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Abstract. The efficacy of DNA vaccines may be improved by 
small interfering (si)RNA adjuvants targeting pro‑apoptotic 
genes. The aim of the present study was to investigate the 
capacity of siRNAs targeting B‑cell lymphoma 2 homologous 
antagonist killer (BAK) and B‑cell lymphoma 2‑associated X 
protein (BAX) to improve the efficacy of a cytomegalovirus 
(CMV) vaccine. BALB/c mice were divided into four groups 
(n=18 in each): unimmunized and immunized with pcDNA 
3.1‑pp65 expressing CMV 65 kDa matrix phosphoprotein and 
BAK + BAX siRNAs, pcDNA 3.1‑pp65 and control siRNA, 
or control pcDNA 3.1 and BAK + BAX siRNAs. Immuniza 
tions were performed twice with an interval of 3  weeks. 
CMV‑specific mouse splenocyte interferon (IFN)‑γ secretion 
was assessed by ELISPOT; furthermore, an in vivo cytotoxic 
T lymphocyte assay was performed 2 weeks after the last 
immunization. After lethal CMV challenge of the mice, body 
weight, virus titers in the spleens and salivary glands as well as 
survival were recorded. The amount of splenocytes secreting 
IFN‑γ in response to CMV pp65 peptides and specific lysis of 
peptide‑pulsed target cells were significantly higher in mice 
administered pcDNA3.1‑pp65 and BAK + BAX siRNAs than 
those in mice administered pcDNA3.1‑pp65 and control siRNA 
(P<0.05 for each). After the virus challenge, the virus titers in 
the spleens and salivary glands of mice given pcDNA3.1‑pp65 
and BAK + BAX siRNAs were significantly lower than those 
in mice immunized with pcDNA3.1‑pp65 and control siRNA 
(P<0.05 for each). Furthermore, mice immunized with pcDNA 
3.1‑pp65 and control siRNA or BAK + BAX siRNAs survived 
for longer, and at 21 days after lethal CMV challenge, 66 and 
100% of these mice survived, respectively. These mice also 

experienced less weight loss compared with mice immunized 
with pcDNA3.1‑pp65 and control siRNA (P<0.05). In conclu-
sion, intradermal administration of siRNAs targeting BAK 
and BAX improved the efficacy of CMV pp65 DNA vaccine.

Introduction

Human cytomegalovirus (HCMV) is the most common 
congenital infection worldwide (0.2‑2.0% of all pregnancies). 
Congenital HCMcV infection often results in long‑term conse-
quences to the developing fetus, including mortality, and HCMV 
is the leading viral cause of neurodevelopmental abnormalities 
and other birth defects in children (1,2). At present, no suitable 
treatment is available for HCMV infection, and an effective 
preventive measure is urgently sought. The development of a 
vaccine to prevent HCMV infection was assigned the highest 
priority by the US Institute of Medicine (3‑6), but no candidate 
vaccine is currently under consideration for licensing.

The innate and humoral immune responses to CMV 
contribute to controlling the infection; however, in latently 
infected individuals, the cellular immune response is required 
to control latency and impede viral replication  (7). In the 
protection against CMV, cellular immune responses are 
important (8), and a high frequency of CMV‑specific CD8+ 
cytotoxic T‑lymphocyte responses has been observed in 
CMV‑seropositive individuals (9). In fact, up to 10% of all 
circulating CD8+ T cells may be directed towards CMV, which 
is a high number considering the large diversity of pathogens 
encountered during any individual's lifetime (10).

Dendritic cells (DCs) are mononuclear phagocytes 
linking innate and adaptive immunity, and are likely to be 
necessary for CMV control. DCs are critical for the induc-
tion of cellular immunity because they are uniquely efficient 
activators of naive T cells during their first encounter with 
a pathogen. DC death can reduce the interaction between 
antigen‑presenting cells (APC)s and lymphocytes, causing 
T cells to downregulate anti‑apoptotic molecules and poten-
tially upregulate pro‑apoptotic molecules (11). This process 
would likely reduce the number of activated antigen‑specific 
CD8+ T cells. A variety of anti‑apoptotic factors have been 
reported to enhance dendritic cell survival and T‑cell immune 
responses (12).

