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Klebsiella pneumoniae, a chief cause of nosocomial pneumonia, is a versatile and commonly multidrug-resistant human pathogen for
which further insight into pathogenesis is needed. We show that the pilus regulatory gene fimK promotes the virulence of K. pneumo-
niae strain TOP52 in murine pneumonia. This contrasts with the attenuating effect of fimK on urinary tract virulence, illustrating
that a single factor may exert opposing effects on pathogenesis in distinct host niches. Loss of fimK in TOP52 pneumonia was
associated with diminished lung bacterial burden, limited innate responses within the lung, and improved host survival. FimK
expression was shown to promote serum resistance, capsule production, and protection from phagocytosis by host immune cells.
Finally, while the widely used K. pneumoniae model strain 43816 produces rapid dissemination and death in mice, TOP52 caused
largely localized pneumonia with limited lethality, thereby providing an alternative tool for studying K. pneumoniae pathogenesis
and control within the lung.
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Klebsiella pneumoniae is a leading cause of nosocomial infec-
tions, including pneumonia, urinary tract infection (UTI), and
sepsis [1, 2]. K. pneumoniae is ubiquitous in the environment
and is often found in the gastrointestinal tract and on medical
devices [2, 3]. The emergence of K. pneumoniae carbapenemases
and extended-spectrum β-lactamases renders this pathogen
increasingly difficult to treat [4–6]. Identification of critical viru-
lence factors in K. pneumoniae will support development of new
approaches to combat these daunting infections.

The virulence repertoire of K. pneumoniae is incompletely
defined, although animal models and genomic studies have iden-
tified several important determinants. The capsule protects
against phagocytosis, antimicrobial peptides, and serum bacterici-
dal activity [7–10]. Adhesins, iron-scavenging systems, lipopoly-
saccharide, OmpA, phospholipase D1, and urease also promote
successful K. pneumoniae infections [2, 11–18]. Type 1 pili,
as in Escherichia coli, are critical for UTI pathogenesis; however,
unlike uropathogenic E. coli, K. pneumoniae encodes a type
1 pilus regulatory gene, fimK [16, 18–21]. Deletion of fimK
results in hyperfimbriate bacteria with augmented virulence in
murine UTI [21]. We therefore investigated whether this con-
served gene may be important for enhancing virulence in
other niches.

Here, using a murine model of intratracheal inoculation, we
demonstrate that FimK promotes K. pneumoniae pathogenesis
in the lung. While no single approach to modeling K. pneumo-
niae pulmonary infection has been adopted, the most commonly
used K. pneumoniae model strain, ATCC 43816, causes bactere-
mia and death in mice within 5 days of lung inoculation, with
median lethal doses (LD50) of 10

1–103 colony-forming units
(CFU) [11, 22–24]; capsule and O antigen are critical for 43816
dissemination and lethality [10, 17]. The present study identifies
TOP52, a K. pneumoniae strain originally isolated from the
human urinary tract, as also pathogenic in the murine respiratory
tract. We demonstrate that loss of fimK attenuates lung infection,
diminishes capsule production, and renders K. pneumoniaemore
susceptible to phagocytosis by host immune cells. Our work also
introduces an alternative model strain ofK. pneumoniae that pro-
duces infection localized to the respiratory tract.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture Conditions
K. pneumoniae strains included TOP52 (strain 1721), a K6 iso-
late from a woman with acute cystitis [19, 21]; TOP52ΔfimK, a
deletion mutant that exhibits growth equivalent to the parent
strain [21]; and ATCC 43816, a K2 isolate lethal in murine
pneumonia models [1, 10, 17]. Plasmids included the empty
arabinose-inducible expression vector pBAD33 and the pfimK
vector for expression of TOP52 fimK [21]. Bacteria were
grown statically in 20-mL cultures at 37°C for 16 hours in
Luria-Bertani (LB) broth containing, as appropriate, 20 µg/mL
chloramphenicol and 0.2% arabinose. Overnight cultures were
centrifuged at 7000g for 10 minutes. Bacteria were resuspended
in sterile phosphate-buffered saline (PBS) and diluted to the
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desired inoculum concentration according to OD600. Inocula
were verified by serial dilution and plating.

