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Development of a safe and effective vaccine for HIV-
1 infection is a critical global priority. However, the nature of
host-virus interactions that lead to early immunosuppression
and CD4 depletion, HIV-1 diversity, and the inability of the
immune system to eliminate the latently infected CD4 pool of
cells has to date thwarted successful vaccine development.
Moreover, both the initial antibody-inducing vaccine (protein
envelope gp120) and cell-mediated vaccine (recombinant
adenovirus containing HIV-1 genes) strategies have failed in
efficacy trials, and the latter cell-mediated vaccine appeared
to have caused enhanced HIV-1 acquisition. Thus basic and
translational research to understand why current vaccines
have failed and elucidation of new mechanisms of virus

control at mucosal surfaces is essential for eventual successful
development of a preventive HIV-1 vaccine. (J Allergy Clin
Immunol 2008;122:3-9.)
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Developing a safe and effective preventive HIV-1 vaccine is a
critical priority in the overall plan to contain the global AIDS
epidemic. However, progress on the development of a vaccine has
been slow since the AIDS epidemic was first recognized in 1981.
After the HIV vaccine field attempted and failed with most of the
strategies that had been used for other successful vaccines, the
AIDS vaccine field began to regroup in 2003 with the call for a new
global collaboration, the Global HIV Vaccine Enterprise.1 Led by
the National Institutes of Health and the Bill and Melinda Gates
Foundation, the Enterprise fostered the development of a compre-
hensive strategic plan for overcoming roadblocks in vaccine de-
velopment,2 and that plan has recently been updated.3,4 New
investments by the National Institute of Allergy and Infectious
Diseases and the Gates Foundation have spurred renewed efforts
in AIDS vaccine discovery work. However, the recent failure
in 2007 of the recombinant adenovirus type 5 (rAd5) HIV-1
vaccine candidate developed by Merck has dealt the vaccine
development field another major setback.5 The rAd5 vaccine is
comprised of an E1-deleted replication-incompetent rAd5 con-
taining clade B gag, pol, and nef genes that was administered in-
tramuscularly 3 times over the course of the vaccination period.
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Abbreviations used

CTL: Cytolytic T lymphocyte

HVTN: HIV Vaccine Trials Network

rAd5: Recombinant adenovirus type 5

SIV: Simian immunodeficiency virus

Last October, the HVTN502 phase IIb clinical trial, called the
Step Study, was stopped because an interim analysis showed
that there was no efficacy of the vaccine and that in trial partici-
pants with preexisting immunity to rAd5, there was a strong trend
toward enhanced acquisition of HIV-1 infection in those who had
received the vaccine but not the placebo.5 Moreover, in addition to
preexisting immunity to rAd5, a second predisposing factor for
enhanced acquisition was being an uncircumcised man who re-
ceived the Merck vaccine.6

The rAd5 vaccine was designed to induce CD81 anti-HIV-
1 T-cell responses and to help the host control viral load once in-
fected.7 The cause of the failure of the Merck vaccine to have any
effect on viral load in those who received the vaccine and became
infected is not known. Nor is it understood why in those with pre-
existing immunity to rAd5 and in uncircumcised men the vaccine
predisposed to enhanced acquisition of HIV-1. Because virtually
all HIV-1 transmission in the HVTN502 trial occurred through
mucosal surfaces, understanding why the experimental vaccine
failed and why it enhanced infectivity will be best achieved by
in-depth study of the biology of the HIV-1 transmission event
and by study of the effect of immunogens on immune cells that
home to mucosal tissues.

Recently, the Global HIV Vaccine Enterprise updated the 2005
Global HIV Vaccine Enterprise strategic plan, with additions to
recommendations to solve the problem of induction of broadly
reactive neutralizing antibodies to the HIV-1 envelope3 and new
recommendations for critical areas of study of mucosal immu-
nity.4 For the study of mucosal immunity, these recommendations
encompassed a broad range of basic and translational studies to-
ward understanding HIV-1–host interactions at mucosal surfaces
(Table I). This review will highlight some of these critical areas of
research and discuss some of the roadblocks to development of an
AIDS vaccine.

