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Summary

Dendritic cells (DCs) are professional antigen (Ag)-presenting cells capable of inducing immune

responses to tumor Ags and, therefore, play a central role in the induction of antitumor immunity.

There is a large amount of evidence, however, about paucity of tumor-associated DCs and that

DCs’ immunogenic functions are suppressed in a tumor environment. Here we describe a potent in

situ vaccine targeting tumoral DCs in vivo. This vaccine comprised of an oncolytic adenovirus

expressing RANTES (regulated upon activation, normally T expressed, and presumably secreted)

(Ad-RANTES-E1A), enhanced tumor infiltration, and maturation of Ag-presenting cells in vivo.

In this study, we show that intratumoral vaccinations with Ad-RANTES-E1A induced significant

primary tumor growth regression and blocked metastasis formation in JC and E.G-7 murine tumor

models. This vaccine recruited DCs, macrophages, natural killer cells, and CD8+ T cells to the

tumor site, and thus enhanced Ag-specific cytotoxic T lymphocyte responses and natural killer cell

responses. DCs purified from the Ad-RANTES-E1A–treated E.G-7 tumors secreted significantly

higher levels of interferon-γ and interleukin-12, as compared with control groups and more

efficiently enhanced CD8+ T-cell response. This in situ immunization strategy could be a potent

antitumor immunotherapy approach for aggressive established tumors.
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Dendritic cells (DCs) play a pivotal role in antitumor immunity.1,2 These cells are known as

the most potent antigen-presenting cells (APCs), uniquely capable of inducing immunity to
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self and foreign antigens (Ags).3 DCs can break tolerance to tumor Ags and induce tumor

regression.4–6 After capture of Ags in the periphery, DCs mature and modulate their

chemokine receptor profile, down-regulating CCR1 and CCR5, which recognize RANTES

(regulated upon activation, normally T expressed, and presumably secreted) and other

proinflammatory chemokines, and up-regulating CCR7, which directs cells into secondary

lymphoid tissues.1,7 After stimulation, DCs migrate to secondary lymphoid organs to initiate

immune responses.7

As DCs play a central role in the initiation of immune responses, a variety of

immunotherapeutic strategies are based on activation and maturation of DCs ex vivo and

their adoptive transfer to tumor-bearing recipients after pulsing the DCs with tumor Ags.8,9

However, cultured DCs have demonstrated poor homing to the lymph nodes, inconsistent

processing and presentation of Ags, and, depending on DCs’ maturation status, the ability to

either enhance or inhibit the generation of tumor Ag-specific immunity.10,11 Therefore, new

therapeutic approaches for manipulation of host immune responses against tumors, such as

stimulating DCs in vivo, may allow natural maturation and retention of the most potent DC

functions and may represent more rational methods of immunotherapy.11

Several animal models have already demonstrated that chemokine expression within tumors

can induce the migration of T cells and APCs to tumor sites and can mediate modest

antitumor responses.12,13 Thus, local expression of chemokines can alter the types of cell

present within tumors and modulate the immune responses in vivo. Once appropriate cells

are mobilized, they can be further activated or expanded by the use of other potent immune

stimulatory molecules, such as cytokines and costimulatory molecules. In the case of DCs,

this allows for uptake and presentation of tumor Ags directly from established tumors,

avoiding the need for defined Ags. Furthermore, the DCs can be activated at the tumor site

through the coexpression of local costimulatory molecules,14 cytokines,15 and Toll-like

receptor agonists.16,17

RANTES, also termed CCL5, is a proinflammatory C-C chemokine that exerts chemotactic

activities on DCs,18 macrophages, monocytes,19 natural killer (NK) cells,20,21 leukocytes,22

and T cells23 by binding CCR1, CCR3, and CCR5 on cell surfaces.24 It was reported

recently that, after RANTES stimulation, DCs respond by inducing an amplification cascade

that results in the synthesis of several proinflammatory cytokines and maturation.25

Moreover, several studies have demonstrated that intratumoral expression of RANTES

delays or inhibits tumor growth and enhances lymphocyte infiltration of tumors.26–28 Here

we present an in situ vaccine with the ability to elicit tumor-specific immunity by

intratumoral expression of mouse RANTES to recruit and stimulate the maturation of host

APCs. Specifically, a recombinant oncolytic adenovirus expressing RANTES would be

produced for intratumoral immunization of tumor-bearing mice, which would have several

effects: (1) oncolytic adenoviral activity against local tumor, releasing a broad spectrum of

tumor Ags; (2) RANTES-mediated induction of systemic antitumor responses by attraction

of endogenous DCs to the site of tumor; and (3) facilitation of DC maturation through

amplified local expression of proinflammatory cytokines. Consequently, maturing DCs will

uptake tumor Ags, migrate into lymph organs or tissues, and prime tumor-specific naive T

cells, resulting in the activation of systemic tumor Ag-specific immune responses. Our data
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demonstrate that such a vaccine is effective in inducing tumor-specific cellular immunity by

recruiting myeloid DCs and macrophages to the tumor site.

MATERIALS AND METHODS

Cell Lines and Animals

JC murine mammary adenocarcinoma, CT26 murine colon carcinoma, EL-4 lymphoma,

E.G-7 lymphoma [ovalbumin (OVA)-transfected clone derived from murine EL-4

lymphoma], B16 melanoma, human embryonic kidney cells (HEK-293), and Yac-1 cells

were purchased from American Type Culture Collection Inc (Manassas, VA).

Four to 6-week-old Balb/c and C57BL/6J female mice used in this study were purchased

from Harlan Laboratories Inc (Indianapolis, IN). All mice were housed in a specific

pathogen-free rodent facility at Baylor College of Medicine (Houston, TX).