Small interfering (si)RNA is an effective means of 
silencing gene expression, and it may be possible to use 
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this technique to attenuate immune responses to vaccines. 
For instance, silencing of key pro‑apoptotic genes may 
prolong dendritic cell life. In fact, co‑administration of DNA 
encoding anti‑apoptotic proteins may significantly enhance 
DNA vaccine potency. However, the use of DNA encoding 
anti‑apoptotic proteins, such as B‑cell lymphoma extra large, 
raises significant concerns, as without sufficient targeting, 
anti‑apoptotic proteins may have oncogenic effects. The use 
of siRNA targeting pro‑apoptotic proteins, however, may 
alleviate these concerns due to the transient nature of the 
silencing caused by siRNA in mammalian cells (13). siRNAs 
do not integrate into the genome and, thus, cause no permanent 
genetic changes. This technique has been previously applied 
to attenuate the immune response to vaccines in experimental 
animal models (14‑16). Dharmapuri et al (14) reported the use 
of B‑cell lymphoma 2 (Bcl‑2) homologous antagonist killer 
(BAK) 1 or Caspase 8 siRNA to enhance immunogenicity of 
a DNA vaccine targeting human epidermal growth factor 2. 
In a mouse model, this technique reduced spontaneous tumor 
progression (14). Song et al (15) used siRNA to reduce the 
expression of suppressor of cytokine signaling during immu-
nization against human immunodeficiency virus (HIV) and 
successfully improved the potency of HIV DNA vaccination. 
Kim et al (16) also previously reported that co‑administra-
tion of the human papilloma virus DNA vaccine, pcDNA 
3‑E7/green fluorescence protein (GFP), with adjuvant BAK 
+ Bcl‑2‑associated X protein (BAX) siRNA significantly 
increased the number of GFP+ dendritic cells in the draining 
lymph nodes and increased the E7‑specific CD8+ T‑cell 
immune response of vaccinated mice.

BAX and BAK are Bcl‑2 family proteins that are crucial 
components of the intrinsic apoptotic pathway  (16). The 
present study sought to investigate the capacity of BAK 
and BAX siRNA to improve immunogenicity of a mouse 
CMV (MCMV) vaccine. As CMV‑infected cells express 
MCMV 65 kDa matrix phosphoprotein (pp65) in early as 
well as late stages of infection, it represents an appropriate 
vaccine target and was selected as a model antigen (17‑19). 
Of note, T cells specific for CMV‑pp65, a principal target 
for cytotoxic T lymphocytes (CTLs), have been reported to 
prevent CMV complications in hematopoietic cell transplant 
recipients (17,19‑21). Thus, in the present study, the potency 
of intradermal co‑administration of DNA vaccines encoding 
MCMV‑pp65 antigen combined with BAK and BAX siRNA 
was assessed.

Materials and methods

Animals. A total of 72 healthy BALB/c mice (H‑2d) aged, 
8 weeks with an average weight of 14 g, were purchased 
from the Tianjin Medical University Laboratory Animal 
Center (Tianjin, China) and were maintained under specific 
pathogen‑free conditions prior to infection. Mice were 
housed in individually ventilated cages with free access to 
food and water in a temperature‑ and humidity‑controlled 
room maintained under filtered positive‑pressure ventila-
tion with a 12‑h light/dark cycle. All procedures and animal 
experiments were approved by the Animal Care and Use 
Committee of Tianjin Central Hospital of Gynecology and 
Obstetrics (Tianjin, China).

