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Abstract: Background: Anti-CD11c antibodies target to the CD11c receptor that mediates antigen presentation to T 
cells by dendritic cells (DCs). To exploit these properties for immunization purposes, we obtained DC-targeting DNA 
vaccines by fusing tumor-associated antigen HER2/neu ectodomain to single chain antibody fragment (scFv) from 
N418 (scFvN418), a monoclonal antibody binding the mouse DC-restricted surface molecule CD11c, and explored its 
antitumoral efficacy and underlying mechanisms in mouse breast cancer models. Methods: Induction of humoral 
and cellular immune responses and antitumoral activity of the DNA vaccines were tested in transplantable HER2/
neu-expressing murine tumor models and in transgenic BALB-neuT mice developing spontaneous Neu-driven mam-
mary carcinomas. Results: Upon injection of the breast tumor cell line D2F2/E2 (stably expressing human wild-type 
HER2), scFvN418-HER2 immunized mice were protected against tumor growth. Even more important for clinical appli-
cations, we were able to substantially slow the growth of implanted D2F2/E2 cells by injection of scFvN418-HER2 con-
jugates into tumor bearing hosts. The existing tumors were eradicated by treatment with scFvN418-HER2 combined 
with low-dose cyclophosphamide (CTX), which can make a temporary regulatory T cells (Treg) depletion. What’s 
more, in combination with the low-dose CTX, vaccination with scFvN418-neu significantly retarded the development of 
spontaneous mammary carcinomas in transgenic BALB-neuT mice. Conclusion: Our results show that DNA vaccine 
which targeting of dendritic cells in situ by the means of antibody-antigen conjugates may be a novel way to induce 
long-lasting antitumor immunity. 
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Introduction

Activation of both specific immune effector 
responses and innate immunity are fundamen-
tal for a powerful DNA vaccine. Multiple 
approaches have considerable effective to 
induce strong immune responses following 
DNA vaccination. As usual, they are the DNA 
fusion gene vaccines encode different types of 
immunostimulatory molecules, fusion proteins 
which can target to specific immune molecules, 
or types to target pattern recognition and “alar-
min” receptors to improve triggering of the 
innate immune system [1-4]. Although these 
extensive literatures have repeatedly shown 
that the immune response to DNA vaccines can 
be increased, the findings have yet to prove 
that enhanced presentation of vaccine anti-
gens by dendritic cells (DCs) is being achieved 
[5, 6].

Dendritic cells have been characterized by their 
outstanding ability to be taken up, processed 
and presented antigens, to present antigen-
derived peptides in the context of MHC mole-
cules to naive T cells. The induction of robust 
CD4+ and CD8+ T cell responses can be achieved 
because of DC’s so exceptional T-lymphocyte 
stimulatory capacity [7]. CD11c is a component 
of complement receptor 4 in the mouse, it is 
expressed predominantly on DC together with 
some NK and CD8 cells [8, 9], and is present at 
high levels on all conventional DC subsets, 
including both CD8+ and CD8- subtypes [10]. 
Some studies have certified that CD11c is a ter-
rifically effective immunotarget for the genera-
tion of antibody responses in vivo, and it has 
also been used as an immunotarget for CTL 
responses [11-13]. Due to its expression pat-
tern, we hypothesized that CD11c may provide 
an effective target for the delivery of HER2/neu 
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(its rat homologue neu) to DC for the genera- 
tion of both CD4 and CD8 T cell-mediated 
immunity.

Overexpression of the HER-2 receptor tyrosine 
kinase has been found in various human malig-
nancies, including breast, ovarian and gastric 
carcinomas, non-small cell lung cancer, and 
salivary gland cancers, and has been associat-
ed with poor prognosis [14-16]. Because of this 
enhanced expression on tumor cells and its 
involvement in essential signaling processes, 
HER2 constitutes an important target for direct-
ed cancer therapy with monoclonal antibodies 
or small molecular weight tyrosine kinase inhib-
itors. Due to HER2 expression in tumor cells is 
usually retained after development of trastu-
zumab resistance, active vaccination aiming at 
the initiation or enhancement of endogenous 
HER2-specific immune responses may offer a 
valuable treatment alternative. Unlike passive 
immunotherapy with antibodies, antigen-spe-
cific vaccination has the potential to induce a 
broad spectrum of immune effector mecha-
nisms, which includes CD4+ and CD8+ T-cell 
responses [17, 18]. Accordingly, the HER2/neu 
oncogenic protein is advised to be a tumor-
associated antigen.

