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Oliver Pybus

In this article the author explains the link between evolution and the ability of HIV
both to evade the immune system and to become resistant to drug therapies.
Evolution helps to explain why there is still no effective cure for HIV/AIDS.

n 1987 the pop star Prince released one of his best
known songs, ‘Sign o’ the times’, which became a hit
around the world. The song, about problems and
disasters facing the world, began starkly:
In France a skinny man died of a big disease with a
little name
Bychance his girlfriend came across a needle and
soon she did the same
Prince didn’t need to mention the disease by name — by
1987 everyone knew he was talking about AIDS. The
disease had been discovered in 1981, initially among
gay men from large American cities such as Los Angeles.
It was soon found to affect people all around the world,
heterosexual and homosexual alike.

AIDS stands for acquired immune deficiency
syndrome. As the name suggests, the disease can be
acquired from others and leads to the breakdown of the
human immune system. This means that people with
AIDS, if left untreated, can die from everyday infections
that our immune systems usually take in their stride.
Prince’s description of a ‘skinny” man is appropriate
because AIDS causes weight loss, which is also why the
disease is nicknamed ‘Slim’ in many African countries.
In 1983 AIDS was found to be caused by a virus, named
HIV (the human immunodeficiency virus, see Box 1).
The discovery was made at the Pasteur Institute in Paris
— perhaps the location of this scientific breakthrough
was on Prince’s mind when he wrote his lyrics.

The HIV epidemic

In contrast to Prince’s music career, which has had its up

and downs since its 1980s heyday, the HIV epidemic

has just grown and grown since the disease was discov-
ered. Between 33 million and 46 million people
worldwide are thought to be infected and about
3 million people died last year as a result of the
virus. Levels of infection vary around the world but
are highest in the southern part of Africa, where
around 1 in 10 people are atfected by the disease.
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HIV is transmitted in several ways, most commonly
during sex, but also from infected mothers to their
babies and via blood in contaminated injection needles.
There are many social, medical and biological aspects to
the HIV epidemic and it is impossible to discuss them all
here. Instead, let’s consider the most important biolog-
ical property of the virus — its extraordinary ability to
evolve and adapt by natural selection. This ability goes
a long way towards explaining why, after 25 years, we
still have no satisfactory cure for HIV/AIDS.
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All organisms on earth evolve, and viruses are no excep-
tion. The process of evolution by natural selection, first
described by Charles Darwin, will take place if the
following conditions are met:

® there is a population of reproducing organisms

® genetic changes, or mutations, occur during repro-
duction; this generates genetic variability among organ-
isms

o the genetic changes are heritable (passed through the
generations)

® because of the heritable variation, some of the indi-
vidual organisms are better able to survive and repro-
duce than others

These individuals, which are better adapted to the
current environment, will soon come to dominate the
population. If the environment changes again, then a
different organism with slightly different genetic make-
up may be better at reproducing. This new type will
then become much more frequent in the population.
Although other processes can affect evolution, natural
selection is unique, as it is the only process that can
make organisms better suited to their environment over
time, a process called adaptation.

HIV meets the four criteria above, so we should
expect it to evolve by natural selection. However, scien-
tists have been taken by surprise by the amazing rate at
which HIV can adapt. Why is it, then, that HIV can
evolve so quickly? First, the virus has an exceptionally
high rate of mutation — approximately 1 million times
faster than the mutation rate of the human genome.
Approximately one change to the HIV genome is made
every time a new virus particle is produced. Second,
the number of virus particles within an infected person
is enormous, between 1000 and 1 million particles for
every millilitre of blood. Third, the time it takes for HIV
to infect a cell and produce new virus particles — the
lifespan of the virus —is only 1 or 2 days. Therefore the
HIV population in an infected person is continually
generating vast numbers of new genomes with new
properties, each with the potential to take over the virus
population should the environment change in its favour.
The fearsome ability of HIV to adapt swiftly to changing
circumstances is a key reason why no cure or effective
vaccine for the virus has been developed.

The immune response )

To understand this process of adaptation further we
need to consider exactly what the ‘environment’ looks
like from the point of view of the virus. The most impor-
tant feature in the environment of HIV is the human
immune system, which continually attempts to eradi-
cate the virus. Some white blood cells (B-lymphocytes)
produce antibodies that bind to and disable free virus
particles, whereas others (cytotoxic T-lymphocytes) (see
BIOLOGICAL SCIENCES REVIEW, Vol. 19, No. 4, pp. 34-37)
target and kill human cells infected with HIV before
new virus particles can be released in the body. Both
antibodies and T-lymphocytes are specific — they recog-
nise certain molecules as being from a virus. Foreign
molecules like this that trigger an immune response are
called antigens.
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Box 1 The structure of HIV

Figure 1 represents the structure of an HIV particle. At
the centre of the virus particle is the genome of HIV.
The particle contains two identical copies of the
genome. HIV is unusual in that its genome is made
from RNA (ribonucleic acid) not DNA. Only some
viruses have genomes composed of RNA — all other
organisms use DNA instead. RNA and DNA work in
the same way but are chemically slightly different.

