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Potent Antimycobacterial Activity of Mouse Secretory

Leukocyte Protease Inhibitor1

Junichi Nishimura,*§ Hiroyuki Saiga,*‡ Shintaro Sato,¶ Megumi Okuyama,� Hisako Kayama,*‡

Hirotaka Kuwata,* Sohkichi Matsumoto,� Toshirou Nishida,§ Yoshiki Sawa,§ Shizuo Akira,¶

Yasunobu Yoshikai,† Masahiro Yamamoto,‡ and Kiyoshi Takeda2*‡

Secretory leukocyte protease inhibitor (SLPI) has multiple functions, including inhibition of protease activity, microbial growth,

and inflammatory responses. In this study, we demonstrate that mouse SLPI is critically involved in innate host defense against

pulmonary mycobacterial infection. During the early phase of respiratory infection with Mycobacterium bovis bacillus Calmette-

Guérin, SLPI was produced by bronchial and alveolar epithelial cells, as well as alveolar macrophages, and secreted into the

alveolar space. Recombinant mouse SLPI effectively inhibited in vitro growth of bacillus Calmette-Guérin and Mycobacterium

tuberculosis through disruption of the mycobacterial cell wall structure. Each of the two whey acidic protein domains in SLPI was

sufficient for inhibiting mycobacterial growth. Cationic residues within the whey acidic protein domains of SLPI were essential for

disruption of mycobacterial cell walls. Mice lacking SLPI were highly susceptible to pulmonary infection with M. tuberculosis.

Thus, mouse SLPI is an essential component of innate host defense against mycobacteria at the respiratory mucosal surface. The

Journal of Immunology, 2008, 180: 4032–4039.

M
ycobacterium tuberculosis is a top killer among bacte-

rial pathogens and is responsible for 2 million deaths

annually. The emergence of AIDS and development of

multidrug-resistant M. tuberculosis have increased the incidence of

tuberculosis, and it has now become a serious problem. Therefore,

the host defense mechanisms against M. tuberculosis have been

intensively investigated and important roles of T cell-mediated

adaptive immunity are now well established (1, 2). In addition,

functional characterization of TLRs has recently indicated the im-

portance of innate immunity in infection with M. tuberculosis (3,

4). Macrophages and dendritic cells are the major effectors of

TLR-mediated antimycobacterial immune responses, because they

produce a variety of proinflammatory cytokines and have the ca-

pacity of phagocytosis. However, during M. tuberculosis infection,

epithelial cells in the respiratory tract as well as alveolar macro-

phages are the first targets for invasion by M. tuberculosis. There-

fore, these epithelial cells are expected to play roles in preventing

mycobacterial infection by establishing physical barriers and pro-

ducing proinflammatory and antimicrobial mediators (5).

Secretory leukocyte protease inhibitor (SLPI)3 is a 12-kDa se-

creted protein composed of two cysteine-rich whey acidic protein

(WAP) domains (also called WAP four-disulfide core (WFDC)

