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Background: The heterologous deoxyribonucleic acid (DNA) prime-adenovirus (AdV) boost 

vaccination approach has been widely applied as a promising strategy against human immuno-

deficiency virus (HIV)-1. However, the problem of inefficient delivery and lack of specificity 

of DNA vaccine remains a major issue. In this paper, to improve the transfection of DNA vac-

cine and realize dendritic cell targeting, we used mannosylated polyethyleneimine (man-PEI) 

as a DNA vector carrier.

Method: The DNA plasmid encoding antigen HIV gag fragment was constructed by polymerase 

chain reaction. Then the DNA plasmid was complexed with man-PEI. The in vitro transfec-

tion efficiency of man-PEI/DNA was analyzed on DC 2.4 cells. Mice were primed with 25 µg 

pVAX1-HIV gag plasmid complexed with man-PEI, 100 µg naked pVAX1-HIV gag plasmid, 

or empty pVAX1 vector and boosted by AdV encoding the same antigen. The antibody titer, 

CD4+ and CD8+ T-cell response, as well as interferon-γ and interleukin-4 levels in serum and 

in splenocytes culture were analyzed using flow cytometry or enzyme-linked immunosorbent 

assay to evaluate the immune response. To test a long-term effect of the vaccination regimen, 

CD8+ memory T-cell was also detected by flow cytometry.

Results: The pVAX1-HIV gag was constructed successfully. The in vitro transfection efficiency 

in dendritic cells was significantly higher than naked DNA plasmid. Compared with 100 µg 

naked DNA/AdV group, the immunoglobulin G2a antibody titer, T-cell response percentage, and 

cytokine production level induced by man-PEI/DNA/AdV group were significantly higher at a 

lower DNA dose. Also, the man-PEI/DNA could stimulate a memory CD8+ T-cell response.

Conclusion: Owing to the adjuvant effect of man-PEI, the man-PEI/pVAX1-HIV gag priming 

plus AdV boosting strategy proved to be a potent vaccine candidate against HIV, which could 

induce a stronger immune response with a lower DNA dose.

Keywords: human immunodeficiency virus, heterologous vaccination, mannosylated 

polyethyleneimine, DNA delivery, immune response

Introduction
Human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) 

has become the most catastrophic pandemic since first discovered in 1981. To date, 

more than 300,000 people have died of HIV/AIDS, with approximately 6500 new 

infections daily.1 After years of efforts, though we have seen dramatic progress in 

treating HIV, it is still difficult to eradicate the virus.2 Current options of treatment are 

combinations (or “cocktails”) consisting of at least three different kinds of antiretroviral 

agents; however, the results are far from satisfactory. To explore an effective way to 
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slow down the spread of this pandemic is on the top of our 

agenda. Of all the interventions to prevent and treat diseases, 

vaccination seems the most promising and feasible choice.2,3 

Recently, there has been a rapid increase of candidate vaccines 

for preventing the infection of HIV. Traditional vaccines are 

developed by inactivation or attenuation of viral pathogens. 

With the progress of molecular engineering, gene-based 

vectors including poxvirus, plasvectors, adenovirus (AdV), 

and adeno-associated virus, have become more competent 

pathogens’ carriers, exhibiting a strong impact on the mag-

nitude of immune response.4

A potent vaccine should have the ability to induce both 

antibody and cytotoxic T-cell responses, which are necessary 

for a vaccine to prevent viral infection. Ideally, an effective 

vaccine can abort the viral infection by stimulating high titers 

of antigen-specific antibodies. Meanwhile, the cytotoxic T-cell 

response will eliminate virus-infected cells.5 Among all the 

gene-based vaccine candidates, a replication-defective recom-

binant AdV serotype 5 has been proven to be potent and widely 

used as a vaccine carrier for its safety and immunogenicity to 

elicit high titer of antigen-specific antibody and the cytotoxic 

T-cell response via intramuscular or subcutaneous injections. 

Moreover, AdV vector has the ability to stimulate the secretion 

of cytokines to promote the maturation of antigen-presenting 

cells (APCs), which will facilitate the antigen presentation 

process. However, the AdV vaccine still has some drawbacks. 

