
INFECTION AND IMMUNITY, Sept. 2003, p. 5280–5286 Vol. 71, No. 9
0019-9567/03/$08.00�0 DOI: 10.1128/IAI.71.9.5280–5286.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Differential Role of MyD88 in Macrophage-Mediated Responses to
Opportunistic Fungal Pathogens

Kieren A. Marr,1,2* S. Arunmozhi Balajee,1 Thomas R. Hawn,2,3 Adrian Ozinsky,3
Uyenvy Pham,2 Shizuo Akira,4 Alan Aderem,3 and W. Conrad Liles2

Fred Hutchinson Cancer Research Center,1 University of Washington,2 and Institute for Systems Biology,3

Seattle, Washington, and Osaka University, Osaka, Japan4

Received 17 January 2003/Returned for modification 18 February 2003/Accepted 19 June 2003

Toll-like receptors mediate macrophage recognition of microbial ligands, inducing expression of microbi-
cidal molecules and cytokines via the adapter protein MyD88. We investigated the role of MyD88 in regulating
murine macrophage responses to a pathogenic yeast (Candida albicans) and mold (Aspergillus fumigatus).
Macrophages derived from bone marrow of MyD88-deficient mice (MyD88�/�) demonstrated impaired phago-
cytosis and intracellular killing of C. albicans compared to wild-type (MyD88�/�) macrophages. In contrast,
ingestion and killing of A. fumigatus conidia was MyD88 independent. Cytokine production by MyD88�/�

macrophages in response to C. albicans yeasts and hyphae was substantially decreased, but responses to A.
fumigatus hyphae were preserved. These results provide evidence that MyD88 signaling is involved in phago-
cytosis and killing of live C. albicans, but not A. fumigatus. The differential role of MyD88 may represent one
mechanism by which macrophages regulate innate responses specific to different pathogenic fungi.

Fungi are a diverse group of organisms, as demonstrated by
variable cell surface components, secreted products, and dif-
ferential ability to cause disease in plants and mammals. Mac-
rophages play a critical role in regulating defenses against
fungi, with an ability to phagocytose and kill microbes and
regulate secondary responses through production of cytokines.
Central to these functions are receptors that are involved in
microbe internalization (phagocytic receptors) and receptors
that participate in microbe-specific inflammatory responses
(Toll-like receptors [TLRs]) (2, 5, 15, 23).

Phagocytic receptors recognize microbial cell surface com-
ponents like mannan and glucan or recognize opsonins that
bind to specific components of the microbial surface, such as
antibodies, mannose-binding lectin, complement fragments,
and surfactant proteins. Most microbes can be internalized by
multiple receptors, largely dependent on the microbial envi-
ronment and the activation state of the macrophage (3). Sig-
naling for phagocytosis has not been fully delineated, but there
is evidence that the mechanisms that regulate expression and
function of each receptor are unique (4, 35).

The extracellular domain of TLRs recognizes pathogen
components, and intracellular regions transmit signals to
adapter proteins that mediate downstream cellular events,
such as cytokine production and activation of specific effector
pathways (5). One adapter protein is myeloid differentiation
factor 88 (MyD88), which mediates a signaling pathway that
results in translocation of NF-�B and subsequent transcription
of proinflammatory cytokine genes. Macrophages harvested
from MyD88-deficient (MyD88�/�) mice fail to secrete proin-
flammatory cytokines in response to bacterial products, and
mice exhibit an increased susceptibility to lethal infection after
bacterial (Staphylococcus aureus) challenge (1, 26–29). There is

evidence that TLRs may also be involved in activation of spe-
cific antimicrobial effector pathways (7, 30), although their role
in regulating activity against a diverse group of pathogens is
unknown.

