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Serum factors, including mannose binding lectins (MBL), influence innate responses to microbes. Little
is known about the effects of serum factors or MBL on the interaction of Blastomyces dermatitidis, a
pulmonary fungal pathogen, with macrophages or on tumor necrosis factor alpha (TNF-�) production.
Since macrophage production of TNF-� is an important innate immune response, we examined a mouse
peritoneal macrophage (PM) cell line (RAW) and resident PM from CD-1 mice to study TNF-� production
by PM stimulated with heat-killed (HK) or live B. dermatitidis yeast cells. Mouse serum and heat-
inactivated mouse serum inhibited TNF-� production 94% when macrophages were stimulated by B.
dermatitidis, whereas mouse immunoglobulin G (IgG) did not have this effect. HK B. dermatitidis incubated
with serum and then washed also failed to stimulate significant TNF-� production by PM. By the sandwich
immunofluorescent antibody (IFA) method with anti-mouse MBL (MBL-A or -C), we showed that serum
MBL bound to B. dermatitidis. When serum was absorbed with HK B. dermatitidis or live B. dermatitidis,
absorbed serum failed to significantly inhibit TNF-� production by RAW cells plus B. dermatitidis, and
immunoblotting showed that absorbed serum was depleted of MBL-C. If serum was absorbed with live B.
dermatitidis, unbound serum was eluted, and bound serum factor(s) (BS) was released with guanidine
buffer, BS inhibited TNF-� production by PM plus B. dermatitidis in a concentration-dependent manner.
BS contained MBL-C, which bound B. dermatitidis, as shown by IFA assay. 1,3-�-Glucan stimulated TNF-�
production by PM, and this was inhibited by mouse serum. Treatment of B. dermatitidis with anti-1,3-�-
glucan antibody inhibited TNF-� production by PM. With anti-1,3-�-glucan antibody, we showed by IFA
assay that B. dermatitidis contained 1,3-�-glucan. In an IFA study with B. dermatitidis, serum with an
anti-mouse IgG conjugate did not result in fluorescence, yet serum blocked IFA staining of B. dermatitidis
by anti-1,3-�-glucan IgG antibody. This indicated that non-IgG serum factors binding to B. dermatitidis
prevented access to 1,3-�-glucan by anti-1,3-�-glucan antibody. These results suggest that the mechanism
of inhibition of the innate proinflammatory immune response of PM to B. dermatitidis is mediated by
serum MBL binding to B. dermatitidis at 1,3-�-glucan sites or sterically masking 1,3-�-glucan sites, thus
preventing 1,3-�-glucan stimulation of PM for TNF-� production.

Innate immune responses to certain microorganisms are af-
fected, either positively (25) or negatively (17, 18), by mannose
binding lectins (MBL) in serum. Interaction of the thermally
dimorphic pulmonary fungal pathogen Blastomyces dermatitidis
(28) with the first line of host defense, i.e., innate defenses, can
critically influence the outcome of the infection. Innate pro-
duction of proinflammatory cytokines and chemokines by stim-
ulated macrophages promotes subsequent adaptive immune
responses necessary for control of the infection (11, 21). Mac-
rophages stimulated in vitro by yeast cells of B. dermatitidis
produce proinflammatory cytokines, e.g., tumor necrosis factor
alpha (TNF-�), part of the innate immune response necessary
for resistance to infection (11, 21). A major fungal stimulus for
macrophages is mediated by fungal 1,3-�-glucan binding to the
macrophage receptor dectin-1 (2, 3).

The role of serum factors in macrophage interaction with
yeast cells of B. dermatitidis in vitro, with respect to TNF-�
production, has not been reported. We report that the pres-
ence of mouse serum (MS) in in vitro cultures inhibited B.
dermatitidis stimulation of macrophages for TNF-� production
in a concentration-dependent manner. We present evidence
that serum MBL bind to B. dermatitidis, apparently at 1,3-�-
glucan sites, and thus prevent access to a major macrophage
stimulating ligand on B. dermatitidis.

MATERIALS AND METHODS

Reagents and media. Mouse immunoglobulin G (IgG) (1 mg/ml), goat anti-
mouse IgG–fluorescein isothiocyanate (FITC) conjugate (1.5 mg/ml), and rabbit
anti-rat IgG–FITC conjugate (0.75 mg/ml) were obtained from Zymed Labora-
tory, South San Francisco, CA. Rat anti-MBL (MBL-A and -C) antibody (100
�g/ml) was purchased from Cell Sciences, Canton, MA. Mouse monoclonal
anti-1,3-�-glucan IgG (1 mg/ml) was purchased from Biosupplies Australia,
Parkville, Victoria, Australia. 1,3-�-Glucan from baker’s yeast was purchased
from Sigma Chemical Co., St. Louis, MO. Complete tissue culture medium
(CTCM) consisted of RPMI 1640, 10% fetal bovine serum (FBS) treated at 56°C
for 30 min, and penicillin-streptomycin (100 U and 100 �g/ml, respectively)
(Sigma). Except where otherwise specified, reagent concentrations expressed as
percentages are to be understood as expressed with CTCM as the diluent.
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Incubation buffer (phosphate-buffered saline without calcium or magnesium
[PBS]–TEDTA) consisted of 1.46 g EDTA, 6.25 g pure Tris, 4.38 g NaCl, and
0.25 ml Tween 20 in 500 ml distilled water. Release buffer contained 5 M
guanidine in PBS-TEDTA buffer (12). MS was obtained by bleeding CD-1 mice.
Heat-inactivated (HI) MS refers to MS heated at 56°C for 30 min.

