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Background 
 

 Using positional gene expression profiling and high density tissue arrays, we 
have discovered that legumain is highly expressed by a majority of solid tumors, 
including 100% breast carcinomas examined [1]. Immunohistochemical analysis of 
tumor tissues reveals that legumain expressed by tumor cells as well as endothelial 
cells and tumor associated macrophages (TAM), cells constitute tumor 
microenvironment. In tumor microenvironment, legumain is present on cell surface in 
the tumor microenvironment and functional due to the acidic condition existed there. 
Legumain is a recently identified protease, a distinct member of the C13 family of 
cysteine proteases [2]. It is well conserved throughout the biologic kingdoms, found first 
in plants, subsequently in parasites, as well as mammals as an endopeptidase. 
Legumain is active in acidic pH condition and quickly inactivated under neutral pH. It 
has a very restricted specificity requiring an asparagine at the P1 site of substrates. Its 
novel specificity supports that it may be implicated in limited proteolysis consistent with 
limited proteolytic activation of protease zymogens, as well as selected proteins and 
peptides. The human legumain gene encodes a preproprotein of 433 amino acids. 
Mouse legumain shares 83% homology with the human protein [3]. Cells expressing 
legumain have enhanced migratory and invasive properties. A correlation between 
tumor invasion and metastasis with some cysteine endopeptidases (particularly 
cathepsins B and L) has been observed [4]. Legumain is critical in the activation of 
cathepsin B, D, and H [2, 5, 6]. We and others showed legumain activates the zymogen 
progelatinase A, an important mediator of extracellular matrix degradation [1] [7]. The 
reported inhibitory effect of cystatins on tumor cells [8, 9] is consistent with the 
involvement of legumain and perhaps other cysteine proteases in tumor invasion and 
metastasis. Tumor invasion and metastasis are the major determinants of lethality, 
linked to 90% of human cancer deaths [10]. The high level of legumain expression by 
breast cancer cells and associated cells in the tumor microenvironment coupled with its 
unique specificity makes it an attractive candidate for prodrug therapy for breast cancer. 
We reported a doxorubicin derived prodrug prepared by incorporating a peptide 
extension of the amino group of doxorubicin resulting in an inactive compound unless 
hydrolyzed to leucine-doxorubicin by an asparaginyl endoprotease [1]. This compound, 
legubicin, resulted in complete tumor growth arrest and eradication in a model of human 
breast carcinoma without toxicity, such as weight loss, myelosuppression, and cardiac 
toxicity in contrast to doxorubicin treated mice. Doxorubicin and related compounds are 
the mainstay of breast cancer chemotherapy, however its application is limited by its 
toxicity. In contrast to doxorubicin, legubicin do not enter cells efficiently until activated 
by cell surface legumain in the tumor microenvironment. Pharmacokinetics analysis and 
tissue distribution study support tumor specific localization and activation of legubicin. 
As consequence, tumor accumulation and exposure to legubicin is greatly enhanced 
and organ exposure to chemotherapeutic agent is reduced. In organs containing cells 
that normally express legumain, such as kidney and liver, no injury was evident.  
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Legumain expressed by kidney and liver cells are present in lysosomes and not 
secreted. Extracellular legumain will be quickly inactivated by neutral environment in 
plasma and normal tissues. Legubicin demonstrated improved efficacy profile and 
therapeutic index vs doxorubicin by targeting neoplastic cells as well as endothelial cells 
and TAM in the tumor microenvironment therefore represents a promising candidate as 
a first line molecularly targeted chemotherapeutic agent replacing doxorubicn for the 
breast cancer treatment. 

 
Body 

 
The funding from W81XWH-05-1-0318 provided critical support for us to pursue 

research in translational medicine and experimental therapeutics in the area of breast 
cancer. We have made significant progress in the first year of this grant cycle.  
 
1. Development of legumain activated prodrug, legubicin, as an anti-breast cancer 
treatment.  
 
A. In vivo characterization of legubicins for preclinical efficacy, therapeutic 
protocol advancement and safety in a panel of rodent and human breast tumors 
in vivo. (Months 1-36) 
 
An advanced candidate of the prodrug was tested in variety of breast cancer models 
and demonstrated significant effect against primary tumor growth and metastasis. The 
preclinical efficacy and safety was reported in a recent Cancer Research paper titled 
“Targeting Cell-impermeable Prodrug Activation to Tumor Microenvironment Eradicates 
Multiple Drug Resistant Neoplasms” will appear in Jan. 15th issue of Cancer Research. 
W81XWH-05-1-0318 provided critical support for the research and was gratefully 
acknowledged (PDF file of the paper is attached as appendix).  
 
 Most significantly, the prodrug demonstrated significant efficacy preventing 
metastasis in both spontaneous and experimental metastasis.  
 
LEG-3 prodrug suppresses experimental and spontaneous metastasis.  
 

Treatment of LEG-3 prodrug significantly reduced experimental and spontaneous 
metastasis in 4T1 murine mammary carcinoma. The experimental metastasis models is 
generated by injecting 4T1 cells (1 x 105) suspended in 0.1 ml serum free medium into 
the tail vein of six-week-old female BALB/c mice. Treatment was given in 100-µl i.p. 
injections of either PBS alone (control group) or LEG-3 (100µg/100µl) daily for two 
weeks. The primary 4T1 models are generated by s.c. injection of 5 × 105 4T1 cells in 
the right flank of six-week-old BALB/c mice. Two different groups of four animals were 
treated between days 9 and 27 after tumor induction. Treatments were given in 100-µl 
i.v. injections of PBS alone (control group) or LEG-3 100µg/100µl in PBS by i.p. 
injection every two days for two weeks.  Tumor volumes of treated animals were  
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measured every two-day starting on day 9 by microcaliper measurements (volume = 
width × length × width/2). As soon as the tumor volume reached 1400 mm3 in the  
control groups (on day 30th), euthanasia was performed and lungs were removed and 
fixed in the Bouin’s solution. Lung metastases were counted by anatomy microscope. 

Statistical significance 
between treatment groups 
was determined by two-
tailed Student's t tests 
using Microsoft EXCEL 
software. 
 
Figure 1. LEG-3 
suppresses experimental 
and spontaneous 
metastasis. (A) 
Experimental lung 
metastasis in treatment 
group (top) versus control 
group (bottom). (p<0.005). 
(B) Mouse mammary 
carcinoma growth 
suppression by LEG-3 
(n=8). (C) LEG-3 
treatment significantly 
reduces spontaneous 
lung metastasis in 4T1 
tumors. (p<0.005).   
 
 
 
 
 
 

A provisional patent titled “Inhibiting Tumor Cell Invasion, Metastasis, and 
Angiogenesis” was filed Nov. 29, 2005. (PDF file is attached). 
 
B. Legumain specificity explored through phage displayed substrate peptide 
library and synthetic peptide. (Months 1-6)  
 
 Due to the success with the current candidate compound, the construction of 
phage library is delayed until the second year of grant.  
 
C. Improving chemistry and synthesis of legubicins, and efficient analysis of 
designed peptidyl and pseudopeptidyl derivative structures for improved efficacy 
and safety of legubicin analogues using in vitro assays. (Months 1-36) 
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We have synthesized different versions of the prodrug including dimmer the prodrug. 
And these candidate compounds will be assessed for their in vitro and in vivo efficacies 
as proposed in the grant. 
 
2. Characterization of the molecular cell biology of legumain in breast cancer 
biology. 
 
A. Producing legumain knockdown and over-expression cells and investigate the 
effect of legumain knockdown and over-expression on breast cancer cells 
migration invasion in vitro. (Months 1-12) 
 

We have produced multiple breast cancer cell lines that are over-expressing 
legumain as well as expressing legumain shRNA that suppresses legumain expression. 
Our data support the role of legumain in cell migration and invasion. Therefore this aim 
is accomplished. These work led to new hypothesis of mechanisms that legumain 
modulate tumor microenvironment.  
 

B. Investigate the effect 
of legumain knockdown 
and over-expression on 
breast cancer 
invasion/metastasis in 
animal models. (Months 
6-18) 
 
Continuing from the last 
aim, We discovered that 
legumain:αvβ3 protease 
complex regulate cell 
surface proteolysis. 
 
Figure 2. legumain:αvβ3 
form protease complex. 
(A) legumain is immuno-
precipitated with a panel 
of anti-integrin antibodies. 
(B) Immuno-precipitation 
of legumain by anti αvβ3 
antibody and αvβ3 by 
anti-legumain antibody. 
(C) legumain:αvβ3 

complex in MBA-MA231 cells. αvβ3 is red, legumain is green, nuclei is blue. And 
legumain:αvβ3 complex is yellow. They are formed intracellularly in vesicles and 
transported to cell surfaces. (D) Extensive legumain:αvβ3 in Panc-1 human pancreatic 
carcinoma grow in nude mice.  
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The αvβ3 is red, legumain is green, nuclei are blue. The legumain:αvβ3 co-localization 
in complex is yellow. (E) Schematic representation of  the legumain:αvβ3 complexe in 
intracellular trafficking and cell surface proteolysis.  

Legumain is distributed intracellularly as well as presented on cell surfaces in the 
tumor microenvironment via binding to integrins, particularly the αvβ3 subtype. The 
legumain:αvβ3 complex forms intracellularly and are transported together in vesicles to 
the leading edge of migrating cells (Figure 2). Binding of legumain to αvβ3 integrins 
significantly enhanced its enzymatic activity and ability to activate its physiologic 
substrate such as pro-gelatinase A and pro-cathepsin B (Figure 3). We provided 
evidences to support that legumain may provide the necessary proteolytic activity in the 
legumain: αvβ3 not only activate MMP-2 and can also generate the hemopexin fragment, 
a known inhibitory molecule for angiogenesis. These results indicate that the 
legumain:αvβ3 complex is an important modulator of pericellular proteolysis during 
tumor invasive growth and angiogenesis. The enhanced legumain amidolytic activity 
indicates the cell surface legumain:αvβ3 complex is likely the primary target enzyme of 
tumor microenvironment activated prodrug. 
 
Figure 3. Integrin αvβ3 is co-factor of legumain activity. (A) Binding of αvβ3 increases 
the amidolytic activity of 
legumain. (B) The αvβ3 
integrin also shift the pH 
dependency of legumain. (C) 
The αvβ3 increases its activity 
towards its physiologic 
substrate MMP2 as assessed 
using zymogram. (D) 
Schematic illustration of 
MMP2 activation by legumain. 
Legumain not only activate 
MMP2 by removing its 
propeptide, it also cleave 
between its catalytic domain 
and hemopexin-like repeats, 
later a known inhibitory 
molecule for angiogenesis, 
support a regulatory role of 
legumain during vessel 
development.   
 

 
Part of the data included in the grant and here was presented at “Cancer, 

Protease, and the Tumor microenvironement, Nov. 30-Dec. 4, 2005” in an abstract titled 
“Hypoxia-induced Legumain Expression and Localization to Invasive Cell Surface via 
Co-factor αvβ3 Integrins Is Critical for Tumor Invasion and Angiogenesis”.  
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C. Legubicin action against tumor endothelial cells and tumor associated 
macrophages. (Months 18-36) 
 

These experiments are undergoing and will be achieved on time. 
 

Key Research Accomplishments 
 
1. Demonstrated efficacy of TME activated prodrug, legubicin, against drug resistant 
breast cancers. 
 
2. Elucidation of the mechanism of legumain in promoting metastasis/invasion and 
angiogenesis.  
 

Reportable Outcomes 
 
1. Prove of principle of tumor microenvironment activated prodrugs and in vivo 
demonstration of prodrug efficacy against drug resistant breast cancers (paper 
published in Cancer Research).  
 
2. The prodrug demonstrated significant anti-cancer efficacy and the data generated 
from the first year formed a base of a new provisional patent. 
 