Repeated injection of AdV vaccine usually results in a high 

titer of serotype-specific neutralizing antibody in the immu-

nized body, which will limit the expression of the encoded 

antigen and strongly impair the strength of the immune 

response. To circumvent this limitation of the AdV vaccina-

tion, some researchers have explored a heterologous prime–

boost vaccination strategy using deoxyribonucleic acid (DNA) 

plasmid for priming followed by a viral vector boosting, which 

has shown great potential in inducing protective immunity in 

some experimental models and elicited a much more robust 

immune response than single vaccination.3,6–8 After the effi-

cacy of this approach was first reported by Schneider et al,9 a 

number of investigators have demonstrated that the heterolo-

gous prime–boost strategy is capable of eliciting greater levels 

of immunity against a variety of tumors and pathogens than 

homologous prime-boost strategy or a single vaccination of 

the same vector.7,10 Moreover, the heterologous prime–boost 

regimen using recombinant viral vector in combination with 

DNA plasmid has the ability to induce Th1 (T helper cells 

type I) CD4+ responses.7

As the priming vaccination in the prime–boost regimen 

(though the DNA plasmid vaccination itself has been proved 

to be one effective way of inducing antigen-specific Th1 and 

cytotoxic CD8+ T [CTL] responses by intramuscular injection 

and applied to generate protective immunity to various patho-

gens),11 the strength of the immune responses induced by DNA 

vaccines is relatively weak compared with conventional vac-

cines.12 It is reported that DNA immunization is incapable of 

generating sufficient antibody and cellular immune response 

to prevent the hepatitis C virus infection in a chimpanzee 

model,13 mainly due to its low transfection efficiency and lack 

of specificity. Thus, the problem of inefficient delivery for the 

plasmid vector must be addressed before achieving a better 

outcome for the DNA vaccine. It is well known that APCs, such 

as dendritic cells (DCs), express a large amount of mannose 

receptor on the surface.14 To enhance the specificity of drug 

delivery, a large number of research papers have explored dif-

ferent mannosylated drug delivery systems, such as mannosy-

lated chitosan,14 mannosylated liposome,15 and mannosylated 

polyethyleneimine 25k (PEI 25k). Among them, mannosylated 

PEI 25k has become the center of attention for its adjuvant 

activity;16 however, the cytotoxicity of PEI 25k strongly limits 

its application. To address this issue, in our previous work, we 

synthesized a new biodegradable mannosylated PEI polymer 

by linking PEI 2000 and PEI 600 using triethyleneglycol as 

the cross-linker, which exhibited a much lower cytotoxicity. It 

has been shown that this new mannosylated polyethyleneimine 

(man-PEI) is a promising and applicable gene-delivery car-

rier due to its higher gene transfection efficacy and cellular 

uptake compared with nonmannosylated PEI and commercial 

PEI 25k. Moreover, the man-PEI/DNA complex is capable of 

inducing an adequate upregulation of surface markers for DC 

maturation,17 indicating that man-PEI has a certain adjuvant 

effect, which is crucial in DNA vaccine delivery.18

To further prove this concept in vivo, we explored the 

adjuvanticity of man-PEI in an HIV model. We developed 

the DNA priming and AdV boosting strategy, using man-PEI 

as the DNA vaccine adjuvant. The antigen-specific antibody, 

interferon (IFN)-γ and interleukin (IL)-4 levels were tested. 

Also, the cytotoxic CD8+ and helper CD4+ T-cell responses 

were investigated. In addition, we analyzed the central 

memory T-cells (T
CM

) to evaluate the long-term immune 

response of the vaccination strategy.

Materials and methods
Plasmids and adenovirus vectors
To construct the pVAX1-HIV gag plasmid vector, an 

HIV-1  gag fragment was amplified from an AdV-HIV 

gag by polymerase chain reaction (PCR) using primers 

5′-T-TTAAGCTTATGGGCGCCAGAGCCAG-3′ and 5′-TT- 
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TTCTAGATCACTGAGAGCTGGGGTC-3′. The PCR 

product was then digested by restriction enzymes Xba 1 and 

Hind 3, and inserted into backbone vector pVAX1 (Life 

Technologies, Carlsbad, CA, USA), which was digested 

by the same enzymes. The obtained plasmid was identified 

by gel electrophoresis and DNA sequencing. All plasmids 

used for injection were amplified and purified using Qiagen 

endo-free Giga prep kit (Qiagen, Alameda, CA, USA) to 

remove endotoxins. The AdV was amplified in HEK 293T 

(American Type Culture Collection [ATCC], Manassas, VA, 

USA) cells and purified by cesium chloride gradient cen-

trifugation. The virus particle number and plague-forming 

unit were determined by ultraviolet spectrophotometry and 

plague-forming assay, respectively.

Man-PEI/DNA complex preparation
The man-PEI/DNA complex was prepared as described in 

a previous paper.17 Briefly, mannosylated biodegradable 

low molecular weight-PEI was synthesized by Sun et al.17 

The plasmid and man-PEI was diluted in 5% glucose solution. 

The DNA solution was added to man-PEI solution and 

vortexed for 10 seconds. Then, the mixture was incubated at 

room temperature for 20 minutes for the complex to form.

