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Abstract Targeted delivery of tumor-associated antigens

to professional antigen-presenting cells (APC) is being

explored as a strategy to enhance the antitumoral activity

of cancer vaccines. Here, we generated a cell-based system

for continuous in vivo production of a CTLA-4-ErbB2

fusion protein as a therapeutic vaccine. The chimeric

CTLA-4-ErbB2 molecule contains the extracellular domain

of CTLA-4 for specific targeting to costimulatory B7 mol-

ecules on the surface of APC, genetically fused to residues

1–222 of human ErbB2 (HER2) as an antigenic determi-

nant. In wild-type BALB/c mice, inoculation of syngeneic

epithelial cells continuously secreting the CTLA-4-ErbB2

fusion vaccine in the vicinity of subcutaneously growing

ErbB2-expressing renal cell carcinomas resulted in the

rejection of established tumors, accompanied by the

induction of ErbB2-specific antibodies and cytotoxic T

cells. In contrast, treatment with CTLA-4-ErbB2 vaccine-

secreting producer cells alone was insufficient to induce

tumor rejection in ErbB2-transgenic WAP-Her-2 F1 mice,

which are characterized by pronounced immunological

tolerance to the human self-antigen. When CTLA-4-ErbB2

producer cells were modified to additionally secrete inter-

leukin (IL)-15, antigen-specific antitumoral activity of the

vaccine in WAP-Her-2 F1 mice was restored, documented

by an increase in survival, and marked inhibition of the

growth of established ErbB2-expressing, but not antigen-

negative tumors. Our results demonstrate that continuous in

vivo expression of an APC-targeted ErbB2 fusion protein

results in antigen-specific immune responses and anti-

tumoral activity in tumor-bearing hosts, which is aug-

mented by the pleiotropic cytokine IL-15. This provides a

rationale for further development of this approach for spe-

cific cancer immunotherapy.
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Introduction

Therapeutic cancer vaccines aim to induce effective

immune responses specific for antigens selectively

expressed by the tumor [1]. Professional antigen-presenting

cells (APC) such as dendritic cells (DC) play a key role in

the initiation and regulation of primary immune responses,

and targeted delivery of tumor-associated antigens to DC is

being explored as a strategy to induce or enhance anti-

tumor immunity [2–5]. Ex vivo loading of APC requires

extensive handling and manipulation of patient-derived

cells. As an alternative, fusion proteins are being developed

that can be directly applied in vivo and selectively target

tumor-associated antigens to APC for uptake, processing,

and presentation as peptide epitopes in complex with MHC

[2, 3].
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One such approach for targeted delivery of the tumor-

associated self-antigen ErbB2 (HER2/neu) is based on a

chimeric CTLA-4-ErbB2 molecule that contains the extra-

cellular domain of CTLA-4 for specific binding to

costimulatory B7 molecules on APC, genetically fused to a

fragment of ErbB2 as an antigenic determinant [6, 7]. ErbB2

is a member of the epidermal growth factor receptor family

of receptor tyrosine kinases and is overexpressed by many

tumors of epithelial origin. ErbB2 transmits important

growth and survival signals and is directly involved in tumor

pathogenesis [8]. The humanized ErbB2-specific antibody

trastuzumab and the tyrosine kinase inhibitor lapatinib are in

clinical use for the treatment of ErbB2 overexpressing breast

cancers [9]. Nevertheless, not all patients with tumors

expressing high ErbB2 levels responded to treatment with

these targeted therapeutics. Furthermore, in a significant

proportion of patients, initial responses were followed by the

development of resistance [10]. Cancer vaccines that aim at

the initiation or enhancement of endogenous ErbB2-specific

immune responses may offer a valuable treatment alterna-

tive, and peptide- and cell-based ErbB2 vaccines as well as

vaccine combination therapies are being investigated in

clinical studies [11–13].

ErbB2-transgenic mouse models have been invaluable

for the evaluation of experimental ErbB2-specific cancer

vaccines [14, 15]. We previously showed that intramus-

cular injection of a DNA construct for in vivo production

of the APC-targeted CTLA-4-ErbB2 fusion protein

induced humoral and cellular ErbB2-specific immune

responses in BALB/c mice and protected vaccinated ani-

mals against subsequent challenge with murine tumor cells

expressing human ErbB2. In immunotolerant BALB-neuT

mice, a DNA vaccine encoding a similar CTLA-4 fusion

with a fragment of the rat ErbB2 homolog Neu delayed the

onset of spontaneous Neu-driven mammary carcinomas

[7]. To enhance the activity of the CTLA-4-ErbB2 vaccine

in a therapeutic setting, here we generated a cell-based

system for continuous in vivo delivery of the APC-targeted

molecule and investigated its effects against established

tumors.

In wild-type BALB/c mice, inoculation of cells contin-

uously secreting the CTLA-4-ErbB2 fusion vaccine resul-

ted in the rejection of established ErbB2-expressing renal

cell carcinomas, accompanied by the induction of ErbB2-

specific antibodies and cytotoxic T cells (CTL). In ErbB2-

transgenic WAP-Her-2 F1 mice [16], treatment with

vaccine-secreting cells alone was insufficient to induce

tumor rejection. To increase efficacy, we modified CTLA-

4-ErbB2 producer cells to additionally secrete interleukin

(IL)-15 as an adjuvant. IL-15 is a pleiotropic cytokine with

multiple activities [17], which has been shown to enhance

the ability of DC to stimulate antigen-specific CD8? T

cells [18–20]. In contrast to the initial vaccine, the modified

vaccine-producing and IL-15-secreting cells displayed

potent and antigen-specific therapeutic activity also in

tumor-bearing, immunotolerant WAP-Her-2 F1 mice,

documented by marked inhibition of tumor growth and an

increase in survival.

