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Macrophages (M�) may play an important role in the pathogenesis of invasive meningococcal infection.
Previously, we have shown that the class A M� scavenger receptor (SR-A) is a major nonopsonic receptor for
Neisseria meningitidis on M�. SR-A contributes to host defense by binding proinflammatory polyanionic
ligands such as lipopolysaccharide (LPS) and by the uptake and killing of live organisms. SR-A-deficient
mouse M� display a substantial reduction in the number of meningococci ingested compared to wild-type M�,
and SR-A is required for meningococcal phagocytosis but not for the release of tumor necrosis factor alpha.
Although soluble lipid A and lipidIVA are reported as ligands for SR-A, we demonstrated that LPS and LPS
expression were not essential for the uptake of whole meningococci. In the present study, we set out to discover
protein ligand(s) for SR-A in N. meningitidis lysates and outer membrane vesicles. Using various microbial
mutant strains, we determined that molecules comprising the membrane capsule and pili, as well as the
abundant surface Opa proteins were not essential for SR-A recognition. We developed a binding assay to detect
SR-A ligands and identified three candidate proteins expressed on intact organisms, namely, NMB1220,
NMB0278, and NMB0667. Soluble forms of these ligands were shown to block the binding of meningococci to
CHO cells stably transfected with SR-A. Furthermore, NMB1220 was endocytosed by SR-A on M� and
prevented internalization of soluble acetylated low-density lipoprotein. Thus, we have identified novel, unmod-
ified protein ligands for SR-A that are able to inhibit meningococcal interactions with macrophages in vitro.

Neisseria meningitidis is a commensal organism of the naso-
pharynx which can occasionally cross this barrier to infect in-
dividuals, causing classical meningitis or potentially fatal
septicemia. Meningococcal infections are particularly life-
threatening in infants once protection from maternal antibod-
ies diminishes (2, 32). Many aspects of the host response to
meningococcal infection remain obscure, especially those gov-
erning the initial host-microbe interactions which result in in-
fection, colonization, or clearance. Also, it is unclear what
factors lead to the progression of fulminant septicemia in some
individuals but not others.

The role of macrophages (M�) in this disease has received
little attention; however, they are important during the initial
stages of infection (27), dissemination (16), inflammation (3,
26) and possibly in the generation of acquired immunity. M�
are found systemically, in the nasopharynx, and at the blood-
brain interface; also, monocytes are readily recruited to sites of
infection and local inflammation (7). M� express many pattern
recognition receptors capable of distinguishing the presence of
pathogens directly, including the Toll-like receptors (TLR),
CD14, and the scavenger receptors (SR) (17, 21). Recently, we

found that bone marrow culture-derived M� bind unopsonized
N. meningitidis almost exclusively via the class A M� scavenger
receptor (SR-A), a trimeric transmembrane glycoprotein ex-
pressed on mature M� but not on circulating monocytes (18).
Three naturally occurring alternative splice variants—SR-AI,
SR-AII, and SR-AIII—exist, although only SR-AI and SR-AII
have been shown to be functional (8). Ligand-binding studies
have shown a diverse range of polyanionic molecules are rec-
ognized by the receptor, including modified (acetylated and
oxidized) but not native low-density lipoprotein (LDL), polyri-
bonucleic acids [poly(I)] and polysaccharides, such as dextran
sulfate (13). Proteins modified by maleylation are also bound
by the receptor (1, 19); however, it is important to note that not
all polyanionic molecules are recognized since there is an un-
determined structural requirement.

Previously, we showed that bone marrow culture-derived
M� (BMM�) bind N. meningitidis predominantly via SR-A
(18). M� lacking the receptor have a 90% reduction in inges-
tion of meningococci compared to wild-type controls. Our data
demonstrated that, whereas SR-A was required for bacterial
entry, it was not responsible for M� activation and the release
of the proinflammatory cytokine tumor necrosis factor alpha
(TNF-�), which required a functional TLR4 and bacterial lipo-
polysaccharide (LPS). Also, all of the Neisseria species tested,
including N. gonorrhoeae and N. lactamica, were recognized
similarly by SR-A. LPS was a candidate meningococcal ligand
for SR-A since soluble lipid A had previously been shown to be
recognized by the receptor (9). However, using various mu-
tants, including one without any LPS expression, we showed
that the requirement for SR-A was unchanged (18). These data
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suggested the presence of novel ligand(s) for SR-A on N.
meningitidis.

