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Abstract

IFN-l and IL-22, cytokines that share the coreceptor IL-10RB, are
both induced over the course ofKlebsiella pneumoniae ST258 (KP35)
pneumonia. IL-22 is known to protect mucosal barriers, whereas the
effects of IFN-l on the mucosa are not established. We postulated
that IFN-l plays a role in regulating the airway epithelial barrier
to facilitate cellular trafficking to the site of infection. In response
to IFN-l, the transmigration of neutrophils across a polarized
monolayer of airway epithelial cells was increased, consistent with
diminished epithelial integrity. KP35 infection increased epithelial
permeability, and pretreatment with IFN-l amplified this effect and
facilitated bacterial transmigration. These effects of IFN-l were
confirmed in vivo, in that mice lacking the receptor for IFN-l
(Ifnlr12/2) were protected from bacteremia in a murine model of
KP35 pneumonia. Conversely, the integrity of the epithelial barrier
was protected by IL-22, with subsequent impairment of neutrophil
and bacterial transmigration in vitro. Maximal expression of IL-22
in vivo was observed later in the course of infection than IFN-l
production, with high levels of IL-22 produced by recruited immune

cells at 48 hours, consistent with a role in epithelial barrier recovery.
The divergent and opposing expression of these two related cytokines
suggests a regulated interaction in the host response to KP35
infection.Amajor physiological effect of IFN-l signaling is a decrease
in epithelial barrier integrity, which facilitates immune cell
recruitment but also enables K. pneumoniae invasion.
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Clinical Relevance

Multidrug-resistant organisms such as Klebsiella pneumoniae
are important causes of severe pneumonia with few
therapeutic options. Understanding how this organism takes
advantage of host signaling pathways may allow us to identify
alternative ways to help the host overcome and clear this
opportunistic pathogen.

Klebsiella pneumoniae ST258 has emerged
as a major cause of healthcare-associated
pneumonia, bacteremia, and sepsis (1, 2).
Along with substantial antimicrobial drug
resistance, this host-adapted pathogen has
acquired mechanisms to avoid innate
immune clearance pathways that are
typically effective against other opportunists
(3). K. pneumoniae clinical isolate 35

(KP35), a locally prevalent ST258 isolate,
is associated with high-grade bacteremia
and causes persistent infections in the
airway lumen (3). This is in contrast to the
highly virulent and rapidly cleared reference
strain K. pneumoniae KPPR1 (4–6), which
differs genotypically from the multidrug-
resistant (MDR) isolates that are now more
prevalent clinically (3). K. pneumoniae

ST258 is also highly resistant to
neutrophil-mediated phagocytosis and
killing (3, 7), which undoubtedly
contributes to its ability to cause persistent
bloodstream infection and eventual
lethality, which has been reported to be
upwards of 50% (8).

Exactly how K. pneumoniae invades
across the airway epithelium is not clearly
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defined. Other opportunists that occupy
a similar ecological niche, such as
Pseudomonas aeruginosa, are motile and
express type III secreted toxins (9) targeting
Rho GTPAses and cytoskeletal dynamics
to permit bacterial translocation (10, 11).
P. aeruginosa also activate Ca21 fluxes and
calpain activity in airway epithelial cells that
cleaves epithelial tight junction proteins
and permits bacterial transmigration (12).
However, KP35 does not stimulate Ca21

release (3) and does not express a type III
secreted toxin. Thus, its ability to translocate
from the airway to the bloodstream so readily
must be due to an alternative mechanism.

Proinflammatory cytokine signaling in
response to bacterial infection promotes
changes in epithelial tight junctions and
facilitates the transmigration of phagocytes
and other immune cells into the airway
lumen in an effort to clear the pathogen.
Both type I IFNs and type III IFNs
(collectively referred to as IFN-l, IFNL1, IL-
28A/B, or IL-29) promote the expression of
a large number of IFN-stimulated genes,
many of which have proinflammatory
effects (13, 14). IFN-l signaling is mediated
through receptors expressed primarily on
epithelial cells, consistent with a role in
mucosal infection. The type III IFNs signal
through a heterodimeric receptor and share
IL-10RB with IL-22. IL-22 and IFN-l bind
first to their cognate ligands, which are
on adjacent loci on human chromosome
1p36.11 (15), before interacting with the
common IL-10RB component (16). In a
model of rotavirus infection, IL-22 and
IFN-l was shown to have synergistic effects
in protecting the epithelial barrier in the gut
(17). IL-22 is best characterized for its role
in the production of antimicrobial peptides
and in epithelial barrier defenses in the
gastrointestinal tract (18). In the setting of
pneumonia, IL-22 contributes to epithelial
repair after influenza (19), and Il222/2

mice have a significantly increased
susceptibility to severe lung injury from
virulent K. pneumoniae infection (5).

