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Adenovirus has been extensively exploited as a vector platform for delivering vaccines. However, preexisting antiadenovirus im-
munity is the major stumbling block for application of adenovirus-vectored vaccines. In this study, we found that freshly iso-
lated peripheral blood mononuclear cells (PBMCs), mostly CD14� cells, from adenovirus serotype 5 (Ad5)-seropositive pri-
mates (humans and rhesus macaques) can be efficiently infected with Ad5 in vitro. On the basis of this observation, a novel
strategy based on adenoviral vector-infected PBMC (AVIP) immunization was explored to circumvent antivector immunity.
Autologous infusion of Ad5-SIVgag-infected PBMCs elicited a strong Gag-specific cellular immune response but induced weaker
Ad5-neutralizing antibody (NAb) in Ad5-seronegative macaques than in macaques intramuscularly injected with Ad5-SIVgag.
Moreover, Ad5-seropositive macaques receiving multiple AVIP immunizations with Ad5-SIVenv, Ad5-SIVgag, and Ad5-SIVpol
vaccines elicited escalated Env-, Gag-, and Pol-specific immune responses after each immunization that were significantly
greater than those in macaques intramuscularly injected with these Ad5-SIV vaccines. After challenged intravenously with a
highly pathogenic SIVmac239 virus, macaques receiving AVIP immunization demonstrated a significant reduction in viral load
at both the peak time and set-point period compared with macaques without Ad5-SIV vaccines. Our study warranted further
research and development of the AVIP immunization as a platform for repeated applications of adenovirus-vectored vaccines.

Adenovirus-based vectors, especially human adenovirus sero-
type 5 (Ad5), have been extensively explored as vaccine and

gene therapy vehicles for human immunodeficiency virus (HIV),
hepatitis, influenza, and other infectious diseases and cancers and
have been shown to elicit potent immune responses in animal
models and humans (10, 18, 49, 50, 53, 55). However, a major
obstacle for the practical application of Ad5 as a vaccine vector is
that the preexisting antiadenoviral immunity, especially Ad5-neu-
tralizing antibodies (NAb), can significantly reduce the immuno-
genicity of Ad5-vectored vaccines, as demonstrated in preclinical
animal models and human clinical trials (37, 38, 42, 52).

It is known that Merck’s Ad5-vectored HIV vaccine was
terminated due to lack of protective efficacy in both Ad5-sero-
negative and Ad5-seropositive populations, and there was a
modest susceptibility to HIV infection in the noncircumcised
male vaccinees with high levels of preexisting Ad5 NAb. The
reasons for this failure are still being extensively investigated,
and one notable observation is that the Ad5-vectored vaccines
elicited a relatively weak immune response in Ad5-seropositive
recipients, while the preexisting anti-Ad5 immunity may play
some adverse roles in noncircumcised males (4, 12, 24, 43, 44,
51, 60). In fact, all Ad5-seronegative recipients also became
Ad5-seropostive after receiving one administration of Ad5-
vectored vaccines. Ad5-vectored vaccines could therefore be
attenuated for their abilities in stimulating vaccine-specific im-
mune responses but also could augment immune responses
specific to Ad5 vector, which may contribute to the poor out-
come of Merck’s Ad5-HIV vaccine clinical trials. Although it is
still a puzzle regarding what constitutes an effective immune
responses that can confer effective protection for an HIV vac-
cine (21, 29, 34, 39), stimulation of robust and balanced cellu-

lar and humoral responses targeted to HIV antigens has been
considered to be the necessary pieces if an HIV vaccine will be
effective in humans (5, 6, 20, 25, 46). However, it has been
reported that approximately 40% of the adult population in
America (42), 77% of the total population in Guangzhou,
southern China (54), and more than 93% of the children in
Sub-Saharan Africa (57) are Ad5 seropositive. Therefore, im-
proving the immunogenicity of Ad-vectored vaccines in the
Ad5-seropositive population and minimizing as well as cir-
cumventing host immune responses to Ad5 will be of great
significance.

The development of novel Ad vectors based on rare serotypes
from humans or other species, such as nonhuman primates,
canines, and bovines, has been explored and received extensive
interest to circumvent preexisting Ad5 NAb (16, 27, 30). How-
ever, unlike Ad5 vectors, which have accumulated an extensive
safety record from many clinical trials, the use of any new adeno-
viruses may be associated with unknown safety risks, such as on-
cogenicity, in the future. Furthermore, all new Ad vectors can be
used only once regardless of their serotypes, as the recipients
would quickly generate specific NAb responses against these ad-
enoviruses, thus attenuating their subsequent usages. Conse-
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quently, it is of great interest to explore a new strategy for the
repeated application of Ad5-based vectors.

In the present study, we aimed to explore a new strategy that
could potentially enable repeated usage of a Ad5-based vector
for antigen delivery. We first investigated whether freshly iso-
lated human and macaque peripheral blood mononuclear cells
(PBMCs), especially CD14� cells, from Ad5-seropositive peo-
ple and rhesus macaques could be infected in vitro by Ad5
vectors. We then developed a novel immunization strategy,
termed adenovirus vector-infected PBMCs (AVIP), to enable
repeated application of Ad5-vectored vaccines for consistently
eliciting immune responses toward target antigens. Rhesus ma-
caques were used in a proof-of-concept study to demonstrate
the feasibility of AVIP immunization for vaccine application.
This study provided new insights to revitalize the development
of Ad5-vectored vaccines.

MATERIALS AND METHODS
Human samples and animals. The research conducted with human par-
ticipants was approved by the Ethics Committee of the Guangzhou Insti-
tute of Biomedicine and Health (GIBH), Chinese Academy of Sciences,
and human blood samples were taken from 34 healthy donors with writ-
ten informed consents.

