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The Journal of Immunology

The Contribution of the Toll-Like/IL-1 Receptor Superfamily to
Innate and Adaptive Immunity to Fungal Pathogens In Vivo'

Silvia Bellocchio,* Claudia Montagnoli,* Silvia Bozza,* Roberta Gaziano,* Giordano Rossi,*
Salamatu S. Mambula! Annunciata Vecchi* Alberto Mantovani,* Stuart M. Levitz, T and
Luigina Romani®

In vitro studies have indicated the importance of Toll-like receptor (TLR) signaling in response to the fungal pathogen€andida
albicans and Aspergillus fumigatus. However, the functional consequences of the complex interplay between fungal morphogenesis
and TLR signaling in vivo remain largely undefined. In this study we evaluate the impact of the IL-1R/TLR/myeloid differentiation
primary response gene 88 (MyD88)-dependent signaling pathway on the innate and adaptive Th immunities @ albicans and A.
fumigatusin vivo. It was found that 1) the MyD88-dependent pathway is required for resistance to both fungi; 2) the involvement
of the MyD88 adapter may occur through signaling by distinct members of the IL-1R/TLR superfamily, including IL-1R, TLR2,
TLR4, and TLR9, with the proportional role of the individual receptors varying depending on fungal species, fungal morphotypes,
and route of infection; 3) individual TLRs and IL-1R activate specialized antifungal effector functions on neutrophils, which
correlates with susceptibility to infection; and 4) MyD88-dependent signaling on dendritic cells is crucial for priming antifungal
Th1 responses. Thus, the finding that the innate and adaptive immunities t€. albicans and A. fumigatus require the coordinated
action of distinct members of the IL-1R/TLR superfamily acting through MyD88 makes TLR manipulation amenable to the
induction of host resistance to fungi. The Journal of Immunology, 2004, 172: 3059-3069.
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for the development of optimal resistance to pathogenic fungiian cellular receptors that mediate cellular responses to structur-

(1). The host immune system is a major determinant of whichally conserved pathogen-associated microbial products (11, 12).
particular form of disease will develop after exposure to the ubig-All TLRs activate a core set of stereotyped responses, such as
uitous Aspergillus fumigatus or whether transition from sapro- inflammation (13). However, individual TLRs can also induce spe-
phytism to infection will occur with the human commen&an- cific programs in cells of the innate immune system that are tai-
dida albicans (2—4). These fungi are sensed by the innate immunédored for the particular pathogen (12—14). TLRs bear homology to
system in a morphotype-specific fashion; that is, different effectotthe IL-1R type 1 (IL-1RI) and share a similar signaling cascade
mechanisms of immunity are elicited by the different fungal mor- culminating in activation of NR<B and mitogen-activated protein
photypes (5-7). Dendritic cells (DCsyhowed a remarkable func- kinases (15, 16). This process facilitates the transcription of genes
tional plasticity in response to the different forms of fungi, being requlating the inflammatory and adaptive immune responses. The
able to discriminate between the different forms in terms of mat-common signal pathways used by IL-1RI and TLRs involve re-
uration, cytokine production, and induction of Th cell reactivity in cruitment of the adapter protein myeloid differentiation primary
vitro and in vivo (5, 6, 8, 9). Different receptors on DCs were response gene 88 (MyD88) through the homophilic interaction of
found to participate in the fungal recognition event, either inde-the Toll/IL-1R homology domain (17). MyD88, in turn, activates
pendently or through receptor cooperativity (4, 5, 6, 10). a series of IL-1R-associated kinases that are crucially involved in
innate immunity. MyD88-deficient mice do not make ThNFn
response to activators of TLR2, TLR3, TLR4, or TLR9, and IL-
*Microbiology Section, Department of Experimental Medicine and Biochemical Sci- 1 R-associated kinase-deficient mice are impaired in their response

ences, University of Perugia, Perugia, ltalfpepartments of Medicine and Micro _ . B
biology, Boston University School of Medicine, Boston, MA 02118; &bepartment to LPS and IL-1 (18)' However, in the case of TLR4 dependent

I nnate and acquired immunities are both essentially required Toll-like receptors (TLRs) are a family of conserved, mamma-
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of Immunology and Cell Biology, Mario Negri Institute, Milan, Italy LPS signaling, another protein (Mal/TIRAP) may also serve as an
Received for publication October 6, 2003. Accepted for publication Decemberadapter molecule with or in place of MyD88 (19, 20). It is recog-
23, 2003. nized that the intricacies of how TLRs signal will ultimately pro-
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and National Institutes of Health Grants an through TLRs, particularly TLR2, TLR4, and TLR9, in a morpho-

2 Address correspondence and reprint requests to Dr. Luigina Romani, Department i B : : :
Experimental Medicine and Biochemical Sciences, Microbiology Section, University?ilpe_SpeCIflc fashion (21_28)' This will not come as a surprise,

of Perugia, Via del Giochetto, 06122 Perugia, Italy. E-mail address: Iromani@unipg.igiven the initial discovery of the Toll pathway [Drosophila as an

3 Abbreviations used in this paper: DC, dendritic cell; i.g., intragastrically; IL-1RI, essential mechanism of antifungal resistance (29). However, be-
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regulation of TLR expression in vivo (32), the in vitro studies may
not be sufficient to predict the impact of the total repertoire of
TLRs on infections in vivo. In addition, the use of inactivated
fungi in the in vitro assays cannot anticipate the impact on TLR
functioning of fungal morphogenesis, which is known to be acti-
vated in vivo by awide range of tissue-specific signals (33) and to
affect host responses (4, 34).

In the present study we have taken a comprehensive approach to
define the role of the IL-1R/TLR/MyD88-dependent signaling
pathway in response to C. albicans and A. fumigatus. We evaluate
the course and outcome of the infections together with parameters
of innate and adaptive antifungal immunity in IL-1RI-, TLR2-,
TLR4-, TLR9-, and MyD88-deficient mice with experimental
models of infection in which the contributions of innate and adap-
tive immunities are well established (35). We found that the IL-
1R/TLR/MyD88 system plays a strategic role at the interface be-
tween the host and fungi, having an impact on the generation of
both host antifungal immunity and fungal infectivity.

