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SUMMARY Gram-negative bacteremia is a devastating public health threat, with high
mortality in vulnerable populations and significant costs to the global economy.
Concerningly, rates of both Gram-negative bacteremia and antimicrobial resistance in
the causative species are increasing. Gram-negative bacteremia develops in three
phases. First, bacteria invade or colonize initial sites of infection. Second, bacteria over-
come host barriers, such as immune responses, and disseminate from initial body sites
to the bloodstream. Third, bacteria adapt to survive in the blood and blood-filtering
organs. To develop new therapies, it is critical to define species-specific and multispecies
fitness factors required for bacteremia in model systems that are relevant to human
infection. A small subset of species is responsible for the majority of Gram-negative bac-
teremia cases, including Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Acinetobacter baumannii. The few bacteremia fitness factors identified in these
prominent Gram-negative species demonstrate shared and unique pathogenic mecha-
nisms at each phase of bacteremia progression. Capsule production, adhesins, and met-
abolic flexibility are common mediators, whereas only some species utilize toxins. This
review provides an overview of Gram-negative bacteremia, compares animal models for
bacteremia, and discusses prevalent Gram-negative bacteremia species.
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INTRODUCTION

Gram-negative bacteremia is a significant public health threat affecting both healthy
individuals and those with underlying comorbidities but is especially dangerous in

vulnerable populations like the elderly and hospitalized patients (1). Clinical presentation
of bacteremia can be primary, originating from an unknown source, or secondary, origi-
nating from infections such as pneumonia. Among primary bacteremias, a significant
subset are thought to arise from gut colonization. A small group of species cause the
majority of Gram-negative bacteremia cases, and each species is uniquely adapted for
initial infection or colonization at specific body sites. To establish bacteremia, pathogens
must (i) invade initial sites of infection or colonization, (ii) disseminate to the blood-
stream, and (iii) survive in the blood. Clinical studies have identified some host and bac-
terial factors that correlate with better patient outcome and with disease progression.
Animal models have provided insights into bacterial fitness factors required for initial
body site invasion and bloodstream fitness for a few species. However, our understand-
ing of shared and species-specific factors involved in the three steps of Gram-negative
bacteremia pathogenesis is incomplete. This review summarizes what has been learned
from clinical studies, describes how animal models assess bacteremia fitness factors, and
discusses major gaps in knowledge that limit insight into Gram-negative bacteremia.
Filling these knowledge gaps could uncover potential targets for future therapies to treat
these destructive infections.

BACTEREMIA OVERVIEW

Bacteremia, the presence of bacteria in the bloodstream, is an urgent public health
issue (1) that can initiate devastating diseases (2, 3) and costs the global economy bil-
lions of dollars each year (4). Clinical bacteremia can result in sepsis, defined as life-
threatening organ dysfunction caused by a dysregulated host response to infection (5).
Annually, there are an estimated 1.7 million sepsis cases (6) in the United States and
more than 30 million cases globally (7), leading the World Health Organization (WHO)
to declare sepsis a global health priority (8). Sepsis can result in permanent dysfunc-
tion, including cognitive impairment or organ failure (9, 10) and is associated with vari-
able, yet incredibly high, mortality (7, 10, 11). Further, bloodstream infections are also
associated with a high mortality risk of 27% (12). The severity and high mortality for
conditions associated with bacteremia underscore the importance of investigating
these complex infections.

Bacteria can enter the blood by multiple routes. Bacteremia with no evident source
is considered primary (13); secondary bacteremia can arise through dissemination from
an infection, commonly pneumonia or urinary tract infections (UTIs), or through conta-
minated medical devices. Transient bacteremia, caused by minor procedures such as
dental cleanings, can occur but is typically cleared from the blood shortly after intro-
duction (14) and therefore has undetermined clinical significance.

Clinical presentation of bacteremia and sepsis can vary based on patient factors,
the underlying pathogen, and the source of infection. Typically, bacteremia is associ-
ated with fever but can be asymptomatic. Sepsis can cause organ dysfunction in the re-
spiratory, hepatic, cardiovascular, central nervous, renal, and coagulation systems. The
severity of dysfunction can be assessed through laboratory testing and intensive moni-
toring and using the results to calculate the sequential organ failure assessment
(SOFA) score (5). A score of .2 on the 4-point scale is associated with a mortality risk
of 10%, greater than that of an acute myocardial infarction. Because sepsis patients
need to be rapidly managed, the increased mortality risk in suspected cases can be
rapidly identified by a quick score (qSOFA) defined by two or more of the following:
high respiratory rate (.22/min), low systolic blood pressure (,100mm Hg), and
altered mentation. Patients with sepsis can progress to septic shock, with an in-hospital
mortality of.40%.

Bacteremia and sepsis carry large economic consequences (4, 11, 15). Hospitalization
due to bacteremia may be 20days longer than other stays and can be even longer if the
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underlying pathogen is antimicrobial resistant (15), while hospitalizations for sepsis are
;75% longer than stays for other conditions (1). This contributes to sepsis being the
most expensive condition for hospitals, costing the United States $24 billion in 2013 (4).
Generally, risk factors for bacteremia and sepsis include older age, immunosuppressive
medications, and underlying comorbidities (1, 11), but risk factors vary depending on ini-
tial site of invasion and underlying pathogen. Due to longer life expectancy, rising use of
immunosuppressive therapies, and increased emergence of antimicrobial-resistant patho-
gens, bacteremia will continue to be a costly disease. Further, cognitive and physical
impairment after sepsis can require lifetime supportive care at a major expense to individ-
uals (1, 9, 11). Thus, bacteremia conveys immense socioeconomic burdens.

Bloodstream infections can be caused by a number of microbes, including bacteria
and fungi, although bacteria are responsible for over 90% of cases (10, 12, 16, 17).
Bacteremia can be broadly classified into infections by Gram-positive or Gram-negative
species. Gram-negative bacteremia is increasing in prevalence and antibiotic resist-
ance, yet it is largely understudied. Thus, Gram-negative bacteremia is a public health
concern and further investigation is necessary. This review highlights pathogenesis of
Gram-negative bacteremia, discusses relevant pathogens, and compares bacteremia
models in mice.

GRAM-NEGATIVE BACTEREMIA

Between 1997 and 2013, the number of bacteremia cases caused by Gram-negative
species increased substantially, from 33% to 43% (18). This estimate accounts only for
bacteremia cases caused by the 10 most prevalent species and is therefore likely an
underestimate. Along with increased incidence of Gram-negative bacteremia, emer-
gence of antimicrobial resistance among these species, which often complicates treat-
ment and increases mortality, was repeatedly reported (16, 18–24). Rates of bacteremia
due to multidrug-resistant Enterobacterales more than doubled between 1997 and
2016, from 6.3% to 15.8% (18). The relative frequencies of pathogens underlying bac-
teremia has shifted over the past decades. From 1997 to 2016, the top 10 species iso-
lated from clinical bacteremia included Staphylococcus aureus, Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus faecalis, Staphylococcus
epidermidis, Enterobacter cloacae, Streptococcus pneumoniae, Enterococcus faecium, and
Acinetobacter baumannii (18). In 2005 E. coli replaced S. aureus as the most prevalent
bloodstream pathogen and A. baumannii entered the top 10. K. pneumoniae is consis-
tently the third most prevalent bloodstream pathogen, and P. aeruginosa has emerged
as fourth in prevalence, emphasizing the significance of Gram-negative species in
these infections. This small subset of Gram-negative species significantly contributes to
disease burden. E. coli accounts for 6 to 27% of bacteremia cases, K. pneumoniae for 5
to 13%, P. aeruginosa for 4 to 9%, and A. baumannii for 1 to 13% (12, 17, 18, 20, 25).
Infection rates for individual species vary between studies, likely due to patient dem-
ographics and geography, the year data were collected, and definitions of bactere-
mia. However, studies consistently identify members of the order Enterobacterales
as highly prevalent, specifically E. coli and K. pneumoniae, as well as non-Enterobacterales
species, including P. aeruginosa and A. baumannii. Although A. baumannii is the fifth
most prevalent Gram-negative bacteremia pathogen, its clinical significance is marked
by staggeringly high multidrug resistance rates reaching nearly 71% (18). Therefore, it is
important to discuss these four problematic Gram-negative species in detail in the con-
text of bacteremia.

Reservoirs for Gram-negative bacteremia pathogens include the environment and
intestinal tract colonization. It is likely that all of these pathogens have some environ-
mental reservoir, as none are obligate human pathogens. Colonization can occur after
exposure to ubiquitous environmental reservoirs, including contaminated medical
equipment, water, and companion animals (26–28). Highly contaminated environ-
ments, like wastewater treatment plants and hospital drainage, are particularly prob-
lematic and may serve as hubs of pathogen accumulation that provide a space for
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exchange and acquisition of genetic elements, specifically, antimicrobial resistance
genes (26, 29). For Enterobacterales, particularly E. coli and K. pneumoniae (30–32), gas-
trointestinal colonization can persist and serve as a reservoir for transmission and colo-
nization of another person or reintroduction into the environment. Colonization can
also be an intermediate step between exposure to an environmental reservoir and
infection. For the non-Enterobacterales, including P. aeruginosa, A. baumannii, and
Serratia marcescens, colonization is typically transient and environmental exposure is
more of a direct risk for subsequent infection. Colonization or environmental exposure
can progress to a bloodstream infection, manifesting clinically as primary bacteremia.
Alternatively, colonization or environmental exposure can progress to a different infec-
tion (pneumonia or urinary tract infection) and then to a secondary bacteremia.

