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Chronic lower respiratory tract infection with Pseudomonas aeruginosa is difficult to treat due to enhanced antibiotic resistance
and decreased efficacy of drug delivery to destroyed lung tissue. To determine the potential for restorative immunomodulation
therapies, we evaluated the effect of Toll-like receptor 4 (TLR4) stimulation on the host immune response to Pseudomonas infec-
tion in mice. We implanted sterile plastic tubes precoated with P. aeruginosa in the bronchi of mice, administered the TLR4/
MD2 agonistic monoclonal antibody UT12 intraperitoneally every week, and subsequently analyzed the numbers of viable bacte-
ria and inflammatory cells and the levels of cytokines. We also performed flow cytometry-based phagocytosis and
opsonophagocytic killing assays in vitro using UT12-treated murine peritoneal neutrophils. UT12-treated mice showed signifi-
cantly enhanced bacterial clearance, increased numbers of Ly6G� neutrophils, and increased concentrations of macrophage in-
flammatory protein 2 (MIP-2) in the lungs (P < 0.05). Depletion of CD4� T cells eliminated the ability of the UT12 treatment to
improve bacterial clearance and promote neutrophil recruitment and MIP-2 production. Additionally, UT12-pretreated perito-
neal neutrophils exhibited increased opsonophagocytic killing activity via activation of the serine protease pathway, specifically
neutrophil elastase activity, in a TLR4-dependent manner. These data indicated that UT12 administration significantly aug-
mented the innate immune response against chronic bacterial infection, in part by promoting neutrophil recruitment and bacte-
ricidal function.

Pseudomonas aeruginosa is extremely difficult to eradicate once
established in the lower respiratory tract (LRT) during chronic

respiratory infection. Poor penetration of antibiotics into puru-
lent airway secretions due to lung structure damage, acquired an-
tibiotic resistance, defects in mucosal defenses, and the interfer-
ence of bacterium-produced biofilms with phagocytic killing
impede treatment (1). Chronic P. aeruginosa infection also repre-
sents an independent risk factor for accelerated loss of pulmonary
function and decreased survival (2, 3).

Lipopolysaccharide (LPS) is a glycolipid component of the
Gram-negative bacterial cell wall that is recognized by Toll-like
receptor 4 (TLR4), which induces various host responses, includ-
ing proinflammatory cytokine production, and has known immu-
nomodulatory properties (4). Priming with LPS has been shown
to improve murine responses to bacterial infections (5–7), and
prior LPS exposure attenuates proinflammatory cytokine produc-
tion in response to LPS or bacterial challenge, a phenomenon that
has historically been referred to as endotoxin tolerance (8, 9).
Several immunomodulators, such as the TLR4 agonist mono-
phosphoryl lipid A (MPLA), promote host immunity and are used
as vaccine adjuvants for humans (10). In animal models, MPLA
enhances the action of macrophages, B cells, and other antigen-
presenting cells and promotes the differentiation of Th1 and Th2
cells from naïve T cells (11). The administration of MPLA as an
adjuvant for respiratory syncytial virus vaccine also resulted in
increased virus-neutralizing antibody levels (12). For P. aerugi-
nosa-infected animals in a mouse burn injury model, MPLA pro-
moted the concentration of neutrophils at infection sites and en-
hanced their bacterium-eradicating effects (13).