The use of the Chinese rhesus macaques in this study was carried
out according to the principles of the NIH Guide for the Care and Use
of Laboratory Animals and the policies and procedures of Guangzhou
Institute of Biomedicine and Health (GIBH), Chinese Academy of
Sciences. The protocol was approved by our Institutional Animal Care
and Use Committee (Animal Welfare Assurance: A5748-01; IACUC
permit number 2009039). A total of 27 Chinese rhesus macaques used
in this study were 3 to 5 kg and 3 to 6 years old and were housed at the
Animal Experimental Center of GIBH. All macaques were found to be
free of simian immunodeficiency virus (SIV), simian T lymphotropic
virus type 1 (STLV-1), and simian retrovirus (SRV) prior to assign-
ment.

Recombinant adenovirus vectors. Recombinant adenoviruses were
generated using homologous recombination according to our previously
published methods (8, 53), and an E1/E3-deleted Ad5 vector was used to
generate Ad5-enhanced green fluorescent protein (EGFP), Ad5-secreted
alkaline phosphatase (SEAP), and Ad5-vectored SIV vaccines, including
Ad5-SIVenv, Ad5-SIVgag, and Ad5-SIVpol. All genes encoding
SIVmac239 proteins were codon optimized for high-level expression in
mammalian cells. Construction, amplification, purification, identifica-
tion, and the 50% tissue culture infective dose (TCID50) assay for these
recombinant adenoviruses were all performed in our lab.

PBMC isolation, adenovirus infection, and flow cytometric analysis.
Fresh blood samples from healthy human donors or the experimental
macaques were collected into tubes containing anticoagulant (EDTA),
and PBMCs were isolated with OptiPrep lymphocyte separation solution
(Axis Shield Poc As, Oslo, Norway) by following the manufacturer’s di-
rections. A total of 1 � 106 cells were incubated with the appropriate dose
of the Ad5 vector for 1 h at 1,000 � g centrifugation at room temperature.
The infected cells were then cultured in complete 1640 medium for 24 h at
37°C in a 5% CO2 incubator. The cells were then incubated with fluores-
cent-labeled monoclonal antibodies for 20 min and detected with a BD
FACSCalibur flow cytometer (BD Biosciences, United States). Data were
acquired using Cell Quest software. All monoclonal antibodies (CD3-
APC, CD14-PE, CD19-PE-cy5, CD56-PE) were purchased from BD Phar-
mingen, and 7-AAD stain was purchased from Jingmei Biological Engi-
neering Limited, Shenzhen, China.

Quantitative PCR for the determination of Ad5 genome copies and
SIVenv mRNA copies. CD3�, CD19�, or CD14� cells were magneti-
cally separated from PBMCs (MACS; Miltenyi Biotec, Germany) by
following the manufacturer’s directions, and 1 � 106 PBMCs or

CD3�, CD19�, or CD14� cells were infected with an Ad5 vector, as
described above, for 24 h. To determine the number of Ad5 genome
copies, cells were washed and lysed to release the Ad5 genome. For the
determination of SIVenv mRNA copies, total RNA was extracted from
the cells and reverse transcribed into cDNA. Cell lysate and cDNA then
served as templates for the quantitative PCR.

SYBR green-based quantitative PCR was carried out with
OpticonTM2 (CFD-3220; MJ Research) with SYBR premix Ex Taq
(TaKaRa, Japan). Cycle threshold (CT) values and melting curves were
analyzed with Opticon Monitor 3 software (MJ Research). The pAd5
(E1�E3�) plasmid was serially diluted 10-fold and used to generate a
standard curve to determine the number of adenovirus genome copies.
The relative numbers of SIVenv mRNA copies were determined by
comparison with the number of beta actin mRNA copies. The final
data are reported as the mean values from triplicate experiments.

SEAP-based Ad5-neutralizing antibody assay. Specific Ad5 NAb ti-
ters were measured as previously reported (2), with our minor modi-
fications (54). Briefly, 293 cells were seeded at 3 � 104 cells per well in
96-well plates 1 to 2 days before the assay so that the cells were able to
reach 95 to 100% confluence. A total of 4 � 106 viral particles (vp) of
Ad5-SEAP virus was incubated with Ad5-SEAP virus alone or with
serial dilutions of serum for 1 h at 37°C. Next, 200 �l of each sample
was applied to 293 cells and incubated at 37°C for 24 h. A total of 50 �l
of cell-free supernatant was then removed from each sample to detect
SEAP activity using a Phospha-Light kit (Applied Biosystems, Foster
City, CA). Relative light units (RLU) were monitored in a luminome-
ter (MLX Microtiter, Dynex Technologies, Inc.).

Immunization and challenge. A total of 27 Chinese rhesus ma-
caques were used in two studies: studyI and studyII. In studyI, 12
macaques confirmed to be Ad5 seronegative were enrolled into three
groups: (i) AVIP immunization with intravenous infusion of autolo-
gous PBMCs (107) incubated in vitro with 1011 vp of Ad5-SIVgag (n �
4 macaques); (ii) intramuscular injection of Ad5-SIVgag (1011 vp) (n
� 4 macaques); (iii) negative control (n � 4 macaques). In studyII, 15
macaques previously immunized with Ad5-empty vector were en-
rolled into three groups: (i) AVIP immunization with intravenous
infusion of autologous PBMCs (107) incubated in vitro with Ad5-SIV
vaccines (1011vp) carrying env, gag, and pol (n � 6 macaques); (ii)
intramuscular injection of Ad5-SIV vaccines (1011vp) carrying env,
gag, and pol (n � 5 macaques); (iii) intramuscular injection of Ad5-
empty as the control (n � 4 macaques).

For the challenge experiment, macaques in studyII were injected in-
travenously with 1,000 TCID50 of SIVmac239 virus at 6 weeks after the last
immunization. After immunization and challenge, samples were collected
at different time points to evaluate the SIV-specific immune responses
and viral load.

