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HIV SPECIAL

Apollo conferred on Cassandra the gift of
clairvoyance but later added the caveat

that no-one would listen to her prophesy;
thus, her warnings of the fall of Troy and the
House of Agamemnon went unheeded.
Doctors and scientists are less farsighted,
and making predictions exposes us to
ridicule in hindsight. Not long after the US
Surgeon General declared that it was “time
to close the book on infectious diseases”,
HIV began to ‘cruise’ the San Francisco bath
houses while severe acute respiratory 
syndrome (SARS) lay further in the future.
In 1984 Margaret Heckler, then US
Secretary for Health and Human Services,
declared on behalf of the National Institutes
of Health that “we hope to have a [AIDS]
vaccine ready for testing in about 2 years.”

How foolhardy it was to accept an invita-
tion from Nature Medicine to comment on
the next 20 years of HIV science! If we
could foresee the future of research, then
we would surely be doing it now. The other
contributors to this issue have made the
sensible prognostications, whereas any-
thing I put forward here must be regarded
as unsure prediction, idle speculation or
even wild conjecture1.

The pace of HIV science, like all science,
is driven by technology with unexpected
breakthroughs. Without PCR, we would
not have accurate measurements of HIV
viral load and turnover; without rapid
DNA sequencing and bioinformatics, we
would not have such an exquisite database
on HIV genetic variation; and if plant

virologists had not been curious to investi-
gate gene silencing, we would not have
RNA-mediated interference (RNAi) as a
medical research tool. Thus, my message
for future progress on HIV is that we
ignore non-HIV research at our peril. No
doubt this prophesy will fall on deaf ears at
the funding agencies, especially those in
the charitable sector: the late Bernie Fields’
exhortation2 to “get back to basics” in HIV
science is not part of their mission.

Early successes of HIV science
Our colleagues at the Institut Pasteur must
have felt as frustrated as Cassandra when so
few heeded their first report3 in May 1983
on a previously unknown retrovirus that
was possibly associated with AIDS. At that
time, ‘lymphadenopathy virus’ (LAV) was
just one more candidate agent alongside
other animal and human viruses, and
alongside an idea that a fungal infection
secretes a cyclosporin-like immunosup-
pressant. But none of us present at the Cold
Spring Harbor Laboratory meeting on
human retroviruses in the fall of 1983
should have failed to be impressed by how
the French scientists hardened their evi-
dence. By early 1984, they had detected the
virus in individuals with AIDS, including
gay men, two brothers with hemophilia4

and a heterosexual couple5 from Africa and
their child, and had pointed out the simi-
larity of LAV to animal lentiviruses on
account of its cytopathic effects and mor-
phology6. They were accurate in almost
every finding, including the only correct
interpretation of the open reading frames
when the viral genome was cloned and
sequenced7. Hard on the heels of the sec-
ond French report4 came news of other
HIV isolates from the United States8,9.

Apart from the overoptimistic claims of a
vaccine, early HIV research was extraordi-
narily fruitful (see accompanying reviews in
this issue10–12). Propagating HIV in T-cell
lines provided ample antigen for diagnostic
tests of infection that by 1985 had been
translated into kits suitable for the mass
screening of blood donors. CD4 was identi-
fied as the cellular binding receptor for HIV
in 1984. The importance of the regulatory
and auxiliary genes began to be elucidated
in 1985. Azidothymidine (Zidovudine)
became the first antiretroviral drug to enter
clinical trials in 1986. Meanwhile, we began
to grasp the scale of the AIDS pandemic
unfolding before our eyes: ‘slim’ disease in
Africa was indeed AIDS13.

Controlling HIV transmission
Figure 1 illustrates both the success of HIV
science and the formidable challenges
before us; it contrasts the control of mor-
tality from AIDS in the United States with
its exponential rise in sub-Saharan Africa.
But Fig. 1a belies the heterogeneity of the
African epidemic. As the ‘four-city’ studies
have shown14, we still do not know why
HIV spread explosively in some places and
not in others. Fifteen years ago, AIDS in
South Africa was seen in a handful of gay
white men who had traveled to the United
States, but now more than four million
South African black men, women and chil-
dren are infected with HIV. By contrast, it
was estimated 15 years ago that about 7%
of adults in Kinshasa were infected, but this
proportion remained stable until recently,
despite the imploding infrastructure and
human conflict that the Democratic
Republic of Congo has suffered. Predicting
the future of the HIV epidemic will be no
easier than interpreting the recent past.
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Epidemiological evidence for the trans-
mission of HIV by sexual and parenteral
routes was clear before HIV was identified,
and mother-to-child transmission soon
after. The modes of transmission remain
the same today and seem unlikely to
change tomorrow. I previously questioned1