Mouse Infections
Female C57BL/6J mice and complement component 3 (C3)–
deficient female B6.129S4-C3tm1Crr/J mice (Jackson Laboratories,
Bar Harbor, Maine) aged 7–8 weeks were used. For respiratory
tract infections, an intratracheal inoculation procedure was
adapted from those previously described [25]. Briefly, each
mouse was anesthetized with inhaled isoflurane, and the trachea
was exposed via surgical dissection. Inoculum (20 µL containing
1–2 × 107 colony-forming units [CFU] unless otherwise indicat-
ed) was injected intratracheally using a 30-gauge, caudally direct-
ed needle. Overlying tissues were replaced, and skin was closed
using Vetbond (3M Animal Care Products, St. Paul, Minnesota).
Control mice were inoculated with sterile PBS in identical fash-
ion. For UTI, 50 µL of suspension (1–2 × 107 CFU) was inoculat-
ed into mouse bladders by transurethral catheterization [26]. All
animal procedures were approved by the Animal Studies Com-
mittee at Washington University School of Medicine.

Mouse Survival, Weights, Organ Titers, Cytokines, and
Histologic Analysis
K. pneumoniae–infected or PBS-inoculated mice were weighed
daily for up to 2 weeks. Weights and organ titers were obtained
only for surviving mice. Mouse organs (lungs, spleen, bladder,
or kidneys) were harvested and homogenized in sterile PBS via
Bullet Blender (Next Advance, Averill Park, New York) for
5 minutes. Aliquots of homogenates were serially diluted and
plated on LB agar. Remaining homogenates were stored at
−80°C before cytokine analysis, performed with a 23-plex mag-
netic bead cytokine array (Bio-Plex Pro, Mouse Group I, Bio-
Rad, Hercules, California); duplicate samples were assayed at
1:20 dilution per the manufacturer’s instructions. Organs re-
moved for histologic analysis were washed in PBS, fixed in 10%
neutral buffered formalin, dehydrated in ethanol, and embedded
in paraffin; 5-µm sections were stained with hematoxylin and
eosin. Images were obtained using an Olympus DP25 camera
and BX40 light microscope.

Blood Cultures
Blood cultures were performed on a subset of mice 24 hours after
infection. Mice were anesthetized with isoflurane, and cardiac
puncture was performed with a 26-gauge needle. A total of 10 µL
of blood was plated onto LB agar; samples yielding >100 CFU/mL
(limit of detection) were considered positive.

Flow Cytometry
Lungs were harvested and placed into Incomplete Medium com-
posed of Dulbecco’s modified Eagle’s medium (Gibco Life Tech-
nologies, Grand Island, New York), 10 mM HEPES buffer
(Corning, Manassas, Virginia), 1 mM sodium pyruvate (Gibco),
5% MEM Nonessential Amino Acids (Corning), 1% penicillin/
streptomycin (Gibco), and 2 mM L-glutamine (Corning). Single-

cell suspensions were prepared by dicing lungs into Hank’s
balanced salt solution (Gibco) containing 1 mg/mL collagenase
D (Roche, Indianapolis, Indiana), 2% fetal bovine serum (Gibco),
and 25 mM HEPES buffer; incubating the material for 1 hour at
room temperature with shaking; and passing the material through
a 70-µM nylon cell strainer (Falcon Corning Life Sciences, Tewks-
bury, Massachusetts). Erythrocytes were lysed using sterile Gey’s
solution (500 mL sterile water, 4.15 g ammonium chloride, and
0.5 g potassium bicarbonate). Cells were counted by hemacytome-
ter. For flow cytometry, 106 cells were incubated with 0.5 µg of Fc
Block (BD Biosciences, San Jose, California) for 15 minutes at 4°
C prior to staining. Surface antibody markers included GR1-
PerCP-Cy5.5 (RB6-8C5; BD Biosciences) and CD11b- eFluor450
(M1/70; eBioscience, San Diego, California). Live cells were deter-
mined by forward scatter/side scatter gating. Cells were analyzed on
a BD LSR II cytometer; data were collected using BD FACS Diva
software and analyzed using FlowJo software (FlowJo, Ashland,
Oregon).