Gram-negative bacteremia is associated with intermittent bacterial presence in the
blood (33) and often arises as a secondary infection seeded from an initial source
which disseminates to the bloodstream. Health care-associated infections (HAIs) and
community-acquired infections (CAIs) have roughly equal contributions to Gram-nega-
tive bacteremia disease burden, although exact proportions vary at a species- and
strain-specific level (17, 18). E. coli is the most common species isolated from commu-
nity-onset bacteremia, underlying 26.6% of cases, and second most common within
hospital onset, underlying 21.3% of cases. K. pneumoniae is the third most prevalent
species for both community- and hospital-onset bacteremia, responsible for 7.2% and
8.8% of cases, respectively. P. aeruginosa is the fourth most common species isolated
from hospital-onset bacteremia (7.4% of cases) and ranked fifth among species causing
community-onset bacteremia (7.3% of cases). A. baumannii is a frequent cause of hos-
pital-onset bacteremia, accounting for 3.2% of cases, but is not highly prevalent among
community-onset infections (18).

For HAIs, the length of intensive care unit (ICU) stay is about 44 days longer for
Gram-negative bacteremia than other ICU stays (34). Longer length of stay for health
care-associated bacteremia is likely due to the invasive nature of equipment utilized in
ICUs, multiple underlying patient comorbidities, and increased surveillance. Most
Gram-negative bacteremia cases are monomicrobial (10, 34, 35) and stem from preex-
isting infections. Primary bacteremia can originate in the gastrointestinal tract, which is
responsible for about 7 to 22% of ICU-associated Gram-negative bacteremia cases (34,
35). E. coli can cross intestinal barriers, especially in immunocompromised patients, to
initiate bacteremia. Concordance for K. pneumoniae between gut colonizers and bac-
teremia isolates has been well documented (31, 32). How bacterial species colonize
and exit the gastrointestinal tract remains to be investigated. Pneumonia is the most
common initial infection leading to secondary bacteremia (34, 35). Of Gram-negative
species, K. pneumoniae and P. aeruginosa are often isolated from bacteremia cases sec-
ondary to pneumonia. The genitourinary tract is also a common initial infection site.
UTIs are predominantly caused by E. coli, but a 17-year investigation found a significant
increase in the incidence of ICU-associated UTIs by K. pneumoniae and A. baumannii
(36). Bacteremia can also initiate from sources with direct access to the blood, like con-
taminated medical equipment and soft tissue wounds, which are particularly problem-
atic with A. baumannii and P. aeruginosa (37, 38) (Fig. 1).

Virulence factors required for initial-site invasion have been studied in many Gram-
negative species. However, factors mediating dissemination and bloodstream survival
have been either minimally or only recently described. Clinical studies and animal
models have identified remarkably few virulence factors required for Gram-negative
bacteremia, partially due to the understudied nature of these infections. It is critical to
identify mechanisms governing each phase of bacteremia for problematic species (Fig.
2). Microbial factors that have been defined are largely related to capsule production,
adherence, and metabolic diversity (Table 1). Capsule production may be particularly
important in aiding immune evasion during initial infection and during bloodstream
survival. Adherence, mediated by fimbriae and other adhesins, may be most important
in earlier phases of bacteremia when pathogens bind to specific receptors at the initial
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infection site and disseminate to the blood. Genes regulating metabolic diversity are
likely significant throughout all phases of bacteremia but may be most significant in
later phases, when bacteria must survive the transition from initial infection to survival
in the bloodstream. Investigating virulence factors at each phase of infection across
multiple species will identify mechanisms that are shared or unique among the Gram-
negative bacteremia pathogens that could be targeted by future therapies, providing
greater comprehension of the mechanisms of pathogenesis.

MODELING BACTEREMIA

Based on studies of blood culture yields for diagnostic testing, bacteremia is often
characterized by low microbial abundance in patient samples (reviewed in reference
39). For example, Gram-negative bacteremia in humans often presents as intermittent
shedding from an initial source. As a result, blood CFU can fluctuate over time and
present with bloodstream abundance often as low as 10 CFU/ml (40, 41). Several ani-
mal models have been employed to identify virulence factors required for bacteremia
but do not fully mimic human disease (Table 2). Some models use a single direct blood
inoculum as high as 2� 107 CFU/ml (42–45). Although high inocula are likely necessary
to ensure reproducible experimental infections, this difference in bacterial blood den-
sity between models and human disease must be considered for influences on metab-
olism or host immune responses.

Animal models are often used to investigate initial infections that seed secondary
bacteremia. While these approaches can identify fitness factors required for initial-site
invasion and blood dissemination, distinguishing roles at distinct steps of pathogene-
sis may be difficult. Furthermore, bloodstream fitness mechanisms may not be discerni-
ble. Modeling bacteremia from pneumonia can be accomplished through retrophar-
yngeal and intratracheal infection and subsequent harvesting of the liver and spleen

FIG 1 Gram-negative species are adapted to colonize or infect diverse initial sites, which may progress
to secondary bacteremia.
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to enumerate CFU dissemination (46–48). Since pneumonia is a leading cause of sec-
ondary bacteremia for many species, including K. pneumoniae and P. aeruginosa, these
models can identify host-pathogen interactions for dissemination. Bacteremia from ini-
tial UTI models have also uncovered a number of genes linked to catheter-associated
UTI and bloodstream infection (44). However, both pneumonia and UTI models are lim-
ited by bottlenecks affecting subsequent bacteremia (Table 2). Bottlenecks are barriers
that can cause stochastic loss of populations and may confound experimental systems
unless appropriately assessed. In the lung dissemination model, there is likely a bottle-
neck in crossing epithelial barriers while also evading host inflammatory responses. UTI
models encounter bottlenecks through the necessity of ascending the urinary tract
and crossing kidney tubules to enter the blood. Another initial-site infection is that of
indwelling devices. Modeling bacteremia associated with indwelling devices in mice is
complex to due to ethical considerations and experimental variability, and direct blood
inoculation could appropriately model device-associated infections. Although initial-
site modeling requires optimization, these systems are crucial to uncovering mecha-
nisms of pathogenesis at early phases of bacteremia. Models must also be optimized
to monitor dissemination, rather than initial-site fitness alone, to fully understand early
phases of bacteremia.

Models that directly introduce bacteria to the blood bypass the steps of initial infec-
tion and dissemination and can specifically identify factors required for bloodstream
fitness. Tail vein injections (TVIs) are used to inoculate mice intravascularly and have
been extensively used to model bacteremia (49) (Table 2). Using E. coli, TVIs have been
validated as a bacteremia model system. Shortly after TVI, E. coli was found in multiple
organs, including the spleen, liver, and heart, indicating hematogenous spread.
Uropathogenic E. coli (UPEC), but not a nonpathogenic strain, was recovered from the
spleen and liver 24 h after TVI, indicating clearance of nonpathogenic strains by murine
immune responses (49). TVIs have been used to model bacteremia from many species,
including E. coli (49, 50), A. baumannii (45, 51), Citrobacter freundii (43), S. marcescens

FIG 2 Gram-negative bacteremia pathogenesis broadly involves three phases. (Step 1) Invasion. Bacteria must invade initial sites
of colonization or infection and evade host immune responses using mechanisms such as capsule production (K. pneumoniae)
and secretion of exotoxins (P. aeruginosa). Initial-site specificity varies by species, with certain bacteria being adapted for invasion at
specific sites. (Step 2) Dissemination. After invasion, bacteria penetrate host epithelial barriers to access the blood. Dissemination
requires factors such as adhesins and exotoxins (P. aeruginosa) or activation of specific pathways in epithelial cells (HIF-1a for K.
pneumoniae). (Step 3) Survival. Once in the blood, species must survive a new environment through metabolic flexibility (C. freundii
and S. marcescens) and evade immune clearance with capsule production. Each bacteremia phase must be investigated to better
comprehend pathogenesis at both species-specific and multispecies levels.
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(42, 52), and Proteus mirabilis (44). These models have high utility, in part, due to a low
bottleneck effect. By direct introduction of bacteria to the blood, virulence and fitness
factors can be monitored in the environment of interest. Hematogenous spread after TVI
also allows monitoring of disease processes at secondary organs, such as the brain,
which helps identify mechanisms required for pathogenesis in infections resulting from
bacteremia. Compared to human bacterial burden, TVI bacteremia utilizes an incredibly
high bacterial blood load. However, injection of lower numbers of CFU may prevent
detection of bacteria in distal organs and reduce experimental sensitivity. Interestingly,
although TVI models use large initial doses, few circulating bacteria are subsequently
found in murine blood (49). It is possible that these models render similar bacterial blood
density between clinical and murine bacteremia, but this remains to be determined.

