OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

Safety and Immunogenicity of DNA and MVA HIV-1
Subtype C Vaccine Prime-Boost Regimens: A Phase |
Randomised Trial in HIV-Uninfected Indian Volunteers

Sanjay Mehendale'*, Madhuri Thakar?, Seema Sahay?, Makesh Kumar®, Ashwini Shete?,

Pattabiraman Sathyamurthi®, Amita Verma?, Swarali Kurle?, Aparna Shrotri?, Jill Gilmour®, Rajat Goyal®*,
Len Dally®, Eddy Sayeed’, Devika Zachariah’, James Ackland®, Sonali Kochhar®, Josephine H. Cox’, Jean-
Louis Excler’, Vasanthapuram Kumaraswami®, Ramesh Paranjape?, Vadakkuppatu

Devasenapathi Ramanathan®

1 National Institute of Epidemiology, Chennai, India, 2 National AIDS Research Institute, Pune, India, 3 National Institute for Research on Tuberculosis, Chennai, India,
4 |nternational AIDS Vaccine Initiative, Delhi, India, 51AVI Human Immunology Laboratories, Imperial College, London, United Kingdom, 6 The EMMES Corporation,
Rockville, Maryland, United States of America, 7 InternationalAIDS Vaccine Initiative, New York, New York, United States of America, 8 Global BioSolutions, Melbourne,
Victoria, Australia, 9 OneWorldHealth, New Delhi, India

Abstract
Study Design: A randomized, double-blind, placebo controlled phase | trial.

Methods: The trial was conducted in 32 HIV-uninfected healthy volunteers to assess the safety and immunogenicity of
prime-boost vaccination regimens with either 2 doses of ADVAX, a DNA vaccine containing Chinese HIV-1 subtype C env
gp160, gag, pol and nef/tat genes, as a prime and 2 doses of TBC-M4, a recombinant MVA encoding Indian HIV-1 subtype C
env gp160, gag, RT, rev, tat, and nef genes, as a boost in Group A or 3 doses of TBC-M4 alone in Group B participants. Out of
16 participants in each group, 12 received vaccine candidates and 4 received placebos.

Results: Both vaccine regimens were found to be generally safe and well tolerated. The breadth of anti-HIV binding
antibodies and the titres of anti-HIV neutralizing antibodies were significantly higher (p<<0.05) in Group B volunteers at 14
days post last vaccination. Neutralizing antibodies were detected mainly against Tier-1 subtype B and C viruses. HIV-specific
IFN-y ELISPOT responses were directed mostly to Env and Gag proteins. Although the IFN-y ELISPOT responses were
infrequent after ADVAX vaccinations, the response rate was significantly higher in group A after 1** and 2" MVA doses as
compared to the responses in group B volunteers. However, the priming effect was short lasting leading to no difference in
the frequency, breadth and magnitude of IFN-yELISPOT responses between the groups at 3, 6 and 9 months post-last
vaccination.

Conclusions: Although DNA priming resulted in enhancement of immune responses after 1°* MVA boosting, the overall
DNA prime MVA boost was not found to be immunologically superior to homologous MVA boosting.
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Introduction conducted previously in India to evaluate Adenovirus-Associated
o o ) Virus (AAV) and Modified Vaccinia Ankara (MVA) based HIV
A safe and efficacious HIV vaccine is urgently needed to curtail vaccines. Although the AAV-based vaccine showed poor immu-

the HIV pandemic. India is currenty facing a burden of 2.39 nogenicity, the MVA HIV-1 subtype C vaccine induced a modest
million people living with HIV/AIDS, although the estimated

HIV prevalence in the adult population is only 0.31% [1]. For
effective control of HIV/AIDS in India, an HIV vaccine may
prove to be a useful addition to other available prevention options.
Two phase I clinical HIV prophylactic vaccine trials have been

level of dose-dependent immune responses [2,3,4].

Since vaccine strategies based on inducing neutralizing
antibodies failed in large scale phase III trials [5,6] the direction
of HIV prophylactic vaccine research shifted to evaluating vaccine
candidates having the ability to induce cell-mediated immune
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responses. However, a higher magnitude and limited breadth of T-
cell responses, as detected by Interferon-gamma (IFN-y) ELI-
SPOT assays, did not correlate with protection in monkey models
[7].

A phase III clinical trial (RV144) is the only large scale HIV
vaccine trial that demonstrated a modest reduction in the infection
rates among the vaccinees. The trial used a heterologous prime-
boost regimen consisting of a recombinant canarypox vector prime
followed by recombinant Env gp120 protein boost [8]. The major
advantage of heterologous boosting with vector based vaccines is
the obviation of vector-induced immune responses after repeated
doses of the same construct affecting generation of immune
responses against target antigens [9,10]. Heterologous boosting
also provides potential for different vectors to work synergistically
by stimulating complementary arms of the immune response [9].
Among different combinations of heterologous vaccinations,
plasmid DNA with one or more viral vectors has been studied
most extensively in various preclinical and clinical trials
[11,12,13,14,15,16]. Although DNA constructs themselves have
been shown to induce weak immune responses, subsequent
heterologous boosting with viral vectors has been shown to induce
potent antibody and cell-mediated immune responses [13,14,15].
DNA vaccinations have also been shown to confer partial
protection in terms of reduction in viremia in vaccinated
macaques challenged with Simian Immuno-deficiency Virus
[SIV] or Simian/Human Immuno-deficiency Virus [SHIV],
despite their low immunogenicity [17,18]. Vaccine strategies with
DNA priming followed by boosting with a recombinant MVA
vector encoding the same immunogen have been attempted
against several diseases, including HIV [16,19,20,21,22] malaria
[23] tuberculosis [24] and cancer [25].

The phase I HIV-1 subtype C prophylactic vaccine trial
described 1n this report was conducted in Pune and Chennai in
India. It was designed to assess the safety and immunogenicity of a
heterologous prime-boost immunization regimen using DNA
prime and MVA boost versus the homologous prime and boost
with MVA alone.

Materials and Methods

The protocol for this trial and supporting CONSORT checklist
are available as supporting information; see Checklist S1 and
Protocol S1.

Ethics Statement

The study protocol was approved by the Central Drug and
Standards Control Organization (formerly Drugs Controller
General of India) as well as by the Institutional Ethics Committees
and Scientific Advisory Committees of the National AIDS
Research Institute (NARI) and of the National Institute for
Research in Tuberculosis (NIRT, formerly Tuberculosis Research
Centre-TRC). The study was conducted in accordance with
International Conference on Harmonization - Good Clinical
Practice (ICH-GCP) and Good Clinical Laboratory Practice
(GCLP). All participants provided written informed consent.