Materials and Methods
Animals

Female, 8- to 10-wk-old C57BL6 mice were obtained from Charles River
Breeding Laboratories (Calco, Italy) or The Jackson Laboratory (Bar Har-
bor, ME). Breeding pairs of homozygous TLR2- (36), TLR4- (37), TLR9-
(38), IL-1RI- (39), and MyD88- (40) deficient mice, raised on the C57BL6
background, were bred under specific pathogen-free conditions at the
breeding facilities of University of Perugia (Perugia, Italy) or Boston Uni-
versity Medical Center. All in vivo studies were performed in compliance
with national, Perugia University, and Boston University animal care and
use committee guidelines.

Microorganisms, culture conditions, and infections

Isogenic strains of C. albicans, obtained by mutagenesis in vitro and ca-
pable (Vir~13), or not (Vir~3), of yeast-to-hyphal transition, as assessed
by germ-tube formation in vitro, were used (41). The A. fumigatus strain
was obtained from afatal case of pulmonary aspergillosis at the Infectious
Diseases Ingtitute of University of Perugia (41). Y easts were harvested at
the end of the exponential phase of growth and resuspended in IMDM (Life
Technologies Italia, Milan, Italy) containing 5 wg/ml polymyxin B (Sigma-
Aldrich, St. Louis, MO) and 50 ug/ml gentamicin. Conidia were harvested
by extensive washing of the slant culture (on Sabouraud dextrose agar
(Difco, Detroit, MI) supplemented with chloramphenicol for 4 days at
room temperature) with 5 ml of 0.025% Tween 20 in saline. For generation
of hyphae, Candida cells were allowed to germinate by culture at 37°C in
5% CO, for 2 h in RPMI 1640 medium (by that time, >98% of cells had
germinated). For Aspergillus infection, conidia were given intranasally
(i.n.) for 3 consecutive days (2 X 107/20 ul saling/each injection) as pre-
viously described (6). Mice were anesthetized by i.p. injection of 2.5%
avertin (Sigma-Aldrich). For primary disseminated candidiasis, mice were
injected i.v. with 10%0.5 ml of C. albicans yeasts or hyphae; for reinfec-
tion, mice surviving the primary infection were injected i.v. with 10%0.5
ml of C. albicans hyphae 14 days later (41). For the gastrointestinal in-
fection, 108 Candida hyphae were injected intragastrically (i.g.), via an
18-gauge, 4-cm-long plastic catheter in avolume of 0.2 ml saline/mouse as
previously described (35). Cyclophosphamide (Sigma-Aldrich) was given
at 150 mg/kg i.p. 1 day before challenge. Quantification of fungal growth
in the organs of infected mice was performed by plating seria dilutions of
homogenized organs in Sabouraud dextrose agar, and results (mean = SE)
were expressed as CFU per organ.

Cell purification

Polymorphonuclear neutrophils (PMNs) were isolated from the blood and
peritoneal cavity of mice as previously described (35). Briefly, peritoneal
PMNs were obtained 8 h after the i.p. injection of 1 ml of endotoxin-free
10% thioglycolate solution (Difco). Endotoxin was depleted from all so-
Iutions with Detoxi-gel (Pierce, Rockford, IL). To purify Gr-1* PMN, 107
cells were incubated with biotin-conjugated anti-mouse Gr-1 mAbs (clone
RB6-8C5; BD PharMingen, San Diego, CA) for 30 min at 4°C and then
with avidin-conjugated magnetic MicroBeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) for 15 min at 6°C, and magnetically separated with a
positive selection column (Miltenyi Biotech) according to the manufactur-
er's instructions. On FACS analysis, Gr-1* PMN were >98% pure and
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stained positively for the CD11b myeloid marker. Cytospin analysis con-
firmed that the population consisted of polymorphonuclear cells (>98%).
Murine CD11c* DCs were isolated from spleens and lungs, and CD4* T
cells were isolated from mesenteric lymph nodes (MLN), thoracic lymph
nodes (TLN), and spleens by magnetic cell sorting as previously described
(5, 6, 8, 9).