In vitro transfection assay
The transfection assay was conducted on DC 2.4 cells (murine 

DCs, ATCC), which were reported to express mannose recep-

tor on the surface.14 DC 2.4  cells were seeded in 24-well 

plates at 1 × 105 cells/well and incubated at 37°C, 5% CO
2
 

overnight. The optimized nitrogen/phosphorous (N/P) ratios 

of the man-PEI/DNA complex and the PEI 25k/DNA complex 

were determined as previously described.17 Naked pVAX1-

HIV gag, man-PEI/pVAX1-HIV gag complex (N/P =  40), 

and PEI 25k/pVAX1-HIV gag complex (N/P  =  15) were 

added to each well and incubated in serum-free Roswell Park 

Memorial Institute (RPMI) 1640 medium. (Hyclone, Thermo 

Scientific, Waltham, MA, USA) for 4 hours; both complexes 

were formed at the optimized N/P ratio. The DNA dose was 

1 µg/well. Then, the infection solution was replaced by fresh 

RPMI 1640 medium containing 10% fetal bovine serum and 

incubated for another 40 hours. Each group was analyzed in 

triplicate. Then the ribonucleic acid (RNA) of each sample 

transfected with pVAX1-HIV gag was extracted using an 

RNA isolation kit (TIANGEN Biotech (Beijing) Co. Ltd., 

Beijing, People’s Republic of China) and reverse-transcripted 

into cDNA. Real-time PCR was used to detect the expression 

of gag fragment using primers 5′-caggtgagccagaactatcca-3′, 
5′-ctcctcgttgatggtttcctt-3′. SsoFast™ EvaGreen Supermix 

(Bio-Rad Laboratories, Hercules, CA, USA) was used for the 

quantification of HIV gag transcripts. β-actin was detected as 

an internal reference. In addition, plasmid-expressing reporter 

gene lacZ was complexed with man-PEI or PEI 25k with 

the same N/P ratio as described above and used to transfect 

DC 2.4 cells. For the samples transfected with reporter gene 

lacZ, the results were quantified using a β-galactosidase assay. 

Average β-galactosidase activities were determined using the 

β-galactosidase enzyme assay system. The total protein con-

tent of the lysates was measured by a bicinchoninic acid assay 

(Pierce; Thermo Fisher Scientific, Rockford, IL, USA) using 

a standard of bovine serum albumin (BSA).

Mice
Six- to 8-week-old female BALB/c mice were purchased 

from the Laboratory Animal Center of Sichuan University 

and then housed under pathogen-free conditions. All animal 

tests were conducted according to institutional animal care 

and use guidelines.

Immunization
Animals were divided randomly into four groups (n = 5) 

and primed intramuscularly with a total volume of 100 µL 

divided equally between two hind quadriceps. Group 1 

received 100 µg of pVAX1-HIV gag diluted in 5% glu-

cose at week 0. Group 2 received 25 µg of pVAX1-HIV 

gag complexed with man-PEI. Group 3 received empty 

vector pVAX1 as a control. All these groups were given 

a boost immunization with 1 × 1010 viral particles (vp) 

of AdV at week 2. Group 4 received 5% glucose as a 

placebo. Blood was collected by retroorbital puncture 

before boosting vaccination. All mice were sacrificed 

10 days after the last immunization for immunological 

assays.

Antibody ELISA
HIV gag-specif ic antibody responses (including total 

immunoglobulin [Ig]G, IgG1, and IgG2a) in serum samples 

were analyzed. Polystyrene 96-well plates (Corning, Incor-

porated, Corning, NY, USA) were coated with 100 µL of 

1 µg/mL antigen HIV-1 gag P24 strain 3B (United States 

Biological, Swampscott, MA, USA) diluted in coating 

buffer and incubated at 4°C overnight. Then, plates were 

blocked with phosphate buffered saline (PBS) containing 

1% BSA for 1 hour at 37°C. After blocking, the plates were 

washed three times with PBS containing 0.5% Tween-20 

(PBST). Serum samples were diluted twofold serially with 

PBST containing 1% BSA and added to the plates for 
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2 hours of incubation at 37°C. After three washes, the plates 

were incubated with peroxidase-conjugated antimouse Ig 

(diluted 1:1000 in PBST-1% BSA) for 1 hour at 37°C. The 

plates were then washed and incubated with a 100 µL/well 

of tetramethylbenzidine substrate (BioTime, Inc, Bei-

jing, People’s Republic of China) for 30 minutes at room 

temperature. The reaction was stopped with 2 M H
2
SO

4
. The 

optical density was measured at 450 nm using a Microplate 

Reader (VarioSkan; Thermo Fisher Scientific).

