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INTRODUCTION

The human immune system consists of bil-
lions of cells (lymphocytes), subdivided into 
B- and T-cell populations. As lymphocytes de-
velop, each undergoes a sophisticated process 
of recombination/splicing at the nucleic acid 
level that leads to expression of a unique cell 
surface receptor [B-cells express antibodies 
while T-cells express T-cell receptors (TCR)].1 
As illustrated in Figure 1A, every B-cell bears 
a unique antibody with the capacity to bind and 
destroy a specifi c foreign pathogen by using a 
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lock-and-key interaction. Similarly, each T-cell 
(not shown) bears a unique TCR that can bind a 
specifi c foreign peptide associated with a major 

histocompatibility complex (MHC) molecule. 
B-cells attack pathogens directly, while T-cells 
destroy infected target cells and assist other 
lymphocytes in their effector functions. De 
novo B-cell and T-cell development continues 
throughout life, providing an impressive sur-
veillance system against an array of viruses 
and other human pathogens. The harnessing 
of this enormously diverse natural defense sys-
tem forms the basis of our approach to HIV-1 
vaccine development.
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A Multi-vector Multi-envelope HIV-1 Vaccine

Figure 1. Rationale for the design of a multi-envelope 
HIV-1 vaccine. (A) B-cells have evolved to bear unique 
surface antibodies that bind and destroy pathogens 
with a lock-and-key interaction. (B) Vaccines can be de-
signed to mimic pathogens and thereby induce specifi c 
B-cells to divide and secrete antibodies that target the 
pathogen. (C) The activation of B-cells (or T-cells) with a 
single-component vaccine harnesses only a fraction of the 
human immune potential. (D) A multi-component vaccine 
will activate a diverse population of immune cells that can 
counteract a broad array of target viruses.

LYMPHOCYTE DIVERSITY CAN BE EXPLOIT-
ED TO COUNTERACT HIV-1 DIVERSITY

Although lymphocyte populations are well 
equipped to destroy invading germs, they of-
ten exist in a resting state, unable to respond 
promptly. A pathogen mimic or “look-alike” 
can therefore be used as a vaccine to activate 
(or prime) B- and T-cell populations (Figure 
1B illustrates B-cell activation). Vaccination 
induces the proliferation of antigen-specifi c 
lymphocytes and, in the case of B-cells, pro-
motes secretion of antibodies into the blood and 
lymph. This priming process yields effector and 
memory cells that can persist for the lifetime of 
a vaccinated subject, providing an impressive 
barrier against future infection and disease.2

The ability of activated immune cells to pre-
vent immunodefi ciency virus infection was dem-
onstrated in the early 1990s.3,4 As one example, 
Hu et al. prepared a vaccine comprising envelope 
glyco-protein (the outer coat protein) of simian 
immunodefi ciency virus (SIV). Four macaques 
were vaccinated with the envelope-based vaccine 
while four macaques served as controls. When 
later challenged with an infectious clone of SIV 
that expressed an envelope protein identical to 
that in the vaccine, all four vaccinated animals 
were protected from infection. In contrast, all 
control animals became infected.4

Encouraged by these early successes, scien-
tists prepared mono- or bivalent HIV-1 enve-
lope vaccines5,6 for clinical study. However, in 
the human trials, unlike the situation for the 
non-human primates, the challenge viruses 
could not be pre-selected to share envelope 
antigens with the vaccines. When trial partici-
pants were naturally exposed to the diversity 
of HIV-1 isolates, their activated lymphocytes 
could not respond. Specifi cally, as illustrated in 
Figure 1C, the limited set of antibodies primed 
by mono- or bivalent-envelope vaccines could 
target only a subset of viruses (using lock-
and-key interactions). Viruses with divergent 
envelope structures escaped the primed sur-
veillance system.7,8 

HIV-1 populations display impressive 
sequence diversity as the result of an error-
prone reverse transcriptase and a lack of 
polymerase-related proofreading function.9,10 
This sequence heterogeneity occurs throughout 
the HIV-1 genome and affects both internal 
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and external viral antigens. Envelope protein, 
the primary target of neutralizing antibodies, 
encompasses fi ve hypervariable regions that 
can differ substantially among isolates in both 
sequence and size.11-14 Constraints on envelope 
structure exist, as the protein must bind highly 
conserved molecules on human cells (e.g., CD4 
and co-receptors such as CCR5).15 Nonetheless, 
the number of mutually exclusive envelope 
antigens able to mediate infection is likely 
greater than one or two, explaining (at least 
in part) the failure of mono- or bi-component 
vaccines to fully protect against HIV-1 infection 
in human clinical trials. 