domains) (6–8). It was originally identified in seminal fluid and is

produced by secretory cells in the genital, respiratory, and lacrimal

glands as well as dermal keratinocytes (9–13). SLPI is a potent

inhibitor of serine proteases, such as neutrophil elastase and ca-

thepsin G, and has therefore been proposed to protect tissues from

protease-mediated damage at sites of inflammation (14, 15). In-

deed, SLPI was subsequently shown to mediate wound healing

(16, 17). Further studies have revealed that SLPI has additional

functions. For example, it possesses an antimicrobial activities

against Gram-negative and Gram-positive bacteria, fungi, and vi-

ruses, including HIV (18–20). In addition to SLPI, several other

serine protease inhibitors containing a single WAP domain, such

as Eppin, Elafin, SWAM1, and SWAM2, also possess antimicro-

bial activities against Gram-negative and Gram-positive bacteria

(8, 21, 22). Thus, serine protease inhibitors possessing WAP do-

mains exhibit antimicrobial activities. However, the precise mech-

anisms by which these serine protease inhibitors exert their anti-

microbial activities remain elusive. More recently, SLPI was found

to mediate anti-inflammatory responses. Briefly, SLPI is induced

in monocytes and macrophages in response to inflammatory stim-

uli mediated by TLRs (23) and subsequently suppresses TLR-de-

pendent production of inflammatory mediators in macrophages by

modulating NF-�B activity (23–25). Consistent with these find-

ings, SLPI-deficient mice are highly sensitive to TLR4 ligand

(LPS)-induced endotoxin shock with increased production of IL-6

(26). Thus, SLPI has diverse functions and its precise roles need to

be investigated more carefully.
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In this study, we investigated the roles of murine SLPI in the

context of host defenses against mycobacteria, since SLPI expres-

sion is greatly induced in macrophages and the lungs during my-

cobacterial infection (27). Recombinant SLPI inhibited mycobac-

terial growth at a lower concentration than that required to inhibit

bacterial growth. Inhibition of mycobacterial growth was mediated

by increased permeability of the mycobacterial membrane. Muta-

tion of cationic residues in the WAP domains of SLPI resulted in

loss of its antimycobacterial activity. Furthermore, SLPI-deficient

mice were highly susceptible to pulmonary infection with M. tu-

berculosis. These findings demonstrate that SLPI is a potent anti-

mycobacterial molecule.

Materials and Methods
Cells and bacteria

M. tuberculosis strains H37Ra (ATCC 25177; American Type Culture Col-
lection) and M. tuberculosis strains H37Rv (28) were grown in Middle-
brook 7H9-ADC medium for 2 wk and stored at �80°C until use. Myco-

bacterium bovis bacillus Calmette-Guérin (BCG; Tokyo strain) was
purchased from Kyowa Pharmaceuticals. Salmonella enterica serovar ty-

phimurium were provided by the Research Institute for Microbial Diseases
(Osaka University). For each experiment, the dose was confirmed by plat-
ing an aliquot of the injected bacterial suspension. Isolation and immor-
talization of type II alveolar epithelial cells from the lungs of transgenic
H-2Kb-tsA58 mice were performed as previously described (29), with
some modifications.

Immunohistochemistry

Lungs were washed with PBS and frozen in Tissue-Tex OCT compound
(Sakura, Tokyo, Japan). Cryostat sections (5-�m thick) were fixed with

cold acetone for 10 min, dried, rehydrated with PBS, and blocked with PBS
containing 20 mM HEPES, 10% FBS, and 1 �g of Fc-blocking mAb
(2.4G2; BD Pharmingen). Next, the sections were sequentially incubated
with a biotinylated anti-mouse SLPI Ab (R&D Systems) and Alexa Fluor
594-conjugated streptavidin (Molecular Probes). The nuclei were stained
with 4�,6-diamidino-2-phenylindole (Molecular Probes). After washing
with PBS, the sections were analyzed by confocal microscopy (Zeiss).

Western blot analysis

Samples were boiled for 5 min in reducing SDS-PAGE sample buffer and
then subjected to SDS-PAGE. The separated proteins were transferred to a
0.45-�m pore polyvinylidene fluoride membrane (Millipore). After block-
ing with 5% milk, the membrane was incubated with the above-described
biotinylated anti-mouse SLPI Ab (0.2 �g/ml) and a streptavidin-HRP com-
plex (1/10,000 dilution; R&D Systems). The bound Abs were detected by
the Super Signal reagent (Pierce).

