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of Tropical Medicine in Belgium, who has also been studying
ESNs in Africa for nearly a decade. “There probably will be sev-
eral different factors playing a role. Some of them may have a
minor impact or occur in a small number of people, while others
occur in a higher percentage. That’s why it is important to con-
tinue these studies.”

But so far no evidence exists to suggest that any one of the
known factors, or any combination of them, is actually responsi-
ble for the ability of some individuals to resist persistent HIV infec-
tion. Many of the associations between immune responses and
HIV resistance that have been observed in ESNs have eventually
been refuted. Among researchers who study these individuals
there is still not even a widely accepted definition for ESNs or a
standardized way of quantifying exposure in
most high-risk groups. Further complicating
matters is the fact that several of these reputed
protective factors are also observed in HIV-
infected individuals. However it is unclear if
they are present at the time of HIV infection or
only subsequently.

Identifying the factors that may play a pro-
tective role in ESNs is complex and the inter-
pretation of studies involving these individu-
als has been hampered by several limitations.
Previous studies have been criticized for the
limited size of the study population, for omit-
ting appropriate control groups, or for being
unblinded. Other times investigators conduct-
ing the studies lacked the technological tools
to detect low-level immune responses. As a
result many of the studies involving ESNs
have not been reproducible and the findings
have therefore not been validated.

Researchers at the US Centers for Disease
Control and Prevention conducted a meta-
analysis in 2003 of all published articles relat-
ing to the study of highly-exposed persistently
seronegatives (HEPS)—individuals repeatedly
exposed to HIV who have undetectable levels
of HIV antibodies by standard enzyme
immunoassays—and found that some of the
most compelling evidence points to an associ-
ation between CTL activity and resistance to HIV infection in
cohorts of CSWs and serodiscordant couples. There is also strong
evidence for an association between chemokine receptor muta-
tions, including the CCR5∆32 mutation, and HIV resistance. This
well-documented and studied mutation prevents the expression
of CCR5, HIV’s preferred coreceptor, on the surface of cells and
therefore can block the virus from infecting cells unless it
mutates to gain entry via the CXCR4 coreceptor. But studies have
shown that only a small proportion of individuals in the CSW or
serodiscordant couple cohorts in Africa and Asia actually have
the CCR5∆32 mutation, suggesting this is not the only answer.
Other receptor mutations have also been studied with regard to
the HEPS phenotype, but according to the CDC’s analysis, none
of them reached the level of being “strongly associated” with
resistance to HIV infection. The CDC’s review also found that

HIV-specific CD8+ T-cell responses against the Nef, Gag, Pol,
and Env proteins of HIV have been detected in a proportion of
ESNs from different cohorts, yet absolutely no evidence points to
any of these responses as the explanation for an ESN’s apparent
resistance to HIV.

A lucky few
With only between one in 700 and one in 1,000 estimated sexual

acts between discordant couples resulting in HIV infection, it’s dif-
ficult to determine precisely what is special about high-risk individ-
uals who remain HIV uninfected.

Shacklett abandoned her research of ESNs mostly for logistical
reasons, after relocating from the Aaron Diamond AIDS Research

Center in New York City, but she also
admits getting cold feet over whether
the ESN research would lead to anything
conclusive. Shacklett says the HIV trans-
mission study she was working on
found what appeared to be CTL
responses in some of the 16 HIV-unin-
fected women who were characterized
as ESNs. “But I did feel it was kind of a
stretch,” she says, reflecting on the pre-
liminary findings. “The magnitude and
breadth of responses was not that com-
pelling so it was hard to know if they
were truly protective.”

Within the spectrum of ESNs,
Shacklett says there doesn’t appear to be
one overwhelming mechanism that pro-
tects individuals. Take for example the
association between the presence of the
mucosal antibody immunoglobulin A
(IgA) and resistance to HIV. Separate
studies, using different methodologies,
have shown that HIV-specific IgA may
be present in the genital tracts of ESNs
(AIDS 13, 23, 1999; J Immunol. 165,
5170, 2000).

Recently researchers conducted the
first prospective, controlled study to
look for IgA with direct HIV-neutraliza-

tion capacity in a Kenyan cohort of CSWs and correlate its presence
or absence with subsequent HIV acquisition (AIDS 22, 727, 2008).
All immunologic assays in this trial were performed on blinded sam-
ples, which the study’s authors argue adds robustness to their data
that has been absent from other studies characterizing the role of
IgA in ESNs. This study showed that HIV-neutralizing activity in IgA
from the genital tract secretions, as well as HIV-specific cellular
immune responses in the blood, were significantly associated with
HIV protection, says Rupert Kaul, University of Toronto’s research
chair in HIV, who was a coauthor of the study.

But this association is not likely to end the debate over what pro-
tects ESNs from HIV infection. “I don’t think there is a good strong
theory,” says Larry Corey, principal investigator of the HIV Vaccine
Trials Network. “Different people have promulgated different ideas
and there is no consensus that any are correct,” he adds.
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This has been an ongoing controversy in the field for some
time. “There is a very active debate over the issues,” Shacklett
says. “I remember heated talks at Keystone meetings, almost
arguments, over the validity and reproducibility of findings from
one cohort to another.” In different cohorts the amount of possi-
ble HIV exposure or the route of transmission is variable, and
Shacklett says this has made it hard to replicate findings or draw
conclusions. Studies of discordant couples allow scientists to
sequence the virus the HIV-uninfected partner is exposed to,
which helps with the interpretation of HIV-specific T-cell or anti-
body responses. The HLA types of both partners are also known.
But the level of HIV exposure among CSWs in high HIV-preva-
lence countries is usually greater because they have more sexual
partners and use condoms less. This means that the HIV-resistant
phenotype found in CSWs is more trusted than it is in HIV-
serodiscordant couples and therefore more likely to have
resulted from immunological factors within the exposed seroneg-
ative individual.

