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Introduction
The trademark of a viral vaccine is to elicit robust, effective 

and extensive immune responses against the virus. One way of 
demonstrating that antibodies can elicit protection is by passive 
administration followed by virus challenge in in vivo models. A vaccine 
capable of eliciting satisfactory levels of antibody against HIV-1 
could prevent the establishment of infection. In the case of HIV-1 the 
development of an effective vaccine has been an elusive one mainly due 
to the antigenic and genetic diversity of the virus. The first endeavor 
to produce a protective vaccine against HIV-1 was to generate HIV-1 
Envelope (Env)-specific antibody responses using recombinant gp120 
antigens indicated that the antibodies failed to neutralize HIV-1 [1]. 
Two more studies in Phase III efficacy clinical trials revealed the failure 
of the recombinant gp120 vaccine to prevent HIV-1 infection or reduce 
viremia [2,3]. Studies following these trials based on eliciting cytotoxic 
T Cell (CTL) responses against HIV did not show any promise. But 
lately, the modest efficacy against HIV shown in the RV144 Phase 
III clinical trial in controlling HIV infection [4] and the isolation of 
neutralizing antibodies (nAb) called broadly neutralizing antibodies 
(bnAb) able to neutralize a broad spectrum of HIV-1 variants [5] has 
generated great optimism in the HIV-1 vaccine research field. In this 
review we will discuss the existing status of the research efforts focused 
on the development of an HIV-1 vaccine, lessons learned, challenges 
to be addressed and current strategies to develop an effective vaccine.

Clinical Trials 
The development of an HIV vaccine is a crucial component 

required to bring the HIV/AIDS epidemic to an end. Vaccines can be 
either therapeutic or prophylactic. Therapeutic vaccines are designed 
to control/clear HIV from already infected individuals whereas 
prophylactic or preventive vaccines are designed to reduce the risk of 
infection in people who are not infected with HIV and also to reduce 
the viral load set point in people infected with HIV. Most of the research 
has been focused on the development of a preventive vaccine. Here 
we will discuss the phase IIb/III efficacy trials of preventive vaccines. 
More than two hundred trials have been conducted to date to develop 
an effective vaccine of which only 6 trials reached Phase IIb or III 
stages (Table 1). VAX003 and VAX004 trials tested HIV vaccine named 
AIDSVAX a vaccine consisting B envelope of recombinant gp120 
protein. The vaccine was designed to elicit antibody response against 
HIV gp120. Phase I and Phase II trials of the original version showed 
excellent safety in chimpanzees and elicited production of antibodies 
in 99% of human volunteers leading to initiation of the first Phase 

III clinical trials in 1998. Both trials were randomized, double-blind, 
placebo-controlled efficacy trials of a bivalent recombinant glycoprotein 
120 [3,6]. VAX003 was conducted in Bangkok and Thailand with 2400 
volunteers and VAX004 was conducted in North America and Europe 
with 5400 volunteers [3,6]. Both trials showed no effect for prevention 
of acquisition of HIV infection and ended in 2003 [3,6]. In 2005 STEP/
HVTN502 trial a phase IIb, randomized, double-blind, placebo-
controlled study with 3000 HIV seronegative high-risk volunteers was 
initiated. The vaccine used in the study MRKAd5 HIV-1 gag/pol/nef 
is a replication-defective adenovirus type 5 (Ad5) vector vaccine [7]. 
The study was halted in 2007 when it showed no efficacy in protection 
from HIV infection but surprisingly showed modest increase in HIV 
infection in Ad5-seropositive uncircumcised men [7]. The Phambili/
HVTN 503 study tested the same Merck Ad5 HIV-1 vaccine in South 
Africa. The Phambili study was also halted in 2007 with only 800 
volunteers recruited after the STEP study results became available. 
Similar to what was observed in the STEP study there was no effect of 
the vaccine in preventing HIV infection [8]. Vaccine tested in the STEP 
and Phambili trials were designed to induce cell mediated immune 
response. The RV144 efficacy trial with 16,402 volunteers started in 
2003 was conducted in Thailand and the results were reported in 2009. 
The candidate vaccine evaluated in this trial was a combination of two 
vaccines one ALVAC-HIV (a recombinant canarypox vector vaccine) 
as prime injection and two AIDSVAX B/E (a recombinant gp120) as 
booster injection. This combination vaccine strategy was designed to 
induce antibody and cell mediated immune response. This is the only 
trial which showed a modest efficacy of 31.2% in reducing the risk of 
HIV infection but did not show any effect in decreasing viremia in HIV 
infected individuals [4]. The HVTN 505 trial is a phase IIb study which 
started in 2009 with 2504 volunteers to test the efficacy of a combination 
of two vaccines designed to induce antibody and cell mediated immune 
response. One a recombinant DNA based priming vaccine and two a 
recombinant Ad5 based boosting vaccine. The trial was discontinued in 
2013 as an interim review revealed that the vaccine did not prevent HIV 
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infection nor did it decrease the viremia in HIV infected individuals. 
The modest efficacy of RV144 trial has led to follow up studies to 
understand why the RV144 vaccine regimen worked and apply the 
same criteria for development of a better, more efficient vaccine. 

