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T he current paradigm on sepsis
pathophysiology and manage-
ment highlights the importance
of host response and overlooks

aspects concerning the nature and charac-
teristics of the infecting pathogen. Stan-
dard sepsis definitions do not focus on the
site of infection or the causative pathogen.
Thus, sepsis is often considered as a single
entity, with little or no reference to the
causative agent or the anatomical focus on
infection (1). Clinically, the nature of the
organism is critical in that many possess
specific characteristics that have consider-
able prognostic significance. Specific viru-
lence factors influence the manifestations,
morbidity, and mortality of sepsis (1–3).
Nonetheless, availability of new molecular
techniques that allow quantitation of

genomic bacterial load raised interest on
the effects of different levels of bacterial
burden on clinical evolution and prognosis
(1, 2). Here, we will discuss why we should
assess genomic bacterial load and the ex-
pression of virulence factors in septic pa-
tients, highlighting the importance of
pathogen-specific characteristics in addi-
tion to the current paradigm of host re-
sponse on the pathophysiology, clinical
evolution, and prognosis of sepsis.

Quantitative molecular diagnosis
and sepsis etiology

The ideal microbiological testing for pa-
tients with sepsis is still a matter of debate.
Unfortunately, a specific etiological agent is
determined in the minority of septic pa-
tients, even when the best available diag-
nostic methods are used. Nucleic acid am-
plification methods have the potential to
improve the timeliness, sensitivity, and ac-
curacy of the tests used to detect respira-
tory pathogens (4, 5). Advances in real-time
amplification systems, multiplex analysis,
and liquid-bead arrays have been key to the
development of individual-pathogen and
multipathogen panel approaches to diagno-
sis of sepsis (4).

Currently, microbiological testing in
sepsis still relies on blood cultures, mi-
croscopic examination, and culture of
specimens from the suspected focus on
infection (6). By nature, microbiological
culture is a slow process. Typically, cul-
ture-based procedures detect bacterial

pathogens within 12–48 hrs, but fastidi-
ous pathogens such as yeasts can take
longer. By conventional methods, micro-
bial identification and drug susceptibility
profiles require a further testing time of
6–24 hrs after isolation. Faster identifi-
cation of microbial pathogens is achiev-
able by using mass spectrometry (7).
False-negative results do occur with
blood cultures because of low microbial
inoculum or growth inhibition by resid-
ual antibiotics in the sample. Therefore,
faster and more sensitive diagnostic tests
are needed to better target antibiotic
therapy of bacterial and fungal infections
and improve the management of patients
with sepsis.

Culture of viable pathogens from the
bloodstream seems intuitively superior to
the presence of pathogen deoxyribonu-
cleic acid (DNA) and is advocated with
high priority in guidelines for the initial
diagnostic workup for sepsis. However,
the potential of blood culture to improve
clinical decision making is hampered by a
high proportion of negative results, and
even if positive, the results are frequently
obtained too late to affect the unfavorable
outcome associated with inadequate em-
pirical antimicrobial therapy (4). Molec-
ular tools potentially offer a significant
decrease in time requirements along with
increased sensitivity compared with
blood culture.

Molecular diagnostics hold much prom-
ise for the detection of common and atyp-
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cia de Gestió d’Ajuts Universitaris I de Recerca (2009/
SGR/1226), and Fondo de Investigaciones Sanitarias
de la Seguridad Social (08/0452 and 04/1500).

The authors have no potential conflicts of interest
to disclose.

For information regarding this article, E-mail:
jrello.hj23.ics@gencat.cat

Copyright © 2010 by the Society of Critical Care
Medicine and Lippincott Williams & Wilkins

DOI: 10.1097/CCM.0b013e3181f2453a

Objective: To describe relevant pathogen-related characteris-
tics and their impact on sepsis pathogenesis and prognosis.

Data Source: Current literature regarding genomic bacterial
load and virulence factors, with an emphasis on the impact of
these factors on pathophysiology and prognosis of sepsis.