Candidate Vaccines

ADVAX (Lot # 04030248, Vical, Inc., San Diego, CA), is a
DNA vaccine based on pVAX1, a commercially available plasmid,
containing consensus Chinese HIV-1 subtype C env gp160 and gag
genes in one plasmid and pol and a nef/lat construct designed to
express a fusion protein in the second plasmid mixed in a 1:1 ratio
[26,27] and formulated in sterile isotonic salt solution containing
10 mM sodium phosphate and 150 mM sodium chloride. The
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1 mL injection volume corresponded to 4 mg dosage level. TBC-
M4 (Lot # 1B, Therion Biologics Corporation, Cambridge MA) is
a recombinant MVA virus encoding Indian HIV-1 subtype C env
gp160 (GenBank accession #AF067158), gag (#AF067157), RT
(FHAF067158), rev (#AF067154), tat (#A4F067157), and nef
(F#HAF067154) genes [4]. The MVA candidate vaccine was
formulated in phosphate-buffered saline with 10% glycerol. The
respective formulation buffers for each candidate vaccine served as
placebos for those candidates. A dose of 0.5 mL of MVA
candidate vaccine delivered 5x10° plaque forming units (pfu)
(Transgene Biotech company using BHK-21 cell line). The
aminoacid sequence homology between the two constructs was
more than 85% for most of the proteins (Gag: 95%, Env: 87.1%,
Pol/RT: 96.4%), although it was lower for Tat (66.3%) and Nef
(18.9%).

Study Population & Trial Design

This randomized, placebo controlled, double-blind, phase I trial
enrolled 32 HIV-uninfected, healthy male and female adult
participants from April 2009 to December 2010 at two sites in
India: NARI, Pune and NIRT, Chennai.

At the enrolment visit, trial participants were randomized to
either Group A or Group B. Participants from Group A received
two intramuscular injections of ADVAX (needle administration)
or placebo at 0 and 1 months followed by two intramuscular
mjections of MVA or placebo at 3 and 6 months, while Group B
participants received three intramuscular injections of TBC-M#4 or
placebo at 0, 1 and 6 months. In each group of 16 volunteers, 12
volunteers received trial vaccines and 4 received placebos. At
enrollment random allocation was generated by a computer
program which was written by EMMES Corporation. The
sponsors and study investigators were blinded to the randomiza-
tion protocol. Volunteers and study staff were not blinded to the
vaccine group because of the different numbers of injections in the
two groups, but they were blinded to receipt of candidate vaccines
or placebos.

Study Procedures

Safety assessment. Local and systemic reactogenicity was
assessed on days 0, 3, 7 and 14 after each injection. A physical
examination was performed at every visit and protocol-specified
laboratory investigations (hematology, biochemistry, immunology
and urinalysis) were performed prior to each vaccination, on day
14 after each vaccination and at months 3, 9, 12, and 18 after
enrolment. Electrocardiogram (ECG) and plasma cardiac troponin
I were assessed at screening and on day 3 after the last vaccination.
Adverse events (AE) recorded during the trial were graded using
the Division of AIDS (DAIDS, NIAID, NIH) toxicity grading table
and the relationship to the study product was assessed as not
related, unlikely, possibly, probably or definitely related to the
investigational product [28].

HIV testing. At screening and at the final study wvisit,
individuals were tested for HIV infection following the algorithm
recommended by the National AIDS Control Programme, India
[29]. Additionally, HIV testing was performed at each vaccination
visit as well as at 3 and 6 months after the last vaccination using
HIV ELISA Genetic System and ELAVIA Ac-Ab-Akl kits (Bio-
Rad Genetic Systems, Marnes-La-Coquette, France). Positive
samples by any of the ELISA tests were further tested for HIV
viral RNA PCR by Roche Amplicor Version 1.5 (Basel,
Switzerland) kit to differentiate vaccine-induced antibodies from
antibodies developed subsequent to HIV infection. The difference
between the vaccine-induced antibodies and post-HIV infection
antibodies was explained to the participants. The volunteers were
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informed of their seropositivity status at the end of the trial and
given a certificate of participation in the trial indicating this to be a
possible reason for continued seropositivity.

Vaccinia antibodies. Anti-vaccinia virus binding antibody
titres (VVbAb) were analyzed prior to the first vaccination, 2
weeks after the second vaccination and 2 weeks and 6 months after
the last vaccination. VVbAb were tested by V-Bio (St. Louis
University, St. Louis, MO) on serum samples using purified
vaccinia. WR virus as a coating antigen in an ELISA [30]. A
positive response to vaccination was defined as baseline titre <100
and post-vaccination titre >100 or baseline titre >100 and post-
vaccination titre >2 times the baseline titre.

Cellular immunogenicity. Cellular immunogenicity was
assessed on the days 0, 7 and 14 after each vaccination as well
as at months 3, 9, and 12 after the last vaccination using IFN-y
ELISPOT assay as described previously [4]. The assays were
performed on freshly isolated peripheral blood mononuclear cells
(PBMCs) at both sites [31]. Briefly, PBMCs were isolated using
density gradient separation from heparinised whole blood within 6
hours of blood draw and counted manually or by using a Vi-Cell
counter (Beckman Coulter, California, US).The freshly isolated
PBMCs were plated at 2x10° per well with synthetic peptides at
2ug/mL.Peptides were 15-mers overlapping by 11 aminoacids,
HPLC purified peptides (>90%) encoding the sequences of Gag,
Env, Pol, Nef, Tat, Rev for the ADVAX and TBC-M4 vaccine
(AnaSpec Inc, Fremont, CA). Negative controls (cells only) and
positive controls [cells with 2ug/mL FEC peptides (peptides for
Influenza, EBV, Cytomegalovirus) and Phytohemagglutinin at
10pg/mL (PHA, Sigma-Aldrich, St Louis, MO)| were added in
each assay. In Group A, cellular immunogenicity was assessed
against the ADVAX matched peptides after 1 and 2" ADVAX
vaccinations whereas at enrolment and the later time points both
the types of peptides were used. The response in Group B
volunteers was assessed using TBC-M4 matched peptides only.
The number of spot forming cells (SFC) per 10° PBMCs was
counted using an automated ELISPOT reader (AID, Strassberg,
Germany). Responses were considered positive based on the
criteria determined at the IAVI Human Immunology Laboratory
[32] and pre-vaccination responses observed on-site. The results
were confirmed at the IAVI Human Immunology Laboratory
using frozen PBMCs collected during 4 study visits. A positive
response was indicated by: 1) greater than 38-54 SFC/10° cells
(depending upon the peptide pool) above the background, 2) more
than 4 times the mean background SFC count, 3) less than 70%
coeflicient variation across the replicate wells and 4) a background
<55 SFCs in cell control wells. IFN-y ELISPOT assays passing
validity criteria for positive and negative controls as well as those
showing no baseline responses were considered for final analysis.

HIV binding antibodies. The HIV-specific antibody re-
sponses were evaluated on day 0 and 14 after each vaccination as
well as at months 3, 9, and 12 after the last vaccination using
commercial ELISA kits mentioned above. The sera from the
responders were further tested by HIV-1 Western blot (INNO-
LIA™ HIV Score, Innogenetics, Zwijnaarde, Belgium) for
assessing the antigen specificity of the HIV antibodies.