whether biting insects with large mouth-
parts might act as ‘dirty needles’ to transfer
HIV passively, given that another
lentivirusequine infectious anemia
virusis transmitted in this way. But there
is no evidence of transmission by insects,
and if it were occurring then we would
expect to see more children seroconverting
before puberty.

It was recently postulated15 that in
Africa, contaminated syringes and needles
are responsible for more HIV transmission
than is sexual contact. Although the num-
ber of infections by unsterile injections
may have been underestimated during the
pandemic phase of HIV, as well as during
the mid-twentieth century16, sexual spread
is driving the African pandemic17,18. If
injection were the main route of HIV infec-
tion in Africa, as it has been in eastern
Europe and China, then again we would
expect to see more children of HIV-nega-
tive parents developing AIDS.

As Valdiserri et al.19 argue in this issue,
much has been accomplished in reducing
the transmission of HIV and, given politi-

cal will, persuasive ‘risk’ education and suf-
ficient resources, “the science exists to turn
the pandemic around.” Certainly, the con-
tinuing spread of disease could be slowed
significantly, as has been seen in Senegal,
Thailand and Uganda, but whether without
an efficacious vaccine we can reduce R0 to
less than onethat is, reduce the mean rate
of transmission from one infected person
to less than one other personremains
speculative. India is currently estimated to
have 4 million people infected with HIV
(second only to South Africa), and this
number could rise to 24 million in the next
10 years.

Perhaps we should not be too pes-
simistic. People do change their outlook
and lifestyle in the face of devastating dis-
ease. For example, male circumcision has
been identified as a factor that lessens the
risk of female-to-male HIV infection in
Africa20. Who would have thought a few
years ago that men imbued with their tra-
ditional social customs would readily come
forward to take part in randomized con-
trolled trials of adult circumcision?21

Cell-to-cell transmission and tropism
Whereas the ‘sexual synapse’ is a frequent
route of HIV transmission from one per-
son to anotherone that may be blocked
specifically by a condom and hopefully one
day by vaginal viricidesthe ‘immunologi-

cal synapse’ is a pathway for virus transmis-
sion from cell to cell (see accompanying
review in this issue)22 and has been ele-
gantly shown23 for human T-cell lym-
photropic virus type I. We are only just
beginning to understand the impact of the
multiple delivery of virions from dendritic
or other antigen-presenting cells to CD4+

T-helper-cells.
I propose that the immunological

synapse may account for the recent obser-
vation that although only a small propor-
tion of CD4+ T-cells in a lymphoid organ
are infected by HIV, these cells contain sev-
eral proviruses24. This type of ‘multihit’
infection at the cellular level may overcome
the saturatable restriction factors of the
host cell25,26. Packaged RNA genomes tran-
scribed from more than one provirus in the
same infected cell will assemble into het-
erozygous virions, which in turn will accel-
erate genetic recombination24 and the
evolution of drug resistance and immune
escape.

In the future, we should pay more atten-
tion to the comparative pathology of
lentiviruses, including HIV-2 (ref. 27). In
this issue, Stevenson11 points to the lessons
to be learned from primates that are natu-
rally infected with a high viral load but do
not develop disease. He contrasts
oncoviruses to HIV and the primate
lentiviruses that can infect nondividing
macrophages and dendritic cells. I argue
further that all lentiviruses are
macrophage-tropic, but only some infect
lymphocytes (primate and feline immun-
odeficiency viruses). For example, let us
consider Maedi-Visna virus, which is solely
macrophage-tropic. Maedi-Visna in sheep
is the prototypic disease from which
lentiviruses derive their name28. Infected
sheep develop a wasting disease and neu-
rodegeneration similar to that seen in
humans with AIDS, but they do not show 
T-helper-cell immune deficiency. As
Maedi-Visna is remorselessly progressive,
with a high rate of mortality, I have argued
previously29 that the infection, activation
and apoptosis of T-cells in HIV are epiphe-
nomena alongside the underlying progres-
sion of macrophage disease. Like the
prophecies of Cassandra, this view remains
unheeded perhaps because it would neces-
sitate a complete reappraisal of both HIV
pathogenesis and the inability of the
immune system to ultimately control
lentivirus infection.

