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Abstract

The aim of this study was to assess the role of TLR2, TLR4 and MyD88 accessory molecule in the effector and secretory response
of macrophages to viable microbial agents. Using TLR-deleted macrophage cell lines generated from the bone marrow of genetically
engineered mice (TLR4 gene-deficient, MyD88- and TLR2-knockout mice) and wild-type control mice, we found that TLR2-deleted
macrophages exhibit increased ability to contain Candida albicans infection compared to TLR2+/+ counterpart. In contrast, both
MyD88—/— and TLR4—/— macrophages retain levels of functional activity comparable to that of the respective wild-type MyD88+/
+ and TLR4+/+ controls. The difference in anticandidal effector functions observed between TLR2—/— and TLR2+/+ macrophages
is abrogated upon opsonization of the fungal target and interestingly is not observed when using other microbial targets, such as
Streptococcus pneumoniae and Helicobacter pylori. When tested for secretory response to C. albicans, TLR2-deleted macrophages
show a pattern of cytokine production similar to that of TLR2+/+ controls. Finally, flow cytometry analysis reveals that TLR2-
deleted macrophages express only TLR4, while, as expected, TLR2+/+ macrophages are both TLR2 and TLR4 positive; in no cases,
modulation of such markers occurs in macrophages exposed to C. albicans infection. In conclusion, these data indicate that TLR2
and TLR4 have different biological relevance, in which TLR2 but not TLR4, is involved in the accomplishment of macrophage-med-
iated anticandidal activity, while the secretory response to C. albicans appears to be TLR4 but not TLR2-dependent.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Macrophages initiate the innate immune response
by recognizing pathogens, phagocytosing them and
secreting inflammatory mediators. An effective im-
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mune response requires that macrophages recognize
pathogen-associated molecular patterns (PAMPs) that
distinguish the infectious agents from “self” and in
addition discriminate among pathogens [1]. A novel
family of receptors, the Toll-like receptors (TLR),
has been demonstrated to participate in this process
[2-6]. Among several members, TLR2 recognizes the
largest number of microbial ligands, including various
fungal, gram-positive and mycobacterial components
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such as peptidoglycans [7-9], lipoarabinomannan [10]
and bacterial lipoproteins [11,12]. TLR4 binds to lipo-
polysaccharide (LPS) [13,14], mycobacterial compo-
nents [10], Aspergillus hyphae [15], cryptococcal
capsule [16] and lipoteichoic acid [8]. TLRS and
TLRY interact with flagellin [17] and bacterial DNA
[18], respectively.

Upon interaction with the cognate PAMP, TLR
transmit the signal from the ectodomain to the cyto-
plasm, through adapter molecules such as the myeloid
differentiation factor 88 (MyD88), Toll/interleukin-1
receptor adapter protein (TIRAP) and Toll/interleukin-
1 receptor domain-containing adapter inducing IFN-f8
(TRIF) [19-21]; consecutively, tumor necrosis factor
receptor-associated factor 6 (TRAF6) and interleukin 1
receptor-associated kinase (IRAK) are involved in the
activation of two distinct signalling pathways, activator
protein-1 (AP-1) and nuclear factor kappa B (NF-«xB)
[2-4]. Via such pathways, many genes, whose products
are involved in inflammatory events, like interleukin
(IL)-1, IL-6, tumor necrosis factor (TNF)-a, inducible
nitric oxide (NO) synthase, etc. are induced [3,5,12].

Numerous reports describe the potential role of TLR
in antimicrobial defences both in vivo and in vitro [3,12].
Nevertheless, the precise role of TLRs remains to be elu-
cidated in various infections since some contradictory
findings are found in the literature. For example, it
has been demonstrated that TLR2 and TLR4 are impli-
cated in elicitation of immune response against fungal
pathogens [3,22]. In particular, Villamon et al. [23] have
shown that TLR2 is essential in murine defences against
candidal infection, whereas Netea et al. [24] have dem-
onstrated that TLR2 is able to suppress immunity
against Candida albicans through induction of IL-10
and regulatory T cells. Under the latter experimental
conditions, TLR2—/— macrophages have increased
capacity to migrate towards the infection site and aug-
mented their killing activity against fungal cells [24]. In
the other model, TLR2—/— macrophages have impaired
macrophage inflammatory protein (MIP)-2 and TNF-a
production, while their phagocytic activity remains
unaffected [23]. Furthermore, Bellocchio et al. [25] inves-
tigated the levels of anticandidal activity by polymor-
phonuclear cells and showed that TLR2—/— mice are
comparable to wild-type (wt) controls in terms of sus-
ceptibility to primary C. albicans infection.

Another PAMP receptor, TLR4, might also be in-
volved in antifungal defences, although there is no gen-
eral consensus regarding its specific role in the response
to fungal infections. It is known that TLR4-defective
mice have enhanced susceptibility to C. albicans infec-
tion [22,25]. TLR4 has been shown to trigger intracellu-
lar signalling in macrophages upon exposure to
Cryptococcus neoformans glucoronoxylomannan [16],
and induction of KC and MIP-1 chemokine production
[22,25,26]. Moreover, by means of double mutant TLR

models, evidence has been provided that heterodimer-
ization may occur between TLR, further improving
the degree of ligand-receptor specificity [27-30]. Thus,
the variety of TLR repertoire together with the possibil-
ity of concerted action(s) between distinct TLR seem to
allow identification of non-self PAMP from self and to
facilitate discrimination between subtle differences in
microbial components.

It has been well documented that the TLR accessory
molecule MyD88 plays a critical role on host susceptibil-
ity to infections mediated by TLR. MyD88-deficient
mice show reduced resistance to both fungal [25] and
bacterial [31] infections. Moreover, in vitro data docu-
ment the differential role of MyDS88 in regulating macro-
phage response to the pathogenic yeast C. albicans and
the mould Aspergillus fumigatus [32]. The plethora of
information available on TLR and lack of consensus
regarding the role of a particular TLR in the regulation
of responses especially to fungal pathogens, most likely
results from differences in the experimental models that
employ genetically different and/or non-homogeneous
host cells and/or diverse pathogen strains. The possibil-
ity of systematic studies within in vitro systems, as sim-
plified prototypes of host-pathogen interaction, may aid
in the effort of dissecting and better understanding dis-
crete steps in the TLR-PAMP interplay. In line with this
idea, we generated macrophage cell lines from bone
marrow of mice that do not express TLR4 gene (deletion
of the entire locus) [13] and from TLR2 and MyDS§88
knockout mice, genetically engineered to abrogate the
gene expression via homologous recombination using
neomycin selection cassette [33]. The genetically targeted
mice were backcrossed several times to C57BL/6 genetic
background. Macrophage cell lines generated from bone
marrow of C57BL/6 mice were used as wt controls in
our experiments [34 and unpublished data]. We per-
formed comparative studies aimed at assessing the role
of TLR2, TLR4 and MyD88 accessory molecule in the
secretory and effector responses of macrophages to in vi-
tro infection with C. albicans. The responses of macro-
phages to infection with Streptococcus pneumoniae and
Helicobacter pylori have also been monitored as repre-
sentative of gram-positive and gram-negative bacteria,
respectively.