Mice. C3H/HeN (Simonsen Laboratory, Gilroy, CA), C3H/HeJ (Jackson Lab-
oratory, Bar Harbor, ME), and CD-1 (Charles River Laboratory, Hollister, CA)
male mice of 8 to 12 weeks of age were used in these experiments. Mice were
housed in sterilized cages and bedding and provided with acidified water and
sterilized chow. All animal studies conformed to National Institutes of Health
guidelines and were approved by the Institutional Animal Care and Use Com-
mittee of the California Institute for Medical Research.

Blastomyces dermatitidis. B. dermatitidis ATCC 26199 (ATCC, Manassas, VA)
(virulent [V]) and B. dermatitidis ATCC 60915 (attenuated [A]) were studied
(31). Yeast cells were grown for 3 days at 35°C on blood agar plates, harvested,
washed with saline, and counted in a hemocytometer. For some experiments,
yeast cells were killed by heat in saline at 60°C for 1 h (HK B. dermatitidis).
Aliquots of HK B. dermatitidis were stored at �80°C until needed. Where
necessary, HK B. dermatitidis (A), HK B. dermatitidis (V), and live B. dermatitidis
(V) are distinguished in the text.

Macrophages. In preliminary experiments, lungs of C3H/HeN and C3H/HeJ
mice were lavaged with 10 ml bronchoalveolar lavage fluid (PBS, 10% FBS, 1%
EDTA)/mouse, cells were pelleted (400 � g, 10 min), and pelleted cells were
pooled, washed in CTCM, and counted in a hemocytometer. Bronchoalveolar
macrophages (BAM) were obtained by plating lavaged cells as 0.1 ml/microtest
plate (Corning 3696; Corning, NY) well at 106 cells/ml CTCM, with incubation
at 37°C in 5% CO2 plus 95% air for 90 min and removal of nonadherent cells.
BAM monolayers contained approximately 9 � 104 BAM/well. Two experiments
were performed, with effector-to-target (E/T) ratios of 2:1 and 1:1.

Peritoneal cavities of CD-1 mice were lavaged with 10 ml of RPMI 1640/
mouse, peritoneal cells were pelleted (400 � g, 10 min), and pelleted cells were
pooled, washed in CTCM, and counted in a hemocytometer. Peritoneal macro-
phages (PM) were obtained by adherence of peritoneal cells after plating of 2 �
106/ml CTCM at 0.2 ml/microtest plate (Corning) well, with incubation at 37°C
in 5% CO2 plus 95% air for 90 min. After incubation, nonadherent cells were
aspirated and monolayers of PM consisted of approximately 106 PM/well.

RAW 264.7 (RAW) cells, a mouse (BALB/c) monocyte-macrophage cell line
(ATCC TI B71), were purchased from ATCC and maintained in Dulbecco’s
modified Eagle’s medium (ATCC) plus 10% FBS and penicillin-streptomycin
(RAW-CTCM) in tissue culture flasks (Falcon 35381; Becton Dickinson, Fran-
klin Lake, NJ) at 37°C in 5% CO2 plus 95% air. RAW cells were collected,
counted, plated, allowed to adhere, and tested in RAW-CTCM in the same
manner as that for PM. Since in preliminary experiments we found RAW cells to
give similar results to those for CD-1 PM, RAW cells gave us a ready source of
macrophages, enabling some initial experiments, in which a number of variables
were defined, to be independent of mouse supply. However, in later experiments
assessing mechanisms, we believed that we should study ex vivo PM rather than
a cell line.

Enzyme-linked immunosorbent assay. TNF-� concentrations in supernatants
were measured using enzyme-linked immunosorbent assay kits purchased from
Endogen, Woburn, MA. Measurements were done with the TNF-� standards
and reagents supplied and were performed according to the supplier’s instruc-
tions.

Absorption of serum. MS (1 or 10%) in CTCM (1 ml) was incubated with 108

HK B. dermatitidis or live B. dermatitidis cells in microcentrifuge tubes for 1 h at
room temperature. B. dermatitidis was pelleted by centrifugation, and superna-
tants were removed (1� absorbed serum). This serum was incubated with new
(108) HK B. dermatitidis or live B. dermatitidis for 1 h as described above. B.
dermatitidis was pelleted by centrifugation as before, and supernatants were
removed (2� absorbed serum). Portions of 2� absorbed serum were stored at
�80°C until needed for testing.

