
Introduction

One of the most perplexing issues on the intensive care
unit is the extent to which individuals vary in their clini-
cal response to similar insults. This is particularly true

for severe infection. Why, for example, does one indi-
vidual and not another acquire ventilator-associated
pneumonia, and what causes one individual to die of
gram negative sepsis while another survives? As these
examples illustrate, variability is seen both in the acqui-
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Abstract A fundamental question
for the intensivist is why some indi-
viduals but not others succumb to
life-threatening infection. A grow-
ing body of evidence indicates that
both the risk of acquiring infection
and the risk of developing severe
complications are determined by
host genetic factors. These include a
number of single gene defects with
devastating consequences, e.g. in-
terferon-gamma receptor mutations
that lead to fatal infections with
ubiquitous mycobacteria, but such
examples are relatively rare. Of
greater importance for routine clini-
cal practice is the potentially vast
number of genetic variants with
subtle effects on the regulation or
function of specific immunological,
physiological and metabolic media-
tors. Such polygenic traits do not
obey simple patterns of familial seg-
regation seen for monogenic disor-
ders, and their clinical investigation
is further complicated by the envi-
ronmental variability of infectious
exposure. Recent advances in this
field have therefore largely stem-
med from hospital-based case-con-
trolled studies that have uncovered
disease associations with specific
DNA polymorphisms in candidate

gene regions. For example, tumour
necrosis factor polymorphisms have
been associated with susceptibility
to malaria and other infections;
chemokine receptor polymorphisms
with susceptibility to HIV; natural
resistance-associated macrophage
protein 1 with tuberculosis; and
mannose binding lectin polymor-
phisms with meningococcal disease.
A much greater number of genetic
associations will emerge as the full
extent of human genomic diversity
becomes known. The challenge for
clinical investigators is to generate
an epidemiological framework for
population- and family-based asso-
ciation studies, which is sufficiently
robust to exclude population arti-
facts and sufficiently powerful to be
able to dissect true disease-causing
polymorphisms from linked genetic
markers. In the long term this ap-
proach promises to identify host
mediators that are critical for
pathogenesis and immunity and to
yield molecular insights into the
complex processes of human gene
regulation. This information is likely
to be of considerable value in de-
signing more effective approaches
to the treatment and prevention of
life-threatening infectious disease.
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sition of infection and in the development of life-threat-
ening complications once infection has been acquired.
Undoubtedly many factors are involved, including
chance events that underlie the transmission of a patho-
genic organism as well as variability in the virulence of
the organism and the prior state of health of the infected
individual. Here I review the growing evidence that host
genetic factors also play an important role. In most in-
stances, this innate susceptibility to infection lacks the
Mendelian patterns of familial segregation that charac-
terise ªclassicalº genetic disorders. Although our under-
standing of the genetic basis of resistance or susceptibil-
ity to infection is in its infancy, it is almost certainly de-
termined by a very large number of genes, and patterns
of inheritance are therefore complex. The genetic fac-
tors that determine susceptibility or resistance to a par-
ticular microbe may have no impact on another type of
infection, or could conceivably have the opposite effect.
The involvement of many different genes means that
the contribution of a single genetic locus may be rela-
tively small, and may depend on other genetic loci (a
phenomenon known as epistasis) as well as environmen-
tal factors. The genetic epidemiology of infectious dis-
eases is further complicated because there are obvious
non-genetic reasons why infection may tend to cluster
in families. Thus the genetic component of infectious
disease may be either over-estimated (due to intra-
familial transmission of infection) or under-estimated
(due to its highly polygenic nature and gene-environ-
ment interactions) by simple epidemiological analyses.
Studies of adoptees or twins may help to exclude the en-
vironmental component. A large study of individuals
who had been adopted in childhood showed a greater
than five-fold increase in risk of death due to infection
before the age of 58 if a biological parent had died pre-
maturely of infection, whereas there was no significant
increase in risk associated with infectious death of an
adoptive parent [1]. Twin studies have also provided ev-
idence of a significant inheritable component to tuber-
culosis [2], leprosy [3], malaria [4] and Helicobacter py-
lori [5]. However the main evidence for a major genetic
component of infectious disease susceptibility comes
not from such epidemiological data but rather from the
growing number of disease associations with specific
candidate gene polymorphisms that have been uncov-
ered in recent years. In this short review I will not at-
tempt to give an exhaustive list of genes that have in
one way or another been implicated in infectious dis-
ease susceptibility, but I will pick out a few that illustrate
the huge scope for clinical investigation of genetic diver-
sity that will emerge from the human genome project.