HIV neutralizing antibodies. Neutralizing antibodies
(NAb) were measured as a function of reduction in luciferase
reporter gene expression after a single round of infection in TZM-
bl cells as described previously [33,34,35]. The assays were
validated and conducted as a part of the Collaboration for AIDS
Vaccine Discovery (CAVD). Briefly, heat-inactivated sera from trial
participants collected at 14 days and 3 months following last
vaccination were incubated with 200 TCIDj5 of pseudoviruses in
duplicate in a total volume of 150 pL for 1 hr at 37°C in 96-well
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flat-bottom culture plates. The panel of env-pseudoviruses included
Tier-1 and -2 subtype B and C viruses (gifted by the Global HIV
Vaccine Research Cryorepository-GHRC, Fraunhofer-Institute,
St. Ingbert, Germany) in addition to a CCR5 tropic recently
transmitted strain of Indian origin. The viruses used in the panel
were SF162.LS- Tier 1 subtype B (cat no. 4694), MW965- Tier-1
subtype C (cat no. 4696), TVI1.21- Tier-2 subtype C (cat
no. 4659), HIV-001428-2.42- Tier-2 subtype C (cat no. 3551),
IVC 4-5 (Tier-2 subtype C: recent infection), MLLV- control virus
(cat no. 3860).

Freshly trypsinized TZM-bl cells (10,000 cells in 100 pL of
growth medium containing 75 pug/mL DEAE dextran) were
added to each well keeping appropriate virus and cell controls.
After 48 hour incubation, 100 pL of cells was transferred to 96-
well black solid plates (Costar, High Wycombe, Bucks, U.K.) for
measurements of luminescence using the Britelite Luminescence
Reporter Gene Assay System (PerkinElmer Life Sciences, Massa-
chusetts, USA). The results were calculated as the percentage of
reduction in Relative Luminescence Units (RLU) in wells
containing post-immunization serum relative to the RLU in wells
containing corresponding pre-immune serum (collected on the day
of vaccination but before vaccination) from the same subject (data
not shown). Samples showing more than 50% inhibition were
further tested for determination of neutralizing antibody titres
using 3-fold dilutions of sera with starting dilution of 1:10. Nab
titers were calculated as the sample dilution conferring a 50%
reduction in relative luminescence (IDs5q) as compared to virus
control wells after subtraction of background RLU in cell control
wells. Validity criteria used for the assays were 1) The average
RLU of virus control wells should be >10 times the average RLU
of cell control wells, 2) The standard deviation of RLU in the virus
control well should be <30%, 3)The standard deviation for
duplicate wells should be <30% for sample dilutions that yield at
least 40% neutralization, 4) The neutralization curves should be
smooth and linear around the 50% neutralization cut-off.

Statistical Analysis

The sample size of 32 volunteers (24 vaccine and 8 placebo recipients)
was appropriate for an exploratory clinical trial for evaluating
safety while also providing relevant information on vaccine
induced immune responses. However, due to the small sample
size, the trial had limited power to rule out smaller differences in
safety and immunogenicity results between the groups.

All safety and immunogenicity comparisons were made using
Fisher’s exact test of the proportions of volunteers with an
endpoint, unless otherwise stated. The safety comparisons were
based on the maximum severity per volunteer. All comparisons
between vaccinated groups are 2-tailed and all comparisons
between vaccine and placebo groups are 1-tailed; a significance
level of 0.05 was used and due to the exploratory nature of this
phase I study no adjustment was made to preserve the overall type
I error. The magnitude of responses among the two vaccine
groups was compared by the non-parametric Mann Whitney test
using GraphPad Prism 5. Analyses were performed using SAS
version 9.2, (SAS, Cary, NC, USA).

Results

Enrolment and Follow-up

A total of 32 participants (16 each at NARI and NIRT) were
enrolled in the trial between April and June 2009. Groups A and B
enrolled 12 vaccine and 4 placebo recipients each. The details of
the volunteers screened and enrolled are given in Figure 1. The
median age of participants was 34 years with no statistically
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significant differences between the groups. Overall, 41% of the
participants were women, with a male-to-female ratio of 7:5 in
Group A, 6:6 in Group B and 6:2 in placebo recipients. All the
volunteers were literate. The study follow-up was completed in
December 2010 with 100% retention at the last study visit 12
months after the last vaccination.

Vaccine Safety

After ADVAX vaccinations, 7/12 (58.3%) volunteers in Group
A experienced systemic reactogenicity events, graded as mild in 6
volunteers and moderate in one. Three volunteers (25%) in Group
A also experienced grade 1 systemic reactogenicity events after
MVA vaccinations. Nine of 12 (75%) volunteers from Group B
and 5/8 (62.5%) volunteers in the placebo group reported mild
systemic reactogenicity. The reported systemic reactogenicity
events included malaise, myalgia, subjective fever, nausea,
vomiting, arthralgia, fatigue, rash and headache. All except one
were mild in severity. Differences in the proportions of volunteers
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with grade 1 or greater systemic reactogenicity were not
statistically significant between the vaccine groups and placebo
recipients.

Seven out of 12 (58.3%) volunteers in Group A reported grade 1
local reactogenicity; 5 (41.7%) had reactions after the ADVAX
vaccination and 4 (33.3%) after the MVA vaccinations. Nine of 12
(75%) from Group B and 2/8 (25%) receiving placebo demon-
strated mild local reactogenicity. Local reactogenicity events
included pain and tenderness at the injection site. Differences in
the proportions of volunteers with local reactogenicity were not
statistically significant between Group A, Group B, and placebo
recipients.

A total of 118 unsolicited adverse events (AE) were reported by
31 of 32 volunteers during the entire study period. Severity and
distribution of unsolicited adverse events within 28 days post
vaccinations are shown in Figure 2. The distribution of the
frequency and severity of AEs was similar in placebo and Group A
or B vaccine recipients. None of the adverse events was probably

CONSORT 2010 Flow Diagram
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Figure 1. Flow chart of screened and enrolled volunteers.
doi:10.1371/journal.pone.0055831.g001
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or definitely related to vaccine administration. 103 (87.3%) were
assessed as grade 1, 14 (11.8%) as grade 2 and one (0.8%) as grade
3. The latter event was abnormal urinalysis observed in one Group
A vaccine recipient (3+ blood, 1+ proteins, 1+ ketones, 24 red
blood cells/high power field at 12 days after 3™ vaccination). This
event resolved without any intervention after one week. Three
adverse events in 2 volunteers were assessed as possibly related due
to temporal relationship with the vaccinations. These included
development of stomatitis 4 days after the second vaccination
(Group A), glossitis 1 day post-vaccination (Group B) and
premature atrial and ventricular contractions 3 days after the
third MVA vaccination (the same Group B volunteer) as detected
on ECG, which persisted over 3 months. The volunteer was
asymptomatic and his Troponin I levels were within normal limits.
This volunteer was referred to a cardiac physician who diagnosed
a mild mitral valve prolapse with trivial mitral regurgitation on 2D
echo and colour Doppler. The volunteer did not have a past
history of any cardiac disease and his earlier ECG done at
screening was normal. The volunteer gave history of occasional
smoking and alcohol intake. As per the physician, the abnormal-
ities did not translate into clinical symptoms, requiring no further
intervention. The ECG abnormalities resolved spontaneously 6
months after the last vaccination without any treatment.