Intracellular cytokine staining
Spleens were removed and gently homogenized through a 

70 µm cell strainer (BD Falcon, Franklin Lakes, NJ, USA) in 

10% RPMI 1640 medium to prepare single cell suspension.19 

Red blood cells were lysed by ammonium–chloride–potas-

sium lysing buffer. Splenocytes were washed by PBS and 

cultured in RPMI 1640 medium supplemented with 10% fetal 

bovine serum (FBS) and 2-mercaptoethanol with 2 µg/mL 

gag peptide (the H-2 Kd-restricted immunodominant CTL 

epitope AMQMLKETI; GenScript USA, Inc, Piscataway, 

NJ, USA). Control cells were cultured with medium only. 

One hour later, brefeldin A was added to each sample (eBio-

science, San Diego, CA, USA) and incubated for another 

5 hours at 37°C. After washing, cells were incubated with 

1:100 dilution of antimouse CD8a-flourescein isothiocyanate 

(FITC) or antimouse CD4-FITC (eBioscience) at 4°C for 

30  minutes. They were washed, fixed, and permeabilized 

with Fixation and Permeabilization buffers (eBioscience). 

Then, cells were incubated in permeabilization buffer with 

a 1:100 dilution of antimouse IFN-γ-PE or antimouse IL-4-

polyethyleneimine (PE), respectively (eBioscience). After 

washing, cells were diluted in PBS with 1% BSA and were 

analyzed for CD8+/IFN-γ+ and CD4+/IL-4+ by two-color 

flow cytometry (Beckman Coulter, Inc, Brea, CA, USA), 

respectively. For these data, the double-positive percentage 

in the absence of the gag peptide was subtracted from the 

percent of cytokines that produced by T-cells in the presence 

of this peptide. Data were analyzed using the Kaluza software 

(Beckman Coulter Inc).

Cytokine-specific ELISA
Cytokines in serum samples and in splenocytes culture 

supernatants were measured. IFN-γ and IL-4 were ana-

lyzed by mouse anti-IFN-γ and mouse anti-IL-4 enzyme-

linked immunosorbent assay (ELISA) kit (R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer’s 

protocol. Optical density at 450 nm was determined. Each 

sample was examined in duplicate. The splenocytes were 

cultured in RPMI 1640 medium with supplementary 10% 

FBS in 96-well plates, 100 µL/well; 2 µL/ml gag peptide 

was added to each well and cultured for 72 hours. The super-

natants were collected for ELISA.

Memory T-cell assay
Mice were primed with DNA vaccine at day 0 and boosted 

with AdV vaccine at day 14 (n = 5), and then the mice were 

sacrificed at day 40. Single splenocyte suspension was pre-

pared as previously described. After lysis of red blood cells, 

splenocytes were washed with PBS and stained with CD8-

FITC, CD44-PE, and CD62L-PE-Cy7 (eBioscience) at 4°C 

for 30 minutes without light. After washing, splenocytes were 

diluted in PBS and analyzed by three-color flow cytometry 

(Beckman Coulter Inc). Then, 6 × 105 cells were gated on 

CD8+, CD44+, and CD62L+. Data were analyzed using the 

Kaluza® software (Beckman Coulter, Inc).

Statistical analysis
All experiments were performed in triplicate, unless otherwise 

noted. The data were shown as the mean ± standard deviation. 

The differences/correlations between two groups were ana-

lyzed using Student’s t-test, and the differences between the 

control group and the experimental groups were analyzed 

using one-way analysis of variance. A P-value , 0.05 was 

considered to be significant.

Results
Construction and identification  
of pVAX1-HIV gag plasmid
Plasmid expressing HIV-1 gag was constructed. The frag-

ment of HIV-1 gag was amplified from AdV vector by PCR. 

The primers were designed with two enzyme sites: Xba 1 

and Hind 3. The empty backbone plasmid was digested by 

the same enzymes, and then the gag fragment (1500 bp) was 

cloned into pVAX1 vector using T4 ligase. To confirm if the 

plasmid was successfully constructed, gel electrophoresis 

was conducted. As shown in Figure  1, the pVAX1-HIV 

gag plasmid was constructed successfully with a length of 

4500 bp, which was 1500 bp longer than the empty pVAX1 

vector (3000  bp). DNA screening results proved that the 

sequence of pVAX1-HIV gag was correct.

Then, the constructed plasmid was transformed into 

Escherichia coli and incubated in Luria-Bertani (LB) culture 

medium. The plasmid vector was collected and purified using 

the Qiagen endo-free Giga prep kit (Qiagen). Ultraviolet 

spectrophotometry showed the concentration of the plas-

mid was 2.25 mg/mL. The optical density ratio of 260nm 
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and 280nm (OD260/OD280) was 1.8, indicating the DNA 

sample was not contaminated by protein or RNA. The viral 

titration was 1 × 1013 vp/mL and 2 × 1011 plaque forming 

units, as determined by ultraviolet spectrophotometry and 

plague-forming assay, respectively.