Collaborative study of ESNs
“I do think more collaboration is needed in the field and a con-

sensus definition, as well as a consensus core set of assays, to define
ESNs,” says Corey. “That would be helpful.” To better understand
this phenomenon, some say an approach similar to the HIV Elite
Controller study—a collaborative effort to study a subset of long-
term nonprogressors who are HIV infected but are able to control

viral replication at undetectable levels—is necessary. The Elite
Controller study, led by Bruce Walker, director of the Partners AIDS
Research Center at Massachusetts General Hospital, wants to recruit
a cohort of 1,000 elite controllers to enable whole genome associa-
tion studies in these individuals.

“The challenge with exposed seronegatives is defining the phe-
notype,” says Walker. “Different people have defined exposed
seronegatives in different ways and there are fewer quantifiable
parameters that are available to define the group than with elite
controllers.” In Walker’s opinion, the best group of ESNs to study
would be hemophiliacs because only in that case is there clear doc-
umentation of exposure to HIV. “That is the purest phenotype,” he
says (see Turning to Hemophiliacs for Answers, below).

There are now a few collaborations—some in full swing and oth-
ers in early stages—that are trying to bring much needed clarity to
the study of ESNs by conducting case-control studies in larger, more
well-defined cohorts, applying more sensitive methods of laboratory
evaluation, and developing a clearer definition of what qualifies an
individual as an ESN.

At the same time, the role of innate immunity in HIV infection
is now a growing field of study that could ultimately redefine the
current understanding of how the immune system operates with
regard to HIV. Researchers are now focusing more on the role of
innate immune responses in acute HIV infection, with consider-
able attention being paid to natural killer (NK) cells and their
receptors that suggest a prominent role in the progression and

While researchers have primarily concentrated on commercial sex
workers and discordant couples in their research of exposed seroneg-
atives, hemophiliacs may provide the most interesting clues about
what may be responsible for resistance to HIV.
An alarming number of hemophiliacs were exposed to HIV during

the early 1980s after receiving transfusions of HIV-contaminated
blood plasma to control their bleeding disorder. Though the number of
HIV-exposed hemophiliacs is small compared to other risk groups,
their level of exposure was highest because HIV transmits most effi-
ciently when injected directly into the bloodstream.
More than half of the 20,000 Americans with hemophilia were

infected with HIV between 1979 and 1985, when an HIV test was
finally developed and blood banks began safeguarding their supplies
through routine screening of all blood. One of the most famous was
US teenager Ryan White, who was diagnosed in 1984 with HIV and
by his death in 1991 had already become an international symbol in
the fight against AIDS.
But despite receiving regular injections of HIV-tainted blood products,

not all of the hemophiliacs who were accidentally exposed to HIV
became infected. This small number of individuals, classified as highly-
exposed seronegatives, is now the focus of a research study being con-
ducted by the Center for HIV/AIDS Vaccine Immunology (CHAVI), to
identify any key genetic determinants of their apparent resistance to HIV.
Researchers are in the process of assembling a cohort of roughly

800 HIV-exposed, yet uninfected, hemophiliacs from the US, UK,
Canada, Spain, and Germany who received Factor VIII concentrates
between 1979 and 1984. The Factor VIII concentrates were derived

from large pools of blood plasma collected from donors, some of
whom were infected with HIV.
Managing to evade HIV infection is even more remarkable given

the incredibly high risk of infection associated with this route of trans-
mission. Jacques Fellay, a research associate at the IGSP Center for
Population Genomics & Pharmacogenetics at Duke University, who is
working on the CHAVI study, says a single transfusion or infusion of a
blood product containing HIV carries an estimated risk of infection of
more than 95%, compared to only a 1-3% estimated risk of infection
from exposure through an HIV-contaminated needle.
Researchers affiliated with this CHAVI study will conduct whole-

genome analyses of exposed, uninfected hemophiliacs and will com-
pare them to a control group of approximately 1,000 HIV-infected indi-
viduals, not hemophiliacs in particular, who were recruited for other
CHAVI studies. David Goldstein, a Duke University immunologist
heading up the CHAVI study, says the genotyping for this study will
employ technology that offers an unprecedented level of genetic infor-
mation—around 1 million single nucleotide polymorphisms—to locate
variants of higher frequency associated with resistance to HIV in the
uninfected hemophiliacs.
Andrew McMichael of Oxford University, and principal investigator on

this CHAVI study, thinks the genetic research on HIV-uninfected hemo-
philiacs holds the most promise for solving the ESN puzzle. Goldstein
hopes this work will translate into better interventions for preventing HIV
transmission, as well as better therapies. “The more we understand
how people naturally vary in resistance to HIV, the more information we
have to try and develop therapies,” says Goldstein. —RM

Turning to hemophiliacs for answers
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perhaps inhibition of HIV. “There is increasing activity in this area
in the HIV field, fueled by exciting genetic findings and discov-
eries about NK cells in other systems,” says Andrew McMichael,
an Oxford University immunologist and investigator with the
Center for HIV/AIDS Vaccine Immunology (CHAVI).