Additionally, several studies have reported the therapeutic ef-

fects of TLR4 agonistic antibodies, such as UT12, against bacterial
infections. UT12 can induce stimulatory signals comparable to
those induced by LPS through TLR4/MD-2 and with 15- to 20-
fold-greater potency by weight (14). Previously, we demonstrated
that preadministration of UT12 increased protection against se-
vere pneumococcal pneumonia induced by coinfection with in-
fluenza virus (15). As yet, however, the efficacy of TLR4 agonist
therapy under conditions of established chronic infection and the
associated mechanism remain unclear. In this study, we used a
mouse model of chronic P. aeruginosa respiratory tract infection
to demonstrate that UT12 administration alone promoted neu-
trophil concentration in the LRT and induced the activation of
neutrophil bactericidal function, thereby enhancing the clearance
of P. aeruginosa from the LRT. Few studies have definitively dem-
onstrated the possibility of controlling chronic LRT infection
(cLRTI) through the activation of innate immunity; therefore, this
result offers the potential for future clinical applications.
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MATERIALS AND METHODS
Reagents. The TLR4/MD2 agonistic antibody UT12 was a gift from K.
Fukudome (Saga Medical School, Saga, Japan). UT12 (1 mg/ml) was di-
luted with sterile saline to 10 �g/ml. Neutrophils were treated for 30 min
at 37°C with the following inhibitors: 10 �M diphenyleneiodonium (DPI;
Sigma-Aldrich, St. Louis, MO, USA), 500 �M 4-(2-aminoethyl)benzene-
sulfonyl fluoride HCl (AEBSF; Calbiochem, San Diego, CA, USA), chy-
mostatin (CHYM; Sigma-Aldrich), and an elastase inhibitor (Calbi-
ochem).

Mice. Six-week-old specific-pathogen-free female mice (weight, 30 to
35 g) were purchased from Japan SLC (Hamamatsu, Japan). Tlr4�/� mice
were purchased from Oriental BioService (Kyoto, Japan). All experiments
were conducted according to the guidelines of the Laboratory Animal
Center for Biomedical Research, Nagasaki University School of Medicine,
Nagasaki, Japan.

Experimental murine model of cLRTI. Chronic airway infection was
induced in mice as described previously (16). Briefly, a clinical isolate of P.
aeruginosa, strain S10, was cultured on a lysogeny broth agar plate (Becton
Dickinson [BD] Microbiology Systems, Cockeysville, MD, USA) for 24 h.
The intubation tube was immersed in the bacterial suspension, which was
adjusted to 2 � 109 CFU/ml, for 3 days at 37°C and was then advanced
through the vocal cords and into the trachea. Mice were sacrificed by CO2

asphyxiation, and the lungs were dissected under aseptic conditions and
were suspended in 1 ml saline, followed by homogenization using an AS
One (Osaka, Japan) homogenizer. P. aeruginosa was quantified by serial
dilution plating of the homogenized lungs onto lysogeny broth agar
plates, followed by incubation at 37°C for 18 h.

UT12 administration. UT12 was delivered by intraperitoneal (i.p.)
injection at weekly intervals (1 �g/week) for 4 weeks, beginning 1 week
after intratracheal placement of the bacterium-coated tube. Saline was
injected into the control group. Viable bacterial counts were evaluated
beginning at 1 week after treatment (Fig. 1).

BAL. For bronchoalveolar lavage (BAL), after the chest was opened to
expose the lungs, a cut-down disposable sterile plastic intravenous cathe-
ter was inserted into the trachea. BAL was performed in situ three times
sequentially using 1 ml saline, and the recovered fluid (BALF) fractions
were pooled for each animal (17).

Flow cytometry. Cells were collected from BALF by centrifugation at
4°C and then resuspended in phosphate-buffered saline (PBS) with 1%
bovine serum albumin (BSA). Nonspecific binding was blocked using a
rat anti-mouse antibody directed against the Fc�III/II receptor (CD16/
CD32; BD Biosciences), and the following rat anti-mouse cell surface
antibodies were applied: fluorescein isothiocyanate (FITC)-conjugated
anti-Ly6G (dilution, 1:300; BD Biosciences), phycoerythrin (PE)-conju-
gated anti-CD45 (1:400; BD Biosciences), and allophycocyanin-conju-
gated anti-F4/80 (1:400; eBioscience, San Diego, CA, USA). Then, the cells
were incubated with the antibodies on ice in the dark for 45 min. All
samples were resuspended in wash buffer and were then subjected to flow
cytometry analysis on a BD FACSCanto flow cytometer (BD Biosciences).
Data were analyzed using FlowJo for Mac, version 9.7 (FlowJo LLC, Ash-
land, OR, USA).