Data Extraction and Synthesis: The current paradigm on sepsis
pathophysiology and management overlooks aspects concerning
the nature and characteristics of the infecting pathogen. Our
findings suggest that evaluation of genomic bacterial load might
be useful to assess severity and predict prognosis in septic
patients; its use during treatment for monitoring clinical response

is another interesting potential application. Virulence factors
identification might help to develop pathogen-specific therapeutic
strategies for higher-risk septic patients.
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ical bacterial pathogens causing sepsis.
Analysis can be completed in hours, rather
than days, for the detection of typical
pathogens and in weeks for the detection of
atypical pathogens. This approach elimi-
nates concerns about decreased organism
viability associated with transport of speci-
mens and the effects of previous antibiotic
therapy. Real-time polymerase chain reac-
tion (PCR) panels that include the common
pathogens could substantially increase the
diagnostic yield in clinical practice (8).

Recently Bloos et al (5) reported a mul-
ticenter prospective cohort study compar-
ing PCR on blood samples to blood cultures
in 142 surgical intensive care unit patients
with severe sepsis, 54.5% of whom had mi-
crobiologically documented infection. The
same tests were performed in a control
group of 63 postoperative patients without
signs of infection. Secondary end points
included organ dysfunction scores, biolog-
ical markers of systemic inflammation, and
intensive care unit mortality. Whereas con-
trol patients showed only 4.5% positive
PCR and 3.6% positive blood culture re-
sults, septic patients displayed 34.7% posi-
tive PCR tests and 16.5% positive blood
cultures. An interesting concept derived
was that PCR-positive episodes were asso-
ciated with more severe disease, as indi-
cated by significantly greater sequential or-
gan failure assessment scores and increased
interleukin-6 levels, even in patients with
negative blood cultures. This association
suggests either that microbial DNA,
namely, a Toll-like receptor 9 ligand (9),
contributed to the initiation of systemic
inflammation in human sepsis or that a
DNA amplicon indicates a causative rather
than a colonizing or contaminating patho-
gen. This hypothesis is supported by the
very high mortality rates in patients with
fungal or polymicrobial sepsis. Bacterial
and fungal DNAs are increasingly recog-
nized as potent triggers of the host re-
sponse. Consistently, amplicons indicating
the presence of microbial DNA, even in the
absence of viable bacteria, and its load on
blood might indicate a role in the develop-
ment of multiple organ dysfunction in the
critically ill.

PCR-based pathogen DNA detection is
biologically meaningful and clinically rele-
vant in severely septic patients even in the
absence of cultivable bacteria or fungi in
blood, warranting investigation of its use-
fulness to guide antimicrobial therapy. Sev-
eral techniques are being developed that
accelerate the identification of infecting or-
ganisms detecting nucleotide sequences
specific to pathogens in blood after stan-

dard culture. It is theoretically possible to
undertake PCR-based amplification of suf-
ficient magnitude to detect low copy num-
bers of DNA sequences, thereby eliminating
the requirement for an initial period of
standard culture (10). The utility of these
techniques is currently limited by difficul-
ties in differentiating contaminants and
nonliving or degraded bacteria from clini-
cally relevant isolates (1). An additional
complicating factor is that increasing the
number of pathogens that an assay can
detect (multiplexing) almost always leads to
some compromises in the primers, probes,
and conditions that reduce the overall sen-
sitivity for each organism. This is a major
reason why multiplexed PCR assays have
generally struggled to exceed the sensitivity
of blood cultures in patients with sepsis (6,
11, 12).

The quantitative real-time PCR tech-
nique may provide a valuable diagnostic
tool allowing the rapid detection of bacte-
ria. There is no doubt about the fact that
nucleic acid amplification techniques can
overcome some of the problems associated
with culture. They do not rely on viability
of the organisms, thus making the storage
and transport of samples a less likely source
of error. Nucleic acid amplification tech-
niques also offer exquisite sensitivity and
speed, and real-time-based platforms also
allow for quantification and bacterial load
assessment (13).

