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The concept of the Magic Bullet was first proposed by Paul
Ehrlich, one of the outstanding contributors to the modern
science of antimicrobial chemotherapy. In 1906, referring to
someone infected with a bacterium, he said:

It will obviously be easy to effect a cure if substances
have been discovered which have an exclusive affinity for
bacteria and act deleteriously or lethally on these alone,
whilst at the same time, they possess no affinity whatever
for the normal constituents of the body and cannot there-
fore have the least harmful or other effect on that body.
Such substances would then be able to exert their full action
exclusively on the parasite harboured within the organisms,
and would represent, so to speak, magic bullets which seek
the target of their own accord.

Ehrlich’s concept of a targeted approach has been pur-
sued throughout the last century and continues today. Many
of the diseases that Ehrlich sought to treat are now eradi-
cated or treatable; smallpox and polio have been essentially
eradicated through use of vaccines. Other infectious dis-
eases, such as diphtheria and whooping cough, are well
contained in many countries. In the last 50 years of the
antibiotic era, more attention has focussed on common,
community, and hospital-acquired infections where antibi-
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otics are routinely used to treat and prevent infection in
severely ill and immunocompromised patients.

However, despite these advances, we continue to face
new challenges from micro-organisms. In the past 20 years,
new organisms have emerged, such as Legionella spp. and
Helicobacter pylori, which has radically changed treatment
for gastric ulcers. In hospitals, Serratia and Acinetobacter,
which were considered unimportant 50 years ago, have
become today’s ‘difficult-to-treat’ strains. Increasingly too,
there are reports that bacteria and viruses may be respon-
sible, in part, for some chronic conditions such as mul-
tiple sclerosis (the association with Herpes virus 6) or heart
disease (Chlamydia pneumoniae). Their precise role is not
clear, but they may interact with the host in some way to
cause damage that predisposes to disease.

In addition to changes in infectious agents, the heal-
thcare environment is changing, and offers new challenges.
Populations are ageing, with 85-year-olds being one of the
fastest growing sectors. Day care and nursing home envi-
ronments offer unique opportunities for the spread of
resistant pathogens. There are major changes in medical
practice that allow more complex surgery, such as trans-
plants. In several of these settings, antibiotic resistance has
become a significant global issue.

In developing new antimicrobials, modifications can be
made to existing classes of antibiotics, as we have done for
the last 60 years with the beta-lactam, macrolide, and
quinolone classes. We can add inhibitors or build molecules
with greater stability to enzymes that destroy antibiotics,
but completely new strategies are needed based on novel
mechanisms of action. Last year, a new oxazolidinone anti-
biotic, Linezolid, reached the market, the first new class for
many years, to treat Gram-positive infection, but already
there are reports of resistance. To stay ahead of the bacte-
rial propensity to develop resistance, there is a continued
need to search for new agents. Restriction of antibiotic use
is frequently advocated as a means of reducing resistance,
but, realistically, once established, resistance trends are un-
likely to be reversed. Unless there is continued investment
in new research techniques to develop new medicines, mi-
croorganisms may gain the upper hand, and in some clinical
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situations, no options will be available for treating patients
with highly resistant pathogens.

In the new millennium there is considerable cause for
optimism based on new technology. Genomic techniques,
combined with bioinformatics, proteomics, and combinato-
rial chemistry, enable us to understand, in unprecedented
detail, the role of genes and their in-vivo function. This new
understanding allows drug discovery to be driven by gen-
etic targets, enabling agents to be developed with exclusive
affinity for bacteria, but without affinity for humans. So
Ehrlich’s criteria can be fulfilled more specifically now than
at any time in the past.

Sequencing techniques have been applied extensively to
microorganisms, and sequences are known for more than
100 strains. Importantly too, the sequence for the human
genome is available, making possible new ways of looking
at selectivity. Relationship maps can be constructed for
bacteria and viruses, aiding in the understanding of which
genes are well-conserved, and pointing to new targets. Gene
expression can also be studied, opening the possibility of
finding new targets for inhibition. With the help of good
computational tools – bioinformatics – we can also look for
new potential targets or surrogate markers of disease. The
data can be mined to look for specific sequences, using
DNA machines that can identify 300000 bases of DNA
sequence each day.

Gene expression can be monitored using mRNA, while
functional analysis of gene products aids in the understand-
ing of the molecular pathology and of the role of molecules
in a biochemical pathway. Genomics can also be used to
select completely new and previously unidentifiable targets,
by determining which are conserved or common to the
same diseases and also which are different or the same as
human counterpart genes. Bacteria have very few genes
compared with humans, so there is a lot of scope – it is
estimated that existing antibiotics only exploit about 5% of
the known bacterial genomes, so there must be many more
bacterial targets to work on.