Single Gene Effects

A variety of rare but devastating mutations in specific
immunological mediators cause severe forms of immu-
nodeficiency that are often fatal in childhood. These
are listed in the major paediatric textbooks, and will
not be discussed in this review which focuses instead on
the type of genetic factors that might influence suscepti-
bility to infection in a typical patient on an intensive
care unit, who is relatively unlikely to be suffering from
one of these major defects. In contrast to the complex
genetic effects that determine susceptibility to infection
in generally healthy individuals, these major congenital
disorders tend to follow classical Mendelian patterns of
inheritance and many of the genes responsible have
been precisely identified over the past decade or more
by a strategy of positional cloning based on detailed ge-
netic linkage studies in affected family pedigrees.

An important advance in recent years has been the
discovery of a number of genetic mutations that cause
highly specific weaknesses in the immune system that
might not have been recognised as conventional immu-
nodeficiencies. For example, analysis of a Maltese fami-
ly with susceptibility to lethal atypical mycobacterial in-
fection lead to the discovery of a disruptive mutation of
the interferon-gamma receptor 1 gene [6] and a different
mutation on the same gene has been associated with sus-
ceptibility to fatal BCG infection [7]. Although the ini-
tial discovery concerned a recessive genetic effect with
fatal consequences, subsequent work has identified oth-
er mutations of this gene with a milder phenotype [8],
as well as a dominant form of susceptibility to atypical
mycobacteria associated with various small deletions at
a mutational hotspot in the same gene [9]. Genetic dis-
ruptions of the interleukin-12 p40 subunit [10] and of
the interleukin-12 receptor beta-1 chain [11] have also
been found in individuals with severe mycobacterial
and Salmonella infections. Although these observations
concern specific infections that are relatively uncommon
in the average intensive care ward, they convey several
important principles. They indicate that profound im-
mune defects may be clinically inapparent outside a spe-
cific infectious context, and may therefore be the cause
of severe illness in a previously healthy individual. An-
other striking feature is the wide range of different mu-
tations that may occur in the same gene, each causing a
slightly different disease phenotype or pattern of inheri-
tance, raising the possibility that susceptibility to these
infections within the populations as a whole may be sig-
nificantly influenced by a common mutation with a rela-
tively mild phenotype. Most importantly, these exam-
ples clearly illustrate the potential for genetic analysis
to identify critical pathways in immunity to a specific or-
ganism. In this case, the role of interferon-gamma in host
resistance to intra-cellular pathogens such as mycobac-
teria and Salmonella was already known from experi-
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mental work, as was the importance of interleukin-12 in
promoting interferon-gamma production, but the devas-
tating and highly specific effect of these mutations pro-
vide a important confirmation that the predicted path-
ways existed in humans as well as in experimental mice.
As will be discussed below, one of the major goals of ge-
nome-wide analysis of susceptibility to infection and
other complex disease traits is to search for genetic ef-
fects that may not have been previously predicted, and
which therefore lead to novel insights into the molecular
basis of immunity and pathogenesis [12].

