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Phagocytic responses are critical for effective host defense against opportunistic fungal pathogens. Macro-
phages sample the phagosomal content and orchestrate the innate immune response. Toll-like receptor 9
(TLR9) recognizes unmethylated CpG DNA and is activated by fungal DNA. Here we demonstrate that specific
triggering of TLR9 recruitment to the macrophage phagosomal membrane is a conserved feature of fungi of
distinct phylogenetic origins, including Candida albicans, Saccharomyces cerevisiae, Malassezia furfur, and
Cryptococcus neoformans. The capacity to trigger phagosomal TLR9 recruitment was not affected by a loss of
fungal viability or cell wall integrity. TLR9 deficiency has been linked to increased resistance to murine
candidiasis and to restriction of fungal growth in vivo. Macrophages lacking TLR9 demonstrate a comparable
capacity for phagocytosis and normal phagosomal maturation compared to wild-type macrophages. We now
show that TLR9 deficiency increases macrophage tumor necrosis factor alpha (TNF-�) production in response
to C. albicans and S. cerevisiae, independent of yeast viability. The increase in TNF-� production was reversible
by functional complementation of the TLR9 gene, confirming that TLR9 was responsible for negative modu-
lation of the cytokine response. Consistently, TLR9 deficiency enhanced the macrophage effector response by
increasing macrophage nitric oxide production. Moreover, microbicidal activity against C. albicans and S.
cerevisiae was more efficient in TLR9 knockout (TLR9KO) macrophages than in wild-type macrophages. In
conclusion, our data demonstrate that TLR9 is compartmentalized selectively to fungal phagosomes and
negatively modulates macrophage antifungal effector functions. Our data support a model in which orches-
tration of antifungal innate immunity involves a complex interplay of fungal ligand combinations, host cell
machinery rearrangements, and TLR cooperation and antagonism.

The emergence of invasive fungal infections as a major cause
of morbidity and mortality in immunosuppressed patients (23)
has prompted studies into how fungal pathogens are recog-
nized by the host. Phagocytosis of fungi by macrophages, den-
dritic cells, and neutrophils promotes fungal clearance. The
innate immune system senses fungi through pattern recogni-
tion receptors (PRRs), such as C-type lectin receptors (CLRs),
Toll-like receptors (TLRs), and NOD-like receptors, that bind
to fungal pathogen-associated molecular patterns (PAMPs)
(20, 33). Ligation of PRRs by fungal PAMPs results in the
induction of downstream intracellular events that elicit the
pathogen-specific adaptive immune response (7, 33). Because
the fungal cell wall is a dynamic, complex structure, a wide
array of PAMPs are displayed at variable concentrations de-
pending on fungal species and morphotype, which results in
engagement of multiple host PRRs (27). Cooperation between
CLRs and TLRs in the recognition of specific fungal PAMP
combinations allows innate immune cells to discriminate be-
tween pathogens and fungal morphotypes (12, 29, 34).

The different members of the TLR family recognize a broad
range of PAMPs (17, 21) and can be divided into two groups
based on their subcellular localization: TLR1, -2, -4, -5, and -6
are expressed at the plasma membrane, whereas the nucleic
acid-sensing TLRs, TLR3, -7, -8, and -9, are localized to intra-
cellular compartments (4, 17). Evidence for the importance of
TLRs in fungal defense is mounting. The environmental fungi
Aspergillus fumigatus and Cryptococcus neoformans and the hu-
man commensals Candida albicans and Malassezia furfur are
opportunistic human pathogens that can cause invasive infec-
tion with morbidity and mortality in immunocompromised per-
sons (23). Human studies revealed that polymorphisms in the
TLR4 and TLR9 genes are associated with increased suscep-
tibility to pulmonary aspergillosis (6, 9). In vivo and in vitro
studies have implicated TLR2, TLR4, and TLR9 in innate and
adaptive immunity to C. albicans and A. fumigatus (26, 33).
However, the precise roles of individual TLRs in the orches-
tration of the complex inflammatory pattern that follows in
vivo fungal infection and the cell biological processes that
underlie TLR-mediated host-pathogen interactions remain
poorly understood.

TLR9 activation is a tightly regulated, multistep process
involving TLR9 subcellular trafficking, proteolytic cleavage,
and dimerization (11, 18, 19, 30). Recently, we demonstrated
that phagocytosis of A. fumigatus by macrophages rapidly in-
duces a dramatic redistribution of TLR9 to the phagosomal
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membrane, whereas bead-containing phagosomes in the same
cell fail to acquire TLR9 (16). To investigate if the capacity to
recruit TLR9 to the phagosome is unique to A. fumigatus, we
examined TLR9 recruitment after phagocytosis of other clini-
cally relevant fungal pathogens of distinct phylogenetic origins.
In the current study, we demonstrate that the ability to trigger
TLR9 recruitment is conserved across C. albicans, Saccharo-
myces cerevisiae, M. furfur, and C. neoformans. The highly con-
served nature of the response indicates that TLR9 may serve
an important role in macrophage antifungal defense. We
sought to determine the impact of TLR9 deficiency on the
macrophage antifungal immune response. Compared to wild-
type (WT) macrophages, TLR9 knockout (TLR9KO) macro-
phages had comparable phagocytic capacities for uptake of C.
albicans and S. cerevisiae and normal phagosome maturation.
We found that TLR9 deficiency increased macrophage tumor
necrosis factor alpha (TNF-�) production in response to C.
albicans and S. cerevisiae, independent of yeast viability. The
increase was reversible by functional complementation of the
TLR9 gene, confirming that TLR9 was responsible for modu-
lation of macrophage TNF-� production. Further investigation
showed that TLR9 deficiency enhanced the macrophage anti-
fungal effector response by increasing macrophage activation
and microbicidal activity against C. albicans and S. cerevisiae.

