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ABSTRACT—Flagellin is a recently identified bacterial product that elicits immune response via toll-like receptor 5. Here,
we demonstrate that flagellin is an extraordinarily potent proinflammatory stimulus in the lung during sepsis. In vitro,
flagellin triggers the production of interleukin (IL)-8 by human lung epithelial (A549) cells, with 50% of the maximal
response obtained at a concentration of 2 x 10~'* M. Flagellin also induces the expression of ICAM-1 in vitro. Intravenous
administration of flagellin to mice elicited a severe acute lung inflammation that was significantly more pronounced than
following lipopolysaccharide (LPS) administration. Flagellin induced a local release of proinflammatory cytokines, the
accumulation of inflammatory cells, and the development of pulmonary hyperpermeability. These effects were associated
with the nuclear translocation of the transcription NF-«B in the lung. Flagellin remained active in inducing pulmonary
inflammation at doses as low as 10 ng/mouse. In the plasma of patients with sepsis, flagellin levels amounted to 7.1 + 0.1
ng/mL. Plasma flagellin levels showed a significant positive correlation with the lung injury score, with the alveolar-arterial
oxygen difference as well as with the duration of the sepsis. Flagellin emerges as a potent trigger of acute respiratory

complications in gram-negative bacterial sepsis.
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INTRODUCTION

Acute lung inflammation culminating in acute respiratory
distress syndrome (ARDS) is a major complication of gram-
negative bacterial sepsis (1). The mechanisms linking a distant
focus of infection to remote lung inflammation remain elusive.
The commonly held view is that bacterial toxins released into
the circulation activate interconnected inflammatory cascades
in the lung, ultimately leading to diffuse alveolar damage (2).
Bacterial lipopolysaccharide (LPS), a component of the outer
cell wall of gram-negative bacteria, has been so far held
responsible for triggering this chain of events (3, 4). Whether
additional bacterial toxins play a role in the development of
acute pulmonary inflammation during gram-negative sepsis
remains an unresolved issue.

Recent investigations have indicated that flagellin, the prin-
cipal component of bacterial flagella (5), can induce the
expression of proinflammatory mediators by monocytes (6-8)
and intestinal epithelial cells (9-11) in vitro, resulting from the
activation of the transcription factor NF-«B (9, 12). The signal
transduction pathway mediating these effects has been recently
identified by Hayashi and colleagues (12), who showed that
flagellin is the unique ligand of the Toll-like receptor 5
(TLRS). TLRS is a member of a family of innate immune
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receptors that recognize specific pathogen-associated molecu-
lar patterns (PAMPs) (13). For instance, LPS, the prototype
gram-negative PAMP, requires TLR4 to exert its biological
activity after an initial binding to the CD 14 receptor (14, 15).
Flagellin was found to be continuously released into the culture
supernatant of gram-negative bacteria (9, 11, 16) and was
reported to circulate as a free protein in the plasma of rats with
gram-negative sepsis (9). These findings suggested that flagel-
lin may contribute to localized as well as disseminated inflam-
matory responses during gram-negative bacterial infection.
Therefore we investigated the potential role of flagellin as a
mediator of lung inflammation using both in vitro and in vivo
experimental models. In addition, we have measured circulat-
ing flagellin levels in human patients with sepsis, and corre-
lated the plasma levels of flagellin with various severity indices
of lung injury and shock.

MATERIALS AND METHODS

Preparation of recombinant Salmonella
muenchen flagellin

Purified recombinant S. muenchen flagellin was prepared as previously
described (9). To remove any possible contaminant LPS, the purified flagellin
preparation was passed through a polymyxin B column, resulting in an LPS-free
flagellin preparation. Previous studies confirmed the lack of LPS contamination in
the flagellin preparations used in our studies (9).