No serious adverse event or death was reported during the study
period. One Group A volunteer became pregnant 66 days after
the fourth vaccination. This was an unintended pregnancy
because of contraceptive failure. The couple was unprepared to
bear a child at that time on account of personal problems and the
volunteer opted for medical termination of pregnancy.

Prime Boost DNA-MVA Phase | HIV Vaccine Trial

Table 1. HIV binding ELISA antibody response rates.
Group A Group B Placebo
ELISA Response Rate n % N % n %
Post 1st vaccination 0 0 0 0 0/8 0
Post 2nd vaccination 1712 8 5/12 42 0/8 0
Post 3rd vaccination 7/12 58 12/12 100 0/8 0
Post 4th vaccination 9/12 75 Na na 0/4 0
3 months post last 12/12 100 12/12 100 1/8 13
vaccination
6 months post last 12/12 100 12/12 100 0/8 0
vaccination
12 months post last 4/12 33 7/12 58 0/8 0
vaccination
doi:10.1371/journal.pone.0055831.t001

Intercurrent HIV Infection

None of the volunteers became HIV-infected during the trial. A
summary of the number of volunteers showing positive HIV
binding ELISA antibody response is presented in Table 1. All
volunteers who showed a positive HIV antibody response at any
visit were found to be HIV-uninfected as determined by HIV
RNA PCR, ruling out the possibility of acquisition of HIV
infection during the study period.
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Figure 2. Frequency of grade 1, 2 and 3 unsolicited adverse events recorded within 28 days post-vaccinations. Bars represent the
maximum severity per volunteers within 28 days after either 2 vaccinations in Group A (separately for ADVAX and TBC-M4) or 3 vaccinations in Group
B. Relative frequency of adverse events is plotted on the Y axis and Groups A, B vaccine or placebo recipients are plotted on the X-axis.

doi:10.1371/journal.pone.0055831.g002
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HIV-specific Humoral Immune Responses

None of the volunteers showed the presence of binding
antibodies at baseline or after first vaccination. HIV-specific
binding antibodies were observed in 58% and 75% of volunteers
after the first and second MVA boost in Group A and in 42% and
100% of volunteers after the second and third MVA injections in
Group B, respectively. At 3 months after the last vaccination, all
volunteers from Group A and Group B showed positive HIV-
specific binding antibody responses. However the response
persisted in 4 and 7 volunteers from Groups A and B volunteers,
respectively at 12 months after the last vaccination (Table 1). The
binding antibodies were found to be against Env, Gag and Pol
antigens as detected by Western blot (Figure 3a). At 14 days post
last vaccination, the breadth of response as defined by recognition
of three or more antigens was significantly greater (p =0.0176) in
Group B volunteers. (Figure 3b).

Fourteen days after the last vaccination, 10/12 vaccinees from
Group A and all 12 vaccinees from Group B showed the presence
of neutralizing antibodies against Tier-1 subtype C (MW965-
median D5, 238 and 76 respectively) as well as subtype B viruses
(SF162.LS - median ID5;, 112 and 46 respectively). The

neutralizing antibody titres were higher in Group B than in
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Group A volunteers (p<<0.05) (Figure 4). However the titres
decreased at 3 months after the last vaccination. Interestingly, 3/
10 from Group A and 5/10 from Group B volunteers showed
neutralizing activity against IVC 5-41,a recently transmitted strain
of Indian origin, although the titres were low (range: 11-42). No
neutralizing activity was detected against Tier-2 viruses except for
the positive response against TV 21 shown by one participant in
Group A. None of the placebo recipients showed presence of HIV
neutralizing antibodies and neutralizing activity was not observed
against control virus (SVA-MLV).

HIV-specific Cellular Immune Responses

Opverall 398 out of a total of 423 IFN-y ELISPOT assays
performed during the trial period were found to be valid. Table 2
describes responses to any peptide within 2 weeks of each
vaccination in case of both TBC-M4 matched and ADVAX
matched peptides. In Group A, positive responses were infrequent
following DNA vaccination, with only 3/12 volunteers showing a
response after the second DNA vaccination. However, all 12
Group A vaccinees responded to both TBC-M4 and ADVAX-
matched peptides after both the first and second MVA vaccina-
tions. In Group B, 6/10, 6/11 and 11/12 volunteers showed
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Figure 3. Spectrum of HIV-specific antibodies as determined by Western blot among Groups A and B vaccine recipients. Antigens
recognized by HIV-specific antibodies as determined by HIV Western blot assay by group and visit after the last vaccination. Figure 2a shows the
frequency of volunteers recognizing each HIV antigen (Env: gp160, gp120 and gp41, Pol: p65, Gag: p55, p24 and p40) by the presence of bands in
Western blot. Figure 2b shows the distribution of the spectrum of HIV-specific antibodies (number of HIV antigens identified) by Western blot.
median, inter-quartile and minimum-maximum ranges are presented in the Box-Whiskers plots.

doi:10.1371/journal.pone.0055831.g003
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are MW965.26 (Tier-1 subtype C), SF162.LS (Tier-1 subtype B), IVC 5-41 (recently transmitted Indian strain) and TV1.21 (Tier-2 subtype C). No
neutralization response was seen against HIV 001428-2.42 (Tier-2 subtype C) (not shown). The neutralizing antibody titres from Group B volunteers
were found to be higher than in Group A volunteers at 14 days and 3 months following last vaccination. P-values were calculated by the Mann
Whitney test. The vertical bars represent median and inter-quartile range.

doi:10.1371/journal.pone.0055831.g004

positive responses after the first, second and third MVA
vaccinations, respectively. TBC-M4-matched peptide responses
persisted up to 3, 6 and 12 months post-last vaccination in 8/11,
8/12 and 3/10 volunteers from Group A, and in 7/12, 4/12 and
4/11 volunteers from Group B respectively. In placebo recipients,
a few positive responses against either ADVAX or TBC-M4
peptides were detected after each vaccination giving over all false
positive rate of 3.6%, which is comparable to what has been
reported by IAVI (4.1%) and HVTN (5.1%) laboratories [32].
The proportion of volunteers with at least one response to a
TBC-M4-matched peptide was significantly (p<<0.05) greater in
group A than Group B at day 7 and 14 after the first and second
MVA vaccinations as shown in Figure 5 indicating the priming
effect of the DNA vaccination. However the proportion of Group
A and Group B responders at 9, 12 and 18 months (corresponding
to 3, 6 and 12 months post last vaccination) were not different at a
statistically significant level. The ELISPOT responses were
predominantly seen against Env (11 in Group A and 9 in Group
B) and Gag (8 in Group A and 11 in Group B) peptides followed
by Pol (7 in Group A and 3 in Group B). Responses against Nef/
Rev/Tat peptides were infrequent (2 in Group A and 3 in Group
B). In group A, the magnitude of TBC-M4-matched peptide
responses was found to be highest at 7 days following the first
MVA boost however it was found to be lower after the second
MVA boost. The distribution of the magnitude of IFN-y
ELISPOT responses in Group B was similar after the second
and third vaccinations, with minor boosting observed after the first
vaccination. The breadth (recognition of one or more HIV

PLOS ONE | www.plosone.org

antigens) of TBC-M4-matched peptide responses was greater in
group A than in group B, but the difference (based on Wilcoxon’s
Rank Sum test for the breadth of response per volunteer) was not
statistically significant, except on day 14 following the first MVA
vaccination (p =0.024, unadjusted for multiple comparisons).