In vitro transfection activity  
of man-PEI/DNA complex
To test the transfection activity of man-PEI, transfection 

assay was performed on DC 2.4 cells. It was reported that 

mannose receptor was highly expressed on the surface of 

macrophages and DCs such as DC 2.4  cells. Compared 

with PEI 25k, the man-PEI exhibited higher transcrip-

tion efficiency with lower toxicity.17 Moreover, the man-

nosylated PEI was expected to target antigen-presenting 

cells via mannose and mannose receptor. For the samples 

transfected with reporter gene lacZ, it could be seen 

that the results of man-PEI/DNA exhibited the highest 

β-galactosidase activity (P , 0.005). The results of PEI 

25k/DNA were significantly higher than naked DNA group 

(P , 0.05).

For the samples transfected with pVAX1-HIV gag, RNA 

was extracted from cells of all groups and reverse-transcripted 

into cDNA. Then, real-time PCR was conducted to analyze 

the expression of the target gene. As shown in Figure 2B, the 

man-PEI/DNA group showed the best transcription activity. 

The target gene expression of man-PEI/DNA group was 

600 times higher than naked plasmid group and four times 

higher than PEI 25k/DNA group, and the gene expression of 

PEI 25k/DNA group was about 150 times higher than naked 

DNA group. It could be seen that mannosylated PEI had the 

ability to increase the transcription of DNA. In addition, the 

results proved that the plasmid we constructed was able to 

express the target gene.

Detection of anti-HIV gag-specific 
antibody
To assess whether the vaccine could induce robust specific 

antibody against HIV gag, the sera of immunized mice were 

obtained at day 14 and day 24. Anti-HIV gag-specific ELISA 

was performed. IgG, IgG1, and IgG2a titers were measured 

separately. As demonstrated in Figure 3, the serum from the 

group primed with man-PEI/DNA and boosted with AdV 

14  days later showed the highest IgG2a titer (P  ,  0.05). 

However, the differences of IgG and IgG1 titer were not 

Marker

3000 bp

4000 bp

pVAX1-gag pVAX1

Figure 1 Agarose gel electrophoresis of pVAX1-HIV gag and pVAX1 vectors.
Notes: The empty pVAX1 vector was 3000 bp. After insertion of HIV gag fragment 
(1500 bp), the pVAX1-HIV gag was 4500 bp.
Abbreviation: bp, base pair; HIV, human immunodeficiency virus.
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Figure 2 In vitro transcription activity of man-PEI and PEI 25k on DC 2.4  cells. 
(A) Quantified by β-galactosidase assay using plasmid encoding lacZ as a reporter 
gene. (B) Transfected with pVAX1-HIV gag and quantified by the transcription level 
of HIV gag gene using real-time PCR.
Notes: The β-galactosidase activity of the m-PEI/DNA group was significantly higher 
than that of the naked DNA group and the PEI 25k/DNA group, ***P , 0.005. The 
PEI 25k/DNA group was higher than the naked DNA group, *P , 0.05.
Abbreviations: man-PEI, mannosylated polyethyleneimine; PEI 25k/DNA, 
polyethyleneimine 25k and DNA plasmid complex; DC, dendritic cells; DNA, 
deoxyribonucleic acid; m-PEI/DNA, mannosylated polyethyleneimine and DNA 
plasmid complex; glu, glucose; HIV, human immunodeficiency virus; PCR, polymerase 
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significant compared with the naked plasmid and backbone 

plasmid groups.

For the serum obtained before boost vaccination, we com-

pared the OD (450 nm) value of different groups since the 

prime vaccine alone only induced a low antibody level. Serum 

of the man-PEI/DNA complex group showed the highest OD 

value in IgG, IgG1, and IgG2a (P , 0.05) at the dilution of 

1:100 (data not shown). From these results, it could be seen 

that the man-PEI/DNA complex could enhance the humoral 

immune response of immunized mice.

Induction of HIV gag-specific CD8+ T-cell 
response and CD4+ T-cell response
Priming with DNA vaccines and boosting with AdV vac-

cines could significantly augment the immune response.8 

Since the T-cell response played a major role in eliminating 

virus infection, here we analyzed HIV gag-specific CD8+ 

and CD4+ T-cell response. To quantify the specific T-cell 

response, IFN-γ expressing gag CD8+ and IL-4 express-

ing CD4+ T-cells were identified by intracellular cytokine 

staining. As shown in Figure 4, the average percentage of 

antigen-specific CD8+ T-cells of the man-PEI/DNA/AdV 

group was about 2.56%, significantly higher than the other 

two groups. The average percentage of antigen-specific CD8+ 

T-cells induced by naked plasmid/AdV (1.45%) was higher 

than empty vector/AdV group (1.36%), but there was no 

significant difference between them. The results of antigen-

specific CD4+ T-cells were consistent with the results of CD8+ 

T-cells. The man-PEI/DNA/AdV group showed the highest 

percentage (1.23%), which indicated that the man-PEI/DNA/

AdV regimen could induce a more robust cellular immune 

response than naked DNA/AdV regimen. Moreover, from 

our in vivo preexperiment results, it was found that the 

higher the DNA dose complexed with man-PEI, the better 

the immune response it would induce, and thus the increase 

was almost linear.