Materials and methods

Mice and cell lines

BALB/c and C57BL/6 mice were from Harlan Laborato-

ries (Horst, the Netherlands). WAP-Her-2 mice (C57BL/6

background) were maintained as described [15]. BALB/

c 9 C57BL/6 WAP-Her-2 (WAP-Her-2 F1) mice were

obtained by crossing female BALB/c with male WAP-Her-

2 mice [16]. Transgene-positive animals were identified by

PCR [15]. HC11 murine mammary epithelial cells [21],

Renca-lacZ and Renca-lacZ/ErbB2 murine renal carcinoma

cells [22], CTLL-2 murine cytotoxic T cells (ATCC), and

human Raji B-cell lymphoma cells (ATCC) were cultured

in RPMI 1640 (Invitrogen, Karlsruhe, Germany). 293T

cells (ATCC) were cultured in Dulbecco’s modified

Eagle’s medium (DMEM; Invitrogen). All media were

supplemented with 10% FBS, 2 mM glutamine, 100 U/ml

penicillin, 100 lg/ml streptomycin, in addition containing

0.2 mg/ml Zeocin (Renca-lacZ and HC11 transfectants),

0.2 mg/ml Zeocin and 0.5 mg/ml G418 (Renca-lacZ/

ErbB2) or 50 IU/ml IL-2 (CTLL-2).

Generation of vaccine-producing cells

HC11/CTLA-4-ErbB2222, HC11/CTLA-4-NY-ESO-1 and

HC11/CTLA-4 single-cell clones were obtained by trans-

fection of HC11 cells with pSecTag2-CTLA-4-ErbB2222,

pSecTag2-CTLA-4-NY-ESO-1 or pSecTag2-CTLA-4 [7]

using Fugene 6 (Roche Diagnostics, Mannheim, Germany),

selection of stable transfectants with Zeocin, and limiting

dilution. HC11 derivatives secreting IL-15 were generated

by lentiviral transduction. The lentiviral transfer plasmid

pS-IL15-IEW is based on plasmid pHR’SIN-cPPT-SIEW

(pSIEW) [23] and contains human IL-15 cDNA. For pro-

duction of VSV-G pseudotyped vector particles, 293T cells

were cotransfected with plasmid pS-IL15-IEW together

with packaging and envelope plasmids pCMVDR8.91 and

pMD2.G [24] using a PEI transfection protocol [25].

Vector-containing supernatant was added to HC11/CTLA-

4-ErbB2222 and HC11/CTLA-4-NY-ESO-1 cells in the

presence of polybrene, cells were centrifuged at 32�C for

90 min at 1,8009g and incubated overnight at 37�C before

replacing the medium with regular growth medium.

Transduced cells expressing the vector-encoded eGFP

reporter gene were identified by flow cytometry using a
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FACSCalibur flow cytometer (BD Biosciences, Heidel-

berg, Germany). Data were analyzed with CELLQuest Pro

software (BD Biosciences).

Binding assays and analysis of IL-15 expression

Binding of CTLA-4 fusion proteins from HC11 culture

supernatants to B7-expressing Raji cells was determined by

flow cytometry with Myc-tag-specific monoclonal antibody

(mAb) 9E10 (Sigma-Aldrich, Deisenhofen, Germany),

NY-ESO-1-specific mAb D8.38 [26], or ErbB2-specific

mAb FRP5 [27], followed by PE-conjugated goat anti-

mouse antibody (Dianova, Hamburg, Germany). For

immunofluorescence microscopy, Raji cells were incubated

with cleared HC11/CTLA-4-ErbB2222 culture supernatant

for 1 h on ice. Bound CTLA-4-ErbB2222 protein was

detected with mAb 9E10, followed by Alexa Fluor

488-coupled anti-mouse antibody (Invitrogen, Karlsruhe,

Germany). Samples were analyzed with a Leica TCS SL

laser scanning microscope (Leica Mikrosysteme, Bens-

heim, Germany). For detection of IL-15, IL-15Ra-positive

Raji cells were incubated with cleared HC11/CTLA-4-

ErbB2222/IL-15 or HC11/CTLA-4-NY-ESO-1/IL-15 cul-

ture supernatants for 1 h on ice, followed by anti-hIL-15

mAb 34559 (R&D Systems, Wiesbaden, Germany), PE-

labeled goat anti-mouse antibody, and flow cytometric

analysis. IL-15 in culture supernatants collected after

4 days of culture of 2 9 105 cells in 4 ml of medium was

quantified in triplicate samples using a human IL-15

ELISA kit (eBioscience, Frankfurt am Main, Germany). To

confirm bioactivity, IL-15/IL-2-dependent CTLL-2 cells

(1 9 103/well) were seeded in 96-well plates and tested in

triplicates for their proliferative response to culture super-

natants from HC11/CTLA-4-ErbB2222 or HC11/CTLA-4-

ErbB2222/IL-15 cells. Viability and proliferation of cells

were analyzed in colorimetric WST-1 assays (Roche

Diagnostics).

