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Abstract Infection with HIV type 1 (HIV-1), the causative agent of AIDS, is one of the most catastrophic pan-

demics to affect human healthcare in the latter 20th century. The best hope of controlling this pandemic is

the development of a successful prophylactic vaccine. However, to date, this goal has proven to be ex-

ceptionally elusive. The recent failure of an experimental vaccine in a phase IIb study, named the STEP trial,

intended solely to elicit cell-mediated immune responses against HIV-1, has highlighted the need for a

balanced immune response consisting of not only cellular immunity but also a broad and potent humoral

antibody response that can prevent infection with HIV-1. This article reviews the efforts made up to this

point to elicit such antibody responses, especially with regard to the use of a DNA prime-protein boost

regimen, which has been proven to be a highly effective platform for the induction of neutralizing antibodies

in both animal and early-phase human studies.

Since its discovery in the early 1980s, HIV type 1 (HIV-1) has

been implicated in the deaths of >20million individuals

worldwide. According to the WHO estimates >33million peo-

ple are currently harboring the HIV-1 virus, many without

knowledge of it until the development of AIDS at a later stage.

With an estimated 2.5million people infected globally in 2007

alone, the spread of HIV-1 shows little signs of slowing.[1] The

best hope of controlling this pandemic is an effective prophy-

lactic vaccine. While it is generally believed that both humoral

and cellular immunity are required to provide protection

against HIV-1 infection, there has never been a clear roadmap

on how to achieve such a goal.

In the last two decades, a great deal of information and

knowledge has accumulated regarding the various immune

responses observed during infection with the HIV-1 virus and

the development of prophylactic vaccines. Unfortunately,

several late-phase clinical trials of HIV-1 vaccine candidates

have failed to provide protection against infection or to reduce

viral loads after infection in clinical efficacy studies.[2-4] At the

same time, we have also witnessed enormous progress in the

induction of humoral and cellular immunities against HIV-1

that has resulted from novel strategies of antigen design and

vaccination approaches. These have allowed us to further in-

vestigate potential protective mechanisms and develop more

effective vaccines against HIV-1 infection. The most recent

phase IIb trial, the STEP trial, was a novel attempt to deliver an

HIV-1 antigen using a non-replicating adenoviral vector, and

was intended to prevent disease through the induction of a

potent cellular immune response.[4] While scientists are still

debating whether the inadequate levels of cellular immunity

may be responsible for the failure of this candidate vaccine,

this outcome has highlighted the need for the induction of a

balanced immune response consisting of not only cellular im-

munity, but also a broad and potent neutralizing antibody

(NAb) response. This article will review data from human and

animal studies on efforts made up to now, to induce cellular and

humoral antibody responses against HIV-1.

1. Limitations of T-Cell-Based HIV Type 1 (HIV-1)

Vaccines

In recent years, the focus of the HIV vaccine field has largely

been on the induction of strong cell-mediated immune re-

sponses against the virus. This is especially true for the large

effort put forth in inducing strong cytotoxic T lymphocyte

(CTL) responses directed against the virus. The focus on the

induction of CTL responses was driven by a number of
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discoveries implicating CD8+ T cells as vitally important in the

prevention and control of viral infection. Early work on the role

of CTL responses in viral infection determined that the induc-

tion of CTLs is the primary correlate for the control of viremia

in early HIV-1 infection.[5,6] These findings were corroborated

by the discovery that CD8+ T cells controlled viremia in simian

immunodeficiency virus (SIV) infection in rhesus monkeys.[7]

Additional evidence in human patients capable of controlling

viral replication without therapy, so-called ‘elite controllers’,

supported this notion further; strong and effective CTL re-

sponses correlated with viremic control in these individuals.[8,9]

The theory behind the design of a T-cell vaccine is that the

presence of a strong and immediate CTL response at the time of

viral exposure would, at a minimum, reduce viral loads in in-

fected individuals by reducing acute viremia. This theory was

supported by results from animal studies, which showed that

strong CTL responses protected rhesus monkeys against chal-

lenge with a pathogenic HIV-SIV hybrid virus (SHIV).[10-12]

Because of the success in raising strong T-cell immune re-

sponses and the protection seen in SHIV challenge models, the

T-cell vaccine appeared to be an attractive platform for the

development of anHIV-1 vaccine. However, despite the success

in raising strong HIV-specific T-cell immune responses and

good protective efficacy against SHIV challenges, the protec-

tive efficacy of these T-cell vaccines against more highly pa-

thogenic viral challenges in rhesus monkeys was much less

substantial.[13,14] Furthermore, the entire T-cell vaccine theory

has been built on the ‘post-infection’ protection model because

it considers the induction of ‘sterilizing immunity’ against

HIV-1 as an impossible mission. It is therefore unfortunate, but

not entirely surprising, that despite being well tolerated

and immunogenic in humans, as shown in the STEP trial,

T-cell-based vaccines alone ultimately proved ineffective in the

best of cases and possibly detrimental in the worst.[15-18]

2. Challenges of Raising Antibody-Based

Vaccines against HIV-1

While there will be continued effort to improve the magnitude

and breadth of T-cell immune responses in the development of

HIV-1 vaccines, there has been a renewed focus on the induction

of functional antibody responses to HIV-1 as a means of pro-

viding an early and even possibly sterilizing immune response.

The induction of a strong functional antibody response, in the

form of broadly NAbs, is currently one of the most sought after

goals in the field of HIV-1 vaccine development.

Unfortunately, HIV-1 contains an array of protective me-

chanisms, making the elicitation of a broad and potent NAb

response an exceptionally difficult task. Much of the difficulty

in raising functional antibody responses can be attributed to the

high degree of diversity found in the envelope (Env) glyco-

protein, the major target of NAbs to the virus.[19] In addition to

the difficulty of overcoming high levels of sequence diversity,

functional NAbs must also be able to overcome a series of

intrinsic defenses present in the HIV-1 Env. These include high

levels of glycosylation, epitope masking by variable loops,

cryptic binding domains, the high degree of entropy present in

the Env protein, and masking of functionally important

domains by quaternary interactions resulting from trimeriza-

tion of the Env complex.[20] Additionally, because HIV, as a

retrovirus, integrates into the cell genome of the host, there

exists only a very narrow window for NAbs to act before the

establishment of an infection.

Despite all of the protective mechanisms that the virus uti-

lizes, a number of monoclonal antibodies (mAbs) have been

identified that are capable of neutralizing a relatively wide

number of primary isolates.[21] To date, the only means of

providing sterilizing immunity is by the passive transfusion of

these mAbs before or shortly after viral challenge.[22-27] While

relatively high levels of these antibodies were required to pre-

vent HIV-1 or SHIV infection in animal models, the success of

these studies demonstrates that sterilizing immunity based on

an antibody-mediated mechanism is indeed feasible.

3. Raising Antibody Responses to HIV-1 Antigens

A significant amount of work has been done to raise high-

quality, functional antibody responses against HIV-1. Much of

this work has focused on two areas: (i) modulation of vaccine

antigens; and (ii) the immunization regimens used to deliver

these antigens. Early attempts to raise antibody responses to

the virus primarily used HIV-1 Env glycoproteins from T-cell

line-adapted (TCLA) viruses. This was before the realization

that there was a significant difference in the antigenicity of

Env glycoproteins derived from TCLA viruses and primary

HIV-1 isolates.