The virus genome is contained inside a protein coat
called the capsid and surrounding that is a lipid bilayer
called the virus envelope. Important proteins can be
found studded in the envelope like chocolate chips on
the surface of a muffin. These envelope glyco-
proteins bind to the outside of human cells, thus
helping the virus gain entry to the cell. Once inside
a human cell, the HIV particle inserts itself
into the DNA of the cell and forces the
infected cell to make
many new virus par-
ticles that are then
released. The acces-
sible glycoproteins
are also recognised
by human antibodies,
which aim to disable
the virus particle. The
glycoproteins there-
fore evolve very
quickly, thus avoiding
antibody detection.

Envelope

Envelope
glycoprotein

Figure 1

Although antibodies and T-lymphocytes are able
to remove many HIV particles and infected cells, the
immune system does not have the upper hand for long.
Some HIV particles carry mutations that change the
chemical composition of the virus proteins, so that the
proteins no longer match the specific patterns that the
antibodies and T-lymphocytes are looking for. These
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HIV particles therefore ‘escape’ from the immune
response and quickly come t6 dominate the virus popu-
lation within the infected person. Usually the immune
system responds by producing different antibodies that
can recognise the new viral protein molecules. But as
the immune system starts to remove the virus, some of
them will mutate again, and again will be ‘invisible’ to
the body’s defences. So the processes of immune system
response and virus adaptation start all over again.

In untreated patients this game of molecular cat-and-
mouse between the immune system and the virus
population may go on for many years. Eventually it
leads to the ‘exhaustion” of the immune system, which
coincides with the onset of AIDS disease symptoms in
the infected person. We do not fully understand why the
immune system always breaks down in this way, but the
type of human cell that HIV chooses to infect is an
important factor. HIV particles infect and kill T-lympho-
cytes, the very cells that the immune system relies upon
to wipe out the virus population. It is no wonder then
that the virus always wins (see BIOLOGICAL SCIENCES
ReVIEW, Vol. 19, No. 4, pp. 34-37).

Drug resistance

Since the human immune system is unable to defeat
HIV by itself, people with the virus are treated with
drugs to combat the virus, if they, or their governments,
can afford them. These ‘anti-viral” drugs are therefore
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another significant feature in the environment of HIV. In
1986 trials of the first HIV drug, called AZT, were
stopped early because the treatment seemed so effective
— the number of virus particles in each treated patient
dropped dramatically. Sadly HIV did not take long to
adapt to this new change in its environment. Subse-
quent trials showed that after the initial decline, HIV
populations in treated patients quickly recovered
because they had accumulated drug resistance muta-
tions. Today, patients must take a combination of
different anti-HIV drugs at the same time in order to
stop the virus population from evolving resistance.
Because the drugs work in different ways, it is difficult
for HIV to adapt to them all at the same time. If the virus
population is kept small, then its ability to generate new
drug-resistant variants is also considerably reduced. As
a result, the virus population can be kept under control
for many years, but not eradicated completely. Even
though the anti-viral drugs do not eradicate the virus,
they are powerful armaments in our fight against HIV,
and give patients the most precious gift — time.

Dr Oliver Pybus is a researcher in the Department of
Zoology at the University of Oxford. He investigates the
evolutionary biology and epidemiology of human viruses,
including HIV.

points

e Evolution is the process by which the genetic
composition of a population changes through time.
Evolution requires mutations in the genomes of
organisms.

e Adaptation occurs when populations evolve under
changing environmental conditions. Natural selec-
tion is the mechanism that explains how adaptation
takes place.

e HIV mutates rapidly. This means that it can adapt
quickly to any changes in its environment.

e A mutation in the HIV virus means that when it is
attacked by the immune system it quickly alters the
antigens on its surface, effectively making it invisible.

® As the immune system comes to recognise the new
forms of HIV. more mutations produce another popu-
lation of ‘invisible’ viruses. Eventually the immune
system cannot keep up with the virus and the symp-
toms of AIDS ensue.

e In the same way, mutations in the HIV virus quickly
render it resistant to the different drugs used to
treat it.
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