MATERIALS AND METHODS

Reagents. All products used for cell culture were from Invitrogen (Carlsbad,
CA). All other reagents were purchased from Sigma unless noted otherwise.

Cell lines and cell culture. RAW 264.7 and HEK293T cells were purchased
from ATCC and cultured according to ATCC recommendations. Immortalized
bone marrow macrophage cell lines derived from C57BL/6 and TLR9-deficient
mice were a gift from Douglas Golenbock (University of Massachusetts Medical
School, Worcester, MA) and were cultured and characterized phenotypically by
analysis of macrophage surface marker expression and cytokine expression pro-
files as described previously (15).

Viral transduction. Retroviral transduction of macrophages with TLR9-green
fluorescent protein (TLR9-GFP) was performed as described previously (16).
Briefly, HEK293T cells were transfected with plasmids encoding vesicular sto-
matitis virus glycoprotein G (VSV-G) and Gag-Pol as well as with the retroviral
pMSCV vector, encoding mouse TLR9 fused at the C terminus to GFP
(pMSCV-TLR9-GFP), which was a gift from Hidde Ploegh (Whitehead Institute
for Biomedical Research, Cambridge, MA). Twenty-four and 48 h after trans-
fection, the medium containing viral particles was collected, filtered through a
0.45-�m membrane, and added to RAW 264.7 macrophages or immortalized
macrophages. The next day, cells were given fresh medium, and antibiotic selec-
tion in 5 �g/ml puromycin was initiated. Lentiviral transduction of macrophages
was performed to express CD63-mRFP1 and CD82-mRFP1 as described previ-
ously (1, 16).

Fungal strains and growth. The well-described Candida albicans wild-type
strain SC5314 and Aspergillus fumigatus wild-type strain 293 were gifts from
Eleftherios Mylonakis (Massachusetts General Hospital, Boston, MA). The wild-
type Saccharomyces cerevisiae strain S288c (ATCC 204508) and wild-type
Malassezia furfur (ATCC 14521) were obtained from ATCC. Cryptococcus neo-
formans H99 (serotype A) was used. All fungi were grown fresh for each exper-
iment. A. fumigatus was grown on Sabouraud dextrose agar plates supplemented
with 100 �g/ml ampicillin at 30°C for 3 to 5 days and then harvested by scraping
and washing three times in phosphate-buffered saline (PBS). M. furfur was plated
on Sabouraud dextrose agar plates supplemented with autoclaved olive oil and
100 �g/ml ampicillin and grown at 30°C for 3 to 5 days. M. furfur yeast cells were
dislodged from plates by gentle scraping and were resuspended and washed three
times in PBS–0.05% Tween. C. albicans and S. cerevisiae yeast cells were grown
overnight at 30°C in yeast extract-peptone-dextrose (YPD) medium and then
washed three times in PBS. C. neoformans was grown in standard YPD liquid
medium. Cells were counted using a hemocytometer and adjusted to the desired
organism density prior to use. For preparation of killed yeast cells, cells were
resuspended in PBS and either incubated for 10 min at 100°C in a heating block

or autoclaved at 121°F for 20 min. Control plating experiments confirmed that
these treatments resulted in nonviable cells.

Phagocytosis assay. After overnight growth, C. albicans or S. cerevisiae was
labeled using Alexa Fluor 488 (Invitrogen, Carlsbad, CA) as described previously
(16). Wild-type and TLR9KO macrophages were incubated with the indicated
fungi at a multiplicity of infection (MOI) of 5:1. After washing with PBS, cells
were fixed with 1% paraformaldehyde and washed again with PBS. Cells were
assessed for green fluorescence on a FACSCalibur flow cytometer (Becton Dick-
inson, Franklin Lakes, NJ). Flow cytometry analysis was performed using FlowJo
software (Tree Star Inc., Ashland, OR).

TNF-� and nitric oxide production assays. Yeast cells were introduced to
macrophages at the indicated ratios and were incubated for 6 h for TNF-�
analysis. TNF-� production in the supernatant was measured using a DuoSet
mouse TNF-� kit (R&D Systems) per the manufacturer’s instructions. For nitric
oxide production analysis, macrophages were first treated overnight with 10
ng/ml gamma interferon (IFN-�; eBiosciences) and then exposed to yeast cells
for 36 h. Supernatant was removed and tested for nitrite by using a Griess
reagent system (Molecular Probes, Eugene, OR) according to the manufactur-
er’s instructions.