In the present study, we have derived single 
chain antibody fragment (scFv) from the mono-
clonal antibody N418, which are directed to 
CD11c mouse DC receptors. To investigate 
whether specific targeting of tumor antigens 
(HER2/neu) to activated DCs via CD11c can 
induce potent antigen-specific immune res- 
ponses, we generated scFvN418-HER2/neu 
fusion protein consisting of scFvN418 fused to 
the extracellular domain of human HER2 or rat 
homologue neu. As what we expected, the 
results show that immunization with DNA vec-
tors encoding antigens fused to a CD11c bind-
ing scFv is a powerful mean for eliciting stron-
ger specific immune responses in vivo.

Materials and methods 

Mice and cell lines

6- to 8-week-old female BALB/c (H-2d) mice 
were purchased from the Shanghai laboratory 
Animal Center (Shanghai, China). BALB-neuT 
mice (H-2d) expressing a transforming neu 
under the control of mouse mammary tumor 
virus promoter were obtained from Charles 
River. 

Mouse breast tumor cell line D2F2, 4T1 and 
293T cell lines were maintained in DMEM sup-
plemented with 10% (v/v) FCS. D2F2/E2 stably 
expressing human wild-type HER2 were main-
tained in medium containing 0.4 mg/mL G418 
(Sigma-Aldrich). TUBO cells are neu-expressing 
breast carcinoma cells established from a lobu-
lar carcinoma of a female BALB-neuT mouse, 
and maintained in DMEM containing 20% FCS. 
All tissue culture reagents were purchased 
from Life Technologies unless described other- 
wise.

Reagents

Peptides used in this study were obtained from 
Sigma-Aldrich. All peptides were > 95% pure as 
indicated by analytical HPLC. Lyophilized pep-
tides were diluted in DMSO and stored at -20°C 
until use. Recombinant HER2 and TRP2 pro-
teins were purchased from R&D Systems. 
Cyclophosphamide (CTX) were obtained from 
Sigma-Aldrich and reconstituted in sterile PBS 
for in vivo injections. Monoclonal antibodies 
(Mabs) to the following antigens were pur-
chased from eBiosciences (San Diego, CA): 
CD4 (GK 1.5) and CD8 (53-6.7) conjugated to 
fluorescein isothiocyanate (FITC); FoxP3 (FJK-
16 s) conjugated to PE. Immunoglobulins with 
isotypes corresponding to the above Mabs and 
conjugated to the appropriate fluorochromes, 
were used as control for nonspecific binding. 

Construction of DNA vaccines 

The backbone for the construction of DNA vac-
cines was the mammalian expression vector 
pcDNA3.1 (Invitrogen). In this vector encoding 
vaccine proteins are expressed under the con-
trol of the CMV promoter as an in-frame fusion 
with a vector-encoded signal peptide (SP) lead-
er sequence for secretion and are followed by 
C-terminal Myc tag for detection. The genes 
encoding the variable regions of the heavy (VH) 
and light (VL) chains of scFvN418 were synthe-
sized according to the published sequences 
[19]. Each VH fragment was bound to its VL 
partner by use of a spacer encoding a 15 ami-
no-acid flexible linker (Gly4Ser)3, yielding scFv 
constructs scFvN418. The sequence encoding for 
the extracellular domain of human HER2 or its 
rat homologue neu was amplified from cDNA of 
SK-BR-3 and TUBO cell lines using the following 
primers HER2-HindIII-s 5’-TTA AGC TTG AGC 
TGG CGG CCT TGT GCC-3’, HER2-XbaI-as 5’-TT T 
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CTA GAC AAA CAG TGC CTG GCA TTC ACA TAC-3’ 
and neu-HindIII-s 5’-TT A AGC TTA TCA TCA TGG 
AGC TGG CGG-3’, neu-XbaI-as 5’-TTT CTA GAT 
CCA AAG CAG GTC TCT GAG CTG TTT TGA-3’. 
The resultant encoding sequences were  
then cloned in-frame downstream of the 
scFvN418. 

Expression of protein encoded by DNA vac-
cines 

The different pcDNA3.1 constructs were tran-
siently transfected in 293T cells using Lipo- 
fectamine 2000 according to the manual 
instruction (Invitrogen). The resultant superna-
tants were harvested at 72 hours post-trans-
fection and concentrated and dialyzed using 
centrifugal filter devices (Amicon Ultra, 10 kDa, 
Millipore). Protein expression was analyzed  
by Western blotting. Recombinant proteins 
were detected with Myc-tag-specific monoclo-
nal antibody (mAb) 9E10 followed by horserad-
ish peroxidase (HRP)-conjugated secondary 
antibody.