Generation of the Recombinant Adenoviral Vectors

Generation and evaluation of the Ad-E1A pShuttle transfer vector (Fig. 1A) was previously

described.29 To generate recombinant oncolytic adenovirus encoding mouse RANTES, that

is Ad-RANTES-E1A, a pShuttle transfer vector carrying RANTES and E1A expression

cassette under the cytomegalovirus promoter was constructed by transcriptionally linking

the RANTES gene to the E1A gene via an encephalomyocarditis virus internal ribosome

entry site (IRES) (Fig. 1A). Mouse RANTES cDNA was amplified by polymerase chain

reaction (PCR) using the primer sets, 5′-AAT TAA AGA TCT ATG AAG GTC TCC GCG

GCA-3′ and 5′-TAT ATT GTC GAC CTA GCT CAT CTC CAA AGA-3′, using mouse

splenic cDNA pool as a template. The resulting cDNA was 276 bp and had sticky 5′ BglII/

SalI ends. IRES of encephalomyocarditis virus was amplified with the primer set 5′-AAT

TAA GTC GAC GCC CCT CTC CCT CCC CCC-3′ and 5′-TAT ATT GCG GCC GCT

GTG GCC ATA TTA TCA TC-3′ on pIRES template (BD Biosciences, Palo Alto, CA). The

resulting cDNA was 610 bp and had sticky 5′ SalI/NotI ends. RANTES and IRES PCR

products were inserted into the Ad-E1A pShuttle vector by ligation of 3 fragments with

cohesive ends. The sequences of the inserts in the plasmid were confirmed by sequencing.

Homologous recombination and subsequent amplification of the recombinant viruses were

carried out in HEK-293 cells according to the manufacturer’s instructions (Qbiogene Inc,

Carlsbad, CA). Final stocks of the amplified recombinant virus Ad-RANTES-E1A and Ad-

E1A were titrated by using the Adeno-X Rapid Titer Kit (BD Biosciences, Palo Alto, CA),

and stored in −80°C.

Western Blot

Western blot was used to test RANTES expression in mammary carcinoma JC cells that

support human adenovirus replication.30 Briefly, JC cells were infected with Ad-RANTES-

E1A or Ad-E1A (negative control) for 48 hours. Cells were lysed in a buffer containing 1%

Triton X-100, 150 mM NaCl, 50 mM tris-HCl (pH 7.4), and 1 × mammalian protease

inhibitor cocktail (Sigma-Aldrich Inc, St. Louis, MO). Samples were electrophoresed in a

4% to 20% gradient sodium dodecyl sulfate polyacryl-amide gel electrophoresis gel and
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electrotransferred onto 0.22-μm nitrocellulose membrane (Hybond, Amersham Biosciences

Inc, Sunnyvale, CA). Immunodetection was performed with rabbit anti-RANTES antibodies

(Abs) (R&D Systems Inc, Minneapolis, MN) at 1 μg/ml (1:500) in phosphate buffered saline

(PBS) with 0.1% Tween 20 (PBS-T) and 2.5% nonfat dried milk overnight at 4°C. The

membrane was then incubated with antigoat IgG-horse-radish peroxidase (HRP)–conjugated

Ab (Amersham Biosciences Inc, Sunnyvale, CA) diluted 1:5000 in PBS-T for 1 hour at

room temperature. Chemiluminescent signal was detected with ECL Plus Western blotting

detection kit (Amersham Biosciences Inc, Sunnyvale, CA).

Tumor Challenge

About 5 × 105 JC and E.G-7 tumor cells were inoculated subcutaneously in Balb/c or

C57BL/6 mice, respectively. When tumors reached approximately 7 mm in diameter (7 d

after tumor inoculation), mice were intratumorally injected with 1010 i.f.u. of Ad-RANTES-

E1A, Ad-E1A, or PBS (mock control). The injections were repeated on days 8 and 14 after

tumor inoculation. Tumor volumes were measured every 2 days with a caliper. Tumors were

surgically resected when they grew larger than 10 mm in diameter to avoid unnecessary

animal suffering (day 21 to 25 postinoculation). In rechallenge experiments for JC model,

105 JC cells were inoculated 2 days after the tumor resections.

DC Isolation

DCs were purified from the spleens and tumors following the protocol for mouse CD11c

micromagnetic beads (Miltenyi Biotec Inc, Auburn, CA). Cells were >90% pure and

cultured for 1 day before the assays in Roswell Park Memorial Institute (RPMI)-1640 with

10% fetal bovine serum, 20 ng/ml murine granulocyte macrophage-colony stimulating factor

(Biosource International Inc, Camarillo, CA), and 20 ng/ml murine interleukin-4 (R&D

Systems Inc, Minneapolis, MN). Purified DCs were CD11c+MHCII+ cells, as confirmed by

flow cytometry.

Enzyme-linked Immunosorbent Assay

Production of RANTES by the recombinant adenovirus-transduced cells was quantified by

enzyme-linked immunosorbent assay (ELISA) following the manufacturers’ instructions

(R&D Systems Inc, Minneapolis, MN). Levels of mouse interleukin (IL)-2, interferon

(IFN)-γ, and IL-12 in the supernatants of cultured cells and blood serum were measured by

ELISA following the manufacturers’ instructions (BD Biosciences, Palo Alto, CA).