Cells and virus. The MCMV Smith strain was obtained from 
the obstetrics laboratory of Tongji Hospital (Tongji Medical 
College, Huazhong University of Science & Technology, 
Wuhan, China) and was propagated in NIH 3T3 cells (CRL 
1658; American Type Culture Collection, Manassas, VA, 
USA). 3T3 cells were cultured in Minimal Essential Medium 
containing 10% fetal calf serum (FCS; Takara Biotechnology 
Co., Ltd, Dalian, China). The virus obtained from the cell 
culture was propagated and purified by ultracentrifugation 
as described by Brune et al (22). The virus was passaged in 
BALB/c (H‑2d) mice 14 times to enhance virulence, and then 
isolated from the salivary glands of infected mice (23). This 
virus was referred to as salivary gland‑derived (SG)‑MCMV 
for challenge experiments. Challenge was performed with 
virus stock at 3xLD50.

Construction of the DNA vaccine plasmid. Plasmid pp65 was 
constructed by cloning the polymerase chain reaction (PCR) 
products of the pp65 gene (GenBank accession no. EF531301) 
from the MCMV Smith strain into the plasmid expression 
vector pcDNA 3.1/myc‑His B (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). PCR amplifications for 
pp65 genes were performed using the following paired sense 
and anti‑sense primers: 5'‑GCaagcttCAT​GTC​GGT​CAA​CGT​
TTA​CT‑3' (containing HindIII site; indicated by lower case 
letters) and 5'‑GCtctagaGGC​TCT​GTC​TGT​TTG​TCT​ATG‑3' 
(containing XbaI site; indicated by lower case letters). The 
accuracy of the constructs was confirmed by DNA sequencing. 
The plasmid was propagated in Escherichia coli XL1‑blue 
bacteria and purified using NucleoBond Xtra Maxi purifica-
tion kits (Macherey‑Nagel, Düren, Germany).

Vaccine preparation. BAK and BAX siRNAs were synthe-
sized and DNA/siRNA‑coated gold particles were produced 
as previously described (16).

Animal immunization. The mice were divided into four 
experimental groups containing 18 mice in each. The DNA/
siRNA‑coated gold particles (1 µg DNA and 0.1 µg siRNA per 
bullet) were delivered to the shaved abdominal region of the 
mice using a helium‑driven gene gun (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) with a discharge pressure of 
400 pounds per square inch (16). Three groups of mice were 
immunized with either 2 µg pcDNA 3.1‑pp65 expressing pp65 
mixed with 0.2 µg BAK + BAX siRNA (pcDNA 3.1‑pp65 with 
BAK+BAX siRNA group), 2 µg pcDNA 3.1‑pp65 with 0.2 µg 
control siRNA (pcDNA 3.1‑pp65 with control siRNA group), 
or 2 µg control pcDNA 3.1 with 0.2 µg BAK + BAX siRNA 
(negative control group). One group remained unimmunized 
(unimmunized group). Immunizations were performed twice 
with an interval of 3 weeks.

Peptides. Synthetic peptides spanning the CMV pp65 were 
purchased from Melone Pharmaceutical Co., Ltd. (Dalian, 
China; purity, >90%, determined by high‑performance liquid 
chromatography). Lyophilized peptides were resuspended in 
100% dimethyl sulfoxide at 100 mg/ml, stored at ‑80˚C and 
diluted in R‑10 medium (RPMI-1640 medium supplemented 
with 100 U/ml penicillin, 100 µg/ml streptomycin, 0.1 mM 
nonessential amino acids, 0.01 M HEPES, 2 mM glutamine 
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and 10% heat‑inactivated FCS. All were purchased from 
Melone Pharmaceutical Co., Ltd., (Dalian, China) for use. 
Dimethyl sulfoxide concentrations in all assay mixtures were 
≤0.1% (vol/vol).

Preparation of splenocytes. Fourteen days after the last immu-
nization, four mice in each group were euthanized and their 
spleens were removed, homogenized and washed with saline 
supplemented with 2% FCS. Erythrocytes were removed by 
washing in 0.83% NH4Cl solution. Isolated cells were culti-
vated in complete RPMI‑1640 medium containing 10% FCS, 
2 mM L‑glutamine, 100 mg/ml streptomycin and 100 U/ml 
penicillin.