Lessons Learned and Clinical Trials Underway
Even though HVTN 503 and 502 trials of the MRKAd5 HIV-1 

vaccine failed, the studies indicated that the non-human primate (NHP) 
simian-human immunodeficiency virus (SHIV) challenge model with 
prevailing SHIVs is ambiguous and imperfect to assess cytotoxic T 
cell (CTL)-based vaccines. In contrast the Simian Immunodeficiency 
Virus (SIV) challenge model better predicted the failure to reduce 
viremia, was unsuccessful in explaining acquisition of infection results 
[9,10] underscoring the need for better NHP models. These trials also 
indicated that conducting smaller efficacy trials may generate better 
and effective evidence to guide prospective trials [11]. Furthermore 
the trials showed the importance of testing the immunity to vectors 
(Example: Ad5) [10]. 

The RV144 trial was the only vaccine to show a modest effect 
and of the subsequent post hoc analysis done revealed a lot of useful 
information. It is important to note that the RV144 trial result indicates 
that developing a vaccine to prevent HIV infection is possible. In addition 
to that, RV144 has offered a unique opportunity to comprehensively 
search for immune correlates of risk of infection. This will provide a 
wealth of information to help reveal the immune responses necessary 
for protection against HIV infection. Researchers at U.S. Military HIV 
Research Program (MHRP) and National Institute of Allergy and 
Infectious Diseases (NIAID) have discovered that individuals producing 
relatively high levels of a specific immunoglobulin G (IgG) antibody 
that binds to the first and second variable regions, or V1V2 of the HIV 
Env protein had better protection against HIV infection compared to 
those who did not produce high levels of the antibody [12]. Vaccinated 
individuals producing relatively high levels of immunoglobulin A (IgA) 
antibody that attaches to first constant region or C1 of the HIV Env 
protein did not benefit from this vaccination [12]. Genomic studies 
of HIV sequences from 110 participants from the RV144 trials also 
corroborated that antibodies are being targeted towards V1V2 [13]. 
A study also reported that the efficacy of the vaccine peaks around 12 
months and gradually decreases indicating a requirement for a booster 
dose to enhance the immune response [14]. Most importantly a recent 
study has shown that the same antibodies induced by the vaccine 
decrease the risk of infection by different clades or subtypes of HIV 
i.e. A, B, C and AE [15]. Follow-up clinical studies RV305 and RV306 
are underway to determine the efficacy of multiple booster doses 

of the same vaccine as RV144 and to acquire more immunogenicity 
data (www.avac.org/report2012). It is imperative to know if the results 
from RV144 trial and follow up studies can be applied to other types of 
vaccine candidates and against distinct routes of exposure to the virus 
(mucosal or systemic). Therefore, more research is needed to answer 
these questions [16].

Challenges Involved in the Design and Development of 
HIV Vaccine 

•	 Massive diversity and variability of HIV presents a huge 
challenge to an efficacious vaccine design, as the vaccine needs 
to protect against a plethora of different strains of the virus 
circulating around the globe [17]. The vaccines studied to date 
are designed against one or two types of HIV clades.

•	 High level of difficulty in generating a vaccine that can activate 
CD4+ T cells. . 

•	 Eliciting robust cellular and humoral immune response against 
a broad range of HIV subtypes

•	 Lack of a human model showing complete recovery from 
HIV infection and an appropriate animal model to predict the 
potency of an HIV vaccine. This makes it difficult to identify 
and induce immune responses required to cure HIV infection 
[16]. This is supported by the failure of VAX004 and VAX003 
trials as the vaccine candidates were tested prior in NHPs

•	 Lack of structural details of immunogens/antigens. Inability 
to make antigens that mimic the conformation of the natural 
epitope. 