CHAVI launched a study last year to address many of the conflict-
ing or inconclusive data surrounding ESNs. The project is using more
sensitive detection assays to try and nail down whether ESNs from
serodiscordant-couple cohorts in Uganda and the UK harbor any
detectable levels of HIV. This prospective study will enroll up to 702
participants, making it one of the largest
cohorts of ESNs ever evaluated. Identifying
extremely low levels of HIV by ultra-sensi-
tive assays might suggest that there is some
immune response, either innate or adap-
tive, against HIV that is capable of pre-
venting the virus from establishing a pro-
ductive infection.

If traces of HIV are discovered, the CHAVI
investigators will then sequence the viruses
found in the individuals who were exposed
to HIV but remain uninfected, by the tradi-
tional definition, and compare it to the virus
in the infected partner. Analyses will hone in
on the cellular immune responses in the
ESNs in particular. Additionally, researchers
will conduct genetic analyses of the cohort
to see which individuals may have poly-
morphisms known to be associated with
HIV resistance.

If the CHAVI study ultimately finds little
difference between unexposed uninfected
individuals and highly-exposed uninfected
individuals, there would be a weaker argu-
ment for the role of HIV-specific immune
responses in protecting these individuals
from infection. But McMichael is cautiously
optimistic. He thinks results from the CHAVI
study will help quell some of the skepticism
about ESNs. “We are finding some positive
responses,” he says. “There may be some-
thing there, but the study is still blinded.”

Meanwhile other research groups
continue the hunt for different factors
that may be responsible for conferring
protection against HIV. Ball is exploring
the role of interferon regulatory factor 1 (IRF-1), a gene that
belongs to a cluster of immunoregulatory genes thought to
increase susceptibility to HIV by stimulating HIV transcription.
However a recent study of 687 CSWs from the Kenyan cohort
that Plummer’s laboratory has been tracking since the mid-1980s
located a number of polymorphisms in IRF-1. It was the first
report suggesting a viral transcriptional regulator, which is nec-
essary for viral replication, might also contribute to HIV resist-
ance (AIDS 21, 1091, 2007).

Everyone has slight variations of IRF-1 that may or may not
impact the triggering of cellular immune responses, but with ESNs,

the variations appear to be more complicated. Ball says the initial
hypothesis was that ESNs would have higher concentrations of IRF-
1 and therefore higher levels of cellular immune responses, but
instead they found lower levels of IRF-1. Somehow, Ball says, even
with reduced IRF-1 levels these ESN women still develop cellular
immune responses against HIV.

“IRF-1 seems to be one of these multifunctional proteins, almost
a double-edged sword,” says Ball. “In one case, it is important in
triggering cellular immune responses. Secondly it is exploited by
HIV, like many other host factors, to help it replicate.” Ball’s lab is

now trying to define the precise mecha-
nism of IRF-1 in ESN women.

Meanwhile Jennes and colleagues con-
ducted an extensive genetic analysis of a
small cohort of CSWs from Cote d’Ivoire and
found unusual interactions between killer
Ig-like receptors (KIR) and human leuko-
cyte antigen (HLA) molecules in exposed
seronegative CSWs. The group focused on
this piece of the genetic puzzle because KIR
and HLA genes function as reins on the
functions of NK cells. The findings suggest
that KIR/HLA interactions, which previous
studies associate with slow disease progres-
sion, may also influence viral transmission
(J. Immunol. 177, 6588, 2006).

In the study, the women were compared
to HIV-infected CSWs and HIV-uninfected
female blood donors from the same west
African cohort. The analysis revealed that
CSWs in the ESN group more often lacked
the HLA ligand genes for their inhibitory
KIR genes, compared to the HIV-infected
CSWs. Also, ESNs more frequently pos-
sessed a B KIR haplotype, which contains
a high number of activating KIR genes,
than HIV-infected CSWs.

Jennes suggests that when HLA mole-
cules are subtracted from the immunologi-
cal equation, a chain reaction occurs that
ultimately frees the NK cells to eliminate
HIV-infected cells before a systemic infec-
tion is established. But scientists have been
unable to determine the roles activating
and inhibitory NK cells play against HIV,
and efforts to replicate results observed in

the cohort from Cote d’Ivoire have been limited by sample size and
even political tensions. Researchers left the site in Cote d’Ivoire in
2004 because of ongoing civil unrest and now Jennes’ group is
tracking an ESN cohort of discordant couples in Senegal.

Jennes says if researchers can better identify the mechanisms
that drive NK cells, it might be possible to manipulate them to
block the KIR/HLA interaction. “It is important to continue with
these studies,” he adds. “Knowing that HIV protection is probably
multifactorial, different ESN classes may reveal different protec-
tive factors,” says Jennes. “Every new finding may provide a new
mechanism.”
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“We really ought to try heroic measures because we have noth-
ing to lose,” says David Baltimore, a professor at the

California Institute of Technology (Caltech), referring to AIDS vac-
cine research. Baltimore, who was a co-recipient of the Nobel Prize
in 1975 for his work in the discovery of reverse transcriptase, is
pushing the envelope in HIV research by pursuing gene therapy in
an effort he refers to as “engineering immunity” against the virus.