Electrophoresis and immunoblotting. Samples were electrophoresed in 10%
Tris-glycine, 1-mm-thick precast sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels in an X-Cell sure-lock chamber (Novex; Invitro-
gen, Carlsbad, CA), using reagents and instructions supplied by the vendor.
Protein bands in SDS-PAGE gels were visualized by staining with simple blue
stain (Invitrogen). Stained gels were photographed with a digital camera (Bio-
Image, Ann Arbor, MI). Proteins in SDS-PAGE gels were blotted onto poly-
vinylidene difluoride membranes by using an X-Cell II blot module (Novex),
using reagents and instructions provided by the vendor. Blotted polyvinylidene
difluoride membranes were air dried and stored at 4°C until needed.

Western immunoblotting of membranes was done with reagents and according
to instructions supplied with a Super Signal West Pico chemiluminescent sub-

strate kit (Pierce, Rockford, IL). After blotting and blockade of unblotted areas
with skim milk protein, the membranes were probed for 1 h with the primary
antibody, rat-anti-mouse MBL-C plus MBL-A (1:100), in primary antibody
buffer. After being washed, the membranes were treated with rabbit anti-rat
IgG–horseradish peroxidase conjugate (1:1,000) in secondary antibody buffer for
1 h. Following washing of the membranes, the substrate (H2O2 plus luminol) was
added for 5 min. After draining of the substrate, the membrane was exposed to
X-ray film (CL-X Posure film; 5 � 7 in.) (Pierce). X-ray film was developed, and
images were digitized (Bio-Image).

BS and UBS. One milliliter of 1% MS in incubation buffer was incubated with
2 � 108 HK B. dermatitidis cells or 10 ml of 10% MS in incubation buffer was
incubated with 2 � 109 live B. dermatitidis cells in columns at room temperature
for 1 h. Unbound serum factors (UBS) were eluted from columns with 1 ml or
10 ml of incubation buffer, respectively. Bound serum factors (BS) were released
by elution of columns with 1 ml or 10 ml of guanidine release buffer, respectively.
UBS and BS were concentrated by lyophilization, followed by dialysis (mem-
brane exclusion, molecular weight of 6,000 to 8,000) against saline. Protein
concentrations of UBS and BS were determined using a BCA protein assay kit
(Pierce).

Inhibition of TNF-� production by BS factors. Duplicate 0.2-ml cultures of
PM were stimulated with B. dermatitidis (5 � 104), B. dermatitidis plus 10% MS,
or B. dermatitidis plus increasing concentrations of BS ranging from 6.25 to 100
�g/ml in CTCM. After overnight incubation at 37°C in 5% CO2 plus 95% air,
cell-free supernatants were collected and stored at �80°C.

IFA staining. Immunofluorescent antibody (IFA) staining of treated live B.
dermatitidis was done in 1-ml microtest centrifuge tubes at room temperature.
Live B. dermatitidis (5 � 104) in 0.2 ml of 10% MS or BS in CTCM was incubated
for 1 h, centrifuged, and decanted, and pelleted cells were washed by centrifu-
gation with CTCM. Washed cells were incubated with rat anti-MBL-A or -C
(1:10 in CTCM) for 30 min and then centrifuged and washed with CTCM. Next,
treated live B. dermatitidis cells were incubated with rabbit anti-rat IgG–FITC
(1:10 in CTCM) for 30 min. Cells were pelleted by centrifugation, and fluores-
cence on cells was visualized with a Zeiss I-F microscope equipped with trans-
mission (490 to 650 nm) and barrier (500 to 510 nm) filters for FITC microscopy.

IFA staining for 1,3-�-glucan. B. dermatitidis (5 � 104) in 0.2 ml was incubated
with mouse anti-1,3-�-glucan IgG antibody (1:10) in CTCM, with 10% MS, or
with CTCM for 1 h at room temperature in 1-ml microtest centrifuge tubes. B.
dermatitidis cells pelleted by centrifugation were washed with 0.2 ml of CTCM
and treated with goat anti-mouse IgG–FITC conjugate (1:10) in CTCM for 30
min. B. dermatitidis cells pelleted by centrifugation and suspended in 0.02 ml
CTCM were examined with an I-F microscope.

For photography of anti-1,3-�-glucan IFA staining of B. dermatitidis, the same
procedure as that described above was used, except that goat anti-mouse IgG
conjugated to Alexa Fluor 594 (Molecular Probes, Eugene, OR) was used in-
stead of the goat anti-mouse–FITC conjugate (optimal concentrations were 1:10
for the monoclonal antibody and 1:50 for the conjugate).