TLRs have an important role in regulating macrophage an-
tifungal responses. TLR2, TLR4, and TLR6 have been impli-
cated in signaling proinflammatory cytokine production in re-
sponse to components of nonpathogenic and pathogenic yeasts
and molds (19, 22, 23, 25, 31, 34). Herein, we describe the role
of MyD88 in regulating macrophage responses to live Candida
albicans and Aspergillus fumigatus, two of the most common
opportunistic pathogens in humans. Results uncover a role for
MyD88 in regulating phagocytosis of C. albicans and show that
murine macrophages utilize different pathways to mediate re-
sponses to different pathogenic fungi.

MATERIALS AND METHODS

Fungi and reagents. The A. fumigatus strain used in these studies was obtained
from a patient who developed pulmonary aspergillosis at the National Institutes
of Health (B-5233; gift from June Kwon Chung). C. albicans strain 3153a (ATCC
28367), a well-described pathogenic isolate, was used. Fungi were maintained on
potato dextrose agar (A. fumigatus at 35°C and C. albicans at 30°C) and plated
fresh on RPMI 1640 agar prior to use. Suspensions of A. fumigatus conidia and
C. albicans yeasts were prepared by flooding colonies with sterile RPMI 1640,
and cells were enumerated with a hemacytometer. All media used for serial
dilution of A. fumigatus (suspension and agar) contained 0.025% Tween to
minimize conidial clumping and allow for quantification of colonies.

RPMI 1640, phosphate-buffered saline (PBS), and trypsin-EDTA were ob-
tained from BioWhittaker (Walkersville, Md.). All experiments were performed
at 37°C in humidified air (�5% CO2) in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum (FBS), penicillin, and streptomycin. Media
contained less than 0.03 U of endotoxin/ml, as certified by the manufacturers.
FUN-1 was obtained from Molecular Probes (Eugene, Oreg.).

Mice and macrophage culture. MyD88�/� mice (129SvJ � C57BL/6 back-
ground) were derived as previously described (1) and backcrossed for three
generations with C57BL/6 mice. For experiments, MyD88�/� mice were ob-
tained by crossing heterozygous (MyD88�/�) F3 mice. Littermate MyD88�/�

mice were used as controls. Standard PCR-based genotyping was performed
with DNA from tail snip specimens to identify MyD88�/�, MyD88�/�, and
MyD88�/� mice. MyD88�/� homozygosity was confirmed by quantification of
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lipopolysaccharide (LPS)-induced tumor necrosis factor alpha (TNF-�) produc-
tion by enzyme-linked immunosorbent assay (murine TNF-� Duoset; R & D
Systems, Minneapolis, Minn.). LPS-induced TNF-� production was decreased by
�90% in macrophages isolated from MyD88�/� mice compared to macrophages
from wild-type (MyD88�/�) mice.

Bone marrow-derived macrophages were prepared by cultivation in L929
cell-conditioned medium (6). In brief, bone marrow cells were flushed from
tissue-free femurs with sterile RPMI 1640 and cultured on plastic petri dishes
(100 by 15 mm; Falcon, Becton Dickinson, Franklin Lakes, N.J.) for 5 to 7 days
in medium consisting of a 1:1 mixture of RPMI 1640–20% FBS (supplemented
with 10 mM HEPES, 0.2 mM L-glutamine, 25 U of penicillin/ml, and 25 �g of
streptomycin/ml) and L929 cell-conditioned medium, prepared as the culture
supernatant from confluent L929 cells grown in high-glucose (4.5 g/liter) Dul-
becco’s modified Eagle medium–10% FBS (supplemented with 10 mM HEPES,
0.2 mM L-glutamine, 25 U of penicillin/ml, and 25 �g of streptomycin/ml) for 3
days. Cells that were adherent after 4-day incubations were washed with PBS and
used for phagocytosis and killing experiments and cytokine analyses.