It is increasingly recognised that bacteria share and ex-
change genetic material much more than was appreciated.
The mosaic genes of Streptococcus pneumoniae show that
these organisms have shared genetic material with several
other streptococcal species in the oropharynx, and this is
probably true for many other organisms. It is possible, in
the future, that drugs will be designed to target sections
of genes that can move most easily among strains, particu-
larly if these confer pathogenic advantage or antibiotic
resistance.

Differential gene expression can be monitored under
different growth conditions, or in the presence of antibiot-
ics, to look for new targets that may be important, parti-
cularly under in-vivo conditions, which should provide
completely new insights. Computational backup is crucial to
the exploitation of this new information. DNA sequences
can be interrogated in numerous different ways to look for
novel DNA patterns that may help to decode functionality.

Some very diverse approaches have been used, including
text search tools, originally designed to examine text for
language pattern similarities. With these tools we can assess

similarities and differences between bacterial and human
genome sequences to be sure that selected targets are not
present in the human genome.

As more targets become identifiable, more drug candi-
date compounds are needed to interact with or inhibit them.
The technique of combinatorial chemistry now makes it
possible to generate new drug candidates on a scale unimag-
inable only a few years ago. Compact, bench-sited appara-
tus is now capable of synthesising thousands of compounds
per year.

By interacting groups of chemicals on a solid support
such as a bead, it is possible to combine all the possible
combinations and then recombine them again and again to
give pools of novel chemicals. In 2 weeks, using this technol-
ogy, Affymax (Palo Alto, CA. USA) can make 1.67 million
compounds, which is the same order of magnitude that the
entire pharmaceutical industry managed to make before
1990. To evaluate such large numbers of compounds re-
quires new screening techniques and ways of working.
High-throughput screening with robots can be done using
markers to denote active compounds. These may be colour-
based or, possibly, light-activated so that active spots show
up when exposed to light.

Drug discovery has changed steadily in the past 30 years,
from the largely opportunistic approach through a more
rational design phase using structural techniques, and now
to better understanding of the underlying mechanisms of
disease and bases of drug action. From the discoveries of
sulphonamides and penicillins the approaches were largely
chemically driven, with large teams of chemists making ana-
logues of agents that looked promising. This was a relatively
slow process, and many of the agents were derived origi-
nally from natural products.

In the 1980s, there was a move to more biological ap-
proaches, looking at targets and applying automation. In
the twenty-first century, there are new tools that allow us
to devise novel molecules in a completely new way. Now a
target can be defined as a result of understanding the func-
tion of a viral or bacterial genome. Conventional genetics
can be applied to be sure that the target is an essential gene
for microbial survival and that it is selective. In most cases
the gene product will be the important target, and so ways
need to be devised to inhibit formation.

Many targets can be subjected to high-throughput
screening technology – a process that can be iterated until
molecules of the right potency have been identified – then
other more conventional tests are still needed to ensure
appropriate efficacy and safety. There is also the possibility
of looking for targets that are only expressed in vivo – which
makes good sense, because in-vitro data do not correlate
perfectly for all microorganisms. This might mean that
drugs will be found that inhibit bacteria that are able to
colonise a particular niche, such as the lung. We can look in
more detail at pathogenicity markers or metabolic function
and, hopefully, can build in specificity more easily at an
early stage.

It would also be very helpful if there were molecular
clues to adverse reaction profiles for new agents, but this is
a very difficult area, because tests do not reliably extrapo-
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late to use in humans. However, if targets are chosen that
are exclusive to bacteria and not present in the human
genome this may help to avoid some toxicities.

Diagnostic tests that are useful in identifying the disease
or some part of the disease process may also result from
new technologies, and these may become more important in
the future. Alternatively, diagnostics may be needed to en-
sure that certain patients either receive or do not receive a
new agent, depending on their diagnostic response. For
example, a drug may be beneficial for a specific patient
group, or patients with a particular profile may not be able
to take a certain drug, and this can be determined before
treatment to avoid lack of response or, perhaps, the risk
of an adverse event. Already DNA technology is used in
laboratories to detect Staphylococci carrying resistance
markers. These techniques can be carried out using simple
chip technologies, which are becoming cheaper and so may
become more widely used in the future.

New paradigms are also needed later in the drug devel-
opment process to model treatment responses to a greater
extent. These models could then be validated in the phase
III clinical trials only for ‘sentinel’ organisms or infections.
In the anti-bacterial field, it is not possible to run clinical
studies to encompass all possible infections or antibiotic/
organism combinations for which an antibiotic might be
prescribed in its lifetime. The regulatory environment may
also need to change to reflect this fact and to recognise the
limitations of clinical studies treating multiple pathogens
in a diverse range of clinical conditions. Unless this reality
is better understood, there is a real risk that fewer antiin-
fectives will be developed and more pharmaceutical manu-
facturers will stop research programmes for novel
antibacterials.