Immunohistochemistry

Freshly isolated organ or tumor tissue was embedded in OCT (Sakura Finetek USA Inc,

Torrance, CA), snap frozen on dry ice, and stored at −20°C. Cryostat sections (5-μm thick)

were air dried at room temperature, fixed in cold acetone (10 min), rinsed in PBS (pH 7.4),

and the nonspecific binding was blocked by incubation with 1% goat serum (Vector

Laboratories Ltd, Burlingame, CA). Sections were then stained for 1 hour in the presence of

antimouse monoclonal Abs conjugated with the fluorochromes: CD11c-phycoerythrin (PE),

CD86-fluorescein isothiocyanate (FITC), CD80-FITC, and CD40-FITC (BD Biosciences,

Palo Alto, CA) diluted 1:50 in PBS.
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Isolation of Peripheral Blood Lymphocytes and Tetramer Staining

Peripheral blood was collected by retroorbital bleeding of mice 10 days after the last

adenoviral immunization. Lymphocytes were isolated using Histopaque-1083 gradient

following the manufacturer’s instructions (Sigma-Aldrich, Steinheim, Germany). OVA-

specific CD8+ T cells were detected by staining with SIINFEKL-H2-Kb murine tetramer-PE

(Beckman Coulter Inc, Fullerton, CA) and anti–CD8-FITC (BD Biosciences, Palo Alto, CA)

and flow cytometric analysis.

Flow Cytometric Analysis of Tumor Suspension Cells

Single-cell tumor suspensions were prepared by crushing tumors through a 70-μm pore

nylon cell strainer (Falcon; BD Biosciences, Franklin Lakes, NJ) using a 3-mL syringe

plunger and rinsing with cold PBS/5 mM ethylene diamine tetraacetic acid. Cells were

pelleted by centrifugation at 4°C at 400 × g for 5 minutes, and then red blood cells were

lysed in ammonium chloride cell lysis buffer for 5 minutes at room temperature. Cells were

incubated with 0.5 μg of Fc block/106 cells (BD Biosciences, San Diego, CA). Antimouse

CD11c-PE, CD11b-APC, and CD8-FITC (all from BD Biosciences, San Diego, CA) were

used for staining the tumor suspension cells. NK cells and CD8+ T cells were detected using

antimouse pan-NK cell Ab (clone DX5 from eBioscience, San Diego, CA) and antimouse

CD8 Ab (BD Biosciences, San Diego, CA), respectively.

IFN-γ Enzyme-linked Immunosorbent Spot Assay

The enzyme-linked immunosorbent spot (EliSpot) assay was used to determine the

frequency of T cells producing IFN-γ in response to tumor-specific stimulus. Briefly,

EliSpot plates (Millipore, Bedford, MA) were coated with monoclonal anti–IFN-γ AN18

(Mabtech AB, Sweden) (75 ng/well) for overnight and then blocked with RPMI

supplemented with 10% fetal bovine serum. Splenocytes (1 × 105) were cultured in the

presence of JC or CT26 cell lysates (irrelevant control) for JC model or 10 μg/mL of OVA

peptide (SIINFEKL) or TRP-2 peptide (irrelevant control) for E.G-7 model in the coated

plate for 20 hours at 37°C. After wash, biotinylated antimouse IFN-γ was added into wells

and then incubated for 2 hours. After another wash, HRP-conjugated avidin was added into

the wells and incubated for 1 hour. Finally, spots were developed by the addition of HRP

substrate (Vectastain ABC Kit from Vector Laboratories). After spot development, the plate

was rinsed thoroughly with ddH2O and allowed to dry. Spots were analyzed by Zellnet

Consulting Inc (Fort Lee, NJ).

Cytotoxic T Lymphocyte Cytotoxicity Assay

Cytotoxic T lymphocyte (CTL) assay was used to detect cytolytic activity of CD8+ T cells

from differently treated mice. Briefly, splenocytes from differently treated mice were

restimulated in vitro with JC tumor lysates at a splenocyte/tumor cell ratio of 2:1 (for JC

tumor model) or 10 μg/mL OT-I peptide (for E.G-7 tumor model) in RPMI-1640 culture

medium. JC and CT26 (for JC tumor model) or E.G-7 and EL-4 (for E.G-7 tumor model)

were labeled with 150 μCi of sodium 51Cr chromate solution (Amersham International,

Arlington Heights, IL) for 90 minutes. Different numbers of effector cells were incubated

with a constant number of target cells (1 × 104/well) in 96-well U-bottom plates (200 μL/
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well) for 6 hours at 37°C. About 2 μg of monoclonal antimouse CD8α (clone 53-6.7 BD

Biosciences, San Diego, CA) were added for blocking assays. An excess of Yac-1 cells was

used for blocking the NK activity at a Yac-1:JC cell ratio of 50:1. The supernatants from

triplicate cultures were collected, and the amount of 51Cr radioactivity released was

measured by LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter Inc, Hialeah,

FL). The percentage lysis was defined as (experimental release–spontaneous release)/

(maximum release–spontaneous release) × 100. Maximum release was determined by cell

lysis by 1% Triton X-100.

NK Assay

The splenocytes were cultured for 24 hours in RPMI-1640 culture medium with 20 U/mL of

IL-2. Target cells Yac-1 and CT26 cells (irrelevant control) were labeled for 90 minutes at

37°C with 150 μCi of 51Cr. The splenocytes were cocultured with the labeled Yac-1 (104) or

CT26 (104) cells in 96-well U-bottom plates at an effector-target ratio of 100:1, 50:1, 25:1,

and 12:1. Plates were incubated for 6 hours at 37°C under 5% CO2. The supernatant from

each well was harvested, the amount of released 51Cr radio-activity was measured, and

percentage of specific lysis was calculated as described for the CTL assay. About 1.5 μg of

monoclonal antimouse NK Ab (PK136) was added in each well for the NK blocking assay.

