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Abstract

Acquired Immuno Deficiency Syndrome or AIDS was first recognized in the early 1980’s. Although, with the use
of antiretroviral medication, the life expectancy of an HIV infected patient can be elongated temporarily, but there is
neither a known cure nor a vaccine for AIDS. This paper reviews the approaches undertaken in developing a pre-
ventive mechanism against HIV. Animal models were selected for HIV-1 vaccine development and strategies were
developed where isolates of HIV-1 were taken from patients and injected in chimpanzees, but these failed to prove
as a hope. Subsequently epitope driven vaccines that target the global variability of HIV was introduced. To serve
this purpose computer driven methods for increasing the efficiency of vaccines like Epi-Assembler and Vaccine CAD
were developed. Inducing production of broadly reactive and neutralizing antibodies could also potentially counter-
act HIV-1 diversity. HIV-1 Virus like Particles (VLPs) consists of viral gag proteins that self-assemble into particular
structures analogous in size and morphology to immature HIV-1 particles. As a non-infectious, replication - deficient
particles, the VLPs are much safer compared to traditional vaccines.
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Introduction

Acquired Immune Deficiency Syndrome or AIDS was first
recognized in the early 1980’s. AIDS has already infected around 60
million people and led to the deaths of more than 25 million people
around the world, making it one of the most lethal syndrome of the
human history [1]. It is considered a pandemic disease by the World
Health Organization (WHO) and is prevalent all over the world
(Figure 1). According to the annual reports of the Joint United
Nations Program on HIV and AIDS (UNAIDS) it was reckoned that
31.6 million-35.2 million people were living with AIDS at the end of
2010. The percentage of people living with AIDS has also substantially
increased (~ 17%) from what it was in the year 2001. The annual reports
also revealed the fact that there were approximately 2.4 million-2.9
million novel HIV infections at the end of the year 2010 [2].

The need for an efficient and an effective defense mechanism
against AIDS has never been greater as it is now. Although, with the
use of antiretroviral medication, the life expectancy of an HIV infected
patient can be elongated temporarily, but there is neither a known cure
nor a vaccine for AIDS. This paper reviews the progress and current
approaches undertaken in developing a preventive mechanism for
HIV, and thereafter suggests a way to confront the issue by focusing
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Figure 1: HIV infections and AIDS related death — There were 2.7 million [2.4
million—2.9 million] new HIV infections in 2010, including an estimated 390 000
[340 000—450 000] among children New during 1990 to 2010 [2].

on various vaccine development approaches for HIV, specifically
concentrating on the treatment of HIV-1 (Figure 1).

Human immunodeficiency virus

AIDS is caused by a virus called Human Immunodeficiency Virus
(HIV). This virus is a member of the Retroviridae family, which has a
unique ability of replicating in even non-diving cells, and it has one
of the most efficient gene delivery system (Figure 2). It belongs to the
genus Lentivirus, which belongs to the Retroviridae family.

Developing a defense mechanism against HIV either by the host
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Figure 2: HIV-1 life cycle - The HIV-1 life cycle lasts one day in normal
conditions. The early steps begin with the attachment of the virion at the cell
surface, and finish with the integration of the proviral DNA into the host genome.
The succeeding late part of the viral replication extends until virion release.
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immune system or by any form of vaccines or drugs is an enigmatic
task because HIV has a variety of escape mechanism, which it uses to
protect itself. It tricks the host’s immune system by rapidly mutating
its genome, so that the immune system of the host is unable to build a
strong immune response against it. The virus also keeps on attacking
CD4+ T cells and causes immune system failure in the host body.
It may also keep it protected inside the host body by residing in an
inactive form [3].

Features of HIV-1 that helps in escaping immune detection are-

« Surface Env protein escapes antibody recognition as it possesses
variable loops, N-linked glycosylation, conformational flexibility
and presence of glycan shield over highly immunogenic epitopes.

o Persistently replicates in the infected individual and keeps on
attacking CD 4+ T cells.

« Rapidly mutates during infection and thus escapes immune
recognition and have extensive viral clade and sequence diversity.

o Persist indefinitely as latent proviral DNA, capable of replicating
in individuals at a later time.

