
Chapter 3
The Genetics of Sepsis: The Promise, 
the Progress and the Pitfalls

Grant W. Waterer

3.1 Introduction

Physicians are used to taking a family history of cardiovascular disease because of 
the known significant hereditary risk; yet the familial risk of dying from infection 
is even greater than that for atherosclerotic disease (Sorensen et al. 1988). There is 
certainly no doubt that genetic differences impact on the risk of developing or dying 
from infection. Obvious but rare examples include selective immunoglobulin defi-
ciencies, complement deficiencies, and neutrophil function abnormalities. Genetic 
factors may also be protective, such as with sickle cell trait and malaria or muta-
tions conferring resistance to human immunodeficiency virus infection.

Much more subtle differences in immune responses are now being described, 
usually as the result of one or more single nucleotide polymorphisms (SNP) in a 
gene. Rather than causing the failure of production of a protein or the production 
of a nonfunctional protein, SNPs are usually associated with changes in the rate of 
transcription, producing a much less severe phenotype than the classical examples 
of genetic defects mentioned above. It is now being appreciated that for many com-
plex diseases, such as sepsis, the ultimate phenotype is the result of the interaction 
of genetic differences across many loci, not the dominant effect of a few key 
mutations.

As seen in Fig. 3.1, since the mid 1990s, an increasing body of literature has 
focused on the role that gene polymorphisms in key inflammatory genes play in 
sepsis. Indeed, with advances in knowledge of the human genome, greater under-
standing of the inflammatory response, and the development of high throughput 
genotyping technologies, so many genetic associations have been described that 
discussion of each one is well beyond the scope of this chapter. I will however sum-
marize those findings that have been reported by multiple groups, as well as give 
an overview of the major groups of genes that have been implicated in genetic pre-
disposition to sepsis and its adverse outcomes.

Despite all this apparent growth in knowledge over the past decade however, to 
date not one new intervention has been developed as a result of all the genetic studies.
As I will discuss, significant limitations in research methodology in published studies 
combined with the fact that sepsis is not a single disease make it unlikely that we 
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will see any hope for new interventions in the near future. If we are to truly advance 
our understanding of sepsis and develop new therapeutic strategies, a substantial 
change in our current thinking will be required.

3.2 Basic Genetic Terminology

Some basic knowledge of genetic terminology is essential to decipher the sepsis-
genetics literature and indeed many apparent contradictions have arisen due to 
terminology errors. A variety of mutations can occur in DNA, some of which leading
to the change in function or production of a gene product. The simplest change is 
the substitution of one nucleotide for another, a SNP. A number of other mutations 
occur including the deletion or insertion of one or more nucleotides, including the 
insertion of multiple repeating sequences, sometimes called a microsatellite.

A region of DNA coding for a protein product is called an exon. Introns are the 
noncoding regions of DNA separating exons. Most genes consist of several exons 
and introns. The rate at which genes are transcribed is controlled by a variety of 
nuclear proteins that bind to different areas of DNA in the 5′ (upstream) region 
from the first exon. The segment of DNA controlling the regulation of transcription 
of a gene is also known as the promoter region.

When mutations occur in an exon they may lead to a change in the protein struc-
ture of the gene product (nonsynonymous mutation) or they may leave the protein 
product unchanged (synonymous mutation). When the change occurs in a promoter 
region, this may alter the binding of a transcription-activating or -suppressing factor, 
altering the rate of transcription of the gene. Although introns have been considered 
to be “junk DNA” and therefore mutations are likely to be of little biological 
importance, it is now appreciated that polymorphisms within introns can affect 
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gene regulation, particularly when they are at the intron–exon boundary (Rohrer 
and Conely 1998; Meloni et al. 1998; Webb et al. 2003; Lenasi et al. 2006).

Most of the confusion in genetic studies is around the labeling of SNPs. Initially 
SNPs were assayed by amplifying up the region of DNA with the mutation by 
polymerase chain reaction and then using an enzyme that cut the DNA based on 
whether the polymorphism was present or not. Early in the genetic literature it is 
therefore common to see SNPs referred to by the gene and the enzyme used, for 
example, the tumor necrosis factor (TNF) NcoI polymorphism (subsequently 
known as TNF-308).