2. Materials and methods
2.1. Culture medium and macrophage cell lines

RPMI 1640 medium (Hyclone Europe Ltd,
Cramlington, UK) was supplemented with 10% heat-
inactivated fetal bovine serum defined (Hyclone), genta-
mycin (50 ugml™') (Sigma), and L-glutamine (2 mM)
(Sigma) (complete medium). The complete medium
was used in all the experiments.
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The macrophage cell lines employed have recently
been generated following a previously established proto-
col [35]. Briefly, bone marrow-derived macrophage cell
lines were established by a recombinant retroviral J2
construct as previously described [35]. The bone marrow
cells were obtained from tlr2—/— [33] and MyD88 gene
knockout mice [36]. The TLR4—/— cell line was gener-
ated from C57BL/10ScCr mice with a complete deletion
of the tlr4 gene [13]. As wt control for TLR4—/— macro-
phages, we used a macrophage cell line generated from
C57BL/10. A mice (B10.A), hereafter referred as
TLR4+/+. As wt counterpart for TLR2—/— cell line,
we used a macrophage cell line derived from bone mar-
row of C57BL/6J mice that shared the same genetic
background as the TLR knockout mice. These wt con-
trol cell lines had previously been characterized in detail
[34] and are, hereafter, referred as TLR2+/+. The
MyD88+/+ cell line was derived from bone marrow of
MyD88+/+ mice [36].

The TLR-deleted cell lines were genotyped and char-
acterized using specific macrophage markers. All macro-
phage cell lines were F4/80-positive, Mac2-positive,
B7.1- and B7.2-positive, FcRI II- and IIl-positive, sur-
face Ig-negative, B220-negative, CD3-negative, constitu-
tive MHC class II-negative, MHC class II-positive
following 24-48 h treatment with IFN-y. All macro-
phage cell lines were able to ingest latex beads and pro-
duced nitric oxide in response to appropriate
stimulation. All the cell lines were maintained in a com-
plete medium. Every two weeks, cells were detached by
vigorous shaking and diluted in fresh complete medium.

2.2. Genotyping analysis of the generated macrophage cell
lines

The presence or absence of neomycin (neo) cassette
was confirmed using genomic DNA prepared from the
cell line by salting-out procedure [33,36,37] and using
the neo primers that recognize the mutated allele (inser-
tion of neo cassette into a gene of interest during gener-
ation of knockout mice). The following two primers
were used to confirm the presence of the neo allele in
the TLR2—/— and MyD88—/— cell lines: Neo 1,
5'CTTGGGTGGAGAGGCTATATC3’ and Neo 2,
5’AGGTGAGATGACAGGAGATC3'. The PCR con-
ditions used to amplify the neo product were as follows:
94 °C for 4 min, followed by 30 cycles at 94 °C for
1 min, 59 °C for 1 min, 72 °C for 1 min and final exten-
sion at 72 °C for 10 min. A 200-bp product was then
analysed by electrophoresis and stained with ethidium
bromide.The presence or absence of the TLR4 mRNA,
TLR2 mRNA and MyD88 mRNA was confirmed using
reverse transcription PCR (RT-PCR), the correspond-
ing specific set of primers (tlr4, tlr2 and MyDS88) and
template cDNA generated from each cell line. cDNA
was prepared using 1 pug of total RNA extracted from

each cell line and the RT-PCR kit from Roche (India-
napolis, IN). Briefly, reverse transcription reaction was
performed using the Superscript II reverse transcriptase
at 45 °C for 50 min in the presence of 1 U of RNAse
inhibitor. Following reverse transcription, the enzyme
was heat inactivated at 70 °C for 10 min. The following
primers, designed from the MyD88 gene Accession No.
BC005591, were used to amplify a MyD88 mRNA frag-
ment: forward (115-134), 5TCCCTGGACTCCTTC-
ATGTT3' and reverse (811-830), S TTCTGTTGGAC-
ACCTGGAGA3'. The PCR conditions used to amplify
the MyD88 product were: 30 cycles at 95 °C for 1 min,
57 °C for 1 min, 72 °C for 1 min for 30 cycles and subse-
quently an extension at 72 °C for 10 min. Hot start at
84 °C was performed using the Taq polymerase. A
716-bp product was analysed by electrophoresis and
staining with ethidium bromide.

To amplify the TLR2 mRNA fragment, we used
primers previously designed by Wang et al. [37]. As a
template, both cDNA or genomic DNA could be used.
The following primers, designed based on the TLR2
gene Accession No. AF124741, were used: forward
(1970-1994), 5 ACAGCTACCTGTGTGACTCTCCG-
CC3' and reverse (2547-2571), 5GGTCTTGGTGTTC-
ATTATCTTGCGC3'. The PCR conditions were as
follows: 30 cycles at 95 °C for 1 min, 58 °C for 1 min
and 72 °C for 1 min, followed by a final extension at
72 °C for 10 min. Hot start at 84 °C was performed
using the Taq polymerase. A 602-bp product was ana-
lysed by electrophoresis and staining with ethidium
bromide.

Finally, to amplify the TLR4 mRNA fragment, we
also used primers previously designed by Wang et al.
[37]. The designed primers based on the TLR4 gene
Accession No. AF095353, were: forward (1414-1433),
5'GACCTCAGCTTCAATGGTGC3" and reverse
(2131-2154), S'TATCAGAAATGCTACAGTGGAT-
ACC 3’. The PCR conditions used to amplify the
TLR4 product were: 30 cycles at 95 °C for 1 min, 58 °C
for 1 min and 72 °C for 1 min and a final extension at
72 °C for 10 min. Hot start at 84 °C was performed using
the Taq polymerase. A 741-bp product was then ana-
lysed by electrophoresis and staining with ethidium
bromide.