« Route of transmission is through mucosal surfaces also.

Types of HIV virus

There are two types of HIV found to infect humans till now, HIV-
1 and HIV-2. The strains of HIV-1 have been classified into a major
group (Group M) and some minor groups, which are then further
classified into subtypes [4] (Figure 3).

Classification of HIV-1 isolates

The majority of HIV-1 isolates belong to group M which further
consists of nine different subtypes and circulating recombinant forms
(CRF’s). In contrast, HIV-2 has been found to have only eight different
groups. Among these, group A and group B cause major pandemics in
humans [4] (Figure 3).

Understanding the difference between HIV-1 and HIV-2 is very
crucial for designing an effective vaccine.

 The importance of apprehending the difference lies in the fact
that HIV-2 is not much infectious and takes time to spread when
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Figure 3: Classification of HIV-1 isolates — The majority of HIV-1 isolates belong
to group M which further consists of nine different subtypes and circulating
recombinant forms (CRF’s). In contrast, HIV-2 has been found to have only eight
different groups. Among these, group A and group B cause major pandemics in
humans [4].

compared to HIV- 1, and its prevalence is majorly restricted
to West Africa. On the contrary HIV- 1 affected patients are
encountered worldwide.

o HIV -2 also induces broadly reactive neutralizing antibodies in
the infecting person.

o Transmission capability of HIV -2 is reasonably poor when
compared with the exceedingly infectious behavior of HIV 1.

o Less genetic variants of HIV -2 have been found when compared
with varied forms of HIV-1.

o It has been observed that most of the patients suffering from
HIV-2 have normal CD4+ T cell counts and the activation of
immune response is also found to be lessened [5-8].

These differences may be due to the obscure nature of the strong
immune responses generated against HIV-2 in the patient’s body as
compared to weak immune response generated against HIV-1 in
the host body. Helena Barroso et al. investigated the reason for the
differences in immune response generated against HIV-1 and HIV-
2 based on the statistical analysis of amino acid content of both the
HIV types [4]. Studies have revealed the fact that strong cytotoxic
responses against Env and Gag proteins of HIV-2 are generated in
infected individuals and as a consequence production of heterologous
neutralizing antibody response starts in the infected patient [9-13].
Thus apprehending the difference in amino acid content of crucial HIV
proteins in HIV-1 and HIV-2 might help in initiating the same kind of
strong immune response against HIV-1 in infected persons.

The time duration of initial infection to final stage in case of
HIV-2 infection is much attenuated as compared to HIV-1 infection
which quickly spreads throughout the host body. This difference in
immunological response is expected to be associated with the lower
state of immune activation in HIV-2, which may be related to the
immunosuppressive activity of the C2-V3-C3 envelope region [14-16].

HIV-1 is found to be genetically more diverse than HIV-2 in the
envelope region comprising C2, V3 and C3 region. To confirm this
further, statistical analysis was performed on HIV-1 and HIV-2 infected
patients worldwide. Helena Barroso et al. took HIV-2 sequences from
Portugal, belonging to group A, and the majority of HIV-1 sequences
belonging to subtype B (75%) followed by subtypes G, C and F, CRF02_
AG and CRF14_BG [4].

On comparing the amino acid diversity in the C2, V3 and C3 regions
of HIV-1 and HIV-2 by Shannon’s entropy [17] studies confirmed that
these regions are more variable in HIV-1 than in HIV-2. Entropy results
also revealed the fact that HIV-1 possesses high entropy as compared
to HIV-2 in each separate region. The region with higher mean entropy
was C3 in both viruses for HIV-1 and also for HIV-2. V3 region was
found to be the least entropic region both in HIV forms. Amino acids
with high entropy were principally found to be present in the C3 region
of both viruses and there were more highly entropic amino acids in C3
in HIV-1 than in HIV-2 both in the Portuguese and Control datasets. It
has been recently found that HIV-2 displays a faster evolutionary rate
in the envelope gp125 and C2-V3-C3 region than HIV-1 in patients
who are at an advanced stage of disease [18,19].

