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Science, medicine, and the future
Susceptibility to infection

Dominic Kwiatkowski

Genetic factors explain, at least in part, why some
people resist infection more successfully than others.
Rare gene disruptions cause fatal vulnerability to
specific microbes, but more subtle differences are com-
mon and arise from minor variation in many genes.
Recent advances in the human genome project and in
high throughput genotyping technology will make it
feasible within the next decade to screen the whole
genome for genetic factors that determine susceptibil-
ity to HIV and AIDS, malaria, and tuberculosis. This
will help to identify critical pathways of host defence
and generate novel strategies for disease prevention.
Understanding the evolutionary impact of infectious
disease on the human genome may shed light on the
origins of other common diseases, particularly those
with an atopic or autoimmune component.

Why study genetic susceptibility to
infection?

Historical accounts of the plague tell of individuals
who survived unscathed in households where almost
everyone else died. Each winter, British hospital wards
are full of infants requiring oxygen therapy for
bronchiolitis, but most infants infected with the same
virus have little more than a runny nose. Over a million
African children die each year of malaria, but many
more remain in relatively good health despite being
continually infected with the parasite.

To what extent does our genetic make up
determine the different ways that we respond to the
same infectious agent? This is difficult to answer
because of the many other contributory factors
involved, such as previous health, acquired immunity,
and variability in the pathogen. Epidemiological analy-
sis of the genetic component is confounded by
environmental factors that cause familial clustering
and is further complicated by the many different genes
that are likely to be involved. Nevertheless, there is
compelling evidence for a genetic component, includ-
ing twin studies of tuberculosis,' leprosy,” malaria,” and
Helicobacter pylori infection' and a large survey that
found that individuals adopted in childhood had a
markedly increased risk of death from infection if a
biological parent had died prematurely of infection.’

Unravelling the genetic and environmental deter-
minants of infectious disease will soon be feasible. The
human genome sequence provides the starting point
for a systematic analysis of human genetic diversity
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Predicted developments

Description of full sequence of all 70 000-100 000
human genes and progress towards identification

of all common polymorphisms (predicted to be in
the order of 10 million)

Establishment of large sample collections for
genetic epidemiology of infectious diseases and
implementation of novel technologies for high
throughput genotyping and bioinformatics

Identification of many common genetic variants
that influence susceptibility to infection

Use of this information to discover genes
encoding novel molecules that fight infection and
to pinpoint critical pathways in immune
regulation, leading to new therapeutic strategies
for infectious and inflammatory disease

Discovery of additional genetic causes of severe
immunodeficiency and further advances in gene
therapy for such disorders

(www.wellcome.ac.uk/en/genome). The most com-
mon form of DNA variation is a direct swap of one
nucleotide for another, such as adenine for guanine,
known as a single nucleotide polymorphism or SNP
(pronounced “snip”). Polymorphisms that are present
in at least 1-2% of normal individuals are found on
average once in every 300-600 nucleotides, suggesting
that some 10 million may be present across the whole
genome.” Although only a small proportion of these
polymorphisms may be of functional relevance—by
causing disruption or structural alteration of the pro-
tein encoded by a gene or by altering neighbouring
regions of DNA that control gene regulation—all are
of potential value as genetic markers for mapping
regions of DNA that determine disease susceptibility.
Much work is going into the development of DNA
chips and other novel technologies for high through-
put typing of single nucleotide polymorphisms that
will make it feasible to screen many thousands of these
markers in large study populations, with the ultimate
goal of mapping disease associations across the whole
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Table 1 Examples of severe immunodeficiency disorders*

System involved Typical clinical syndrome

Example of genetic defect

B lymphocyte

Recurrent bacterial infection due to defective antibody production

B cell cytoplasmic tyrosine kinase
CD40 ligand

Severe bacterial, viral, and fungal infection due to defective humoral and

T lymphocyte cellular immunity

Interleukin 2 receptor v chain
Adenosine deaminase

Cytochrome b

Neutrophil Severe bacterial infection due to defective phagocytosis - -
B, integrin
Macrophage Extreme susceptibility to infection with environmental mycobacteria Interferon y receptor
Complement Recurrent Neisseria infection Terminal complement components

*Almost 100 severe deficiency disorders have been identified. Each is caused by a rare mutation of a single gene. Different mutations in the same gene may cause
subtle variations in clinical phenotype. Mutations of different genes may lead to similar clinical syndromes if they disrupt a common immune pathway.

genome. Efforts are being made to assemble the large
DNA collections that will be required for this complex
exercise.