Interferon (IFN)‑γ ELISPOT assay. Secretion of IFN‑γ from 
splenocytes described above was detected by ELISPOT using 
a pre‑coated ELISPOT kit (DKW12‑2000‑048; Dakewei, 
Dalian, China). According to the manufacturer's instructions, 
96‑well polyvinylidene fluoride plates (Millipore, Bedford, 
MA, USA) were coated with 100 µl of 10 µg/ml rat anti‑mouse 
IFN‑γ antibody in PBS and incubated at 4˚C overnight. 
Subsequently, 5x105 lymphocytes were added to each well in 
triplicate and stimulated with 4 µg/ml CMV pp65 synthetic 
peptides, followed by incubation at 37˚C for 20 h. The lympho-
cytes were then removed and 100 µl biotinylated anti‑mouse 
IFN‑γ antibody was added to each well, followed by incubation 
at 37˚C for 1 h. Subsequently, 100 µl diluted streptavidin‑horse-
radish peroxidase conjugate solution was added, followed by 
incubation at room temperature for 1 h. Finally, the plates were 
treated with 100 µl 3‑Amino‑9‑ethylcarbazole substrate solu-
tion (cat. no. A5754, Sigma‑Aldrich; Merck KGaG, Darmstad, 
Germany) and incubated at room temperature for 25 min in the 
dark. The reaction was stopped by washing with demineralized 
water. The plates were air‑dried at room temperature and read 
using an ELISPOT reader (Bioreader 4000; Bio‑Sys GmbH, 
Karben, Germany). Medium backgrounds were consistently 
<10 spots per 5x105 splenocytes.

In vivo CTL assay. CTLs were assessed in vivo as previously 
described (24). In brief, splenocytes from naive BALB/c mice 
(H‑2d) were equally divided into two parts and incubated with 
carboxyfluorescein (CFSE) at either a low (0.5 µM) or a high 
concentration (5 µM). The CMV pp65 synthetic peptides were 
added to the high CFSE group at a final concentration of 5 µM, 
while the cells in the CFSE‑low group were not stimulated. 
CFSE‑high and CFSE‑low cells were mixed (1:1) and 2x107 
mixed cells were given to the immunized mice two weeks 
after the final immunization (four mice in each group) via tail 
vein injection. After 20 h, spleens were harvested from the 
immunized mice and the relative proportion of CFSE‑high and 
CFSE‑low cells was determined by flow cytometry using a PAS 
(Sysmex Partec, Görlitz, Germany) instrument and analyzed 
using FlowMax software (Sysmex Partec). Percent‑specific 
lysis was calculated as [1‑(r‑unprimed/r‑primed)]x100%, 
where r=%CFSE‑low/%CFSE‑high for each mouse (25,26) 
and primed indicates the samples challenged by CMV pp65 
synthetic peptides.

Virus challenge. Fourteen days after the second immuniza-
tion, mice (n=10 in each group) were challenged with a lethal 

dose (3x105 PFU, 200 µl/mouse) of SG‑MCMV by intraperi-
toneal injection, as previously determined (3). Body weights 
and survival rates of mice were recorded within 21 days after 
virus challenge.

Determination of the virus titer in infected organs. Five days 
after the virus challenge, four mice from each group were sacri-
ficed and the spleens were retrieved. The six remaining mice in 
each group were monitored for weight loss and survival. On 
day 21 post‑challenge, four mice were randomly selected from 
the remaining six mice and the salivary glands were retrieved.

Spleens and salivary glands were homogenized in 1:10 w/v 
MEM containing 10% FCS. The homogenized fluids were 
centrifuged at 32,000 x g for 10 min at room temperature 
and the supernatants stored in aliquots at ‑80˚C. Viral loads 
were determined using a plaque‑forming cell assay. In brief, 
organ homogenates were serially diluted 10‑fold and each 
dilution was used to infect 3T3 cells cultured in 48‑well plates. 
Infections were performed in triplicate and to each well, to 
provide a final volume of 100 µl viral suspension. After 1 h of 
absorption, the supernatant was aspirated and 0.5 ml viscous 
medium was added to each well. After incubation for 4‑6 days, 
viral plaques were counted and the viral plaque‑forming units 
(PFU) per milliliter were calculated.