Intraperitoneal (i.p.) injections are also used to model bacteremia (53) (Table 2).
Here, bacteria introduced directly into the peritoneal cavity can traverse the thin peri-
toneal layer for blood dissemination, which could mimic barrier permeation during
infection. Peritoneal fluid is drained to the liver by the portal vein; thus, species that
colonize the liver may successfully establish bacteremia. i.p. injections may also estab-
lish a reservoir for intermittent shedding which could mirror human bacteremia pathol-
ogy. However, there are technical considerations with i.p. injections, including appro-
priate placement of the inoculum into the peritoneal cavity. Needle placement must
avoid internal organs, fat, and muscle and must also avoid damaging the peritoneal

TABLE 1 Bacteremia factors can be shared across multiple species or conserved in only one species, and many factors have been confirmed in
only one phase of bacteremiaa

Category Fitness gene(s) Species Subfunction Initial site Intraperitoneal TVI Reference(s)

Metabolism speAB, gltB, gdhA P. mirabilis Amino acid X 44

pqqL, c1220 E. coli Amino acid X 50

ddc A. baumannii Amino acid X 45

glnA P. mirabilis Amino acid; carbohydrate; energy X 44

nanA E. coli Carbohydrate X 49

mtlD C. freundii Carbohydrate X 43

pfkA C. freundii, S. marcescens Carbohydrate X 42, 43

mgtB, pgm S. marcescens Carbohydrate; energy X 42

gltA K. pneumoniae Carbohydrate X X 53

pntB A. baumannii Cofactor and vitamin X 45

cysE C. freundii Energy X 43

tonB E. coli, K. pneumoniae Iron transport X (K. pneumoniae) X 49, 99

hma, chuA E. coli Iron transport X 49

feoB A. baumannii Iron transport X 45

Cellular maintenance pilVS, fim, pap E. coli Adherence X X 49, 50

pic, vat E. coli Autotransporter serine protease X 50

pgaABCD E. coli Biofilm formation X X 50

ksl E. coli Capsule production X 49

wzx S. marcescens Capsule production X 42

sufl C. freundii Cell growth X 43

UMH9_0939 S. marcescens Membrane synthesis X 42

mltB A. baumannii Membrane synthesis X X 51

dam K. pneumoniae Replication and repair X X 104

ruvA C. freundii Replication and repair X 43

Environmental response sapABCDF, oppA E. coli Membrane transport X 50

tatC C. freundii, P. mirabilis Membrane transport X 43, 44

potB P. mirabilis Membrane transport X 44

ompK36 K. pneumoniae Membrane transport X 103

fepA A. baumannii Signal transduction X 45

ntrB P. mirabilis Signal transduction X 44

exoU, exoS, exoT, exlA P. aeruginosa Toxins X 55, 120, 122

Unclassified yddB E. coli Uncharacterized X 50

UMH9_0544 S. marcescens Uncharacterized X 42

aTVI, tail vein injection.
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wall. It is also difficult to assess accurate needle placement during i.p. injection; gentle
aspiration after needle placement can determine whether an organ has been punc-
tured, but this technique does not indicate if the needle is placed into fat or muscle.
i.p. injections could also differ from TVIs in having a tighter experimental bottleneck.
TVIs place bacteria directly into the blood, allowing the inoculum to circulate prior to
filtration in the spleen and liver. i.p. injections result in peritoneal inflammation or
drainage to the liver, where bacteria that cannot survive liver filtration may be elimi-
nated. i.p. injections are beneficial due to minimal required equipment and high repro-
ducibility, but it may be unclear which phase of bacteremia is being modeled in this
system for detecting fitness factors. However, this model could be highly informative
for species predicted to colonize the liver.

Together, initial infection site models can identify mechanisms that are important
during establishment of infection and also determine bacterial and host factors media-
ting blood dissemination. These models are helpful for investigating early phases of
bacteremia but may not be helpful in identifying factors relevant in later disease after
bacteria have exited original sites. To model later phases of bacteremia, namely, blood-
stream survival, TVI and i.p. injections can be used. Experimental design and model ra-
tionale must be clearly defined in order to appropriately evaluate what certain models
can and cannot report about bacteremia pathogenesis (Table 2). Factors required for
dissemination may be dispensable in the blood, and factors governing bloodstream
survival may not be necessary for dissemination, as hypothesized for P fimbriae in E.
coli bacteremia (49, 54), discussed below.

Additionally, choosing an appropriate initial site of infection is a significant con-
sideration for bacteremia modeling, as this can largely dictate disease progression.
Intranasal inoculation with P. aeruginosa results in severe pneumonia and dissemi-
nation to the liver and spleen (55). In contrast, direct intravascular injection of the
same strain results in minimal CFU burden in either the lung or spleen. This differ-
ence in pathogenicity is not described, but perhaps bacteria are primed for infec-
tion through physiologic adaptation in the lung, or perhaps initial infection over-
whelms host responses that can otherwise clear bloodstream infection. For both
models, the P. aeruginosa strain was rarely detected in the blood itself, indicating a
poor microenvironment for survival (55). Similarly, from a transposon screen, arnA
was suspected to encode a virulence factor required for P. mirabilis dissemination
from the kidney to the bloodstream but was dispensable for P. mirabilis survival in
the blood (44). This was again demonstrated for K. pneumoniae, where mutants
attenuated in a model of gut to liver dissemination were as virulent as the parent
strain in an i.p. bacteremia model (56). These findings indicate differences in micro-
environments and interactions with host responses at various sites. Thus, when
modeling bacteremia it is critical to consider how specific models address distinct
questions. Direct blood injection may be appropriate for discerning bacterial blood
fitness factors but may not illuminate bacterial mechanisms of dissemination from
initial infection. Likewise, it may be inappropriate to model bacterial dissemination
by direct injection into the bloodstream.

Another limitation of animal modeling is harvesting organs to deduce circulating
bacterial burden. In some bacteremia models, species are rarely isolated from murine
blood but are readily harvested from spleen and liver (55). Further, microenvironments
of the blood, liver, and spleen are not equal, which may influence fitness factors at
each site. As demonstrated in K. pneumoniae bacteremia, the citrate synthase gene
gltA is required for liver and spleen colonization but is dispensable in the blood (53).
Since spleen and liver burden is not assessed in clinical cases, it is difficult to interpret
how these findings translate to human disease.

Aside from animal modeling, in vitro systems may be used to identify bacteremia
factors (Table 2). Serum killing assays have been used to evaluate bacterial resistance
to complement and the membrane attack complex. For example, these assays identi-
fied the importance of capsule in bloodstream infections, demonstrating that acapsular
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K. pneumoniae is more susceptible to complement-mediated killing (57, 58). Another in
vitro approach, serum growth assays, can identify factors required for bloodstream rep-
lication and have illuminated diverse bacterial metabolic strategies in the blood (42,
43, 53, 57). Both serum killing and growth assays can identify bacterial factors involved
later phases of bacteremia. Because human serum is readily available from commercial
sources and residual clinical specimens, a substantial advantage of in vitro serum-
based methods is the ability to evaluate whether findings from animal models may
translate to human disease. However, serum is only a fraction of whole blood, and
other components that influence pathogenesis, such as circulating immune cells and
cytokine responses, are not accounted for in these assays. For serum growth, nutrients
from the initial site and end organs from dissemination are not included. Since factors
may have species-specific dependency, it is important to validate animal findings in
these systems.

In summary, animal systems must be carefully considered when modeling bactere-
mia but provide unique insight into pathogenesis of infections from multiple sources
and species. A combination of initial-site dissemination and direct bloodstream fitness
modeling is appropriate for identifying factors involved in early and later bacteremia.
Additionally, since bacteremia is broadly associated with underlying comorbidities, ani-
mal models of these conditions could illuminate bacterial factors unique to age, immu-
nosuppression, and hematologic malignancy.

ESCHERICHIA COLI BACTEREMIA
Introduction and Epidemiology

E. coli is consistently the most prevalent Gram-negative bacteremia pathogen and
since 2005 has been reported as the most common bacteremia pathogen overall (18).
Due to the vast number of identified strains and disease associations, E. coli has been
divided into several pathotypes. Extraintestinal pathogenic E. coli (ExPEC) includes uro-
pathogenic E. coli (UPEC) and sepsis-associated E. coli (SEPEC), which can both cause E.
coli bacteremia. Among all HAIs, E. coli is the fourth leading cause of infection (12, 16,
18, 25). As with other Gram-negative pathogens, E. coli bacteremia risk factors include
immunosuppression and underlying comorbidities (59–61). Distribution of community
and health care-associated E. coli bacteremia is approximately similar, but health care-
associated cases correlate with older age, while community-acquired cases correlate
with younger age (61). The gastrointestinal tract serves as a major reservoir for E. coli
bacteremia (59, 60), and individuals may become colonized by interactions with the
vast number of ExPEC environmental niches (reviewed in reference 30). In the environ-
ment, ExPEC has been isolated from recreational water, contaminated rainwater, and
wastewater (26). Wildlife and agriculture may also serve as reservoirs through which
the intestinal tract may become colonized after consumption of contaminated foods
(30).Transmission of colonizing strains can occur between household members and
companion animals (27, 62).

