Tohoku J. Exp. Med., 2004, 202, 41-50

STAT1 Knockout Mice are Highly Susceptible to
Pulmonary Mycobacterial Infection
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SuGAWARA, 1., YaMADA, H. and Mizuno, S. STATI Knockout Mice are Highly
Susceptible to Pulmonary Mycobacterial Infection. Tohoku J. Exp. Med., 2004,
202 (1), 41-50 — This study was designed to determine the roles of STAT1 protein
in defense against mycobacterial infection. Airborne infection of STAT1 knockout
(KO) mice with a Mycobacterium tuberculosis Kurono strain induced multiple ne-

~ crotic lesions in lungs, spleen and liver, while that in wild-type (WT) mice did not.
The STAT1 KO mice succumbed to mycobacterial infection by the 35 th day after
infection. Compared with the levels in WT mice, inducible nitric oxide synthase
(iNOS), tumor necrosis factor- g, interferon-y and IL-12 mRNA levels were signifi-
cantly lower in the lung of STAT1 KO mice. Interestingly, granulomatous lesion
development in STAT1 KO mice was inhibited significantly by treatment with exoge-
nous recombinant murine IL-12. Therefore, STAT1 regulates IL-12 expression and
appears to be a critical transcription factor in controling mycobacterial infection.

© 2004 Tohoku University Medical Press

Activation mechanisms of signal transducer
and activator of transcription (STAT) was clarified
in the biological responsive system stimulated
with interferon (IFN)-y. STAT family consists
of seven transcription factors (STAT1, STAT?2,
STAT3, STAT4, STATSa, STATSb and STAT6)
(Darnell 1997). STAT proteins are cytoplasmic
proteins that are activated to participate in gene
control when cells encounter various extracellular
polypeptides. Among them, STAT] is activated
by stimuli with IFN-q/8 and IFN-y and is essen-
tial for cell growth suppression in response to

STAT1; M. tuberculosis; STAT1 knockout mouse; IL-12

IFN-y. The STAT1 signaling pathway appears
to negatively regulate the cell cycle by inducing
cyclin-dependent kinase inhibitors in response to
cytokines (Chin et al. 1996). STAT1 knockout
(KOQ) mice are highly susceptible to vesicular sto-
matitis virus (VSV) and Listeria monocytogenes
infections (Meraz et al. 1996).

Tuberculosis is a chronic, airborne infectious
disease induced by M. tuberculosis. The target
cells of M. muberculosis are alveolar macrophages
and alveolar macrophages are activated by
IFN-y so that they can kill tubercle bacilli
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(Sugawara et al. 1998). Thus, it is important to
study the roles of IFN-y and transcription fac-
tors that regulate expression of IFN-y. There
are several reports suggesting the roles of STAT
proteins in mycobacterial infections. In our pre-
vious report, we have shown that STAT4, but not
STAT®6, was a critical transcription factor in con-
trolling mycobacterial infection (Sugawara et al.
2003). In the absence of STAT4, development of
Th1 type helper T cells abrogated. Lymphocyte
proliferation and expression induction of IFN-
y by 1L-12 and natural killer cell activation by
IL-12 are also inhibited. There are several in
vitro reports suggesting the close relationship
between STAT1 protein and mycobacterial infec-
tion. M. tuberculosis inhibits IFN-y transcrip-
tional responses without inhibiting activation of
STAT1 (Ting et al. 1999). M. tuberculosis infec-
tion activates JAK2/STAT 1-pathway (Rojas et al.
2002). Selective expression of type I IFN genes
is induced in human dendritic cells infected with
M. tuberculosis (Remoli et al. 2002). We have
been interested in the roles of transcription factors
that regulate cytokine expression in mycobacterial
infection. Nuclear factor (NF)-IL-6 is critical in
mycobacterial control as well as in the induction
of granulocyte-colony-stimulating factor (G-CSF)
in alveolar macrophages that results in neutrophil
activation (Sugawara et al. 2001a). NF-«B p50
KO mice developed multifocal necrotic pulmo-
nary lesions or lobar pneumonia (Yamada et al.
2001). STAT4 KO mice infected with M. tuber-
culosis developed large granulomas with massive
neutrophil infiltration over time, while STAT6
KO mice did not (Sugawara et al. 2003). In the
absence of STAT6, development of Th2 type
helper T cells is abrogated and class switch of
immunoglobulins to IgE is not recognized. Thus,
STAT6 has nothing to do with the development
of tuberculosis. These transcription factors regu-
late IFN-y, TNF-« and IL-12 that play critical
roles in defense against tuberculosis development.
These findings prompted us to explore the roles of
STAT1 protein in mycobacterial infection further.
We report here that STAT1 plays a critical role in

defense against mycobacterial infection.

MATERIALS AND METHODS

Animals .
Six-week-old C57BL/6 wild-type (WT)
mice were purchased from Japan SLC Co. Ltd.
(Shizuoka), and STAT1 knockout (KO) mice
were purchased from Taconic Transgenic Mod-
els via Immuno-Biological Laboratories Co.
{Gunma)(Meraz et al. 1996). These KO mice
showed no developmental abnormalities. All
mice were housed in a biosafety level 3 facility
and given mouse chow and water ad libitum after
aerosol infection with virulent mycobacteria.

Experimental infections

The experimental procedures were in ac-
cordance with the ARVO resolution on the use of
animals in research. Permission to experiments
on animals was granted by the Animal Experi-
ment Committee of the Research Institute of Tu-
berculosis. A virulent Kurono strain of Mycobac-
terium tuberculosis (ATCC 358121) was grown in
Middlebrook 7H9 broth for 2 weeks, then filtered
with a sterile acrodisc syringe filter (Pall Corp.,
Ann Arbor, MI, USA) with a pore size of 5.0
m. Then, the aliquots of the filtrate bacterial solu-
tion were stored at —80°C until use. Mice were
infected via the airborne route by placing them
into the exposure chamber of the Glas-Col aerosol
generator (Model 099CA4212; Glas-Col, Inc.,
Terre Haute, Ind.). The nebulizer compartment
was filled with 5ml of a suspension containing
10° CFU of Kurono strain tubercle bacilli so that
approximately 100 bacteria might be deposited
in the lung of each animal (Sugawara et al. 1999,
Yamada et al. 2001).

cfu assay

At 1, 3, and 5 weeks after aerosol infec-
tion, mice were anesthetized with pentobarbital
sodium, and the abdominal cavity was incised,
and exsanguination was performed by splenec-
tomy. Lungs, spleens and livers were excised and
weighed. The left lobe of each lung and a part of
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spleen tissues were separately weighed and used
to evaluate in vivo growth of mycobacteria. The
lung and spleen tissues were homogenized with
a set of mortar and pestle, and then 1ml of sterile
physiological saline was added. Then, 100p] of
homogenate was picked up and plated in a 10-fold
serial dilution on 1% Ogawa’s egg media. Colo-
nies on the media were counted after a four-week
incubation at 37°C (Yamada et al. 2001).

RT-PCR

Parts of right lobe of lung and spleen tissues
that had been left after cuiting off for CFU ex-
amination were used to perform RT-PCR analysis
for mRNA expression for several cytokines and
iNOS in these organs during TB infection. These
tissues samples were snap-frozen in liquid nitro-
gen, and stored at —85°C until use. RNA ex-
traction was performed as described previously
(Sugawara et al. 2001b; Yamada et al. 2001).
Briefly, frozen tissues were homogenized with
a microcentrifuge tube and tip-closed lml pipet
tip in liquid nitrogen. Then homogenates were
treated with total RNA isolation reagent, TRIzol
™ Reagent (GIBCO BRL) according to a manu-
facturer’s instructions. After RNA isolation, total
RNA was reverse transcribed into cDNA with
M-MLYV reverse transcriptase (GIBCO BRL)
following measurement of total RNA concentra-
tion, and agarose gel clectrophoresis was per-
formed.