Conclusions 
 
The local tumor microenvironment differs greatly from that of other tissues.  One key 
character is that it is enriched in proteolytic activity. Cell surface proteases, such as 
legumain, play important role in cancer progression such as invasion/metastasis and 
angiogenesis. The over-expression of these cell surface proteases are ideal physical as 
well as functional targets to activate prodrugs in the tumor microenvironment as 
demonstrated by data generated with the support of this grant. 
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Abstract

The tumor microenvironment is notably enriched with a
broad spectrum of proteases. The proteolytic specificities of
peptide substrates provide modular chemical tools for the
rational design of cell-impermeable prodrugs that are
specifically activated by proteases extracellularly in the tumor
microenvironment. Targeting cell-impermeable prodrug acti-
vation to tumor microenvironment will significantly reduce
drug toxicity to normal tissues. The activated prodrug attacks
both tumor and stroma cells through a ‘‘bystander effect’’
without selectively deleting target-producing cells, therefore
further minimizing resistance and toxicity. Here, we showed
that legumain, the only asparaginyl endopeptidase of the
mammalian genome, is highly expressed by neoplastic,
stromal, and endothelial cells in solid tumors. Legumain is
present extracellularly in the tumor microenvironment,
associated with matrix as well as cell surfaces and functional
locally in the reduced pH of the tumor microenvironment.
A novel legumain-activated, cell-impermeable doxorubicin
prodrug LEG-3 was designed to be activated exclusively in the
tumor microenvironment. Upon administration, there is a
profound increase of the end-product doxorubicin in nuclei of
cells in tumors but little in other tissues. This tumor
microenvironment–activated prodrug completely arrested
growth of a variety of neoplasms, including multidrug-
resistant tumor in vivo and significantly extended survival
without evidence of myelosuppression or cardiac toxicity.
The tumor microenvironment–activated prodrug design can
be extended to other proteases and chemotherapeutic com-
pounds and provides new potentials for the rational devel-
opment of more effective functionally targeted cancer
therapeutics. (Cancer Res 2006; 66(2): 970-80)

Introduction

The local tumor microenvironment differs greatly from that of
other tissues. It is enriched in proteolytic activity, is acidic, and
is hypoxic. It represents a favorable environment for protease-
targeted conversion of inactive compounds to potent cytotoxic
agents (1). Targeted activation of prodrug in the tumor extracel-
lular microenvironment can reduce the pressure for selection of

tumor cells lacking expression of the target enzyme, and thereby
enhance safety and efficacy of tumor destruction. This goal may be
achieved by incorporation of cell membrane permeability inhibit-
ing groups that are subject to catalytic removal by a targeted
enzyme present and active in the tumor extracellular microenvi-
ronment. Such cell-impermeable targeting prodrugs promise to
profoundly reduce active drug access to normal tissues, enhance
availability to tumors, and therefore significantly reduce toxicity to
normal cells and enhance destruction of neoplastic cells.
Legumain is an entirely novel evolutionary offshoot of the C13

family of cysteine proteases (2). It is well conserved from plants
to mammals, including humans. First identified in plants as a
processing enzyme of storage proteins during seed germination
(3, 4), it was subsequently identified in parasites and then in
mammals (5). Legumain is a robust acidic cysteine endopeptidase
with remarkably restricted specificity absolutely requiring an
asparagine at the P1 site of substrate sequence (5). We found
legumain to be highly expressed in a majority of tumors, including
carcinomas of the breast, colon, and prostate, and in several central
nervous system neoplasms (6); on the other hand, expression is
not apparent in normal tissues from which the tumors originated.
Legumain is present intracellularly in endosome/lysosome systems
and is associated with intracellular protein degradation. Impor-
tantly, we showed that legumain is also present extracellularly in
the tumor microenvironment, associated with matrix as well as cell
surfaces and functional locally in the reduced pH of the tumor
microenvironment. Although evident in tumors, this endopeptidase
is not detectable in the same tumor cell lines in culture that
are used to generate the in vivo tumors, inferring an induction of
legumain gene expression by the tumor microenvironment (7, 8). In
addition to neoplastic cells, we found that legumain is expressed by
tumor angiogenic endothelial cells and also here show presence in
and on tumor-associated macrophages (9–11), thus presenting mul-
tiple local intratumoral cellular targets for prodrug activation (12).
In view of these attractive properties, we designed several

legumain-activated prodrugs by covalently linking a cell-imperme-
able succinyl blocked substrate peptide to the aminoglycoside of
doxorubicin. This prototype cell-impermeable targeting tumor
microenvironment–activated prodrug is inactive and nontoxic until
activated extracellularly by legumain in the acidic tumor micro-
environment. Based on in vivo activity, LEG-3 (N-succinyl-h-alanyl-
L-alanyl-L-asparaginyl-L-leucyl-doxorubicin) possessed profoundly
reduced toxicity and markedly enhanced efficacy compared with
doxorubicin in both murine syngeneic CT26 colon cancer and
C1300 neuroblastoma models as well as in the human fibrosarcoma
HT1080 and doxorubicin-resistant prostate cancer MDA-PCa-2b
xenograft models. Mechanistic and pharmacokinetic evidence
support the tumor microenvironment–activated prodrug strategy.

Note: W. Wu and Y. Luo contributed equally to this work.
Requests for reprints: Cheng Liu, Department of Immunology, The Scripps

Research Institute, 10550 North Torrey Pines Road, SP258, La Jolla, CA 92037. Phone:
858-785-7734; Fax: 858-785-7756; E-mail: chengliu@scripps.edu.

I2006 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-05-2591
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The potent in vivo antitumor efficacy and the improved therapeutic
index suggest that LEG-3 represents a promising candidate for
highly selective chemotherapeutic eradication of tumors.

Materials and Methods

Reagents and cell lines. Rabbit polyclonal antisera against human
legumain as well as 293 cells stably expressing human legumain were kindly

provided by Dr. D. Roodman (Department of Medicine and Hematology,

University of Texas Health Science Center, San Antonio, TX). A legumain

substrate peptide was purchased from Bachem, Inc. (King of Prussia, PA).
Doxorubicin was purchased from Sigma (St. Louis, MO) and DMEM was

from Invitrogen (Carlsbad, CA). The CT26 murine colon carcinoma, C1300

mouse neuroblastoma cell lines, and the human HT1080 fibrosarcoma cells

were purchased from American Type Culture Collection (Manassas, VA).
Antibody preparation. Antilegumain antibodies were prepared by

immunizing rabbits with keyhole limpet hemocyanin–conjugated peptide

CGMKRASSPVPLPP. A cysteine is added to the legumain sequence. The
antilegumain antibodies were affinity purified from resultant antisera

using peptide antigen coupled to Ultralink Iodoacetyl Gel from Pierce

(Rockford, IL). The bound antibodies were eluted by glycine buffer (100

nmol/L, pH 2.7) and neutralized immediately by adding one-tenth volume
of 1 mol/L Tris (pH 7.5).

Western blot. Proteins were dissolved in 2� SDS sample buffer for SDS-

PAGE analysis using gradient Tris-glycine gels (8-16%). After electrophore-

sis, the proteins were transferred to nitrocellulose membranes and blocked
with nonfat milk. The antilegumain antiserum was used as the first

antibody and was incubated with the membranes for 1 hour (1:1,000

dilution). The blot was washed thrice with PBS, incubated with streptavidin-
peroxidase for 15 minutes, and developed by the enhanced chemilumines-

cence method (Sigma).

Flow cytometry analysis. Single-cell suspensions were prepared from

organs and tumor tissues as previously reported (6). Rabbit antilegumain
antisera diluted 1:5,000 or antigen purified antilegumain antibody at

0.5 Ag/mL in PBS are used to detect legumain. This is followed by FITC-

conjugated goat anti-rabbit IgG diluted 1:5,000 in PBS (BD PharMingen,

La Jolla, CA). For CD14 staining, the phycoerythrin-conjugated anti-mouse
CD14 antibody diluted 1:3,000 in PBS was used (BD PharMingen).

Immunohistochemical analysis. Immunohistochemical staining was

done on 5-Am-thick frozen sections on poly-L-lysine slides. For endothelial

identification, biotinylated rat anti-mouse CD31 monoclonal antibody (MEC
13.3) was used with Texas red–conjugated streptavidin as the secondary

reporting reagent. For staining of legumain, rabbit polyclonal anti-legumain

antisera was used at 1:500 dilution or antigen-purified antilegumain poly-
clonal antibody at 0.5 Ag/mL and visualized with FITC-conjugated goat

anti-rabbit antibody. For the identification of tumor-associated macro-

phage, rat anti-mouse CD68 antibody was used and followed by an antirat

antibody conjugated with Texas red. For identification of collagen I, a bio-
tinylated rabbit anti-mouse collagen I antibody was used at 1:250 dilution

and visualized with Texas red–conjugated streptavidin. The slides were

analyzed by laser scanning confocal microscope (Bio-Rad, Hercules, CA).

Terminal deoxynucleotidyl transferase–mediated nick end labeling
analysis. DNA fragmentation caused by apoptosis was detected by terminal

deoxynucleotide transferase–based, in situ cell death detection kit (Roche

Applied Science, Mannheim, Germany). The procedure was done according
to the instructions of the manufacturer. Briefly, the sections were treated

with protein K solution (10 Ag/mL in 10 mmol/L Tris/HCl, pH 7.4) for

15 minutes and followed by 15-minute incubation with terminal

deoxynucleotidyl transferase (TdT)–mediated nick end labeling (TUNEL)
reaction mixture containing TdT and FITC-dUTP. The TUNEL alkaline

phosphatase kit (Roche Applied Science) was used for the conversion of

fluorescence-based TUNEL detection into a colorimetric labeling. The

conversion was achieved by binding of an antifluorescein antibody to FITC-
dUTP. The antibody is labeled with alkaline phosphatase. The signals were

visualized with Fast Red (Vector Laboratories, Burlingame, CA).

Prodrug synthesis. The synthesis of the succinyl version of the prodrug
used the azide method to protect the peptide from racemization. In

principle, the N-protected amino acids or peptide esters are converted by
hydrazine derivatization to an acid hydrazide. Subsequent reaction with

HNO2 or derivatives leads to anacylazide. Thus, the succinyl-Ala-Ala-

Asn-Leu-N2H3 peptide was prepared by using liquid phase synthesis. It was

directly used to synthesize the target compound. An example of the
synthesis is as follows. Solution A: 1,040 mg succinyl-Ala-Ala-Asn-Leu-

N2H2
+F was dissolved in a small amount of dimethylformamide (DMF)

cooled to �10jC and 1.5 mL of 4 N HCl dioxane was added followed by 2.1

mmol/L isoamylnitrite. The mixture was stirred for 30 to 40 minutes at
�10jC and then the pH was carefully adjusted to 7.5 with diisopropyl

ethylamine. Solution B: 1,210 mg doxorubicin acetate was dissolved in a

small amount of DMF at room temperature, the pH was adjusted to 7.5 with

DIPEA, and the solution was chilled to �10jC. Solutions A and B were
combined and the pH was readjusted to 7.5 and monitored throughout the

reaction. The reaction mixture was allowed to warm to 4jC and allowed to

stand overnight. High-performance liquid chromatography (HPLC) analysis
indicated f80% completion of the reaction within 24 to 48 hours. The

reaction mixture was then diluted 10-fold with 0.1% trifluoroacetic acid

(in H2O) and applied directly onto preparative HPLC. A linear acetonitrile

gradient was used to elute the target compound. Fractions were analyzed
for purity, combined, and lyophilized. HPLC, amino acid analysis, and mass

spectrometry were done on the lyophilized powder.

Cytotoxicity assays. The WST-1 (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-

2H-5-tetrazolio-1,3-benzene disfonate) cell proliferation reagent (Roche

Molecular Chemicals, Mannheim, Germany) was used to determine cell

proliferation by quantization of cellular metabolic activity. Control 293 cells

and legumain+ 293 cells were cultivated in microtiter plates (5 � 103 per

well in 100 AL) and were incubated with serial concentrations of LEG or

doxorubicin for 48 hours. Subsequently, 10 AL WST-1 solution (1 mg/mL

WST-1, 25 Amol/L methyldibenzopyrazine methyl sulfate) was added per

well and mixtures were incubated for an additional 4 hours. The tetrazolium

salt WST-1 was cleaved by the mitochondrial succinate-tetrazolium-

reductase system to formazan in cells in direct correlation with the

number of metabolically viable cells in the culture. The amount of formazan

salt was quantified in three replicates by absorbance at 450 nm using a

microplate reader (Molecular Devices, Palo Alto, CA). All results were

derived from replicate experiments with similar results.

Doxorubicin and LEG-3 uptake assay. The legumain+ 293 cells or

control 293 cells (2.5 � 105 per well) were seeded in six-well plates. The
culture plates were then incubated for 24 hours at 37jC and 5% CO2 and

the medium in each well was replaced with 2 mL of serum-free, antibiotic-

free medium containing various concentrations of doxorubicin or LEG-

type compounds. The cells were incubated 1.5 hours then washed thrice
with 2 mL cold PBS. At this point, cell nuclei doxorubicin positivity can be

analyzed by fluorescent microscopy. For quantitative assays, the cells were

then lysed by adding 0.5 of water and gently rotated on an orbital shaker

for 5 minutes at room temperature. The lysed cells were added to 1.5 mL
acidified ethanol and incubated at 4jC in the dark for 3 hours. Total

doxorubicin and LEG content was measured fluorometrically using a

Perkin-Elmer LS-50-B spectrofluorometer (excitation: 470 nm; emission:
590 nm). Fluorescence intensity was translated to drug concentration by

use of a standard curve prepared from doxorubicin and LEG solutions in

cell lysates that were not previously exposed to the drug. Results are

expressed as the mean F SD of at least three replicates for each
experiment.

