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The Role of SIGNR1 and the �-Glucan Receptor (Dectin-1) in

the Nonopsonic Recognition of Yeast by Specific Macrophages1

Philip R. Taylor,2* Gordon D. Brown,* Jurgen Herre,* David L. Williams,† Janet A. Willment,*

and Siamon Gordon*

We recently demonstrated that the �-glucan receptor Dectin-1 (�GR) was the major nonopsonic �-glucan receptor on macrophages

(M�) for the yeast-derived particle zymosan. However, on resident peritoneal M�, we identified an additional mannan-inhibitable

receptor for zymosan that was distinct from the M� mannose receptor (MR). In this study, we have studied the mannose-binding

potential of murine M� and identified the dendritic cell-specific ICAM-3-grabbing nonintegrin homolog, SIGN-related 1 (SIGNR1), as

a major MR on murine resident peritoneal M�. Both SIGNR1 and �GR cooperated in the nonopsonic recognition of zymosan by these

M�. When SIGNR1 was introduced into NIH3T3 fibroblasts or RAW 264.7 M�, it conferred marked zymosan-binding potential on

these cells. However, in the nonprofessional phagocytes (NIH3T3), SIGNR1 was found to be poorly phagocytic, suggesting that other

receptors such as �GR may play a more dominant role in particle internalization on professional phagocytes. Binding of zymosan to

RAW 264.7 M� expressing SIGNR1 resulted in TNF-� production. Treatment of RAW 264.7 M� expressing SIGNR1, which express

low levels of �GR, with �-glucans had little effect on binding or TNF-� production, indicating that there was no absolute requirement

for �GR in this process. These studies have identified SIGNR1 as a major MR for fungal and other pathogens present on specific subsets

of M�. The Journal of Immunology, 2004, 172: 1157–1162.

W
e recently identified Dectin-1 as the leukocyte �-glu-

can receptor (�GR)3 (1) and demonstrated that it was

a major macrophage (M�) receptor for the nonopso-

nic recognition of yeast (2). It is predominantly expressed on the

surface of cells of the monocyte/M� lineage, dendritic cells, and a

subset of T cells (3). Interestingly, murine M� exhibited some

heterogeneity in the expression of �GR, with high surface expres-

sion particularly evident on alveolar M� (3), which are constantly

exposed to fungal-derived material. The human �GR homolog has

also been identified (4–7) and recognizes �-glucans (6). More re-

cently, we have been able to show that Dectin-1 is required in

conjunction with Toll-like receptor 2 for the induction of TNF-�

production in response to zymosan recognition (8). These studies

have established �GR as a major pattern recognition receptor for

the appropriate recognition and response to fungal infection.

Our examination of the nonopsonic recognition of zymosan by

murine M� led to the identification of an additional mannan-in-

hibitable receptor for the nonopsonic recognition of zymosan on

the surface of resident peritoneal M� (3). The heterogeneous ex-

pression of this receptor could represent the mannan-inhibitable

receptor on peritoneal M� described for Saccharomyces cerevi-

siae, zymosan, and Leishmania donovani promastigotes (9–11).

Although at the time this activity was ascribed to the M� mannose

receptor (MR), we demonstrated with the aid of novel mAb that

the expression of the M� MR was inconsistent with this hypoth-

esis (3). Candidates for this activity were the murine homologs of

dendritic cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN)

(12–14) and DC-SIGNR (14, 15), which now have well-estab-

lished mannose-binding credentials (14). The mouse has five ho-

mologs of DC-SIGN(R) (16), and one of these homologs has been

shown to be expressed by select M�, and possess mannose-bind-

ing activities (17, 18). Another candidate, Endo180, is an addi-

tional member of the MR family, which has similar ligand spec-

ificity to the M� MR (19, 20).

In this study, we demonstrate that the uncharacterized mannan-

inhibitable receptor on peritoneal M� is SIGN-related 1

(SIGNR1), the murine homolog of DC-SIGNR. SIGNR1 is in-

volved in the nonopsonic recognition of the yeast-derived particle

zymosan (exhibiting additive cooperation with �GR), facilitates

the M� TNF-� response, and contributes to the recognition of the

human pathogen Candida albicans but is poorly phagocytic in

isolation.

