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Klebsiella pneumoniae poses a major challenge to healthcare worldwide as an important cause of multidrug-resistant infections.
Nosocomial clones, including epidemic sequence type 258 (ST258), have shown an affinity for acquiring and disseminating resis-
tance plasmids, particularly variants of the K. pneumoniae carbapenemase. By comparison, the resurgence of severe community-
associated K. pneumoniae infections has led to increased recognition of hypervirulent strains belonging to the K1 and K2 capsular
serotypes, predominantly in eastern Asia. Genomic and functional studies suggest that a variety of virulence and immune evasive
factors contribute to the success of nosocomial and community-associated clonal lineages, aided by mechanisms of genetic plasticity
that contribute to uptake of genes associated with antimicrobial resistance and pathogenicity. While there currently appears to be
limited overlap between resistant and hypervirulent lineages, specific bacterial and host factors contributing to the emergence of
dominant clones remain incompletely understood. This review summarizes recent advances in our understanding of the molecular
epidemiology, virulence potential, and host-pathogen interactions of K. pneumoniae.
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Klebsiella pneumoniae has been recognized as an urgent threat to
human health owing to its widespread accumulation of multiclass
antimicrobial resistance (AMR) in nosocomial settings [1], as well
as its capacity to cause severe community-associated (CA) infec-
tions [2]. While ubiquitous in the environment, in humans
K. pneumoniae is a common intestinal commensal that causes
infections of the respiratory tract, urinary tract, and other sites,
particularly during periods of immunosuppression and debility
[3, 4]. Carbapenem-resistant K. pneumoniae (CRKP) associated
with plasmid-encoded carbapenemases poses distinct clinical chal-
lenges due to its ability to acquire multiclass antibiotic resistance,
producing invasive infections with high mortality [3–6]. A second
clinical pathotype, hypervirulent K. pneumoniae (HvKP), known
to cause liver abscesses and metastatic infections in healthy indi-
viduals in the community, has similarly emerged over the past 2
decades but occupies distinct clonal lineages [7, 8].

A variety of virulence factors have been implicated in the suc-
cess of K. pneumoniae, including capsular polysaccharide
(CPS), other outer membrane proteins [9–12], and metabolic
factors, such as those enabling iron acquisition [13–15]. A
range of adaptations may also allow K. pneumoniae to evade
or overcome host immune system detection and clearance
[14, 16–19].While CRKP and HvKP isolates have distinct clonal
backgrounds and virulence gene profiles [7, 20], whole-genome

sequencing (WGS) studies increasingly demonstrate remark-
able potential for K. pneumoniae genetic plasticity [20–22].
Focusing on our current knowledge of factors associated with
the successful emergence of CRKP, here we summarize the
spectrum of virulence among major K. pneumoniae clinical
strains, its interactions with the host immune system, and recent
advances in our understanding of the genetic factors enabling
the success of this organism in diverse settings.

MOLECULAR EPIDEMIOLOGY OF HIGH-RISK
K. PNEUMONIAE CLONES

Assessments of K. pneumoniae population structure have been
enabled by genotyping techniques, including multilocus se-
quence typing (MLST) and, more recently, WGS [20, 21, 23].
While these studies show considerable genetic variability in
K. pneumoniae, CRKP and HvKP isolates largely demonstrate
clonal restriction. However, CRKP strains appear to be diversi-
fying, and transfer of mobile genetic elements may enable
dissemination of resistance and virulence genes.

Capsular Typing
Traditionally, typing and classification of K. pneumoniae was
based on capsular serotyping, or K typing. However, this tech-
nique has several limitations, including high labor intensity,
frequent cross-reactivity between capsular groups, and inability
to type unencapsulated strains [24].CRKP strains are frequently
nontypable, and relatively few studies have attempted to use tra-
ditional serotyping methods to classify these isolates [25].
Newer molecular typing methods based on the capsular antigen
gene cluster (cps), including wzc or wzi gene sequencing and
phage-depolymerase typing of the polymerase chain reaction
(PCR)–amplified cps locus, have facilitated classification of
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isolates [26–29]. To date, 79 K. pneumoniae capsule types
have been reported and reflect substantial differences between
community and nosocomial isolates, as well as limited overlap
between hypervirulent and resistant strains [7]. Generally
speaking, however, homologous recombination of cps appears
to allow for substantial redistribution of capsule types among
K. pneumoniae clones [8, 30].

MLST and K. pneumoniae Population Structure
In 2005, a validated MLST scheme was developed for
K. pneumoniae [23] and largely replaced pulsed-field gel elec-
trophoresis as the preferred genotyping method for broadly
assessing isolate relatedness. MLST has since facilitated assess-
ment of K. pneumoniae population structure on a global scale
[8] and shows remarkable restriction of isolates harboring car-
bapenemase genes or distinct virulence phenotypes to a narrow
range of STs [4, 7, 8, 20].

The clonal complex (CC) that includes ST258 and its single-
locus variants ST11 and ST340 dominates among CRKP iso-
lates [31]. ST258 in particular has been credited with the global
dissemination of K. pneumoniae carbapenemase (KPC) over the
past 2 decades, predominantly subtypes KPC-2 and KPC-3 in
association with the plasmid-associated Tn4401 transposon
and its variants [32]. The epidemiology of blaKPC-harboring
K. pneumoniae (KPC-Kp) [3, 5] has recently been reviewed
in detail and is not discussed further here. Internationally,
the rapid spread of carbapenemase genes OXA-48 and the met-
allo-β-lactamases VIM and NDM-1 contribute increasingly to
carbapenem resistance in Europe, the Indian subcontinent,
the Middle East, and East Asia [6, 33, 34], although they have
less commonly been associated with specific lineages. This pre-
sages the continued proliferation of CRKP strains and growing
complexity of K. pneumoniae clonal and resistance plasmid
relationships.

Although CC258 dominates among KPC-Kp, non-CC258
strains may be emerging, presumably as a result of transmission
of blaKPC-harboring plasmids to susceptible strains [35]. Several
centers with high ST258 endemicity, including our tertiary care
center in New York City, have reported an increased proportion
of polyclonal KPC-Kp to up to 60% CRKP isolates [4, 36, 37].
In areas with a low prevalence of CRKP, diverse non-ST258
K. pneumoniae are the primary strains in local hospital
outbreaks [35, 38]. It is worth noting that CRKP is most often
reported in outbreak settings and that the full spectrum of
genotypes is likely underreported. Little is also known about
the clonal background of susceptible K. pneumoniae isolates.
Limited evidence suggests that these are composed of substan-
tial clonal heterogeneity [4, 39]. We reported 127 STs among
194 consecutive susceptible bloodstream isolates [4], while a
WGS study including 29 susceptible isolates of 24 STs demon-
strated no evidence of clustering [39]. Minimal overlap was
detected between carbapenem-susceptible and CRKP clones

in both studies. Taken together, these studies point to a need
for additional investigations elucidating the interplay between
carbapenem-resistant and -susceptible lineages.

By comparison, CA-HvKP strains have also emerged over the
past 20 years, particularly in association with the K1 and K2
capsular serotypes and epidemiologically with pyogenic liver
abscess (PLA) and metastatic infection in eastern Asia [2].
Like CRKP, these K1 and, to a lesser degree, K2 strains demon-
strate clonal restriction, suggesting a high degree of genetic
specialization. Hypervirulent K1 isolates almost universally
belong to CC23, which includes ST23 and ST57 and geograph-
ically diverse isolates, although CC82 also comprises K1 isolates
[7, 8, 40]. Among K2 isolates, at least 3 different CCs predomi-
nate, CC65, CC86, and CC14 [7, 8, 41, 42].Minimal clonal over-
lap has been observed between CRKP and HvKP isolates [7].

WGS Studies
Advances in bacterial WGS have enabled the reconstruction of
many critical events in the evolutionary history of CRKP. This
has confirmed and extended earlier observations based on
capsule and MLST typing, which may underestimate clinically
relevant variation in gene content between samples. Initial com-
parative sequencing efforts were largely focused on ST258 and
its role in hospital outbreaks [43].DeLeo et al subsequently fully
closed 2 ST258 genomes and demonstrated that ST258 com-
prises at least 2 clades defined by differences in a 215-kb region
including the cps locus [21]. Contrary to prior presumptions
that carbapenem resistance in CRKP is due to frequent uptake
of various blaKPC-encoding plasmids, a KPC-3 plasmid was
stably associated with clade I [21], suggesting dissemination
of a successful clone.

Subsequent studies revealed that recombination of large
genomic fragments contributed to the emergence of both
ST258 clades. Clade II is a hybrid of ST442 and ST11 fragments
[22],while clade I likely originated from the hybrid clade II after
a second recombination event involving the capsule locus from
ST42. It has since been suggested that the CC258 cps locus [44]
may comprise as many as 11 distinct loci [30]. PCR-based wzi
typing suggests a stable association between blaKPC-harboring
plasmids and select subclones: clade I isolates are characterized
by wzi29 and KPC-2 and clade II by wzi154 and KPC-3 carriage
[4, 25, 28]. The clinical implications of capsule variability in
CC258 have yet to be fully determined.