So far researchers have had little success in inducing protective
immunity against HIV. Early approaches to induce neutralizing anti-
body responses against the virus were unsuccessful, causing many
researchers to shift strategies and focus instead on candidates that
induced primarily cellular immune responses
against HIV. But after the failure of Merck’s T-
cell based vaccine MRKAd5 last year—regarded
as one of the most promising cellular immunity
vaccine candidates—this approach was also
called into question. “I suspected that T cells
were not going to be the whole answer,” says
Baltimore. “I didn’t think they would turn out as
badly as they did,” he adds, referring to the fail-
ure of MRKAd5. “Antibody [approaches weren’t]
going anywhere [either], so it looked to me like
we were in a position where it was possible we
were going to end up with no AIDS vaccine,”
Baltimore explains.

While many researchers are now focusing on
innovative ways to develop improved AIDS vac-
cine candidates that can induce both neutraliz-
ing antibodies and cellular immune responses
against HIV, Baltimore and others, including
Philip Johnson, chief scientific officer at the
Children’s Hospital of Philadelphia, are trying a
novel approach. They are developing ways to
introduce genes encoding antibodies into peo-
ple that are capable of neutralizing a variety of
HIV isolates in vitro. “The more standard measures [to develop an
AIDS vaccine] were getting a lot of attention from a lot of people,”
Baltimore says. “If there was a way to make them work they were
going to get them to work, so they didn’t need me for that.”

Both Baltimore and Johnson are using viral vectors to introduce
antibody genes, so far with varying degrees of success. Baltimore is
leading a gene therapy project that uses an HIV-derived lentivirus as
a vector to carry antibody genes into bone marrow-derived
hematopoietic stem cells (HSCs). These, he hopes, will then become
antibody-expressing B lymphocytes. Meanwhile, Johnson is working
on a gene transfer approach, using an adeno-associated virus (AAV)
as a vector to carry antibody genes. Johnson is collaborating with
Ron Desrosiers, a professor at Harvard Medical School, who is using
a monkey herpes virus vector to introduce antibody genes into cells.

So far Baltimore and his collaborators have been able to success-
fully incorporate genes into HSCs of mice, and are developing ways

to evaluate the expression of antibody genes in human B cells after
introducing them into HSCs. Meanwhile Johnson has shown expres-
sion of antibody genes in muscle cells of nonhuman primates that
offer some protection against simian immunodeficiency virus (SIV).

Identifying antibodies
Although researchers are actively searching for broadly neutralizing

antibodies against HIV, only about five have been identified so far from
HIV-infected people. There is some disagreement among researchers
about how many different isolates an antibody has to neutralize to earn
the classification of being broadly neutralizing. “It depends where you

draw the line,” says Dennis Burton, professor of
immunology and molecular biology at the Scripps
Research Institute. Even though the handful of
already identified antibodies has been well stud-
ied, it’s still unknown how to induce them through
vaccination. “Nobody knows how to design an
immunogen that you can inject into people to give
rise to these responses,” Baltimore says.

But there is evidence that if you could induce
them in humans, they might do the trick. In pas-
sive immunization experiments, administration
of the already identified broadly neutralizing
antibodies has been shown to protect human-
ized mice—mice engineered to have human
immune cells—as well as rhesus macaques from
challenge with HIV or a hybrid simian/human
immunodeficiency virus (SHIV), respectively
(Nat. Med. 3, 1389, 1997; J. Virol. 73, 4009, 1999;
Nat. Med. 6, 207, 2000; J. Virol. 75, 8340, 2001;
Nat. Med. 9, 343, 2003).

Generally, relatively high serum antibody con-
centrations are required to provide complete pro-
tection in monkeys, according to Burton. In one
study, intravenous transfer of 25 mg/kg body

weight of the human broadly neutralizing monoclonal antibody b12
six hours prior to challenge protected four out of four monkeys from
vaginal SHIV challenge, but a smaller dose of five mg/kg body weight
only protected two out of four monkeys (J. Virol. 75, 8340, 2001).

Similar challenge studies are obviously impossible in humans, but
infusing antibodies into people already infected with HIV has been
shown to delay rebound of viral load after interruption of antiretro-
viral (ARV) therapy (Nat. Med. 11, 615, 2005; J. Virol. 81, 11016,
2007). However, to ensure a constant supply of antibodies in
humans, they would have to be administered continuously, and this
is impractical over the long term. In the 2005 study in HIV-infected
individuals, participants had to come in once a week for two hours
to receive antibody infusions, according to Alexandra Trkola, a pro-
fessor at the University Hospital of Zurich. “It’s impractical to inject
someone for the rest of their lives with an antibody,” adds Caltech
professor Pamela Bjorkman, who collaborates with Baltimore.

Engineering immunity
Researchers are developing new approaches to introduce genes for antibodies as a novel way to protect against HIV infection

by Andreas von Bubnoff
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That’s why researchers, including Baltimore
and Johnson, are developing ways to produce
a continuous supply of these antibodies by
introducing the genes that encode them into
human cells. At the same time, researchers are
also trying to engineer improved antibodies or
antibody-like molecules that will perhaps be
even better than the naturally occurring ones
at inhibiting HIV from infecting its target cells.

