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Previously, we developed a chimeric adenovirus type 5 with type 35 fiber (Ad5/35), which has high tropism to dendritic cells and
low hepatoxicity. For further clinical use, we constructed two recombinant vectors expressing human immunodeficiency virus 1
(HIV-1) clade C gag (Ad5/35-Cgag and MVA-Cgag). The biodistribution of the two viral vectors in a mouse model and immunity in
monkeys were assessed. The mice received a single intramuscular injection with the vectors alone. The gag gene in the tissues were
periodically detected using a real-time quantitative polymerase chain reaction. The distribution of Ad5/35 was also detected using
an in vivo imaging system, followed by luciferase-expressing Ad5/35 administration. We found that Ad5/35-Cgag DNA and
luciferase activity were detectable until 8 weeks post-administration, whereas MVA-Cgag was undetectable 72 h post-
administration. Furthermore, viral administration did not increase serum aspartate aminotransferase and alanine aminotransferase
levels in either mouse or monkey models. Moreover, intramuscular administration of Ad5/35-Cgag induced the gag-specific
antibody level and IFNγ-secreting PBMCs, the boost with MVA-Cgag further increased the responses and lasted more than 20 weeks
from the initial administration. These data demonstrate that Ad5/35 and MVA vectors are safe for in vivo use, and prime-boost with
Ad5/35-MVA vaccines is suitable for clinical use against HIV-1 clade C.
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INTRODUCTION
In 2019, 38 million people worldwide were infected with the
human immunodeficiency virus (HIV), with 1.7 million new
infections and 690,000 HIV-related deaths (https://aids2020.
unaids.org). A third of the world’s new infections occur in
southern Africa, where HIV-1 clade C predominates [1]. Despite
drastic improvements in access to antiretroviral therapy (ART),
only approximately 59% of people living with HIV have thus far
received ART. Furthermore, once the treatment begins, a lifetime
of multidrug therapy is required [2]. Few acquired immunodefi-
ciency syndrome drugs have serious side effects, and patients may
have to stop taking them because of these effects. The emergence
of drug-resistant viruses is also a major problem, with 20–40% of
patients who start multidrug therapy reporting poor outcomes
(https://aids2020.unaids.org). Although several vaccines against
HIV have been explored in clinical trials, they do not induce
effective protection against HIV infection [3]. Therefore, it would
be both practical and beneficial to develop an HIV-1 vaccine that
can prevent infection, even if partially.
To date, several vaccine candidates have completed clinical

efficacy trials. According to the VaxGen (envelope [env] gp120
protein vaccine, n= 5108) [4] and HVTN 505 (DNA vaccine prime/
adenovirus type 5 (Ad5) vector vaccine boost, n= 2504) [5] studies,

both vaccines failed to protect against infection or failed to reduce
viral loads after HIV-1 infection [6]. A large phase three trial (study ID:
RV144, n= 16,402) of a recombinant canary pox vector prime with a
gp120 protein boost was completed in Thailand as of September
2009, with an efficacy announcement that this HIV vaccine regimen
was safe and moderately effective at reducing the rate of HIV
infection compared to those were the placebo [7]. This study is the
first evidence that a prime-boost HIV vaccine regimen may prevent
infection and represents a significant step forward in HIV vaccine
research. However, the same protocol (study ID: HVTN 702, n=
5407) in South Africa did not show any significant protective efficacy
[8]. Another study (study ID: HVTN 705, n= 2637) using Ad26 vector
vaccine prime/env gp140 protein vaccine boost did not provide
sufficient protection against HIV infection in a population of young
women in sub-Saharan Africa at high risk of acquiring HIV (https://
www.prnewswire.com).
Given the results of the past studies on HIV vaccines, the prime-

boost regimen is able to induce much stronger immunity than
that immunization with a single vaccine. Viral vector-based
vaccines have shown promising results [9–11]. Among these
vectors, replication-defective Ad5 recombinants (with deletions
affecting the essential replication genes E1 and E3) and a
replication-defective modified vaccinia Ankara virus (MVA) elicited
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the most potent cellular immunity and provided the highest
degree of protection in non-human primates [10, 11]. A major
limitation for the clinical application of Ad5 is the pre-existing
immunity against Ad5 fiber and hexon in humans and Ad5-related
hepatoxicity [12–14]. To overcome these shortcomings, we
constructed an Ad5-based chimeric vector containing Ad type
35 fiber (Ad5/35), which binds to the CD46 receptor for cell entry
and can avoid some of the pre-existing Ad5 antibody [15].
Previously, using a regimen with Ad5/35 vaccine primer/MVA
vaccine boost in a non-primate animal model, both partial
protection from the intravenous challenge of a high pathogenic
strain (SIVmac239) [16] and a significant therapeutic efficacy [17]
were obtained.
For further clinical application, in this study, we constructed an