As it rapidly became apparent that there were often multiple sites within a gene 
that could be cleaved by the same enzyme, this nomenclature was abandoned in 
favor of using the nucleotide position relative to the start of the transcription site for 
the gene (e.g., TNF-308, TNF-238, TNF+1850, etc). This nomenclature dominated 
the literature for nearly a decade as it is intuitively easy to understand and the 
number system gives an idea of what the functional significance of the polymor-
phism is likely to be (e.g., a negative value places it most likely in the promoter 
region, a positive value in an intron or an exon). When a mutation resulted in an 
amino acid change in the protein, an alternative nomenclature was often substituted 
to reflect this (e.g., Toll-like receptor 4 (TLR4) Thr399Ile indicates that an isoleu-
cine is substituted for a threonine at amino acid position 399).

Unfortunately, differences in calculation of the transcription start site for genes led 
to increasing confusion – for example, the lymphotoxin alpha (LTA, formally known 
as tumor necrosis factor beta) polymorphism, reported by Stuber and colleagues 
(1996) as a risk factor for sepsis, was variably reported as LTA+249, LTA+250, 
LTA+251, and LTA+252. With hundreds of thousands if not millions of polymor-
phisms now described, the accepted practice for indicating the exact polymorphism 
being described is currently the reference sequence number (rs#) on the National 
Institutes of Health database (e.g., the TNF NcoI or -308 polymorphism is officially 
rs1800629). While all publications should reference the rs#, it is likely that older 
terminology will continue to be used for sometime until it is more familiar.

A final problem with nomenclature that needs to be discussed is the labeling of 
individual alleles. There was a convention commonly seen in early genetics literature 
that the most common allele in the population studies was referred to as allele 1 
(or A), the second most common allele 2 (or B), and so on (i.e., TNF-308 allele 1). As 
allele frequencies can vary significantly between populations, this has the potential to 
lead to considerable confusion and they should instead be referred to by the nucle-
otide carriage (e.g., TNF-308 A or TNF-308 G) or the number of nucleotide repeats.

3.3  Studies of Genetic Influence on the Inflammatory Response

Genetic polymorphisms with potential influences on the inflammatory response have 
been identified in a variety of antigen recognition, pro- and anti-inflammatory cytokines. 
All of these polymorphisms are candidates for studies in genetic  influences on sepsis 
and its outcomes, and Table 3.1 summarizes studies that have been published.
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As there is substantial overlap between the functions of many cytokines, and 
frequently multiple antagonists for any given agonist, there is a significant ability to 
compensate for a certain amount of divergence in production of individual cytokines. 
Therefore, for a single mutation to influence the outcome of an inflammatory 
response, it must markedly alter the production or function of a critical inflammatory 
protein. While possible, the more likely scenario already discussed is the inheritance 
of multiple mutations in multiple proteins, each leading to small changes in produc-
tion or function, interacting to lead to a net serious deleterious effect.

While a complete review of all polymorphisms described within the immune 
response genes is well beyond the scope of this chapter, the following section will 
discuss some of the key findings in various components of the immune response.

3.3.1 Pattern Recognition Molecules

Once the microorganism reaches the lower respiratory tract, organization of the 
innate immune system allows recognition of molecular patterns that are not found 
in humans. These so-called pattern recognition molecules (PRMs) can then initiate 
opsonization and lysis of microorganisms, enhance clearance by alveolar macro-
phages and neutrophils, as well as initiate an antibody response.

3.3.1.1 Collectins

Collectins are a family of PRMs that include surfactant proteins A and D and man-
nose-binding lectin (MBL), with a large degree of sequence homology present 
between the three compounds. MBL is the plasma form and has independent ability 
to activate the complement system. Conservation of MBL in various species sug-
gests that it plays an important role in innate immunity. Several mutations in the 
gene itself or in the promoter region can lead to little or no serum MBL. MBL poly-
morphisms were found to be a risk factor for severe sepsis in adults (Garred et al. 
2003), and the incidence of homozygous variant alleles in the introns was twice as 
common in patients with invasive pneumococcal disease in one study (Roy et al. 
2002) but not in other studies (Kronborg et al. 2002). Some of the conflicting 
reports may be due to looking at only a limited number of polymorphisms instead 
of all variants or because of the significant variability in frequency of the variant 
alleles in different racial/ethnic groups.