2.3. Microorganisms

Two strains of C. albicans were employed, the ager-
minative avirulent strain PCA2 and the virulent strain
CAG6 described elsewhere [38]. The fungal strains were
maintained by daily passages on Sabouraud dextrose
agar plates. PCA2 yeast cells were used in the phagocy-
tosis and antifungal assays. CA6 was employed in the
assay for cytokine production. Yeast cells were har-
vested from agar plates, washed twice in saline solution
by low-speed centrifugation, counted and diluted to the
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appropriate concentration in complete medium before
use. Hyphal forms were obtained after 3 h incubation
of CAG6 yeast cells in complete medium.

Streptococcus — pneumoniae, encapsulated strain
HB565, serotype 3 (kindly provided by Prof. Gianni
Pozzi, University of Siena, Italy) was cultured in
Tryptic Soy Broth (TSB) supplemented with 3% defi-
brinated horse blood (Oxoid). Bacteria were grown
to mid-exponential phase, centrifuged for 20 min at
1500g, resuspended in fresh TSB containing glycerol
(10%) and stored in aliquots at —80 °C. Numbers of
bacteria were determined by viable counting of serial
dilutions in sterile phosphate-buffered saline and plat-
ing onto blood agar plates. Before use, bacteria were
thawed, washed and harvested by centrifugation and
suspended at the desired concentrations for the in vi-
tro assays.

Helicobacter pylori, type 1 strain SPM326, was also
used and bacteria were grown at 37 °C for 24 h on
Columbia agar plates as described in [39].

2.4. Phagocytosis assay

The phagocytosis assay was performed as described
previously [38]. Effector cells were exposed to C. albi-
cans at macrophage:yeast ratio of 1:10 at 37 °C for
2h. The excess of microorganisms was removed by
centrifugation of the cell suspension on a Ficoll cush-
ion at 300g for 10 min. The cells at the interface were
recovered and washed. Fungal uptake was directly
evaluated in Giemsa-stained cytospin preparations. A
minimum of 200 macrophages were scored and any
cells containing one or more yeasts were counted as
phagocytic. The phagocytosis index was calculated as
the total number of phagocytosed yeasts/total number
of phagocytic cells.

2.5. Measurement of antifungal and antibacterial
activities

Antifungal and antibacterial activities were assessed
as described previously [38-40]. Briefly, effector cells
were infected with C. albicans, H. pylori or S. pneumo-
nige at various macrophage:microbial cell ratios and
for different times. Subsequently, Triton X-100 (0.1% fi-
nal concentration) was added to the wells and appropri-
ate dilutions of the cell lysates were plated on:
Sabouraud dextrose agar (if infected with C. albicans),
Columbia agar (if infected with H. pylori) or blood agar
(if infected with S. pneumoniae). The colonies were
counted after 24-72 h incubation time at 37 °C. Control
cultures consisted of microbial cells incubated without
effector cells. Results were expressed as percentage of
colony-forming units (CFU) inhibition according to
the following formula: % CFU inhibition = 100 — (CFU
experimental groups/CFU control cultures) x 100.

2.6. Nitrite determination

The concentration of nitrite (NO;) in culture super-
natants of stimulated and unstimulated cells was mea-
sured using the Griess reagent and was taken to reflect
the amount of nitric oxide (NO) generated. A standard
curve was established using NO, (Sigma) in a range be-
tween 3 and 200 uM. Griess reagent consisted of equal
volumes of 0,1% naphthylethylene diamine dihydrochlo-
ride in distilled water and a mixture of 1% sulfaminila-
mide plus 5% H3;PO,4. Following a 10-min reaction at
room temperature, a mixture of equal volumes of stan-
dard or supernatant samples and Griess reagent was
monitored using an ELISA reader at 550 nm.

2.7. Cytokine production and flow cytometryc analysis

The levels of MIP-2, TNFa and IL-6 produced by the
TLR-deleted and control macrophage cell lines, were
evaluated in cell-free supernatants by ELISA, according
to the manufacturer’s instructions (BioSource).

Cells (10%50 ul) were incubated with appropriate
dilutions of anti-mouse TRL2 polyclonal antibody
(eBioscience) for 45 min and secondary FITC anti-
rabbit antibody (eBioscience) for additional 45 min or
with phycoerythrin (PE) conjugated anti-TLR4 mono-
clonal antibody (eBioscience) for 45 min; subsequently,
cells were washed, resuspended in PBS and analysed
using a Cyflow ML (Partec GmbH, Muenster, Germany),
equipped with an air-cooled argon ion laser (488 nm,
200 mW, kept at 150 mW) and a UV Mercury lamp
HBO (100 long life, 100 W), a red diode laser (635 nm,
25mW), and a CCD camera. FITC (FL1) and PE
(FL2) were collected with a 520/30 bandpass filter and
by a 590/30 bandpass filter, respectively. Data were ana-
lysed using the Partec Flomax 3.0 and WinMDI softwares.

2.8. Statistical analysis

Significance of the data was evaluated using the non-
parametric Mann—Whitney test. Data depicted in Figs. 1
and 4 are from a representative experiment performed
twice. Results depicted in the rest of the figures and in
the tables are means * standard deviation of 3-6 inde-
pendent experiments.

3. Results

In the initial set of experiments, the TLR-deleted and
control macrophage cell lines were analysed for the pres-
ence/absence of a neo allele and TLR specific mRNA.
Fig. 1 shows the results of the PCR analysis using as
templates either genomic DNA (neo primers) or cDNA
prepared using the reverse transcriptase reaction (TLR4,
TLR2 and MyD88 primers). cDNAs were prepared
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Fig. 1. Genotype analysis of TLR2—/—, MyD88—/—, TLR4—/— and
control wt cell lines. PCR amplification of a fragment of neomycin
cassette was performed using genomic DNA as a template. PCR
amplification of TLR2, TLR4 and MyDS88 specific fragments was
performed using cDNA templates prepared from total RNA extracted
from each of the cell lines. cDNAs were prepared using total RNA
extracted using Trizol reagent, according to manufacturer instructions.
Reverse transcription reaction was performed using Superscript 11
reverse transcriptase at 45 °C for 50 min in the presence of 1U of
RNAse inhibitor. Following reverse transcription, the enzyme was
heat-inactivated at 70 °C for 10 min. Results from a representative
experiment performed twice are illustrated. Sequences of primers are
listed under Section 2.

from total RNA extracted from each cell line (MyD88—/
—, MyD88+/+, TLR2—/—, TLR2+/+, TLR4—/— and
TLR4+/+). As shown in Fig. 1, it was confirmed that
TLR2—/—, TLR4—/— and MyD88—/— lacked the
TLR2, TLR4 and MyD88 mRNA, whereas the controls
retained normal transcriptional activity for the tested
genes, as predicted. The presence of the neomycin cas-
sette was also confirmed in TLR2—/— and MyD88—/—
macrophage cell lines.