Serum Resistance
Serum bactericidal assays were adapted from those previously
described [27]. Blood specimens were collected by venipuncture
from healthy adult donors (the protocol was approved by the
Human Research Protection Office at Washington University).
Briefly, 25 µL of a suspension of statically grown bacteria
(106 CFU/mL in PBS) was mixed in 96-well microplates with
75 µL of pooled human serum and incubated for 3 hours at
37°C. Serum was either active or inactivated by preincubation
at 65°C for 30 minutes. Samples were serially diluted and plated
to calculate the percentage survival as a ratio of the 3-hour CFU
to the input CFU.

Capsule Quantification
Capsule extraction and uronic acid quantification were performed
using a modified protocol [28–30]. A total of 500 µL of overnight
static LB cultures was mixed with 100 µL of 1% Zwittergent 3–14
(Sigma, St. Louis, Missouri) in 100 mM citric acid and incubated
at 50°C for 20 minutes. Following centrifugation, supernatants
were precipitated with cold ethanol. After recentrifugation, the pel-
let was dissolved in 200 µL of water, and 1200 µL of 12.5 mM
tetraborate in concentrated H2SO4 was added. After vortexing,
samples were boiled at 95°C for 5 minutes and then mixed with
20 µL of 0.15% 3-hydroxydiphenol (Sigma) in 0.5% NaOH.
Absorbance was measured at 520 nm. The uronic acid concentra-
tion in each sample was determined from a standard curve of
glucuronic acid (Sigma).

In Vivo Phagocytosis Assay
In vivo phagocytosis was assessed as previously described [31].
Briefly, bacteria were incubated with 0.2 mg/mL fluorescein
5(6)-isothiocyanate (FITC, Sigma) for 30 minutes at 37°C. Uni-
form FITC labeling was confirmed by fluorescence-activated
cell-sorting analysis. Bronchoalveolar lavage (BAL) fluid was ob-
tained 3 hours after infection with 1–2 × 107 CFU K. pneumoniae.
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Fluorescence of extracellular FITC was quenched by washing with
trypan blue (Sigma). Alveolar macrophages (CD45+ CD11chi) and
neutrophils (CD45+ GR-1+) were quantified by flow cytometry;
phagocytosis of bacteria was measured by the shift in FITC fluo-
rescence. Samples were blocked with 1 µg Fc block (2.4G2 hybrid-
oma; ATCC). Surface antibody markers included CD11c-PECy7
(N418), GR1-Pacific blue (RB6-8C5), and CD45-Pacific blue
(30-F11; BioLegend, San Diego, California) or CD45-BV510
(30-F11; BD Biosciences). Cells were acquired with a BD FACScan
flow cytometer with DxP multicolor upgrades (Cytek Develop-
ment, Woodland Park, New Jersey) and analyzed using FlowJo
software.

Statistical Analysis
Comparisons between 2 groups of continuous variables were
analyzed using the Mann–Whitney U test, as these values
were not all normally distributed. For Kaplan–Meier survival
analysis, the Mantel–Cox log-rank test was used. The Fisher
exact test was used for blood culture comparisons. All tests
were 2 tailed; P values of <.05 were considered statistically
significant. Analyses were performed using GraphPad Prism,
version 6.04.