Variation in HIV: evolution or noise?
Such a question has been posed for the
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Figure 1 The human toll of AIDS. (a) Comparison of annual deaths from AIDS between sub-
Saharan Africa (population 640 million) and the United States (population 273 million). (b) The
five leading causes of death in men and women aged 25–44 years in the United States. Over the
course of 10 years, AIDS came to be the chief cause of death in this generally healthy age group.
The precipitous fall in mortality followed the introduction of highly active antiretroviral therapy
(HAART), although the prevalence of HIV infection has not decreased. Reproduced with
permission from ref. 58 from data provided by the Joint United Nations Programme on HIV/AIDS
and the US Centers for Disease Control and Prevention.
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variation observed in RNA viruses in gen-
eral30; for HIV, the answer is probably a lot
of each. HIV generates variants at a far
greater rate than do other RNA viruses
such as measles, polio and even influenza31

(Fig. 2). The rapid radiation of HIV-1
group M into the subtypes or clades that
comprise today’s pandemic strains and all
of their variants could have arisen from a
conjunction of two features of HIV: the
extraordinarily high level of sustained
replication and turnover in vivo11,32 and
the functional tolerance of amino acid sub-
stitutions.

It is estimated that humans were first
infected with HIV-1 group M about 70
years ago33 and with HIV-2 about 60 years
ago34, with the viruses crossing from chim-
panzees and sooty mangabeys, respec-
tively35. In the early years, HIV-1 radiated
out into the different clades that we know
today, probably from small founder popula-
tions of virus. The regions in which HIV-1
has been present the longest have the most
complex array of genotypes (Fig. 2). In the
next 20 years the pattern will change, and
an increasing number of circulating recom-
binant forms (CRFs) of HIV-1 will become
apparent. Thus, the neat geographic delin-
eation of subtypesB in the Americas, E in
Thailand, A and D in East Africa and C in
southern Africaare likely to be super-
seded by CRF viruses. Indeed, CRFs
between HIV-1 groups M and O have been
described36, even though the parental
genomes derive from distinct zoonotic
events35. It is possible that natural recombi-
nants could arise between HIV-1 and HIV-2
now that HIV-1 has spread across West
Africa, where HIV-2 was already endemic.
Although there are some constraints to the
co-packaging of HIV-1 and HIV-2 RNA37,
it is worth investigating the possibility of
hybrids in dually infected persons.

Does HIV variation matter? Although
there is no evidence that HIV has evolved
in terms of virulence or modes of transmis-
sion in the past 20 years, evolution of drug
resistance12 and of immune escape (see
accompanying review in this issue38 and
refs. 39,40) clearly occurs under selective
pressure. Thus, HIV mutation and recom-
bination have a great impact on therapy
and vaccine design. I remain to be con-
vinced, however, that the emphasis of vac-
cine design on the basis of clades is HIV
science. Efficacious, broadly based vaccines
require immunogens representing those
regions of the virus that change the least.
When these have been identified, clades
can be addressed. For humoral immunity,

the challenge is not only the immunogen
itself but also the access of antibodies to
the neutralization targets. Given the effect
of the N-linked sugars of gp120 on
immune escape from HIV39, the glycobiol-
ogy of HIV is back in fashion.

Will the drop in AIDS mortality owing to
antiretroviral therapy (Fig. 1) be main-
tained so that people on treatment can
expect a normal life span? This will depend
on the ability of the virus to develop mul-
tidrug resistance while remaining fit for
transmission. We shall need new drug tar-
gets12, but a big practical challenge in the
future will be to marry good drug therapy
to easy adherence, particularly in resource-
poor settings. This means that drug formu-
lation must be designed to optimize
appropriate use. Even then, if drugs admin-
istered to one infected individual are
shared among their family or community
such that several persons are simul-
taneously taking suboptimal doses, this
could be a recipe for the rapid evolution
and spread of multidrug-resistant HIV
strains.

In the future, I expect that host genetic
variation will also have a larger role in HIV
science. In addition to identifying individ-
ual host factors26,41–43, whole-genome
scanning for pharmacogenomics and for
what I call ‘infectogenomics’ (host genes
that affect the virulence of infection) will
provide information on how to better
manage HIV infection.