Therapeutic vaccination

Anesthetized 6–7-week-old female BALB/c or WAP-Her-2

F1 mice were inoculated subcutaneously (s.c.) with

6 9 105 Renca-lacZ/ErbB2 or Renca-lacZ cells in 100 ll

DBPS (Invitrogen) into both flanks (BALB/c) or the

interscapular region (WAP-Her-2 F1). At day 4, after

tumor cell injection, animals were treated by peritumoral

injection of 6 9 104 vaccine-producing HC11 cells in

100 ll DPBS. Treatment was repeated at days 11 and 18.

Tumor growth was monitored by measuring two perpen-

dicular tumor diameters with a caliper twice a week. Long-

term protection was investigated by re-challenge of

surviving animals by injection of 5 9 105 Renca-lacZ/

ErbB2 tumor cells into the lateral tail vein 60 days after

initial tumor cell inoculation. Four weeks later, mice were

killed, lungs were excised, and tumor nodules on the lung

surface were visualized by X-Gal staining and counted

[22]. For depletion of CD4? or CD8? T-cell subsets [6],

WAP-Her-2 F1 mice received intraperitoneal injections of

anti-CD4 mAb YTS191 or anti-CD8a mAb YTS169 at

days 3, 7, 10, 14, 17, 21, and 24 after tumor cell inocula-

tion. Successful depletion was confirmed for each mouse

by flow cytometric analysis of blood samples with FITC-

conjugated anti-CD4 mAb RM4-4 and eFluor450-conju-

gated anti-CD8 mAb 53–6.7 (both from eBioscience).

Therapeutic vaccination of CD4- or CD8-depleted animals

was performed, and tumor growth was followed as

described above. All animal experiments were approved by

the appropriate government committee. Mice were killed

when they showed distress or latest when tumor diameters

reached 12–13 mm.

Analysis of antibody and T-cell responses

Tumor-bearing mice were vaccinated as described above.

Peripheral blood was collected from the orbital sinus at

days 18 or 25. Levels of ErbB2-specific antibodies were

determined by incubation of Renca-lacZ/ErbB2 and Renca-

lacZ cells with 1:100 or 1:20 diluted mouse sera, followed

by PE-conjugated goat anti-mouse antibody and flow

cytometric analysis. Pre-immune sera served as controls.

T-cell responses were evaluated in in vivo cytotoxicity

assays [7]. Fourteen days after the last vaccination of

tumor-bearing animals, splenocytes from naı̈ve BALB/c

mice or non-transgenic littermates of WAP-Her-2 F1 mice

were fluorescently labeled with either 0.5 (CFSElow) or

5 lM (CFSEhigh) carboxyfluorescein diacetate succinim-

idyl ester (CFSE; Invitrogen). CFSEhigh splenocytes were

pulsed with 15 lg/ml of synthetic ErbB2 peptide TYL-

PTNASL [28] (PANATecs, Tübingen, Germany). CFSElow

splenocytes were left untreated (BALB/c) or pulsed with

control peptide KVPRNQDWL [29] (WAP-Her-2 F1).

Equal amounts of CFSE-labeled cells from both popula-

tions were mixed, and a total of 2 9 107 cells were injected

into the lateral tail vein of recipient mice. Two days later,

animals were killed, splenocytes were isolated, and CFSE

fluorescence was analyzed using a FACSCanto II flow

cytometer (BD Biosciences). Data were analyzed with BD

FACSDiva software, and the percentage of specific target

cell killing was calculated as described [7].

Statistical analysis

Differences in tumor growth kinetics were evaluated by

one-way ANOVA followed by Tukey–Kramer test. Dif-

ferences in survival were analyzed using the log-rank test.

In other experiments, differences between values from two
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groups were evaluated using the two-tailed unpaired Stu-

dent’s t test. P values \0.05 were considered significant.

Statistical calculations were done using Prism 5 software

(GraphPad Software, La Jolla, CA).

Results

Generation of producer cells for continuous expression

of APC-targeted fusion proteins

Vaccine-producing cells were generated by stable trans-

fection of BALB/c-derived HC11 mammary epithelial cells

with plasmid pSecTag2-CTLA-4-ErbB2222 that encodes

under the control of a CMV promoter a fusion of the

extracellular domain of human CTLA-4 and the N-terminal

part of human ErbB2 (ErbB2222) (Fig. 1a, left). Similar cell

lines were generated which carry plasmids pSecTag2-

CTLA-4-NY-ESO-1 or pSecTag2-CTLA-4 that encode a

fusion of CTLA-4 with the unrelated NY-ESO-1 tumor

antigen (Fig. 1a, right) or the unfused CTLA-4 fragment.

Continuous expression and secretion of the CTLA-4 pro-

teins via an immunoglobulin j-chain signal peptide pro-

vided by the vector backbone were confirmed by

immunoblot analysis of HC11 culture supernatants (data

not shown). Specific binding of CTLA-4-ErbB2222 and

CTLA-4-NY-ESO-1 proteins from culture supernatants to

B7-expressing Raji B-cell lymphoma cells was verified by

flow cytometric analysis and confocal laser scanning

microscopy (Fig. 1b, c). The ability of HC11/CTLA-4-

ErbB2222 cells to induce ErbB2-specific antibody and

T-cell responses was confirmed upon injection of naı̈ve

BALB/c mice with vaccine-producing cells in in vivo

cytotoxicity experiments and by flow cytometric analysis

of sera (see Supplementary Fig. 1 available on-line).