Materials and Methods
Preparation of primary cells and cell culture

All mice used in this study were C57BL/6J or BALB/c and between 8 and 12
wk at the time of study. Primary cells were isolated as previously described (3).
Primary M� were cultured in RPMI 1640 (Invitrogen, Paisley, U.K.) supple-
mented with 10% heat-inactivated FCS, 100 U/ml penicillin, 0.1 mg/ml strep-
tomycin, and 2 mM L-glutamine. NIH3T3 (American Type Culture Collection,
Manassas, VA) and RAW 264.7 (American Type Culture Collection) were
maintained in DMEM (Invitrogen) supplemented as above.

Isolation of RNA and RT-PCR analysis

Peritoneal cells were enriched by overnight adherence to tissue culture plastic.
This process is known not to alter the presence of the mannan-inhibitable
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zymosan receptor on murine M� (3). Isolation of total RNA and cDNA syn-
thesis was performed as previously described (3). Primers for specific cDNA
amplification were as follows: DC-SIGN, 5�-CATGAGTGATTCTAAG
GAA-3� and 5�-TCACTTGCTAGGGCAGGAAG-3�; SIGNR1, 5�-ACCAT
GAGTGACTCCACAGAA-3� and 5�-CTAGCCTTCAGTGCATGGGG-3�;
and �2-microglobulin, 5�-TGACCGGCTTGTATGCTATC-3� and 5�-CAGT
GTGAGCCAGGATATAG-3�.

Retroviral transduction of NIH3T3 and RAW 264.7

To obtain stable SIGNR1-expressing NIH3T3 fibroblasts (NIH3T3-
SIGNR1) and RAW 264.7 M� (RAW-SIGNR1), the SIGNR1 cDNA (a
gift from Dr. T. Geijtenbeek (Vrije Universiteit Medical Centre, Amster-
dam, The Netherlands)) was subcloned into the retroviral vector pFB(neo)
(Stratagene, La Jolla, CA). NIH3T3-SIGNR1, RAW-SIGNR1, and �GR-
expressing NIH3T3 fibroblasts (NIH3T3-�GR) transductants were gener-
ated as previously described (2, 6).

Carbohydrates and mannose-binding assays

Synthetic biotinylated polymeric mannose ligand (Man-PAA-Bio) was ob-
tained from Lectinicity (Munich, Germany). Mannan (from S. cerevisiae),
laminarin (from Laminaria digitata), and monosaccharides were purchased
from Sigma-Aldrich (St. Louis, MO). Glucan phosphate was produced as
previously described (21).

For the assessment of surface mannose-binding activity on murine M�,
freshly isolated cells were washed twice with ice-cold wash solution (0.5%
(w/v) BSA, 2 mM NaN3 in HBSS), and typically 0.5–1 � 106 cells per
assay were blocked with 5% rabbit serum and 10 �g/ml 2.4G2 (anti-
Fc�RII and -III) in the wash solution for 30 min at 4°C. After blocking, the
cells were incubated with 10 �g/ml Man-PAA-Bio on ice in the same wash
buffer. FITC-labeled F4/80 was included for the identification of M�. After
1 h on ice, cells were washed twice with the same wash solution, and
Man-PAA-Bio was detected with streptavidin-allophycocyanin (BD
PharMingen, San Diego, CA) in wash buffer. Cells were washed three
times with wash solution before analysis, and M� were identified by flow
cytometry, gating on F4/80� cells.

Nonopsonic binding assays

For nonopsonic binding assays, a modification of our earlier assays (1–3)
was developed for the analysis of freshly isolated cells. Freshly isolated
peritoneal cells or subconfluent NIH3T3, which were lifted by scraping in
5 mM EDTA in PBS, were washed twice in ice-cold wash solution (see
Carbohydrates and mannose-binding assays). A total of 2 � 105 peritoneal
cells (1 � 105 NIH3T3) were placed in 96-well V-bottom bacterial plastic
plates. Inhibitors (carbohydrates, Abs, or EDTA) were added (final con-
centrations stated where appropriate) and incubated on ice for 20 min be-
fore the addition of FITC-labeled zymosan (Molecular Probes, Eugene,
OR), heat-killed C. albicans, or heat-killed Mycobacterium tuberculosis (a
particle:cell ratio of 5:1 (25:1 for NIH3T3) was used). The cells and test
particles were brought into contact by centrifugation at 350 � g for 5 min
and left for 1 h on ice before resuspension and fixation in 1% formalde-
hyde. M� in mixed cultures were identified by flow cytometry by F4/80
expression or their characteristic forward scatter/side scatter and autofluo-
rescent profiles. Particle binding was identified by the acquisition of FITC
labeling (see Flow cytometry).