Stimulation of PM with 1,3-�-glucan. Duplicate 0.2-ml cultures of PM were
stimulated with increasing concentrations of 1,3-�-glucan, ranging from 62 to 250
�g/ml, in CTCM, with 10% MS in CTCM, or with CTCM. After incubation
overnight at 37°C in 5% CO2 plus 95% air, cell-free supernatants were collected
and stored at �80°C.

Coating of B. dermatitidis with anti-1,3-�-glucan antibody. The following methods
were used to coat B. dermatitidis with anti-1,3-�-glucan antibody. Briefly, B.
dermatitidis (105) was incubated in 0.1 ml CTCM containing mouse anti-1,3-�-
glucan IgG (200 �g/ml), with 10% MS, or with CTCM for 1 h. B. dermatitidis was
pelleted by centrifugation, washed with CTCM, and suspended to 0.1 ml in
CTCM, and 0.01 ml was used to stimulate duplicate 0.2-ml PM cultures. After
overnight incubation at 37°C in 5% CO2 plus 95% air, cell-free supernatants
were collected and stored at �80°C.

Statistics. Student’s t test was used for statistical analysis of data, and signif-
icance was set at P values of �0.05. The GB-STAT program (Microsoft, Rich-
mond, VA) was used, and Bonferroni’s adjustment to the t test was applied
where appropriate.

RESULTS

Preliminary experiments. In preliminary experiments with
C3H/HeN and C3H/HeJ mice, we showed that macrophages
from both strains produced TNF-� after incubation with HK B.
dermatitidis (V) (C3H/HeJ mice produced significantly more
[n � 2 experiments]), whereas lipopolysaccharide (LPS) could
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only stimulate TNF-� from C3H/HeN mice (data not shown).
In the presence of 10% MS, B. dermatitidis-induced TNF-�
production was inhibited equally with macrophages of both
strains (79 to 81%; P � 0.01). These preliminary studies
showed that LPS is not responsible for the stimulation in our in
vitro setting of B. dermatitidis-induced TNF-� production from
macrophages and also that Toll-like receptor 4 is not involved,
as C3H/HeJ mice are insensitive to LPS and have a mutated,
nonfunctional receptor (16).

RAW cell responses to HK B. dermatitidis. RAW cells stim-
ulated with HK B. dermatitidis secreted TNF-� in a time-
dependent manner (Fig. 1A). Production of TNF-� reached
high levels by 20 h in RAW cells plus HK B. dermatitidis (V),
and consequently this sufficiently convenient time point was
used in future experiments. Further preliminary experiments
showed that HK B. dermatitidis and live B. dermatitidis gave
indistinguishable results with respect to stimulating TNF pro-
duction by RAW cells.

The effect of the T/E ratio on TNF-� production by RAW
cells infected with HK B. dermatitidis is shown in Fig. 1B. A
ratio of two RAW cells to one HK B. dermatitidis cell in 20-h
cultures was optimal for TNF-� production. It can be noted
that in the absence of B. dermatitidis (zero T/E point on graph),
RAW cell production of TNF was at the level of detection of
the assay (and was equal to that of CTCM alone, without

RAW cells). It can also be noted that HK B. dermatitidis (A)
was more stimulatory (P � 0.01 at all time points) than HK B.
dermatitidis (V) (Fig. 1B).

Effect of serum on TNF-� production by RAW cells. RAW
cell responses to HK B. dermatitidis in CTCM resulted in
robust production of TNF-� (Fig. 2A). However, TNF-� pro-
duction was inhibited in a concentration-dependent manner by
MS. As little as 1% MS in CTCM caused 	50% inhibition of
TNF-� production by RAW cells plus HK B. dermatitidis. Since
10% MS in CTCM caused near-maximal inhibition of TNF-�
production by RAW cells plus HK B. dermatitidis, 10% MS in
CTCM was used in future experiments.

In other experiments, we found that 10% HI MS inhibited
TNF-� production by RAW cells plus HK B. dermatitidis (V)
to a level that was equivalent to that in 10% normal MS (both
at �25 pg/ml), where 825 
 7 pg/ml was produced in the
absence of MS (P � 0.01 for no-MS group versus either HI MS
or MS group). Similarly, TNF-� production by RAW cells plus
HK B. dermatitidis (A) (962 
 229 pg/ml) was inhibited (P �
0.01) by either 10% HI MS (167 
 10 pg/ml) or 10% normal
MS (162 
 3 pg/ml). In preliminary experiments, commercial
IgG was found to contain endotoxin that was completely neu-
tralized by 50 �g/ml of polymyxin B, and consequently, suffi-
cient polymyxin was used in the following experiments to test
IgG. When RAW cells plus HK B. dermatitidis (V) were cul-
tured in CTCM plus IgG (250 �g/ml), we found that TNF-�
production (775 
 10 pg/ml) was equivalent to that in cultures
without IgG (807 
 152 pg/ml). Taken together, these results
indicate that the inhibitory activity of serum factors is heat
stable and not due to IgG.