Polymerase chain reaction was performed
with gene-specific primer sets for g-actin, IFN-a,
IFN-3, IFN-y, TNF-g, interleukin (IL)-18, IL-2,
IL-4, IL-6, IL-10, IL-12p40, IL-18, TGF-3, and
iNOS. DNA sequences of primer sets and cor-
responding PCR conditions are listed as described
previously {(Sugawara et al. 2003). The PCR
primer sets for ICAM-1 mRNA arc as follows:
sense, 5-“TGCGTTTTGGAGCTAGCGGACCA-
3’ antisense, 5-CGAGGACCATACAGCACGT-
GCAG-3". The expected product length is 326
bp. Amplification was carried out with a DNA
thermal cycler 480 (Perkin-Elmer Cetus). PCR
product (10 .l each) was applied for electropho-

resis in 4% agarose and NuSieve GTG (1:3) gel
and visualized using ethidium bromide staining.
Relative ratios of various cytokines and iNOS
mRNA to g-actin mRNA as an internal control
were determined ( Sugawara et al. 2003).

Light microscopic examination

For light microscopic examination, the right
middle lobe of each lung was excised and fixed
with 20% formalin buffered methanol solution,
Mildform 20NM (containing 8% formaldehyde
and 20% methanol, Wako Pure Chemical Co.,
Osaka), dehydrated with grading series of ethanol,
treated with xylene, and embedded in paraffin.
The 5 pm-thick sections were cut from each para-
ffin block and stained for either hematoxylin and
eosin or Ziehi-Neelsen staining.

Reconstitution of STAT1 KO mice with exo-
genous recombinant IL-12

As the IL-12 mRNA level was reduced signi-
ficantly in the STAT1 KO mice, reconstitution
experiments of STAT1 KO mice with exogenous
murine IL-12 were performed twice. The three
mice were injected subcutaneously with 10 pg of
recombinant murine IL-12 (210-12, Pepro Tech,
London, UK) in PBS or PBS alone four times
at weekly intervals. The biological activity of
the recombinant murine IL-12 was evaluated by
determining the stimulation of IFN-y production
by murine splenocytes co-stimulated with IL-12.
The EDg, for this effect was 0.1 ng/ml, corre-
sponding to a specific activity 110’ units/mg.
The lungs from STAT1 KO mice treated subcu-
taneously with recombinant IL-12 were retrieved
from the infected mice 5 weeks after aerosol
infection (Sugawara et al. 1999). The sizes of the
10 granulomas were measured with a microm-
eter (Nikon Optical Co., Tokyo) (Sugawara et al.
2001a).

Statistical methods

The values were compared by Student’s
t-test. For all statistical analyses, differences at
p<0.01 were considered significant.
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RESULTS

Mycobacterial burden in the lungs and spleens
of STAT1 KO mice
STAT1 KO mice died of disseminated tuber-

culosis by the 35 th day after aerosol infection,
whereas WT mice survived until the day they
were sacrificed at 60 days (Fig. 1). After one
week post-infection, when STAT1 KO mice were
infected with Kurono strain, the c¢fu number was
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Fig. 1. Survival of mice infected with M. ruberculosis Kurono strain. WT and STAT1 KO mice were
infected with 10°cfu of the Kurono strain by an airborne route. Percentages of surviving WT (open
circle) and STAT1 KO mice (solid circle} are shown.
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Fig. 2. Mycobactenal titers in lungs (solid circle} and spleens (solid square) of STAT1 KO mice exposed
to 10°cfu M. tuberculosis Kurono strain by the airborne route. Lungs (open circle) and spleens (open
square} of WT mice were included in each experiment. At the indicated times after infection, four
mice from each group were sacrificed and homogenates of fung and spleen tissues were plated on
7H10 agar. Error bars indicate standard deviation (s.0.).
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Fig. 3. Histological analysis of lung sections with M. tuberculosis Kurono strain. Lungs were removed
from STAT1 KO (A) and WT mice (C) 35 days after infection with Kurono strain (10°cfu) by an
airbomne route. Necrosis (—) is recognized in the lung of the STAT1 KO mouse. Hematoxykin and
eosin stain; original magnification, X200. B: Stain for acid-fast bacilli in the lung of STAT1 KO
infected with Kurono strain. Original magnification, X 600. D: Pulmonary tissue (5 weeks after

infection) from STAT1 KO mice infected with M. tuberculosis Kurono strain and treated four times

subcutaneously with recombinant IL-12. The granuloma became smaller. Original magnification,
%200.
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much higher than that from WT mice at week 1
through 5 after aerosol infection (Fig. 2). At3
and 5 weeks after infection, there were statisti-
cally significant differences in both lung and
spleen counts between WT and STAT1 KO mice
{p<0.01).

Light microscopic observations of infected
lungs

The mice were sacrificed 5 weeks after being
infected by an airborne route and formalin-fixed
sections were stained with hematoxylin and eosin
and by the Ziehl-Neelsen method. Macroscopi-
cally, there were extensive necroses in the lungs,
spleen, and liver of STAT1 KO mice infected with
M. tuberculosis Kurono strain. On the contrary,

C57BL/6 wild
1 3 &

{Weeks after infection)

)

pulmonary discrete granulomatous lesions were
recognized in W1 mice and these granulomas
lacked necrosis. Histopathologically, multiple
foci of abscesses consisting of neutrophils and
epithelioid macrophages were noted in the lungs, '
spleen, and liver, whereas WT mice developed
granulomatous lesions lacking neutrophil infiltra-
tion (Fig. 3). Epithelioid macrophages and lym-
phocytes were not recognized near the necrotic
lesions. The necrotic lesions displayed central ne-
crosis, neutrophils and cell debris. Ziehl-Neelsen
staining revealed diffuse proliferation of tubercle
bacilli in the necrotic lesions (Fig. 3B).

STAT1 KO
1 3 56

(Waeeks after infection)

i

Fig. 4. RT-PCR analysis of cytokine, TGF-g, iNOS and ICAM-1 mRNA expression. Total RNA was
isolated from lung tissues of STAT1 KO and WT mice at 1, 3, and 5 weeks after aerosol infection
and subjected to RT-PCR using the specific primer sets. [L-12 mRNA expression level is low sig-

nificantly in the lung tissues of STAT1 KO mice.
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TaBLE 1. Size of pulmonary granulomas infected with M. tuberculosis Kurono

strain
Mice Size of granulomas (¢m)
STATi KO 3500105
STAT1 KO treated with IL-12 450+ 20
WT 400+ 25
WT treated with IL-12 350+ 15

Ten pulmonary granulomas per group consisting of 6 mice 5 weeks after
aerasol infection were measured with a micrometer. The difference in size of
granulomas between STAT1 KO and STAT! KO mice treated with IL-12 was
statistically significant at Student’s ¢-test (p<0.01).

RT-PCR analysis :

Fig. 4 shows the results of the RT-PCR data
from infected lung tissues at 1, 3 and 5 weeks
after aerosol infection (three mice each). In
STAT1 KO mice, expression of IFN-y, TNF-aq,
IL-10, IL-18 and iNOS mRNA was low at weeks
3 after infection compared with that of WT mice.
Expression of IL-12 p40 mRNA was very low at
weeks 3-5 after infection than that of WT mice
and the difference in IL-12 mRNA expression bet-
ween STAT1 KO and WT mice was statistically
significant (p<0.01). Expression of IL-13, IL-2,
IL-4, IL-6 and ICAM-1 mRNA was similar in
both STAT1 KO and WT mice.