Vaccines

Vaccines are the medical product designed to activate immune
system of the recipient in order to control or prevent infection. In
case of HIV-1, mostly preventive vaccines are being developed. These
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vaccines are designed to protect normal population from getting a HIV
infection. Preventive vaccines are widely used to prevent diseases like
the flu, chicken pox, measles, mumps, rubella, polio, and hepatitis A
and B. Different types of preventive vaccines include subunit vaccines,
recombinant vector vaccine, DNA vaccine.

Apartfromvaccine developmentagainst HIV-1, manyantiretroviral
drugs have been developed for treating affected individuals since 1996.
However treatment alone will not be able to stop the spread of HIV-
1. Presently more than 33.3 million people are living with AIDS, and
nearly 2.6 million people are getting newly infected [20]. Moreover
these drugs stabilize the patient’s symptoms but do not cure the patient
completely. It also does not help in prevention of AIDS in people with
undiagnosed HIV infections. Drugs need to be taken life-long and have
short as well as long term side effects. They are expensive and not easily
available everywhere [21,22]. Thus development of a safe, effective and
affordable HIV vaccine is the only way to control the spread of HIV-1.

Previous vaccine development approach

Due to the complexity and high pathogenicity of the HIV-1 virus,
there is an urgent need to develop novel strategies and approaches to
vaccinate against it. Since the late 90’s development of a successful
vaccine strategy came into play utilizing the principles of conventional
vaccine development.

Animal models

Animal models selected for HIV-1 vaccine development were
mostly chimpanzees and macaques [23,24]. Various vaccine strategies
were developed where epitopes of HIV-1 were taken from patients
and injected in chimpanzees. Scientists found that HIV-1 replicated
at a low level and the traces of viral RNA was not detectable in the
plasma of infected animals, but the cost of such an approach was very
high and availability of female chimpanzee was also very less (Table
1). To further improve the approach, scientists focused on Simian
Immunodeficiency Viruses (SIVs). In some isolates it was found that
these viruses replicate rigorously and induce AIDS like symptoms such
as loss of CD4+ T cells in the host, deficient immune system leading
to opportunistic infections and lymphomas. Therefore they used these
viruses for infecting Asian Macaque Monkeys and studied the response
to the vaccine [25].

Though the SIV viruses induce AIDS like disease and have nucleotide
sequence homology with HIV [26], there are major difference found in
SIV and HIV-1. The nature of the envelope of SIV is quite different from
the HIV-1 that restricts the use of SIV in macaque monkeys to study
the effect of envelope based vaccines. Chimeric constructs of SIV and
HIV-1 known as simian/human immunodeficiency viruses (SHIVs)
were constructed. These viruses had the HIV-1 envelope proteins
expressed on the SIV backbone [27-30]. But these chimeric construct
failed to prove as a hope because the loss of CD4+T cell was caused
due to opportunistic infections and not by the virus attack [31]. The

Species Targeted Virus Used Disadvantages

« Limited Availability of animal
Chimpanzees HIV-1
« Costly approach

« Different envelope sequences as compared
SIvV to HIV-1

Macaques « Envelope epitopes were also different

« The difference in the kinetics of the immune
SHIV response when used as a vaccine when com-
pared to HIV-1 immune response kinetics

Table 1: Problems using nonhuman primates during vaccine development.

time of disease progression, replicative capacity and other parameters
were also significantly different when compared with the pathology
of HIV progression in infected humans [31,32]. Macaques also show
evidence of different neurological response to SIV and SHIV. Both
these responses are different from the human response. Subspecies of
macaque exhibit variability in their vulnerability to the nervous system
effects of the virus [33].

Other preventive hiv-1 vaccine design

Due to the escape mechanisms against immune system and unique
features of HIV-1, traditional vaccine designs were not of much
success. These strategies have proved be successful against many other
diseases and pathogens but failed to provide any positive result against
HIV-1 (Table 2).