Microbial phagocytosis and killing assays. For phagocytosis experiments, C.
albicans yeasts and A. fumigatus conidia were prelabeled with FUN-1 (5 �M).
Labeling was performed in the dark with gentle shaking (30°C) for 30 (C.
albicans) or 45 min (A. fumigatus) (20). Dye uptake and inoculum viability was
confirmed by visualization of green to orange fluorescence using a Texas Red
fluorescein filter. Cells were washed twice with PBS, resuspended in RPMI 1640,
and stored at 4°C until use. Bone marrow-derived macrophages were incubated
with C. albicans yeasts (multiplicity of infection [MOI], 1:1 or 10:1), A. fumigatus
conidia (MOI, 1:1 or 10:1), fluorescein isothiocyanate (FITC)-labeled dextran (1
�g/ml, Sigma, St. Louis, Mo.), or tetramethyl rhodamine isocyanate (TRITC)-
labeled zymosan (MOI, 10:1; Molecular Probes) and centrifuged briefly (500 �
g) to ensure particle exposure. Macrophages were allowed to ingest particles for
differing time periods, exposed to 5 mM Na-azide to arrest phagocytosis, and
lifted from wells with gentle pipetting with PBS containing 1 mM EDTA (pH
7.5). FUN-1 green, FITC, or TRITC fluorescence in recovered macrophages was
measured with a FACScan cytometer (Becton Dickinson, San Jose, Calif.), and
analyzed with Cellquest software (Becton Dickinson). External zymosan particles
were digested prior to analysis with 15-min incubations (37°C) in lyticase (100
U/ml; Sigma) (31).

To distinguish between adherent and ingested conidia and yeasts, FUN-1
fluorescence was measured in control macrophages that were pretreated with
Na-azide (5 mM) for 1 h. To further distinguish between adherent and ingested
fungal cells, Calcofluor white M2R (Sigma), a fungus-specific stain, was used. In
brief, macrophages were allowed to ingest FUN-1-labeled microbes on sterile
glass coverslips, and adherent cells were gently washed with PBS and counter-
stained with Calcofluor white (25 �M). Cells were incubated for 15 min at 4°C in
the dark. Cells were washed, fixed, and viewed with a Deltavision wide-field
fluorescent microscope (Applied Precision Inc., Issaquah, Wash.) fitted with a
FITC and rhodamine filter set. The number of cells containing FUN-1 green
(internal) and Calcofluor white blue (external adhered) organisms was quantified
microscopically. Phagocytosis indices (the percentage of phagocytic macrophages
multiplied by the mean number of organisms internalized per macrophage) were
calculated.

Experiments to measure killing of C. albicans and A. fumigatus were per-
formed by serial dilution techniques, as described and standardized elsewhere
(20, 22, 33). Organisms were harvested from macrophages after 6 h by osmotic
freeze-thaw lysis, and serial dilutions were plated on yeast extract-based medium
(yeast extract-peptone-dextrose). This method of elaborating organisms from
cells results in �10% killing of both Candida and Aspergillus (20). CFU were
quantified after 2 (C. albicans) or 3 (A. fumigatus) days of growth, and killing
indices (KIs) were calculated from triplicate platings in three experiments by the
formula KI 	 1 � (CFU 6 h/CFU 1 h).

Because it was previously shown that serial dilution techniques yield a large
amount of error, killing of A. fumigatus was confirmed by a previously developed
fluorescence-based viability assay (20). Viable A. fumigatus conidia metabolize
the green pigment of FUN-1 (Molecular Probes) into orange vacuoles when
metabolically active (20). To measure macrophage intracellular killing of A.
fumigatus conidia by flow cytometry, adherent macrophages were exposed to
viable (orange) A. fumigatus conidia (prelabeled with 5 �M FUN-1), and after
different time periods, intracellular conidia were harvested by freeze-thaw lysis.
DNA, RNA, and protein in the suspension were digested with 10 U of DNase/ml,
500 �g of RNase/ml, and 1 �g of proteinase K/ml, and propidium iodide (PI) was
added (25 �g/liter). After incubation (20 min in the dark), samples were analyzed
with a FACScan cytometer (Becton Dickinson, San Jose, Calif.). Conidia were
gated by forward-side scatter characteristics, and PI-positive (dead) organisms
were quantified from within the nonviable (orange low) gate.