IFN-� ELISPOT assays. Gamma interferon (IFN-�) enzyme-linked
immunosorbent spot (ELISPOT) assays for rhesus macaques were
conducted by following our previously described protocol (8, 53).
Briefly, 96-well plates (Millipore; Immobilon-P membrane) were
coated with anti-IFN-� monoclonal antibody (U-Cytech, Utrecht,
Netherlands) overnight at 4°C and then washed with phosphate-buff-
ered saline (PBS) and blocked with R10 medium (RPMI; 0.05 mM
2-mercaptoethanol, 1 mM sodium pyruvate, 2 mM L-glutamate, 10
mM HEPES, 10% fetal bovine serum) for 2 h at 37°C. Freshly isolated
PBMCs were added at a density of 4 � 105 cells/well and stimulated in
the absence or presence of the SIV antigen peptide pool (2 �g/ml/
peptide) or 10 �g/ml concanavalin A (Sigma-Aldrich, St. Louis, MO).
SIV peptide pools consisted of 15-amino-acid peptides, shifted by 10
amino acids, which were obtained through the NIH AIDS Research
and Reference Reagent Program. Cells were then incubated for 24 h at
37°C in 5% CO2. Plates were washed with PBS-Tween 20 (PBST), and
anti-IFN-� polyclonal biotinylated detection antibody (U-Cytech)
was added. Plates were incubated overnight at 4°C, and color was
developed by incubating in NBT/BCIP (Pierce, Rockford, IL) for 10
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min. Spots were counted under an ELISPOT reader (Bioreader 4000;
BIOSYS, Germany), and data are reported as the number of spot-
forming cells (SFC) per million PBMCs.

ICS. Intracellular cytokine staining (ICS) was processed according
to previously reported methods (8, 53). Briefly, anti-human CD28
(clone L293; BD Biosciences) and anti-human CD49d (clone L25; BD
Biosciences) monoclonal antibodies were added to a final concentra-
tion of 1 �g/ml to a tube containing 2 � 106 PBMCs. The SIV peptide
pool (2 �g/ml per peptide) or dimethyl sulfoxide (DMSO) was added
for antigen-specific or mock stimulation, respectively. The suspen-
sions were incubated at 37°C for 1 h, after which brefeldin A (BD
Pharmingen) was added. The cells were then incubated for 16 h at 37°C
and stained for 30 min at room temperature with CD3-PerCP, CD8-
APC, and CD4-PE (BD Pharmingen). The cells were permeabilized in
FACS Perm buffer for 10 min and stained for 30 min with IFN-�–
fluorescein isothiocyanate (FITC) (BD Pharmingen). Samples were
analyzed with a FACS Calibur.

ELISA for SIV binding antibody. Serum-binding antibodies to
SIVmac239 were determined by enzyme-linked immunosorbent assay
(19). The purified SIVmac239 virus was grown in CEM � 174 cells,
which is a fusion cell line of human B cell line 721.174 and the human
T cell line, and lysed with 1% (vol/vol) Triton X-100 followed by
sonication. Protein concentrations were determined with a bicin-
choninic acid (BCA) kit (Pierce) and diluted to 1 �g/ml in 0.1 M
sodium carbonate buffer (pH 9.6) just prior to use. A total of 100 �l of
the lysate was added to each well of a 96-well plate and incubated at 4°C
overnight. Plates were then washed with PBST buffer and blocked with
200 �l of 5% (wt/vol) milk in PBST at 37°C. Next, 100 �l of the diluted
samples was added to the plate and incubated for 2 h at 37°C. The plate
was then washed with PBST buffer, and 100 �l of goat anti-human IgG
labeled with horseradish peroxidase (HRP) diluted 1:5,000 was added
for another hour. The color was developed by adding 100 �l of tetram-
ethyl benzidine (TMB) (Chemicon, Temecula, CA) for 5 min and
stopped with 100 �l of 0.5 M H2SO4. Absorbance was detected at 450
nm using a Synergy HT multimode plate reader (BioTek Instruments,
Inc., Vermont).The binding titer was defined as the reciprocal of the
serum dilution at which absorbance of the test serum was twice that of
the negative-control serum diluted 1:50.

Viral load determination by quantitative RT-PCR. Plasma SIV RNA
was monitored by quantitative PCR as described previously (31, 53).
Briefly, viral RNA was isolated from plasma using a QIAamp viral RNA
minikit (Qiagen, Valencia, CA) and amplified using a QuantiTect
SYBR green reverse transcription (RT)-PCR kit (Qiagen). The reac-
tions were performed in an Opticon TM2 RT-PCR detection system
(CFD-3220; MJ Research). Primers were designed to exactly match the
SIVmac239 gag sequence. The viral RNA copy number was determined
by extrapolation of threshold fluorescence values onto an internal
standard curve prepared from serial dilutions of an in vitro-tran-
scribed fragment of the SIVmac239 gag gene. The detection limits of
assays were 100 copies per 1 ml of plasma.

Data analysis. Flow cytometric data were analyzed using FlowJo ver-
sion 7.6 software (Tree Star, Inc., Ashland, OR). Statistical analyses and
graphical presentations were computed with GraphPrism 5.01 (Graph-
Pad Software Inc., La Jolla, CA), and data of infection efficiency and im-
mune responses between different groups were first analyzed by one-way
analysis of variance (ANOVA) or two-way ANOVA, followed by Tukey’s
or Bonferroni post hoc test. For the small-sample data, it was analyzed by
a Mann-Whitney U test. For these tests, the two-tailed P value was calcu-
lated, and P values of �0.05 were considered significant.

RESULTS
CD14� cells in human PBMCs are the major cell type infected by
adenovirus. Previous studies have demonstrated that freshly iso-
lated human PBMCs were poorly susceptible to Ad5 infection (11,
26, 33). However, a recent study showed that the infection effi-

ciency could be enhanced under centrifugation (36). Using a re-
combinant replication-defective Ad5 carrying an EGFP reporter
gene (Ad5-EGFP), we further optimized the condition for adeno-
virus infection of PBMCs in vitro. Infection efficiency was exam-
ined at various incubation conditions, including adenovirus dos-
age, temperature, and time. An optimal infection efficiency was
achieved when isolated PBMCs were incubated with Ad5-EGFP at
250 to 1,250 vp/cell, 1,000 � g centrifugation, for 1 h at room
temperature. Under this condition, the efficiency of Ad5-medi-
ated gene transduction in PBMCs was remarkably enhanced with-
out affecting cell viability.