3.3.1.2 Toll-Like Receptors (TLRs)

Another class of PRMs is the toll-like receptors (TLRs), human transmembrane 
signaling proteins equivalent to the Drosophila toll molecule found to be important 
in immunity against bacteria and fungi. Ten TLRs have been identified in humans, 
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each with different affinities for antigens of different microorganisms (Beutler 
2002). Most of the initial clinical research has focused on genetic variants of TLR4 
essential for recognition of LPS. Variants in the TLR4 gene appear to increase the 
risk of serious gram-negative infections and sepsis (Lorenz et al. 2002). TLR4 is 
however unlikely to play an important role in gram-positive sepsis as TLR2 is more 
specific for recognition of peptidoglycans from gram-positive bacteria. Rare TLR2 
polymorphisms have been described as increasing the risk of gram-positive infec-
tions (Sutherland et al. 2005b) and a TLR5 mutation has been associated with an 
increased risk of legionella infection (Hawn et al. 2003).

3.3.1.3 Other Endotoxin Recognition Molecules

Other key components of endotoxin recognition and signaling that have been stud-
ied as potential genetic risk factors for sepsis other than TLR4 include CD14, 
Myeloid differentiation protein-2 (MD-2), and lippopollysaccharide binding pro-
tein (LBP). The results for LBP gene mutations have been far from conclusive with 
conflicting reports (Hubacek et al. 2001; Barber and O’Keefe 2003). In contrast, studies 
of CD14 polymorphism have produced more consistent findings. A relatively common 
CD14 mutation is associated with higher soluble CD14 levels and an increased risk of 
septic shock (71% vs. 48%, p = 0.008) (Gibot et al. 2002). The same polymorphism 
is also associated with greater TNF production after endotoxin stimulation of periph-
eral blood mononuclear cells in healthy adults (Temple et al. 2003a). Mutations in MD2 
have also been linked with an increased risk of sepsis (Gu et al. 2007).

3.3.1.4 Immunoglobulin Receptors

Genetic variation in adaptive immunity may also play a role in sepsis. A variant in the 
CD32 (FcγRII) subclass is associated with decreased binding of the IgG2 subclass 
(Yuan et al. 2003). Patients homozygous for the FcγRIIa-R131 allele were more com-
mon in patients with bacteremic pneumococcal pneumonia, nonbacteremic pneumonia, 
or healthy controls (Yee et al. 1997). This association has been confirmed in a 
separate case–control study (Yuan et al. 2003). Patients with the FcγRIIa-R131 allele 
also appear to be more susceptible to meningococcal meningitis, as well as more 
susceptible to severe complications such as septic shock (van der Pol et al. 2001).

3.3.2 Inflammatory/Anti-inflammatory Response

3.3.2.1 Tumor Necrosis Factor (TNF)

Tumor necrosis factor (TNF) is critical to the immune response to infection (Beutler 
and Grau 1993), and a key driver to the development of septic shock (Bochud and 
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Calandra 2003). The TNF gene is also highly polymorphic, leading to a large array 
of association studies in literally hundreds of different diseases. Complicating matters 
further, TNF is in the immunology-gene rich area of chromosome 6 (Fig. 3.2).

The TNF-308 polymorphism is by far the most comprehensively studied genetic 
variation in immune response that has been reported. Carriers of the A allele (G is the 
more common nucleotide in all populations studied) has been associated with an 
increased risk of death from a variety of infectious diseases, including septic shock 
(Azim et al. 2007; Calvano et al. 2003; Cirpriano et al. 2005; Nakada et al. 2005; 
Schueller et al. 2006; Mira et al. 1999; O’Keefe et al. 2002). However, other investi-
gators have not found a significant association between the TNF-308 A allele and 
death from or risk of sepsis (Stuber et al. 1995; Waterer et al. 2001). The TNF-308 
polymorphism is in significant linkage disequilibrium with multiple other polymor-
phic sites within TNF itself and in the wider MHC region. This extensive linkage 
disequilibrium may not only explain the disparate findings between studies, but also 
why after over a decade of research, there is no agreement on whether or not the dif-
ferent TNF-308 alleles result in differential production of TNF (Bayley et al. 2004).