Determination of marrow toxicity. Groups of healthy BALB/c mice

(n = 4) were injected i.p. with a single dose of LEG-3 (49.4 or 4.94 Amol/kg)

or doxorubicin (3.4 Amol/kg). On day 7, retro-orbital sinus blood samples
were collected into 10 mmol/L EDTA and were counted by hemocytometer

after lysis of RBCs with an acidified methyl violet solution.

Determination of maximum tolerable dose. Four six-week-old BALB/c
mice were used for each experimental group. The mice were weighed

individually and the average weight of the group is used to determine the

exact doses. Mice were given i.p. injection daily for 5 days. The maximum

tolerable dose (MTD) is defined as the maximum drug dose administered to
non–tumor-bearing mice once daily for 5 consecutive days without

mortality.
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Tissue distribution. LEG compounds or doxorubicin was injected i.p.
into mice; 12 hours later, the animals were perfused and the doxorubicin

autofluorescence was measured following homogenization in 50% ethanol

and then diluted with an equal volume of 50% ethanol containing 0.6 mol/L

HCl. Fluorescence measurements were obtained with excitation at 470 nm
and emission at 590 nm; concentrations were derived by conversion from

a doxorubicin standard curve. Tissues from saline-injected mice provided

controls. Blood samples were to 0.75 mL with PBS, centrifuged, the

pellets washed with PBS, and doxorubicin was extracted with ethanol and
0.3 mol/L HCl.

Animal models. The CT26 syngeneic murine colon carcinoma model

was generated and maintained in The Scripps Research Institute animal

facility. This model was produced in BALB/c mice ages 4 to 6 weeks injected
with 5 � 105 CT26 tumor cells per s.c. site on the back. The C1300 mouse

neuroblastoma model was generated in A/J mice by s.c. injection of 5 � 105

C1300 cells per site on the back. Treatment was initiated when the tumors
reached 4 mm in diameter through bolus i.p. (syngeneic tumors) or i.v.

(human tumors) injections of the indicated reagents. Treatment was thrice

per week for 2 weeks. The human HT1080 fibrosarcoma was xenografted in

BALB/c nu/nu mice obtained from The Scripps Research Institute breeding
colony. HT1080 cells, 1 � 106 per site, were inoculated s.c. on the back. The

MDA-PCa-2b human prostate carcinoma model was generated in WEHI

nude mice and these cells (106) were also injected s.c. Tumor growth and

signs of physical discomfort were monitored daily including for any gross
evidence of tumor necrosis, local tumor ulceration, as well as evidence of

toxicity including the mobility of animals, response to stimulus, piloer-

ection, eating, and weight. These procedures have been reviewed and
approved by the Institutional Animal Care and Use Committee at The

Scripps Research Institute. All the experiments were conducted in The

Scripps Research Institute facilities, which are accredited by the Association

for the Assessment and Accreditation of Laboratory Animal Care. The
Scripps Research Institute maintains an assurance with the Public Health

Service and is registered with the Department of Agriculture and is in

compliance with all regulations relating to animal care and welfare.

Statistical analysis. Statistical significance of data was determined by
the two-tailed Student’s t test, except for statistical significance of survival

curves, which used the log-rank test using GraphPad Prism version 3.00

(GraphPad Software, San Diego, CA).

Results

Legumain is highly expressed by cells in the tumor
microenvironment. We have reported that legumain is expressed
in vivo by tumor cells and proliferating endothelial cells
intracellularly as well as on their cell surfaces (6). In contrast,
legumain is not detectable in or on CT26, C1300, HT1080, and
MDA-PCa-2b as well as eight other tumor cell lines in culture, the
same cells used to generate a set of legumain-expressing tumors
in vivo (Fig. 1A). Further, this endopeptidase is not detectable in
large-scale survey panels of tumor cell lines in culture, except for
THP-1 cells, based on a search of the National Cancer Institute
tumor cell expression database.
Using immunohistochemical analysis, legumain is usually

present in tissue sections of human colon carcinomas, neuroblas-
tomas, fibrosarcomas, and prostate carcinomas, representative of
the types of neoplasms investigated in the present study. Legumain
expression was not detectable in the normal tissues of origin for
these neoplasms (6). The remarkable local expression of legumain
not only by neoplastic cells but also by stromal cells in association
with tumor development in vivo infers that this response is in
response to novel local aspects of the tumor microenvironment.
Legumain is found on the CT26 tumor cell surfaces where it
is effectively removed by 30 minutes collagenase digest at 57jC
(Fig. 1B). This further establishes the cell surface association of
legumain in contrast to the previously identified intracellular

localization of legumain, as there is no transmembrane domain or
prior evidence of secretion or plasmalemma localization of this
lysosomal protease.
To analyze the extracellular localization of legumain in tumors

and normal organs, flow cytometry was used to analyze cell surface
legumain in single-cell suspensions prepared from tumors, bone
marrow, spleen, and kidney, as well as cultured tumor cells. Despite
demonstrable intracellular legumain by renal tubular epithelial
cells, <2% of isolated viable cells were very weakly positive for cell
surface legumain. Spleen cells have considerably less legumain than
renal cells; however, f1% to 2% of spleen cells are weakly positive
for cell surface legumain. Furthermore, cell surface legumain is not
detectable on cells derived from bone marrow nor is it found on
cultured CT26 cells. In contrast, 40% of intact viable cells derived
from in vivo CT26 tumors were strongly positive for cell surface
legumain (Fig. 1C). A similar pattern was observed for all tumors
examined (data not shown), indicating that cell surface and
extracellular legumain is uniquely abundant only in tumors. Using
confocal microscopy analysis, we have described previously that
legumain is expressed by tumor vascular endothelial cells (Fig. 2A ;

Figure 1. Legumain expression and cell surface association. A, Western blot
analysis of cultured tumor cells and corresponding in vivo tumor-derived cells.
B, flow cytometry analysis for cell surface legumain of single-cell suspensions
from CT26 tumors with (bottom ) and without (top ) collagenase treatment. C, flow
cytometry analysis of single-cell suspensions prepared from tumor, bone marrow
(BM ), spleen, and kidney as well as cultured CT26 tumor cells for cell surface
legumain. Columns (inset), percentage of cells positive for surface legumain.
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ref. 6). Here, we showed that legumain is expressed by tumor-
associated macrophages in tissue sections from CT26 tumors by
dual staining with antilegumain and anti-CD68 antibodies (Fig. 2B).
Secreted legumain is present in the tumor stroma associating with
extracellular matrix proteins, such as collagen I (Fig. 2C). Legumain
expression is absent in normal peripheral blood monocytes.
Using flow cytometry, legumain is found on the surface of viable
endothelial cells and tumor-associated macrophages using both
antilegumain antibody and anti-CD31 antibody or anti-CD14
antibody, respectively (Fig. 2D). Interestingly, legumain on endo-
thelial cell and tumor-associated macrophage surfaces is resistant
to removal by collagenase, suggesting a mode of cell surface
association (Fig. 2E) distinct from that of tumor cells where
legumain is removed by collagenase.

LEG-3 is activated by tumoral legumain. The ability of the
cell-impermeable targeting tumor microenvironment prodrug
LEG-3 (Fig. 3A) to kill tumor cells was evaluated first in cell
culture (Fig. 3B). With both legumain transfected and control
nonproducing cells, we determined the median effective concen-
tration representing the amount of LEG-3 or doxorubicin required
for 50% cell death (EC50; Table 1). LEG-3 was virtually noncytotoxic
to control cells not expressing legumain. However, for cells that
were transfected with legumain cDNA and express cell surface
legumain, cytotoxicity was significant and EC50 levels were close to
those observed for doxorubicin, indicating an efficient conversion
of the LEG-3 prodrug. The requirements for activation were shown
using an alternate peptide sequence not hydrolyzed by legumain
[LEG-4 (N-succinyl-h-alanyl-L-asparaginyl-L-leucyl-doxorubicin);

Figure 2. Legumain is expressed by stromal cells in tumors. A, double staining of antilegumain antibody (green ) and anti-CD31 antibody (red ) identifies endothelial cells.
Arrows, tumor vascular endothelial cells expressing legumain in tumor (�400). B, double staining of antilegumain antibody (green ) and anti-CD68 antibody (red)
identifies legumain-expressing, tumor-associated macrophages (arrows ; �600). Arrows, tumor-associated macrophage cells expressing legumain. C, double staining
of antilegumain (green ) with anticollagen I antibody (red ; �400). Colocalization of legumain with collagen I in the extracellular matrix (yellow ). D, two-dimensional
analysis of single-cell suspensions prepared from 4T1 in vivo mouse mammary tumor following mechanical dissociation and of 4T1 tumor cells from tissue culture.
The presence of cell surface legumain in tumor vascular endothelial cells and tumor-associated macrophages are shown with the presence of cells that are both
legumain+ and CD31+ as well as cells that are both legumain+ and CD14+, respectively. E, two-dimensional flow cytometry of single-cell suspensions prepared from 4T1
tumors using collagenase digestion. Legumain-associated endothelial cells are represented by the group of cells that are legumain+ and CD31+. Legumain-associated,
tumor-associated macrophages are represented by legumain+ and CD14+ cells.
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Fig. 3B] and also by inhibition of LEG-3 activation following
inhibition of legumain function (Fig. 3C).
LEG-3 is activated extracellularly. Tumor cell uptake of LEG-3

was compared with doxorubicin. When added to cell cultures, doxo-
rubicin rapidly entered cells. In contrast, LEG-3 remained extra-
cellular, consistent with its observed lack of cytotoxicity. In contrast,
when LEG-3 was added to legumain-expressing cells in culture, the
end product doxorubicin was found in cells (Fig. 3D and E).
Legumain is selective and functional in the tumor micro-

environment. When doxorubicin was administered as a single i.v.
bolus, the plasma concentration very rapidly declined followed by a
low concentration and slowly cleared phase, consistent with
observations by other investigators (13, 14). The initial decline of
infused LEG-3 was much slower, which is attributed to reduced
tissue uptake (Fig. 4A). The content of LEG-3 in tumor tissues was
determined 12 hours postinjection in mice bearing CT26 tumors.
There was significant doxorubicin content in tumors, in contrast to

many tissues, including heart, kidney, liver, and brain. The MTD of
doxorubicin and a molar equivalent amount of LEG-3 were given
i.v. For LEG-3, the amount of drug present in tumors was >10-fold
greater than that for doxorubicin administration. LEG-3 was greatly
reduced in cardiac tissue (Fig. 4B). Because of the reduced normal
tissue uptake and toxicity, larger quantities of LEG-3 could be
administered, which resulted in higher drug content in cells within
tumors compared with that achieved for doxorubicin administra-
tion. Drug accumulation in tissues and tumor was visualized by
doxorubicin autofluorescence (Fig. 4C). The data indicate that
legumain is selectively found in the tumor microenvironment, and
LEG-3 is processed to its cell-permeable Leu-doxorubicin derivative
based on the presence of cytoplasmic doxorubicin, which, following
processing to the end product doxorubicin, translocated to the
nucleus based on intranuclear fluorescence.
In vivo toxicity of LEG-3 and doxorubicin. LEG-3 is

significantly less toxic than doxorubicin when evaluated in vivo .