Cytokine and chemokine analysis by ELISA. Concentrations of tu-
mor necrosis factor alpha (TNF-�), interleukin 6 (IL-6), macrophage in-
flammatory protein 2 (MIP-2), and monocyte chemoattractant protein 1
(MCP-1) in aqueous lung extracts from homogenates at 1 week after

treatment were assayed using mouse Quantikine ELISA (enzyme-linked
immunosorbent assay) kits according to the manufacturer’s protocol
(R&D Systems, Minneapolis, MN, USA).

CD4� T cell depletion. To deplete CD4� T cells in vivo, monoclonal
antibodies (MAbs) against mouse CD4 (MAb GK1.5) were purified from
the peritoneal fluid of BALB/cSlc-nu/nu mice as reported previously (18).
Each animal was administered a total of 0.6 mg of MAb GK1.5 i.p. in six
doses, given 1 day prior to UT12 treatment and 1, 3, 8, 12, and 18 days after
UT12 treatment. Flow cytometry of splenocytes at the time of sacrifice
confirmed CD4� T cell depletion. At 1 week and 3 weeks after UT12
treatment, viable bacterial loads in homogenized lung extracts were de-
termined, and cytokine analyses and BALF cell counts were performed.

Isolation of murine neutrophils. Murine neutrophils were isolated as
described previously (19). Briefly, mice were administered 10% casein in
PBS (1 ml/dose) i.p. 24 h and again 2 h before cell harvest, and phagocytes
were obtained by lavage of their peritoneal cavities with 8 ml/animal of
phosphate-buffered saline [PBS] containing 20 mM EDTA. Cells were
enriched for neutrophils via separation by Ficoll density gradient centrif-
ugation according to the manufacturer’s protocol (MP Biomedicals,
Santa Ana, CA, USA).

OPH killing assay. Opsonophagocytic (OPH) killing assays were con-
ducted as described previously (20). Bacterial strains were grown to mid-
log phase, washed with PBS, and resuspended in Hanks buffer containing
Ca2� and Mg2� buffer (GIBCO; Thermo Scientific, Milford, MA, USA)
plus 0.1% gelatin (��� solution). Briefly, 1 � 103 bacterial cells (in 10
�l) were preopsonized with infant rabbit serum (10 �l; Pel-Freez Biolog-
icals, Rogers, AR, USA) for 30 min at 37°C. For analysis of the bactericidal
capacity of UT12, we used neutrophils pretreated with UT12 and either
DPI, an inhibitor of NADPH oxidase; AEBSF, a serine protease inhibitor;
CHYM, an inhibitor of proteases, including chymotrypsin-like serine
protease and lysosomal cysteine protease; or a neutrophil elastase inhibi-
tor. Neutrophils were then added to reaction mixtures (1 � 105 cells/
reaction mixture in 40 �l) with ��� solution (110 �l) and were incu-
bated for 45 min at 37°C with rotation. Reactions were stopped by
incubation at 4°C, and counts of viable bacteria were determined.

Bacterial uptake assay. Phagocytosis was assessed as described by Lu
et al. (21). Briefly, log-phase bacteria were pelleted, mixed for 1 h at 4°C
with 1 ml FITC (1 mg/ml; Sigma-Aldrich) dissolved in a buffer containing
0.05 M sodium carbonate and 0.1 M sodium chloride, and then washed
three times with Hanks buffer to remove unbound FITC. OPH assays
were performed as described above, and the results were analyzed by flow
cytometry. Fifty thousand events were collected per sample, and a single
gate was used to exclude cell debris and free bacteria.

