig. 4). The

IgG1

12

OVA-specific IgGl and IgG2a responses in the serum
of mice subcutaneously immunized with pCMV-script/
OVA-FLs were remarkably higher than those from mice
immunized with naked plasmid, pCMV-script/OVA
encapsulated conventional liposome, or Lipofectin/
pCMV-script/OVA complexes. These serum Ab re-
sponses remained elevated for at least 12 weeks and
demonstrated that FL-mediated antigen expression in-
duced efficient and antigen-specific humoral immune
responses.

In general, DNA vaccines that do not use an immu-
no-modulating adjuvant (CpG oligonucleotides, chol-
era-toxin, and heat-labile toxin) exhibit low
immunogenicity [6,13,16,17]. These observations are
supported by the results of human trials of DNA vacci-
nation, which are generally ineffective [1]. In this regard,

* the development of a delivery system for DNA vaccina-

tion, which possesses immuno-potentiating adjuvant
activity, is desirable. We therefore characterized the
Ag-specific splenocytes from mice subcutaneously
immunized with pCMV-script/OVA-FLs, and deter-
mined Thl (IFN-y) and Th2 (IL-4)-specific cytokine
production levels (Table 1). Thl- and Th2-type cytokine
production in splenocytes increased remarkably in mice
immunized with pCMV-script/OVA-FLs. These results
indicated that FLs could elicit systemic Thl- and Th2-
type CD4+ T cells without co-administration of
adjuvants.

As indicated in Fig. 4, Thl-type Ag-specific responses
were also induced by FL-mediated DNA vaccination,
which suggests that this method could induce efficient
and Ag-specific CTL responses. To confirm this theory
we performed an in vitro cytotoxicity assay. CTL activ-
ity of splenocytes from mice immunized with pCMV-
script/OVA-FLs against EG7 cells was stronger than
that of splenocytes from mice immunized with other
pDNA formulations, such as naked pDNA, Lipofec-

IgG2a
10

0 2 4 8 12
. 4. OVA-specific Ab responses after intradermal immunization with pCMV-script/OVA-FL. Balb/c mice were immunized with 50 pg of naked
MV-script/OVA (O), 5 pg conventional liposome encapsulating pCMV-script/OVA (&), 25 ug of a Lipofectin/5 pg pCM V-script/OVA complex
, or 5 ug pCMV-script/OVA-FL (W) twice with an interval of two weeks between treatments. Serum samples were collected from each mouse and

ayed for OV A-specific IgG1 and IgG2a by ELISA at different time intervals after the primary immunization. Titers were defined as the highest
ttion required to reach an OD of 0.1 at 450 nm.
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Table 1

Characterization of Thl- and Th2-responses in vivo

Vector Stimulation IFN-y (pg/ml) IL-4 (pg/mi)

Saline Medium 157.0 £ 12.7 <78
OVA 1614 +15.3 <78

Naked DNA Medium 170.4 +26.4 10.3+25
OVA 443.8 +39.5 11.54+ 1.8

Liposome Medium 165.7 + 10.7 95+1.5
OVA 438.1 £21.4 98+12

Cationic liposome Medium 182.6 + 14.6 128+1.7
OVA 5294 +£25.7 114+24

Fusogenic liposome Medium 176.1 + 18.4 124+24
OVA 861.1 +58.4 242437

Splenocytes (5 x 106 cells/ml) were stimulated in vitro for 48 h with OVA protein (1 mg/ml), and the cytokine levels in the culture supernatant were
determined by ELISA. The mean + SD is shown for each group of three mice. The lower limit of IL-4 detection was 7.8 pg/ml.

tin/pDNA complexes or pDNA encapsulated by con-
ventional liposomes. These findings emphasize that plas-
mid DNA vaccination combined with FL could induce
effective CTL responses (Fig. 5).

Finally, we investigated whether FL-mediated DNA
vaccination could induce antigen-specific anti-tumor
immunity. In order to determine the effects of FL-med-
iated prophylactic vaccination, we analyzed tumor
growth and survival after vaccination in the EG7 model.
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Fig. 5. In vivo immunization with pCMV-script/OVA encapsulated by
FL induced antigen-specific CTL responses. Fourteen days after the
last immunization, splenocytes from mice immunized with naked
pCMV-script/OVA (50 pg), pPCMV-script/OVA (5 pg) encapsulated by
a conventional liposome, Lipofectin/pCMV-script/OVA (25 pg) com-
plex or FL containing pCMV-script/OVA (5 ug) were isolated and
restimulated with MMC-treated EG7 for 5 days to enhance the
frequency of Ag-specific CTLs. CTL activity against EG7 or ELA4 was
measured by a >'Cr release assay. The figure represents the amount of
lysis against the *'Cr-labeled EG7 and EL4.

Four weeks after the last immunization, mice were intra-
dermally challenged with 10 live EG7 cells in the abdo-
men. As shown in Fig. 6, high concentrations of naked
pCMV-script/OVA, 5 pg pCMV-script/OVA/Lipofectin
complexes or pCMV-script/OVA encapsulated in con-
ventional liposomes did not generate protective immu-
nity. In contrast, only 5Spg of pCMV-script/OVA
encapsulated in FL exhibited enhanced anti-tumor ef-
fects as demonstrated by reduced tumor growth and
prolonged survival. Furthermore, Hayashi and Kuni-
sawa et al. reported that FL possesses immuno-stimulat-
ing activities derived from Sendai virus accessory
proteins displayed on the FL surface, which up-regulate
co-stimulatory molecules on cells, including antigen pre-
senting cells such as dendritic cells and splenocytes
[27.311. In the present study, in vitro experiments pro-
vide evidence that FLs mediate efficient introduction
and expression of antigen genes and enhance MHC class
I antigen presentation. Our findings lead us to surmise
that these synergistic effects facilitated antigen-specific
immune reactions in response to FLs used as genetic
vaccine carriers.