Binding assays

Binding of scFvN418-HER2 fusion proteins from 
supernatants of transfected 293T cells to 
mouse DCs was determined by fluorescence-
activated cell sorting analysis. DCs (5 × 105) 
were incubated with 100 μl cleared culture 
supernatant taken 5 days after transfection for 
45 min on ice followed by incubation with 2 μg 
mAb 9E10 and PE-labeled goat anti-mouse IgG 
for 30 min. Then, cells were washed and bound 
proteins were detected using a FACSCalibur 
(Becton Dickinson) flow cytometer. Data were 
analyzed with CellQuest (Becton Dickinson) 
software.

Protective and therapeutic vaccination

For protective vaccination, female BALB/c mice 
or BALB-neuT mice were vaccinated on days 
-21 and -7 by intramuscular injections of 50 µg 
plasmid DNA in 50 µL PBS into the upper leg 
muscle of the left hind limb followed by in vivo 
electroporation as described previously [19]. 
On day 0, animals were inoculated subcutane-
ously (s.c.) with 2 × 105 D2F2/E2, D2F2 or 
TUBO tumor cells in the opposite flank. Then 
tumor growth was monitored with a caliper by 
measuring two perpendicular tumor diameters 
every week, and tumor volumes were calculat-

ed according to the formula: length × (width)2 × 
0.5. For therapeutic vaccination, when the 
tumors were 2-3 mm in diameter (day 8), mice 
were injected i.p. with cyclophosphamide (100 
mg/kg). Four days later (day 12), animals were 
vaccinated as described above. Treatment was 
repeated 14 days (day 26) after the first treat-
ment, and tumor growth was followed. If ani-
mals appeared moribund or the diameter of the 
tumors reached 15 mm, the mice were sacri-
ficed and this was recorded as the date of 
death for survival studies. For rechallenging 
experiments, the long-term surviving mice were 
injected s.c. either with 2 × 105 D2F2/E2, 
D2F2, or 4T1 tumor cells. All animal experi-
ments had been reviewed and approved by the 
appropriate government committee and were 
done in accordance with the relevant guide-
lines and regulations.

Prevention of spontaneous tumors

Preventive effects of the DNA vaccines were 
investigated in virgin female BALB-neuT mice 
that endogenously expresses neu in their mam-
mary glands and develops neu-driven mamma-
ry carcinomas. Animals were immunized twice 
at 8 and 10 weeks ages with scFvN418-neu, 
scFvN418-HER2, neu, HER2 or pcDNA3.1. Mam- 
mary glands were inspected every week to 
monitor the appearance of tumors. And mice 
were injected i.p. with CTX (100 mg/kg), four 
days before the first immunization. Measurable/
palpable masses > 2 mm in diameter were 
regarded as tumors. Data are reported as 
tumor multiplicity (cumulative number of 
tumors per number of mice in each group) and 
shown as mean ± SE.

Cytometric identification of Treg cells 

For detection of regulatory T cells, splenocytes 
and tumor-infiltrating lymphoid cells (TIL) from 
immunized mice were surface stained with the 
indicated monoclonal antibodies. After that, 
cells were washed with fluorescence-activated 
cell sorting buffer (PBS with 1% fetal bovine 
serum and 0.09% sodium azide), fixed and per-
meabilized with the Cytofix/Cytoperm reagent 
(BD Bioscience) for 20 minutes at 4°C, after 
which they were washed in Perm/Wash buffer 
(BD Bioscience), and stained with PE anti-
mouse FoxP3 (FJK-16 s; eBioscience) at 4°C for 
45 minutes. Immunoglobulin G-PE and immu-
noglobulin G-FITC (mouse) were used as nega-
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tive controls. All analysis was performed on  
the FACSCalibur (Becton Dickinson) flow cyto- 
meter.

Evaluation of T-cell responses

For detection of HER2-specific CD4+ T cells, T 
cells from vaccinated mice were isolated with 
anti-CD4 beads on MACS columns according to 
the manufacturer’s protocol (Miltenyi). CD4+ T 
cells were then restimulated with bone marrow-
derived DCs pulsed with recombinant HER2 or 
TRP2 protein in vitro for 3 d, and supernatants 

were collected and analyzed for production of 
IFN-γ, TNF-α, IL-4 and IL-10 by ELISA kits (R&D 
Systems).