We postulated that cytokines induced
by KP35 are responsible for the changes
observed in the integrity of the airway
epithelial barrier, in contrast to other
pathogens that do so directly.We focused on
IFN-l and IL-22 because these share a
common receptor, IL10-RB, and are
both involved in epithelial junctional
homeostasis in the gut (17). In the
experiments detailed in this report, we
found that KP35 induced a brisk IFN-l

response that, in contrast to IL-22,
substantially affected the integrity of the
airway epithelial barrier.

Methods

Bacterial Strains and Growth
Conditions
KP35 (3) and KPPR1 (ATCC 43816) were
grown in Luria-Bertani and resuspended in
PBS for in vivo and in vitro infections.

Cell Lines
16HBE cells, a human bronchial epithelial
cell line, were used in multiple assays as
described in the data supplement.

Mouse Studies
In vivo experiments were performed using
age- and sex-matched cohorts of 6- to 8-
week-old C57BL/6J (Jackson Laboratories),
Ifnlr12/2 (Bristol-Myers Squibb), and
Il222/2 (Jackson Laboratories) mice. The
Ifnlr12/2 mice were acquired through a
material transfer agreement with Bristol-
Myers Squibb. The mice were anesthetized,
infected intranasally with K. pneumoniae
(108 cfu in 50 ml of PBS), and killed between
4 hours and 96 hours after infection as
described previously (3) and in further
detail in the data supplement. All animal
experiments were performed in strict
accordance with the recommendations in the
“Guide for the Care and Use of Laboratory
Animals” of the National Institutes of Health,
the Animal Welfare Act, and U.S. federal
law, as well as with the guidelines of the
Institutional Animal Care and Use Committee
of Columbia University (protocol numbers
AAAG9307 and AAAQ8375).

Analysis of Immune Cell Populations
Analysis of cell populations in BAL fluid
(BALF) was conducted using multicolor
flow cytometry on a BD LSR II. Cells were
labeled with a combination of fluorophores
(see Table E1) and analyzed on FlowJo
(v10.0.8) as described in the data
supplement.

Bone Marrow Myeloid-derived
Suppressor Cell Differentiation and
Infection
Bone marrow myeloid-derived suppressor
cells (BM/MDSCs) were differentiated as
previously described (3) from wild-type
(WT) and Il222/2 mice (for further details,
see the data supplement).

qRT-PCR
Total RNA was isolated and measured from
cultured cells and lung homogenates as
described in the data supplement (Table E2).

Immunoblots
Cell lysates were studied by Western blot in
the usual fashion, as described in detail in
the data supplement.

Cytokine Analysis
For in vitro studies, supernatants were
collected after 24 hours of infection with
bacteria from 16HBE cells and tested via
ELISA (BioLegend). For in vivo studies,
Eve technologies measured cytokine levels
by multiplex array from BALF at the
indicated time points unless measuring
IFN-l (Mouse IL-28A/B) DuoSet ELISA
(R&D Systems).

Dextran Permeability Assays and
Transepithelial Electrical Resistance
16HBE cells were grown on Transwell
Permeable Supports (Corning) filters (3-mm
pore size) with an air–liquid interface.
Dextran permeability and transepithelial
electrical resistance assays were performed
as described in detail in the data supplement.

Shotgun Proteomics
Proteomic data were obtained using
methanol/chloroform precipitation, Trypsin
Gold digestion (Promega), and peptide
fractionation (Pierce High pH Reversed-
Phase Peptide Fractionation Kit; Thermo
Fisher) as previously described (3). The
soluble peptide mixtures were collected
for liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis. We
used the spectral counts from the LC-
MS/MS data and applied a network analysis
to a selected protein list from global
proteomics expression profiling data using
the ingenuity pathway analysis algorithm
(QIAGEN).