Results from binding assays were either expressed as a percentage of the
cells present that had bound to the test particle or as a relative binding
index, to gain a more accurate estimate of the total number of particles
bound to these cells. The binding index is expressed as the percentage of
cells interacting with particles multiplied by the mean fluorescent intensity
(MFI) of those cells. A relative binding index was obtained by normalizing
results to the mean binding of untreated M� or the mean of the transfected
cells with the highest binding, both of which were assigned a binding index
of 100.

Phagocytosis assays

NIH3T3-SIGNR1 or NIH3T3-�GR were seeded at 2.5 � 105 cells/well in
six-well dishes the day before assay. As a phagocytosis control, some cells
were treated with 2 �M cytochalasin D (Sigma-Aldrich) 60 min before and
throughout the assay. Plates were cooled on ice for 20 min, and then FITC-
labeled zymosan (20 particles/cell) in ice-cold medium was added to each
well, settled by gravity, and left for 60 min. After this time, unbound
particles were removed by three washes with ice-cold medium, the medium
was replaced, and the cells were returned to 37°C (5% CO2) for 60 min to
allow phagocytosis to occur. Plates were then returned to ice, where they

remained while they were stained in situ for the presence of bound zymo-
san on the outside of the cells.

For detection of external zymosan, cells were first blocked for 30 min
with ice-cold 5% (v/v) goat serum and 0.5% (w/v) BSA in HBSS (con-
taining Ca2� and Mg2�). The block was replaced with a rabbit polyclonal
anti-zymosan Ab (Molecular Probes) diluted 1/1000 in block for 1 h on ice.
The anti-zymosan Abs are unable to bind to zymosan particles that have
been internalized. The cells were washed three times with blocking solu-
tion, and an allophycocyanin-labeled goat anti-rabbit IgG (Molecular
Probes) was added at a 1/200 dilution for a further 45 min. Cells were again
washed three times with ice-cold blocking buffer and then detached by
pipetting with HBSS before being fixed with 2% formaldehyde.

Flow cytometry

Flow cytometry was performed exactly as previously described (3). The
labeled mAbs F4/80-PE/FITC/biotin (anti-F4/80), 5C6-FITC (anti-
CD11b), and biotinylated mouse anti-rat IgM were obtained from Serotec
(Oxford, U.K.). mAb ERTR9 (anti-SIGNR1) was obtained from DPC Bier-
mann (Bad Nauheim, Germany), and control rat IgM was obtained from
(BD PharMingen). mAb 2A11 (rat IgG2b, anti-�GR) (2) was produced
in-house with the appropriate isotype control Abs. All FACS was per-
formed using a BD Biosciences (Mountain View, CA) FACSCalibur and
CellQuest, version 4, software.

For intracellular cytokine assays, resident peritoneal M� or RAW 264.7
were plated in 24-well plates (5 � 105 cells/well) and, in the case of
primary cells, washed 2 h later to remove nonadherent cells. The next day,
the M� were washed three times with ice-cold medium, and inhibitors
were added for 30 min at 4°C (as detailed where appropriate). FITC-la-
beled zymosan was then added to the wells (20 particles per M�) and
incubated for 30 min at 37°C to allow binding and internalization to occur.
Unbound zymosan was removed by repeated washing at 4°C; medium
supplemented with GolgiPlug (BD PharMingen) was added; and the cells
were warmed to 37°C for 90 min to allow TNF-� production. The cells
were washed with ice-cold HBSS, lifted by scraping, and immediately
fixed with 1% formaldehyde for 20 min at 4°C. Cells were permeabilized
for staining by including 0.5% saponin (Sigma-Aldrich) in all blocking and
washing buffers. Intracellular TNF-� was detected with allophycocyanin-
conjugated anti-TNF-� (clone MP6-XT22; BD PharMingen) compared
with control Ab (clone A110-1; BD PharMingen). Polymyxin B (Sigma-
Aldrich) was included in all TNF-� assays (1000 U/ml) to control for
endotoxin contamination of commercial mannan preparations.

Statistical analysis

Statistics were calculated using GraphPad Prism (version 2.0; GraphPad
Software, San Diego, CA). Repeated measures one-way ANOVA with
Tukey’s multiple comparison test was applied where appropriate (�, p �

0.05; ��, p � 0.01).

Results and Discussion
Evaluation of mannose-binding potential of murine M�

During our previous studies, we identified a mannan-inhibitable

component of zymosan recognition on resident peritoneal M� (3).