For detection of IFN-γ-producing CD8 T cells, 
intracellular cytokine staining assays were per-
formed. Briefly, splenocytes harvested from 
vaccinated mice were cultured in the presence 
of HER263-71 peptide (TYLPTNASL) or TRP2180-188 
peptide (SVYDFFVWL) (10 µg/mL) for 6 h. 
During the final 4 h of incubation, 10 µg/ml 
brefeldin A (Sigma) were added. After surface 
staining with FITC-CD8, cells were permeabi-

Figure 1. Plasmid DNA vaccines encoding secreted scFvN418-HER2/neu fusion proteins. A. Schematic representation 
of expression vectors. scFvN418-HER2, scFvN418-neu, pcDNA3.1-HER2, or pcDNA3.1-neu encode under the control of 
a CMV promoter, all the fusion proteins consisting of an signal peptide, amino acid residues 1 to 222 of human 
HER2 or amino acid residues 1 to 224 of rat neu, and COOH-terminal Myc tag. The control plasmids pcDNA3.1-
HER2 and pcDNA3.1-neu lack the scFvN418 domain. B. 293T cells grown in 100-mm dishes were transfected with 
various expression vectors using Lipofectamine 2000 (invitrogen). Immunoblot analysis of supernatants from 293T 
cells transfected with scFvN418-HER2, scFvN418-neu, pcDNA3.1-HER2 and pcDNA3.1-neu (lane 1, 2, 3 and 4). Vaccine 
proteins were probed with mouse anti-Myc tag mAb followed by HRP-conjugated secondary anti-mouse antibody. C. 
Binding of scFvN418-HER2 fusion protein from culture supernatant of transfected 293T cells to mouse dendrtic cells 
was investigated by fluorescence-activated cell sorting analysis with mAb 9E10 followed by PE-conjugated second-
ary antibody. Control cells were treated with supernatant from mock-transfected cells.



Antitumor activity of DC targeting DNA vaccines

17569 Int J Clin Exp Med 2015;8(10):17565-17577

lized and stained with PE-IFN-γ prior to analysis 
by flow cytometry as described above. For CTL 
measurements, 51Cr-release assays were per-
formed as described previously [20]. 

Analysis of antibody responses

Peripheral blood was collected from the tail 
vein, and 1:100 dilutions of sera were analyzed 
by ELISA with recombinant HER2 protein. 
Normal mouse serum served as negative 
control.

Statistical analysis

Differences in tumor growth kinetics, tumor 
multiplicity, and specific cytotoxicity were evalu-
ated by ANOVA or the Student’s test. Values of 
P < 0.05 were considered significant. For sur-
vival studies, Kaplan-Meier survival curves 
were plotted and analyzed using Prism 5.00 
software (GraphPad Software).

Results

Construction and expression of DNA vaccines

We obtained the genes encoding scFvN418 by 
whole gene synthesis according to the pub-
lished sequences [21]. The COOH terminus of 
the scFvN418 was directly fused in-frame to the 
sequences encoding the extracellular domain 
of HER2 (amino acids 1-222) or neu (amino 
acids 1-224) amplified from SK-BR-3 or TUBO 
breast cell lines, followed by Myc tag (Figure 
1A). To confirm the expression of these con-
structs, 293T cells were transiently transfected 
with these plasmids, and then supernatants 
were harvested 72 hours later and tested for 
protein secretion by Western blotting. As shown 
in Figure 1B, we can detect the production of 
scFvN418-HER2 and scFvN418-neu proteins (lane 
1, 2) or HER2 and neu fragments (lane 3, 4) in 
the supernatants by anti-Myc tag antibody 
respectively. Specific binding of scFvN418-HER2 
fusion protein from culture supernatant to 
mouse dendrtic cells could be shown by fluo-
rescence-activated cell sorting analysis (Figure 
1C).

Protection of mice from challenge with HER2-
expressing tumor cells

To investigate whether immunization with DC- 
targeted vaccines induce antitumoral immunity 
and protect animals from subsequent tumor 
challenge, BALB/c mice were i.m. vaccinated 

twice at two week interval with various vac-
cines. Seven days after last immunization, the 
mice were subcutaneously challenged with 
HER2-positive D2F2/E2 tumor cells, and tumor 
development was monitored. All animals vacci-
nated with scFvN418-HER2 remained tumor free 
upon challenge with D2F2/E2 cells (Figure 2A). 
In contrast, after vaccination with scFvN418-neu, 
HER2, neu or pcDNA3.1, no protection was 
apparent. In these instances, all animals devel-
oped continuously growing tumors and died by 
60 days. Interestingly, vaccination with scFvN418-
neu alone also moderately delayed tumor 
growth, although this preventive effect was not 
statistically significant. To examine whether 
HER2-specific responses induced by the vac-
cines were responsible for protection, a similar 
experiment was done using parental, HER2-
negative D2F2 cells for tumor challenge. Rapid 
tumor growth was observed in all animals 
regardless of either treatment (Figure 2B), 
strongly suggesting that the observed rejection 
of HER2-expressing D2F2/E2 cells was due to 
HER2-specific immune responses induced by 
scFvN418-HER2.