Our results demonstrated that FL-mediated genetic
immunization can trigger strong and antigen-specific
humoral and cell-mediated immunity in mice. FL,
which was reconstituted from UV-inactivated Sendai
virus and liposomes, is a promising approach for anti-
gen-encoding gene delivery. Sendai virus-derived acces-
sory proteins incorporated into FL not only enhance
antigen introduction into the cytoplasm and pDNA
expression, but also stimulate inflammatory responses,
a major advantage of DNA vaccination. In conclu-
sion, our present study illustrated that FL-mediated
genetic vaccination facilitates the antigen presentation
by APC in vitro and remarkably enhanced anti-tumor
immune responses in vivo. Thus, by overcoming
the current problems in genetic immunization, the
FL-mediated gene transfer system makes significant
progress toward the development of genetic cancer
or viral vaccines.



T. Yoshikawa et al. | Biochemical and Biophysical Research Communications 325 (2004) 500-505

505

A B C
4080 | dose 4900
3000 3000 3s0e
2000 2000 2000
;’E 1089 1900
g 1000
g o 0
.3 [}
s D E F
g 4000 4000 4000 |
e
3008 3000 3000
2000 2000 2000
1000 I* 1900 1000
o M Il 'l .
° 10 20 3 0 10 20 3 ] 10 10 3
Days after tumor inoculation

Fig. 6. In vivo immunization with pCMV-script/OVA-FL elicits protective immunity against OVA-expressing tumor. C57/BL6 mice were
immunized twice at two-week intervals with saline control (A), 50 pg of naked pCMV.script/OVA (B), Lipofectin/pCM V-script/OVA (5 pg) complex
(C), pCMV-script/OVA (5 pg) encapsulated by a conventional liposome (D), pCMV-script/LacZ (5 pg) containing FL (E), or pCMV-script/OVA
(5 ug) containing FL (F). All mice were challenged intradermally in the abdomen with I X 10° live OVA -expressing EG7 cells four weeks after the last

immunization and survival was monitored.
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Abstract

Recently, we created a lysine-deficient mutant tumor necrosis factor-a [mTNF-a-Lys(-)] with full bioactivity in vitro compared
with wild-type TNF-« (WTNF-¢), and site-specific PEGylation of mTNF-a-Lys(~) was found to selectively enhance its in vivo
antitumor activity. In this study, we attempted to optimize this PEGylation of mTNF-a-Lys(-) to further improve its therapeutic
potency. mTNF-a-Lys(—) was site-specifically modified at its N-terminus with linear polyethylene glyco! (LPEG) or branched PEG
(BPEG). While randomly mono-PEGylated wTNF-« (ran-LPEGsx-wTNF-a) with 5 kDa of LPEG (LPEG;x) had about only 4% in
vitro bioactivity of wTNF-a, mono-PEGylated mTNF-a-Lys(-) [sp-PEG-mTNF-a-Lys(-)] with LPEG;sx, LPEGxx, BPEGx, and
BPEGx had 82%, 58%, 93%, and 65% bioactivities of mMTNF-a-Lys(~), respectively. sp-LPEG-mTNF-a-Lys(-) and sp-BPEGox-
mTNF-a-Lys(-) had much superior antitumor activity to those of both unmodified TNF-as and ran-LPEGsx-wTNF-a, though sp-
BPEG ok -mTNF-a-Lys(~) did not show in vivo antitumor activity. Thus, the molecular shape and weight of PEG may strongly

influence the in vivo antitumor activity of sp-PEG-mTNF-a-Lys(-).

© 2004 Elsevier Inc. ANl rights reserved.

Tumor necrosis factor-a (TNF-), an antitumor cy-
tokine, has numerous bioactivities such as direct cyto-
toxicity against tumor cells, activation of immune
- antitumor response, and selective impairment of tumor-
blood vessels [1). Thus, TNF-a has been considered as a
novel antitumor agent [2,3]. However, very high doses of
TNF-a as a systemic antitumor agent were required to
obtain the sufficient clinical responses, since TNF-a is
rapidly cleared from the circulation and is widely dis-
tributed to various tissues after its intravenous (i.v.)
administration. As a result, TNF-u with pleiotropic in
vivo actions exhibited unexpected toxic side-effects,
typified by pyrexia and hypertension [4,5). Its systemic

* Corresponding author. Fax: +81-6-6879-8178.
E-mail address: tsutsumi@iphs.osaka-u.ac.jp (Y. Tsutsumi).
? These authors contributed equally to the work.

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2004.01.125

application has been abandoned despite intratumoral
administration of TNF-a showing significant antitumor
effects in phase I studies [6]. Presently, the clinical ap-
plication of TNF-a is limited to intratumoral adminis-
tration, despite its high expectations as a systemic agent.
These in vivo drawbacks of TNF-a are also found in the
clinical applications of other bioactive proteins [7].
Thus, the development of a drug delivery system (DDS)
is necessary for the promotion of protein therapies fol-
lowing recent marked advances in proteomics and
structural genomics.

PEGylation has been known as one of the most useful
DDS for optimizing protein therapies [8,9]. The
PEGylation of proteins increases their molecular size
and steric hindrance, both of which are derived from
polyethylene glycol (PEG) attached to bioactive pro-
teins, resulting in augmented plasma half-lives and
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in vivo stability. Due to these comprehensive effects of
PEGylation, PEGylation of proteins could enhance
therapeutic potency and could reduce undesirable ef-
fects. We also reported that the PEGylation of proteins
such as TNF-a, superoxide dismutase, interleukin-6,
and immunotoxin could enhance therapeutic potency
and reduce undesirable side eflects [10~16]. However, the
PEGylation of proteins is mostly non-specific and tar-
geted at all the lysine residues in the protein, some of
which may be in or near an active site. As a result,
PEGylation of proteins was accompanied by a signifi-
cant loss of their specific activities in vitro. For instance,
randomly mono-PEGylated interferon a2a (BPEGyok-
IFN-a2a), which is IFN-a2a, conjugated with 40kDa of
branched PEG, has been clinically used for the treat-
ment of hepatitis C. The BPEGyox-IFN-a2a, which is a
mixture of various positional isomers, had about 10% of
its bioactivity compared to unmodified IFN-a2a [17,18].
Thus, clinical application of PEGylated proteins has
been limited in most cases except for some bioactive
proteins, such as IFN-a.