E. coli bacteremia has been monitored in selected populations, but epidemiological
studies have not appropriately estimated global disease burdens. Annual population
incidence of E. coli bacteremia is approximately 30.3 per 100,000 (61). Estimates of E.
coli bacteremia mortality are incredibly broad, spanning from 5 to 30% (59–61), due to
the high level of heterogeneity among E. coli strains capable of causing bacteremia and
associations with severe underlying comorbidities. Additionally, many studies addressing
E. coli bacteremia have been conducted in cohorts with hematologic malignancies, mak-
ing broad mortality estimates difficult to assess.

Subtypes

Spanning E. coli pathotypes are phylogroups A, B1, B2, and D. Largely, group A is
associated with commensal clones and B2 with pathogenic clones, particularly ExPEC
(63). However, all phylogroups have been represented in E. coli bacteremia clinical iso-
lates. B2 is closely connected to E. coli bacteremia, and groups B2 and D express more

Holmes et al. Clinical Microbiology Reviews

April 2021 Volume 34 Issue 2 e00234-20 cmr.asm.org 10

https://cmr.asm.org


virulence factors that include toxins, adhesins, and siderophores, which aid in initial-
site invasion, dissemination, and bloodstream survival (54, 59, 63–66).

Antimicrobial resistance in E. coli bacteremia is alarming. E. coli can carry antimicro-
bial resistance plasmids encoding b-lactamases (bla), extended spectrum b-lactamases
(ESBLs), and carbapenemases (23, 61). Plasmid-based ESBLs can convey resistance to
cephalosporins, and carbapenemases can confer resistance to nearly all b-lactams. In
Western Europe and South Korea, E. coli bacteremia isolates often belong to sequence
types (STs) associated with antimicrobial resistance, including ST131, which can carry
plasmid-based resistance genes, including blaCTX-M (59, 65, 67, 68). Future studies
should identify unique features of ST131 to understand increased sustained global
spread and bacteremia pathogenicity.

Sites of Origin

E. coli bacteremia is primarily attributed to urinary tract infection (UTI) and gastroin-
testinal origins (59, 60). UTIs and E. coli bacteremia are tightly linked. Indeed, UTIs are a
dominant source of E. coli bacteremia (59) and E. coli is the most common source of
bacteremic UTI (69). Since bacteria can ascend the ureters to the kidney parenchyma
and cross renal tubule epithelium and capillary endothelium to enter the bloodstream
during UTI, UPEC strains and SEPEC strains often overlap pathotypes. Interestingly,
mortality rates for E. coli bacteremia originating from UTI are about 17% lower than
those for E. coli bacteremia from other sources (59). Since UPEC is adapted to infect the
genitourinary tract, perhaps these strains can advantageously disseminate from the
bladder, but fitness may not always translate once organisms are in the blood.

The gut microbiota also harbors potential E. coli bacteremia strains that colonize
the gastrointestinal tract. In particular, E. coli bacteremia isolates from phylogroups A
or B1 are often predicted to have disseminated from the gut. Patients with hemato-
logic malignancies are especially vulnerable to E. coli bacteremia through increased
permeability of the intestinal mucosa and dissemination of colonizing strains (60, 64).
Conditions associated with immune modulation, such as organ transplant, cancer, and
Crohn’s disease, strongly correlate with development of E. coli bacteremia (61). Thus, these
infections may largely be established by colonizing strains not controlled by the host.

Bacteremia Factors

There is no single virulence factor predictive of E. coli fitness in bacteremia, but fac-
tors that have been identified largely contribute to immune evasion, adherence, and
metabolic diversity (Table 1). Due to the high diversity of E. coli, some bacteremia fac-
tors required in one setting may be dispensable in another due to strain variation and
differential expression of virulence factors, as with P fimbriae. Capsule production is
also correlated with E. coli bacteremia (49, 63), likely serving as a defense mechanism
against immune opsonization during initial infection and in the blood. E. colimay mod-
ulate host immune responses through pic, encoding a protein required for E. coli bac-
teremia fitness that reduces leukocyte activity during inflammation (50). Additional
defense against innate immunity is conveyed through sapR by protection against anti-
microbial peptides.

Adhesins have a clear function in E. coli bacteremia pathogenesis. Uroepithelial ad-
hesion, critical for bacteremic UTI dissemination, is mediated by type IV pilin genes
(50). In mice, fimbrial adherence contributes to systemic bacteremia modeled by TVI,
as mutants lacking type I and P fimbriae are outcompeted by wild-type strains (49). In
humans, P fimbriae expressed by UPEC bind to the P blood group antigen on erythro-
cytes, implying a potential role for erythrocyte interactions in systemic spread (49).
However, mice lack this globoside receptor, and P fimbria-mediated adherence to it
likely does not occur in this model. Nevertheless, P fimbria mutants are outcompeted
by wild-type UPEC following murine transurethral infection, and the fitness defect can
be complemented in trans, suggesting an unknown advantageous property conferred
by P fimbriae in the ascending UTI mouse model (70) and perhaps the TVI model.
Comparing gut-colonizing E. coli isolates that did and did not progress to E. coli
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bacteremia revealed that the only virulence factor genes expressed significantly more
in blood-disseminating strains were afa/dr (64), encoding Afa and Dr adhesins. Of note,
this study utilized clinical isolates from patients with hematologic malignancies; there-
fore, this virulence factor may relate to damaged mucosal barriers and may not corre-
late with gut-to-blood dissemination in heathy individuals. Poly-N-acetylglucosamine,
an extracellular E. coli polysaccharide that aids in biofilm formation and extracellular ma-
trix binding, is also required for E. coli bacteremia blood survival (50). This polysaccharide
may assist in anchoring E. coli to kidney tubule epithelium or indwelling devices, which
could have implications for initial-site invasion and dissemination, although this should
be further investigated, since this factor was uncovered in a TVI bacteremia model.

Metabolic diversity is critical for transitioning between environmental niches, as
nutrients at initial infection sites are often more abundant than in the blood. In murine
TVI bacteremia, the E. coli genes c1220 and oppA are required for maximum bloodstream
fitness (50). These genes encode proteins involved in oligopeptide uptake and shikimate
pathway biosynthesis, representing a requirement to utilize diverse carbon sources in the
blood. There is also evidence that E. coli metabolizes sialic acid, a component of erythro-
cyte outer membranes, as a carbon source; nanA mutants, which cannot metabolize sialic
acid, are at a significant disadvantage in TVI bacteremia (49). In clinical isolates, sidero-
phore expression is associated with B2 bacteremia pathotypes (59). Siderophores are che-
lating molecules which allow bacteria to scavenge iron in environments where this critical
resource may be highly limited (71), as in the blood. Increased siderophore expression in E.
coli bacteremia likely aids in iron uptake and bloodstream survival.

There are conflicting reports on the requirement of some factors. One report sug-
gests a requirement for hemolysin in E. coli bacteremia (72), while another shows dis-
pensability (49), suggesting strain- and model-specific differences. Since hemolysin can
lyse red blood cells, perhaps certain strains downregulate this mechanism in the blood
to avoid inflammation. There are also conflicting reports on the requirement of P fimb-
rial genes. E. coli bacteremia isolates demonstrate a protective correlation of P fimbrial
gene expression with patient survival rates (59). However, mouse models show a
requirement for P fimbriae in establishing bacteremia (49) and UTI (70). Perhaps P
fimbrial genes are required to exit initial sites and establish infection but also trigger a
host immune response for pathogen clearance. Survival in the blood may require a bal-
ance between expression of adhesion genes for dissemination and repression once in
the bloodstream to minimize detection. This discrepancy may also be explained by
bacteremia pathogenicity being a function of combinations of virulence factors and
not reliant on single factors. One study found no prediction for hemolysin or P fimbrial
expression in E. coli bacteremia clinical isolates but did find that these factors in combi-
nation were predictive for blood dissemination (54). Differential requirements for dis-
semination from initial sites may also explain discrepancies, along with differences in
bacteremia pathogenesis between humans and mice.

KLEBSIELLA PNEUMONIAE BACTEREMIA
Introduction and Epidemiology

K. pneumoniae is a leading pathogen in Gram-negative bacteremia and the third
most common cause of HAIs overall (12, 18, 20, 25). From the few studies addressing
the global epidemiology of K. pneumoniae bacteremia, annual population incidence is
an estimated 7.1 per 100,000 people and, as with E. coli bacteremia, is likely underre-
ported (73). In a Canadian population, approximately 70% of cases were health care
associated, while 30% were community acquired (73); in a Korean population, health
care- and community-associated infections each contributed to roughly half of K. pneu-
moniae bacteremia cases (74). The gastrointestinal tract serves as a major reservoir for
K. pneumoniae bacteremia (31, 32). It is unclear how initial gut colonization occurs, but
K. pneumoniae has been isolated from many niches, including water and livestock (29,
75, 76), and may be introduced into the gut after interaction with these reservoirs.