•	 Non neutralizing antibodies interfering with protective 
response of the broadly neutralizing antibodies (bnAbs). 
Immune correlates of the RV144 trial have shown production 
of Non neutralizing antibodies

•	 Person to person variability in T-cell and antibody responses 
induced by the vaccine candidates [18]. This was revealed from 
the study of Immune correlates of the clinical trials

•	 Designing an antigen binding to the B-Cell Receptor (BCR) 
with high affinity. Accessibility of epitopes to antibodies [16]. 

•	 Study of the immune correlates of the vaccine trial indicates it 
is important to stimulate the production of both IgA and IgG 
antibodies. 

•	 Clearance of latent virus. None of the trials have been shown to 
effectively clear the latent viruses.

TRIAL PRODUCT CLADE CANDIDATE START END COUNTRIES NUMBER OF 
VOLUNTEERS PHASE IMMUNE 

RESPONSE RESULT

VAX003 AIDSVAX B/E Recombinant gp120 
Protein 1998 2003 Canada, Netherlands, Puerto 

Rico, US 5,417 III T cell, 
Antibodies No Efficacy

VAX004 AIDSVAX B/E Recombinant gp120 
Protein 1998 2003 Thailand 2,546 III T cell, 

Antibodies No Efficacy

STEP MRK-Ad5 B Ad5     gag/pol/nef 2005 2007

Australia, Brazil, Canada, 
Dominican Republic, Haiti, 

Jamaica, Peru, Puerto Rico, 
USA

3,000 IIb T cell No Efficacy

PHAMBILI MRK-Ad5 B Ad5     gag/pol/nef 2005 2007 South Africa 801 IIb T cell No Efficacy

RV144 ALVAC-HIV and 
AIDSVAX    B/E

Recombinant gp120 
Protein + Canary pox 

vector
2003 2009 Thailand 16,402 III T cell, 

Antibodies 31.20%

HVTN 505 DNA and Ad5 A/B/C DNA Ad5   gag/pol/
nef 2009 2013 USA 2,500 IIb T cell, 

Antibodies No Efficacy

Table 1: Synopsis of completed Phase IIb/III efficacy trials of HIV vaccine.
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Designs and Strategies for HIV Vaccine
Attenuated and killed virus vaccines

 These vaccines rely on direct mimicking of the viral infection 
and have been tested in NHPs. None of these approaches induced 
neutralizing antibody responses and hence did not advance to human 
trials [19]. Setback of these vaccines is the risk of reversal to pathogenic 
forms also poses safety concerns [20]. 

Recombinant protein subunit vaccines

These are subunits of HIV surface proteins, example gp120 and 
gp160, made using recombinant DNA technology. AIDSVAX used 
in the VAX003 and VAX004 trials was based on recombinant gp120 
(rgp120). The failure of the rgp120 based vaccine caused researchers 
to focus on developing soluble, recombinant Env trimers as antigens 
which resemble the functional HIV Env spike [20]. Lately, a soluble 
trimer that closely mimics antigenic properties of the natural Env 
trimer has been developed and shown to induce enhanced neutralizing 
antibody responses relative to monomers in guinea pigs [21]. 

Discovery of broadly neutralizing antibodies (bnAbs) against 
HIV-1 with high potency had significant consequences in vaccine 
design. bnAbs namely PG9, PG16 and 10E8 showed neutralization 
breadth ranging from 80-98% [22-24]. The bnAbs have been shown to 
bind to different sites like the CD4 binding site (CD4bs), the first and 
second variable regions (V1/V2), the glycan-V3 site on gp120 and the 
membrane-proximal external region (MPER) of the gp41 subunit. High 
potency bnAbs have been shown to provide robust protection against 
mucosal SHIV challenge in NHPs [25-27]. Drawback of these vaccines 
is that they do not effectively induce cellular immunity and also not 
mimic the natural route of infection.