IL-4 and IFN-γ level in splenocytes 
culture supernatants and serum
All splenocytes were obtained and cultured as previously 

described in the materials and methods section. IL-4 was 

mainly produced by the Th2 cells, while IFN-γ was mostly 

secreted by Th1 cells. Cytokine levels in serum after AdV 

boost vaccination and in splenocytes culture supernatants 

were quantified using sandwich ELISA, according to the 

manufacturer’s instructions. As demonstrated in Figure 5A 

and B, the man-PEI/DNA/AdV regimen showed the high-

est IFN-γ level (1110 pg/mL in serum and 827 pg/mL in 

supernatants), which was significantly higher than that 

in naked DNA/AdV group (968 pg/mL in serum and 

762 pg/mL in supernatants) and in the empty vector/AdV 

group (903 pg/mL in serum and 733 pg/mL in supernatants) 

(P , 0.05). Additionally, there was no significant differ-

ence in the IFN-γ production in blood serum or in the 

supernatant between the naked DNA/AdV group and the 

backbone vector/AdV group. We can see from Figure 5C 
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both in serum and in the splenocytes culture supernatant 

of immunized mice.

Memory T-cell detection
The quantity and quality of memory T-cells played a vital role 

in inducing a long-time immunization, which was important 

in eliminating viral infection. Generally, there were two types 

of memory T-cells: T
CM

 and effector memory T-cells (T
EM

). 

Since T
CM

 were predominantly found in lymphoid tissues and 

responded more rigorously to the secondary challenge than 

T
EM

,20 here we analyzed CD8+ T
CM

 (CD8+ CD44+ CD62L+) 

as an indicator of the memory T-cell response.

All groups of splenocytes were stained with CD8-FITC, 

CD44-PE, and CD62L-PE-Cy7. As shown in Figure  6, 

all groups displayed a certain amount of memory T-cells. 

Among them, the man-PEI/DNA/AdV group showed the 

highest percent of T
CM

 (4.73%) compared with both the naked 

DNA/AdV group (4.54%) and the empty vector/AdV group 

(2.8%). Though there was no significant difference between 

the naked DNA/AdV and man-PEI/DNA/AdV groups, these 

two groups showed a significantly higher percentage of T
CM

 

than the empty vector/AdV group.

Discussion
These studies have been aimed at improving the efficacy 

of the heterologous DNA prime-AdV boost vaccination 

strategy against HIV in inducing both cellular and humoral 

immune responses. Previous research has shown the capa-

bility of the DNA prime-AdV boost regimen, which can 

elicit both antigen-specific antibody responses and cytotoxic 

T-cell responses.12 However, some problems, such as the 

low transfection efficiency of the DNA vector and the lack 

of specificity, need to be overcome. In this paper, we used 

mannosylated low molecular weight PEI as a DNA vector 

carrier to enhance its transfection efficiency. After boosting 

with AdV, both the CD8+ T-cell response and the CD4+ 

T-cell response are enhanced significantly. Owing to the 

adjuvant activity of man-PEI, the man-PEI/DNA/AdV group 

demonstrated a more robust cellular immune response at a 

lower DNA plasmid dose.

PEI has been used in gene therapy for a long time since 

it was first introduced as a gene delivery vehicle.21 Many 

research papers have proven that PEI was able to be used as 

DNA vector carriers.22,23 PEI, a readily available material, has 

the ability to bind and condense DNA. The complexes formed 

by PEI and DNA can protect DNA from DNase degradation 

and facilitate the transfection of DNA, then release DNA 

from endosomes to cytosol.24,25 The PEI/DNA complex could 

A

200
5% glum-PEI/DNAMockDNA

5% glum-PEI/DNAMockDNA

5% glum-PEI/DNAMockDNA

5% glum-PEI/DNAMockDNA

400

600

800

1000

1200
IN

F
-γ

 (
p

g
/m

L
) **

*

B

200

400

600

800

1000

IF
N

-γ
 (

p
g

/m
L

)

*
***

C

30

40

50

60

70

80

90

100

110

IL
-4

 (
p

g
/m

L
)

*** ***

D

30

40

50

60

70

80

90

IL
-4

 (
p

g
/m

L
)