Broadly, K. pneumoniae infections are a public health threat given high rates of
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antibiotic resistance (23). K. pneumoniae is inherently resistant to ampicillin through a
narrow-spectrum b-lactamase (bla) (77, 78). Two widely documented K. pneumoniae
carbapenemases (KPC) are the plasmid-based KPC-2 and KPC-3, and KPC composition in
carbapenem-resistant (CR) K. pneumoniae bacteremia isolates geographically varies. In
New York City, KPC composition within CR K. pneumoniae bacteremia isolates was 70%
blaKPC-2 and 30% blaKPC-3 (79); in Italy, case distribution was 10% blaKPC-2 and 90% blaKPC-3
(80). Importantly, mortality rates are similar between KPC subtypes (79). These KPC studies
reported minimal detection of other carbapenemases, but separate cohorts have reported
non-KPC carbapenemases in CR K. pneumoniae bacteremia. In South and Southeast Asia,
blaOXA-232 and blaNDM-1 account for 95% of CR K. pneumoniae bacteremia isolates, and blaKPC
isolates were not detected (81). K. pneumoniae STs associated with bacteremia are diverse
and vary geographically. In New York City, antimicrobial-susceptible K. pneumoniae bacter-
emia is highly diverse, represented by 127 STs among 194 isolates, and the most common
STs (ST20, ST37, and ST45) account for only 13% of isolates. CR K. pneumoniae bacteremia
is more clonally representative, with ST258 alone accounting for 63% of cases and, along
with ST17 and ST392, representing 86% of isolates (79). In South and Southeast Asia, ST15,
ST23, ST14, and ST231 each account for .6% of K. pneumoniae bacteremia isolates, and
ST15 is responsible for the majority of CR cases (81). Intensive epidemiological studies of K.
pneumoniae bacteremia should be performed to properly evaluate global prevalence of K.
pneumoniae bacteremia and the contributing sequence types.

Subtypes

K. pneumoniae can be classified into different subtypes based on virulence and car-
bapenem resistance. Capsular polysaccharide production is an established K. pneumo-
niae virulence factor and protects from host immune defenses (reviewed in reference
82). Classic K. pneumoniae, the most common subtype in Western countries, is charac-
terized by lack of excessive capsule, but is pathogenic and can carry antimicrobial re-
sistance plasmids. Hypervirulent (HV) K. pneumoniae, first reported in Southeast Asia in
1980 to 1990, is linked to CAIs and liver abscess formation even in healthy individuals.
Excessive capsule production is characteristic of HV K. pneumoniae (reviewed in refer-
ences 83 and 84). The invasive nature of HV K. pneumoniae is partially linked to hyper-
mucoviscosity, a phenotype indicated by excess exopolysaccharide coating which
increases phagocytosis resistance partially by preventing deposition of complement
on the bacterial surface. Another characteristic is the production of multiple sidero-
phores, which scavenge iron from the host (71, 84). Therefore, in the context of bacter-
emia, consideration of infectious K. pneumoniae subtypes is necessary, since strains dif-
fer in capsule production and host interactions.

Prognosis of K. pneumoniae bacteremia largely depends on the infectious strain.
Antimicrobial susceptible K. pneumoniae bacteremia is associated with ;26% mortal-
ity, a risk that increases with antimicrobial resistance. The frequency of bacteremia
caused by ESBL-producing K. pneumoniae varies geographically, composing 23% of iso-
lates in Northern Italy, 36% in the United States, 37% in South Africa, 59% in Argentina,
and 60% in India (80, 81, 85). CR K. pneumoniae bacteremia incidence also varies by
location, accounting for 5% of K. pneumoniae bacteremia cases in Vietnam, 7% in
Northern Italy, 13% in New York City, 28 to 33% in Eastern China, and 50% in India
(79–81, 86, 87). Health care-associated K. pneumoniae bacteremia predicts higher mor-
tality than CAI, likely due to increased antimicrobial resistance (74, 87). CR K. pneumo-
niae and HV K. pneumoniae can problematically merge into CR-HV K. pneumoniae,
which is concerning due to both high antimicrobial resistance and virulence (81). As
with other cases of Gram-negative bacteremia, mortality is associated with older age,
immunosuppression, and underlying comorbidities.

Sites of Origin

Pneumonia, UTI, and gut colonization are leading sources of K. pneumoniae bactere-
mia (34, 35, 73, 79, 85). In roughly half of cases, nosocomial K. pneumoniae bacteremia
is associated with primary bacteremia, likely arising from gut colonization (73). Health
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care-associated K. pneumoniae bacteremia arises from UTI, primary infection, or biliary
tract infection in 76% of cases. Community-acquired K. pneumoniae bacteremia is
linked to UTI or biliary tract infection in 66% of cases. Pneumonia is a common source
of K. pneumoniae bacteremia across environments, underlying 11% of nosocomial
infections, 10% of HAI, and 5% of CAI. Interestingly, K. pneumoniae bacteremia originat-
ing from catheters is associated with higher survival than secondary bacteremia from
other sources (88). This reflects differences in pathophysiology, as infections from in-
dwelling devices may involve direct introduction of pathogens to the bloodstream,
unlike infections originating from sites where pathogens must overcome epithelial bar-
riers and immune evasion. Compared to other secondary bacteremia isolates, catheter-
sourced K. pneumoniae bacteremia isolates are less hypermucoviscous, potentially
increasing susceptibility to opsonization (89). K. pneumoniae is responsible for 12% of
hospital-acquired pneumonia (25). It is unclear what percentage of organisms progress
to bacteremia, but K. pneumoniae-bacteremic pneumonia carries a mortality risk of
37% (85, 90). Secondary K. pneumoniae bacteremia from UTIs predicts a mortality risk
of 12% (85, 90). Thus, secondary bacteremia from distal sites may result from bacteria
that are more pathogenic than those originating from indwelling devices, but more
studies on K. pneumoniae bacteremia from catheters is required.

Primary K. pneumoniae bacteremia may arise from the gastrointestinal tract after
colonization. High concordance between gut-colonizing K. pneumoniae and isolates
from pneumonia, UTI, and blood indicate a critical role in initial gut colonization for
progression to secondary infection and bacteremia (31, 32). Gut colonization may also
precede pyogenic liver abscess (PLA), an infection which generates pockets of bacterial
growth in the hepatic parenchyma associated with HV K. pneumoniae and is particu-
larly common in Southeast Asia (83, 91, 92). This unique clinical presentation should
raise suspicion of a Klebsiella infection. K. pneumoniae site-specific fitness factors have
been extensively studied for pneumonia but remain largely unknown for other sites.

Bacteremia Factors

By using murine pneumonia models to investigate secondary bacteremia, some K.
pneumoniae factors required for lung to spleen dissemination have been identified.
Siderophores are required for blood dissemination (93) through interaction with host
lung epithelial HIF-1a, although the exact mechanism is unknown. In agreement with
a role for inflammation in dissemination, a wecAmutant with stunted lipopolysaccharide
(LPS) production had significantly lower spleen dissemination after lung infection (46).
Although pneumonia models appropriately identify K. pneumoniae fitness factors at initial
infection sites, current literature often reports defects in both lung fitness and spleen dis-
semination. Therefore, it is difficult to discern whether these factors relate to lower blood
dissemination due to stunted lung fitness or an inability to adapt in the blood.

Neutrophils and alveolar macrophages are required for initial containment of K.
pneumoniae lung infection and bacteremia (94). Lipocalin 2 (Lcn2), an innate immune
protein, can prevent dissemination from the lung to the spleen, and mice deficient in
Lcn2 have higher mortality after K. pneumoniae lung infection (95, 96). Host thrombo-
spondin-1 (TSP-1), an extracellular matrix protein, is required for K. pneumoniae lung
fitness and spleen migration (97). TSP-1 peptides can inactivate neutrophil elastase, a
serine protease used to degrade pathogens, and could be advantageous for K. pneumo-
niae survival during lung inflammation prior to bloodstream infection. K. pneumoniae can
also survive innate immune cell killing through evasion of pyroptosis via upregulation of
host interleukin 10 (IL-10). The exact mechanisms are unknown, but strains that upregulate
IL-10 establish higher lung and spleen K. pneumoniae burdens (98).

By modeling gut colonization and liver metastasis, factors required for dissemina-
tion from the gut to the blood have been identified (56). In one study, mutations in
these factors did not alter serum resistance, implying large contributions from initial
site-specific fitness in bacteremia. One identified gene cluster, mrkCDF, encoding
anchoring proteins for type III fimbriae, likely aids in transmigration of intestinal epithe-
lium. Another gene, ymdF, encodes a hypothetical protein that is linked to oxidative
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stress regulation and evasion of phagocytosis. In a separate investigation, iron acquisi-
tion encoded by kfu was required for infection by intragastric colonization but dispen-
sable for i.p.-modeled bacteremia (99). K. pneumoniae factors associated with bactere-
mia secondary to PLA have also been investigated. Siderophores have some functional
redundancy in bacteremia virulence, but tonB, required for siderophore import, is
essential for maximum virulence in an i.p. model (99). By using an i.p. injection and
monitoring subsequent liver invasion, HV K. pneumoniae K1/K2 serotypes were found
to more readily establish PLA, confer higher lethality, and induce greater neutrophil
influx than K62 or acapsular strains (100). Accordingly, there may be connections
between neutrophil infiltration and necrosis with establishment of liver abscesses prior
to bacteremia by hypervirulent strains.