Reconstitution of STAT! KO mice with exo-
genous recombinant murine IL-12

As the defect in the STAT1 KO mice was
genetically defined, the possibility of recover-
ing immune response function by administering
exogenous recombinant IL-12 subcutaneously to
the KO mice was investigated. As shown in Table
1, when recombinant IL-12 was given four times
subcutaneously, the sizes of the granulomatous
pulmonary lesions 5 weeks after aerosol infection
with M. tuberculosis were reduced significantly
(mean diameter, 450+20 pm), and there were vir-
tually no mycobacteria in the pulmonary lesions
(Fig. 3D). The sizes of the granulomatous lesions
without recombinant IL-12 treatment 5 weeks
after aerosol infection were 35, 500+1035 pm.
There was a statistically significant difference

in the sizes of pulmonary granulomas between
STAT1 KO and STAT1 KO mice treated with
IL-12 WT (p<0.01). The sizes of WT and WT
mice treated with recombinant IL-12 were 400+
25 and 350x15 pum, respectively. There were no
apparent side effects of recombinant murine IL-12
when it was given four times subcutaneously to
both STAT1 KO and WT mice.

DiscussioN -

The purpose of this study was to determine
the roles of STAT1 protein as a transcription fac-
tor in defense against mycobacterial infection.
STAT1 KO mice developed multifocal necrotic
lesions in the lung, liver and spleen tissues and
died of disseminated tuberculosis by the 35 th
day of infection. We have shown that STAT1 is
essential for the control and survival of the M.
tuberculosis infection. We made aerosol infection
experiments twice and the results were reproduci-
ble. We also noted marked reduction of IL-12
mRNA expression in STAT1 KO mice. 1t is re-
ported that IL-12 is crucial to the development of
protective immunity in M. tuberculosis-infected
mice (Cooper et al. 1997). This marked reduction
of 1L-12 may be explained as follows. Interferon
regulatory factor (IRF)-1 mRNA is significantly
reduced in IFN-y-treated macrophages from
STAT1 KO mice (Meraz et al. 1996). Stat 1 is
placed upstream from IRF-1 (Darnell 1997). Itis
known that IL-12 production by macrophages is
impaired in IRF-1 KO mice (Lohoff et al. 1997,
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Hermann et al. 1998). We have also reported that
IRF-1 KO mice developed multifocal necrotic
lesions in the fung, liver and spleen tissues and
died of disseminated tuberculosis within 43 days
of infection (Yamada et al, 2002).

There are seven STAT proteins. We have
recently reported the role of STAT4 in mycobac-
terial infection (Sugawara et al. 2003). STAT4
KO mice infected with M. tuberculosis develop-
ed large granulomas with massive neutrophil
infiltration over time, but did not die of dissemi-
nated tuberculosis. Pulmonary iNOS, and IFN-y
mRNA levels were low in STAT4 KO mice, but
expression of IL-12 mRNA was not affected in
STAT4 KO mice. No significant difference was
recognized in severity of mycobacterial infection
between WT and STAT6 KO mice. Therefore,
STAT1 plays the most essential role for defense
against mycobacterial infection among seven
STAT proteins.

IFN-y, TNF-a, and IL-18 mRNA expression
was lower in STAT1 KO mice than WT mice.
Their reduced expression contributes to the pro-
gression of murine tuberculosis. We and other re-
searchers have already reported that IFN-y, TNF-
« and IL-18 play major roles for defense against
murine tuberculosis (Cooper et al. 1993; Flynn et
al. 1993; Flynn et al. 1995; Sugawara et al. 1998;
Kaneko et al. 1999; Sugawara et al. 1999).

It is reported that STAT4 and extracellular
regulated kinase 1 activation by IL-12 was intact,
whereas the activation of STAT1, -3, and -5 by
11.-12 was lost in a patient with atypical myco-
bacterial infection (Gollob et al. 2000). This
imapairment of STAT activation was specific for
IL-12 because STAT activation IL-2, IL-15, and
IFN-y was unaffected. In our mycobacterial ex-
periments, STAT'1. activation is impaired by If.-12
because IL-12 mRNA expression was severely
lost. This indicates that the activation of STAT4
alone is not sufficient for IL-12-induced IFN-y
production. There is another interesting report
stating that M. tuberculosis inhibits JFN-y tran-
scriptional responses without inhibiting activation
of STAT1 (Ting et al. 1999). One mechanism for

M. tuberculosis to evade the immune response
is to inhibit the IFN-y signaling pathway and
the mechanism of inhibition is distinct from that
reported for Leishmania donovani or cytomega-
lovirus (CMV) infection (Nandan and Reiher
1995; Miller et al. 1998). It, however, seems that
mice with no STAT1 have no innate response to
either vesucular stomatitis virus (VSV) or Listeria
monocytogenes infection because the first line of
defense against potential pathogens requires the
IEN response (Durbin et al. 1996; Meraz et al.
1996).

When recombinant murine 1L-12 was admin-
istered subcutaneously to the infected STAT1 KO
mice, the sizes of the pulmonary granulomas were
reduced significantly (p<0.01). Therefore, chang-
ing the therapeutic regimens administered to the
experimental model mice in our study may enable
mycobacterial infection to be prevented com-
pletely (Phillpotts et al. 2003). Treatment with
exogenous I1.-12 also reduced the bacterial load,
indicating that IL-12 plays an important role in
the immune response to M. tuberculosis (Cooper
et al. 1997). However, other factors than IL-~12
may be involved in tuberculosis of STAT1 KO
mice because IL-12 addition did not cure pulmo-
nary tuberculosis completely.

In summary, STAT1 KO mice were highty
susceptible to M. tuberculosis infection. Our data
demonstrtate clearly that the STAT1-mediated
cytokine regulation pathway is critical for the
development of protective immunity against tu-
berculosis.
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To understand the role of neutrophils in the development of rat tuberculosis in vive, we utilized lipopoly-
saccharide (LPS)-induced neutrophilia in the lungs. LPS (50 pg/ml) was administered intratracheally to male
Fischer rats. Rats were then infected with Mycobacterium tuberculosis by an airborne route. Intratracheal
injection of LPS significantly blocked the development of pulmonary granulomas and significantly reduced
pulmonary CFU (P < 0.01), LPS treatment with amphotericin B (an LPS inhibitor) or neutralizing anti-rat
neutrophif antibody reversed the development of pulmenary lesions. LPS-induced transient neutrophilia
prevented early mycobacterial infection. The timing of LPS administration was important. When given intra-
tracheally at least 10 days after aerial infection, LPS did not prevent development of tuberculosis. Neutrophils
obtained by brenchoalveolar lavage killed M. tuberculosis cells. These results indicate clearly that neutrophils
participate actively in defense against early-phase tuberculosis.

When tubercle bacilli are introduced into the lung, neutro-
phils migrate and accumulate in the infected pulmonary lesions
during the early stage of tuberculosis. This rapid neutrophit
response controls fast-replicating intracellular bacteria but not
slow-replicating Mycobacterium tuberculosis (5). However, it
has been reported that murine neutrophils play a protective
nonphagocytic role in systemic M. tuberculosis infection in mice
(3). Neutrophils from M. avium-infected mice produce tumor
necrosis factor alpha, interleukin-12 (IL-12), and IL-18 (4).
Thus, little is known about immunologic function in the Jungs
(although neutrophils have been identified as sources of in-
flammatory cytokines and chemokines) (2). In circumstances
in which neutrophils are not activated with granulocyte colony-
stimulating factor, severe mycobacterial infection results (7).
However, it remains unclear whether neutrophils play a pro-
tective role in defense against mycobacterial infection. In vivo
studies of neutrophils in the lungs are challenging, because it is
difficult to induce neutrophilia. We therefore modified the
lipopolysaccharide {LPS}-induced neutrophilia system in rats
so that we could utilize it 1o study rat tuberculosis (1).