Combating resistance is a key issue for antibacterial
agents and is also now recognised as important for some
viral infections too. Antibiotic resistance is widely discussed
in simplistic terms, but in reality it is a complex topic. Bac-
teria continually mutate – probably seeking better ways to
get nutrients in their environment – and in the process they
pick up arrays of genes from other organisms. Spontaneous
mutations only become relevant in a pathogenic sense if an
organism is selected preferentially in its environment and
gets the chance to multiply and cause disease and to be
transmitted effectively in a community.

Patients who have multiple courses of antibiotics are one
of the higher risk groups for harbouring resistant strains,
and these organisms flourish in environments where hy-
giene is poor – so in the example of a hospital, the basics of
handwashing and disinfection are critically important. The
other issue in the context of resistance is adequate dosage,
and this is becoming increasingly accepted as a key factor in
preventing resistance. Dead organisms don’t mutate, and so
tailoring antimicrobial treatment to ensure effective eradi-
cation of the pathogen is crucially important in preventing
the development and spread of resistance.

Tuberculosis is a bacterial disease that is resurfacing in
many countries, and multi-drug resistance is a real concern.
GlaxoSmithKline has been running a partnership collabora-
tion, the Action TB programme, for the last 7 years. This

links industry, academic research centres, and clinical
groups treating tuberculosis. Its aim is to develop drugs
that will shorten therapy or reduce numbers of tablets, and
also to look for new vaccine approaches to give lifelong
protection or to boost immunity. Several drug targets are
now identified, and screening has begun to find leads
against them. The biggest advance has been the complete
sequencing of the Mycobacterium tuberculosis genome, car-
ried out with Wellcome Trust funding, at the Sanger Centre
in Cambridge. The challenge now is to identify which of
the 3924 genes identified in this project will be important
for finding new drugs and vaccines. Researchers aim to
generate a bank of mutant bacteria which will help to assign
a function or role to the gene products at different stages
of the infection process. This information can then be used
to generate screens and identify lead molecules, hopefully,
with properties that are an improvement over today’s
drugs.

Viruses are more difficult to attack with selective agents
than bacteria because of their intimate association with the
host. There are no broadspectrum antiviral agents, because
viral diversity means that each infection has to be viewed as
a single entity with a unique solution. The goals are clear
and do not greatly differ from the objectives for antibacte-
rial agents.

The HIV paradigm illustrates the problems very clearly.
In the early years, we learned a lot about AIDS and
characterised the cause very quickly, but drug discovery
proved more difficult. AZT was the first agent to be effec-
tive clinically, but showed that virus clearance and emer-
gence of resistance were real issues, and that a single agent
was unlikely to cure the disease. As in tuberculosis, multi-
ple agents are needed to obtain maximum potency and to
delay the emergence of resistant strains. There is no doubt
that new classes of drugs will be needed. The ‘easy’ targets
have been exploited but, hopefully, other targets, such as
integrase, and more information about receptor binding will
soon yield new compounds. It is now apparent that even
potent combinations of antivirals are unlikely to provide the
whole solution, so even more innovative approaches are
needed.

One way might be to harness the body’s own immune
system with a therapeutic DNA vaccine, using the DNA
gene gun – a programme being explored in collaboration
with PowderJect. Gold particles are coated with DNA en-
coding appropriate antigens, and these are shot into the
epidermis using a high-pressure helium gun. The particles
are engulfed by antigen-presenting cells in the skin, then
carried into the lymphatic system and, ultimately, into the
local lymph nodes. There, the viral antigens are presented
to the T-lymphocytes, and an appropriate cell-mediated
immune response occurs.

In addition, as more is learnt about the specific mecha-
nisms which evolve in chronic viral infections, and how to
suppress the host immune system, it may be possible to
develop ways of attacking these systems so as to give the
advantage back to the immune system, enabling clearance
of the virus. In this way, our multiple warheads may com-
prise several traditional antivirals to suppress the replica-
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tion of the virus, followed by immune-modulating warheads
to enable clearance.

