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ABSTRACT
Therapeutic cancer vaccines aim to induce an effective immune response against cancer, and the 
effectiveness of these vaccines is influenced by the choice of immunogen, vaccine type, and immunization 
strategy. Although treatment with cancer vaccines can improve tumor burden and survival, in most 
animal studies, it is challenging to achieve a complete response against tumor growth and recurrence, 
without the use of other therapies in combination. Here, we present a novel approach where dual 
antigens (survivin and MUC1) are co-targeted using three DNA vaccines, followed by a single booster of 
a recombinant modified vaccinia Ankara (MVA) vaccine. This heterologous vaccination strategy induced 
higher levels of interferon (IFN)-γ-secretion and stronger antigen-specific T-cell responses than those 
induced individually by the DNA vaccines and the MVA vaccine in mice. This strategy also increased the 
number of active tumor-infiltrating T cells that efficiently inhibit tumor growth in tumor-bearing mice. 
Heterologous DNA prime-MVA boost immunization was capable of inducing a robust antigen-specific 
immune-memory, as seen from the resistance to subsequent survivin- and MUC1-expressing tumors. 
Moreover, the therapeutic effects of DNA prime-MVA boost and DNA prime-adenovirus boost strategies 
were compared. DNA prime-MVA boost immunization performed better, as indicated by the T effector 
ratio and the induction of Th1 immunity. This study provides the basis for the use of heterologous DNA 
prime-MVA boost vaccination regime targeting two antigens simultaneously as a promising immunother
apeutic strategy against cancer.
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Introduction

Immunotherapies, including immune checkpoint blockade, 
oncolytic viruses, and cancer vaccines, have emerged as promis
ing therapeutic approaches for cancer.1,2 Immune checkpoint 
inhibitors,3,4 represented by inhibitors against cytotoxic 
T lymphocyte-associated protein 4 (CTLA-4) and programmed 
cell death protein 1 (PD1), have been effective in improving the 
activity of intra-tumoral CD8 T cells for better outcomes in some 
cancer types. Oncolytic virus immunotherapy, which employs 
native or engineered viruses that selectively replicate in and kill 
cancer cells, can promote anti-tumor immunity through the 
release of antigens from the lysed cancer cells.5,6 The most well- 
known oncolytic virus, Talimogene laherparepvec (T-VEC),7 is 
a modified oncolytic herpes simplex virus type 1 armed with 
cytokine GM-CSF. T-VEC has been approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of advanced 
melanoma. Cancer vaccines are designed to prompt the immune 
system against cancer, and they can be divided into prophylactic 
and therapeutic vaccines. Prophylactic vaccines usually prevent 
the infection by oncogenic viruses (hepatitis B, human papillo
mavirus, etc.),8 whereas, therapeutic vaccines harness the 
immune system to eliminate existing tumors.8 Cancer vaccines 
take preponderance because they induce specific anti-tumor 

immunity for evasive tumors that generally escape 
immunosurveillance.9,10 Numerous types of cancer vaccines, 
such as PROVENGE,11 an FDA-approved dendritic cell vaccine 
for prostate cancer, have been developed. However, these vac
cines show varying success in preclinical and clinical studies.10

The choice of antigen targets is a key consideration in design
ing effective cancer vaccines. MUC1,12–14 a transmembrane gly
coprotein, and survivin, an important member of the family of 
inhibitors of apoptosis proteins,15 are deemed as ideal tumor 
antigens.16–18 Various vaccines targeting survivin or MUC1, 
which exhibit immunogenicity and tumor resistance in animals, 
have been developed.18–21 Considering the heterogeneity of 
tumor cells, vaccines using a combination of multiple tumor 
antigens broadens the target spectrum for activated cytotoxic 
T lymphocytes in target cells.22–24 In our previous studies, DNA 
vaccines co-targeting survivin and MUC1, administered using 
an adenovirus vector, exhibited improved therapeutic efficacy, 
compared with vaccines containing a single antigen.25,26

Amongst various approaches toward the development of 
improved cancer vaccines, gene-based vaccines, such as 
DNA, mRNA, and virus vector-based vaccines that are able 
to induce antigen-specific cellular immunity in vivo, are being 
explored. DNA vaccines offer numerous advantages over the 
others as they can readily incorporate multiple genes, are 
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stable, and are easy to engineer.27 However, without the aid of 
electroporation or vector-mediated delivery, DNA or mRNA 
vaccines have limited cell transfection efficiency in their naked 
forms.28–32 In contrast, virus vector-based vaccines intrinsi
cally mediate highly efficient transduction of the antigen 
gene. This contributes to the endogenous expression of anti
gens for induction of adaptive cellular immunity.33 In many 
studies, adenovirus and modified vaccinia Ankara (MVA)- 
based cancer vaccines have been evaluated and proven to be 
immunogenic and safe.34 We have developed an adenovirus- 
based cancer vaccine targeting MUC1 and surviving, and 
demonstrated its immunogenicity and therapeutic efficacy in 
mouse models.25,26 MVA, a highly attenuated vaccine vector 
with the authentic confirmation of virus-like particles (VLPs), 
is popular for immunogenic purposes due to its ability to 
accommodate large antigen sequences in the genome, high 
safety, and natural adjuvant effect in activating innate immu
nity to promote antigen presentation.34 This study aimed to 
develop an MVA vaccine targeting dual antigens and evaluated 
its immunogenicity and therapeutic efficacy.

In addition to the target immunogen and the type of vac
cine, the vaccination regime also affects the outcome of immu
nization. Multiple immunizations in the form of prime-boost is 
usually required for effective immunoreactions.35 In many 
cases, a heterologous prime-boost administered with different 
types of vaccines containing the same antigens was more 
immunogenic than a homologous prime-boost that was repeat
edly administered with the same type of vaccine. In combina
tions of heterologous prime-boost strategies, a DNA prime 
followed by boosting with viral vectors have enhanced immune 
responses to malaria,36 viruses,37,38 and cancers25,26,39,40.