HIV-1 clade C gag-expressing Ad5/35 vector (Ad5/35-Cgag) and an
MVA vector (MVA-Cgag). Biodistribution and immunity were
assessed in a mouse model and non-human primates, respectively.

RESULTS
Specificity of RT-qPCR in detecting the gag gene of Ad5/35
and MVA vectors
To assess the specificity of real-time quantitative polymerase chain
reaction (RT-qPCR), we added Ad5/35-Cgag and MVA-Cgag
genomic DNA to whole blood genomic DNA extracted from
monkeys, mice, and rats followed by RT-qPCR. We found that the
gag gene (Supplementary Fig. S1) could be detected even in the
presence of an excess amount of whole blood genomic DNA. No

specific amplification was observed from the respective DNA,
confirming the specificity of the primers used for gag gene
detection.
To quantify the gag gene, we mixed series copy numbers of

Ad5/35-Cgag and MVA-Cgag genomic DNA with genomic DNA
extracted from various mouse tissues (brain, kidney, liver, muscle,
lung, heart, intestinal lymph nodes, spleen, thymus, gonads, and
blood), followed by RT-qPCR. We found that target DNA
concentrations from 10–1 × 106 copies/μL showed good linearity
over the entire quantitative range for the gag gene (Supplemen-
tary Fig. S2). All correlation coefficients (r) were > 0.99.

Biodistribution of Ad5/35-Cgag and MVA-Cgag in vivo
To assess the distribution of Ad and MVA vectors, BALB/c mice
were intramuscularly injected with 2 × 109 viral particles (vp) of
Ad-Cgag, and the gag gene in the tissues were examined over
time. The Ad copy number detected in the muscle was
significantly higher than that in other tissues at 1 week after
Ad5/35-Cgag administration (Table 1 and Fig. 1). The Ad copy
number detected in the muscle was significantly higher than that
in other tissues up to 4 weeks after administration and decreased
over time to a level that was no longer significantly different from
that in other tissues after 8 weeks of administration. Besides the
injection site, a lower copy number was detected in other tissues,
suggesting that it may have leaked from the injection site
following blood flow.
Similarly, 2 × 107 plaque-forming units (pfu) MVA-Cgag was

intramuscularly injected, and tissue distribution was examined

Table 1. Concentration of gag gene in tissues or blood post intramuscular administration of Ad5/35-Cgag. These data are related to Fig. 1.

Tissue gag gene of Ad5/35-Cgag (copies/mg or μL)

1 week 2 weeks 4 weeks 8 weeks

Blood 0.0 0.0 0.0 0.0

Heart 33.0 ± 2.5 42.4 ± 4.2 0.0 0.0

Liver 47.7 ± 4.5 31.4 ± 5.5 23.6 ± 5.9 0.0

Spleen 0.0 0.0 0.0 0.0

Lung 53.3 ± 6.2 15.4 ± 4.5 24.3 ± 6.7 0.0

Kidney 41.2 ± 11.6 18.5 ± 6.7 16.4 ± 6.1 0.0

Brain 12.3 ± 3.8 0.0 0.0 0.0

Lymph node 31.2 ± 6.4 0.0 0.0 00

Muscle 1978.3 ± 130.8 987.4 ± 53.7 342.2 ± 13.6 88.2 ± 11.0

Gonad 0.0 0.0 0.0 0.0

Thymus 34.2 ± 6.38 0.0 0.0 0.0

Fig. 1 Detection of Ad5/35-Cgag biodistribution using real-time PCR. BALB/c mice (n= 5) were intramuscularly injected with Ad5/35-Cgag,
and the gag gene was quantified using real-time PCR in each tissue at the indicated time points. The bars represent means ± SE. *p < 0.05;
**p < 0.01; ***p < 0.001.
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over time. Compared to Ad5/35-Cgag detected at 8 weeks post-
administration, MVA-Cgag was not detected 72 h after vector
injection (Table 2 and Fig. 2). The vector was also detectable in
other tissues with low copy numbers. These results indicate that
MVA may induce much higher innate and/or cellular immunity
against vector than Ad5/35, which results in the different existing
periods in vivo.