Absorption of serum inhibitory factors by B. dermatitidis
(V). In preliminary experiments, it was difficult to remove in-
hibitory activity from 1 ml of 10% MS by incubation with 2 �
108 HK B. dermatitidis (A) or HK B. dermatitidis (V) cells.
However, when 1% MS was absorbed twice with HK B. der-
matitidis (V) or live B. dermatitidis (V), absorbed serum failed
(P � 0.01) to inhibit TNF-� production by PM plus live B.
dermatitidis (V) (8% and 1% for absorbed serum versus 80%
and 87% for unabsorbed 1% MS, respectively) (Fig. 2B).
Moreover, electrophoresis of absorbed serum followed by im-
munoblotting for MBL showed that absorption by live B. der-
matitidis (V) removed MBL from MS (Fig. 2C). This suggested
that the presence of MBL in MS was necessary for inhibition of
TNF-� production by PM plus B. dermatitidis.

Binding of serum inhibitory factors by B. dermatitidis (V).
When HK B. dermatitidis (V) was incubated in 10% MS or PBS
for 1 h at room temperature and then washed, PM TNF-�
production was inhibited (P � 0.01) by MS treatment com-
pared to that with PBS treatment (Fig. 3A, right two bars).
This finding indicated that serum factors bound to B. derma-
titidis and inhibited stimulation of RAW cell TNF-� produc-
tion. Similar results were found in another experiment which
studied live B. dermatitidis (V) incubated with MS or PBS and
PM, where TNF-� production was inhibited 90% (P � 0.01) by
serum-treated live B. dermatitidis (V) (data not shown). These
findings suggested the possibility of capturing MS inhibitory
factors on a B. dermatitidis column and releasing bound factors
for study of inhibitory activity.

Quantitation of serum factors that bind B. dermatitidis.
SDS-PAGE of BS and UBS showed the absence of bands for

FIG. 1. (A) Effect of time on TNF-� production by RAW cells plus
HK B. dermatitidis (V). The E/T ratio was 2:1. TNF-� production is
shown as the mean 
 standard deviation (SD) for duplicate determi-
nations. (B) Effect of E/T ratio on TNF-� production by RAW cells
plus HK B. dermatitidis. TNF-� production by RAW cells stimulated
with HK B. dermatitidis (A) and HK B. dermatitidis (V) is shown.
TNF-� production is given as the mean 
 SD for triplicate determi-
nations.
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UBS compared to released BS, indicating that binding re-
moved serum proteins (data not shown). Serum factors that
bound to live B. dermatitidis (V) in two experiments were
tested for inhibition of TNF-� production by PM plus B. der-
matitidis (V). In preliminary tests, BS at 100 �g/ml, once re-
leased, inhibited (P � 0.01) TNF-� production 98%, which was
more than inhibition by 10% MS (86%). In another test of this
type, BS at 50 �g/ml inhibited (P � 0.01) TNF-� production
90%. Finally, BS inhibited TNF-� production by PM plus B.
dermatitidis (V) in a concentration-dependent manner (Fig.
3B), and it can be noted that 25 �g/ml of BS in CTCM was as
inhibitory (P � 0.01) (81%) as 10% MS in CTCM (78%).

Identification of B. dermatitidis-binding serum factor as
MBL. When live B. dermatitidis (V) was incubated with 10%
MS or BS (100 �g/ml), we found that it bound MBL from
serum and BS. Binding was detected with antibody to MBL
and the IFA system (Fig. 4). The results from three experi-
ments are shown in Table 1. B. dermatitidis (V) stained green,
and staining was most intense at the broad base of budding
yeast cells when 10% MS plus anti-MBL-C was used. Cell walls
of yeast cells incubated with either CTCM, CTCM with an-
other 10% FBS, or 10% mouse IgG and stained with anti-
MLB-C appeared bright red under these conditions, whereas
yeast cells incubated with MS or BS and stained with anti-
MBL-C appeared green.

Effect of serum on 1,3-�-glucan stimulation of PM for
TNF-� production. PM responded to 1,3-�-glucan in a con-
centration-dependent manner for TNF-� production (Fig.
5A). The addition of polymyxin to bind possible endotoxin

contamination of the glucan preparation did not affect these
results. 1,3-�-Glucan at 125 �g/ml appeared to be an optimal
concentration for TNF-� production under these conditions;
increasing the concentration to 250 �g/ml did not significantly
increase TNF-� secretion. As shown in Fig. 5B, TNF-� pro-
duction by 1,3-�-glucan-stimulated PM was significantly inhib-
ited by 10% MS. These results indicated that serum factors
interacted with 1,3-�-glucan and inhibited 1,3-�-glucan stimu-
lation of PM for TNF-� production.