Phagocytosis, cultures, and antifungal effector activity

For phagocytosis, peritoneal neutrophils from infected mice were incu-
bated at 37°C with unopsonized Candida yeasts or Aspergillus conidia for
30 and 60 min, respectively, at an effector to fungal cellsratio of 1:3. After
incubation, phagocytic cells were separated from nonphagocytosed fungal
cells by centrifugation on an FBS gradient, and a 0.1-ml sample of the
harvested phagocytic cells was used for cytospin preparation. The percent-
age of internalization was calculated on Giemsa-stained preparations as
previously described (5, 6). For staining of degranulated PMNs, the cyto-
spin preparations were subjected to methylene blue (for azurophil granules)
or eosin (for nonazurophil granules) staining following standard proce-
dures. For myeloperoxidase detection, the liquid diaminobenzidene sub-
strate Pack Kit (BioGenex, Menarini Diagnostics, Florence, Italy) was used
according to the manufacturer’s instructions on ematoxilin-counterstained
preparations. For the fungicidal activity against Candida yeasts or As-
pergillus conidia, PMNs were incubated with unopsonized fungal cells (at
an effector to fungal cell ratio of 1:5) for 60 min (for yeasts) or 120 min (for
conidia) at 37°C. Triton X was then added to the wells, and serial dilutions
from each well were made in distilled water. Pour plates (four to six rep-
licate samples) were made by spreading each sample on Sabouraud glucose
agar. The number of CFUs and the percentage of CFU inhibition (mean =
SE), referred to as candidacidal or conidiocidal activity, were determined
as previously described (5, 25). For the fungicidal activity against hyphae,
a colorimetric MTT assay was used as previously described (42, 43).
Briefly, graded numbers of PMNs (106, 5 X 10° and 10°), either unex-
posed or pre-exposed for 2 h at 37°C to 10 ng/ml rTNF-a (R&D Systems,
Space Import-Export, Milan, Italy), were added to hyphae obtained from
10° yeasts in 96-well, flat-bottom microtiter plates. After 2 h at 37°C with
occasional shaking (by that time, >98% of cells had germinated), the su-
pernatants were aspirated, effector cells were lysed by adding sodium de-
oxycholate (0.5%), and hyphal viability was determined by MTT staining.
Antifungal activity was calculated according to the following formula: per-
centage of hyphal damage [(1 — X)/C] X 100, where x represents the OD
of test wells, and C represents the OD of control wells with hyphae only.
Each set of conditions was tested in duplicate, and the results were aver-
aged. PMN production of reactive oxygen intermediates (ROI) was per-
formed by quantifying the superoxide anion (O, ) production by measur-
ing the superoxide dismutase (SOD)-inhibitable reduction of cytochrome ¢
as previously described (44). Peripheral PMNs (2 X 10°) were incubated in
the presence of 80 uM cytochrome ¢ with 2 X 107 unopsonized yeasts or
conidiafor 60 or 120 min, respectively, at 37°C. Agg, Was measured in the
culture supernatants in a Microplate Reader 550 (Bio-Rad, Rome, Italy),
and the background absorbance in control tubes containing only buffer and
cytochrome ¢ was subtracted. Experiments were performed in triplicate,
and the results were expressed as nanomoles of O, . The effects of TLR
stimulation on fungicidal activity, respiratory burst, and degranulation
were assessed by preincubating PMNs for 120 min with the different TLR
ligands (zymosan (10 wg/ml) and lipoteichoic acid (LTA; 1 pg/ml) from
Saphylococcus aureus and LPS (10 wg/ml) from Salmonella minnesota Re
595 (all from Sigma-Aldrich) and unmethylated CpG oligonucleotide 1826
(2 uM) of proven immunostimulatory sequence (25)) before the addition of
unopsonized yeasts or resting conidia. Photographs were taken using a high
resolution microscopy color camera (AxioCam Color), using the AxioVi-
sion software Rel. 3.0 (Carl Zeiss, Milan, Italy). For cytokine determina-
tion, purified DCs were resuspended in IMDM with no serum, but with
polymixin B, to avoid nonspecific activation by serum components and
endotoxin and were pulsed with unopsonized Candida yeasts and hyphae
or Aspergillus resting conidia for 2 h before the addition of amphotericin
B to prevent fungal overgrowth as previously described (5, 6). Cytokine
measurement was performed after an additional 22 h of coculture. The
levels of cytokine production by DCs added with amphotericin B aone
were below the detection limits of the assays (data not shown).

Proliferation assay by flow cytometric analysis

Proliferation of 1 X 10° splenic CD4" T lymphocytes stimulated with 5 X
10° Ag-pulsed splenic DCs for 5 days at 37°C was assessed by labeling
with CFSE (Molecular Probes, Eugene, OR) as previously described (9).
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Cytokine and ELISPOT assays

The levels of cytokines in culture supernatants, lung, stomach, and kidney
homogenates from infected mice were determined by ELISA kits (R&D
Systems). The detection limits of the assays were <32 pg/ml for TNF-«
and <15 pg/ml for IL-10 and IL-12 p70. For enumeration of cytokine-
producing CD4" T cells, an ELISPOT assay was used on purified CD4*
T cells as previously described (5, 6, 9). Results are expressed as the mean
number of cytokine-producing cells (+SE) per 10° cells, calculated using
replicates of serial 2-fold dilutions of cells.

Satistical analysis

The log-rank test was used for paired data analysis of the Kaplan-Meier
survival curves. Student’s t test or ANOVA and Bonferroni’s test were
used to determine the statistical significance of differences in organ clear-
ance and in vitro assays, asindicated in the figure legends Significance was
defined as p < 0.05. In vivo groups consisted of four to six animals. The
data reported were pooled from three to five experiments unless otherwise
specified.

Results
Impact of the IL-1R/TLR/MyD88-dependent signaling pathway
to susceptibility to candidiasis and aspergillosis

To assess the role of the IL-1R/TLR/MyD88-dependent pathway
in the course and outcome of candidiasis and aspergillosis, TLR2-,
TLR4-, TLRY-, IL-1RI-, and MyD88-deficient mice were infected
with Candida yeasts or hyphae i.v., Candida hyphae i.g., or As-
pergillus conidia i.n. Mice were then assessed for survival and
fungal growth in the kidneys, stomach, and lungs, respectively.
Similar to wild-type mice, TLR2-, TLR4-, and TLR9-deficient
mice survived the infection with low virulence Candida yeasts, in
contrast to IL-1RI- and MyD88-deficient mice, which succumbed
toit (Fig. 1A). Susceptibility to virulent Candida hyphae giveni.v.
was not different among the different types of mice, in that al
succumbed to the infection, although TLR4- and TLR9-deficient
mice survived significantly longer (Fig. 1B). For aspergillosis, al-
though each type of intact mouse survived the infection (data not
shown), upon immunosuppression with cyclophosphamide there
were important differences among strains, as TLR-4- and MyD88-
deficient mice died sooner, and |L-1RI-deficient mice died later

3061

than the other strains (Fig. 1C). We a so assessed the susceptibility
to reinfection with Candida hyphae of mice surviving the primary
infection with Candida yeasts and found that TL R-9-deficient and
wild-type mice survived reinfection, whereas the magjority of the
TLR2- and TLR4-deficient mice succumbed (Fig. 1D). Resistance
to reinfection of intact mice surviving the Aspergillus primary in-
fection was also reduced in TLR2-deficient mice (data not shown).