T-cell Proliferation Assay

DCs were purified by using mouse CD11c micro-magnetic beads (Miltenyi Biotec Inc,

Auburn, CA) from E.G-7 tumors that were resected 48 hours after the intratumoral

injections of adenoviruses. Graded numbers of CD11c+-enriched tumoral DCs were

cocultured with 3 × 105 of purified naive CD8+ T cells in 96-well flat-bottom plates coated

with antimouse CD3 (clone 17A2 BD Biosciences, San Diego, CA) for 3 days. In the last 16

hours, 3H-thymidine (1 μCi/well) was added into the cell culture to monitor the 3H-

thymidine incorporation.

Statistical Analysis

All data are reported as mean ± SE. Statistical comparison was made using the 2-tailed

Student t test, and a value of P<0.05 was accepted as significant.

RESULTS

Generation and Characterization of the Recombinant Oncolytic Adenovirus Expressing
RANTES (Ad-RANTES-E1A)

The replication-competent E1B-deleted adenoviruses were found to selectively destroy

tumor cells with minimal toxicity to normal cells.31,32 In our study, we generated the

recombinant replication-competent E1B-deleted adenovirus Ad-RANTES-E1A by inserting

an expression cassette consisting of murine RANTES cDNA transcriptionally linked to E1A

via encephalomyocarditis virus IRES into the E1 and E3-deleted adenovirus (Fig. 1A). As a

control for Ad-RANTES-E1A, we used the previously generated recombinant replication-

competent adenovirus encoding E1A (Ad-E1A),29 which is E1B-deleted and resembles the

E1B-deleted ONYX-015.33 The recombinant adenoviruses were produced29,34 and analyzed

by PCR (Fig. 1B). The expression of RANTES in JC mammary carcinoma cells was verified
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by Western blot (Fig. 1C), and the secretion of RANTES from the Ad-RANTES-E1A–

transduced cells was quantified by ELISA (Fig. 1D).

RANTES Expression at the Tumor Site Led to the Recruitment of APCs to the Tumor

To determine whether RANTES expression in tumors enhances tumor infiltration of APCs,

we injected JC tumor-bearing mice intratumorally with 1010 i.f.u. of Ad-RANTES-E1A,

Ad-E1A, or PBS. Tumor-associated APCs (DCs and macrophages) were analyzed by flow

cytometry 48 hours after the injections (Fig. 2A). As shown in Figure 2B and

Supplementary Figure 1, intratumoral injection of Ad-RANTES-E1A resulted in a 3-fold

increase in the percentage of tumoral CD11c+CD11b+DCs (cell count data are summarized

in Supplementary Table 1) and CD11c− CD11b+ macrophages compared with the control

groups. Interestingly, we found that the tumor-mobilized DCs were of myeloid origin, as

they expressed both CD11c and CD11b (Fig. 2A). Moreover, the tumor-infiltrating DCs

were mature, compared with the control groups, as they expressed significantly higher levels

of surface costimulatory molecule CD80 and CD40 (Fig. 2B and C). The expression of

CD80 was up-regulated on intratumoral CD11c− CD11b+ macrophages (Supplementary Fig.

1); however, the levels of its expression were significantly lower than on DCs, suggesting

that DCs somehow are more responsive than macrophages to RANTES-induced in situ

maturation. Thus, APCs’ recruitment to the tumor site was dependent on expression of

RANTES by Ad-RANTES-E1A, but not owing to nonspecific adenovirus replication, as

there was no significant difference in APC infiltration between Ad-E1A and PBS control

group. In addition, significantly higher CD8+ T-cell infiltration was observed in the tumors

of Ad-RANTES-E1A–treated mice (Fig. 2D).

Intratumoral Administration of Ad-RANTES-E1A Induced Significant Tumor Regression
and Suppression of Metastasis of JC Mammary Tumors

JC mammary carcinoma is a weakly immunogenic and highly metastatic mammary

adenocarcinoma model.35 Treatment with adenovirus started when subcutaneously

established tumors reached approximately 5 to 7 mm in diameter. Six mice of each group

were intratumorally vaccinated 3 times (days 7, 8, and 14 after tumor inoculation) with 1010

i.f.u. of Ad-RANTES-E1A, Ad-E1A, or 50 μL of PBS (mock). Vaccination with Ad-

RANTES-E1A significantly inhibited JC tumor growth, compared with vaccination with

Ad-E1A or PBS (Fig. 3A). Mice were observed for 80 days after the final treatment.

Rechallenge with JC cells 15 days after the treatment revealed the protective immunity in

approximately 75% of Ad-RANTES-E1A–treated mice (data not shown). Tumor challenge

and rechallenge experiments with the Ad-RANTES-E1A vaccine were repeated in 3

independent experiments.

We then tested whether intratumoral treatment with Ad-RANTES-E1A could block

metastasis formation. After tumor resections, mice were killed and their lungs and livers

were collected for hematoxylin and eosin staining (Fig. 3B) and tumor nodule enumeration

(Supplementary Fig. 2). qWe found that metastasis formation was suppressed in Ad-

RANTES-E1A–treated mice, unlike Ad-E1A and mock-treated mice.
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Intratumoral Administration of Ad-RANTES-E1A Induced Therapeutic Antitumor Immunity
to E.G-7 Lymphoma

To determine whether the antitumor immunity induced by Ad-RANTES-E1A is not specific

for JC tumors, we inoculated mice (6 mice in each treatment group) subcutaneously with

E.G-7 tumors (5 × 105 cells). When tumors reached 5 to 7 mm (day 6 after first inoculation),

we inoculated 5 × 105 E.G-7 cells into the contralateral flank (distant tumors), followed by 3

treatments of primary E.G-7 tumors with Ad-RANTES-E1A, Ad-E1A, or PBS (as described

for JC model), and then monitored primary (Fig. 3C) and distant tumor growth (Fig. 3D).

