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The global spread of human immunodeficiency virus (HIV)
and the human suffering left in its wake have made AIDS a
global heath priority. Yet the capacity of HIV to mutate and
evolve rapidly has made combating this virus a tremendous
challenge. While the obstacles to creating an effective HIV
vaccine are formidable, advances have been made on many
fronts with the development of novel vectors (62), adjuvants,
and antigen design strategies. Live attenuated vaccines have
been shown to confer some protection against heterologous
challenge viruses in the simian immunodeficiency virus (SIV)/
macaque model, providing opportunities to explore the bio-
logic underpinnings of vaccine protection. Equally important is
our growing understanding of the biology of acute infection
(35, 48, 82, 84) and the role of immune responses in containing
viral replication in long-term nonprogressor patients. This re-
view focuses on summarizing strategies for contending with
HIV variation in designing a T-cell-based component of a
vaccine. We will summarize recent progress by many groups
in a number of complementing areas, assessing the impact of
diversity in a primate model system, polyepitope vaccines,
conserved-region vaccines, central protein design, polyva-
lent natural proteins, and polyvalent central proteins. The
strategies that prove most effective for priming innate cells
and T and B cells ultimately could be combined with the best
strategies to deal with the magnitude, character, and persis-
tence of a vaccine-elicited immune responses to create an
effective HIV vaccine candidate.

TOWARD A T-CELL-BASED HIV VACCINE

A primary motivation for working toward a T-cell-based
HIV vaccine is the growing body of evidence demonstrating
the importance of the CD8" T-cell responses for control-
ling, if not clearing, HIV infection. This evidence includes
demonstrations of the following. (i) Cytotoxic T-lymphocyte
(CTL) escape is a major force driving of HIV evolution both
at the population level (10, 15, 77) and within individuals
(13, 14). This observation is a testament to the impact of
CTL responses, as HIV mutates continually to escape CTLs.
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(ii) Highly functional CD8" T-cell responses are correlated
with slow AIDS disease progression (9). (iii) The most sig-
nificant genetic associations with host control of viral repli-
cation in a genome-wide association study were HLA
B*5701 and a site near the HLA C gene (27), both of which
are associated with T-cell immunity. (iv) CD8" T-cell re-
sponses to specific HIV epitopes may be associated with the
good outcomes observed for HLA B*5701-positive (5, 46,
66, 67) and HLA B*2701-positive (4, 46) HIV-infected peo-
ple. (v) There is an HLA class I heterozygote advantage as
well as a rare HLA allele advantage associated with a delay
of onset of AIDS (19, 86), and HLA haplotypes for which
escape mutations are preserved at the population level (47)
may have less impact. These observations provide indirect
evidence that enabling more-extensive HLA class [-medi-
ated responses is beneficial.

A second motivation for focusing on T-cell-based vaccines
comes from nonhuman primates that have demonstrated the
value of a vaccine-induced T-cell response in conferring pro-
tection against the clinical progression of disease after virus
infection. Nonhuman primate studies can be used in two ways
to explore the value of vaccine-elicited T-cell responses in the
face of viral diversity. The first is through assessing the cross-
reactive potential of HIV vaccine responses with test reagents
designed to reflect the viral diversity of HIV (59, 78). The
second is through heterologous challenge studies. Pathogenic
SIV challenge in macaques vaccinated with live attenuated SIV
generally results in an infection characterized by low levels of
viremia, stable CD4" T-cell counts, and slow progression to
disease (1, 71, 97). In a recent study, a live attenuated SIV
vaccine (SIVmac239deltanef) conferred significant protective
immunity against the challenge with a heterologous HIV iso-
late; there was a 100-fold decrease in viremia over 32 weeks
following infection (73). CD8" T-cell depletion studies indi-
cated that cellular immune responses contributed to this effect.
In contrast, the role of CD8" T cells in conferring protection
against SIV replication was less clear in an examination of
heterologous virus superinfection. SIVsmE660 and SIV-
mac251 were used to serially infect rhesus monkeys. When
either strain was used as the second infecting virus, it was held
in check and was only transiently detected at low levels in the
plasma of the monkeys (99). The mechanism responsible for
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FIG. 1. Phylogenetic trees of the major subtypes found in the HIV-1 M-group Gag and Env. These trees are based on the Los Alamos curated
database of global alignment, as of December 2008, and contain one full-length gene per infected person. The trees show the relationships between
the major HIV subtypes; intersubtype recombinants were excluded. The database represents global studies but not systematic sampling, as
whatever sequences were published and are in GenBank are included in the HIV database. Only representative subsets of the most recently
sampled B clade from the United States or C clade from South Africa were included in these trees, as these are the most heavily studied epidemics
and dominate the global sampling. To illustrate how these regional single-subtype epidemics fit into the global picture, terminal lines for South
African sequences are in red, those for United States sequences are in blue, and those for all other nations are in black. The green circles show
the approximate region of the node selected for generation of the most recent common ancestor; in our ancestral reconstructions, we do not
include the sequences that are outliers relative to the rest of the clade in these models. The trees are maximum likelihood trees using a general
time-reversible model with site rate variation estimated with a gamma distribution and were generated using PhyML (40).

the control of the superinfecting virus was not clearly attrib-
utable to T- or B-cell immunity.

The STEP vaccine trial was a phase IIb human trial designed
to explore whether an HIV T-cell vaccine could reduce infec-
tion rates or viremia upon infection (24, 64). The vaccine
included HIV Gag, Pol, and Nef expressed from genes carried
by the adenovirus serotype 5 (Ad5) vector, and it was hoped
that vaccination with these constructs would generate immune
responses that would reduce infection rates or viremia upon
infection. The trial was stopped for lack of efficacy, and the
outcome sent a wave of concern through the community. Not
only did the vaccine not confer a benefit, the vaccine-treated
group with preexisting AdS immunity had a higher incidence of
HIV infection than the placebo-treated group (24, 64). The
differences between these results and the studies done with
nonhuman primates remain unresolved. However, the cumu-
lative results of many primate studies as well as the apparent
value of T-cell responses in retarding progression make it rea-
sonable to expect that the results of the STEP trial reflect an
outcome of the particular vaccine immunogens used in the
trial, or of confounding variables related to certain populations
of subjects in the trial, rather than a failure of the concept of
a T-cell-based vaccine. Preclinical work with T-cell-based vac-
cine components is therefore continuing.