Permission to experiment on animals was given by the An-
imal Experiment Committee of The Research Institute of Tu-
berculosis. We injected LPS (E. coli 0111:B4 LPS)} purchased
from Sigma (St. Louis, Mo.) (50 png/0.5 ml) intratracheally into
anesthetized 6-week-old female Fischer rats (three rats/group).
On the day after the injection, the rats were infected with the
M. tuberculosis Kurono strain (ATCC 25618) by an airborne
route by placing them in the exposure chamber of an airborne
infection apparatus {model 099CA4241; Gals-Col, Inc., Terre
Haute, Ind.). The concentration was calculated to result in the
uptake of around 200 viable bacilli by the rat lungs after inha-
lation exposure for 90 min under the experimental conditions
of this study (8). For the pulmonary CFU assay, 7 weeks later
the lungs were removed, homogenized, diluted with physiolog-
ical saline, placed on Ogawa slant agar, and incubated at 37°C
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for 4 weeks. Lung tissue sections from paraffin blocks were
stained with hematoxylin and eosin or stained using the Zichl-
Neelsen method for acid-fast bacilli, Similar infection experi-
ments were performed three times. Bronchoalveolar lavage
(BAL) was carried out to obtain neutrophils 24 h after the
intratracheal introduction of LPS. Under these conditions,
>107 rat neutrophils were obtained by BAL. The cell differ-
ential counts showed that more than 99% were neutrophils and
less than 1% were alveolar macrophages; no eosinophils were
found. This LPS-induced neutrophilia in the rat lung disap-
peared 4 weeks later. We changed the dosage of LPS admin- -
istered, and an inoculation of 50 pg of LPS/rat was sufficient to
induce optimal neutrophilia, No side effects were recognized
with the use of LPS.

We grew cultures of neutrophils with M. fuberculosis over-
night (multiplicity of infection, 10:1); then, the collected neu-
trophils were grown on Ogawa slant medium for 4 weeks. No
CFU were found on the media. It is suggested that neutrophils
possess direct or indirect killing activity for tubercle bacilli. As
shown in Fig. 1A, less than 10% of the neutrophils ingested
tubercle bacilli. Fig. 1B shows tubercle bacilli in phagosomes of
neutrophils (9). Fig. 1C shows alveoli filled with neutrophils.
No exudate was found in the alveoli We performed time
course infection experiments to examine the mechanism of rat
neutrophil-mediated reduction of mycobacterial growth in
vivo. The rats were infected by an airborne route at days 1, 3,
5,7, and 10 after LPS (50 p.gf).5 ml) was injected intratrache-
ally. The lung homogenates were grown on Ogawa slant cul-
ture for 4 weeks, and colonies were counted thereafter. As
shown in Fig, 2, there was marked reduction of tubercle bacilli
at day 1 after LPS injection but the pulmonary CFU level
became gradually higher with the passage of time. These re-
sults show that rat neutrophils prevented early mycobacterial
infection without ingesting tubercle bacifli. In the lungs treated
intratracheally with LPS and infected with M. tuberculosis the
following day, 200 £ 10 CFU were found; in the lungs infected
with M. tuberculosis without LPS treatment, 1.3 % 10° = 1 X
10* CFU were found (P < 0.01) (Fig. 3). At 7 weeks after
aerosol infection, the lung tissues were removed for CFU as-
says and the lung homogenates were grown on Ogawa slant

— 209 —



Voi. 72, 2004

NOTES 1805

FIG. 1. {A) Neutrophil-ingesting tubercle bacilli. The results of Zieht-Neelsen staining are shown at a magnification of X600. Arrow, neutrophil
ingesting tubercle bacilli. (B) Electron micrograph of neutrophil-ingesting tubercle bacilli. Several tubercle bacilli (arrow) are evident in the
neutrophil phagosomes. The image is shown at a magnification of X5,000. (C) Alveoli filled with neutrophils. No exudate was found in the alveoli.
The results of hematoxylin and eosin staining are shown at a magnification of X200.

cultures for 4 weeks (Fig. 3). Pulmonary histopathology also
showed that the size of granulomas was reduced markedly (Fig.
4B).

Next, amphotericin B (Sigma), an LPS inhibitor, was used to
demonstrate the direct effect of LPS on the rapid induction of
rat neutrophils. LPS (50 pg/0.5 m! of pyrogen-free saline) and
amphotericin B (50 pg) were mixed for 30 min; the mixture
was then given to rats intratracheally. The following day, the
rats were infected with M. mberculosis aerially. At 7 weeks
later, the CFU assay and pulmonary histopathology were per-
formed, The pulmonary CFU level was 1.2 X 10° & 1.0 X 104
and the difference between the results seen with LPS-treated
rats and those seen with rats treated with LPS plus amphoter-
icin B was statistically significant (P < 0.01). This marked
increase of pulmonary CFU was confirmed by lung histopa-
thology, which showed that large pulmonary granuiomas were
present (Fig. 4D).

To examine the effects of the presence of neutrophils in-
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FIG. 2. Bacterial load in a time course study starting at day 1
postinfection. The rats were infected by an airborne route at days 1, 3,
5, 7, and 10 after intratracheal injection of LPS (50 pg/0.5 ml). The
lung homogenates were grown on Ogawa slant medium at 37°C for 4
weeks, and CFU were counted thereafter.

duced by LPS on the growth of A fuberculosis in vivo, neu-
tralizing anti-rat neutrophil antibody (Ab) (catalog no.
22840D; PharMingen International) was used (6). LPS was
inoculated intratracheally into the lungs of Fischer rats. The
following day, 0.5 mg of Ab/0.5 ml of pyrogen-free saline was
given intratracheally. One hour after Ab introduction into the
rat lungs, the rats were infected with M. ruberculosis aerially. At
7 weeks later, pulmonary CFU were counted and histopathol-
ogy was undertaken. As shown in Fig. 3 and 4E, pulmonary
CFU levels increased and the granulomas became large be-
cause the rat neutrophils were killed with Ab and, thus, did not
kill the tubercle bacilli.

Lastly, we examined the effect of the timing of the intratra-
cheal inoculation of LPS on the development of tuberculosis.
The rats were infected with the M. tuberculosis Kurono strain

o

12+ C |

o i
P8 . +HPS

ArehaicnB  100es ogiteckn <07

FIG. 3. CFU assay of infected lung tissues left untreated (~LPS),
treated with LPS (50 pg/0.5 ml) (+LPS), treated with LPS (50 pg/0.5
ml) and amphotericin B (50 pg/0.5 ml) (+LPS +Amphotericin B),
treated with LPS (50 g/0.5 mi) 10 days after aerial infection (+LPS 10
days post infection), and treated with LPS and anti-rat neutralizing
neutrophil Ab (500 pgfrat) (+LPS +Ab).
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FIG. 4. Representative histopathology of untreated infected lung
tissues (A) and infected lung tissues treated with LPS (50 1g/0.5 ml) 1
day before aerial infection (B), treated with LPS 10 days after aerial
infection (C}, treated with LPS and amphotericin B (50 pg/0.5 ml) 1
day before aerial infection (D), and treated with LPS and anti-rat
neutrophil Ab (500 pg/rat) 1 day before aerial infection (E). The
results of hematoxylin and eosin staining are shown at a magnification
of X100.

aerially. At 10 days later, LPS was administered intratracheaily
to the infected rats. We already know that the initial small
puimonary granulomas are formed 10 days after aerial infec-
tion. At 7 weeks after aerial infection with M. fuberculosis,
pulmonary CFU and histopathology were examined again. Pui-
monary CFU levels were not reduced significantly (Fig. 3), and
the size of granulomas was not reduced substantially (Fig, 4C).
Once the pulmonary granulomas were formed, rat neutrophils
were ineffective for both the reduction of granuloma size and
the elimination of tubercle bacilli.

Editor: 1. T, Barbieri

INFECT, IMMUN,

It is concluded that the presence of LPS-induced neutro-
philia does not affect the reduction of established pulmonary
granulomas. We carried out reverse transcription-PCR using
neutrophils obtained by BAL from M. ruberculosis-infected
rats. We observed significant expression of tumor necrosis fac-
tor alpha, IL-1 B, and IL-12 mRNA in M. tuberculosis-infected
rat neutrophils {data not shown) (4, 10).