RESULTS

FimK Promotes Mortality and Morbidity in K. pneumoniae TOP52
Infection of the Murine Respiratory Tract
While past studies have shown that genomic carriage of fimK
attenuates pathogenesis of K. pneumoniae TOP52 in the urinary
tract [21], the role of fimK in other niches remains undefined.
To evaluate whether fimK promotes virulence in the respiratory
tract, we intratracheally inoculated C57BL/6 mice with 107 CFU
of TOP52 or TOP52ΔfimK and monitored weight and survival
(Figure 1). While no mice infected with TOP52ΔfimK died over
14 days, 36% of mice infected with wild-type TOP52 died be-
tween 3 and 9 days after infection (Figure 1A, P = .0013).
TOP52-infected surviving mice had significantly lower weights
than TOP52ΔfimK-infected mice from days 2 through 14 after
infection (days 2–7, P < .0001; days 8–14, P < .01; Figure 1B).
These data may understate morbidity, as only surviving mice
are represented on each day. PBS–mock-infected mice lost
an average of 5% body weight on day 1 after inoculation but
recovered quickly and gained weight each subsequent day.
TOP52ΔfimK-infected mice recovered by day 5 after infection;
their weights were not statistically different from those of mock-
infected mice after this interval. These data indicate that loss of
fimK decreases morbidity and mortality in K. pneumoniae
pneumonia.

Infection With K. pneumoniae TOP52 Yields a Higher Lung Bacterial
Burden Than Infection With TOP52ΔfimK
To evaluate whether fimK was important for K. pneumoniae
pathogenesis within the lung itself, organs were harvested and
bacterial titers quantified after infection with TOP52 or

TOP52ΔfimK (Figure 2A). At 6, 24, and 48 hours after infec-
tion, TOP52ΔfimK was attenuated in the lungs (P < .0001 vs
TOP52). Lung bacterial titers in surviving TOP52-infected
mice continued to trend higher than those in TOP52ΔfimK-
infected mice 1 week after infection (P = .0567). By 2 weeks
after infection, surviving mice had substantially cleared either
TOP52 or TOP52ΔfimK. Confirming that the observed differ-
ences were attributable to fimK loss, TOP52ΔfimK/pfimK yield-
ed higher lung titers than TOP52ΔfimK/pBAD33 both 6 and
24 hours after infection (P = .0051 and .0003, respectively;
Figure 2B and 2C).

To verify that the increased urovirulence of TOP52ΔfimK
previously demonstrated in C3H/HeN mice [21] was not specif-
ic to that murine background, we transurethrally infected
C57BL/6 female mice with TOP52 or TOP52ΔfimK. Indeed,
C57BL/6 bladders infected with TOP52ΔfimK bore significantly

Figure 1. Kaplan–Meier survival and weights of mice intratracheally infected
with Klebsiella pneumoniae TOP52 or TOP52ΔfimK. A, TOP52ΔfimK-infected mice
exhibited a significant survival advantage relative to TOP52-infected mice (**P < .01,
by the Mantel–Cox log-rank test). B, By day 2 after infection, TOP52-infected surviv-
ing mice (circles) had lost significantly more weight than TOP52ΔfimK-infected mice
(triangles) and remained significantly lower in weight through the 14-day analysis.
Data are shown as mean ± standard error of the mean and are combined from at
least 3 independent experiments. Abbreviation: PBS, phosphate-buffered saline.
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higher bacterial burdens 6 and 24 hours after infection than
TOP52-infected bladders (Supplementary Figure 1). Taken
together, these data indicate that, while fimK diminishes
TOP52 virulence in the urinary tract, it is required for optimal
virulence in K. pneumoniae murine pneumonia.

Intratracheal Inoculation With TOP52 Results in Limited Bacteremia
and Dissemination
To test whether TOP52 murine pneumonia results in dissemina-
tion of infection beyond the respiratory tract, we first evaluated
spleen bacterial titers. Spleen titers in TOP52-infected mice
were very low but significantly higher than in TOP52ΔfimK-
infected mice 24 and 48 hours after infection (P = .0027 and
P = .0007, respectively; Figure 3A). At 1 and 2 weeks after intra-
tracheal infection with TOP52 or TOP52ΔfimK, spleen titers
were extremely low or absent and did not differ significantly
(data not shown). In contrast, intratracheal inoculation of
an equivalent inoculum (107 CFU) of the commonly used
K. pneumoniae model strain 43816 yielded markedly higher
spleen titers 24 hours after infection (P = .0002; Figure 3A).