IMPLICATIONS OF GLOBAL HIV DIVERSITY
FOR T-CELL RESPONSES

Eliciting an immune response that can protect against the
extraordinary diversity of circulating HIV is a formidable chal-
lenge (34). Figure 1 illustrates two phylogenies of HIV M
group variants based on HIV Gag and Env genes obtained

through a global sampling of viruses. The M group, or main
group, of HIV-1 viruses encompasses the viruses of the pan-
demic. Subtypes A to J within the M group form relatively
clear genetic groups that consistently show the same clustering
pattern throughout different regions in the HIV genome (74)
(Fig. 1). Some of these distinct lineages may have evolved
different phenotypic characteristics that impact transmission
(42, 43), antigenic targets, and regions under selection (34, 37,
87) and, possibly, pathogenicity (50).

Phylogenetic trees such as those shown in Fig. 1 model
evolution by base substitutions, and branch lengths reflect the
number of mutations estimated to have occurred between the
sequences used to construct the tree. HIV-1, however, has
many other mechanisms to generate diversity: recombination,
insertion and deletions, and gain and loss of glycosylation sites
(102). Recombination occurs at high rates, and intersubtype
recombination is common in populations where multiple sub-
types cocirculate and the incidence of infection is high (6, 49).
Recombination obscures phylogenetic relationships between
viral isolates and violates the assumptions that are used to infer
phylogenetic trees (53), yet recombination events play a major
role in HIV evolution. Thus, trees like the ones shown in Fig.
1, that exclude intersubtype recombinants, should be inter-
preted with the awareness that the clades as shown can be
considered basic building blocks that contribute sections to the
intersubtype recombinant viruses that cocirculate with them.
Within-clade phylogenetic structures are themselves muddled
by recombination patterns that are not easily resolved by con-
ventional phylogenetic methods.

Despite these limitations, phylogenetic trees that group vi-
ruses according to genetic relatedness are useful. Phylogenies
provide a model for studying the timing of epidemic expansion
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(52, 96, 101) as well as evolutionary dynamics and immune
pressure within infected individuals (48, 54). Phylogenetically
defined virus lineages may have different phenotypes, as dis-
cussed above. Infections by different subtypes can result in
both B- and T-cell immunological responses with subtype-re-
lated cross-reactivity patterns (8, 11, 12). There are, however,
many exceptions to this. For example, the C-clade viruses from
India tend to form a relatively tight genetic cluster within the
C clade, but envelopes from this group of viruses have ex-
tremely diverse patterns of neutralization susceptibility when
tested with a large panel of sera (57).

The basic structure of the phylogenetic tree provides a
framework for people to think about vaccine component de-
sign while considering HIV diversity at different levels. For
example, a B-clade-specific vaccine might be particularly useful
in the United States, which has a primarily B-clade epidemic
(Fig. 2). Similarly, a C-clade vaccine might be helpful in South
Africa, and a vaccine based on the circulating recombinant
form of the virus, CRF01, may be useful in parts of Asia (Fig.
2). While some vaccine designs are based on viral proteins
found in particular geographic regions or nations (16, 22),
others take into consideration not only the regionally circulat-
ing viral forms but also regional human population HLA allele
frequencies (45, 91).

In the trees shown in Fig. 1, the terminal branches that
correspond to United States sequences are labeled in blue;
these branches have a narrower diversity pattern than that
of the full set of B viruses, which includes sequences of
viruses from Asia, South America, and Europe. South Af-
rican sequences are shown in red and are dispersed through-
out the international C-clade sequences. A few non-C-sub-
type full-length gene sequences from South Africa are
represented by the red lines in the A and D clades. The red
and blue lines illustrate the limitations of trying to make a
national vaccine, but they suggest that subtype-specific vac-
cine strategies may be worth exploring. If a subtype-specific
vaccine was successful, it would be of immediate value at
least to the target population and could lead the way for
more-comprehensive strategies.

Some groups, including our own, have devised rational de-
sign strategies for a global vaccine rather than a country- or
subtype-specific vaccine (34). A global vaccine is a daunting
challenge given HIV diversity, but it is motivated by several
factors. First, even in a regional epidemic dominated by a
single subtype, such as the B-clade epidemic in the United
States, pockets of HIV with greater genetic diversity can be
found (61, 85). Second, most nations have complex epidemics
and would not benefit from a single-subtype vaccine (Fig. 2).
Finally, human testing and parallel production of multiple
tracks of regional and national vaccines would be very costly
and resource intensive.

The genetic distances between the viral isolates shown in
Fig. 1 underlie enormous changes in HIV at the amino acid
level when considered from the perspective of a T-cell re-
sponse. HLA class I and class II molecules present epitopes
that are contiguous peptide fragments of various lengths and
are recognized by an immune response. HLA class I-presented
epitopes are most commonly 9 amino acids long, but the
lengths of these epitopes range from 8 to 12 amino acids.
Optimal HLA class II epitopes have greater diversity in their
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lengths but encompass this range. Thus, a sensible way of
describing HIV diversity from a vaccine perspective is not just
in terms of single amino acids but also in how much variation
there is in potential T-cell epitopes, protein fragments roughly
nine amino acids long (59).