We set out to identify the ligand(s) for SR-A on meningo-
cocci. The cell surface of Neisseria is heterogeneous, and the
bacteria express a large number of surface molecules that un-
dergo phase variation. In addition to LPS, potential candidate
ligands for SR-A include capsular polysaccharide, pili, porins,
and Opa proteins, and all of these are important during colo-
nization and infection. For example, capsule polysaccharide is
required for serum resistance (4, 14), and pili are required for
initial attachment to epithelial cells via CD46 (11, 12, 33, 34).
However, using various microbial surface mutants, we deter-
mined that these molecules were not recognized by SR-A.
Therefore, we developed a binding assay to identify SR-A
ligands and have isolated three candidate surface molecules:
NMB1220, NMB0278, and NMB0667. Further study has re-
vealed that these proteins are able to block the binding of
meningococci and acetylated low-density lipoprotein (AcLDL)
to SR-A to various degrees. However, only NMB1220 induced
endocytosis by SR-A in M�. Thus, we have identified novel,
unmodified protein ligands for the receptor that are able to
inhibit meningococcal interaction with host macrophages.

MATERIALS AND METHODS

Chemicals and reagents. Unless stated otherwise, all chemicals were from
Sigma. DiI (1,1�-dioctadecyl-1-3,3,3�,3�-tetramethylindocarbocyanine perchlorate)-
labeled AcLDL and AcLDL were obtained from Autogen-Bioclear (Wiltshire,
United Kingdom). Rhodamine green X (RdGnX) was obtained from Molecular
Probes (Eugene, OR); a 30% (wt/vol) solution of acrylamide-bisacrylamide (37.5:1)
was from NBL Gene Science, Ltd. (Cramlington, United Kingdom). TMB substrate
reagent set was purchased from BD Biosciences Pharmingen (San Diego, CA).
Nonfat powder milk (Marvel Original) was purchased from local supermarkets;
Hybond C� membrane, ECL reagent, and Rainbow molecular weight protein
markers were from Amersham Life Sciences, Ltd. (Buckinghamshire, United
Kingdom).

Cell culture. BMM� were prepared as described previously (18). M� were
routinely cultured in RPMI supplemented with 50 IU of penicillin G/ml, 50 �g
of streptomycin/ml, and 2 mM L-glutamine (PSG); 10% fetal calf serum; and
15% L-cell conditioned medium. Before use in assays, the M� were plated in
bacteriologic plastic (Greiner, Gloucester, United Kingdom) dishes at the ap-
propriate density. CHO wild-type (WT) cells were cultured in Ham F-12 medium
supplemented with 10% fetal calf serum and PSG. CHO cells stably expressing
hSR-AI and hSR-AII have been described previously (6), and high levels of
SR-A expression were achieved by culture in MAC medium: Ham F-12 medium
supplemented with 3% LDL-deficient fetal calf serum, 250 �M mevalonate, 40
�M mevastatin, and 3 �g of AcLDL/ml.

Bacteria. N. meningitidis MC58, surface mutants (MC58�3 to MC58�10),
H44/76, and H44/76lpxA were obtained and treated as described previously (15,
23). All Neisseria strains were maintained in liquid nitrogen and used after a
single subculture. Neisseria strains were grown on brain heart infusion media
(Merck), supplemented with Levinthal’s reagent (10% [vol/vol]) and agar (1%
[wt/vol]; Bioconnections) at 37°C in 5% CO2 (vol/vol). For fluorescent labeling,
N. meningitidis was fixed with 70% ethanol and labeled with RdGnX according
to the manufacturer’s protocol.

Purification of meningococcal proteins. The purified N. meningitidis proteins
used were expressed in Escherichia coli as previously described (22). In brief, for
soluble proteins E. coli BL21(DE3) harboring the gene of interest was grown at
37°C to an optical density at 550 nm (OD550) of 0.6 to 0.8 in Luria broth medium
containing 100 mg of ampicillin/ml. Expression of the recombinant protein was
induced with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside), and the culture
shaken for 3 h at 37°C. After induction, the bacteria were pelleted by centrifu-
gation at 8,000 � g for 15 min at 4°C and resuspended in 50 mM phosphate buffer
(pH 8) containing 300 mM NaCl; 10 mM imidazole; and a complete, EDTA-free
protease inhibitor (Roche, Mannheim, Germany). All subsequent procedures
were performed at 4°C. Cells were disrupted by sonication before debris and
membranes were pelleted by centrifugation at 16,000 � g for 30 min and dis-
carded. The supernatant was loaded onto a metal-chelate affinity chromatogra-

