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Respiratory systems are constantly being challenged by pathogens. Lung epithelial cells serve as a first
line of defense against microbial pathogens by detecting pathogen-associated molecular patterns
(PAMPs) and activating downstream signaling pathways, leading to a plethora of biological responses
required for shaping both the innate and adaptive arms of the immune response. Acute-phase proteins
(APPs), such as type 1 plasminogen activator inhibitor (PAI-1), play important roles in immune/inflam-
matory responses. PAI-1, a key regulator for fibrinolysis and coagulation, acts as an APP during acute
phase response (APR) such as acute lung injury (ALI), inflammation, and sepsis. However, the role of
PAI-1 in the pathogenesis of these diseases still remains unclear, especially in bacterial pneumonia. In
this study, we showed that PAI-1 expression is upregulated following nontypeable Haemophilus influen-
zae (NTHi) infection. PAI-1 knockout (KO) mice failed to generate early immune responses against NTHi.
Failure of generating early immune responses in PAI-1 KO mice resulted in reduced bacterial clearance
and prolonged disease process, which in turn led to enhanced inflammation at late stage of infection.
Moreover, we also found that NTHi induces PAI-1 via activation of TLR2-MyD88-MKK3-p38 MAPK sig-
naling pathway. These data suggest that PAI-1 plays critical role in earl host defense response against
NTHi infection. Our study thus reveals a novel role of PAI-1 in infection caused by NTHi, one of the most

common gram-negative bacterial pathogens in respiratory systems.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Respiratory systems are constantly being challenged by
pathogens. Pneumonia, a lung infection, is one of the most com-
mon and potentially serious infections, causing two million deaths
annually among young children in low-income countries. It is also
the most common cause of death from infection in the USA [1].
Lung epithelial cells are the most abundant cell type in lung, which
are lining the airway surface and thus serve as a first defense
against microbial pathogens. Epithelial cells detect microbial
pathogens via pattern recognition receptors (PRRs) such as toll-like
receptors (TLRs). Recognition of pathogen-associated molecular
patterns (PAMPs) by PRRs activates downstream signaling path-
ways, leading to a plethora of biological responses required for
shaping both the innate and adaptive arms of the immune re-
sponse [2-4]. Thus, early activation of PRRs by PAMPs and their
downstream signaling pathways, such as Mitogen-activated pro-
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tein kinases (MAPKs) and Nuclear Factor-kappa B (NF-kB), have
been found to be critical for host defense against microbial infec-
tions as the failure in this early defense response due to the genetic
defects in PRRs or their key downstream signaling molecules re-
sulted in uncontrolled bacterial growth and detrimental inflamma-
tion [5,6]. Therefore, immediate and adequate activation of PRRs,
their signaling pathways and subsequent immune responses is
required for antimicrobial protection.

The immediate host defense response, also known as an acute-
phase response (APR), was originally thought to be nonspecific
physiological and biochemical responses to the most forms of
tissue damage, infection, inflammation, and malignant neoplasia.
Expressions of acute-phase proteins (APPs), such as proteinase
inhibitors, coagulation factors, complements, and transport
proteins, are rapidly upregulated following infectious and/or non-
infectious injuries. APPs, thus, have been known as biological mar-
ker proteins for the presence of inflammation and/or injuries [7,8].
A growing body of study, however, indicates that APPs are not only
inflammation markers but also important regulators for immune/
inflammatory responses including recruitment of inflammatory
cells into the local tissues, opsonization of microbial pathogens,
and prevention of microbial dissemination by trapping pathogens.
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However, their precise role in immune/inflammatory responses is
not yet fully understood.

Type 1 plasminogen activator inhibitor (PAI-1) is a key regulator
for fibrinolysis and coagulation by counteracting with plasminogen
activators (PAs), such as urokinase (uPA) and tissue-type PA (tPA)
[9]. Beside its original role in fibrinolysis and coagulation, PAI-1
acts as an APP during APR such as acute lung injury (ALI),
inflammation, and sepsis [10-14]. Especially in lung tissues, the
involvement of PAI-1 in disease processes of ALl and pneumonia
has been suggested, but the role of PAI-1 in these diseases still re-
mains unclear. We previously reported that PAI-1 expression is
upregulated following Streptococcus pneumoniae (S.p.) infection
and plays a critical role for protecting against S. pneumoniae cyto-
lytic toxin pneumolysin-induced ALI [15]. Hence, deficiency of PAI-
1 in mice results in enhanced alveolar hemorrhage and mortality
during severe S. pneumoniae infection. However, the role of PAI-1
in infection with nontypeable Haemophilus influenzae (NTHi), the
most frequently isolated gram-negative bacterial pathogen in
respiratory infection, is totally unknown.