Human T-cell epitopes have been found virtually every-
where in the HIV proteome (http://www.hiv.lanl.gov/content
/immunology/maps/maps.html), and a short stretch of a viral
protein generally includes many distinct epitopes with different
overlapping boundaries presented by different HLA mole-
cules. Figure 3a shows the distribution of human T-cell
epitopes of HIV that have been described in the literature and
are assembled in the HIV immunology database. This collec-
tion is comprehensive but has biases. For example, it empha-
sizes the regions of the virus that have undergone the most
intensive study. Also, more-variable regions are likely to be
underrepresented due to mismatches with test reagents. De-
spite this, the ridgeline of peaks and valleys of all HIV CD8™
T-cell epitopes in the database (Fig. 3a) roughly parallels the
frequency of epitope responses at the population level, which
has been determined experimentally by evaluating the full pro-
teome (2, 30). The number of perfect 9/9 potential epitope
matches between a single natural putative vaccine protein and
the aligned translation of the current full genome sequence
M-group alignment at the Los Alamos database is shown in
Fig. 3b. It shows the coverage of each 9-mer section of the
alignment based on a sliding window that moves position by
position through the proteome. The M-group genome align-
ment contains 1,206 sequences, one per infected person, and
includes hundreds of recombinants as well as pure subtypes
from throughout the world. The natural protein used for this
comparison was selected by virtue of providing the most per-
fect 9/9 matches with the M-group set; the overall fraction of
identical 9-mers matches between the best natural protein and
the M-group set is shown in Fig. 3d.

What is immediately evident from the sequences shown in
Fig. 3 is that not all regions within an individual viral protein
are comparably distinctive between virus isolates. While most
regard Gag as conserved and Env as variable, not all regions of
Gag are conserved (only p24 is well conserved throughout),
and not all regions of Env are variable. Overall, Pol is the most
conserved protein of HIV, but even Pol is spanned by alter-
nating short stretches of near identity and greater diversity.
Nevertheless, it is the only HIV protein for which more than
half (56%) of the 9-mers in the HIV database global collection
(Fig. 3d) match the best natural strain. Env and the regulatory
proteins typically match the best natural strain in only approx-
imately one-quarter of the 9-mers (Fig. 3d). This means that a
vaccine-elicited response to a typical epitope of a single strain
of virus is more likely than not to be faced with a mismatch in
the corresponding epitope of an infecting strain of virus. While
older studies suggest that such single mismatches can often be
tolerated by the immune system, recent detailed examinations
of cross-reactivity of T-cell responses suggest that cross-reac-
tivity detected by enzyme-linked immunospot (ELISpot) and
chromium release assays may overestimate the true cross-re-
activity of relevant cellular immune responses (8, 88). Epitopes
that appeared to be highly promiscuous and susceptible to
recognition by CD8" T cells specific for virions of those
epitopes when measured using assays that depend on an exog-
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FIG. 2. Maps showing the subtype designation of all sequences in the Los Alamos database as of 1 January 2009. These sequences are often
single genes and fragments, so intersubtype recombination is underestimated. They are not sampled randomly but are the product of all HIV
studies with sequences submitted to GenBank. Despite this limitation, the maps largely reflect what we know about global distributions of subtypes,
but the details should be interpreted with caution. The figures were made using the HIV geography tool at the Los Alamos database

(http://www.hiv.lanl.gov/components/sequence/HIV/geo/geo.comp).
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FIG. 3. (A) Map of known and distinctive CD4 " and CD8™" epitopes described in the literature and included in the Los Alamos database across
the proteome. Experimental maps of population responses (30) are tracked, with the exception of the underrepresentation of T-cell epitope
mapping of regulatory proteins in the database. This underrepresentation is a consequence of regulatory protein T-cell epitope mapping being
somewhat underrepresented in the literature. (B) The fraction (Fxn) of identical matches (red) with a single natural strain that provides the optimal
coverage of the M group for each 9-mer (potential epitope) in the HIV proteome is shown. The optimal natural strain is a C-subtype sequence,
C.ZA.99.DU422 (GenBank accession number AY043175). This is not surprising, as C is the most common subtype in the full-length genome
database. This is an alignment-based figure; the gray background illustrates how many sequences have 9-mer in a given position in the alignment,
such that a section in the alignment with an insertion in only one or a few sequences will appear as a white band. (C) Illustration of the increase
in the fraction of perfectly matched 9-mers at each position when a four-mosaic combination is used rather than a single natural strain. (D) Total
percentage of all 9-mers covered for each protein, corresponding to the single natural strain coverage shown in panel B (lower bar for each protein)
and the four-mosaic coverage (higher bar) shown in panel C. The mosaic sequences were derived, optimal natural proteins were selected, and
coverage graphics for both Fig. 3 and 4 were created using the mosaic vaccine tool suite at the Los Alamos HIV database (83) (http://www.hiv
Janl.gov/content/sequence/MOSAIC/). All comparisons were made to proteins translated from the global full-length genome alignment at the Los
Alamos HIV database (http://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html), so the same input set of full genome sequences were
used for every protein; thus, the variability comparisons between proteins are reasonable.

enously loaded peptide, such as ELISpot and chromium re- NATURAL PROTEINS AS VACCINE ANTIGENS
lease assays, were not recognized by such CD8™ T cells when
expressed within an infected cell in an HIV-1 inhibition assay Most of the HIV vaccine prototypes developed to date have

(8, 88). used naturally occurring HIV proteins as vaccine antigens,
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either unmodified or with engineered deletions introduced to
improve safety or enhance immunogenicity (17, 21). A natural
strain that is close to a consensus sequence (17) can be se-
lected, or one can be selected to provide the best coverage of
potential epitopes in a target population (29) (Fig. 3c and 4a).
Figure 4a illustrates a comparison of the 9-mer coverage of all
Gags found in the full genome alignment of 1,206 M-group
sequences from the Los Alamos database based on specific
vaccine antigen design concepts. These comparisons included
an assessment of the coverage provided by CAM.1 and HXB2,
two natural B-clade strains that have been used in vaccine
trials, and the single natural HIV strain selected to give the
best coverage of the entire database collection.