K. pneumoniae bloodstream survival partially depends on capsular polysaccharide pro-
duction, as mutants with decreased capsule have attenuated virulence in an i.p. model
(101). In human serum, rfaH, lpp, and arnD are required for evasion of complement-medi-
ated serum killing, and all encode products that contribute to capsule and outer mem-
brane structure (57, 58, 102). aroE, involved in aromatic amino acid synthesis, is required
for evasion of serum killing, although the mechanism is unknown (57). Mutations in
ompK36, encoding an outer membrane porin, also decrease bloodstream virulence (103).
Regulation of DNA methylation partially contributes to bloodstream fitness, as mutations
in dam result in a higher lethal dose than the parent strain, although dam mutants still
confer mouse lethality (104). Mechanisms of how capsule and DNA methylation influence
blood fitness are not understood and should be further investigated. Metabolic flexibility
for K. pneumoniae is partially conveyed through gltA, encoding a citrate synthase dispensa-
ble for fitness in the bloodstream but required for maximum fitness in the spleen and liver
(53). Carbohydrate metabolism is also essential in human serum through genes such as
pfkA and galE (102). Biosynthesis of uracil through pyrE is required for K. pneumoniae se-
rum growth, indicating a potential target for future antibiotics (102).

Together, these observations indicate that a potential cycle occurs where K. pneu-
moniae in the lung upregulates host responses to control infection. To evade killing by
immune cells, K. pneumoniae utilizes unknown mechanisms to manipulate host IL-10 or
utilize TSP-1. In turn, K. pneumoniae factors like siderophores can upregulate proinflamma-
tory cytokines, which increase angiogenesis and epithelial permeability, providing an
escape mechanism for bacterial cells from initial lung infection to the bloodstream (Fig. 2).
While this cycle may be relevant for pneumonia, site-specific fitness in UTI and gut coloni-
zation should be further investigated. Additionally, mechanisms governing K. pneumoniae
dissemination and bloodstream survival have not been thoroughly assessed.

Overall, factors involved in K. pneumoniae bacteremia are similar to those involved
in E. coli pathogenesis where capsule, adhesins, and siderophores contribute to bacter-
emia (Table 1). Notably, K. pneumoniae lacks defined toxins, such as hemolysin or cyto-
toxic necrotizing factor, which E. coli may utilize.

PSEUDOMONAS AERUGINOSA BACTEREMIA
Introduction and Epidemiology

P. aeruginosa is the third leading Gram-negative species isolated from clinical bac-
teremia, and estimated mortality rates span a large range, from 21 to 62% (12, 18, 20,
105–108). Mortality calculations are confounded by a high incidence of P. aeruginosa
infections in cystic fibrosis patients (109, 110) and the critically ill and depend on character-
istics of the infecting strain, including antimicrobial resistance and exotoxin profile.
Therefore, is it difficult to comprehensively estimate the global burden of P. aeruginosa
bacteremia. The primary reservoir for P. aeruginosa, including strains expressing the clini-
cally relevant exotoxins encoded by exoS and exoU, is moist environmental niches, such as
lakes, swimming pools, faucets, and sinks, rather than a human host (111, 112).

Subtypes

Multidrug-resistant P. aeruginosa has been labeled as a serious threat by the CDC
(23) and a species of critical concern by the WHO (24). However, preventive efforts
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have deceased rates of P. aeruginosa infection by 29% since 2013 (23), an encouraging
sign that this trend may continue. Like other Gram-negative species, P. aeruginosa is
equipped with plentiful antimicrobial resistance mechanisms. Efflux systems like
MexAB-OprM render P. aeruginosa inherently resistant to multiple antimicrobials
(reviewed in reference 113), and chromosomal AmpC cephalosporinase confers inher-
ent resistance to some b-lactams (113). Importantly, P. aeruginosa can acquire plas-
mids carrying genes for carbapenemases, such as blaKPC and blaVIM (23, 107, 108, 114),
and carbapenem-resistant P. aeruginosa bacteremias are more lethal (105, 107).

Analysis of P. aeruginosa bacteremia isolates indicates that no single ST infects a
majority of patients (115, 116). However, in Spain, all carbapenem-resistant P. aerugi-
nosa bacteremia isolates belonged to ST235 or ST175 (108). When the same samples
were analyzed for ExoU, a potent bacteremia virulence factor, all ST235 P. aeruginosa
bacteremia isolates were ExoU positive, while no ST175 isolate expressed ExoU.
Further, P. aeruginosa bacteremia with a ST235 isolate predicted significantly higher
30-day mortality. Therefore, special attention must be paid to P. aeruginosa bacteremia
caused by ST235 isolates because of unique features contributing to pathogenicity.

Sites of Origin

The average length of hospital stay prior to the onset of bacteremia is about
14 days longer for P. aeruginosa infections than other species, emphasizing the strong
link between HAIs and P. aeruginosa bacteremia (20, 105). Further, P. aeruginosa bactere-
mia with antimicrobial-resistant strains is more associated with HAIs than nonresistant
strains (108). Community-acquired P. aeruginosa bacteremia is less prevalent, and initial
sites of infection in this subset have not been extensively documented. Therefore, future
studies should evaluate initial sites and features of causative strains in CAI.

Pneumonia is the most prominent initial infection for secondary P. aeruginosa bac-
teremia, associated both with higher mortality and antimicrobial-resistant P. aerugi-
nosa bacteremia (105–107, 117). P. aeruginosa is also problematic in infections involv-
ing skin and soft tissue lesions, which provide a direct route for establishing P.
aeruginosa bacteremia. A unique pathology of P. aeruginosa bacteremia is the forma-
tion of ecthyma gangrenosum (necrotic skin lesions), particularly in immunocompro-
mised patients (38).

Bacteremia Factors

Factors governing P. aeruginosa lung infection and blood dissemination have been
investigated. One study reported a significant increase in virulence factor protein levels
for P. aeruginosa bacteremia compared to isolates from the same patient at initial sites of
infection (118). Upregulated proteins included LecA and RpoN, an adhesion factor and
RNA polymerase sigma factor, respectively. Although higher in bloodstream protein abun-
dance, mRNA transcript levels were similar between initial-site and blood isolates, suggest-
ing posttranslational regulation of virulence factors in different environments. These find-
ings may encourage investigation of both transcriptional and translational virulence
regulation mechanisms.

As P. aeruginosa is a prevalent cause of pneumonia, factors promoting dissemina-
tion from the lung to the blood have been explored (reviewed in reference 119). In par-
ticular, the type III secretion system (T3SS) has been identified as leading to increased
mortality in human infection and animal models (106, 120). Bacterial T3SS machinery
injects virulent effector proteins directly into host cell cytoplasm. T3SS exotoxins of P.
aeruginosa include ExoU, ExoS, and ExoT (120). ExoU and ExoS contribute to higher
lung bacterial burden and worse clinical outcomes but are rarely found in the same
isolate (106, 111). ExoU, a phospholipase which disrupts host membrane integrity,
maximizes dissemination from the lung to the bloodstream (120). Expression patterns
of exotoxins in P. aeruginosa bacteremia cannot predict initial sites of infection, but
pneumonia isolates trend toward higher levels of ExoU (106). Additionally, man-made
environmental water reservoirs like faucets, drains, and tubs are significantly associated
with exoU1 strains of P. aeruginosa compared to exoS1 strains (111). ExoU expression in P.
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aeruginosa bacteremia correlates with higher mortality (120), and therefore, screening for
exoU1 strains could be explored as an indicator for initiation of aggressive therapy.

Innate immune cells are recruited to the lung during P. aeruginosa infection (119).
Two T3SS effector proteins, ExoS and ExoT, aid directly in evasion of host immune cells
by disruption of the actin cytoskeleton (119, 121). In early P. aeruginosa pneumonia, ExoS
is injected specifically into neutrophils as opposed to other immune cells (122). During
later infection, type I pneumocytes, which contribute to lung epithelial architecture, are
injected with ExoS. Type I pneumocytes with ExoS form aggregates which increase in size
and abundance of dead cells as infection progresses (119). The presence of these aggre-
gates correlates with bacterial leakage from the lung and blood dissemination. Although
injected into phagocytes, ExoT cannot form type I pneumocyte aggregates (122), high-
lighting distinct roles for ExoS and ExoT in P. aeruginosa bacteremia.

It is important to note T3SS-independent virulence factors. ExlA, a toxin secreted by
T3SS-negative P. aeruginosa, is a potent necrotizing factor for epithelial and myeloid
cells. In murine pneumonia models, lung invasion and blood dissemination are gov-
erned by ExlA, which in the absence of T3SS can disrupt pulmonary vascular barriers
(55). P. aeruginosa can also employ a type II secretion system (T2SS), utilizing the viru-
lence factor LasB. This protease can dissociate extracellular matrix proteins and cleave
adherens junctions through interactions with vascular endothelial cadherin (123), pro-
viding bloodstream access. Investigations of T2SS and T3SS effector proteins have
formed a model of P. aeruginosa bacteremia establishment from pneumonia (Fig. 2).
Upon lung infection, strains expressing ExoU alone can directly kill host cells through
disruption of the cell membrane. Strains expressing ExoS and ExoT can use these exo-
toxins to evade early innate immune cell killing. ExoS can then kill type I pneumocytes,
disrupting epithelial barriers. Meanwhile, ExoT can cleave extracellular matrix proteins
and contribute to vascular leakage (119, 123).