Biodistribution of Ad5/35-Luc in vivo
Next, to further investigate the biodistribution of the Ad vector
in vivo, BALB/c mice were intramuscularly injected with luciferase-
expressing Ad5/35 vector (Ad5/35-Luc) and monitored over time
using an in vivo imaging system (IVIS). Luciferase expression was
primarily observed at the injection site, and the fluorescence that
appeared on day 1 peaked on day 7, then decreased over time
and disappeared on day 28 (Fig. 3). A low fluorescence was
observed in the other organs including the liver. As a control, the
same dose of Ad5-Luc was intramuscularly injected to BALB/c
mice and Luciferase activity was detected by IVIS on day 7 post-
administration. As shown in Fig. 3, higher luciferase activity was
detected in the liver compared to the mice administered with
Ad5/35-Luc. These data confirmed our RT-qPCR results and
suggested that the chimeric adenovirus Ad5/35 can be used as
a vaccine with a lower risk of hepatotoxicity.

Hepatotoxicity post-Ad5/35 or MVA vector administration
To explore whether hepatotoxicity occurred after viral vector
administration, the mice were intramuscularly injected with 2 ×
109 vp Ad5/35-Cgag or 2 × 107 pfu of MVA-Cgag. A 2 × 109 vp Ad5-
Cgag was used as the positive control. Serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) levels were

measured on days 0, 3, 7, 14, and 28. As shown in Fig. 4A, B, the
ALT and AST levels were not different from those of pre-injection,
post-Ad5/35-Cgag, or MVA-Cgag administration, but high ALT and
AST levels were found in Ad5-administrated mice.
We then explored whether Ad5/35 prime/MVA boost-induced

hepatotoxicity in monkeys. The vaccine group (n= 3) was
intramuscularly administered 1011 vp of Ad5/35-Cgag and 108

pfu of MVA-Cgag at weeks 0 and 8, respectively. The control group
(n= 2) administrated the same dose of Ad5/35-GFP and MVA-GFP.
Serum ALT and AST levels were measured at weeks 0, 2, 4, 8, 10,
and 12. As shown in Fig. 4C, D, the ALT and AST levels were not
different from those of the pre-injection and post-administration
of Ad5/35 and MVA vectors in rhesus monkeys.

Immune response in rhesus monkeys after vaccination
Prime immunization with Ad5/35-Cgag induced gag-specific
serum IgG to 11–12 log2 and boost immunization with MVA-
Cgag further increased the antibody titer to 13–16 log2 (Fig. 5A). A
high titer was observed until 3 months after boost immunization.
Next, we explored the cellular immune responses with a prime-

boost regimen. Immunization with Ad5/35-Cgag increased gag-
specific IFNγ-secreting cells to 750–970 per million PBMCs. Boost
immunization with MVA-Cgag further increased the cells to
2600–3300 per million PBMCs. These data demonstrate that the
prime-boost regimen can further increase both humoral and
cellular immune responses.

DISCUSSION
The aim of this study was to evaluate the efficacy of vaccination
methods by examining the biodistribution of the viral vaccine and

Table 2. Concentration of gag gene in tissues or blood post intramuscular administration of MVA-Cgag. These data are related to Fig. 2.

Tissue gag gene of MVA-gag (copies/mg or μL)