The assessment of the actual fungal growth in the relevant target
organs correlated with the pattern of survival. The fungal burden was
significantly higher in IL-1R1- and MyD88-deficient mice highly sus-
ceptible to Candida yeasts compared with the other types of mice,
although it was significantly lower in resistant TLR-9- and TLR-2-
deficient mice (Fig. 2A). Fungal growth in the kidneys of mice in-
fected with Candida hyphaei.v. was not different among the different
types of mice, except for the significant reduction in TLR9- and
TLR2-deficient mice (Fig. 2B); however, it was different in the stom-
ach after i.g. infection, as shown in Fig. 2C. The funga burden was
significantly lower in resistant TLR9-deficient mice and was signifi-
cantly higher in TLR2- and TLR4-deficient mice, particularly in IL-
1RI- and MyD88-deficient mice. No signs of dissemination to visceral
organs, such as esophagus, small intestine, liver, and kidneys, were
observed. Moreover, the fungal burden continued to be elevated 2 wk
dfter the infection, but started to decline at 4 wk, and all mice even-
tually survived the infection (data not shown). For Aspergillus, the
growth of the fungus was significantly lower in the lungs of TLR9-
and IL-1RI-deficient mice, but was higher in TLR2-, TLR4-, and
MyD88-deficient mice compared with wild-type mice (Fig. 2D). His-
tological analysis of infected organs revealed the presence of numer-
ous funga elements in the relative absence of signs of inflammatory
pathology in IL-1RI-, TLR4-, and MyD88-deficient mice (data not
shown). Together, these results show that the expression of host re-
sistance to fungi may occur through common as well as divergent
patterns of TLR activation depending on funga species and morpho-
type as well as the route of the infection. IL-1RI and TLR4 were
required for resistance to the primary infection with Candida and

A Candida yeasts B Candida hyphae
100 0520060000000 00 100
L AWT  @TLRY"- AWT  @®TLRY-
80 N TLR2" w IL-1RI 80 - B TLR2" v IL-1RI
- \/ @ TLR4- ® MyD88 Lo & TLR4 @ MyD88
. ">' 60 4 L' 60 i ‘ ) ‘__
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yeasts (A) or Candida hyphae (B), or i.n. with 0 T T T T YT T T 0 - T e e
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with Candida hyphae 2 wk later (D). C, Mice C Aspergillus conidia D Candida hyphae
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0 T 1 T T 3] 0 LI A A R B B B p—
0 2 4 8 10 12 14 16 18 0 2 4 6 8 1012 14 16 18

D

2

ys after infection Days after infection

2202 ‘6 1snbny uo 1s9nB Aq /60" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

3062

A Candid, yeasts =

A>500

% P J }J )

e N

g 25

2 *

D

=

U o T

I Wild type TLR2- TLR4" TLR9’ IL-IRI/ MyD884
B Candida hyphae —

]
=]

H %

H*

.

Wild type TLR2*' TLR4- TLR9 IL-IRI MyD88"

_ CFU kidney (x10%) __
N
th

Candida hyphae —

lc

a~ *

g 10 .
C) * L
= * T

g T

g

[=3

= *

© Wild type TLR2*- TLR4* TLR9- IL-IRI- MyD88*
.

Aspergillus conidia —

D
10 ? %
= % T
B T
80
=
=
o] *
= * ,—v—l
U T T T 1
| Wlldtype TLR2 TLR4* TLRY* IL-IRI- MyD88-"-

FIGURE 2. Funga growth in TLR2-, TLR4-, TLR9-, IL1-RI-, and
MyD88-deficient and wild-type mice with candidiasis or aspergillosis. In-
tact mice were injected with Candida yeastsi.v. (A), with Candida hyphae
i.v. (B) ori.g. (C), and with Aspergillus conidiai.n. (D). Fungal growth in
the relevant target organs was assessed 3 days (IL-1RI- and MyD88-defi-
ceint mice) or 6 days (TLR2-, TLR4-, and TLR9-deficient and wild-type
mice) after the infection in A, 3 days after the infection in B, 1 wk after the
infection in C, and 3 days after the last conidia inoculation in D. Quanti-
fication of fungal growth in the organs (mean + SE) is expressed as CFU
per organ. *, p < 0.05, mutant vs wild-type mice (by ANOVA and Bon-
ferroni’s test).

Aspergillus, respectively, and the MyD88-dependent pathway was re-
quired for resistance to both. TLR2 and TLR4 were required for re-
sistanceto reinfection; the requirement of TLR4 for resistance to Can-
dida was dependent on the type of infection (mucosal vs disseminated
candidiasis). Finaly, TLR9 was not required for resistance to either
fungus. In addition, the ability of the mutant mice to survive the As-
pergillusinfection if intact suggests thet resistance to the fungus may
also occur through compensatory TL R-independent mechanisms.

Impact of the IL-1R/TLR/MyD88-dependent signaling pathway
on the innate antifungal response

To correlate the above findings with patterns of innate antifungal
resistance, we measured the levels of TNF-« production early in
the course of infection in kidneys and lungs of mice with candi-
diasis and aspergillosis, respectively, because this cytokine is re-
quired for resistance to both fungi (35) and is prototypicaly re-

TLR SIGNALING BY FUNGAL PATHOGENS IN VIVO

leased through TLR-dependent pathways (12, 13, 17). We aso
assessed the antifungal effector activities of PMNs, as they are
essential components of the innate resistance to fungi (45, 46). The
levels of TNF-a were particularly elevated in TLR2-deficient
mice, similar to control mice in TLR9-deficient mice, and were
ablated in MyD88-deficient mice infected with either fungus (Fig.
3). However, fungal species-specific differences did emerge, as
TNF-« levels were lower in TLR4- and IL-1RI-deficient mice in-
fected with Candida, but not Aspergillus. Therefore, TNF-a pro-
duction was not predictive of resistance or susceptibility to infec-
tions, as neither was associated with a specific TLR repertoire.
However, TNF-a production was crucially dependent on the
MyD88 pathway.