The immunogen employed in the two first HIV vaccine
efficacy trials, the VaxGen (36) and STEP (24) trials, used
natural viral genes/proteins as antigens. This is the simplest
model for vaccine immunogen design and the obvious thing to
try first: deliver some part of HIV, either as natural protein or
as a gene that can be expressed upon vaccination, and hope it
elicits immune responses with enough potency, long-term
memory, and cross-reactivity to confer protection. This vaccine
approach has been effective for other viruses, including hepa-
titis B virus (103) and influenza virus (80). The intent of the
VaxGen trial was to determine if vaccination with a recombi-
nant HIV envelope protein (rgp120) vaccine could elicit ben-
eficial neutralizing antibodies (neutralizing antibodies target
the viral envelope and block viral entry into target cells). In
that case, the evidence that this vaccine produced cross-reac-
tive neutralizing antibodies was not convincingly shown prior
to the initiation of the phase III trial (18, 23). Although anti-
HIV antibodies were induced by the vaccine in immunized
volunteers, these antibodies did not reduce the incidence of
HIV-1 infection (36).

The STEP trial, on the other hand, employed immunogens
that elicited T-cell responses to Gag, Pol, and Nef expressed
from genes in AdS vectors. Of the individuals who received this
vaccine, 77% mounted an HIV-specific T-cell response (64).
However, many individuals responded only to one or two of
the proteins. If there were only a single-epitope response to
viral proteins (24), it is possible that for many vaccinees that
there were mismatches between the epitope(s) recognized by
the response to the vaccine and the infecting strain of virus or
that naturally infected cells did not present the same epitopes
that were presented in the context of the vaccine. The team of
scientists analyzing specimens generated during the course of
the STEP trial are sequencing the transmitted viruses and
defining the reactive epitopes to assess these possibilities (24).

Another vaccination strategy being pursued employs natural
antigens by use of a polyvalent vaccine that incorporates nat-
ural antigens from multiple clades of HIV. While there are
well-founded concerns about the complexity and expense of
generating polyvalent vaccines, such vaccines have been suc-
cessfully used for other pathogens. A polyvalent vaccine is
successfully used against influenza, despite the added compli-
cation of needing to frequently make new vaccines that match
the changing epidemic strains (80). The current pneumococcal
vaccine includes 23 capsular serotypes (44). One group of
investigators is exploring the use of a polyvalent natural strain
approach for HIV in a DNA prime-protein boost vaccine strat-
egy, including one A-, two B-, two C-, and one E-clade enve-
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lope proteins and a monovalent Gag protein. This approach
has been evaluated in a phase I safety and immunogenicity
study (89). The vaccinees receiving the highest dose of DNA
prime in this study yielded CD4* T cells with greater polyfunc-
tionality and some CD8" T cells specific for Env and Gag.
However, this vaccine regimen elicited an immune response
that was skewed toward the induction of CD4" T-cell re-
sponses (7), and the T-cell responses were elicited against
peptides from the diverse vaccine strains of the virus (89).
Another group designed a polyvalent vaccine including three
Env proteins (one A, one B, and one C clade), and a single
Gag, Pol, and Nef protein, all delivered in a DNA prime-
recombinant AdS boost regimen (79). In a nonhuman primate
evaluation of this vaccine strategy, a polyvalent Env vaccine
elicited T-cell and neutralizing antibody responses with greater
breadth than did monovalent Env immunogens; moreover,
there was no evidence of antigenic interference (79). SHIV-
89.6P peak viremia and set point were lower for all vaccinated
animals when challenged, with a delayed decline in CD4" T
cells (79). These results in macaques led to a successful phase
I trial (20), and after some debate triggered by the STEP trial,
the vaccine is scheduled for advanced-phase testing in humans.

POLYEPITOPE VACCINES

The polyepitope strategy is based on investigator-designed
artificial minigenes, expressed in either DNA or a viral vector,
comprised of a string of epitopes lined up in a single artificial
vaccine construct. The presumption is that if the protein can be
expressed and is immunogenic in animal studies, these vaccine
constructs will elicit the desired T-cell responses in humans.
This strategy is conceptually elegant, as it allows the investiga-
tor the freedom to select epitopes that are deemed most im-
portant. For example, such a vaccine could focus the cellular
immune response on the most conserved epitopes or those
most frequently presented by the most common HLA class I
molecules. This concept had an encouraging early precedent,
given protection against a lethal challenge of the arenavirus
lymphocytic choriomeningitis virus in mice (72, 94).

The utility of this approach for an HIV vaccine merited
serious exploration. The first prototype for this kind of vaccine
for HIV was designed by Hanke and McMichael (41). They
developed a vaccine targeting the Kenyan epidemic, including
the regionally prevalent clade A Gag p24 and p17, linked to a
string of 22 epitopes selected by virtue of being presented by
the most common HLA class I molecules in Kenya and elicit-
ing immunodominant responses. This immunogen construct
was expressed from DNA or a modified vaccinia virus Ankara
(MVA), and was administered as DNA, MVA, or DNA/MVA
in prime-boost combinations. The vaccines were immunogenic
in mice and macaques (93), and so they progressed through
human safety and immunogenicity trials (68). Most of the
observed responses were to CD4™ T-cell epitopes in the Gag
portion (38). Unfortunately, CD8" T-cell responses were min-
imal. Five of 16 individuals had responses to the multiepitope
immunogens, and 3 of these were mapped to the same epitope,
suggesting that very few of the epitopes in the context of the
vaccine elicited CD8" T-cell responses. Recently completed
trials of this immunization strategy in Kenya and Uganda were
disappointing. The majority of vaccinated individuals did not
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have a detectable ELISpot response (for example, a DNA
prime-recombinant MVA boost elicited ELISpot responses in
only 13% of volunteers), and those that did respond showed
weak and transient responses (45).