Detection of anti-Pseudomonas IgG levels in serum and IgA levels in
BALF by ELISA. PBS-washed whole bacteria diluted with coating buffer
(0.015 M Na2CO3 and 0.035 M NaHCO3) to a final optical density at 620
nm (OD620) of 0.1 in 100 �l were added to Immulon 2HB 96-well plates
(Thermo Scientific) and were fixed by overnight incubation at 4°C. Plates
were washed with PBS containing 0.05% Brij 35 (Sigma-Aldrich), blocked
with 100 �l 1% bovine serum albumin in PBS for 1 h, and washed again.
Serum or BALF in 1% bovine serum albumin was then added in 10-fold
serial dilutions overnight at 4°C. Antigen-specific antibodies were de-
tected by alkaline phosphatase (Sigma-Aldrich)-conjugated goat anti-
mouse IgG (serum) or IgA (BALF) for 1.5 h and developed with p-nitro-
phenyl phosphate (Sigma-Aldrich). The absorbance at 415 nm was
determined after a standardized period of 1 h. The bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA) was used to deter-
mine protein concentrations in BALF samples (22).

Statistical analyses. All data were analyzed using Prism 5 (GraphPad
Software) and are expressed as means � standard errors of the means
(SEM). Differences between the treatment group and the control group
were tested for significance using the Mann-Whitney U test. Differences
among more than three groups were examined using analysis of variance,
followed by Tukey’s post hoc test. A P value of 	0.05 was considered to
indicate a statistically significant difference.

FIG 1 Schedule of UT12 treatment for chronic lower respiratory tract infec-
tion by P. aeruginosa in mice.
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RESULTS
UT12 promotes the clearance of P. aeruginosa from the LRT. In
this study, we investigated whether treatment with the TLR4/MD2
agonistic MAb UT12 could activate host immunity against P.
aeruginosa cLRTI. The number of viable bacterial cells in the lungs
(expressed as log10 CFU per lung) was significantly lower in UT12-
treated mice than in control mice at 14 days (3.36 � 0.35 versus
4.43 � 0.30 [P 	 0.05]), 21 days (2.77 � 0.15 versus 4.87 � 0.24
[P 	 0.05]), and 28 days (1.67 � 0.27 versus 5.27 � 0.29 [P 	
0.01]) (Fig. 2A). MPLA, commercialized as a TLR4 agonist by

Sigma-Aldrich, showed a similar therapeutic effect (Fig. 2B). Flu-
orescence-activated cell sorting (FACS) analysis of BALF to mea-
sure the kinetics of inflammatory cell recruitment to the LRT (Fig.
3) showed that the numbers of neutrophils in the LRT were sig-
nificantly higher in UT12-treated mice than in untreated mice,
whereas macrophage numbers remained unchanged. These data
indicated that the reduction in viable P. aeruginosa counts associ-
ated with cLRTI following UT12 administration was mediated, in
part, by the facilitation of neutrophil migration to the infection
source.

FIG 2 CFU counts in the lungs of mice treated with UT12 (A) or MPLA (B) compared with those for the control group. The numbers of viable bacteria in the
lungs were significantly reduced over time. Data represent means � SEM. Asterisks indicate significant differences (*, P 	 0.05; **, P 	 0.01) from the control
(n 
 5).

FIG 3 FACS analysis of the number of inflammatory cells in bronchoalveolar lavage fluid. Ly6G� CD45� neutrophil counts in the UT12-treated group were
elevated over those in the control group at each time point (A), but F4/80� macrophage counts were not (B). (i) Day 14; (ii) day 21; (iii) day 28. Data represent
means � SEM. An asterisk indicates a significant difference (*, P 	 0.05) from the control (n 
 5).
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Kinetics of cytokine and chemokine production in the lung
after UT12 administration. We analyzed cytokine production
levels at 1 week after UT12 administration, since TLR4 stimula-
tion is responsible for cytokine overproduction. No significant

difference, except for MIP-2 concentrations, was observed in the
lung homogenates of UT12-treated mice, and the production of
inflammatory cytokines, such as IL-6 and TNF-�, was not altered
(Fig. 4). To identify the cells underlying the observed effects of
UT12, we depleted CD4� T cells, which secrete many types of
cytokines and chemokines, by administration of MAb GK1.5. The
UT12-mediated enhancement of both neutrophil migration and
MIP-2 production was lost 1 week after UT12 treatment (Fig. 5A
and B); however, the density of P. aeruginosa remained signifi-
cantly reduced (Fig. 5C). UT12 efficacy under conditions of CD4�

T cell depletion were still observed 28 days after P. aeruginosa
inoculation (data not shown), indicating that CD4� T cells under-
lie UT12-mediated effects but that they play a minor role in the
clearance of P. aeruginosa from the LRT.