Success in mice
A few years ago, Baltimore showed in exper-

iments with mice that it is possible to use a retro-
virus to deliver T-cell receptor genes specific for
certain kinds of tumors into HSCs isolated from
their bone marrow. When the HSCs were trans-
ferred back into the bone marrow of mice, they
developed into T cells that expressed the tumor
specific T-cell receptor (Proc. Natl. Acad. Sci. 102,

4518, 2005). “I said well, if you can do it with T-
cell receptors, you should be able to do it with
antibody genes,” says Baltimore.

He is now testing this approach with an
HIV-derived lentivirus to carry antibody
genes into CD34+ HSCs. He hopes these cells
will multiply and develop into antibody pro-
ducing B cells, which could then provide a
lifelong supply of antibodies. Ultimately,
Baltimore’s goal is to utilize this gene therapy
approach as a strategy to prevent HIV infec-
tion, but for now he is focusing on testing this
approach in HIV-infected people because he
says it is easier to conduct gene therapy trials
when it is a therapeutic approach.

Still, even as an experimental therapy, this is
an elaborate strategy. For example, Baltimore’s
approach would require a bone marrow trans-
plant—researchers would remove bone mar-
row, insert the antibody genes into HSCs iso-
lated from the marrow ex vivo, and then trans-
fer them back into the volunteer. Each proce-
dure could cost as much as a couple of thou-
sand dollars for a single volunteer and could
be especially difficult to do in developing
countries, says Pin Wang, an assistant profes-
sor at the University of Southern California,
who is collaborating with Baltimore’s group.

Wang is currently trying to develop a way to
introduce the antibody genes with a simple
injection, rather than a transplant. To accom-
plish this he has engineered an HIV-derived
lentivirus vector that he hopes can target CD34+

HSC target cells following injection directly into
the bone marrow. The vector carries two pro-
teins on its surface, an antibody that recognizes
the CD34+ receptor on the HSCs, and a fusion
protein that enables it to fuse with the HSCs so
it can introduce its genetic payload. This
approach would lower the cost substantially to
about US$100 per procedure, Wang estimates.

To provide proof of concept Wang is con-
ducting experiments using injections of the
engineered lentivirus vector to try to introduce
a luciferase gene into the bone marrow of
humanized mice that have CD34+ HSCs derived
from human cord blood. Initial results look
promising, Wang says. Within a few weeks, he
found expression of the luciferase gene in the
bone marrow in the legs of mice, suggesting
that in principle the luciferase gene does success-
fully incorporate into the genome following
injection and gets expressed in the human HSCs
(see Figure 1). Wang confirmed that indeed the
CD34+ cells express the luciferase gene by isolat-
ing these cells from the mice in his experiment.

But after the antibody genes are incorporated

Figure 1. Testing for gene expression in humanized mice.
Human CD34+ hematopoietic stem cells (HSCs) can be
seen expressing a luciferase gene in the bone marrow and
spleen of a humanized mouse. The luciferase gene was
introduced by injecting an HIV-derived vector into the bone
marrow of the mouse, providing proof of concept that this
simplified approach can work. The vector has proteins on its
surface that enable it to target CD34+ HSCs and therefore a
bone marrow transplant is not required to introduce modi-
fied HSCs. The mice are generated by injecting human cord
blood CD34+ HSCs. After 60 days they are injected with the
vector and then two weeks later, Luciferase expression can
be seen in the bone marrow and the spleen (shown at day
14). Red areas show the highest level of Luciferase expres-
sion and blue shows the lowest level. Image provided by Pin
Wang, University of Southern California.
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into the genome of the HSCs, it’s still unclear if the B cells derived from
these human HSCs can express the antibody proteins the same way they
do naturally. Baltimore says experiments are underway to test this in vitro,
as well as in humanized mice. To test it in vitro, Baltimore matures human
HSCs into B cells by treating them with a certain combination of growth
factors. In humanized mice, researchers can infect human CD34+ cells
with the lentivirus carrying antibody genes in vitro, and then inject the
HSCs into the mice, where they mature into human B and T cells,
Baltimore says. If the antibody proteins are expressed by the human B
cells, then researchers can test if they provide protection by infecting the
human T cells in these mice with HIV. “We are in the process of doing
that,” Baltimore says. “If we can make that work then the next step might
be monkeys or maybe even humans depending on how it looks.”

But even if successful in nonhuman primate studies, gene therapy
has a checkered past and conducting this type of study in humans
might raise safety concerns. Several years ago, a gene therapy trial
to treat children with x-linked severe combined immunodeficiency
(X-SCID) using a retroviral vector caused leukemia because the vec-
tor integrated into the region of an oncogene. Baltimore says there
is less of a concern of cancer with using an HIV-derived lentivirus
as a vector because HIV integration happens millions of times every

day in HIV-infected people without causing cancer. “That is one rea-
son I consider our method safer than the trials for X-SCID,” he says.

Better than nature
Baltimore’s group is currently working with the broadly neutral-

izing monoclonal antibody b12, among others, and if his gene ther-
apy approach proves successful, eventually researchers could also
utilize this method to deliver modified antibodies that are even bet-
ter than the naturally occurring ones that have already been char-
acterized. “If you could deliver antibody genes to HSCs and have
them function in B cells,” Baltimore says, “then you would liberate
the whole scientific community to use their design methods to make
better antibodies or antibody-like proteins.” He is currently collabo-
rating with Bjorkman’s group, which is trying to engineer improved
antibodies that Baltimore’s lab will then test in animal models.