Intratracheal inoculation with 105 CFU of 43816, a typical exper-
imental dose of this strain, similarly resulted in uniformly high
(>104 CFU) spleen titers 24 hours after infection (data not
shown). Cultures of blood specimens obtained 24 hours after
infection were uniformly negative in mock-infected and TOP52-
ΔfimK-infected mice (Figure 3B). A total of 11.1% of TOP52-
infected mice exhibited positive blood cultures, compared with
100% of 43816-infected mice (P < .0001). Intratracheal infection
with the lower inoculum (105 CFU) of 43816 also yielded 100%
bacteremia 24 hours after infection (data not shown). These data
demonstrate that, while respiratory tract infection with TOP52
may be associated with bacteremia more often than its isogenic
fimKmutant, TOP52 has substantially less propensity to dissem-
inate than 43816.

Murine TOP52 Pneumonia Features Increased Inflammation Compared
With TOP52ΔfimK
To gain insight into host response during TOP52 versus
TOP52ΔfimK pneumonia, histologic analysis was performed
on lung sections prepared 24 hours after infection. Mouse

Figure 2. Time course of Klebsiella pneumoniae TOP52 and TOP52ΔfimK murine pneumonia and complementation with pfimK. A, Female C57BL/6 mice were infected with
107 TOP52 (circles) or TOP52ΔfimK (triangles) by intratracheal inoculation. Lung bacterial loads were significantly higher in TOP52-infected mice than in TOP52ΔfimK-infected
mice at 6, 24, and 48 hours after infection. B and C, This phenotype was complemented with fimK in trans at both 6 hours after infection (B) and 24 hours after infection (C).
Data are combined from at least 3 independent experiments. Each symbol represents 1 animal, short bars represent geometric means of each group, and full dotted horizontal
lines represent limits of detection (*P < .05, **P < .01, and ***P < .001, by the Mann–Whitney U test). Abbreviation: CFU, colony-forming units.
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lungs infected with TOP52 demonstrated significant consolida-
tion throughout, with few remaining morphologically normal
alveoli (Figure 4A). A marked acute inflammatory infiltrate
(neutrophils and macrophages) and areas of hemorrhage were
evident. In contrast, TOP52ΔfimK-infected lungs exhibited only
sporadic areas of acute inflammation and mild hemorrhage,
with sparing of most distal airways. These differences in lung
inflammation between TOP52-infected mice and TOP52-
ΔfimK-infected mice were amplified 48 hours after infection;
TOP52-infected lungs were completely consolidated at this
time point, while TOP52ΔfimK histologic findings were nearly
normal (data not shown).

We quantified neutrophilic inflammation by flow cytometry in
the lungs of mice inoculated with TOP52, TOP52ΔfimK, or PBS.
In mock-infected lungs, neutrophils (Gr-1+, CD11b+) comprised
on average 11.4% of total live cells 24 hours after infection
(Figure 4B). TOP52-infected lungs harbored a greater mean
percentage of neutrophils 24 hours after infection, compared
with TOP52ΔfimK-infected lungs (65% vs 38%; P = .0005). In ad-
dition, absolute neutrophil numbers in TOP52-infected mouse
lungs were >2-fold higher than those in TOP52ΔfimK-infected
lungs 24 hours after infection (P = .0016) and >3-fold higher at
1 and 2 weeks after infection (P = .0207 and P = .0022, respectively;
Figure 4C).

Quantification of 23 cytokines in lung homogenates was per-
formed 6 and 24 hours after infection (Figure 5). There were few
significant differences in lung cytokine levels 6 hours after in-
fection with TOP52 or TOP52ΔfimK, notably including higher
IFN-γ and TNF-α levels in TOP52-infected samples (P = .0022
and P = .0152, respectively). However, TOP52-infected lungs
24 hours after infection contained significantly higher levels of

many proinflammatory cytokines (IL-1β, IL-6, IL-17, granulocyte
colony-stimulating factor, granulocyte-macrophage colony-
stimulating factor, IFN-γ, and TNF-α) and chemokines (KC,
monocyte chemotactic protein 1, macrophage inflammatory pro-
tein 1α [MIP-1α], and RANTES) than TOP52ΔfimK-infected
lungs. Together, these data indicate that the higher-titer infection
achieved by TOP52 is accompanied by a more robust immune re-
sponse (involving inflammatory mediators and immune cells),
compared with TOP52ΔfimK.