Cell culture

Human alveolar epithelial cells (A549), an adenocarcinoma cell line with the
alveolar type 2 phenotype (18), were grown in 96- or 6-well plates in RPMI 1650
medium containing 10% fetal calf serum (FCS). Confluent cells were stimulated
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with recombinant S. muenchen flagellin (concentration range: 10~'7 to 10~ g/mL,
2 x 107" to 2 x 107'° M) for 24 h. The production of interleukin (IL)-8 in the
medium was measured using a commercial ELISA (R&D Systems, Minneapolis,
MN). Cells in 6-well plates were scraped and washed twice in ice-cold phosphate-
buffered saline (PBS). Staining was performed on ice with fluorescein isothiocya-
nate (FITC)-conjugated monoclonal anti-human ICAM-1 antibody and isotype-
matched monoclonal antibody (both from Pharmingen, San Diego, CA) as a control
for 1 h. Cells were then washed twice in ice cold PBS and fixed in 1% paraform-
aldehyde. Samples were analyzed on a FACSCalibur flow cytometer (Becton Dick-
inson, San Diego, CA), and ICAM-1 expression was determined as an increase in
mean fluorescence intensity.

In vivo experiments

In vivo experiments were performed in accordance with National Institutes of
Health guidelines. Male BALB/c mice received an intravenous injection of S.
muenchen flagellin (n = 8) or S. enteritidis (n = 7) LPS (4 mg/kg, 100 ug/mouse)
via the tail vein. A group of n = 5 mice challenged with vehicle was used for
control. After 4 h, the mice were anesthetized with ketamine/xylazine intraperito-
neally, and were bled by transection of the inferior vena cava to reduce hemorrhage
into the lungs. Bronchoalveolar lavage (BAL) was performed by the intratracheal
instillation of 1 mL of PBS, reinfused three times into the lungs. The BAF fluid
(BALF) was centrifuged, and the cell-free supernatant was frozen at —70°C. The
cells were resuspended in 0.5 mL of 0.4 mL of PBS and 0.1 mL of 0.4% Trypan blue
and were counted with a hemocytometer. In a second series of experiments, mice
were challenged with 400 pg/kg (10 ug/mouse) or 40 pg/kg (1 pg/mouse) of
recombinant flagellin. BAL was performed after 1, 4, 12, and 24 h in 4-5 mice/
group. In a third series of experiments, mice received 4 ug/kg (100 ng/mouse) or
400 ng/kg (10 ng/mouse) of flagellin, and BALF was obtained after 4 h.

The BALFs were assayed for the concentrations of various cytokines and chemo-
kines (tumor necrosis factor-a [TNF-a], IL-13, IL-6, macrophage inflammatory
protein la [MIPla], and MIP-2) using commercial ELISAs. The protein content
was measured by the Bradford assay. Myeloperoxidase (MPO) activity, an indicator
of neutrophil accumulation, was directly measured in the BALF by mixing an
aliquot of BALF (20 uL) with 1.6 mM tetra-methyl-benzidine and 1 mM hydrogen
peroxide. Activity was measured as the change in absorbance at 650 nm, and was
expressed as milliunits of MPO activity/mL BALF. The concentrations of nitrate
and nitrite, stable end-products of nitric oxide (NO), were measured by the modified
Griess reaction (9).