WGS of 300 geographically and clinically diverse K. pneumo-
niae isolates derived from humans, animals, and the environ-
ment has helped to more clearly define the population
structure of K. pneumoniae [20]. Four distinct Klebsiella phy-
logroups, likely representing 3 distinct species (K. pneumoniae,
K. quasipneumoniae, and K. varicola), were identified, with
overall little evidence of homologous recombination between
them. K. pneumoniae belonged to a distinct phylogroup (KpI)
containing opportunistic hospital-associated (HA) and CA
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Klebsiella pneumoniae has been recognized as an urgent threat to
human health owing to its widespread accumulation of multiclass
antimicrobial resistance (AMR) in nosocomial settings [1], as well
as its capacity to cause severe community-associated (CA) infec-
tions [2]. While ubiquitous in the environment, in humans
K. pneumoniae is a common intestinal commensal that causes
infections of the respiratory tract, urinary tract, and other sites,
particularly during periods of immunosuppression and debility
[3, 4]. Carbapenem-resistant K. pneumoniae (CRKP) associated
with plasmid-encoded carbapenemases poses distinct clinical chal-
lenges due to its ability to acquire multiclass antibiotic resistance,
producing invasive infections with high mortality [3–6]. A second
clinical pathotype, hypervirulent K. pneumoniae (HvKP), known
to cause liver abscesses and metastatic infections in healthy indi-
viduals in the community, has similarly emerged over the past 2
decades but occupies distinct clonal lineages [7, 8].

A variety of virulence factors have been implicated in the suc-
cess of K. pneumoniae, including capsular polysaccharide
(CPS), other outer membrane proteins [9–12], and metabolic
factors, such as those enabling iron acquisition [13–15]. A
range of adaptations may also allow K. pneumoniae to evade
or overcome host immune system detection and clearance
[14, 16–19].While CRKP and HvKP isolates have distinct clonal
backgrounds and virulence gene profiles [7, 20], whole-genome

sequencing (WGS) studies increasingly demonstrate remark-
able potential for K. pneumoniae genetic plasticity [20–22].
Focusing on our current knowledge of factors associated with
the successful emergence of CRKP, here we summarize the
spectrum of virulence among major K. pneumoniae clinical
strains, its interactions with the host immune system, and recent
advances in our understanding of the genetic factors enabling
the success of this organism in diverse settings.

MOLECULAR EPIDEMIOLOGY OF HIGH-RISK
K. PNEUMONIAE CLONES

Assessments of K. pneumoniae population structure have been
enabled by genotyping techniques, including multilocus se-
quence typing (MLST) and, more recently, WGS [20, 21, 23].
While these studies show considerable genetic variability in
K. pneumoniae, CRKP and HvKP isolates largely demonstrate
clonal restriction. However, CRKP strains appear to be diversi-
fying, and transfer of mobile genetic elements may enable
dissemination of resistance and virulence genes.

Capsular Typing
Traditionally, typing and classification of K. pneumoniae was
based on capsular serotyping, or K typing. However, this tech-
nique has several limitations, including high labor intensity,
frequent cross-reactivity between capsular groups, and inability
to type unencapsulated strains [24].CRKP strains are frequently
nontypable, and relatively few studies have attempted to use tra-
ditional serotyping methods to classify these isolates [25].
Newer molecular typing methods based on the capsular antigen
gene cluster (cps), including wzc or wzi gene sequencing and
phage-depolymerase typing of the polymerase chain reaction
(PCR)–amplified cps locus, have facilitated classification of
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isolates [26–29]. To date, 79 K. pneumoniae capsule types
have been reported and reflect substantial differences between
community and nosocomial isolates, as well as limited overlap
between hypervirulent and resistant strains [7]. Generally
speaking, however, homologous recombination of cps appears
to allow for substantial redistribution of capsule types among
K. pneumoniae clones [8, 30].

MLST and K. pneumoniae Population Structure
In 2005, a validated MLST scheme was developed for
K. pneumoniae [23] and largely replaced pulsed-field gel elec-
trophoresis as the preferred genotyping method for broadly
assessing isolate relatedness. MLST has since facilitated assess-
ment of K. pneumoniae population structure on a global scale
[8] and shows remarkable restriction of isolates harboring car-
bapenemase genes or distinct virulence phenotypes to a narrow
range of STs [4, 7, 8, 20].

The clonal complex (CC) that includes ST258 and its single-
locus variants ST11 and ST340 dominates among CRKP iso-
lates [31]. ST258 in particular has been credited with the global
dissemination of K. pneumoniae carbapenemase (KPC) over the
past 2 decades, predominantly subtypes KPC-2 and KPC-3 in
association with the plasmid-associated Tn4401 transposon
and its variants [32]. The epidemiology of blaKPC-harboring
K. pneumoniae (KPC-Kp) [3, 5] has recently been reviewed
in detail and is not discussed further here. Internationally,
the rapid spread of carbapenemase genes OXA-48 and the met-
allo-β-lactamases VIM and NDM-1 contribute increasingly to
carbapenem resistance in Europe, the Indian subcontinent,
the Middle East, and East Asia [6, 33, 34], although they have
less commonly been associated with specific lineages. This pre-
sages the continued proliferation of CRKP strains and growing
complexity of K. pneumoniae clonal and resistance plasmid
relationships.

Although CC258 dominates among KPC-Kp, non-CC258
strains may be emerging, presumably as a result of transmission
of blaKPC-harboring plasmids to susceptible strains [35]. Several
centers with high ST258 endemicity, including our tertiary care
center in New York City, have reported an increased proportion
of polyclonal KPC-Kp to up to 60% CRKP isolates [4, 36, 37].
In areas with a low prevalence of CRKP, diverse non-ST258
K. pneumoniae are the primary strains in local hospital
outbreaks [35, 38]. It is worth noting that CRKP is most often
reported in outbreak settings and that the full spectrum of
genotypes is likely underreported. Little is also known about
the clonal background of susceptible K. pneumoniae isolates.
Limited evidence suggests that these are composed of substan-
tial clonal heterogeneity [4, 39]. We reported 127 STs among
194 consecutive susceptible bloodstream isolates [4], while a
WGS study including 29 susceptible isolates of 24 STs demon-
strated no evidence of clustering [39]. Minimal overlap was
detected between carbapenem-susceptible and CRKP clones

in both studies. Taken together, these studies point to a need
for additional investigations elucidating the interplay between
carbapenem-resistant and -susceptible lineages.

By comparison, CA-HvKP strains have also emerged over the
past 20 years, particularly in association with the K1 and K2
capsular serotypes and epidemiologically with pyogenic liver
abscess (PLA) and metastatic infection in eastern Asia [2].
Like CRKP, these K1 and, to a lesser degree, K2 strains demon-
strate clonal restriction, suggesting a high degree of genetic
specialization. Hypervirulent K1 isolates almost universally
belong to CC23, which includes ST23 and ST57 and geograph-
ically diverse isolates, although CC82 also comprises K1 isolates
[7, 8, 40]. Among K2 isolates, at least 3 different CCs predomi-
nate, CC65, CC86, and CC14 [7, 8, 41, 42].Minimal clonal over-
lap has been observed between CRKP and HvKP isolates [7].

WGS Studies
Advances in bacterial WGS have enabled the reconstruction of
many critical events in the evolutionary history of CRKP. This
has confirmed and extended earlier observations based on
capsule and MLST typing, which may underestimate clinically
relevant variation in gene content between samples. Initial com-
parative sequencing efforts were largely focused on ST258 and
its role in hospital outbreaks [43].DeLeo et al subsequently fully
closed 2 ST258 genomes and demonstrated that ST258 com-
prises at least 2 clades defined by differences in a 215-kb region
including the cps locus [21]. Contrary to prior presumptions
that carbapenem resistance in CRKP is due to frequent uptake
of various blaKPC-encoding plasmids, a KPC-3 plasmid was
stably associated with clade I [21], suggesting dissemination
of a successful clone.

Subsequent studies revealed that recombination of large
genomic fragments contributed to the emergence of both
ST258 clades. Clade II is a hybrid of ST442 and ST11 fragments
[22],while clade I likely originated from the hybrid clade II after
a second recombination event involving the capsule locus from
ST42. It has since been suggested that the CC258 cps locus [44]
may comprise as many as 11 distinct loci [30]. PCR-based wzi
typing suggests a stable association between blaKPC-harboring
plasmids and select subclones: clade I isolates are characterized
by wzi29 and KPC-2 and clade II by wzi154 and KPC-3 carriage
[4, 25, 28]. The clinical implications of capsule variability in
CC258 have yet to be fully determined.