Statistical analysis. All statistical analyses were performed 
using SPSS 17.0 software for Windows (SPSS Inc., Chicago, 
IL, USA). Values are expressed as the mean  ±  standard 
deviation. Statistical significance was evaluated by the inde-
pendent‑samples t‑test or one‑way analysis of variance. P<0.05 
was considered to indicate a statistically significant difference.

Results

siRNAs targeting the pro‑apoptotic genes BAK and BAX 
promote splenocyte IFN‑γ secretion in vaccinated mice. To 
investigate the capacity of siRNAs targeting the pro‑apoptotic 
genes BAK and BAX to improve the efficacy of a DNA 
vaccine for CMV, BALB/C mice were immunized with 
pcDNA 3.1‑pp65 and BAK + BAX siRNAs, pcDNA 3.1‑pp65 
and control siRNA, and pcDNA 3.1 and BAK + BAX siRNAs 
as a negative control, and another group of mice remained 
unvaccinated. Fourteen days after the last immunization, the 
splenocytes were collected from four mice in each group. 
Splenocyte IFN‑γ secretion in response to CMV pp65 peptides 
was assessed by ELISPOT (Fig. 1). The number of splenocytes 
induced to secrete IFN‑γ in response to CMV peptides was 
significantly higher in mice administered pcDNA 3.1‑pp65 
with BAK + BAX siRNA (636±49 spots/5x105 splenocytes; 
range, 603‑731 spots/5x105 splenocytes) than that in mice 
administered pcDNA 3.1‑pp65 and control siRNA 372±43 
spots/5x105 splenocytes; range, 313‑511 spots/5x105 spleno-
cytes; P<0.05). By contrast, only <20 spots/5x105 splenocytes 
were detected in the unimmunized mice and the negative 
control mice.

siRNAs targeting the pro‑apoptotic genes BAK and BAX 
promote CMV‑specific CTL responses of immunized mice. Two 
weeks after the final immunization, mice were re‑stimulated 
by naive splenocytes that had been pulsed ex vivo with CMV 
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pp65 peptide. CTL responses of these splenocytes were 
measured in vivo after 20 h. Specific lysis of peptide‑pulsed 
target cells by the splenocytes of mice immunized with pcDNA 
3.1‑pp65 and control siRNA (43.5±4.5%) was higher than that 
in unimmunized mice (2.12±0.87%) or mice administered 
pcDNA 3.1 and BAK + BAX siRNAs (2.91±0.13%; P<0.05), 
and specific lysis was significantly greater in mice immunized 
with pcDNA 3.1‑pp65 and BAK+BAX siRNAs (79.54±6.2%) 
than in those treated with pcDNA 3.1‑pp65 combined with 
control siRNA (43.5±4.5%; P<0.05; Fig. 2).

siRNAs targeting BAK and BAX improve the efficacy of CMV 
pp65 DNA vaccine. Two weeks after the final immuniza-
tion, mice were challenged with a lethal dose of SG‑MCMV 

(3xLD50). The survival rate and body weight were monitored 
over 21 days after the virus challenge. Within the first few days 
after the challenge, the acute phase of infection, significant 
weight loss was observed in the unimmunized group and nega-
tive control group, and all of these mice died within 7 days 
(Fig. 3). Mice immunized with pcDNA 3.1‑pp65 and control 
siRNA or BAK + BAX siRNA survived for longer, and at 
21 days after the virus challenge, 66 and 100% of these mice 
survived, respectively (Fig. 3). These mice also experienced 
less marked weight loss, with the weight returning to the base-
line weight within 7 days of viral challenge (Fig. 3).