To test whether immunologic memory was 
developed, long-term surviving mice initially 
vaccinated with scFvN418-HER2 were rechal-
lenged with D2F2/E2 tumor cells. The parental 
D2F2 cells or unrelated syngeneic 4T1 cells 
were used as controls. As shown in Figure 2C, 
the mice rejected subsequent rechallenges 
with the D2F2/E2 tumor cells and remained 
tumor-free, however, the mice could not reject 
unrelated syngeneic 4T1 tumor. Interestingly, 
about 60% of tumor surviving mice completely 
protected against the rechallenge with the 
parental D2F2 tumor cells, and the remaining 
mice displaying drastically slow tumor growth 
(Figure 2D), suggesting that vaccination and 
initial tumor challenge can result in determi-
nant spreading and subsequent immunity to an 
otherwise parental HER2-negative tumor vari-
ants. In summary, these data indicates that 
scFvN418-HER2 vaccination induced long-lasting 
HER2-specific antitumor immunity, which can 
protect mice from HER2-expressing tumor 
challenge.

Induction of HER2-specific T cells

To analyze the nature of the immune responses 
induced by scFvN418-HER2, CD4+ T cells were 
isolated from the vaccinated mice and restimu-
lated with HER2- or TRP2-pulsed bone marrow-
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derived DCs in vitro. As shown in Figure 3A, 
CD4+ T cells obtained from scFvN418-HER2-vac-
cinated mice showed vigorous proliferation 

upon restimulation with HER2-pulsed, but not 
TRP2-pulsed, bone marrow-derived DCs. A 
slightly increased proliferation was also detect-

Figure 2. Vaccination with scFvN418-HER2 protects mice from challenge with HER2-expressing tumor cells and induc-
es memory immune responses. A. Animals (10 mice per group) were vaccinated with HER2, neu, scFvN418-HER2 or 
scFvN418-neu on days -21 and -7. Control animals received pcDNA3.1. On day 0, mice were inoculated s.c. with D2F2/
E2 tumor cells. Tumor developments were monitored, and animal survival was calculated. Left panel, kinetics of 
tumor growth; Right panel, survival curve. B. The vaccinated animals were challenged with parental HER2-negative 
D2F2 cells on day 0, Left panel, kinetics of tumor growth; Right panel, survival curve. C. The long-term surviving 
mice from scFvN418-HER2 group were rechallenged with D2F2/E2, D2F2, or syngeneic unrelated 4T1 tumor cells 
3 months after initial tumor challenge. D. Naive mice injected s.c. with D2F2/E2, D2F2, or 4T1 tumor cells served 
as a control. Tumor growth was followed by caliper measurements, and results are represented as the mean tumor 
volume (mm3). The data were representative of two experiments with comparable results. Bars, SE. *P < 0.001, 
scFvN418-HER2 compared with other groups.
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Figure 3. Vaccination with scFvN418-HER2 induced HER2-specific cellular and antibody immune response. BALB/c 
mice were vaccinated with HER2, scFvN418-neu or scFvN418-HER2. Control animals received pcDNA3.1. The draining 
lymph nodes and spleens were harvested from the vaccinated animals after two vaccinations. A. CD4+ T cells iso-
lated from the draining lymph were cultured in the presence of 10 µg/ml recombinant HER2 or TRP2 protein for 4 d 
with the addition of [3H] thymidine in the last 16 h. T-cell proliferation was determined by [3H] thymidine incorpora-
tion (left panel). Right panel, the supernatant recovered from the assay in left was tested for cytokine production by 
ELISA. B. Splenocytes isolated from the vaccinated animals were stimulated for 6 h with H-2Kd-restricted HER263-71 
peptide TYLPTNASL before flow cytometric analysis with anti-CD8 and anti-IFN-γ antibodies. Left, increase in CD8+ 
IFN-γ+ cells upon peptide stimulation of splenocytes. Representative results from one animal of scFvN418-HER2 group 
upon restimulation in the presence of HER2 or TRP2 peptide. Right, absolute numbers of CD8+ IFN-γ+ splenocytes 
(mean values from five mice per group). C. Splenocytes were cocultured with D2F2/E2 cells for 5 d. The resultant 
splenocytes (E) were cocultured for 4 h with the 51Cr-labeled target cells (T). Percentages of target cells killing by the 
splenocytes from the vaccinated mice are shown. Data represent the means of triplicate cultures and are represen-
tative of two independent experiments. D. HER2-specific total IgG and IgG subclass (IgG1 and IgG2a) antibodies in 
sera from the vaccinated animals after 1:100 dilution were determined by ELISA. The mean OD405 values of pooled 
sera from each group (5 mice per group) were presented. The background OD405 of normal mouse sera was < 
0.04. Bars, SE. *P < 0.01, scFvN418-HER2 compared with other groups.
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ed from scFvN418-neu-vaccinated mice. In con-
trast, no evident T-cell proliferation could be 
observed when mice were vaccinated with 
untargeted HER2 or neu. 