WGS of 300 geographically and clinically diverse K. pneumo-
niae isolates derived from humans, animals, and the environ-
ment has helped to more clearly define the population
structure of K. pneumoniae [20]. Four distinct Klebsiella phy-
logroups, likely representing 3 distinct species (K. pneumoniae,
K. quasipneumoniae, and K. varicola), were identified, with
overall little evidence of homologous recombination between
them. K. pneumoniae belonged to a distinct phylogroup (KpI)
containing opportunistic hospital-associated (HA) and CA
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invasive isolates. While a set of common genes was present in
almost all genomes, isolates harbored thousands of additional
accessory genes, suggesting that not lineage per se but rather
gene content determines virulence [20]. In pan–genome-wide
association analyses, rmpA/2, siderophore genes, and 5 addi-
tional predicted iron-metabolism genes were significantly asso-
ciated with invasive infection as compared to carriage or
noninvasive disease. Hypervirulent clones such as ST23 were
significantly enriched for siderophores and other virulence
genes, while acquisition of these genes within individual clones
was associated with invasive disease and was generally limited
to CA isolates. Acquired AMR genes were most common in
HA isolates, particularly nosocomial carriage isolates, which
harbored the highest number of these per isolate. This suggests
that the accumulation of AMR genes in HA K. pneumoniae
clones was a consequence of their successful spread through
asymptomatic colonization, rather than a result of resistance
[20]. Although biased or incomplete sampling of the colonizing
reservoir may limit this interpretation, this study approach
clearly demonstrates the strength of analyzing the breadth of
K. pneumoniae isolates, rather than CRKP alone, to identify
key genomic determinants of virulence and clonal success [20].

Given the frequency of resistance plasmid uptake among
K. pneumoniae, concerns have been raised about the possible
emergence of hypervirulent CRKP clones. In another WGS
study [7], CCs associated with CA invasive infections (CC23,
CC86, CC375, and CC380) harbored known virulence factors,
including siderophores and rmpA, but lacked AMR. However,
in 2 CC23 isolates both virulence and AMR genes (blaCTX-M
and blaTEM) were detected. In addition, a small but increasing
number of blaKPC-harboring HvKp isolates have been reported
from China and Brazil, including those with additional resis-
tance to polymyxin [45, 46]. While these are still isolated
cases, extended-spectrum β-lactamase (ESBL)–positive isolates
accounted for up to 12.5% of HvKp bloodstream isolates from a
large geographic area [47].

Difficulties with plasmid assembly from short-read sequenc-
ing data have limited the contribution of WGS to analyses of
plasmid-mediated dissemination of virulence and AMR genes
in K. pneumoniae. As an alternative, a plasmid typing strategy
based on plasmid replicon sequencing has been developed to fa-
cilitate the classification and tracking of plasmids [48]. This has
allowed detection of plasmids associated with blaKPC and led to
the identification of highly promiscuous plasmids associated
with multistrain CRKP outbreaks. In a WGS-based assessment
of KPC-Kp at a single institution, more than half of the 37 iso-
lates collected >5 years belonged to 10 different STs harboring
one of 2 novel conjugative plasmids [35]. New sequencing tech-
nologies, such as Pacific Biosciences and Oxford Nanopore se-
quencing, are capable of producing long sequencing reads and
are likely to simplify plasmid analyses. These methods have re-
cently been used to produce plasmid scaffolds for subsequent

assembly [49, 50] and to reconstruct plasmid-associated out-
breaks [51, 52].

K. PNEUMONIAE VIRULENCE MECHANISMS

K. pneumoniae uses a range of virulence factors to enhance
invasiveness and overcome host defenses. Notably, studies of
virulence factors in K. pneumoniae have been largely based
on a number of well-defined reference strains characterized by
virulence rather than drug resistance. Prominent reference
strains include susceptible K. pneumoniae isolates ATCC
43816, a K2 clinical pneumonia isolate, and its rifampin-
resistant derivative KPPR1; NTUH-K2044, a K1 isolate from
a patient with PLA and meningitis [53, 54]; and MGH 78578,
a K52 pneumonia isolate resistant to third- and fourth-
generation cephalosporins but not carbapenems [55]. Both
ATCC 43816 and NTUH-K2044 are highly virulent (median
lethal dose [LD50], < 100 colony-forming units [CFU]) in a
mouse pneumonia model [9, 54]. In contrast, MGH 78578 is
relatively avirulent and is internalized at higher levels than
ATCC 43816 and NTUH-K2044 [54]. The role of specific viru-
lence determinants in K. pneumoniae pathogenesis have yet to
be defined in a broader array of CA and nosocomial strains, and
few have included CRKP and ST258 isolates. While CRKP
strains likely lack strong virulence factors, they may harbor
immune-evasive mechanisms that are only beginning to be
comprehensively studied and understood.

Capsular Serotypes and Regulatory Genes
One of K. pneumoniae’s most highly investigated virulence
mechanism is the thick polysaccharide capsule that surrounds
the organism and is encoded by the cps locus. The K. pneumo-
niae capsule has been shown to mediate resistance to antimicro-
bial peptides such as β-defensins, bind to and neutralize K
antigen–specific antibodies, and mediate antiphagocytosis by
human neutrophils and macrophages [56–58]. It may also
play a role in biofilm formation [59]. Polysaccharide overpro-
duction is associated with increased mucoviscosity and also
produces a distinct virulence phenotype [60]. Mucoviscosity is
mediated by a distinct genetic locus including rmpA/2 [61],
while magA encodes a component of the CPS polymerase and
is also required for capsule biosynthesis [62].

As described, the cps locus is highly variable and has been
implicated in distinct clinical phenotypes. The epidemiological
association of the K1 and K2 capsule types with invasive infec-
tion has been corroborated using mouse models [2]. In a mouse
bacteremia model, capsule-switched recombinants were con-
structed from K2 and K21a parent strains [63]. Recombination
of the K21a cps locus into a K2 background led to higher clear-
ance from the bloodstream and decreased macrophage binding
in the K2 recombinant, regardless of strain background. How-
ever, K2 cps locus recombination into a K21a parent strain pro-
duced isolates with intermediate virulence, suggesting that the
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K2 capsule is highly protective against phagocytosis, but it does
not fully explain lethality in mice. Conversely, CRKP clones
harbor an array of highly variable, non-K1/K2 capsular types
exhibiting differential virulence potential in animal models. A
Galleria mellonella wax worm model of ST258 isolates repre-
senting 3 different capsule types demonstrated variability in
macrophage killing and virulence, although all strains were
nonlethal in mice [25]. While the success of ST258 may be
explained in part by capsular variability, which may potentiate
evasion of the host immune response [21], this requires exper-
imental validation.

CPS also plays a role in establishing infection and activating
host immune responses [9]. In an intranasal inoculation mouse
model, cps mutants generated from a wild-type (WT) KPPR1
strain were rapidly cleared from all tissues within 48 hours
at an inoculum equivalent to the WT LD50 (10

4 CFU). At a
high inoculum (107 CFU), cps mutants failed to disseminate
and were gradually cleared from the trachea, although small
numbers persisted in the lungs for days. In a follow-up study,
cps mutants elicited an altered cytokine response, including
increased interferon γ (IFN-γ) production, suggesting that the
K. pneumoniae capsule dampens the immune response [64].
Histologically, WT infection induced a much more dramatic
response in the lungs, although cps mutant–infected lung tissue
was notable for the absence of neutrophils and large areas of
lymphocyte infiltration, reflecting either increased influx or
loss in WT infection.

CPS may also facilitate intestinal colonization with K. pneu-
moniae. In a mouse model, a WT LM21 strain persisted at high
levels for up to 20 days, whereas capsule-defective mutants
achieved only low-level colonization and appeared clumped
[65]. In mixed infections, cps mutants were rapidly outcompet-
ed by WT. In contrast, isogenic nonencapsulated variants of
K. pneumoniae C105 and C3019 were as efficient as WT in
colonizing the intestines of mice [66] but showed lower bacterial
counts in bladders of transurethrally inoculated mice, suggest-
ing complex site-specific interactions between CPS and host
that require further study.

Alterations in Fimbriae, Porins, and Lipopolysaccharide (LPS)
Several membrane proteins play critical roles at the intersection
of K. pneumoniae virulence and AMR. LPS is found on the
outer bacterial membrane and is important in host immune
system interactions. Its O antigen protrudes from the bacterial
surface and has been shown to interfere with macrophage and
neutrophil phagocytosis and cytokine production [11]. In
murine models, mutants lacking the LPS O antigen had sub-
stantially decreased lethality as compared to WT animals and
failed to produce invasive infection or showed rapid clearance
of bacteremia [10, 11]. The LPS O antigen also contributed to
virulence in CA strains causing PLA in an intraperitoneal
mouse model [67]. Although O1-deficient strains were resistant

to serum killing and C3 complement deposition, the O1 mu-
tants showed decreased local proliferation and dissemination.

The lipid-anchoring component of LPS, lipid A, contains
patterns that are recognized by the innate immune system
and can trigger the host immune response [68]. Modification
of lipid A in response to different host microenvironments is
thought to help bacteria evade immune detection, promote
antimicrobial peptide resistance, and alter outer membrane
properties [68]. K. pneumoniae with lipid A modification had
diminished activation of inflammatory responses, including
less tumor necrosis factor α (TNF-α) secretion and activation
of the nuclear factor κB (NF-κB) signaling cascade by macro-
phages in a mouse pneumonia model [68]. Interestingly, here
K. pneumoniae was found to remodel its lipid A in a tissue-
dependent manner. Lipid A species found in the lungs were
consistent with a 2-hydroxyacyl–modified lipid A dependent
on the PhoPQ-regulated oxygenase LpxO, leading to reduction
in the activation of inflammatory responses and mediating
colistin resistance.