Vaccinia ELISA Binding Antibody

Vaccinia ELISA binding antibody titres (VVbAb) were detected
at baseline in 3/12, 4/12 and 1/4 volunteers in Groups A, B and
placebo recipients, respectively. All vaccinated volunteers from
both groups had a positive vaccinia binding antibody titre after
MVA vaccination. None of the placebo recipients showed an
increase in anti-vaccinia antibody titres over the baseline titre. At 6
months post-final vaccination the median titres were lower (418
and 616 in Group A and B, respectively) compared to 14 days post
final vaccination (1442 and 946 in Groups A and B, respectively)
(Data not shown).

Discussion

This phase I clinical trial was conducted with the objective of
comparing safety and immunogenicity of the heterologous DNA/
MVA with homologous MVA alone regimens. Several studies
have shown that DNA priming improves the quality of both T-cell
and B-cell immune responses, when boosted with viral vectors
[13,14,15]. Hence, a heterologous DNA prime and MVA boost
vaccination regimen was designed to investigate whether a more
robust immune response would be generated in comparison with a
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homologous MVA boost regimen. However, due to the small
sample size, this study had limited power for analytical compar-
1sons of safety and immunogenicity responses between the groups
receiving two types of regimens.

Both vaccine strategies were shown to be generally safe and well
tolerated. No vaccine-related serious adverse events were ob-
served. Volunteers experienced mostly mild local and systemic
reactogenicity. The overall distribution of local and systemic
reactogenicity, as well as unsolicited adverse events, was similar
among vaccine and placebo recipients. In the present study, one
Group B volunteer showed premature atrial and ventricular
contractions which were detected at 3 days post third MVA
injection. The ECG abnormality resolved spontaneously without
any treatment. MVA, being a non replicating vector, has not been
previously reported to cause pericardiac or myocardiac events
[19,36]. Although the condition was categorized as possibly related
in view of the temporal relationship of the ECG abnormality and
the known rare risk of myocarditis following replicating vaccinia
vaccination, the event did not meet the criteria of pericarditis or
myocarditis, and thus does not point to an association between
ECG abnormality and TBC-M4 (a non-replicating vector)
administration. The episode of glossitis observed in the same
volunteer could be due to an inter-current enterovirus infection for
which unfortunately no specific serology could be performed.

Immunogenicity assessments after the study vaccinations
demonstrated sporadic immune responses after the DNA vacci-
nations in Group A. This result was expected since DNA vaccines
administered by needle injection, in the absence of an adjuvant,
are generally weakly immunogenic. The priming effect of DNA
was evidenced after the first MVA vaccination in Group A, where
100% of subjects showed a positive IFN-y ELISPOT response,
compared to 60% of subjects in Group B after the first MVA
vaccination. This finding suggests that DNA vaccination did prime
the immune system as has been reported earlier [15]. The
mechanism by which DNA priming exerts such effects remains to
be elucidated. One of the suggested mechanisms is induction of
HIV-specific CD4+T-cells which might help in rapid expansion of
CD4+ and CD8+T-cell responses during boosting [13,36].
Although CD4+ T cells are also implicated in long term
persistence of immune response, no difference in persistence of
IFN-y ELISPOT response was observed at 12 months after the
last vaccination in the present study.

Both the DNA and MVA constructs contained multiple genes of
HIV with the intent of targeting several viral components. This
strategy is thought to be useful for reducing the risk of escape from
vaccine-induced immunity [37,38]. Prime-boost immunization has
been shown to significantly increase the breadth of the immune
responses possibly due to the divergent cell targeting and antigen
processing routes complementing one another, allowing a greater
diversity of epitope recognition than with either agent alone [39].
However, in the present study, the breadth of T-cell responses as
defined by recognition of multiple HIV antigens was similar in
both groups. The T-cell responses were predominantly seen
against Env and Gag as observed in previous studies [40].
Predominant Env specific responses have also been reported after
vaccinations with multi-genic poxvirus vectors previously [41,42].
Although in natural chronic HIV infection, Env-specific CD8+ T-
cell responses have been shown to be associated with poor control
of viral replication compared to Gag-specific responses [43], non-
human primates immunized with DNA plus Ad5 expressing SIV
Env as well as Gag were better protected against SIV challenge
compared to animals immunized with vaccines expressing only
Gag [44]. Another macaque study also showed that the protection
against the acquisition of SIV infection required the inclusion of
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Figure 5. T-cell immune responses as assessed by IFN-y secretory ELISPOT assays against ADVAX matched peptides after 1°* and
2"9 DNA vaccinations in group A and TBC-M4 matched peptides at the other time points in group A and at all the time points in
group B participants are shown. Average magnitude of IFN-y ELISPOT responses in SFC/10° cells (Y-axis) at each time point, by Groups A and B
volunteers (X-axis) against different antigens are represented by different colours. 7d and 14d indicate 7 and 14 days after every vaccination,
respectively. Values above the bars represent the percent of volunteers with positive responses to any or at least one peptide at that visit. The black
lines and the corresponding p values showed comparison between the responses in group A and group B at days 7 and 14 after the first and second

MVA vaccinations.
doi:10.1371/journal.pone.0055831.9005

Env in the vaccine regimen [45] indicating that the generation of
Env-specific responses might also be important in early HIV
infection.

The MVA-alone strategy was evaluated earlier in a previous
clinical trial conducted in India [4], where the low dose used was
comparable in titer to the MVA dose used for vaccination in the
present study. The response rates in the current Group B are
comparable to those reported in the low dose group of the
previous trial, with 64% and 91% of volunteers showing positive
T-cell responses in the previous trial as compared to 55% and 92%
after the second and third MVA vaccinations, respectively, in the
current trial. Among MVA vaccine recipients in both trials, the
response magnitudes were modest and directed against Env and
Gag.