In a second HIV vaccine study of this kind, a more bioin-
formatic approach was applied to the polyepitope design (63).
This design focused on the selection of epitopes that bind
multiple HLA allelic products with the potential for presenta-
tion to the immune system by many HLA proteins. Twenty-one
conserved epitopes that can be presented by HLA-A2, -A3,
and -B7 supertypes were linked, and the vaccine was predicted
to elicit immune responses in 85% of individuals globally.
Rather than simply linking epitopes, the vaccine was specifi-
cally engineered to attempt to enhance correct processing and
to minimize unnatural junctional epitopes (63). (De Groot and
colleagues have proposed a similar design strategy, deriving
consensus epitopes and computationally attempting to mini-
mize junctional epitopes [25].) Studies with the polyepitope
vaccine in HLA transgenic mice indicated that multiple
epitopes in the construct could elicit immune responses (95).
Despite encouraging preliminary results, the vaccine showed
disappointing immunogenicity in human studies. Only 1 of 42
uninfected vaccinated adults made a detectable gamma inter-
feron ELISpot response to the vaccine, and 3 had a response
that could be detected by a chromium release CD8" T-cell
assay (39).

It is possible that the particular polyepitope vaccine delivery
strategies and vaccination protocols could be altered to achieve
better outcomes. To date, however, this interesting concept
and the encouraging preliminary results of animal studies have
not translated into human immunogenicity.

FOCUSING ON THE MOST CONSERVED
REGIONS OF HIV

The polyepitope vaccines described in the previous section
were designed to use epitopes combined into minigenes to
directly focus the vaccine-induced immune response on con-
served viral epitopes. Another strategy being explored to focus
immune responses on conserved regions of HIV is to use
immunogens created with longer sections of proteins spanning
the most conserved regions of the proteome that are linked in
a chimeric protein. The intent of the latter strategy is to cap-
ture the entire set of CD4" and CD8" T-cell epitopes har-
bored within these conserved regions of the virus. Vaccine-
induced T-cell responses would thus have a high probability of
interacting with the circulating viruses. If a vaccinee were in-
fected, the vaccine-induced immune response might have the
potential to shift the immunodominance profile and focus the
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initial immune response in a newly infected individual on con-
served regions of the virus, where mutations that facilitate
immune escape would likely have a high fitness cost (3, 76, 81,
90, 98). Since some of the benefit conferred by protective HLA
alleles may be realized through the high viral fitness costs of
escape mutations (67), this type of a vaccine might be able
extend this benefit to infected individuals who do not carry one
of the few HLA alleles associated with a good outcome.

Epitope processing and presentation of antigen to T cells
remains an important issue to explore experimentally in this
approach. While the long fragments in a chimeric protein may
facilitate more natural processing and presentation than mini-
gene polyepitope approaches, the basic strategy may still result
in the creation of antigens that are not processed or presented
optimally. Computational approaches such as those used to
minimize junctional epitopes for polyepitope vaccines (63)
could also be applied to the design of conserved chimeric
proteins (76). The regions of HIV with the greatest sequence
conservation may not be very immunogenic in naturally in-
fected cells. For example, the most conserved regions in the
proteome of HIV are found in Pol, but comparatively few
CD8" T-cell responses recognize Pol epitopes spanning these
regions (Fig. 3a). Rolland et al. suggest that this may be a
consequence of a lower ratio of expression of Pol relative to
Gag protein (76). Furthermore, some of the most highly con-
served domains of the virus may have developed strategies to
avoid immune pressure long ago in evolutionary history (100)
or may be seen as “self” if they are also expressed by an
endogenous retrovirus. If the vaccine epitopes are not pre-
sented in a natural context, the vaccine may not confer pro-
tection.

Despite these reservations, the first mouse study of the con-
served-region approach was encouraging (58). The vaccine de-
sign included the 14 most conserved regions of the HIV pro-
teome linked in a chimeric protein. The sequence used to
represent each of these regions was selected from one of four
subtype consensus sequences, and the regions were globally
conserved so that the M-group coverage of potential epitopes
was good in the vaccine construct. BALB/c and HLA-A*0201
transgenic mice were able to generate T-cell responses to this
vaccine antigen expressed as DNA, in an MVA vector, and in
a human AdS5 vector (58). Thirteen of 13 HIV-infected people
had memory T-cell responses to epitopes carried in the chi-
meric protein, and many known epitopes in the Los Alamos
HIV database are harbored in these regions (58). Based on this
promising start, this vaccine antigen is being moved forward
into a small human safety and immunogenicity trial (T. Hanke
and A. McMichael, personal communication).

one sequence per person, that were available for inclusion at the end of 2005 for the 2006 Los Alamos database. The current designs are based
on the 2008 database full-length genome alignment, using sequences that were available at the end of 2007 for inclusion in the 2008 database. The
2008 database set of 1,206 Gag proteins was the test set used in both cases, and the 2006 database-derived mosaics provide almost the same
coverage as the 2008 database-derived mosaics. Given the cost and time required for development and testing, and the robustness of the mosaic
sequences over time and acquisition of new data, it does not make sense to continuously update mosaics during different stages of testing. (C)
Comparison of the M-group 9-mer coverage based on 1,000 randomly selected sets of four natural proteins, a combination of four subtype
consensus proteins (one A, one B, one C, and one D subtype consensus proteins, in green), and four mosaics. (D) Increasing the valence of a
vaccine will enhance 9-mer coverage, but with diminishing returns, by inclusion of increasingly rare 9-mers. (E) Mosaic design is relatively robust
against the length of potential epitopes used for the optimization (opt.) criteria.
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CENTRAL VACCINES