Here, we aimed to develop a vaccine-based therapeutic 
strategy against cancer, the design of which involved the selec
tion of multi-antigens, delivery using a viral vector, and explor
ing heterologous prime-boost vaccinations. A vaccine targeting 
both survivin and MUC1 was constructed using MVA. The 
homologous immunization regimes were evaluated to under
stand the efficacy of the individual MVA vaccines to induce 
a robust anti-tumor immunity in mice. To further enhance the 
tumor inhibition efficacy of dual antigens, a vaccination regi
men of three DNA vaccine administrations, followed by single 
recombinant MVA boost was employed. The immunogenicity 
and therapeutic efficacy of DNA prime-MVA boost strategy 
was explored and compared with the homologous immuniza
tion strategies and a DNA prime-adenovirus boost strategy. 
Our findings established the advantage of DNA prime-MVA 
boost strategy over the others to induce antigen-specific 
immune memory to resist cancer recurrence.

Materials and methods

Mice and cell lines

Female C57/BL/6 mice, 6–8 weeks old (Beijing Huafukang 
Biology Technology Co., Ltd., China), were used in this 
study. All animal procedures were conducted in strict accor
dance with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and were approved by the 

University Committee on the Use and Care of Animals of 
Jilin University of China.

B16 and BHK-21 tk-ts13 cell lines were purchased from 
ATCC Cell Bank, and Lewis (GF123) cell line was purchased 
from Shanghai Gefan Biotechnology Co., Ltd., China.

MSf
+ Lewis and MSf

+ B16 cell lines stably expressing MUC1 
and survivin were generated in our lab.25,26 Briefly, B16 cells or 
Lewis cells were transfected with a GFP-MS plasmid (contain
ing a fusion of G418 resistance, MS, and GFP genes). G418 
(final concentration: 0.8–1 mg/mL) was used to select the 
transfected cells 24 h post-transfection until the majority of 
cells expressed GFP. The cells were cultured in 96-well plates at 
single cell per well. Monoclonal cell lines stably expressing MS 
and GFP were obtained.

Preparation of MVA vaccine armed with dual antigens

An sPD1-MUC1-survivin fusion gene, used in our previous 
study,20 was inserted into the shuttle vector pSC11M1, and 
termed as pSC11M1-MS. The sPD1 protein was utilized to 
improve the cross-presentation of antigens. Homologous 
recombination was performed in BHK-21tk-ts13 cells for the 
production of recombinant MVA, according to the standard 
procedures. In brief, the BHK-21 tk-ts13 cells were cultured in 
DMEM supplemented with 10% fetal bovine serum (FBS; 
Gibco, Thermofisher), infected with WT-MVA at an MOI of 
0.05, and transfected with pSC11M1-MS 2 h post-infection. 
The rMVA was selected by blue-white selection; 5-bromodeox
yuridine was used for thymidine kinase (TK) selection and 
recombinant MVA amplification. Zonal sucrose gradient cen
trifugation was used for purification of rMVA. The rMVA titer 
was determined via immunostaining with an anti-vaccinia 
antibody (Fitzgerald) and horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit immunoglobulin G (IgG) 
(Jackson ImmunoResearch).

Antigen gene expression of MVA vaccine

BHK21 tk-ts13 cells were cultured in DMEM containing 10% 
FBS (Gibco) and exposed to rMVA or WT-MVA at an MOI of 
10. At 24 h post-infection, cells were harvested and gene 
expression was detected via western blotting and immunocy
tochemical staining using primary antibodies of survivin 
(1:1000, Novus-Biologicals) and MUC1 VNTR (1:1000, BD 
Pharmingen). For western blotting, HRP-labeled goat anti- 
rabbit IgG (Jackson ImmunoResearch) and HRP-labeled rabbit 
anti-mouse IgG (Jackson ImmunoResearch) were used as the 
secondary antibody. For immunocytochemical staining, 
CoraLite488-conjugated goat anti-rabbit IgG (Proteintech, 
1:500) and Cy5-labeled goat anti-mouse IgG (Bioss) were used.

Mice and immunization for immunogenicity evaluation in 
C57/BL/6 mice

MVA vaccine was administered at 1-week interval twice or 
three times, when used alone. DNA vaccine was administered 
for three times in a week, when used alone. For heterologous 
prime-boost group, MVA vaccine was administered 1-week 
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post the three DNA vaccinations. All vaccines were adminis
tered through intramuscular injection into the tibialis anterior 
muscles of both hind limbs. DNA vaccine was injected at 
a concentration of 100 μg per mouse (50 μg in 50 μL PBS for 
each limb) at each vaccination, and MVA vaccine was injected 
at 5 × 107 plaque-forming units (PFUs) (2.5 × 107 PFUs in 
50 μL PBS for each limb) per mouse per time.

ELISpot and cytotoxicity assays

IFN-γ molecules released by antigen-stimulated splenocytes 
were detected using an ELISpot kit ((BD Biosciences) as pre
viously described.41

Cytotoxicity assays were performed in accordance with 
previously published procedures.20 In brief, MSf

+ Lewis and 
Lewis cells as target cells were labeled with different concentra
tions of CFSE fluorescent dye. A total of 5 × 105 splenocytes 
isolated from immunized mice were incubated at different 
effector-to-target (E:T) ratios with the target cells for 6–8 h at 
37 C and 5% CO2. The cytotoxicity was analyzed using flow 
cytometry, and the antigen-specific lethality was calculated 
according to the formula: specific cytotoxicity = [1 − (MSf

+ 

Lewis cells/unloaded cells from the immunized group)/(Lewis 
cells/unloaded cells from the naïve group)] × 100%.