Single gene mutations may also confer resistance to
specific infections. In general, the protective effect is lik-
ely to be partial, but the Duffy antigen provides a remar-
kable example of a gene in which a single nucleotide
change can confer absolute protection against a specific
infection, in this case Plasmodium vivax malaria. This se-
minal discovery arose from the epidemiological observa-
tion that West African populations (and their American
descendants) are highly resistant to infection with this
form of malaria parasite, although the same organism is
responsible for debilitating fever episodes in hundreds
of millions of people in other parts of the world. The pro-
tective factor was traced to the absence of the Duffy
blood group antigen in resistant individuals, which pre-
vents erythrocyte invasion by this species of parasite
[13]. Some twenty years later it was discovered that the
Duffy antigen is a chemokine receptor that is normally
expressed on a variety of cell types [14], and that malaria
resistant phenotype arises from a single nucleotide poly-
morphism in the Duffy gene promoter which specifically
abolishes the expression of this receptor on erythrocytes.
The importance of this discovery, apart from the genetic
implications, has been to provide fundamental insights
into the molecular process by which malaria parasites in-
vade human erythrocytes [15], the type of information
which may prove to be invaluable in the development
of an effective vaccine. The most dangerous human ma-
laria parasite, Plasmodium falciparum, has selected for
a number of genetic variants that confer partial protec-
tion against life-threatening forms of the infection, but
at a significant cost. These include sickle haemoglobin
and glucose 6 phosphate dehydrogenase deficiency,
both of which protect against severe malaria in African
children [16, 17], and alpha-thalassaemia whose protec-
tive role is strongly suggested by various epidemiological
arguments but remains to be formally proven [18, 19]. In
each of these examples, discovery of the genetic variant
arose from its deleterious haematological effects on in-
fected individuals, and its protective effect against mala-
ria was discovered at a later stage. These examples provi-
de evidence of a huge evolutionary impact of major in-
fectious diseases such as malaria, and it is possible that
many genetic predisposing factors for common non-in-
fectious disorders, selected because of their protective
effect against infection, may yet to be discovered.

Complex genetic effects

The previous section considered genetic variants which,
on their own, may make an individual extremely suscep-
tible or resistant to a specific infection. This section dis-
cusses genetic variants with more subtle and complex ef-
fects. The host response to infection involves a vast ar-
ray of immunological, inflammatory, metabolic and
physiological mediators with complex regulatory inter-
actions. A recent survey of over 100 candidate gene re-
gions yielded an estimate of approximately 1 common
polymorphisms in every 350 nucleotides [20]. If only a
minority of these turn out to be of any functional signif-
icance ± i. e., coding polymorphisms that alter protein
structure or non-coding polymorphisms that alter levels
of gene transcription or translation ± this represents a
massive potential source of genetic variability when ag-
gregated across the 70±100,00 genes that make up the
human genome. Consider a single nucleotide polymor-
phism in the promoter region of an inflammatory gene
that leads to a 50 % increase in the level of production
of the corresponding inflammatory mediator in re-
sponse to infection. It is easy to imagine that this might
cause (say) a 25 % increase in the likelihood of develop-
ing severe inflammatory complications if exposed to
that infection. If the disease process involved 100 such
genes, each with similar genetic variants, then certain
individuals might be 5 or 10 fold more likely to develop
a severe disease than others. Knowledge of which genet-
ic variants do and do not influence susceptibility to a
specific infection may be of considerable practical rele-
vance, particularly in weighing up the chances that a
therapeutic intervention designed to boost or suppress
the function of a specific mediator is likely to have sig-
nificant beneficial effects. Thus a genetic variant that
exerted a major effect on disease susceptibility through
some subtle effect on gene regulation or gene structure
would be of major interest to the pharmaceutical indus-
try, since an understanding of the underlying molecular
mechanism of this genetic effect might point the way to
a novel therapeutic intervention. Genetic information
of this sort is potentially of greater value in designing
therapeutic interventions than simply measuring disease
associations with levels of specific mediators, because
the latter may simply be epiphenomena of the disease
process, whereas a genetic association that has proved
to be authentic (as discussed in greater detail below)
provides definitive evidence that the mediator in ques-
tion plays a causal role in the disease process. These
considerations have lead to a huge wave of enthusiasm
in both the academic community and pharmaceutical in-
dustry for systematic analysis of the genome for suscep-
tibility determinants for common human diseases. This
is a massive undertaking whose success will depend on
two factors that are as yet unknown: firstly, the true ex-
tent of functional genetic diversity across the human ge-
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nome, and secondly the extent to which multiple subtle
genetic effects can be successfully dissected at the mo-
lecular level in diseases that also have a major environ-
mental component.