In the present study, antibody responses, as opposed to T-cell
responses, were of higher frequency, magnitude and breadth of
recognized HIV antigens by Western blot in the MVA only group
(Group B) than in the DNA/MVA group (Group A). This
corroborates a macaque study using MVA alone that showed 10-
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fold higher anti-Env antibodies following immunization with
MVA alone compared to those immunized with DNA and MVA
regimens [46]. Conversely, in some studies the antibody responses
to prime-boost regimens with DNA as prime and Ad5 or protein
as boost, were found to be higher than those in homologous Ad5
or protein boost regimens [15]. One of the reasons for this could
be the ability of poxviruses to act as adjuvants for B cells through
induction of TNF-a and IL-6, supporting plasma cell survival [47].
By contrast, T-cell responses failed to increase in magnitude after
repeated boosting with MVA in both the groups. Similar results
with failure of boosting of the T-cell response with a marginal
increase in antibody responses to HIV proteins after repeated
immunizations of MVA have also been observed previously in
animal models [46,48]. Failure to boost the T-cell immune
response against vector expressed foreign antigen after repeated
immunizations may be due to induction of immune responses
against viral vector proteins leading to early elimination of vectors
hampering immune responses against the vaccine insert. Despite
the differences observed in immune responses elicited by DNA
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prime MVA boost compared with homologous MVA boost
regimens, the protection against SIV challenge in macaques has
been shown to be comparable in one of the previous study [49].

Vaccinia antibodies were induced in all vaccinated volunteers
after MVA vaccination in both groups. All the 8 volunteers with
baseline responses were born before 1980 and hence the
antibodies are likely to have been induced by a previous smallpox
vaccination. No correlation was detected between the magnitude
of IFN-y ELISPOT response with the presence of VVbAbs at
baseline (data not shown) suggesting that pre-existing immunity
did not influence the induction of HIV-specific immune responses
in these volunteers, as reported earlier [4,50]. This is in contrast
with data showing high baseline adenovirus type 5-specific
antibody titres and hampering IFN-YELISPOT responses [51].

Titres of HIV-specific neutralizing antibodies were significantly
higher in the MVA only group (Group B) volunteers as compared
to the DNA/MVA group (Group A). The neutralizing antibody
response was mainly against Tier-1 subtype B and subtype C
viruses, which are known to be neutralization-sensitive. No
responses against Tier-2 viruses were detected in any volunteers.
It has already been shown that Tier 2 responses are rarely induced
by most of the vaccine strategies tested so far in clinical trials
[52,53]. Interestingly, 3/12 and 5/12 volunteers from Groups A
and B, respectively, showed presence of neutralizing antibodies
against a recently transmitted strain of Indian origin. This could be
considered as an important determinant of vaccine-induced
immunity indicative of possible protection against transmitted
HIV. Furthermore, although neutralizing antibodies against Tier-
2 viruses were minimal, the role of non-neutralizing antibodies in
protecting against HIV cannot be ruled out, as emphasized in the
RV144 trial, where protection was found to be associated with
presence of anti V1/V2 binding IgG antibodies [54,55].

In conclusion the safety profile as well as immunogenicity of the
DNA/MVA heterologous prime-boost strategy was comparable
with that of the homologous MVA alone strategy. Although DNA
priming resulted in enhancement of immune responses following
1* MV A boosting in group A, the effect lasted for a very short time
demonstrating no immunological advantage of heterologous prime
boost strategy over homologous MVA alone strategy. New
administration strategies of DNA vaccines to augment T-cell

References

1. National AIDS Control Programme(2011). Response to the HIV Epidemic in
India. Available: http://www.nacoonline.org/upload/IEC%20Division/
Parliamentarian%20Forum%204-5%20july%202011/
NACO%20Monograp%20NACP.pdf. Accessed 2012 November 2.

2. Mehendale S, Sahay S, Thakar M, Sahasrabuddhe S, Kakade M, et al. (2010)
Safety & immunogenicity of tgAAC09, a recombinant adeno-associated virus
type 2 HIV-1 subtype C vaccine in India. Indian J] Med Res 132: 168-175.

3. Mehendale S, van Lunzen J, Clumeck N, Rockstroh J, Vets E, et al. (2008) A
phase 1 study to evaluate the safety and immunogenicity of a recombinant HIV
type 1 subtype C adeno-associated virus vaccine. AIDS Res Hum Retroviruses
24: 873-880.

4. Ramanathan VD, Kumar M, Mahalingam J, Sathyamoorthy P, Narayanan PR,
et al. (2009) A Phase 1 study to evaluate the safety and immunogenicity of a
recombinant HIV type 1 subtype C-modified vaccinia Ankara virus vaccine
candidate in Indian volunteers. AIDS Res Hum Retroviruses 25: 1107-1116.

5. Flynn NM, Forthal DN, Harro CD, Judson FN, Mayer KH, et al. (2005)
Placebo-controlled phase 3 trial of a recombinant glycoprotein 120 vaccine to
prevent HIV-1 infection. J Infect Dis 191: 654-665.

6. Pitisuttithum P, Gilbert P, Gurwith M, Heyward W, Martin M, et al. (2006)
Randomized, double-blind, placebo-controlled efficacy trial of a bivalent
recombinant glycoprotein 120 HIV-1 vaccine among injection drug users in
Bangkok, Thailand. J Infect Dis 194: 1661-1671.

7. Sadagopal S, Amara RR, Montefiori DC, Wyatt LS, Staprans SI, et al. (2005)
Signature for long-term vaccine-mediated control of a Simian and human
immunodeficiency virus 89.6P challenge: stable low-breadth and low-frequency
T-cell response capable of coproducing gamma interferon and interleukin-2.
J Virol 79: 3243-3253.

PLOS ONE | www.plosone.org

10

Prime Boost DNA-MVA Phase | HIV Vaccine Trial

immune responses including intra-dermal needle injection,
Biojector, and electroporation with or without molecular adjuvant
administration have generated promising results that may deserve
further investigations with vector boosts [56,57,58].

Supporting Information

Protocol S1 Trial Protocol.

(PDF)

Checklist S1 CONSORT Checklist.
(PDF)

Acknowledgments

We express our gratitude to all the study participants, to the research staff
at both the clinical sites for their outstanding work and dedication, to the
Indian Council of Medical Research and the National AIDS Control
Organisation in India for their support and guidance, and to the Safety
Review Board for overseeing the study. We are very grateful to David Ho
and Sandhya Vasan from the Aaron Diamond AIDS Research Center for
providing the ADVAX DNA vaccine and necessary support for this clinical
trial. We would like to thank Patricia Fast, IAVI Chief Medical Officer, for
her constant support, guidance and helpful comments as well as the
members of the IAVI Human Immunology Laboratory, especially Gwynn
Stevens, Paramesh Chetty and Tony Tarragona for technical and logistic
support throughout the trial. We are also thankful to David Montefiori,
Marcella Sarzotti-Kelsoe and the CAVD group for their guidance in
conduct of neutralization assays and GHRC for providing pseudoviruses
for the study. We are thankful to Dr. Jayanta Bhattacharya, NARI, for
providing pseudo virus from recent HIV infection.

Author Contributions

Conceived and designed the experiments: SM MT SS JG RG A. Shrotri S.
Kurle JC JLE VK RSP VDR. Performed the experiments: MT SS MK A.
Shrotri PS AV S. Kurle A. Shete VDR. Analyzed the data: SM MT SS A.
Shrotri A. Shete JG LD JC VDR. Contributed reagents/materials/analysis
tools: MT A. Shrotri PS S. Kurle JG ES DZ JA VDR LD. Wrote the
manuscript: SM MT SS MK A. Shrotri PS AV S. Kurle A. Shete JG RG
LD ES DZ JA S. Kochhar JC JLE VK RSP VDR. Provided support for
online data entry: LD. Query resolution: SM MT A. Shrotri LD JC JLE PS
VDR. Management of Clinical Issues: SM S. Kochhar JC JLE MK AV
VDR.

8. Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, et al.
(2009) Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in
Thailand. N Engl J Med 361: 2209-2220.

9. Bot A, Qju Z, Wong R, Obrocea M, Smith KA (2010) Programmed cell death-1
(PD-1) at the heart of heterologous prime-boost vaccines and regulation of CD8+
T cell immunity. J Transl Med 8: 132.

. Nayak S, Herzog RW (2009) Progress and prospects: immune responses to viral
vectors. Gene Ther 17: 295-304.

11. McConkey SJ, Reece WH, Moorthy VS, Webster D, Dunachie S, et al. (2003)
Enhanced T-cell immunogenicity of plasmid DNA vaccines boosted by
recombinant modified vaccinia virus Ankara in humans. Nat Med 9: 729-735.

. Yang ZY, Wyatt LS, Kong WP, Moodie Z, Moss B, et al. (2003) Overcoming
immunity to a viral vaccine by DNA priming before vector boosting. J Virol 77:
799-803.

. De Rosa SC, Thomas EP, Bui J, Huang Y, deCamp A, et al (2011) HIV-DNA
priming alters T cell responses to HIV-adenovirus vaccine even when responses
to DNA are undetectable. J Immunol 187: 3391-3401.

. Jaoko W, Karita E, Kayitenkore K, Omosa-Manyonyi G, Allen S, et al. (2010)
Safety and immunogenicity study of Multiclade HIV-1 adenoviral vector vaccine
alone or as boost following a multiclade HIV-1 DNA vaccine in Africa. PLoS
One 5: ¢12873.

5. Koup RA, Roederer M, Lamoreaux L, Fischer J, Novik L, et al. (2010) Priming

immunization with DNA augments immunogenicity of recombinant adenoviral

vectors for both HIV-1 specific antibody and T-cell responses. PLoS One 5:

€9015.

Sandstrom E, Nilsson C, Hejdeman B, Brave A, Bratt G, et al. (2008) Broad

immunogenicity of a multigene, multiclade HIV-1 DNA vaccine boosted with

16.

February 2013 | Volume 8 | Issue 2 | 55831



20.

22.

23.

24.

27.

28.

30.

31

32.

34.

37.

heterologous HIV-1 recombinant modified vaccinia virus Ankara. J Infect Dis

198: 1482-1490.

. Koopman G, Mortier D, Hofman S, Mathy N, Koutsoukos M, et al. (2008)

Immune-response profiles induced by human immunodeficiency virus type 1
vaccine DNA, protein or mixed-modality immunization: increased protection
from pathogenic simian-human immunodeficiency virus viraemia with protein/
DNA combination. J Gen Virol 89: 540-553.

. Rosati M, von Gegerfelt A, Roth P, Alicea C, Valentin A, et al. (2005) DNA

vaccines expressing different forms of simian immunodeficiency virus antigens
decrease viremia upon SIVmac251 challenge. J Virol 79: 8480-8492.

. Cebere I, Dorrell L, McShane H, Simmons A, McCormack S, et al. (2006)

Phase I clinical trial safety of DNA- and modified virus Ankara-vectored human
immunodeficiency virus type 1 (HIV-1) vaccines administered alone and in a
prime-boost regime to healthy HIV-1-uninfected volunteers. Vaccine 24: 417
425.

Hanke T, Goonetilleke N, McMichael AJ, Dorrell L (2007) Clinical experience
with plasmid DNA- and modified vaccinia virus Ankara-vectored human
immunodeficiency virus type 1 clade A vaccine focusing on T-cell induction.

J Gen Virol 88: 1-12.

Smith JM, Amara RR, McClure HM, Patel M, Sharma S, et al. (2004)
Multiprotein HIV type 1 clade B DNA/MVA vaccine: construction, safety, and
immunogenicity in Macaques. AIDS Res Hum Retroviruses 20: 654-665.
Cosma A, Nagaraj R, Buhler S, Hinkula J, Busch DH, et al. (2003) Therapeutic
vaccination with MVA-HIV-1 nef elicits Nef-specific T-helper cell responses in
chronically HIV-1 infected individuals. Vaccine 22: 21-29.

Dunachie SJ, Walther M, Epstein JE, Keating S, Berthoud T, et al. (2006) A
DNA prime-modified vaccinia virus ankara boost vaccine encoding thrombos-
pondin-related adhesion protein but not circumsporozoite protein partially
protects healthy malaria-naive adults against Plasmodium falciparum sporozoite
challenge. Infect Immun 74: 5933-5942.

Gilbert SC, Moorthy VS, Andrews L, Pathan AA, McConkey SJ, et al. (2006)
Synergistic DNA-MVA  prime-boost vaccination regimes for malaria and
tuberculosis. Vaccine 24: 4554-4561.

Krupa M, Canamero M, Gomez CE, Najera JL, Gil J, et al(2011).
Immunization with recombinant DNA and modified vaccinia virus Ankara
(MVA) vectors delivering PSCA and STEAPI antigens inhibits prostate cancer
progression. Vaccine 29: 1504-1513.

. Huang Y, Chen Z, Zhang W, Gurner D, Song Y, et al. (2008) Design,

construction, and characterization of a dual-promoter multigenic DNA vaccine
directed against an HIV-1 subtype C/B’ recombinant. J Acquir Immune Defic
Syndr 47: 403-411.

Vasan S, Schlesinger S], Huang Y, Hurley A, Lombardo A, et al. (2010) Phase 1
safety and immunogenicity evaluation of ADVAX, a multigenic, DNA-based
clade C/B’ HIV-1 candidate vaccine. PLoS One 5: ¢8617.

DAIDS Regulatory Compliance Center; [Accessed 11 March 2010]. version
1.0 D, Website. cA (). Division of AIDS table for grading the severity of adult
and pediatric adverse events.

. Manual on quality standards for HIV testing laboratories In: NACO, editor

(2007). Available http://www.nacoonline.org/upload/Blood%20Saftey/
Manual%200n%20Quality % 20Standads % 20for%20HIV %20 Testing% 20Labo
ratories.pdf.Accessed 2012 November 2.

Frey SE, Newman FK, Kennedy JS, Sobek V, Ennis FA, et al. (2007) Clinical
and immunologic responses to multiple doses of IMVAMUNE (Modified
Vaccinia Ankara) followed by Dryvax challenge. Vaccine 25: 8562-8573.
Boaz M]J, Hayes P, Tarragona T, Seamons L, Cooper A, et al. (2009)
Concordant proficiency in measurement of T-cell immunity in human
immunodeficiency virus vaccine clinical trials by peripheral blood mononuclear
cell and enzyme-linked immunospot assays in laboratories from three continents.
Clin Vaccine Immunol 16: 147-155.