Analysis of T cells in splenocytes after stimulations

Splenocytes were either stimulated with survivin or MUC1 pro
tein for 12 h. Following incubation, the cells were stained with the 
following surface antibodies: APC anti-mouse CD8a (Biolegend), 
PE-Cy7 anti-mouse CD4 (Biolegend). Cells were then permeabi
lized and washed with the Cytofix/Cytoperm kit (BD Biosciences) 
according to manufacturer’s instructions. Intracellular Ki67 were 
subsequently stained with PE anti-mouse Ki67 (Biolegend). For 
central memory T cells (TCM) and effector memory T (TEM) 
cells, in addition to APC anti-mouse CD8a (Biolegend), PE anti- 
mouse CD44 (Biolegend) and PE-Cy7 anti-mouse CD62L 
(Biolegend) were used for cell surface staining. After staining, 
cells were washed, fixed, and analyzed using flow cytometry.

Detection of specific antibodies using ELISA

Serum from mice was diluted with 1× PBS at a ratio of 1 to 50 
to detect antibodies against MUC1 and survivin using ELISA 
performed according to previously described methods.25 

MUC1 and survivin proteins purified from recombinant 
E. coli BL21 were coated at 100 ng per well overnight. The 
wells were blocked using BSA, and the cells incubated with 
primary antibody for 2 h followed by incubation with HRP- 
labeled secondary antibodies (Jackson ImmunoResearch) for 
1 h and then TMB was added. Sulfuric acid (2 M) was used to 
stop the reaction, and the OD450 values were determined.

Detection of binding antibody and neutralizing antibodies 
against MVA vector

Mice were intramuscularly (i.m.) injected with MVA vaccine 
thrice at one-week intervals. 5 × 107 PFUs MVA vaccine was 
injected per mouse per time (2.5 × 107 PFUs in 50 μL PBS for 

each limb). The day before each vaccination, blood was drawn 
from the mice, and serum was prepared.

ELISA was used for the detection of binding antibodies. 
MVA vectors were coated in the plate at 1 × 106 PFUs per 
well and was incubated at different dilutions of the serum for 
2 h followed by HRP-labeled secondary antibodies (Jackson 
ImmunoResearch) for 1 h. After reaction with TMB and sul
furic acid (2 M) termination, OD450 values were measured.

Cell viability detection was used for screening the neutralizing 
antibodies against MVA vector in mouse serum. BHK 21 tk-ts13 
cells were plated in 96-well plates at 5000 cells per well and 
cultured for 24 h. The MVA vectors were incubated with varying 
dilutions of serum, at 37 C for 30 min, and then were added to 
the wells. The medium was changed to DMEM with 2% FBS at 
2 h post-virus infection, and the cells were cultured for another 
48 h. Cell viability was detected using MTT assay. The cell 
viability ratio (%) was calculated according to the following 
formula: [(absorbance of experimental group with virus infec
tion− background absorbance)/(absorbance of control group 
without virus infection − background absorbance)] × 100%.

Therapeutic experiments in tumor-bearing mice

MSf
+ Lewis lung cancer cells (1 × 105) were injected subcuta

neously into the right back flank of the mice at day 0. Mice were 
vaccinated from day 4. The usage of vaccines and vaccination 
intervals were set at the same levels as the immunogenicity eva
luation experiment. Tumor size was measured every two days, 
and the tumor volume was calculated as (length × width2)/2. The 
tumor inhibition rate (%) was calculated as (average tumor 
volume of PBS group – average tumor volume of experimental 
group)/average tumor volume of PBS group × 100%.

Analysis of immune cells in tumor

Tumor tissues, excised from euthanized mice, were minced 
and digested using liberase (Roche) for 2 h. The cells were 
washed and counted, followed by extracellular staining with 
antibodies, such as APC anti-mouse Gr-1 (Biolegend), PE anti- 
mouse CD11b (Biolegend), FITC anti-mouse F4/80 
(Biolegend), and APC anti-mouse CD206 (Biolegend), to ana
lyze MDSCs and TAMs in the tumor. For analysis of the 
tumor-infiltrated proliferative T cells, the cells were washed, 
surface-stained using PE-Cy7 anti-mouse CD4 (Biolegend), 
and APC anti-mouse CD8a (Biolegend), fixed, and permeabi
lized, followed by intracellular staining using PE anti-mouse 
Ki67 (Biolegend). Cells were washed and analyzed using flow 
cytometry. Detection of Tregs (regulatory T cells) was per
formed using Mouse Regulatory T Cell Staining Kit#1 
(eBioscience), according to manufacturer’s instructions.

Quantification of intra-tumoral cytokine expression by 
qRT-PCR

Total RNA extraction from tumors was performed using an 
RNeasy kit (Qiagen), and the mRNA was reverse transcribed to 
cDNA using the PrimeScript 1st Strand cDNA Synthesis Kit 
(Takara Biotechnology Co.) The mRNA levels were quantified 
using qRT-PCR. The primers used to detect IL-2, IL-4, IL-6, IL- 
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10, IFN-γ, TNF-α, and GzmB mRNA expression and the pro
cedure for qRT-PCR were as described previously.42 GAPDH 
was used as the internal reference.

Statistical analysis

Data were analyzed using an unpaired t-test or one-way ana
lysis of variance (ANOVA) followed by the least significant 
difference (LSD) analysis. Analyses were performed using SPSS 
(IBM SPSS Statistics 20). The results are expressed as the mean 
± standard error and are considered significant at P < .05.