Figure 3. LEG family compounds.
A, schematic structure of these LEGs.
LEG-2 and LEG-3 are oligopeptidic
derivatives of doxorubicin that are cell
impermeable and can be hydrolyzed to
leucine-doxorubicin by extracellular
legumain. LEG-4 is similar but is not
subject to legumain hydrolysis.
B, cytotoxicity of LEG compounds using
legumain+ 293 cells and control wild-type
293 cells. C, legumain-mediated LEG
activation and inhibition by cystatin.
1, untreated control; 2, doxorubicin treated;
3, doxorubicin plus cystatin; 4, LEG-3
treated; 5, LEG-3 plus cystatin; 6, LEG-2
treated; 7, LEG-2 plus cystatin. D, cell
uptake assay of LEG-3 compared with
doxorubicin (Dox ). E, localization of
doxorubicin in cell nuclei is visualized by
autofluorescence (red ). In contrast, LEG-3
is not internalized by legumain-negative
cells exposed to LEG-3 and they lack
nuclear positivity for end product
doxorubicin despite presence of
extracellular fluorescent signal of the
doxorubicin present in the LEG-3.
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When given by six repeat i.v. administrations, LEG-3 had a
much higher cumulative MTD and reduced LD50 compared with
doxorubicin (Table 1). Bone marrow and cardiac toxicity of LEG-3
was examined and compared with doxorubicin. Also, the cytotoxic
effect of LEG-3 on peripheral blood leukocyte counts (WBC) was
assessed and compared with that of doxorubicin. There were no
reductions of total WBC counts in mice treated six times in 12 days
with 4.94 Amol/kg LEG-3, and only a slight reduction observed
in mice treated with a 10-fold higher dose. In contrast, there was
>50% reduction of WBC counts in the group of mice receiving as
little as 3.4 Amol/kg doxorubicin by the same schedule (Fig. 5A).
LEG-3 produced little evidence of myelosuppression compared
with its parent compound doxorubicin. In cardiac tissue, mice
similarly treated with 49.4 Amol/kg of LEG-3 exhibited no
histologic evidence of cardiac toxicity in contrast to profound
cardiac myocyte vacuolization and cell death in mice treated with
doxorubicin at 3.4 Amol/kg (Fig. 5B). Cardiac myocytes of mice
treated with doxorubicin showed marked apoptosis, which was not
observed for LEG-3-treated mice (Fig. 5B).
In vivo efficacy is dependent on legumain-specific activity.

To further characterize the requirements for legumain activation
of LEG-3 in vivo , two LEG-type compounds differing in composi-
tion of the peptidyl element of the compound were evaluated.
LEG-2 (N -succinyl-h-alanyl-L-threoinyl-L-Asparaginyl-L-Leucyl-

doxorubicin) and LEG-4 were analyzed for in vivo efficacy in
tumor-bearing mice. The LEG-4 compound is not cleaved by
legumain and was devoid of tumoricidal activity (Fig. 6A), whereas
LEG-2 and LEG-3, which are converted by legumain, showed in vivo
tumoricidal efficacy (Fig. 6B and C).

LEG-3 has effective tumoricidal activity against diverse
tumors in vivo . The potential therapeutic efficacy of LEG-3 was
evaluated in both syngeneic rodent tumor models and human
tumor xenograft models. At a well-tolerated dose (49.4 Amol/L/kg)
administered six times in 12 days, LEG-3 effectively arrested growth
of murine CT26 colon carcinoma in BALB/c mice and produced
complete tumor eradication in some (Fig. 6C). A similar level of
efficacy was also observed for the murine C1300 neuroblastoma in
A/J mice (Fig. 6D) where LEG-3 treatment induced massive tumor
cell death (Fig. 6C and D), tumor eradication, and marked
enhancement of survival (Fig. 6E and F).
The in vivo efficacy of LEG-3 on human tumor xenografts in

athymic nu/nu mice was assessed and compared with doxorubicin.
Legumain protein was not detectable in either HT1080 or MDA-
PCa-2b cells in culture. However, robust legumain expression was
observed by immunohistochemistry for in vivo tumors propagated
from these cells. Indeed, LEG-3 produced potent tumoricidal
activity against the HT1080 fibrosarcoma, a fast-growing tumor
and a model that is traditionally sensitive to doxorubicin therapy

Table 1. In vitro and in vivo toxicity of LEG-3 compared with doxorubicin

A. Estimated IC50 (Amol/L) of doxorubicin and LEG-3

293 cells Legumain+293 cells HTP cells

Dox 1.2 1.4 1.5

LEG-3 >100 3.2 9.6

LEG-3 + cystatin >100 64.4 59.2

LEG-4 >100 >100 >100

B. Estimated MTD and LD50 of Dox and LEG-3 (Amol/kg) in BALB/c male mice

Dox LEG-3

MTD LD50 MTD LD50

I.p. 9.8 17.2 >197.4 >197.4
I.p. 5� 2.8 3.4 98.7 >197.4

I.v. 18.2 25.8 >197.4 >197.4

I.v. 5� 3.2 5.1 74.0 197.4

C. Comparison of gross toxicity of mice treated with Dox and LEG-3

Controls

Average weight loss (%) 4

Dox

Dose (Amol/kg) 1.72 5.4
Average weight loss (%) 24 28

Death (%) 35 75

LEG-3

Dose (Amol/kg) 1.97 4.9 49.4 98.7 197.4
Average weight loss (%) 3 5 7 8 16

Death (%) 0 0 0 10 50

Abbreviation: Dox, doxorubicin.
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(Fig. 7A). On the other hand, human prostate carcinomas are
frequently resistant to doxorubicin therapy. MDA-PCa-2b prostate
carcinoma, a known doxorubicin-resistant tumor (15), failed to
respond to doxorubicin in vivo . However, administration of LEG-3
led to complete growth arrest (Fig. 7B). LEG-3 was effective and
frequently resulted in complete tumor eradication with marked
enhancement of survival of the HT1080 as well as the MDA-PCa-2b
tumor-bearing mice (Fig. 7C and D). Toxicity of LEG-3 based on
weight loss and mortality was negligible (Fig. 7E).

Discussion

This cell-impermeable targeting tumor microenvironment–
activated prodrug strategy depends on targeting as well as specific
catalytic function at a pH <6.8 of a quite unique endopeptidase
that is selectively expressed extracellularly in the tumor microen-
vironment. There, it can convert an effectively designed cell-
impermeable prodrug (LEG-3) to a cell-permeable prodrug
(Leu-doxorubicin), which, in turn, is converted to the active
tumoricidal end product doxorubicin and translocated to cell
nuclei for induction of cell death. There are distinct advantages to
this strategy in that tissue uptake can occur only in the tumor or
comparable pathologic microenvironment. To achieve continuous
growth and remodeling, the tumor microenvironment is enriched
with a variety of proteases. There are nearly 500 proteases
identified thus far in the human genome (16, 17), and many have
been associated with the local tumor microenvironment and seem
important for tumor invasion and metastasis (18, 19). Drug access
to solid tumors is relatively efficient, limited only by diffusion

barriers. Compounds, such as LEG-3, converted and activated in
the tumor microenvironment can access and be converted by both
neoplastic and associated endothelial and stromal cells to produce
substantial bystander effects. Whereas most cytotoxic drugs are
designed to be cell permeable, here we diminished cell permeabil-
ity, increased hydrophilic properties, and increased drug solubility
to minimize tissue uptake of LEG-3. This correlates with the slower
clearance from the blood as well as greatly diminished tissue
accumulation.
The design of an effective tumor microenvironment–activated

prodrug of this type requires knowledge of the selectivity and
expression of the enzyme target, including not only functional
characteristics but also in vivo distribution under physiologic
and pathologic conditions. In respect to these issues, extracellular
accessible legumain represents a promising candidate target
because it is the only asparaginyl endopeptidase in the mammalian
genome. We discovered that legumain is highly expressed in the
majority of solid tumors (6). It is a robust acidic cysteine protease,
one that is overexpressed by neoplastic cells as well as intratumoral
endothelial cells and macrophages. It requires for function the local
acidic tumor microenvironment and is found associated with both
the extracellular matrix and cell surfaces in the tumors. In normal
tissues, such as kidney, legumain is present in proximal tubular
epithelial cells but only as an intracellular lysosomal protein.
Although not found, extracellular legumain in normal tissues
would be functionally inactive at physiologic pH (5) and such
protein that may escape the tumor microenvironment would
be inactive for this same reason. Legumain activity in normal
tissues could be inhibited by cysteine protease inhibitors, such as

Figure 4. In vivo distribution and
pharmacokinetics of LEG-3. A, plasma
pharmacokinetics of LEG-3 compared with
doxorubicin. B, accumulation of LEG-3
and doxorubicin in organs and tumors of
mice bearing CT26 colon carcinomas.
C, presence of doxorubicin and LEG-3 are
visualized with autofluorescence of
doxorubicin (red).
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cystatin C (20), whereas such inhibitors are commonly down-
regulated in tumors (21). In addition to legumain expression, the
function of reticuloendothelial system can contribute to the
relative higher spleen uptake of prodrug and doxorubicin. However,
we did not observe gross spleen enlargement or atrophy in
prodrug-treated mice; there is no apparent cellular depletion of
lymphoid or myelogenic lineages. Therefore, the legumain-activated
prodrugs do not seem to have an enhanced toxicity toward spleen.
The cell-impermeable targeting tumor microenvironment–activated
prodrug strategy need not be restricted to doxorubicin as the
cytotoxic end product. Other compounds are compatible with
modification to achieve a similar tumor microenvironment–
activated prodrug mode of action. Of particular interest for
incorporation into this strategy are a number of highly cytotoxic
compounds that have been developed based on their in vitro
activity as exemplified by duocarmycin (22, 23).
Tumor-associated proteases have been recognized increasingly

as potential targets for selective activation of prodrugs. Thus far,
prodrugs were reported that are activated by prostate-specific
antigen (24, 25), cathepsin (26–28), plasmin (29), and by undefined
tumor-associated proteases (14, 30, 31). Here, we explored the
potential of legumain to serve as a tumor-selective target and
evaluated the potential of the tumor microenvironment–activated
prodrug strategy. The lead candidate compound LEG-3 was ana-
lyzed in vitro and in vivo. The aminoglycoside at position C-3V is
critical for the ability of doxorubicin to integrate into DNA and to
interfere with DNA Topo II and to overcome multiple drug
resistance (32, 33). The addition of the legumain substrate peptidyl
structure to the C-3V-NH2 abolishes this function. It is critical to our
design that charge and the succinyl cap of LEG-3 prevent
cell entry. Also, the peptidyl element must not be susceptible to
hydrolysis by any other enzyme. In tumor cells overexpressing
legumain, LEG-3 was effectively rendered cell permeable, the
resultant Leu-doxorubicin prodrug was processed with transloca-

tion of end product doxorubicin to nuclei, thereby mediating
cytotoxicity. LEG-3 is effective against a variety of multidrug-
resistant solid tumors, including not only rapidly progressing
syngeneic rodent tumors but also slower growing human tumor
xenografts in immunodeficient mice. The specific activation of
LEG-3 by legumain in tumors results in higher drug delivery to
tumor cells and resultant cytotoxic destruction.
Our data clearly showed that LEG-3 is a tumor microenviron-

ment–activated prodrug that is selectively catalytically converted
to end product doxorubicin in the tumor microenvironment. LEG-3
is not found in any significant amount in normal tissues
presumably as a result of its cell impermeability. Based on LD50,
the toxicity of LEG-3 in the mouse was reduced >10-fold compared
with doxorubicin. LEG-3 also exhibited a slower initial reduction in
plasma concentration than doxorubicin consistent with the relative
tissue impermeability. For cardiac tissue, LEG-3 accumulation was
reduced >15-fold. Cardiomyopathy and the development of
congestive heart failure is associated clinically with cumulative
doxorubicin dosage in excess of 500 to 550 mg/m2, a level readily
achieved when required for tumors responsive to the drug, and is
the major limitation for therapeutic use of doxorubicin and other
anthracyclines (34). This is a notable advantage of compounds
like LEG-3 because it is far less cardiotoxic. The toxicity of DNA-
intercalating drugs is particularly injurious to tissues with high cell
proliferation as exemplified by severe myelosuppression. We found
little effect of LEG-3 on cells of myeloid lineage, as mice showed
negligible reduction in peripheral blood or marrow myeloid cells at
elevated therapeutic doses.
Another advantage of a tumor microenvironment–activated

prodrug, such as LEG-3, over doxorubicin is the increased plasma
persistence, allowing longer tumor exposure to enhance targeting.
Based on the reduced toxicity, larger cumulative dosage of LEG-3
can be administered more rapidly. Consequently, significantly
greater tumor inhibition and destruction have been observed for