3.3.2.2 Lymphotoxin Alpha (LTA)

Adenine homozygosity of LTA+252, a G to A transition in the first intron of LTA, 
has been associated with increased TNF production and was one of the first genetic 
factors identified as a potential risk factor for death from septic shock (Stuber et al. 
1996; Majetschak et al. 1999). The same genotype has also been associated with an 
increased risk of septic shock in patients with pneumonia (Waterer et al. 2001). In 
the latter study, it was interesting that respiratory failure correlated with the GG 
genotype (Waterer et al. 2001), the opposite of the association for shock. However, 
given LTA+252 is located in an intron, the association with variable TNF produc-
tion is most likely due to linkage disequilibrium with other variant alleles in the 
TNF, LTA, or other nearby genes.

TNF LTA

IKBL
BAT1

HLA AHLA C

HLA B

LTB
HSP70-1

HSP70-Hom

HSP70-2

DP DQ DR

C2

Bf

C4A

C4B

RAGE

HOX12

TAP2
TAP1

LMP2
LMP7

LST-1

CKIIβ

Fig. 3.2 The immunologically rich MHC region containing TNF
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3.3.2.3 Interleukin – 1 (IL-1) Family

The IL-1 gene family includes the potent inflammatory agonists IL-1α and IL-1β,
and the IL-1 receptor antagonist (IL-1RN), adjacent to each other on the same 
chromosome and therefore there is marked linkage disequilibrium between poly-
morphisms within the three genes. Two SNPs, the IL-1β+3953 and −511, which 
have both been suggested to influence levels of IL-1β (Pociot et al. 1992), were 
associated with increased risk of death from meningococcal infection in one cohort 
study (Read et al. 2000) but not with susceptibility to or outcome from septic shock 
(Fang et al. 1999). In contrast, variants of the IL-1RN gene have been demonstrated 
to have an excess mortality in septic patients in three sepsis studies in different 
ethnic groups (Fang et al. 1999; Arnalich et al. 2002; Ma et al. 2002; Turner et al. 
1997), although these studies did not assess potential coinherited polymorphisms in 
IL-1α and IL-1β making it difficult to be sure the associations observed were 
attributable to the IL-1-RN variants.

3.3.2.4 Interleukin 10 (IL-10)

IL-10 is another highly polymorphic gene. Three promoter polymorphisms (-1082/-
819/-592) have been extensively studied and different -819/-592 haplotypes 
 associated with variable IL-10 production (Turner et al. 1997). The effect of the 
IL-10 haplotype however appears to be pathogen-dependent, with a significantly 
 different genotype–phenotype relationship observed depending on whether the 
stimulus is gram-positive or gram-negative (Temple et al. 2003b).

Several case–control studies have suggested that carriage of the IL-10 -1082 G 
allele is a significant risk factor for adverse outcome in patients with pneumonia 
(Gallagher et al. 2003; Schaaf et al. 2003). Case–control studies also suggest that 
the IL-10-1082 G allele is a risk factor for death from septic shock (Stanilolva et al. 
2006), and a risk factor for multiorgan dysfunction after major trauma (Schroder 
et al. 2004).

3.3.2.5 Heat Shock Protein

While intracellular heat shock proteins (HSPs) principally play a cytoprotective 
role, extracellular HSP70 can induce a proinflammatory response through TLR2 
and TLR4 via a CD14-dependent mechanism. As shown in Fig. 3.2, the HSP-70 
locus is also close to the TNF and LTA loci. A significant association between the 
A allele of HSPA1B+1267 and septic shock has been demonstrated in an extension 
of the pneumonia study mentioned above (Waterer et al. 2003), which was even 
stronger than that of the LTA+252. This stronger association, combined with functional
studies showing that the HSP-A1B polymorphism was associated with variable 
HSP-70 production and TNF production (Temple et al. 2004) strongly suggests that 
this is the “real” cause of the associations described with LTA+252.
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3.3.3 Coagulation Pathway Proteins

An extremely large number of polymorphisms have now been described within the 
pro- and anticoagulant hemostatic pathways, many of which being suggested to 
influence coagulation. With the increase in interest in the role of coagulation in the 
outcome of severe sepsis due to the success of activated protein-C (Bernard et al. 
2001), it is not surprising that there has been an increase in interest in genetic dif-
ferences in coagulation pathways and the risk of sepsis.