Quantitative real-time RT-PCR

After isolation of total RNA with the TRIzol reagent (Invitrogen Life Tech-
nologies), 4 �g of the RNA was treated with RQ1DNase (Promega) and
then reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase (Promega) and Random Primers (Toyobo). Gene expression
was quantified with an Applied Biosystems PRISM 7000 sequence detec-
tion system using TaqMan Universal PCR Master Mix (Applied Biosys-
tems). To determine the relative expression level of each sample, the cor-
responding 18S rRNA expression level was measured as an internal
control. The primer and probe sequences for SLPI were follows: quanti-
tative PCR (qPCR) primer (forward), 5�-d(GCTGTGAGGGTATATGTG
GGAAA)-3�; qPCR primer (reverse), 5�-d(CGCCAATGTCAGGGAT
CAG)-3�; and qPCR probe, 5�-FAMd(TCTGCCTGCCCCCGATGTG
AG)BHQ-3�.
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FIGURE 1. Expression of SLPI during mycobacterium infection. A, Wild-type mice were intratracheally infected with BCG (4 � 105 CFU). At the

indicated periods, total RNA was extracted from the lungs. SLPI mRNA expression was analyzed by quantitative real-time RT-PCR. Data are shown as

the relative mRNA levels normalized by the corresponding 18S rRNA level. B and C, At 2 days after intratracheal infection with BCG, lung tissue sections

were stained with an anti-SLPI Ab (red) and 4�,6-diamidino-2-phenylindole (blue) and visualized by fluorescence microscopy. D, BALF was collected at

the indicated periods after BCG infection. Mouse SLPI protein expression was analyzed by Western blotting with an anti-SLPI Ab. Data obtained from

two independent mice (0, 1, and 2 days) are indicated. E, AEC were incubated with the same number of BCG for the indicated periods. SLPI mRNA

expression was analyzed by quantitative real-time RT-PCR. Data are shown as the relative mRNA levels normalized by the corresponding 18S rRNA level.

F, AEC were incubated with the same number of BCG. Culture supernatants were collected before (�) and after 24 h of infection (�) and subjected to

Western blot analysis using an anti-SLPI Ab. Data obtained from two independent cell clones are shown. G, Alveolar macrophages were collected from

uninfected wild-type mice, cultured with or without BCG for 48 h, and then analyzed for their SLPI mRNA expression by quantitative real-time RT-PCR.

The results are presented as the mean � SD.

4033The Journal of Immunology
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Bronchoalveolar lavage fluid (BALF)

Mice were intratracheally administered 4 � 105 CFU of BCG suspended in
30 �l of PBS. BALF was collected at the indicated periods. To obtain
alveolar macrophages, BALF was centrifuged at 2000 � g for 2 min and
the pellet was resuspended in RPMI 1640 containing 4% FBS. The cell
count of alveolar macrophages was �1 � 105 cells/mouse. To eliminate
contamination by bacteria, alveolar macrophages were cultured with 50
U/ml penicillin and 50 �g/ml streptomycin for 16 h, washed five times, and
infected with 5 � 107 CFU/well of BCG without penicillin and
streptomycin.

Preparation of recombinant SLPI protein and variants

PCR-amplified mouse SLPI cDNA fragments were inserted into pGEX-
6P-1 (Amersham Biosciences). pGEX-6P-1 containing mouse SLPI cDNA
was transformed into Escherichia coli Rosetta-gami B (DE 3). Expression
of GST-SLPI fusion proteins was induced by the addition of 1 mM iso-
propyl-1-thio-�-D-galactoside, and the expressed fusion proteins were pu-
rified using glutathione-Sepharose 4B (Amersham Biosciences) according
to the manufacturer’s instructions. The purified proteins were incubated
with PreScission Protease (Amersham Biosciences) at 4°C for 16 h to
cleave the GST tag and then purified with glutathione-Sepharose 4B.

Antibacterial activity

Mid-log phase Salmonella typhimurium were diluted with PBS containing
1% Luria-Bertani (LB) to give �5 � 107 CFU/ml. A final volume of 250
�l was used to examine the antibacterial activities of proteins. After incu-
bation for 2 h, S. typhimurium were plated onto LB agar plates. Colonies
were counted (CFU/ml) after overnight incubation at 37°C.