We found that intratumoral Ad-E1A and PBS injections did not inhibit primary and distant

tumors’ growth. By contrast, injections with Ad-RANTES-E1A led to a significant

regression of primary tumors and abrogation of distant tumor growth in 100% of

experimental mice. Thus, Ad-RANTES-E1A induced systemic immune response against

previously established, nontreated tumors.

CTLs and NK Cells Mediated the Antitumor Immunity Response Induced by Ad-RANTES-
E1A Vaccination

In mice treated with Ad-RANTES-E1A, expanded tumor-specific CTL populations were

easily detected in the peripheral blood, as SIINFEKL-tetramer staining revealed a higher

frequency of Ag-specific CTLs in the peripheral blood of Ad-RANTES-E1A–treated mice

compared with Ad-E1A and PBS groups (Fig. 4A and Supplementary Fig. 3). The

observation is consistent with tumor growth inhibition found in the E.G-7 model. Moreover,

total percentages of CD8+ T cells were higher in both spleens and tumors of Ad-RANTES-

E1A–treated mice compared with those from the Ad-E1A and PBS groups (Fig. 2D and data

not shown). IFN-γ EliSpot assay further confirmed significantly higher frequency of tumor

Ag-specific T cells in Ad-RANTES E1A–treated mice (compared with the control Ad-E1A

and PBS groups) for both JC (Fig. 4B) and E.G-7 models (Fig. 4C). IFN-γ secretion was JC

specific, as the splenocytes derived from JC-bearing mice treated with Ad-RANTES-E1A

did not respond to CT26 stimulation (data not shown). In addition, splenocytes derived from

E.G-7–bearing mice treated with Ad-RANTES-E1A did not secrete IFN-γ in response to

TRP-2 peptide (negative control) stimulation.

The expansion of tumor-specific CTLs was accompanied by enhanced antitumor

cytotoxicity, as measured by the in vitro chromium release assay for both JC-bearing (Fig.

5A) and E.G-7–bearing mice (Fig. 5B). CTL activity was tumor Ag specific, as it was

abrogated in response to irrelative control cell line CT26 for the JC model and EL-4 for the

E.G-7 model (Fig. 5A, B, lower panel). These CTL responses were CD8-dependent and NK

and CD4 cell-independent, as they were abolished in presence of CD8 neutralizing Ab (Fig.

5A, B, lower panels) and not changed in the presence of excess of Yac-1 cells and CD4 Ab

(data not shown). Interestingly, the results of the IFN-γ EliSpot assay were less sensitive for

JC-bearing mice, probably owing to soluble immunosuppressive factors present in the tumor

lysates. Additional studies are needed to elucidate the underlying mechanism.

In addition, significantly higher (P<0.001) percentages of NK cells were detected in the

spleens and tumors of Ad-RANTES-E1A–treated, EG-7–bearing mice when the tissues were

analyzed 48 hours after intratumoral injections (Fig. 5C). This high percentage of NK cells
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correlated with enhanced NK lytic activity to Yac-1 cells, which was blocked by antimouse

NK-neutralizing Ab (Fig. 5D). We also tested whether the enhanced activities of CD8+ T

and NK cells in Ad-RANTES-E1A–treated mice were accompanied by higher levels of

cytokines in the blood serum. Significant elevations of serum IFN-γ and IL-12 were detected

for Ad-RANTES-E1A (Fig. 6A) mice compared with control groups.

Thus, Ad-RANTES-E1A intratumoral injection induced both innate and adaptive immune

responses, specifically NK and CD8+ T-cell immune responses, for its antitumor immunity.

Ad-RANTES-E1A Treatment Endowed Tumor-mobilized DCs With Superior Ability to
Enhance CD8+ T-cell Responses

To explore whether the Ad-RANTES-E1A enhances function of tumor-infiltrating DCs, 48

hours after the intratumoral injections, tumor-infiltrating DCs were purified. Interestingly,

Ad-RANTES-E1A not only significantly increased the levels of CD80, CD86, and CD40

costimulatory molecule on tumoral DCs (Fig. 2), but also enhanced production of IL-12 and

IFN-γ by tumoral DCs (Fig. 6B). As a result, Ad-RANTES-E1A treatment boosted the

capacity of tumor-mobilized DCs in promotion of CD8+ T-cell response, as CD8+ T cells

exhibited higher proliferation (Fig. 6C) and more robust IL-2 secretion (Fig. 6D) when

cocultured with tumor-infiltrating DCs from Ad-RANTES-E1A group compared with from

Ad-E1A and PBS groups in the presence of anti-CD3. Tumoral DCs of all groups did not

produce IL-2, as measured by ELISA (data not shown). These results suggest that Ad-

RANTES-E1A enables tumor-infiltrating DCs to efficiently enhance CD8+ T-cell

proliferation and cytokine production.

DISCUSSION

Until recently, tumors were considered as a nonrewarding target for immune therapy

because of tumor immunosuppressive environments.11 It has now become clear that tumor

cells do express tumor Ags and should be targeted for immunotherapeutic purposes. Some

of these Ags are unique to the tumor, such as mutated36 or aberrantly processed (generated

by peptide splicing) proteins,37 whereas other tumor Ags can be normally differentiated

proteins that are overexpressed in tumor cells.38 Despite their potential antigenicity, most

tumors grow, apparently without eliciting a strong immune response.