Therapeutic vaccination of BALB/c mice induces

regression of ErbB2-expressing tumors

Next we investigated the effects of treatment with vaccine-

producing HC11/CTLA-4-ErbB2222 cells on tumor growth

using murine Renca-lacZ/ErbB2 renal carcinoma cells as a

transplantable tumor model. These cells express high

levels of human ErbB2 and grow as subcutaneous tumors

in immunocompetent BALB/c mice [22, 30]. Animals

were injected s.c. into both flanks with Renca-lacZ/ErbB2

cells, resulting in the formation of palpable tumors 4 days

post-inoculation. Then, animals were treated by peritu-

moral injection of HC11/CTLA-4-ErbB2222 cells. Treat-

ment was repeated at days 11 and 18, and tumor growth

was followed for 90 days (Fig. 2a, right). Control animals

received HC11/CTLA-4-NY-ESO-1 or HC11/CTLA-4

cells or were left untreated. All mice in the HC11/CTLA-4-

ErbB2222 group responded to treatment, resulting in tumor

rejection within 25 days after initiation of treatment

(Fig. 2a). One of the tumors in the HC11/CTLA-4-

ErbB2222 treatment group relapsed at the initial tumor site

at day 32 (Fig. 2a, b). Ex vivo analysis of cells from the

Fig. 1 Vaccine-producing HC11 cells secrete functional CTLA-4

fusion proteins. a The CTLA-4-ErbB2222 fusion protein and the

CTLA-4-NY-ESO-1 control molecule consist of amino acid residues

1–125 of human CTLA-4, amino acid residues 1–222 of human

ErbB2 or full-length human NY-ESO-1, and C-terminal Myc (M) and

polyhistidine (His) tags. b Binding of CTLA-4 fusion proteins from

culture supernatants of HC11/CTLA-4-ErbB2222 or HC11/CTLA-4-

NY-ESO-1 cells to B7 expressing Raji cells was verified by flow

cytometry using ErbB2-specific and NY-ESO-1-specific antibodies.

c Binding of CTLA-4-ErbB2222 from HC11/CTLA-4-ErbB2222

culture supernatant to the surface of Raji cells was confirmed by

confocal laser scanning microscopy detecting the fusion protein with

Myc-tag-specific antibody. Supernatant from HC11 wild-type cells

served as control
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recurring tumor revealed a complete loss of ErbB2 surface

expression, while tumor cells explanted from control ani-

mals displayed only a slight reduction in ErbB2 expression

(Fig. 2c). The other animals in the HC11/CTLA-4-

ErbB2222-treated group remained tumor-free until the end

of the observation period (Fig. 2b). We also observed

spontaneous tumor rejection in one animal each from the

untreated and HC11/CTLA-4-NY-ESO-1-treated control

groups, but not in mice treated with HC11/CTLA-4 cells

(Fig. 2b).

Therapeutic vaccination with HC11/CTLA-4-ErbB2222

cells was also successful if treatment was begun at later

time points after tumor cell inoculation. Injection of HC11/

CTLA-4-ErbB2222 cells at days 7, 14, and 21 or 10, 17, and

24 both resulted in complete rejection of established

Renca-lacZ/ErbB2 tumors in 40% of the cases (see

Fig. 2 Therapeutic vaccination of tumor-bearing BALB/c mice with

HC11/CTLA-4-ErbB2222 cells. a Renca-lacZ/ErbB2 renal carcinoma

cells were injected s.c. into both flanks of BALB/c mice (5 animals/

group). At day 4, HC11/CTLA-4-ErbB2222, HC11/CTLA-4-NY-

ESO-1, or HC11/CTLA-4 control cells were injected s.c. in the

vicinity of each tumor. Treatments were repeated at days 11 and 18

(indicated by arrows). Mean tumor diameters ± SEM are shown;

***p \ 0.001. b Survival of mice from the experiment shown in (a);

*p \ 0.05. One of the tumors in the HC11/CTLA-4-ErbB2222-treated

group relapsed at day 32 (�). c The relapsed tumor was excised at day

60, and cells from the tumor explant were analyzed for ErbB2

expression by flow cytometry in comparison with Renca-lacZ/ErbB2

and ErbB2-negative Renca-lacZ cells from in vitro culture (left
panel). Renca-lacZ/ErbB2 cells derived from an untreated tumor

served as control (right panel). d Long-term protection of vaccinated

animals. In a separate experiment, HC11/CTLA-4-ErbB2222-treated

mice that had rejected s.c. Renca-lacZ/ErbB2 tumors after HC11/

CTLA-4-ErbB2222 treatment were re-challenged by i.v. injection of

Renca-lacZ/ErbB2 cells 2 months after initial tumor inoculation

(n = 4). Four weeks later, pulmonary tumor nodules were visualized

by X-Gal staining. Development of experimental metastasis in naı̈ve

animals is shown for comparison (n = 3). The mean number of

surface metastases ± SEM is indicated (left). Representative images

of X-Gal stained lungs are shown (right)
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Supplementary Fig. 2 available on-line). To assess long-

term protection of treated animals, in a separate experiment,

mice cured by administration of HC11/CTLA-4-ErbB2222

cells were systemically rechallenged by intravenous injec-

tion of Renca-lacZ/ErbB2 tumor cells 2 months after initial

tumor inoculation. Whereas pulmonary tumor nodules

developed in naı̈ve mice included as a control, no tumors

were detected in lungs of animals that had already rejected

initial s.c. Renca-lacZ/ErbB2 tumors upon treatment with

HC11/CTLA-4-ErbB2222 cells (Fig. 2d).