Antimycobacterial activity

M. tuberculosis and BCG were grown in Middlebrook 7H9-ADC medium
at 37°C with vigorous agitation. After 7 days of incubation, rapidly grow-
ing mycobacteria were harvested by centrifugation and adjusted to 5 � 107

CFU/ml in 7H9-ADC medium. After incubation of the mycobacteria with
the indicated concentrations of proteins for 24 h at 37°C, serial 20-fold
dilutions were conducted in PBS. Aliquots (50 �l) of the dilutions were
plated on Middlebrook 7H10 agar plates and incubated at 37°C for 21–28
days. Colonies were counted (CFU/ml) at intervals until no new colonies
appeared.

Protein-binding assay

SLPI and BSA were labeled with 5-(and 6-)carboxyfluorescein-N-hy-
droxysuccinimide ester (FLUOS; Roche Diagnostics) as described previ-
ously (30). Briefly, 400 �g/ml SLPI or BSA was mixed with 0.096 mg of
FLUOS in 1 ml of PBS for 2 h at room temperature. Nonreacted FLUOS
was separated by gel filtration using a Sephadex G25 column (Amersham
Biosciences). The labeled SLPI or BSA was then incubated with BCG, and
the OD at 630 nm was adjusted to 0.2. After 30 min of incubation at 37°C,
BCG were washed three times with 7H9 medium containing 0.05% Tween
80. Protein-BCG reactions were detected by confocal laser microscopy
(Zeiss).

Scanning electron microscopy

After culture with or without 1 �M SLPI for the indicated times, BCG
cultures were fixed with 5% glutaraldehyde, postfixed with 1% osmium
tetroxide, dehydrated with ethyl alcohol, treated with isoamyl acetate to
replace the alcohol, dried with liquid CO2 in a critical-point apparatus
(HCP-2; Hitachi), and coated with Pt-Pd by ion sputtering (Hitachi) in
ion-distilled water. The specimens were analyzed using S-4700 scanning
electron microscope (Hitachi), operated at 10 kV.

Outer membrane permeabilization assay

The ability of proteins to permeabilize the outer membranes of BCG was
investigated using 1-N-phenylnaphthylamine (NPN; Wako Pure Chemical
Industries) as described previously (31). Briefly, BCG were suspended in
5 mM HEPES (pH 7.4) containing 10 �M NPN to an OD at 590 nm of
0.15. After incubation at 37°C for 30 min, proteins were added and the
fluorescence of NPN was monitored. The excitation wavelength used was
340 nm, and the emission wavelength was 425 nm. The experiment was
conducted at 37°C.

Generation of Slpi�/� mice

The Slpi gene was isolated from genomic DNA extracted from embryonic
stem cells (E14.1) by PCR using TaKaRa LA Taq. The targeting vector
was constructed by replacing a 1.2-kb fragment containing exons 2–4 with
a neomycin-resistance gene cassette (neo) driven by the PGK promoter and
inserting a HSV thymidine kinase into the genomic fragment for negative
selection. After transfection of the targeting vector into embryonic stem
cells, colonies resistant to both G418 and ganciclovir were selected and
screened by PCR and Southern blotting. Homologous recombinants were
microinjected into blastocysts of C57BL/6 female mice and heterozygous
F1 progenies were intercrossed to obtain Slpi�/� mice.
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FIGURE 2. Mouse recombinant SLPI inhibits in

vitro BCG and M. tuberculosis growth. A, S. typhi-

murium (5 � 107 CFU/ml) were incubated with SLPI

for 2 h and plated on LB agar plates. B–D, BCG (B),

M. tuberculosis H37Ra (C), or M. tuberculosis

H37Rv (D; 5 � 107 CFU/ml) were incubated with

increasing concentrations of recombinant mouse

SLPI for 24 h and then plated on 7H10 agar plates.