In functional studies, we compared the TLR2—/—,
MyD88—/— and TLR4—/— macrophages to the respec-
tive counterparts. Such pairs were assessed for phagocy-
tic and antifungal activity against C. albicans. In
particular, macrophages, exposed to the yeast cells
(E:T =1:10) for 2 h, were evaluated for percentage of
phagocytic cells and phagocytosis index. As shown in
Fig. 2(a), all the macrophage populations were phagocy-
tic, but to a different extent. Particularly, MyD88—/—
and TLR4—/— macrophages showed levels of activity
comparable to each other and similar to the levels ob-
served for their respective MyD88+/+ and TLR4+/+
controls. In contrast, TLR2—/— macrophages exhibited
significantly higher activity than wt counterpart, the per-
centage of phagocytosis being 79 versus 48; the phagocy-
tosis index was also higher in TLR2—/— than in
TLR2+/+ control macrophages (4.6 versus 3.2).

To assess antifungal activity, each of the macrophage
populations was infected with C. albicans (E:T =10:1).
After 4 h of incubation, the CFU inhibition assay was
performed. The results presented in Fig. 2(b) show that
TLR2—/— macrophages expressed levels of anticandidal
activity significantly higher than those of TLR2+/+
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Fig. 2. Phagocytic and anticandidal activity of the TLR2—/—,
MyD88—/—, TLR4—/— and control wt cell lines. Phagocytic activity
(upper panel) of the different macrophage populations was tested in a
2-h incubation assay employing viable C. albicans (E:T = 1:10).
Cytospin preparations were stained and evaluated as detailed in
Section 2. Anticandidal activity (lower panel) was measured by a CFU
inhibition assay after a 4 h incubation with C. albicans (E:T = 10:1).
Data are means = SD of 4 independent experiments. *p < 0.01: TLR
deleted- versus wild type- macrophages.

counterpart; on the contrary, little or no differences were
observed between MyD88—/— and MyD88+/+ or be-
tween TLR4—/— and TLR4+/+ macrophages, whose
anticandidal activity remained below 20%. These data
suggest that TLR2 deletion results in enhancement of
both phagocytic and anticandidal activity by murine
macrophages.

To investigate whether the above-described func-
tional pattern might be affected by preopsonization of
the fungal target, C. albicans yeast cells were pre-ex-
posed to immune serum for 30 min prior to their use
for the in vitro infection of TLR2—/—, MyD88—/—
and TLR4—/— macrophages. Fig. 3 indicates that the
three macrophage cell lines were highly and comparably
effective in terms of antifungal activity when infected
with pre-opsonized C. albicans, whereas, consistently
with the results shown in Fig. 2(b), TLR2—/—
macrophages were significantly more effective than
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Fig. 3. Anticandidal activity of TLR2—/—, MyD88—/— and TLR4—/—
macrophage cell lines against unopsonized and opsonized fungal cells.
Anticandidal activity was measured by CFU inhibition assay after 4 h
incubation with unopsonized (empty columns) or opsonized (black
columns) C. albicans (E:T = 10:1). Opsonization consisted in preincu-
bation of C. albicans for 30 min in fresh serum. Data are means * SD
of 3 independent experiments.

either MyD88—/— or TLR4—/— counterpart against
unopsonized fungal targets. These results indicate that
opsonization of the fungal targets allows to overcome
the functional differences in anticandidal activity ob-
served between TLR2—/— and the other macrophage
cell lines tested.

In order to establish whether the above-described
phenomena were exclusively observed when using C.
albicans or rather shared with other microbial agents,
we performed experiments where the three TLR-deleted
macrophage cell lines were tested for antimicrobial
activity against the gram-positive S. pneumoniae or the
gram-negative H. pylori bacteria. As shown in Table 1,
TLR2—/— and TLR2+/+ macrophages, MyD88—/—
and MyD88+/+ macrophages, TLR4—/— and TLR4+/+
macrophages exerted comparable levels of antimicrobial
activity against S. pneumoniae. Similar data were ob-
served at 2 and 6 h. Furthermore, when the TLR-deleted

Table 1
Antimicrobial activity of TLR-deleted and control macrophage cell
lines against S. pneumoniae

Macrophage cell lines % Antimicrobial activity

2h 6h
TLR2—-/— 45.7%3.1 63.3+£5.1
TLR2+/+ 48.5%34 59.6£6.2
MyD88—/— 443 %20 76.5t8.4
MyD88+/+ 46.6 £4.2 744+ 6.3
TLR4—-/— 343+1.8 69.0+29
TLR4+/+ 31.9£3.0 73.7£59

TLR-deleted and control macrophages (5 x 10°/ml) were infected with
S. pneumoniae at the E:T ratio of 10:1. Antimicrobial activity was
evaluated at the indicated times as detailed in Section 2. Results shown
are means + SD of three independent experiments.

and control macrophages were assessed for antimicro-
bial activity against H. pylori, no differences were ob-
served between TLR2—/— and TLR2+/+ macrophages
or between TLR4—/— and TLR4+/+ macrophages. Sur-
prisingly, MyD88—/— macrophages were significantly
more effective than the MyD88+/+ counterpart; the phe-
nomenon was observed when unopsonized targets had
been employed and occurred at both E:T ratios tested.
Once again, all the cell lines were highly and comparably
effective against opsonized H. pylori. Taken together,
the above-described data indicate that the genetic defect
on TLR2, TLR4 and MyD88 differently affects macro-
phage-mediated antimicrobial activity. In fact, TLR2,
but not TLR4 or MyDS88 deletion, upregulates antican-
didal activity, while MyD88 ablation enhances anti-H.
pylori activity. Under both conditions, microbial opson-
ization renders TLR-deleted and control macrophages
comparably high effective (see Table 2).