Figure 5. LEG-3 lacks in vivo toxicity of
doxorubicin. A, myelosuppression of LEG-3
and doxorubicin in mice were assessed by
determination of peripheral blood leukocyte
counts. B, cardiac toxicity was shown by the
presence of vacuolar degeneration of
myocytes in H&E-stained sections resulting
from chronic doxorubicin treatment, which was
notably absent in LEG-3-treated mice. TUNEL
analysis of cardiac tissue from mice treated
with doxorubicin also showed marked
apoptosis of myocytes (arrows, red apoptotic
nuclei). This was very infrequent in
LEG-3-treated mice.
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LEG-3 in syngeneic murine colon carcinoma and neuroblastoma
models without demonstrable toxicity. LEG-3 was also highly
effective against human fibrosarcoma and a doxorubicin-resistant
human prostate carcinoma in xenograft models where high levels
of intratumoral legumain are present.
Legumain is also produced by endothelial cells and tumor-

associated macrophages in the tumor microenvironment. These
cells constitute additional local intratumor targets for competent
drug activation and therapeutic effects, including tumor micro-
vascular destruction. Evidence that tumor-associated macrophages
can be directly tumoricidal and also stimulate tumoricidal activity

of T cells is questionable. To the contrary, tumor cells frequently are
able to evade the activity of tumor-associated macrophages (11).
In some tumors, tumor-associated macrophages account for as
many as 50% of cells. Further, evidence has emerged for a symbiotic
relationship between tumor cells and tumor-associated macro-
phages. Tumor cells attract tumor-associated macrophages, which,
in turn, provide a considerable array of growth factors and
cytokines that can facilitate tumor cell survival. Tumor-associated
macrophages have been reported to respond to microenvironmen-
tal factors in tumors, such as hypoxia, by producing growth factors
including vascular endothelial growth factor (35–37), enzymes such

Figure 6. In vivo specificity and efficacy of
LEG-3 in syngeneic mouse tumor models.
A, in vivo effects of LEG-4 in mice bearing
CT26 tumors (n = 8). B, LEG-2 (n = 8).
C, LEG-3 (n = 8), H&E-stained
sections of control versus treated tumors.
D, in vivo effect of LEG-3 in A/J mice
bearing C1300 neuroblastoma (n = 8).
H&E-stained sections of control versus
treated tumors. E, survival analysis of
CT26 tumor-bearing mice treated with
LEG-3. F, survival analysis of
C1300-bearing mice treated with LEG-3.
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as matrix metalloproteinases (38), cathepsins (39), and now
legumain. Through these factors, tumor-associated macrophages
stimulate or facilitate tumor angiogenesis, invasion, and growth,
similar to the role of macrophages in wound healing. In fact, tumor
cells circumvent the need to produce all the factors necessary
for their growth and to establish a pseudo-organ, the solid tumor
(11, 40), with the aid of tumor-derived molecules that can redirect
tumor-associated macrophage activities to promote tumor survival
and growth. The potent antitumor activity of LEG-3 in vivo may
also be partly attributable to targeting endothelial cells and tumor-
associated macrophages in the tumor microenvironment.
We here describe a tumor microenvironment–activated prodrug

strategy for cancer therapy. LEG-3, the example, is activated by
extracellular legumain in tumors leading to extensive tumor cell
death and frequent complete tumor eradication, including drug-

resistant tumors. These data support the advance of this strategic
class of therapeutics for development as a molecularly targeted
cancer therapeutic. Given that this design may be adapted to other
cytotoxic compounds, it represents an opportunity to advance
cancer therapy.
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Figure 7. Efficacy of LEG-3 in human xenograft tumor models compared with doxorubicin. A, in vivo effects of LEG-3 (49.4 Amol/kg; n = 8) compared with doxorubicin
(1.72 Amol/kg; n = 8) in the HT1080 human fibrosarcoma model and H&E-stained histologic analysis of control HT1080 tumor compared with tumors treated with
doxorubicin and LEG-3. B, in vivo effect of LEG-3 (49.4 Amol/kg; n = 8) compared with doxorubicin (1.72 Amol/kg; n = 8) in the MDA-PCa-2b human prostate carcinoma
xenograft model and H&E-stained MDA-PCa-2b human prostate carcinoma. C, survival analysis of HT1080 human fibrosarcoma models. D, survival analysis
of mice bearing MDA-PCa-2b tumors after treatment. E, gross toxicity of tumor-bearing mice treated with doxorubicin and LEG-3.
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Abstract

A novel vaccination strategy induced specific CD8+++ T cell–
mediated immunity that eradicated spontaneous and exper-
imental pulmonary cancer metastases in syngeneic mice and
was also effective in a therapeutic setting of established breast
cancer metastases. This was achieved by targeting transcrip-
tion factor Fos-related antigen 1(Fra-1), overexpressed by
many tumor cells, with an ubiquitinated DNA vaccine against
Fra-1, coexpressing secretory IL-18. Insight into the immuno-
logic mechanisms involved was provided by adoptive transfer
of T lymphocytes from successfully immunized BALB/c mice
to syngeneic severe combined immunodeficient (SCID) mice.
Specifically, long-lived T memory cells were maintained
dormant in nonlymphoid tissues by IL-18 in the absence of
tumor antigen. Importantly, a second tumor cell challenge of
these SCID mice restored both, robust tumor-specific cytotox-
icity and long-lived T-cell memory, capable of eradicating
established pulmonary cancer metastases, suggesting that this
vaccine could be effective against tumor recurrence. (Cancer
Res 2005; 65(8): 3419-27)

Introduction

The development of long-lived CD8+ T-cell memory is a major
goal of vaccination against tumors because it can provide
continuous protection against their further dissemination and
recurrence. In fact, successful protection against tumors critically
depends on both, an increased number of tumor antigen–specific
CD8+ T cells in an immune host and the distinct capability of CD8+

T memory cells to proliferate, secrete inflammatory antitumor
cytokines, and repeatedly kill recurring tumor cells more effectively
than naive CD8+ T cells. Consequently, several ongoing efforts focus
on the development of DNA-based cancer vaccines capable of
inducing long-lasting immunologic memory responses endowed
with specificity and a high potential to repeatedly kill tumor cells.
Indeed, the establishment and continued long-term maintenance
of immunologic memory has been the very key to successful tumor
protective vaccination strategies (1–3).
Transcription factor Fos-related antigen 1(Fra-1), which is

overexpressed by many human and mouse epithelial carcinoma
cells (4–7), is involved in progression of various breast cancer cell
types (8, 9) and thus represents a relevant, potential target for
a breast carcinoma vaccine. Indeed, we previously showed that an
oral DNA vaccine encoding murine Fra-1, coexpressing secretory
murine interleukin 18 (mIL-18), induced an effective cellular

immune response capable of eradicating established D2F2 breast
cancer metastases in syngeneic BALB/c mice (10). IL-18 is a well-
known multifunctional cytokine that was coexpressed in our DNA
vaccine to enhance tumor antigen presentation by dendritic cells
and to maintain an antitumor immune response. IL-18 was
originally believed to elicit cytokine production by T and/or natural
killer (NK) cells and to induce their proliferation and cytolytic
activity, similar to an IFN-g-inducing factor (11). The antitumor
activity of IL-18 is now considered to be primarily mediated by Tand
NK cell activation and by enhancing cellular immune mechanisms
via up-regulation of MHC class I antigen expression, favoring the
differentiation of CD4+ helper T cells toward the T helper 1 (Th1)
subtype. In turn, Th1 cells secrete proinflammatory cytokines IL-2
and IFN-g, which facilitate the proliferation and/or activation of
CD8+ CTLs, NK cells, and macrophages, all of which can contribute
to tumor regression (11, 12). In addition, IL-18 is an important
mediator of memory CD8+ T-cell proliferation and activation via
bystander activation. This process was extensively studied by Sprent
et al. (13, 14), who showed that administration of innate immune
activators induces proliferation of memory CD8+ T cell through a
mechanism involving type I IFN, IL-12, IL-15, and IL-18, respectively.
Here, we extended our prior studies on a Fra-1 based DNA vaccine
coexpressing IL-18 in two breast tumor models as well as a non–
small cell lung carcinoma model by investigating potential working
mechanisms of this vaccine, focusing particularly on the generation,
function, and long-term survival of CD8+ memory T cells in tumor
models of syngeneic BALB/c and severe combined immunodeficient
(SCID) mice after adoptive transfer of T cells from successfully
vaccinated mice. We also focused on CD8+ T cells that could remain
dormant at high frequency in nonlymphoid tissue after successful
vaccination, because their ultimate presence in the periphery is
important for eliciting resistance against secondary tumor cell
challenges. These questions were addressed with a polyubiquiti-
nated DNA vaccine encoding Fra-1, cotransformed with secretory
murine IL-18, and carried by attenuated Salmonella typhimurium ,
which proved capable of inducing a long-lived CD8+ T-cell response
that eradicated recurring D2F2 breast cancer metastases in
syngeneic BALB/c mice.

Materials and Methods

Animals, bacterial strains, and cell lines. Female BALB/c and C57BL/
6 mice, 6 to 8 weeks of age, were purchased from the Scripps Research

Institute Rodent Breeding Facility. Female SCID mice were obtained from

the Jackson Laboratory (Bar Harbor, ME). These mice were maintained

under specific pathogen-free conditions and used for experiments when 7
weeks old. All animal experiments were done according to the NIH Guides

for the Care and Use of Laboratory Animals. The double-attenuated S.

typhimurium strain RE88 (aroA� ; dam�) was obtained from Remedyne Co.
(Santa Barbara, CA). The murine D2F2 breast cancer cell line was kindly

provided by Dr. Wei-Zen Wei (Karmanos Cancer Institute, Detroit, MI). The

murine D121 non–small cell lung carcinoma cells were a gift from Dr. L.
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Eisenbach (Weizmann Institute of Science, Rehovot, Israel) and the murine
4T1 breast carcinoma was kindly provided by Dr. Suzanne Ostrand-

Rosenberg (University of Maryland, Baltimore, MD).

Reverse transcription-PCR, Western blotting, and immunohisto-
chemistry. Reverse transcription-PCR (RT-PCR): Total RNA was extracted
with the Rneasy mini Kit or Rneasy tissue Kit (Qiagen, Valencia, CA) from 3
� 106 tumor cells of various origin: breast carcinoma cells D2F2, 4T1, and

4T07; colon carcinoma cells CT26; prostate carcinoma cells RM2; non–small

cell lung carcinoma cells D121; and normal tissues from mouse spleen, liver,
lung, and bone marrow. Reverse transcription was done with 1 Ag of total

RNA followed by PCR with the appropriate oligonucleotides. The following

primers were used: ATGTACCGAGACTACGGGGAA ( forward) and TCA-

CAAAGCCAGGAGTGTAGG (reverse). The PCR was cycled 30 times at 52jC
annealing temperature and quantities of RNA and PCR products were

monitored for glyceraldehyde-3-phosphate dehydrogenase resulting in an

821-bp fragment. Western blots : Fra-1 protein expression was established in
the above mentioned array of tumor cell lines and murine tissues. Western

blot analysis was done with the total protein from cell lysate homogenates,

using a polyclonal primary rabbit anti-murine Fra-1 antibody and anti-

murine h-actin antibody as a loading control (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). Specific protein was detected with a goat anti-

rabbit-horseradish peroxidase (HRP)–conjugated IgG antibody (Bio-Rad,

Richmond, CA). Immunohistochemistry: D2F2 tumor tissues were cut into

sections and exposed to air until completely dry, fixed in cold acetone at
�20jC for 10 minutes, and stained for Fra-1 with the DAKO immuno-

staining system (DAKO, Carpinteria, CA), using rabbit anti-murine Fra-1

antibody (Santa Cruz Biotechnology), diluted 1:1,000 or negative control
reagents. This was followed by incubation at 4jC overnight. After three

washes with PBS, a HRP-conjugated goat anti-mouse secondary antibody

(DAKO) was used, and slides mounted with DAKO Faramount (DAKO).

Cells were visualized microscopically, and images captured with a Nikon
digital camera (Tokyo, Japan) linked to a workstation with Adobe

Photoshop software (Adobe System, Inc., San Jose, CA).

Vector construction and protein expression. Two constructs were

made based on the vectors pcDNA3.1/Zeo and pSecTag2/Hygro (Invitrogen,
San Diego, CA), respectively. The first construct, pUb-Fra-1, was comprised

of polyubiquitinated, full-length murine Fra-1. The second construct, pIL-18,

contained mIL-18 with an Ign leader sequence for secretion purposes. The
empty vector served as a control. Protein expression of Fra-1 and IL-18 were

shown by Western blotting with a polyclonal rabbit anti-murine Fra-1

antibody (Santa Cruz Biotechnology) and a monoclonal anti-mouse IL-18

antibody (R&D Systems, Minneapolis, MN), respectively. IL-18 protein was
detected in both cell lysates and culture supernatants.