What is the practical purpose of understanding the
molecular genetic basis of susceptibility to infection?
Efforts to develop vaccines and improved treatments
for major diseases such as tuberculosis, HIV infection
and AIDS, and malaria are hindered by our poor
understanding of the molecular and cellular mecha-
nisms that determine clinical outcome. Genetic epide-
miology may identify hitherto unknown molecular
mechanisms and improve understanding of critical
events in the evolution of disease. For example, if an
infectious disease is associated with high levels of a fac-
tor X in the blood, it is often difficult to know whether
this is of pathogenic importance or simply an epiphe-
nomenon of the disease process. But if the production
of X is known to be determined by a genetic polymor-
phism, and if this polymorphism is shown to
predispose to the disease in question, then there is a
much stronger case for X playing a causal role.

Single gene defects that cause severe
immunodeficiency

Almost 100 major genetic defects of the immune
system have been identified, most due to a rare
mutation of a single gene. When a distinctive clinical
phenotype is caused by a single mutation, it is generally
possible for the gene to be tracked down by classic
genetic detective work—that is, by linkage analysis in
families with several affected members. Table 1 gives
some examples of genetic defects that have been iden-
tified within each of the major categories of
immunodeficiency ~ disorder. Apart from the
importance of this information for affected families, it
has provided valuable insights into the molecular and
cellular basis of host immunity against different micro-
bial species.

This is illustrated by a recently described group of
disorders that result in extreme susceptibility to
intracellular bacteria. The story began when several
children from the same village in Malta were
investigated for atypical mycobacterial infections that
were ultimately fatal. These did not match any known
immunodeficiency syndrome, but dogged clinical
investigation eventually revealed that the affected chil-
dren were homozygous for a disruptive mutation of
the interferon y receptor 1 gene.” Different mutations
in this and related immune genes were subsequently
found to predispose to infection with other mycobacte-
ria and salmonella species. Some but not all of these
mutations are fatal, and the clinical phenotype may be

either dominant or recessive depending on the precise
nature of the molecular defect.”” These findings show
how genetic analysis may reveal critical host defence
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Fig 1 Structure of the human major histocompatibility complex
(MHC) on chromosome 6, which has been fully sequenced.' Within
3.6 megabases there are an estimated 128 expressed genes, of
which 40% are predicted to have immune function. Red bars mark
the locations of putative immune genes, some of which are labelled
(TNF=tumour necrosis factor, LT=lymphotoxin, HSP=heat shock
protein, G2 and C4=complement genes, TAP=antigen peptide
transporter)
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Table 2 Examples of candidate gene associations with common infectious diseases™

Infection Candidate gene region Main function of protein encoded Selected references
HIV and AIDS CCRS, CCR2 Ch(?mokme recep.tor Carrington et al,”” Martin et al'®
HLA class | Antigen presentation
Hepatitis B HLA class Il Antigen presentation Thursz et al”®
Meningococcal disease €510 C9 Terminal compllemlent patfviay Hibberd et al'®
MBL Opsonisation
HLA-DR Antigen presentation
Tuberculosis NRAMP1 Divalent cation transporter Singh et al,“ Bellamy et al”
VDR Vitamin D receptor
Leprosy HLA class Il A_ntigen presentation. Todd et al® Roy et al®
TNF Pro-inflammatory cytokine
DARC Chemokine receptor
o and B globin Haemoglobin subunits Hill et al," Knight et al,'® Miller et al,”*
Malaria G6PD Carbohydrate metabolism Tournarnille et al.” Flint et al”
HLA class | and Il Antigen presentation Ruwende et al
TNF Pro-inflammatory cytokine
Leishmaniasis TNF Pro-inflammatory cytokine Cabrera et al”’

*Gene regions in which allelic variants have been associated with increased or decreased susceptibility to infectious disease. Variant allele is often common in the
population (such as above 10%), but alteration in disease risk is relatively modest (twofold to fourfold). These examples probably represent a small minority of the

total number of genetic factors involved.

mechanisms against specific pathogens, which may
ultimately lead to new approaches to disease
prevention.

Complex genetic determinants of
susceptibility to infection

The classic example of genetic variation in the immune
system is the major histocompatibility complex (MHC)
on chromosome 6. This includes the highly polymor-
phic human leucocyte antigen (HLA) genes, best
known to clinicians in the context of organ transplan-
tation and autoimmune disease but increasingly recog-
nised as a correlate of susceptibility to various
infections including malaria," tuberculosis,” HIV
infection,” and hepatitis B.” The functional role of
HLA is to present antigens to the immune system, and
the extraordinary genetic diversity of HLA is
postulated to have arisen as a host strategy to counter
antigenic diversity in infectious organisms. HLA genes
are located alongside a remarkably large number of
other genes that are either known or predicted to have
immunological functions (fig 1)." These include genes
for tumour necrosis factor, a key mediator of fever and
the inflammatory response to infection, and for various
complement and heat shock proteins.