HIV-1 TRANSMISSION
HIV-1 is remarkably diverse, with a reverse transcriptase

enzyme that has a high error rate such that the average HIV-1
genome differs from its parent by at least 1 mutation and results
in HIV-1 consisting of quasispecies or a ‘‘swarm’’ of related
viruses.8-10 As a result, HIV-1 has evolved over time into a num-
ber of subtypes, or clades, with different clades in different
locations worldwide.11 Moreover, HIV-1 can diversify by recom-
bining among virus strains when 2 or more virus strains infect a
person.12 Thus clade B predominates in the United States and
Europe, clade C in South America and southern Africa, AE re-
combinants in southeast Asia, and subtypes A, C, and AC recom-
binants in China.11 The greatest heterogeneity of clades is in
central Africa because HIV-1 originated from a simian immuno-
deficiency virus (SIV) recombinant virus and likely infected
human subjects from an infected chimpanzee in central Africa
approximately 70 to 80 years ago.13,14
Although mucosal surfaces are challenged with a myriad of
HIV-1 quasispecies at each exposure, the infection rate is low and
is proportional to the viral load of the donor partner.15,16 Thus the
probability of HIV-1 transmission from male subjects to male
subjects is 1/10 to 1/600 per coital act, that for male subjects to
female subjects is 1/200 to 1/2000 per coital act, and for female
subjects to male subjects is 1/200 to 1/10,000 per coital act.16,17

Plasma and semen viral loads are the highest soon after transmis-
sion, and for male-to-female transmission, the risk of acute in-
fected males with high viral loads for transmission of HIV-1 to
women has been estimated to be 1 transmission event per 53 coital
acts.16 Thus the risk of infecting a partner by a donor is high dur-
ing acute HIV-1 infection in the donor.

Interestingly, even though a donor with chronic HIV-1 might
have a myriad of HIV-1 quasispecies in semen or vaginal fluids,
in heterosexual HIV-1 transmission, usually only 1 or a few
quasispecies of HIV-1 are transmitted.18 Furthermore, although
HIV can use one of 2 coreceptors (CCR5 or CXCR4) after CD4
binding for viral entry, mucosal transmission is almost exclu-
sively restricted to viruses that use CCR5.19 The reasons for the
transmission bottleneck are not known but might relate to charac-
teristics of the transmitted virus quasispecies that make it partic-
ularly fit for transmission across mucosal surfaces. Nonetheless,
the heterogeneity of transmitted HIV-1 strains that do traverse
the mucosal barrier is quite diverse, and this viral heterogeneity
poses considerable problems for HIV-1 vaccine development.
Computational biology approaches to HIV-1 diversity appear to
be the best current strategies with potential to overcome HIV-1 di-
versity regarding the design of T-cell immunogens and include
vaccine designs of consensus, ancestral, and mosaic HIV-1 genes
whose designs aim to induce broad T-cell responses across the
spectrum of HIV-1 clades.20-24 However, these experimental vac-
cine designs do not fully address the considerable problems asso-
ciated with inducing broadly neutralizing antibodies to HIV-1.25

THE NEUTRALIZING ANTIBODY PROBLEM
A number of rare human mAbs have been isolated from HIV-

1–infected patients that indeed do broadly neutralize diverse
HIV-1 strains, such as mAbs 2F5 and 4E10 against the gp41
membrane proximal region and mAb 1b12 reactive with the
gp120 CD4-binding site.26-28 HIV-1 envelope constructs made in
the laboratory express the binding sites of these antibodies (ie,
they are antigenic), but when these HIV envelopes are injected
into animals or human subjects, they do not induce broadly neu-
tralizing antibodies (ie, they are not immunogenic).27,28 The rea-
sons for failure of forms of the HIV-1 envelope to induce broadly
neutralizing antibodies with specificities like the rare human
mAbs is not fully known, but the causes of poor Env immunoge-
nicity might be multifactorial. The HIV-1 envelope is heavily
glycosylated, with up to 40% of envelope mass carbohydrate cre-
ating an envelope glycan shield.27 The HIV-1 envelope is quite
flexible and confers a considerable energy barrier to B cells
that would recognize broadly neutralizing epitopes.27 Some of
the vulnerable envelope regions, such as the membrane-proximal
region of the gp41 envelope, are involved in the virus-to-cell fu-
sion process, and vulnerable epitopes might only be transiently
expressed and not be available to antibody for sufficient periods
of time.29 Many of the vulnerable sites on the envelope are cov-
ered, either in conformational masking, glycan masking, or, in
the case of vulnerable envelope regions near the virus membrane,
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TABLE I. Priorities for mucosal immunity research for the Global HIV-1 Vaccine Enterprise