Inhibition of B. dermatitidis serum binding factors with anti-
1,3-�-glucan antibody. When B. dermatitidis (V) was incubated
with mouse anti-1,3-�-glucan and then a goat anti-mouse IgG–
FITC conjugate, in two experiments B. dermatitidis (V) stained
green by fluorescence microscopy. If CTCM or 10% MS was
substituted for the mouse monoclonal antibody, there was no
fluorescence with the conjugate. With the same protocol, but
using goat anti-mouse IgG conjugated to Alexa Fluor 594,
staining of 1,3-�-glucan on B. dermatitidis is shown in photomi-
crographs (Fig. 6). These studies confirm many reports of
1,3-�-glucan in the cell wall of B. dermatitidis and show that
non-IgG factors bind to the glucan.

If B. dermatitidis was first incubated with MS or eluted BS
and then with anti-mouse 1,3-�-glucan plus rabbit anti-mouse–
FITC, staining of B. dermatitidis was completely inhibited. This
indicated that factors in MS or BS interacted with B. dermati-
tidis and prevented anti-1,3-�-glucan antibody staining of B.
dermatitidis, suggesting that serum binding factors or BS made
1,3-�-glucan on B. dermatitidis inaccessible to anti-1,3-�-glucan
staining.

FIG. 2. (A) Effect of serum concentration on TNF-� production by RAW cells plus HK B. dermatitidis. Inhibition by 1, 5, 10, 15, or 20% MS
of TNF-� production by RAW cells plus HK B. dermatitidis (A) or HK B. dermatitidis (V) is shown as the mean 
 SD for triplicate determinations.
(B) Effect of absorbing serum with live B. dermatitidis. PM were stimulated with live B. dermatitidis without MS, with 1% MS, or with 1% MS
absorbed with live B. dermatitidis. TNF-� production is shown as the mean 
 SD for triplicate determinations. (C) Immunoblot with anti-MBL-C
of MBL-C in MS compared to MBL-C in MS absorbed by live B. dermatitidis. MBL-C in 1% MS is shown in lanes 1, 3, and 5, and 1% MS absorbed
with live B. dermatitidis (V) is shown in lanes 2 and 4.
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Antibody to 1,3-�-glucan inhibits B. dermatitidis stimulation
of PM for TNF-� production. If B. dermatitidis was incubated
with mouse anti-1,3-�-glucan IgG (200 �g/ml), washed, and
used to stimulate PM, the coated B. dermatitidis cells had a
deficient (P � 0.01) capacity to stimulate PM for TNF-� pro-
duction (550 
 50 pg/ml) compared to uncoated B. dermatitidis
(2,300 
 200 pg/ml) (77% reduction) (Fig. 7). Similar results
were found in a second experiment where coated B. dermati-
tidis stimulation of PM for TNF-� production (850 
 50 pg/ml)
was 66% (P � 0.01) less than that with uncoated B. dermatitidis
(2,500 
 50 pg/ml). These findings, taken together with IFA
staining of 1,3-�-glucan on B. dermatitidis, show that 1,3-�-
glucan is a major ligand on B. dermatitidis for stimulation of
PM for TNF-� production.

DISCUSSION

B. dermatitidis initiates disease as a pulmonary infection and
frequently disseminates to sites such as the skin, thus the name
B. dermatitidis (28). Hence, innate immunity in the pulmonary
compartment must play an important role in the first line of
defense against B. dermatitidis. It was previously demonstrated

that a collectin, surfactant protein D (SP-D), can modulate the
bronchoalveolar macrophage response to B. dermatitidis,
down-regulating TNF-� production, likely by binding to B.
dermatitidis 1,3-�-glucan (21). However, little is known about
the roles of factors in the blood and at tissue sites of dissem-
ination in innate immunity against B. dermatitidis. In studies of
fungicidal activity of macrophages and neutrophils against B.
dermatitidis yeast cells, fresh MS was routinely included in
assay systems (5, 6, 23, 32). On the other hand, in most studies
of lymphokine or cytokine production by lymphocytes or mac-
rophages stimulated with B. dermatitidis, MS was not present in
the culture system (4, 11). In retrospect, it is possible that the
results from the latter experiments would have been different if
MS was present in the system. Our studies indicate that FBS
does not have the properties of MS in interaction with B.
dermatitidis, mouse cells, or their combination.

Here we determined the optimal conditions for TNF-� pro-
duction by RAW cells plus B. dermatitidis in CTCM and then
measured the effect of MS in CTCM. It was noted that an
attenuated strain (31) of B. dermatitidis (ATCC 60915) stimu-
lated greater production of TNF-� by RAW cells than did the
parent virulent strain (ATCC 26199) (Fig. 1B and 2A). Others
have speculated that greater stimulation of TNF-� production
of macrophages by strains of B. dermatitidis could be related to
greater host resistance (11) and that differences in cell wall
composition of strains could be responsible for these effects.
One of the cell wall differences postulated to correlate with
virulence relates to a higher �-1,3-glucan/1,3-�-glucan ratio in
virulent isolates (15). It is possible that the lower 1,3-�-glucan
content in the virulent isolate could be used to explain the
differences in TNF production that we observed and that the
lessened inflammatory response could explain the greater vir-
ulence. On the other hand, we show that the presence of serum
can largely override differences in the capacity of B. dermati-
tidis strains to stimulate TNF-� production by RAW cells. For
example, 5% serum in the assay system (Fig. 2A) could equally
inhibit TNF-� production by RAW cells plus different B. der-
matitidis strains.