Macrophage viability and functional assays. The baseline viability of
MyD88�/� and MyD88�/� macrophages was measured by uptake of PI. Mac-
rophages were washed and lifted from wells by gentle pipetting with PBS (with
1 mM EDTA, pH 7.5), and uptake of PI (10 �M) was measured by flow
cytometry. To measure viability and endocytic capacity after exposure to C.
albicans, macrophages were allowed to ingest live C. albicans organisms for 1 h,
washed extensively, and reincubated with PI (10 �M) and FITC-dextran (100
�g/ml; Molecular Probes). Uptake of FITC-dextran was quantified after 1-h
incubations by flow cytometry; controls included macrophages pretreated with
Na-azide (5 mM) for 1 h.

Cytokine quantification. The proinflammatory cytokine TNF-� was quantified
in macrophage culture supernatants after exposure to heat-killed fungal products
and LPS (Salmonella enterica serovar Minnesota and R595 LPS from List Bio-
logical Labs). All media contained 10% FBS. To determine the stimulatory cells
of C. albicans and A. fumigatus, cellular products from fungi in specific states
(yeasts, conidia, or hyphal fragments) were prepared. Fungal products were
killed by 30-min incubations at 80°C. To obtain hyphal fragments of A. fumigatus,
a 5-day-old mycelial mat was grown in RPMI 1640 with continuous shaking
(35°C), washed, and fragmented by sonication. To standardize hyphal inocula,
protein was quantified by a trypan blue protein assay (Bio-Rad Laboratories).
Macrophages were stimulated with FBS (10%, heat inactivated)-opsonized fun-
gal products for 24 h, and TNF-� was measured by enzyme-linked immunosor-
bent assay (murine TNF-� and IL-6 Duoset; R&D Systems). Polymyxin B (10
�g/ml) was added to all fungal preparations, and all reagents (except LPS) were
confirmed to be endotoxin free (�0.01 endotoxin U/ml) by the Limulus amebo-
cyte assay (QCL-1000; BioWhittaker).

RESULTS

Intracellular killing of C. albicans, but not A. fumigatus, is
MyD88 dependent. Macrophages derived from bone marrow
of wild-type (MyD88�/�) and MyD88-deficient (MyD88�/�)
mice were challenged with live C. albicans yeasts and A. fu-
migatus conidia to compare efficacy of intracellular killing.
Viability of C. albicans and A. fumigatus after 1- and 6-h incu-
bations was measured by standardized serial dilution method-
ologies (20). MyD88�/� macrophages killed a significant num-
ber of C. albicans yeasts by 6 h, as demonstrated by fewer CFU
recovered after 6 h than after 1 h (Fig. 1A, left panel). In
contrast, there were equivalent numbers of CFU recovered
from MyD88�/� macrophages after 1- and 6-h incubations
(Fig. 1A, left panel). This observation is consistent with im-
paired intracellular killing of C. albicans yeasts in MyD88�/�

macrophages. Since there were fewer C. albicans CFU recov-
ered from MyD88�/� macrophages than from MyD88�/� mac-
rophages after 1 h, there was indication of impaired phagocy-
tosis as well.

The absolute number of CFU recovered is dependent not
only on phagocytosis and intracellular killing but also on the
inocula, which may vary between experiments due to slight
errors in quantifying microbes. To standardize the results of
multiple measurements, KIs were calculated. Because these
ratios represent organism viability after 6 h of incubation rel-
ative to 1-h incubation with macrophages [KI 	 1 � (CFU 6
h/CFU 1 h)], KIs provide values that reflect intracellular killing
independently of phagocytosis or inoculum variation (20). The
efficiency of killing of C. albicans by MyD88�/� macrophages
was greater than that by MyD88�/� macrophages (Fig. 1B). In
contrast, both MyD88�/� and MyD88�/� macrophages killed
A. fumigatus conidia equally well (Fig. 1A and B).