The variability of HIV-1 envelope proteins 
is reminiscent of the well-characterized anti-
genic variation of Streptococcus pneumoniae. 
Populations of bacteria comprise multiple 
variants, each with distinct surface antigens 
recognized by distinct subsets of lymphocytes. 
Accordingly, pneumococcus vaccine developers 
designed an effective 23-valent cocktail match-
ing the predominant antigenic diversity of the 
target pathogen. The success of this strategy 
illustrates the protective capacity of an ap-
propriately primed immune system.16 On the 
basis of the effectiveness of the pneumococcus 
vaccine and a number of other licensed cocktail 
vaccines, St. Jude researchers have designed an 
HIV-1 envelope cocktail (Figure 1D) intended 
to activate a lymphocyte repertoire suffi ciently 
diverse to counter the diversity of HIV-1.17-23 

ENCOURAGING INVIVO FINDINGS

Although no HIV-1 vaccine has yet shown 
signs of protection in a clinical trial, it should 
be emphasized that the tested vaccines have ac-
tivated only a subset of immune cells, thereby 
harnessing only limited immune potential. The 
full potential of the immune system is better 
illustrated by studies in which monkeys were 
exposed to wild-type or attenuated SIV. Even 
though the animals could not clear resident 
virus from their fi rst infection, they each gener-
ated protective immunity against subsequent 
challenges with SIV. Furthermore, serum from 
protected monkeys could be administered to 
naïve animals to transfer the protective effect. 
Essentially, the fi rst infection acted as a natu-
ral cocktail vaccine against the second.24 How 
did this occur? We suggest that the following 

course of events provides an explanation: When 
virus exposure occurs before immune activa-
tion, some of the virus particles are quickly se-
questered in privileged sites (e.g., brain tissue), 
where they remain permanently hidden from 
the immune system. The subsequent immune 
response clears much of the virus from the body 
but cannot clear the virus from privileged sites. 
Over the course of months, sequestered virus 
thrives, mutates, and sheds escape variants 
into the periphery, where respective immune 
responses are activated.25.26 Repetitive cycles 
of immune response, virus mutation, and virus 
escape continue until the peripheral immune 
system has been presented with a broad diver-
sity of antigens. This process introduces the im-
mune system to essentially all ‘shapes’ of HIV-1 
compatible with infection. At this point, the 
diversity of primed B- and T-cell populations 
can successfully counter heterogeneous viruses 
from an exogenous source. The strength of the 
primed immune system explains the protection 
against superinfection associated with both 
SIV and HIV-1 infections.27,28

The association of chronic virus infection 
with protective immunity is not unique to 
SIV or HIV-1 but is characteristic of numer-
ous pathogens, such as varicella zoster virus 
(VZV), Epstein-Barr virus (EBV), and cyto-
megalovirus (CMV). Each of these viruses 
can elicit immune cells capable of preventing 
superinfections, even though the very same 
cells cannot clear virus from privileged sites. 
Often, such viruses coexist with the host for 
years or decades without incident. If, however, 
the immune system is compromised (often as 
the result of an unrelated illness), virus reac-
tivation can overwhelm the host. The fact that 
there is now a licensed, successful VZV vac-
cine demonstrates the necessity of activating 
immune cells as a prophylactic measure. By 
blocking virus entry, vaccine-induced immunity 
can prevent both chronic infection and virus-
mediated disease.29 

HETEROGENEOUS ANTIBODIES CAN 
WORK SYNERGISTICALLY TO NEUTRALIZE 

HIV1

To demonstrate the value of combining 
diverse immune activities, we conducted anti-
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body neutralization assays with single versus 
mixed monoclonal antibodies. For example, we 
tested the ability of two neutralizing monoclo-
nal antibodies, B24 and 114-9C10, to inhibit 
HIV-1IIIB growth in tissue culture. When used 
at limiting concentrations, each antibody neu-
tralized a small percentage of virus infectiv-
ity (Figure 2). When the two antibodies were 
mixed, their virus inhibition was synergistic: 
the absolute percent inhibition effected by 
the mixture was greater than the sum of the 
individual activities. This result might be 
ascribed to at least two, non-mutually exclu-
sive mechanisms. First, the two antibodies 
are known to bind different portions of HIV-1 
envelope and could thus simultaneously tag 
each virion and enhance pathogen elimina-
tion. Second, given that the HIV-1IIIB stock 
was a mixture of non-identical viruses,14 the 
antibodies could preferentially bind different 
viruses within the pool, increasing the size 
of the targeted population. Monoclonal anti-
body synergism has also been demonstrated 
by other investigators.30,31 Results emphasize 
the advantage of recruiting diverse effectors 
to inhibit HIV-1 growth. 