Another way to address the genetic diversity of the HIV,
particularly if one is aiming for the simplicity and cost-effec-
tiveness of a monovalent vaccine component, is to design an
antigen that is central to the circulating strains that the vaccine
is targeting. This can be done either within an HIV subtype or
at global level, including multiple subtypes of the virus (Fig. 1).
Three different strategies for accomplishing this have been
suggested. The first is based on a phylogenetically recon-
structed ancestral sequence (26, 34, 56). An ancestral sequence
is the sequence of bases that represent the most likely base in
each position in an alignment at an ancestral node in a phylo-
genetic tree. Examples of an ancestral gene design options
include reconstructions of the most likely sequence at a node
near the base of a subtype-defining clade or the node that is the
ancestral sequence for the entire M group of viruses (Fig. 1).
The second strategy is to take the most common amino acid at
every position in an alignment and concatenate those together;
this is called a consensus sequence (33, 34, 56). In the third
strategy, the “center-of-tree” or COT sequence approach, the
point in a phylogenetic tree that minimizes the sum of the
distances to all branch tips is identified (69, 75). Central se-
quences are all similar to each other, and the differences be-
tween them are in the range of the expected number of errors
inherent in phylogenetic-based ancestral reconstruction meth-
ods (32). They will vary slightly if reestimated based on a
different evolutionary model or different input data, for exam-
ple, if they are recalculated as the global sampling increases
from year to year.

Subtype-specific centralized protein vaccines can reduce the
distance between a vaccine protein and the protein of contem-
porary circulating strains of HIV by roughly half relative to a
typical natural vaccine strain (34). This can be visualized in
phylogenetic trees (Fig. 1). If the vaccine protein is based on
the model sequence near the root of a clade, one only has to
traverse one long branch to be near the ancestor of the clade,
and there is no need to add in the distance from the root back
out to the natural strain selected for the vaccine protein. M-
group central sequences bring vaccine distances to all circulat-
ing sequences approximately to the level of within-clade dis-
tances. The relatedness of a vaccine protein and the protein of
a contemporary circulating strain of HIV can also be evaluated
on the basis of 9-mer or potential CTL T-cell epitope coverage.
Two B-clade strains that have been studied as vaccine candi-
dates (HXB2 and CAM.1) do not match as many 9-mers in the
M group as M ancestral or consensus strains do, while M-
group ancestral and consensus sequences are roughly compa-
rable (Fig. 4a).

When such vaccine design strategies were still untested,
there was widespread skepticism regarding the artificial pro-
tein designs: would they fold well, be recognized by conforma-
tion sensitive antibodies, be functional, and be immunogenic?
Together with our colleagues, we evaluated a reconstructed
M-group consensus/ancestral Env protein. (We have tested
several generations of this concept, most of our work being
done with a version called CON-S) [33, 34, 92]). This was a
particularly challenging central protein, and a priori was the
least likely to succeed, because the sequence of the M-group
consensus/ancestral Env was very distant from those of natural
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HIV proteins. There are two reasons for this. First, Env is the
most variable protein in HIV, and second, we modeled all the
way back to the center of the entire M group rather than just
to the root of a single subtype (Fig. 1). The M-group consen-
sus/ancestral protein (CON-S), however, was also particularly
intriguing, as it provided a candidate protein for a global vac-
cine and could be evaluated as an immunogen for eliciting both
B-cell and T-cell responses to a protein of a central virus strain.
Despite its sequence distance from natural strains and the
uncertainties inherent in modeling, CON-S proved functional
in a pseudotype infection assay. When expressed as a gp140
Env oligomer, it bound antibodies that recognize conforma-
tionally determined epitopes of HIV envelopes. Most critically,
it was immunogenic for both T cells and B cells when tested in
small-animal studies (33, 60, 92). In fact, all consensus, ances-
tral, and COT sequences for M-group and subtype B and C
HIV proteins that have been tested to date are well expressed
and are immunogenic in small animals (33, 55, 56, 60, 75).
COT sequences for B-clade Gag, Nef, and Tat all retained
biological function (75). The M-group CON-S and a clade
B-based Con B Env protein (55, 60) each elicited antibodies
with good titers and breadths of responses against easily neu-
tralized, so-called tier 1 HIV-1 viruses, but not against isolates
that are more difficult to neutralize. It may prove useful to
employ central sequences as the starting point for making
strategic modifications of HIV envelopes to improve the ex-
posure of potentially useful neutralization epitopes (55).

The CON-S envelope has also been assessed as an immuno-
gen for eliciting T-cell responses. An M-group CON-S Env
vaccine induced T cells with improved cross-reactive potential
in mice (92). In a study by Santra et al., a CON-S vaccine
candidate was compared with a natural B-subtype Env vaccine
candidate (78) in rhesus monkeys. Both immunogens made
strong autologous responses as determined by reactions with
pooled peptides designed to match the vaccine protein se-
quences, but the responses to CON-S had much greater cross-
reactivity. The number of responses to peptide series span-
ning 10 different natural HIV envelope proteins, including
representatives of four different subtypes, was evaluated,
and the CON-S Env induced three- to fourfold more re-
sponses per protein than did the natural B-clade envelope
immunogen. These data indicated that the cross-reactive
potential of T-cell responses to the CON-S Env was greatly
enhanced relative to the responses elicited by a single nat-
ural protein vaccine (78).

Another encouraging result with central proteins was found
in exploring their use as a foundation for designing peptides as
reagents for ELISpot assays (31). The cross-reactivity of T-cell
responses of HIV-infected humans to different variant
epitopes provides indirect evidence as to whether a particular
epitope variant peptide might stimulate a T-cell response that
is cross-reactive. When within-subtype and M-group central
sequences were used as a basis for generating peptides for use
in ELISpot assays, the three strategies (consensus, ancestral,
and COT) were found to be comparable for generating pep-
tides for detecting T-cell responses. The M-group-based pep-
tide reagents performed as well as within-subtype peptides for
response detection (31).
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POLYVALENT MOSAIC VACCINES

Given the emerging evidence that “central” computer model-
based proteins are well expressed, immunogenic, and induce
T-cell responses with improved cross-reactive potential, we
decided to build on this concept and design a new generation
of centralized immunogens: polyvalent protein cocktails that in
combination could provide maximum coverage of potential
T-cell epitopes (29). This computational polyvalent approach
was motivated by the promising results observed with polyva-
lent natural immunogens (79). We utilized a machine-learning
strategy called a genetic algorithm to computationally design
sets of sequences that are similar to natural sequences but that
in combination maximize the coverage of potential T-cell
epitopes in the population.