To overcome this problem of PEGylation, we have
developed a novel strategy for site-specific mono-
PEGylation using TNF-a for the improvement of its in
vivo antitumor potency [16]. We isolated a lysine-defi-
cient mutant TNF-a with full bioactivity [mTNF-a-
Lys(-)] from phage libraries expressing mTNF-as, in
which all lysine residues were replaced with other amino
acids. In the mTNF-a-Lys(-) molecule, Lys11, Lys65,
Lys90, Lys98, Lysi12, and Lys128 of wTNF-a were
replaced with Metl1, Ser65, Pro90, Arg98, Asnll12, and
Prol128, respectively. This mTNF-a-Lys(-) was site-
specifically mono-PEGylated at its N-terminus with
5kDa of linear PEG (LPEGsk). This site-specifically
mono-PEGylated mTNF-a showed increased antitumor
therapeutic potency, compared to an unmodified wild-
type TNF-a (WTNF-a) and a randomly mono-PEGy-
lated wTNF-a. In this study, to optimize the site-specific
PEGylation at the N-terminus of mTNF-a-Lys(-) in
order to further improve its therapeutic potency,
mTNF-a-Lys(-) was modified with LPEG and BPEG,
which had different molecular weights (Mw). Addition-
ally, through molecular modeling of the complexes be-
tween WI'NF-a and TNF receptor-I (TNF-RI), we
discussed why mTNF-a-Lys(~) had comparable in vitro
bioactivity to wT'NF-a, despite reports that some lysine
residues were essential for its bioactivity. This study will
provide the information necessary to optimally design a
PEGylated TNF-a suitable for therapeutic use as a
systemic antitumor agent.

Materials and methods

Expression and purification of TNF-us. Plasmids pYasl-TNF and
pYas-mTNF encoding buman wTNF-a and mTNF-a-Lys(-), respec-
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tively, under the control of a T7 promoter, were prepared. wTNF-a
and mTNF-a-Lys(-) proteins were produced in Escherichia coli
BL21{DE3) harboring the expression plasmid pYas]-TNF and pYas-
mTNF as described [14,16). mTNF-a-Lys(-) had K11M, K65S, K90P,
K98R, K112N, and K128P compared with wTNF-a. Endotoxin levels
were determined to be <300 pg/mg each in the WwTNF-a and mTNF-a-
Lys(-).

PEGylation of mTNF-a-Lys(—). As shown in Fig. 1, activated
LPEGs with Mw of 5 and 20kDa (LPEG;:x, LPEGyx) and acti-
vated BPEGs with Mw of 10 and 40kDa (BPEGox, BPEGux)
were purchased from Shearwater Polymers (Huntsville, AL).
mTNF-a-Lys(-) in PBS was reacted with 50 times molar excess
of LPEGsx and LPEGyy as well as 250 times molar excess of
BPEG;x and BPEGx against total primary amine groups of
mTNF-a-Lys{-) at 37°C for 30min. wTNF-a in PBS was reacted
with five times molar excess of LPEGsx against total primary
amine groups of WTNF-x at 37°C for 30min. Site-specifically
mono-PEGylated mTNF-a-Lys(-)s and randomly mono-PEGylated
wTNF-a were purified by anion-exchange and gel filtration chro-
matographies. The specific bioactivities of mono-PEGylated forms
were examined by a cytotoxicity assay using LM cells, a cell line
derived from L929 cells. Kinetic and equilibrium constants for the
interaction between mono-PEGylated TNF-as and TNF-RI were
measured using surface plasmon resonance in a BlAcore 2000, as
described.

Antitumor studies. All experimental protocols for animal studies
were in accordance with the Guide for Laboratory Animal Facilities
and Care (NIH publication 85-23, revised 1985). These protocols
have been approved by the Committee of the Pharmaceutical School,
Osaka University. The antitumor effects of mTNF-a-Lys(-) and sp-
PEG-mTNF-a-Lys(=)s were evaluated in mice bearing Meth-A fi-
brosarcoma. Meth-A  cells were implanted intradermally
(2 x 10* cells/site) in S-week-old female BALB/c mice. On day 7,
when the tumor diameter reached 7mm, TNF-a¢ molecules were
administered by a single i.v. injection. Antitumor potency was esti-
mated from the tumor volume and tumor hemorrhagic necrosis
within 24h of the injection.

Linear PEG (LPEG)

CHy OCH,CH; (OCH,CH m——0——CH,CH;——C——0——|

NHS
(o]
Branched PEG (BPEG)
CH,OCH;CH,y(OCH,CH))m——0——C——NH
H,
(CHah
wxomz(m"‘zh__o'_ﬁ‘—u \"_0—
° o
NHS

Fig. 1. Chemical structure of activated PEG molecules.
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Results
Site-specific PEGylation of mTNF-a-Lys(-—)

As shown in Fig. 1A, BPEG;ox and BPEG,ok consist
of two LPEG« molecules or two LPEGjox molecules,
respectively. WTNF-a and mTNF-a-Lys(-) were modi-
fied with these activated PEGs. PEGylated TNF-a
molecules were detected by SDS-PAGE using a
Coomassie blue staining (data not shown). As a result,
we found that a single PEG molecule was site-specifically
attached to the N-terminus of mTNF-«-Lys(~), whereas
a number of LPEGsx molecules were attached to
wTNF-a at random. Site-specifically mono-PEGylated

Viability (% of control)

0.1 1 10 100
TNF-a concentration (ng/ml)