The finding that B. dermatitidis incubated with MS and then
washed had a significantly lower capacity to stimulate TNF-�
production by RAW cells suggested that an MS factor(s)
bound to B. dermatitidis and interfered with stimulation of
macrophages. One possible mechanism by which coated B.
dermatitidis down-regulated TNF-� production by macro-
phages is blockade. For example, a serum factor(s) that binds
stimulatory structures on B. dermatitidis would shield these
structures from macrophage receptors involved in signaling for
TNF-� production.

MBL, which are other members of the family called collec-
tins, bind to microorganisms, activate the complement system,
act as opsonins to enhance phagocytosis, and may have activity
against some microbes mediated by enzymes linked to the
binding protein (8). By immunofluorescence staining with anti-
MBL antibody, MS factors that bound B. dermatitidis were
identified as MBL-A and MBL-C. MBL-A is an acute-phase
protein, also known as C-reactive protein, whereas MBL-C is
not. MBL-C is sixfold more abundant than MBL-A in normal
serum (27) and showed more intense staining in the immuno-
fluorescence assays. Although MBL-A can inhibit TNF-� pro-
duction by LPS-stimulated human alveolar macrophages (7),

FIG. 3. (A) Effect of incubating HK B. dermatitidis (V) with MS on
HK B. dermatitidis stimulation of RAW cells for TNF-� production.
TNF-� production by RAW cells plus HK B. dermatitidis in CTCM,
CTCM plus 10% MS, CTCM plus MS (S)-treated HK B. dermatitidis,
or CTCM plus PBS-treated HK B. dermatitidis is given as the mean 

SD for triplicate determinations. The left two bars are a control done
concurrently for purposes of comparison. (B) Effect of serum factors
bound to B. dermatitidis (V) on TNF-� production by PM. Concentra-
tion-dependent B. dermatitidis-bound MS factor (numbers on the x axis
are �g protein/ml) inhibition of TNF-� production by PM plus B.
dermatitidis is shown. TNF-� levels in supernatants are given as
means 
 SD for triplicate determinations.
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we are not aware of published reports about MBL-C inhibition
of TNF-� production by stimulated murine macrophages. Al-
though MBL can initiate the complement cascade, the lack of
difference we show between HI and normal MS in inhibiting

TNF-� production suggests that complement activation is not
required for this MBL function.

Our studies, which involved several mouse strains, indicate
that serum effects on B. dermatitidis-macrophage interactions
are not mouse strain specific. Variations in levels of MBL in
sera from 10 inbred mouse strains have been reported (22).
The MBL-C level in sera from DBA/1J mice was high (60
�g/ml) compared to that of MBL-C (20 �g/ml) in sera from
BALB/c mice. Assuming, conservatively, that the MBL-C level
in sera from outbred CD-1 mice is 60 �g/ml, we estimate that
MBL-C at 6 �g/ml (10% serum) or 0.6 �g/ml (1% serum)
strongly inhibited B. dermatitidis stimulation of PM for TNF-�
production. Moreover, we showed that MBL-C in 1% MS
resulted in strong MBL-C bands on immunoblots with anti-
MBL-C (Fig. 2C).

Since the cell wall of B. dermatitidis contains �-1,3-glucan
(10, 24) and �-1,3-glucan (15), these glucans are more likely to
be ligands or components of ligand sites for the carbohydrate-
binding domain of MBL than is surface protein antigen A (36),
also known as WI-1 (19). The importance of 1,3-�-glucan on B.
dermatitidis and the interaction with serum factors has been

FIG. 4. IFA staining of MBL bound to HK B. dermatitidis. A phase-contrast picture (A) of HK B. dermatitidis is compared to IFA staining of
MBL in MS bound to HK B. dermatitidis (B). A phase-contrast picture (C) of HK B. dermatitidis is compared to a negative IFA control (FBS
substituted for MS) (D).

TABLE 1. IFA staining of B. dermatitidis for serum
binding factors

Primary treatment
of B. dermatitidisa

IFA stainingb
Appearance of B.

dermatitidisAnti-MBL-A Anti-MBL-C

CTCM Yes Yes Bright red cell wall
CTCM plus another

10% FBS
Yes Yes Bright red cell wall

10% mouse IgG Yes Yes Bright red cell wall
10% MS Yes No Green spots on B.