Bacterial load and disease
severity

Using microbiological quantitative
load measurement is not a new concept
in clinical practice. Human immunodefi-
ciency virus type 1 ribonucleic acid quan-
tification or viral load measurements are
routinely used in the management of per-
sons infected with human immunodefi-
ciency virus type 1. Studies have shown
human immunodeficiency virus type 1

ribonucleic acid levels to be a predictor of
the time to progression to acquired im-
munodeficiency syndrome and death that
is independent of CD4 cell count (14, 15).
Viral load measurements are also useful
in determining when to initiate antiret-
roviral therapy and in monitoring the re-
sponse to such therapy. To determine
whether changes in viral load represent
clinically significant changes in viral rep-
lication, both intra-assay and biological
variation need to be considered. Following
this same rationale, bacterial load could
also be used in order to assess severity,
monitor microbiological response to ther-
apy, and evaluate prognosis in septic pa-
tients. A few studies have tried this new
approach in critically ill septic patients.

Our group investigated the relation-
ship between pneumococcal bacterial
load and clinical outcomes (16). It de-
scribed an association between a high
quantitative bacterial genomic load of
Streptococcus pneumoniae in blood sam-
ples and increased mortality (Fig. 1). It
also reveals an association between bac-
terial load and severity of disease, by the
development of septic shock or the need
for mechanical ventilation (MV). The im-
plication of these findings is that a sam-
ple obtained for bacterial load measure-
ment will provide valuable prognostic
information. Also, these findings reveal
some insight into the mechanisms that
underlie the risk factors associated with
death and shock in patients with pneu-
mococcal pneumonia. Data demonstrate
that patients with community-acquired
pneumonia with �103 copies/mL of S.
pneumoniae DNA in their blood at the
time of emergency department presenta-
tion are an easily and specifically defined
high-risk group for septic shock, the need
for MV, and death. Furthermore, the de-
tection of bacterial load was nearly twice
as sensitive as blood cultures for the de-
tection of pneumococcal bacteremia. The

Figure 1. Outcomes according to 16S category in pneumococcal pneumonia patients.
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strong correlation between clinical out-
comes and S. pneumoniae bacterial load
might modify the current paradigm of
management for patients with pneumo-
coccal community-acquired pneumonia.
Invasive pneumococcal disease is associ-
ated with a high mortality despite anti-
microbial therapy (17), and these find-
ings are consistent with those of a
smaller study (18) in children with inva-
sive pneumococcal disease. Aside from
the significant implications for therapy in
patients with pneumococcal community-
acquired pneumonia, these findings open
up new insights into the biology of sepsis.
The prevailing sepsis paradigm suggests
that the primary driver is an excessive
host inflammatory response to bacterial
pathogens (19). After these data, we
should consider that, at least in patients
with pneumococcal pneumonia, a major
determining factor for shock and organ
failure development was bacterial load in
the bloodstream. Intensity, and not only
the presence of bacteremia in patients with
pneumococcal pneumonia, is associated
with poor outcome.

Another setting where such hypothesis
was assessed was in meningococcal disease.
Previous studies, mainly involving small
pediatric samples, have demonstrated a
correlation between bacterial load and
death (20–22). Brandtzaeg et al (22) re-
vealed a clear relationship between lipo-
polysaccharide concentrations in blood and
cerebral spinal fluid specimens and the se-
verity of meningococcal septicemia and
meningitis and also with levels of plasma
proinflammatory markers, such as tumor
necrosis factor and interleukin-1. It can be
suggested that a primary determinant for
septic injury in patients with meningococ-
cal disease is failure of the hosts’ innate
immunity to limit bacterial replication in
sterile sites.

Among patients who survive, a high
bacterial load was associated with loss of
limbs, digits, or skin/soft tissue; with re-
nal failure requiring hemodialysis; and
with prolonged hospitalization. It also re-
veals that the influence of host factors
(e.g., age and interleukin-1 genotype) on
mortality is independent of an effect upon
the intensity of bacteremia (23). In pa-
tients with meningococcemia, the prolif-
eration of bacteria correlates with the
production of lipopolysaccharide (22, 24),
complement activation (25, 26), and cy-
tokine or chemokine disruption, all of
which affect the severity of disease and
the likely clinical outcome (23, 27).