Therapeutic vaccination of tumor-bearing mice induces

ErbB2-specific immune responses

To analyze the immune responses induced by vaccination,

tumor-bearing BALB/c mice were treated with HC11/

CTLA-4-ErbB2222 cells at days 4, 11, and 18 as described

above. Two weeks after the last treatment in vivo cyto-

toxicity assays were performed to assess ErbB2-specific

CTL responses. Thereby, significant ErbB2-specific

cytolytic activity was observed in HC11/CTLA-4-

ErbB2222-treated animals, resulting in the elimination of up

to 15% of adoptively transferred donor splenocytes pulsed

with the H-2Kd-restricted ErbB2 peptide TYLPTNASL

(residues 63–71 of the ErbB2 precursor protein) [28]. No

ErbB2-specific cytotoxicity was observed in HC11/CTLA-

4-NY-ESO-1-treated or untreated controls (Fig. 3a). We

also investigated the induction of ErbB2-specific antibod-

ies by analyzing sera taken at day 18 of the treatment

schedule. Weak binding of serum antibodies from

HC11/CTLA-4-NY-ESO-1- or HC11/CTLA-4-treated and

untreated animals to ErbB2-expressing cells indicated

induction of low levels of ErbB2-specific antibodies alone

by exposure of BALB/c mice to Renca-lacZ/ErbB2 tumors.

In contrast, markedly increased levels of ErbB2-specific

antibodies were found in diluted sera from HC11/CTLA-4-

ErbB2222-treated mice (Fig. 3b, left). No humoral activity

against ErbB2-negative parental Renca-lacZ cells was

observed in any of the treatment groups, confirming spec-

ificity of the antibody response for ErbB2 (Fig. 3b, right).

Fig. 3 Immune responses induced by treatment with vaccine-secret-

ing cells. a ErbB2-specific CTL responses. Tumor-bearing BALB/c

mice were treated with HC11/CTLA-4-ErbB2222 cells as described in

Fig. 2a. Two weeks later, in vivo cytotoxicity assays were performed

as described in the methods section. The percentage of specific target

cell killing was determined 48 h after injection of donor splenocytes

pulsed with the H-2Kd-restricted ErbB2 peptide TYLPTNASL.

HC11/CTLA-4-NY-ESO-1-treated and untreated animals served as

controls. Values for individual animals and mean values ± SEM are

shown; *p \ 0.05. b ErbB2-specific antibody responses. At day 18 of

the treatment schedule, peripheral blood was collected from mice

treated as indicated (5 animals/group), and 1:100 dilutions of sera

were analyzed for antibodies binding to Renca-lacZ/ErbB2 (left) or

ErbB2-negative Renca-lacZ cells (right). Pre-immune sera served as

controls. Mean fluorescence intensities (MFI) for sera from individual

animals and mean values ± SEM are shown; ***p \ 0.001
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Effects of therapeutic vaccination in immunologically

tolerant mice

Human ErbB2 represents a xenogenic antigen in BALB/c,

but is a self-antigen in ErbB2-transgenic WAP-Her-2 mice

[15]. To assess therapeutic activity of vaccine-producing

HC11/CTLA-4-ErbB2222 cells in this model, we generated

WAP-Her-2 F1 animals by crossing WAP-Her-2 mice on

C57BL/6 background with wild-type BALB/c as described

[16]. These animals displayed pronounced immunological

tolerance toward human ErbB2 indicated by much more

rapid growth of Renca-lacZ/ErbB2 tumors when compared

with non-transgenic littermates and the absence of ErbB2-

specific antibodies in untreated, Renca-lacZ/ErbB2 tumor-

bearing WAP-Her-2 F1 mice (see Supplementary Fig. 3

available on-line).

WAP-Her-2 F1 mice were inoculated s.c. with Renca-

lacZ/ErbB2 cells in the interscapular region. At day 4,

HC11/CTLA-4-ErbB2222 cells were injected, and treatment

was repeated at days 11 and 18 as described above. Control

animals received HC11/CTLA-4-NY-ESO-1 cells or were

left untreated. In contrast to the effects observed in BALB/

c wild-type mice, treatment with HC11/CTLA-4-ErbB2222

cells did not affect the growth of established Renca-lacZ/

ErbB2 tumors in WAP-Her-2 F1 animals, resulting in

tumor growth kinetics and overall survival rates very

similar to those in control mice (Fig. 4a, b). Analysis of

humoral immune responses revealed a modest induction of

ErbB2-specific antibodies in HC11/CTLA-4-ErbB2222-

treated, but not in HC11/CTLA-4-NY-ESO-1-treated or

untreated animals (Fig. 4c).