Types of Experimental HIV vaccines based on conventional
approaches:

« Peptide vaccine
« Recombinant subunit protein vaccine
« Live vector vaccine

¢« DNA vaccine

Recent Advances

Due to the absence of a vaccine that can prevent HIV infection,
stringent research was started to develop a vaccine that delays or
prevents the progression of HIV infection which could be an important
intervention to curtail the current global epidemic of HIV. Recently
large scale clinical study- RV144 showed some modest response (31%)
in reduction of HIV-1 infection [34]. RV144 vaccine consisted of live
recombinant viral vector ALVAC-HIV-1, consisting proteins gag/pol/
env as prime vaccine followed by booster injections carrying gp120
region (AIDSVAX B/E) as protein boost (Table 3). More than 16,000
people were subjected to trial of RV144 in Thailand. This vaccine
targeted both humoral and cell mediated immune response and vaccine
recipients exhibited antibody dependent cell mediated cytotoxicity
responses [35,36]. Another large scale clinical study, HVTN 505, also
targeted the humoral and cellular immune responses. It consisted
of multiclade HIV-1 DNA plasmid (EnvA, EnvB, EnvC, gagB, polB,
nefB) followed by booster dose of recombinant adenovirus vector (Ad5
EnvA, EnvB, EnvC, gag/polB). The studies involve HIV-1 uninfected,
adenovirus type 5 seronegative, circumcised men who have sex with

Sl. No. Vaccine type Characteristics / Problems

Subunit vaccines with

1. |adjuvants (Env epitopes+
MF59)
Subunit vaccines with

2. |adjuvants
(Tat/Nef epitopes+ AS01B)

Improved but limited antibody response,
homologous protection in animal models

Improved responses in some of the animal
models

Elicits only mucosal immunity in animal
models

Elicits mostly CD4+ T-cell response,
improved potency ensured by better DNA
delivery methods like electroporation.

Mainly elicits CD8+ response and less
CD4+ response, immunogenicity hampered
. . . in individuals who are pre-immune to
Live recombinant vaccines )
5. . vectors, even repeated doses resulted in

using vectors RN
limited impact.
When used in combination with gp120
proteins, elicits protection in humans.

3. Subunit gp41 vaccines

4. DNA vaccines

Table 2: Types of conventional vaccines against HIV-1.
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Vaccine Trial Result

VAX004
(AIDSVAX B/B)

VAX003 (AIDSVAX B/E) Recombinant gp 120

Vaccine Components

Recombinant gp 120 No efficacy seen

No efficacy seen

No efficacy + Enhance-

STEP (MRKAJS HIV-1) ment of infection

rAd5 (gag, pol, nef)

Prime —

Subtype B and A/E
ALVAC-HIV-gag-pr-gp41-
gp120 (canarypox vector)
Boost —

Subtypes B & E gp120
(subunit proteins)

Prime-

Multiclade HIV-1 DNA plas-
mid (EnvA, EnvB, EnvC,
gagB, polB, nefB) Under phase 2 studies
Boost- [38]

Recombinant adenovirus

vector (Ad5 EnvA, EnvB,

EnvC, gag/polB).

RV144
(ALVAC-HIV-1
AIDSVAX B/E)

Modest efficacy (31.2%)

HVTN 505

Table 3: Clinical trials against HIV [37].

men. Along with the current approaches for vaccine design, focus has
now shifted to reverse vaccinology or in silico approaches for a fast and
reliable vaccine against HIV-1 [37].

HIV vaccine development by computer aided design

In the year 2005, scientist came up with the approach of computer
aided drug designing against HIV-1. They introduced the concept of
designing epitope driven vaccines that target the global variability of
HIV. The scientists developed computer driven methods for speeding
up the process of vaccine development. These methods include the use
of Epi-Assembler which derives “Immunogenic Consensus Sequence”
(ICS) epitopes from multiple viral variants, and Vaccine CAD, which
reduces junctional immunogenicity when epitopes are aligned in a
string-of-beads format for insertion into a DNA expression vector [38].