“We can introduce whatever we want into our synthetic gene,”
Bjorkman says. She expresses her engineered proteins in cultured
cells and then, in a neutralization assay, infects cultured cells with
HIV to test if HIV can still infect these cells in the presence of the
engineered proteins. “We dream up strange things that we then test
for neutralization,” Bjorkman says.

Figure 2. Engineering novel antibody-like proteins. (A) A model of the HIV Envelope spike with gp120 monomers shown in blue and gp41 shown in green and the binding sites
for the broadly neutralizing antibodies 4E10 (shown in light green), 2F5 (shown in red), 2G12 (shown in grey), and b12 (also shown in light green). This image is adapted from
Burton et al. Nat. Immunol. 5, 233, 2004. (B) This schematic is a representation of an IgG antibody and novel engineered antibody-like proteins. The antigen binding site on the
antibody is formed by a portion of the VL and VH domains. Bjorkman and colleagues at Caltech are working on engineering antibody proteins that are smaller than the existing
antibodies by only using a part of IgG. The engineered antibodies can contain a single chain with one antigen binding site (scFv); two antigen binding sites of the same specificity
(diabody); two antigen binding sites, each with a different specificity (bispecific diabody); or three antigen binding sites with the same specificity (triabody). Engineered antibody
proteins that are a combination of three binding sites are expected to bind the antigen more tightly than the natural antibody, which only has two antigen binding sites. Johnson
and colleagues are also working on reengineered antibody-like proteins.
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One effort to improve upon nature involves combining structures
from several naturally occurring antibodies into one protein (see
Figure 2). Developing a combination protein from several antibod-
ies might help prevent HIV escape mutants, Bjorkman says, liken-
ing it to the way ARV therapy is most effective with a combination
of three or more drugs. In addition, a combination antibody protein
will bind to HIV proteins like gp120 more tightly than just one anti-
body, because it would be more difficult to dissociate all of them.
“If you link five things together, it’s almost impossible to remove it,”
Bjorkman says. “So it’s kind of glued there.”

Bjorkman is now trying to combine the genes for binding sites from
several of the known broadly neutralizing anti-
bodies to see if they are better at blocking HIV
from infecting its target cells or are effective on
a wider range of strains. She is also trying to
engineer smaller versions of the known anti-
bodies because she says they are often too big
to fit in the narrow space between the target
cell and HIV. “We can link [several of] them
together in a smaller format,” Bjorkman says.

Some antibodies will only bind to gp120 that
is bound to the CD4+ receptor, so another
option is to link the antibody proteins to a CD4+

receptor, which would bind to the HIV Env pro-
tein and induce a conformational change.
Additionally, her lab screens for mutants in anti-
body genes that allow them to bind more tightly
to gp120, and uses 3D protein imaging to iden-
tify structures that would fit better. This might
result in engineered antibodies that would be
effective at lower concentrations, Bjorkman
adds. “We are still far from a complete under-
standing,” she cautions. “Using 3D protein imag-
ing to enable a rational design of new architec-
tures is still quite challenging.”

So far, improving on nature has not been so
easy. Some of the engineered proteins, for
example, are impossible to express in cultured
cells. In addition, Bjorkman says, “We keep managing to make things
that decrease the ability to neutralize HIV [in vitro].” However, she says
there are a few promising leads. “We have some multimeric versions
of existing antibodies that work better [than the parental antibodies].”

Muscling their way in
Meanwhile Johnson is working on a different approach that

involves using AAV to carry DNA encoding antibody into muscle tis-
sue, to make the cells express the HIV antibodies. In contrast to
Baltimore’s gene therapy approach, the DNA carried by AAV does
not integrate into the genome of the muscle cells. Instead, it stays
in the nucleus as a so-called episome, and the cell then expresses
the antibody genes, Johnson says.

He says the primary goal of this work is to develop a way to
prevent HIV infection. In some ways this may be easier than treat-
ing HIV-infected individuals, according to Johnson. Once HIV has
mutated extensively it is more likely to develop escape mutations
to the antibody. In contrast, he says, there are very few different
viruses that are responsible for actually establishing an HIV infec-

tion in a single person. A recent analysis of env sequences in HIV-
infected people shows that often a single virus is responsible for
establishing infection (Proc. Natl. Acad. Sci. 105, 7552, 2008).
“There are very few viruses that make it through the bottleneck,”
Johnson says. “You have an Achilles’ heel for the virus if you have
the antibodies there at the right time, and that is at the time of ini-
tial infection.”

Johnson’s approach has already been tested in mice and rhesus
macaques with encouraging results. His group showed a few years
ago that an injection of AAV carrying DNA encoding the broadly
neutralizing monoclonal antibody b12 into mice leads to expres-

sion of antibodies in their blood (J. Virol. 76,
8769, 2002). And in preliminary, still unpub-
lished experiments, his group injected AAV
with DNA encoding three different antibod-
ies that are all known to neutralize
SIVmac316 in vitro, into rhesus macaques.
One year after vaccination the nonhuman
primates are still expressing high levels of
antibody in their serum. “We are very encour-
aged that this will go on for a very long
time,” Johnson says.