0.5 h 8 h 24 h 72 h

Blood 9.9 ± 3.1 16.3 ± 17.1 1.8 ± 1.8 0

Heart 88.2 ± 13.1 171.3 ± 47.4 41.1 ± 17.0 35.5 ± 21.8

Liver 112.4 ± 19.9 116.5 ± 55.7 66.0 ± 28.4 38.3 ± 19.0

Spleen 43.0 ± 33.0 18.1 ± 18.1 0 0

Lung 98.1 ± 44.0 0 19.1 ± 19.1 0

Kidney 124.1 ± 17.6 144.4 ± 23.9 13.8 ± 13.8 7.0 ± 7.0

Brain 14.8 ± 14.8 146.1 ± 47.1 47.7 ± 22.1 82.5 ± 58.2

Lymph node 86.6 ± 37.6 77.9 ± 12.6 77.4 ± 40.0 0

Muscle 1120.6 ± 319.2 1014.4 ± 121.0 325.0 ± 46.1 85.1 ± 10.3

Gonad 54.8 ± 26.9 62.8 ± 31.7 113.7 ± 25.8 66.2 ± 28.2

Thymus 42.4 ± 29.3 0 80.8 ± 10.1 26.3 ± 16.2

Fig. 2 Detection of MVA-Cgag biodistribution using real-time PCR. BALB/c mice (n= 5) were intramuscularly injected with MVA-Cgag, and
the gag gene was quantified using real-time PCR in each tissue at the indicated time points. The bars represent means ± SE. *p < 0.05; **p <
0.01; ***p < 0.001.
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immune responses to HIV-1 through vaccination with a prime-
boost regimen using chimeric Ad5/35-Cgag and MVA-Cgag. The
results of the present study showed that Ad5/35-Cgag and MVA-
Cgag are present at the site of administration for a certain period
of time with limited diffusion to other tissues, and no serious
hepatoxicity after viral administration was observed, along with
the production of high anti-gag antibodies and cellular immunity.
Furthermore, boosting MVA-Cgag enhances both humoral and
cellular immune responses induced by Ad5/35-Cgag.
Viral vectors based on human adenovirus types 5 and 26 have

been used as prophylactic HIV vaccines in phase II clinical trials
[18]. Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-
2) vaccines based on Ad5, Ad26, and chimpanzee adenovirus
(ChAdOx1) have been approved for emergency use in humans
[19, 20]. However, in very few cases, thrombosis and thrombocy-
topenia have been reported in vaccinees who received Ad26 or
ChAdOx1-based SARS-CoV-2 vaccines [21–23]. More attention has
been paid to the safety of adenovirus vectors.
In this study, the biodistribution of Ad5/35-Cgag by RT-qPCR

showed that it was mainly present in the muscle at the injection
site, starting from 1 week after injection and gradually decreasing
until 8 weeks (Fig. 1 and Table 1). The relatively long period of
immunogen expression may induce a longer and stronger
immune response. However, this also raises the safety issue of
adenovirus vectors. Similar to Ad5/35-Cgag, MVA-Cgag was
primarily detected at the injection site using RT-qPCR, but viral
localization was shorter than that of Ad5/35-Cgag (Fig. 2 and
Table 2). Imaging with IVIS was consistent with this result, and
expression of luciferase by Ad5/35-Luc was observed at the
injection site from day 1 to 4 weeks, peaking at 1 week after
administration into the muscle (Fig. 3). Since it has been reported
that luciferase expression by MVA-Luc becomes undetectable 48 h
after administration [24], the short length of localization may be
due to the strong activation of innate immunity by MVA [25]. A
study of the distribution of viral vectors by Hank et al. showed that
MVA vectors are not toxic to various organs [26]. Clinical safety
studies in healthy HIV-1-infected volunteers have shown similar
results [27]. However, the short localization of MVA in vivo is not
considered a major hindrance in terms of vaccine application. The
short virus disappearance time indicates that there is little risk of
virus persistence in vivo, and multiple boosts, if necessary, would
be sufficient to achieve vaccine efficacy. In fact, in our prime-boost
regimen, a single boost of MVA-Cgag enhanced immune
responses by Ad5/35-Cgag (Fig. 5).
Regarding viral distribution, most studies administered viruses

via intravenous routes [28, 29]. In this study, we explored the
distribution of Ad5/35-Cgag and MVA-Cgag via the intramuscular
route, which is a popular immunization route for most vaccines