XTT and CFU assays. XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) assay for assessment of fungal cell damage was
performed as described previously (22, 31). Briefly, macrophages were plated
and exposed to yeast cells in quadruplicate at the indicated ratios. Yeast-free and
macrophage-free control wells were included in quadruplicate for all experi-
ments. After coincubation with S. cerevisiae for 6 h or with C. albicans for 2 h,
cells were subjected to hypotonic lysis by three gentle washes and a 30-min
incubation with sterile distilled water. To facilitate cell lysis, membranes were
disrupted mechanically by vigorous pipetting. After centrifugation at 1,500 � g
for 3 min, supernatants were carefully removed. YPD medium containing 400
�g/ml of XTT and 50 �g/ml of coenzyme Q was added, and the plates were
incubated for 2 h at 37°C. The optical density at 450 nm (OD450) was measured,
and OD650 measurements were used to check for plate irregularities. Data were
expressed as percentages of surviving fungal cells, determined according to the
following formula: [(OD450 of yeast incubated with macrophages � OD450 of
macrophages alone)/(OD450 of yeast alone � OD450 of medium alone)] � 100%.
For the CFU assay, macrophages were exposed to S. cerevisiae at the indicated
ratios overnight. After three washes with PBS, cells were subjected to lysis with
0.2% Triton X-100. Serial dilutions from each well were made in distilled water
and plated in triplicate onto YPD agar plates. The number of CFU was deter-
mined manually after 48 h of incubation at room temperature.

Statistical analysis. Standard deviations (SD) were determined using Mi-
crosoft Excel. In consultation with the MGH Biostatistics Center, we calculated
errors based on the propagation of errors associated with each measurement. For
comparisons of two groups, means � SD were analyzed by two-tailed, unpaired
Student’s t test. Calculations were performed using an online statistical software
package (http://www.graphpad.com/quickcalcs/ErrorProp1.cfm; GraphPad).
Data were considered significantly different if the P value was �0.05.

Confocal microscopy. Spinning disk confocal microscopy was performed on
cells plated in complete medium in a chambered cover glass (Lab-Tek/Nunc,
ThermoScientific, Rochester, NY) in a temperature-regulated environmental
chamber. Fluorescence fungal surface labeling and live-cell imaging were per-
formed as described previously (16). Briefly, cells were imaged on a Nikon Ti-E
inverted microscope equipped with a CSU-X1 confocal head (Yokogawa). A
coherent, 4-W, continuous-wave laser was used as an excitation light source to
produce excitation at a wavelength of 488 nm. To acquire high-quality fluores-
cence images, a high-magnification, high-numerical-aperture (NA) objective was
used (100�, 1.49 NA, oil immersion; Nikon). A halogen light source and air
condenser (0.52 NA) were used for bright-field illumination, and a polarizer
(MEN51941; Nikon) and Wollaston prisms (MBH76190; Nikon) were used to
acquire differential imaging contrast (DIC) images. Images were acquired using
an electron-multiplying charge-coupled device (EM-CCD) camera (C9100-13;
Hamamatsu) and MetaMorph software (Molecular Devices, Downingtown, PA).

Transmission electron microscopy (TEM). Yeast cells were fixed with 2.0%
glutaraldehyde with 1.0% (vol/vol) dimethyl sulfoxide (DMSO). They were then
poststained with a mixture of 0.1% ruthenium red (EMS) plus 1.0% osmium
tetroxide (EMS) in cacodylate buffer for 1 h at room temperature. Cells were
pelleted again, rinsed once with buffer, and then stabilized in 2.0% agarose for
ease of handling. The pellets were dehydrated through a graded series of ethanol
and embedded in Eponate resin (Ted Pella, Redding, CA) at 60°C overnight.
Thin sections were cut on a Leica EM UC7 microtome and collected on Form-
var-coated slot grids. Sections were examined in a JEOL 1011 transmission
electron microscope at 80 kV, and images were collected using an AMT digital
imaging system (Advanced Microscopy Techniques, Danvers, MA).
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RESULTS

The fungal component triggering TLR9 recruitment is con-
served across fungal taxonomic groups. Previously, we dem-
onstrated that TLR9 is robustly and specifically recruited to
phagosomes containing A. fumigatus but not to bead-contain-
ing phagosomes, suggesting a role for TLR9 recruitment in
innate immune responses to this invasive opportunistic human
pathogen (16). However, the identity of the component of A.
fumigatus that triggers accumulation of TLR9 on the phago-
somal membrane remains to be identified. The fungal cell wall
is a dynamic, complex structure with a strong immunostimula-
tory capacity (20). The main cell wall components differ be-
tween the major taxonomic groups of fungi, and the wall com-
position changes throughout cell division and conversion to
different morphotypes. To investigate if the capacity to recruit
TLR9 is unique to A. fumigatus or if this is a conserved feature
across fungi of distinct phylogenetic origins, we examined
TLR9 recruitment after phagocytosis of the fungal pathogens
C. albicans, S. cerevisiae, Malassezia furfur, and Cryptococcus
neoformans (23). C. albicans is the leading cause of invasive
fungal infections (14), and TLR9 has been implicated in im-
mune responses to C. albicans in vivo (5) and in vitro (24). We
examined the fate of TLR9 after phagocytosis of WT C. albi-