Transformation and expression of Salmonella typhimurium with

DNA vaccine plasmids. Attenuated S. typhimurium (dam�; aroA�) were

transduced with DNA vaccine plasmids by electroporation. Briefly, a single

colony of bacteria was inoculated into 3 mL of Luria-Bertani medium,

harvested during mid-log growth phase, and washed twice with ice-cold

water. Freshly prepared bacteria (1 � 108) were mixed with plasmid DNA

(2 Ag) on ice in a 0.2-cm cuvette and electroporated at 2.5 kV, 25 AF, and
200 V. The bacteria were transformed with the following plasmids: empty

vector, pUb-Fra-1, pIL-18, or both pUb-Fra-1 and pIL-18 combined,

indicated as pUb-Fra-1/pIL-18. After electroporation, resistant colonies

harboring the DNA vaccine gene(s) were cultured and stored at �70jC after

confirmation of their coding sequence.
Immunization and tumor cell challenge. Prophylactic model : BALB/c

mice or C57BL/6mice were divided into four experimental groups (n = 8) and

immunized thrice at 2-week intervals by gavage with 100 AL 4.5% sodium

bicarbonate containing 1 � 108 doubly mutated S. typhimurium harboring
either empty vector, pUb-Fra-1, pIL-18, or pUb-Fra-1/pIL-18. All mice were

challenged by i.v. injection with 5� 105 D2F2 cells (BALB/c) or 2� 105 D121

cells (C57BL/6) or fat pad injection with 7 � 103 4T1 cells (BALB/c), 1 week
after the last immunization, to induce either experimental or spontaneous

pulmonary metastases. The survival rate of mice, lung weight, andmetastatic

scores in experimental or control groups were observed. Two months after

the first tumor cell challenge, the survivingmice from the treatment groups in
only the D2F2 model were divided into two groups; one was reimmunized

with pUb-Fra-1/pIL-18 and the other group received no reimmunization. All
mice were rechallenged with 0.5 � 106 D2F2 cells 1 week after reimmuniza-

tion and sacrificed at either 2 or 8 weeks after the first challenge or 1 week

after rechallenge with tumor cells to determine the proliferation of CD8+ T

cells and IFN-g release. Therapeutic model: BALB/c mice were divided into
four experimental groups (n = 8) and injected i.v. with 0.5� 106 D2F2 cells on

day 0 and immunized with DNA vaccine thrice as described above. The

experiment was terminated on day 28 to observe mouse lung weights.

Adoptive transfer of lymphocytes. BALB/c mice that served as donors

of tumor-specific CD8+ T cells for adoptive transfer experiments were those

animals who were previously successfully immunized thrice at 2-week

intervals with the pUb-Fra-1/pIL-18 vaccine. These animals were then

challenged with 0.5 � 106 D2F2 tumor cells i.v. 1 week later and remained

tumor free 2 months thereafter. Mice comprising the control group were

immunized only with empty vector. The animals in all treatment groups

were sacrificed 2 days after being reimmunized with the pUb-Fra-1/pIL-18

vaccine or after receiving no reimmunization. Lymphocytes were harvested

via cannulation of the spleen and separated by Ficoll/hypaque gradient

centrifugation (600 � g , 20 minutes). Naive syngeneic SCID mice were

reconstituted with a total of 4.5 � 107 lymphocytes by i.v. injection of 1.5 �
107 lymphocytes each, on days 0, 2, and 4. Their fate was then followed by

flow cytometric analyses on days 7, 14, and 30, with anti-CD8 and anti-CD3

antibodies, respectively. After 2 days, individual groups of mice were

challenged by i.v. injection of 0.5 � 106 D2F2 cells to initiate experimental

pulmonary metastases. Tumor specific cytotoxicity and IFN-g release, were

determined 3, 7, and 30 days after tumor cell challenge and the survival rate

of these SCID mice was observed.
Preparation of lymphocytes from nonlymphoid tissue. The lung

vascular bed was flushed with 10 mL chilled HBSS (Life Technologies,

Gaithersburg, MD) introduced via cannulation of the right ventricle.
Lymphocytes were incubated for 60 minutes at 37jC in a solution of

enzymes (i.e., 125 units/mL collagenase, Life Technologies; 60 units/mL each

of Dnase I; and 60 units/mL of hyaluronidase, Sigma, St Louis MO). The cell

suspension was layered over a lymphocyte-M (Cedarlane Laboratories,
Hornby, Canada) density gradient (15), centrifuged at 600 � g for 20 minutes

at 25jC, and lymphocytes washed two to three times before further

processing. Blood was flushed from livers by injecting 5 mL of RPMI 1640

through the portal vein. Leukocytes from the liver were then isolated by
crushing this organ in a tissue grinder followed by incubation with the above

enzyme solution and collection of the leukocyte layer from a Metrizamide

(Sigma-Aldrich, St. Louis, MO) density gradient. Contaminating erythrocytes

were removed from the leukocyte preparations by treatment with ACK lysis
buffer (Cambrex Bio Science Walkersville, Inc., Walkersville, MD).

In vitro depletion of CD4+++ or CD8+++ T cells. The depletion of CD4+ or CD8+

T cell in vitro was done as previously described (16). Briefly, splenocytes
were isolated from C57BL/6 mice after vaccinations with experimental or

control DNA vaccines, 2 weeks after challenge with D121 tumor cells. CD4+

T-cell depletion was accomplished with 10 Ag/107 splenocytes of anti-CD4
(derived from hybridoma GK1.5), and CD8+ T cells were depleted with anti-
CD8 antibody (derived from hybridoma 2.43) for 30 minutes at 37jC. Rabbit
serum complement (1:6) was added with 1 mL diluted complement to 107

cells/mL. Cells were incubated for 30 minutes at 37jC, washed, and

resuspended for the CTL assay. All antibodies were purchased from
National Cell Culture Center (Minneapolis, MN). Rabbit serum complement

was obtained from Serotec, Inc. (Raleigh, NC).

Cytotoxicity assay. Cytotoxicity was measured and calculated by a
standard 51Cr-release assay. Briefly, in the D2F2 tumor model splenocytes

were harvested from BALB/c SCID mice at 3, 7, and 30 days after challenge

with 5 � 105 D2F2 breast carcinoma cells after passive transfer of

lymphocytes. In the D121 lung tumor model, splenocytes were obtained
from C57BL/6 mice 2 weeks after challenge with 2 � 105 D121 tumor cells

following either CD4+ or CD8+ T-cell depletion in vitro . These cells were then

stimulated in vitro by irradiated (1,000 Gy) D2F2 cells or D121 cells for 4 days

at 37jC in complete T-STIM culture medium (Becton Dickinson, Bedford,
MA) containing 10% fetal bovine serum and recombinant IL-2 at 20 units/mL

(PeproTech, Rocky Hill, NJ). These D2F2 or D121 target cells were then

labeled with 51Cr for 2 hours at 37jC and incubated with effector cells at
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various effector-to-target cell ratios at 37jC for 4 hours. The percentage of
specific target cell lysis was calculated by the formula [(E � S) / (T � S)] �
100, where E is the average experimental release, S the average spontaneous

release, and T the average total release.

Flow cytometry. Activation markers of T cells were measured by two-
color flow cytometric analysis with a BD Biosciences FACScalibur. T-cell
markers were determined by staining freshly isolated lymphocytes from
successfully vaccinated mice or from passively transferred SCID mice with
anti-CD8 antibodies in combination with FITC-conjugated anti-CD3
antibody. Memory CD8+ T cells bearing high levels of CD44high and CD122+

(IL-2Rh) were quantified by three-color flow analysis. Splenocytes were
isolated from successfully vaccinated BALB/c mice or from passively
transferred SCID mice and then stained with anti-CD8-Cy-Chrome, anti-
CD122-PEand anti-CD44-FITS antibodies, followedby fluorescence-activated
cell sorting (FACS) analyses. All antibodies were purchased from PharMingen
(San Diego, CA). IL-2 release at the intracellular level was determined in
lymphocytes of Peyer’s Patches obtained 3 days after one time immunization
and stained with APC-anti-CD4 or CD8 and combined with FITC-anti-CD69.
Cells were fixed, permeabilized, and subsequently stained with PE-labeled
anti-IL-2 antibodies to detect the intracellular expression of IL-2.

ELISPOTassay. ELISPOTassays were done to measure single cell release
of IFN-g. Splenocytes were collected 2 weeks after D121 tumor cell
challenge from all experimental groups of C57BL/6 mice or 2, 7, and 30 days
after lymphocyte transfer to SCID mice (only in the D2F2 tumor model), and
splenocytes from control mice immunized only with the empty vector. After
lysis of RBC with ACK lysis buffer, splenocytes were resuspended at a final
concentration of 1 � 107/mL (D121 tumor model) or 2 � 106/mL (D2F2
tumor model), and 100 AL of this suspension was cultured for 24 hours in
complete T-cell medium with or without 100 AL irradiated (1,000 Gy) D121
cells (1 � 105/mL) or D2F2 cells (1 � 104/mL). The assay was done
according to instructions provided by the manufacturer (BD Bioscience, San
Jose, CA). Plates were read by immunospot ScAnalysis and digitalized
images were analyzed for areas in which color density exceeded background
by an amount based on a comparison with experimental wells.

Statistical analysis. The statistical significance of differential findings

between experimental groups and controls was determined by Student’s t

test. Findings were regarded as significant if two-tailed Ps < 0.05.

Results

Differential expression of Fra-1 in tumor cell lines and
normal mouse tissues. To study the distribution and expression of
the Fra-1 antigen in mouse tumor models, we examined its
differential expression in normal and mouse tumor tissues by
analyzing expression of mRNA with RT-PCR in normal tissues of
spleen, liver, lungs, and bone marrow and in breast tumor cell lines
D2F2, 4T1, 4T07, prostate carcinoma RM2, non–small cell lung
carcinoma D121, and CT26 colon carcinoma cells. Expression of
mRNA levels of Fra-1 was markedly increased in all of these tumor
cell lines but was detectable only at very low levels in all normal
tissues (Fig. 1A). This differential expression of Fra-1 was confirmed
at the protein level by Western blotting, revealing high expression in
D2F2 cells and somewhat lower expressions in RM2 and CT-26 cells.
In contrast, Fra-1 protein level was uniformly expressed at very
much lower levels in all of the normal murine tissues examined (Fig.
1B). Furthermore, immunohistochemical analysis indicated strong
Fra-1 expression in D2F2 breast cancer tissue when paraffin-
embedded sections were stained with anti-Fra-1 antibody (Fig. 1C , I
and III) when compared with negative control sections stained
without the primary anti-Fra-1 antibody (Fig. 1C , II and IV ).
Fra-1/IL-18-based DNA vaccine induces effective antitumor

immunity. We proved our hypothesis that an orally given DNA
vaccine encoding murine Ub-Fra-1 and secretory IL-18, carried by
attenuated S. typhimurium , can induce an effective antitumor
immune response. We found an increase in life span of BALB/c

mice (n = 8) vaccinated as described above and challenged 2 weeks
later by i.v. injection of a lethal dose (5 � 105/mL) of D2F2 breast
carcinoma cells. The life span of 62% of successfully vaccinated
BALB/c mice (5 of 8) tripled in the absence of any detectable tumor
growth up to 98 days after tumor cell challenge (Fig. 2A , a).
Vaccination reduces growth of established metastases.

Marked inhibition of growth of established metastases was
observed in C57BL/6 mice challenged by i.v. injection of D121
non–small cell lung carcinoma cells 2 weeks after the third
vaccination with the Fra-1/IL-18-based vaccine as described above.
In contrast, animals vaccinated with only the empty vector carried
by the attenuated bacteria, revealed uniformly rapid metastatic
pulmonary tumor growth of D121 non–small cell lung carcinoma
(Fig. 2A , b). Our vaccine was also effective in a therapeutic setting.
This was shown by an initial i.v. injection of BALB/c mice (n = 8)
with D2F2 breast carcinoma cells and vaccination of these mice 5
days thereafter with our Fra-1/IL-18 vaccine when these mice had
established pulmonary metastases, and by collecting their lungs
28 days later. All such treated mice showed lower lung weights and
markedly reduced tumor burden, whereas all control animals
treated with the empty vector revealed much increased lung
weights and tumor burden (Fig. 2B).