Results

Gene expression and immunogenicity of MVA vaccine

The recombinant MVA vector (rMVA) incorporated with the 
sequences corresponding to survivin and MUC1 was con
structed for a dual-gene cancer vaccine (Figure 1a). To verify 
the expression of these antigens, survivin, and MUC1 proteins 
were detected in rMVA-infected BHK tk-ts13 cells using 
immunocytochemical staining and western blotting analysis 

at 24 h post-infection. rMVA mediated the expression of sPD1- 
MUC1-survivin, whereas the wild-type MVA without fusion 
gene insertion did not as observed from the confocal images 
(Figure 1b, Figure S1) and flow cytometry analysis result 
(Figure 1c, Figure S2). MUC1 and survivin fusion protein 
expression were also detected on the western blots (Figure 
1d), using specific antibodies. Multiple protein bands were 
observed on the western blot and the primary band appeared 
at a higher molecular weight than expected. This could be 
explained by the glycosylation of the MUC1 protein. The 
rMVA coded sPD1-MUC1-survivin fusion protein should be 
in the glycosylated form in the MUC1 region and, therefore, 
migrate at a higher molecular weight.

To determine if MVA vaccine is immunogenic in mice, 
C57/BL mice were vaccinated using two-needle or three- 
needle strategies (Figure 1e). The 2MVA-1 group was vacci
nated at the same starting time as the 3MVA group, whereas 
the 2MVA-2 group was immunized at the same ending time as 
the 3MVA group. Both MVA groups were vaccinated at 
1-week intervals, whereas the 2MVA-3 group was vaccinated 
with MVA twice at 2-week intervals. Interferon gamma (IFNγ) 
ELISpots (figure 1f–g, Figure S3) was performed using proteins 

Figure 1. Modified vaccinia Ankara (MVA) vaccine-mediated immunogen expressions and the immunogenicity. (a) Schematic of modified vaccinia Ankara (MVA) 
vaccine used in this study. The MVA vaccine is armed with a fusion gene of sPD1-MUC1-S8. The sPD1 protein is used to enhance the cross-presentation of antigens; 
MUC1 contained 33 repeats of VNTR; S8 is a deleted form of survivin without the first seven amino acids. (b-c) Confocal images and flow cytometry analysis of MUC1 and 
survivin expression after intracellular immunostaining and BHK tk-ts13 cells at 24 h post-MVA infection. Scale bar represents 50 µm. (d) Western blotting analysis of 
MUC1 and survival rates in BHK tk-ts13 cells at 24 h post-MVA infection. (e) Immunization regime illustration; total of four to five mice were in each group. (f, g) 
Representative images of ELISpot and quantification of ELISpot SFUs in groups. (h) Cytotoxicity evaluation of MVA vaccine-immunized mice (E: T, effector: target cells 
ratio). N.s., nonspecific protein; M: MUC1 protein; S, survivin protein. Groups drawn in colors: Vehicle (PBS; black), 2MVA-1 (red), 2MVA-2 (brown), 2MVA-3 (pink), 3MVA 
(blue). One-way ANOVA followed by LSD analysis was performed to analyze the significant differences between groups. *P < .05; **P < .01; ***P < .001.
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or peptides matched to the antigens. The group that received 
the three-needle administration of the rMVA indicated more 
spot-forming units (SFUs) toward dual antigens stimulated by 
either proteins or peptides compared with those subjected to 
the two-needle strategies (2MVA-1, 2MVA-2, 2MVA-3). In 
addition, three-needle administration of rMVA induced the 
highest specific cytotoxicity toward antigen-expressing cancer 
cells at all E:T ratios in CTL assay (Figure 1h).

Anti-tumor efficacy of MVA vaccine administered as 
homologous prime-boost

The therapeutic efficacy of MVA vaccine was evaluated in 
tumor-bearing mice, using two-needle (2MVA-1, 2MVA-2) 
or three-needle (3MVA) homologous vaccination strategies 
(Figure 2a). Mice in both groups, vaccinated with either 
rMVA twice or thrice, had reduced tumor growth (Figure 2b, 
c), compared to the PBS-treated group. The specific cellular 
immune response against immunogens was induced by the 
recombinant MVA and not by MVA vector without MUC1 
and survivin (Figure S10C, D). The tumor inhibition rate of 
2MVA-1 and 2MVA-2 strategies were 21.72% and 22.78%, 
respectively, whereas that of the 3MVA strategy was 42.64%. 
Meanwhile, the life spans of the mice in the 2MVA-1, 2MVA-2, 
and 3MVA groups were significantly prolonged, especially the 
3MVA group (Figure 2d).

Neutralizing antibody against MVA vector is rapidly 
generated after MVA vaccination

Neutralizing antibody against MVA vector will restrict the 
efficiency of boosting.43 To explore whether the neutralizing 
antibody is generated rapidly, we detected binding antibodies 
and neutralizing antibodies in serum at four time points: 

one day before the first MVA immunization (day 1), six or 
seven days post the immunizations (day 6, day 13, and day 21). 
The experimental design is shown in Figure 3a.

Binding antibody (Figure 3b) against MVA vector was gen
erated after the first immunization, which could be detected 
using ELISA until a serum dilution of 1: 2500. The antibody 
levels increased with the number and time after MVA injec
tions. There was a significant increase in OD450 values in the 
serum at 1:12500 dilution, after the second and third immuni
zations.. Since MVA is capable of replicating in BHK21 tk-ts13 
cells and inducing cell death, we analyzed the effect of serum 
neutralizing antibodies through measuring cell viability after 
infection with serum-incubated MVA. Based on the cell viabi
lity (Figure 3c) and cellular morphology (Figure 3d) assays, we 
observed that the cell viability could be significantly improved 
by serum collected after the first immunization up to a dilution 
of 1:160, indicating that neutralizing antibodies were generated 
in serum with even a one-time MVA vaccination. The serum 
collected after the second immunization significantly improved 
cell viability by neutralizing MVA up to a dilution of 1: 1280, 
whereas the serum collected after the third immunization sig
nificantly rescued the cytotoxicity of MVA infection up to 
a dilution of 1:2560.