Because a substantial amount of error is produced by serial
dilution measurements of Aspergillus CFU (20), macrophage
conidial killing was verified by flow cytometry (20). After 6 h of
incubation with MyD88�/� and MyD88�/� macrophages, the
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majority of conidia recovered were dead (Fig. 1C). Killing by
MyD88�/� (Fig. 1C) and MyD88�/� (data not shown) macro-
phages was equivalent.

Cytokine production in response to C. albicans, but not A.
fumigatus, is MyD88 dependent. Cytokine production in re-
sponse to C. albicans and A. fumigatus products was measured.
To determine which specific cellular components are stimula-
tory, responses to 10% FBS-opsonized heat-killed A. fumigatus
conidia, C. albicans yeasts, and hyphal products from each
organism were measured (Fig. 2). Macrophages produced
TNF-� in response to A. fumigatus hyphal products only. In-
cubation with Aspergillus conidia failed to induce detectable
production of TNF-� from either MyD88�/� or MyD88�/�

macrophages (Fig. 2). Both C. albicans yeasts and hyphal prod-
ucts stimulated low but detectable amounts of TNF-�. Com-
pared to MyD88�/� macrophages, MyD88�/� cells produced
less TNF-� in response to C. albicans yeasts and hyphae (Fig.
2). In contrast, MyD88�/� macrophages produced small but
equivalent amounts of TNF-� after exposure to A. fumigatus
hyphal fragments. No TNF-� was produced by unstimulated

FIG. 1. Cellular killing of C. albicans and A. fumigatus. The ability of macrophages to kill fungi was calculated by assaying organism viability
after adherent macrophages were allowed to ingest C. albicans yeasts or A. fumigatus conidia (MOI, 10:1). Killing assays were performed in six-well
plates. After 1 h, control wells (1-h) were washed, macrophages were lysed, and fungi were serially plated. The remaining wells were washed
extensively to remove adherent fungi, fresh medium was added, and wells were reincubated to allow for intracellular killing of the phagocytosed
organisms. (A) Viability of C. albicans or A. fumigatus was assessed by enumeration of CFU. Results shown were derived from at least four
independent experiments, each with triplicate measurements. Fewer C. albicans organisms were recovered from MyD88�/� macrophages than
from MyD88�/� macrophages after 1-h incubations (P � 0.05 by Student’s t test), consistent with impaired phagocytosis. *, P � 0.05 relative to
MyD88�/� control by Student’s t test. (B) KIs were calculated by the formula KI 	 1 � (CFU 6 h/CFU 1 h). Mean KIs (
 standard deviations)
were derived from at least four independent experiments, each with triplicate measurements. Killing of C. albicans yeasts was also impaired in
alternative experiments using lower MOIs (1:1) (data not shown). *, P � 0.05 relative to MyD88�/� control by Student’s t test. (C) A. fumigatus
conidial killing was measured by flow cytometry. Intracellular conidia were harvested by freeze-thaw lysis of MyD88�/� macrophages after 6 h, and
PI uptake was quantified within the population of conidia that were not viable, as measured by metabolism of FUN-1 green to orange (see
Materials and Methods and reference 20). Numbered quadrants indicate percentages of dead (heat-killed) conidia (high PI uptake) in live and
dead control populations and in populations after exposure to MyD88�/� macrophages. The results shown are from one experiment, which is
representative of three independent experiments.