To evaluate PMNSs, we assessed their ability to phagocytose and
kill fungi, the expression of TLR upon exposure to fungi, and the
functional responses to known TLR ligands. As the recruitment of
PMNSs at the sites of the infection, i.e., the kidneys, stomach, and
lungs, was dlightly decreased in TLR2- and TLR4-deficient mice
only (asjudged by cytospin analysis; data not shown), we assessed
PMNs from infected and uninfected mice for functional antifungal
activity, such as the ability to internalize and kill both fungi. Sim-
ilar to what we observed with PMNs from uninfected mice, dif-
ferences were found in the ability to handle fungi by PMNs from
the different types of mice upon infection. The fungicidal activity

600 Ci da yeasts —
P<0.05
of
—y OOO o
8
E 3
=and ol s}
¥ 03°
g P<.05
E e 5, pees
o )
oo S o)
o 090
0 T T T T T
600 Candida hyphae —
P05
%o
E o
o o
E go% o o5, %
Fiad P<0.05 % o
= Og
E %o P<0.05
50
o0
oo
0 T T 1 T T
600 Aspergillus conidia —
P05
3,
= (o)
£ [s] (=]
‘E o c)c:oc’ o
3 3001 880 = % oo
= <) ©
Z
E P<.05
P
b5
1] T T T T T

Wild type TLR2* TLR4" TLR9" IL-1RI*- MyD8§*

FIGURE 3. TNF-a production in TLR2-, TLR4-, TLR9-, IL1-RI-, and
MyD88-deficient mice with candidiasis or aspergillosis. Intact mice were
infected as described in Fig. 2, and the levels of TNF-« production were
determined in the homogenates from kidneys (Candida i.v.), stomach
(Candidai.g.), or lungs (Aspergillus) 3 and 7 days after i.v. or i.g. Candida
infection, respectively, or 1 day after the last conidia inoculation. *, p <
0.05, mutant vs wild-type mice (by ANOVA and Bonferroni’stest). TNF-«
was measured by specific ELISA. The levels of the cytokine in uninfected
mice were below the detection limit of the assay.
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determined in vitro mirrored the in vivo susceptibility to the pri-
mary infections (Fig. 4A). Phagocytosis was slightly impaired, and
killing activity was virtually abolished in PMNs from MyD88- and
IL-1R1-deficient mice against Candida yeasts; in the case of As-
pergillus conidia, phagocytosis and killing were impaired in
MyD88-deficient and particularly in TLR4-deficient PMNSs. In
contrast, TLR2 and TLR9 deficiencies did not affect the ability to
internalize and kill either fungus, except for the slight impairment
of the conidiocidal activity observed in TLR2-deficient PMNSs. In
the case of Candida hyphae, the antifungal effector activity of
PMNs from uninfected mice was significantly increased in TLR4-
and TLR9-deficient mice and was impaired in MyD88- and IL-
1RI-deficient mice. Because cytokine production during the infec-
tion may have an impact on the antifungal functions of PMNs, and
TNF-« isknown to selectively impair the activity of PMNs against
Candida hyphae (43), the effector function of PMNs was also as-
sessed in the presence of TNF-«. The ability of hyphal damage
was greatly reduced by TNF-« in TLR4-deficient PMNs and was
slightly reduced in PMNs from TLR9-deficient or wild-type mice.
No effect was observed on PMNSs from the other types of mice,
including MyD88-deficient mice which, similar to TLR4-deficient
mice, showed defective TNF-a production during the infection
(Fig. 4A). Therefore, additional mechanisms, besides TNF-a pro-
duction, might regulate the expression of the antifungal effector
functions of PMNs at the site of infection.

To correlate these findings with the possible functional activity
of TLRson PMNs, purified PMNs from uninfected wild-type mice
were exposed to Candida yeasts and hyphae or Aspergillus conidia
and hyphae and were assessed for TLR2, TLR4, and TLR9 ex-
pression by RT-PCR. In addition, as the ability of PMNs to kill
fungi occurs through both oxidative and nonoxidative mechanisms
(47), we aso assessed the antifungal effector activity of PMNs
upon exposure to the relevant TLR ligands in terms of ROI pro-
duction and degranulation. We found that the expression of both
TLR2 and TLR9 was induced upon exposure to viable unopso-
nized yeasts or conidia, but not to hyphae; however, TLR4 expres-
sion was induced upon exposure to each fungal morphotype (data
not shown). In terms of the functional consequences of stimulation
of the relevant TLRs on PMNs, CpG did not significantly modify
the antifungal effector activity against both yeasts and conidia;
LTA completely inhibited the fungicidal activity of PMNS,
whereas LPS and zymosan increased it (Fig. 4B). Activation of the
respiratory burst leading to the generation of ROl was observed in
response to yeasts and, to a lesser extent, in response to resting
conidia. Similarly, degranulation, as observed upon eosin staining
of nonazurophil granules (pink staining) or methylene blue stain-
ing of azurophil granules (blue staining), was minimal upon stim-
ulation with resting conidia compared with that of yeasts. Stimu-
lation with zymosan and LTA maximaly stimulated the
production of ROI against both fungi, but LPS and CpG did not
(Fig. 4C). In contrast, LPS induced the extracellular secretion of
azurophil granules in response to both fungi to an extent superior
to that in wild-type mice, either unstimulated or stimulated with
zymosan, LTA, or CpG. Interestingly, PMN stimulated with LPS
also stained positively with myeloperoxidase (Fig. 4C, inset). To-
gether, these dataindicate that the expression of the innate immune
response to fungi occurs through the involvement of distinct mem-
bers of the IL-1RL/TLR superfamily, each probably activating spe-
cialized antifungal effector functions on PMNs and implicating the
MyD88-dependent signaling pathway. Furthermore, they confirm
that oxidant generation by PMNs may not always be sufficient to
mediate fungal killing without complimentary nonoxidative mech-
anisms, as previously suggested (46—48).
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Impact of the IL-1R/TLR/MyD88-dependent signaling pathway
on antifungal adaptive immunity

To define the impact of the IL-1R/TLR/MyD88-dependent signal-
ing pathway on the quality of the adaptive immunity to fungi, we
determined the frequencies of IFN-y- or IL-4-producing CD4"T
lymphocytes in uninfected mice or mice with gastrointestinal can-
didiasis or pulmonary aspergillosis. To this purpose, mice were
infected i.g. with Candida hyphae or i.n. with Aspergillus conidia,
and the number of Thl or Th2 cytokine-producing cells was as-
sessed inthe MLN and TLN, respectively, 1 wk after theinfection.
No differences were observed in the frequencies of cytokine-pro-
ducing cells among the different types of uninfected mice. How-
ever, the number of cells producing IFN-y was significantly re-
duced and that of cells producing IL-4 was significantly increased
in MyD88-deficient mice with either infection. A similar pattern of
ThU/Th2 reactivity was observed in TLR9-deficient mice despite
their remarkable antifungal resistance. Th2 cells predominated
over Thl cells in IL-1R-deficient mice with candidiasis, but not
with aspergillosis. Finally, evidence of activation of both Thl and
Th2 cells was found in TLR2- or TLR4-deficient mice with can-
didiasis and aspergillosis, as the number of IL-4-producing cells
wasincreased, and the number of cells producing IFN-y was either
decreased, in candidiasis, or remained unchanged, in aspergillosis,
compared with that in control mice (Fig. 5).