BCG / BSA 

(negative control) 

SLPI BCG

BCG / SLPI
BCG / BSA 

(negative control) 

SLPI BCG

BCG / SLPI

FIGURE 3. SLPI associates with BCG. SLPI and BSA were labeled

with FLUOS (Roche). Labeled proteins were incubated with BCG for 30

min, and analyzed by fluorescence microscopy.
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Slpi�/� mice were backcrossed to C57BL/6 mice for five generations,
and Slpi�/� and their wild-type littermates from these intercrosses were
used for experiments at 6–8 wk of age. All animal experiments were con-
ducted in accordance with the guidelines of the Animal Care and Use
Committee of Kyushu University.

In vivo infection

For intratracheal infection, 4 � 105 CFU of M. tuberculosis suspended in
30 �l of sterile PBS were administered intratracheally. For i.v. infection,
4 � 105 CFU of M. tuberculosis suspended in 100 �l of sterile PBS were
administered i.v. At 3 wk after infection, homogenates of the lungs and
spleen were plated on 7H10 agar plates. For histological examination, 1 �

107 CFU of M. tuberculosis suspended in 30 �l of sterile PBS were ad-
ministered intratracheally. At 5 days after infection, the lungs were fixed in
4% formalin, embedded in paraffin, cut into sections, and stained
with H&E.

Results
SLPI expression in the lungs of BCG-infected mice

To assess the roles of SLPI in mycobacterial infection, we first

analyzed SLPI expression in the lungs of mice intratracheally in-

fected with M. bovis BCG. Total RNA was extracted from the

lungs after 2, 7, and 14 days of infection and analyzed for SLPI

mRNA expression by real-time qPCR (Fig. 1A). Expression of

SLPI mRNA was increased by �9-fold after 2 days of infection,

but decreased thereafter. Next, we analyzed pulmonary cell types

expressing SLPI by immunohistochemical analysis (Fig. 1, B and

C). SLPI was detected in bronchial epithelial cells before BCG

infection (Fig. 1B, upper micrograph). After 2 days of BCG in-

fection, increased amounts of SLPI expression were observed, and

mainly localized at the apical side of bronchial epithelial cells (Fig.

1B, lower micrograph). This prompted us to investigate whether

SLPI was secreted into the alveolar space after BCG infection.

Accordingly, BALF was collected from BCG-infected mice and

analyzed for SLPI protein expression by Western blotting (Fig.

1D). SLPI was not detected in BALF from uninfected mice. After

2 days of BCG infection, SLPI was abundantly detected in BALF

from infected mice, indicating that SLPI was secreted into the

alveolar space during the early phase of mycobacterial infection. In

addition to bronchial epithelial cells, SLPI was expressed in cells

of the alveolar area (Fig. 1C). Therefore, we isolated type II alve-

olar epithelial cells (AEC) and alveolar macrophages and analyzed

their SLPI expression levels after BCG infection. Since AEC are

difficult to culture in vitro, we took advantage of transgenic mice

harboring a temperature-sensitive mutation of the SV40 large tu-

mor Ag gene under the control of an IFN-�-inducible H-2Kb pro-

moter element (32, 33). Using these mice, we successfully estab-

lished AEC lines expressing surfactant protein C (data not shown).
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concentrations of the deletion mutants (mSLPI-N and mSLPI-C) or

WFDC2 for 24 h and then plated on 7H10 agar plates. C, The indicated

concentrations of the deletion mutants (mSLPI-N and mSLPI-C) or

WFDC2 were added to BCG suspensions containing NPN. The peak of

NPN fluorescence within 150 s was plotted. Representative data of three

independent experiments are shown.
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AEC were infected with BCG and analyzed for SLPI mRNA ex-

pression (Fig. 1E). SLPI mRNA expression was gradually induced

after BCG infection and peaked after 36 h of infection. AEC have the

ability to secrete several effector molecules into the alveolar space.