In summary, neutrophils play a protective role in the host
defense mechanism against M. tuberculosis {early-phase tuber-
culosis). LPS-induced transient neutrophilia prevents early my-
cobacterial infection, and rat neutrophils possess some phago-
cytic activity. LPS-induced neutrophilia in the lung is useful for
examining neutrophil function in the development of tubercu-
losis.
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Abstract

Functional characterization of Toli-like receptors (TLAs) has established that irnate immunity is

a skillful system that detects Invasion of microbial pathogens. Recognition of microbial components by
TLRs initiates signal transduction pathways, which triggers expression of genes. These gene products
control innate immune responses and further instruct development of antigen-specific acquired
immunity. TLR signaling pathways are finely regulated by TIR domain-containing adaptors, such as
MyD88, TIRAP/Mal, TRIF and TRAM. Differential utilization of these TIR domain-containing adaptors
provides specificity of individual TLR-mediated signaling pathways. Several mechanisms have been
elucidated that negatively control TLR signaling pathways, and thereby prevent overactivation of
innate immunity leading to fatal immune disorders. The involvement of TLR-mediated pathways in
autoimmune and inflammatory diseases has been proposed. Thus, Tl.R-mediated activation of innate
immunity controls not only host defense against pathogens but also immune disorders.

Introduction

Host defense against invading microbial pathogens is elicited
by the immune system, which consists of two components:
innate immunity and acquired immunity. Both components of
immunity recognize invading microorganisms as nen-self,
which triggers immune responses to eliminate them. To date,
both components have been characterized independently,
and the main research interest in the immunology field has
been confined to acquired immunity. In acquired immunity, B
and T lymphocytes utilize antigen receptors such as immuno-
globulins and T cell receptors to recognize non-self. The
mechanisms by which these antigen receptors recognize
foreign antigens have been intensively analyzed, and the
major mechanisms, such as diversity, clonality and memory,
have been welt characterized. However, these receptors are
present only in vertebrates, and accordingly we do not fully
understand the mechanism for non-seif recognition in less
evolved organisms. In addition, the innate immune system in
mammals has not been well sfudied. As a result, although
mammalian innate immune cells such as macrophages and
dendritic cells are known tc be activated by microbial com-
ponents (non-seff) such as lipopolysaccharide (LPS) from
Gram-negative bacteria, a receptor responsible for the re-
cognition remained unknown.

At the end of the 20th century, Toll was shown to be an
essential receptor for host defense against fungal infection in

Drosophila, which only has innate immunity (1). One year later,
a mammalian homolog of the Toll receptor (now termed
TLR4) was shown to induce expression of genes involved in
inflammatory responses (2). In addition, a point mutation in
the Tir4 gene has been identified in a mouse strain that is
unresponsive to LPS (3). These studies have made innate
immunity a very attractive subject of research, and in recent
years there has been rapid progress in our understanding that
the innate immune system possesses a skillful system that
senses invasion of microbial pathogens by Toll-like receptors
(TLRs). Furthermore, activation of innate immunity is a critical
step 1o the development of antigen-specific acquired immu-
nity. In this review, we will describe the mechanisms by which
innate immunity is activated through TLRs.

Identification of the TLR family

After the characterization of the first mammalian TLR, TLR4,
several proteins that are structurally related to TLR4 were
identitied and named Toll-like receptors (4). Mammailian TLRS
comprise a large family consisting of at least 11 members.
TLR1-9 are conserved between the human and mouse.
However, although TLR1Q is presumably functional in the
human, the C-<terminal half of the mouse Tirf0 gene is
substituted to an unrelated and non-productive seguence,

Corresponding author: S. Akira; E-mail: sakira@biken.osaka-u.ac jp

— 212 —



2 Toll-like receplors

indicating that mouse TLR10 is non-functional (our unpub-
lished observation). Similarly; mouse TLR11 is functional, but
there is a stop codon in the human TLRTT gene, which resuits
in a lack of production of hurnan TLR11 {5).

The ¢ytoplasmic portion of TLRs shows high similarity to that
of the IL-1 receptor family, and is termed a TollfIL-1 receptor
(TIR) domain. Despite this similarity, the extracellular portions
of both types of receptors are structurally unrelated. The 1L-1
receptors possass an immunoglobulin-like domain, whereas
TLRs bear leucine-rich repeats (LRRs) in the exiracellular
domain. Functionally, a critical role of TLR4 in the recognition
of the microbial compenent LPS was initially characterized (3).
Subsequently, it has been rapidiy established that individual
TLRs play important roles in recognizing specific microbial com-
ponents derived from pathogens including bacieria, fungi,
protozoa and viruses (Fig. 1).

TLR1, TLR2 and TLR6

TLR2 recognizes a variety of microbial components. These
include lipoproteins/ipopeptides from various pathogens, pep-
tidoglycan and lipoteichoic acid from Gram-positive bacteria,
lipoarabinomannan from mycobacteria, glycosylphosphatidy-
linositol anchors from Trypanosoma cruzi, a phenol-soluble
modulin from Staphylococcus epidermis, zymosan from fungi
and glycolipids from Treponema maltophilum (6). In addition,
TLR2 reportedly recognizes LPS preparations from non-entero-
bacteria such as Leplospira interrogans, Forphyromonas
gingivalis and Helficobacter pyroli(7-9). These LPS structurally
differ from the typical LPS of Gram-negative bacteria recog-
nized by TLR4 in the number of acyl chains in the lipid A

diacyl
lipopeptides

triacyl
Bpopeptides

component, which presumably confers differential recognition
{10). However, a recent report indicates that LPS preparation
from P, gingivalis contaminates lipoproteins that activate TLRZ,
and LPS from P, gingivalis only poorly activates TLR4 (11).
Therefore, more careful analysis will be required to conclude
that some LPS are recognized by TLR2, but not TLR4.

There are two aspects proposed for mechanisms that coutd
explain why TLR2 recognizes a wide spectrum of microbial
components. The first explanation is that TLR2 forms hetero-
philic dimers with other TLRs such as TI.R1.and TLR6, both
of which are structurally related to TER2. Macrophages from
TLR6-deficient mice did not show any production of in-
flammatory cytokines in response to mycopiasma-derived
diacyl - tipopeptides. However, these cells showed normal
production of inflammatory cytokines in response to triacyl
lipopeptides derived from Gram-negative bacteria (12). In con-
trast, macrophages from TLR1-deficient mice showed a nor-
mal response to mycoplasma-derived diacyl lipopeptides,
but an impaired responge to tiacyl lipopeptides (13). Thus,
TLR1 and TLR6 functionally associate with TLR2 and
discriminate between diacyl or triacyl lipopeptides. Mareover,
the involvement of TLR1 in the recognition of the outer surface
lipoprotein of Borrelia burgdorferi has also been shown (14).
The second explanation involves recognition of fungal-derived
components by TLR2 (15). In this model, TLR2 has been
shown to functionally collaborate with distinct types of recep-
tors such as dectin-1, a lectin family receptor for the fungal
cell wall component B-glucan. Thus, TLR2 recognizes a wide
range of microbial products through functional cooperation
with several proteins that are either structurally related or
unrelated.

Fig. 1. TLRs and their ligands. TLR2 is essential in the recognition of microbial lipopeptides. TLR1 and TLR6 cooperate with TLRZ2 to discriminate
subtle differences between triacyl and diacyl lipopeptides, respectively. TLR4 is the receptor for LPS. TLRS is essential in CpG DNA recognition.
TLR3 is implicated in the recognition of viral dsRNA, whereas TLAR7 and TLR8 are implicated in viral-derived ssRNA recognition. TLR5 recognizes
flagellin. Thus, the TLR family members recognize specific patterns of microbial companents.
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Expression of human TLR3 in the double-stranded RNA
(dsRNA)-non-responsive cell line 293 confers enhanced
activation of NF-xB in response to dsRNA. In addition, TI.LR3-
deficient mice are impaired in their response to dsRNA (16).
dsRNA is produced by most viruses during their replication
- and induces the synthesis of type t interferons (IFN-u/B), which
exert anti-viral and immunostimulatory activities. Thus, TLR3 is
implicated in the recognition of dsRNA and viruses. However,
TLR3-independent mechanisms of dsRNA recagnition exist,
as discussed below.