In a study by Berman et al.,[28] chimpanzees received three

immunizations of gp120 or transmembrane and cytoplasmic

tail-truncated ‘gp160’ (gp140) formulated in aluminum hy-

droxide (alum). Based upon the presence of homologous

NAb responses exceeding 1 �� 160 in the immunized animals,

a challenge with homologous HIV-1 isolate IIIB was carried

out. While the two animals immunized with the gp160 vari-

ant became infected within 7 weeks of challenge, both of the

gp120-immunized chimpanzees in this study remained free

from viral infection 6 months after challenge.
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The apparent success of this and other studies[29,30] led to the

testing of TCLA-based recombinant proteins in clinical trials.

Many of these trials, based on immunization with subunit Env

glycoproteins derived from the TCLA isolates IIIB or MN,

proved to be both safe and immunogenic.[31-34] These trials

often succeeded in raising binding and NAb responses against

TCLA viruses, similar to those seen in protected chimpan-

zees.[33,35,36] Based upon this information, two phase III

efficacy trials were conducted, one in North America and the

Netherlands[2] and a second in Thailand.[3] In the trial con-

ducted in North America/Europe, >5400 individuals were

enrolled to receive a bivalent vaccine consisting of two clade B

recombinant (r)gp120 HIV-1 envelope antigens derived from

isolates MN and GNE8 and adjuvanted in alum. All of the

vaccinees who were studied generated positive binding anti-

bodies to the homologous Env antigens, and many generated a

homologous NAb response to the MN vaccine strain.[37]

Despite this, the rates of infection did not differ between the

placebo and vaccine groups, indicating that the vaccine was not

efficacious.

Similar results were also observed in the trial conducted in

Thailand.[3] This arm of the study enrolled >2500 intravenous

drug users and differed from the North American/European
arm of the trial only in the chosen antigens. In an attempt to

better represent circulating virus at the Thailand location, a

bivalent formulation, consisting of a clade B rgp120HIV-1 Env

antigen derived from strain MN, and a clade E rgp120 HIV-1

Env antigen derived from strain A244, was chosen. Again,

gp120 binding antibodies and MN NAbs were generated as

a result of immunization, but no difference in the rates of infec-

tion was observed between the placebo and vaccine arms of the

trial.[3] The failure of these trials was actually predicted because

in vitro neutralization assays performed before the start of these

two trials had already demonstrated that antibodies elicited by

TCLA Env antigens, such as MN, were not able to neutralize

primaryHIV-1 isolates. The failure of these trials may be due in

part to the selection of antigens, specifically those derived from

TCLA isolates, for the vaccine formulation. However, it still

remains to be seen whether a selection of antigens more re-

presentative of those circulating amongst different populations

may provide a protective response against viral challenge.

4. Raising the Quality of the Antibody Response

Against HIV

Because of the proven ability of NAbs to provide sterilizing

immunity in non-human primate-challenge models,[22-27] an

enormous amount of effort has been put into designing im-

munogens that are capable of eliciting a functional NAb re-

sponse (table I). These efforts have focused on a number of

different techniques including, but not limited to, the manip-

ulation of the Env sequence, making structural modifications

to the Env antigens and increasing the immunogenicity of

potentially important but poorly immunogenic epitopes.

4.1 Centralized Antigens

One of the most highly criticized elements of the two failed

phase III trials[2,3] was the antigen selection used in the vaccine –

in particular, the inclusion of the TCLA-derived Env antigens

from strain MN. The MN isolate is not representative of the

majority of isolates circulating in the global population.

Because of this, it should be of little surprise that this particular

isolate, when used as an immunogen, did not elicit a broadly

cross-reactive immune response. In an effort to design an im-

munogen more representative of the isolates more likely to be

observed in an in vivo setting, the use of consensus or centralized

envelope sequences has garnered some attention in recent years.

One such study generated an artificial Env antigen based on the

five constant regions of gp120 (C1 to C5) and the V3 loop of the

group M consensus sequence.[38] Both gp120 and gp140 forms

of this consensus M protein were investigated as immunogens

in a guinea-pig model.[38] After five immunizations with either

the gp120 or gp140 proteins administered in Ribi-CWS (cell

wall skeleton) adjuvant, the resulting sera neutralized the sen-

sitive isolates SF162 and Bx08 to a high titer. Additionally,

positive NAbs against the more difficult-to-neutralize isolates,

SS1196 and QH0692, were also generated. V3 peptide adsorp-

tion performed in an attempt to identify the specificity of the

NAbs elicited with this construct demonstrated that while

sensitive isolates were primarily neutralized by the antibodies to

the V3 loop, other unknown antibody specificities were elicited

that were largely responsible for neutralization of the more

resistant primary isolates.

Based upon the ability of the first-generation consensus M

immunogen to raise a functional, but limited, antibody re-

sponse, a second-generation group M consensus env gene was

also tested.[39] As opposed to the first-generation construct, this

env gene encoded the consensus sequence for the entire Env

protein, as opposed to primarily the constant regions. Some

modifications to the variable loops of the Env were made as a

result of the interpretation of the consensus sequences by the

authors. These modifications resulted in the variable loops

being slightly shorter than those of the average wild-type

strains. Protein from different gp140 constructs of this con-

sensus M env gene, when administered in Ribi-CWS adjuvant,
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successfully broadened the NAb response compared with im-

munization with wild-type sequences derived from the primary

isolates JR-FL (clade B), 92RW020 (clade A), or 97ZA012

(clade C). However, the overall breadth of neutralizing activity

was still very limited, with the sera still being unable to neu-

tralize the majority of prototypic HIV-1 isolates. When this

serum was tested for neutralizing specificity, a large proportion

of neutralizing activity could be adsorbed with the V3 peptides.

Because the V3 loop may not be accessible in a large fraction

of primary isolates, the detection of a high percentage of V3-

directed antibodies potentially explains the limited breadth of

neutralization observed during immunization with this antigen.

In attempts to focus the antibody response more on a single

subtype, subtype C ancestral and consensus genes have also

been generated.[41] When these immunogens were administered

to guinea pigs as three DNA immunizations, the resulting sera

were capable of recognizing a greater breadth of contemporary

clade C antigens than sera generated by immunization with a

wild-type clade C immunogen. However, despite the increase

breadth of cross reactivity, very little homologous or hetero-

logous neutralization was observed. Only one of the immunized

animals generated antibodies capable of neutralizing its

homologous isolate, while none of the animals generated anti-

bodies capable of neutralizing heterologous primary isolates.

Similar studies have also been completed with subtype B

ancestral[42] and consensus immunogens.[40] The immunogenic

properties of the subtype B consensus immunogen was

evaluated in guinea pigs after three DNA immunizations

Table I. Envelope immunogen designs and their effect on neutralizing antibody (NAb) responses

Immunogen design Concept Immunogens tested Result References

Centralized sequences To reduce the genetic distance between

immunogens and primary isolates to elicit

a more cross-reactive response

Group M consensus Limited increase in the breadth of NAb

response

38,39

Subtype B consensus Increased NAb potency over wild-type

sequences

40

Subtype C consensus No appreciable increase in NAb

response

41

Ancestral B No appreciable increase in NAb

response

42

Ancestral C No appreciable increase in NAb

response

41

Variable loop deletions To make functionally important domains

more accessible

V1/V2, V3, and V4

deletions

No appreciable increase in NAb

response

43-45

V2 deletions Increased potency and small increases

in the breadth of the NAb response

44,46-48

Glycosylation mutants To shield irrelevant domains or expose

important domains

Hyperglycosylation Elimination of unwanted antibody

specificities

No improvement in overall NAb

response

49,50

Targeted deletion Increased breadth and potency of NAb

response in some isolates; no effect in

others

51-54

Envelope trimers To better mimic the natural state of

functional trimer

Eliminate envelope

cleavage site

NAb response study- and isolate-

dependent

55,56

Stabilized intermolecular

interactions

Inconsistent increases in the potency of

NAb titers to homologous isolates

57

Envelope trimerized with

heterologous motifs

Increased potency of NAb response 58-60

Epitope grafting To make a neutralizable epitope more

immunogenic when presented in a

different context

MPER grafts No increases in NAb response with

specificity for graft

61,62

MPER=membrane-proximal external region.
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encoding the different forms of the consensus B env gene.[40]