FimK Promotes K. pneumoniae Serum Resistance, Capsule Production,
and Resistance to Phagocytosis
To test the hypothesis that differences in pathogenesis of TOP52
and TOP52ΔfimK reflect an influence of FimK on the expres-
sion of virulence factors important in resisting innate defenses,
we first performed serum resistance assays (Figure 6A). The
serum-resistant, heavily encapsulated K. pneumoniae strain
43816 served as a comparator. TOP52 titers were approximately
100% of input CFU after 3-hour incubation in active serum, while
TOP52ΔfimK showed <1% survival (P = .0006). Meanwhile,
43816 exhibited 10-fold higher titers than TOP52 after 3 hours
in active serum (P = .0041). Interestingly, while inactivation of
serum did not alter TOP52 and 43816 survival, TOP52ΔfimK
grew to 300% of input in inactivated serum (vs <1% survival in
active serum; P = .0012), indicating that lack of FimK confers
marked susceptibility to complement-mediated killing in vitro.

To test whether increased susceptibility to complement was
responsible for the attenuated in vivo virulence of TOP52ΔfimK,
we intratracheally inoculated mice lacking the complement com-
ponent 3 (C3) gene. Lungs and spleens of C3-deficient mice in-
fected with TOP52 harbored increased bacterial loads relative to

Figure 3. Klebsiella pneumoniae TOP52 and TOP52ΔfimK display limited dissemination and bacteremia. A, Female C57BL/6 mice were inoculated intratracheally with 107

TOP52 (circles), TOP52ΔfimK (triangles), or ATCC 43816 (diamonds). Spleen bacterial loads were measured at indicated time points. Data are combined from at least 3 inde-
pendent experiments. Each symbol represents 1 animal, short bars represent geometric means of each group, and full dotted horizontal lines represent limits of detection
(**P < .01 and ***P < .001, by the Mann–Whitney U test). B, Blood cultures at 24 hours after infection were positive in only 11.1% of TOP52-infected mice and 0% of TOP52-
ΔfimK-infected mice, compared with 100% of ATCC 43816–infected mice (***P < .001, by the Fisher exact test). Abbreviations: CFU, colony-forming units; PBS, phosphate-
buffered saline.
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those infected with TOP52ΔfimK (Supplementary Figure 2A).
Additionally, a significantly higher rate of bacteremia (80%) in
C3−/− mice 24 hours after infection was noted after infection
with TOP52, while TOP52ΔfimK blood cultures were all sterile
(Supplementary Figure 2B). Thus, increased susceptibility of
TOP52ΔfimK to complement activity in vitro does not account
for its diminished virulence within the murine lung.

Beyond its role in serum resistance, capsule mediates interac-
tions between bacteria and host epithelial and immune cells [8,
9, 32]. To test for alterations in capsule production, TOP52,
TOP52ΔfimK, and 43816 were grown with and without the
capsule inhibitor sodium salicylate [29], and uronic acid
was extracted and quantified (Figure 6B). TOP52 produced

significantly more capsule than TOP52ΔfimK and significantly
less than 43816 (P = .0022 for each comparison). Both TOP52
and 43816 exhibited lower capsule production in the presence
of sodium salicylate, as expected (P = .0022). However, sodium
salicylate induced no further decrement in capsule production
by TOP52ΔfimK.

To determine whether decreased capsule in TOP52ΔfimK
might allow early immune clearance in vivo, we quantified
phagocytosis by host leukocytes in BAL fluid of mice 3 hours
after infection with FITC-labeled TOP52 or TOP52ΔfimK
(Figure 6C). Only 2.3% of alveolar macrophages isolated from
TOP52 infections were FITC positive (indicating uptake
of bacteria), compared with 15.3% of macrophages from