The observation that bacterial load
measurements are unaffected by delay in
sample submission or by the administra-
tion of antibiotics before hospital admis-
sion is relevant to the interpreting clini-
cian. The implication of these findings is
that a sample obtained for bacterial load
measurement will provide valuable prog-
nostic information. It also reveals some
insight into mechanisms that underlie
risk factors associated with death in pa-
tients with meningococcal disease (23).

The magnitude of bacteremia, as based
on quantitative blood cultures, relates to
the severity of S. pneumoniae infection
(28). A high bacterial count in blood of
children with bacteremia is associated
with an increased risk of the development
of more serious disease (29). Also, a
shorter time to positivity of blood cul-
tures, supposedly reflecting a higher ini-
tial bacterial load, is associated with a
higher severity of disease (30). This rela-
tion between bacterial concentration and
the severity of disease may also hold true
for the level of S. pneumoniae DNA in
blood.

Introduction of the genomic bacterial
load enables clinical prediction of S.
pneumoniae infection and helps to pro-
duce insight in the clinical interpretation
of a positive DNAemia. Peters et al (31)
described that 77% of patients with bac-
teremia had S. pneumoniae DNA de-
tected from whole-blood samples. They
also described a relationship between
genomic bacterial load and several clini-
cal and laboratory markers of the severity
of disease: systemic inflammatory re-
sponse syndrome and mental status alter-
ation on admission and the level of C-re-
active protein. Also, genomic bacterial
load tended to be higher in patients with
invasive disease and in those with a pneu-
monia severity index class higher than
two. This confirms earlier findings in
which higher S. pneumoniae genomic bac-
terial load was reported in children with
meningitis compared with those with
pneumonia, and in nonsurvivors vs. survi-
vors (32).

This suggests that monitoring of the
course of genomic bacterial load during
treatment is another interesting potential
application (33, 34). Like CRP, the course
of genomic bacterial load might be indic-
ative of response to treatment or the de-
velopment of complicated disease (35).
Important determinants for the potential
application and clinical utility of genomic
bacterial load will be the performance
and turnaround time of the assay, logis-

tics, organization of the laboratory ser-
vices, and costs. These might represent
important limitations on the applicability
of such strategy on clinical practice.

An additional consideration opened up
by our new understanding of the relation-
ship between bacterial load and outcome
is the possibility that antibiotic therapy
itself may be responsible for the onset of
severe sepsis. In patients with high bac-
terial loads, it is quite possible that rapid
bacterial lysis from �-lactam antibiotics
could initiate a massive antigen release
and subsequent overwhelming inflamma-
tory response. This may explain the well-
recognized clinical phenomenon of pa-
tients developing shock some hours after
presentation to hospital despite appropri-
ate antibiotic therapy. If the hypothesis of
antigen release due to bacterial lysis is
proven to be true, and there is substantive
evidence of antibiotics causing increases in
the release of key sepsis-inducing cytokines
such as tumor necrosis factor (36, 37), then
our entire treatment strategy may need to
be changed based on assessment of bacte-
rial load. However, such strategies should
be assessed prospectively and better evi-
dence provided before changing clinical
practice.

Importance of virulence factors

Bacterial virulence factors enable a
host to replicate and disseminate within a
host in part by subverting or eluding host
defenses. The use of genomic techniques
has led to the identification of new viru-
lence factors that may serve as targets for
new therapies (1, 38).

It is both timely and appropriate to
refocus attention on targeting the bacte-
ria. Although we now have potent molec-
ular tools for identifying novel virulence
determinants, they must be evaluated by
complementary in vitro and in vivo studies
and supported by relevant clinical observa-
tions to assess the appropriate impact on
therapy. Identification of such virulence
factors could help to develop specific ther-
apeutic strategies for higher-risk septic pa-
tients (1, 2, 38). We here discuss specific
virulence factors expressed by S. pneu-
moniae, Staphylococcus aureus, and
Pseudomonas aeruginosa.

S. pneumoniae

It has been demonstrated that numer-
ous protein virulence factors are involved
in the pathogenesis of pneumococcal dis-
ease. An important related finding from
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experimental animal models is that non-
capsulated strains of pneumococci are
protective against capsulated ones (39).
Hence, new vaccine designs are focused
on the surface proteins (e.g., PspA and
PspC) and on the cytolysin, pneumolysin.
Some antibiotics, especially macrolides,
have demonstrated in vitro effects inhib-
iting the action of some virulence factors
such as pneumolysin (40). This finding
allows some insights regarding the use-
fulness of such drugs in septic patients,
in particular those with community-
acquired pneumonia.