UT12 activates the OPH killing function in neutrophils. To
further investigate the effects of UT12 on neutrophil-dependent
host protection, we examined neutrophil function using flow cy-
tometry-based phagocytosis and OPH killing assays in vitro.
FITC-bound P. aeruginosa was coincubated with murine perito-
neal neutrophils, and phagocytic capacity was estimated by count-
ing the number of FITC-Ly6G double-positive cells, which was
significantly increased by UT12 treatment (Fig. 6A and B). Addi-
tionally, the significant reduction in the number of viable bacteria
observed following coincubation with UT12-stimulated neutro-
phils was lost in Tlr4�/� mice (Fig. 6C). These data indicated that
UT12 acts specifically on TLR4 to activate not only the migration
of neutrophils but also their phagocytic and bactericidal func-
tions.

UT12 activates the bactericidal effect of neutrophils via a ser-
ine protease-dependent pathway. Neutrophils control bacterial
infection through a combination of oxidative and nonoxidative (a
mainly serine protease dependent pathway) mechanisms. To ex-
amine which bactericidal neutrophil components are activated by
UT12, we pretreated neutrophils with various inhibitors, includ-
ing DPI, AEBSF, CHYM, and a neutrophil elastase inhibitor, be-
fore the OPH assay. Figure 7 shows that the effect of UT12 in
reducing the viable bacterial count disappeared only upon pre-
treatment of neutrophils with AEBSF or the neutrophil elastase
inhibitor (Fig. 7B) and not upon pretreatment with DPI (Fig. 7A).
This finding indicates that the nonoxidative pathway, specifically
involving neutrophil elastase, might be important for UT12-me-
diated activation of the neutrophil-associated bactericidal effect.
Taken together, although the mechanism has not been fully elu-
cidated, UT12 improved bacterial clearance by prompting not

FIG 4 Levels of inflammatory cytokines and chemokines at 1 week after UT12
administration. No significant increase in the production of the inflammatory
cytokine IL-6 (A) or TNF-� (B), or in the production of MCP-1 (C), was
detected in the lung homogenates of UT12-treated mice relative to that for
controls; however, increased MIP-2 levels (D) relative to those for controls
were observed. Data represent means � SEM. An asterisk indicates a signifi-
cant difference (*, P 	 0.05) from the control (n 
 5).

FIG 5 Influence of CD4� T cell depletion on UT12-mediated protective effects and neutrophil migration. (A and B) The promotion of neutrophil migration (A)
and MIP-2 production (B) mediated by UT12 was abolished by the administration of an anti-CD4 antibody. Data represent means � SEM. (C) Bacterial counts
in lungs were unchanged despite CD4� T cell depletion, indicating the importance of Th cell-independent bactericidal effects. Asterisks indicate significant
differences (*, P 	 0.05; **, P 	 0.01) from the control (n, �5 to 8).
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only the migration of neutrophils but also their phagocytic killing
function, mediated, at least in part, by neutrophil serine proteases
via the TLR4 pathway.

DISCUSSION

In this study, we found that the administration of TLR4/MD2
agonistic MAbs significantly improved airway clearance in a
mouse model of cLRTI with P. aeruginosa. These antibodies both
promoted neutrophil migration and activated nonoxidative bac-
tericidal mechanisms. Chronic airway infection with P. aeruginosa
is one of the best-known intractable infections that cannot be
cured by normal antimicrobial chemotherapy. In clinical practice,
tobramycin inhalation therapy not only is useful in improving
lung function and reducing the frequency of hospitalization but
also is well tolerated over long-term use (23). Additionally, the
guidelines of the Cystic Fibrosis Foundation on the treatment of
pulmonary exacerbations recommend this therapy for preserving
lung function and preventing acute exacerbation of chronic air-
way infection (24). Nevertheless, once chronic, persistent P.
aeruginosa infection becomes established, in most cases, complete