The elicited humoral responses were then compared with

those of guinea pigs immunized with the wild-type isolates

CAAN5342.A2 and WITO4160.27. In this study,[40] the con-

sensus B immunogens elicited NAbs to isolates with a range of

sensitivities, including isolates SF162 and SS1196, and a subset

of viruses representative of those found in acute infection,

so-called tier 2 viruses,[63,64] phenomenon not observed with

immunization with the wild-type immunogens. Based upon the

successful neutralization of a number of isolates, Kothe

et al.[40] continued their investigations to identify the mechan-

ism of virus neutralizing activity observed in their study. An

HIV-2 virus either pre-exposed to CD4 or containing a graft of

the membrane-proximal external region (MPER) of gp41 was

used as a means to identify the presence of co-receptor-

or MPER-targeted NAbs. However, none of the immunized

animals generated antibodies with these specificities.

4.2 Variable Loop Deletions

Generation of centralized immunogens among a large group

of viral isolates is only one approach to enhancing the immuno-

genicity of HIV constructs. Others strategies have focused on

structural modification of existing HIV-1 Env antigens. It has

been well established that variable loops can protect function-

ally important domains.[65-68] Theoretically, deletion of vari-

able loops should expose these functionally important

domains, allowing antibodies to be elicited to the previously

obscured regions. On the basis of this theory, a number of

studies have modified the wild-type Env glycoproteins by de-

leting variable loops. One of the first such studies to investigate

the role of variable loop deletion in altering the immunogenicity

of parental Env glycoproteins evaluated the effects of V1/V2
and V3 deletions on the immunogenicities of several forms

of the HXB2 Env glycoproteins.[43] This study evaluated the

wild-type and variable loop-deleted forms of gp120, gp140, and

gp160 immunogens delivered by DNA immunizations for their

ability to raise binding antibodies and NAbs in rabbits. Results

indicated that variable loop deletion of the gp140 and gp160

constructs increased the amount of binding antibodies elicited

to the gp120 subunit of the Env glycoproteins. However,

despite this increase in the binding antibody titers, immuniza-

tion with thewild-type gp120 subunit was still themost effective

way of eliciting these antibodies. This study also evaluated the

ability to raise NAbs against the sensitive HIV-1 isolate IIIB.

Immunization with the strictly wild-type gp120 elicited the

highest NAb titers against this isolate. However, the elimina-

tion of the variable loops from this construct had a detrimental

effect, eliminating all observed neutralizing activity. This is

likely due to the extreme sensitivity of this isolate to variable

loop-mediated neutralization. In addition, although the vari-

able loop deletions increased binding antibody titers in the

gp140- and gp160-immunized animals, none of these constructs

managed to elicit NAbs against the IIIB isolate.

Another study looked at the effect of eliminating only the

V2 loop of the SF162 isolate of HIV-1 on its ability to raise a

humoral immune response.[46] In this study, rabbits were given

DNA immunizations encoding a full-length SF162 gp140 im-

munogen, or one with a partial deletion of the V2 loop.

The raised antibody responses were then tested for neutraliza-

tion breadth and potency against a panel of homologous and

heterologous isolates. When tested against the homologous

SF162 isolate, more potently neutralizing sera were raised by

immunization with the V2-deleted construct. In addition,

neutralizing activity was observed more frequently and with

high NAb titers against six other heterologous clade B isolates.

This pattern of NAb response was also observed in rhesus

macaques immunized with the same constructs followed by a

protein boost with the homologous V2-deleted gp140. Again,

more broad and potent NAb responses were raised when the

V2-deleted construct was used as an immunogen compared

with the wild-type SF162 immunogen.

Further study of V2 deletions characterized the changes in

the antibody specificities elicited compared with immunization

with the wild-type Env glycoproteins.[69] Interestingly, im-

munization of macaques with the V2-deleted construct resulted

in the generation of high titers of antibodies to the V3 loop of

SF162 as well as a modulated ratio of serum antibodies capable

of being out-competed by soluble CD4 binding to gp120. The

utility of V2 deletions in subtype C immunogens has also been

evaluated.[47] Using the viral Env glycoproteins of the South

African HIV-1 TV1 strain as a model subtype C immunogen,

a comparison of the immunogenicities of unmodified and

V2-deleted immunogens have been made. When the V2-deleted

constructs were used, an increase in the potency of homologous

neutralization was observed, similar to the results seen with the

SF162 immunogen. Additionally, an increase, albeit a very

limited one, in the breadth of neutralization against hetero-

logous clade B and C viruses was also observed with the use of

this V2-deleted gp140 contruct.

Derby et al.[44] characterized the humoral antibody re-

sponses raised by wild-type and variable loop-deleted gp140

constructs elicited in macaques and compared these with hu-

moral responses elicited during chronic SHIV infections in

macaques and heterologous HIV-1 infection in humans.[44]

Interestingly, the quantity, quality, and specificity of humoral
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antibody responses differed greatly between groups. In gp140-

immunized animals, the gp120 subunit of the immunogen ap-

peared to be more immunogenic than the gp41 subunit. This

trend was not observed in SHIV-infected macaques or HIV-1

infected humans, where gp41 was equally if not more immuno-

genic than gp120. Additionally, the overall binding titers were

also significantly lower in immunized animals than in in-

fected ones. Another significant difference between immunized

and infected animals involves the neutralizing specificity of the

serum. While the variable loop modified constructs were very

capable of neutralizing homologous SF162 virus, it was dis-

covered that this is largely due to recognition of the V1 loop, a

phenomenon not observed in infected animals. While this area

is accessible on most HIV-1 viruses, it is highly polymorphic,

and potentially explains the limited neutralization breadth that

is observed in the gp140 immunized animals.

More drastic modifications to the HIV-1 Env glycoproteins

have also been made. The removal of the V1/V2, V3, and V4

loops alone and in combination on an HXBc2 background

have also been investigated.[45] While immunization of mice

with all of these constructs resulted in high binding antibody

titers to recombinant gp120, the highest NAb titers resulted

from immunization with the wild-type Env glycoprotein. Im-

munization of mice with the V1/V2 and V3 deleted constructs

elicited an antibody response with little to no neutralizing ac-

tivity. Epitope mapping analysis revealed that, as expected,

deletion of the variable loops can shift the targeting of elicited

antibodies. However, oftentimes the shift in recognition is to

areas that are not exposed on the surface of the glycoprotein.

Because of results such as this, it is likely that simple deletion of

variable loops will not provide the necessary increase in potency

and breadth of neutralization to effectively combat an HIV-1

infection.