TLR4

As described above, TLR4 is an essential receptor for LPS
recognition {3,17). In addition, TLR4 is implicated in the re-
cognition of taxol, a diterpene purified from the bark of the
western yew (Taxus brevifolia) (18,19). Furthermore, TLR4 has
been shown to be invoived in the recognition of endegenous
ligands, such as heat shock proteins (HSP60 and HSP70), the
extra domain A of fibronectins, oligosaccharides of hyaluronic
acid, heparan sulfate and fibrinogen. However, all of these
endogenous ligands require very high concentrations to
activate TLR4. In addition, it has been shown that contamination
of LPS in the HSP70 preparation confers ability to activate TLR4
(20). LPS is a very potent immuno-activater, and accordingly,
TLR4 can be activated by a very small amount of LPS,
contaminating these endogenous ligand preparations. There-
fore, more careful experiments will be required before we can
conclude that TLR4 recognizes these endogencus ligands.

TLRS

Enforced expression of human TLRS in CHO cells confers
response to flageliin, a monomeric constituent of bacterial
flagetla {21). TLRS has further been shown 1o recognize an
evolutionarily conserved domain of flagellin through close
physical interaction between TLR5 and flagellin (22). TLR5 is
expressed on the basolateral, bul not the apical side of
intestinal epithelial cells (23). TLRS expression is alsoobserved
in the intestinal endothelial cells of the subepithelial compart-
ment (24). In addition, flagellin activates lung epithelial cells to
induce inflammatory cytokine production (25). These findings
indicate the important role of TLRS in microbial recognition at
the mucosal surface. A common stop codon polymorphism
. in the ligand-binding domain of TLR5 has been shown to be
associated with susceptibility to pneumonia caused by the
flagellated bacterium Legioneila preumophila (25).

TLR7 and TLR8

TLR7 and TLR8 are structurally highly conserved proteins, and
recognize the same ligand in some cases. Analysis of TLR7-
deficient mice revealed that murine TLR7 recognizes synthetic
compounds, imidazoguinclines, which are clinically used for
treatment of genital warts associated with viral infection {26).
Human TLR7 and TLR8, but not murine TLRB, recognizes imid-
azoquinoline compounds (27). Murine TLR7 has also been
shown 1o recognize another synthetic compound, loxoribine,
which has anti-viral and anti-tumor activities (28,29). Both

Toll-like receptors 3

imidazequinoline and loxoribine are structurally related to
guanosine nuclecside. Therefore, TLR7 and human TLRS were
predicted to recognize a nucleic acid-like structure of the
virus. This prediction has recently been shown to be true from
the finding that TLR7 and human TL.R8 recognize guanosine-
or uridine-rich single-stranded RNA (ssRNA) from viruses
such as human immuncdeficiency virus, vesicular stomatitis

- virus and influenza virus (30-32). ssRNA is abundant in the

host, but usually the host-cerived ssRNA is not detected by
TLRY or TLR8. This might be due to the fact that TLR7 and
TLR8 are expressed in the endosome, and host-derived
ssRNA is not delivered to the endosome. -

TLR9

Analysis of TLRI-deficiant mice revealed that TLR9 is a re-
ceptor for CpG DNA (33). Bacterial DNA contains unmeihyl-
ated CpG motifs, which confer its immunostimulatory activity.
Invertebrates, the frequency of CpG motifs is severely reduced
and the cysteine residues of CpG motifs are highly methytated,
leading to abrogation of the immunostimulatory activity. There
are at feast two types of CpG DNA, termed A/D-type CpG DNA
and B/K-type CpG DNA. B/K-type CpG DNA is conventional,
which was identified first, and is a potent inducer of infiam-
matory cyiokines such as IL-12 and TNF-a. A/D-type CpG DNA
is structurally different from conventional CpG DNA and has
a greater ability to induce IFN-a production from plasmacyteid
dendritic cells (PDC), but less ability to induce 1L-12 (34,35).
TLRS has been shown to be essential for the recognition of both
types of CpG DNA (36). The fact that TLRQ recognition of AfD-
type CpG DNA leads to induction of an anti-virat cytokine IFN-o
in PDC indicates that TLR9 is involved in viral recognition.
Indeed, in addition to bacterial CpG DNA, TLR2 has been
shown to recognize viral-derived CpG DNA in PDC (37,38).
Furthermore, TLR9-mutant mice have been shown to be
susceptible to mouse cytomegalovirus (MCMV) infection (38).
TLRY-degendent recognition of MCMV in PDC or other types of
DC elicits an anti-MCMV response through activation of NK
cells (40). In addition to bacterial and viral CpG DNA, TLRS is
presumably involved in. pathogenesis of autoimmune disor-
ders. Sequential engagement of IgG2a-chromatin complex by
the B cell receptor and TLRY mediates effective production of
rheurnatoid factor by auto-reactive B celis {41). In this model,
the lgG2a is bound and internalized by the B cefi receptor, and
the chromatin, including hypomethylated CpG motifs, is then
able to engage TLRY, thersby inducing rheumatoid factor (42).
Simitarly, internalization by the Fc receptor and subsequent
exposure of the chromatin to TLRY mediates PDC induction of
IFN-&¢ by immune complexes containing 1gG and chromatin,
which are implicated in the pathogenesis of systemic lupus
erythematésus {SLE) (43). Thus, TLRY appears to be involved
in the pathogenesis of several autoimmune diseases through
recagnition of the chromatin structure. Chigroquine is clinically
used for treatment of rheumatoid arthritis and SLE, but its
mechanisms are unknown. Since chloroquine also blocks TLR9-
dependent signating through inhibition of the pH-dependent
maturation of endosomes by acting as a basic substance to
neutralize acidification in the vesicle (44), it may act as an anti-
inflammatory agent by inhibiting TLR9-dependent immune
responses.
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TLR11

The most recently identified TLR11 has been shown to be
expressed in bladder epithelial cells and mediate resistance to
infection by uropathogenic bacteria in mouse (5). TLR11-
deficient mice are highly susceptible to uropathogenic bacter-
jal infection. Although the ligand has not yet been identified,
these findings indicate that mouse TLR11 mediates anti-
uropathogenic bacterial response. As described above, there
is no functional TLR11 protein in the human (5). These findings
may indicate that the human TLR11 protein was futile in the
human environment and became lost through evolution.

Subcellular localization of TLRs

Individual TLRs are differentially distributed within the cell.
TLR1, TLR2 and TLR4 are expressed on the cell surface, as
demonstrated by positive staining of the cell surface by
specific antibodies. In contrast, TLR3, TLR7, TLR8 and TLR9
have been shown to be expressed in intracellular compart-
ments such as endosomes (28,45-47). TLR3-, TLR7- or TLR9-
mediated recognition of their ligands has heen shown to
require endosomal maturation {30-32,44,46,48). The TLR9
ligand CpG DNA is first non-specifically captured into endo-
- somes, where TLR9 is recruited from the endoplasmic reticu-
lum upen non-specitic uptake of CpG DNA (44,47,49). Thus,
it can be hypothesized that in the case of bacterial infection,
macrophages and dendritic cells engulf bacteria by phago-
cytosis. CpG DNA is then exposed after degradation of bacteria
in phagosomesflysosomes or endesomes/lysosomes, where
TLRY is recruited or expressed. !n the case of viral infection,
viruses invade cells by receptor-mediated endocytosis, and
the viral contents are exposed to the cytoplasm by fusion of
the viral membrane and the endosomal membrane. Occa-
sionally, the viral particles are degraded in the endosomal
compartment, which results in exposure of TLR ligands such
as dsRNA, ssRNA and CpG DiNA. Even TLR2, which is
expressed on the cell surface, is recruited to the phagesomail
compartment of macrophages after -exposure to zymosan
{50). Thus, phagosomalfiysosomal or endesomal/lysosomal
compartments may be the main sites for TLR recognition of
microbial components.