Type 1 and 3 fimbriae are components of the K. pneumoniae
cell membrane and play an important role in bacterial interac-
tion with host cells, tissues, and environmental surfaces by me-
diating binding to both biological and nonbiological surfaces
[69–71]. The type 3 fimbrial gene cluster includesmrkA, encod-
ing the major fibrial subunit, and mrkD, encoding an adhesin
polypeptide that mediates binding to epithelial cells and
basement membrane components, including collagen [69].
Biofilm-deficient ATCC 43816 transposon mutants were able
to express type 3 fimbriae and form biofilms following transfor-
mation with a plasmid containing the mrk gene cluster [70],
with its structural (MrkA) component primarily responsible
for biofilm formation. Here the transposon insertion site was
a gene encoding a hypothetical transport protein of unclear sig-
nificance. Expression of type 3 fimbriae and biofilm formation
were regulated by the cyclic di-GMP–dependent transcriptional
activator MrkH, likely in response to environmental factors
[72]. Type 1 fimbriae are similarly expressed in a phase-variable
manner mediated by an invertible DNA element [71] and are
particularly important in establishing urinary tract infections,
where expression appears highly upregulated as a result of
enhanced on switching [71]. Type 1 fimbriae also potentiate ad-
herence to host cells and contribute to biofilm formation, in-
cluding on urinary catheters [73]. By facilitating interaction
with host tissues and efficient outgrowth and biofilm formation,
these cell membrane structures may potentiate K. pneumoniae
colonization and persistence in vivo.

OmpA is a major integral protein of the outer membrane and
also plays a role in adhesion to epithelial and other host cells
and immune evasion [12]. In a series of in vitro and mouse
pneumonia models, K. pneumoniae ompA mutants as com-
pared to WT K. pneumoniae 52145 (K2) showed similar levels
of binding to lung epithelial cells but induced higher levels of
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invasive isolates. While a set of common genes was present in
almost all genomes, isolates harbored thousands of additional
accessory genes, suggesting that not lineage per se but rather
gene content determines virulence [20]. In pan–genome-wide
association analyses, rmpA/2, siderophore genes, and 5 addi-
tional predicted iron-metabolism genes were significantly asso-
ciated with invasive infection as compared to carriage or
noninvasive disease. Hypervirulent clones such as ST23 were
significantly enriched for siderophores and other virulence
genes, while acquisition of these genes within individual clones
was associated with invasive disease and was generally limited
to CA isolates. Acquired AMR genes were most common in
HA isolates, particularly nosocomial carriage isolates, which
harbored the highest number of these per isolate. This suggests
that the accumulation of AMR genes in HA K. pneumoniae
clones was a consequence of their successful spread through
asymptomatic colonization, rather than a result of resistance
[20]. Although biased or incomplete sampling of the colonizing
reservoir may limit this interpretation, this study approach
clearly demonstrates the strength of analyzing the breadth of
K. pneumoniae isolates, rather than CRKP alone, to identify
key genomic determinants of virulence and clonal success [20].

Given the frequency of resistance plasmid uptake among
K. pneumoniae, concerns have been raised about the possible
emergence of hypervirulent CRKP clones. In another WGS
study [7], CCs associated with CA invasive infections (CC23,
CC86, CC375, and CC380) harbored known virulence factors,
including siderophores and rmpA, but lacked AMR. However,
in 2 CC23 isolates both virulence and AMR genes (blaCTX-M
and blaTEM) were detected. In addition, a small but increasing
number of blaKPC-harboring HvKp isolates have been reported
from China and Brazil, including those with additional resis-
tance to polymyxin [45, 46]. While these are still isolated
cases, extended-spectrum β-lactamase (ESBL)–positive isolates
accounted for up to 12.5% of HvKp bloodstream isolates from a
large geographic area [47].

Difficulties with plasmid assembly from short-read sequenc-
ing data have limited the contribution of WGS to analyses of
plasmid-mediated dissemination of virulence and AMR genes
in K. pneumoniae. As an alternative, a plasmid typing strategy
based on plasmid replicon sequencing has been developed to fa-
cilitate the classification and tracking of plasmids [48]. This has
allowed detection of plasmids associated with blaKPC and led to
the identification of highly promiscuous plasmids associated
with multistrain CRKP outbreaks. In a WGS-based assessment
of KPC-Kp at a single institution, more than half of the 37 iso-
lates collected >5 years belonged to 10 different STs harboring
one of 2 novel conjugative plasmids [35]. New sequencing tech-
nologies, such as Pacific Biosciences and Oxford Nanopore se-
quencing, are capable of producing long sequencing reads and
are likely to simplify plasmid analyses. These methods have re-
cently been used to produce plasmid scaffolds for subsequent

assembly [49, 50] and to reconstruct plasmid-associated out-
breaks [51, 52].

K. PNEUMONIAE VIRULENCE MECHANISMS

K. pneumoniae uses a range of virulence factors to enhance
invasiveness and overcome host defenses. Notably, studies of
virulence factors in K. pneumoniae have been largely based
on a number of well-defined reference strains characterized by
virulence rather than drug resistance. Prominent reference
strains include susceptible K. pneumoniae isolates ATCC
43816, a K2 clinical pneumonia isolate, and its rifampin-
resistant derivative KPPR1; NTUH-K2044, a K1 isolate from
a patient with PLA and meningitis [53, 54]; and MGH 78578,
a K52 pneumonia isolate resistant to third- and fourth-
generation cephalosporins but not carbapenems [55]. Both
ATCC 43816 and NTUH-K2044 are highly virulent (median
lethal dose [LD50], < 100 colony-forming units [CFU]) in a
mouse pneumonia model [9, 54]. In contrast, MGH 78578 is
relatively avirulent and is internalized at higher levels than
ATCC 43816 and NTUH-K2044 [54]. The role of specific viru-
lence determinants in K. pneumoniae pathogenesis have yet to
be defined in a broader array of CA and nosocomial strains, and
few have included CRKP and ST258 isolates. While CRKP
strains likely lack strong virulence factors, they may harbor
immune-evasive mechanisms that are only beginning to be
comprehensively studied and understood.

Capsular Serotypes and Regulatory Genes
One of K. pneumoniae’s most highly investigated virulence
mechanism is the thick polysaccharide capsule that surrounds
the organism and is encoded by the cps locus. The K. pneumo-
niae capsule has been shown to mediate resistance to antimicro-
bial peptides such as β-defensins, bind to and neutralize K
antigen–specific antibodies, and mediate antiphagocytosis by
human neutrophils and macrophages [56–58]. It may also
play a role in biofilm formation [59]. Polysaccharide overpro-
duction is associated with increased mucoviscosity and also
produces a distinct virulence phenotype [60]. Mucoviscosity is
mediated by a distinct genetic locus including rmpA/2 [61],
while magA encodes a component of the CPS polymerase and
is also required for capsule biosynthesis [62].

As described, the cps locus is highly variable and has been
implicated in distinct clinical phenotypes. The epidemiological
association of the K1 and K2 capsule types with invasive infec-
tion has been corroborated using mouse models [2]. In a mouse
bacteremia model, capsule-switched recombinants were con-
structed from K2 and K21a parent strains [63]. Recombination
of the K21a cps locus into a K2 background led to higher clear-
ance from the bloodstream and decreased macrophage binding
in the K2 recombinant, regardless of strain background. How-
ever, K2 cps locus recombination into a K21a parent strain pro-
duced isolates with intermediate virulence, suggesting that the
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K2 capsule is highly protective against phagocytosis, but it does
not fully explain lethality in mice. Conversely, CRKP clones
harbor an array of highly variable, non-K1/K2 capsular types
exhibiting differential virulence potential in animal models. A
Galleria mellonella wax worm model of ST258 isolates repre-
senting 3 different capsule types demonstrated variability in
macrophage killing and virulence, although all strains were
nonlethal in mice [25]. While the success of ST258 may be
explained in part by capsular variability, which may potentiate
evasion of the host immune response [21], this requires exper-
imental validation.

CPS also plays a role in establishing infection and activating
host immune responses [9]. In an intranasal inoculation mouse
model, cps mutants generated from a wild-type (WT) KPPR1
strain were rapidly cleared from all tissues within 48 hours
at an inoculum equivalent to the WT LD50 (10

4 CFU). At a
high inoculum (107 CFU), cps mutants failed to disseminate
and were gradually cleared from the trachea, although small
numbers persisted in the lungs for days. In a follow-up study,
cps mutants elicited an altered cytokine response, including
increased interferon γ (IFN-γ) production, suggesting that the
K. pneumoniae capsule dampens the immune response [64].
Histologically, WT infection induced a much more dramatic
response in the lungs, although cps mutant–infected lung tissue
was notable for the absence of neutrophils and large areas of
lymphocyte infiltration, reflecting either increased influx or
loss in WT infection.

CPS may also facilitate intestinal colonization with K. pneu-
moniae. In a mouse model, a WT LM21 strain persisted at high
levels for up to 20 days, whereas capsule-defective mutants
achieved only low-level colonization and appeared clumped
[65]. In mixed infections, cps mutants were rapidly outcompet-
ed by WT. In contrast, isogenic nonencapsulated variants of
K. pneumoniae C105 and C3019 were as efficient as WT in
colonizing the intestines of mice [66] but showed lower bacterial
counts in bladders of transurethrally inoculated mice, suggest-
ing complex site-specific interactions between CPS and host
that require further study.