In this study, we found that PAI-1 expression is upregulated
following NTHi infection both in vitro epithelial cells and in vivo
lung tissues of mice. PAI-1 knockout (KO) mice exhibited low
expression of cytokines and chemokines and reduced polymorpho-
nuclear (PMN) leukocytes recruitment into airway. Failure of early
immune responses in PAI-1 KO mice indeed resulted in reduced
bacterial clearance and enhanced disease progress, thereby result-
ing in enhanced inflammation at late stage of infection. In addition,
we also found that NTHi induces PAI-1 via activation of TLR2-
MyD88-MKK3-p38 MAPK signaling pathway. Together, these data
suggest that PAI-1 plays critical role in earl host defense response
during NTHi infection.

2. Materials and methods
2.1. Reagents

SB203580, PD98059 and SP600125 were purchased from
Calbiochem (La Jolla, CA, USA). Total PAI-1 antigen ELISA kit and
active PAI-1 antigen ELISA kit were purchased from Molecular
Innovations (Novi, MI, USA).

2.2. Bacterial strains and culture condition
NTHi strain 12, a clinical isolate, was used in this study [16].

Cells were treated with NTHi at a concentration of 150 multiplicity
of infection (MOI). For in vivo animal experiments, mid-log phase
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of NTHi obtained from 6 h after incubation were prepared at the
concentration of 1 x 108 colony forming unit (CFU) per ml in saline
by centrifugation followed by washing with sterile saline.

2.3. Cell culture

Human lung epithelial A549 and cervix epithelial HeLa cells
were maintained as described previously [15,17]. All media were
supplemented with 10% fetal bovine serum, penicillin (100 U/ml)
and streptomycin (0.1 mg/ml). All cells were cultured in a humid-
ified atmosphere of 5% CO, at 37 °C.

2.4. Plasmids, transfection and luciferase assay

The PAI-1 Luc report construct (PAI-1 Luc) and dominant-
negative mutant (DN) forms of TLR2, TLR4, MyD88, p38a, and
p38p2 were described previously [18,19]. Transient transfection
of cells was carried out in triplicate with TransIT-LT1 reagent
(Mirus, Medison, WI) following manufacturer’s instruction. For
experiments with inhibitors, the transfected cells were pretreated
with chemical inhibitors including SB203580 (10 uM), PD98059
(10 uM), and SP600125 (10 uM) for 1 h prior to NTHi treatment.
Luciferase activity was conducted as described previously [15,17].

2.5. Real-time quantitative PCR (Q-PCR) analysis

Q-PCR analysis of human PAI-1 and mouse PAI-1, TNF-a, IL-18,
MIP-2, and KC was conducted as follows. Total RNA was isolated
using TRIzol reagent (Invitrogen) following the manufacturer’s
instructions. The reverse transcription reaction was performed
using TagMan reverse transcription reagents (Applied Biosystems).
PCR amplification was performed with SYBR Green Universal Mas-
ter Mix (Applied Biosystems). Reactions were amplified and quan-
tified by using an ABI 7500 sequence detector and the
manufacturer’s software (Applied Biosystems). Relative quantity
of human and mouse mRNA was obtained by using the compara-
tive threshold cycle (Ct) Method and was normalized using human
and mouse GAPDH as an endogenous control. Primers for human
PAI-1 and mouse PAI-1, TNF-o, IL-1B, MIP-2, and KC were de-
scribed previously [15,17,20,21].