Define the sequence of events required to establish mucosal infection

Elucidate acute mucosal events that need to be prevented by HIV vaccines

Develop tools for measuring mucosal immune responses: assay development, standardization, and validation

Define the role of the common mucosal immune system in protection against HIV transmission

Characterize protective mucosal antibody responses

Define the role of T-cell responses in protection from HIV transmission

Learn how to harness dendritic cells, Toll-like receptors, and non–Toll-like receptors in HIV vaccine development

Understand the role of natural antiviral factors and innate immune cells in mediating the interface between innate and adaptive immunity to HIV

Understand the role of innate immunity in early HIV infection

Data from Shattock RJ, Haynes BF, Pulendran B, Flores J, Esparza J, on behalf of a Working Group convened by the Global HIV Vaccine Enterprise. Improving defences at the

portal of entry: Mucosal and innate immunity (Summary Report from a Global HIV Vaccine Enterprise Working Group). PLoS Med 2008;5:e81.4
virion lipids.30-32 Finally, several of the rare broadly neutralizing
antibodies have unusual antibody traits, with long hydrophobic
CDR3 regions that are reminiscent of autoantibodies. Indeed, 3
of these rare broadly neutralizing mAbs are polyspecific and
cross-react with either host lipids or DNA, raising the notion
that some of these types of antibodies might not be made because
of immunoregulatory tolerance mechanisms.33-35 One broadly
neutralizing mAb (mAb 2G12) reacts with a conformational ep-
itope of the HIV-1 envelope carbohydrate.36 Host enzymes cata-
lyze the glycosylation of the HIVenvelope, and thus the envelope
carbohydrates are host derived and are likely also recognized as
self.37 Thus for a variety of reasons, even with highly immuno-
genic envelope constructs, the human B-cell arm of the immune
system prefers to not recognize the vulnerable region epitopes of
the HIV-1 envelope but rather prefers to recognize regions of the
envelope that induce nonneutralizing antibodies.38,39

A number of other types of anti-HIV-1 antibody responses
could potentially help control HIV-1 if they were present at the
time of transmission, including antibodies that aggregate virions,
thus preventing virion movement across mucosal epithelia40;
inhibit transcytosis41; fix complement and lyse virions42; inacti-
vate virus through macrophage Fc-mediated uptake; and mediate
antibody-dependent cellular cytotoxicity (ADCC).43 The latter
response might be critically important for targeting infected cells
because neutralizing antibodies might be inefficient at preventing
viral cell-cell transmission.44

An additional problem for induction of an adequate antibody
responses to HIV-1 is the propensity of the HIV-1 envelope to
induce polyclonal B-cell class switching, resulting in many B
cells producing antibody in chronic HIV-1 infection, although
with few of the activated B cells making anti-HIV-1 anti-
bodies.45,46 Polyclonal B-cell activation in HIV-1 infection can
be seen in peripheral blood B cells,45,46 as well as in gut and
bone marrow B cells (K. Hwang and B. F. Haynes, unpublished
observations). Potential mediators of HIV-1–induced polyclonal
B-cell activation include IL-6,47 IL-15,48 B cell–activating fac-
tor,49 HIV-1 envelope gp120,49 and gut flora LPS released from
HIV-1–induced gut epithelial cell dysfunction.50,51 Thus anti-
gen-specific mucosal IgA and IgG anti-HIV-1 responses that
might be able to control HIV-1 infection are inefficient, arrive
too late, and are not sufficiently robust to control HIV-1.