Alterations in Fimbriae, Porins, and Lipopolysaccharide (LPS)
Several membrane proteins play critical roles at the intersection
of K. pneumoniae virulence and AMR. LPS is found on the
outer bacterial membrane and is important in host immune
system interactions. Its O antigen protrudes from the bacterial
surface and has been shown to interfere with macrophage and
neutrophil phagocytosis and cytokine production [11]. In
murine models, mutants lacking the LPS O antigen had sub-
stantially decreased lethality as compared to WT animals and
failed to produce invasive infection or showed rapid clearance
of bacteremia [10, 11]. The LPS O antigen also contributed to
virulence in CA strains causing PLA in an intraperitoneal
mouse model [67]. Although O1-deficient strains were resistant

to serum killing and C3 complement deposition, the O1 mu-
tants showed decreased local proliferation and dissemination.

The lipid-anchoring component of LPS, lipid A, contains
patterns that are recognized by the innate immune system
and can trigger the host immune response [68]. Modification
of lipid A in response to different host microenvironments is
thought to help bacteria evade immune detection, promote
antimicrobial peptide resistance, and alter outer membrane
properties [68]. K. pneumoniae with lipid A modification had
diminished activation of inflammatory responses, including
less tumor necrosis factor α (TNF-α) secretion and activation
of the nuclear factor κB (NF-κB) signaling cascade by macro-
phages in a mouse pneumonia model [68]. Interestingly, here
K. pneumoniae was found to remodel its lipid A in a tissue-
dependent manner. Lipid A species found in the lungs were
consistent with a 2-hydroxyacyl–modified lipid A dependent
on the PhoPQ-regulated oxygenase LpxO, leading to reduction
in the activation of inflammatory responses and mediating
colistin resistance.

Type 1 and 3 fimbriae are components of the K. pneumoniae
cell membrane and play an important role in bacterial interac-
tion with host cells, tissues, and environmental surfaces by me-
diating binding to both biological and nonbiological surfaces
[69–71]. The type 3 fimbrial gene cluster includesmrkA, encod-
ing the major fibrial subunit, and mrkD, encoding an adhesin
polypeptide that mediates binding to epithelial cells and
basement membrane components, including collagen [69].
Biofilm-deficient ATCC 43816 transposon mutants were able
to express type 3 fimbriae and form biofilms following transfor-
mation with a plasmid containing the mrk gene cluster [70],
with its structural (MrkA) component primarily responsible
for biofilm formation. Here the transposon insertion site was
a gene encoding a hypothetical transport protein of unclear sig-
nificance. Expression of type 3 fimbriae and biofilm formation
were regulated by the cyclic di-GMP–dependent transcriptional
activator MrkH, likely in response to environmental factors
[72]. Type 1 fimbriae are similarly expressed in a phase-variable
manner mediated by an invertible DNA element [71] and are
particularly important in establishing urinary tract infections,
where expression appears highly upregulated as a result of
enhanced on switching [71]. Type 1 fimbriae also potentiate ad-
herence to host cells and contribute to biofilm formation, in-
cluding on urinary catheters [73]. By facilitating interaction
with host tissues and efficient outgrowth and biofilm formation,
these cell membrane structures may potentiate K. pneumoniae
colonization and persistence in vivo.

OmpA is a major integral protein of the outer membrane and
also plays a role in adhesion to epithelial and other host cells
and immune evasion [12]. In a series of in vitro and mouse
pneumonia models, K. pneumoniae ompA mutants as com-
pared to WT K. pneumoniae 52145 (K2) showed similar levels
of binding to lung epithelial cells but induced higher levels of
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proinflammatory signaling and bacterial clearance from the
lungs [12]. OmpK35 and OmpK36, the most important outer
membrane porins in K. pneumoniae, also contribute to antipha-
gocytosis and virulence and have been widely implicated in
AMR [18, 19]. Mutations in K. pneumoniae porin genes occur
frequently in clinical isolates and increase carbapenem mini-
mum inhibitory concentrations to the resistant range, particu-
larly in combination with ESBL or AmpC β-lactamases [74].
AraC transcriptional proteins, the best studied of which is
RamA, modulate bacterial permeability by regulating expres-
sion of several K. pneumoniae outer membrane proteins and
have also been linked to virulence [75]. Overexpression of
ramA, resulting from inactivating mutations of its repressor
ramR, is associated with efflux pump modulation, porin down-
regulation, and modifications in the anchoring lipid A moiety of
LPS, leading to reduced macrophage uptake and clearance in an
intranasal mouse model [75]. Importantly, these alterations
have been linked to increased resistance to the polymyxins
and tigecycline [75–77], which are critical antibiotics of last
resort used to treat CRKP.

Enhanced virulence or drug resistance frequently exerts a
major fitness cost on organisms. Porin mutations are wide-
spread in K. pneumoniae, and both ompK36 and ompK35/
ompK36 double mutants showed increased susceptibility to
neutrophil phagocytosis and reduce bacterial fitness [18, 19].
Similarly, laboratory-derived colistin-resistant mutants on the
background of hypervirulent clinical ST23 isolates showed sig-
nificantly reduced fitness as compared to parental strains [78].
Mutants also had decreased formation of CPS and expression of
regulatory genes and a decrease in their hypervirulent pheno-
type. Matrix-assisted laser desorption/ionization time-of-flight
analysis showed addition of aminoarabinose or palmitate resi-
dues to the lipid A moiety of LPS [78, 79].

Metabolic Alterations and Siderophores
Siderophores enable iron uptake into bacterial cells during
infection and are thought to contribute substantially to the
virulence potential of K. pneumoniae [13]. To date, 3 major
siderophores have been implicated in K. pneumoniae virulence:
yersiniabactin, enterobactin, and aerobactin [13, 14]. Yersinia-
bactin is among the most common K. pneumoniae virulence-
associated genes and is associated with invasive respiratory
tract infections in humans [20] and lethality in mouse pneumo-
nia models [13, 14]. Yersiniabactin has been implicated in pro-
motion of respiratory tract colonization and infection through
evasion of lipocalin 2, an innate immune protein, owing to
structural differences from other siderophores that limit lipoca-
lin 2 binding [14]. Enterobactin appears to be important for
growth under iron-limited conditions [13], whereas aerobactin
is expressed by HvKP strains and has been shown to potentiate
invasive infection in in vitro and mouse models [80]. Given that
siderophores are highly linked to HvKP strains, they may play a

particularly important role in CA invasive disease, raising the
possibility that the contribution of capsule type to K. pneumo-
niae hypervirulence may be overestimated [20]. However, yersi-
niabactin has also been detected in several multidrug-resistant
(MDR) clones, including KPC-Kp ST258 [14, 20], although its
effect on clinical CRKP infections has not been determined.

Additional genes participating in iron metabolism and other
metabolic pathways have been implicated in K. pneumoniae vir-
ulence. kfu is involved in iron acquisition and is associated with
invasive infection and increased virulence in mice [15]. Clinical
isolates causing PLA, including NTUH-K2044, were also found
to have a unique chromosomal region containing genes in-
volved in allantoin metabolism, which enables nitrogen fixation
in K. pneumoniae, and to highly express the allS gene, which is
required for growth in allantoin minimal medium [81]. The
LD50 significantly decreased following intragastric inoculation
of mice by an allS mutant, compared with WT K2044, but
not intraperitoneal infection, suggesting genetic specialization
for this virulence phenotype.

Contribution of Plasmids and Genomic Islands
Although ST258 has emerged as a globally dominant MDR
clone associated with high mortality, it lacks capsule types
and other factors associated with virulence [7].Murine intratra-
cheal and septicemia models have demonstrated that ST258 is
nonlethal, including in high-inoculum infections [25, 82].
Given that ST258 is well known to primarily affect patients
with immunocompromise and previous antibiotic exposure
[3, 5], this supports its role as a nosocomial MDR pathogen pro-
ducing opportunistic infections. ST258 isolates lacking KPC are
remarkably uncommon [83], suggesting that the success of this
clone depends to some degree on blaKPC, which it likely ac-
quired prior to dissemination [44], and its resistance phenotype.
Moreover, KPC-negative ST258 isolates showed limited persis-
tence and lack of association with invasive infection, suggesting
low epidemic potential. However, blaKPC carriage is unlikely to
fully explain the selective emergence of ST258, including its
apparent ability to disseminate rapidly in nosocomial settings.

The success of HvKP may also be in part due to plasmid-en-
coded virulence factors. Despite differences in clonal background,
hypervirulent K1 and K2 strains contain homologues of a large
virulence plasmid [84], which was detected in NTUH-K2044
(K1/ST23) [53] and closely resembles the pLVPK plasmid of a
hypervirulent K2 isolate [85]. It harbors multiple virulence
genes, including 2 siderophores and rmpA/2, and has been
strongly associated with infection in humans [20]. This plasmid
was detected in CC23 isolates and other diverse K2 isolates. Com-
parative genomics suggests that it was initially acquired once by
each clone, with subsequent clonal expansion and divergence
[84]. The possibility of transfer of plasmid-encoded virulence
genes into CRKP isolates thus represents an alternative mecha-
nism for intersection of hypervirulence and AMR.
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Genomic islands may further harbor virulence determinants.
In isolate Kp52.145, 4 islands were identified and included
genes encoding the synthesis of a putative outer membrane
cytotoxin, secretion systems, nucleases, and a phospholipase
D family protein (PLD1) [86]. PLD1 likely plays a role in car-
diolipin metabolism and was associated with K. pneumoniae
isolates from severe infections. In a mouse pneumonia model,
high-inoculum infection (108 CFU) with a pld1 mutant was
nonlethal in mice, while infection with a WT and complement-
ed strain produced 100% lethality.