MCMV titers in the spleens and salivary glands of mice 
after lethal challenge. During SG‑MCMV infection, the 
viral load in the spleens of mice was reported to peak on 
day 5 post‑infection, and decrease rapidly after the acute 
phase  (27). In the present study, spleens of 4 mice from 
each group were harvested 5 days post‑infection and viral 
titers were determined (Table I). On day 5 after viral infec-
tion, the viral titers in the spleens of unimmunized mice and 
mice in the negative control group reached 5.2 Log10 and 5.1 
Log10 PFU/ml, respectively. However, in mice immunized 
with pcDNA 3.1‑pp65 and control siRNA, the viral titers 
in the spleens were significantly lower (3.6 Log10 PFU/ml; 
P<0.05). Compared with the other three groups, the titers were 
decreased in mice immunized with pcDNA 3.1‑pp65 and BAK 
+ BAX siRNAs (2.4 Log10 PFU/ml; P<0.05).

The salivary gland is another important organ for virus 
replication, latency and dissemination. By day 21 after viral 
challenge, all unimmunized mice and mice that received mock 
immunization had died, but the salivary glands obtained from 
4 surviving mice from each of the immunized groups were 
harvested and viral titers were determined (Table  I). The 

Figure 2. In vivo CTL responses following immunization with CMV pp65 
DNA vaccine with or without BAK + BAX siRNAs. In vivo CTL responses 
were assessed by measurement of the relative proportion of CFSEhigh and 
CFSElow cells by flow cytometry. Values are expressed as the mean ± stan-
dard deviation. *P<0.05 vs. unimmunized group; #P<0.05 vs. negative control; 
ΔP<0.05 vs. pcDNA 3.1‑pp65 combined with control siRNA. CTL, cytotoxic 
T lymphocytes; BAK, B‑cell lymphoma 2 homologous antagonist killer; 
BAX, B‑cell lymphoma 2‑associated X protein; siRNA, small interfering 
RNA; CFSE, carboxyfluorescein.

Figure 3. Body weight changes after CMV challenge of mice. Two weeks 
after the final immunization, 6 mice in each group were challenged with a 
lethal dose (3xLD50) of CMV and the body weights were determined within 
3 weeks after the challenge. Values are expressed as the mean ± standard 
deviation. CMV, cytomegalovirus; BAK, B‑cell lymphoma 2 homologous 
antagonist killer; BAX, B‑cell lymphoma 2‑associated X protein; siRNA, 
small interfering RNA.

Figure 1. Splenocyte IFN‑γ secretion following immunization with CMV pp65 
DNA vaccine combined with or without BAK + BAX siRNAs. Mice were 
immunized with pcDNA 3.1‑pp65 and BAK + BAX siRNAs; pcDNA 3.1‑pp65 
and control siRNA; pcDNA 3.1 with BAK + BAX siRNAs (negative control); 
or no vaccine (unimmunized group). Fourteen days after the last immuniza-
tion, splenocytes were collected from mice and stimulated with 4 µg/ml 
synthesized CMV pp65 peptide. Splenocyte IFN‑γ secretion was assessed by 
ELISPOT. Values are expressed as the mean ± standard deviation (n=4 in each 
group). *P<0.05 vs. unimmunized group; #P<0.05 vs. negative control; ΔP<0.05 
vs. pcDNA 3.1‑pp65 combined with control siRNA. CMV, cytomegalovirus; 
IFN, interferon; BAK, B‑cell lymphoma 2 homologous antagonist killer; BAX, 
B‑cell lymphoma 2‑associated X protein; siRNA, small interfering RNA. 
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viral titers detected in the salivary glands of mice that were 
immunized with pcDNA 3.1‑pp65 and BAK + BAX siRNA 
(102.9 PFU/ml) were lower than those of mice immunized with 
pcDNA 3.1‑pp65 and control siRNA (104 PFU/ml).

Discussion

The efficacy of DNA vaccines may be improved by 
co‑administration of siRNA targeting pro‑apoptotic genes that 
can prolong the cellular immune response. The present study 
investigated the capacity of siRNA targeting the pro‑apoptotic 
genes BAK and BAX to improve the efficacy of a vaccine for 
CMV. It was observed that the gene gun delivery of a CMV 
pp65 DNA vaccine achieved good immunogenicity in mice. 
The number of splenocytes secreting IFN‑γ in response to 
CMV pp65 peptides and lysis of peptide‑pulsed target cells was 
significantly higher in mice administered pcDNA 3.1‑pp65 and 
BAK+BAX siRNA than those in mice administered pcDNA 
3.1‑pp65 and control siRNA.