cans yeast cells by using a stable RAW macrophage cell line
expressing TLR9-GFP and spinning disk confocal microscopy
for live-cell imaging (16). We observed robust recruitment of
TLR9 to the C. albicans phagosome within 1 h (Fig. 1A). In
order to compare the level of TLR9 recruitment to what we
observed previously for A. fumigatus phagosomes (16), we co-
exposed the macrophages to C. albicans yeast cells and A.
fumigatus resting conidia and examined individual mammalian
cells that had taken up both pathogens. The levels of TLR9
recruitment were comparable between C. albicans- and A. fu-
migatus-containing phagosomes (Fig. 1A) and phagosomes in
macrophages which had been exposed to C. albicans alone
(data not shown). As described previously (16), we confirmed
that fungi resided within intracellular compartments by obtain-
ing DIC images (Fig. 1A) and by serial imaging of the entire
volume of the phagosome to confirm that TLR9 recruitment
was uniform (see Movie S1 in the supplemental material). We
examined cells for up to 4 h after phagocytosis. TLR9 accu-
mulation on the phagosomal membrane was retained during
hypha formation and was stable over the time observed (Fig.
1B). Interestingly, we also observed robust recruitment of
TLR9 to the monomorphic organism S. cerevisiae (Fig. 1C), an
ascomycete, demonstrating that TLR9 recruitment is indepen-

FIG. 1. Fungi from different taxonomic groups trigger phagosomal recruitment of TLR9. (A to F) Confocal microscopy of RAW macrophages
expressing TLR9-GFP (green). One focal plane is shown. Bar, 5 �m. (A) TLR9 is robustly recruited to C. albicans and A. fumigatus phagosomes.
RAW cells were incubated with A. fumigatus resting conidia and C. albicans yeast cells for 1 h. A representative macrophage that has phagocytosed
one C. albicans yeast cell (right) and one A. fumigatus resting conidium (left) is shown, demonstrating that both phagosomes have acquired TLR9.
The DIC image demonstrates the presence of the two fungal organisms within the cell. (B) TLR9 accumulation on C. albicans phagosomes is
retained during hypha formation. RAW cells were exposed to C. albicans yeast cells and incubated for 4 h. (C and D) TLR9 is recruited to S.
cerevisiae (C)- and M. furfur (D)-containing phagosomes. RAW cells were incubated with yeast cells for 1 h. (E) Zymosan recruits TLR9 to the
phagosome. The white arrow indicates the phagocytosed zymosan particle. RAW cells were incubated with zymosan for 30 min. (F) C. neoformans
recruits TLR9 to the fungal phagosome. Representative images are shown in all panels.
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dent of the pathogen’s ability to switch between morphotypes
and of cell wall surface changes related to filament formation.
We next examined recruitment to the lipophilic yeast M. furfur,
which is part of the human cutaneous commensal flora and is
able to cause skin and systemic disease in predisposed individ-
uals (3). In sharp contrast to those of A. fumigatus, C. albicans,
and S. cerevisiae, the M. furfur cell wall contains a lipid-rich
layer around the yeast cell that is poorly characterized but
appears to be involved in inhibition of phagocytosis and killing
(3). Strikingly, TLR9 was also recruited to M. furfur phago-
somes (Fig. 1D), indicating that the lipid-rich layer did not
shield the fungal component responsible for triggering TLR9
recruitment. We observed that TLR9 recruitment was still
retained when cells were exposed to zymosan, a cell wall frag-
ment of S. cerevisiae (Fig. 1E). In order to facilitate identifi-
cation of its intracellular location, zymosan was fluorescently
labeled (image not shown). Finally, we exposed macrophages
to C. neoformans, a basidiomycete (Fig. 1F). Similar to other
fungi, C. neoformans recruited TLR9 to the fungus-containing
phagosome. Collectively, these observations support the no-
tion that phagocytosed fungal content dictates recruitment of
TLR9 to the phagosomal membrane. Our data demonstrate
that the capacity to trigger TLR9 recruitment is a highly con-
served feature of fungi of different taxonomic groups.