Neutrophil Migration Assay
Neutrophil migration assays were performed
as previously described (12) with some
modifications, as described in detail in the
data supplement.

Statistics
For data sets with more than two groups,
multiple comparisons were analyzed using a
Kruskal-Wallis nonparametric or regular
one-way ANOVA with Dunn’s or Dunnett’s
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post test, respectively. Two groups with
normally distributed data were analyzed by
Student’s t test. Mouse samples were
compared using the nonparametric Mann-
Whitney test. Proteomic analysis was
conducted using the Benjamini-Hochberg
multiple comparison test. Statistical
analyses were performed using GraphPad
Prism software, with significance defined as
P , 0.05.

Results

KP35 Infection Promotes Changes in
Expression of Epithelial Junctional
Proteins
To first understand the effects of KP35 on
the airway epithelium, we performed
proteomics on BALF harvested from WT
mice infected with KP35 for 48 hours.
Several signaling pathways related to the
integrity of the epithelial junctions were
affected by infection (Figure 1A). Among
the most prominent pathways identified
were those related to actin remodeling of
epithelial adherens junctions, the actin
cytoskeleton, tight and gap junctions, IL-22,
IL-10, STAT3, and IFNs. Canonical
epithelial remodeling and tight junction
signaling pathways were differentially
affected in response to KP35 (Figure 1B):
several actin-related protein complexes
were increased, whereas dynamins
(DNM2/3) and zyxin (ZYXIN) that are
involved in focal adhesion complexes (20)
were downregulated. Changes in the
expression of proteins directly involved in
epithelial junctions were quantified over the
course of KP35 infection. Significant
decreases in the abundance of zonula-
occludens-1 (ZO-1) and claudin-2 were
apparent as early as 24 hours postinfection
(hpi), whereas ezrin decreased minimally
by 48 hpi and occludin levels were
diminished at 96 hpi (Figure 1C). The
dynamic changes in epithelial junctional
protein expression were apparent with
decreased ZO-1 by 48 hpi and recovery by
168 hpi, as assessed by immunofluorescence
on fixed lung tissue (Figure 1D).

KP35 Induces IL-10RB Cytokines
In Vivo
We postulated that cytokines induced by
KP35 were responsible for the changes in
the junctional proteins. Proteomic data
indicated that IL-10RB signaling was
strongly activated by KP35 (Figure 2A).

Significant induction of IL-10RB at the
levels of both protein expression and
transcription was found in a murine model
of KP35 pneumonia. Expression of IL-10RB
in lung homogenate was greatest at 48
hours of infection (Figure 2B). Parallel to
the expression of this receptor, IFN-l
transcription peaked at 48 hours and then
declined. Conversely, IL-22 transcript levels
initially decreased by 48 hours but
recovered by 96 hours (Figure 2C). Total
cytokine amounts in the BALF paralleled
transcription, with peak cytokine levels at
48 hours for IFN-l and 96 hours for IL-22
(Figure 2D), indicating the participation
of both cytokines in the response to
K. pneumoniae infection.

IFN-l and IL-22 Modulate the Integrity
of the Epithelial Barrier
Exactly how IFN-l and IL-22 alter airway
epithelial junctions is not well established.
We used human airway epithelial cells
(16HBEs) to determine how these cytokines
might alter barrier function (Figure 3). The
addition of IFN-l and IL-22 to 16HBEs
induced STAT signaling, the canonical
pathway that is expected to be responsive
to these cytokines, with phosphorylation
of STAT1 and STAT3, respectively
(Figure 3A). Treatment of 16HBEs with
IFN-l decreased expression of occludin and
ezrin (Figure 3B), whereas IL-22 increased
expression of these junctional proteins
(Figure 3C). We then confirmed that the
16HBE cells responded to KP35 with
significant induction of IFN-l (IFNL2/3)
after 24 hours, consistent with our in vivo
model (Figure 3D).

Because peak IFN-l levels coincided
with maximal immune cell numbers in the
airways (3), we postulated that IFN-l
increases barrier permeability to facilitate
immune cell trafficking. We first tested the
effects of IFN-l on airway epithelial
integrity by measuring the dextran
permeability of polarized 16HBE
monolayers exposed to both IFN-l and
KP35 (Figure 3E). IFN-l treatment alone
increased dextran permeability to the same
extent that KP35 alone did, with additive
effects of cytokine and bacteria stimulation
together. Conversely, addition of IL-22 to
the Transwell inserts significantly decreased
dextran accumulation in the lower chamber
of the Transwell inserts (Figure 3F), with
corresponding effects on transepithelial
electrical resistance (Figure 3G). Thus,
exogenous IL-22 served to further enhance

epithelial integrity, whereas IFN-l
increased permeability.