Figure 1. Expression of the murine Fra-1 molecule in normal mouse tissues and
tumor cell lines. A, RT-PCR analysis of Fra-1 gene expression by carcinoma cell
lines D2F2, 4T1, 4T07 (breast), CT-26 (colon), RM2 (prostate), and D121
(non–small cell lung) as well as normal murine tissues from spleen, liver, lungs,
and bone marrow. Total RNA was extracted from cells growing at 70%
confluence and from normal murine tissues. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH ) was used as a control for total RNA loading. B,
Western blot analysis of Fra-1 protein expression in the above mentioned tumor
cell lines and normal mouse tissues. Protein lysates were extracted from cells
growing at 80% confluence. Homogenized normal tissues and h-actin were used
as controls for protein loading. C, immunohistochemical analysis of Fra-1 in
D2F2 breast cancer tissue. Paraffin-embedded sections from D2F2 breast
cancer tissue samples were analyzed by immunohistochemistry using antibody
against Fra-1 protein. Immunohistochemical staining of D2F2 breast cancer
tissue with anti-Fra-1 antibody (I , �10 magnification; III , �40 magnification) and
without using primary anti-Fra-1 antibody (II , �10 magnification; IV , �40
magnification).
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Protection against spontaneous pulmonary metastases. We
noted a marked reduction in dissemination of spontaneous
pulmonary metastases of 4T1 breast carcinoma cells after three
immunizations with the Fra-1/IL-18-based DNA vaccine. This
became evident 28 days after surgical excision of fat pads bearing
primary 4T1 breast carcinoma and as confirmed by visual
examination of the lungs of these animals for metastases, which
established their metastatic score (Fig. 2A , c).

CD8+++ T cells are responsible for the antitumor response.
Evidence for an activated T-cell immune response was indicated by
three lines of evidence. First, we found that only the vaccine
encoding pUb-Fra-1/pIL-18 proved highly effective in markedly up-
regulating IL-2 expression on CD69+, CD4+, or CD8+ activated T
cells during T-cell priming (Fig. 3A). Second, only lymphocytes
isolated from mice immunized with this vaccine were effective in
specifically killing D121 non-small cell lung cancer cells in vitro at
different effector-to-target cell ratios. In contrast, lymphocytes
isolated from vaccinated mice that were thereafter depleted of
CD8+ T cells in vitro failed to induce cytotoxic killing of D121 tumor
target cells. However, in vitro depletion of CD4+ T cells did not
abrogate cytotoxic killing of these same tumor target cells (Fig. 3B).
The same results were obtained in the D2F2 breast carcinoma
model in BALB/c mice (data not shown). Third, release of IFN-g
from T cells, a well-known indication of T-cell activation in
secondary lymphoid tissues, was found at the single cell level by
ELISPOT (Fig. 3C) only after vaccination with the pUb-Fra-1/pIL-18
plasmid. In fact, subsequent challenge with tumor cells induced a
dramatic increase in IFN-g release when compared with that of
splenocytes from control mice. Taken together, these data suggest
that the activation of T cells was specific for Fra-1.
Activation of specific T cells in lymphoid tissue is followed

by migration to nonlymphoid tissue. Interactions between IL-18
and active Th1 cells are believed to be critical for achieving both,
optimal antigen-specific T-cell responses in lymphoid tissues and
activated T-cell migration to nonlymphoid tissues in the local tumor
microenvironment. To prove this contention in our models, we
analyzed CD8+ T cells in both lymphoid and nonlymphoid tissues.
The vaccine encoding pUb-Fra-1/pIL-18 substantially up-regulated
the CD8+ T-cell populations 2weeks after challengewith D2F2 tumor
cells in both lymphoid tissues (spleen) as well as in blood and
nonlymphoid tissues, especially in local lung tumor tissues (Fig. 4A ,
I). Eight weeks after tumor-cell challenge, the level of CD8+ T cells in
all these tissues declined and, in fact, this decline was more rapid in
lymphoid tissues (spleen) than in nonlymphoid tissues (lungs; Fig.
4A , II). However, when 8 weeks after the initial tumor cell challenge,
all surviving mice were rechallenged with D2F2 cells, CD8+ T-cell
populations were again dramatically up-regulated and these same

Figure 2. Effect of protective immunity induced by the pUb-Fra-1/pIL-18-based
DNA vaccine on different tumor metastases models. A, prophylactic
model. Vaccination schedule designed for three immunizations at 2-week
intervals, followed by i.v. challenge with 0.5 � 106 D2F2 or 0.2 � 106 D121
tumor cells or fat pad injection with 0.7 � 104 4T1 tumor cells 1 week
after the last immunization. Kaplan-Meyer plot (a) of the survival of eight
mice in each of the treatment regimens (5) pUb-Fra-1, (4) pIL-18, (�)
pUb-Fra-1/pIL-18, and ( w ) control groups. Surviving mice were tumor free unless
otherwise stated. Representative lung specimens of C57BL/6 mice
(n = 8) were obtained 4 weeks after challenge with D121 non–small cell lung
carcinoma cells (b ). Columns, average lung weight (g) in each group. Normal
lung weight is f0.2g. **, P < 0.001, P < 0.05, P < 0.05 compared with
empty vector, pIL-18, or pUb-Fra-1, respectively. Experiments were repeated
three times with similar result. Representative lung specimens from BALB/c mice
(n = 8) challenged with 4T1 breast carcinoma cells by fat pad injection 4 weeks
after removal of primary tumor (b ). Tumor metastasis scores on lungs
were established by estimating the % surface area covered by metastases
as follows: 0, no metastases; 1, <20%; 2, 20% to 50%; and 3, >50% represented
by individual symbols for each treatment group. Short lines, average metastases
score of each group. **, P < 0.001, P < 0.05, P < 0.05 compared with
empty vector, pIL-18, or pUb-Fra-1, respectively. B, therapeutic model. Groups
of BALB/c mice (n = 8) were initially injected i.v. with 0.2 � 106 D2F2 cells on
day 0 and vaccinated with the DNA vaccine on days 5, 12, and 19, respectively.
The experiment was terminated on day 28. Columns, average lung weight (g)
in each group. **, P < 0.001, P < 0.05, and P < 0.05 compared with
empty vector, pIL-18, or pUb-Fra-1, respectively.
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cells increased even more rapidly in lung tissue than in lymphoid
tissues (Fig. 4A , III). Furthermore, ELISPOT assay indicated IFN-g
release from these same lymphocytes and T-cell activation was
confirmed by release of proinflammatory cytokine IFN-g which
increased in both lymphoid and nonlymphoid tissues 2 weeks after
the first tumor cell challenge (Fig. 4B , I). However, 8 weeks after the
initial tumor cell challenge, IFN-g release decreased (Fig. 4A , II) but
then increased again dramatically after rechallenge with D2F2 tumor
cells, especially in lung lymphocytes (Fig. 4A , III).
A specific memory T-cell response is induced and main-

tained in the absence of tumor antigen. We tested the
hypothesis that CD8+ T cells, adoptively transferred from success-
fully immunized mice to syngeneic SCID mice, and parked there for
7 or 30 days, could maintain effective and long-lived memory in the
absence of both tumor antigen and naive T cells. To this end, SCID
mice were adoptively transferred with lymphocytes that were
harvested from successfully immunized mice that had remained
tumor free for at least 98 days after the initial tumor cell challenge
and were then subjected to either reimmunization with the same
DNA vaccine or to no reimmunization. The data depicted in Fig. 5A
indicate that the life span of 75% (6 of 8) in the reimmunized group
of mice and in 62% (5 of 8) in the nonreimmunized group of SCID
mice was tripled in the absence of any detectable tumor growth up
to 56 days after tumor cell challenge. Importantly, the continuous
presence of tumor antigen was not required to maintain long-lived
CD8+ T-cell memory among CD8+ T cells that were adoptively
transferred into syngeneic SCID mice (Fig. 5A). Furthermore, we

determined the fate of CD8+ T effector cells in the absence of tumor
antigen by adoptive transfer of lymphocytes from immunized
BALB/c mice into SCID mice. Thus, when these animals’
splenocytes were subjected to FACS analysis to detect the presence
of CD8+ T cells, there was a continuous decrease in the number
of these cells for 30 days suggesting that the majority of these
T effector cells gradually apoptosed (Fig. 5B).
Rapid turnover of memory CD8+++ T cells after vaccination

and repeated tumor cell challenges. We determined that
vaccination with the pUb-Fra-1/pIL-18 construct followed 2 weeks
thereafter by a D2F2 tumor cell challenge, leads to a rapid turnover
of CD8+ T memory cells. This was indicated by up-regulated
expression of CD8+, CD44high, CD122+ memory T-cell markers at
different time points in both lymphoid and nonlymphoid tissues
(Fig. 6A). Thus, turnover of these memory T cells occurred just 24
hours after tumor cell challenge and reached a peak at 72 hours
(Fig. 6B). Importantly, we could also verify that these putative,
specific CD8+ memory T cells can also effectively recognize a
second challenge of D2F2 tumor cells. If fact, we not only detected
increased expression of CD8+, CD44high, CD122+ memory T cells in
both lymphoid and nonlymphoid tissues 56 days after the first
tumor cell challenge in syngeneic BALB/c mice (Fig. 6C , I) but also
found the same up-regulation of these CD8+ memory T-cell
markers when these very same lymphocytes were adoptively
transferred to SCID mice that were subjected 1 week thereafter to a
D2F2 tumor cell challenge (Fig. 6C , II). Moreover, the CD8+,
CD44high, CD122+ memory T-cell expression was more pronounced

Figure 3. T-cell activation by the pUb-Fra-1/pIL-
18-based vaccine in the non–small cell lung
carcinoma model. A, up-regulated IL-2
expression of primed activated T cells.
Three-color flow cytometric intracellular staining
analyses were performed with single-cell
suspensions of lymphocytes of Peyer’s Patches
obtained from immunized mice 3 days after one
immunization. Cells were stained with
APC-labeled anti-CD8+ or anti-CD4+ antibodies,
FITC-labeled anti-CD69+ antibodies, and
PE-labeled anti-IL-2 antibodies and analyzed and
gated on live CD8+ or CD4+ T cells. B, induction
of CD8+ T cell–specific cytotoxic activity.
Splenocytes were isolated from C57BL/6 mice
after vaccination with either experimental or
control DNA vaccines 2 weeks after challenge
with D121 tumor cells and analyzed for their
cytotoxic activity in a 51Cr-release assay at
different effector-to target cell ratios. Specific
lysis is shown mediated by CD8+ T cell against
D121 tumor target cells Depicted are cytotoxicity
without depletion (�), specific lysis following
depletion of CD8+ T cell (n) or of CD4+ T cells
(E). Point, mean of eight animals. **, P < 0.001
compared with no T-cell depletion. C, production
of IFN-g. This is indicated at the single T cell level
either without (5) or with stimulation (n) as
determined by the ELISPOT assay and depicted
by the number of immunospots formed per well.
Mean spot distribution of each well in each
experimental and control group (n = 4, mean
F SD). **, P < 0.001, P < 0.01, and P < 0.01
compared with empty vector, pIL-18, or
pUb-Fra-1, respectively.
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in local lung tumor tissues than in the spleen. Taken together, these
data show that specific CD8+ T memory cells rapidly turned over
after a successful immunization with our vaccine and could again
respond effectively to the next tumor cell challenge.
Cytotoxic T-cell response to a secondary D2F2 breast cancer

cell challenge in severe combined immunodeficient mice. We
could show that after vaccination with pUb-Fra-1/pIL-18 and
subsequent tumor cell challenges, activated T cells can be
successfully transferred adoptively to SCID mice where they also
respond to a secondary challenge of D2F2 tumor cells. Specifically,
SCID mice were challenged with D2F2 tumor cells after adoptive
transfer of splenocytes from successfully immunized BALB/c mice.
The data depicted in Fig. 7 indicate that putative CD8+ T memory
cells that had been parked for up to 30 days in SCID mice did
effectively recognize a secondary challenge of D2F2 tumor cells.
Furthermore, we observed that these activated CD8+ T cells
released increased amounts of IFN-g (Fig. 7A) and were highly
effective in cytotoxic killing of D2F2 breast cancer cells in vitro at
different effector-to-target cell ratios (Fig. 7B).