A high degree of linkage disequilibrium is
observed across the MHC, meaning that allelic
variation in one gene tends to be strongly correlated
with that in a neighbouring gene. So, although
different genes within the MHC may independently
determine susceptibility to infection (and in malaria
there is strong evidence for this"), it is also clear that a
disease association observed with one gene may simply
reflect what is going on in a neighbouring gene.
Detailed mapping studies are required to distinguish
polymorphisms that cause disease from those of linked
genetic markers.

Congregations of immune genes outside the MHC
include a dense cluster of cytokine genes in a segment
of chromosome 5 that shows genetic linkage with sus-
ceptibility to schistosomiasis and asthma.”'” The
candidate gene approach, in which investigators first
pick on a gene of interest and then search for
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polymorphisms to screen in their study population,
has uncovered a growing number of intriguing
associations (table 2) but in most cases further work is
required to ascertain their functional importance.
Knowledge of the functional basis of a genetic
association may be highly revealing about basic disease
mechanisms: a beautiful example is the relation
between the Duffy blood group antigen and suscepti-
bility to Plasmodium vivax malaria (fig 2).

Large epidemiological surveys are needed to
examine the complex interactions that may be involved
in susceptibility to common infections—for example, to
what extent do genetic factors influence the likelihood
that a smoker will develop chronic bronchitis? In addi-
tion microbes themselves possess a huge amount of
genetic diversity. Some argue that the most successful
microbes are those that have co-evolved with their host
to enable asymptomatic chronic infection and that
virulent pathogens which cause severe pathology are

Blood group: Blood group:
Duffy positive Duffy negative
P vivax can invade only DARC —>
erythrocytes on which P vivax
DARC is expressed Erythrocyte—=
Transcription factor
GATA-1 activates GATA-1 .

DARC gene. GATA-1
binding site is mutated in
Duffy negative individuals

)

Erythrocyte
Leucocyte

GATA-1 binding is @
essential for DARC gene Q

activation in erythrocytes

but not in leucocytes

Fig 2 The malaria parasite Plasmodium vivax invades human
erythrocytes by binding to Duffy antigen/chemokine receptor (DARC)
expressed on the erythrocyte surface. Many west Africans have a
single nucleotide polymorphism in the DARC promoter region that
prevents binding of the erythroid transcription factor GATA-1, thus
suppressing DARC expression in erythrocytes but not other cell
types. This confers complete protection against infection with P vivax
but not against other species of malaria parasite, which invade
erythrocytes through different receptors®
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often an evolutionary accident. The availability of data
on genomic sequences for HIV, Mycobacterium tubercu-
losis, Neisseria meningitides, Plasmodium falciparum, and
other important human pathogens will make it much
easier to  address these complex issues
(www.ncbinlm.nih.gov/).

Genetic epidemiological approaches

The classic tool of molecular genetics is linkage analy-
sis, in which highly polymorphic markers distributed
throughout the genome are used to identify chromo-
somal regions that segregate with disease susceptibility
within families. This is the preferred method for identi-
fying genes that exert a major effect on disease suscep-
tibility, but it is less likely to be successful if disease
susceptibility is determined by several genetic determi-
nants with small individual effects. With most
infectious diseases, a more practicable approach is to
analyse genetic association by comparing allele
frequencies in diseased individuals with those of
controls recruited from exactly the same ethnic group.
Because of the difficulty of ensuring exact ethnic
matching, an alternative is to study intrafamilial associ-
ation, in which the distribution of genotypes among
index cases is compared with that predicted from the
parental genotypes.” As the number of polymor-
phisms grows, sample size requirements also escalate,
since a P value of 0.05 may be of little significance if this
is for only one of 100 polymorphisms that are being
assessed in a study. With a long term prospect of
screening diseases for association with polymorphic
markers in every known human gene, sample sizes in
the order of 2000 will be required to validate genetic
associations that give a doubling or a halving of relative
risk.”

Discovering a genetic association is not the end of
the story. Every polymorphism shows a greater or
lesser degree of association with neighbouring
polymorphisms (linkage disequilibrium). So when we
find a disease association with a polymorphism in gene
X, the next step is to search for other polymorphisms
in the region of X and then to compare the strength of
disease association with different combinations of
linked polymorphisms (known as haplotypes) in order
to dissect the causative polymorphism from linked
markers that are functionally irrelevant. If gene X is just
one of several environmental and genetic factors that
determine disease susceptibility then the process of
fine mapping may be extremely complex (thus, it is
much more difficult for diabetes than for cystic
fibrosis), and this is the area where the most questions
remain about the feasibility of the new genetic
approach to the analysis of common human diseases.

What will be the clinical dividends?

The human genome project has generated huge
expectations, but it will take decades for the full clinical
implications to be revealed. With this caveat in mind,
what are the potential benefits for the management
and prevention of infectious disease?