Therefore, we analyzed the SLPI protein levels in culture supernatants

from BCG-infected AEC by Western blotting (Fig. 1F). SLPI protein

was not detected in supernatants from uninfected AEC, but was

clearly detected in supernatants after 24 h of BCG infection. Next,

isolated alveolar macrophages were infected with BCG and analyzed

for SLPI mRNA expression (Fig. 1G). BCG infection resulted in an

increase in SLPI mRNA expression. Taken together, mycobacterial

infection induces the production and secretion of SLPI into the alve-

olar space by bronchial and type II alveolar epithelial cells as well as

alveolar macrophages in the lung.

SLPI-mediated inhibition of mycobacterial growth

Several previous reports have described antimicrobial activities of

SLPI against Gram-positive bacteria, Gram-negative bacteria,

HIV, and fungi (18–20). However, SLPI needs to be present at

high concentrations (�10 �M) for effective inhibition of microbial

growth, particularly S. typhimurium and E. coli (18, 34). Indeed,

addition of 2 �M recombinant mouse SLPI only moderately de-

creased the growth of S. typhimurium (Fig. 2A). In sharp contrast

to the mild inhibition of S. typhimurium growth, addition of lower

concentrations of mouse SLPI to BCG cultures dramatically re-

duced the number of CFU (Fig. 2B). Growth of BCG was almost

completely inhibited by the addition of 1 �M SLPI. A similar

inhibitory effect was observed on the growth of M. tuberculosis

H37Ra and H37Rv (Fig. 2, C and D). These findings indicate that

SLPI has a more potent antimicrobial activity against mycobacte-

ria than against S. typhimurium.

Disruption of the BCG cell wall structure by SLPI

Next, we investigated the mechanism of the antimycobacterial ac-

tivity of SLPI. First, fluorescence-labeled SLPI was incubated with

BCG and analyzed by confocal laser microscopy (Fig. 3). BCG

and labeled SLPI were colocalized, suggesting that SLPI becomes

associated with BCG. We then examined the morphological effects

of SLPI on BCG. BCG was incubated with or without SLPI and

analyzed by scanning electron microscopy (Fig. 4A). BCG ex-

posed to SLPI for 3 h showed pronounced surface blebbing. After

12 h of incubation, many of BCG were collapsed and few live

BCG had rough and irregular membrane surfaces. Next, BCG was

subjected to an outer membrane permeabilization assay using a

fluorescent dye that is weakly fluorescent in aqueous environments

but becomes strongly fluorescent in the hydrophobic environment

within the cell membrane (Fig. 4B). Addition of SLPI caused rapid

increases in fluorescence in a dose-dependent manner. These re-

sults suggest that SLPI directly associates with mycobacteria, and

disrupts the cell wall structure.

Critical role of cationic amino acids in SLPI in its

antimycobacterial activity

We next investigated the critical domain involved in the antimy-

cobacterial activity of SLPI. SLPI has two WAP domains (Fig.

5A). Several serine protease inhibitors possessing a single WAP

domain, such as Eppin, Elafin, SWAM1, and SWAM2, have an-

timicrobial activities against bacteria such as E. coli and Staphy-

lococcus aureus (8, 21, 22). To investigate whether each of the

WAP domains of mouse SLPI is sufficient to exert antimycobac-

terial activity, two deletion mutants of SLPI, mSLPI-N and
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mSLPI-C, were generated (Fig. 5A). mSLPI-N contained the N-