used in humans. In this study, Ad5/35 and MVA vectors were
intramuscularly administered to mice and rhesus monkeys. RT-
qPCR analysis and IVIS showed that the viral vaccine was largely
retained at the injection site, with minimal diffusion into the other
tissues (Figs. 1–3). Therefore, the use of Ad5/35 as a vaccine vector
is expected to have a lower risk of hepatotoxicity compared to
that with the use of the Ad5 vector, which is known to exhibit
hepatotoxicity as a side effect [14]. It has been reported that Ad5/
35 infects hepatic parenchymal cells at level 4–5 log orders lower
than that of Ad5, and Ad5/35 cannot infect non-hepatic
parenchymal cells [9, 15]. Intramuscular administration of the
Ad3/35 or MVA vector did not affect serum ALT and AST levels in
either mouse and or monkeys (Fig. 4). Other side effects were also
previously reported, such as infection of the central nervous
system by intranasal administration of the Ad5 vector [30] and
fatal encephalitis in immunosuppressed HIV-infected individuals
caused by vaccinia virus [31]. The spread of Ad5/35-Cgag and
MVA-Cgag to the brain was not observed in this study.
The prime-boost regimen used for rhesus monkeys in this study

was based on the results of a detailed analysis of viral vaccine
biodistribution and maintenance in mice (Figs. 1–3). The RT-qPCR
analysis performed in this study to detect HIV gag was able to
detect DNA extracted from tissue samples at a concentration as
low as 10 copies/μL (equivalent to 50 copies per PCR reaction;
Supplementary Fig. S2). The standard curve for 6-digit DNA
concentrations (10–106 copies/μL) generated using PCR showed
good linearity. Assay sensitivity was assessed by repeating the
amplification of the lowest concentration (10 copies/μL) in a
background of 1 μg genomic DNA for a total of five points on the
standard curve. The RSD of each assay was sufficiently low to
guarantee the stability and reliability of the evaluation. The
recovery rate of MVA from blood was lower than that of other
tissues, which was low as described elsewhere [32], but this
observation may be due to the fact that nucleic acids in blood are
often contaminated with components that inhibit PCR [33].
Vaccines based on prime-boost regimens have been studied in a

variety of proteins, DNA vaccines, and viral vectors, but often require
multiple doses to induce a strong immune response [16, 34, 35]. In
this study, to evaluate the constructed Ad5/35-Cgag and MVA-Cgag
as a vaccine in a basic way, we decided to administer only one boost
to rhesus monkeys. One week after intramuscular administration of
Ad5/35-Cgag, the production of anti-gag humoral and cellular
immunity was observed, and the production peaked after 6 weeks
(Fig. 5). When MVA-Cgag was administered 8 weeks after the initial
immunization, the gag-specific immune responses by Ad5/35-Cgag
were enhanced. This indicates that a prime-boost regimen of HIV
vaccine using chimeric Ad and recombinant MVA as vectors is useful
in non-human primates.

Fig. 3 Bioluminescence in vivo imaging of Ad5/35-Luc in mice. BALB/c mice (n= 5) were intramuscularly injected with Ad5/35-Luc.
Luciferase activity in vivo was detected using an IVIS at the indicated time points (left). Bioluminescence was measured and expressed as the
mean ± SE (right). As a control, the BALB/c mouse was intramuscularly injected with Ad5-Luc. Luciferase activity was detected using an IVIS
on day 7.
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Despite the extensive development of HIV vaccines, many
problems remain unsolved. One of them is the lack of animal
models that can faithfully reproduce human immune responses to
HIV. For example, the rapid progression of the disease induced by
the simian HIV SHIV89.6 P is very different from that of HIV [36].
Furthermore, many experiments in non-human primates have
been challenged by the intravenous route, which is different from
most natural infections via the mucosal route [16, 35]. Thus, HIV
research remains a formidable scientific and public health
challenge, and further effort is urgently required to achieve the
ultimate goal of a safe and effective HIV-1 vaccine.
In conclusion, this study assessed the biodistribution of Ad5/35-

Cgag and MVA-Cgag in mice and the immune responses of a
prime-boost regimen with the vaccines in non-human primates.
We found that the two vaccines were safe and induced strong and
periodic immune responses. Thus, prime-boost with Ad5/35-Cgag
and MVA-Cgag may be highly suitable for clinical use.

MATERIALS AND METHODS
Animals and ethics statement
BALB/c mice (20–25 g) were purchased from the Experimental Animal
Center at the Academy of Military Medical Science of PLA (Beijing, China).
Rhesus macaques (approximately 4.0 kg) were purchased from Xie’e’xin
Experimental Animal Center (Beijing, China). The experiments were
performed at the Experimental Animal Center at Beijing Institute of
Microbiology and Epidemiology. Both the mice and primates were
maintained in pathogen-free environments. All experimental procedures
were carried out in accordance with the protocols of the Administrative
Panel on Laboratory Animal Care and the guidelines set by the Beijing
Institute of Microbiology and Epidemiology. The protocols used in this
study were approved by the Institute Animal Care and Use Committee/
Ethics Committee of Beijing Institute of Microbiology and Epidemiology.