bacterial eradication is extremely difficult to achieve. The activa-
tion of innate immunity by UT12 therapy might potentially be
effective for treating intractable chronic infections that are diffi-
cult to cure with antibiotic treatment alone. TLR agonists are al-
ready in practical use as adjuvants for a range of vaccines against
viruses and other infections. The TLR4 agonist MPLA is used as an
adjuvant for the malaria vaccine (25), and its use in animal models
as a booster for influenza (26) and HIV (27) vaccines, as well as its
direct effects in a model of P. aeruginosa cutaneous-burn infection
and bacteremia (13), has also been reported. Furthermore, we
recently reported that UT12 inoculation improved the prognosis
for secondary bacterial pneumonia following influenza (15). The
anti-infective action of TLR agonists might involve immunologi-
cal tolerance or activation, but the detailed mechanisms remain
unknown. This study is the first to address the effect of TLR ago-
nists on cLRTI caused by P. aeruginosa.

Neutrophils are an important part of the innate immune re-
sponse against P. aeruginosa; however, host resistance is greatly
diminished in neutrophil-deficient mice (28). In this study,
among mice with persistent P. aeruginosa infection, those treated

FIG 6 UT12 enhances the ability of neutrophils to phagocytose FITC-bound P. aeruginosa. (A and B) Representative results of FACS analyses of phagocytic
reactions (A) and the percentage of FITC-positive Ly6G� CD45� cells (B) for neutrophils pretreated with UT12 and for control neutrophils. FACS plots are gated
on CD45� antigen-presenting cells (APCs). (C) Neutrophils were incubated with rabbit serum-opsonized P. aeruginosa, and survival was assessed following a
45-min incubation. The percentage of bacterial survival was calculated based on viable counts (CFU per milliliter) relative to counts for no-neutrophil controls.
Counts of bacteria incubated with UT12-pretreated neutrophils from wild-type mice were significantly lower than counts of bacteria incubated with neutrophils
from Tlr4�/� mice, indicating that the UT12-mediated enhancement of neutrophil bactericidal activity was dependent on TLR4. Data represent means � SEM.
An asterisk indicates a significant difference (*, P 	 0.05) from the control.
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with UT12 exhibited significantly lower bacterial counts in the
lungs over time than controls, whereas BALF neutrophil counts
and MIP-2 production were significantly elevated. MIP-2 and ke-
ratinocyte chemoattractant are involved in neutrophil migration,
and studies have found that mice inoculated with MIP-2- and
keratinocyte chemoattractant-specific antibodies have higher
rates of mortality from pneumonia and increased bacterial counts
in the lungs (29). Romero et al. reported that MPLA promoted
neutrophil migration at the site of infection and enhanced the
clearance of P. aeruginosa in a murine model of systemic infection
induced by cecal ligation and puncture (13). To identify the im-
mune cells responsible for promoting UT12-mediated MIP-2
production, we carried out the same study using CD4� T cell-
depleted mice and found that both neutrophil counts and MIP-2
production diminished, as did the suppression of bacterial counts
in the lungs. This suggested that UT12 acts primarily on CD4� T
cells to promote MIP-2 production and enhance neutrophil mi-
gration to the site of infection. We also investigated the effect of
UT12 on humoral immunity, but UT12 administration did not
activate the production of P. aeruginosa-specific antibody (as ev-
idenced by BALF IgA and serum IgG levels [data not shown]). A
previous study showed that the production of antigen-specific an-
tibody was inhibited under the conditions of endotoxin tolerance
induced by UT12 administration (30). Another reason why UT12
inhibited antigen-specific antibody production could be related to
the reduction in the number of viable microbes during the obser-
vation period. Similarly, the reduction of viral titers by antiviral
agents is responsible for the attenuation of antigen-specific IgA
production in influenza virus-infected mice (31), suggesting that
the inhibitory effect of UT12 on persistent P. aeruginosa infection
observed in this study was dependent mainly on the activation of
the innate immune system.