4.3 Glycosylation Mutants

While immunizing with variable loop deletions have resulted

in some increases in the quality of the antibody response, other

less drastic alterations to the viral Env glycoproteins have also

been evaluated for their effect on immunogenicity. One such

modification is the alteration of the glycosylation pattern on the

surface of the HIV-1 Env. The surface of the Env is very highly

glycosylated, with carbohydrates encompassing up to 50% of

the total molecular weight of the protein. It has been well

documented that changes in the glycosylation pattern of the

Env proteins can have significant effects on the antigenicity of

the Env glycoproteins and neutralization sensitivity of the

parental virus.[70-75] Because changes in the glycosylation

pattern of these Env proteins can have a drastic effect on their

phenotype, it may also be possible to modulate the im-

munogenicity of the protein by altering the glycosylation pat-

tern. One potential use of changing the glycosylation patterns

on the Env proteins is to dampen immune responses to

undesirable epitopes. Because it is relatively difficult to raise

antibodies to sugars that should rightfully be identified as ‘self’

by the immune system, the addition of glycans in unwanted

areas should have the effect of focusing the humoral antibody

response to desirable areas of the Env. Efforts have been made

to this extent in attempts to focus antibodies to the CD4

binding site.[76] In this study, the addition of seven extra glycans

eliminated binding of the undesirable non-NAbs, 15e, b6, b3,

F91, and F105 while preserving the binding site of the broadly

neutralizing CD4 binding site antibody IgG1 b12. Use of this

immunogen in rabbits, however, produced mixed results.

Rabbits immunized with this construct in Ribi adjuvant gen-

erated positive binding antibodies to wild-type Env glycopro-

teins but raised a highly limited NAb response.[49] Analysis of

the immune sera also revealed very limited amounts of antibody

with a specificity similar to that of mAb b12, an antibody

specificity that this construct was intended to enhance. The

neutralization results mirror this, with sera generated from this

construct often being incapable of neutralizing even the highly

sensitive isolates SF162 and HXBc2. As intended, immuniza-

tion with the hyperglycosylated mutant did have the effect

of dampening the elicitation of most of the weak NAbs similar

to the mAbs b6 and F105. Unfortunately, it did not succeed in

eliciting b12-like antibodies. This, in combination with lower

levels of V3 crown-directed antibodies, may potentially explain

the disappearance of the neutralizing activity in this type of

serum.

Selvarajah et al.[50] further investigated the concept of

dampening immune responses to unwanted areas through

hyperglycosylation with the use of a hyperglycosylated trimeric

gp140 construct. Trimerization of a hyperglycosylated gp140

construct through the use of a heterologous trimerization

domain resulted in significantly reduced availability of the V2

and V3 loops, as measured by mAb binding. This was reflected

in the immune sera resulting fromprotein-based immunizations

with this construct. Neutralization of the sensitive isolate

SF162 was dramatically reduced as a result of fewer antibodies

being elicited to the variable loops of the virus. In the context of

dampening the immune response to unwanted areas, this

strategy succeeded; however, within the context of focusing

the antibody response to more desirable areas, such as the

CD4 binding site, this strategy still needs to undergo further

development.
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Hyperglycosylation of the Env to dampen immune re-

sponses to a particular region is only one strategy involving

the manipulation of the glycosylation sites on the Env proteins.

Another strategy involves the elimination of particular glyco-

sylation sites in order to enhance the immunogenicity of the

Env proteins. One such attempt at this eliminated N-linked

glycosylation sites in the first and second variable loop of an

infectious simian immunodeficiency virus isolate. This glyco-

sylation mutant isolate was then used to infect rhesus monkeys.

The resulting humoral antibody responses were then compared

with those elicited by infection with the parental wild-type

virus.[51] Relative to humoral antibody responses raised by

thewild-type virus, themutant glycosylated virus demonstrated

a shift in specificity to the degycosylated region of the V1/V2
loop aswell as an increase in the neutralizing activity of the sera.

A second study showed that the elimination of a singleN-linked

glycan at the stem of the V2 loop in a 89.6 background could

have dramatic effects on the phenotype, antigenicity, and im-

munogenicity of a model immunogen.[52] Immunization of

macaques with a vaccinia vector encoding the glycan deleted

construct, followed by boosting with recombinant protein,

dramatically increased the potency of neutralization to homo-

logous mutant and parental virus, as well as increasing the

breadth of neutralization against a panel of heterologous

clade B-derived primary isolates. However, whether these re-

sults will hold true in other Envs, or if they are specific to the

89.6 background, remains to be seen. A number of other studies

have attempted to generate mutant forms of the virus by

eliminating N-linked glycosylation sites; however, in each of

them, it was shown that the mutants were no better immuno-

gens than their parental virus.[53,54]

4.4 Envelope Trimerization

The native Env spike on an HIV-1 virus is a structure con-

sisting of three subunits each of gp120 and gp41. It is possible that

an effective immunogenmayneed tomimic this trimeric structure

in order to elicit an effective NAb response. The creation of a

trimeric mimic has proven to be a difficult task, mostly because

gp120-gp41 and gp41-gp41 interactions on the surface of a virion

are governed only byweaknoncovalent interactions.Because this

limitation makes the production and evaluation of trimeric im-

munogens a difficult task, a number of strategies have been em-

ployed in attempts to overcome this hurdle. One such strategy

that has been employed is to eliminate the cleavage site thatwould

normally result in the processing of the precursor gp160 into its

mature gp120 and gp41 components. Further modification of

this construct, by elimination of the transmembrane and

intracellular tail of gp41, results in a relatively stable trimeric

construct that can be used for immunogenicity studies. One such

study that used this strategy immunized rabbits with a mono-

meric gp120 or trimeric gp140 construct, derived from the HIV-1

IIIBEnv, inRibimonophosphoryl lipidAplus squalene (MPL-SE)

adjuvant.[55] The resulting antibody response was capable of

binding gp120 and gp160 constructs from homologous and het-

erologous isolates. An increase in the potency of the NAb re-

sponse in animals immunized with the trimeric gp140 construct

was also observed against the TCLA viruses NL4-3 and MN.

However, when this serum was tested against more prototypical

primary isolates, no neutralizing activity was observed. Despite

this, the trimeric gp140 constructs were also tested in macaques.

The resulting sera were again capable of neutralizing TCLA

strains of HIV-1. Epitope-mapping analysis of the sera revealed

that usually >50%, and as high as 77%, of the neutralizing activity

could be adsorbed using V3 peptides. The predominance of V3-

directed antibodies and the limited exposure of this loop in pri-

mary isolates could potentially explainwhy so little neutralization

of primary isolates was observed.

Other studies have also used the strategy of eliminating the

cleavage site between gp120 and gp41 in an attempt to increase

the yield of oligmers produced. One of these compared the im-

munogenicity of monomeric gp120 with oligomeric gp140 de-

rived from the CD4-independent isolate R2.[56] After four

protein-based immunizations in the very powerful AS02A

adjuvant, antibody responses were tested for neutralizing activity

against a large panel of primary isolates from clades B and C. In

groups of three rabbits, at least two of three rabbits that received

gp140-based immunizations were capable of neutralizing all but

one of the viral isolates tested. In comparison, twoof three rabbits

that received monomeric gp120-based immunogens were only

capable of neutralizing nine of the 46 isolates tested.