HOST RESPONSE AND IMMUNE EVASIVE
MECHANISMS

In addition to virulence mechanisms, K. pneumoniae uses a
range of strategies to overcome or evade host immune clearance
mechanisms (Figure 1). Broadly, these mechanisms address
various components of the immune response, from innate
immune signaling to phagocytosis, and they vary by strain
and inoculation site. Most studies addressing K. pneumoniae–
specific immune responses also use antibiotic-susceptible

laboratory strains in murine pneumonia or other models.
Whether CRKP and other nosocomial strains use specific
immune evasive mechanisms to disseminate within hospital
settings has yet to be determined.

Immune Signaling
Once K. pneumoniae organisms penetrate mechanical host de-
fenses, they encounter pattern recognition receptors expressed
by epithelial and immune cells, which are responsible for
initiating proinflammatory signaling cascades and recruiting
phagocytes (Figure 1). These receptors, of which Toll-like
receptors (TLRs), including TLR2 and TLR4, are particularly
important, respond primarily to cell wall components such as
LPS and fimbriae, as well as to bacterial DNA [87]. In the respi-
ratory tract, ligand binding triggers host signaling pathways
via MyD88 and TRIF that lead to activation of NF-κB and
mitogen-activated protein kinases (MAPKs) and, subsequently,
to production of proinflammatory cytokines and chemokines
[88]. MyD88-dependent signaling dominated over TRIF-
dependent pathways in a mouse pneumonia model, where
MyD88-deficient (MyD88−/−) mice showed more-pronounced

Figure 1. Schematic summary of Klebsiella pneumoniae, host cell response, and intracellular signaling. Capsular polysaccharide plays a critical role in infection, antiphago-
cytosis, and evading the host innate immune pathways. Additional virulence factors include other outer membrane proteins and siderophores. Antimicrobial resistance contributes
to worse outcomes but has limited overlap with markers of virulence. Plasmid-encoded antimicrobial resistance or virulence harbors the potential for novel hypervirulent carba-
penem-resistant K. pneumoniae clones. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNs, interferons; IRAK, IL-1 receptor-associated kinase; IL-12,
interleukin 12; IL-17, interleukin 17, IL-23, interleukin 23; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor κB; TLR, toll-like receptor.
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proinflammatory signaling and bacterial clearance from the
lungs [12]. OmpK35 and OmpK36, the most important outer
membrane porins in K. pneumoniae, also contribute to antipha-
gocytosis and virulence and have been widely implicated in
AMR [18, 19]. Mutations in K. pneumoniae porin genes occur
frequently in clinical isolates and increase carbapenem mini-
mum inhibitory concentrations to the resistant range, particu-
larly in combination with ESBL or AmpC β-lactamases [74].
AraC transcriptional proteins, the best studied of which is
RamA, modulate bacterial permeability by regulating expres-
sion of several K. pneumoniae outer membrane proteins and
have also been linked to virulence [75]. Overexpression of
ramA, resulting from inactivating mutations of its repressor
ramR, is associated with efflux pump modulation, porin down-
regulation, and modifications in the anchoring lipid A moiety of
LPS, leading to reduced macrophage uptake and clearance in an
intranasal mouse model [75]. Importantly, these alterations
have been linked to increased resistance to the polymyxins
and tigecycline [75–77], which are critical antibiotics of last
resort used to treat CRKP.

Enhanced virulence or drug resistance frequently exerts a
major fitness cost on organisms. Porin mutations are wide-
spread in K. pneumoniae, and both ompK36 and ompK35/
ompK36 double mutants showed increased susceptibility to
neutrophil phagocytosis and reduce bacterial fitness [18, 19].
Similarly, laboratory-derived colistin-resistant mutants on the
background of hypervirulent clinical ST23 isolates showed sig-
nificantly reduced fitness as compared to parental strains [78].
Mutants also had decreased formation of CPS and expression of
regulatory genes and a decrease in their hypervirulent pheno-
type. Matrix-assisted laser desorption/ionization time-of-flight
analysis showed addition of aminoarabinose or palmitate resi-
dues to the lipid A moiety of LPS [78, 79].

Metabolic Alterations and Siderophores
Siderophores enable iron uptake into bacterial cells during
infection and are thought to contribute substantially to the
virulence potential of K. pneumoniae [13]. To date, 3 major
siderophores have been implicated in K. pneumoniae virulence:
yersiniabactin, enterobactin, and aerobactin [13, 14]. Yersinia-
bactin is among the most common K. pneumoniae virulence-
associated genes and is associated with invasive respiratory
tract infections in humans [20] and lethality in mouse pneumo-
nia models [13, 14]. Yersiniabactin has been implicated in pro-
motion of respiratory tract colonization and infection through
evasion of lipocalin 2, an innate immune protein, owing to
structural differences from other siderophores that limit lipoca-
lin 2 binding [14]. Enterobactin appears to be important for
growth under iron-limited conditions [13], whereas aerobactin
is expressed by HvKP strains and has been shown to potentiate
invasive infection in in vitro and mouse models [80]. Given that
siderophores are highly linked to HvKP strains, they may play a

particularly important role in CA invasive disease, raising the
possibility that the contribution of capsule type to K. pneumo-
niae hypervirulence may be overestimated [20]. However, yersi-
niabactin has also been detected in several multidrug-resistant
(MDR) clones, including KPC-Kp ST258 [14, 20], although its
effect on clinical CRKP infections has not been determined.

Additional genes participating in iron metabolism and other
metabolic pathways have been implicated in K. pneumoniae vir-
ulence. kfu is involved in iron acquisition and is associated with
invasive infection and increased virulence in mice [15]. Clinical
isolates causing PLA, including NTUH-K2044, were also found
to have a unique chromosomal region containing genes in-
volved in allantoin metabolism, which enables nitrogen fixation
in K. pneumoniae, and to highly express the allS gene, which is
required for growth in allantoin minimal medium [81]. The
LD50 significantly decreased following intragastric inoculation
of mice by an allS mutant, compared with WT K2044, but
not intraperitoneal infection, suggesting genetic specialization
for this virulence phenotype.

Contribution of Plasmids and Genomic Islands
Although ST258 has emerged as a globally dominant MDR
clone associated with high mortality, it lacks capsule types
and other factors associated with virulence [7].Murine intratra-
cheal and septicemia models have demonstrated that ST258 is
nonlethal, including in high-inoculum infections [25, 82].
Given that ST258 is well known to primarily affect patients
with immunocompromise and previous antibiotic exposure
[3, 5], this supports its role as a nosocomial MDR pathogen pro-
ducing opportunistic infections. ST258 isolates lacking KPC are
remarkably uncommon [83], suggesting that the success of this
clone depends to some degree on blaKPC, which it likely ac-
quired prior to dissemination [44], and its resistance phenotype.
Moreover, KPC-negative ST258 isolates showed limited persis-
tence and lack of association with invasive infection, suggesting
low epidemic potential. However, blaKPC carriage is unlikely to
fully explain the selective emergence of ST258, including its
apparent ability to disseminate rapidly in nosocomial settings.

The success of HvKP may also be in part due to plasmid-en-
coded virulence factors. Despite differences in clonal background,
hypervirulent K1 and K2 strains contain homologues of a large
virulence plasmid [84], which was detected in NTUH-K2044
(K1/ST23) [53] and closely resembles the pLVPK plasmid of a
hypervirulent K2 isolate [85]. It harbors multiple virulence
genes, including 2 siderophores and rmpA/2, and has been
strongly associated with infection in humans [20]. This plasmid
was detected in CC23 isolates and other diverse K2 isolates. Com-
parative genomics suggests that it was initially acquired once by
each clone, with subsequent clonal expansion and divergence
[84]. The possibility of transfer of plasmid-encoded virulence
genes into CRKP isolates thus represents an alternative mecha-
nism for intersection of hypervirulence and AMR.
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Genomic islands may further harbor virulence determinants.
In isolate Kp52.145, 4 islands were identified and included
genes encoding the synthesis of a putative outer membrane
cytotoxin, secretion systems, nucleases, and a phospholipase
D family protein (PLD1) [86]. PLD1 likely plays a role in car-
diolipin metabolism and was associated with K. pneumoniae
isolates from severe infections. In a mouse pneumonia model,
high-inoculum infection (108 CFU) with a pld1 mutant was
nonlethal in mice, while infection with a WT and complement-
ed strain produced 100% lethality.