Recombinant vectors
An E1/E3-deletion, replication-defective chimeric Ad5 vector with the Ad
35 fiber expressing the codon-optimized full-length gag gene from HIV-1
subtype C (strain 96ZM651.8, GenBank accession no. Af286224; A5/35-
Cgag) was constructed as previously described [37]. The Ad vector was
propagated in human embryonic kidney 293 cells and purified using CsCl
gradient centrifugation. The total concentration of virions was calculated
using the following formula: optical density at 260 nm (OD260)= 1012 viral
particles (vp).

The expression cassette was subcloned into a replication-defective
recombinant MVA vector to generate recombinant MVA-Cgag, as
previously described [16, 17, 38]. MVA-Cgag virus was propagated in
BHK21 cells, purified using one round of ultra-centrifugation over 36%
sucrose, and titrated into BHK21 cells to determine the number of plaque-
forming units (pfu).

Biodistribution of A5/35-Cgag and MVA-Cgag in BALB/c mice
The A5/35-Cgag vector (100 μL) containing 2 × 109 vp was injected
intramuscularly into the left femoral muscles of BALB/c mice. Five mice
were used at each time point. At weeks 1, 2, 4, and 8, the mice were
sacrificed, and the blood and tissue samples (heart, liver, spleen, lung,
kidney, brain, mesenteric lymph node, gonads, muscle, and thymus) were
collected for subsequent analysis. An E.Z.N.A. Tissue DNA kit and E.Z.N.A.
Blood DNA Mini Kit (Omega, Norcross, GA, USA) were used for the
extraction of genomic DNA from tissue and blood, respectively, following
the manufacturer’s instructions. The samples were also collected at 0.5, 8,
24, and 72 h after intramuscular injection of 2 × 107 pfu MVA-Cgag vector.
The samples were immediately frozen by immersion in liquid nitrogen and
stored at –70 °C until further analysis.
Serum ALT and AST were detected using DRI-CHEM NX500V with Dry-

Chem Slides for GOT/AST-PIII and GFP/ALT-PIII (Fujifilm, Tokyo, Japan) on
days 0, 3, 7, 14, and 28 for mice and at weeks 0, 2, 4, 8, 10, and 12 for
monkeys after intramuscular administration. Intramuscular injection of 2 ×
109 vp Ad5-Cgag was used as a positive control.

RT-qPCR assay for mouse tissues
Primers and TaqMan probes were selected using Primer Premier 5.0, and
Primer Express 2.0. The primer pairs (Forward: 5’-CTACAAGCGCTGGAT-
CATCCT-3’; Reverse: 5’-TTGAAGAAGCGGTCCACGTAGT-3’) and probe (FAM-
ACAAGATCGTGCGCATGTACAGCCC-TAMRA) were used for detection of the
HIV gag gene. Protocol optimization was performed by evaluating the
effects of a range of primer and probe concentrations. For negative
control, at least one no-template control (NTC; reactions that contained all
PCR components except template DNA) was included in each PCR run to
confirm the absence of both template and product contamination in the
PCR mixture [39, 40]. Amplification was performed in a 20 μL reaction
system as previously described [41]. Data analysis was performed using
LightCycler Software 4.05 (Roche Life Science, Penzburg, Germany).

In vivo bioluminescence measurement of Ad5/35-Luc
The investigation was performed as previously described [42]. BALB/c mice
(n= 5) were intramuscularly injected with 2 × 109 vp of the Ad5/35-Luc
vector in 100 μL physiological saline. On days 1, 3, 7, 10, 14, 21, and 28, the