The supernatants of stimulated T cells were 
tested for the presence of cytokines by ELISA. 
Splenocytes obtained from scFvN418-HER2-vac-
cinated mice produced substantial amounts of 
TNF-α and IFN-γ (Figure 3A on right); similarly, a 
mildly higher level of IFN-γ and TNF-α cytokine 
was also detected in the supernatant from 
scFvN418-neu-vaccinated mice. We did not 
detect the secretion of IL-4 and IL-10 cytokines 
with immunosuppressive activity in any group.  

Next, we checked for the induction of HER2-
specific CD8+ T cells and CTLs. As shown in 
Figure 3B, splenocytes from scFvN418-HER2-
vaccinated mice contained populations of acti-
vated CD8+ T cells that produced IFN-γ upon in 
vitro restimulation with HER2-derived synthetic 
p63-71 peptide TYLPTNASL whereas spleno-
cytes from other group mice did not display an 
increase in CD8+ IFN-γ+ cells. These T cells were 
HER2-specific since no cells produced IFN-γ 
upon restimulation with TRP2180-188 peptide 
SVYDFFVWL, and a representative dot plot was 
shown in Figure 3B left. In addition, spleno-
cytes from scFvN418-HER2-vaccinated mice 
exhibited significantly higher target cell killing 
than did those from other group mice (Figure 
3C). The cytotoxic effect was mediated by CD8+ 
CTLs, because the killing was inhibited by the 
anti-CD8, but not anti-CD4, antibody (data not 
shown). Taken together, the results indicate the 
superiority after initial tumor cell inoculation. 

Induction of HER2-specific antibody

We also evaluated the induction of HER2-
specific antibody in these mice. As shown in 
Figure 3D, vaccination with scFvN418-HER2 
induced a high titer of HER2-specific antibody 
specifically binding to recombinant HER2 pro-
tein in ELISA experiments. Detailed analysis of 
antibody isotype demonstrated that antibody 
induced by scFvN418-HER2 vaccine was mainly 
IgG2a, which is consistent with the cytokine 
profile of splenocytes.

scFvN418-HER2 immunization combination with 
Treg depletion eradicated the established tu-
mors 

We next evaluated the therapeutic effect of 
scFvN418-HER2 vaccination on established tu- 

mors in D2F2/E2 breast tumor model. BALB/c 
mice were subcutaneously inoculated with 
D2F2/E2 tumor cells. On day 10, animals with 
tumors sizing ~40 mm3 were randomized into 
groups treated with scFvN418-HER2, HER2 or 
pcDNA3.1. Treatment was repeated once 2 
weeks later. As shown in Figure 4A, scFvN418-
HER2 vaccination substantially slowed tumor 
development and protected up to 20% only of 
the mice from tumor growth at the end of exper-
iment (120 days after tumor inoculation). 

Since regulatory T cells (Treg) have been shown 
to mediate immune-tolerance towards tumor-
antigens in various tumor models, we further 
tested whether systemic depletion of regulato-
ry T cells would increase the therapeutic effi-
cacy of DC-targeting vaccines. An approach 
that we and others successfully applied in vari-
ous models utilized intraperitoneal injection of 
low-dose (100 mg/kg) cyclophosphamide 
(CTX). As shown in Figure 4B, low-dose CTX 
injection in the D2F2/E2-bearing mice spleen 
or tumor-infiltrating lymphoid cells (TIL) effi-
ciently depleted Treg 4 days post-injection, 
however, no evidently direct killing effect on 
tumor cells were observed (data not shown). 
We therefore tested DC-targeted vaccines in 
combination with Treg depletion by low-dose 
CTX. As shown in Figure 4C, this combination 
significantly improved the therapeutic effects 
of scFvN418-HER2 vaccine; at the end of experi-
ment, 75% (15/20) mice rejected the estab-
lished tumor and remaining 5 (25%) mice had 
stably small tumors (~40 mm3). These tumor-
free mice also rejected the rechallenge with the 
same tumor cells (date not shown). Untargeted 
DC vaccines failed to exert therapeutic effects 
although this vaccine in combination with CTX 
mildly delayed tumor growth. The experiment 
was repeated with similar results. The data 
indicate that DC-targeting vaccines are able to 
induce strong antitumoral activity, when in 
combination with systemic Treg depletion, 
mount impressive tumor-rejecting effects. 