A second means used to stabilize the trimeric interaction

and study its immunogenicity is through the addition of hetero-

logous trimerization domains to the HIV-1 Env glycopro-

teins. One example of this introduced the GCN4 or foldon

trimerization domain into the Yu2 gp140 background. Im-

munizationwith this trimerized construct was initially shown to

be effective in raising a more potent NAb response in mice.[58]

Vaccination of guinea pigs with these trimeric constructs using

a wide variety of adjuvants generally increased the potency of

neutralization against selected homologous and heterologous

clade B isolates.[59] However, it did little to expand the breadth

of neutralization of isolates when compared with immunization

with monomeric gp120. Analysis of this neutralizing activity

revealed that gp120-immunized animals had neutralizing ac-

tivity directed primarily towards the V1 loop of the Yu2 virus,
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with additional neutralizing activity directed towards the

V3 loop. Interestingly, immunization with the gp140 constructs

redirected neutralizing activity away from the V3 and V1 loops

to other areas of the virus. Trimerized Yu2 gp120 constructs

were also generated using the GCN4 motif and tested in rab-

bits.[60,77] The general pattern of an increase in potency of the

neutralizing activity of the sera was again observed in this

study. Interestingly, this study also looked at the effects of

stabilizing the Yu2 gp120 in a CD4-bound state in its trimeric

form through site-directed mutagenesis. The additional mod-

ifications of stabilizing the core in its trimeric form increased

the potency of the elicited NAb response even further. How-

ever, the overall breadth of neutralization was not increased

appreciably against the more difficult to neutralize isolates

JR-FL and TRJO.58. Also interesting to note was that the

specificity of this neutralizing activity differed between the

two studies.[59,60] In guinea pigs immunized with the trimeric

structures, most neutralizing activity could be attributed to V1

recognition, whereas in rabbits immunized with a similar

construct, almost no neutralizing activity could be attributed to

V1 reactivity.

Other attempts to induce trimerization of the Env glyco-

proteins have also been successful. Instead of the introduction

of heterologous trimerization motifs, the stability of a normal

Env trimer has been enhanced through the introduction of

disulfide bonds to stabilize the gp120-gp41 interaction, and

mutations in the gp41 region have been made to stabilize gp41-

gp41 interactions.[78,79] These modifications allowed the trimer

to be cleaved normally, while still maintaining a stable trimeric

interaction. In a study evaluating the immunogenicity of this

disulfide bond stabilized construct, high titers of binding anti-

body were elicited but only weak neutralizing activity was ob-

served.[57] Specifically, the homologous JR-FL isolate, from

which the immunogen was generated, was neutralized only

sporadically upon immunization with this construct. Neutral-

ization of the TCLA MN isolate of the HIV-1 virus was also

evaluated in this study. Sera generated through immunization

with this construct frequently neutralized this virus with a high

titer; however, there was no trend for higher NAb titers being

raised in the animals immunized with the trimer. A second

study also evaluated the effects of trimerization by immunizing

rabbits with a trimerized construct resulting from the deletion

of the gp120-gp41 cleavage site, a trimerized construct based on

an intermolecular disulfide bond, or immunization with

monomeric gp120.[80] Again, in this study there was little im-

provement in the functional antibody response elicited by the

trimeric proteins. Sporadic neutralization of the homologous

isolate JR-FL was seen in trimer-immunized animals, as well as

sporadic neutralization of the sensitive isolate BaL. However,

almost no neutralization of resistant primary isolates was

observed. Analysis of neutralizing sera in both of the above-

mentioned studies indicated that neutralizing activity was

not directed towards the V1/V2 loops of the virus or the

MPER. In addition, only limited amounts of neutralizing

activity could be assigned to the V3 loop, leaving the exact

specificity of any neutralizing activity that was observed largely

undefined.

4.5 gp41 Targeting (Epitope Grafts)

A series of neutralizable epitopes are found in the MPER of

gp41. However, this region of gp41 has been shown to be poorly

immunogenic. In efforts to increase the immunogenicity of this

region, the linear epitopes in the MPER of gp41, recognized by

broadly neutralizing antibodies, specifically 2F5 and 4E10,

have been grafted into other areas of the Env. In one such study,

transplantation of the 2F5 epitope into either the V1, V2, V3, or

V4 loop was tested.[61] DNA-based immunizations of mice with

these grafted constructs generated positive binding antibodies

against this MPER epitope when it was placed in either the V1

or V3 loop. However, immunization of guinea pigs failed to

raise positive antibody titers to the intact MPER when posi-

tioned in these same loops. Interestingly, repeated immuniza-

tions of theMPER graft in the V2 loop raised positive antibody

responses targeted to the grafted epitope in guinea pigs. Despite

the positive recognition of this epitope, however, no MPER-

based neutralization was observed against the HIV-1 IIIB

isolate.

The immunogenicity of the MPER epitope grafted into the

V1/V2 loop was also assessed in mice and rabbits.[62] This

grafted region was further manipulated by the addition or de-

letion of residues flanking the epitope in order to manipulate

the exposure of the helix. These grafts were proven capable

of binding the MPER-directed antibody 4E10, and their

immunogenicity in rabbits was assessed. Again, while many

gp120 binding antibodies were generated in this study, no

NAbs targeted to the MPER region were detected.

5. Anti-Idiotypic Immunogens

Yet another interesting approach to generate an effective

antibody response is to use anti-idiotypic antibodies as

immunogens, to focus the antibody response on a desirable

domain. Anti-idiotypic antibodies capable of binding a CD4

binding site-directed fraction of human sera from HIV-1 in-

fected individuals have also been evaluated as immunogens.[81]

This study enriched a fraction of CD4 binding site-directed
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antibodies from four individuals with no disease progression in

the long term, and used this fraction to generate anti-idiotypic

mAb in mice. Two monoclonal antibodies were generated that

were capable of binding b12 andwere subsequently used in their

Fab form adjuvanted in incomplete Freund’s adjuvant as im-

munogens in rabbits. The best of the two Fab immunogens, P1,

was capable of neutralizing the sensitive HIV-1 isolate HxB2 in

three of the five rabbits. However, no data were reported on the

neutralizing activity of this sera against the more representative

primary isolates.

6. Vaccination Approaches for Delivery of

HIV-1 Envelope Antigens

The ultimate goal of raising a strong antibody response

against HIV-1 is to prevent infection with this virus. The design

of an effective antigen to be used in a vaccine is only one part

of the overall effort to generate a protective antibody response.

A second, equally important task is to optimize the delivery

method by which an optimal Env antigen can be administered

to humans so that a successful antibody response can be raised.

To pursue this goal, a number of different strategies have been

implemented (table II). The use of traditional subunit-protein

vaccines was attempted first, the details of which have been

discussed (see section 4). However, the sheer difficulty of raising

effective antibody responses against the virus has necessitated

the use of novel immunization approaches.

6.1 Viral Vector-Based Vaccines

One of the novel immunization approaches is to use viral

vectors to deliver HIV-1 antigens. One such vaccine candidate

has been evaluated in a phase I clinical trial using an adenovirus

vector to deliver HIV-1 Env antigens.[82] This study used an

adenovirus delivery system that was made replication in-

competent through the deletion of the E1 and E4 region as well

as part of the E3 region of the viral genome. Inserted into the

virus were genes encoding a Gag-Pol fusion protein, intended

for elicitation of T-cell responses, as well as three gp140 Env

genes, each derived from a single clade, A, clade B, and clade C

HIV-1 isolate. Four weeks after immunization, 93% of healthy,

uninfected adults were capable of recognizing the homologous

clade B antigen by IP-Western blot. However, when antibody

responses were measured by ELISA, only 50% of the in-

dividuals were capable of recognizing one of the three antigens

used in the vaccine formulation. Despite the positive binding

titers induced in some individuals, no neutralizing activity was

detected against the highly sensitive isolate SF162 or the TCLA

isolate HXB2. Therefore, while this vaccine proved to be rela-

tively safe, it failed to generate a highly immunogenic humoral

antibody response against even very sensitive strains of HIV-1.