DNA prime and MVA boost enhances immunity toward 
antigens

An approach to avoid the influence of neutralizing antibodies 
against viral vectors is to use a heterologous prime-boost strat
egy, instead of the homologous prime-boost. Heterologous 
prime-boost has shown to be more immunogenic than homo
logous prime-boost.35 Here, we designed a prime-boost strat
egy with a DNA vaccine and the MVA vaccine containing the 
same antigens and evaluated the immunogenicity of the 

Figure 2. Therapeutic efficacy of modified vaccinia Ankara (MVA) vaccine. (a) Schematic of the therapeutic regime. A total of 1 × 105 MSf
+ Lewis cells were injected 

subcutaneously on the right back of C57/BL/6 mice on day 0, and vaccinations began 4 days after tumor inoculation. (b) Tumor growth curve in groups; each group 
involved nine to ten mice. (c) Tumor growth curve of each mice in groups. (d) Survival curve; each group involved ten mice. Groups drawn in colors: Vehicle (PBS; black), 
2MVA-1 (red), 2MVA-2 (brown), 2MVA-3 (pink), 3MVA (blue). One-way ANOVA followed by LSD analysis was performed to analyze the significant differences between 
groups. *P < .05; **P < .01; ***P < .001.

ONCOIMMUNOLOGY 5



heterologous prime-boost strategy in C57/BL/6 mice (Figure 
4a). Wild-type MVA vector and DNA vector without the anti
gens, MUC1, and survivin did not induce antigen-specific 

cellular immune response (Figure S10). PBS was set as 
a control to minimize variation between the groups in this 
study. The ELISpot assay (Figure 4b,c, S4) was performed to 

Figure 3. Binding antibodies and neutralizing antibodies against MVA vectors after immunizations. (a) Schematic of rMVA vaccination regime and time points of 
blood collection. (b) Serum antibody against MVA vector was detected by ELISA. The serum was diluted from 1:100 to 1:12500. (c) Cell viability of BHK tk-ts13 cells at 
48 h post-infection of serum-incubated rMVA. The serum was used at the dilution of 1:40 to 1:2560. (d) Representative morphology images of BHK21 tk-ts13 cells at 48 h 
post-infection of serum-incubated rMVA. Groups drawn in colors: serum before immunizations (Day −1; black), serum after the first immunization (Day 6; blue), serum 
after the second immunization (Day 13; red), serum after the third immunization (Day 21; brown). One-way ANOVA followed by LSD analysis was performed to analyze 
the significant differences between groups. Scale bar represents 50 μm. *P < .05; **P < .01; ***P < .001.

Figure 4. Immunogenicity evaluation of DNA prime-modified vaccinia Ankara (MVA) boost strategy. (a) Schematic of the vaccination regime; total four to five 
mice in each group. (b, c) Representative images of ELISpot and quantification of ELISpot SFUs in groups. (d, e) Percentage of proliferative CD4+ T (CD4+Ki67+) or 
proliferative CD8+ T (CD8+Ki67+) in splenocytes after stimulation with survivin or MUC1 protein. (f) Cytotoxicity evaluation of MVA vaccine-immunized mice (E: T, 
effector: target cells ratio). N.s., nonspecific protein; M: MUC1 protein; S, survivin protein. Groups drawn in colors: Vehicle (PBS; black), 3MVA (red), DNA-1 (brown), DNA-2 
(pink), D/M (blue). One-way ANOVA followed by LSD analysis was performed to analyze the significant differences between groups. *P < .05; **P < .01; ***P < .001.
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evaluate the IFN-γ secretion from splenocytes after antigen- 
stimulation, as an indication of cellular immune response in 
mice. With MUC1, the D/M strategy induced an approxi
mately 7.2 times increase in SFUs compared to MVA vaccina
tion strategy (homologous vaccinations using rMVA alone), 
and approximately 4.1 to 9.6 times increase in SFUs compared 
to DNA vaccination strategy (homologous vaccinations using 
DNA alone). With survivin, the D/M strategy induced approxi
mately 2.3 times increase in SFUs compared to MVA vaccina
tion strategy, and approximately 2.0 to 4.2 times increase in 
SFUs compared to DNA vaccination strategy. Moreover, the 
proliferative CD8+ T (CD8+Ki67+) and proliferative CD4+ 

T (CD4+Ki67+) cells significantly increased in the splenocytes 
of immunized mice following survivin or MUC1 stimulation, 
with the largest fold-increase in the D/M group, whereas no 
changes were induced in response to the vehicle-treated mice 
(Figure 4d,e). CTL assay was also performed to evaluate the 
specific cytotoxicity toward MUC1 and survivin expressing 
cells (figure 4f). Although significant specific cytotoxicity was 
observed at all E:T ratios in the D/M group, it was observed 
only at the 80:1 of E:T ratio in the other homologous groups. 
Therefore, D/M strategy induced the most efficient specific 
cytotoxicity. These results show the effective induction effi
ciency of cellular immune DNA prime-MVA boost regime.

Apart from cellular immune response, antibodies against 
survivin and MUC1 were analyzed using ELISA. The hetero
logous vaccinations induced stronger humoral immune 
response in mice, compared to the homologous strategies, as 
indicated by the amounts of total antibodies, for both survivin 
and MUC1 (Figure S5).