ASSEMBLY OF A COCKTAIL VACCINE REP
RESENTING ANTIGENICALLY DISTINCT 

VIRAL PROTEINS

History has shown that a diverse pathogen 
can be adequately represented with a man-
ageable cocktail of vaccine antigens. This 
is in part due to the fact that non-identical 
amino acid sequences often fold to yield similar 
three-dimensional conformations. Thus, while 
a researcher may be overwhelmed by overall 
amino acid sequence differences between cer-
tain proteins, the immune system may view 
the same proteins as being the same. Antibody 
binding/neutralization studies can be used by 
the researcher to visualize antigenic versus 
sequence differences. Figure 3 provides an il-
lustration of this concept. Here are shown six 
hypothetical HIV-1 envelope proteins, each 
with a different amino acid sequence (repre-
sented as a string of colored beads). In this 
hypothetical example, the fi rst three proteins 
fold to juxtapose amino acids 5 and 18, a con-
fi guration required both for envelope binding to 

Figure 2. (■■) Control. (■■ )  B24 only. (■■) 114-9C10 only.  
(■)  B24 + 114-9C10. A combination of antibodies medi-
ates synergistic virus neutralization. Mice were vaccinated 
with a single HIV-1

IIIB
–derived envelope or with a com-

bination of envelopes including envelope from HIV-1
IIIB

. 
Delivery vehicles included recombinant DNA, vaccinia 
virus, and protein. Splenic cells from vaccinated mice 
were then harvested for B-cell hybridoma production. 
Once stable hybridomas (B24 and 114-9C10) were derived 
and cloned, respective antibodies were harvested from 
hybridoma culture media and purifi ed by affi  nity chro-
matography with protein G sepharose. The neutralization 
assay was initiated by incubating HIV-1

IIIB
 (approximately 

10 TCID-50 per well in a 96-well microtiter plate) with or 
without antibodies in R10 medium (RPMI 1640 plus 10% 
heat-treated fetal bovine serum, penicillin, streptomycin 
and 4mM glutamine). Antibodies were used at concentra-
tions selected to yield fractional virus inhibition, in order 
to measure additive or synergistic eff ects (fi nal concentra-
tions of B24 and 114-9C10 were 0.05 μg/mL and 10 μg/mL, 
respectively). After overnight incubation, the contents of 
wells were transferred to confl uent GHOST-CXCR4 cells 
in 96-well plates and incubated overnight. Cells were 
washed with R10 medium and incubated an additional 
3 days, after which supernatants were analyzed for virus 
growth with a Coulter HIV-1 p24 antigen assay (Beckman-
Coulter, Miami, FL). Percent inhibition was determined by 
comparing test wells with wells containing virus and no 
antibody. Control wells were with virus and HIV-1 nega-
tive human serum. 

A Multi-vector Multi-envelope HIV-1 Vaccine

CD4 molecules and for envelope binding to an 
inhibitory antibody. Binding experiments with 
the inhibitory antibody may be used to identify 
the three-member protein group and to select 
one member as a representative. The second 
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set of three proteins might fold differently 
to support a variant mechanism of infection. 
This group might be bound and inhibited by 
a different antibody. Again, antibody experi-
ments may be used to identify the group and 
select a representative. Upon completion of 
experiments, a mixed vaccine with only two 
components may be formulated to represent 
all six proteins. 

These considerations, while oversimplifi ed 
here for the purpose of illustration, have as-
sisted researchers in other fi elds to develop 
successful vaccines. Additional considerations 
include: 1) the existence of multiple epitopes 
within a single protein, 2) the effect of context 
on epitope structure/function/exposure,32-35 3) 
differences between antigenicity and immu-
nogenicity, and 4) the importance of capturing 

qualitatively diverse T-cell, as well as B-cell, 
epitopes in a vaccine.1

While vaccine formulation is complex in 
nature, there is consolation in the fact that (as 
stated above) HIV-1 envelope structures are 
constrained by function. Indeed, other patho-
gens characterized by high sequence diversity 
have been prevented by relatively simple cock-
tail vaccines.17,36,37 Clinical studies of HIV-1 
multi-envelope vaccines may ultimately show 
that the number of antigenic components in a 
successful cocktail, while more than one or two, 
need not be vast.