An insertion/deletion polymorphism in plasminogen activation inhibitor (PAI)-1 
is associated with variation in serum PAI-1 levels (Ye et al. 1995) and has been 
suggested as a significant risk factor for mortality in children with meningococcal 
disease (Binder et al. 2007; Geishofer et al. 2005; Haralambous et al. 2003). One 
study in adults also suggests that the same polymorphism is a risk factor for death 
from septic shock in caucasians (Garcia-Segarra et al. 2007; Hermans et al. 1999).

3.4 Problems with Genetic Studies in Sepsis

What explains the diversity of findings in studies of genetic influence on sepsis? 
There is no doubt that simple genotyping error, particularly before the advent of 
highly automated platforms, is a significant source of error in polymorphism studies 
(Clark and Baudouin 2006; Sutherland and Russell 2005; Peters et al. 2003). 
As early studies typically contained less than 100 subjects, even a few genotyping 
errors, particularly with rare genotypes, can have a dramatic impact on statistical 
significance. It is important that all genetic studies perform and report adequate 
quality control measures to ensure genotyping is accurate.

The problems of linkage disequilibrium have been mentioned several times. As 
the human genome is so highly polymorphic, the likelihood that any studied poly-
morphism is the “real” site of significance is low. Newer genetic methods, particu-
larly genotyping multiple nearby SNPs to determine the “length” of DNA associated 
with the clinical outcome (known as haplotype mapping) are a significant aid in 
trying to determine the key genetic area.

As already discussed with TNF-308, actually proving that a polymorphism is 
functionally significant is a very difficult task unless the polymorphism results in a 
change in the protein structure. There are numerous examples of different groups 
claiming that a polymorphism is (or is not) functionally important based on differ-
ent stimuli, cell types, and sample timing.

Compounding the difficulty in finding associations is that even if a polymor-
phism results in a functional change in the production of a key protein, this 
could have both detrimental and beneficial effects depending on the outcome 
concerned. For example, a propensity to greater TNF may be protective in 
reducing the risk of developing infection; however, if pneumonia becomes 
established, it may predispose to a greater risk of acute respiratory distress 
syndrome or septic shock.
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Another problem limiting the development of new therapeutic strategies arising 
from genetic studies is the timing of the influence of the polymorphism. For  example, 
TNF polymorphisms may be important in the risk of septic shock; however, as the 
failed randomized controlled trials of anti-TNF antibodies demonstrated, once septic 
shock is established, modifying TNF production has no benefit. Many genetic factors 
predisposing to an initial event are likely to suffer from the same problem given that 
patients typically present well after infection has been established.

Finally, the number of polymorphisms already reported as being “important” is 
significant. Studies that address only one or two polymorphisms without studying 
previously reported polymorphisms so that the new findings can be put into a rela-
tive context do little to advance our knowledge (Waterer 2007). Unfortunately, 
given the issues with multiple testing, the sample size to sort out the relative contri-
butions of all these polymorphisms is in tens of thousands.

3.5 Summary

There is an increasing array of polymorphisms in diverse inflammatory genes that 
have been identified as candidates to explain genetic variability in susceptibility to 
septic shock and its adverse outcomes. Unfortunately, to date, the ever-expanding 
volume of publications has not led to any new therapeutic insights. The failure to 
advance to the “next step” is due in part to failings of published studies, but mostly 
because of the fact that sepsis is almost certainly the result of hundreds, if not 
 thousands, of mutations that each contribute in a small way to a very complex 
phenotype. Future studies will hopefully learn from the mistakes of the past and 
realize the enormous promise of genetic studies.
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