The physiological purposes and
consequences of increased epithelial
permeability include facilitating immune
cell recruitment into the infected airway.
Using the same Transwell system, we found
that the addition of IFN-l allowed for
increased translocation of isolated
neutrophils, whereas IL-22 impaired
chemotaxis of neutrophils across the
polarized monolayer (Figure 3H). We then
assessed the effect of each cytokine on
the number of bacteria that were able
to transmigrate across the polarized
monolayer, and observed that IFN-l
treatment increased cfu recovery across
the barrier by 2 log. Again, the opposite
effect was seen with IL-22 coincubation,
with less recovery of bacteria in the
basal compartment (Figure 3I). Therefore,
an untoward effect of enhanced immune
cell trafficking also enables bacteria to
translocate from the airway into the
lung. This is particularly relevant given
that K. pneumoniae by itself is not
motile.

Ifnlr12/2 Mice Are Protected from
KP35 Bacteremia
The effects of IFN-l on epithelial junctions
observed in our proteomics data and
analysis of epithelial barrier function
in vitro indicated a likely contribution to
KP35 invasion from the airway lumen into
the bloodstream. After an intranasal
inoculation of KP35, mice lacking the
receptor for IFN-l (Ifnlr12/2 mice) were
significantly protected from bacteremia, as
evidenced by a reduced bacterial load in the
spleen, as well as fewer bacteria recovered
from BALF and lungs as compared with
WT mice (Figure 4A). The immune cell
response to infection was similar in the
WT and Ifnlr12/2 mice, with no major
differences in recruitment of alveolar
macrophages, granulocytic MDSCs and
neutrophils, or monocytic MDSCs
(M-MDSCs) (Figure 4B). The diminished
bacterial load in the airways of Ifnlr12/2

mice was accompanied by significantly
increased IL-22 and decreased IL-10,
IL-1b, and KC/CXCL1 at 48 hours
(Figure 4C). In the absence of IFN-l
receptor signaling, occludin expression
remained constant over the course of
infection (Figure 4D). Thus, the absence
of IFNLR1 signaling enhanced KP35
clearance from the lung.
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IL-22 Restores Airway Epithelial
Barrier Function
In contrast to the effect of IFN-l, IL-22
increased epithelial barrier integrity in vitro

and was upregulated late in KP35 infection,
consistent with a role in the repair of the
airway barrier in vivo. The contribution of
IL-22 to the clearance of KP35 was assessed

in a murine model of pneumonia, which
demonstrated equivalent clearance of KP35
in the Il222/2 mice and WT controls
(Figure 5A). WT and Il222/2 mice
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Figure 1. Klebsiella pneumoniae alters the expression of epithelial junctional proteins. (A) Ingenuity pathway analysis showing major canonical pathways
significantly affected by KP35 infection of wild-type (WT) mice, using proteomic data obtained from pooled BAL fluid (n = 3) after 48 hours of infection. B-H =
Benjamini-Hochberg. (B) Heatmaps of the canonical pathways of epithelial remodeling and tight junctional signaling showing relative expression of proteins in
KP35-infected mice compared with PBS-treated controls. (C) Immunoblots of ezrin (Ezr), occludin (Ocln), zonula-occludens-1 (ZO-1), and Claudin-2 (Cn-2) from
lung homogenates of WT mice infected with KP35 at the indicated time points. Densitometry values normalized to actin (Act) are shown (n = 3); *P, 0.05, **P,
0.01, ***P , 0.005; one-way ANOVA, Dunnett’s post hoc test for multiple comparisons as compared with PBS. For all graphs, each column is the mean
value6 SEM. Representative data from at least two independent experiments are shown. (D) Distribution of ZO-1 by immunofluorescence on nonparaffin-fixed
lung sections. Lower panels represent magnification of the area defined by the white dashed line boxes in the upper panels. Scale bars: 300 mm.
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recruited similar numbers of immune cells,
with no differences in recruitment of
alveolar macrophages, granulocytic MDSCs
and neutrophils, or M-MDSCs with KP35
infection (Figure 5B). The proinflammatory
cytokine IL-1b was significantly increased
and IL-10 production was significantly
decreased at 48 hours in Il222/2 mice
(Figure 5C), suggesting proinflammatory
compensation in the absence of IL-22.
Notably, IFN-l was also decreased in the
absence of IL-22. Thus, in contrast to the
negative effects of IFN-l on KP35 clearance,
lack of IL-22 had no net consequences on
KP35 clearance in the in vivo model.