In view of the functional differences observed in terms
of anticandidal activity, TLR2—/— and TLR2+/+ mac-
rophages were investigated for their pattern of secretory
response to this microbial insult. According to a previ-
ous report showing C. albicans as proinflammatory sig-
nal for macrophages [38], TLR2—/— and TLR2+/+
macrophage cell lines were incubated 18 h with C. albi-
cans, yeast or hyphal form (E:T = 1:10). LPS was also
included as positive control [41]. The levels of secretory
products were then measured in cell-free supernatants.
As detailed in Table 3, both macrophage cell lines were
able to respond to LPS; moreover, MIP-2, TNFa, IL6
and NO were produced in both cases to a similar extent.
In addition, when tested for ability to respond to C. albi-
cans, TLR2—/— and TLR2+/+ macrophages were both
responsive, although the former was slightly less effec-
tive in terms of MIP-2 and TNFa production. IL6 and
NO were little or not detected by each of the two cell

Table 2
Antimicrobial activity of TLR-deleted and control macrophage cell
lines against H. pylori

Macrophage cell lines % Antimicrobial activity

Unopsonized Opsonized

25:1% 5:1 25:1
TLR2—/— 68 £3.1 49+2.4 79+52
TLR2+/+ 72443 48+35 83+3.6
MyD88—/— 93 +3.9° 88 +1.7° 90 + 4.1
MyD88+/+ 63£6.5 54%6.6 85+5.6
TLR4—/— 57+4.6 51+42 84+39
TLR4+/+ 62+2.9 58+7.7 81+3.0

TLR-deleted and control wt macrophages (5 x 10>/ml) were infected
with H. pylori at the indicated ratios for 2 h. Antimicrobial activity was
evaluated against unopsonized and opsonized bacteria as detailed in
Section 2. Results shown are means = SD of three independent
experiments.

# E:T ratio.

® P <0.01: MyD88—/— versus MyD88+/+ macrophages.
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Table 3
Secretory response of TLR2—/— and TLR2+/+ macrophage cell lines to C. albicans
Treatment MIP-2* TNF-o° IL-6° NO*
TLR2—-/— TLR2+/+ TLR2-/— TLR2+/+ TLR2-/— TLR2+/+ TLR2-/— TLR2+/+
Medium - - - - - - - -
LPS 12240.2 11430.5 1602.1 1460.0 1629.2 1604.6 25.3 19.7
Ca (Yeast) 137.7 3125 454 226.7 9.2 18.7 - —
Ca (Hyphae) 251.3 580 236.8 598.4 - 13.4 - -

TLR2—/— and TLR2+/+ macrophages (10%ml) were exposed to LPS (1 pg/ml) or C. albicans (E:T = 1:10) for 18 h. Cell-free supernatants were
harvested and assayed for cytokine and NO content, as detailed in Section 2.

Ca: C. albicans.
& The values are expressed as pg/ml; min = 8.
® The values are expressed as pg/ml; min = 23.4.
¢ The values are expressed as pg/ml; min = 16.
9 The values are expressed as pM/ml; min = 3.1.

lines. As expected [38], C. albicans hyphal form was a
better inducer of MIP-2 and TNFa response in both cell
lines. These results indicate that TLR2 ablation has no
major impact on macrophage secretory response to C.
albicans. When MyD88—/— and MyD88+/+ were inves-
tigated for secretory response to H. pylori no apprecia-
ble cytokine production was observed (data not
shown), in agreement with the poor stimulatory proper-
ties ascribed to this pathogen.

With the aim of investigating the constitutive levels of
TLR expression in the macrophage cell lines and the
possible modulation of such markers by infection,
TLR2—/— and TLR+/+ macrophages were exposed to
C. albicans and then assessed for TLR2 and TLR4
expression by flow-cytometry. Fig. 4 shows the results
of a representative experiment. TLR2—/— macrophages
were TLR2 negative and TLR4 positive; moreover, sim-
ilar profile was detected in C. albicans infected cells. Fur-
thermore, TLR2+/+ macrophages were TLR2 positive
and TLR4 positive; again, no appreciable differences
were observed in macrophages exposed to C. albicans.
Thus, direct evidence is provided by showing that firstly,
TLR2 expression is lost in the TLR2-deleted cell line
while it is detectable in the TLR2+/+ counterpart; sec-
ondly, TLR4 is detectable in both TLR2—/— and
TLR2+/+ cell lines and finally, C. albicans infection fails
to modulate TLR2 and TLR4 expression on macro-
phages under our experimental conditions.

4. Discussion

In this study, TLR2—/—, MyD88—/— and TLR4—/—
macrophage cell lines and their respective wt counter-
parts have been tested for effector and secretory re-
sponses to viable fungal and bacterial pathogens.
Concerning phagocytosis and killing of C. albicans,
our data show that TLR2—/— macrophages are signifi-
cantly more effective than any other macrophage cell
line. In particular, the percentage of phagocytic cells

and the number of ingested Candida per macrophage
(phagocytosis index) is higher in TLR2—/— than in
TLR2+/+, TLR4—/— or MyD88—/— cell lines, whose
activities remain comparable to those of their wt con-
trols. These data provide evidence that TLR2 deletion
contributes to an enhancement of phagocytic activity,
while ablation of TLR4 or MyD8S is irrelevant. Consis-
tently with the present data, it has been reported that
TLR4 abrogation does not affect phagocytosis of Can-
dida by macrophages [22]. Moreover, by means of a hae-
magglutinin  A-tagged TLR2 transfected mouse
macrophage cell line, Underhill et al. [28] provided an
elegant demonstration of transient TLR2 recruitment
to the phagosome following zymosan binding/internali-
zation; yet, a functional TLR2 appears not required,
since both zymosan binding and internalization remain
unaffected in macrophages expressing the mutant
TLR2 form. Additional studies [23,24] also show that
TLR2 ablation does not affect phagocytosis of heat-
killed Candida by murine macrophages. Our present
data argue that TLR2 negatively regulates the ability
of macrophages to ingest C. albicans. The fact that
TLR2—/— macrophages have better phagocytic activity
than control macrophages suggests that either such
TLR2 receptor is detrimental per se or rather it may
interfere with the activity of other receptors, involved
in fungal cell recognition/ingestion. Viable and not
heat-killed fungal cells have been employed in this study;
this may explain the discrepancy between previously
published [23,24] and the present report, implying that
heat-sensitive PAMPs are involved in macrophage-
Candida interaction. Results obtained in phagocytosis
studies are confirmed and emphasized by analysis of
anticandidal activity by TLR-deleted and control mac-
rophages. We show that TLR2—/— macrophages exert
levels of anticandidal activity higher than those detected
in TLR2+/+ controls and also higher than any other cell
line tested, including TLR4—/— and MyD88—/— macro-
phages. This indicates that, not only ingestion, but also
accomplishment of antifungal activity is influenced by
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Fig. 4. Profile of TLR expression in TLR2—/— and TLR2+/+ macrophage cell lines exposed or not to fungal cells. Flow-cytometry analysis was

performed using cells that had been infected or not with C. albicans (E:T =

experiment performed twice.