Impact of HIV on immunization programs
HIV may have a severe impact on several of
the immunization programs for children
and adults. Inactivated or subunit vaccines
may simply be ineffective in people
infected with HIV: this has been shown for
the pneumococcal polysaccharide vac-
cine44, although  antiretroviral therapy
may restore responsiveness45. With viruses,
HIV-positive individuals have the potential
to become long-term shedders of what
would otherwise be acute, short-lived
infections, changing the dynamics of
immunization and eradication. Thus, the
large numbers of children with AIDS in
Africa may impede campaigns to eradicate
measles and polio and to protect against
yellow fever. A recent detailed review46 on
the safety, immunogenicity and effective-
ness of vaccines in children with HIV con-
cludes that the benefits currently far
outweigh the risks. Nevertheless, epidemi-
ological modeling will be needed to see
whether one can minimize the untoward
effects of HIV on other infectious diseases.

Another concern is that an ‘attenuated’
vaccine may itself act as a virulent
pathogen in the immunocompromized
individual. Case reports of severe compli-
cations of bacillus Calmette-Guérin
(BCG), measles and polio have been
reported, and World Health Organization
(WHO) guidelines recommend withhold-
ing BCG and yellow fever vaccines from
symptomatic children infected with HIV46.

Global influenza 1996Global influenza 1996

HIV HIV 
6 yea6 yea

HIV AmsHIV Ams

10%10%

CC
J

G
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Figure 2 The scale of HIV variation. Sequence divergence of envelope glycoproteins of HIV (gp120, 
V2-C5) compared with that of influenza A H3 (HA1). The length of the spokes indicates the degree of
divergence with the scale indicated. HIV variation in a single person 6 years after infection (9 genomes
analyzed) is similar to that of worldwide influenza A (96 genomes analyzed) in a single year. The
greatest degree of variation is in the Democratic Republic of Congo, where HIV first developed and has
diversified into subtypes A–K (except for subtype B, prevalent in the West, and subtype E, prevalent in
Thailand). Adapted with permission from ref. 31.
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There is much concern over the risk of
reintroducing smallpox vaccination to
people infected with HIV47 because dis-
seminated vaccinosis may ensue, as has
been reported in an HIV-positive military
recruit48.

Interaction of HIV with other infections
AIDS is characterized by opportunistic
infections and by what we may call oppor-
tunistic neoplasms49. Some opportunistic
infections in turn exacerbate HIV in a
vicious cycle. Thus, genital herpes simplex
infection is a risk factor for HIV transmis-
sion50, while HIV increases and prolongs
herpes shedding51. Other concurrent infec-
tions may ameliorate the risk or severity of
HIV infection, as has been reported for GB
virus C52,53, scrub-typhus54 and dengue55.
Elucidating the mechanisms of cross-pro-
tection may give us clues to controlling
HIV.

Many opportunistic infections are either
zoonoses or come from nonparasitic, free-
living microbes. Although they are typi-
cally not transmitted between humans, this
pattern might change in the future if the
opportunistic infections were to hop from
one immunocompromised host to another.
High-density immunodeficient popula-
tions are arguably unique in the annals of
host-parasite evolution1.

Thus, viruses, bacteria, fungi and proto-
zoa now have 42 million HIV-infected peo-
ple in whom to adapt to human parasitism.
Zoonoses occur naturally, but the preva-
lence of HIV infection could greatly
increase the chances of an infection of ani-
mal origin, such as SARS, influenza, Ebola
or Nipah viruses, to adapt more rapidly to
human transmission. Individuals with
AIDS would be the ‘superspreaders’, as they
are for tuberculosis. It is perhaps reassur-
ing that such a horrific situation has not
yet occurred, but predictive modeling is
required to determine whether it could
occur in the future. The AIDS pandemic
compounds the threat from the deliberate
or accidental release of new infectious
agents.

Conclusion
Like Cassandra, I shall end with a true
prophesy that is at the same time opti-
mistic and grim: 20 years from now, the
risk of further lentivirus transfer from apes
to humans35 will approach zero because
feral chimpanzees will be extinct, thanks to
the bushmeat trade and the Ebola epi-
demic56, unless the apes are protected by
immunization. Who would have predicted

20 years ago that we would have a vaccine
for Ebola before one for HIV57?
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