Further analysis was carried out to determine which cell pop-
ulations could be infected by Ad5-EGFP based on cell surface
markers (Fig. 1A). About 87% of CD14� cells (mainly macro-
phages, monocytes, and dendritic cells) were EGFP positive, and
about 14% of CD56� cells (NK cells) were EGFP positive. How-
ever, neither CD3� (T lymphocytes, 0.08%) nor CD19� (B lym-
phocytes, 0.28%) had detectable EGFP expression (Fig. 1B). This
finding was consistent with previous reports (11, 26, 33). More-
over, the EGFP expression level in CD14� cells, as represented by
mean fluorescence intensity (MFI) value, was significantly higher
than that seen in other cells (Fig. 1C). The Ad5 genome copy
number was also much higher in CD14� cells than in other cell
populations, as determined by quantitative PCR (Fig. 2E). These
data demonstrated that CD14� cells in PBMCs are the major cell
type that can be effectively infected by Ad5 and subsequently ex-
press transgenes under our conditions.

CD14� cells in human PBMCs from Ad5-seropositive indi-
viduals were more susceptible to Ad5 infection than those from
Ad5-seronegative individuals. We next compared the efficiencies
of Ad5 infections in CD14� cells from Ad5-seropositive and Ad5-
seronegative individuals. Interestingly, as indicated by the per-
centage and fluorescence intensity of EGFP-expressing cells (Fig.
2), the infection efficiencies of CD14� cells from people with both
median (18 � NAb titer � 4,608; n � 15) and high (NAb titer �
4,608; n � 8) levels of preexisting NAbs were significantly higher
than those from Ad5-seronegative people (NAb � 18; n � 11).
The significant difference in infection efficiency was found to be
correlated to the titer of Ad5 NAb, with the highest EGFP expres-
sion in the highest NAb group (Fig. 2A to D). The infection effi-
ciency between different populations could also be visualized un-
der fluorescence microscopy (data not shown).

To dissect if the higher level of EGFP is due to increased ad-
enoviral infection or an enhancement in gene expression, we em-
ployed quantitative PCR to measure the Ad5 genome copy num-
ber in cells from Ad5-seropositive and Ad5-seronegative
individuals. There was significantly more Ad5 genome copies in
both total PBMCs and CD14� cells from people with high Ad5
NAb levels than in cells from Ad5-seronegative people (Fig. 2E).
However, the number of Ad5 genome copies in CD3� cells from
all samples was low and comparable regardless of Ad5-seroposi-
tive or Ad5-seronegative status. This result further confirmed that
CD14� cells (including mainly macrophages, monocytes, and
dendritic cells), but not lymphocytes, are the major cell popula-
tions that can be infected with Ad5 and confer a higher level of
transgene expression in Ad5-seropositive individuals.

CD14� cells from Ad5-seropositive rhesus macaques are
more susceptible to Ad5 infection than cells from Ad5-seroneg-
ative macaques. In line with the data observed in human
PBMCs, CD14� cells from Ad5-seropositive rhesus macaques

Repeated Application of Adenovirus-Vectored Vaccines

October 2012 Volume 86 Number 20 jvi.asm.org 11033

http://jvi.asm.org


were also more susceptible to Ad5-mediated EGFP expression
than CD14� cells from Ad5-seronegative macaques. As indi-
cated by the percentage and fluorescence intensity of EGFP-
expressing cells, Ad5-mediated EGFP expression levels in
CD14� cells from rhesus macaques with both median (18 �
NAb titer � 4,608) and high (NAb titer � 4,608) levels of
preexisting Ad5 NAb were significantly higher than those from
Ad5 naïve rhesus macaques (NAb � 18). The significant differ-
ence in infection efficiency was found to be correlated to the
Ad5 NAb titer, with the highest EGFP expression level in the
group with the highest Ad5 NAb level (Fig. 3A and B).

We next assessed the ability of an Ad5-vectored vaccine carry-
ing the gene encoding the SIVmac239 envelop to infect macaque
PBMCs. Ad5-SIVenv could efficiently infect PBMCs from ma-
caques with high-level preexisting antiadenoviral immunity. The
expression level of the SIV envelop gene in macaque PBMCs
showed a dose dependency on the Ad5-SIVenv virus (Fig. 3C).
Infection with a very high dose caused cell death, as confirmed by
7-AAD staining, which decreased the expression level of transgene
products. Therefore, for Ad5-mediated transgene expression in
rhesus macaque PBMCs, infection conditions of 7,500 vp/cell and

1,000 � g centrifugation for 1 h at room temperature were used in
subsequent experiments.

Comparable target antigen-specific but weaker Ad5 vector-
specific immune responses were elicited with AVIP immuniza-
tion in Ad5-seronegative macaques. We subsequently assessed
whether AVIP immunization, i.e., autologous infusion of Ad5-
SIVgag-infected PBMCs in Ad5-seronegative rhesus macaques,
would be as immunogenic as traditionally intramuscular injection
of Ad5-SIVgag. After the first immunization, comparable SIVgag-
specific IFN-� ELISPOT responses were elicited in Ad5-seroneg-
ative macaques that received either intramuscular injection of
Ad5-SIVgag or Ad5-SIVgag through delivery with AVIP (Fig. 4A).
Interestingly, after the second immunization, the magnitude of
SIVgag-specific IFN-� ELISPOT responses in macaques that re-
ceived intramuscular injection of Ad5-SIVgag failed to increase.
However, the magnitude of SIVgag-specific IFN-� ELISPOT re-
sponses in macaques that received Ad5-SIVgag through AVIP im-
munization continued to increase (Fig. 4A).