*
***

Figure  5 The cytokine production of mice immunized with DNA and AdV. 
(A and C) The IFN-γ and IL-4 production in serum, respectively. (B and D) The 
IFN-γ and IL-4 production in splenocytes culture supernatant, respectively.
Notes: The data were represented as mean ± standard deviation of three 
independent experiments. The IFN-γ and IL-4 levels in blood serum and the 
splenocytes culture supernatant of the m-PEI/DNA group were significantly higher 
than that of the naked DNA/AdV group and Mock. The serum IFN-γ level of the 
DNA group was higher than that of the Mock group, *P , 0.05; ***P , 0.005.
Abbreviations: DNA, deoxyribonucleic acid; IFN, interferon; Mock, group primed 
with empty vector pVAX1 and boosted with AdV; m-PEI/DNA, group primed with 
a complex of mannosylated polyethyleneimine and DNA plasmid and boosted with 
AdV; glu, glucose; IL, interleukin; AdV, adenovirus.

and D that the IL-4 level showed the same trend. The 

man-PEI/DNA/AdV group showed the highest IL-4 level 

in both serum and supernatants (100 pg/mL in serum and 

78 pg/mL in supernatants). Thus, the man-PEI/DNA/AdV 

regimen augmented the antigen-specific cytokine level 
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prolong the retention of DNA and enhance the consequent 

transfection of the target gene.25,26 Furthermore, PEI also 

exhibited some adjuvant activity. Garzon et  al27 examined 

the protective immune response against HIV-1 induced by the 

PEI/DNA complex, resulting in an improved cytokine produc-

tion and antigen-specific CD8+ T-cell response. In addition, 

PEI has also been used in a heterologous prime–boost vaccina-

tion strategy. Huang et al25 explored a heterologous approach 

using mucosal PEI/DNA priming and systemic recombinant 

TianTan vaccinia boosting. The results indicated that PEI 

could be used as a competent carrier for the delivery of a DNA 

vaccine. This idea was also supported by Wegmann et al,28 

who showed that PEI was a safe and efficient DNA vaccine 

adjuvant that induced a stronger immune response.

Thus, the adjuvanticity of PEI has been proved. In some 

research papers, PEI has been coupled with different ligands, 

such as arginine-glycine-aspartic acid (RGD) and galactose, 

for the purpose of targeting.23 In our study, to further improve 

the efficacy of the DNA vaccine and to realize APC targeting, 

we modified PEI with a mannose. The man-PEI we used as a 

DNA carrier could retain the high transfection efficiency and 

reduce toxicity. More importantly, the mannose conjugated 

on man-PEI is supposed to target antigen-presenting cells, 

which highly express mannose receptors on their cell surface. 

From the data we obtained, the in vitro DNA transfection 

efficiency on DCs was greatly improved by man-PEI. Further-

more, after an AdV-boosting vaccination, the man-PEI/DNA 

complex group resulted in a better T-cell immune response 

and higher cytokine levels compared with the naked DNA 

group, whose DNA dose was four times higher than that of 

the man-PEI/DNA complex group. These results indicate 

that man-PEI has a strong adjuvant effect. Thus, we can 

infer from the results that man-PEI is a potent DNA vaccine 

carrier, which can induce a stronger immune response with 

a lower DNA dose.

Traditional anti-HIV-1 DNA vaccines usually generate 

limited antigen-specific antibody levels, mainly due to their 

low transfection efficiency. The boost vaccination of AdV 

significantly enhanced the IgG level compared with the DNA 

vaccination alone.29 In our man-PEI/DNA complex/AdV regi-

men, we tested antigen-specific antibody IgG, and subtypes 

IgG1 and IgG2a. From the results, we can see that after AdV 

boosting, the IgG2a titer of the man-PEI/DNA group was 

higher than that of the naked DNA group (Figure 3), while 

the IgG and IgG1 titers of the naked DNA group and the man-

PEI/DNA group were nonsignificant. This may be ascribed 

to the dominant role the AdV played in inducing antibodies, 

since all groups except for the blank control, were boosted 

with the AdV vaccine. Generally, T helper cells mainly divide 

into two subtypes: Th1 and Th2 immune responses. The Th1 

response, which induces the IgG2a subtype, is primarily 

cellular, while the Th2 immune response, which induces the 

IgG1 subtype, is primarily associated with antibody produc-

tion.10 An IgG1:IgG2a ratio # 0.5  indicates a Th1-biased 
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Figure 6 Memory T-cell assay results. (A) The flow cytometry result of the DNA 
group. (B) The result of the m-PEI/DNA group. (C) The result of the Mock group. 
(D) The result of 5% glucose. (E) The frequency of triple-positive cells, *P , 0.05.
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complex of mannosylated polyethyleneimine and DNA plasmid and boosted with 
AdV; Mock, group primed with empty vector pVAX1 and boosted with AdV; 
glu, glucose; AdV, adenovirus.
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immune response, while a ratio $ 2 indicates a Th2-biased 