Fig. 2. In vitro bioactivity of mono-PEGylated forms of TNF-as. The
specific activity of mono-PEGylated forms of TNF-& was measured by
cytotoxic assay using LM cells in the presence of actinomycin D. Each
data value represents means+SD. O, WINF-a; ¢, ran-LPEGgx-
wTNF-o; B, mTNF-Lys(-); ®, sp-LPEGsx~-mTNF-a-Lys(-); ®, sp-
LPEGox-mTNF-a-Lys(~); A, sp-LPEGox-mTNF-a-Lys(~); and V,
Sp-LPEGox-mTNF-a-Lys(-).

mTNF-a-Lys(-)s appeared to have a higher molecular
size (Ms) than calculated Ms when compared to the Mw
marker proteins, probably due to the high mobility of
attached PEG in aqueous solution and its formation of a
highly hydrated shield around mTNF-a-Lys(-). To ex-
amine the usefulness of site-specifically mono-PEGy-
lated mTNF-a-Lys(-)s, randomly mono-PEGylated
wTNF-a, which was composed of positional isomers
with PEG at various sites, was separated and purified by
anion-exchange and gel filtration chromatographies.

In vitro bioactivity of sp-PEG-mTNF-a-Lys(—)s

To assess the relationship between the shape of PEG
with various Mw and in vitro bioactivity of sp-PEG-
mTNF-a-Lys(-)s, we assessed the specific bioactivity of
sp-PEG-mTNF-a-Lys(-)s using LM cells in the pres-
ence of actinomycin D at a concentration of 2 pug/ml
(Fig. 2 and Table 1). While the remaining bioactivity
(LC50) of ran-LPEG ;g -wTNF-a was only 4% compared
with that of WTNF-a, all sp-PEG-mTNF-a-Lys(-)s had
much higher bioactivity than ran-LPEGs-wTNF-a.
Additionally, the remaining bioactivities (LCS50) of sp-
BPEGcxk-mTNF-a-Lys(-) [93% compared with that of
mTNF-a-Lys(~)] or sp-BPEGgx-mTNF-~a-Lys(-) {65%
compared with that of mTNF-a-Lys(-)] were similar to
those of LPEGsx-mTNF-a-Lys(-) [82% compared with
that of mTNF-a-Lys(=)] or sp-LPEGx-mTNF-a-
Lys(-) [58% compared with that of mTNF-a-Lys(-)],
respectively. These results indicated that site-specific
mono-PEGylation of mTNF-a-Lys(-) with BPEG,
which had two LPEG molecules, may enable the de-
signing of a sp-PEG-mTNF-a-Lys(~) with higher Ms
and stronger in vitro bioactivity.

The affinity of sp-PEG-mTNF-a-Lys(-)s for human
TNF-R1 was measured using BlAcore (Table 1). The
affinity of ran-LPEGsx-wTNF-a was markedly reduced
(20% of WTNF-a), but all sp-PEG-mTNF-a-Lys(-)s
retained sufficient affinity for TNF-RI compared with
both wITNF-a and mTNF-a-Lys(=). In brief, the off
rates (dissociation rates) of sp-PEG-mTNF-a-Lys(-)s

Table 1
Biological activities and binding parameters of various forms of TNF-a
LCS0* (ng/ml) koa® (X10°M~'s~") kog® (x107457Y) kg? (x 10710 M)

wTNF-a 0.34 190+£54 29405 1.7+£0.8
r3n-LPEG-wTNF-a 8.69 24104 20104 8.5%1.1
mTNF-a-Lys(-) 0.28 17.6£5.7 37406 23411
sp-LPEG;k-mTNF-a-Lys(~) 0.34 153457 46104 34116
8p-BPEG ok -mTNF-u-Lys(~) 0.30 123452 44403 39413
sp-LPEG 0« -mTNF-a-Lys(~) 0.48 102444 50+0.5 55425
8p-BPEGeok -mTNF-a-Lys(~) 043 92146 46%12 56%£1.8

Each data value represents means + SD.

$LCS0 is the concentration of various PEGylated TNF-as capable of killing 50% of LM cclis.
%<The rate constants ko, and kyy are from BJAcore optical biosensor assays.
%The equilibrium dissociation constant k4 is calculated from the catio of kox/kos.
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Table 2

Antitumor effects of WwTNF-a, mTNF-a-Lys(-), and sp-LPEG,x-mTNF-a-Lys(-)

Dose (U/mouse) Complete regression (%) IR (%) Hemorrhagic necrosis (mm?)
PBS ’ - 0 - 0
WINF-a 45 0 88 0
mTNF-a 45 0 79 3.5+20
$p-LPEGsz-mTNF-a-Lys(-) 30 70 18 14.4£39

Mice were used in groups of five.

* Complete regression was defined when tumor was not regrown for more than 30 days.
® Inhibition rate (%), tumor volume measured on day 20 after tumor implantation and compared with the mean tumor volume in the saline

treated group.

“Tumor hemorrhagic necrosis was scored 24 h after the injection. Each data value is the mean + SD.

were about the same as that of mMTNF-a-Lys(-), and the
decrease of their &y (equilibrium dissociation constant)
resulted from the decrease of their rates (association
rates). There was a good correlation between in vitro
bioactivities of PEGylated TNF-as and their &4 values.