Co-expression of IL-15 restores therapeutic activity

of vaccine-producing cells in immunologically tolerant

animals

We chose co-treatment with the pleiotropic cytokine IL-15

as an adjuvant to enhance the therapeutic activity of vac-

cination with HC11/CTLA-4-ErbB2222 cells. In the

absence of IL-15Ra chain, IL-15 has a short in vivo

Fig. 4 Therapeutic vaccination of tumor-bearing WAP-Her-2 F1

mice. a Renca-lacZ/ErbB2 tumor cells were injected s.c. into the

interscapular region of ErbB2-transgenic mice. At day 4, HC11/

CTLA-4-ErbB2222 (n = 5) or HC11/CTLA-4-NY-ESO-1 cells

(n = 5) were injected s.c. in the tumor vicinity, or animals were

left untreated (n = 6). Treatments were repeated at days 11 and 18.

Mice were monitored for 90 days. Mean tumor diameters ± SEM are

shown for the time period when all animals in the respective groups

were still alive. b Survival of mice from the experiment shown in (a).

c ErbB2-specific antibody responses. At day 25 of the treatment

schedule, peripheral blood was collected from tumor-bearing mice

treated with HC11/CTLA-4-ErbB2222 (n = 5) or HC11/CTLA-4-NY-

ESO-1 cells (n = 4), or untreated animals (n = 6), and 1:20 dilutions

of sera were analyzed for presence of ErbB2-specific antibodies as

described in Fig. 3b; **p \ 0.01; *p \ 0.05
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half-life requiring high doses to achieve functional responses

[31, 32]. For continuous production of IL-15 in the tumor

vicinity, we modified HC11/CTLA-4-ErbB2222 and HC11/

CTLA-4-NY-ESO-1 cells by lentiviral transduction to

express IL-15 in addition to the APC-targeted vaccines.

Transduced HC11/CTLA-4-ErbB2222/IL-15 and HC11/

CTLA-4-NY-ESO-1/IL-15 cells secreted high and compa-

rable amounts of IL-15 into the culture supernatant, which

was functional and bound to IL-15Ra chain-expressing Raji

cells. Biological activity of human IL-15 from HC11 culture

supernatants in a murine system was confirmed in prolifer-

ation assays with IL-2/IL-15-dependent CTLL-2 cells (see

Supplementary Fig. 4 available on-line).

Next we analyzed the therapeutic activity of vaccine-

and IL-15-producing cells in WAP-Her-2 F1 mice as

described above for the initial HC11/CTLA-4-ErbB2222

vaccine. In contrast to the parental cells, treatment with

HC11/CTLA-4-ErbB2222/IL-15 cells resulted in markedly

delayed growth of established Renca-lacZ/ErbB2 tumors

(Fig. 5a, b) and tumor rejection in 6 of 15 animals

(Fig. 5c). Induction of antigen-specific immunity was

confirmed in control experiments with the irrelevant NY-

ESO-1 vaccine. Thereby, treatment with HC11/CTLA-4-

NY-ESO-1/IL-15 cells secreting similar amounts of IL-15

had no effect on the growth of Renca-lacZ/ErbB2 tumors

(Fig. 5a–c). Furthermore, therapeutic vaccination with

HC11/CTLA-4-ErbB2222/IL-15 cells extended overall

survival in comparison with HC11/CTLA-4-NY-ESO-1/

IL-15-treated and untreated control groups (Fig. 5d, left),

while it had no effect on the survival of mice carrying

ErbB2-negative Renca-lacZ tumors (Fig. 5d, right).

Analysis of humoral immune responses did not reveal

induction of ErbB2-specific antibodies by HC11/CTLA-4-

ErbB2222/IL-15 treatment (see Supplementary Fig. 5a

available on-line), suggesting that inclusion of IL-15 in the

vaccine shifted the induced immune response toward cel-

lular effectors. Indeed, depletion of CD8? T cells during

HC11/CTLA-4-ErbB2222/IL-15 treatment impeded tumor

rejection (Fig. 6a), indicating that CTL induced by vacci-

nation with HC11/CTLA-4-ErbB2222/IL-15 cells are

important for the therapeutic effect in WAP-Her-2 F1 mice.

The CTL induced by vaccination of immunotolerant ani-

mals most likely recognize subdominant ErbB2 epitopes,

since we did not observe increased cytotoxicity in HC11/

CTLA-4-ErbB2222/IL-15-treated mice against splenocytes

pulsed with the immunodominant ErbB2 peptide TYLPT-

NASL (see Supplementary Fig. 5b available on-line). In

contrast to CD8 depletion, depletion of CD4? T cells did

not considerably alter the success of therapeutic vaccina-

tion, with tumor rejection still observed in half of the

animals (Fig. 6b). These data demonstrate that antitumoral

activity of the HC11/CTLA-4-ErbB2222/IL-15 vaccine in

immunotolerant ErbB2-transgenic mice is not only due to

the presence of IL-15 alone, but depends also on CD8?

T-cell-mediated, antigen-specific immunity induced by the

APC-targeted CTLA-4-ErbB2222 molecule.