Fig. 4 Biochemical examination in virus-administered mice. BALB/c mice (A, B) were intramuscularly injected with Ad5/35-Cgag (n= 5),
Ad5-Cgag (n= 3), or MVA-Cgag (n= 5). Rhesus monkeys (n= 3) were intramuscularly injected with Ad5/35-Cgag and MVA-Cgag at weeks 0
and 8, respectively. Rhesus monkeys (n= 2) were intramuscularly injected with Ad5/35-GFP and MVA-GFP at weeks 0 and 8, respectively. C, D
Serum AST and ALT levels were detected at the indicated time points.
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mice were anesthetized with 2% pentobarbital sodium, and a single dose
of 150mg/kg luciferin in 100 μL of normal saline was intraperitoneally
administered. Twenty minutes after injection of luciferin, charge-coupled
device (CCD) images were obtained using a cooled IVIS CCD camera
(Berthold Technologies, Bad Wildbad, Germany) with an integration time of
30 s and analyzed. The same dose of Ad5-Luc vector was used as a control
and luciferase activity was detected on day 7 after administration.

Immunization in monkeys
To explore the immunogenicity of the viral vaccines in monkeys, three
rhesus macaques were intramuscularly immunized with 1011 vp of Ad5/35-
Cgag and boosted with 108 pfu MVA-Cgag at week 8. In the control group,
two rhesus macaques were intramuscularly injected with 1011 vp of the
Ad5/35-GFP vector and 108 pfu of the MVA-GFP vector on day 0.
Blood samples were drawn from the monkeys at weeks 0, 2, 4, 8, 10, 12,

14, 16, and 20, and centrifuged at 2000 g for 10 min to separate the serum
from the blood cells. The sera were stored at –70 °C until further use.

Enzyme-linked immunosorbent assay (ELISA)
The HIV-1 clade C p24 protein was expressed in Escherichia coli using a
pGEX6p-1 plasmid vector and purified using a GSTrap FF affinity column,
as previously described in a study by our laboratory [43]. The HIV-1-specific
antibody was detected using an ELISA [16, 37]. In brief, 96-well microtiter
plates were coated with 10 μg/mL of HIV-1 clade C p24 protein and
incubated overnight at 4 °C. The wells were blocked with phosphate-
buffered saline containing 1% bovine serum albumin for 2 h at 37 °C. They
were then treated with 100 μL of antisera and incubated for an additional
2 h at 37 °C. The bound immunoglobulin was quantified using an affinity-
purified horseradish peroxidase-labeled anti-monkey IgG (Alpha Diagnos-
tics, San Antonio, TX, USA). Absorbance was measured at a wavelength of
450 nm using a microplate reader (Model 550; Bio-Rad, Hercules, CA, USA).
Endpoint titers were computed as the reciprocal of the highest dilution
that had an absorbance value > 0.2 after the background subtraction
(absorbance of the wells lacking a sample). Values higher than or equal to a
two-fold rise after vaccination were plotted.

ELISPOT assay
The frequency of HIV-specific IFN-γ-secreting cells in monkeys was
determined using an ELISPOT assay kit (U-Cytech, Utrech, The Nether-
lands) according to the manufacturer’s manual. In brief, 2 × 105 monkey
PBMCs were stimulated in triplicate wells with 10 μg/mL of 15-mer
animo acid peptide pool with 11-mer overlap of HIV consensus subtype
C gag (obtained from AIDS Research and Reference Reagent Program)
for 16 h at 37 °C. Non-stimulated cells were used to assess the
background. The cells were transferred to an anti-IFN-γ Ab-coated 96-
well plate and incubated for 5 h at 371 C. The cells were removed and
200 μL/well of ice-cold deionized water was added to lyse the remaining
PBMCs. Subsequently, the plate was washed with PBS containing 0.05%
Tween 20 (PBS-T) and incubated with biotinylated anti-IFN-γ Ab for 1 h
at 37 °C. After 10 washings with PBS-T, 50 μl of gold-labeled anti-biotin
Ab was added and incubated for 1 h at 37 oC. The plate was washed 10
times with PBS-T, and 30 μL of activator solutions were added. The plate
was incubated in the dark for 30 min at room temperature to develop
spot formations. After 30 min incubation, the plate was washed with
deionized water and air-dried; spots were counted by a computer-
assisted video image analysis. The results were expressed as spot-
forming cells (SFC) per million cells.

Data analysis
All values are expressed as means ± SE. Statistical analysis of the
experimental and control data was conducted using a one-way factorial
analysis of variance (ANOVA). For all statistical analyses, significance was
defined as P < 0.05.
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