Antitumor effects of sp-PEG-mTNF-a-Lys(-)s

The in vivo antitumor effects of various TNF-as on
Meth-A solid tumors were assessed by a single i.v. in-
Jection (Table 2). The tumor hemorrhagic necrotic area
on intradermally implanted Meth-A fibrosarcoma was
assessed 24 h after injection. In mice treated with both
unmodified WTNF-a and mTNF-a-Lys(-), hemorrhagic
necrosis was not observed at the dose of 45 U/mouse. In
contrast, Sp-LPEGk-mTNF-a-Lys(-) at a dose of 30 U/
mouse showed significant tumor hemorrhagic necrosis,
and complete regression was observed in 70% of mice
treated. As shown in Fig. 3, sp-LPEG;-mTNF-a-
Lys(-)s and sp-BPEG;ox-mTNF-Lys(-) effectively in-
duced tumor hemorrhagic necrosis compared with

(ug/mouse)

PBS N.D.
sU
8pLPEGg-mTNF-Lys(-) E1SU

$p-BPEG 5 -mTNF-Lys(-) I: sut
POrESucm ] o

§p-LPEG oM TNF-Lys(-) Eéﬁ %

5U

8p-BPEG (ox-mTNF-Lys(-) E1su

0 15 30
Tumor necrotic area (%)

Fig. 3. Antitumor effects of various forms of TNF-x on mice bearing
intradermally implanted Meth-A solid tumors. Tumor necrotic effects
of iv.-administered TNF-a and mono-PEGylated TNF-a forms.
Tumor hemorrhagic necrosis was scored 24 h after the injection. Mice
were used in groups of five. Each data value is the means3 SEM.
N.D., not detected.

mTNF-a-Lys(-), but the antitumor effects of sp-
BPEGx-mTNF-a-Lys(~) could not be observed.

Discussion

Continuous-infusion or frequent administration of
high doses of TNF-« was required to sustain the plasma
TNF-a level for observing significant antitumor effects
because of its short plasma half-life, and TNF-a as a
systemic antitumor agent was found to have unexpected
toxic side-eflects in phase I studies (6). This severe tox-
icity of TNF-a prevented the administration of dosages
required for antitumor activity observed in preclinical
studies. Thus, TNF-« is administered only into the tu-
mor or the artery controlling cancer in the current
cancer chemotherapy [19-22). The antitumor effects of
TNF-a result from not only its direct cytotoxic action
against various tumor cells, but also specific damage to
the tumor vessels. Additionally, in the process of
bleeding necrosis in the tumor vessels, the vascular
permeability of the tumor vessels is selectively increased,
promoting the transport of macromolecules from blood
to the tumor tissue. On the other hand, the increase in
blood-residency would lead to a decrease in the distri-
bution of TNF-a in the liver and spleen, which are the
major sources of the unfavorable side-effects. Thus, an
improvement in blood residency of TNF-a may expand
its antitumor therapeutic window. Recently, we pre-
pared phage libraries expressing mTNF-as, in which all
the lysine residues were replaced with other amino acids
[16]. A fully bioactive lysine-deficient mutant TNF-a
[mTNF-a-Lys(-)] was obtained, despite reports that
some lysine residues were essential for its bioactivity.
mTNF-a-Lys(~) was site-specifically mono-PEGylated
at its N-terminus with LPEGg. This sp-LPEG-
mTNF-o-Lys(-) showed a longer plasma half-life than
WTNF-a, resulting in an improvement of in vivo anti-
tumor potency compared to wTNF-o. In this study, to
obtain the fundamental information for designing a
more useful sp-PEG-mTNF-a-Lys(-) as a systemic an-
titumor agent, we attempted to predict the structure of
mTNF-a-Lys(-) through molecular modeling and assess
the various properties of sp-PEG-mTNF-a-Lys(~)s.
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A matter of great interest was why mTNF-a-Lys(-)
and wTNF-a had comparable in vitro bioactivity after
the substitution of all the lysine residues. Site-directed
mutagenesis analysis of TNF-x suggested that among
six lysine residues, Lys65 and Lys90 were involved in
interaction with its receptor, in particular. Fig. 4 showed
the model complex between wTNF-a and TNF-receptor
1 (TNF-RI). In the wTNF-a structure, Lys65 was pre-
dicted to repel against Lys78 in TNF-RI. Lys90 forms a
hydrogen bond with Glul35 and this interaction is likely
to stabilize the loop structure containing residues 8489,
which involved in the receptor binding in the model. In
mTNF-a-Lys(—), Lys65 was replaced by Ser65. We
considered that the substitutions of Lys65 with a small
amino acid, such as Ser65 in mTNF-a-Lys(—), would
enable these proteins to bind receptors because of loss of
interference between Lys65 in TNF-a and Lys78 in
TNF-RI. However, in mTNF-a-Lys(-), Pro90 is likely
to be unable to form hydrogen bond with Glul35 and
the loop structure became unstable. Therefore, mTNF-
Lys(—) had comparable in vitro bioactivity to wTNF-a.

As mentioned above, Lys65, and Lys90 in wTNF-a
were reported to play important roles at least for the

K112

K11

expression of their bioactivities. Thus, the introduction
of PEG to these lysine residues should have caused a
significant loss of its bioactivity. In fact, the in vitro
bioactivity and receptor-affinity of ran-LPEGsg-wTNF-
o were markedly lower than those of wTNF-a (Fig. 2
and Table 1). Additionally, we previously found that
random PEGylation of wINF-a with larger Mw of
LPEG resulted in much lower bioactivity of ran-LPEG-
wTNF-. Previously we showed that ran-LPEGsg-
wTNF-a was composed of positional isomers with a
LPEGsg molecule at various lysine residues, and such
isomers could have distinct remaining bioactivity com-
pared with wTNF-« [16]. [n most cases, these drawbacks
of random PEGylation of bioactive proteins have pre-
vented the clinical application of the PEGylated ones. In
contrast, the N-terminus of TNF-x was found to be
unimportant for its function, because a deletion mutant
lacking eight residues at the N-terminus retained its full
bioactivity [16]. As a result, the remaining in vitro bio-
activity of each sp-PEG-mTNF-x-Lys(—) was more than
60% compared with both WTNF-x and mTNF-u-
Lys(-). In particular, sp-BPEGuox-mTNF-a-Lys(-) had
a 20-fold higher bioactivity than ran-LPEGsg-wTNF-a.