Discussion

Fra-1, a transcription factor of the activator protein family, was
shown previously to be involved in tumor cell progression and to
be overexpressed in many human and murine tumor tissues (4–7).
Here, we also provide evidence that Fra-1 is highly expressed in a
variety of tumor cell lines at both the mRNA and protein levels.
This finding suggests that Fra-1 could be linked to the malignancy
of murine tumor cells and provides a potential target for

immunotherapy of cancer, especially breast cancer cells. In fact,
our previous work showed that a DNA vaccine targeting Fra-1 and
coexpressing IL-18 could induce an effective cellular immune
response, which led to the eradication of established D2F2 breast
cancer metastases in syngeneic BALB/c mice (10). Here, we further
extended our prior studies. Thus, we hypothesized that immuni-
zation with a DNA vaccine encoding murine Fra-1, fused to
polyubiquitin and modified by cotransformation with a gene
encoding secretory murine IL-18, will work effectively in two
different breast carcinoma models as well as in a non–small cell
lung carcinoma model and induce strong antitumor activity in
syngeneic mice which can be maintained as a long-lived specific
immune response against breast cancer cells. Meanwhile, IL-18
enhanced immune responses by activating T and NK cells while
up-regulating MHC class I antigen expression and assisting the
differentiation of CD4+ T cells toward the Th1 subtype. Addition-
ally, the effective generation and maturation of CD8+ CTLs should
result in an effective Th1 type immune response. Proof for this
hypothesis was established by the induction of antitumor immune
responses in three mouse tumor models, two of breast carcinoma
(D2F2 and 4T1) and one non–small cell lung carcinoma (D121),
both against primary tumors and their respective spontaneous and
experimental pulmonary metastases. Our vaccine was also effective
in a therapeutic setting of established pulmonary metastases.
Three lines of evidence indicated that the effector cells responsible
for this tumor protective immunity were primarily activated CD8+

T cells. First, CD8+ T cells isolated from splenocytes of specifically
vaccinated mice specifically killed D2F2 and D121 target cells,

Figure 4. T cell activation in nonlymphoid
tissue. A, up-regulated CTL markers.
Lymphocytes were isolated from spleen,
lungs, liver, and blood of immunized mice
2 weeks (I ) or 8 weeks (II ) after D2F2
(0.5 � 106) i.v. tumor cell challenge as well
as 1 week after rechallenge (III ) of mice
surviving after 14 weeks. Mice treated only
with empty vector served as controls.
Two-color flow cytometric analyses were
performed with single-cell suspensions
of lymphocytes. PE-labeled anti-CD8
antibodies were used in combination
with FITC-conjugated anti-mouse CD3
monoclonal antibody with each value
representing the mean of four mice.
Differences between the results obtained
with the control group (empty vector) were
statistically significant when compared to
those of the treatment group (pUb-Fra-1/
pIL-18). P < 0.05 and especially significant
in the group of animals where lymphocytes
were obtained from lungs (P < 0.001). B,
IFN-g release from lymphocytes in different
tissues. Lymphocytes were isolated as
described above. Production of IFN-g was
detected at the single T-cell level by the
ELISPOT assay. Column, lymphocytes
from four mice. Differences between the
control group (empty vector) and the
treatment group (pUb-Fra-1/pIL-18) were
statistically significant. *, P < 0.05 and **,
P < 0.001.
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respectively in in vitro cytotoxicity assays. Second, the DNA
vaccine did indeed activate CD8+ T cells, because such cells
isolated from splenocytes of successfully vaccinated mice, secreted
the Th1 proinflammatory cytokine IFN-g, and CD8+ T-cell
populations were markedly up-regulated. Third, CD8+ T cells were
activated both in lymphoid and nonlymphoid tissues, especially
those located in tumor tissues of lung and liver. The mechanism of
tumor protection is thought to depend on CD4+ T cells and is
potentially mediated by helper T cells, associated with effector
functions and/or cytokine release which combine to break
immunologic tolerance to tumor antigen. Our finding further
supports this contention that both CD4+ T cells and IL-2 release
from these cells in the Peyer’s Patches was markedly up regulated
after one time vaccination.
The establishment and long-term maintenance of immunologic

memory is a requirement for all protective vaccination strategies.
Here, we showed that CD8+ T cells isolated from splenocytes of

successfully vaccinated BALB/c mice, when adoptively transferred
to syngeneic SCID mice, maintained sufficient memory to
markedly suppress dissemination and growth of a lethal challenge
of D2F2 breast cancer cells. This finding was further supported
by the markedly increased release of IFN-g and CD8+ T-cell
cytotoxicity. Importantly, we found strong, local expression of CD8+

T cells in tumor tissues, indicating that a CD8+ T-cell response does
not only occur in lymphoid tissues after successful vaccination, but
that these T cells can also migrate to non-lymphoid tissues. This

Figure 5. Maintenance of CD8+ T memory cells in the absence of tumor
antigen. A, vaccination schedule of donor mice was the same as that shown in
Fig. 2 (i.e., three immunizations at 2-week intervals, followed by i.v. challenge
with 0.5 � 106 D2F2 tumor cells 1 week after the last immunization). In the
experimental group, 2 days after reimmunization at week 14 with pUb-Fra-1/
pIL-18 or without reimmunization, lymphocytes were harvested from those mice
that remained tumor free 2 months after the first tumor cell challenge.
Lymphocytes (4 � 107/mouse) were adoptively transferred from BALB/c to SCID
mice, and 2 days after transfer, these mice were challenged i.v. with 0.5 � 106

D2F2 tumor cells. Controls were mice adoptively transferred with lymphocytes
harvested from control mice and immunized with only the empty vector or
injected i.v. with PBS. Survival curves are representative of three separate
experiments. B, fate of CD8+ effector T cells after adoptive transfer into SCID
mice was determined by two-color flow cytometric analysis of CD8+ (PE labeled),
CD3+ (FITC labeled) splenic T cells, as well as by the effect of apoptosis on
these cells after parking them in these mice 7 and 30 days, respectively.
Differences between the two control groups (PBS and empty vector) and vaccine
treatment groups were statistically significant. *, P < 0.05 and **, P < 0.001. Figure 6. Turnover of memory CD8+ T cells after vaccination with pUb-Fra-1/

pIL-18. A, three-color flow cytometric analyses were performed of splenocytes
obtained from immunized mice. Cells were stained with Cy-Chrome-labeled
anti-CD8+ antibody, PE-labeled anti-IL-2Rh antibody, and FITC-labeled
anti-CD44+ antibody and analyzed and gated on live CD8+ T cells. B,
lymphocytes were isolated from groups of BALB/c mice treated with either pIL-18
( ), pUb-Fra-1 ( ), and pUb-Fra-1/pIL-18 (5) or from groups of control mice
treated only with PBS (n) or empty vector ( ) obtained at 24 and 72 hours, 1 and
2 weeks after tumor cell challenge and then analyzed by three-color flow
cytometry, as described above. Column, mean for eight mice. Differences
between the two control groups (PBS and empty vector) and the vaccine
treatment groups were statistically significant *, P < 0.05 and **, P < 0.001. C,
lymphocytes were isolated from spleen, lung, liver and blood of BALB/c mice
of the treatment group pUb-Fra-1/IL-18 (5) 8 weeks after tumor cell challenge
or from mice in the control group, that were only immunized with the (I ) empty
vector (n) or lymphocytes isolated from different tissues of SCID mice,
adoptively transferred with either lymphocytes from mice immunized with
pUb-Fra-1/pIL-18 (5) or with the empty vector (n) 1 week after tumor cell
challenge (II ). Three-color flow cytometric analyses were performed and cells
stained with Cy-Chrome-labeled anti-CD8+ antibody, PE-labeled anti-IL-2Rh
antibody, and FITC-labeled anti-CD44 antibody, gated on live CD8+ T cells as
described above. Column, mean for four mice. Differences between the control
and treatment groups of mice were statistically significant when compared
with lymphocytes from lungs, blood, and spleen of SCID mice after adoptive
transfer following tumor cell challenge. This was also the case for lymphocytes
from lungs and liver of syngeneic BALB/c mice obtained 8 weeks after tumor
cell challenge. **, P < 0.05 and *, P < 0.001.
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occurs particularly in the tumor microenvironment where CD8+ T
cells react against antigen positive tumor cells. It is indeed relevant
that some of these CD8+ T cells were subsequently found as long-
lived memory T cells that were ready to respond to the next
stimulation upon re-encounter with the same tumor antigen. In
this regard, it is well known that optimal T-cell activation results in
clonal expansion, redistribution into nonlymphoid tissues and
subsequent formation of memory (17, 18). It was also postulated
that the immune response to foreign antigen is not necessarily
limited to secondary lymphoid tissue. Importantly, nonlymphoid
sites are essential for activated T-cell function and subsequent
immunosurveillance. Most early studies of tumor antigen-specific
T-cell responses were limited to analyses of lymph nodes, spleen,
and blood. However, nonlymphoid tissues differ from organized
secondary lymphoid organs in both, the quality and quantity of
cytokines, lymphocytes, as well as immune accessory cells (19, 20).
Importantly, we found that our DNA vaccine can induce protective
antitumor immune responses, which not only occur in lymphoid
tissues but also in nonlymphoid tissue near tumor sites and that, in
addition, antigen-specific CD8+ T cells can also migrate to
nonlymphoid tissues and remain there for long periods of time
as dormant memory cells. Strikingly, lymphocytes isolated from
nonlymphoid tissues, such as lungs in our study, exhibited a greater

release of IFN-g and contained a higher percentage of CD8+ CTLs
as well as memory CD8+ T cells than their splenic counterparts.
These results point to the existence of a population of
extralymphoid effector memory T cells poised for an immediate
response to tumor-associated antigen. In fact, recent studies
indicated that certain cytokines could induce bystander prolifer-
ation in vivo by T cells with a memory phenotype such as Type I
IFN, IFN-g, IL-15, IL-12, and IL-18. Moreover, it was found that
injection of IL-18 stimulated a strong increase in the bromodeox-
yuridine labeling of memory phenotype CD8+ T cells in vitro .
Furthermore, IFN-g, which is inducible by IL-18, is also capable of
promoting the turnover of memory phenotype CD8+ T cells (21).
Based on the finding that T-cell proliferation induced by IL-12 and
IL-18 was dependent on IFN-g (21), we examined the effect of IL-18
on T-cell turnover. Indeed, our results support the concept that
coexpression of secretory IL-18 in our DNA vaccine induced the
rapid turnover of CD44+, CD122+, CD8+ T cells within 24 hours after
immunization and that such CD8+ T memory cells can be
maintained in lymphoid tissues as well as locally in lung tumor
tissues. Interestingly, CD8+ T cells found in the lungs of our
vaccinated mice were able to proliferate and acquire strong IFN-g
releasing capabilities after antigen exposure in vitro . Consequently,
it is reasonable to conclude that persistently activated T cells and
memory CD8+ T cells in the lung can play a key role in the cellular
immune response against tumor metastases.
The role of persisting antigen in T-cell memory cells and the

requirement of such cells for chronic exposure to residual deposits
of antigen for maintenance of CD8+ T-cell memory have been the
subject of much discussion and controversy (22–24). This is in
contrast to CD8+ effector T cells that absolutely do not require the
presence of antigen. In fact, this is consistent with a decrease in
adoptively transferred CD8+ T cells observed in our studies in the
absence of antigen (Fig. 5A). Indeed, a number of reports indicate
that memory T cells survive poorly following adoptive transfer,
unless accompanied by specific antigen (25–27). However, the
contention that memory T cells require constant antigen
stimulation has been challenged by reports demonstrating that
CD8+ memory cells can survive for prolonged periods of time after
adoptive transfer in the absence of antigen (28–31). Our findings
suggest that, at least for CD8+ T cells, some memory T cells do not
require continuous stimulation with antigen for survival.
In summary, we could show that an oral DNA vaccine, encoding

Ub-Fra-1 and IL-18, carried by an attenuated strain of S.
typhimurium , protected BALB/c mice against a lethal challenge
of murine D2F2 and 4T1 breast cancer cells, and C57BL/6 mice
against D121 lung carcinoma cell challenge. Moreover, this vaccine
is capable of breaking T-cell tolerance to a self-antigen and
generates a long-lived memory T-cell immune response against
recurring breast cancer which could be maintained consistently in
SCID mice in the absence of tumor antigen in both lymphoid and
nonlymphoid organs.
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Figure 7. A, IFN-g release from CD8+ effector T cells, adoptively transferred to
SCID mice as measured on days 2, 7, and 30 after i.v. challenge with D2F2
tumor cells. IFN-g production of each experimental and control group of mice by
ELISPOT assay is shown (n = 8, mean F SD). Differences between the control
group (empty vector) and the treatment group (pUb-Fra-1/pIL-18) are statistically
significant **, P < 0.001. B, cytotoxicity induced by CD8+ T cells, adoptively
transferred to SCID mice. Splenocytes were isolated from mice, adoptively
transferred with lymphocytes from successfully immunized BALB/c mice, and
cytotoxity was measured on days 2, 7, and 30 after i.v. challenge with D2F2
tumor cells. Cytotoxicity was measured in a 51Cr-release assay at different
effector to target cell ratios. Point, mean of four mice. Differences between the
two control groups of empty vector (5) and PBS (o) and the vaccine treatment
group (4) were statistically significant *, P < 0.05 and **, P < 0.001.
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