The heterologous DNA prime-MVA boost strategy 
significantly improves therapeutic effects in 
tumor-bearing mouse model

The therapeutic effect of the DNA prime-MVA boost heterolo
gous strategy was further evaluated in lung tumor-bearing mice 
(Figure 5a). Tumor growth was inhibited in mice vaccinated with 
the homologous vaccination strategies. However, the D/M het
erologous vaccination strategy reduced the tumor growth most 
efficiently (Figure 5b,c). In addition to tumor aversion, the sur
vival of tumor-bearing mice was prolonged, especially in the D/ 
M group (Figure 5d). Notably, three mice out of 10 mice in D/M 
group survived with no tumor at the end of the experiments.

To verify the effects of DNA prime-MVA boost strategy in 
stimulating cellular response against tumor, we analyzed the 
tumor-infiltrated immune cells. The number of active prolifera
tive T cell infiltration improved in all vaccinated groups, as 
indicated by the increase of Ki67+ percentages in CD4+ and 
CD8+ T cells (Figure 5e,f). Furthermore, vaccine administration 
did not alter the percentage of Treg in all tumor cells (Figure 5g). 
Compared with other groups, the T effector (Teff) ratio of active 
proliferative CD8+ T cells to Tregs in the tumor was the highest in 
the D/M group (Figure 5h). The number of MDSCs and TAMs in 
tumors was unaffected in all vaccination strategies (Figure 5i-k).

The increased intra-tumoral mRNA expression of GzmB 
and Th1 cytokines (IFN-γ, IL2, and TNF-α) and reduced 
expression of Th2 cytokines (IL-4, IL-6) reflected the ability 

of DNA prime-MVA boost in mediating a shift from Th2 to 
Th1 immunity locally in the tumor (Figure 5l,m).

MVA vector-based vaccines have been demonstrated safe in 
preclinical and clinical studies. Body weight was recorded and 
hematoxylin-eosin (HE) staining of mouse tissues was per
formed to analyze the safety of vaccines (Figure S6). There 
was no change in the body weight. No obvious differences 
were found between MVA-administrated groups (3MVA, D/ 
M) and other groups (vehicle, DNA) in histopathology.

Immunological memory in complete response (CR) mice

Three CR mice from the D/M group were re-challenged with 
MSf

+ Lewis cells at day 90 post-primary tumor induction. For 
a continuous duration of 25 days, there was no tumorigenesis, 
indicating that anti-tumor immunological memory have been 
developed in these mice. To clarify if the immunological memory 
specific to survivin and MUC1 antigens was induced by our 
vaccines, we continued to challenge mice with B16 and MSf

+ 

B16 cells at both flanks of the mice (Figure 6a). The third tumor 
challenge was performed on day 115 post-primary tumor trans
plant. Three naïve mice were used as control. In naïve mice, both 
injection of B16 at the left side and MSf

+ B16 at the right side 
caused tumors; however, in the CR mice, only the B16 challenge 
on the left caused a tumor, with no observable tumor on the right 
(Figure 6b,c). The CR mice were euthanized and splenocytes 
were collected to analyze the systemic anti-tumor immunological 
memory. Nearly 600 SFUs/106 splenocytes of CR mice were 
stimulated by MUC1, and approximately 340 SFUs were stimu
lated by survivin (Figure 6d). In addition, the percentage of 
proliferating T cells (CD4+Ki67+ T or CD8+Ki67+ T) significantly 
increased following survivin or MUC1 stimulation (Figure 6e,f). 
We observed abundant antigens specific SFUs following stimula
tion with survivin and MUC1 peptides (Figure S7). Moreover, 
the central memory T cells (TCM; CD44+CD62Lhigh) converted 
to effector memory T cells (TEM; CD44+CD62Llow) following 
stimulation by antigens (Figure 6g,h).

Comparison of the therapeutic effects of MVA vaccine and 
adenovirus-vaccine boosts

To determine the more effective DNA prime-virus boost 
heterologous immunization strategy in inducing anti-tumor 
immunity, we compared between D/M and DNA prime- 
adenovirus boost (D/A) in mice bearing MSf

+ Lewis tumor 
(Figure 7a). D/M strategy inhibited tumor growth more effi
ciently than D/A vaccinations (Figure 7b,c). Mice in D/M 
group exhibited longer median survival (48.5 days) with two 
CR mice surviving with no tumors, compared to the median 
survival of D/A (42 days) and vehicle (35.5 days) groups 
(Figure 7d). To understand observations, an ELISpot assay 
was used to analyze the antigen-specific cellular immune 
response in splenocytes. There were no significant differences 
in SFUs stimulated by MUC1 and survivin protein (Figure 7e, 
f) or peptides (Figure S8) between the two heterologous 
groups. Intra-tumoral proliferative CD4+ and CD8+ T cells 
were more abundant in the tumors of the D/M group than in 
those of the D/A group (Figure 7g,h). The number of Tregs 
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increased in the tumor of the D/A group compared with 
that in the vehicle and D/M groups (Figure 7i), and this 
increase might be the cause of the limited proliferative 
tumor-infiltrated T cells and the consequent low Teff ratio 
in the tumors (Figure 7j). The mRNA expression levels in 
the tumors were analyzed using qRT-PCR (Figure 7k,l). 
Gzmb and Th1 cytokines exhibited higher expression than 
Th2 cytokines, including IL-4 and IL-6, in the D/M group 

compared with that in the D/A group. Compared to the 
vehicle and D/M groups, the D/A group showed higher 
expression of IL-10, a cytokine that suppresses anti-tumor 
cellular immunity. The higher expression of Th1 cytokines 
and the markedly lower expression of Th2 cytokines indi
cated a stronger Th1 immunity and weaker Th2 immunity 
in the tumors of the D/M group, compared to the D/A 
group.