In an additional study, isolation of lung nuclear proteins and NF-«B electromo-
bility shift assay was performed as follows. Mice challenged with 10 ug of flagellin
(n = 12) were killed after 1, 4, 12, or 24 h (three mice per time-point). Mice injected
with vehicle served as control. Lungs were harvested and frozen in liquid nitrogen
and stored at —70°C. For the isolation of nuclear proteins, lungs (100 mg) were
homogenized in ice-cold Tris-buffer saline, pH 7.5. After centrifugation, the cell
pellet was resuspended in 0.8 mL of ice-cold hypotonic buffer (HEPES 10 mM, pH
7.9, EDTA 0.1 mM, EGTA 0.1 mM, KCI 10 mM, dithiothreitol [DTT] 1 mM,
phenylmethyl sulfonide [PMSF] 0.5 mM, and 1 uM each of aprotinin, leupeptin,
and pepstatin). After the addition of 50 uL of Nonidet-P40, the tubes were vortexed
for 30 s and centrifuged. After a single wash in hypotonic buffer without Nonidet-
P40, the pellet was resuspended in ice-cold hypertonic buffer (HEPES 20 mM, pH
7.9, EDTA 1 mM, EGTA 1 mM, NaCl 0.4 M, DTT I mM, PMSF 1 mM, and 1 uM
of each protease inhibitor). The tubes were then incubated for 30 min at 4°C with
frequent vortexing. After centrifugation, the supernatants (containing the nuclear
proteins) were collected and used for electromobility shift analysis. An NF-«B
oligonucleotide probe (5'-AGTTGAGGGGACTTTCCCAGG-3'; Promega, Madi-
son, WI) was labeled with y-[**P]JATP using T4 polynucleotide kinase (Promega)
and was purified on a Bio-Spin Chromatography column (Bio-Rad, Hercules, CA).
Nuclear proteins (2.5 ug) were preincubated with EMSA buffer (12.5 mM Tris-HCI,
pH 7.5, 50 mM NaCl, 1.25 mM MgCl,, 0.5 mM EDTA, 0.5 mM DTT, 50 ng/mL
poly[p(I-C)], and 4% glycerol) for 10 min at room temperature, followed by the
addition of the radiolabeled probe for 15 min. Samples were resolved on a nonde-
naturing polyacrylamide gel consisting of 6% acrylamide and were run in 0.5x TBE
(1 mM EDTA, 45 mM boric acid, and 45 mM Tris-HC]) at constant voltage (250 V)
for 1 h. Gels were transferred to Whatman 3M paper, dried under vacuum at 80°C
for 1 h, and exposed to photographic film at —70°C with an intensifying screen.
Because this assay was conducted in whole-lung homogenates, it is likely that
vascular and nonvascular elements, as well as circulating blood cells, all contribute
to the findings observed.

Human studies

The Ethics Committee of the Northern State Medical University (Arkhangelsk,
Russia) approved the study. Written informed consent was obtained from the patient
or from the next of kin of the patient. Sixteen patients (mean age 58.0 + 4.7 years)
admitted to the Intensive Care Unit of the City Hospital #1 of Arkhangelsk from
1998 to 1999 were enrolled. The patients were diagnosed with severe sepsis and
septic shock according to the modified criteria of the American College of Chest
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Physicians and the Society of Critical Care Medicine consensus conference (17, 18).
Septic shock was defined as severe sepsis associated with a mean arterial pressure
(MAP) of <70 mmHg for at least 30 min despite fluid resuscitation, or with require-
ment for infusion of dopamine >5 mg/kg/min and/or norepinephrine >0.05 mg/kg/
min and/or epinephrine >0.05 mg/kg/min, for at least 30 min to maintain MAP
between 70 and 90 mmHg (18). Patients were eligible to enter the study if they
received mechanical ventilation, had the pulmonary artery catheters in place, and the
duration of severe sepsis was <72 h, and of septic shock was <24 h.

Bacterial and fungal cultures (blood, respiratory secretion, urine, peritoneal fluid,
and wound discharge) were routinely assayed. Bacterial infections were treated with
selective antibiotics, with preference given to third-generation cephalosporins,
quinolones, or carbapenems. The concomitant therapy included substitution of
fluids, mechanical ventilation, anticoagulants, sedation, nutritional support, and
hemodialysis in cases of acute renal failure. If necessary, all patients received
surgery and advanced cardiac life support.

Hemodynamic and respiratory parameters, gas exchange, and organ function
variables were assessed as previously described (18). The Simplified Acute Physi-
ology Score (SAPS) II (19), the Sepsis-Related Organ Failure Assessment (SOFA)
score (20), and the Lung Injury Score (LIS) (21) were determined. Duration of
septic shock, mechanical ventilation, hospital and ICU stays, and survival rate at day
28 were recorded as well. Plasma levels of flagellin were measured using ELISA as
previously described (9).