FIG. 2. Cytokine secretion in response to fungal stimuli. TNF-�
was measured in macrophage culture supernatants after 24-h incuba-
tion with C. albicans yeasts and hyphae and with A. fumigatus conidia
and hyphae, each with an MOI of 10:1, in the presence of 10% heat-
inactivated FBS. Results shown are means (
 standard deviations)
from triplicate measurements in one experiment, which was represen-
tative of three independent experiments. ND, not detectable (�15
pg/ml); *, P � 0.05 relative to MyD88�/� control by Student’s t test.
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macrophages (Fig. 2) or LPS-treated MyD88�/� macrophages
(data not shown).

Phagocytosis of C. albicans, but not A. fumigatus, is impaired
in MyD88�/� macrophages. Enumeration of C. albicans CFU
recovered from macrophages after 1 h (Fig. 1) suggested a
phagocytic defect in MyD88�/� macrophages. To further ex-
amine phagocytosis, uptake of FUN-1-labeled C. albicans
yeasts and A. fumigatus conidia was measured by flow cytom-
etry (Fig. 3A). A. fumigatus conidia were phagocytosed effi-
ciently by both MyD88�/� and MyD88�/� macrophages (Fig.
3A, right panel). In contrast, C. albicans yeasts were not in-
gested as efficiently by MyD88�/� as by MyD88�/� macro-
phages (Fig. 3A, left panel). The number of macrophages that
had either bound or internalized FUN-1-labeled C. albicans
yeasts was quantified by flow cytometry (Fig. 3B). Within 1
min after exposure, there was a difference in MyD88�/� and

MyD88�/� binding and/or internalization of C. albicans
yeasts.

To determine if the difference represented bound versus
internalized yeasts, ingestion of FUN-1 fluorescent fungal cells
was measured microscopically after external microbes were
counterstained with the fungus-specific stain Calcofluor white.
By this method, internalized microbial cells fluoresced green,
but cells that remained external (adhered) were costained,
yielding a rim of blue fluorescence (Fig. 3C). A phagocytic
index (percentage of phagocytic macrophages multiplied by
the mean number of organisms ingested per cell) was calculat-
ed after microscopic review. Results confirmed that MyD88�/�

macrophages phagocytosed C. albicans less than MyD88�/�

macrophages (Fig. 3D). In contrast, MyD88�/� and MyD88�/�

macrophages ingested FUN-1-labeled A. fumigatus conidia
equally well.

FIG. 3. Phagocytosis of C. albicans and A. fumigatus. (A) MyD88�/� (black histograms) and MyD88�/� (red histograms) macrophages were
lifted off of wells after 15-min incubations with live FUN-1-labeled C. albicans yeasts (left panel) (MOI, 10:1) and A. fumigatus conidia (right panel)
(MOI, 10:1). Macrophages were gated by light-scatter characteristics, and intracellular FUN-1 fluorescence was measured by flow cytometry.
Results shown are representative of at least four independent experiments. Similar results were obtained with an MOI of 1:1 for both C. albicans
and A. fumigatus (data not shown). All y axes are linear (0 to 100 events). (B) Phagocytosis of C. albicans yeasts was quantified after macrophages
were exposed for the indicated periods of time (x axis). The percentage of cells expressing FUN-1 fluorescence (y axis) is shown for MyD88�/�

and MyD88�/� macrophages. Results shown are derived from triplicate measurements in one experiment, which was representative of three
independent experiments. (C) MyD88�/� macrophages exposed to live C. albicans. Intracellular (small arrows) and external, adhered C. albicans
cells (large arrows) were distinguished based on fluorescence after costaining with Calcofluor white, which does not enter or stain macrophages.
Calcofluor white stains the cell wall of external fungal cells blue, such that green cells have an external rim of blue fluorescence. Note that yeasts
that are internalized by the macrophages appear small, while the yeasts on the exterior are bigger, budding cellular forms. The viability of internal
and external yeasts is also reflected by microbial metabolism of FUN-1 green fluorescence into small vacuoles that fluoresce orange-red (20).
(D) Phagocytic indices of MyD88�/� and MyD88�/� macrophages were calculated after incubation with C. albicans yeasts and A. fumigatus
conidia, as described in Materials and Methods. Results shown are means of triplicate measures in three independent experiments (
 standard
deviations). *, P � 0.05 relative to MyD88�/� control by Student’s t test.
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MyD88 deficiency could impact phagocytosis by decreasing
macrophage viability or function; however, equivalent phago-
cytosis of A. fumigatus conidia makes this unlikely. We inves-
tigated this hypothesis by comparing baseline viability and
function of MyD88�/� and MyD88�/� macrophages by mea-
suring uptake of PI and endocytosis of FITC-labeled dextran.
There was no difference in endocytic capacity (Fig. 4A) or
viability (Fig. 4B) before exposure to C. albicans. MyD88�/�

and MyD88�/� macrophages also ingested TRITC-labeled zy-
mosan equally well (data not shown).

An alternative hypothesis for the defect in C. albicans

phagocytosis is that MyD88�/� macrophages may have in-
creased susceptibility to Candida-derived factors that induce
cellular damage or dysfunction. We investigated this hypothe-
sis by comparing macrophage uptake of PI and endocytosis of
FITC-labeled dextran before and after 1-h incubations with
live C. albicans (Fig. 4B and C). After 1-h incubations with live
C. albicans, there was minimal death of either MyD88�/� or
MyD88�/� macrophages, as measured by PI positivity (Fig.
4B). Also, there was no difference between FITC-dextran up-
take by MyD88�/� and MyD88�/� cells after exposure to C.
albicans (Fig. 4C). These findings indicate that MyD88 does
not mediate baseline viability or function (ability to ingest
dextran) or alter macrophage susceptibility to cytotoxic micro-
bial products. The defect in phagocytosis appears to be specific
to C. albicans and not merely a reflection of impaired cellular
viability and/or metabolic activity associated with the MyD88�/�

phenotype.

DISCUSSION

Using macrophages harvested from mice with targeted ge-
netic disruption of MyD88, we have shown that MyD88 defi-
ciency is associated with a phagocytic defect that is specific to
C. albicans. This defect is coupled with impaired intracellular
killing of these yeasts and decreased cytokine secretion in
response to candidal products. In contrast, intracellular killing
of A. fumigatus conidia and cytokine production in response to
hyphal products can occur via a MyD88-independent mecha-
nism.

Prior studies have shown that phagocytosis mediated by spe-
cific receptors (mannose receptor and FcR) is a proinflamma-
tory process associated with the release of multiple cytokines,
including TNF-� and IL-1, occurring upon receptor ligation
(3). Particle internalization and TLR recruitment are also
likely to be coupled, as several TLR family members (TLR1,
TLR2, TLR6) have been shown to localize to the phagosome,
where they recognize molecules specific to pathogens and me-
diate inflammatory signaling (23, 31). MyD88 serves as an
adapter protein for TLRs but has yet to be implicated in the
function of phagocytic receptors. The MyD88-dependent de-
fect in phagocytosis of C. albicans may be related to a previ-
ously unrecognized, direct role in mediating the function of
specific phagocytic receptors or to indirect effects associated
with impaired inflammatory signaling.

Multiple candidate phagocytic receptors for yeasts exist.
Both opsonic and nonopsonic receptors (mannose and glucan
receptors) have been implicated in macrophage internalization
of yeasts or cell-associated components (32). Further studies
will be necessary to define the mechanism by which MyD88
deficiency impacts internalization of C. albicans.