phy column and extensively washed with 10 mM imidazole, 20 mM imidazole,
and 50 mM imidazole in the phosphate buffer used above for the pellet resus-
pension. Proteins bound to the column were purified in a single-step elution with
250 mM imidazole in phosphate buffer. For insoluble protein purification, fusion
proteins were produced as insoluble inclusion bodies, solubilized with urea, and
renatured after purification as described previously (5). The fusion proteins were
purified by affinity chromatography on Ni2�-conjugated chelating fast flow
Sepharose (Pharmacia). The purity was assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) of 10 �g samples of each pro-
tein, and the protein concentration was quantified by using Bradford reagent
(Bio-Rad).

Uptake assays. All cells were plated 24 to 48 h before use. Unless stated
otherwise, BMM� were plated in six-well bacteriologic plastic dishes at a density
of 106 M� per well, and CHO cells were plated in 24-well dishes at 2 � 105 cells
per well. During the assay all cells were cultured in OptiMEM culture medium.
Before use, the M� and CHO cells were washed twice in phosphate-buffered
saline (PBS) and then incubated in culture medium containing fluorescence-
labeled bacteria as indicated. As required, cells were preincubated for 30 min
with inhibitor, which was retained throughout the assay. Unless otherwise stated,
poly(I) and its cognate nonligand, poly(C) (polycytidylic acid) were used at 50
�g/ml; the rat anti-murine SR-A antibody, 2F8, and its isotype-matched con-
trol, CAMPATH 1G, were used at 15 �g/ml, and fucoidan was used at 20
�g/ml. The endocytosis of 2.5 �g of DiI-labeled acetylated low density lipo-
protein (DiIAcLDL)/ml was examined as a functional control for SR-A in
assays. After incubation with bacteria, the culture medium was removed, and the
cells were washed three times in PBS. Cells for flow cytometry were harvested
with 0.1% (wt/vol) trypsin and 10 mM EDTA in PBS for CHO cells or PBS
containing 10 mM EDTA and 4 mg of lidocaine-HCl/ml for M� and then fixed
with 4% (vol/vol) formaldehyde in PBS. For the detection of His protein uptake
by cells, the cells were permeabilized with PBS supplemented with 0.2% saponin,
1% bovine serum albumin (BSA), 5 mM EDTA, 5% normal goat serum, 5%
normal rabbit serum, and 10 �g of 2.4G2 (a rat anti-mouse Fc receptor anti-
body)/ml after fixation. HIS was detected by using a goat anti-His fluorescein
isothiocyanate-labeled antibody. Fluorescence was analyzed on a FACScan (Bec-
ton Dickinson, Mountain View, CA) using the FL-1 or FL-2 photomultiplier
where appropriate, and the results were analyzed by using CellQuest software.
The mean fluorescence of unloaded control cells was subtracted from the mean
fluorescence of each assay condition, and the average was determined. The
results are representative of at least three independent experiments. The statis-
tical significance of results was determined by using a paired Student t test, and
significance was tested at the 95% confidence level (P � 0.05).

Cell lysates. Cells were cultured in a 15-cm petri dish and, after five washes in
ice-cold PBS, were lysed by using 1 ml of NP-40 protein lysis buffer (150 mM
NaCl, 10 mM EDTA, 10 mM NaN3, 10 mM Tris [pH 8.0], 1 mM phenylmethyl-
sulfonyl fluoride, 5 mM iodoacetamide, and 1% Nonidet P-40) per 107 cells.
Lysates were then centrifuged for 15 min at 12,000 � g at 4°C to remove nuclei
and cellular debris. Supernatant aliquots were stored at �80°C until required.
The protein concentrations of the lysates were measured by using a bicinchoninic
acid protein assay reagent Kit (Pierce Chemical Company, Chester, United
Kingdom), and the absorbance at 550 nm was determined by using an Anthos
HTII automated plate reader. Bacterial lysates were prepared by repeated
freeze-thaw cycles at �20°C in the presence of protease inhibitors after washes
with PBS.