Antitumoral activity of the scFvN418-neu DNA 
vaccine in BALB-neuT mice

Although tumor models based on human HER2-
expressing D2F2/E2 cells are useful to assess 
the basic functionality of cancer vaccines, such 
models do not fully reflect the situation of 
human cancer usually characterized by immu-
nologic tolerance toward HER2. Hence, we fur-
ther tested fusion protein vaccines in female 
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Figure 4. Therapeutic efficacy of scFvN418-HER2 vaccine. A. BALB/c mice (10 mice per group) were inoculated s.c. 
with D2F2/E2 tumor cells. On day 10, animals with tumors sizing ~40 mm3 were immunized with scFvN418-HER2 or 
respective controls. Treatment was repeated on day 24. Tumor developments were monitored, and animal survival 
was calculated. Left panel, kinetics of tumor growth; Right panel, survival curve. The data were represented as the 
mean tumor volume (mm3) and representative of two experiments with comparable results. *P < 0.01, scFvN418-
HER2 compared with other groups. B. Temporary depletion of CD4+ Foxp3+ regulatory T cells by a single injection 
of low-dose CTX. BALB/c mice (3 mice per group) were inoculated s.c. with D2F2/E2 tumor cells. When the tumors 
were 2-3 mm in diameter (day 8), mice were injected i.p. with CTX or PBS. Naive mice were used as control. The 
spleen or tumor-infiltrating lymphoid cells (TIL) were harvested and analyzed for the regulatory T cells 4 days later. 
Percentage of CD4+ Foxp3+ in total CD4+ cells (mean values from three mice per group). Bars, SE. C. BALB/c mice 
(10 mice per group) were inoculated s.c. with D2F2/E2 tumor cells. When the tumors were 2-3 mm in diameter (day 
8), mice received CTX injection. Four days later (day 12), animals were vaccinated with various DNA vaccines. Treat-
ment was repeated after two weeks. Left panel, kinetics of tumor growth; Right panel, survival curve. The data were 
represented as the mean tumor volume (mm3) and representative of two experiments with comparable results. *P 
< 0.01, scFvN418-HER2/CTX compared with other groups.
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BALB-neuT mice that represent an immunotol-
erant model of spontaneous cancer [22, 23]. 
Because human HER2 and rat neu proteins are 
not fully identical in their amino acid sequences 
[24], we used scFvN418-neu, which is similar to 
scFvN418-HER2 but fuses scFvN418 with the cor-
responding rat neu fragment.

We first evaluated the preventive efficacy of 
scFvN418-neu vaccine using transplantable neu-
expressing TUBO tumor model in BALB-neuT 
mice. BALB-neuT mice received twice scFvN418-
neu or control vaccination at two weeks inter-
val. One week after last vaccination, the ani-
mals were challenged with TUBO tumor cells. 
As shown in Figure 5A, the animals receiving 
scFvN418-neu vaccination were significantly pro-
tected against a subsequent challenge with 

TUBO cells. Sixty days after tumor challenge, 
80% (8/10) mice in this group remained tumor 
free and 2 mice had small tumors (~40 mm3). 
The experiment was repeated with similar 
results. 

The effect of scFvN418-neu vaccination in the 
prevention of spontaneous mammary tumors 
that naturally arise in BALB-neuT mice was also 
evaluated. The scFvN418-neu was given to the 
mice at week 8 from birth when diffuse atypical 
hyperplasia is already evident in the mammary 
glands but before in situ carcinoma is evident 
and repeated at week 10. Mice in every group 
also received CTX injection 4 days before the 
first vaccination. As shown in Figure 5B, 
scFvN418-neu/CTX vaccination resulted in a sig-
nificant prolongation of tumor-free survival. 

Figure 5. Protective effects of scFvN418-neu in transgenic BALB-neuT mice. A. Female BALB-neuT mice (10 mice per 
group) were vaccinated with neu, HER2, scFvN418-HER2 or scFvN418-neu in left hind limb on days -21 and -7. Control 
animals received pcDNA3.1. On day 0, mice were inoculated s.c. with neu-expressing TUBO cells in opposite flank. 
Left panel, kinetics of tumor growth; Right panel, survival curve. *P < 0.01, scFvN418-neu compared with other 
groups. B. Animals were immunized neu or scFvN418-neu twice at weeks 8 and 10. One group mice with scFvN418-neu 
vaccination also received CTX injection 4 days before the first vaccination. Control animals received pcDNA3.1. De-
velopment of mammary tumors was monitored by manual examination of the mammary glands once every week. 
Measurable masses of > 2 mm diameter were regarded as tumors. Points, mean number of tumors in each group 
(tumor multiplicity; left panel) and percentage of tumor-free mice (right panel); bars, SE. All results were representa-
tive of two to three independent experiments. *P < 0.01, scFvN418-neu /CTX compared with other groups.
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This corresponded with a marked delay (~3 
weeks) in the appearance of macroscopically 
detectable tumors in the mammary glands  
of these mice. By week 35, all of the mice  
that were vaccinated with scFvN418-neu/CTX 
remained alive. In contrast, by week 26, all of 
the mice in the control groups had large tumors 
and required euthanasia. 