The pathogenicity of P. aeruginosa T3SS extends beyond pneumonia, and it is
required for virulence in burn models (124), indicating broad usage of T3SS in P. aerugi-
nosa bacteremia. Establishment of P. aeruginosa bacteremia from other initial sites
must be further characterized to evaluate site-specific factors. Additionally, P. aerugi-
nosa mechanisms for bloodstream fitness have not been addressed. As opposed to K.
pneumoniae, P. aeruginosa expresses a repertoire of potent exotoxins, which more
closely reflects proteins like hemolysin and cytotoxic necrotizing factor in E. coli.

ACINETOBACTER BAUMANNII BACTEREMIA
Introduction and Epidemiology

A. baumannii is a clinically problematic Gram-negative species that causes bactere-
mia (A. baumannii bacteremia), especially in health care settings, with an estimated
mortality risk ranging from 20 to 39% (37, 87, 125). High mortality may be due to the
prevalence of A. baumannii bacteremia in ICUs and associations with comorbidities,
supported by the finding that community-acquired A. baumannii bacteremia cases
have slightly lower mortality rates. A. baumannii infections are closely linked to hospital
environments, with a longer stay increasing A. baumannii bacteremia risk (126).
Hospital environments serve as abundant reservoirs for A. baumannii, which has been
isolated from the surfaces of portable medical equipment, mattresses, and sinks (28,
127). A. baumannii can colonize the skin, nasal tract, and trachea, but patient isolates
are often identical to hospital environmental isolates taken during their stay (28, 128).
It is difficult to determine whether colonization from hospital environments is transient
and could allow subsequent spread to community reservoirs (28, 127). Diverse niches
of A. baumannii extend to soil and fertilizer, but it is unclear how relevant these habi-
tats are to CAIs (129, 130).

Although A. baumannii accounts for a relatively low percentage of overall bactere-
mia cases, multidrug resistance is globally problematic for this species (131). Drug-re-
sistant A. baumannii infections were classified as an urgent threat by the CDC in 2019
due to high rates of antimicrobial resistance, including strains that are nonsusceptible
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to all available antibiotics (23). In 2017, the WHO classified resistance in A. baumannii
as a critical priority (24). In Taiwan, over 15% of A. baumannii clinical isolates are carba-
penem resistant (126), and globally, over 71% are multidrug resistant (18). In the
United States, 27% of mechanically ventilated patients were colonized with a multi-
drug-resistant strain of A. baumannii (132). Of A. baumannii bacteremia isolates, ;1%
in a multicenter study were pan-drug resistant, and colistin was the only reliable anti-
microbial against these infections. A. baumannii utilizes resistance strategies, including
chromosomal b-lactamases, efflux pumps, and aminoglycoside-modifying enzymes.
After human serum albumin exposure, A. baumannii upregulates transcription of b-lac-
tamases, indicating potentially inherent antimicrobial resistance mechanisms in serum
(133).

Sites of Origin and Bacteremia Factors

HAIs account for 75% of A. baumannii infections and compose about 86% of antimi-
crobial-resistant strains (134). Pneumonia is a common source of A. baumannii bactere-
mia for community-acquired cases. For UTIs, rates of developing A. baumannii bactere-
mia are similar between community- and health care-acquired cases. Invasive devices
are also sources of A. baumannii bacteremia but are primarily linked to health care-
acquired infections. The ability of A. baumannii to survive on many different surfaces
(13, 127, 135) is hypothesized to be one reason this species is uniquely steadfast in
hospitals (18, 28, 127). Hospitalized patients are frequently colonized, which can pro-
gress to opportunistic infection after antibiotic treatment (28, 127). Nasal colonization
is particularly common after long-term medical care, during which reported coloniza-
tion rates are 70 to 92% in Taiwan (128) and 63% in the United States. Infection pre-
vention strategies have reduced A. baumannii bacteremia, indicating that continued
efforts could reduce disease burden (37).

A. baumannii bacteremia frequently arises as a secondary infection from contami-
nated health care equipment and surgical site infections (37, 126, 134). The formation
of robust biofilms is an advantageous survival mechanism of A. baumannii and under-
lies the prevalence of infections associated with indwelling and contaminated devices.
Once in the blood, A. baumannii downregulates genes involved in biofilm formation
and adhesion and increases expression of motility-associated genes like pilQ, suggest-
ing involvement of planktonic cells in dissemination (133, 136). Factors governing ini-
tial-site infection of catheters are likely highly linked to those required for biofilm
establishment and maintenance, although this is understudied due to the modeling
limitations discussed above. For pneumonia, mltB, which encodes a lytic transglycosy-
lase, is required for murine respiratory tract colonization (51). How mltB and factors
required for pneumonia contribute to bacterial dissemination is not clear. In this
model, mice were depleted of neutrophils prior to infection, and therefore, interactions
between innate immune responses and A. baumannii dissemination from the lung
should be explored.

Survival of A. baumannii in the blood has been partially described. Genes regulating
immune evasion and adhesion are especially important to pathogenesis. After exposure to
human serum, there is minimal killing of A. baumannii, suggesting a degree of inherent se-
rum resistance (45). Capsule has been indicated as a protective mechanism due to the
upregulation of multiple capsule synthesis genes following serum exposure (133).
Additionally, A. baumannii can bind plasminogen, a regulator of the complement cascade,
preventing formation of terminal complement complexes on the surface of the bacteria
(137). In part, serum resistance is conferred by mltB, involved in peptidoglycan remodeling
and cell membrane integrity (51). Deletion of mltB renders A. baumannii more susceptible
to physiologic stressors, including oxidative, acidic, and osmotic challenge. Biofilm forma-
tion and adherence to epithelial cells are also significantly impacted by deletion of mltB
through disruption of pilus assembly.

A. baumannii strains defined by one study as hypervirulent, causing 100% mortality
in mice when administered at a standard dose, appear to be well adapted to survival
in the bloodstream. In mice, sustained circulating CFU are observed over multiple days
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for hypervirulent strains, while hypovirulent isolates are cleared within hours of inocu-
lation (138). Serum fitness is largely linked to complement, with hypervirulent A. bau-
mannii being more resistant to complement-mediated killing than other strains.
Neutrophils are central in the initial immune response to A. baumannii infection, but
additional activities of macrophages and complement synergistically eradicate infec-
tion (138). Antimicrobial peptide resistance is partially conferred to A. baumannii by
pntB, feoB, and fepA which also contribute to intracellular macrophage survival (45).
These factors increase persistence in the midst of immune responses, which varies by
strain.

Toll-like receptor 4 (TLR4), a host pattern recognition receptor, detects LPS and ini-
tiates inflammation. Paradoxically, even though TLR4 initiates immune responses,
TLR42/2 mice have lower mortality rates than wild-type mice during A. baumannii bac-
teremia (139). This is not due to differences in bacterial burden and is instead attrib-
uted to lower levels of host inflammation and sepsis-associated inflammatory markers
(139). Inhibition of LPS detection diminishes bacterial blood density through macro-
phage phagocytosis and also minimizes release of TLR4-dependent sepsis-associated
markers, which increases mouse survival. Thus, complex interactions between LPS-
and TLR4-mediated inflammation should be broadly considered for Gram-negative
bacteremia.

Bloodstream survival for A. baumannii may rely more heavily on survival mecha-
nisms to persist and maintain bacterial density in the blood than traditional virulence
factors (45, 51, 138). In support of this theory, in vivo transcriptome analysis revealed
that majority of genes upregulated during A. baumannii bacteremia are associated
with capsule biosynthesis and iron acquisition (136). Other A. baumannii virulence fac-
tors were either downregulated or unchanged, which could be strain specific. This
highlights similarities between A. baumannii, K. pneumoniae, and E. coli. Survival for
these species seems to be linked to the ability to adapt to diverse environmental
niches and upregulation of capsule to protect from opsonization. Unlike P. aeruginosa,
A. baumannii and K. pneumoniae do not appear to utilize potent toxins or virulence fac-
tors to perpetuate bacteremia.

OTHER GRAM-NEGATIVE BACTEREMIA SPECIES

A relatively small number of additional Gram-negative species not highlighted
above are emerging as frequent causes of bacteremia and also contribute to the global
disease burden. This secondary group of Gram-negative bacteremia species are gener-
ally less well studied, and comparatively little is known about the physiology and
pathogenesis of these organisms during infection. Continued investigation of bactere-
mia characteristics attributed to these species will provide additional insight into
unique and conserved pathogenic mechanisms among the larger group of Gram-nega-
tive bacteremia-causing organisms.