Wild-type and TLR9-deficient macrophages exhibit compa-
rable phagocytosis of fungi and similar phagosomal matura-
tion. To explore the role of TLR9 in immunity to fungal patho-
gens, we used cell lines generated from bone marrow-derived
macrophages derived from C57BL/6 (WT) or TLR9�/�

(TLR9KO) mice. To ensure that phagocytosis was not im-
paired by the loss of TLR9, we incubated both WT and
TLR9KO macrophages with either fluorescent C. albicans or S.
cerevisiae for 2 h and then assessed the number of cells that had
taken up fungi by flow cytometry. The numbers of WT and
TLR9KO macrophages that had taken up either type of fungi
were comparable (35% versus 31% for C. albicans [Fig. 2A]
and 44% versus 40% for S. cerevisiae [Fig. 2B]), indicating that
the selective deficiency of TLR9 does not affect uptake of fungi
by macrophages. We next sought to determine if phagosomal
maturation was impaired in TLR9KO macrophages. We ex-
pressed either CD63-mRFP1 or CD82-mRFP1 by lentiviral
transduction in both WT and TLR9KO macrophages. We have
previously shown that both tetraspanins are specifically re-
cruited to fungal phagosomes, with distinct kinetics (1, 2).
When fluorescent C. albicans was added to these cells, we used
spinning disk confocal microscopy to assess the rate of appear-
ance of these tetraspanins on the fungal phagosome. CD63-
mRFP1 was recruited to C. albicans phagosomes in both WT
and TLR9KO macrophages (Fig. 2C and D, respectively).
Moreover, the rates of appearance of CD63-mRFP1 on fungal
phagosomes were similar in WT and TLRKO macrophages.
CD82-mRFP1 was also recruited to C. albicans phagosomes in
both WT and TLR9KO macrophages (Fig. 2E and F, respec-
tively). Again, the rates of appearance of CD82-mRFP1 on
fungal phagosomes were similar in WT and TLRKO macro-
phages. These data indicate that WT and TLR9KO macro-
phages have comparable levels of phagocytosis of fungi and
that the rate of phagosomal maturation is not affected by the
selective loss of TLR9.

TLR9 deficiency leads to increased macrophage TNF-� pro-
duction in response to C. albicans and S. cerevisiae. The role of
TLR9 in antifungal defense is poorly understood. In vivo ex-
periments suggested a detrimental effect of TLR9 in defense
against C. albicans, as TLR9-deficient mice were highly resis-
tant to candidiasis and showed more potent antifungal effector
activity than WT mice (5). Our observation that induction of
phagosomal TLR9 recruitment is a highly conserved response
also suggests that TLR9 serves an important role in antifungal
defense. To investigate how TLR9 modulates macrophage an-
tifungal immune responses, we used immortalized bone mar-
row macrophages from WT and TLR9KO mice. As antici-
pated, TNF-� production in response to CpG was absent in
TLR9KO macrophages, while the responses to the TLR2 li-
gand Pam3CSK4 and the TLR4 ligand lipopolysaccharide
(LPS) were normal (Fig. 3A). Surprisingly, when we exposed
macrophages to live C. albicans yeast cells at an MOI of 1:1, we
found that TLR9KO cells produced significantly more TNF-�
than WT cells (P � 0.003) (Fig. 3B). The increased TNF-�
response in TLR9KO compared to WT macrophages was con-
sistently significant for different MOIs (P � 0.04), and the
difference was sustained when we used heat-killed (HK) or
UV-treated C. albicans (data not shown). We next exposed
cells to live and HK S. cerevisiae and again found that TLR9
deficiency resulted in increased TNF-� production (P � 0.01)
(Fig. 3C). This difference between TLR9KO and WT cells was
independent of yeast viability, although overall TNF-� produc-
tion in response to HK yeast was lower than that in response to
live yeast. The fungal cell wall contains a multitude of TLR
ligands that can activate macrophages (20). Both TLR2 and
TLR4 have been shown to play an important role in the rec-
ognition of fungi, either alone or in cooperation with other
pattern recognition receptors, and they enhance innate effector
functions (26, 33). While TLR9 stimulation through CpG in-
duces TNF-� production, our data indicate that in the context
of innate fungal recognition, TLR9 suppresses TNF-� produc-
tion, possibly through cross talk with other pattern recognition
receptors.

TLR9 is responsible for modulation of TNF-� production in
WT macrophages. In order to confirm that the increase in
fungus-induced TNF-� production was the result of the ab-
sence of TLR9, we sought to restore TLR9 gene function in
TLR9KO macrophages to reconstitute the WT phenotype. We
transduced TLR9KO macrophages with either a GFP-tagged
version of wild-type TLR9 (TLR9-GFP) or a GFP-tagged de-
letion mutant lacking N-terminal TLR9 proteolytic cleavage
residues 441 to 470 (�TLR9-GFP), which is uncleavable (30)
and incapable of normal intracellular trafficking (16). As ex-
pected, TLR9-GFP restored the WT phenotype in response to
CpG, whereas �TLR9-GFP-transduced control cells remained
unresponsive to CpG (Fig. 4A). Importantly, functional com-
plementation of TLR9 decreased the TNF-� production level
to that in WT cells in response to both live and HK C. albicans
(Fig. 4B) and S. cerevisiae (Fig. 4C). These data confirm that
TLR9 is responsible for modulation of TNF-� production in
WT macrophages.