HIV-1 AND THE LATENT POOL OF CD41 T CELLS
Because many of the strategies used for successful vaccines

have now been tried and failed in the quest for a preventive AIDS
vaccine, the field has now turned to more basic and translational
research areas to understand what is needed to make a vaccine
against an integrating lentivirus and, indeed, to determine whether
such a vaccine is possible. Because HIV-1 is an integrating
retrovirus that forms a latent pool of infected cells that is sheltered
from both antiretroviral therapy and from host immune responses,
the concept of producing a vaccine that induces sterilizing
immunity is daunting. An alternative to a totally preventive
AIDS vaccine is a vaccine that assists the immune system to
control plasma virus load and virus-infected cell production. Such
a vaccine would not prevent infection but rather would prevent or
retard disease. Considerable preclinical evidence is available in
the SIV model of infection in rhesus monkeys to suggest that this
type of vaccine is feasible to develop.52 However, it is this latter
kind of vaccine that the Merck rAd5 vaccine was designed to
be, yet it failed.5

Johnston and Fauci53 and Wong Justin and Scilicano54 have
called attention to the window of opportunity that any potentially
successful HIV-1 vaccine has in which to work to extinguish the
transmitted virus. This time period is the time of transmission to
the establishment of the latent pool of infected CD41 T cells
(Fig 1).53-55 Because the latent pool of CD41 T cells, once estab-
lished, is refractory to antiretroviral treatment and anti-HIV-1 im-
mune responses, for a preventive vaccine to be successful, it
must work within this time period to extinguish the transmitted
virus.

THE SEQUENCE OF TRANSMISSION EVENTS AT

THE MUCOSAL SURFACE
Pope and Haase56 have summarized their work and the work of

others in defining what are thought to be the HIV-1 transmission
events across mucosal surfaces (Fig 2). HIV-1 crosses the mucosal
barrier in 2 to 6 hours and, during the first 3 to 6 days, dissemi-
nates locally and reaches draining lymph nodes. This might
have been even faster if infected cells within an infectious ejacu-
late can gain entry through genital ulceration, appearing in drain-
ing lymph nodes within 24 hours and distal sites (mesenteric and
auxiliary lymph nodes) 2 to 3 days after exposure.57 Systemic dis-
semination occurs during the period of 6 to 25 days, with the time
of first appearance of virus in blood occurring at approximately 10
days (range, 7-21 days).56 Once in the blood, virus replication oc-
curs at a high rate and is proportional to the number of infected
CD41 T cells. The exact time of establishment of the latent
pool of CD41 T cells is not known but is thought to occur early
on in infection and has been documented to be established by
the time of seroconversion at about 20 to 25 days after transmis-
sion. Although the exact location of the first cells infected within
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mucosal tissue remains controversial, it is generally accepted that
these include CD41 T cells, dendritic cells, and macrophages.58

However, it is the crosstalk between CD41 T cells and dendritic
cells or macrophages59 that appears to drive localized viral repli-
cation.56 Furthermore, the uptake and dissemination of virus by
dendritic cells to draining lymph nodes might prove an important
strategy for avoiding antibody recognition.60,61

THE CORRELATES OF IMMUNITY TO HIV-1 AT

MUCOSAL SURFACES
For induction of sterilizing immunity to HIV-1, most agree

that a vaccine must induce anti-HIV-1 neutralizing antibody at
mucosal surfaces at the time of transmission, induce cytolytic T
lymphocytes (CTLs) in mucosal submucosal areas that can
rapidly kill virus-infected cells, or a combination of both.62

FIG 2. Sequence of local and systemic events that occur after HIV-1 transmission at mucosal surfaces.