terminal WAP domain, while mSLPI-C contained the C-terminal

WAP domain. Both mSLPI-N and mSLPI-C inhibited BCG

growth, although their efficiencies were slightly decreased com-

pared with that of full-length SLPI (Fig. 5B). Similarly, mSLPI-N

and mSLPI-C both induced permeabilization of the outer mem-

brane of BCG with slightly lower efficacies (Fig. 5C). These re-

sults imply that each WAP domain of mouse SLPI exhibits anti-

mycobacterial activity by disrupting the mycobacterial cell wall

structure. WFDC2 is a secreted protein possessing two WAP do-

mains (Fig. 5A) (35). However, recombinant mouse WFDC2 had

no effect on mycobacterial growth and did not induce permeabi-

lization of the BCG cell membrane, indicating that not all WAP

domain-containing proteins have antimicrobial activities (Fig. 5, B

and C). In addition, the N-terminal, but not the C-terminal, WAP

domain of human SLPI has been shown to mediate its antimicro-

bial activities against E. coli and S. aureus (18). Therefore, we

compared the amino acid sequences of the WAP domains of

mouse and human SLPI as well as mouse WFDC2 (Fig. 6A).

The C-terminal regions were conserved among all of the WAP

domains. However, the sequences between the first and third

cysteine residues were less conserved. In particular, when we

examined the sequences between the first and second cysteine

residues, we noted that the WAP domains possessing antimy-

cobacterial activities (mSLPI-N, mSLPI-C, and hSLPI-N) con-

tained two or more cationic amino acids, whereas the WAP

domains with no antimycobacterial activities (mWFDC2-N,

mWFDC2-C, and hSLPI-C) had one or zero cationic acids and

instead contained anionic amino acids. Therefore, we produced

mSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants, in

which the two cationic amino acids were changed to the anionic

amino acid aspartic acid (Fig. 6B). Neither mSLPI-Nca nor

mSLPI-Cca was able to inhibit BCG growth or permeabilize the

cell membrane (Fig. 6, C–F). These results suggest that the

cationic acids of mouse SLPI are responsible for its potent an-

timycobacterial activities.

High susceptibility of SLPI-deficient mice to M. tuberculosis

infection

In the next experiment, we assessed the physiological roles of

SLPI during mycobacterial infection by generating mice lacking

SLPI (Slpi�/� mice) via gene targeting (data not shown). First,

wild-type and Slpi�/� mice were intratracheally infected with M.

tuberculosis H37Ra, and monitored for their survival (Fig. 7A). All

Slpi�/� mice died within 8 wk of infection at a dose that almost all

wild-type mice survived for �9 wk. Next, we counted CFU num-

bers in the lungs and spleen after 3 wk of infection (Fig. 7B). The

CFU titers of M. tuberculosis in both tissues were higher for

Slpi�/� mice than that for wild-type mice. The histopathological

changes in the lungs after 5 days of M. tuberculosis infection were

also analyzed (Fig. 7C). In wild-type mice, the formation of sev-

eral small granulomas was observed. In contrast, granulomatous

changes were induced to a lesser extent in Slpi�/� mice and rather

diffuse cell infiltration was observed instead. Next, mice were i.v.

infected with M. tuberculosis, and the CFU numbers in the lungs

and spleen were counted after 3 wk of infection (Fig. 7D). The

CFU titers were not as dramatically increased in both tissues of

Slpi�/� mice compared with the corresponding titers in the tissues

of wild-type mice, indicating that Slpi�/� mice are not highly sus-

ceptible to i.v. M. tuberculosis infection. Taken together, these

findings indicate that Slpi�/� mice are highly vulnerable to M.

tuberculosis infection via the respiratory route.
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Discussion
In the present study, we analyzed the roles of mouse SLPI in host

defense against mycobacteria. During the early phase of respira-

tory mycobacterial infection, SLPI was produced and secreted into

the alveolar space by bronchial and type II alveolar epithelial cells

as well as alveolar macrophages. Recombinant mouse SLPI inhib-

ited the growth of mycobacteria more effectively than it inhibited

the growth of Gram-negative bacteria. The SLPI-mediated inhibi-

tion of mycobacterial growth was attributable to disruption of the

mycobacterial cell wall structure. Furthermore, Slpi�/� mice were

highly susceptible to pulmonary M. tuberculosis infection, high-

lighting a mandatory role for mouse SLPI in the host defense

against M. tuberculosis infection. Thus, mouse SLPI is a critical

antimycobacterial molecule that acts during the early phase of my-

cobacterial infection at the respiratory mucosal surface.