To investigate this further, we probed the surface of murine M�

(both resident and thioglycolate-elicited M�) for mannose-binding

potential using the synthetic probe Man-PAA-Bio. When these

cells were assessed for mannose-binding potential, only the resi-

dent peritoneal M� (Fig. 1, �) exhibited significant activity, and

it is unlikely to be due to MR, because the expression of the M�

MR by these cells was poor, as previously reported (3). In addition,

thioglycolate-elicited M�, which express moderate levels of MR

on the surface (3), showed virtually no activity in this assay (Fig.

1, f). Binding of Man-PAA-Bio to resident peritoneal M� was

inhibited by mannan, but not the �-glucan laminarin, and was cat-

ion dependent (Fig. 1), which resembles the classical C-type lec-

tins (22). Interestingly, the binding of the probe was inhibited by

both mannose and galactose. Whereas classic Ca2�-dependent lec-

tins like the MR exhibit a significantly higher affinity for mannose

than galactose (23, 24), this difference in affinity was found to be

less marked for human DC-SIGN and its homolog DC-SIGNR

1158 SIGNR1 AND �GR ARE M� FUNGAL RECOGNITION RECEPTORS
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(14). Consequently, we investigated the expression of the murine

DC-SIGN homologs by peritoneal M�.

Expression of SIGNR1 by murine M�

We assessed the expression of both DC-SIGN and SIGNR1 by

RT-PCR on enriched peritoneal M� populations (Fig. 2A). Tran-

scripts for DC-SIGN were present in cDNA preparations from

both resident and elicited M�. The expression of SIGNR1 was

more restricted to resident peritoneal cells (Fig. 2A), and because

SIGNR1 is known to bind mannose and to be expressed by some

M� and liver sinusoidal cells (17, 18), we evaluated its expression

by FACS using mAb ERTR9 (17, 18). SIGNR1 was evident on the

surface of freshly isolated resident peritoneal M�, but not on thio-

glycolate-elicited peritoneal or resident alveolar M� (Fig. 2B). To

determine whether SIGNR1 was the major receptor responsible for

the binding of Man-PAA-Bio to resident peritoneal M�, the cells

were pretreated with ERTR9, or a control rat IgM, before evalu-

ation of binding activity (Fig. 2C). Pretreatment with ERTR9 pre-

vented binding of the Man-PAA-Bio to resident peritoneal M� to

the level obtained with mannan, indicating that SIGNR1 was a

major receptor mediating this activity (Fig. 2C). This shows that,

in cold binding assays, Man-PAA-Bio is a fairly specific probe for

the recognition of SIGNR1 activity, even when M� MR is also

present on the surface of the cell.

SIGNR1 and �GR cooperate in the nonopsonic recognition of

zymosan by primary cells

We and others (3, 10) have reported that both �-glucan and man-

nan-inhibitable receptors are present on resident peritoneal M�.

Because we have shown in this study that SIGNR1 is a major MR

on resident peritoneal M�, we investigated whether SIGNR1 could

cooperate with �GR in the recognition of zymosan. mAb against

�GR (2A11) blocked binding of zymosan to a similar degree to

that of the soluble �-glucan, laminarin (Fig. 2D). Notably, anti-

SIGNR1 (ERTR9) blocked the recognition of zymosan in a com-

parable way to both mannan and EDTA (Fig. 2D). Furthermore,

combination of �-glucan with mannan, or combination of anti-

�GR with anti-SIGNR1, largely abrogated the nonopsonic recog-

nition of zymosan by these cells (Fig. 2D). This demonstrates that

�GR and SIGNR1 are primary nonopsonic pattern recognition re-

ceptors on resident peritoneal M� that cooperate in an additive

way in the recognition of zymosan.

Characterization of SIGNR1 transductants

To verify our findings in primary cells, we next examined this

activity in SIGNR1-transduced NIH3T3 fibroblasts, which were

confirmed to express SIGNR1 on their surface by FACS (Fig. 3A).

Human DC-SIGN has been shown to interact with M. tuberculosis

via mannose-capped lipoarabinomannan (25, 26), so to assess our

transductants functionally, we measured the binding of FITC-la-

beled M. tuberculosis. We found that SIGNR1, like human DC-

SIGN, exhibited mannan- and EDTA-inhibitable binding to M.

tuberculosis (Fig. 3B). We observed that SIGNR1 was capable of

mediating zymosan binding to the transduced cells, and that this

binding was blocked with mannan but not laminarin (Fig. 3C).