immune response. Ratios between 0.5 and 2 indicate a mixed 

response.30 In our vaccination strategy, the IgG1:IgG2a ratio 

of the man-PEI/DNA priming and AdV boosting group was 

between 0.5 and 2 with a higher IgG2a titer, indicating that 

this strategy caused a mixed Th1 and Th2 response with more 

robust Th1-prone immunity.31

Cytokines play an important role in modulating the 

immune response.32 Different cytokines can be grouped into 

two types: Th1 cytokine and Th2 cytokine. IL-2, IL-12, and 

IFN-γ all belong to the Th1 cytokine and regulate cellular 

responses, while IL-4 and IL-10 are Th2 cytokines and are 

associated with humoral responses.33 Our data showed that 

both INF-γ and IL-4 levels in the blood serum and splenocytes 

culture supernatant of the man-PEI/DNA/AdV group were 

higher than those of the naked DNA/AdV group. We can infer 

from the results that the man-PEI/DNA/AdV regimen was 

capable of eliciting stronger Th1 and Th2 immune responses. 

Moreover, intracellular cytokine staining demonstrated that 

cytotoxic CD8+ T-cell and helper CD4+ T-cell levels were 

substantially higher than in the naked DNA/AdV group. CTL 

cells played a vital role in eradicating virus infection.34 Thus, 

with the help of the adjuvanticity of man-PEI, the man-PEI/

DNA/AdV regimen we used in this paper was potent in elicit-

ing both cytotoxic and helper T-cell responses.

In some research papers, the heterologous DNA/AdV 

vaccination regimen evoked more robust humoral and cel-

lular immune responses with three injections of 50 µg DNA.18 

However, from the results we obtained, the naked DNA 

priming plus AdV boosting strategy induced almost the same 

level of immune response with empty plasmid priming and 

the AdV boosting group, showing no significance in terms 

of cytokine production and intracellular cytokine staining 

assay, except the serum IFN-γ levels exhibited a significant 

difference between the two groups (Figures 4 and 5). This 

may be due to the differences in the DNA vaccination dose 

and immune intervals. In our strategy, the mice were primed 

with one injection of 100 µg DNA plasmid, since the immune 

response induced by the naked DNA was too weak. It is 

worth noticing that the DNA dose in the man-PEI/DNA 

complex group is only one-quarter of that of the naked DNA 

group. This indicates that the mannosylated PEI has a strong 

adjuvant effect, and as a result, our man-PEI/DNA complex 

priming plus AdV boosting vaccination has the capability 

of inducing a more efficient immune response with a lower 

dose of DNA plasmid.

For an efficacious viral vaccine, the induction of neu-

tralizing antibody and T-cell response is only temporary. 

When an antigen attacks the human body, it is expected to 

elicit an immune response – more importantly, a long-term 

memory. Once the same antigen attacks again, the memory 

T-cell will induce a quicker and stronger second expansion. 

CD8+ memory T-cells can differentiate between cytotoxic 

CD8+ T-cells, which eradicate virus-infected cells.35 

Therefore, the induction of potent, long-lived specific CD8+ 

T-cell responses is a major goal of an effective anti-HIV 

vaccine.36 Based on the different surface markers, memory 

T-cells are divided into two subsets: T
CM

 (CD62Lhigh), which 

are predominantly found in lymphoid tissues, and T
EM

 

(CD62Llow), which are mostly found in peripheral tissues.37 

Some results showed that T
CM

 respond more vigorously 

than T
EM

.20 In our work, both the group using man-PEI as 

the DNA vaccine carrier, but with a lower dose of plasmid, 

and the group with the fourfold higher plasmid dose elicit 

relatively high levels of CD8+ memory T-cells, indicating 

that the heterologous prime–boost vaccination strategy is 

capable of evoking a long-term immune response, which is 

consistent with the results from other studies,38,39 and more 

importantly, confirms that man-PEI can reduce the DNA 

dose substantially.

Conclusion
In summary, we used mannosylated PEI as a DNA vaccine 

carrier and a heterologous DNA priming plus AdV boosting 

vaccination strategy on immune mice. Our results indicate 

that the man-PEI/DNA complex/AdV regimen significantly 

enhances the anti-HIV immune responses with only one-

quarter of the dose of DNA compared with the naked DNA/

AdV group, resulting in much higher CD8+ and CD4+ T-cell 

responses and cytokine production levels, which make this 

strategy a potential anti-HIV-1 vaccine candidate. In the 

meantime, we have shown the adjuvanticity of mannosylated 

PEI, which can be used as an efficient DNA vaccine delivery 

carrier due to its high transfection efficacy and APC target-

ing effect. Future research may focus on the mechanism of 

vaccination, and evaluate its clinical efficacy.
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