In this research 20 consensus sequences were isolated from HIV-1
peptides that were found to be immunogenic. There immunogenicity
was confirmed computationally by the Epi - Assembler. The core
9-mer contained in these consensus peptides was conserved in
approximately 105 to 2250 individual HIV-1 strains. Nineteen of the
twenty ICS epitopes (95%) evaluated in this study was confirmed in
ELISpot assays using peripheral blood monocytes obtained from 13
healthy HIV-1 infected subjects. Twenty five ICS peptides (all 20 of
the peptides evaluated in this study and 5 additional ICS epitopes)
were then aligned in a pseudo protein string using “VaccineCAD”, an
epitope alignment tool that eliminates immunogenicity created by the
junctions between the epitopes. They reordered the construct to reduce
the immunogenicity of the junctions between epitopes as measured by
EpiMatrix, an epitope mapping algorithm. The reordered construct
was also a more effective immunogen in vivo when tested in HLA-DR
transgenic mice.

However the research work did not proceed to HLA typing for
each of the subjects used for this lab scale study. Thus this study did
not throw light on the relationship between the HLA binding motifs
contained within the ICS peptides and the HLA haplotype of the study
subjects. Further studies and research work are required to substantiate
the extent to which these predicted epitopes were recognized by a T
cell. The nature of the HLA class I or class II restriction required for a
proper T cell response is also yet to be studied [39].

Genetic diversity considerations for vaccine design

The genetic diversity of HIV-1 across the globe is a major challenge
for developing an HIV vaccine. To facilitate immunogen design, it
is important to characterize clusters of commonly targeted T-cell
epitopes across different HIV clades. For examining the conserved
sequences present in cross clades, a team of scientist examined 39 HIV-
1 clade C infected individuals for IFN-y Gag-specific T-cell responses
using five sets of overlapping peptides, two sets matching clade C
vaccine candidates derived from strains from South Africa and China,
and three peptide sets corresponding to consensus clades A, B, and D
sequences [40]. Previous results have shown that HIV-specific T-cells
are cross-reactive among different HIV clades but with a preference for
the infecting clade [41,42].

The results from these studies demonstrated that within a single
individual, some HIV peptides were exclusively recognized in the clade
C sequence variants (CDu422 and CCH), whilst others were uniquely
recognized in the clades B, A and D peptide variant. The recognition of
clades B, A and D peptide variants and not the corresponding clade C
peptide variants is of importance, as it demonstrates that using a single
peptide reagent set leads to a considerable number of responses being
missed when investigating T-cell immune responses [43,44].

These findings are of interest, since a previous study demonstrated
no increase in epitope recognition when using the center of the tree
(COT) and most common recent ancestor (MRCA) peptide sequences
in addition to clade B consensus peptides, in a clade B HIV-infected
population [45].

Further characterization of reactive peptides in the study identified
highly cross-reactive peptides with low intra- and interclade diversity,
as shown by their lower entropy scores. Peptides that were recognized
in two or more variant forms had significantly lower entropy scores
when compared to peptides recognized once across the peptide sets.
The pattern of recognition observed in the mutually recognized
peptides may imply that HLA alleles restricting these peptides are
driving mutations in the epitopes, as shown by loss of recognition of
certain variants. Further characterization of the mutually recognized
peptides identified other key factors including TAP and MHC binding
and proteasomal cleavage as playing a role in the recognition of specific
variants and not others. This may

Ilustrate the evolution of HIV due to T-cell pressure in HLA class
I-restricted epitopes [44,46-50].

Virus like particles (VLPs)

Recently a major approach came into light which focused to
exploit the conserved regions of HIV-1 proteins by overcoming viral
immune evasion. gpl120 consists of combination of conserved and
variable domains. It have five conserved domain namely C1- C5
which are separated by variable domains- V1- V5 [51]. The envelope
(transmembrane) protein gp120 co-receptor binding site can also act
as target [52-55]. Inducing production of broadly reactive neutralizing
antibodies could also potentially counteract HIV-1 diversity. Many
antibodies like PG9, PG16 target even the conserved subdomain within
the V1/V2 region. PGT 121- PGT123 and PGT 125-131 are potent
enough to recognize the conserved base of V3 domain and interestingly
antibodies against these regions are the one to be elicited first in
HIV-1 infection [56,57]. These potential solutions for HIV-1 vaccine
development could be potentially realized by exploiting prophylactic
HIV-1 virus-like particle (VLP) vaccines [58].
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HIV-1 VLPs consists of viral gag proteins that self-assemble into
particular structures analogous in size and morphology to immature
HIV-1 particles. As a non-infectious, replication - deficient particles,
the VLPs are much safer compared to traditional vaccines made by
chemically inactivated or attenuated live viruses. The different forms of
VLPs have distinct properties [59-62].