The polysaccharide capsule has been
considered the primary virulence factor
of S. pneumoniae and is a major deter-
minant in antibody accessibility to sur-
face antigens. The pneumococcal capsule
has a modular structure that facilitates
the exchange of specific genes between
serotypes. Depending on the site of infec-
tion, the combination of capsule type and
genetic background is important in de-
termining virulence (39). The pneumo-
coccal intrastrain phenotypic variants
(opaque and transparent) are evident in
colonies growing in solid transparent me-
dia, such as trypticase soy agar, and are
associated with both virulence and cap-
sule expression. The transparent pheno-
type has less capsular polysaccharide,
which exposes adhesive molecules;
hence, the pathogen is able to bind
closely to epithelial cells. In addition to
the capsule, interactions between bacte-
ria and host involve extracellular and in-
tracellular virulence factors that are ex-
pressed by the pneumococci (39).
Current research is focused on develop-
ing vaccines based on protein antigens
common to all pneumococcal types. PspA
displays high-quality protection in ani-
mal models (39, 41, 42) and is immuno-
genic in humans (43). This protein has a
high polymorphism attributable to im-
munologic selection because it is readily
accessible to antibodies. In contrast,
pneumolysin is a highly conserved anti-
gen capable of stimulating protective im-
munity and is an excellent vaccine candi-
date (38, 44).

S. aureus

The armamentarium of virulence fac-
tors of S. aureus is extensive, with both
structural and secreted products playing
a role in the pathogenesis of infection
(45). Two noteworthy features of staphy-
lococci are that a virulence factor may
have several functions in pathogenesis

and that multiple virulence factors may
perform the same function. In establish-
ing an infection, S. aureus has numerous
surface proteins, called microbial surface
components recognizing adhesive matrix
molecules (MSCRAMMs), that mediate
adherence to host tissues. It appears to
play a key role in initiation of endovascu-
lar infections, bone and joint infections,
and prosthetic device infections (45). Dif-
ferent S. aureus strains may have differ-
ent constellations of surface components
and so may be predisposed to causing
certain kinds of infections. S. aureus can
form biofilms on host and prosthetic sur-
faces, enabling it to persist by evading
host defenses and antimicrobials (46).
The ability to form and reside in biofilms
is one reason why prosthetic device infec-
tions, for example, can be so difficult to
eradicate without removal of the device.
S. aureus is also able to form small col-
ony variants, which may contribute to
persistent and recurrent infection. S. au-
reus has many other characteristics that
help it evade the host immune system
during an infection. Its main defense is
the production of an antiphagocytic mi-
crocapsule (most clinical isolates produce
type 5 or 8) (45). During infection, S.
aureus produces numerous enzymes,
such as proteases, lipases, and elastases,
which enable it to invade and destroy
host tissues and metastasize to other
sites. Unlike the structural components
noted earlier, these antigens can produce
a sepsis-like syndrome by initiating a “cy-
tokine storm.” Some strains also produce
epidermolysins or exfoliative toxins capa-
ble of causing scalded skin syndrome or
bullous impetigo (47). Different strains
may contain different adhesins or toxins
or may differ in their ability to produce
biofilms and resist phagocytosis. The dis-
tribution of some virulence factors is re-
lated to clonal type, whereas the presence
of others is unrelated to genetic back-
ground (48). In this regard, it is impor-
tant to note that there is limited infor-
mation on the expression of these genes
during infection.