From the HIV model it is evident that viral eradication is
difficult, if not impossible, in some cases and therefore we
have to learn how to keep the virus suppressed. Herpes
viruses illustrate this point. Cytomegalovirus (CMV) is not
a problem until the body is immunocompromised. Most
people acquire and carry it uneventfully, but if they are
unlucky enough to need a transplant, for example, CMV
usually reactivates. It is now the leading cause of mortality
in transplant patients, due to infection. Antiviral therapy,
such as valaciclovir, can make a significant impact on this
virus. Improvements are continually sought and clinical re-
search programmes continue to assess efficacy – a reminder
that pharmaceutical research is not only about basic science
but also about practical use.

Requirements for antifungal agents are very similar to
those for antibacterials. However, selectivity is the key
challenge, because the fungi are eucaryotic. Their cellular
structure is closer to mammalian cells and, consequently,
more difficult to disrupt without causing toxicity. Patho-
genic fungi are very varied taxonomically, which makes it
difficult to find broadspectrum agents. Candida species and
Aspergillus strains are the most problematic pathogens
causing systemic infections. The 30-year-old gold standard
treatment – amphotericin B – although relatively toxic, has
not really been superseded. Azole antifungals play an
important role nowadays, but these are not truly fungicidal,
and so are not as effective as amphotericin in immuno-
compromised patients, especially following transplants.

Programmes to look for novel antifungal agents need to
include screens for selectivity to try to exclude potentially
toxic agents at an early stage. Screening approaches include
classical targeted assays in cell-free systems and growth
inhibition studies using wild-type strains. In addition, there
are new types of assays, using genetically engineered cells.
These allow screening for compounds that interact with
selected validated targets and enable us to find agents that
are taken up by the cell and are stable within fungal cells.
New genetically based screening approaches can be used
together with natural product screening and combinatorial
chemistry to generate new leads.

Unfortunately, in this field, although it is fairly easy to
find fungicidal agents, they often do not have an appropri-
ate selectivity profile, and so lack one of the key elements
of the magic bullet. Additionally, because the numbers of
infections are relatively small and clinical studies are
extremely difficult to conduct, there is less commercial in-
terest in this field. In the future, there is a real risk that no
work will be done to find new agents.

Similar problems have existed for many years in the field
of tropical medicine, where research effort has been limited
by relatively poor funding. WHO identifies HIV/AIDS, TB
and malaria as the three most significant health problems of
the developing world. GlaxoSmithKline is the only pharma-
ceutical company investing in R&D in each of these areas

and is also leading the way in creating new models of part-
nership which stimulate R&D through funding and scien-
tific and academic collaborations.

In partnership with the WHO, the University of
Liverpool, and the United Kingdom’s Department for In-
ternational Development, GlaxoSmithKline is developing
LapDap, a combination antimalarial being developed for
first-line use in Africa. This same partnership is also devel-
oping a follow-on triple combination antimalarial product.
A partnership has also recently been announced with the
Malaria Vaccine Initiative to develop a paediatric malaria
vaccine for use in children – the group most at risk from
malaria.

Affordable drugs which are effective and simple to use
are, of course, welcome, but are only part of the solution
to the health problems of the developing world. Access to
healthcare is a global issue and is high on the political
agendas of all countries – both developed and developing.
Improving healthcare infrastructure is an essential element
if complex and long-term treatment regimens are to be
used effectively. Directly observed therapy has been shown
to be an effective method of monitoring antituberculosis
therapy, and innovative solutions need to be found to tackle
the challenge of antiretroviral therapy and the appropriate
use of other sophisticated medicines in resource-poor
settings.

Intellectual Property Rights are also an important con-
tributor to improving health, because, without respect for
intellectual property, there is no incentive for investment in
expensive R&D programmes. Recently, much has been
written about the role of pharmaceutical companies in im-
proving access to important therapies in the developing
world. The problems of the developing world are such that
the contribution of every part of society is vital in address-
ing the linked needs of poverty reduction and health im-
provement. Pharmaceutical companies have shown their
willingness to play a major part in tackling these problems
in a range of innovative ways. The Accelerating Access
Initiative provides antiretroviral drugs through UNAIDS at
heavily discounted prices. Vaccines have been sold for use
in developing countries at greatly reduced prices for more
than 20 years. There are also partnerships with the WHO in
a programme to eradicate lymphatic filariasis (also known
as elephantiasis) – a task which includes a donation of
5 billion tablets of the antifilarial drug albendazole.

There is, therefore, considerable optimism that novel
scientific approaches and innovative partnerships will lead
to novel measures to counter infections. The pharmaceuti-
cal industry has played a major role in helping to deliver the
benefit that has come from technological innovation over
the past 50 years. With new partnerships in the future, we
should be optimistic that new treatments will be developed
and accessed by all those who need them. If Ehrlich had the
opportunity to use some of today’s drug development tools,
he would surely be delighted to see how they contribute to
his enduring concept of the magic bullet.