2.6. Animal experiments
C57BL/6 mice were purchased from National Cancer Institute,

NIH. TLR2 KO, MyD88 KO, MKK3 KO, and PAI-1 KO mice were de-
scried previously [15,17,20,21]. Eight weeks old male mice were
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Fig. 1. Expression of PAI-1 is upregulated during NTHi infection both in epithelial cells in vitro and in lung tissues of mice in vivo. (A) NTHi induces PAI-1 mRNA expression in
airway epithelial A549 cells. Cells were treated with NTHi or PBS as control for 5 h, and mRNA expression of PAI-1 was measured by using real time quantitative RT-PCR (Q-
PCR) analysis. (B) NTHi induces PAI-1 transcription in epithelial cells. Cells were transfected with PAI-1-Luc construct and treated with NTHi or PBS 48 h after transfection.
PAI-1 transcription was measured 5 h after NTHi treatment by using luciferase assay. (C) NTHi induces PAI-1 mRNA expression in lung tissues of wild-type (WT) mice. C57BL/
6 mice were intratracheally (i.t.) inoculated with NTHi or saline as a control, and mRNA expression of PAI-1 was measured from the lung tissues of mice inoculated with NTHi
or saline by using Q-PCR analysis. (D) NTHi induces PAI-1 protein expression in lungs of WT mice. C57BL/6 mice were i.t. Inoculated with NTHi or saline as a control, and
expression of total PAI-1 protein was measured from the bronchoalveolar lavage fluid (BALF) of mice inoculated with NTHi or saline by using total PAI-1 antigen ELISA assay
kit. The values presented in A-D are mean + SD (n =3). *p < 0.05 compared with CON; CON: control.
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used in these experiments. For NTHi infection, animals were intrat-
racheally (i.t.) inoculated with 5 x 10° CFU of NTHi in 50 pl of sal-
ine. Mice were then sacrificed by intraperitoneal (i.p.) injection of
sodium pentobarbital (100 mg/kg in 100 pl of saline) at the time
indicated in the figures, and blood was collected from abdominal
vena cava. Bronchoalveolar lavage (BAL) was conducted as de-
scribed previously to collect BAL fluid (BALF) and polymorphonu-
clear (PMN) leukocytes [17,21]. Total RNA was isolated from the
lung tissues using TRIzol reagent (Invitrogen) following manufac-
turers instruction. Reverse transcription and Q-PCR analysis
were conducted as described above. All animal experiments were
approved by the Institutional Animal Care and Use Committee
(IACUC) at University of Rochester.

2.7. Statistical analysis

Statistical analysis was performed with student t-test. P values
of less than 0.05 were considered statistically significant.
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3. Results and discussion

3.1. Expression of PAI-1 is upregulated during NTHi infection both in
epithelial cells in vitro and in lung of mice in vivo

Plasminogen activator inhibitors (PAls) are a subgroup of the
serine protease inhibitor (serpin) superfamily including PAI-1,
PAI-2, PAI-3, and protease nexin 1 (PN-1) [22,23]. Among them,
PAI-1 is the most extensively studied serpin member because of
its pleiotropic functions in biological processes such as wound
healing, tumor angiogenesis, bone remodeling, asthma,
rheumatoid arthritis, fibrosis, sepsis, and acute lung injury (ALI)
[13]. It has been reported that PAI-1 expression is up-regulated
during bacterial pneumonia with Klebsiella pneumoniae (K.p.),
Pseudomonas aeruginosa (P.a.), and S. pneumoniae, and lung epithe-
lial cells indeed were found to express PAI-1 following intratra-
cheal (i.t.) inoculation of lipopolysaccharide (LPS) in mice
[15,24-27]. However, the role of PAI-1 in infection with NTHi,
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Fig. 2. Deficiency of PAI-1 impairs early defense against NTHi infection, thereby resulting in uncontrolled inflammation at late stage of infection in PAI-1 KO mice. (A) PAI-1
KO mice fail to induce early pro-inflammatory responses against NTHi infection. PAI-1 KO mice and their littermate WT control mice were i.t. inoculated with NTHi or saline
as a control, and mRNA expression of pro-inflammatory cytokines IL-1p and TNF-o and chemokines KC and MIP-2 were measured from the lung tissues of mice 6 h after NTHi
inoculation. (B) Polymorphonuclear (PMN) leukocyte migration was inhibited in PAI-1 KO mice following NTHi infection. PAI-1 KO and littermate WT mice were i.t.
inoculated with NTHi or saline as a control, and PMN cells migrated into lung was measured from BALF of mice inoculated with NTHi or control. (C and D) PAI-1 KO mice
showed reduced bacterial clearance against NTHi infection. PAI-1 KO and littermate WT mice were i.t. inoculated with NTHi, and in vivo bacteria growth was measured from
the lung tissues of mice 24 h after NTHi inoculation (C), and body temperature was measured before sacrifice (D). (E) Loss of early defense against NTHi infection in PAI-1 KO
mice results in enhanced inflammation at late stage of infection. PAI-1 KO and littermate WT mice were i.t. inoculated with NTHi, and mRNA expression of pro-inflammatory
cytokines IL-1B and TNF-o. and chemokine MIP-2 was measured from the lung tissues of mice 6, 24, and 48 h after NTHi infection. The values presented in A-D are Mean * SD
(n=3in A and B, n=10 in C and D). *p < 0.05 compared with CON in WT; **p < 0.05 compared with NTHi in WT. The values presented in E are mean = SD (n = 3); *p < 0.05