At 3 weeks post‑immunization, mice were challenged with 
a lethal dose of MCMV. A reduction in viral load has been 
suggested to provide significant therapeutic benefits to patients 
with HCMV disease, for which CMV vaccination is the most 
practical approach (28). MCMV infects mice intraperitoneally 
in this experiment, which is also the general site of infection in 
mice, and during acute infection, it replicates in multiple organs, 
including the spleen, liver, lung and salivary glands. Viral loads 
in the spleen and liver peak ~5 days post‑infection and then drop 
to the limit of detection by 9 days post‑infection (29). The spleen 
is the most important organ for T‑cell responses. In the present 
study, the viral titers in the spleens of mice were tested at 5 days 
post‑infection, revealing that the viral loads in immunized mice 
were significantly lower than those in unimmunized and negative 
control mice. Moreover, administration of BAK + BAX siRNAs 
significantly lowered the viral titers in immunized mice.

This result corresponded with those on the number of IFN‑γ 
secreting splenocytes and CTL activity. In addition to mouse 
spleens, the salivary glands, which are the main organ for CMV 
replication and latency, were also assessed (29). The residual 
viral loads in the salivary glands corresponded to those in the 
spleen.

Furthermore, the body weight of mice varied substantially. 
Mice immunized with pcDNA 3.1‑pp65 and BAK + BAX 
siRNAs exhibited less weight loss compared with mice immu-
nized with pcDNA3.1‑pp65 and control siRNA (P<0.05) during 
the first days after the lethal challenge. While all challenged 
mice lost weight, the pp65 plasmid provided protection, and 
this protection was more effective when BAK + BAX siRNA 
was co‑administered. Thus, the survival rate, viral titers in 
organs and body weight changes may be jointly considered to 
evaluate the protective abilities of the CMV vaccines in such a 
murine model of lethal‑dose viral infection. Co‑administration 
of pp65 vaccine with BAK + BAX siRNAs conferred excel-
lent protection against lethal CMV challenge, confirming that 
co‑administration of adjuvant BAK + BAX siRNA improved 
the efficacy of this DNA vaccine.

These encouraging results suggested that modifying the 
function of dendritic cells in vivo by using siRNA technology 
may enhance DNA vaccine potency. It was previously reported 
that co‑administration of BAK + BAX siRNA with a DNA 

vaccine increases the number of antigen‑expressing dendritic 
cells in the lymph nodes, which may contribute to increased 
numbers of specific CD8+ T cells in vaccinated mice  (16). 
Antigen‑expressing dendritic cells not only provide signals to 
trigger expansion and proliferation of antigen‑specific T cells, 
but may also provide signaling required to reduce T‑cell apop-
tosis. The anti‑apoptotic effects of BAK + BAX siRNA may 
modify the quality and quantity of dendritic cells, leading to 
increased T‑cell activation and enhanced DNA vaccine potency.

However, widespread application of these techniques is 
limited by operational constraints. While intradermal delivery 
to APCs via gene gun is an effective system for delivery of 
siRNA into APCs, allowing for the evaluation of siRNA‑based 
strategies to modify dendritic cells (30,31), this strategy may be 
difficult to adapt in a clinical setting.

In summary, the cellular immune responses induced by 
CMV pp65 DNA vaccination may be significantly enhanced by 
co‑administration of BAK + BAX siRNAs. Modifying the func-
tion of dendritic cells in vivo using siRNA technology targeting 
other key pro‑apoptotic proteins, such as caspase‑3 and ‑6‑9 may 
also improve the potency of DNA vaccines for cancer and other 
infectious diseases.
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deviation (n=4 per group). pcDNA 3.1 combined with BAK + BAX 
siRNAs was used as a negative control. BAK, B‑cell lymphoma 2 
homologous antagonist killer; BAX, B‑cell lymphoma 2‑associated 
X protein; siRNA, small interfering RNA; ND, not detected; PFU, 
plaque‑forming units. 
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