Russell et al.[83] evaluated the use of a canarypox virus to

deliver HIV-1 antigens. In this phase II human trial, uninfected

individuals were immunized with the canarypox vector

vCP1452 encoding the gp120 protein of theMN isolate fused to

the gp41 region of the HIV-1 isolate LAI, plus the entire gag

gene and CTL epitopes derived from the Nef and Pol proteins.

The HIV-1 canarypox vaccine was either administered alone or

boosted with a subunit protein boost of a bivalent formulation

of gp120 derived fromHIV-1 isolatesMNandGNE8 for a total

of four immunizations. Positive binding antibodies were raised

against theGag protein in 23–36% of individuals, depending on

the immunization group. More relevantly, however, between

70% and 83% of individuals raised NAb responses against the

homologous MN isolate. Notably, individuals who received

only the canarypox vaccine candidate elicited lower titers of

Table II. Vaccination strategies and resulting neutralizing antibody (NAb) responses in clinical trials

Vaccination

approach

Rationale Result References

Subunit protein Subunit-based immunizations have been successfully used

to raise antibody responses to a number of pathogens

Narrow NAb responses with no protective efficacy 2,3

Viral vectors Raise a balanced T- and B-cell response None or narrow, low-titer NAb responses elicited 82,83

DNA vaccines Raise a balanced T- and B-cell response Barely detectable NAb responses 84-86

Viral vector+
protein

Viruses alone elicited only low-quality antibody responses

that may be boosted with a recombinant protein

Increase in NAb titers with administration of

protein boost

83

DNA+ viral
vectors

Adenoviruses may be capable of boosting low-titer immune

responses resulting from DNA priming

Increased potency but still limited breadth of

NAb response

87

DNA+ protein DNA immunizations can successfully prime a humoral

antibody response, which can be augmented by boosting

with a subunit protein

Low titer but broad NAb responses against

a wide range of primary isolates

88
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NAb against the MN isolate compared with recipients of

rgp120. Neutralization of the heterologous IIIB isolate was also

evaluated in a limited number of samples. When heterologous

neutralization was taken into account, those individuals

who received only the canarypox-based immunization fared

significantly worse than those who received a subunit-protein

booster. Specifically, individuals who received only the canary-

pox vaccine candiate never successfully neutralized the HIV-1

IIIB isolate, while 70% of individuals who received a subunit-

protein boost were able to neutralize this isolate. The genera-

tion of antibody responses capable of neutralizing TCLA

strains of virus using a similar canarypox prime-protein boost

immunization regimen has also been mirrored in a number of

other studies, demonstrating the utility of a heterologous

prime-boost regimen.[89-92] Despite this ability, the overall

quality of antibody responses in this trial does not appear to be

better than that reported in trials conducted with strictly sub-

unit protein-based immunizations. Notably, the ability of in-

dividuals to neutralize a significant number of neutralization

resistant primary isolates has yet to be demonstrated.

6.2 DNAVaccines

The sole use of DNA-based immunizations to raise HIV-1

specific antibody responses has also been tested in phase I

human trials. In one trial, three DNA immunizations encoding

three Env antigens, one each derived from cladesA, B, andC, as

well as the T-cell antigens, Gag, Pol, and Nef, were given to

healthy human volunteers using a needle-free injection sys-

tem.[84] Antibody responses from this trial were then evaluated

by ELISA and NAb assay. Humoral antibody responses re-

cognizing the clades A and C Env antigens were generated in

71% of individuals; clade B Env antigens were recognized in

64% of individuals in the trial. Despite the presence of binding

antibodies, functional NAb were entirely lacking. None of the

vaccinated individuals generated NAbs against the sensitive

HIV-1 isolate MN, indicating the overall lack of im-

munogenicity of this approach in generating a strong antibody

response.

These results are mirrored by a second human DNA-only

vaccine trial.[85] This trial delivered DNA encoding a Gag-

Pol-Nef fusion protein plus modified Env antigen constructs

derived from clades A, B, and C via a needle-free injection

system. Similar to other DNA-only trials, binding antibodies,

as determined by ELISA, were raised in 60% of the individuals.

However, once more there was a total lack of NAbs raised

against the sensitive HIV-1 strain MN. A third trial utilizing

only DNA-based immunizations encoding Gag, Pol, Env, Rev,

Tat, and Vpu, delivered by traditional needle-based intra-

muscular injection, also failed to produce any detectable NAb

titers against theHIV-1 isolates ADAorMN.[86] The sole use of

DNA-based immunizations in humans has highlighted the fact

that as a whole, the DNA vaccine is not very immunogenic by

itself. However, it is puzzling that the immune sera cannot

neutralize even highly sensitive HIV-1 isolates when positive

binding antibody responses were clearly identified. One possi-

ble explanation is the use of a modified Env antigen (gp145)[93]

in these DNA vaccine-alone studies.[85] It has multiple deletions

in gp120 and gp41 domains,[93] resulting in most of the con-

struct remaining cell associated. The combination of these

mutations may have adversely affected the critical Env antigen

conformation that is required for eliciting NAb responses.

6.3 DNAVaccine Prime-Viral Vector Boost

Based upon the limited ability of vaccines utilizing a single

modality to raise an effective antibody response against HIV-1,

combinations of heterologous immunization approaches have

also been attempted. One such study used a DNA prime and

adenovirus boost to elicit cellular and humoral antibody

responses in rhesus macaques.[94] This study used DNA and

replication-defective recombinant serotype 5 adenoviruses

(rAd5) expressing three HIV-1 Env antigens from clades A, B,

and C, either alone or in combination, as well as a fused Gag-

Pol-Nef construct intended to raise cell-mediated immunity.

While this study generated strong cell-mediated immune re-

sponses to the virus, functional antibody responses were still

somewhat lacking. Positive binding antibody titers were raised

in immunized animals as well as positive NAb titers against the

sensitive isolates HxB2 and SF162. Inhibition of three clade A

isolates, UG29, UG031, and 44951 by 50% was observed in

animals receiving a combination of all three Env immunogens.

However, 50% inhibition of the majority of primary isolates

from clades B and C was entirely lacking. Despite the low level

of NAb responses, immunization did demonstrate positive

effects after an 89.6P challenge. Immunized animals demon-

strated better control of viral infection as well as better pre-

servation of the CD4+ T-cell compartment.

Studies evaluating the elicitation of antibody responses

using combinations of DNA plasmids and adenovirus vectors

expressing HIV-1 proteins have also been performed.[87,95] In

one study, immunization of rhesus macaques with a chimeric

HxBc2/BaL gp145 construct delivered either by a DNA prime-

adenovirus boost or by strictly repeated immunizations with

rAd5was evaluated.[87] Immunization with a single rAd5 vector

generated higher binding antibody titers against the gp140
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protein than immunization with only the DNA vaccine. How-

ever, repeated boosting with subsequent rAd5 immunizations

did not enhance the antibody response in these animals. In

contrast, the DNA-primed animals, when administered a rAd5

boost, demonstrated a rapid rise in Env binding antibody titers.

Neutralizing activity raised by the two immunization ap-

proaches was also evaluated. Neutralization of the 89.6 isolate

was found to be significantly greater in animals that first re-

ceived a DNA prime, indicating the superiority of this combi-

nation immunization approach relative to immunization with

only rAd5. However, the breadth of neutralization using the

DNA prime rAd5 boost format was still somewhat limited;

only about one-third of tested clade B isolates were neutralized

by sera generated from immunization with either an 89.6 or

chimeric HxBc2/BaL construct.