Discussion

Targeting of tumor antigens to DC via fusion to cytokines

or antibodies that recognize receptors on the DC surface

facilitates more efficient ex vivo loading with antigen and

can directly guide antigen to the APC relevant for cross-

priming of tumor-specific T cells in vivo [2–4, 33]. We

employed the soluble extracellular domain of human

CTLA-4 to selectively deliver a fragment of the tumor-

associated ErbB2 antigen to APC, which express the B7

molecules CD80 and CD86 on their surface [6, 7]. Human

CTLA-4 interacts functionally with murine B7 proteins,

enabling evaluation of CTLA-4-containing vaccine con-

structs in murine models [6, 34]. To continuously provide

the chimeric CTLA-4-ErbB2222 fusion vaccine in the

tumor vicinity, here, we utilized genetically modified epi-

thelial cells expressing CTLA-4-ErbB2222 in secreted form.

Peritumoral injection of these cells resulted in the induction

of strong ErbB2-specific antibody and more moderate CTL

responses in tumor-bearing BALB/c mice, and rejection of

s.c. growing ErbB2-expressing renal cell carcinomas.

Importantly, potent antitumoral activity and tumor rejec-

tion were retained if treatment with HC11/CTLA-4-

ErbB2222 cells was initiated at later time points after tumor

inoculation (see supplementary materials available on-

line). In vivo production of the CTLA-4 domain itself had

neither tumor-inhibiting nor tumor-promoting activity,

demonstrated by similar tumor growth kinetics in untreated

animals and mice treated with HC11/CTLA-4 or HC11/

CTLA-4-NY-ESO-1 cells that secrete an irrelevant APC-

targeted vaccine.

We chose HC11 mammary epithelial cells for in vivo

expression and secretion of the CTLA-4-ErbB2222 fusion

vaccine, since the secretory pathway in such cells appears

less restrictive for heterologous proteins than other cultured

cell types [35]. Immortalized HC11 cells are of BALB/c

origin [21] and are non-tumorigenic unless transformed by

an ectopically expressed oncogene [36, 37]. We found that

these cells persist at the injection site for several weeks

without significant expansion (data not shown). Hence,

HC11/CTLA-4-ErbB2222 and HC11/CTLA-4-ErbB2222/IL-

15 cells can locally provide the APC-targeted vaccine and

adjuvant IL-15 for an extended time period in vivo, over-

coming restrictions otherwise imposed by the short in vivo

half-lives of these molecules.

In tumor-bearing BALB/c mice, vaccination with HC11/

CTLA-4-ErbB2222 cells primarily induced an ErbB2-spe-

cific antibody response likely responsible for the observed
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inhibition of tumor growth. In other models, ErbB2-spe-

cific vaccination was shown to induce anti-ErbB2 anti-

bodies that modulate ErbB2 expression and signaling [38,

39]. Likewise, ErbB2-specific antibodies induced by

treatment with HC11/CTLA-4-ErbB2222 cells may effec-

tively downmodulate ErbB2 signal transduction as

observed for mixtures of monoclonal antibodies directed to

different ErbB2 epitopes [40]. Nevertheless, ErbB2

signaling is not critical for tumorigenicity of Renca-lacZ/

ErbB2 cells. This is indicated by similar tumor formation

of parental ErbB2-negative Renca-lacZ cells and the

observed vaccination-induced outgrowth of an ErbB2-

negative tumor variant in one animal initially inoculated

with Renca-lacZ/ErbB2 tumors. Hence, antitumoral activ-

ity of ErbB2-specific antibodies induced by treatment with

HC11/CTLA-4-ErbB2222 cells is likely attributable to a

Fig. 5 Therapeutic vaccination

of tumor-bearing WAP-Her-2

F1 mice with HC11/CTLA-4-

ErbB2222/IL-15 cells. a At day

4, after Renca-lacZ/ErbB2

tumor cell inoculation, animals

were treated with HC11/CTLA-

4-ErbB2222/IL-15 (n = 15) or

HC11/CTLA-4-NY-ESO-1/IL-

15 cells (n = 9) or were left

untreated (n = 6). Treatments

were repeated at days 11 and 18.

Mean tumor diameters ± SEM

are shown; *p \ 0.05.

b Representative images of

tumors excised at day 25 of the

treatment schedule from a

separate experiment performed

as described in (a). Size bars
indicate 2 mm. c Growth

kinetics of individual Renca-

lacZ/ErbB2 tumors in WAP-

Her-2 F1 mice. Each line
represents growth kinetics of the

tumor of an individual animal

from the experiment in (a). The

fraction of tumor-free animals at

day 90 is indicated. d Survival

of WAP-Her-2 F1 mice after

therapeutic vaccination with

HC11/CTLA-4-ErbB2222/IL-15

cells. Left panel: survival of

mice from the experiment

described in (a) inoculated with

Renca-lacZ/ErbB2 tumor cells

and treated with HC11/CTLA-

4-ErbB2222/IL-15 or HC11/

CTLA-4-NY-ESO-1/IL-15

cells, or left untreated. Right
panel: survival of WAP-Her-2

F1 mice inoculated with ErbB2-

negative Renca-lacZ tumor cells

and treated with HC11/CTLA-

4-ErbB2222/IL-15 cells (n = 8)

or left untreated (n = 10)
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combination of direct and indirect mechanisms that include

antibody-dependent cellular cytotoxicity (ADCC), com-

plement-dependent cytotoxicity (CDC), and FcR-mediated

effector functions [41–43].