As DCs are instrumental in shaping the adaptive Th response to
fungi (4, 9, 49), we assessed IL-12 p70/IL-10 production by pu-
rified DCs from each type of mouse in response to yeasts, conidia
and hyphae. The ability to phagocytose either fungus was not sig-
nificantly different between DCs from mutant mice and those from
wild-type mice (data not shown); however, their abilities to pro-
duce cytokines were different. The production of 1L-12 p70 was
virtually ablated in DCs from MyD88-deficient mice against each
fungal morphotype, and this was associated with a significantly
increased production of IL-10. A similar cytokine pattern was ob-
served with IL-1RI-deficient DCs in response to Candida yeasts
and in TLR-4-deficient DCsin response to Aspergillus conidia. An
opposing pattern was observed in TLR2- and TLR9-deficient mice.
The production of 1L-12 p70 was increased and that of IL-10 was
decreased in TLR2-deficient DCs in response to yeasts and
conidia, and the reverse was true with TLR9-deficient DCs. It is of
interest that although the production of 1L-12 p70 in response to
hyphae was only reduced in MyD88-deficient DCs, the production
of 1L-10 was significantly increased in MyD88-deficient mice, but,
interestingly, was significantly decreased in TLR2-, TLR4-, and
TLRO-deficient DCs (Fig. 6A). Together these results suggest that
the production of cytokines by DCsin response to fungal morpho-
types is dependent on the type of receptor involved, even though
signaling through MyD88 is essentially required for 1L-12 p70,
but, interestingly, not for IL-10 production. Criss-cross experi-
ments in which the proliferative response of CD4™ T cells from
MyD88-deficient or wild-type uninfected mice was assessed in the
presence of fungus-pulsed DCs from MyD88-deficient or wild-
type mice confirmed the crucial role of MyD88-dependent signal-
ing on DCs for antifungal Thl priming. Lymphoproliferation was
observed in cultures of lymphocytes with DCs from wild-type
mice, but not from MyD88-deficient mice (Fig. 6B). However, the
proliferative capacity of lymphocytes from wild-type mice was
lost, and that of lymphocytes from MyD88-deficient mice was
gained in the presence of DCs from mutant or wild-type mice,
respectively (Fig. 6B). High levels of IFN-y production and no
IL-4 were detected in culture supernatants of proliferating cells
(data not shown).
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FIGURE 4. Antifungal activities of PMNs
from TLR2-, TLR4-, TLR9-, IL1-RI-, and
MyD88-deficient and wild-type mice. A, Purified
PMNs from uninfected (inset) or infected mice (at
the time of TNF-« assessment) were assessed for
phagocytosis and fungicida activity. For phago-
cytosis, after Diff-Quick staining, aliquots of cells
were spun down on slides on a cytocentrifuge and
examined for fungi internalization by light mi-
croscopy. All conditions were tested in triplicate.
Values are the mean = SE of samples taken from
three experiments. Fungicidal activity was as-
sessed as described in Materials and Methods.
For hyphal damage activity, uninfected PMNs
were either unexposed (—) or pre-exposed to 10
ng/ml TNF-« for 2 h at 37°C. *, p < 0.05, mutant
vs wild-type mice; #*, p < 0.05, TNF-a (=) vs
TNF-a (+; by ANOVA and Bonferroni’stest). B,
Peripheral PMNs from uninfected wild-type mice
were pretreated with zymosan (Zym; 10 pg/ml),
LTA (1 pg/ml), LPS (10 pg/ml), and unmethyl-
ated CpG oligonucleotide (2 wM) for 120 min be-
fore exposure to unopsonized yeasts or resting
conidia for an additional 60 or 120 min, respec-
tively, before assessment of fungicidal activity,
O, production, and degranulation (C). O, pro-
duction was quantitated by measuring the SOD-
inhibitable reduction of cytochrome c, as de-
scribed in Materials and Methods. *, p < 0.05,
TLR ligand stimulation vs no stimulation (none;
by ANOVA and Bonferroni’s test). C, PMN de-
granulation, as assessed by eosin (pink) and meth-
ylene blue (blue) staining. Arrows indicate fungal
elements. In the inset, myeloperoxidase-positive
cells are shown. Photographs were taken using a
high resolution microscopy color camera (Axio-
Cam Color).
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FIGURE 5. Frequencies of ThU/Th2 cellsin TLR2-, TLR4-, TLR9-, IL1-RI-, and MyD88-deficient mice with candidiasis or aspergillosis. Intact mice
were infected i.g. with Candida hyphae or i.n. with Aspergillus conidia CD4" T cells were purified from the MLN or TLN of mice uninfected or infected
with candidiasis or aspergillosis, respectively, 1 wk after thei.g. infection or 3 days after the last conidiainoculation. The frequency of cytokine-producing
cells (mean + SE per 10° cells) was calculated by ELISPOT assay. *, p < 0.05, mutant vs wild-type mice (oy ANOVA and Bonferroni’s test).