6.4 DNA Prime-Protein Boost

The use of DNA vaccines to raise humoral antibody re-

sponses against HIV-1 was first seen in the early 1990s, when it

was shown that a DNA plasmid encoding HIV-1 Env glyco-

proteins derived from TCLA was capable of raising HIV-

1-specific antibody responses in small animals.[96,97] The

antibodies raised by this approachwere capable of both binding

recombinant Env glycoproteins and neutralizing the HIV-1

IIIB isolate. The utility of this approach was further demon-

strated in an SHIV challenge model in cynomolgus maca-

ques.[98] In this study, animals that received DNA

immunizations generated a strong immune response that re-

sulted in a lowered viral load compared with unimmunized

animals. Additionally, in this study, one of four immunized

animals was protected from viral challenge upon completion of

the DNA immunization regimen.

Other than its obvious ability to generate an immune re-

sponse, there are a number of positive aspects of DNA im-

munizations that make them an attractive option for use as

a platform for an HIV-1 vaccine. The first of these is the

endogenous production and processing of a chosen antigen.

When a DNA immunization is given, antigen-encoding plas-

mids are taken up directly by cells at the injection site of the

host, therebymaking antigen production similar to that of a live

attenuated vaccine. This allows the protein to undergo well

regulated translation processes allowing for native folding, as

well as normal post-translational modifications, such as gly-

cosylation, of the antigen of interest. Additionally, because of

the endogenous production of the antigen, the produced

protein can be efficiently presented to the immune system

through class I and class II major histocompatibility

complexes, allowing for an efficient T-cell response to the antigen.

Furthermore, the DNA vaccine has also proven to be a very safe

alternative to subunit and live attenuated vaccines.[99-103] Because

DNA vaccines are normally non-replicative and non-integrative,

and can only encode the protein(s) of interest, they allow the

researcher to elicit an antibody response with the specificity of

a subunit vaccine and the native antigen processing of a live

attenuated vaccine, all without the safety risk of reversion of an

attenuated viral strain into a pathogenic one.

In addition to its relative safety, DNA-based immunizations

provide an excellent platform for studying different properties of

a particular antigen, screening of different immunogens,[104,105]

identifying immunogenic and neutralizing domains of a tar-

get,[106] and identifying effective immunization regimens.[107]

Despite the ability of theDNAvaccine to generate an immune

response against model antigens, a number of caveats still exist.

One of these is a relatively low in vivo transfection efficiency,

leading to low levels of antigen production. Because of this, a

significant effort has been made to increase the potency of DNA

vaccines. This involves studying different delivery mechanisms

for the DNA itself, including electroporation,[108,109] needle-free

jet systems,[110-112] gene gun,[109,112] and micro-needle injec-

tions,[113] all of which are intended to increase the efficiency of

DNA delivery over a traditional intramuscular injection.[109]

Increasing the efficiency of DNA delivery is only one aspect

of the effort to increase the potency of DNA immunizations.

Work has also focused on the design of DNA constructs

themselves in order to enhance antigen production on the level

of the individual transfected cell. One of the primary im-

provements that has been made was the advent and im-

plementation of codon optimization to maximize the efficiency

of transfer (t)RNA usage in the cell.[114-116] Optimizing each

codon to utilize the most prevalent tRNA present in the cell

allows for more efficient protein translation, resulting in a

higher quantity of antigen being produced. Other work to in-

crease the amount of antigen produced has focused on

manipulating the leader sequences and promoters of these

constructs.[115] The simultaneous manipulation of all of these

factors in a potential construct was shown to improve the

immunogenicity of a gp120 protein in a mouse model.[115]

Despite improvements in the design of the DNA construct

and increased efficiency in delivery, DNA immunization is still

only capable of producing limited quantities of antigen at levels

much lower than that delivered by inactivated or subunit vac-

cines. Because of this, as witnessed in DNA vaccine-alone

human trials,[84,85] it is not immunogenic enough on its own to

generate an effective antibody response against the virus.

Despite this, DNA immunizations are highly effective in
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priming the body’s immune system and work best when used in

combination with another immunization approach, usually

with DNA administered as a priming immunization followed

by a boost of another modality. One of the simplest and most

effective of these combination approaches for the elicitation of

humoral immunity is a DNA prime followed by a traditional

subunit protein boost.[117]

Early studies using the DNA prime-protein boost approach

utilized TCLA-derived Env glycoproteins in the vaccine for-

mulation.[118] Rabbits in this study were immunized withDNA-

based immunizations encoding gp120, gp140, or a replication

incompetent form of HXB-2 and subsequently boosted with

rgp160 derived from the HIV-1 isolate IIIB in incomplete

Freund’s adjuvant. While only limited binding antibody was

generated after the DNA immunizations, boosting with re-

combinant protein greatly increased binding titers in im-

munized animals. Analysis of serum avidity elicited by each

immunization regimen indicated that use of a combination

approach elicited a higher avidity antibody response than use of

DNA immunizations alone. The combination DNA prime-

protein boost approach generated homologous NAb titers

significantly greater than those observed with immunization of

naive animals with recombinant protein only. A heterologous

NAb response against MN and SF2 were also generated using

this prime boost immunization regimen. Titers in immunized

animals varied from 1 �� 148 to >1 �� 3000 against MN and from

1 �� 37 to 1 �� 269 against SF2. However, the use of a TCLA-

derived immunogen, was shown to be incapable of generating

a heterologous NAb response against more difficult-to-

neutralize primary isolates.[118]

Extensive ground work has been carried out, demonstrating

that a DNA prime-protein boost strategy is an effective means

of raising antibody responses in both small animals and non-

human primates.[119,120] However, many of these studies suf-

fered from the inability to neutralize the more relevant primary

isolates of HIV-1. One breakthrough, in an attempt to over-

come the limitations of TCLA-derived immunogens, used the

gp120 derived from the primary isolate JR-FL as a model im-

munogen.[121] In this study, rabbits were immunized in either a

DNA prime-protein boost format or with only recombinant

gp120 protein derived from the primary isolate JR-FL. Sera

generated by both immunization approaches contained high

levels of binding antibody to homologous Env glycoproteins,

but theNAb response generated by each immunization regimen

differed dramatically. One example of this was observed with

the neutralization of the sensitive isolate SF162. Both im-

munization regimens were capable of generating a NAb re-

sponse against this sensitive isolate; however, the DNA-primed

animals did so with a much higher titer. Additionally, animals

that received a DNA prime were capable of neutralizing the

homologous strain of HIV-1, JR-FL, in a peripheral blood

mononuclear cell-based neutralization assay. Inhibition of this

neutralization-resistant primary isolate was not observed in

animals that were immunized with protein only. Additionally,

sera raised by the DNA prime-protein boost approach were

also frequently capable of neutralizing other heterologous clade

B isolates, including 1196 and 0692.