the expression of TLR2 on macrophages. This is in line
with a recent report [24] showing enhanced candidacidal
capacity by ex vivo peritoneal TLR2—/— macrophages
obtained from C. albicans infected mice. In that model,
the phenomenon has been interpreted as consequence of
an imbalanced production of stimulatory (IFNy) and
inhibitory (IL10) cytokines, occurring upon in vivo
infection. In our in vitro model, the enhanced killing ob-
served in TLR2—/— macrophages appears as a direct
consequence of the enhanced phagocytosis of Candida
yeast cells by TLR2—/— macrophages. Furthermore,
comparably high levels of activity are observed in all
the cell lines upon fungal opsonization; thus, we may
conclude that the essential intracellular mechanisms
for anti-microbial defence(s) are preserved in the TLR-
deleted macrophages, since opsonin-opsonin receptor
recognition can fully overcome the functional differences
observed in the TLR-deleted and wt control
macrophages.

10:1) for 4 h as detailed in Section 2. Data are from a representative

In our experience, the role of MyD88 does not seem
to be important for macrophage ability to fulfil Candida
phagocytosis. This finding is in line with a previous re-
port showing that MyD88 defective macrophages [28]
retain unaffected zymosan internalization, while a recent
report demonstrates impairment in macrophage-
mediated phagocytosis of Candida by MyD88 deletion
[42]. This dichotomy of results raises the possibility that
different patterns of response(s) might occur depending
on the microbial strain employed.

The pattern of anticandidal activity by TLR-deleted
macrophages happens to be distinct from those ob-
served against bacterial targets. Moreover, other differ-
ences have been observed when testing gram-negative
versus gram-positive bacteria. In particular, anti-
pneumococcal activity appears to be TLR-independent,
in agreement with previously published data on the role
of TLR2 [43] and TLR4 [44] against S. pneumoniae
infection. Surprisingly, anti-H. pylori activity is better
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exerted by MyD88—/— macrophages than any other cell
line, including the MyD88+/+ control macrophages. In
this infection model, bacterial opsonization also com-
pensates for the differences between TLR-deleted and
control cells. Therefore, these data suggest that accom-
plishment of anti-H. pylori activity by macrophages is
sensitive to inhibitory signal(s) transduced via MyD88
accessory molecule. The occurrence of both MyD88-
dependent and MyD88-independent pathways are
known [2] and have recently been described against fun-
gal yeast versus mould [32]. The fulfillment of anti-H.
pylori and anti-S. pneumoniae activities are consistent
with these two distinct conditions. In general, our find-
ings on macrophage-mediated antimicrobial effector
functions indicate that the macrophage cell lines with
TLR2—/—, TLR4—/— and MyD88—/— genotype behave
in unique ways depending upon the microbial target
encountered. Thus, the specificity of TLR-PAMP recog-
nition seems to dictate the evolution and outcome of the
effector cell-pathogen interaction. In this respect, it is
known that upon recognition of their cognate ligands
[1], TLR induces the expression of a variety of host
genes [2-5], including those coding for inflammatory
cytokines, chemokines, etc. Here, we show that macro-
phage response to C. albicans is essentially preserved
in TLR2—/— macrophages since they still produce
MIP-2 and TNFa, though to a slightly lower extent
when compared with TLR2+/+ macrophages. Under
those experimental conditions, as predictable, TLR2
deletion does not affect macrophage responsiveness to
LPS. Thus, these findings imply that macrophage secre-
tory response to C. albicans is mainly TLR2-independent,
consistently with previous reports showing no involve-
ment of TLR2 in the response to C. albicans [22,45] or
C. neoformans [16]. Furthermore, in parallel experiments
we confirmed the expected pattern [3,14,15,46] of defec-
tive response by TLR4—/— macrophages; both MIP-2
and TNFa production are not detectable in TLR4—/—
macrophages exposed to either LPS, yeast or hyphal
forms of Candida (data not shown). Taken together,
these results indicate that TLR2, known to be not
needed for response to LPS [2,12], is also not involved
in macrophage—fungal cell interaction, at least in MIP-
2 and TNFa production, while TLR4 ablates macro-
phage response to C. albicans and to LPS.

By RT-PCR analysis, Applequist et al. [47] investi-
gated the extent of TLR gene expression in different cell
lines representing innate and adaptive immunity. Inter-
estingly, cells of the innate immune system, including
macrophages among them, express a broader number
of TLR than cells of the adaptive immune system, fur-
ther supporting the importance of a precise hierarchy
within first-line immune cells involved in first-line path-
ogen recognition. Using flow cytometry analysis, we
provide initial evidence that TLR2 and TLR4 are in fact
expressed on TLR2+/+ macrophages while only TLR4,

but not TLR2, is detectable in TLR2—/— macrophages.
This evidence allows us to conclude that genotype and
phenotype profiles in our cell lines are congruent. Fur-
thermore, phenotypical data on infected macrophages
indicate that the expression of TLR2 and TLR4 is not
susceptible of modulation upon C. alibicans infection.

In conclusion, this study adds insights on the involve-
ment of TLR in the fulfillment of macrophage-mediated
anticandida defences, by arguing on the biological rele-
vance of TLR2 in accomplishment of effector but not
secretory response.

Acknowledgement

This work was partially supported by the MIUR
2003 “Programma di Ricerca Scientifica di Rilevante
Interesse Nazionale” (Grant to E.B.).

References

[1] Janeway, C.A. and Medzhitov, R. (2002) Innate immune recog-
nition. Annu. Rev. Immunol. 20, 197-216.

[2] Takeda, K. and Akira, S. (2001) Roles of Toll-like receptors
in innate immune responses. Genes Cells 6 (9), 733-742,
Review.

[3] Roeder, A., Kirschning, C.J., Rupec, R.A., Schaller, M. and
Korting, H.C. (2004) Toll-like receptors and innate antifungal
responses. Trends Microbiol. 12 (1), 44-49, Review.

[4] Netea, M.G., Van der Graaf, C., Van der Meer, J.W. and
Kullberg, B.J. (2004) Toll-like receptors and the host defense
against microbial pathogens: bringing specificity to the innate-
immune system. J. Leukoc. Biol. 75 (5), 749-755, Review.

[5] Hallman, M., Ramet, M. and Ezekowitz, R.A. (2001) Toll-like
receptors as sensors of pathogens. Pediatr. Res. 50 (3), 315-321,
Review.