compared with NTHi in WT. CON: control; WT: wild-type; KO: knock-out.
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the most common gram-negative bacterial pathogen in respiratory
systems, is unknown. To determine the role of PAI-1 in NTHi infec-
tion, we first investigated if PAI-1 expression is regulated during
NTHi infection in epithelial cells and also in lung tissues of mice.
Following NTHi treatment, NTHi up-regulated PAI-1 expression
at mRNA level (Fig. 1A) and also at transcriptional level in a
dose-dependent manner (Fig. 1B). Next, we determined if PAI-1
expression is indeed upregulated in vivo in lung tissues of mice fol-
lowing NTHi infection. Consistent with our in vitro finding, mRNA
expression of PAI-1 was greatly upregulated in the lung tissues
of mice following NTHi infection (Fig. 1C), and enhanced expres-
sion level of PAI-1 antigen was also detected in the bronchoalveo-
lar lavage fluid (BALF) of mice infected with NTHi (Fig. 1D).

3.2. Deficiency of PAI-1 impairs early host defense against NTHi
infection, thereby resulting in uncontrolled inflammation at late stage
of infection in PAI-1 KO mice

Since we found that PAI-1 expression is upregulated following
NTHi infection, and we also previously reported that PAI-1 plays
a critical role for early defense against bacterial infection with
S. pneumoniae [15], we determined if PAI-1 plays a critical role
on NTHi pneumonia by assessing early innate immune responses
following NTHi infection. PAI-1 KO mice and their littermate wild-
type (WT) control mice were i.t. inoculated with NTHi, and mRNA
expression of pro-inflammatory cytokines and chemokines were
measured 6 h after infection. As shown in Fig. 2A, deficiency of
PAI-1 in PAI-1 KO mice results in decreased expression of pro-
inflammatory cytokines such as IL-18 and TNF-a. We also found
that mRNA expression of chemokines MIP-2 and KC was signifi-
cantly inhibited in the lung tissues of PAI-1 KO mice, thereby
resulting in decreased PMN recruitment into airway (Fig. 2B). Early
innate immune responses against bacterial pathogens are critical
for controlling microbial infections by inhibiting bacterial growth.
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We thus evaluated if reduced early innate immune responses
against NTHi in PAI-1 KO mice affect pathogenesis process of NTHi
in these mice. Twenty-four hours after NTHi infection, bacterial
load in lung and body temperature of mice were measured in
PAI-1 KO and their littermate WT control mice. Bacterial counts
in the lung tissues were significantly enhanced in PAI-1 KO mice
compared to that in WT mice (Fig. 2C). In addition, PAI-1 KO mice
showed severe hypothermia, a physiological index of disease
severity of pneumonia in mice [20], compared to WT mice infected
with NTHi (Fig. 2D). Furthermore, failure for controlling bacterial
outgrowth at early stage of infection in PAI-1 KO mice results in
enhanced expression of pro-inflammatory cytokines IL-18 and
TNF-a0 and chemokine MIP-2 (Fig. 2E) at 24 and 48 h after infec-
tion. These data indicate that early upregulation of PAI-1 by NTHi
is critical for early defense against NTHi infection by enhancing
anti-microbial immune responses and thus serves to limit bacterial
growth in lung.