Kas

K128

Fig. 4. Ribbon diagrams of the complex model between wTNF-x and TNF-RL This model is based on crystal structures of wTNF-« trimer (PDF!
code:ITNF) [23] and TNF-B/TNF-RI complex (PDB code: ITNR) [24]. The images were drawn using Bobscript [25] and Raster3D [26]. Each subunit
of the wTNF-u is shown in blue, green, and yellow. TNF-RI is shown in magenta.
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Additionally, in the case of mTNF-a-Lys(-), both ac-
tivated LPEG and BPEG were introduced only into the
N-terminal amino group. Thus, the obtained sp-PEG-
mTNF-o-Lys(-)s were molecularly uniform. These re-
sults strongly indicated the usefulness of our site-specific
PEGylation system for lysine-deficient mutant proteins
with full bioactivity, which could be created by the
phage display technique. The N-terminus of many cy-
tokines, such as interleukin-2, is not important for its
function. Thus, at present, the creation of lysine-defi-
cient mutant cytokines and its site-specific PEGylation
are being carried out for promotion of cytokine
therapies.

BPEG,ox and BPEGx have two LPEG molecules
with Mw of § and 20kDa, respectively. Thus, the Ms of
PEGylated molecules efficiently increases by PEGyla-
tion with BPEG rather than that with LPEG, and
BPEG may be more suitable than LPEG. In fact, the
remaining in vitro bioactivities and receptor-affinity of
sp-BPEG,gx-mTNF-a-Lys(—) and sp-BPEG g -mTNF-
a-Lys(~) were similar to those of LPEGsx-mTNF-a-
Lys(-) and sp-LPEGyk-mTNF-a-Lys(-), respectively
(Fig. 2 and Table 1). Additionally, the blood-residency
of sp-PEG-mTNF-a-Lys(-) enhanced with an increase
in its Ms, irrespective of the molecular shape of PEG
(data not shown). In case of PEGylation of TNF-q, sp-
BPEGx-mTNF-a-Lys(-), whose remaining in vitro
bioactivity was about 65% compared with mTNF-a-
Lys(-), did not show any antitumor response (Fig. 3 and
Table 1). In vivo antitumor potency of other sp-PEG-
mTNF-o-Lys(-)s was higher than that of mTNF-a-
Lys(~). A matter of great interest is the difference in in
vivo activity of sp-PEG-mTNF-a-Lys(-)s. This differ-
ence may be partly accounted for by tissue transport. sp-
BPEGok-mTNF-a-Lys(-) might be hard to transport
to the tumor tissue than other sp-PEG-mTNF-a-
Lys(-)s, because of higher Ms. Thus, we believed that
sp-BPEG ok-mTNF-a-Lys(-) and sp-LPEG;ox-mTNF-
a-Lys(=) are the most optimal modified products.
However, detailed studies on the pharmacokinetics of
sp-PEG-mTNF-a-Lys(—)s are necessary to clarify our
speculation, and these are currently under investigation.

In a previous study, we showed that the conjugation
of TNF-a with polyvinylpyrrolidone (PVP) effectively
increased its antitumor effects as compared to that with
PEG because PVP has superior character than PEG for
the purpose of prolonging plasma half-life and increas-
ing stability [13]. Therefore, we consider that the
application of PVP to site-specific bioconjugation of
mTNF-a-Lys(-) would be useful as 2 more potent anti-
tumor therapeutic agent. Our results indicated that it is
necessary to optimize the condition of PEGylation to
sclectively enhance the desirable therapeutic effects, tak-
ing into account their mechanism of action. Our results
provide the information necessary to design a PEGylated
protein, optimally suitable for therapeutic use.

Acknowledgments

This study was supported in part by a Grant-in-Aid for Scientific
Research (No. 15680014) from the Ministry of Education, Science and
Culture of Japan, in part by Health Sciences Research Grants for
Research on Health Sciences focusing on Drug Innovation from the
Japan Health Scicnces Foundation (KH63124), and in part by TAK-
EDA SCIENCE FOUNDATION,

References

(1] E.A. Carswell, LJ. Old, R.L. Kassel, S. Green, N. Fiore, B,
Williamson, An endotoxin-induced serum factor that causes
necrosis of tumors, Proc. Natl. Acad. Sci. USA 72 (1975) 3666
3670.

[2] M. Blick, S.A. Sherwin, M. Rosenblum, J. Guttcrman, Phase I
study of recombinant tumor necrosis factor in cancer patients,
Cancer Res. 47 (1987) 2986-2989. :

{3] P.J. Creaven, J.E. Plager, S. Dupere, R.P. Huben, H. Takita, A.
Mittelman, A. Proefrock, Phase ] clinical trial of recombinant
human tumor necrosis factor, Cancer Chemother. Pharmacol. 20
(1987) 137-144,

[4) P.B. Chapman, T.J. Lester, E.S. Casper, J.L. Gabrilove, G.Y.
Wong, S.J. Kempin, PJ. Gold, S. Welt, R.S. Warren, HF.
Starnes, et al, Clinical pharmacology of recombinant human
tumor necrosis factor in patients with advanced cancer, J. Clin.
Oncol. 5 (1987) 1942-1951.

[S] M.L. Sherman, D.R. Spriggs, K.A. Arthur, K. Imamura, E. Frei
3rd, D.W. Kufe, Recombinant human tumor necrosis factor
administered as a five-day continuous infusion in cancer patients:
phase [ toxicity and effects on lipid metabolism, J. Clin. Oncol. 6
(1988) 344-350.

{6} K. Kimura, T. Taguchi, I. Urushizaki, R. Ohno, O. Abe, H.
Furue, T. Hattori, H. Ichihashi, K. Inoguchi, H. Majima, et al,,
Phase 1 study of rccombinant human tumor necrosis factor,
Cancer Chemother. Pharmacol. 20 (1987) 223-229.

[7} S.A. Rosenberg, M.T. Lotze, L.M. Muul, A E. Chang, F.P. Avis,
S. Leitman, W.M. Linchan, C.N. Robertson, R.E. Lee, L.T.
Rubin, et al., A progress report on the treatment of 157 patients
with advanced cancer using lymphokine-activated killer cells and
interlenkin-2 or high-dose interleukin-2 alone, N. Engl. J. Med.
316 (1987) 889-897.