The resulting mosaic sequences are derived from in silico
recombinants of natural strains of HIV and are constrained in
the same fashion as natural virus sequences. Boundary regions
spanning recombination breakpoints are created such that all
local regions of a protein are found repeated among natural
sequences, and as a consequence, mosaic proteins align readily
to natural viral proteins. Such a mosaic polyvalent vaccine
maximizes the coverage of natural variation in all potential
T-cell epitopes for a given number of proteins in a cocktail;
therefore, the chance of it providing beneficial immune re-
sponses to vaccinees with diverse major histocompatibility
complex class haplotypes should be improved.

Mosaic cocktails are designed in a series of steps that in
many ways reflect the recombination evolutionary strategies
employed by the virus itself. For example, consider the design
of a mosaic cocktail created to optimize M-group coverage of
Gag epitopes by three mosaic Gag proteins. The general de-
sign strategy of mosaic T-cell immunogens is as follows. The
program input is the set of all M-group Gag proteins; these
sequences do not have to be aligned. Three sampling pools of
in silico-derived de novo recombinants (mosaics) are then cre-
ated based on recombining parental strains taken from the
M-group alignment. In this process, consideration is given only
to those mosaics that encode intact proteins and have recom-
bination breakpoints embedded in short regions of sequence
that recur among natural strains. This avoids the creation of
artificial junctional epitopes. Meanwhile, the input M-group
protein alignment is fractured into all possible 9-mers (or
epitope-length fragments), and the frequency of each 9-mer is
tallied to provide a basis for evaluating potential epitope cov-
erage of mosaic combinations. We then test all combinations
of three mosaics, one drawn from each pool, and select the set
of three that maximizes the coverage of all 9-mers in the M
group of HIV sequences. Finally, we introduce new mosaics
into each sample pool and iteratively repeat the optimization
process until the coverage no longer improves; this typically
takes 1 to 2 days of run time. In our studies, the coverage of the
three mosaics approaches the coverage of the three most com-
mon 9-mers in each position of the viral protein (79), a theo-
retical maximum that cannot be perfectly achieved with intact
proteins, as there will sometimes be contradictory amino acids
in overlapping regions (the amino acid that is best for one
9-mer can be less than optimal in combination with other
amino acids in an overlapping 9-mer).

Given both the extensive overlap between known epitopes pre-

MINIREVIEW 8309

sented by different HLA class I and II molecules (Fig. 3a) (http:
/fwww_.hiv.lanl.gov/content/immunology/maps/maps.html) and vi-
ral sequence diversity, mosaics seem a logical strategy to
create universal immunogens. By generating intact proteins
that mimic natural proteins, our hope is that mosaic proteins
will mimic natural processing, so epitopes that stimulate
T-cell responses in the vaccine will be the same epitopes that
are processed and presented in natural HIV infection, hope-
fully circumventing the problems in processing found with
polyepitope approaches.

Mosaic polyvalent vaccines significantly improve the popu-
lation coverage of potential epitopes for every protein in HIV
(Fig. 3b to d). While mosaic proteins designed to optimize
coverage of a single subtype provide excellent of coverage of
viruses of that subtype, there is a considerable decrement of
coverage of other subtypes (28, 29). In contrast, mosaics de-
signed to optimize 9-mer coverage of the full M group of HIV
isolates not only provide almost comparable coverage of a
single clade of isolates compared to within-subtype mosaics but
also cover all subtypes very well (29). These artificial mosaic
proteins are therefore promising candidate immunogens for a
global HIV vaccine. By design, mosaic proteins minimize the
inclusion of rare or unique potential epitopes, preferentially
cover the most common variants, and do not contain unnatural
junctional epitopes. Another T-cell vaccine design strategy,
COT", also uses computational tools to maximize 9-mer cov-
erage (70). However, this strategy does not reconstruct intact
proteins. Rather, it produces a set of protein fragments that
could be assembled into a polyfragment chimeric protein to
complement the coverage of a single center-of-tree protein
(28, 70). The mosaic strategy gave slightly enhanced coverage
of 9-mers over that provided by the COT* strategy when these
two algorithms were applied to the same data set (28).

Figure 4 illustrates the application of the mosaic strategy to
HIV Gag vaccine design, drawing sequences from the database
of M-group Gag proteins. Figure 4a shows the incrementally
improved coverage of 9-mers in Gag in the global M-group
alignment using different design strategies. Figure 4b shows
that the coverage of sequences is relatively constant in the face
of changing input data as new HIV sequences become avail-
able each year. The M-group input data used to generate the
mosaic vaccine designs and the coverage figures are based on
the 2008 database. This database provided two additional years
of sequence acquisition beyond that used in the study by
Fischer et al. (29), and the current data set has more than
doubled in size relative to the data set used in the first study.
Importantly, the mosaic vaccine designed using the 2006 data
set in the study by Fisher et al. gives coverage of the HIV
sequences in the 2008 data set that is comparable to that
provided by a mosaic vaccine designed using the 2008 data set
(Fig. 4b). Figure 4c shows that the M-group 9-mer coverage
provided by a combination of four different subtype consensus
sequences (A, B, C, and D) approximates that conferred by the
four best natural strains of HIV and that the coverage by four
mosaics is substantially better than that provided by either of
the other two vaccine candidates. Also, random selection of
four natural strains of HIV gives a wide range of coverage, and
most combinations of such strains do not approach conferment
of optimal coverage. Figure 4d shows that as more sequences
of HIV are included in an optimal natural immunogen set, or
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in a polyvalent mosaic vaccine design set, population coverage
of potential epitopes increases, but by decreasing increments.
Finally, we generally optimize for coverage of 9-mers, as that is
the most common length of CD8* T-cell epitopes. However, as
shown in Fig. 4e, the solution the mosaic algorithm finds based
on 9-mers is also a very good solution for epitopes that are
8-mers to 12-mers.