Statistical analysis

All the results are presented as means + SEM. Parameters were statistically
compared by analysis of variance, followed by Bonferroni adjustment. Linear
regression analysis was used to evaluate the relationship between plasma flagellin
concentrations and organ dysfunction scores as well as hemodynamic, respiratory,
and clinical parameters. Statistical significance was assigned to a P value <0.05.

RESULTS

Flagellin induces the expression of IL-8 and ICAM-1 in
human alveolar epithelial cells

The recruitment of inflammatory cells into the lung is a
multistep process, involving adhesion to the endothelium,
transendothelial migration, and trafficking into the lung inter-
stitium (22). Airway epithelial cells, which can express adhe-
sion molecules and release chemoattractant factors such as
chemokines, play an important role in this process (23). The
stimulation of human lung epithelial (A549) cells with flagellin
resulted in a massive production of the neutrophil chemokine
IL-8 (Fig. la), as well as the expression of the adhesion
molecule ICAM-1 (Fig. 1b). The effect of flagellin on IL-8
synthesis was extraordinarily potent, as indicated by a half-
maximal stimulation obtained at a concentration of 2 x 107'*
M (1 pg/mL), and a maximal effect at 2 x 10~'° M. In addition,
the threshold concentration of flagellin inducing ICAM-1
expression was 2 x 107"* M (10 pg/mL).

The systemic administration of flagellin induces severe
acute pulmonary inflammation

We next determined whether flagellin administered in vivo is
able to induce an inflammatory response in the lung, and how
this response differs from that induced by LPS. In a first series
of experiments, we selected relatively high doses of LPS and
flagellin (4 mg/kg, 100 pg/mouse) that correspond to the usual
doses of LPS used in murine models (24, 25). In these condi-
tions, flagellin induced a severe form of acute lung inflamma-
tion, indicated by a massive release of TNF-a (Fig. 2a), IL-13
(Fig. 2b), and of the chemokines MIP-1« (Fig. 2¢) and MIP-2
(Fig. 2d). These effects were associated with the recruitment of
leukocytes—most notably polymorphonuclear granulocytes—
into the alveolar spaces, evidenced by increased myeloperoxi-
dase activity (Fig. 3, a and b). Also, the development of signifi-
cant lung hyperpermeability was observed, as indicated by an
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Fic. 1. Flagellin induces the production of IL-8 and the expression of
ICAM-1 by human alveolar epithelial (A549) cells. The column data repre-
sent the means + SEM of IL-8 concentrations measured in the culture
medium from 5 to 6 wells/condition (a). Half-maximal stimulation of IL-8
production was obtained at concentrations of flagellin of 2 x 10~'* M. Incu-
bation of the cells in the presence of LPS did not induce IL-8 production (not
shown). The histograms display fluorescence intensity values reflecting
ICAM-1 expression (b). Cells were either left untreated (CTL) or stimulated
with 1 ng/mL flagellin (FLG). ICAM-1 expression was determined by flow
cytometry using phycoerythrine-labeled anti-human ICAM-1 antibody. A
sample was also stained with an isotype-matched phycoerythrine-labeled
indifferent antibody as negative control (IC). Data shown are representative
of three independent experiments.

increased protein content in the BALF (Fig. 3¢). Flagellin also
upregulated the pulmonary production of NO (Fig. 3d). In
agreement with previous studies (3, 4, 26), LPS also produced
inflammatory changes in the lung, but the magnitude of its
effects was significantly smaller than seen in response to
flagellin. In marked contrast to the phenomena observed in the
lung, the systemic release of proinflammatory mediators was
markedly larger after LPS than after flagellin, as indicated by
the appearance of TNF-« (Fig. 2, insert) and IL-6 (not shown)
in the plasma of these animals.