Far-Western blots. Approximately 10 to 20 �g of total cellular protein was
analyzed per lane on an SDS–10% PAGE gel, and separated proteins were
transferred electrophoretically to Hybond C� nitrocellulose membranes. Blot-
ted membranes were placed in blocking buffer (PBS plus 5% [wt/vol] powdered
milk and 0.1% Tween 20) for at least 1 h. The blots were overlaid with post-
nuclear supernatant prepared from WT or SR-A�/� BMM� (700 �g/ml as
determined by titration experiments) for 2 h in the presence of 5 mM EDTA
unless otherwise stated. Membranes were washed three times in blocking buffer
and then incubated for 1 h in buffer containing 2F8 (10 �g/ml). After three
further washes, the blots were incubated with horseradish peroxidase (HRP)-
conjugated anti-rat antibody (1:1,000 in blocking buffer) for an hour. SR-A
binding was visualized by chemiluminescence (ECL, Amersham Life Science,
Ltd.). Bands detected on blots overlaid with WT, but not SR-A�/�, postnuclear
supernatant were deemed to be candidate SR-A ligands.

SR-A-binding enzyme-linked immunosorbent assay (ELISA). We coated 96-
well OPTI-EIA plates overnight with candidate ligands (at 10 �g/ml unless stated
otherwise) diluted in PBS at 4°C in replicates of 10. The wells were blocked with
10% LPS-free BSA before incubation with postnuclear supernatant prepared as
described above from WT or SR-A�/� BMM� for 2 h in the presence of 5 mM
EDTA. Five wells of each candidate were incubated with WT or SR-A�/�lysate.
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The wells were washed five times with PBS containing 0.1% Tween 20 and then
incubated with 10 �g of 2F8/ml for 2 h at room temperature. Binding of the
SR-A antibody was detected by incubating the wells with an HRP-conjugated
anti-rat antibody (1:1,000 dilution) and visualized by using TMB reagent accord-
ing to the manufacturer’s instructions, and the absorbance was read at 450 nm.
AcLDL or maleylated BSA (malBSA) were included in all assays as a positive
control for SR-A. Candidate molecules that were positive when incubated with
WT M� lysates but negative when the SR-A�/� preparation was used were
considered to be potential ligands. The average of the five replicates for each
condition was plotted, and the results are representative of at least three inde-
pendent experiments. The statistical significance of results was determined by
using the paired Student t test, and the significance was tested at the 95%
confidence level (P � 0.05). Note that, where appropriate, we verified that
ligands had coated all of the wells equally by using direct ELISA detection of
His-tagged proteins with an anti-His antibody (10 �g/ml) and a goat anti-mouse
HRP-labeled (1:1,000 dilution) secondary antibody.

RESULTS

SR-A recognition of N. meningitidis is independent of LPS,
capsule, pili, or Opa or Opc proteins. Previously, we have
shown that SR-A recognition of unopsonized Neisseria was
independent of LPS or LPS expression and present on all
strains tested (18). Therefore, to identify the ligand(s) for
SR-A on N. meningitidis, we tested potential cell surface li-
gands by comparing the ability of mutants to bind to WT and
SR-A�/� BMM�. Candidates included the polysaccharide
capsule, pili, and outer membrane proteins. WT and SR-A�/�

cells were incubated with ethanol-fixed fluorescence-labeled

control N. meningitidis or a series of mutant strains (Fig. 1) in
the absence of serum for 2 h at 37°C. We have found previously
that SR-A recognition of meningococci is not affected by eth-
anol fixation (18). Association of bacteria with M� was mea-
sured by flow cytometry. To compare different strains of N.
meningitidis, binding to WT M� was set at 100%, and the
uptake by SR-A�/� cells is presented as a percentage of con-
trol M�. Compared to control N. meningitidis, mutants lacking
pili and capsule had minor variations in overall association
with M�; however, the difference in uptake between WT and
SR-A�/� cells remained ca. 80 to 90%. Similarly, various Opa
and Opc mutants had no major reductions in SR-A-mediated
binding. Furthermore, several of the mutants included in the
study are double and triple mutants with �11 and �12, for
example, lacking the expression of capsule, pili, Opa and Opc;
however, SR-A-mediated recognition was unchanged in these
strains (Fig. 1). Thus, our data show that pili, capsule, and the
outer membrane Opa and Opc proteins do not appear to be
essential for SR-A-mediated detection of N. meningitidis.