3.3. NTHi induces PAI-1 upregulation via TLR2/MyD88 pathway

Having identified PAI-1 as a critical defense factor for NTHi
infection, we next sought to determine the molecular mechanism
by which PAI-1 expression is upregulated by NTHi. Because recog-
nition of PAMPs by PRR such as TLRs plays an important role in ini-
tiating innate immune response in epithelial cells [2-6], we first
determined if TLRs are responsible for mediating NTHi-induced
PAI-1 expression. Overexpressing dominant-negative (DN) mutant
construct of TLR2 and its cytoplasmic adaptor MyD88, but not
TLR4, greatly inhibited NTHi-induced PAI-1 transcriptional activity
(Fig. 3A). To further confirm their involvement in vivo, TLR2 KO,
MyD88 KO, and their littermate WT control mice, were i.t. inocu-
lated with NTHi, and mRNA expression of PAI-1 was measured
6 h after NTHi infection in lung tissues of mice. Consistent with
our in vitro findings, PAI-1 mRNA expression was significantly low-
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Fig. 3. NTHi induces PAI-1 upregulation via TLR2/MyD88 pathway. (A) NTHi-induced PAI-1 expression is dependent on TLR2/MyD88, but not on TLR4 in vitro in epithelial
cells. Cells were transfected with PAI-1-Luc construct with Vector, TLR2 DN, TLR4 DN, or MyD88 DN for 48 h. Transfected cells were then treated with NTHi or PBS as a control,
and PAI-1 transcription was measured 5 h after NTHi or control treatment by luciferase assay. (B and C) NTHi induces PAI-1 expression via TLR2 and MyD88 in vivo in mice.
TLR2 KO, MyD88 KO, or their littermate WT control mice were i.t. inoculated with NTHi or saline as a control, and mRNA expression of PAI-1 was measured from the lung
tissues of mice 6 h after NTHi or control inoculation. The values presented in A-C are Mean + SD (n = 3). *p < 0.05 compared with CON; #p > 0.05 compared with NTHi in vector
(A) or WT (B and C). CON: control; WT: wild-type; KO: knock-out; DN; dominant-negative.
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er in TLR2 KO and MyD88 KO mice compared to WT mice (Fig. 3B
and C), thereby indicating that PAI-1 induction by NTHi is depen-
dent on TLR2/MyD88 pathway.

3.4. NTHi-induced PAI-1 expression is mediated by MKK3-p38 MAPK

Next, we determined which signaling pathway downstream of
TLR2/MyD88 is involved in NTHi-induced PAI-1 expression. Be-
cause it has been reported that MAPK signaling pathways are in-
volved in PAI-1 expression and NTHi potently activates MAPKs,
especially for p38 MAPK [16,19,28], we determined if MAPKs are
involved in NTHi-induced PAI-1 expression in lung. Epithelial cells
were first pretreated with specific chemical inhibitors for MAPK
p38, ERK, and JNK, and PAI-1 mRNA expression and transcriptional
activity were then measured. Interestingly, SB203580, a specific
p38 MAPK inhibitor, inhibited NTHi-induced PAI-1 mRNA expres-
sion and also transcriptional activity of PAI-1, whereas ERK
inhibitor PD98059 or JNK inhibitor SP600125 exhibits no effect
on NTHi-induced PAI-1 upregulation (Fig. 4A and B). These data
suggest that p38 MAPK is likely involved in NTHi-induced PAI-1
expression in lung. We further determined if p38 MAPK is indeed
critically involved in NTHi-induced PAI-1 expression by assessing
the effect of p38a DN and p38B2 DN on NTHi-induced PAI-1
expression. Overexpressing p38a/(AF) (p38a DN) and p38B2(AF)
(p38B2 DN) greatly inhibited NTHi-induced PAI-1 mRNA expres-
sion (Fig. 4C) and also transcriptional activity of PAI-1 in epithelial
cells in vitro (Fig. 4D). Moreover, NTHi-induced PAI-1 expression
was significantly reduced in lung tissues of MKK3 KO mice com-
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pared to littermate WT in vivo. Together, these data indicate that
NTHi-induced PAI-1 expression is mediated by MKK3-p38 MAPK
signaling pathway both in vitro and in vivo.

3.5. PAI-1. is a key regulator for fibrinolysis and coagulation by
counteracting with PAs, uPA and tPA, and inhibiting fibrinolytic
activity of PAs

Besides its original/classical role in homeostasis, pleiotropic
functions of PAI-1 in biological processes such as wound healing,
tumor angiogenesis, bone remodeling, asthma, rheumatoid arthri-
tis, fibrosis, sepsis, and ALI have been reported [10-14]. Clinical re-
ports showed that PAI-1 expression is upregulated in lung tissues
of ALI patients, and higher PAI-1 level in these patients is closely
associated with poor outcomes in clinic [29,30]. However, growing
body of studies reported protective role of PAI-1 in respiratory
infections with bacterial pathogens including K. pneumoniae,
P. aeruginosa, and S. pneumoniae [15,25,26]. It is thus not clear if
PAI-1 is detrimental or beneficial to the host during bacterial infec-
tion in lung. In this study, we found that NTHi induces PAI-1
expression in lung, and early induction of PAI-1 is critical for
anti-microbial defense against NTHi by inducing expression of
pro-inflammatory cytokines and chemokines, recruiting PMNs into
airway, and inhibiting bacterial growth in lung. We thus believe
that our study reveals the novel role of PAI-1 in NTHi infection,
the most common gram-negative bacterial pathogens in respira-
tory systems.
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