Our findings thus far suggested a
dynamic regulation of the epithelial barrier,
first by the loss of barrier function associated
with IFN-l and then by production of
IL-22 to restore barrier integrity. We
postulated that a potential source of IL-22
is the Ly6Chi monocyte (or M-MDSC)
population, a major subset of immune cells
that were not recruited into the airways
until 48 hours after KP35 infection. These
immune cells have been shown to suppress
neutrophil bactericidal capacity (3) but are
critical for promoting the clearance of
K. pneumoniae (21). We found that murine
BM cells differentiated into the M-MDSC
phenotype (BM/MDSCs) exhibited increased

production of IL-22 at the level of
RNA transcription in response to KP35
infection for 4 hours (Figure 5D). At this
time point, the levels of IL-22 secreted into
the cell culture supernatant were similar
regardless of infection. To determine the
effects of MDSC-derived IL-22 on the
integrity of the epithelial barrier, BM/MDSCs
from WT or Il222/2 mice were exposed to
KP35 and the supernatants were harvested.
Addition of the sterilized MDSC supernatant
from WT mice enhanced the integrity of
the epithelium in that dextran translocation
in response to infection was prevented,
whereas supernatant derived from Il222/2

BM/MDSCs had no protective effect against
dextran permeability (Figure 5E). Intracellular
staining of IL-22 from cells recovered from
total lung homogenate showed epithelial
cells, monocytes, and neutrophils as major
producers of this cytokine (Figure 5F).
These results suggest that the production of
IL-22 by these monocytes contributes to the
restoration of airway epithelial integrity at the
site of infection.

Discussion

In the experiments detailed in this report,
we demonstrate the participation of the

cytokines IFN-l and IL-22 in the host
defense against carbapenem-resistant
K. pneumoniae KP35, a representative
ST258 K. pneumoniae that is common in
healthcare-associated infections. Our
findings indicate that this pathogen
promotes expression of IFN-l and the
IL-10RB receptor, which mediate changes
in the epithelial junctions to facilitate
immune cell recruitment. However, IFN-
l–induced alterations in the epithelial
barrier also enable translocation of K.
pneumoniae from the airway lumen into
the lung and bloodstream. As a nonmotile
organism, KP35 takes advantage of the
physiological opening of epithelial tight
junctions that occurs to enable neutrophil
and monocyte recruitment into the airway.
This is similar to the well-established
mechanism of gram-negative sepsis, in
which bacteria invade inflamed mucosal
surfaces in the gastrointestinal tract. The
ability of KP35 to achieve a high density
in the airway may similarly facilitate
translocation across the pulmonary
mucosal barrier, leading to sepsis.

The induction of IFN-l expression
by KP35 appears to be a major factor
in enabling invasion across the airway
epithelial barrier. Type III IFNs have effects
distinct from those of type I IFNs, targeting
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Figure 2. KP35 promotes production of the IL-10RB–related cytokines IFN-l and IL-22. (A) Heatmaps of the IL-10RB signaling pathway recovered from
BAL fluid of KP35-infected mice at 48 hours of infection (same samples as in Figures 1A and 1B; n = 3). (B) Immunoblot with densitometry and qRT-PCR
of IL-10RB using lung homogenates of WT mice infected with KP35 at the indicated time points. (C) Gene expression measured via qRT-PCR of lung
homogenates for IFN-l (Ifnl2/3) (n = 6) and IL-22 (Il22) (n = 6), and (D) their respective protein levels measured via ELISA (n = 3) or multiplex array (n = 6) in
BAL fluid from mice infected with KP35 at the indicated time points. For immunoblots, densitometry values are normalized to actin (n = 3). Representative
data from at least two independent experiments are shown. For all graphs, each column is the mean value 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001,
and ****P , 0.0001, by one-way ANOVA; Dunnett’s correction for multiple comparisons between groups indicated by the horizontal bar (B–D).
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receptors primarily displayed on epithelial
cells, although they share numerous
effectors (15). We found that IFN-l
suppresses transcription of occludin and
ezrin, which are essential for maintaining
epithelial junctional integrity. The mucosal
distribution of IFNRL1 reflects a tissue-
specific role in regulation of the epithelial
barrier, allowing for immune cell
recruitment. IFN-l perturbation of
epithelial junctions enhanced neutrophil
transmigration, consistent with the
function of type I and III IFNs in
promoting proinflammatory responses in
the respiratory tract (14). IFNRL1 is also
expressed on neutrophils, with IFN-l