Figure 4. Klebsiella pneumoniae TOP52 elicits a more robust innate immune response in the lungs at 24 hours after infection than TOP52ΔfimK. A, Representative histologic
staining of murine lungs at 24 hours after infection with TOP52 (top panels) or TOP52ΔfimK (bottom panels) reveals marked differences in consolidation and acute inflammatory
infiltrate. Boxes indicate areas of increased magnification in right panels (scale bars, 200 µm). B, Representative flow cytometry shows a higher proportion of neutrophils in
lungs after TOP52 infection, compared with TOP52ΔfimK infection. One representative plot shown for each group, with mean neutrophil percentages indicated from 33 mice
across 3 independent experiments. C, Flow cytometric quantification demonstrates significantly higher absolute numbers of neutrophils in TOP52-infected mouse lungs (solid
bars) than in TOP52ΔfimK-infected lungs (open bars) at 24 hours, 1 week, and 2 weeks after infection. Data are shown as mean ± standard error of the mean (*P < .05 and
**P < .01, by the Mann–Whitney U test). Abbreviation: PBS, phosphate-buffered saline.
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TOP52ΔfimK infections (P < .0001). A similar disparity was ob-
served in neutrophils (1.8% vs 9.6%; P = .0159; data not shown).
These data indicate that FimK positively influences production of
capsule and impedes phagocytosis of K. pneumoniae in the lung.

DISCUSSION

K. pneumoniae is a versatile pathogen able to infect multiple
host sites. K. pneumoniae as a species harbors substantial geno-
mic diversity, but in contrast to E. coli, genomic content in most

K. pneumoniae strains does not reliably predict host tissue
tropism [33]. Although pyogenic liver abscesses with systemic
sequelae have been associated with K. pneumoniae expressing
magA, rmpA, and other capsular determinants [34, 35], the
genomic attributes required for virulence in other sites or for
gastrointestinal tract colonization remain largely unknown.
Hyperexpression of type 1 pili by E. coli may reduce bowel colo-
nization [36], but this has not been shown for K. pneumoniae. In
addition,K. pneumoniae environmental isolates may colonize the

Figure 5. Klebsiella pneumoniae TOP52–infected lungs have an increased proinflammatory cytokine response at 24 hours after infection, relative to TOP52ΔfimK-infected
lungs. TOP52-infected (solid bars), TOP52ΔfimK-infected (open bars), or phosphate-buffered saline (PBS) mock-infected (hatched bars) mouse lungs were harvested at 6 or 24
hours after infection, and homogenates were analyzed by multiplex bead array for cytokine content. Data were collected using organ homogenates from at least 3 independent
mouse experiments and are shown as mean ± standard error of the mean (*P < .05 and **P < .01, by the Mann–Whitney U test). Abbreviations: G-CSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-γ, interferon γ; IL-1β, interleukin 1β; IL-6, interleukin 6; IL-10, interleukin 10; IL-17, inter-
leukin 17; MCP-1, monocyte chemotactic protein 1; MIP-1α, macrophage inflammatory protein 1α; TNF-α, tumor necrosis factor α.
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murine gastrointestinal tract and infect the urinary tract just as
effectively as clinical isolates [37].The present study demonstrates
that a strain derived from the human urinary tract can cause mu-
rine pneumonia. Many K. pneumoniae isolates likely retain the
genetic machinery required to thrive in multiple environments

into which they may be introduced. Past work demonstrated
that the terminal gene in the type 1 pilus operon, fimK, reduces
the virulence of K. pneumoniae in UTI [21]. Here we show that,
in contrast, fimK carriage is imperative for virulence in the respi-
ratory tract. Thus, fimK is not broadly deleterious and, in fact,
confers a niche-specific survival advantage in the lung.

Deletion of fimK from K. pneumoniae TOP52 resulted in
decreased bacterial loads, lower morbidity and mortality, and
attenuated lung pathology and cytokine response during mu-
rine pneumonia. TOP52ΔfimK produced less capsule, which
rendered it more susceptible to phagocytosis in vivo. This likely
favors earlier clearance and diminished bacterial loads and, in
turn, a less dramatic cellular inflammatory response. In con-
trast, lung titers of TOP52 at early time points were modestly
higher than in the inoculum, reflecting replication (as opposed
to simple persistence) of TOP52 in the lung. IFN-γ and TNF-α,
levels of which were elevated in TOP52-infected lungs, repre-
sent important stimulators of activated proinflammatory mac-
rophages [38, 39], which subsequently may fuel the globally
increased proinflammatory milieu observed 24 hours after in-
fection with TOP52. In turn, several locally produced chemo-
kines promote neutrophil recruitment to the lungs (eg, KC
and MIP-2) [40–42]. The amplified cellular response elicited
by TOP52 persisted through 2 weeks, at which time it likely
contributes to tissue repair.