SELECTION OF VACCINE DELIVERY 
VEHICLES

The selection of appropriate vectors with 

Figure 3. Antibodies can recognize conformationally similar antigenic determinants among proteins with diverse amino 
acid sequences. Each of these six hypothetical envelope proteins is represented as a string of beads, with diff erent 
colors representing diff erent amino acid residues. The successful capture of HIV-1 envelope as a crystal structure has 
been diffi  cult and the prediction of three-dimensional protein structure cannot easily be predicted based solely on 
amino acid sequences. Antibodies may thus be used to assist in the characterization and categorization of envelopes. 
For example, the binding and neutralization of the fi rst three envelopes (among six) by a specifi c monoclonal antibody 
may reveal a shared conformational structure that may be pertinent to a specifi c mechanism of infectivity. Envelopes 
with such similar conformational structures might be represented by a single component in a vaccine cocktail, and 
envelopes with other common structures (e.g., envelopes 4-6 in this series) might require a diff erent single vaccine 
component as a representative. Information from antibody-antigen analyses has assisted the design of successful 
cocktail vaccines in other research fi elds. 

Hurwitz JL, et al
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which to deliver multi-envelope vaccines must 
also be considered. St. Jude investigators have 
therefore examined a number of vehicles in-
cluding recombinant DNA (D), recombinant 
vaccinia virus (V), and recombinant purifi ed 
envelope proteins (P). It was found that when 
delivery vehicles were alternated and when 
vaccines were delivered successively (ap-
proximately once per month) in prime-boost 
regimens, the most potent and durable immune 
responses could be elicited. This strategy in-
duced both B- and T-cell responses that could 
be identifi ed at systemic and mucosal sites and 
that remained detectable for the lifetime of the 
vaccinated animals.38-40

TESTING OF A MULTIVECTOR, MULTI
ENVELOPE VACCINE IN A NONHUMAN 

PRIMATE SYSTEM

Following the preparation of envelope cock-
tails and the testing of D, V, and P delivery 
vehicles, St. Jude investigators initiated a 
combination vaccine study at the Tulane Re-
gional Primate Center. Six macaques received 
sequential inoculations of recombinant D 
(intramuscularly), recombinant V (subcutane-
ously), and recombinant P (intramuscularly). 
The immunogenicity of this regimen was 
immediately evident: all six animals scored 
positively for HIV-1-specific antibodies in 
a standard clinical ELISA (Abbott Labora-
tories). Antibody-dependent cell-mediated 
cytotoxicity responses, antibody-mediated 
neutralizing responses, and T-cell responses 
(measured by interferon-gamma production) 
were also identifi ed in every animal. In addi-
tion, upon challenge with a SHIV 89.6P retro-
virus (a chimeric virus created by combining 
HIV-1 and SIV components), vaccinated ani-
mals showed statistically signifi cant control 
of disease compared to unvaccinated controls, 
both in terms of CD4+ T-cell maintenance 
and reduced viral load. The result provided 
proof-of-concept that at least one envelope 
in the cocktail, although heterologous to the 
89.6P envelope, was of suffi cient similarity to 
elicit protective B- and T-cell responses. This 
result must be viewed with some caution, as 
89.6P SHIV is a manmade virus grown in an 
unnatural host.41 Nonetheless, this experi-

ment was the fi rst to reveal control of 89.6P 
SHIV-mediated disease with a vaccine that 
contained no SIV components or 89.6P enve-
lope sequences.23 The success provided further 
incentive to test the multi-envelope vaccine 
concept in human trials. 

CLINICAL EVALUATION OF THE SJCRH 
MULTIENVELOPE HIV1 VACCINE

Thus far, three FDA-approved clinical trials 
have demonstrated (individually) the safety 
of the D, V, and P vaccine components. In the 
P vaccine trial, every participant responded 
with HIV-1-specifi c immune activity. An FDA-
approved, multi-envelope D-V-P prime-boost 
clinical trial has now begun. Researchers 
predict that the D-V-P multi-envelope vaccine 
will elicit durable B-cell and T-cell responses 
in virtually every volunteer. 

CONCLUSION 

The administration of cocktail vaccines is a 
logical approach for protection against HIV-1, 
because it exploits the inherent capacity of 
the immune system to recognize an enormous 
number of variant epitopes. St. Jude research-
ers have shown that HIV-1 envelope protein 
cocktails delivered with three different ve-
hicles yield durable B- and T-cell responses. 
The multi-vector, multi-envelope prime-boost 
protocol was also shown to protect monkeys 
from SHIV-induced disease. Ongoing clini-
cal trials will continue to test the hypothesis 
that envelope cocktails can ultimately confer 
complete protection against HIV-1 infections 
in humans.
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