Candidate gene analysis

Candidate gene analysis is conceptually the simplest ap-
proach to a complex disease traits. Such studies are in-
creasingly popular in all clinical disciplines, and the bot-
tom line of most published reports is a chi-square test
(or something similar) showing that the frequency of a
specific genetic variant is significantly different amongst
diseased individuals than in healthy controls. I shall re-
view some recent examples of this approach to infec-
tious disease before going on to discuss the potential pit-
falls of interpreting genetic association data, and the
feasibility of conducting reliable genetic association
studies in the setting of an intensive care unit.

The great diversity of human leukocyte antigens
(HLA), which act to present antigens for recognition
by T lymphocytes, is postulated to have arisen as a host
strategy to counter antigenic diversity in infectious or-
ganisms [19]. The theory that heterozygosity of HLA al-
leles is an advantage, as it allows the immune system to
ªseeº a wider range of antigens, is supported by recent
investigations of persistent hepatitis B infection [21]
and HIV 1 [22] although it was not evident in a large
study of susceptibility to severe malaria [16]. Attempts
to identify HLA types that confer resistance or suscepti-
bility to specific pathogens have for the most part been
inconclusive, possibly reflecting geographical and tem-
poral fluctuation in critical microbial antigens, but a
few general themes have emerged. Several studies in
Asian populations and elsewhere have identified HLA-
DR2 as a risk factor for susceptibility to tuberculosis
and leprosy [23, 24]. HLA-DRB1* 1302 has been associ-
ated with resistance to chronic hepatitis B infection in
both African and European populations [25, 26]. HLA-
B*35 is associated with rapid progression of HIV 1 in-
fection in Caucasian populations [27±29] and other asso-
ciations have also been reported. HLA-B*5301 and
HLA-DRB1*1302 show independent and highly signifi-
cant associations with protection from severe malaria in
West Africa [16] but these associations do not appear to
hold in East Africa.

Mannose-binding lectin (MBL) binds to carbohy-
drate structures on microbial antigens and acts to kill
the microbe by activating the complement system and
by opsonising the microbe for ingestion by macrophages
via the C1 q receptor. Two polymorphisms (at codon 52
and codon 54) are common in European populations,
while a third (at codon 57) is common amongst Afri-
cans, and all three are associated with a marked de-
crease in serum MBL levels that is more profound in ho-

mozygotes than heterozygotes. The high frequency of
these polymorphisms raises the obvious possibility that
they might be protective in certain contexts, but the
available published data from studies in the UK suggest
that codon 52 and codon 54 mutations are both associat-
ed with increased susceptibility to infectious diseases in
general and to meningococcal disease in particular [30].
There is much interest in how these polymorphisms
may relate to other specific infectious diseases, and in
the question of what might have caused the different
patterns of mutation that predominate in African and
Caucasian populations.

One of the most successful areas of candidate gene
analysis has concerned the relationship between poly-
morphisms of the human CCR5 and CCR2 chemokine
receptor genes and susceptibility to HIV infection. Both
serve as co-receptors with CD4 for entry as a virus into
macrophages. Several studies have found that common
variants in these genes confer resistance to AIDS pro-
gression after infection [31]. Current evidence suggests
that this is a complex affect arising from at least three in-
dependent loci within the CCR5 and CCR2 gene regions,
including a possibly functional variant of the CCR5 pro-
moter region which (unlike the other variant alleles) ap-
pears to increase the rate of AIDS progression [32].