In further experiments, the time course of the proinflamma-
tory effects of flagellin was evaluated using smaller doses of
flagellin (1 and 10 pg/mouse). These doses still produced a
marked increase in the pulmonary production of TNF-«, IL-6,
MIP-1a, and MIP-2 (Fig. 4 a—d), starting at 1 h, and reaching
a peak after 4 h, followed by a progressive decrease over the
next 20 h. Significant levels of MIP-1a were still measurable
after 24 h in mice challenged with 10 ug of flagellin. Addi-
tional dose-response experiments indicated that flagellin
retained its proinflammatory potential even when administered
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at doses as low as 10 ng/mouse, as indicated by significant
detectable levels of MIP-1a and MIP-2 at 4 h (Fig. 5, a and D).

Flagellin activates NF-xB nuclear translocation in vivo

The recognition of flagellin triggers the nuclear mobilization
of NF-kB (9, 12). Consistently, with this mechanism, we found
an early activation of NF-«B in the lung after the injection of
flagellin (Fig. 6).

Flagellin circulates in patients with sepsis in vivo

In the patients with sepsis, mean + SEM values for LIS were
1.6 £ 0.2 points, SAPS II was 56.4 + 4.5 points, SOFA score
was 10.0 = 0.8 points, PaO,/FiO, was 196 + 27 mmHg, MAP
was 78.5 = 3.9 mmHg, cardiac index was 4.6 + 0.4 /min/m?,
systemic vascular resistance index was 1335 + 95 dyne/s/cm’,
mean pulmonary arterial pressure was 20.4 + 1.7 mmHg,
pulmonary vascular resistance index was 216 + 30 dyne/s/cm”,
duration of mechanical ventilation was 78.6 + 13.0 h, and
mortality at day 28 was 50%.

In healthy human volunteers, plasma flagellin levels were
below the detection limit of our ELISA (<0.1 ng/mL). In 16
patients with sepsis, mean plasma flagellin levels amounted to
7.06 = 0.14 ng/mL. We observed a statistically significant
correlation between plasma flagellin concentrations and lung
injury score (P < 0.05), plasma flagellin concentrations, and
alveolar-arterial oxygen difference (AaPO,), as well as
between plasma flagellin concentrations and the duration of
septic shock (Fig. 7). There was also a tendency for a corre-
lation (P = 0.07) between the plasma flagellin concentrations
and the degree of leukopenia (Fig. 7). In contrast, no correla-
tion was noted between plasma flagellin concentrations and
SAPS II, SOFA score, mean arterial blood pressure, systemic
vascular resistance index, or the degree of hypoxemia, as
defined by the PaO,/FiO, ratio (not shown). Clearly, the
human component of the present study was conducted on a
small sample size, and further studies are required to confirm
the present preliminary findings.

DISCUSSION

It is generally accepted that LPS released from the bacterial
cell wall is a key trigger of the inflammatory response to gram-
negative pathogens (27). However, the many differences
distinguishing bacterial and LPS-induced inflammation and
shock (28), as well as the failure of anti-LPS antibodies to
increase survival from sepsis in pivotal clinical trials (29)
suggest that additional microbial stimuli distinct from LPS may
contribute to inflammatory injury in gram-negative sepsis. In
this respect, the recent identification of the flagellin/TLRS
signaling (12) pathway has established a novel, potentially
important concept in the interactions of eukaryotic organisms
with environmental pathogens.

In the present study, we identify flagellin as a potent trigger
of acute inflammatory processes in the lung. In vitro, flagellin
induced the production of IL-8 and the expression of ICAM-1,
two mediators playing a critical role in the recruitment and
activation of polymorphonuclear cells (30). The importance of
IL-8 in the pathophysiology of ARDS has been emphasized in
several clinical studies (31, 32), showing a direct correlation
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Fia. 2. Flagellin is a more potent stimulus than LPS for the release of proinflammatory cytokines in the lung. Mice were challenged with 100 pg of
Salmonella muenchen flagellin (n = 8) or LPS (n =7) and the levels of TNF-a (a), IL-1 (b), MIP-1« (c), and MIP-2 (d) were determined in bronchoalveolar lavage
fluid after 4 h. Similar measures were made in a group of normal mice (control, n = 5). In separate experiments, the appearance of TNF-« in plasma after LPS
or flagellin (insert) was determined in 7 to 8 mice per group at the indicated time-points. Flagellin induced the formation of significantly larger amounts of
cytokines than did LPS in the lung. In contrast, LPS was a stronger stimulus for the systemic release of TNF-a. *P < 0.05 indicates significant difference between

mice receiving flagellin or LPS.