Serratia marcescens is a member of the family Yersiniaceae that engages in both
pathogenic and nonpathogenic human interactions, but it also has broad distribution
in other environments. S. marcescens is commonly isolated from water and soil and
can be found in association with plants, animals, and insects (140, 141). Specific corre-
lations between colonization with S. marcescens and the onset of bacteremia are lack-
ing in the current literature; however, surveys have shown S. marcescens colonization
of patients in health care settings (142–145). As an etiologic agent of bacteremia, S.
marcescens is among the 10 most common causes of nosocomial bloodstream infec-
tions, responsible for 2 to 4% of all cases (12, 20). Localized S. marcescens bacteremia
outbreaks have also resulted from numerous reported instances of contaminated med-
ical equipment (146–148), and the ability of S. marcescens to thrive in diverse environ-
ments may contribute to its stable colonization of medical surfaces and solutions.
Pediatric populations appear to suffer more-severe adverse outcomes associated with
S. marcescens bacteremia than with non-Serratia bacteremias, as exemplified by a
greater length of stay, higher likelihood of ICU admission, and higher in-hospital
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mortality (149). Historically, Serratia infections indicative of hematogenous spread have
been linked to ocular infections such as keratitis, especially in contact lens use (13). In
TVI murine bacteremia, S. marcescens capsule synthesis contributes to disease, indi-
cated by a significant reduction in spleen and kidney dissemination for wzx mutants
compared to a wild-type strain (42). Mutations in pgm, which encodes a phospho-
glucomutase linked to capsule production, also decrease bloodstream fitness and
kidney colonization. Other branches of glucose metabolism are significant in S.
marcescens bacteremia, indicated by reduced fitness when pfkA, encoding the gly-
colytic enzyme phosphofructokinase, is disrupted. S. marcescens bacteremia also
requires the siderophore serratiochelin (52). Clinical observations of S. marcescens anti-
biotic resistance among bacteremia isolates (150) are a cause for concern. The variations of
plasmid-encoded resistance genes discussed above are also relevant for S. marcescens.
Furthermore, S. marcescens harbors chromosomal ampC genes, which can facilitate resist-
ance to multiple b-lactam antibiotics, including cephalosporins, when expressed at high
levels (151, 152). Multiple carbapenem resistance genotypes have also been reported for S.
marcescens (153, 154). Finally, S. marcescens is inherently resistant to polymyxins (155),
which further reduces the available treatment options in cases of acquired resistance to
more commonly used antimicrobials.

Citrobacter freundii is a colonizer of the human gastrointestinal tract and can also be
found in environments such as water and soil (156). As a pathogen, C. freundii is largely
opportunistic and associated with many different types of infections (157–159), includ-
ing a small but increasing fraction of bacteremia cases (16). Given that C. freundii is a
frequent colonizer, it is not surprising that C. freundii bacteremia is largely linked to
comorbidities. Intra-abdominal cancers and surgery-associated infections particularly
underlie C. freundii bacteremia, but catheter-associated and genitourinary infections
have also been reported (160, 161). C. freundii bacteremia most commonly originates
from the urinary tract or from gastrointestinal sources of infection (161, 162). Drug resist-
ance for C. freundii bacteremia can be facilitated in part by chromosomally encoded ampC
genes in addition to infrequent carbapenem resistance. Using a TVI model of murine bac-
teremia, factors involved in bloodstream fitness have been identified. Pathways relating to
DNA recombination and repair, like RuvABC complexes, are essential to C. freundii bactere-
mia by potentially aiding in defense against damaging host responses (43). Metabolism-
associated factors also aid in C. freundii bacteremia, particularly that encoded by pfkA,
which supports glycolysis, and that encoded by mtlD, which supports mannitol metabo-
lism and the regeneration of the NAD1 pool (43). Protein transport by TatC is also required
for blood fitness. In support of the notion that common fitness strategies are shared
among Gram-negative bacteremia species, 42 fitness factor homologs were found
between C. freundii and S. marcescens during murine bacteremia (43).

Proteus mirabilis is a Gram-negative species that frequently causes catheter-associ-
ated UTI in the elderly and can progress to secondary bacteremia (163, 164). Natural
reservoirs of P. mirabilis include soil, water, and decomposing animal matter (165), and
the organism can be found infrequently in human fecal samples (166, 167). Bacteremia
caused by P. mirabilis accounts for ;2% of community-acquired bloodstream infec-
tions (18). P. mirabilis is known for its extensive adherence and swarming capabilities,
which likely contribute to infection. Hydronephrosis and urolithiasis resulting from
P. mirabilis genitourinary tract infection can increase susceptibility to bacteremia (13).
In a P. mirabilis TVI bacteremia model, tatA and tatC were necessary for blood fitness
through contributions from protein translocation, reflecting similar requirement
observed in C. freundii. Metabolic modification is also necessary for bloodstream fit-
ness, as indicated by requirement of nitrogen assimilation genes, including gltB, glnA,
gdhA, and ntrB. Polyamine biosynthesis via speAB and potB are required for P. mirabilis
bloodstream fitness, indicating a fitness advantage for metabolic diversity in the blood
(44). Like Serratia, P. mirabilis also exhibits very poor susceptibility to polymyxins (155).

Individual species underlying bacteremia are discussed above. However, these spe-
cies may belong to clinical complexes where other closely related members also cause
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bacteremia. The Klebsiella clinical complex includes K. pneumoniae, Klebsiella variicola,
and Klebsiella quasipneumoniae, which account for 70%, 20%, and 10% of Klebsiella
bacteremia cases, respectively (168). Virulence factors associated with K. pneumoniae
are also found in K. variicola, including iron-scavenging mechanisms encoded by ybtS,
entB, and kfu, and the adhesin-encoding mrkD (168). Mortality rates are similar for bac-
teremia caused by different Klebsiella clinical complex species, indicating that species
outside K. pneumoniae should be investigated (168). Similarly, the Acinetobacter calcoace-
ticus-A. baumannii complex (ABC) encompasses four genomospecies: A. baumannii, A.
nosocomialis, A. calcoaceticus, and A. pittii (169). A. baumannii and A. nosocomialis contrib-
ute to the majority of ABC bacteremia and predict similar mortality rates (169); therefore,
further study of A. nosocomialis bacteremia is warranted.

Enterobacter cloacae is actually a complex of closely related species that is con-
nected with health care-associated bacteremia (18, 170) and underlies 2.9% of Gram-
negative bacteremia, making it the fourth most common pathogen in these infections.
Like many of the other species described in this section, E. cloacae can be isolated
from both human and environmental sources, with human colonization correlated
with underlying illness and antibiotic treatment (171). The most common sources of
Enterobacter bacteremia in one multicenter study of .250 cases were vascular cathe-
ters, the gastrointestinal tract, and the urinary tract (172). This complex often has
extensive ESBL production and may deploy resistance to heavy metals (13). ESBL-pro-
ducing E. cloacae strains have been reported in bacteremia, including strains carrying
blaSHV and blaCTX. The carriage rate of chromosomal ampC genes among Enterobacter
bloodstream isolates is also very high (151, 152). Factors associated with E. cloacae bac-
teremia fitness have yet to be defined and must be investigated. It is important to con-
sider both individual species and species complexes when defining virulence factors,
as mechanisms may be conserved across similar species. Identifying unique character-
istics making one species more virulent than a member of the same complex could
indicate promising targets for future therapies.

Antimicrobial resistance in Gram-negative bacteremia is especially alarming (131).
In 2013 and 2019 reports, the CDC classified carbapenem-resistant Enterobacteriaceae
(CRE) as an urgent threat (22, 23) and emphasized waning options for antibiotics that
treat Gram-negative infections. Multidrug-resistant infections, defined infections
caused by organisms with nonsusceptibility to one agent in more than three antimi-
crobial categories (173), in Enterobacteriaceae increased by 10% between 1997 and
2016, highlighting the need to further investigate bacteremia by these species (18).
Gram-negative antimicrobial resistance, aside from that among members of the
Enterobacteriaceae, also threatens public health. A. baumannii and P. aeruginosa can
harbor carbapenemases and transfer these enzymes to other species through mobile
genetic elements (23, 35). Additionally, carriage of carbapenemases in species includ-
ing S. marcescens, C. freundii, and E. cloacae indicates widespread mechanisms of resist-
ance that must be urgently addressed.

CONCLUSION

The pathogenesis of Gram-negative bacteremia requires establishment of initial
infection or colonization, dissemination, and bloodstream survival. Fitness at initial
sites has been widely studied, but it does not always indicate factors needed to transi-
tion to bacteremia. Dissemination factors may involve adherence mechanisms or, in
the case of some species, toxins which disrupt epithelial barriers. Persistence in the
blood is largely linked to metabolic diversity and capsule production to evade immune
responses. Among the Gram-negative bacteremia species that have been interrogated
using unbiased and genome-wide approaches to fitness factor identification in the
mammalian bloodstream, there has been a predominance of mechanisms that support
evasion of immune defenses and promote metabolic diversity, some of which are
shared across multiple species. Individual species may use unique factors for coloniza-
tion and dissemination but a common set of genes for bloodstream survival.
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Characterizing these common factors may facilitate future therapeutic strategies that
target the physiologic requirements for bacterial fitness in the bloodstream environ-
ment to disrupt the progression of bacteremia across multiple species. Importantly,
antimicrobial resistance has brought new urgency to understanding the steps of bac-
teremia, since the absence of effective therapy significantly increases the risk of death.
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