He vaccinated three groups, each of three
monkeys, with slightly different antibody
genes and one month later challenged them
with intravenous injection of SIVmac316, a
derivative of SIVmac239. All six control mon-
keys became infected, and four of them have
since developed AIDS. But of the vaccinated
monkeys, all three in one group were pro-
tected, two of three were protected in a sec-
ond group, and one of three in the third
group remained uninfected. The reason for
the variation in the level of protection is still
being investigated.

In his next experiments, Johnson wants to
determine the dose of antibody that will be
necessary to achieve protection. He also

plans to challenge the vaccinated macaques either rectally or vagi-
nally to more closely mimic the primary mode of HIV transmission.
To be protected from such a mucosal challenge, the antibodies
would have to be present in mucosal tissues. Johnson says a
recently approved protein-based vaccine against human papilloma
virus provides evidence that a vaccine injected intramuscularly can
protect against sexually transmitted viruses, suggesting antibodies
are available at the site of infection.

His current goal is to conduct a clinical trial to see if injecting
humans with an AAV vector carrying genes for broadly neutralizing
antibodies like b12, results in production of the antibody. The proof
that this can work is already there from monkey experiments, he
says. “We have clearly shown that we can do this in monkeys and
that it’s effective,” Johnson says, adding that the challenge now is to
show the approach is safe in humans. Due to issues surrounding
regulatory approval, it will be at least three years until a clinical trial
of this approach will be underway, says Johnson. “The challenge is
how you answer the safety questions the FDA [US Food and Drug
Administration] and others are going to have.”

We have
clearly

shown that
we can

do this [gene
transfer] in

monkeys and
that it’s

effective
Philip Johnson
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AIDS Vaccine Blueprint launched:
A challenge to the field

The AIDS Vaccine Blueprint 2008, IAVI’s
biennial report on the state of AIDS vaccine
research and development and a roadmap for
the field, was released at the XVII International
AIDS Conference in Mexico City August 3-8. It
issues several challenges to AIDS vaccine
researchers, setting interim goals and key mile-
stones by which the field can measure progress.

Among the key scientific challenges it high-
lights are determining the mechanisms responsi-
ble for control of HIV infection in elite controllers,
individuals who naturally suppress HIV replica-
tion to undetectable levels without the help of
antiretroviral therapy, and elucidating the mecha-
nism by which live-attenuated simian immunode-
ficiency virus (SIV) protects nonhuman primates
against viral challenge. The Blueprint also recom-
mends shifting resources away from the develop-
ment of the majority of AIDS vaccine candidates
that are currently in the clinical pipeline, since
they are unlikely to be effective.

The publication, which IAVI has been produc-
ing since 1998, strikes a different theme and tone
than two years ago, when more than two dozen
AIDS vaccine candidates were moving through
the clinical pipeline, including Merck’s cellular
immunity vaccine MRKAd5, which many
researchers regarded as the most promising. This
vaccine candidate was based on a genetically
altered adenovirus serotype 5 (Ad5) vector that
carried HIV gag, pol, and nef genes.

Merck stopped immunizations in the Phase
IIb test-of-concept STEP trial last September
after the vaccine candidate failed to prevent
transmission of HIV or reduce the viral load in
vaccine recipients that subsequently became
HIV infected.

“Two years ago, we all thought we had a sig-
nal of hope from Merck,” said Seth Berkley,
president and CEO of IAVI. “What has happened
is we’ve learned a lot about the science.”
Because most of the AIDS vaccine candidates in
clinical development employ similar strategies to
Merck’s, the IAVI Blueprint urges stakeholders to
“review their portfolios and drop candidates
considered to have a low probability of success.”

IAVI suggests that the resources being spent
on the current pipeline of candidates should be

reallocated to developing a more diverse clinical
pipeline. “Science is not a straight line,” said
Alan Bernstein, president of the Global HIV
Vaccine Enterprise, commenting about the
recent setbacks in the AIDS vaccine field.
“Failure is part of the game. It’s clear after 25
years that we are on a long journey.” Bernstein
added that any long journey requires a
roadmap, and that the Blueprint fulfills that role.

To develop new and improved vaccine can-
didates, the Blueprint suggests greater focus be
placed on research to identify the best HIV
immunogens for inducing both cellular and
antibody responses against the virus. “Until
now, the field has focused more on how to
deliver antigens and less on the antigens them-
selves,” the document’s authors write.

But the Blueprint also recommends the explo-
ration of live replicating viral vector-based vac-
cine candidates. To determine which of these
candidates to advance into clinical trials, IAVI
suggests that they be evaluated in comparative
studies in the nonhuman primate model and
that a “useful initial yardstick” would be com-
paring them against the Ad5 vector used in
Merck’s vaccine candidate.

Other recommendations set forth include
enhancing discovery efforts to identify new
broadly neutralizing antibodies and translating
the information about the binding sites of these
antibodies into the design of new HIV immuno-
gens, conducting small efficacy trials on leading
candidates to see if they achieve pre-determined
criteria, establishing incentives to enhance inno-
vation in AIDS vaccine discovery, and training
the next generation of AIDS vaccine scientists.

Omu Anzala, an AIDS vaccine researcher at the
University of Nairobi School of Medicine, said it
would be a big mistake to abandon research
efforts in developing countries. “We cannot afford
not to be part of [vaccine discovery],” said Anzala.