HOST RESPONSE AND IMMUNE EVASIVE
MECHANISMS

In addition to virulence mechanisms, K. pneumoniae uses a
range of strategies to overcome or evade host immune clearance
mechanisms (Figure 1). Broadly, these mechanisms address
various components of the immune response, from innate
immune signaling to phagocytosis, and they vary by strain
and inoculation site. Most studies addressing K. pneumoniae–
specific immune responses also use antibiotic-susceptible

laboratory strains in murine pneumonia or other models.
Whether CRKP and other nosocomial strains use specific
immune evasive mechanisms to disseminate within hospital
settings has yet to be determined.

Immune Signaling
Once K. pneumoniae organisms penetrate mechanical host de-
fenses, they encounter pattern recognition receptors expressed
by epithelial and immune cells, which are responsible for
initiating proinflammatory signaling cascades and recruiting
phagocytes (Figure 1). These receptors, of which Toll-like
receptors (TLRs), including TLR2 and TLR4, are particularly
important, respond primarily to cell wall components such as
LPS and fimbriae, as well as to bacterial DNA [87]. In the respi-
ratory tract, ligand binding triggers host signaling pathways
via MyD88 and TRIF that lead to activation of NF-κB and
mitogen-activated protein kinases (MAPKs) and, subsequently,
to production of proinflammatory cytokines and chemokines
[88]. MyD88-dependent signaling dominated over TRIF-
dependent pathways in a mouse pneumonia model, where
MyD88-deficient (MyD88−/−) mice showed more-pronounced

Figure 1. Schematic summary of Klebsiella pneumoniae, host cell response, and intracellular signaling. Capsular polysaccharide plays a critical role in infection, antiphago-
cytosis, and evading the host innate immune pathways. Additional virulence factors include other outer membrane proteins and siderophores. Antimicrobial resistance contributes
to worse outcomes but has limited overlap with markers of virulence. Plasmid-encoded antimicrobial resistance or virulence harbors the potential for novel hypervirulent carba-
penem-resistant K. pneumoniae clones. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNs, interferons; IRAK, IL-1 receptor-associated kinase; IL-12,
interleukin 12; IL-17, interleukin 17, IL-23, interleukin 23; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor κB; TLR, toll-like receptor.
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reductions than TRIF−/− mice in bacterial clearance, cytokine
expression levels, and neutrophil recruitment, as well as surviv-
al, compared with WT mice [88].

Well-documented study of the antibiotic-susceptible
ATCC 43816 strains has revealed the importance of the early
inflammatory response to the eradication of K. pneumoniae
infections from the lung. Activation of interleukin 12 and inter-
leukin 23p40 via these innate signaling pathways elicits down-
stream activation of IFN-γ, interleukin 17 (IL-17), TNF-α, and
interleukin 1β (IL-1β) and leads to recruitment of neutrophils
and macrophages and induction of T-cell–dependent humoral
and cell-mediated immune responses [89]. In addition to
MyD88, mice deficient in proteins that mediate signaling,
such as the TNF receptor 1 (TNFR1) and STAT4, developed
more-severe or lethal disease following infection with ATCC
43816 [90, 91]. IL-17A production in the setting of TNF-in-
duced ILC3 lymphocyte recruitment in early infection was
also critical in monocyte-mediated eradication of infection
with K. pneumoniae ST258, in which neutrophil clearance
plays a less important role [92]. IL-1 receptor–associated kinase
M (IRAK-M) is a proximal inhibitor of TLR signaling expressed
by epithelial cells and macrophages in the lung and is upregu-
lated in lungs of WT mice following K. pneumoniae infection.
IRAK-M−/− murine alveolar macrophages were more respon-
sive to K. pneumoniae and K. pneumoniae LPS in vitro, and
the extent of lung inflammation was increased in IRAK-M−/−

mice shortly after intranasal K. pneumoniae inoculation [93].
However, IRAK-M−/− mice did not show increased cytokine
or chemokine levels in their lungs after infection. The absence
of IRAK-M resulted in a strongly improved host defense as re-
flected by reduced bacterial growth in the lungs, diminished dis-
semination to distant body sites, less peripheral tissue injury,
and better survival rates.

Cellular Clearance
On the cellular level, neutrophils serve a critical role in the
phagocytosis and intracellular killing of K. pneumoniae.
Neutrophils are recruited to the site of infection in a T-helper
type 17 cell signaling–dependent manner [89]. Other innate
immune cells contributing to clearance of K. pneumoniae in-
clude natural killer cells, macrophages, and antigen-presenting
cells, such as dendritic cells. Monocyte populations also play an
important role in the effective host response to K. pneumoniae
infection [92, 94].Mice lacking resident lung macrophages were
more likely to die when exposed to K. pneumoniae, owing to
insufficient neutrophil recruitment. Macrophages themselves
have been shown to be recruited by expression of CXCL10,
which serves as a chemokine for a number of cell types.
However, it appears that K. pneumoniae does not directly me-
diate strong activation of macrophages [95].

The expression of proinflammatory cytokines is also regulat-
ed by the receptor for advanced glycation end products (RAGE)

[96]. This multiligand receptor of the immunoglobulin super-
family is expressed on different cell types and binds various
endogenous innate danger signals (DAMPs or alarmins) and
triggers several proinflammatory signaling cascades. RAGE
was shown to play an important role in the effective antibacte-
rial host response during K. pneumoniae infection, in part
mediated by a reduced ability of phagocytosis in RAGE−/−

neutrophils in vitro [96].

Immune Evasion Mechanisms
K. pneumoniae has evolved a number of mechanisms to evade
host immune defenses, including recognition and killing by me-
diators of the innate and cellular immune systems. CPS and other
bacterial membrane components play an important role in
shielding K. pneumoniae against innate immune mechanisms,
including resisting and downregulating antimicrobial β-defensins
in the lungs, evading complement deposition and opsonization,
and reducing recognition and adhesion by epithelial cells and
phagocytes [97]. CPS has also been strongly implicated in resis-
tance of K. pneumoniae to phagocytosis, in particular for some
strain variants. More recently, sialic acid has been described as a
non-immunogenic component of CPS because it is widely pre-
sent in eukaryotic cells [98]. As discussed above, diversity in
lipid A modifications induced in vivo has been suggested to
counteract the innate immune response [68]. An ompA mutant
was found to be important for K. pneumoniae immune evasion
in vitro and in vivo by inducing the secretion of inflammatory
mediators via activation of NF-KB and MAPKs [12]. Additional
bacterial factors that inhibit opsonization are Omp,wzm (LPS O-
antigen transporter), and the clps protease subunit [12,99]. It has
also been suggested that K. pneumoniae can survive within
macrophages in a vacuolar compartment, triggering apoptotic
pathways and avoiding delivery to lysosomes [100].

On the molecular level, a number of studies have dissected
the antiinflammatory effects of K. pneumoniae infection in
the mouse pneumonia model. One pathway involves the inter-
ference with the NF-κB canonical pathway by a K2 isolate
(52145) [16, 101]. K. pneumoniae inhibited Rac1 activation,
and inhibition of Rac1 activity triggered CYLD and MKP-1 ex-
pression via NOD1, an intracellular pattern recognition recep-
tor that recognizes a peptidoglycan motif of gram-negative
bacteria. This in turn attenuated IL-1β–induced interleukin 8
(IL-8) secretion, which was not seen in a cps mutant. However,
purified CPS neither reduced IL-8 secretion nor induced the ex-
pression of CYLD and MKP-1, thereby indicating that CPS is
necessary but not sufficient to attenuate inflammation. In con-
trast, CPS appears critical in the activation of the epidermal
growth factor receptor signaling pathway. This in turn
induced the expression of CYLD, which diminished the
cytokine-dependent nuclear translocation of NF-κB [101].
Other putative triggers for activation of NF-κB include LPS
and the pullulanase type II secretion system [17].
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As highly successful CRKP clones appear to lack strong
virulence factors, much of the observed disease burden is likely
a reflection of an impaired host immune response, consistent
with the clinical picture of these organisms causing infections
in hospitalized, immunocompromised individuals [82].Howev-
er, evidence has been accumulating that CRKP may have
acquired a unique ability to evade and inhibit host innate
immune clearance from lung tissue. This may involve a relative
lack of immunogenicity, enabling persistence in the airway and
avoiding phagocytosis. It currently remains unclear whether
this is due to a targeted antiinflammatory process, inhibition
of host cell signaling, or structural differences in pathogen-
associated molecular patterns [102]. The decreased virulence
of CRKP might also reflect adaptation to inhibit the proinflam-
matory signaling necessary for clearance by phagocytes. As
such, this would enhance the colonization potential and long-
term persistence, even during antibiotic pressure. Other studies
suggest isolate-specific differences between K. pneumoniae and
CRKP isolates in the cellular immune response. When compar-
ing the ATCC isolate to 4 clinical samples, including one CRKP
ST258 isolate [103], there was isolate-dependent variation in the
contribution of neutrophils and CCR2+ monocytes to the clear-
ance of K. pneumoniae pulmonary infection. Monocyte deple-
tion worsened infection with all 5 isolates, whereas neutrophils
contributed to the clearance of all but the CRKP isolates [103].