One primary reason for the failure of the immune system is suppression of tumor infiltrating

APCs by the tumor environment.11 The ability to manipulate host DCs’ maturation status

and functional activity at tumor sites is a new therapeutic strategy for enhancement of host

immune responses against tumors. The migration of DCs and other immune cells is

mediated by chemokines through a concentration-dependent process attracting cells to sites

of chemokine secretion.39 Recent evidence suggests that chemokines induce motility, and

possibly other proinflammatory and activating processes, through the selected expression of

specific membrane receptors on immune cells.25 Several studies have shown that antitumor

immune responses can be primed by attracting host DCs to the tumor site.12,13,16 However,

access of DCs to tumor Ags is not sufficient to elicit potent antitumor immunity in all tumor

models, especially in those that are weakly immunogenic and secrete immunosuppressive

factors. It has been shown that the ability of the APCs to mature is critical for the induction
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of efficient antitumor immune responses. For example, in the study of Furumoto et al,16

CT26 colon carcinoma was easily eradicated by CCL20 intratumoral injections; however,

B16 tumors, which produce high levels of transformation growth factor-β, were resistant to

CCL20 treatment. Therefore, additional injection of CpG oligos was critical for stimulating

DC maturation in the tumor milieu to prime a strong antitumor immunity.16

As described above, RANTES is a member of the intercrine or chemokine family of

proinflammatory basic polypeptides.40 RANTES is a prototype of the C-C chemokine

subfamily that acts as a selective chemoattractant of human monocytes, DCs, macrophages,

and T lymphocytes.41,42 Recent studies reported that DCs selectively respond to RANTES

by induction of chemokine and proinflammatory cytokine synthesis, and that RANTES is

involved in the amplification cascade of proinflammatory cytokines in DCs, thus

contributing to their maturation.25 Some studies, however, consider potential involvement of

RANTES in cancer progression.43 On the basis of the promiscuous functions of RANTES in

tumor immunology, we developed an oncolytic adenoviral vaccine expressing mouse

RANTES. We tested whether intratumoral injection of the viral vaccine could elicit potent

systemic antitumor immunity for control of tumor growth via recruitment of DCs and

macrophages to the tumor site and promotion of these APC functions. We have found that

the number and maturation status of tumoral APCs can be enhanced, and proinflammatory

cytokine production by tumoral DCs can be potentiated by intratumoral RANTES

expression. We further found that intratumoral injection of the viral vaccine elicits potent

systemic CTL and NK immune responses and prevents tumor growth and metastasis in

different tumor mouse models. Importantly, we show that intratumoral treatment with Ad-

RANTES-E1A is protecting mice from growing distant tumors, implying this approach

might be applicable to treatment of patients with metastatic disease. Our in vivo data is in

line with previously reported in vitro studies, in which RANTES stimulated a cascade of

proinflammatory cytokine production in DCs and contributed to their maturation status.25

Also, our data suggest that tumor-infiltrating APCs might play an important role in

triggering antitumor immunity in Ad-RANTES-E1A–treated mice.

Tumor-infiltrating DCs from Ad-RANTES-E1A–treated mice not only expressed high levels

of costimulatory molecules, but also secreted high level of IL-12 and IFN-γ. Moreover,

elevated systemic levels of IL-12 and IFN-γ were detected in the serum of Ad-RANTES-

E1A–treated mice compared with controls. As IL-12 and IFN-γ are 2 key factors in the

induction of innate and adaptive immunity cells, such as T-helper 1 cells, CTLs, and NK

cells,44,45 the unique features associated with the RANTES-mobilized DCs hint their role in

facilitating expansion and activation of CTLs and NKs observed in Ad-RANTES-E1A–

treated mice. To confirm this, we found that the tumoral DCs isolated from Ad-RANTES-

E1A–treated mice were more potent in enhancing T-cell proliferation and boosting IL-2

secretion ex vivo triggered by anti-CD3. Furthermore, we also demonstrated that expression

of RANTES attracts NK cells to the tumor site in vivo. As NK cells participate in adaptive

immune responses, mainly by interacting with DCs,46 it is very likely that RANTES-

mobilized APCs play a role in the attraction and activation of NK to tumor site. However,

additional studies are necessary to find out whether the NK activation was facilitated via the

Ad-RANTES-E1A directly or mediated by tumoral DCs.
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The expression of RANTES at the tumor site preferentially mobilized the CD11c+CD11b+

myeloid subset of DCs (Fig. 2), and RANTES-mobilized DCs expressed high level of IL-12.

It was recently reported that myeloid DCs specifically inhibit tumor neovascularization by

secretion of IL-12.47 Thus, the mobilization of myeloid DCs secreting IL-12 at the tumor

site by intratumoral injection of Ad-RANTES-E1A may contribute to tumor regression

through the inhibition of tumor vasculogenesis. Additional studies are underway to

understand the detailed molecular mechanism of tumor regression with intratumoral

expression of RANTES.