Unlike treatment outcome in BALB/c mice, therapeutic

vaccination with HC11/CTLA-4-ErbB2222 cells in the

absence of adjuvant was not effective in ErbB2-transgenic

WAP-Her-2 F1 animals. WAP-Her-2 mice are a well-

established model for the evaluation of immune reactivity

to human ErbB2 [15]. Likewise, WAP-Her-2 F1 mice of

BALB/c 9 C57BL/6 mixed background demonstrate pro-

nounced immunological tolerance toward human ErbB2

[16]. In WAP-Her-2 F1 mice, treatment with HC11/CTLA-4-

ErbB2222 cells alone resulted only in a modest induction of

ErbB2-specific antibodies that were not sufficient to

mediate measurable antitumor effects. This may also have

been affected by the strain background. Radkevich-Brown

et al. [44] demonstrated that ErbB2 DNA vaccination

induced significantly more pronounced humoral and

cellular immune responses in ErbB2-transgenic mice of

BALB/c background than in animals of BALB/

c 9 C57BL/6 mixed background.

Modification of the cellular HC11/CTLA-4-ErbB2222

vaccine to additionally secrete the immunostimulatory

cytokine IL-15 as an adjuvant augmented its activity and

restored potent antitumoral effects in ErbB2-transgenic

WAP-Her-2 F1 mice. This resulted in tumor rejection in a

large proportion of the animals and extended overall sur-

vival. Thereby, the amount of IL-15 secreted by genetically

modified HC11 cells did not affect systemic IL-15 levels.

We did not detect free IL-15 in serum and urine of HC11/

CTLA-4-ErbB2222/IL-15- and HC11/CTLA-4-NY-ESO-1/

IL-15-treated animals (data not shown). The effector

mechanisms induced by HC11/CTLA-4-ErbB2222/IL-15-

treatment in WAP-Her-2 F1 were different from those

triggered by the initial HC11/CTLA-4-ErbB2222 cells. We

did not observe induction of measurable levels of ErbB2-

specific antibodies, suggesting that in the presence of IL-15

cellular immune effectors were predominantly triggered.

IL-15 promotes activation of antigen-specific CD8? T

cells by DC [18–20] and may be able to revert tolerant T

cells to become effectors [45]. While we did not detect the

activation of systemic CTL reactive with the immuno-

dominant H-2Kd-restricted ErbB2 peptide TYLPTNASL

[28] in WAP-Her-2 F1, this does not exclude the presence

of locally restricted TYLPTNASL-specific T cells and/or

vaccination-induced activation of CTL that recognize

subdominant ErbB2 epitopes. Indeed, tumor rejection was

dependent on CD8? T cells as indicated by the inability of

animals to reject Renca-lacZ/ErbB2 cells if CD8? cells

were depleted during vaccination. Similar to the situation

in Neu-transgenic BALB-neuT mice, in WAP-Her-2 F1

high affinity TYLPTNASL-specific T cells may be deleted

by central tolerance mechanisms [46]. Adjuvant IL-15 can

enhance vaccine responses to both dominant and sub-

dominant tumor antigens [47], which is possibly of

importance for tumor rejection in our model. While IL-15-

stimulated innate effector mechanisms such as natural

killer (NK) cells may contribute to antitumoral activity

induced by HC11/CTLA-4-ErbB2222/IL-15-treatment in

WAP-Her-2 F1 mice, tumor rejection in the ErbB2-trans-

genic animals was mostly dependent on antigen-specific

immunity induced by the APC-targeted CTLA-4-ErbB2222

vaccine. In control experiments therapeutic vaccination

with HC11/CTLA-4-ErbB2222/IL-15 cells had no effect on

the growth of ErbB2-negative Renca-lacZ tumors, and

Fig. 6 Depletion of T-cell

subsets. WAP-Her-2 F1 mice

were inoculated with Renca-

lacZ/ErbB2 tumor cells and

treated with HC11/CTLA-4-

ErbB2222/IL-15 as described in

Fig. 5a. CD8? (a) or CD4? T

cells (b) were depleted with

anti-CD8 or anti-CD4

antibodies at days 3, 7, 10, 14,

17, 21, and 24. Success of

depletion was controlled for

each mouse by flow cytometry

(data not shown). Each line
represents growth kinetics of the

tumor of an individual animal

(n = 4). The fraction of tumor-

free animals at day 45 is

indicated
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treatment with HC11/CTLA-4-NY-ESO-1/IL-15 cells had

no effect on the growth of Renca-lacZ/ErbB2 tumors.

Taken together, our results demonstrate that therapeutic

vaccination of tumor-bearing hosts by injection of cells that

facilitate continuous in vivo production of an APC-targeted

vaccine can result in pronounced antigen-specific immunity

and tumor rejection. In vivo produced IL-15 can further

augment antitumoral activity of the APC-targeted vaccine in

an immunologically tolerant background. Hence, we antic-

ipate that similar strategies, for example based on irradiated

whole tumor cell vaccines expressing and secreting APC-

targeted molecules accompanied by broadly active immu-

nomodulators, could complement existing approaches with

recombinant cytokine- or antibody-antigen fusion proteins

targeted to DC surface receptors [2–4, 33]. In contrast to the

latter, such genetically modified tumor cell vaccines could

more easily serve as a delivery system for multiple targeted

tumor antigens and immunomodulatory molecules, which

may broaden and further enhance the induced anti-tumor

immune response. This may be relevant for effective cancer

immunotherapy in tumor patients.
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