SUMMARY AND FUTURE DIRECTIONS

Much progress has been made on our understanding of the mo-
lecular and cellular factors governing the recent emergence of
CRKP infections. WGS has emerged as a powerful tool to
more comprehensively identify novel virulence or resistance
factors in successful clones and has painted a picture of a species
with high genome plasticity. These studies largely benefit from
considering the entire K. pneumoniae population structure,
rather than focusing on select resistant or virulent clones
alone. Comparison of CRKP with coemerging HvKP strains
has facilitated identification of virulence factors and demon-
strated minimal overlap in AMR and virulence gene content
between CRKP and HvKP clonal lineages. By more clearly
mapping the location of AMR and virulence genes, they support
2 mechanisms for potential widespread Hv-CRKP: transfer of
blaKPC-plasmids into HvKP or transfer of plasmids harboring
virulence genes into CRKP isolates. Last, many virulence and
host-pathogen investigations have relied on laboratory-adapted,
nonresistant K. pneumoniae. However, preliminary evidence
suggests a high diversity in infection potential of single isolates.
Using clinically diverse isolates in genomic and functional stud-
ies may provide important insights into the clinical course of
infection, including how K. pneumoniae thwarts the host
immune response, and the identification of targets for adjunct
immunotherapies.
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reductions than TRIF−/− mice in bacterial clearance, cytokine
expression levels, and neutrophil recruitment, as well as surviv-
al, compared with WT mice [88].

Well-documented study of the antibiotic-susceptible
ATCC 43816 strains has revealed the importance of the early
inflammatory response to the eradication of K. pneumoniae
infections from the lung. Activation of interleukin 12 and inter-
leukin 23p40 via these innate signaling pathways elicits down-
stream activation of IFN-γ, interleukin 17 (IL-17), TNF-α, and
interleukin 1β (IL-1β) and leads to recruitment of neutrophils
and macrophages and induction of T-cell–dependent humoral
and cell-mediated immune responses [89]. In addition to
MyD88, mice deficient in proteins that mediate signaling,
such as the TNF receptor 1 (TNFR1) and STAT4, developed
more-severe or lethal disease following infection with ATCC
43816 [90, 91]. IL-17A production in the setting of TNF-in-
duced ILC3 lymphocyte recruitment in early infection was
also critical in monocyte-mediated eradication of infection
with K. pneumoniae ST258, in which neutrophil clearance
plays a less important role [92]. IL-1 receptor–associated kinase
M (IRAK-M) is a proximal inhibitor of TLR signaling expressed
by epithelial cells and macrophages in the lung and is upregu-
lated in lungs of WT mice following K. pneumoniae infection.
IRAK-M−/− murine alveolar macrophages were more respon-
sive to K. pneumoniae and K. pneumoniae LPS in vitro, and
the extent of lung inflammation was increased in IRAK-M−/−

mice shortly after intranasal K. pneumoniae inoculation [93].
However, IRAK-M−/− mice did not show increased cytokine
or chemokine levels in their lungs after infection. The absence
of IRAK-M resulted in a strongly improved host defense as re-
flected by reduced bacterial growth in the lungs, diminished dis-
semination to distant body sites, less peripheral tissue injury,
and better survival rates.

Cellular Clearance
On the cellular level, neutrophils serve a critical role in the
phagocytosis and intracellular killing of K. pneumoniae.
Neutrophils are recruited to the site of infection in a T-helper
type 17 cell signaling–dependent manner [89]. Other innate
immune cells contributing to clearance of K. pneumoniae in-
clude natural killer cells, macrophages, and antigen-presenting
cells, such as dendritic cells. Monocyte populations also play an
important role in the effective host response to K. pneumoniae
infection [92, 94].Mice lacking resident lung macrophages were
more likely to die when exposed to K. pneumoniae, owing to
insufficient neutrophil recruitment. Macrophages themselves
have been shown to be recruited by expression of CXCL10,
which serves as a chemokine for a number of cell types.
However, it appears that K. pneumoniae does not directly me-
diate strong activation of macrophages [95].

The expression of proinflammatory cytokines is also regulat-
ed by the receptor for advanced glycation end products (RAGE)

[96]. This multiligand receptor of the immunoglobulin super-
family is expressed on different cell types and binds various
endogenous innate danger signals (DAMPs or alarmins) and
triggers several proinflammatory signaling cascades. RAGE
was shown to play an important role in the effective antibacte-
rial host response during K. pneumoniae infection, in part
mediated by a reduced ability of phagocytosis in RAGE−/−

neutrophils in vitro [96].

Immune Evasion Mechanisms
K. pneumoniae has evolved a number of mechanisms to evade
host immune defenses, including recognition and killing by me-
diators of the innate and cellular immune systems. CPS and other
bacterial membrane components play an important role in
shielding K. pneumoniae against innate immune mechanisms,
including resisting and downregulating antimicrobial β-defensins
in the lungs, evading complement deposition and opsonization,
and reducing recognition and adhesion by epithelial cells and
phagocytes [97]. CPS has also been strongly implicated in resis-
tance of K. pneumoniae to phagocytosis, in particular for some
strain variants. More recently, sialic acid has been described as a
non-immunogenic component of CPS because it is widely pre-
sent in eukaryotic cells [98]. As discussed above, diversity in
lipid A modifications induced in vivo has been suggested to
counteract the innate immune response [68]. An ompA mutant
was found to be important for K. pneumoniae immune evasion
in vitro and in vivo by inducing the secretion of inflammatory
mediators via activation of NF-KB and MAPKs [12]. Additional
bacterial factors that inhibit opsonization are Omp,wzm (LPS O-
antigen transporter), and the clps protease subunit [12,99]. It has
also been suggested that K. pneumoniae can survive within
macrophages in a vacuolar compartment, triggering apoptotic
pathways and avoiding delivery to lysosomes [100].

On the molecular level, a number of studies have dissected
the antiinflammatory effects of K. pneumoniae infection in
the mouse pneumonia model. One pathway involves the inter-
ference with the NF-κB canonical pathway by a K2 isolate
(52145) [16, 101]. K. pneumoniae inhibited Rac1 activation,
and inhibition of Rac1 activity triggered CYLD and MKP-1 ex-
pression via NOD1, an intracellular pattern recognition recep-
tor that recognizes a peptidoglycan motif of gram-negative
bacteria. This in turn attenuated IL-1β–induced interleukin 8
(IL-8) secretion, which was not seen in a cps mutant. However,
purified CPS neither reduced IL-8 secretion nor induced the ex-
pression of CYLD and MKP-1, thereby indicating that CPS is
necessary but not sufficient to attenuate inflammation. In con-
trast, CPS appears critical in the activation of the epidermal
growth factor receptor signaling pathway. This in turn
induced the expression of CYLD, which diminished the
cytokine-dependent nuclear translocation of NF-κB [101].
Other putative triggers for activation of NF-κB include LPS
and the pullulanase type II secretion system [17].
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As highly successful CRKP clones appear to lack strong
virulence factors, much of the observed disease burden is likely
a reflection of an impaired host immune response, consistent
with the clinical picture of these organisms causing infections
in hospitalized, immunocompromised individuals [82].Howev-
er, evidence has been accumulating that CRKP may have
acquired a unique ability to evade and inhibit host innate
immune clearance from lung tissue. This may involve a relative
lack of immunogenicity, enabling persistence in the airway and
avoiding phagocytosis. It currently remains unclear whether
this is due to a targeted antiinflammatory process, inhibition
of host cell signaling, or structural differences in pathogen-
associated molecular patterns [102]. The decreased virulence
of CRKP might also reflect adaptation to inhibit the proinflam-
matory signaling necessary for clearance by phagocytes. As
such, this would enhance the colonization potential and long-
term persistence, even during antibiotic pressure. Other studies
suggest isolate-specific differences between K. pneumoniae and
CRKP isolates in the cellular immune response. When compar-
ing the ATCC isolate to 4 clinical samples, including one CRKP
ST258 isolate [103], there was isolate-dependent variation in the
contribution of neutrophils and CCR2+ monocytes to the clear-
ance of K. pneumoniae pulmonary infection. Monocyte deple-
tion worsened infection with all 5 isolates, whereas neutrophils
contributed to the clearance of all but the CRKP isolates [103].

SUMMARY AND FUTURE DIRECTIONS

Much progress has been made on our understanding of the mo-
lecular and cellular factors governing the recent emergence of
CRKP infections. WGS has emerged as a powerful tool to
more comprehensively identify novel virulence or resistance
factors in successful clones and has painted a picture of a species
with high genome plasticity. These studies largely benefit from
considering the entire K. pneumoniae population structure,
rather than focusing on select resistant or virulent clones
alone. Comparison of CRKP with coemerging HvKP strains
has facilitated identification of virulence factors and demon-
strated minimal overlap in AMR and virulence gene content
between CRKP and HvKP clonal lineages. By more clearly
mapping the location of AMR and virulence genes, they support
2 mechanisms for potential widespread Hv-CRKP: transfer of
blaKPC-plasmids into HvKP or transfer of plasmids harboring
virulence genes into CRKP isolates. Last, many virulence and
host-pathogen investigations have relied on laboratory-adapted,
nonresistant K. pneumoniae. However, preliminary evidence
suggests a high diversity in infection potential of single isolates.
Using clinically diverse isolates in genomic and functional stud-
ies may provide important insights into the clinical course of
infection, including how K. pneumoniae thwarts the host
immune response, and the identification of targets for adjunct
immunotherapies.
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