The mechanisms by which FimK promotes pathogenesis in
the lungs are not yet fully elucidated. FimK enhances produc-
tion of capsule, an important virulence determinant in the
lung [8–10].As host C3 deficiency did not rescue TOP52ΔfimK,
the contribution of capsule within the lung is likely in resistance
to phagocytosis rather than to complement activity. Of note,
previous work has proposed that fimbria and capsule may be
counterregulated or exhibit steric interference in K. pneumoniae
[43, 44]. FimK decreases expression of type 1 pili in TOP52 [21],
which are critical for uropathogenesis but dispensable for
virulence in the lung [18]. Wang et al showed that FimK in
K. pneumoniae CG43S3 may instead increase expression of
type 1 pili; however, fimB was overexpressed in this strain
[45], which would bypass the known ability of FimK to influ-
ence orientation of the fimS promoter [21]. In our new studies,
we confirmed that fimK deletion yields increased FimA expres-
sion (by Western blot; data not shown) in TOP52, as was shown
previously [21]. FimK might also regulate other virulence fac-
tors important for pneumonia pathogenesis. FimK contains a
predicted N-terminal helix-turn-helix domain, which may
bind regions of DNA, and a C-terminal EAL domain, character-
istic of phosphodiesterases that cleave the second messenger
cyclic di-GMP [45, 46]. Ongoing work continues to investigate
the broader range of K. pneumoniae virulence properties influ-
enced by FimK.

Murine pulmonary infection with TOP52 provides an alter-
native preclinical model organism that contrasts with 43816.

Figure 6. Klebsiella pneumoniae fimK promotes serum resistance, capsule pro-
duction, and resistance to phagocytosis. A, In serum resistance assays, bacteria
were incubated with pooled human active (solid bars) or inactivated (open bars)
serum for 3 hours. Bacterial survival is expressed as a percentage of input colo-
ny-forming units (CFU). B, Capsule extraction and quantification was performed on
bacteria grown with (open bars) and without (solid bars) the capsule inhibitor so-
dium (Na) salicylate. C, Mice were intratracheally inoculated with fluorescein iso-
thiocyanate (FITC)–labeled bacteria, and bronchoalveolar lavage was performed at
3 hours after infection. The percentage of macrophages expressing FITC was deter-
mined by flow cytometry after infection with TOP52 (circles) or TOP52ΔfimK (trian-
gles). All data are combined from 2 independent experiments and shown as mean or
mean ± standard error of the mean (**P < .01 and ***P < .001, by the Mann–Whit-
ney U test).
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First, the histologic features of TOP52-infected lungs 24 hours
after infection parallel those observed in human disease [47, 48].
Additionally, infection after intratracheal inoculation with
TOP52 is largely survivable and contained to the respiratory
tract; conversely, inoculation with 43816 (which causes mortal-
ity likely due to sepsis rather than respiratory failure) may be
more valuable in studying disseminated K. pneumoniae infec-
tion. Compared with 100% bacteremia 24 hours after infection
with 43816, only 11% of TOP52-infected mice were bacteremic,
a proportion similar to that observed in human pneumonia
(7%–15%) [49, 50]. Of note, the TOP52 genome was recently
sequenced, facilitating additional genetic manipulation and ge-
nomic comparisons [19]. TOP52 may thus prove a more useful
model strain for studying specific aspects of pneumonia patho-
genesis (eg, adaptive immune responses). Continued work will
provide an improved understanding of Klebsiella virulence
mechanisms and avenues for inhibition, informing efforts to
combat this versatile and increasingly antibiotic-resistant
pathogen.
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