dermatitidis
No Yes Solid green staining of

B. dermatitidis
BS No Yes Solid green staining of

B. dermatitidis

a Primary treatment of B. dermatitidis, as described in Materials and Methods.
b Secondary treatment of B. dermatitidis with rat anti-MBL and then rabbit

anti-rat IgG–FITC conjugate.
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reported. For example, naturally occurring factors in human
serum that bind B. dermatitidis for complement activation
could be inhibited by 1,3-�-glucan but not by �-glucan (37).
We and others (20, 21) have shown that 1,3-�-glucan stimu-
lates prominent production of TNF-� by macrophages. Here
we report that TNF-� production by macrophages plus 1,3-�-
glucan is inhibited in the presence of MS. It has been reported
that production of TNF-� by elicited peritoneal macrophages
in response to B. dermatitidis is affected by expression of the
protein adhesin antigen WI-1 or antigen A (11). These exper-
iments were done in the absence of fresh MS, and conse-
quently, the effect of serum MBL on such results is not known.
With other fungi, MBL have been shown to enhance or to
decrease TNF-� release by human mononuclear cells (9, 13).
The present studies suggest that B. dermatitidis may subvert the
innate immune response in the blood or at local tissue sites by
interacting with MBL to blunt the inflammatory response.

Despite their name, MBL are able to interact with the hor-
izontal 3- and 4-hydroxyl groups of various sugars, such as
mannose and glucose (34). Glucan is a polymer of repeating
1,3-linked glucose molecules, and fungal cell walls are com-
prised of mannan, glucan, and chitin components, all co-
valently cross-linked in a network (14, 29). It has been sug-

gested mannose-protein complexes may protect underlying
glucan sites (38). Our finding that anti-1,3-�-glucan antibody
significantly blocks B. dermatitidis stimulation of macrophages
for TNF-� production indicates that 1,3-�-glucan is a major
ligand on B. dermatitidis for signaling macrophages for TNF-�
production. Receptors on macrophages that bind 1,3-�-glucan

FIG. 5. (A) Effect of 1,3-�-glucan concentration on stimulation of
PM for TNF-� production. The PM response to increasing concentra-
tions of 1,3-�-glucan (�g protein/ml) is shown as increasing levels of
TNF-� production. Means 
 SD for triplicate determinations are
shown. (B) Effect of MS on 1,3-�-glucan stimulation of PM for TNF-�
production. Serum (S; 10%) inhibition of 1,3-�-glucan (62 and 125
�g/ml) stimulation of PM for TNF-� production is shown. TNF-�
production by PM plus B. dermatitidis, with or without 10% MS, is also
shown. TNF-� production is given as the mean 
 SD for triplicate
determinations.

FIG. 6. IFA staining of 1,3-�-glucan on HK B. dermatitidis. Phase-
contrast pictures of HK B. dermatitidis are shown on the bottom of
each pair of pictures. Corresponding IFA-stained (mouse monoclonal
anti-1,3-�-glucan IgG plus goat anti-mouse IgG conjugated to Alexa
Fluor 594) HK B. dermatitidis pictures are shown on the top of each
pair of pictures. There was no fluorescent staining with the conjugate
in the absence of the anti-glucan antibody.

FIG. 7. Effect of coating B. dermatitidis with anti-1,3-�-glucan an-
tibody (a-G) on TNF-� production by PM. TNF-� production by PM
plus B. dermatitidis, PM plus antibody-coated B. dermatitidis, or PM
plus MS (S)-coated B. dermatitidis is given as the mean 
 SD for
triplicate determinations.
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have been identified as dectin-1 (2, 3) and characterized (1,
26). Dectin-1 expression and function (35) and its distinction
from the mannose receptor on macrophages (33) have been
reported.

In summary, the results of our studies demonstrating that
MS incubated with B. dermatitidis resulted in inhibition of
TNF-� production, whereas incubation with IgG did not, and
of immunofluorescence studies showing that B. dermatitidis
sites were stained by mouse anti-1,3-�-glucan plus anti-mouse
IgG, whereas they were not stained by serum plus anti-mouse
IgG, suggest that the serum factors that result in binding to
1,3-�-glucan and TNF inhibition are not IgGs. We provide, in
several experiments, substantial, different pieces of evidence
that the binding serum factors(s) that results in TNF inhibition
is an MBL and also show that a specific antibody to 1,3-�-
glucan inhibits TNF, and we thus infer that MBL blocks TNF
production by binding at 1,3-�-glucan sites or binding at B.
dermatitidis sites that mask surface 1,3-�-glucan. We cannot
exclude the possibility that there could be additional serum
factors that also bind B. dermatitidis, possibly at 1,3-�-glucan
sites, and affect the interaction with macrophages, but they are
not present in IgG, and MBL potency is sufficient to explain
most or all of the inhibitory serum activity. SP-D, for example,
is present at lower concentrations in human serum than in lung
lavage fluid (30). If the concentration in the mouse approxi-
mates that in human serum, then 1% MS (a concentration we
show is effective in blocking TNF production) would contain
approximately 0.009 �g/ml, a level estimated to be 	60-fold
lower than the serum MBL-C concentration and 	2,000-fold
less than the SP-D concentration shown to be effective with
BAM (21).
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