TLR-independent recognition of micro-organisms

TLAR-independent recognition of viruses and. dsBNA

Although TLR3 is involved in the recognition of viral-derived
dsRNA, the impairment observed in TLR3-deficient mice is
only partial (16,51). In addition, introduction of dsRNA into the
cytoplasm of dendritic cells leads to the induction of type |
IFNs via a mechanism partially dependent on dsRNA-
dependent protein kinase (PKR), but independent of TLR3
(52). These findings indicate that molecules responsible for
TLR3-independent recognition of dsRNA and viruses do exist.
Although PKR is implicated in dsRNA recognition, it is still
controversial whether PKR plays a critical role in dsRNA-
induced type | IFN expression (53). Recently, a key molecule
was identified, which mediates the TLR3-independent dsRNA
recognition (Fig. 2). Retincic acid-inducible gene 1 (RIG-1),
which encodes a DExD/H box BNA helicase containing

a caspase recruitment domain, was identified from the
screening of a cDNA library that augments dsRNA-dependent
activation of the IRF-3-dependent promoter. Studies with
ectopic expression and RNA interference (RNAi)-mediated
knockdown of RIG- clearly demonstrated that RIG-I is critical
in dsRNA- and viral infection-induced type | IFN expression
{54). It is interesting to analyze the correlation between TLR3
and RIG-I in the recognition of dsRNA and viruses.

NOD1T and NOD2

TLRs are membrane-bound molecules that recognize micro-
bial components on the surface or within extracellular com-
partments of cells. Accordingly, intracettular recognition of
bacteria appears to involve a TLR-independent system.
Recent accumulating evidence indicates that the nuclectide-
binding oligomerization domain (NOD) family of proteins plays
an important role in the recognition of intracellular bacteria
(Fig. 2). Peptidoglycan (PGN) has previously been shown 1o
be recognized by TLR2 (55). However, PGN is a thick rigid
layer that is composed of an overlapping lattice of two sugars
that are crosslinked by amino acid bridges, and the exact
structure of PGN that is recognized by TLR2 remains unclear.
NOD1 was originally identified as a molecule that is structurally
related o the apopiosis regulator, Apaf-1. H contains a
caspase-recruitment domain (CARD), a NOD domain and
a C-terminal LRR domain. Recent studies have demonstrated
that overexpression of NOD1 enables 293 cells to respond
to preparations of PGN (56,57). Characterization of the PGN
motif detected by NOD1 revealed that y-0-glutamyl-meso
diaminopimelic acid (iE-DAP) is the minimal structure required
for NOD1 detection. NOD2 was identified as a molecule that
shows structural similarity to NOD1, but which possesses two
CARD domains in its N-terminal region. Similar ta NOD1,
expression of NOD2 confers responsiveness to PGN in 293
cells. Biochemical analyses identified the essential structure
recognized by NOD2 as muramy! dipeptide MurNAc-L-Ala-o-
isoGIn {MDP) derived from PGN (58,59). Thus, NOD1 and
NOD2 recognize different structures within PGN. MDP is found
in almost all bacteria, whereas iE-DAP is restricted to Gram-
negative bacteria. Therefore, NOD1 may play an important
role in sensing Gram-negative bacterial infection inside ceils.
Although TLR2 has been reported to recognize PGN, it is
possible that TLR2 recognizes lipoprotein/lipopeptide con-
taminants that are trapped within the tayers of the PGN mesh.

Mutations in the NODZ2 géne have been shown to be
associated with Crohn's disease, an inflammatory bowel
disease of unknown etlology (60,61). These mutations are
found in the LRR domain of NOD2, and result in defective NF-
xB activation. However, the mechanisms by which NOD2
mutations result in an increased susceptibility to Crohn's
disease are unclear. One of the answers to this question has
recently been demonstrated. In the absence of NOD2 or the
presence of a Crohn's disease-like Nod2 mutation, TLR2-
mediated activation of NF-xB, especially the cRel subunit, has
been shown to be enhanced, which explains enhanced NF-«x8
activity and Th1 responses in Crohn's disease patents (62).
NODZ2 mutations are also associated with Blau syndrome,
a disease characterized by granulomatous arthritis, uveitis
and skin rash (63). The NOD2 mutations in Blau syndrome
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Fig. 2. TLR-dependent and -independent recognition of microbial components. TLR2 has previously been shown to mediate peptidoglycan
{PGN) recognition. However, NCD1 and NOD2 have recently been shown to recognize motifs found in the layer of PGN. It is possible that TLR2
recognizes lipoprotein contamination in the PGN layer. Viral recognition is also mediated by TLR-dependent and -independent mechanisms.
TLR3-mediated recognition’ of viruses or dsRNA results in TRIF-dependent activation of IRF-3 and NF-kB. However, viruses or dsRNA are
recognized in a TLR3-independent manner, since the impairment of the responsiveness to viruses or dsRNA in TLR3-deficient mice is only partial.
RIG- is identified as a molecule that is responsible for viral recognition and that mediates activation of IRF-3.

patients are located in the NOD domain, leading to an
increase in NF-xB activity, Thus, NOD2 is associated with
certain human diseases.

Recognition of PGN motifs by NODT and NOD2 results in
their oligomerization, which induces the recruitment of Rip2f
RICK, a serinefthreonine kinase (64). Rip2/RICK has a CARD
damain in its C-terminal portion and an N-terminal catalytic
domain that shares sequence similarity with Rip, a factor
essential for NF-xB activation through the TNF receptor. NODs
and Rip2/RICK interact via their respective CARD domains,
and induce recruitment of the KK complex to the central
region of Rip2/RICK. This in turn leads to activation of NF-«B,
Rip2/RICK-deficient mice have been shown to be highly
sengitive to infection with the intracellular pathogen Listeria
monocytogenes (65). Introduction of NOD1 or NOD2 into Rip2/
RICK-deficient embryonic fibroblast celis does not induce NF-
kB activation (66). Thus, Rip2/RICK is essential for NOD1-
and NOD2-mediated responses, although its involvement in
the recognition of PGN motifs needs to be more precisely
analyzed in RipZ/RICK-deficient mice.

Phagocytosis and TLRs

Phagocytosis is an important step for host defense against
microbial pathogens, since it triggers both degradation of
pathogens and subsequent presentation of pathogen-derived
peptide antigen. TLR recognition of pathogens leads to

expression of genes such as inflammatory cytokines and co-
stimulatory molecules. Phagocytosis-mediated antigen pre-
sentation together with TLR-dependent gene expression of
inflammatory cytokines and co-stimulatory molecules, instruct
development of antigen-specific acquired immunity (Fig. 3).
Therefore, it is of interest to characterize the relationship
between phagocytosis and TLRs. Inthe absence of TLR2/TLR4
or MyDB8, a common adaptor in TLR signaling, phagocytosis of
bacteria including Escherichia coli, Salmonella typhimurium
and Staphyfococcus aureus has been shown to be impaired
due to impaired phagosome maturation (7). Further studies
indicate that TLR-mediated MyD88-dependent activation of
p38is required for phagosome maturation (67,68). Thus, TLRs
are linked to phagocytosis of bacteria.