The fungal component responsible for TLR9 recruitment
and activation is sustained after loss of fungal cell wall struc-
tural integrity. We next wished to study if the observed
TLR9-mediated cytokine-suppressive effect was dependent
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on the intactness of the fungal cell wall surface and ultra-
structure. The yeast cell wall is composed of the three main
components chitin, 	-glucans, and mannoproteins and con-
sists of two layers, with chitin predominating in the inner
layer and mannoproteins predominating in the outer cell
wall (20, 28). Autoclaving yeast cells is a method often used
to disrupt cell wall integrity and to release mannoproteins
from the yeast cell wall (8, 13) Interestingly, when we mea-
sured TNF-� production in response to autoclaved C. albi-
cans (Fig. 4B) and S. cerevisiae (Fig. 4C) yeast cells, we

found that the relative increase in TNF-� production by
TLR9KO cells was sustained and reversible by complemen-
tation with TLR9-GFP, indicating that the fungal cell wall
component responsible for TLR9 activation was unaffected.
For morphological examination of the yeast cell wall ultra-
structure, we performed TEM on both live and autoclaved
C. albicans and S. cerevisiae yeast cells (Fig. 5A). The images
confirmed that the characteristic fungal cell wall architec-
ture that is present in live yeast cells is disrupted after
autoclave treatment. Confocal imaging revealed that in spite

FIG. 2. Wild-type and TLR9-deficient macrophages exhibit comparable phagocytosis of C. albicans and S. cerevisiae and similar phagosomal
maturation. WT and TLR9KO macrophages were incubated with fluorescent C. albicans (A) or S. cerevisiae (B) at an MOI of 5:1 for 2 h. Cells
were washed with PBS to remove extracellular yeast. Cells were then analyzed by flow cytometry. WT (C) and TLR9KO (D) macrophages
expressing CD63-mRFP1 were exposed to C. albicans at an MOI of 1:1 and imaged immediately using spinning disk confocal microscopy. WT
(E) and TLR9KO (F) macrophages expressing CD82-mRFP1 were exposed to C. albicans at an MOI of 1:1 and imaged immediately using spinning
disk confocal microscopy.
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of the loss of the outer cell wall layer, autoclaved C. albicans
and S. cerevisiae yeast cells still retained the capacity to
recruit TLR9 to the phagosome (Fig. 5B), although less
robustly than their live counterparts. Our data clearly dem-

onstrate that the fungal component that triggers TLR9 re-
cruitment and TLR9-mediated suppression of TNF-� pro-
duction is sustained after removal of the outer cell wall
mannoproteins and loss of cell wall integrity.

FIG. 3. TLR9 deficiency leads to increased macrophage TNF-� production in response to C. albicans and S. cerevisiae. (A) Immortalized bone marrow-
derived TLR9KO macrophages are unresponsive to CpG but retain responsiveness to other TLR agonists. WT and TLR9KO cells were incubated with 10 ng/ml
Pam3CSK4, 1 ng/ml LPS, or 1 �M CpG for 4 h, and supernatants were analyzed for TNF-� by enzyme-linked immunosorbent assay (ELISA). (B and C)
TLR9KO macrophages produce significantly more TNF-� than WT macrophages in response to C. albicans (B) and S. cerevisiae (C). WT and TLR9KO
macrophages were exposed to live or heat-killed yeast cells at the indicated MOI or target-to-effector-cell ratio, respectively, and incubated for 6 h. Supernatants
were analyzed for TNF-� by ELISA. Data represent means and SD and are representative of at least four independent experiments. P values were �0.04 (B) or
�0.01 (C) for comparing cytokine secretion by WT and TLR9KO macrophages at all indicated ratios.

FIG. 4. TLR9 is responsible for modulation of TNF-� production in WT macrophages. (A) Functional complementation of TLR9KO macrophages with
TLR9-GFP restores the WT phenotype in response to CpG. TLR9KO macrophages were transduced with either a GFP-tagged version of wild-type TLR9
(TLR9-GFP) or a GFP-tagged deletion mutant lacking N-terminal TLR9 proteolytic cleavage residues 441 to 470 (�TLR9-GFP). (B and C) Functional
complementation of TLR9 decreases the TNF-� level to the WT level in response to both C. albicans (B) and S. cerevisiae (C) yeast cells. Macrophages were
exposed to live or autoclaved yeast cells at the indicated MOI or target-to-effector-cell ratio, respectively, and incubated for 6 h. Supernatants were analyzed for
TNF-� by ELISA. Data represent means and SD of cytokine concentrations and are representative of three independent experiments.
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TLR9 deficiency enhances the macrophage antifungal effec-
tor response by increasing macrophage activation and micro-
bicidal activity against C. albicans and S. cerevisiae. In order to
gain more insight into the functional consequences of TLR9
activation in response to fungal infection, we next analyzed
nitric oxide production in response to C. albicans and S. cerevi-
siae as a measure of macrophage activation. We found that
TLR9KO cells produced more nitric oxide than WT cells in
response to heat-killed C. albicans (P � 0.0001) and S. cerevi-
siae (P � 0.03), while the responses to LPS were equivalent
(Fig. 6A), indicating that TLR9 specifically suppresses macro-
phage activation in response to fungi. We next assessed the
effect of TLR9 on macrophage fungicidal activity by measuring
fungal cell damage after exposure to macrophages, using an
XTT assay. Because C. albicans hypha formation and phago-
some escape resulted in macrophage cell death within 6 h, we
coincubated macrophages with live C. albicans yeast for 2 h
and then lysed the macrophages. We found that TLR9KO
macrophages had significantly more potent antifungal activity,
resulting in only 44% survival of C. albicans, compared to
almost 70% survival after exposure to WT macrophages (P �

0.02) (Fig. 6B). Consistently, TLR9KO macrophages also
showed more potent antifungal activity against S. cerevisiae,
resulting in only 2% surviving fungal cells after 6 h of exposure,
compared to 18% after exposure to WT macrophages (P �
0.003) (Fig. 6B). These data further support the notion that
TLR9 suppresses macrophage activation and microbicidal ac-
tivity in response to fungi. To confirm the XTT data using an
independent assay, we exposed macrophages to S. cerevisiae
overnight and then assessed fungal survival by measuring CFU.
In agreement with the XTT assay data, TLR9KO macrophages
showed significantly more potent antifungal activity against S.
cerevisiae than WT macrophages did (P � 0.02) (Fig. 6C).
Collectively, these data support a model in which TLR9 defi-
ciency enhances the macrophage antifungal effector response
by increasing macrophage activation, cytokine production, and
microbicidal activity.

DISCUSSION

In recent years, evidence has mounted for the importance of
TLRs in antifungal defense (7, 20, 26, 33). However, it remains

FIG. 5. The fungal component responsible for triggering TLR9 recruitment is sustained after loss of fungal cell wall structural integrity. (A) The
cell wall ultrastructure of live C. albicans and S. cerevisiae is disrupted by autoclave treatment. Transmission electron microscopy images show live
and autoclaved C. albicans (left) and S. cerevisiae (right). Bar, 500 nm. (B) TLR9 recruitment to C. albicans and S. cerevisiae phagosomes is retained
after autoclave treatment. Confocal microscopy images of RAW macrophages expressing TLR9-GFP (green) are shown with their DIC counter-
parts. RAW cells were incubated with live or autoclaved C. albicans or S. cerevisiae yeast cells for 1 h. Representative images are shown in all panels.
One focal plane is shown. Bar, 5 �m.
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unclear how the dynamics of host-pathogen interaction con-
tribute to TLR function and regulation during fungal pathogen
uptake and whether fungal stimulation of multiple TLRs leads
to synergism or antagonism. We recently reported that TLR9
specifically accumulates at the fungal phagosome after phago-
cytosis of A. fumigatus. We have now demonstrated that the
capacity to induce phagosomal recruitment of TLR9 is con-
served across clinically relevant pathogens from distinct fungal
taxonomic groups, including C. albicans, S. cerevisiae, M. furfur,
and C. neoformans. The functional implications of TLR9 acti-
vation in antifungal immunity are still poorly understood. We
found that TLR9 deficiency enhanced the macrophage anti-
fungal effector response by increasing macrophage TNF-� pro-
duction, activation, and microbicidal activity against C. albi-
cans and S. cerevisiae. To our knowledge, this report is the first
to demonstrate that TLR9 negatively modulates macrophage
antifungal immunity. Our data support a model in which or-
chestration of antifungal innate immunity involves a complex
interplay of fungal PAMP combinations, host cell machinery
rearrangements, and TLR cooperation and antagonism.

Though the best-known ligand for TLR9 is unmethylated
bacterial and viral CpG-rich DNA, TLR9 has also been impli-
cated in recognition of fungal DNA and induction of proin-
flammatory cytokines (24, 25, 32). However, these studies were
performed using purified fungal DNA and likely reflect the

minority of fungus-derived TLR9 ligands during fungal infec-
tion. In vivo studies evaluating the impact of TLR9 deficiency
in a model of disseminated candidiasis yielded unclear results,
with one group showing no difference in mortality and organ
fungal growth between TLR9KO and WT mice (35) and an-
other group showing that TLR9 deficiency significantly in-
creased resistance to mucosal candidiasis and significantly re-
duced organ fungal growth (5). In vitro experiments using
peritoneal TLR9KO macrophages and human peripheral
blood mononuclear cells (PBMC) treated with a TLR9 antag-
onist suggested a mild defect in live C. albicans-induced inter-
leukin-10 (IL-10) production (35). Conversely, blockage of
TLR9 in human PBMC resulted in increased TNF-� and IL-6
production (35). These data are in line with our finding that
TLR9 deficiency in macrophages increased TNF-� production
in response to C. albicans and S. cerevisiae. Moreover, func-
tional complementation of the TLR9 gene confirmed that sup-
pression of TNF-� production was mediated by TLR9. As
anticipated, the TLR9-mediated negative modulation of
TNF-� production was only partial and recapitulated the WT
phenotype. These data support the notion that the final cyto-
kine response after fungal uptake is the result of both syner-
gistic and antagonistic signals relayed by multiple PRRs.