between the levels of IL-8 in BAL, the severity of ARDS, and
mortality. A particularly striking observation was the extraor-
dinary potency of flagellin—it was biologically active at
concentrations in the femtomolar range. This finding supports
the proposal that flagellin may represent a major eliciting
bacterial stimulus for the recruitment of immune effector cells
in the lung.

The in vitro observations are substantiated by our in vivo
findings demonstrating that flagellin induced a severe form of
lung inflammation characterized by the acute release of proin-
flammatory cytokines and the upregulation of NO production.
These events were associated with alveolar-capillary damage,
indicated by a marked degree of protein leak into the alveolar
spaces. A particularly interesting finding was the massive
production of the chemokines MIP-1« and MIP-2, reminiscent
of the in vitro effects of flagellin on IL-8. Furthermore,
MIP-1a and MIP-2 were still expressed when minute doses (10
ng) of flagellin were administered. Chemokines play a central
role in the pathophysiology of ARDS by directing the migra-
tion of inflammatory cells through chemotactic gradients (22).
In rodents, where no homolog of the human IL-8 exists, the
CXC chemokines MIP-2 and KC, and the CC chemokine

MIP-1a serve as powerful granulocyte-recruiting chemokines
(33, 34). Indeed, we observed an early accumulation of leuko-
cytes, notably neutrophils, after flagellin administration.
Therefore, our findings indicate that the upregulation of
mechanisms regulating leukocyte trafficking is a critical conse-
quence of flagellin signaling.

In line with previous data obtained in vitro (12), we found
that the relevant mechanism underlying the proinflammatory
actions of flagellin was the early pulmonary activation of
NF-kB. It is important to note here that Northern blot analysis
reveals that TLRS is expressed predominantly in liver and
lung, with low-level expression in most other tissues examined
(35). The preferential expression of this receptor in the pulmo-
nary tissue may be consistent with the hypothesis that signaling
through TLRS is highly compartmentalized. Such compart-
mentalization would make sense when one considers the
considerable potency of flagellin, for such a mechanism would
help the resolution of localized infection while avoiding over-
whelming systemic inflammatory responses. This type of
difference between local and systemic inflammatory patholo-
gies induced by flagellin may mechanistically explain some of
the local inflammatory pathologies associated with systemic
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Fic. 3. Flagellin stimulates the accumulation of neutrophils, the
development of high permeability edema, and the production of NO in
the lung. Data are means + SEM of values measured in normal animals
(control, n = 5), as well as at 4 h after the injection of 100 pg of Salmonella
muenchen flagellin (n = 8) or LPS (n = 7). Flagellin induced an important
recruitment of leukocytes (a), notably polymorphonuclear cells (b, MPO activ-
ity) in the alveolar spaces. This was associated with a marked degree of
protein leak (c) indicative of lung hyperpermeability, as well as with an
increased pulmonary formation of NO. #P < 0.05 indicates significant differ-
ences compared with control. *P < 0.05 indicates significant difference
between mice receiving flagellin or LPS.
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Fic. 4. The release of proinflammatory cytokines in the lung is an
early consequence of flagellin administration. Each data point represents
the mean + SEM of n = 4-5 mice challenged with Salmonella muenchen
flagellin at a dose of 1 or 10 pug. The appearance of TNF-a (a), IL-6 (b),
MIP-1« (c), and MIP-2 (d) in bronchoalveolar lavage followed a similar time
course, starting within 1 h of flagellin administration, peaking after 4 h, and
returning toward baseline over the next 20 h. A significant amount of IL-6 was
still measurable after 24 h in mice receiving 10 pg of flagellin.
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Fic. 5. Minute quantities of flagellin are sufficient to trigger the
production of chemokines in the lung. Mice received Salmonella
muenchen flagellin at a dose of 10 (n = 4) or 100 ng (n = 6). The chemokines
MIP-1a and MIP-2 were measured in the bronchoalveolar lavage fluid 4 h
later. Normal animals (control, n = 5) did not express these chemokines.
Flagellin at the doses indicated induced a small but significant release of
MIP-1a and MIP-2. *P < 0.05 indicates significant differences (P 0.05) vs.
control.
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FiG. 6. Flagellin induces the nuclear translocation of NF-«B in the
lung. EMSA studies in lung nuclear extracts from mice demonstrate that
flagellin elicited the nuclear mobilization of NF-«B 1 h (but not 12 or 24 h)
after its administration (n = 3 animals at each timepoint).