Peter Piot, the executive director of the Joint
United Nations Programme on HIV/AIDS
(UNAIDS) said despite declines reported by his
agency in the number of HIV infections in some
of the hardest-hit countries, there are still 33 mil-
lion people living with the virus and an esti-
mated 7,500 new HIV infections reported every
day. “We are making progress through antiretro-
viral therapy, but there is no doubt we need a
vaccine,” said Piot. —Regina McEnery
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Passage of PEPFAR
President Bush recently signed into law a revised version of the
President’s Emergency Plan for AIDS Relief (PEPFAR) authorizing
US$48 billion in funding over the next five years to expand exist-
ing HIV/AIDS prevention, treatment, and care efforts worldwide.
The original five-year, $15 billion plan was due to expire in
September. The revised version more than doubles the amount of
funding for HIV/AIDS prevention, treatment, and care programs,
and also authorizes $9 billion in funding for malaria and tubercu-
losis programs.

The reauthorization aims to prevent 12 million new HIV infec-
tions and provide antiretrovirals (ARVs) to at least three million
HIV-infected people in need over the next five years. It also
allows for spending on support services for 12 million people
affected by HIV/AIDS, including five million orphans and vulner-
able children, and for training 140,000 new healthcare workers.

The US Senate passed the legislation last month after lengthy
discussions concerning appropriate funding levels for prevention,
treatment, and care efforts. The new plan does not require that
one-third of total funding be spent on abstinence programs, a con-
troversial stipulation in the original legislation, and instead calls
for the Global AIDS Coordinator to provide “balanced funding” for
prevention programs. However, another controversial component
remains in the new legislation—all recipients of PEPFAR funding
must sign a pledge demonstrating their opposition to prostitution.

The reauthorization took an important step in the process of
overturning a two-decade restriction that banned visitors or immi-
grants living with HIV/AIDS from entering the US by removing
from the bill a provision of the Immigration and Nationality Act.
This restriction was partly why the US has not hosted one of the

large biannual International AIDS Conferences since 1990, when it
was held in San Francisco. The US Department of Health and
Human Services now must remove HIV from the list of “commu-
nicable diseases of public health significance” for the ban to be
completely lifted.

A section of the new PEPFAR bill also contains provisions related
specifically to facilitating the development of vaccines, including
those against HIV/AIDS, tuberculosis, and malaria. The reautho-
rization allows the US to negotiate with organizations—including
the World Bank and the GAVI Alliance—to pursue the use of
advanced market commitments, a novel market incentive that is
meant to stimulate vaccine research and development efforts for
diseases that primarily affect developing country populations.

The PEPFAR legislation also requires the US President to report
to Congress within one year on a strategy for accelerating the devel-
opment of vaccines for HIV/AIDS, malaria, and tuberculosis, as well
as other infectious diseases. This strategy would include details on
creation of economic incentives for research, development, and
manufacture of these vaccines, as well as the efforts taken by the
US to support clinical trials of vaccines in developing countries and
to prepare these countries for the introduction of new vaccines.

During the deliberation process, many individuals and organi-
zations involved in HIV/AIDS prevention, treatment, and care
praised President Bush and Congress for initially authorizing PEP-
FAR, as well as for the plan’s accomplishments to date. The orig-
inal bill in 2003 was the largest single funding commitment by
any government to combat a single disease. Over the past five
years, PEPFAR has supported the provision of life-saving anti-
retroviral treatment for approximately 1.7 million HIV-infected
people. —Jonathan Grund, contributing writer

Treating people to prevent the spread of HIV
Researchers from the British Columbia Centre for Excellence in

HIV/AIDS presented a study at the XVII International AIDS
Conference, held in Mexico City from August 3-8, that used mathe-
matical modeling to determine that expanding access to life-saving
highly-active antiretroviral therapy (HAART) could potentially
reduce the number of new HIV infections by up to 60% over the
next 25 years (J. Infect. Dis. 198, 550, 2008).

Researchers involved with the study say they included three
major high-risk populations for HIV infection in the model—men
who have sex with men (MSM), injection-drug users (IDUs), and
MSM who were also IDUs. They also varied the model to account
for different adherence rates and guidelines for initiating therapy,
and still their mathematical model consistently predicted that pro-
viding ARVs to at least 75% of individuals worldwide who are clin-
ically eligible for treatment would result in a substantial decrease in
the number of new HIV infections. “Basically the more people you

treat and the faster you engage people in treatment, the greater the
impact you will have on the epidemic,” said Julio Montaner, presi-
dent-elect of the International AIDS Society.

HIV-infected individuals on HAART who adhere to treatment
often decrease their plasma HIV RNA levels to below the levels of
detection by currently available assays. Initiation of HAART has also
been associated with marked reductions in HIV RNA levels in gen-
ital secretions in men and women, suggesting they will be less likely
to transmit HIV to others (AIDS 14, 415, 2000). More recently,
HAART has been shown to be associated with a decrease in HIV
transmission between serodiscordant heterosexual couples, despite
repeat exposure (J. Acquir. Immune Defic. Syndro. 29, 275, 2002; J.
Acquir. Immune Defic. Syndro. 40, 96, 2005).

Montaner and his colleagues on this study advocated strongly at
the Mexico City conference for a major expansion of access to ARVs
in developing countries as a way of reducing the number of new
HIV infections. —Regina McEnery