Similar structural changes to those observed in SLPI-treated

mycobacterial cell walls were induced in several bacteria and M.

tuberculosis treated with the antimicrobial peptides defensins,

which permeabilize microbial membranes (36, 37). We further

identified the critical elements for the potent antimycobacterial ac-

tivity of mouse SLPI. It has been proposed that defensins contain-

ing positively charged amino acid residues associate with micro-

organisms by targeting the surface-exposed negatively charged

phospholipid head groups in the microbial membrane (37). Indeed,

mutations that change arginine to aspartic acid can attenuate the

bactericidal activity of the �-defensin cryptdin-4 (38). Therefore,

we supposed that SLPI, which has similar effects on mycobacterial

membranes to defensins, also associates with negatively charged

mycobacterial membranes through its positively charged amino

acid residues. Consistent with this hypothesis, the sequences be-

tween the first and second conserved cysteine residues of the WAP

domains are not conserved. Moreover, there are several positively

charged amino acids (lysine and arginine) in these regions of the

WAP domains that possess antimicrobial activities, whereas the

regions without any antimicrobial activities contain one or zero

positively charged amino acids. Furthermore, structural studies

have revealed that the region between the first and second con-

served cysteine residues is exposed on the outside of the molecule,

thereby enabling this region to associate with microbial mem-

branes (39, 40). Indeed, mutations of the cationic amino acid res-

idues within this region resulted in elimination of the antimyco-

bacterial activity. Thus, mouse SLPI exhibits antimycobacterial

activity in quite a similar manner to that of defensins.

In comparison to SLPI, higher concentrations of other serine

protease inhibitors containing a WAP domain are required to in-

hibit microbial growth (8, 21, 22). Recombinant human SLPI is

less effective at inhibiting the growth of mycobacteria and S. ty-

phimurium (our unpublished data). These differential properties

may be attributable to structural differences in the WAP domains,

which mediate the antimicrobial activity. SLPI has two WAP do-

mains, whereas other serine protease inhibitors, such as Eppin,

Elafin, and SWAMs, have only a single WAP domain. In the case

of human SLPI, only the N-terminal WAP domain exhibits anti-

microbial activity (18). In addition, only the N-terminal WAP do-

main of human SLPI contains critical cationic acid residues. The

presence of two WAP domains possessing antimicrobial activity

may be responsible for the high potency of mouse SLPI for my-

cobacterial growth inhibition.

Mouse SLPI inhibited mycobacterial growth at profoundly

lower concentrations than those required to inhibit the growth of S.

typhimurium or other microorganisms (18–20). It remains unclear

how SLPI becomes more specifically targeted toward mycobacte-

ria. Differential antimicrobial properties against distinct microor-

ganisms have not been reported in the case of defensins. Therefore,

SLPI, which has multifunctional properties, may have an unknown

strategy for specifically recognizing mycobacteria.

The in vitro findings demonstrating that mouse SLPI inhibits

mycobacterial growth were further strengthened by in vivo studies

using Slpi�/� mice. Slpi�/� mice were highly susceptible to pul-

monary M. tuberculosis infection, but not to i.v. infection. In ac-

cordance with this finding, SLPI protein was abundantly detected

in the alveolar space after pulmonary BCG infection, but was not

detected in sera from mice after i.v. BCG infection (our unpub-

lished data). Therefore, high concentrations of SLPI are supposed

to be secreted into the alveolar space during the early phase of

respiratory infection with M. tuberculosis, thereby promptly kill-

ing the mycobacteria before they can invade the lung tissues

through the epithelial barrier. Given that mouse SLPI has potent

antimycobacterial activities, it would be a good candidate for treat-

ment during the acute phase of M. tuberculosis infection and may

even be able to be used for the treatment of patients with multi-

drug-resistant M. tuberculosis.
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