Currently, oncolytic adenoviral vaccines show encouraging therapeutic results in clinical

trials. Although promising, the limitations of in situ adenoviral treatment include preexisting

immunity to adenovirus in human, restriction to patients with solid tumors, and lack of

target cell specificity. In the present study, we reported development of a novel oncolytic

adenoviral vaccine that specifically targets and activates tumor-infiltrating APCs without the

need for ex vivo manipulation of APCs. The in situ, adenovirus-based vaccine combines the

oncolytic activity of the adenovirus to release unique tumor Ags and the RANTES-

chemokine–mediated attraction and activation of APCs. This vaccine, capable of inducing

potent tumor-specific immunity mediated by expansion and activation of both innate and

adaptive immune cells, represents an attractive strategy for tumor immunotherapy.
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FIGURE 1.
Construction and characterization of Ad-RANTES-E1A and Ad-E1A vectors. A, Schematic

representation of pShuttle vectors is shown. IRES indicates internal ribosome entry site;

mRANTES, mouse regulated upon activation, normally T expressed, and presumably

secreted. B, The integrity of the RANTES, IRES, and E1A in the produced adenovirus was

verified by PCR on viral DNA template. Lane 1, PCR product of mRANTES (276 bp); lane

2, PCR product for IRES (610 bp); lane 3, PCR product for E1A (2100 bp); lanes 4 and 5,

100 bp ladder and 1 kb ladder (New England Biolabs), respectively. C, In vitro expression

of RANTES. Western blot analysis of cell extracts from JC cells infected with Ad-

RANTES-E1A (lane 1) and Ad-E1A (lane 2). Western blots were performed as described in

Materials and Methods. Molecular weight in kDa is indicated on the right and the RANTES

band (~7.9 kDa) is indicated by the arrow on the left. D, Secretion of RANTES from the

transduced cells by the recombinant adenoviruses was quantitated by ELISA in the

supernatants of 293 HEK and JC tumor cells. ELISA indicates enzyme-linked

immunosorbent assay; HEK, human embryonic kidney cell; PCR, polymerase chain

reaction.
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FIGURE 2.
RANTES expression in the tumor site attracts the antigen-presenting cells into the tumor

mass. A, 5 × 105 JC tumor cells were subcutaneously inoculated and the established tumors

were injected with 1010 i.f.u. of Ad-RANTES-E1A, Ad-E1A, or PBS when they reached 5

to 7 mm in diameter. Tumors were established in 3 mice for each treatment group and

processed separately. Forty-eight hours later, tumors were resected and total tumor single-

cell suspensions (side and forward) scatter analyzed by flow cytometry depicted on left

panel, APCs (gated as R1) were stained with antimouse CD11c, CD11b, and CD80 mAbs

(right panel, flow cytometry results for CD11c and CD11b expression). DCs were gated as

CD11c+ CD11b+ cells (gate R2); macrophages were gated as CD11c− CD11b+ (gate R3).

Mean percentage of DCs (B, upper panel). Maturation status of DCs was determined by

staining with monoclonal antibodies to mouse CD80 and CD40 [B (lower panel) and C]. D,

Percentage of tumor infiltrating CD8+ T cells. Data presented for 3 mice. DC indicates

dendritic cell; mAbs, monoclonal antibodies; PBS, phosphate buffered saline; RANTES,

regulated upon activation, normally T expressed, and presumably secreted.
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FIGURE 3.
Treatment with Ad-RANTES-E1A eradicates established tumors and protects from

metastasis. A, 5 × 105 JC cells were injected subcutaneously into the right flank of Balb/c

mice. Groups of mice (N = 6) were injected intratumorally with 1 × 1010 i.f.u. of Ad-

RANTES-E1A, Ad-E1A, or PBS on days 7, 8, and 14 after JC cell inoculation. Tumors

were resected when they reached about 10 mm in diameter in control group (day 15 to 16

after the first adenoviral treatment). Error bars represent SEM. B, Mice were euthanized on

day 21 after the first adenoviral injection. Organs from 3 mice of each group were collected

and fixed in Bouin’s solution. Hematoxylin-eosin staining was performed on formalin-fixed

paraffin-embedded lung and liver tissues from mice bearing JC breast tumors.

Representative pictures of 9 sections (3 sections, 5-μm thick from 3 different mice of each

group) at 20 × magnification. Upper panel, Liver sections; lower panel, lung sections.

Arrows indicate JC metastatic tumor nodules. C, Parental E.G7 tumors were established SC

into the right flank. Graph shows tumor growth in mice intratumorally injected with Ad-

RANTES-E1A, Ad-E1A, and PBS as described above. D, Mice were inoculated with E.G-7

tumor cells (distant tumors) subcutaneously into the left flank before first treatment with

adenovirus. Tumors were resected when they reached about 10 mm in diameter in PBS

group (day 15 to 16 after the first adenoviral treatment). Error bars represent SE. PBS

indicates phosphate buffered saline; RANTES, regulated upon activation, normally T

expressed, and presumably secreted.
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FIGURE 4.
Expansion of antigen-specific CTLs in Ad-RANTES-E1A–treated mice. A, Peripheral blood

was collected from the E.G-7 mice 10 days after the final adenoviral immunization. Left

panel, Peripheral blood lymphocytes were stained with CD8-FITC and SIINFEKL-H2-Kb

tetramer. The percentage of double-positive cells is indicated in the quadrants. Right panel,

Percentage of tetramer-positive CD8+ T cells in the peripheral blood of 3 mice in each

group. *P<0.05 between tetramer-positive CD8 T cells in the blood of Ad-RANTES-E1A–

treated group compared with Ad-E1A and PBS groups. B, Spleens were harvested from the

JC-bearing mice 10 days after final immunization and frequency of IFN-γ secreting T cells

in response to JC lysates was measured by EliSpot assay. Millipore MultiScreen-HA plates

were coated with antimouse IFN-γ Ab. Splenocytes (105 cells/well) were cultured for 20

hours at 37°C in a 5% CO2 incubator in the complete medium with tumor lysates of JC. C,