[8) P. Caliceti, F.M. Veronese, Pharmacokinetic and biodistribution
properties of poly(ethylene glycol)-protein conjugates, Adv. Drug
Deliv. Rev. 55 (2003) 1261-1277.

{9] R.B. Greenwald, Y.H. Choe, J. McGuire, C.D. Conover, Effective
drug delivery by PEGylated drug conjugates, Adv. Drug Deliv.
Rev. 55 (2003) 217-250.

{10] Y. Tsutsumi, S. Tsunoda, H. Kamada, T. Kihira, S. Nakagawa,
Y. Kaneda, T. Kanamori, T. Mayumi, Molecular design of hybrid
tumour necrosis factor-alpha. II: the molecular size of polyethyl-
ene glycol-modified tumour necrosis factor-alpha affects its anti-
tumour potency, Br. J. Cancer 74 (1996) 1090-1095.

{11) Y. Tsutsumi, S. Tsunoda, H. Kamada, T. Kihira, Y. Kaneda, Y.
Ohsugi, T. Mayumi, PEGylation of interleukin-6 effectively
increases its thrombopoietic potency, Thromb. Haemost. 77
(1997) 168-173.

(12) Y. Kaneda, Y. Yamamoto, H. Kamada, S. Tsunoda, Y. Tsutsumi,
T. Hirano, T. Mayumi, Antitumor activity of tumor necrosis
factor alpha conjugated with divinyl ether and maleic anhydride
copolymer on solid tumors in mice, Cancer Res. 58 (1998) 290
295.

{13] H. Kamada, Y. Tsutsumi, Y. Yamamoto, T. Kihira, Y. Kaneda,
Y. Mu, H. Kodaira, S.I. Tsunoda, S. Nakagawa, T. Mayumi,
Antitumor activity of tumor necrosis factor-alpha conjugated with



814 Y. Yoshioka et al. | Biochemical and Biophysical Research Communications 315 (2004) 808814

polyvinylpyrrolidone on solid tumors in mice, Cancer Res. 60
(2000) 6416-6420.

(14} Y. Tsutsumi, M. Onda, S. Nagata, B. Lee, R.J. Kreitman, L
Pastan, Site-specific chemical modification with polyethylene
glycol of recombinant immunotoxin anti-Tac(Fv)-PE38 (LMB-2)
improves antitumor activity and reduces animal toxicity and
immunogenicity, Proc. Natl. Acad. Sd. USA 97 (2000) 8548
8553,

{15) H. Kamada, Y. Tsutsumi, K. Sato-Kamada, Y. Yamamoto, Y.
Yoshioka, T. Okamoto, S. Nakagawa, S. Nagata, T. Mayumi,
Synthesis of a poly(vinylpyrrolidone-co-dimethyl maleic anhy-
dride) co-polymer and its application for renal drug targeting,
Nat. Biotechnol. 21 (2003) 399-404.

{16] Y. Yamamoto, Y. Tsutsumi, Y. Yoshioka, T. Nishibata, K.
Kobayashi, T. Okamoto, Y. Mukai, T. Shimizu, S. Nakagawa, S.
Nagata, T. Mayumi, Site-specific PEGylation of a lysine-deficient
TNF-alpha with full bioactivity, Nat. Biotechnol. 21 (2003) 546~
552.

[17] A. Kozlowski, J.M. Harris, Improvements in protein PEGylation:
pegylated interferons for treatment of hepatitis C, J. Control.
Release 72 (2001) 217-224.

[18) Y.S. Wang, S. Youngster, M. Grace, J. Bausch, R. Bordens, D.F.
Wyss, Structural and biological characterization of pegylated
recombinant interferon alpha-2b and its therapeutic implications,
Adv. Drug Deliv. Rev. 54 (2002) 547-570.

[19] M.G. Pfreundschuh, H.T. Steinmetz, R. Tuschen, V. Schenk, V.
Dichl, M. Schaadt, Phase I study of intratumoral application of

recombinant human tumor necrosis factor, Eur. J. Cancer Clin.
Oncol. 25 (1989) 379-388.

[20} G.P. van der Schelling, J.N. 1Jzermans, T.C. Kok, M. Scheringa,
R.L. Marquet, T.A. Splinter, J. Jeekel, A phase I study of local
treatment of liver metastases with recombinant tumour necrosis
factor, Eur. J. Cancer A 28 (1992) 1073-1078.

{21) D. Lienard, P. Ewalenko, J.J. Delmotte, N. Renard, FJ. Lejeune,
High-dosc recombinant tumor necrosis factor alpha in combina-
tion with interferon gamma and melphalan in isolation perfusion
of the limbs for melanoma and sarcoma, J. Clin. Oncol. 10 (1992)
52-60.

[22] FJ. Lejeune, Clinical use of TNF revisited: improving penetration
of anti-<cancer agents by increasing vascular permeability, J. Clin.
Invest. 110 (2002) 433-435.

(23} MJ. Eck, S.R. Sprang, The structure of tumor necrosis factor-
alpha at 2.6 A resolution. Implications for receptor binding, J.
Biol. Chem. 264 (1989) 17595-17605.

[24) D.W. Bagner, A. D’Arcy, W. Janes, R. Gentz, H.J. Schoenfeld; C.
Broger, H. Loetscher, W. Lesslauer, Crystal structure of the
soluble human $5kDa TNF receptor-human TNF beta complex:
implications for TNF receptor activation, Celt 73 (1993) 431-445.

{25] R.M. Esnouf, Further additions to Molscript version 1.4, includ-
ing reading and contouring of electron-density maps, Acta.
Crystallogr. D 55 (1999) 938-940.

[26] E.A. Merrit, M.E.P. Murphy, Raster3D version 2.0: a program
for photorealistic molecular graphics, Acta Crystallogr. D 50
(1994) 869-873.