impairing intracellular processes such as
degranulation and reactive oxygen species
production (22, 23). Therefore, the added
effect of IFN-l on neutrophil function
likely contributes to bacterial translocation
and persistence. However, IFN-l production
alone is not sufficient to explain the persistent
KP35 airway infection, as even the Ifnlr12/2

mice retained over 104 cfu in the airway
at 96 hours, although these mice were not
bacteremic at this time point.

Countering the effects of IFN-l in
KP35 infection, we observed the induction
of IL-22 in the murine lung and in human
human bronchial epithelial cells. The
in vitro consequences of IL-22 on the

epithelial junctions were similar to what
has been proposed to occur in the gut
epithelium, namely, a “tightening” of the
barrier (24, 25). We demonstrate that IFN-
l and IL-22 appear to be divergently
regulated, in that they are expressed at
different times (IFN-l early and IL-22 late
in infection)—a coregulation that is lost
in Ifnlr2/2 mice. In the absence of Ifnlr,
we observed an early spike in IL-22
production at 48 hours, which was absent
by 96 hours. This was in contrast to the
delayed kinetics of the IL-22 peak in
WT mice, suggesting the potential for
improved bacterial clearance with early
exogenous IL-22 administration as in
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other models of infection. The divergent
kinetics of these IL-10RB cytokines was
not observed for the production of the
other cytokines measured. We speculate
that IL-22 and IFN-l are in some way
coregulated, as the genes for their distinct
receptors are adjacent on chromosome 1
and they share the use of IL-10RB. IL-10
signaling, which competes for IL-10RB,
may also influence IFN-l and IL-22
responses. However, because IL-22 and
IFN-l lead to downstream STAT3 and
STAT1 signaling, respectively, this is
unlikely to be a straightforward regulatory
system.

Also of note was the lack of a phenotype
associated with the Il222/2 mice. In
KP35 infection, a major source of IL-22
appears to be the MDSC population, which
dominates the myeloid response to this
K. pneumoniae (3). Previous studies
using the classic K. pneumoniae KPPR1
strain established a major role for IL-22
produced by natural killer cells, ILC3 cells,
and T-helper cell type 17 cells (25) in
preventing pulmonary damage in concert
with IL-17 (5). Thus, in contrast to models
of infection with organisms more susceptible
to neutrophil-mediated clearance (26),
IL-22 was less critical in the host response

to KP35 pneumonia. We noted
upregulation of the proinflammatory
cytokines IL-17A/F, IL-1b, and KC/CXCL1
that appeared to compensate for the
absence of IL-22–dependent signaling.
Importantly, the Il222/2 mice also had
decreased IFN-l, which may have
counterbalanced the effects of the two
cytokines on the epithelium. Conversely,
an early increase in IL-22 expression in
mice lacking IFNLR1 likely helped
maintain the epithelial barrier to prevent
bacteremia and increase bacterial clearance.

The activation of IFN-l and IL-22 in
the host response to KP35 pneumonia
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0.0001. un = untreated.

ORIGINAL RESEARCH

164 American Journal of Respiratory Cell and Molecular Biology Volume 60 Number 2 | February 2019



illustrates some of the complexities and
unexpected ramifications of cytokine
function in pneumonia. Although these
cytokines are important components of the
innate immune defense, our data suggest
that changes in epithelial barrier function
associated with IFN-l can also enhance

KP35 dissemination from the airway
lumen. The epithelial changes induced
by these cytokines help to explain how
organisms lacking toxin expression and
motility can cause high rates of bacteremia
by exploiting changes in barrier function
associated with immune cell recruitment. n
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