Pro-inflammatory cytokines such as tumour necrosis
factor (TNF) which act as powerful agents of innate im-
munity against infection, but which are also responsible
for severe pathological complications of infectious dis-
ease if secreted in excess, have attracted considerable
interest as candidate susceptibility genes in a range of
infectious diseases. Three different single nucleotide
polymorphisms located within a short stretch of the
TNF promoter region (at ±238, ±308 and ±376 relative
to the transcriptional start site) appear to be indepen-
dently associated with susceptibility to severe malaria
in African children, with the ±308 and ±376 alleles con-
ferring susceptibility to cerebral malaria in West and
East African populations, while the ±238 variant is asso-
ciated with susceptibility to severe anaemia in West Af-
rica but with protection from cerebral malaria in East
Africa [33±35]. Since the TNF gene is located within
the major histocompatibility complex (MHC) it is im-
portant to note that these associations appear to be in-
dependent of HLA class 1 and class 2 types which, as
noted above, are associated with protection from severe
malaria. The TNF ±308 variant has also been associated
with susceptibility to lepromatous leprosy [36], scaring
trachoma [37], mucocutaneous leishmaniasis [38], and
susceptibility to fatal outcome in patients with meningo-
coccal septicaemia [39]. The precise functional signifi-
cance of these polymorphisms remains uncertain. Some
experimental studies indicate that the TNF ±308 poly-
morphism acts to increase levels of gene expression
[40] but in other experimental systems this polymor-
phism appears to have no effect [41, 42]. The TNF ±376
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polymorphism has been shown to recruit the homeopro-
tein OCT-1 to a site of complex DNA-protein interac-
tions, and to cause a modest but significant increase in
basal levels of gene expression in human monocytes
[35]. A fundamental question arising from these obser-
vations on TNF polymorphisms, which also applies to
many other genetic associations under investigation, is
how to make a reliable assessment of the potential ef-
fect of a polymorphism on gene expression in natural in-
fection in vivo. Reporter gene analysis allows the exper-
imentalist to investigate the effects of a specific muta-
tion on gene expression in a highly controlled system,
but it has the disadvantage that artificial promoter con-
structs, transferred into laboratory cell lines in bacterial
plasmid vectors, may bear little resemblance to the com-
plex regulatory events that govern the expression of the
gene in its natural chromosomal setting in a complex
cellular system in vivo. An alternative to the reporter
gene approach is to make direct comparisons of induc-
ible gene expression in samples, (e. g. whole blood)
among individuals of different genotypes. In the case of
TNF, such investigations have revealed a considerable
amount of individual variation in the TNF response to
stimuli such as lipopolysaccharide (LPS), and family
studies indicate a substantial genetic component but
thus far no correlations have been established between
these phenotypic differences and specific TNF promot-
er variations [43]. However this approach also has its
drawbacks, in that peripheral blood samples may be un-
representative of the sites at which cytokines are pro-
duced during natural infection, involving specific cellu-
lar sub-populations (e.g. dendritic cells) and complex
cellular and cytokine interactions (e. g. in sites such as
the spleen), and thus may fail to demonstrate the func-
tional effects of a polymorphism that acts only within a
specific immunological context. However whole blood
cytokine assays do allow a provisional assessment of
whether susceptibility to specific infections is deter-
mined by a propensity to high or low cytokine produc-
tion. Contrary to what has been generally supposed, in-
vestigation of relatives of individuals who succumb to
severe meningococcal disease suggest that this is associ-
ated with low TNF production [43]. TNF is of course
only one of a wide range of pro- and anti-inflammatory
cytokines and cytokine receptors that are of potential
interest as genetic determinants of infectious disease
susceptibility. Obvious candidates include known poly-
morphisms of interleukin 1-beta, interleukin 1 receptor
antagonist, and interleukin 10, as well as possible minor
variants of interferon-gamma receptor, interleukin 12
and interleukin 12 receptor whose major disruptive mu-
tations were discussed above. It is likely that the next
few years will see an increasing number of publications
on disease association with these and other cytokine
polymorphisms in both infectious and non-infectious
diseases.

Other molecules involved in the inflammatory re-
sponse to infection are attracting interest. The recent
discovery that a disruptive mutation of the Toll like re-
ceptor TLR-4 is the cause of endotoxin resistance in
mice [44] has led to much speculation that human poly-
morphisms in this and related signalling molecules may
influence susceptibility to septic shock. Moving down-
stream in the inflammatory cascade, there are two pub-
lished but preliminary reports of associations between
promoter polymorphisms of nitric oxide synthase
(NOS2) and susceptibility to severe malaria in African
children [45, 46]. A coding polymorphism of intercellu-
lar adhesion molecule 1 (ICAM-1) is associated with
susceptibility to cerebral malaria in Kenya [47], and
this is of considerable interest because the malaria para-
site P. falciparum utilises ICAM-1 as one of its major re-
ceptors for sequestration in small blood vessels. The
failure to find a similar association in The Gambia [48]
may reflect the exceptional degree of diversity that is
known to occur in the parasite antigens involved in the
process of sequestration.