Several HIV vaccine candidates based on the mosaic ap-
proach are currently in the developmental pipeline. The path-
way for these immunogens begins with the design of the mosaic
protein sequences, followed by the design of a “humanized”
gene to optimize their expression (65), the synthesis and ex-
pression of the genes, and then the study of the properties of
the proteins, including binding to relevant antibodies. After
this is accomplished, the immunogenicity of the constructs is
assessed with mice. Intact Gag, Nef, Pol, and Env M-group
mosaics have all been synthesized, and all are well expressed
and immunogenic in mice (B. F. Haynes and N. L. Letvin, data
not shown). In contrast, a Gag-partial Nef fusion protein mo-
saic had an immunogenic Gag portion, but the Nef portion was
nonimmunogenic in mice (29). Therefore, a fusion protein
strategy for these mosaics was dropped, and the two genes
were expressed separately (28).

The first study of the mosaic vaccine strategy in mice was
designed to test whether the breadth of the T-cell response in-
duced by mosaic vaccines was enhanced in comparison with that
induced by other vaccine approaches. That study showed a
marked increase in breadth of response for both CD4" and
CD8" T cells, with the increase being most pronounced in CD8™"
T-cell responses (51). In the most striking comparison in that
study, a DNA vaccine based on three natural Envs, one each from
subtypes A, B, and C, was compared with a three-mosaic vaccine.
The trivalent vaccine based on three natural strains elicited only
two CD8" T-cell responses to a series of peptide pools repre-
senting M-group diversity, while the trivalent mosaic vaccine
elicited CD8" T-cell responses to 10 peptide pools (59).
Two macaque trials comparing mosaic designs to natural
strains and consensus vaccines are currently under way.

CONCLUSIONS

There are several promising paths to follow for the devel-
opment of a T-cell component of new HIV vaccine candidates.
Experimental immunogens that focus on conserved regions of
the HIV proteome have the potential to focus the immune
response on regions of the virus where immune escape is del-
eterious to it and where a vaccine-elicited T-cell response is
most likely to recognize disparate circulating viruses. The first
study of this approach with mice generated encouraging results
(58). The limited human immune responses to polyepitope
vaccines (38, 39), however, suggest that vaccine candidates of
this type should be carefully evaluated for immunogenicity of
the multiple protein fragments and to determine if unnatural
junctional epitopes are confounding their immunogenicity. By
including whole conserved regions of the virus rather than just
specific epitopes, CD4" and CD8" T-cell responses are more
likely to be elicited by these vaccine candidates.

Attempting to maximize the number of cross-reactive T-cell
responses through vaccination offers possibilities that are
philosophically the opposite of a conserved-region approach,

J. VIROL.

broadening the cross-reactive potential of all responses rather
than focusing the responses. Both strategies are well reasoned,
and both have valid experimental underpinnings. Whether ei-
ther or both strategies will confer a benefit will require exper-
imental resolution.

Polyclonal, central, and mosaic vaccine approaches offer
strategies to increase the number of cross-reactive responses in
the context of a single protein. Each of these strategies is
proving to be more effective than a single natural protein
approach in animal studies of immunogenicity and breadth of
induced responses. This benefit is particularly marked across
subtypes (51, 78, 89). In nonhuman primate vaccine-challenge
studies, live attenuated vaccines can elicit protective responses
against a heterologous challenge virus—better control of the
virus and a better clinical outcome (73). Similarly, preexisting
infection can result in control of superinfection by a heterol-
ogous strain of virus (99). One shared aspect of these experi-
mental strategies is that they make use of immunity against the
full viral proteome. These observations provide further moti-
vation for continued exploration of the value of increasing the
number of vaccine-induced T-cell responses.

A vaccine should stimulate T-cell populations that recognize
virus epitopes presented by infected cells and that are not
vaccine specific. A close match between the vaccine and circu-
lating virus epitope sequences, as well as similarities between
the virus and vaccine antigen processing, should enhance the
likelihood of that occurring. Gag and Pol, despite being rela-
tively conserved HIV proteins, are nonetheless still variable in
the peptides that are recognized by T cells. In fact, a 10%
difference between two aligned viral proteins means most
epitopes from different HIV stains will be distinct. Based on
this and on the fact that much of the HIV diversity seen at the
population level is likely to be a consequence of immune es-
cape (15, 77), for which observed mutations are most likely
immunologically relevant, even the most conserved HIV pro-
teins will benefit from strategies to address diversity (Fig. 3).

Polyclonal and mosaic vaccines offer potential benefits be-
yond improved population coverage. The most common vari-
ants of an epitope at a population level should represent rel-
atively fit mutations that confer escape from T-cell responses.
One person’s virus escape form, however, can be another per-
son’s susceptible form (10), so including both in a vaccine may
be helpful. If the most common forms of epitopes are pre-
sented in a vaccine immunogen, vaccine-elicited T-cell re-
sponses may effectively block the most common form and
common escape routes of virus mutation in an individual, forc-
ing the virus either to remain susceptible to the CTL response
or to escape though evolution to less-fit forms. These strate-
gies, particularly in combination with better delivery strategies
and adjuvants, may improve vaccine-induced T-cell responses.
A series of iterative nonhuman primate and human phase I
clinical trials is needed now to define those T-cell vaccine
candidates that induce the greatest breadth of T-cell responses.
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