Total splenocytes from E.G-7–bearing mice were prepared 10 days after the last

immunization and cocultured with 10 μg/ml of OT-I peptide for 20 hours. The frequency of

SIINFEKL-specific T cells was determined by EliSpot assay. The results were evaluated

with an automated EliSpot reader system. The number of IFN-γ–producing lymphocytes

was evaluated in triplicate wells. Average ± SD for each mouse was calculated and the

assays were repeated twice. Ab indicates antibody; CTL, cytotoxic T lymphocyte; EliSpot,

enzyme-linked immunosorbent spot; FITC, fluorescein isothiocyanate; IFN, interferon; PBS,

phosphate buffered saline; RANTES, regulated upon activation, normally T expressed, and

presumably secreted.
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FIGURE 5.
CTL and NK cell responses were induced by Ad-RANTES-E1A intratumoral vaccination in

JC and E.G-7 tumor models. Spleens were harvested from tumor-bearing mice. Splenocytes

were tested for cytolytic activity in a standard 6-hour 51Cr-release assay. A, Upper panel,

CTLs (1.5 × 106 cells) were stimulated with JC tumor lysates at a T cell:JC tumor cell ratio

of 2:1 for 5 days. Target cells labeled with 51Cr were placed in each well of 96-well plates,

and 50 μL of effector T cells for each dilution was added. The supernatant from each well

was harvested, and the amount of 51Cr radioactivity released was measured in a γ counter.

Lower panel, JC-specific CTL response in Ad-RANTES-E1A–treated mice. 51Cr-labeled

CT26 colon carcinoma cells were used as syngeneic negative control. About 2 μg of

monoclonal antimouse CD8 mAbs were added for the blocking assay; excess of Yac-1 cells

was added to block NK cell activity (negative control). E:T ratio is 100:1. B, Spleens were

harvested from E.G-7–bearing mice. Upper panel, CTLs were stimulated with 10 μg/mL of

OT-I peptide for 5 days. E.G-7 target cells labeled with 51Cr were placed in each well of 96-

well plates, and 50 μl of effector T cells for each dilution was added. The supernatant from

each well was harvested, and the amount of 51Cr radioactivity released was measured in a γ

counter. Lower panel, E.G-7–specific CTL response in Ad-RANTES-E1A–treated

mice. 51Cr-labeled EL-4 cells were used as negative control. About 2 μg of monoclonal

antimouse CD8 mAbs were added for the blocking assay; excess of Yac-1 cells was added

to block NK cell activity; E:T ratio is 100:1. The assays were performed 3 times or more. C.

Total spleen (upper panel) and tumor (lower panel) cell suspensions were stained with

antimouse DX5+ Ab and percentage of DX5+ NK cells was evaluated by flow cytometry in

3 mice of each group. D, NK functional response was induced by Ad-RANTES-E1A

intratumoral vaccination. Upper panel, splenocytes from Ad-RANTES-E1A, Ad-E1A, or
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PBS-treated mice were purified and cultured overnight in complete medium with 20 U/mL

of IL-2. About 2 × 105 splenocytes were plated in 96-well plates and incubated with 51Cr

labeled Yac-1 cells. Lower panel, NK cells from Ad-RANTES E1A mice were cocultured

with 51Cr-labeled CT26 (negative control) and with antimouse NK blocking Ab (PK 136)

for 6 hours at 37°C and 5% CO2. The assays were performed 3 times in triplicates. CTL

indicates cytotoxic T lymphocyte; E:T, effector:target; IL, interleukin; mAbs, monoclonal

antibodies; NK, natural killer; PBS, phosphate buffered saline; RANTES, regulated upon

activation, normally T expressed, and presumably secreted.
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FIGURE 6.
Elevated levels of IL-12 and IFN-γ in tumor infiltrating DCs and blood serum of Ad-

RANTES-E1A–treated mice and high immunostimulatory function of tumor-infiltrating

DCs. A, Blood serum was collected from 3 mice of each group (Ad-RANTES-E1A, Ad-

E1A, and PBS) 5 days after the last adenoviral treatment. Levels of IL-12 and IFN-γ were

measured by ELISA. B, Tumors were established subcutaneously into the right and left

flanks of 6 mice of each treatment group. Forty-eight hours after the intratumoral adenoviral

injections, tumors were resected and tumoral DCs were purified as described in Materials

and Methods. Purified DCs were cultured overnight in a 96-well plate in triplicates and level

of the secreted cytokines in DCs-conditioned medium was measured by ELISA. *P<0.05

between levels in Ad-RANTES-E1A group compared with Ad-E1A and PBS groups. C and

D, E.G-7 tumors were established subcutaneously into the right and left flanks of 6 mice of

each treatment group. Forty-eight hours after the intratumoral adenoviral injections, tumors

were resected and tumoral DCs were purified as described in Materials and Methods.

Graded numbers of CD11c+-enriched tumoral DCs cultured for 3 days in different culture

were cocultured with 3 × 105 purified naive CD8+ T cells in the presence of anti-CD3 for 3

days. In the last 16 hours, 3H-thymidine (1 μCi/well) was added into the cell culture to

monitor the T-cell proliferation (C) and IL-2 secretion (D) was measured 16 hours later.

Results shown are representative of 3 different experiments. ***P<0.0001 and *P<0.05 for

cytokine secretion and proliferation primed by tumoral DCs of Ad-RANTES-E1A–treated

group compared with Ad-E1A and PBS groups. DC indicates dendritic cell; ELISA,

enzyme-linked immunosorbent assay; IFN, interferon; IL, interleukin; PBS, phosphate

buffered saline; RANTES, regulated upon activation, normally T expressed, and presumably

secreted.
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