Studies have shown that the immune system responds well to
particular antigens that are similar to immature HIV-1 viruses.
VLPs antigens are processed and present antigens through the major
histocompatibility complex (MHC) class II pathway as well as the
MHC class I endogenous pathway, inducing both CD4+ and CD8
T-cell-mediated immune responses [63-65].

In the recent developmental studies, the construction of VLPs
was done by co-transfecting two kinds of plasmids into HEK293 cells
to obtain a mammalian cell line that efficiently and stably expresses
the HIV-1 structural proteins Gag, pol, and Env. The VLPs was seen
to induce specific humoral and cellular immune responses after
immunization, without any adjuvant [66].

Features of VLPs:

o VLPs express multiple viral epitopes that stimulate a diverse set
of immune responses, without many of the deleterious effects of
a live-attenuated virus.

« Potential for activating both endogenous and exogenous antigens
processing pathways, leading to presentation of viral peptides by
MHC class I and class IT molecules.

o VLPs may be more cost efficient than co-inoculating multiple
single gene vaccines for future Phase I clinical trials.

o The ability of VLPs to bind and enter cells expressing appropriate
receptors. HIV-1 VLPs are able to bind to CD4 and chemokine
receptors via gpl20, and to enter into professional antigen
presenting cells such as macrophages and dendritic cells (both
cell types express CD4 and CCR5).

o Cell-free VLPs bound with antibodies can be taken up by
phagocytic cells via Fc receptors, thus increasing MHC class II
presentation [67].

Further the recombinant Gag, pol and Env proteins have similar
structures to that of the wild HIV-1, additional work is required to
fully understand how this approach could be used for advanced clinical
applications.

T Cell based vaccine

The previous vaccine attempts mainly focused on eliciting antibody
response in patients, but now due to the failures or inefficiency
of this approach, focus has been shifted to T cell based vaccines.
These vaccines are expected to control virus replication rather than
preventing infection because they target infected cells by recognizing
the viral proteins presented on major histocompatibility complex
(MHC) proteins [68]. Thus the main aim of these vaccines is to control
viremia. A T cell based vaccine consists of epitopes of surface proteins
and inside the virion. These DNA vaccines work by introducing the
viral antigens to T cells through MHC complex class I and class II.
The immunogenicity of these vaccines can be enhanced by new DNA
delivery methods [69]. Poxvirus, adenovirus and cytomegalovirus
vectors are some of the vectors that can be used in T cell based vaccine
[70]. Other than these replication incompetent adenoviruses have also

been used that expresses HIV-1 immunogens and elicits CD4+ and
CD8+ T cells response in recipient individual [69].

Conclusion

The basic idea behind all HIV vaccines is to encourage the human
immune system to fight against HIV. The immune system employs
a highly prolific defense mechanism that includes antibodies and
numerous phagocytic cells. Early vaccine research mainly focused on
making the immune system competent in producing antibodies that
would block HIV entering human cells. However, vaccines designed
with this concept failed in clinical trials because the antibodies worked
only against lab-cultured HIV, not against the wild strains of the
virus. Substantial research has been carried over a past few years for
the development of a potential vaccine that has some ability to combat
HIV. The results are not very encouraging and call for the development
of more sophisticated and quicker techniques regarding the same.
A promising remedy in this area is the use of reverse vaccinology
approaches that includes various computational approaches for epitope
prediction and their binding efficiency with broadly neutralizing
antibodies (like VAXIGN, Vaccine CAD, Epi-Assembler, docking
studies). Following the prediction of a possible vaccine by in silico
methods, their efficacy can be evaluated by IFN-y ELISPOT assay,
intracellular cytokine staining assay, virus neutralization assay, ELISA
binding antibodies. Use of reverse vaccinology and immunoformatics
in silico approaches will help in speeding up the time duration of
vaccine development and will also reduce the cost.
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