The superiority of the DNA prime-protein boost approach

was proven again concurrently in a separate study looking at

the effect of oligomerization on the elicitation of NAbs.[57]

Here, the use of aDNAprime-protein boost approach elicited a

12-fold higher binding antibody response when compared with

immunization with protein only, clearly demonstrating the

potential of this platform for eliciting a functional antibody

response to the virus. A third example of the effectiveness of

the DNA prime-protein boost vaccination approach using

monomeric gp120 immunogens generated a consistent NAb

response against neutralization resistant primary isolates.[57]

While the use of the DNA prime-protein boost approach was

able to enhance the binding and NAb response elicited com-

pared with immunization with subunit protein only, the overall

breadth of neutralizing activity was still somewhat limited. The

most likely explanation for this phenomenon was the use of

only a single, subtype B Env glycoprotein in the vaccine

formulation. One attempt that was made to increase the

breadth of the neutralizing activity was to include multiple,

genetically distinct Env glycoproteins into a single polyvalent

formulation.[122] In this study, rabbits were immunized in a

DNA prime-protein boost format consisting of either mono-

valent or polyvalent formulations of gp120 derived from clades

A, B, C, D, E, F, and G. Sera generated by immunization with

these constructs were then tested in a pseudovirus-based neu-

tralization assay against a panel of 14 viruses from clades A to

E. Data from this study revealed that immunization with a

polyvalent formulation significantly increased the breadth of

neutralization against this multiclade panel, nearly doubling

the number of isolates neutralized compared with the mono-

valent immunization groups.[122]

The success of the DNA prime-protein boost immunization

format further showed its promise in non-human primate stu-

dies. A modification of the polyvalent formulation above,

consisting of two clade B gp120s, one clade C gp120, and one

clade E gp120, plus Gag derived from NL4-3, was tested for its

protective efficacy in rhesus macaques.[123] Animals received

a combination of DNA and protein-based immunizations,

and were subsequently rectally challenged with the R5 SHIV
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BaL strain. At the time of challenge, animals had generated an

antibody response capable of neutralizing the sensitive isolates

of HIV-1, MN, and SF162, as well as the challenge strain of

BaL. Immunizationwith the above regimen provided sterilizing

immunity to four of six macaques from the SHIV challenge,

based upon detection of viral RNA in the blood. Relative to the

control group of seven naive animals who all became infected

and demonstrated high viral loads, the remaining two im-

munized macaques that became infected demonstrated lower

levels of viral RNA in the blood. Because the Gag antigen was

from an HIV-1 isolate while the challenge virus was a SHIV,

the protection of animals against infection was clearly media-

ted by Env-induced immunity, most likely due to anti-Env

antibodies.[117]

Other studies have also confirmed the utility of the DNA

prime-protein boost approach in non-human primates. One of

these studies used this prime-boost approach in neonatal ma-

caques.[124] Immunization of animals in this study with DNA

encoding vpu and the IIIB Env glycoproteins, followed by

boosting with recombinant IIIB derived gp160, protected 4 of

15 animals from a homologous IIIB intravenous SHIV chal-

lenge. Another study utilizing the DNA prime-protein boost

approach immunized rhesus macaques with gp120 or gp160

forms of Env glycoproteins derived from HXBc2.[120] Homo-

logous NAb titers >1 : 1000 were generated as a result of im-

munization with these constructs. Following an intravenous

challenge of SHIV HXBc2, none of the immunized monkeys

became infected, based upon negative re-isolation of HXBc2 at

every bleed after challenge.

Based on the successful protection of non-human primates

in an SHIV protection model, the DNA prime-protein boost

approach was tested in a phase I clinical trial.[88] Again, a

polyvalent Env glycoprotein formulation was used, this time

consisting of five Envs from clades A, B, C, and E. After three

DNA immunizations and two protein boosts, humoral anti-

body responses were evaluated by solid-phase antibody bind-

ing and NAb assays. Immunization with this polyvalent Env

glycoprotein vaccine formulation and regimen elicited broad

and high titer binding antibody responses in all 27 indi-

viduals evaluated in the trial against gp120 antigens from

clades A to H of HIV-1, as evaluated by ELISA and Western

blots. Additionally, NAb responses were detected in 100% of

individuals against the sensitive HIV-1 isolates MN, NL4-3,

and SF162 at titers as high as 1 �� 2000. Neutralization of the

homologous primary isolates included in the vaccine was

also frequently observed. Specifically, neutralizing activity was

detected in >60% of individuals against the subtype C vaccine

strain 96ZM652. In addition to eliciting NAbs against sensitive

and homologous isolates, which has not been demonstrated in

some other trials,[125] the new polyvalent DNA prime-protein

boost regimen also generated neutralizing activity against

difficult-to-neutralize heterologous primary isolates from

clades A, B, C, D, and E in a high-throughput, pseudotyped,

virus-based neutralization system.[88] Positive NAb titers were

identified in each of the 22 vaccinees included in the analysis,

with about 60% of the vaccinees having positive NAbs against

80–100% of pseudotyped viruses included in the assay. This

represents a significant improvement over the NAb responses

reported with immunization via protein, DNA, or viral vectors

alone, as well as combinations of viral vector prime-protein

boost and DNA prime-viral vector boost studies. Additionally,

while this vaccine was successful in generating a cross-reactive

antibody response, it also proved to be safe and well

tolerated.[126]

The underlying mechanism as to why the DNA prime-

protein boost immunization regimen is more effective at raising

a functional antibody response is still not fully understood.

One potential explanation for this is that the avidity of the

antibody response generated against the HIV-1 Env glycopro-

teins by a prime-boost immunization is higher than that gen-

erated by immunization with either modality alone.[118,121]

These studies indicated that boosting with recombinant protein

vastly increased the avidity of the antibody response elicited by

DNA priming. The generation of a higher avidity antibody

response may be one of the defining features necessary to elicit

effective neutralization of HIV-1.

A second possibility as to why theDNA prime-protein boost

approach elicits a higher quality antibody response has also

been recently investigated. Comparison of antibody specifi-

cities generated by immunization with only recombinant

protein or with the DNA prime-protein boost approach has

revealed that the incorporation of a DNA prime alters the

specificity of elicited antibodies.[127] Based upon an enhanced

breadth of NAb response observed in the DNA-primed ani-

mals, the specificities of the antibodies elicited by each im-

munization approach was studied. Recognition of linear

peptides derived from the group M consensus sequence re-

vealed that immunization with either approach generated

binding antibodies to the C1 and V3 regions of the Env.

However, immunization with the DNA prime-protein boost

approach also elicited antibodies with specificities for the

flanking regions of the V1/V2 loop, the C2 region, and the

junction of the V5 and C5 regions. Mapping of these regions

onto the crystal structure of liganded gp120 revealed that

these uniquely recognized regions all mapped very closely to

known contact residues for CD4. Through the use of a mAb
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competition assay, it was confirmed that increased titers of

CD4 binding site-directed antibodies were present in animals

that received aDNAprime. Interestingly, however, V3-directed

antibodies were also observed to be elicited in higher titers in

the DNA-primed animals. Further investigation into this phe-

nomenon revealed that while the V3-directed antibodies were

more prevalent in theDNA-primed animals, they did not play a

significant role in the neutralization of primary isolates. This

left the increased levels of CD4 binding site-directed antibodies

as the most likely mechanism for the observed enhanced NAb

response. With recent studies implicating the CD4 binding site

as a primary target for individuals with broadly neutralizing

activity,[128] the ability of aDNAprime-protein boost approach

to elicit antibodies with this specificity is a remarkably im-

portant attribute of this platform.

7. Conclusion

The development of an effective HIV-1 vaccine still faces nu-

merous challenges before it becomes a reality. These challenges

include the enhancement of the antibody response to neutralize a

wide array of viral isolates and to do so with a high degree of

potency. However, with current work underway in using a

polyvalent Env formulation delivered by theDNAprime-protein

boost approach to elicit broadly cross-reactive antibody re-

sponses, this challenge may not prove to be insurmountable.
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