Adapted with permission from Pope and Haase.56

FIG 1. Time course of events after acute HIV-1 infection. Adapted with permission from Wong Justin and

Siliciano.54
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Unfortunately, in the unvaccinated subject both anti-HIV-1 anti-
bodies and anti-HIV-1 CTLs usually arise too late after transmis-
sion to be effective, arising between 20 and 25 days after
transmission.63,64 Thus for an AIDS vaccine to be effective, it
must induce secondary (memory) CTLs and neutralizing antibody
responses to either be present at the time of transmission or to
prime for secondary responses that arise within hours to days after
transmission. In 2005, the VAXGEN company sponsored a phase
III clinical trial of an HIV-1 envelope gp120 vaccine in the United
States in which the vaccine was comprised of 2 gp120 clade B en-
velopes, MN and GNE8.65 Although this antibody-inducing vac-
cine was immunogenic, the anti-gp120 antibodies induced were
not protective, and the vaccine trial failed.66

Live attenuated (nef-deleted) SIV does not consistently protect
against disease in rhesus monkeys when challenged with virulent
SIV, but live attenuated (nef-deleted) SIV does provide a consid-
erable measure of protection against SIV disease.66 In this setting it
has been difficult to determine the basis of the protection, and at-
tempts to define antibody or cellular controls of SIV have been
inconclusive.66 However, in a number of settings, depletion of
CD81 T cells has shown that CD81 T cells can directly contribute
to control of SIV-infected cells and control SIV viral load.67 Letvin
et al52 have demonstrated that a DNA prime, rAd5 boost containing
gag, pol, nef, and env genes do not protect rhesus monkeys against
infection with SIVmac251 but does prolong life with SIVand pro-
tect against CD41 central memory cell loss. Thus robust CD81

memory T-cell induction is likely a component of the correlates
of protective immunity for SIV and, by inference, for HIV-1.

Mascola68 and Hessell et al69 have demonstrated that infusion of
rhesus monkeys with high levels of human mAbs to neutralizing
sites on HIV-1 gp120 can provide sterilizing immunity against mu-
cosal challenge with chimeric simian-human immunodeficiency
viruses (ie, SIV viruses with HIV-1 envelopes). Thus if the right
kind of antibody and high levels of CD81 CTLs that recognize di-
verse HIV-1 isolates could be induced to be present at the time of
transmission or induced to arise in a very rapid (hours to days) sec-
ondary response after vaccination, it is plausible that a vaccine
could prevent establishment of permanent infection with HIV-1.
Unfortunately, to date, widely diverse CD81 CTL cellular re-
sponses to HIV-1 have been somewhat difficult to induce,70 and
broadly neutralizing antibodies to HIV-1 have been impossible
to induce.27,28

THE MUCOSAL TARGETS AND BARRIERS

FOR HIV-1
The linings of the gastrointestinal and genitourinary tracts are

covered in mucus containing both IgA and IgG that forms a
natural protective barrier against pathogen invasion, including
HIV-1 virions.17,71 Natural mucosal defenses to HIV-1 include the
production of molecules including a and b defensins72,73 and
secretory leukocyte protease inhibitor.74 Although the earliest
events controlling viral transmission across intact mucosal sur-
faces remain controversial,58 genital infections, mucosal trauma
resulting in breaks in the mucosal surface, inflammation, and ex-
posure to high concentrations of virus all predispose to acquisi-
tion of HIV-1 infection.16,57 HIV-1 replicates in both resting
and activated CD41CCR51 T cells and induces cell death by di-
rect infection and bystander cell killing, resulting in massive
CD41 cell loss.75 At the peak of viremia, more than 80% of
CD41 memory T cells can die, of which only a fraction of cells
are infected.76 The time to AIDS has been suggested to be corre-
lated with the level of depletion of the gut CD41 memory T-cell
pool: the more CD4 cells lost in acute infection, the faster the pro-
gression to AIDS.77 TNF apoptosis-inducing ligand is an apopto-
sis-inducing molecule produced by monocytes and CD41 T cells
that is induced early on in HIV-1 infection, binds to uninfected
immune cells, and might be responsible for much of the initial by-
stander killing of immune cells (N. Gasper-Smith and B. F. Hay-
nes, unpublished data).78 Thus, early on in HIV-1 infection, the
immune system appears to be trying simultaneously to respond
to HIV-1 and, as well, to recover from HIV-1–induced cell deat-
h and HIV-1–induced immune suppression. CD41CCR51 T cells
are eliminated by multiple mechanisms, including by direct HIV-
1 infection, bystander killing of uninfected immune cells, and
normal cell death of CD41 T cells as they become activated to re-
spond to HIV-1 in an accelerated manner by high viral loads.76