The results of this study emphasize the unique characters of
different pathogenic fungi. While some cell wall components,
such as chitin, mannan, and glucan, may be conserved in fungi,
components of different organisms vary. For instance, the acid
labile fraction of the C. albicans cell wall contains unique
polysaccharide moieties presenting �-1,2-oligomannosides,
and the cell surface of A. fumigatus is characterized by galac-
tomannan (8, 10, 11, 16, 18, 24, 32). Also, fungal cell wall
components may be rearranged during morphological transi-
tions into hyphae, the invasive state of most fungi. While both

FIG. 4. Macrophage viability and function. (A) MyD88�/� and
MyD88�/� macrophage endocytosis was measured after a 1-h incuba-
tion with FITC-labeled dextran. Results are FITC mean fluorescence
intensity (MFI) of lifted macrophages from triplicate measures in two
independent experiments (mean 
 standard deviation). Control rep-
resents FITC-dextran fluorescence of Na-azide-treated macrophages.
(B) Macrophage viability was assessed at baseline and after a 1-h
incubation with live C. albicans by flow-cytometric quantification of PI
uptake. Results shown represent mean percentages of dead (PI-posi-
tive) macrophages in three independent experiments. More than 95%
of the control (heat-killed) macrophages were PI positive (data not
shown). (C) MyD88�/� and MyD88�/� macrophages were allowed to
phagocytose C. albicans yeasts for 1 h and then washed extensively and
incubated in FITC-dextran for measurement of endocytosis. Results
are FITC mean fluorescence intensity (MFI) of lifted macrophages
from triplicate measures in two independent experiments (mean 

standard deviation). Control represents FITC-dextran fluorescence of
Na-azide-treated macrophages.
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yeasts and hyphae of C. albicans stimulated murine macro-
phages, only hyphal products of A. fumigatus triggered cytokine
release. Unique cell components may account for the different
responses reported for conidia and hyphae.

TLRs mediate cytokine production in response to both C.
albicans and A. fumigatus products. TLR2 mediates production
of cytokines in response to C. albicans, and both TLR2 and
TLR4 have been implicated in regulating TNF-� release from
murine and human macrophages in response to A. fumigatus
(19, 22). In contrast to our findings, Mambula and colleagues
recently reported that TNF-� production in response to live A.
fumigatus is MyD88 dependent (19). TNF-� production in
response to endotoxin contamination was not a likely explana-
tion for our observations, as polymyxin B was added to all
inocula. More likely, differences in experimental conditions,
including duration and quantity of antigen exposure, and the
source of murine macrophages may explain the discrepant
results. It is possible that cytokine production in response to
Aspergillus inocula is mediated by multiple receptors that rec-
ognize different components of conidial and hyphal cells; com-
plete elucidation of this complicated process awaits further
study.

The observation that killing of C. albicans, but not A. fu-
migatus, is dependent on MyD88 is consistent with the growing
amount of evidence that macrophage mechanisms of recogni-
tion and intracellular microbicidal mechanisms for these fungi
may differ. Recently, Garlanda and colleagues showed that a
soluble pattern recognition receptor, pentraxin (PTX3), binds
to A. fumigatus conidia, facilitating macrophage internaliza-
tion, killing, and chemokine secretion, but PTX3 did not bind
to C. albicans (12). Intracellular killing of Candida occurs via
both oxygen-independent and -dependent mechanisms, with
apparent involvement of both reactive oxygen and nitrogen
intermediates (32). In contrast, alveolar macrophage killing of
A. fumigatus conidia does not involve nitric oxide (21), which is
one microbicidal mechanism reported to be induced by TLR
activation (7, 30) and mediated by MyD88 (13). Whether mac-
rophage killing of A. fumigatus conidia involves TLR-depen-
dent, MyD88-independent, gamma interferon-inducible genes
(5, 17) or signaling mediated by the recently identified non-
MyD88 Toll interleukin 1 receptor-binding adapter mole-
cule(s) (9, 14) awaits further study.

In conclusion, we have described a unique role for MyD88 in
mediating macrophage phagocytosis and killing of C. albicans.
Macrophage responses to A. fumigatus differ, as conidia were
internalized and killed by a mechanism that appears to be
independent of MyD88 signaling. It is likely that differential
dependence on MyD88 represents a mechanism by which mac-
rophages produce antifungal responses that are specific to dif-
ferent types of pathogenic fungi.
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