It is of interest to note that there was a significantly lower
titer of Ad5 NAb in macaques that received Ad5-SIVgag
through AVIP immunization after the first immunization than

FIG 1 CD14� cells in human PBMCs were the major cell type to be infected with Ad5. (A) Representative graphics of fluorescence-activated cell sorting (FACS)
analysis. Human PBMCs were infected with Ad5-EGFP or Ad5-empty as a mock infection, and the proportions of EGFP-positive cells were determined in
different cell populations by FACS analysis. Herein, EGFP-positive cells represent those cells that have been infected with Ad5. (B) Percentage of EGFP-positive
cells in CD14� (n � 24), CD56� (n � 4), CD3� (n � 24), and CD19� (n � 24) cells. (C) Expression level of EGFP protein (represented with MFI value) in
CD14� (n � 24), CD56� (n � 4), CD3� (n � 24), and CD19� (n � 24) cells. The bars represent the standard errors.
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in macaques that received intramuscular injection of Ad5-
SIVgag (Fig. 4B). Intriguingly, after the second immunization,
although the Ad5 NAb was boosted significantly in macaques
that received intramuscular injection of Ad5-SIVgag vaccine,

the Ad5 NAb was not significantly increased in macaques that
received Ad5-SIVgag through the delivery of AVIP (Fig. 4B). It
is also worthwhile to note that after the second immunization,
SIVgag-specific IFN-� ELISPOT responses in macaques that

FIG 2 CD14� cells in human PBMCs from Ad5-seropositive people were more susceptible to Ad5 infection than those from Ad5-seronegative people. Human
PBMCs were infected with Ad5-EGFP at 0 vp/cell, 250 vp/cell, and 1,250 vp/cell. The subjects were divided into three groups based on the level of preexisting NAb:
Ad5 NAb naïve (NAb � 18; n � 11), Ad5 NAb median (18 � NAb titer � 4,608; n � 15), and Ad5 NAb high (NAb titer � 4,608; n � 8). Expression of EGFP
in CD14� cells was analyzed by FACS at 24 h postinfection. (A) Percentage of EGFP-positive cells in CD14� cell population. (C) EGFP expression level of the
CD14� cell population. These data were analyzed statistically by one-way ANOVA followed by Tukey’s multiple comparison test. Correlations of the percentage
(B) or EGFP expression level (D) of CD14� EGFP-positive cells in PBMCs with adenovirus-neutralizing antibody titer were determined using linear fit analysis.
(E) Ad5 genome copy number in PBMCs from Ad5-seronegative (n � 4) or Ad5-seropositive (n � 4) people was determined by quantitative PCR after infection
at 250 vp/cell. These data were analyzed statistically by a nonparametric Mann-Whitney U test. The bars represent the standard errors. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ns, no significance.
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received Ad5-SIVgag vaccine through autologous infusion of
AVIP was higher than in macaques that received intramuscular
injection of Ad5-SIVgag (P � 0.0180), although there was a
large variation among the macaques.

Delivery of Ad5-SIVenv through AVIP immunization in-
duced robust antigen-specific cellular and humoral immune re-
sponses in Ad5-seropositive macaques. To mimic the preexisting

anti-Ad5 immunity in the human population, cohorts of 15
Mamu-A*01-negative Chinese-origin rhesus macaques which
had previously been immunized with Ad5 vector were used in this
study. The presence of both humoral and cellular responses
against Ad5 was measured. There were moderate to high levels of
adenovirus-neutralizing antibodies in all macaques (Fig. 5A), and
robust anti-Ad5 cellular responses had also been confirmed by
IFN-� ELISPOT assays (Fig. 5B).

These 15 macaques were first immunized with Ad5-SIVenv
either through the intravenous infusion of AVIP or through in-
tramuscular injection. SIV Env-specific IFN-� ELISPOT re-
sponses were measured at 2 weeks and 4 weeks after immuniza-
tion. Macaques that received the Ad5-SIVenv vaccine through the
delivery of AVIP had more robust responses and greater increases
than those that received Ad5-SIVenv intramuscularly (Fig. 6A).
The SIV Env-specific cellular response was further assessed by
intracellular cytokine staining at 4 weeks after immunization. Spe-
cific CD4� T and CD8� T cells against Env peptide pool stimula-
tion were detected. Compared with the intramuscularly injected
Ad5-SIVenv, Ad5-SIVenv delivered through AVIP produced sig-
nificantly more robust CD8� T cell responses (Fig. 6B).

We also measured SIV-specific antibody responses using
ELISA. The SIV binding antibody titer in macaques that received
Ad5-SIVenv-infected PBMCs were significantly higher than those
in macaques that received Ad5-SIVenv intramuscularly (Fig. 6C).
The control group with macaques that received intramuscular in-

FIG 3 Ad5 could efficiently infect PBMCs from rhesus macaques with preex-
isting anti-Ad5 immunity. The macaques were divided into three groups based
on the level of preexisting NAb: Ad5 NAb naïve (Nab � 18; n � 9), Ad5 NAb
median (18 � NAb titer � 4,608; n � 7), and Ad5 NAb high (NAb titer �
4,608; n � 8). (A) The infected proportion of EGFP� cells; (B) EGFP expres-
sion level of the CD14� cell population; (C) the expression levels of SIVenv
mRNA in macaque PBMCs were determined by quantitative PCR, as de-
scribed in Materials and Methods. These data were analyzed statistically by
one-way ANOVA followed by Tukey’s multiple comparison test. The bars
represent the standard errors. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 4 Delivery of Ad5-SIVgag through AVIP induced better Gag-specific
immune response but less Ad5 NAb than intramuscular injection of Ad5-
SIVag in Ad5-seronegative macaques. Twelve macaques, which had been con-
firmed to be Ad5 seronegative, were divided into three groups (n � 4 per
group) as described in Materials and Methods (studyI), and specific immune
responses against SIV antigen or Ad5 vector were assessed. (A) SIV-specific
cellular immune responses were assessed by IFN-� ELISPOT assays. (B) NAb
against Ad5 vector was detected by Ad5-SEAP-based neutralizing assay, and
results represent Ad5 NAb titers. These data were analyzed statistically by
two-way ANOVA followed by a Bonferroni post hoc test. The bars represent the
standard errors. ***, P � 0.001; ns, no significance.
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jection of Ad5-empty showed no Env-specific immune responses
throughout the experiment.