WHAT DOES A SUCCESSFUL HIV-1 VACCINE

NEED TO DO?
A successful, sterilizing, preventive AIDS vaccine must induce

protective antibodies that are present at the time of transmission at
sufficient concentrations to prevent virion movement from the
epithelial surface to dendritic cells and induce anti–HIV-1 CD41

and CD81 T cells in the submucosa. Whether the latent pool of
CD41 T cells is established sufficiently late after transmission
to allow time for a memory B-cell response to be effective is
not known. That postexposure prophylaxis is not fully effective
in SIV-challenged monkeys 24 hours after challenge raises the
possibility that the latent pool of CD4 cells is established quite
early in SIV infection.79 It stands to reason that the presence of
CD81 T cells at the time of transmission would be salutary for im-
mediate elimination of those HIV-1–infected CD4 cells that
might evade neutralizing or otherwise infection-inhibitory anti-
bodies and for assistance in control of viral load if sterilizing im-
munity does not occur.

If a vaccine can act before HIV-1 induction of massive cell
death, then it will have a chance to evade the immunosuppressive
sequelae of cell death–derived components, such as apoptotic
microparticles.80 Otherwise, a successful vaccine will need to
overcome the loss of CD41 T cells brought on by cell death
and overcome any immune downregulation by cell death
products.

Finally, the innate immune system traditionally responds
earliest to infections but lacks immune memory. If possible, a
successful vaccine might need to harness innate immunity in
some as yet unknown manner to prevent HIV-1 transmission.
Components of the innate immune system described with some
type of memory include natural killer/T cells,81 T-cell receptor gd

T cells,82 and natural antibody-producing B1 and marginal zone B
cells.83 Whether these latter cell types can be recruited by an
AIDS vaccine to respond rapidly and effectively to transmitted
HIV-1 at mucosal surfaces remains to be determined.

SUMMARY
A number of difficult obstacles continue to stand in the way of

making a successful preventive HIV-1 vaccine, including HIV-
1 diversity, the early formation of a latently infected CD41 T-cell
pool, the resulting narrow window of time for a vaccine to induce
immune responses that might extinguish the transmitted virus, the
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inability of current envelope proteins to induce broadly neutraliz-
ing anti-HIV-1 antibodies, and HIV-1 infection of CD41 T cells
and induction of massive CD4 cell death. The recent failure of
the Merck rAd5 vector HIV-1 vaccine trial further complicates
this difficult task with the specter of vaccine-mediated enhanced
acquisition of HIV-1 infection in those with either preexisting an-
tibody to rAd5 or in those male subjects who were not circum-
cised. The way forward for successful vaccine development is
for the field to perform the basic research to (1) work to under-
stand why the Merck trial failed to protect and why the rAd5 vac-
cine might result in enhanced HIV-1 acquisition, (2) work to
induce high levels of long-lived plasma cells making broadly neu-
tralizing antibodies to HIV-1 at mucosal surfaces, and (3) develop
HIV-1 immunogens that overcome the diversity of HIV-1. In ad-
dition, it is important to bring the newest and best technology to
the problem to provide the field with the best discovery effort
available to explore as yet unknown aspects of innate and adaptive
immunity. These technologies include genome-wide association
study technologies,84 new host and viral DNA and RNA sequenc-
ing technology, and genome-wide functional studies of genes in-
volved in HIV-1 replication.85 Finally, it is clear after 25 years of
combating HIV-1 that the work to end AIDS will need to be con-
tinued by the next generation of clinical and basic investigators,
and we must work to ensure that the next generation of investiga-
tors are mentored and supported to continue this work until the
AIDS epidemic is brought under control.

We thank Myron Cohen, Joseph Sodroski, Norman Letvin, Andrew

McMichael, Stuart Shapiro, and George Shaw for comments and insightful

discussions and Kim R. McClammy for expert secretarial assistance.
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