We hypothesized that since UT12 retained an effect on P.
aeruginosa clearance even in the absence of CD4� T cells, it likely

enhanced neutrophil function beyond promoting migration. Ac-
cordingly, we isolated mouse peritoneal neutrophils and deter-
mined that UT12 pretreatment enhanced their phagocytic and
bactericidal effects. Generally, neutrophils exert their bactericidal
effect on pathogens via NADPH oxidase and serine proteases
(neutrophil elastase, cathepsin G, and protease 3). Both serine
protease-deficient and nitric oxide synthase-deactivated mice suf-
fer more-serious pneumonia and have higher lung bacterial
counts than wild-type (WT) mice (32, 33). Furthermore, nitric
oxide reductase-deficient P. aeruginosa bacteria are rapidly killed
(34). Using a range of different inhibitors, we found that only
neutrophil elastase inhibition disrupted UT12-enhanced bacteri-
cidal effects, indicating the involvement of serine proteases,
specifically neutrophil elastase, rather than the oxidative system.
Serine proteases also affect host cells, causing organ damage; how-
ever, we did not observe signs of acute lung damage in patholog-
ical specimens from UT12-treated mice (data not shown). Neu-
trophil elastase might cause little tissue damage, although the
inflammation with chronic infection was comparatively mild,
without progression to neutrophil breakdown and excessive ser-
ine protease release. However, since all the mice died upon an
increase in the UT12 dosage, the underlying mechanism should be
investigated prior to clinical application.

This study had a number of limitations. First, we were unable
to create a model of chronic persistent infection in Tlr4�/� mice,
perhaps because TLR4 is considered essential for mucosal overse-
cretion, and its absence prevented the establishment of infection
(35). Second, we were unable to carry out studies on neutrophil-
and macrophage-deficient mice to identify the direct targets of
UT12 action, because the mice died rapidly following peritoneal
inoculation of various cell-specific antibodies. This suggested that
chronic persistent infection progresses to fatal infection in the
event of immune cell deficiency. Third, we did not investigate the
action of UT12 on other components of innate immunity apart

FIG 7 Serine proteases, especially neutrophil elastase, contribute to the UT12-mediated clearing of P. aeruginosa. Neutrophils were incubated with rabbit
serum-opsonized P. aeruginosa, and survival was assessed following a 45-min incubation. The percentage of bacterial survival was calculated based on viable
counts (CFU per milliliter) relative to those for no-neutrophil controls. Shown are the results obtained using neutrophils treated with the oxidative burst
inhibitor DPI (A), the serine protease elastase inhibitor AEBSF, CHYM, or the neutrophil elastase inhibitor (B) before the OPH assay. The UT12-mediated
reduction of viable bacterial counts was abolished by elastase inhibitor pretreatment, suggesting that the nonoxidative pathway, specifically involving neutrophil
elastase, might be important for UT12-mediated bactericidal activation. An asterisk indicates a significant difference (*, P 	 0.05) from non-UT12-treated
neutrophils.
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from neutrophils. Previous studies reported that the functions of
several types of immune cells were modified via TLR4-dependent
stimulation (30, 36–38). We were unable to ascertain whether the
clinical efficacy of UT12 was due to its effect on neutrophils alone
or resulted from its action on multiple immune response systems.

Our findings suggested that the TLR4/MD-2 agonistic anti-
body UT12 might be effective against chronic P. aeruginosa re-
spiratory tract infection. Other pathogens that cause similar
cLRTI include Acinetobacter spp. and Haemophilus influenzae,
Staphylococcus aureus (including methicillin-resistant Staphylo-
coccus aureus), and nontuberculous Mycobacterium spp. The acti-
vation of innate immunity by UT12 therapy, therefore, might po-
tentially be effective for treating a spectrum of intractable chronic
infections that are difficult to cure with antibiotic treatment alone,
offering a new strategy for the treatment of infection.
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