Repeated delivery of Ad5-vectored SIV vaccines through
AVIP immunization elicited robust antigen-specific immune
responses in Ad5-seropositive macaques. We next assessed if re-
peated delivery of Ad5-vectored vaccines through AVIP immuni-
zation could induce specific immune responses for subsequent
priming and boosting of multiple antigens. At 9 weeks and 15
weeks after the first immunization with Ad5-SIVenv, the same
three groups of Ad5-seropositive macaques used in the previous
experiment (Fig. 6) received either an autologous infusion of
PBMCs pulsed in vitro with a mixture of Ad5-SIVenv, Ad5-
SIVgag, and Ad5-SIVpol; received an intramuscular injection of
the same mixture of Ad5 SIV vaccines; or received Ad5-empty
vector as a control (Fig. 7A).

Consistent with our earlier observations, robust cell-medi-
ated immune responses to SIV Gag, Pol, and Env antigens were
observed in macaques after receiving each immunization with
Ad5-SIV vaccines through the delivery of AVIP. A consistent
booster effect in cellular immune response to SIV antigen Env
and Gag was observed in macaques after receiving the second
delivery of Ad5-SIVenv through the AVIP approach (Fig. 7B
and D). Importantly, Ad5-SIVenv delivered earlier via the
AVIP approach showed no negative impact on the same anti-
gen, Env, or different antigens, Gag and Pol, delivered through
the AVIP approach (Fig. 7B, C, D). In contrast, macaques that
received intramuscular injection of Ad5-SIV vaccines showed
significantly weaker cellular immune responses to Gag, Pol,
and Env than macaques that received AVIP immunization after
each immunizations (Fig. 7B, C, D). These results demon-

strated that the AVIP approach can circumvent preexisting an-
ti-Ad5 immunity to enable repeated deliver of multiple Ad5-
vectored vaccines for stimulating robust antigen-specific
immune responses in rhesus macaques.

Delivery of Ad5-vectored SIV vaccines through AVIP immu-
nization resulted in partial control in Ad5-seropositive ma-
caques challenged by intravenous injection of SIVmac239. We
finally assessed if Ad5-vectored SIV vaccines delivered through
either AVIP immunization or intramuscular injection could re-
sult in any protective effects in Ad5-seropositive macaques. The

FIG 5 Ad5 NAb and Ad5-specific cellular immune responses in Ad5-seropos-
titive macaques. Fifteen macaques, which had previously been immunized
with Ad5-empty vector, were enrolled in studyII. These macaques were di-
vided into three groups in subsequent studies. Preexisting humoral and cellu-
lar responses against adenoviral vector were assessed in those macaques. (A)
Humoral responses against Ad5. Ad5 NAb was detected by Ad5-SEAP-based
neutralizing assay, and results represent Ad5 NAb titers. (B) Cellular responses
against Ad5. Macaque PBMCs were stimulated with the lysate of Ad5-empty
virus particles, and ELISPOT assays were then performed. The results are rep-
resented as spot-forming cells (SFC)/106 PBMCs.

FIG 6 Delivery of Ad5-SIVenv through AVIP induced stronger Env-specific
immune responses in Ad5-seropositive macaques. Fifteen Ad5-seropositive
macaques from Fig. 5 were put into three groups: (i) Ad5-SIVenv delivered
through AVIP; (ii) Ad5-SIVenv injected intramuscularly; and (iii) Ad5-empty
injected intramuscularly as the control. SIV Env-specific immune responses
were assessed at 2 weeks and 4 weeks after immunization. (A) Specific IFN-�
ELISPOT responses against SIV Env stimulation; (B) specific CD4� and CD8�

T cell responses against Env peptide stimulation by intracellular cytokine
staining; (C) SIV binding antibody responses by ELISA. Data were analyzed by
a nonparametric Mann-Whitney U test. The bars represent the standard error.
*, P � 0.05; **, P � 0.01.
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same three groups of macaques were challenged intravenously
with a high dose (1,000 TCID50) of highly pathogenic SIVmac239
virus at 6 weeks after the last immunization. The copy numbers of
SIV RNA in the plasma of these animals were monitored over the
course of 160 days (Fig. 8A to C). There were no significant differ-
ence in the peak and set-point SIV viral loads between the group
that received immunization via intramuscular injection and the
group that received Ad5-empty as the control, although some ma-
caques that received intramuscular injection of Ad5-SIV vaccines
showed a lower peak and set-point SIV viral load. There was a
decreasing trend between the AVIP group and the intramuscular
injection group, but the difference is not significant statistically for
the peak SIV viral load (P � 0.1290). It is of great interest to
observe that the AVIP immunization achieved a significant reduc-
tion in the peak and set-point SIV viral load compared to that of
the control group. Compared with macaques that received Ad5-
empty, AVIP immunization achieved a 0.95-log reduction of peak
viral load (P � 0.0325; Fig. 8D) and a 1.12-log reduction of the
set-point SIV viral load (P � 0.0190; Fig. 8E). These results suggest
that the Ad5-SIV vaccines delivered through AVIP could confer

better antigen-specific immune responses and protection in Ad5-
seropositive macaques.