DNA vaccines

DNA vaccines contain a plasmid with a few HIV genes encoding 
proteins of interest that are inserted into the backbone. The vaccine is 
administered into the recipient and HIV proteins are expressed. The 
proteins are broken down into peptides and presented on the surface 
of the cell for the immune system to respond. The DNA vaccines will 
deliver the genes without any immunity generated against the vector 
itself [28]. The most recent HVTN505 vaccine efficacy trial was a 
heterologous prime-boost strategy which evaluated a DNA vector 
expressing Gag, Pol, Nef, and Env as a prime and rAd5 vector expressed 
Gag, Pol, and Env as a booster (http://hvtn.org/505-announcement-
25April2013.html). No DNA vaccines have yet been accepted for use 
in humans. Disadvantages of these vaccines is that they are limited 
to protein immunogen only, extended immunostimulation leads to 
chronic inflammation

Live vectors

Genes of interest are inserted into the genomes of engineered virus 
to express the proteins inside the host. Viral vectors include non-disease 
causing viruses that are replication defective in mammalian cells or 
viruses that were engineered to be replication defective by deleting 
essential genes. Examples of viral vectors include canarypox virus 
vector used in the RV144 trial, recombinant adenoviral vector used in 
the step, Phambili and HVTN505 trials, New York Vaccinia virus strain 
(NYVAC) and Modified Vaccinia Ankara (MVA). In a new study using 
a Cytomegalovirus (CMV)-vector based vaccine in NHPs a strong 
control of viremia was demonstrated in vaccinated NHPs compared 
with those that received a DNA/rAd5 vaccine [29]. 

Genetic sequences that could encompass T-cell epitopes from 
global HIV-1 strains have also been created. These sequences called 
mosaic sequences constructed for insertion into viral vectors have been 
developed. This strategy is an attempt to tackle the problem of enormous 
diversity of HIV as an initial attempt to generate a global vaccine [30]. 
Adeno Associated virus (AAV), vectors with genes encoding for a bnAb 
against HIV-1 have been studied. This approach confers advantage of 
directly expressing broadly neutralizing IgGs, thereby avoiding the 
difficult process of eliciting bnAbs by the immune cells. A recent study 
has shown that injection of AAV vectors with inserts of genes encoding 
bnAbs into the muscles of humanized mice has conferred superior 
protection against high doses of intravenous HIV challenges [31]. The 
design and development of viral vectors has been the strongest of all 
other strategies used with some promising results.

Peptide or protein vaccines

This approach uses chemically synthesized protein subunits or 
peptides as vaccines to elicit cellular and humoral immune responses. 
The disadvantage is these vaccines require adjuvants to enhance the 
immunogenicity and currently alum is approved as the only adjuvant.

Virus like-particles (VLPs)

VLPs are look-alikes of infectious virions containing empty shells 
of the HIV envelope protein; they lack viral genome and are therefore 
non-pathogenic. As VLPs resemble the virus, they are capable of 
inducing high-level titers of bnAbs to protect against HIV which 
exhibit multivalent structures. VLPs do not require adjuvant to elicit 
robust antibody response as they are highly immunogenic themselves. 
Drawback of VLPs is that they stimulate strain-specific antibodies 
and induce an immune response against host cellular proteins, hence 
complicating the use of VLPs as antigens. It is also difficult to make 
these particles reproducibly.

Discussion
For the last two decades or so conventional vaccination 

methodologies have so far been unsuccessful in eliciting strong immune 
responses against HIV-1 and hence the field of HIV vaccine research 
has focused on many alternative vaccine strategies. It is imperative 
to note that a successful vaccine needs to elicit both B cell and T cell 
responses in order to be an effective preventive vaccine. Integrated 
research endeavors in designing and developing antigens that elicit 
broadly neutralizing antibody responses and protect against HIV 
infection, boosting up the T cell response to control viral replication 
and handling the problem of enormous HIV diversity are crucial 
elements in the pursuit of an HIV vaccine. Immune correlates of the 
modestly efficient RV144 trial have identified the V1V2 region to be the 
target of neutralizing antibodies and follow up studies are underway to 
evaluate multiple prime-boost regimens which will generate more data 
and insights in to the development of a vaccine. Recent discovery of 
bnAbs has provided a new and exciting avenue for designing an efficient 
vaccine. Unique approaches like B-cell lineage vaccine and AAV vector 
vaccines to elicit bnAb responses are being studied. By and large, this 
is a tremendously motivating period for HIV vaccine researchers, one 
that spawns more optimism markedly higher than in preceding years.
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