The impact of TLR9 deficiency on intracellular macrophage
antifungal effector function is illustrated by two lines of evi-

FIG. 6. TLR9 deficiency leads to increased macrophage activation and microbicidal activity against C. albicans and S. cerevisiae. (A) TLR9
deficiency results in increased nitric oxide production in response to C. albicans and S. cerevisiae. WT and TLR9KO macrophages were pretreated
with 10 ng/ml IFN-� overnight and then exposed to heat-killed C. albicans or S. cerevisiae yeast cells at the indicated target-to-effector-cell ratio
or to 0.1 �M CpG or 1 ng/ml LPS for 36 h. Supernatants were analyzed for nitrite by Griess assay as a measure of macrophage activation. Data
represent means and SD of cytokine concentrations and are representative of three independent experiments. In comparing WT and TLR9KO
macrophages, P values were �0.0001 for C. albicans and �0.03 for S. cerevisiae at all indicated target-to-effector-cell ratios. (B) TLR9 deficiency
results in increased fungal cell damage of C. albicans and S. cerevisiae. WT and TLR9KO macrophages were incubated with C. albicans yeast cells
for 2 h or with S. cerevisiae for 6 h. Fungal cell survival was then measured by XTT assay. Data represent means and SD for at least four
independent experiments, each tested in triplicate. In comparing WT and TLR9KO macrophages, P values were �0.02 for C. albicans and �0.003
for S. cerevisiae at all indicated target-to-effector-cell ratios. (C) TLR9KO macrophages show more potent fungicidal activity against S. cerevisiae.
WT and TLR9KO macrophages were incubated overnight and then assessed for fungal survival by measuring CFU. Data represent means and SD
for at least four independent experiments, each tested in triplicate. P values were �0.02 for comparing WT and TLR9KO macrophages at all
indicated target-to-effector-cell ratios.
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dence. First, nitric oxide production in response to C. albicans
and S. cerevisiae was elevated in TLR9KO macrophages, indi-
cating increased macrophage activation. In addition, TLR9
deficiency resulted in higher macrophage microbicidal activity.
Although TLR9KO macrophages caused more fungal cell
damage than WT macrophages, as measured by metabolic
activity in recovered C. albicans after 2 h of exposure, both
macrophage lines were unable to contain C. albicans in vitro
due to hypha formation, phagosomal escape, and macrophage
killing. However, significantly increased microbicidal activity
against S. cerevisiae was apparent even after prolonged incu-
bation. Collectively, these data demonstrate that TLR9 defi-
ciency enhances the antifungal effector functions of macro-
phages.

Remarkably, the dramatic rearrangement of TLR9 to the
fungal phagosome was highly conserved in response to fungi
from distinct taxonomic groups, and the fungal component
triggering TLR9 recruitment was present despite a loss of
fungal cell viability and cell wall architecture. Selective com-
partmentalization of pattern recognition receptors to the fun-
gal phagosome was first described for TLR2 (34). TLR2 is
robustly recruited to zymosan-containing phagosomes, where
together with TLR6, it discriminates between pathogens (29,
34). We have now extended our previous observation that
TLR9 is specifically recruited to A. fumigatus phagosomes (16)
to include phagosomes containing C. albicans yeast or hyphae,
M. furfur, S. cerevisiae, C. neoformans, or zymosan. Our data
suggest that similar to the case for TLR2, TLR9 recruitment
serves to effectively sample the contents of the phagosome and
subsequently determine the nature of the pathogen. It is im-
portant to emphasize that TLR9 is recruited from an intracel-
lular compartment, whereas TLR2 is recruited from the
plasma membrane, and therefore phagosomal recruitment may
not be mediated by the same mechanism. Moreover, the fungal
factor triggering TLR9 recruitment and the fungal TLR9 li-
gand may not be the same. TLR9 recruitment could be induced
by engagement and activation of another PRR by a ligand on
the fungal cell wall while the fungal DNA that will engage
TLR9 is still shielded. Alternatively, a fungal component may
constitute an as yet unidentified ligand for TLR9, as the dis-
covery that malarial hemozoin acts as a direct ligand for TLR9
demonstrated that TLR9 activation is not limited to nucleic
acids (10). Future studies are needed to define the identities of
the fungal components responsible for triggering TLR9 re-
cruitment and activation.

In conclusion, our data demonstrate that TLR9 is selectively
compartmentalized to fungal phagosomes and negatively mod-
ulates macrophage antifungal effector functions. While this
observation may partially explain the increased in vivo resis-
tance to candidiasis observed in TLR9KO mice by Bellochio et
al. (5), the seemingly detrimental role of TLR9 in antifungal
immunity is both surprising and puzzling. Negative modulation
of immune responses by TLR9 has been described for auto-
immunity, where TLR9 deletion does not ameliorate but
rather exacerbates pathology in murine lupus models (9).
Clearly, a better understanding of the complex web of syner-
gistic and antagonistic signals that orchestrate immunity during
the course of a fungal infection has both clinical and therapeu-
tic potential.
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