Discussion

This study describes the impact of the IL-1R/TLR/MyD88 system
on the host response to C. albicans and A. fumigatus in vivo. Al-
though in vitro studies have indicated the importance of TLR sig-
naling in response to Candida and Aspergillus (21-28), the role of
TLRs in the generation of innate and adaptive immunity to fungi
remains largely undefined. We show in this study that 1) the
MyD88-dependent pathway is essentially required for the innate
and Thl-mediated resistance to either fungus; 2) the involvement
of MyD88 may occur through signaling by distinct TLRs depend-
ing upon the fungal species, morphotypes, and site of infection;
and 3) TLRs may contribute differently to the occurrence of innate
and adaptive Thl immunities to each fungus, consistent with the
ability of each individual TLR to activate specialized antifungal
effector functions on PMNs and DCs. However, fungi may aso
exploit TLRs for fungal growth and survival in vivo, as recently
suggested (27).

In line with the idea of the essentia role played by MyD88-
dependent signaling in the development of Th1 responses (17), the
susceptibility of MyD88-deficient mice to candidiasis and as-
pergillosis was associated with the occurrence of a defective an-
tifungal Thl response, probably due to defective DC activation.
However, as the antifungal effector functions of PMNs were also
impaired, MyD88-dependent signaling has a crucia role in the
expression of optimal antifungal innate resistance. For Aspergillus,
the fact that intact MyD88-deficient mice survived the infection
suggests that resistance to the fungus may aso occur through
MyD88-independent mechanisms. Intriguingly, Drosophila
MyD88, although only needed for antifungal defense, is unable to
induce expression of the antifungal peptide drosomycin in the ab-
sence of other adapters (50). Preliminary data showing the ability
of LPSto activate antifungal effector functionsin MyD88-deficient
mice support this hypothesis. However, because TLR4 isknown to
signal through both the MyD88-dependent and -independent path-
ways (14), but TLR4-deficient mice are not more susceptible to
aspergillosis than MyD88-deficient mice, further studies are
needed to elucidate the role of MyD88-independent pathways in
resistance to Aspergillus. It is of interest that the conidiocida ac-
tivity, more than the phagocytic ability, was almost completely

ablated in TLR4-deficient PMNSs, a finding suggesting that inter-
nalization of the fungus, in the absence of TLR4 signaling, may
contribute to virulence by preventing fungal killing and thus fa-
voring fungal survival.

In candidiasis, in line with the increased susceptibility to the
infection seen in TLR4-defective C3H/HeJ mice (23), our study
shows that TLR4-deficient mice mount a defective Thl-protective
immunity to fungus in the face of an efficient innate antifungal
resistance, particularly against hyphae. However, a more crucial
role is played by IL-1R1, as both the innate and acquired Thl
resistances to Candida infections were severely impaired in its
absence. The finding that, similar to MyD88-deficient mice, IL-
1R-deficient mice were highly susceptible to low virulence Can-
dida yeasts qualifies the I1L-1RI/MyD88-dependent pathway as a
major host determinant of fungal virulence in vivo. The killing
ability of PMNs against Candida was also severely impaired in
IL-1R-deficient mice, a finding consistent with the importance of
IL-1-dependent (51), but more importantly IL-18-dependent (52),
signaling in the activation of PMNSs to an antifungal state. How-
ever, athough anticandidal resistance was decreased in conditions
of IL-1 (53) and/or IL-18 (54) deficiencies, neither deficiency was
as severe asthat of I1L-1R1-deficient mice in terms of susceptibility
to the infection.

TLR2 signaling by zymaosan (55), B-glucan (56), Candida phos-
pholipomannan (26), Aspergillus conidia (24, 27), and hyphae (27,
28) led to the production of both inflammatory (TNF-«) and anti-
inflammatory (IL-10) cytokines depending on the cell type. Un-
opsonized zymosan also stimulated the respiratory burst of phago-
cytes, although opsonization greatly increased this capacity (57).
However, the susceptibility of TLR2-deficient mice to primary
candidiasis and aspergillosis was not different from that of control
mice, afinding suggesting that the mice are fully competent at the
level of innate antifungal resistance, as documented by reduced
fungal growth in mice with primary disseminated candidiasis. In
contrast, they failed to mount protective Thl resistance, as evi-
denced by the high susceptibility to mucosal infection and rein-
fection, both known to be controlled by Thl adaptive immunity
(35). Both Thl and Th2 lymphocytes were indeed activated in
these mice despite the high level production of 1L-12 p70 by DCs.
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The interesting finding was that 1L-10 production was greatly re-
duced in DCs from these mice in response to fungi. Because IL-
10-producing DCs are required for the expression of long-lasting
memory antifungal immunity through the induction of regulatory
T cells (58), it is possible that the Thl hyporesponsiveness of
TLR2-deficient mice is a consequence of the decreased IL-10 pro-
duction by DCs. Whatever the mechanism is, our finding is con-
sistent with the defective response to vaccination with Borrelia
burgdorferi OspA seen in TLR2-deficient mice (36) as well as
with the TLR2 dependency of IL-10 production in response to
Aspergillus hyphae (27) .

The findings with TLR9-deficient mice are interesting, although
largely unexplained. As TLR9 stimulation by CpG enhancesinnate
effector (59) and Thl responses in experimental models of infec-
tion (60), including aspergillosis (25), one would reasonably ex-
pect decreased resistance to fungi. We found that TLR9-deficient
mice were incapable of mounting an Ag-specific Thl response, yet
they were highly resistant to both mucosal candidiasis and rein-
fection. TLR9-deficient mice were particularly efficient in restrict-
ing fungal growth upon primary infection, particularly with Can-
dida hyphae, against which they showed potent antifungal effector
activity.

Consistent with their role in immune surveillance, TLRs are
expressed at higher levels in tissues exposed to the external envi-
ronment, such as lung and gastrointestinal tract (32). TLRs have
also been shown to be expressed on human periphera blood PMNs
(61) and to mediate antimicrobia responses (59, 62). PMNs can
exert antifungal activity by both oxidative and nonoxidative mech-
anisms (63). The former is characterized by the respiratory burst
resulting in the generation of oxidants with potent antimicrobial
activity. A multitude of mediators with nonoxidative antifungal
activity has been aso found in human PMN granules, with the
primary (azurophil) granules containing, among others, myeloper-
oxidase and defensins (64). The quantity and specificity of delivery
of these toxic neutrophil products ultimately will determine the
relative efficiency of fungicidal activity vs inflammatory cytotox-
icity to host cells.