Gill DK, Huang Y, Levine GL, Sambor A, Carter DK, et al. (2010) Equivalence
of ELISpot assays demonstrated between major HIV network laboratories. PLoS
One 5: e14330.

Montefiori DC (2009) Measuring HIV neutralization in a luciferase reporter
gene assay. Methods Mol Biol 485: 395-405.

Seaman MS, Janes H, Hawkins N, Grandpre LE, Devoy C, et al. (2010) Tiered
categorization of a diverse panel of HIV-1 Env pseudoviruses for assessment of
neutralizing antibodies. J Virol 84: 1439-1452.

. Ozaki DA, Gao H, Todd CA, Greene KM, Montefiori DC, et al. (2012)

International technology transfer of a GCLP-compliant HIV-1 neutralizing
antibody assay for human clinical trials. PLoS One 7: €30963.

Gurunathan S, Wu CY, Freidag BL, Seder RA (2000) DNA vaccines: a key for
inducing long-term cellular immunity. Curr Opin Immunol 12: 442-447.
Kong WP, Huang Y, Yang ZY, Chakrabarti BK, Moodie Z, et al. (2003)
Immunogenicity of multiple gene and clade human immunodeficiency virus type

1 DNA vaccines. J Virol 77: 12764-12772.

PLOS ONE | www.plosone.org

1

40.

41.

42.

43.

44,

46.

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

Prime Boost DNA-MVA Phase | HIV Vaccine Trial

. Rollman E, Brave A, Boberg A, Gudmundsdotter L, Engstrom G, et al. (2005)

The rationale behind a vaccine based on multiple HIV antigens. Microbes Infect

7: 1414-1423.

. Wu L, Kong WP, Nabel GJ (2005) Enhanced breadth of CD4 T-cell immunity

by DNA prime and adenovirus boost immunization to human immunodefi-
ciency virus Env and Gag immunogens. J Virol 79: 8024-8031.

Harari A, Bart PA, Stohr W, Tapia G, Garcia M, et al. (2008) An HIV-1 clade C
DNA prime, NYVAC boost vaccine regimen induces reliable, polyfunctional,
and long-lasting T' cell responses. ] Exp Med 205: 63-77.

Currier JR, Ngauy V, de Souza MS, Ratto-Kim S, Cox JH, et al. (2010) Phase I
safety and immunogenicity evaluation of MVA-CMDR, a multigenic,
recombinant modified vaccinia Ankara-HIV-1 vaccine candidate. PLoS One
5: e13983.

McCormack S, Stohr W, Barber T, Bart PA, Harari A, et al. (2008) EV02: a
Phase I trial to compare the safety and immunogenicity of HIV DNA-C prime-
NYVAC-C boost to NYVAC-C alone. Vaccine 26: 3162-3174.

Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne I, et al.
(2007) CD8+ T-cell responses to different HIV proteins have discordant
associations with viral load. Nat Med 13: 46-53.

Wilson NA, Reed J, Napoe GS, Piaskowski S, Szymanski A, et al. (2006)
Vaccine-induced cellular immune responses reduce plasma viral concentrations
after repeated low-dose challenge with pathogenic simian immunodeficiency
virus SIVmac239. J Virol 80: 5875-5885.

. Barouch DH, Liu J, Li H, Maxfield LF, Abbink P, et al(2012) Vaccine

protection against acquisition of neutralization-resistant SIV challenges in rhesus
monkeys. Nature 482: 89-93.

Amara RR, Villinger F, Staprans SI, Altman JD, Montefiori DC, et al. (2002)
Different patterns of immune responses but similar control of a simian-human
immunodeficiency virus 89.6P mucosal challenge by modified vaccinia virus
Ankara (MVA) and DNA/MVA vaccines. J Virol 76: 7625-7631.

Hutchings CL, Gilbert SC, Hill AV, Moore AC (2005) Novel protein and
poxvirus-based vaccine combinations for simultaneous induction of humoral and
cell-mediated immunity. J Immunol 175: 599-606.

Shete AV, Thakar MR, Tripathy SP, Raut C, Chakrabarti S, et al. (2011) T-cell
Epitopes Identified by BALB/c Mice Immunized with Vaccinia Expressing
HIV-1 Gag lie within immunodominant Regions Recognized by HIV-infected
Indian Patients. J Glob Infect Dis 3: 246-253.

Lai L, Kwa SF, Kozlowski PA, Montefiori DC, Nolen T, et al. (2012)
SIVmac239 MVA vaccine with and without a DNA prime, similar prevention of
infection by a repeated dose SIVsmE660 challenge despite different immune
responses. Vaccine.

Gudmundsdotter L, Nilsson C, Brave A, Hejdeman B, Earl P, et al. (2009)
Recombinant Modified Vaccinia Ankara (MVA) effectively boosts DNA-primed
HIV-specific immune responses in humans despite pre-existing vaccinia
immunity. Vaccine 27: 4468-4474.

Priddy FH, Brown D, Kublin J, Monahan K, Wright DP, et al. (2008) Safety and
immunogenicity of a replication-incompetent adenovirus type 5 HIV-1 clade B
gag/pol/nef vaccine in healthy adults. Clin Infect Dis 46: 1769-1781.
Goepfert PA, Tomaras GD, Horton H, Montefiori D, Ferrari G, et al. (2007)
Durable HIV-1 antibody and T-cell responses elicited by an adjuvanted multi-
protein recombinant vaccine in uninfected human volunteers. Vaccine 25: 510
518.

Russell ND, Graham BS, Keefer MC, McElrath M], Self SG, et al. (2007) Phase
2 study of an HIV-1 canarypox vaccine (vCP1452) alone and in combination
with rgp120: negative results fail to trigger a phase 3 correlates trial. J Acquir
Immune Defic Syndr 44: 203-212.

Cohen J. (2011) AIDS research. Novel antibody response may explain HIV
vaccine success. Science 333: 1560.

. Haynes BF, Gilbert PB, McElrath MJ, Zolla-Pazner S, Tomaras GD, et al.

(2012) Immune-correlates analysis of an HIV-1 vaccine efficacy trial.
N Engl ] Med 366: 1275-1286.

Bakari M, Aboud S, Nilsson C, Francis J, Buma D, et al. (2011) Broad and
potent immune responses to a low dose intradermal HIV-1 DNA boosted with
HIV-1 recombinant MVA among healthy adults in Tanzania. Vaccine 29:
8417-8428.

Vasan S, Hurley A, Schlesinger SJ, Hannaman D, Gardiner DF, et al. (2011) In
vivo clectroporation enhances the immunogenicity of an HIV-1 DNA vaccine
candidate in healthy volunteers. PLoS One 6: €19252.

Winstone N, Wilson AJ, Morrow G, Boggiano C, Chiuchiolo M], et al. (2011)
Enhanced control of pathogenic Simian immunodeficiency virus SIVmac239
replication in macaques immunized with an interleukin-12 plasmid and a DNA
prime-viral vector boost vaccine regimen. J Virol 85: 9578-9587.

February 2013 | Volume 8 | Issue 2 | 55831