TLR signaling pathways

Stimulation of TLRs by microbial components triggers expres-
sion of several genes that are involved in immune responses.
The molecular mechanisms by which TLRs induce gene
expression are now rapidly being elucidated through analyses
of TLR-mediated signaling pathways (63). Microbial recogni-
tion of TLRs facilitates dimerization of TLRs. TLR2 is shown to
form a heterophilic dimer with TLR1 or TLR6, but in cther cases
TLRs are believed to form homodimers (70). Dimerization of
TLRs triggers activation of signaling pathways, which originate
from a cytoplasmic TIR domain. In the signaling pathways
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Fig. 3. innate and adaptive immunity. Innate immune cells, such as dendritic cells and macrophages, engull pathogens by phagocytosis, and
present pathogen-derived peptide antigens 1o naive T cells. In addition, TLRs recognize pathogen-derived components and induce expression of
genes, such as co-stimulatory molecules and inflammatory cytokines. Phagocytosis-mediated antigen presentation, together with TLR-mediated
expression of co-stimulatory molecules and inflammatory cytokines, instruct development of antigen-specific adaptive immunity, especially Th1

cells.

downstream of the TIR domain, a TIR domain-containing
adaptor, MyD88, was first shown to be essential for induction
of inflammatory cytokines such as TNF-a and IL-12 through
all TLRs (21,26,71-74), However, activation of specific TLRs
leads to skghtly different patterns of gene expression profiles.
For example, activation of TLR3 and TLR4 signaling pathways
results in induction of type | interferons (IFNs}, but activation of
TLR2- and TLR5-mediated pathways does not {(75-77). TLR7,
TLR8 and TLR9 signaling pathways also lead to induction of
type | IFNs throughmechanisms distinet from TLR3/4-mediated
induction (36,78). Thus, individual TLR signaling pathways
are divergent, although MyD88 is commion to all TLRs. It has
also become clear that there are MyD88-dependent and
MyD88-independent pathways (Fig. 4).

MyD88-dependent pathway

A MyDg8-dependent pathway is analogous to signaling
pathways through the IL-1 receptors. MyD88, harboring
a C-terminzl TIR domain and an N-terminal death domain,
associates with the TIR domain of TLRs. Upon stimulation,
MyD88 recruits IRAK-4 to TLRs through interaction of the death
domains of both molecules, and facilitates IRAK-4-mediated
phosphorylation of IRAK-1. Activated IBAK-1 then associates
with TRAFS, leading to the activation of two distinct signaling
pathways. One pathway leads to activation of AP-1 transcrip-
tion factors through activation of MAP kinases. Another
pathway activates the TAK1/TAB complex, which enhances
activity of the [xB kinase {IKK) complex. Once activated,

the IKK complex induces phosphorylation and subsequent
degradation of kB, which leads to nuclear translocation of
transcription factor NF-xB.

As its name suggests, in the MyD88-dependent pathway,
MyDB88 plays a crucial role. MyD88-deficient mice do not show
production of inflammatory cytokines such as TNF-a and
IL-12p40 in response to all TLR ligands (21,26,71-74). Thus,
MyD88 is essential for inflammatory cytokine production
through all TLRs.

A database search for molecules that are structurally related
to MyD88 led to identification of the second TIR dornain-
containing molecule TIRAP (TIR domain-containing adaptor
protein)/Mal (MyD88-adaptor-like) (79,80). Similar to MyD88-
deficient macrophages, TIRAP/Mal-deficient macrophages
show impaired inflammatory cyiokine production in response
to TLR4 and TLR2 ligands (81,82). However, TIRAP/Mal-
deficient mice are not impaired in their response to TLR3,
TLRS5, TLR7 and TLR9 ligands, Thus, TIRAP/Mal has been
shown to be essential for the MyD88-dependent signaling
pathway via TLR2 and TLR4.

MyD88-independent/TRIF-dependent pathway

In MyD88-deficient macrophages, TLR4 ligand-induced pro-
duction of inflarnmatory cylokines is not observed; however,
activation of NF-xB is observed with delayed kinetics (72).
This indicates that although TLR4-mediated production of in-
flammatory cytokines comgpletely depends on the MyDB88-
dependent pathway, a MyD88-independent component exists
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Fig. 4. TLR signaling pathway. TLR signaling pathways originate from the cytoplasmic TIR domain. A TIR domain-containing adaptor, MyD&as,
associates with the cytoplasmic TIR domain of TLRs, and recruits IRAK to the receptor upon ligand binding. IRAK then activates TRAFS, leading to
the activation of the IxB kinase (IKK) complex consisting of IKKe, IKKP and NEMO/IKKy. The IKK complex phosphorylates 1xB, resulting in nuclear
translocation of NF-xB which induces expression of inflammatory cytokines, TIRAF, a second TIR domain-containing adaptor, is involved in the
MyD88-dependent signaling pathway via TLR2 and TLR4. In TLR3- and TLR4-mediated signaling pathways, activation of IRF-3 and induction of
IFN-B are cbserved in a MyD88-independent manner. A third TIR domain-containing adaptor, TRIF is essential for the MyD88-independent
pathway. Non-typical iKKs, IKKiIKKe and TBK1, mediate activation of IRF-3 downstream of TRIF. A fourth TIR domain-containing adaptar, TRAM, is
specific to the TLR4-mediated MyD88-independentTRIF-dependent pathway. -

in TLR4 signaling. Subsequent studies have demonstrated
that TLR4 stirmulation leads to activation of the transcription
factor IRF-3, as well as the late phase of NF-xB activation in
a MyDg8-independent manner (83). TiLLR4-induced activation
of IRF-3 leads to production of IFN-B. IFN-B in iurn activates
Stat1 and induces several IFN-inducible genes (75-77). Viral
infection or dsRNA was found to activate IRF-3 (84).
Accordingly, the TLR3-mediaied pathway also activates IRF-
3 and thereby induces IFN-B in a MyD88-independent manner.
Hence, TLR3 and TLR4 uiilize the MyDB8-ndependent
component to induce IFN-B.

Characterization of MyD88 and TIRAP/Mal prompted us to
hypothesize that TIR domain-containing molecules regulate
the MyD88-independent pathway, and also facilitated the
search for such molecules. A database search led to iden-
tification of a third TIR domain-containing adaptor, TIR domain-
containing adaptor inducing IFN-g (TRIF) {(85). This molecule
was identified as a TLA3-associated molecule by two-hybrid
screening and was named TIR domain-containing adaptor
molecule (TICAM-1) (86). The physiclogical role of TRIF/
TICAM-1 was then demonstrated by generation of TRIF-
mutant mice. TRIF-deficient mice generated by gene targeting
showed no activation of IRF-3 and had impaired expression of
IFN-B- and IFN-inducible genes in response to TLR3 and TLR4
ligands (52). Ancther mouse strain mutated in the Trif gene
generated by random germline mutagenesis also revealed
that they were defective in TLR3- and TLR4-mediated in-
duction of IFN-$- and IFN-inducible genes (87). Thus, TRIF has

been demonstrated to be essential for TLR3- and TLR4-
mediated MyD88-independent pathways.

Database searches further led to identification of a fourth
TIR domain-containing adaptor, TRIF-related adaptor mole-
cules (TRAMYTICAM-2 (88-91). Studies with TRAM-deficient
mice and RNAi-mediated knockdown of TRAM expression
showed that TRAM is involved in TLR4-mediated, but not
TLR3-mediated, activation of IRF-3 and induction of IFN-B-
and IFN-inducible genes (88-90). Thus, TRAM is essential
for the TLR4-mediated MyD88-independent/TRIF-dependent
pathway.

In TRIF- and TRAM-deficient mice, inflammatory cytokine
production induced. by TLR2, TLR7 and TLRS ligands was
observed, as well as TLR4 ligand-induced phosphorylation of
IRAK-1 (52,89). These findings indicate that the MyD88-
dependent pathway is not impaired in these mice. However,
TLR4 ligand-induced inflammatory cytokine production was
not observed in TRIF- and TRAM-deficient mice. Therefore,
activation of both the MyDB8-dependent and MyDSS-
independent/TRIF-dependent components is required for the
TLR4-induced inflammatory cytokine preduction, but the
mechanisms are unknown.

Key molecules that mediate 1RF-3 activation have been
revealed to be non-canonical IKKs, TBK1 and IKK#IKKe (92).
Introduction of TBK1 or IKK{IKKe, but not IKKB, resulted in
phospharylation and nuclear transfocation of IRF-3. RNAI-
mediated inhibition of TBK1 or IKK#IKKe expression led to
impaired induction of IFN-B in response to viruses and dsRNA
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