inflammatory conditions. It is noteworthy that monocytes/
macrophages also express the TLRS receptor and respond to
flagellin. Further studies are required to determine the relative
contribution of parenchimal cells, nonprofessional immune
cells (e.g., lung epithelium) versus immune cells to the flagel-
lin-induced immune/inflammatory responses.

It is noteworthy that some of the flagellin-induced responses
developed very rapidly (e.g., the tachypnoe seen within
minutes after injection). Although the mechanism of this
response remains to be determined, it is unlikely that these
responses are related to the TLRS5-NF-kB-cytokine/chemokine
axis. It is noteworthy that bacterial LPS (endotoxin) also exerts
some rapid physiological responses, which are mediated
through the rapid production of lipid mediators (e.g., throm-
boxane or platelet-activating factor) and/or NO (36-39).
Whether flagellin induces the rapid mobilization of the same
(or other) early mediators remains to be explored.

We have previously observed that free flagellin, at up to
several hundred ng/mL, is detectable in the plasma of rats with
lethal gram-negative bacteria induced peritonitis (9). The
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Fic. 7. Elevated circulating levels of flagellin in human sepsis. Correlation between plasma flagellin concentrations and lung injury score (a), plasma
flagellin concentrations and alveolar-arterial oxygen difference (AaPO2, b), between plasma flagellin concentrations and the duration of septic shock (c), and
tendency for a correlation (P = 0.07) between plasma flagellin concentrations and the degree of leukopenia (d). Data are presented from n = 16 patients with

sepsis.

current study confirms the presence of significant levels of
circulating free flagellin in the blood of patients with sepsis.
These levels (in the range of 2-20 ng/mL) are well within the
levels required for induction of proinflammatory responses in
the human epithelial cell line in vitro and in mice in vivo. The
observation that circulating flagellin levels show some degree
of correlation with the degree of pulmonary injury in patients,
coupled with the ability of flagellin to induce pulmonary
inflammation and ARDS in mice, suggests that flagellin may
be a candidate for the initiation of ARDS in severe human
sepsis.

The human studies demonstrated that flagellin levels are
elevated in sepsis, and some parameters show positive corre-
lation with the plasma levels of this mediator (e.g., lung injury
score and alveolar-arterial oxygen difference), whereas other
parameters (e.g., severity of illness, mean arterial pressure, and
hypoxemia) do not. Clearly, further studies, conducted in
larger patient populations, are required to delineate the corre-
lation between circulating flagellin levels and various clinical
parameters of sepsis. Also, careful microbiological examina-
tions need to be conducted to examine which subpopulation of
the septic patients demonstrates hematological cultures that are
positive to microorganisms bearing flagellin.

By promoting lung injury, flagellin is likely to exacerbate
and prolong the severity and the duration of sepsis. In this case,
neutralization of the actions of circulating flagellin may be a

novel approach for the prevention or treatment of ARDS asso-
ciated with gram-negative infections.
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