[6] ONeil, L. (2001) Specificity in the innate response: pathogen

recognition by Toll-like receptor combination. Trends Immunol.

22 (2), 70, Review.

Yoshimura, A., Lien, E., Ingalls, R.R., Tuomanen, E., Dziarski,

R. and Golenbock, D. (1999) Cutting edge: recognition of Gram-

positive bacterial cell wall components by the innate immune

system occurs via Toll-like receptor 2. J. Immunol. 163 (1), 1-5.

Takeuchi, O., Hoshino, K., Kawai, T., Sanjo, H., Takada, H.,

Ogawa, T., Takeda, K. and Akira, S. (1999) Differential roles of

TLR2 and TLR4 in recognition of gram-negative and gram-

positive bacterial cell wall components. Immunity 11 (4), 443-451.

Schwandner, R., Duziarski, R., Wesche, H., Rothe, M. and

Kirschining, C.J. (1999) Peptidoglycan- and lipoteichoic acid-

induced cell activation is mediated by toll-like receptor 2. J. Biol.

Chem. 274 (25), 17406-174009.

Means, T.K., Lien, E., Yoshimura, A., Wang, S., Golenbock,

D.T. and Fenton, M.J. (1999) The CDI14 ligands lipoarabino-

mannan and lipopolysaccharide differ in their requirement for

Toll-like receptors. J. Immunol. 163 (12), 6748-6755.

Hirschfeld, M., Kirschning, C.J., Schwandner, R., Wesche, H.,

Weis, J.H., Wooten, R.M. and Weis, J.J. (1999) Cutting edge:

inflammatory signaling by Borrelia burgdorferi lipoproteins is

mediated by toll-like receptor 2. J. Immunol. 163 (5), 2382-2386.

Wetzler, L.M. (2003) The role of Toll-like receptor 2 in microbial

disease and immunity. Vaccine 21 (Suppl 2), S55-S60.

[7

[8

9

[10

[11

[12



78 E. Blasi et al. | FEMS Immunology and Medical Microbiology 44 (2005) 69-79

[13] Poltorak, A., He, X., Smirnova, L., Liu, M.Y., Van Huffel, C.,
Du, X., Birdwell, D., Alejos, E., Silva, M., Galanos, C.,
Freudenberg, M., Ricciardi-Castagnoli, P., Layton, B. and
Beutler, B. (1998) Defective LPS signaling in C3H/HeJ and
C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282 (5396),
2085-2088.

[14] Beutler, B. and Poltorak, A. (2000) Positional cloning of Lps, and
the general role of toll-like receptors in the innate immune
response. Eur. Cytokine Netw. 11 (2), 143-152, Review.

[15] Mambula, S.S., Sau, K., Henneke, P., Golenbock, D.T. and
Levitz, S.M. (2002) Toll-like receptor (TLR) signaling in response
to Aspergillus fumigatus. J. Biol. Chem. 277 (42), 39320-39326.

[16] Shoham, S., Huang, C., Chen, J.M., Golenbock, D.T. and Levitz,
S.M. (2001) Toll-like receptor 4 mediates intracellular signaling
without TNF-alpha release in response to Cryptococcus neofor-
mans polysaccharide capsule. J. Immunol. 166 (7), 4620-4626.

[17] Hayashi, F., Smith, K.D., Ozinsky, A., Hawn, T.R., Yi, E.C,,
Goodlett, D.R., Eng, J.K., Akira, S., Underhill, D.M. and
Aderem, A. (2001) The innate immune response to bacterial
flagellin is mediated by Toll-like receptor 5. Nature 410 (6832),
1099-1103.

[18] Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo,
H., Matsumoto, M., Hoshino, K., Wagner, H., Takeda, K. and
Akira, S. (2000) A Toll-like receptor recognizes bacterial DNA.
Nature 408 (6813), 740-745.

[19] Muzio, M., Ni, J., Feng, P. and Dixit, V.M. (1997) IRAK (Pelle)
family member IRAK-2 and MyDS88 as proximal mediators of IL-
1 signaling. Science 278 (5343), 1612-1615.

[20] Wesche, H., Henzel, W.J., Shillinglaw, W., Li, S. and Cao, Z.
(1997) MyD88: an adapter that recruits IRAK to the IL-1
receptor complex. Immunity 7 (6), 837-847.

[21] Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A.,
Chen, C., Ghosh, S. and Janeway Jr., C.A. (1998) MyD88 is an
adaptor protein in the hToll/IL-1 receptor family signaling
pathways. Mol. Cell. 2 (2), 253-258.

[22] Netea, M.G., Van Der Graaf, C.A., Vonk, A.G., Verschueren, I.,
Van Der Meer, J.W. and Kulberg, B.J. (2002) The role of toll-like
receptor (TLR)2 and TLR4 in the host defense against dissem-
inated candidiasis. J. Infect. Dis. 185 (10), 1483-1489.

[23] Villamon, E., Gozalbo, D., Roig, P., O’Connor, J.E., Fradelizi, D.
and Gil, M.L. (2004) Toll-like receptor-2 is essential in murine
defenses against Candida albicans infections. Microbes Infect. 6
1), 1-7.

[24] Netea, M.G., Sutmuller, R., Hermann, C., Van Der Graaf, C.A.,
Van Der Meer, J.W., Van Krieken, J.H., Hartung, T., Adema, G.
and Kullberg, B.J. (2004) Toll-like receptor 2 suppresses immu-
nity against Candida albicans through induction of IL-10 and
regulatory T cells. J. Immunol. 172 (6), 3712-3718.

[25] Bellocchio, S., Montagnoli, C., Bozza, S., Gaziano, R., Rossi, G.,
Mambula, S.S., Vecchi, A., Mantovani, A., Levitz, S.M. and
Romani, L. (2004) The contribution of the Toll-like/IL-1 receptor
superfamily to innate and adaptive immunity to fungal pathogens
in vivo. J. Immunol. 172 (5), 3059-3069.

[26] Wang, JE., Warris, A., Ellingsen, E.A., Jorgensen, P.F., Flo,
T.H., Espevik, T., Solberg, R., Verweij, P.E. and Aasen, A.O.
(2001) Involvement of CD14 and toll-like receptors in activation
of human monocytes by Aspergillus fumigatus hyphae. Infect.
Immun. 69 (4), 2402-2406.

[27] Ozinsky, A., Underhill, D.M., Fontenot, J.D., Hajjar, A.M.,
Smith, K.D., Wilson, C.B., Schroeder, L. and Aderem, A. (2000)
The repertoire for pattern recognition of pathogens by the innate
immune system is defined by cooperation between toll-like
receptors. Proc. Natl. Acad. Sci. USA 97 (25), 13766-13771.