One limb of the candidate gene strategy is to exploit
differences in disease susceptibility amongst mouse
strains as a means of identifying disease susceptibility
genes that may be relevant to humans. An outstanding
example, mentioned above, is the systematic investiga-
tion of endotoxin resistance that identified the biological
importance of the TLR-4 gene in innate immunity [49],
as described above. Another classical example is natural
resistance associated macrophage protein 1 (NRAMP
1) a gene identified through a laborious and systematic
effort to identify genetic locus for resistance to infection
with mycobacteria, Salmonella and leishmania in certain
in-bred strains of mice [50±53]. This novel gene, located
by positional cloning, was shown to contain a single cod-
ing change that correlates with the susceptibility of phe-
notypes in in-bred mouse strains, and the causal role of
this mutation in determining the susceptibility pheno-
type has been formally demonstrated by studies in trans-
genic mice. What do these elegant and comprehensive
studies tell us about human susceptibility to mycobacte-
rial, salmonella and leishmanial infections? From avail-
able data it would seem that humans do not commonly
possess major functional alterations of the NRAMP 1
gene as seen in these in-bred mouse strains, but a number
of polymorphisms in different regions of the NRAMP 1
gene have been identified, and four of these have been
shown to be significantly associated with susceptibility
to pulmonary tuberculosis in West Africans [54]. Al-
though the precise function of NRAMP 1 in host defence
remains uncertain this story illustrates the novel insights
that may be gained by applying a murine genetic ap-
proach to the analysis of infectious disease susceptibility,
with the caveat that humans and mice may share host de-
fence genes but they will not necessarily share the same
types of polymorphisms in those genes.
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Interpretation of genetic associations and their relevance
to intensive care research

The number of reported associations between candidate
gene polymorphisms and infectious disease susceptibili-
ty outlined in the previous section will greatly accelerate
as the human genome project evolves. As outlined in
the next section, this will have radical implications for
the molecular analysis of many human diseases, but in
this section I will briefly outline some of the potential
pitfalls in interpreting genetic association data, and the
approaches that are necessary to proceed from what
may be a disparate set of epidemiological observations
to reliable insights into molecular genetic mechanisms
of pathogenesis and immunity [55].

To date, most reported associations have been popu-
lation based, that is, they compare gene frequencies in
diseased individuals with those of a control group re-
cruited from the same population. There are certain ab-
solute requirements if the result is to be meaningful.
The disease must be strictly and sensibly defined: this is
relatively straightforward for a discrete disease entity
such as cerebral malaria but is much more difficult for
syndromes such as ªsevere sepsisº or ªsystemic inflam-
matory response syndromeº which have protean clinical
manifestations and a wide range of underlying aetiolo-
gies. The control group must be representative of the
background population: for logistic reasons, the control
group is often selected from patients attending the hos-
pital for other reasons, but it is essential to consider
whether they are representative of the population as a
whole. This problem is illustrated by a recent investiga-
tion of genetic susceptibility to meningococcal disease,
where two control groups in the same study were found
to have significantly different frequencies of the gene
under investigation [30, 56]. The most important con-
founder of population-based association studies is eth-
nic admixture. Consider a situation where a specific eth-
nic group is liable to develop a specific disease for en-
tirely sociocultural reasons. In this case, a random sam-
ple of cases of a disease will contain a higher proportion
of this ethnic group than is found in the general popula-
tion, and there is a danger that apparent ªgenetic associ-
ationsº may simply reflect ethnic differences rather than
true disease susceptibility genes. In most of the studies
described above, some attempt has been made to ensure
ethnic matching of cases and controls, but this can be
difficult to achieve with certainty. This has led to grow-
ing interest in the use of intra-familial association stud-
ies, where the distribution of genotypes amongst index
cases is compared with that predicted from their paren-
tal genotypes using statistical techniques such as trans-
mission disequilibrium test [57] and haplotype relative
risk [58]. This method, although possibly less statistical-
ly powerful than a well conducted case-control study
(i. e., a larger sample size may be required to demon-