FIGURE 1. Assessment of the mannose-binding potential of murine

M�. Resident peritoneal M� (�) exhibited strong and specifically inhib-

itable binding of Man-PAA-Bio; however, thioglycolate-elicited M� (f)

demonstrated negligible binding to this probe. Data represent MFI as a

measure of Man-PAA-Bio binding and are representative of three inde-

pendent experiments.

FIGURE 2. Expression of murine DC-SIGN homologs and role in M�

zymosan binding. A, mRNA for DC-SIGN was detected in both resident

and thioglycolate-elicited M�, and SIGNR1 was found only in resident

peritoneal M�. Also shown is the control PCR for �2-microglobulin (�2m).

B, Resident peritoneal M� (ResM�) exhibited reproducible surface stain-

ing with the SIGNR1-specific mAb ERTR9; however, SIGNR1 was not

readily detectable on the surface of thioglycolate-elicited (ThioM�) or al-

veolar M� (AlvM�). Each individual profile is representative of at least

two experiments. C, Pretreatment of resident peritoneal M� with mAb

ERTR9 (anti-SIGNR1), but not a control rat IgM, blocked binding of Man-

PAA-Bio in a similar way to mannan. The data are representative of two

independent experiments. D, Blockade of either �GR (laminarin or mAb

2A11) or SIGNR1 (mannan, EDTA, or mAb ERTR9) partially inhibited

the recognition of zymosan by resident peritoneal M�. Combination of

both polysaccharides or Abs largely abrogated zymosan recognition, show-

ing that �GR and SIGNR1 cooperate in zymosan recognition. Results are

shown as the percentage of M� bound by FITC-zymosan and as a relative

binding index. The data represent mean � SEM of duplicate samples and

are representative of three independent experiments.

1159The Journal of Immunology
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SIGNR1 contributes to the nonopsonic recognition of

C. albicans

C. albicans infection of MR-deficient mice has recently been

shown to be relatively normal (27). Furthermore, MR-deficient

M� exhibited no defect in the phagocytic uptake of C. albicans.

We speculated that resident peritoneal M� could use SIGNR1 for

the nonopsonic recognition of C. albicans in the same way as

zymosan (Fig. 3D, left panel). The binding of heat-killed C. albi-

cans by resident peritoneal M� was largely inhibited not only by

mannan and EDTA but also by the SIGNR1-specific mAb ERTR9.

Confirmation that SIGNR1 could interact directly with C. albicans

was achieved using NIH3T3-SIGNR1 (Fig. 3D, right panel). This

is consistent with the findings of Cambi et al. (28) who have re-

cently reported that human DC-SIGN also binds C. albicans.

Analysis of the phagocytic capacity of SIGNR1

It was recently suggested that human DC-SIGN is a phagocytic

receptor capable of mediating the internalization of large particles

such as C. albicans (28); however, these studies were conducted

using normally phagocytic cells that are likely to express multiple

receptors for this yeast. We assessed the ability of murine SIGNR1

to internalize zymosan in the normally nonphagocytic NIH3T3

background. Despite long incubation times at 37°C, NIH3T3-

SIGNR1 were found to be only very poorly phagocytic for pre-

bound zymosan particles (Fig. 4), particularly when compared

with NIH3T3-�GR (Fig. 4 and J. Herre, A. S. J. Marshall, E.

Caron, V. L. Tybulewicz, C. Reis-e-Sousa, S. Gordon, and G. D.

Brown, manuscript in preparation), indicating that uptake of

SIGNR1-ligated particulate material may be facilitated on profes-

sional phagocytes by other receptors such as �GR.

�GR, SIGNR1, and TNF-� production by M� in response to

zymosan

We recently demonstrated that, in elicited M�, �GR cooperates

with Toll-like receptor 2 in inducing a proinflammatory response

to yeast and zymosan, including the production of TNF-�, which

could be inhibited with soluble �-glucan (8). In resident peritoneal

M�, however, intracellular TNF-� accumulation could be partially

inhibited with �-glucans (Fig. 5A). This was similar to our previ-

ous study of TNF-� secreted by resident peritoneal M� in re-

sponse to zymosan, indicating that an alternative �GR-indepen-

dent mechanism for TNF-� production existed (29). Furthermore,

mannan and the SIGNR1-specific mAb ERTR9 had no significant

effect on this activity, supporting the idea that alternative mecha-

nisms were responsible for TNF-� production (Fig. 5A and data

not shown), suggesting that SIGNR1 was involved in binding but

not in the induction of the TNF-� response.