DISCUSSION

We reported herein a strategy, dubbed AVIP immunization, in
which AVIPs were demonstrated for circumventing preexisting
antiadenoviral immunity, especially Ad5 NAb, to enable repeated
application of Ad5-vectored vaccines. The application of Ad5-
vectored vaccines has been seriously hindered by preexisting anti-
Ad5 immunity and also a potential side effect due to augmenta-
tion of preexisting anti-Ad5 immunity. Even in Ad5-seronegative
individuals, the application of Ad5 is also limited, because strong
antibody- and cell-mediated responses against Ad5 would develop
right after one intramuscular injection, which will hinder the ef-
ficacy of any injection approaches that allow direct interaction of
Ad5 NAb with Ad5. Many strategies have been reported with the
aim to avoid the attenuated delivery efficacy, including developing
vectors based on rare Ad serotypes (16, 27, 31), fiber-modified
Ad5 vector (63), polyethylene glycol (PEG) (61), or alginate mi-
crosphere-coated Ad5 vectors (48) and so on (3). Although, in

FIG 7 Repeated delivery of Ad5-vectored SIV vaccines through AVIP elicited robust antigen-specific immune responses in Ad5-seropositive macaques. (A)
Immunization and challenge procedure. After the first immunization (Fig. 6), the same three groups of Ad5-seropositive macaques received the second and third
immunizations: group 1 with Ad5-SIVenv, Ad5-SIVgag, and Ad5-SIVpol vaccines delivered through AVIP; group 2 with Ad5-SIVenv, Ad5-SIVgag, and
Ad5-SIVpol vaccines injected intramuscularly; and group 3 with Ad5-empty injected intramuscularly as the control. Vaccine-elicited specific cellular immune
responses were measured by IFN-� ELISPOT assays following stimulation with SIV Gag, Pol, and Env peptide pools. (B) Gag-specific cellular immune responses;
(C) Pol-specific cellular immune responses; (D) Env-specific cellular immune responses. Data were analyzed by a nonparametric Mann-Whitney U test. The bars
represent the standard error. *, P � 0.05; **, P � 0.01.
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general, a significant booster effect was achieved, there were still
some limitations for these methods. For example, there are con-
cerns for using a rare Ad serotype due to the lack of a long-term
safety record, especially oncogenicity. Furthermore, any new se-
rotypes or fiber-modified Ad vectors are likely to encounter a new
wave of NAb responses and therefore are limited to one-time ad-
ministration. Therefore, we sought to develop an alternative ap-
proach to overcome the preexisting anti-Ad5 immunity, espe-
cially Ad5 NAb, to enable repeated usage of Ad5-vectored
vaccines.

It has been well documented that in Ad5-seropositive individ-
uals, neutralizing antibodies in the bloodstream can significantly
decrease the Ad5-mediated gene transfer (45, 62). Furthermore,
Lyons et al. (33) demonstrated that over 90% of the virus bound to
human erythrocytes after direct delivery of the Ad5 vector into the
bloodstream, and the binding interaction could inhibit Ad5 infec-
tion to target cells and significantly compromise delivery efficacy.
Theoretically, our AVIP approach would avoid exposing the Ad5
vectors to Ad5 NAb and other unwanted interactions with com-

ponents in blood because neutralizing antibodies, erythrocytes,
and serum proteins have been eliminated during PBMC isolation.
After in vitro incubation, the Ad5 vectors are internalized into
mostly CD14� cells, before being exposed to undesired interac-
tions in vivo.

We first demonstrated the feasibility of delivering genes of in-
terest in primates using Ad5 carrying an EGFP reporter gene
through an ex vivo manipulation of PBMCs. One initial concern
was that freshly isolated primate PBMCs do not express, or only
express low levels of, receptors for Ad5 infection, including cox-
sackie-adenovirus receptor (CAR) and integrins 	V
3, so they are
usually poorly susceptible to Ad5 infection (26, 33, 47). However,
with an optimized condition, we found that PBMCs, especially
CD14� cells, from both humans and rhesus macaques could be
infected by Ad5. To our surprise, CD14� cells from Ad5-seropos-
itive individuals could be infected by Ad5 more effectively than
those from Ad5-seronegative individuals. The antibody-mediated
enhancement of adenoviral infection has been documented (28,
56) but could not explain the enhancement of infection efficacy of

FIG 8 AVIP immunization conferred better control of peak and set-point plasma SIV viral load in Ad5-seropositive macaques challenged with SIVmac239. The
same three groups of macaques were challenged with intravenous injection of 1,000 TCID50 SIVmac239 at 6 weeks after last immunization. Plasma SIV RNA
levels were measured by quantitative PCR at various time intervals. SIV RNA levels are depicted longitudinally for each group: (A) group 1 with Ad5-SIVenv,
Ad5-SIVgag, and Ad5-SIVpol vaccines delivered through AVIP; (B) group 2 with Ad5-SIVenv, Ad5-SIVgag, and Ad5-SIVpol vaccines injected intramuscularly;
(C) group 3 with Ad5-empty injected intramuscularly as the control. (D) Peak (day 14) SIV RNA levels for each group; (E) set-point (day 64 to 147) SIV RNA
levels for each group. Data were analyzed by a nonparametric Mann-Whitney U test. The lines on the graph represent mean values. *, P � 0.05.
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CD14� cells in this study, because all antibody was excluded after
extensive washes during isolation of PBMCs. In an attempt to
elucidate the underlying mechanism, we carried out an isolate-
mix-isolate experiment to exclude the possibility of antibody-me-
diated enhancement of infection. The paired plasma and PBMCs
from Ad5-seropositive and Ad5-seronegative individuals were
isolated and exchanged with each other. After incubation for 1 h at
ambient conditions, remixed PBMCs were reisolated and infected
with Ad5-EGFP. PBMCs from Ad5-seronegative individuals did
not increase EGFP expression after incubation with plasma from
Ad5-seropositive individuals (data not shown), indicating that
this enhancement effect was not simply caused by any residual
Ad5 antibodies. We then attempted to determine the amount of
receptors associated with adenovirus infection on CD14� cells
from Ad5-seropositive and Ad5-seronegative people but failed to
detect any differences in both CAR and the 	V
3, 	V
5 integrins.
Thus, the exact mechanism for this observation needs to be fur-
ther investigated. Nevertheless, the observed enhanced Ad5 infec-
tion in PBMCs from Ad5-seropositive individuals would be ad-
vantageous for exploring the potential of using PBMCs as stealth
vehicles for Ad5-mediated gene delivery.