There is a strong epidemiologic asso-
ciation between Panton-Valentine leuko-
cydin (PVL) and the emergence of com-
munity-acquired methicillin-resistant S.
aureus infections (45). PVL is uncom-
monly found in methicillin-sensitive S.
aureus and hospital-acquired methicillin-
resistant S. aureus isolates. This may
cause cells such as neutrophils to release
inflammatory enzymes and cytokines
(sublytic concentrations of PVL also ap-

pear to induce the release of these sub-
stances) (49, 50). PVL also appears to
induce apoptosis of neutrophils via a
mitrochondrial pathway at lower concen-
trations, whereas, at higher concentra-
tions, PVL induces necrosis (51). Given
this evidence and the strong epidemio-
logic association between PVL-containing
community-acquired methicillin-resis-
tant S. aureus strains and necrotizing
pneumonia and skin and soft tissue infec-
tions, it is plausible that PVL is partly
responsible for the enhanced virulence of
community-acquired methicillin-resis-
tant S. aureus (other leukocidins may
also play a role). However, recent studies
comparing the virulence of PVL-positive
and PVL-negative strains have had con-
flicting results (45).

P. aeruginosa

Interactions between P. aeruginosa
virulence factors and the host immune
response dictate the severity and type of
infection. Depending on the environmen-
tal conditions and the immune status of
the host, P. aeruginosa can be a quies-
cent colonizer, a cause of chronic infec-
tion, or a highly virulent invader during
acute infections (52, 53). Bacterial sur-
face factors, such as flagella, pili, and
lipopolysaccharide, as well as active pro-
cesses, such as the secretion of toxins,
biofilm formation, and quorum sensing,
are virulence determinants that impact
the outcome of P. aeruginosa infections
(52, 53). Interaction with the host im-
mune system via soluble and cell surface
receptors (e.g., Toll-like receptors) con-
trols signaling molecules (e.g., cytokines)
and modulates the host response, which
impacts disease severity both by influenc-
ing the rate of bacterial clearance and by
causing collateral damage to host tissues
(54–56).

P. aeruginosa secretes a number of
toxins into the extracellular environ-
ment, but one set of toxins is injected
directly into host cells. This occurs
through a macromolecular syringe called
a type 3 secretion system (57). The se-
creted toxins themselves are referred to
as effector proteins and four of them have
been identified to date: ExoS, ExoT,
ExoU, and ExoY. The first three have been
closely linked to virulence. Translation of
our knowledge of the P. aeruginosa type
3 secretion system to the clinical setting
is crucial for evaluating the potential of
type 3 secretion neutralizing strategies as
effective therapies. For example, the pres-
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ence of a functional type 3 secretion sys-
tem was associated with bacterial persis-
tence in the lungs (and, therefore,
perhaps clinical recurrence), higher re-
lapse rates, and increased mortality in
patients with acute respiratory infections
caused by P. aeruginosa (58, 59). Fur-
thermore, secretion of type 3 proteins
was associated with increased mortality
in patients with a high bacterial burden
in respiratory secretions but who failed to
meet clinical criteria for the diagnosis of
ventilator-associated pneumonia (60). Ef-
forts have also been directed at develop-
ing inhibitors that block other aspects of
the P. aeruginosa type 3 secretion sys-
tem, and specific active and passive im-
munization appears to have both patho-
genic and prognostic significance in
human infections.

In quorum sensing, small compounds
called autoinducers are released by bac-
teria into the environment. Autoinducer
concentrations are then sensed by neigh-
boring bacteria to infer the density of the
local bacterial population and to regulate
gene expression accordingly. Numerous
approaches have been used successfully
to inhibit quorum sensing in culture and
in vivo model systems. Further investiga-
tions are necessary to determine whether
these approaches will prove efficacious in
inhibiting quorum sensing in human in-
fections (52).

Biofilms are bacterial cities, highly or-
ganized, microbial communities encased
in a polysaccharide matrix and attached
to a surface (61). When that surface is a
surgical implant, endotracheal tube, cathe-
ter, or the airways of individuals with cystic
fibrosis, biofilms become a medical prob-
lem. They are highly resistant to antimicro-
bial agents, and their resistance occurs by a
number of mechanisms that are now be-
coming clear. Given their importance in P.
aeruginosa pathogenesis, biofilms have
been an obvious target for efforts aimed at
therapeutic interventions. One approach
has been to block the earliest step in bio-
film formation: bacterial attachment. For
example, coating endotracheal tubes with
silver was associated with a delay in bacte-
rial colonization, a reduction in bacterial
burdens in mechanically ventilated pa-
tients, and a reduction in the incidence of
ventilator-associated pneumonia (62, 63).