To specifically study the role of SIGNR1 in the M� response to

zymosan, we expressed this receptor in RAW 264.7 M�, which do

not normally express SIGNR1 (data not shown), and compared

FIGURE 4. The role of SIGNR1 in the phagocytosis of zymosan. After

incubation with zymosan, most of the bound particles are internalized by

the NIH3T3-�GR (upper left panel), but not by the NIH3T3-SIGNR1 cells

(lower left panel), and both were inhibited by cytochalasin D (middle pan-

els). The histograms on the right are gated on the FITC� cells in the

adjacent panels. In these examples, 87% of the bound zymosan was inter-

nalized by NIH3T3-�GR (upper right panel; shaded histogram), and this

was clearly blocked by cytochalasin D (bold line), whereas NIH3T3-

SIGNR1 internalized only 23% of the bound zymosan during the course of

the assay (lower right panel; shaded histogram). Data shown are taken

from one of three representative experiments.

FIGURE 3. SIGNR1 is a receptor for zymosan and C. albicans. A,

FACS analysis of NIH3T3-SIGNR1 demonstrates surface expression of

SIGNR1 (shaded histogram) compared with isotype control staining (bold

line). B, NIH3T3-SIGNR1 (shaded histograms) exhibit enhanced binding

of M. tuberculosis (M.tb) in a mannan- and EDTA-inhibitable manner

(NIH3T3 binding denoted by bold line). C, NIH3T3-SIGNR1 (f) bind

significantly more zymosan than wild-type NIH3T3 (�), and this binding

is inhibited by mannan but not �-glucan. Data represent mean � SEM and

are representative of three individual experiments. D, The binding of C.

albicans to freshly isolated resident peritoneal M� (left panel) was inhib-

ited by mannan and the SIGNR1-specific mAb ERTR9, but not a control

Ab. Binding was also found to be largely cation dependent. NIH3T3-

SIGNR1 (right panel; f) bind C. albicans in a mannan- and EDTA-in-

hibitable manner. NIH3T3 cells (right panel; �) exhibited only minimal

binding. Data are representative of at least two independent experiments.

1160 SIGNR1 AND �GR ARE M� FUNGAL RECOGNITION RECEPTORS

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


their responses to zymosan with those of �GR-expressing and con-

trol RAW 264.7 cells (Fig. 5B and data not shown). As previously

reported (8), RAW-FB control cells exhibited minimal zymosan

binding and TNF-� production, which could be blocked with

�-glucans, consistent with the low �GR expression on these cells.

Cells overexpressing �GR showed a greatly enhanced �-glucan-

dependent interaction with zymosan and an increased TNF-� re-

sponse, as expected (8) (data not shown). RAW-SIGNR1 also ex-

hibited an increase in their ability to recognize zymosan (Fig. 5B).

The addition of mannan significantly inhibited the binding of zy-

mosan to RAW-SIGNR1 cells but had only marginal, if any, effect

on TNF-� production. Addition of �-glucan had no obvious effect,

but combination of �-glucan with mannan reduced zymosan bind-

ing further, and this resulted in a significant reduction in the

amount of TNF-� produced. Thus, these data are consistent with

SIGNR1 contributing to the nonopsonic recognition of zymosan as

observed with primary cells, but not playing a major role in TNF-�

production, by these cells. Furthermore, these data, and the ability

of zymosan to induce enhanced TNF-� production in RAW-FB

cells when targeted to other surface receptors, such as complement

receptor 3 (8), suggests that �GR is not essential for the TNF-�

response to zymosan when an alternative binding/uptake receptor

is present, but that it does contribute to the magnitude of this

response.

In summary, we show in this study that expression of SIGNR1

by resident peritoneal M� results in additive cooperation with

�GR in the nonopsonic recognition of zymosan (Fig. 2D). We also

demonstrate that SIGNR1 is poorly phagocytic, implicating addi-

tional receptors on professional phagocytes, such as �GR, in the

internalization process. Finally, we have shown that uptake of zy-

mosan can occur by either �GR or SIGNR1, and this results in

TNF-� production by M�, and although signals generated from

the �GR are able to induce this response, there is a degree of

receptor redundancy in this activity (8). The identification of

SIGNR1 as a major MR on resident peritoneal M� resolves the

mechanism of a long-standing query over the nature of pattern

recognition by these cells (9–11).
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