Figure 5. Comparison of therapeutic efficacy among the different heterologous prime-boost strategies. (a) Schematic of the therapeutic regime. 1 × 105 MSf
+ 

Lewis cells were injected subcutaneously on the right back of C57 bl/6 mice on day 0, and vaccinations began 4 days after tumor inoculation. (b) Tumor growth curve in 
groups; each group included ten mice. (c) Tumor growth curve of each mice in groups. (d) Survival curve; each group involved nine mice. (e–g) Percentage of intra- 
tumoral proliferative CD4+ T (CD4+Ki67+), proliferative CD8+ T (CD8+Ki67+) and Treg (CD4+CD25+Foxp3+) were analyzed using flow cytometry. (h) The ratio of 
CD8+Ki67+ T cells to Tregs. (i) Analysis of intra-tumoral MDSC. (j, k) The percentage of MDSC (CD1b+Gr-1+), TAM-M1 (F4/80+CD206−), and TAM-M2 (F4/80+CD206+) was 
analyzed using flow cytometry. (l, m). Relative mRNA expression of Gzmb and Th1/Th2 cytokines was analyzed using qRT-PCR. Groups drawn in colors: Vehicle (PBS; 
black), 3MVA (red), DNA-1 (brown), DNA-2 (pink), D/M (blue). One-way ANOVA followed by LSD analysis was performed to analyze the significant differences between 
groups. *P < .05; **P < .01; ***P < .001.
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Discussion

The combined use of multi-antigens in a vaccine may broaden 
the spectrum of target cells.22–24 Our previous study demon
strated that incorporating survivin and MUC1 VNTRs into 
a DNA vaccine had a more efficient therapeutic effect than 
did a vaccine containing a single immunogen.25,26 However, 
the use of DNA as a vector has its limitations, including low- 
immunogenicity, which can be improved by delivering anti
gens using viral vectors.33 Recombinant poxviruses are popular 
vectors for immunogenic purposes, and the safety of MVA has 
also been tested in clinical trials.34 Inspired by these results, we 
constructed a cancer gene vaccine, which is based on an MVA 
vector that is armed with survivin and MUC1 as immunogens. 
When only one dose of the MVA vaccine was used, no ther
apeutic effects were observed in an established mouse model 
(Figure S9). However, when a homologous prime-boost with 
a total of two or three vaccinations was administered, the 
immunogenicity and therapeutic effects were enhanced, espe
cially with three vaccinations (Figures 1, 2).

MVA has high immunogenicity, easily inducing the genera
tion of antibodies against the viral vector.43 In this study, 
antibodies including neutralizing antibodies against MVA vec
tor were rapidly generated in mice, after only one-time MVA 
vaccine injection (i.m.) (Figure 3). In contrast to oncolytic 
VCAC that can replicate in cancer cells, MVA vaccines cannot 
replicate in injected human or mouse tissues (muscle or sub
cutaneous tissues). The efficiency of antigen expression relies 
on the infectious efficacy of the non-replicating MVA vaccine. 
Thus, antibodies against viral vector might influence, but not 
severely alter the therapeutic effects of intra-tumoral 

replicating oncolytic VCAC.44 However, neutralizing antibo
dies will possibly attenuate the infectivity of non-replicating 
MVA vaccines and further reduce antigen expression, when 
MVA vaccines are repeatedly injected intramuscularly or sub
cutaneously. In addition, vaccination with MVA vaccine easily 
induces anti-vector immunity compared to oncolytic VCAC, 
as VCAC is mainly located in immunosuppressive tumor 
microenvironment.

We expected MVA vaccine to induce stronger cellular 
immune response against MUC1 and survivin than DNA vac
cine. However, three administrations indicated little differ
ences in inducing immune response (3MVA group vs. DNA- 
1 or DNA-2 group, Figure 4a–f) and anti-tumor efficacy 
(3MVA group vs. DNA group, Figure 5), when compared to 
DNA administrations. When MVA vaccines are administered 
multiple times, the neutralization antibodies may attenuate the 
effects of subsequent administrations following the first vacci
nation. In this study, DNA vaccine involved CpG, IL-2 and 
sPD125,26 to improve the immunogenicity and was adminis
tered via electroporation28. These may explain why the triple 
use of MVA vaccine showed similar anti-tumor response with 
DNA vaccine in vivo.

To avoid the influence of neutralization toward homologous 
MVA prime-boost and further improve the immunogenicity 
toward dual antigens, a heterologous prime-boost regime can be 
considered as an ideal approach. DNA prime-virus boost has been 
widely accepted as an effective immunization strategy. A rapid 
immunization of DNA (thrice) was performed in a week, followed 
by a single MVA boost (Figure 4a). Compared to the homologous 
prime-boost strategies, the combined use of DNA vaccine and 

Figure 6. Antigens specific immune memory analysis in (CR) mice. (a) Three CR mice from D/M immunized group were inoculated with B16 cells (3 × 105 cells) on 
the left back and MSf

+ B16 cells (3 × 105 cells) on the right back, after they survived from secondary MSf
+ Lewis tumor attack. (b) Growth curve of tumors on both sides of 

naïve mice or CR mice. (c) The representative images of tumor formation in CR mice or naïve mice at day 25 post tumor inoculations on both sides. (d) Representative 
images of ELISpot and quantification of ELISpot SFUs in groups. (e, f) Percentage of proliferative CD4+ T (CD4+Ki67+) or proliferative CD8+ T (CD8+Ki67+) in splenocytes 
after stimulation with survivin or MUC1 protein. Groups drawn in colors in (a-f): Naïve mice (black), CR mice (red). (g, h) representative results and percentage of TCM 
and TEM in each CR mice analyzed by flow cytometry; Mock, no stimulation; N.s., nonspecific protein stimulation; M, MUC1 protein stimulation; S, survivin protein 
stimulation. One-way ANOVA followed by LSD analysis was performed to analyze the significant differences between groups. *P < .05; **P < .01; ***P < .001.
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MVA vaccine significantly improved the cellular immune 
response toward dual antigens in mice (Figure 4b–f), as indicated 
by the results of ELISpot, cytotoxicity assays, and T cell prolifera
tion assays, following antigen stimulation. Moreover, as observed 
from the levels of antibodies, the D/M strategy enhanced the 
humoral immune response (Figure S4). As expected, this strategy 
efficiently inhibited tumor growth and prolonged the survival of 
mice (Figure 5a–d) through increasing the intra-tumoral prolif
erative CD4+ T and CD8+ T cells for a higher Teff (Figure 5e–h).