The flagellum of P. aeruginosa is re-
quired for swimming motility but also
plays crucial roles in biofilm dispersal
and adhesion to the surface of host cells
(52). The significance of these processes
in pathogenesis is underscored by the

loss of virulence of nonflagellated mu-
tants in models of acute infection (64,
65). Although 40% of P. aeruginosa iso-
lates from patients with cystic fibrosis do
not produce flagella, this virulence factor
is still thought to be necessary for the
initial infection of these patients (66).
Animal models have demonstrated that
antibodies against the flagellum, induced
by either active or passive immunization,
are protective (52). Prevention of P.
aeruginosa lung infection by immuniza-
tion against flagellar antigens might
therefore be a suitable adjunctive therapy
in individuals with cystic fibrosis. A re-
cent randomized placebo-controlled trial
of 483 patients with cystic fibrosis found
a 34% reduction in infection episodes
over a 2-yr period in those immunized
with a bivalent flagella vaccine (67).

Future directions

The next 5 years promise to be a very
exciting time in sepsis research. A key
development will be improving analysis
platforms to rapidly detect pathogens in
clinical specimens, particularly blood.
The time taken to produce results and the
cost per sample should decrease with im-
provements in technology, enabling a
rapid translation into clinical practice.
The recognition of the importance of not
just determining the presence of bacteria,
but also quantifying the number of bac-
teria has major clinical implications and
will open up a whole new field of explo-
ration of therapies targeted at preventing
severe sepsis, rather than our current ap-
proach of addressing the consequences
once they have already occurred. Im-
proved detection and understanding of
key bacterial virulence factors also may
lead to therapies with specific inhibitors.
Although it has taken more than a decade
to arrive, the promise that molecular
testing has always shown may finally be
delivered.
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39. Garcia-Suárez MM, Vázquez F, Méndez FJ:
Streptococcus pneumoniae virulence factors
and their clinical impact: An update. Enferm
Infecc Microbiol Clin 2006; 24:512–517

40. Anderson R, Steel HC, Cockeran R, et al:
Comparison of the effects of macrolides,
amoxicilin, ceftriaxone, doxycycline, tobra-
mycin, and fluoroquinolones on the produc-
tion of pneumolysin by Streptococcus pneu-
moniae in vitro. J Antibmicrob Chemother
2007; 60:1155–1158

41. Gor DO, Ding X, Briles DE, et al: Relation-
ship between surface accessibility for PpmA,
PsaA, and PspA and antibody-mediated im-
munity to systemic infection by Streptococ-
cus pneumoniae. Infect Immun 2005; 73:
1304–1312

42. Berry AM, Paton JC: Additive attenuation of
virulence of Streptococcus pneumoniae by
mutation of the genes encoding pneumolysin
and other putative pneumococcal virulence
proteins. Infect Immun 2000; 68:133–140

43. Nabors GS, Braun PA, Herrmann DJ, et al:
Immunization of healthy adults with a single
recombinant pneumococcal surface protein
A (PspA) variant stimulates broadly cross-
reactive antibodies to heterologous PspA
molecules. Vaccine 2000; 18:1743–1754

44. Hausdorff WP, Feikin DR, Klugman KP: Ep-
idemiological differences among pneumo-
coccal serotypes. Lancet Infect Dis 2005;
5:83–93

45. Gordon RJ, Lowy FD: Pathogenesis of methi-
cillin-resistant Staphylococcus aureus infec-
tion. Clin Infect Dis 2008; 46:S350–S359

46. Donlan RM, Costerton JW: Biofilms: Survival
mechanisms of clinically relevant microor-
ganisms. Clin Microbiol Rev 2002; 15:
167–193
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67. Döring G, Meisner C, Stern M: A double-
blind randomized placebo-controlled phase
III study of a Pseudomonas aeruginosa fla-
gella vaccine in cystic fibrosis patients.
Proc Natl Acad Sci USA 2007; 104:
11020 –11025

S662 Crit Care Med 2010 Vol. 38, No. 10 (Suppl.)