March 2004 Notes

Biol. Pharm. Bull. 27(3) 437—439 (2004) 437

Selective Enhancer of Tumor Vascular Permeability for Optimization of

Cancer Chemotherapy

Yasuo YosHioxa, Yasuo Tsursumi,* Haruhiko KaMADA, Tetsuya KiHIra, Shin-ichi Tsunopa,
Yoko Yamamoro, Takayuki Oxamoro, Hiroko SHiBaTA, Yohel Mukal, Madoka TaNiat,
Tomoe Sumizu, Maki KAwAMURA, Yasuhiro ABg, Shinsaku Nakacawa, and Tadanori Mavumi

Department of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Osaka University; 1-6 Yamadaoka, Suita,
Osaka 565-0871, Japan. Received October 14, 2003; accepted December 9, 2003

Clinical approach using tumor necrosis factor-alpha (TNF-@) as selective destruction against tumor en-
dothelial cells and selective enhancer of tumor vascular permeability for effective accumulation of antitomor
chemotherapeutic agents has attracted attention. However, the clinical application of TNF-a as a systemic anti-
tumor agent has been limited because of toxic side-effects, To systemically use TNF-& as an antitumor agent and
the selective enhancer of tumor vascular permeability, we assessed the usefulness of PEGylated TNF-c¢ (PEG-
TNF-@). PEG-TNF-x at a dose of 1000 JRU showed marked hemorrhagic necrosis in S-180 tumors without side-
effects due to selective destruction of tumor vasculature, whereas wild-type TNF-& at a dose of 10000 JRU
showed a little hemorrhagic necrosis with severe side-effects. PEG-TNF-¢« induced the enhancement of tumor
vascular permeability. The permeability was increased at 1h, after an Lv. injection of PEG-TNF-a and returned
to the basal level at 2 h. In addition, high molecular weight of PEG (molecular weight; S00K) accumulated in
tumor tissue as well as low molecular weight of PEG (molecular weight; 12K). On the other hand, PEG-TNF-&
didn’t affect the permeability of normal tissue and inflammation site. This data suggested that PEG-TNF-& was

useful agent as selective enhancer of tamor vascular permeability with safe.

Anthalial

Key words tumor necrosis factor-alpha; permeability; tumor

With the development of tumor biology, molecular biol-
ogy, and combinatorial chemistry, many therapeutic agents
have been developed for tumors. However, the clinical appli-
cation of antitumor agents such as cytokines, antibodies and
chemotherapeutic drugs has failed because of poor accumu-
lation in the tumor tissue.!? Heterogeneous tumor perfusion,
vascular permeability, and increased interstitial pressure re-
stricted the penetration of therapeutic agents into tumor tis-
sue from circulation.'?

It has been suggested that tumor necrosis factor-alpha
(TNF-0) can overcome these problems, TNF-a was identi-
fied as a cytokine that specifically injures tumors and has
been highlighted as a potent anti-tumor agent.” Furthermore,
TNF-a destroyed the tumor vasculature selectively and en-
hanced the tumor vascular permeability. Regional isolated
limb perfusion using TNF-« in combination with melphalan
or doxorubicin showed greater therapeutic effects on soft-
tissue sarcoma or melanoma than chemotherapeutic drugs
alone.” It is believed that the synergistic effect between
TNF-c and chemotherapeutic drugs results from TNF-a-in-
duced destruction of tumor ‘vasculature and enhancement of
tumor vasculature permeability. However, because of its high
instability and pleiotropic action in vivo, attempts to use
TNF-o as a systemic anticancer agent and an enhancer of
tumor vascular permeability in humans, failed due to severe
systemic side effects such as fever and decreased blood pres-
sure as seen in case of an endotoxin-like shock, before thera-
peutic doses could be administered.®

To overcome these drawbacks and apply TNF-& as a sys-
temic administrator, we have attempted to conjugate TNF-o
with polyethylene glycol (PEG) and other water-soluble
polymeric modifiers.”~'® We showed that the antitumor ef-
fects of PEG-TNF-q, obtained by PEGylation with a molec-
ular weight of 5000, was enhanced to 100 times that of un-
modified TNF-a, without increasing their toxic side ef-
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fects.™® In this study, we examined the usefulness of PEG-
TNF- as a selective enhancer of tumor vascular permeabil-
ity. We showed that PEG-TNF-a enhanced the permeability
of tumor vasculature without having any effect on the perme-
ability of normal tissue. We considered that PEG-TNF-o
would be used with chemotherapeutic drugs for tumor ther-

apy.
MATERIALS AND METHODS

Preparation of '*[-Labeled Polymers Radiolabeled
polymeric modifiers were prepared by the chloramine-T
method. PEGs (average molecular weight: 12000, 50000,
70000, 500000) (purchased from Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan) dissolved in 1,4-dioxan were re-
acted with N,N'-carbonyldiimidazole for 6 h at room temper-
ature. After dialysis in water, the activated polymers were re-
acted with a 2-fold molar excess of thyramine hydrochloride
for 48 h at 4 °C. These reaction mixtures were also dialyzed
in water and lyophilized. The polymer—thyramine conjugates,
dissolved in a 0.4 m sodium phosphate buffer (2.5 mg/ml) and
Na'®l (100 mCi/ml), were mixed in a microcentrifuge tube
on ice. The labeling reaction was started by the addition of
3.8mM chloramine T. After iodination, the reaction was
stopped by the addition of 2.5 mm sodium pyrosulfate. *I-
Labeled polymer was purified by Gel Filtration Chromatog-
raphy on the Econo-Pac® 10 DG column.

In Vivo Behavior of Polymers All experimental proto-
cols for animal studies were in accordance with the Guide for
Laboratory Animal Facilities and Care (NIH publication 85-
23, rev 1985). These protocols have been approved by the
committee of the Pharmaceutical School, Osaka University,
Japan. PEG-TNF-¢, in which 56% of the lysine amino
groups of natural human TNF-a (Hayashibara Biological
Laboratories Inc., Okayama, Japan) were coupled with PEG
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