It is expected that immune memory, against tumor recur
rence, will be generated in response to immunotherapies, but 
the results usually disappoint researchers. In our experimen
tal sets, however, three mice (Figure 5a,d) and two mice 
(Figure 7a,d) survived with CR, following the administration 
of the D/M strategy vaccination to target survivin and MUC1 
immunogens. When MSf

+ Lewis cells were injected subcuta
neously for a second time, no tumor formations were 
observed. Thus, we concluded that these CR mice had 
obtained immune memory. To verify that the immune 

memory was antigen (survivin and MUC1) specific, the 
three CR mice in a prior experiment were challenged with 
B16 tumor cells on the left back and MSf

+ B16 cells on the 
right back (Figure 6a). Antigen-overexpressed tumor was 
eradicated, whereas B16 could survive in CR mice (Figure 
6b, S6). In addition, B16 tumors grew more slowly in CR mice 
than in naïve mice, possibly due to the specific memory of 
human survivin and MUC1, inducing a response to the 
mouse antigens that are naturally expressed in B16 cells. 
The number of proliferative CD4+ T and CD8+ T cells in 
splenocytes significantly increased (Figure 6c–f), causing 
TCM to transform into TEM (Figure 5g–h) following survivin 
or MUC1 protein stimulation. To observe the anti-tumor 
effects, D/A, a commonly employed heterologous prime- 
boost strategy, was compared with D/M strategies (Figure 
7a). DNA vaccine was administered three times in a week, 
and MVA- or adenovirus-vaccine armed the same antigens 
were used as the booster dose. D/M performed better in 
tumor inhibition than in D/A (Figure 7b–d). Nearly no 

Figure 7. Comparison of therapeutic efficacy between DNA- modified vaccinia Ankara (D/M) and DNA-adenovirus (D/A) prime-boost strategies. (a) Schematic 
of the therapeutic regime. 1 × 105 MSf

+ Lewis cells were injected subcutaneously on the right back of C57 bl/6 mice on day 0, and vaccinations began 4 days after tumor 
inoculation. (b) Tumor growth curve in groups; each group involved ten mice. (c) Tumor growth curve of each mice in groups. (d) Survival curve; each group included 
nine mice. (e, f) Representative images of ELISpot and quantification of ELISpot SFUs in groups. (g–i) Percentage of intra-tumoral proliferative CD4+ T (CD4+Ki67+), 
proliferative CD8+ T (CD8+Ki67+) and Treg (CD4+CD25+Foxp3+) were analyzed using flow cytometry. (j) The ratio of CD8+Ki67+ T cells to Tregs. (k, l) Relative mRNA 
expression of Gzmb and Th1/Th2 cytokines were analyzed using qRT-PCR. N.s., nonspecific protein stimulation; M, MUC1 protein stimulation; S, survivin protein 
stimulation. Groups drawn in colors: Vehicle (PBS; black), D/A (blue), D/M (red). One-way ANOVA followed by LSD analysis was performed to analyze the significant 
differences between groups. *P < .05; **P < .01; ***P < .001.
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differences in SFU formation were observed between D/M 
and D/A groups, based on the ELISpot results (Figure 7e–f), 
reflecting the lack of peripheral (in spleen) cellular immune 
response. In addition, in the tumors, we observed lower 
expression of certain anti-tumor cellular immunity suppres
sors (Tregs and IL-10 expression) and a higher Teff ratio in 
the D/M group, compared to the D/A group.

This study mainly presented a novel three-needle DNA vaccine 
strategy that is boosted with a single-needle MVA vaccine for the 
efficient targeting of dual tumor antigens of survivin and MUC1 to 
inhibit tumor growth and recurrence. The D/M strategy was 
shown to be superior to homologous prime-boost strategies and 
the D/A strategy, thereby, providing a reference for future studies 
on cancer vaccines. For example, neoantigens targeted and perso
nalized cancer vaccine45 may be better at inducing anti-tumor 
immunity, if it is designed and used based on the D/M strategy. 
On the basis of the robust immunoreactivity toward dual antigens 
induced by D/M immunization strategy, this vaccine approach 
could be potentially combined with other therapies in the future, 
such as immune checkpoint inhibitors,46,47 chemotherapy,48,49 or 
radiotherapy,50,51 that could further improve the intratumoral 
infiltration of T cells and enhance the activity of cytotoxicity 
T lymphocytes. However, there is still a long way to go before 
the clinical application of D/M strategy. Although the efficiency of 
the strategy has been demonstrated in mice in this study, it needs 
further evaluation in advanced animal models (e.g., humanized 
mouse models) that are closer to human patients in terms of 
immune system, cancer cells, and tumor microenvironment. 
This study evaluated one designed D/M strategy. More D/M 
strategies, taking into account the variations in vaccine doses, 
immunization time points, and administration route (i.p., i.m., 
etc.), are needed to define the most effective strategy. Finally, we 
will explore the detailed anti-tumor mechanism of D/M immuni
zation in future studies, including the importance of CD4+ and 
CD8+ T cells, the role of humoral immune response in the anti- 
tumor effects, and transcriptional changes in the immune cells in 
tumor microenvironment.
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