One concern for this AVIP immunization strategy is that it
might not be a suitable vaccine modality in developing countries,
as it requires more sophisticated capability and medical facility in
handling the procedure. On the other hand, there is a higher prev-
alence of preexisting anti-Ad5 immunity in populations of the
developing countries (42, 54, 57), and so the implication of this
modality is even more significant. We believe that if this modality
can achieve positive results in the future human clinical trials in
any countries willing to shed light on HIV vaccines or any infec-
tious diseases with currently no efficacious vaccines, it will attract
support for resources to develop a simple and user-friendly device
to enable its application. At this proof-of-principle stage, this mo-
dality is aimed to complement what conventional vaccines could
not achieve, so its application will be limited to diseases that have
yet to have a better solution. We believe the AVIP immunization
approach will have potential indications in “specialty” vaccines,
including therapeutic vaccines for HIV, tuberculosis (TB), and
cancer, that conventional modalities could not achieve. In both
developed and developing country, it can be done as long as a
clinic or hospital has a qualified facility and equipment. In fact, a
variety of cell-based therapies using autologous dendritic cells
(DCs), NK cells, and T cells have been widely explored worldwide
for treating cancer patients in which the procedures are in general
more complicated and time-consuming in the laboratory,
whereas the AVIP requires only a brief pulse of PBMCs with Ad5-
vectored vaccines in vitro followed by infusion back to the same
individual. Therefore, using the AVIP strategy for delivering Ad5-
vectored vaccines should be explored further in both nonhuman
primates and human clinical trials.

An earlier study has suggested that DCs loaded with inactivated
SIV virions could induce immune response and contribute to the
control of SIV infection in macaques (7). However, such tech-
niques require prolonged in vitro culture and maturation of DCs,
which is actually more troublesome. In addition, infusion of au-
tologous DCs pulsed with tumor antigens is being extensively ex-
plored as an experimental medicine for cancer immunotherapy
(41, 59). Recently, peptide-pulsed PBMCs, either using overlap-
ping peptides spanning the whole SIV mac239 proteome (13, 14)
or inactivated SIVmac251 virions (35), was reported to be able to

elicit antigen-specific immune responses in macaques. Similarly
with our AVIP strategy, this technique does not require prolonged
ex vivo culture of antigen-presenting cells but may either have
safety concerns in using inactivated virions or limited epitope cov-
erage in using peptides. We believe the AVIP strategy has the ad-
vantage of directly expressing, processing, and presenting antigens
in antigen-presenting cells (APCs). Previous studies have demon-
strated that dendritic cells (DCs), the most potent APCs, could be
generated from CD14� cells directly (22, 26, 32). Therefore, in our
study, the Ad5-transduced CD14� cells are likely the major source
for producing and presenting antigens for eliciting effective anti-
gen-specific CD4� and CD8� T cell responses. Indeed, our study
demonstrated that using the AVIP approach to deliver Ad5-vec-
tored vaccines can induce antigen-specific immune response in
Ad5-seronegative macaques at a level comparable to direct intra-
muscular injection Ad5-vectored vaccines. More intriguingly, in
Ad5-seropositive macaques, the AVIP immunization approach
can enable repeated delivery of Ad5-vectored vaccines carrying
different antigens to induce specific immune responses to each
antigen consistently in macaques.

Surprisingly, another observation in our study is that there was
a lower Ad5 NAb titer in Ad5-seronegative macaques after receiv-
ing AVIP immunization than in macaques receiving intramuscu-
lar injection of Ad5-vectored vaccines. Since penton, fiber, and
hexon proteins on the Ad5 capsid are the major targets of Ad5
NAb (17, 23), one possible explanation to this lower titer of Ad5
NAb response might be attributed to having less Ad5 capsid pro-
teins administered into animals. Since noninfectious viral parti-
cles would be washed away after the in vitro incubation with
PBMCs, the antigen load that could induce Ad5 NAb in this AVIP
strategy would be much less than that in the traditional strategy of
intramuscular injection of Ad5 vectors, which contain substantial
amounts of noninfectious viral particles. Further investigation
will be needed to define the detailed mechanism of AVIP immu-
nization, which should facilitate the repeat application of Ad5-
vectored vaccines.

As a proof-of-concept, this study evaluated not only immuno-
genicity but also the protective efficacy of multiple Ad5-vectored
SIV vaccines in Ad5-seropositive macaques by repeated AVIP im-
munizations. Recently, the rhesus macaques challenged with
highly pathogenic SIVmac239 has been used as the most stringent
nonhuman primate model for evaluating HIV/SIV vaccine candi-
dates (1, 40, 59). Protection against SIVmac239, especially
through intravenous challenge, has been extremely difficult to
achieve (9, 15, 58). Therefore, a more practical challenge route
would be to use low-dose intrarectal challenge or intravaginal
challenge in the protection study. Nevertheless, in our present
study, macaques challenged intravenously with SIVmac239 virus
showed that AVIP immunization strategy helped to control
pathogenic SIVmac239 infection compared with control animals
(Fig. 8). At present, one unanswered question is which immune
response is most likely to be responsible for controlling HIV/SIV
virus. A popular view in the field of HIV vaccine research is that an
effective HIV vaccine should be able to induce a great magnitude,
breadth, and polyfunctionality of balanced cellular immune re-
sponses, as well as humoral responses that include neutralizing
antibodies and perhaps ADCC. In this study, we demonstrated
that the AVIP strategy can effectively elicit cellular immune re-
sponses which at least partially contribute to the observed viral
control in Ad5-seropositive macaques. Since the aim of this study
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is to develop a strategy to circumvent antiadenovirus immunity,
the detailed immune responses responsible for the observed viral
control might be studied in the future.

Taken together, we observed that CD14� cells from Ad5-sero-
positive individuals were more susceptible to Ad5 infection than
those from Ad5-seronegative individuals and developed a novel
strategy based on AVIP immunization to enable repeated applica-
tion of Ad5-vectored vaccines to elicit immune responses toward
multiple antigens. We achieved the proof-of-concept in a recog-
nized challenge model of SIVmac239 infection using Ad5-sero-
positive rhesus macaques. Our study warranted further develop-
ment of this strategy into a simple and practical method for
repeated applications of Ad5-vectored vaccines for HIV and other
infectious diseases that have yet to have an effective vaccine.
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