It is well known that the various fungal forms not only elicit
differing responses from PMNs and phagocytes, but also differ in
their susceptibilities to cellular microbicidal mechanisms (47). We
found in this study that murine PMN activation by the different
fungal forms occurs through TLR signaling that affected the re-
lease of both granule constituents and oxidants more than phago-
cytosis. This is consistent with previous findings demonstrating
roles for zymosan (57), LPS (65), CpG (59), and p38 mitogen-
activated kinases (66) in regulating a variety of neutrophil func-
tions, including the production of ROI and degranulation. Consis-
tent with the expression of TLR2, TLR4, and TLR9 on PMNs
upon exposure to fungi, zymosan, LPS, and, in part, CpG stimu-
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lated the fungicidal activity of PMNs. However, different mecha-
nisms of antifungal activity were €elicited. The production of ROI
was higher in response to zymosan than LPS or CpG, but degran-
ulation was maximally induced by LPS and less so with zymosan
or CpG. Interestingly, azurophilic granules with myeloperoxidase
activity were mobilized by LPS more than by zymosan or CpG.
Experiments with Candida and Aspergillus hyphae have suggested
that degranulation, more than ROI production, correlated with the
maximum antifungal effector function of PMNs, an activity that
occurs differently in the different types of mice and in response to
the different TLR ligands (S. Bellocchio, C. Montegnoli, S. Bozzo,
G. Rossi, and L. Romoni, manuscript in preparation). Together
these findings, athough highlighting the complexity and multitude
of mechanisms underlying the different susceptibilities of TLR-
deficient mice to the primary infections with each fungal morpho-
type, also suggest that different TLRs activate specialized antifun-
ga effector functions on PMNs and support the idea that different
PMN functions are mediated by divergent transduction pathways
(63). Interestingly, stimulation with LTA abrogated the fungicidal
activity of PMNs, and this was associated with stimulation of ROI
production, but not with degranulation. This finding, although con-
firming that ROI stimulation without the concomitant activation of
granule proteases is not sufficient to mediate antifungal activity
(47, 48), also unmasks the effect of TLR cooperativity at the level
of PMN activation.

In line with the idea that TLR2 ligands are recognized by het-
erodimers formed between TLR2 and other TLRs (30), host rec-
ognition of different configurations of lipoprotein/lipopeptides oc-
curs through the heterodimeric association of TLR2 with either
TLR1 or TLR6 (67). Inthisregard it is of interest that the capacity
of PMNs to kill C. albicans was greatly reduced after exposure to
medium, but not long, chain fatty acid-containing lipid emulsions
in vitro (68) and in vivo (69). As similar results, in terms of TLR
expression and functioning, have been obtained with human PMNs
(S. Bellocchio, C. Montegnali, S. Bozzo, G. Rossi, and L. Romoni,
manuscript in preparation), together these data indicate that the
expression of the innate response to fungi occurs through the in-
volvement of distinct TLRs, each probably activating specialized
antifungal effector functions on PMNs and implicating the
MyD88-dependent signaling pathway. Importantly, the finding
that TLRs affect the balance between fungicidal oxidative and non-
oxidative mechanisms of PMNs suggeststhat TLR manipulationin
vivo may be amenable to the induction of optimal microbicidal
activity in the absence of inflammatory cytotoxicity to host cells.

It is till unclear whether pathogen-specific Th2 responses de-
velop by default in the absence of the TLR/MyD88-dependent sig-
nal or whether a specialized class of recognition receptors activates
Th2 responses upon recognition of Th2-specific pathogens (12,
14). Thisissue may be particularly relevant for the understanding

Table |. Synopsis of the impact of the IL-1RI/TLR/MyD88-dependent signaling pathway on resistance to

candidiasis and aspergillosis®

Primary Infection

Reinfection

Mice Candida yeasts Candida hyphae  Aspergillus conidia

Candida hyphae  Aspergillus conidia

Wild type
TLR2™/™
TLR4™/~
TLR9™/—
IL-1RI™/—
MyD88~’'~

NVOITDDD
NVITROO

R R R
R S S
S S

R R ND
R

S

2R, resistance, S, susceptibility (as assessed by survival and fungal growth). ND, not done.

b Susceptibility varies depending on the route of infection.
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of how Th2 immune responses are generated to fungal hyphae. We
have recently shown that additional receptors of fungi, such as Fc,
complement and lectin receptors, contributed to the generation of
Th1/Th2 responses to the different fungal forms (4). The relation
between TLRs and these receptors is largely unknown at the mo-
ment. The data from the present study show that the TLR reper-
toire contributes to the functional plasticity of DCs in response to
the different fungal morphotypes, including hyphae. MyD88-defi-
cient DCs were clearly impaired in their ability to activate Thl
cells. However, as no obvious correlation could be found between
patterns of cytokine production by DCs and type of antifungal Th
reactivity, such as in conditions of TLR2 or TLR4 deficiency,
these findings indicate the existence of additional dysfunctional
activities at the DC level, as previously suggested (70).

In conclusion, this study shows the diversity and complexity of
the signaling pathways triggered by TLRs in response to fungi in
vivo (summarized in Table I). Members of the TLR/IL-1R super-
family contributed to the generation of host immunity to C. albi-
cans and A. fumigatus in a manner that is dependent on fungal
species and morphotypes as well as the site of infection. Basically,
the IL-1R1/MyD88-dependent pathway is essentially required for
host resistance to Candida, whereas the TL R4/MyD88-dependent
pathway is crucialy involved in resistance to Aspergillus. How-
ever, as fungal morphogenesisin vivo is activated by a variety of
tissue-dependent stimuli (33), this idea may accommodate the
finding that TLRs are differently implicated depending on the site
of the infection, as clearly shown in infections with Candida hy-
phae, and suggests that recruitment of multiple TLRs may occur
during infection. Finaly, the increased antifungal resistance ob-
served under conditions of TLR deficiency not associated with
impaired immune resistance suggests that TLRs may be exploited
by fungi for survival in vivo.
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