[28] Underhill, D.M., Ozinsky, A., Hajjar, A.M., Stevens, A., Wilson,
C.B., Bassetti, M. and Aderem, A. (1999) The Toll-like receptor 2
is recruited to macrophage phagosomes and discriminates
between pathogens. Nature 401 (6755), 811-815.

[29] Pasare, C. and Medzhitov, R. (2003) Toll pathway-dependent
blockade of CD4+CD25+ T cell-mediated suppression by den-
dritic cells. Science 299 (5609), 1033-1036.

[30] Takeda, K., Takeuchi, O. and Akira, S. (2002) Recognition of
lipopeptides by Toll-like receptors. J. Endotoxin Res. 8 (6), 459—
463.

[31] Takeuchi, O., Hoshino, K. and Akira, S. (2000) Cutting edge:
TLR2-deficient and MyD88-deficient mice are highly susceptible to
Staphylococcus aureus infection. J. Immunol. 165 (10), 5392-5396.

[32] Marr, K.A., Balajee, S.A., Hawn, T.R., Ozinsky, A., Pham, U.,
Akira, S., Aderem, A. and Liles, W.C. (2003) Differential role of
MyD88 in macrophage-mediated responses to opportunistic
fungal pathogens. Infect. Immun. 71 (9), 5280-5286.

[33] Takeuchi, O., Hoshino, K., Kawai, T., Sanjo, H., Takada, H.,
Ogawa, T., Takeda, K. and Akira, S. (1999) Differential roles of
TLR2 and TLR4 in recognition of Gram-negative and Gram-
positive bacterial wall components. Immunity 11, 443-451.

[34] Cox, G., Mathieson, B.J., Gandino, L., Blasi, E., Radzioch, D. and
Varesio, L. (1989) Heterogeneity oh hemopoietic cells immortalized
by v-raf v-myc recombinant retrovirus infection of bone marrow or
fetal liver. J. Natl. Cancer Inst. 81 (19), 1492-1496.

[35] Blasi, E., Mathieson, B.J., Varesio, L., Cleveland, J.L., Borchert,
P.A. and Rapp, U.R. (1986) Selective immortalization of murine
macrophages from fresh bone marrow by a raf/myc recombinant
murine retrovirus. Nature 318 (6047), 667-670.

[36] Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H.,
Sakagami, M., Nakanishi, K. and Akira, S. (1998) Targeted
disruption of the MyD88 gene results in loss of IL-1- and IL-18-
mediated function. Immunity 9 (1), 143-150.

[37] Wang, T., Lafuse, W.P. and Zwilling, B.S. (2000) Regulation of
toll-like receptor 2 expression by macrophages following Myco-
bacterium avium infection. J. Immunol. 165 (11), 6308-6313.

[38] Blasi, E., Farinelli, S., Varesio, L. and Bistoni, F. (1990)
Augmentation of GG2EE macrophage cell line-mediated anti-
Candida activity by gamma interferon, tumor necrosis factor, and
interleukin-1. Infect. Immun. 58 (4), 1073-1077.

[39] Marchetti, M., Arico, B., Burroni, D., Figura, N., Rappuoli, R.
and Ghiara, P. (1995) Development of a mouse model of
Helicobacter pylori infection that mimics human disease. Science
267, 1655-1658.

[40] Ali, F., Lee, M.E., lannelli, F., Pozzi, G., Mitchell, T.J., Read,
R.C. and Dockrell, D.H. (2003) Streptococcus pneumoniae-
associated human macrophage apoptosis after bacterial internal-
ization via complement and Fcgamma receptors correlates with
intracellular bacterial load. J. Infect. Dis. 188 (8), 1119-1131.

[41] Ulevitch, R.J. and Tobias, P.S. (1995) Receptor-dependent
mechanisms of cell stimulation by bacterial endotoxin. Annu.
Rev. Immunol. 13, 437-457, Review.

[42] Kawai, T., Adachi, O., Ogawa, T., Takeda, K. and Akira, S.
(1999) Unresponsiveness of MyD88-deficient mice to endotoxin.
Immunity 11 (1), 115-122.

[43] Knapp, S., Wieland, C.W., Van’t Veer, C., Takeuchi, O., Akira,
S., Florquin, S. and Van Der Poll, T. (2004) Toll-like receptor 2
plays a role in the early inflammatory response to murine
pneumococcal pneumonia but does not contribute to antibacterial
defense. J. Immunol. 172 (5), 3132-3138.

[44] Branger, J., Knapp, S., Weijer, S., Leemans, J.C., Pater, J.M.,
Speelman, P., Florquin, S. and Van Der Poll, T. (2004) Role of
Toll-like receptor 4 in gram-positive and gram-negative pneumo-
nia in mice. Infect. Immun. 72 (2), 788-794.

[45] Tada, H., Nemoto, E., Shimauchi, H., Watanabe, T., Mikami, T.,
Matsumoto, T., Ohno, N., Tamura, H., Shibata, K., Akashi, S.,
Miyake, K., Sugawara, S. and Takada, H. (2002) Saccharomyces
cerevisiae- and Candida albicans-derived mannan induced pro-
duction of tumor necrosis factor alpha by human monocytes in a
CD14- and Toll-like receptor 4-dependent manner. Microbiol.
Immunol. 46 (7), 503-512.



E. Blasi et al. | FEMS Immunology and Medical Microbiology 44 (2005) 69-79 79

[46] Jouault, T., Ibata-Ombretta, S., Takeuchi, O., Trinel, PA., [47] Applequist, S.E., Wallin, R.P.A. and Ljunggren, H.G. (2002)

Sacchetti, P., Lefebvre, P., Akira, S. and Poulain, D. (2003) Variable expression of Toll-like receptor in murine innate
Candida albicans phospholipomannan is sensed through toll-like and adaptive immune cell lines. Int. Immunol. 14 (9), 1065-
receptors. J. Infect. Dis. 188 (1), 165-172. 1074.



	Biological importance of the two Toll-like receptors, TLR2 and  TLR4, in macrophage response to infection with Candida albicans
	Introduction
	Materials and methods
	Culture medium and macrophage cell lines
	Genotyping analysis of the generated macrophage cell lines
	Microorganisms
	Phagocytosis assay
	Measurement of antifungal and antibacterial activities
	Nitrite determination
	Cytokine production and flow cytometryc analysis
	Statistical analysis

	Results
	Discussion
	Acknowledgement
	References