Discussion

In the present study, we investigated protective 
and therapeutic effects of DNA vaccines that 
consist of scFvN418 fused to the extracellular 
domain of the HER2/neu antigen. The results 
showed that scFvN418-antigen DNA vaccine 
induced potent antigen-specific T-cell and anti-
body responses and protected mice from sub-
sequent challenge with antigen-positive tumor 
cells. Furthermore, scFvN418-HER2 immuniza-
tion combination with Treg depletion by low-
dose CTX eradicated established HER2-
expressing tumors in a therapeutic setting. 
More importantly, scFvN418-neu vaccination sig-
nificantly protected against a subsequent chal-
lenge with neu-expressing tumor cells and com-
bination with low-dose CTX markedly delayed 
the onset of spontaneous mammary carcino-
mas in immunotolerant BALB-neuT mice.

Dendritic cells are known to express several 
relative receptors with the potential to boost  
antigen uptake [25, 26]. In our research CD11c 
was selected as target receptor, because the 
rationale originated in prior research showing 
that its involvement in endocytosis, and it could 
greatly increase antigen presentation and 
immune responses, and specific monoclonal 
antibodies were available against these recep-
tors that could be used for scFv design. To date,  
indicating antigens delivered by CD11c enter 
into both MHC classes I and II processing and 
presentation pathways.

DNA vaccines are usually injected into muscle 
or skin. Transfected muscle cells at sites of 
DNA injection clearly express antigen and act 
as a target for immune effector cells. The secre-
tion of scFvN418 vaccines expressed in myocytes 
or keratinocytes after the vaccination. Encoded 
antigen then would be transferred to DCs tar-
geted by the anti-CD11c. This indirect process 
of transfer of antigenic material is termed cross 
presentation because muscle cells synthesize 
the vaccine antigen, which then crosses into 
DCs for processing and presentation to T cells 
[27]. A small proportion of DNA is also taken up 

directly by DCs and the encoded antigen can 
then be processed and presented endogenous-
ly. Cross presentation performs as a capital 
mechanism for the induction of T cell respons-
es following DNA vaccination. Moreover, 
scFvN418 targeting DNA vaccines can induce 
immunity with no additional external adjuvant, 
presumably because the DNA itself provides 
some signals for DC maturation [28, 29].

As we know that T regulatory cells (Tregs) might 
induce tolerance status through modulation of 
dendritic cell number and/or activity, and ren-
der dendritic cells inefficient as antigen-pre-
senting cells and this effect was accompanied 
with increased TGF-β and IL-10 secretion and 
reduced expression of costimulatory molecules 
on dendritic cells [30]. From previous study, a 
low dose of cyclophosphamide significantly 
decreases the number while inhibits the immu-
nosuppression activity of the residual Tregs 
[31]. Hence, we decided to investigate the anti-
tumor activity of the DC targeted vaccines 
association with cyclophosphamide, as a effec-
tive therapeutic combination for mammary can-
cer. As what we expected, our experiment inter-
pret that a low dose of cyclophosphamide and 
optimal doses of scFvN418-HER2 eradicate the 
established tumors induced by breast carcino-
ma. This immunomodulatory method seems to 
be a feasible strategy to break the tolerance 
induced by breast carcinoma. Moreover, a sin-
gle injection of low-dose cyclophosphamide not 
only deplets of CD4+ CD25+ Foxp3+ Tregs but 
also can switch towards Th1 response, resulted 
to tip the balance towards the generation of 
antitumor immunity [32].

In conclusion, this study shows that targeting 
vaccine antigens to DCs association with CTX in 
vivo may offer us with a effective way to elimi-
nate pre-established tumors and to treat dis-
eases. The CD11c molecule is expressed by 
human DCs, so coupling of tumor antigens to it, 
in combination with cyclophosphamide treat-
ment, has important implications for tumor 
gene therapy, especially as a useful target for 
developing vaccination strategies in clinical 
trials.
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