strate the association) excludes the possibility of ethnic
artifact and may therefore be statistically more robust
[12]. As the number of polymorphisms under investiga-
tion grows dramatically, there is increasing requirement
for a large sample size to permit multiple comparisons:
clearly a P value of 0.05 may be of little significance if
this is only one of 100 polymorphisms that are being as-
sessed in the same study. With a realistic prospect that,
within the next decade, it will become feasible to screen
for association with polymorphic markers in every
known human gene, sample sizes in the order of 2000
are likely to be required to validate genetic associations
that give a doubling or a halving of relative risk [59]. An
alternative strategy in diseases where such sample sizes
are not feasible is to begin by screening a large number
of markers to identify preliminary associations from
which a specific hypothesis is generated and then to con-
struct a second study to test this specific hypothesis [16].
This strategy is most effective if the hypothesis arising
from the first study can be confirmed in an entirely dif-
ferent population [35] although there will undoubtedly
exist genetic effects that are specific for a certain popu-
lation due to interactions with other genes found in
that population or within environmental factors.

An authentic genetic association, validated in several
well controlled population- or family-based studies of
adequate sample size, is not the end of the story. It indi-
cates that the genetic marker under investigation is
close to a disease susceptibility locus, but it does not
prove that this polymorphism is the underlying cause,
as it may be in linkage disequilibrium with a functional
polymorphism located in a neighbouring region of the
same chromosome. To pinpoint the causative polymor-
phism with confidence it is necessary to screen the locus
in question for other polymorphisms and to build up a
pattern of disease associated haplotypes (i. e., clusters
of linked polymorphisms that share the disease associa-
tion). Breaking down these haplotypic associations to
identify the causative polymorphism can be extremely
difficult without access to a large study population in
whom haplotypic linkages have been broken down by
extensive genetic recombination. Thus, proceeding
from an initial genetic association to an understanding
of causality may prove to be much more difficult in rela-
tively recent European populations with a strong genet-
ic confounder effect, compared to evolutionarily more
ancient African populations in whom much recombina-
tion has occurred over time. This laborious exercise has
so far been completed for very few candidate genes in
complex diseases (an example is given in ref [60]) though
this is going to be increasingly important as polymor-
phisms with subtle regulatory or structural effects come
under increasing scrutiny. However these genetic epide-
miological concerns are of somewhat lesser importance
when considering an association with a major gene dis-
ruption (such as those described above for the interfer-
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on-gamma receptor) where the functionality of a poly-
morphism is in little doubt.

What do these observations tell us about the prospect
of identifying disease susceptibility genes for severe in-
fections that occur on intensive care unit? The need for
well defined disease entities, and for a large sample
size to allow multiple comparisons and longer term
mapping of multiple markers at loci of interest, is going
to require a multi-centre approach. The ªgold standardº
approach of analysing genetic associations within fami-
lies will not be feasible in diseases that occur mostly in
older adults making parental sample collection infeasi-
ble. Thus a great requirement will be placed on the col-
lection of ethnically matched controls for a population
based analysis. Ideally such controls should be healthy
individuals from the same area of residence as the index
case, but this is costly and not always feasible for ethical

and cultural reasons. In the laboratory, there will be in-
creased pressure to develop high-throughput genotyp-
ing technologies to utilise the multiple markers that
will be available within the next few years. DNA chip
technology offers the prospect of carrying out tens or
even hundreds of thousands of genotyping reactions on
a single microbe array, and there are several alternative
technologies under investigation, but no one method
has yet proven its capacity to deliver reliable high-
throughput information at low cost [61]. What is certain,
however, is that the technology will improve out of rec-
ognition within the next decade, and if this is married
with accurate and large scale epidemiological studies to
underpin a robust genetic association analysis, there
will be huge implications for our understanding of the
molecular basis of pathogenesis and immunity against
severe infection.
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