For severe immunodeficiency syndromes, increas-
ingly detailed understanding of underlying genetic
causes will improve diagnostic screening and genetic
counselling and will spawn new treatment strategies

including gene therapy. Information about more subtle
genetic risk factors for common diseases may be valu-
able in prescribing appropriate antimicrobial drugs or
deciding which patients are most likely to benefit from
a vaccine, and life threatening infections such as septic
shock may be managed more effectively if genetic risk
factors and prognostic predictors can be identified on
admission. But the most important advances in the
long term will be at the level of the population rather
than at that of the individual patient. Genetic epidemi-
ology provides a potentially powerful way of identify-
ing the critical molecular events required for an
infectious agent to invade a human host, and for the
host to eradicate or succumb to the infection. This
information is likely to revolutionise drug and vaccine
development, a point that has already been recognised
by many of the major pharmaceutical agencies
(http://genetics.glaxowellcome.com/genetics.asp).

Humans evolved in a hostile microbial environ-
ment, and natural selection by infectious disease may
be one of the major causes of human genetic diversity,
particularly in the immune system. The high frequency
of the sickle haemoglobin gene in west Africa, which
has arisen because of its protective effect against
malaria and despite the lethal nature of the
homozygous state, gives some idea of the strength of
genetic selection that may be involved. It is possible
that some Western ailments such as atopy and autoim-
mune disease are a legacy of the evolutionary impact
of infectious disease, with immune gene variants
selected for protection against parasites and other
infectious pathogens having deleterious effects in an
increasingly hygienic environment. A deeper under-
standing of the genetic factors that determine suscepti-
bility to infection may ultimately provide clues to the
prevention of a much wider range of common
diseases.
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Lesson of the week

Cholesterol emboli syndrome

Peter ] Dupont, Liz Lightstone, Elaine ] Clutterbuck, Gillian Gaskin, Charles D Pusey, Terry Cook,

Anthony N Warrens

Cholesterol embolisation is a common complication of
arteriography, vascular surgery, thrombolysis, and anti-
coagulation in elderly patients, but the diagnosis is
often not considered. We present three cases of choles-
terol embolism seen at our renal unit over a six month
period. The initial presentation in each case was acute
renal failure.

Case reports

Case 1

A 75 year old Indian Asian man presented to his local
hospital with unstable angina where he received
conventional treatment with intravenous nitrates and
heparin. His pain subsided but he subsequently devel-
oped recurrent episodes of “flash” pulmonary oedema
and recalcitrant hypertension. These were accompa-
nied by an inexorable decline in renal function over
four weeks until eventually he became dependent on
dialysis.

Severe hypertension and signs of peripheral vascu-
lar disease were found on physical examination, but
there were no audible renal bruits. Non-blanching pur-
puric lesions suggestive of embolisation were noted on
his toes. Blood tests showed a marked peripheral blood
eosinophilia of 0.59 x 10°/1 (normal range <0.40) and
a C3 complement component just below the lower
limit of normal, at 0.59 g/1 (normal range 0.6-1.6). An
angiogram performed using spiral computed tomog-
raphy showed an atheromatous aorta but no evidence
of renal artery stenosis. A percutaneous renal biopsy
showed clefts in the lumen of intrarenal arterioles, con-
firming a diagnosis of cholesterol embolism.

The patient later underwent coronary angioplasty
for treatment of intractable angina. He died within 72
hours after massive gastrointestinal bleeding, probably
the result of fresh cholesterol embolisation.
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Case 2

A 62 year old man with a history of hypertension and
ischaemic heart disease was referred with acute renal
failure. He had initially been admitted with unstable
angina and underwent coronary angiography, which
showed three vessel disease. His initial serum
creatinine concentration was 150 pmol/l, but it
increased over the next four weeks to 186 pmol/l. He
subsequently underwent coronary artery bypass graft-
ing. Postoperatively his renal function declined gradu-
ally until he required dialysis four months later. The
rate of his renal deterioration was unlikely to be com-
patible with either acute tubular necrosis secondary to
a perioperative insult or with contrast nephropathy. He
remains dependent on dialysis two years later.

His eosinophil count was significantly increased
(1.12x10%/1) after coronary angiography, which per-
sisted for several months. Serum concentrations of
complement were within normal range. Renal biopsy
showed arteriolar luminal “clefts” consistent with
cholesterol embolisation.

Case 3

A 52 year old hypertensive man developed acute renal
failure after surgery to repair an infrarenal abdominal
aortic aneurysm. His renal function had been normal
preoperatively. Postoperatively he had an aortic bleed
requiring repeat laparotomy. He subsequently devel-
oped adult respiratory distress syndrome and acute
renal failure.

We noted features of peripheral emboli in the toes,
and his eosinophil count was increased (4.18x10°/1).
Complement concentrations were within the normal
range. A renal biopsy showed features of both acute
tubular necrosis and cholesterol crystal embolisation.

Renal function improved initially, probably second-
ary to tubular recovery, and he became independent of
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