Characterization of Neisserial ligands for SR-A using far-
Western blots. Previously, we observed that paraformaldehyde
inactivated the ligand for SR-A on N. meningitidis. No differ-
ence in uptake was observed between WT and SR-A�/� cells
when incubated with N. meningitidis fixed with paraformalde-
hyde (not shown). Also, limited trypsin digestion of N. menin-
gitidis prior to use resulted in loss of SR-A recognition (not
shown). These data suggest that the ligand(s) for SR-A may
contain protein, so a far-Western blot system was set up to
learn more about the nature of the ligand(s). N. meningitidis
proteins derived from a WT bacterial lysate were separated on
a SDS-PAGE gel. Each sample was run in triplicate, and one
replicate was used for protein visualization, while the others
were transferred to nitrocellulose, which was divided in two
and overlaid with postnuclear lysate derived from WT or SR-
A�/� M�. Binding of SR-A to the separated N. meningitidis
proteins was detected by blotting with 2F8, a specific anti-
SR-A monoclonal antibody, before detection with an HRP-
coupled secondary antibody. Bands detected on the blots were
compared to the SDS-PAGE gel for information on molecule
size. N. meningitidis proteins that bound SR-A should only be
detected when the blots were overlaid with WT, but not SR-
A�/� postnuclear cell lysate. For example, malBSA, a known
SR-A ligand, was detected strongly by the WT M� lysate but
not when overlaid with the SR-A�/� cell preparation (Fig. 2A).
Interestingly, several N. meningitidis proteins, falling mostly
within the 75- to 30-kDa range, were recognized, showing that
there were a number of candidates for SR-A. Detection by
SR-A in this system was reduced when we titrated both the N.
meningitidis preparation and the M� cell lysate (not shown).
Since SR-A-mediated binding is resistant to EDTA, we added
10 mM EDTA to the M� lysate and showed that the inclusion
of the chelator did not alter SR-A-mediated recognition of the
N. meningitidis proteins (Fig. 2B). To confirm that the poten-
tial ligands were proteins, we analyzed the effect of protein
digestion. Prior to separation by SDS-PAGE, N. meningitidis
cell preparations were preincubated with pronase for 2 h at
37°C (Fig. 2B). Compared to a control N. meningitidis cell
preparation, no binding to SR-A was observed when the pro-
tease digested sample was overlaid with WT lysate, confirming
that potential ligands were proteins or protein associated.

FIG. 1. The absence of capsule, pili, or Opa proteins does not alter
N. meningitidis binding to SR-A. BMM� from WT and SR-A�/� mice
were seeded on six-well bacteriologic plastic plates at 106 cells/well and
incubated with RdGnX-labeled ethanol-fixed MC58 or natural mu-
tants lacking capsule, pili, Opa, or Opc for 2 h at 37°C in the absence
of serum. The M� were washed to remove extracellular bacteria,
detached by using lidocaine-EDTA, and fixed with 4% formaldehyde
before analysis by flow cytometry. The average increase in fluorescence
for triplicate wells of MC58 binding to WT BMM� was set at 100%,
and all other values are expressed as a percentage of the control value
and are plotted. All results are from individual experiments that are
representative of at least three similar assays.
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The ligand for SR-A should be expressed on the bacterial
cell surface. The bacterial lysates used above were derived
from whole bacteria. To identify ligands present on the outer
surface, we compared preparations derived from whole organ-
isms to those from outer membrane vesicles (OMV) (Fig. 2B).
As with whole bacteria, several major bands between 75 and 30
kDa were observed when OMV were overlaid with WT but not
SR-A�/� M� lysates. A few bands appeared to be enriched in
the OMV fraction compared to the whole bacterial cell extract,
whereas others were only present in the whole N. meningitidis
preparation. We compared N. meningitidis proteins derived
from the LPS mutant of N. meningitidis (lpxA) to determine
whether SR-A bound proteins similar to those detected using
control H44/76 (WT) organisms. Figure 2B shows that the
same bands are recognized by SR-A in both the WT and the
LPS-free bacteria, confirming our previous data (18). We also
observed similar potential ligands derived from N. gonorrhoeae
and two strains of N. lactamica, confirming previous data on
binding of these strains to SR-A (not shown). However, minor
variations in the sizes of the bands were observed.

Thus, our data show that SR-A binds to a number of can-
didate N. meningitidis molecules. Therefore, to identify the
ligands detected by far-Western blot, we pursued a candidate
ligand approach based on the molecular weight information
generated above and sequence information gathered from the
N. meningitidis genome.

SR-A binding ELISA. To narrow the search for the SR-A
ligand(s), we analyzed the N. meningitidis genome for pre-
dicted outer membrane molecules between 30 and 70 kDa and
determined their ability to bind SR-A in a novel binding
ELISA-type assay (see Table 1 for a list of candidates analyzed
with predicted size and annotation). The genes of the outer
membrane proteins were cloned and fused with GST or HIS
and purified as described previously (22). The candidate li-
gands were selected for their size and because genome se-

FIG. 2. Overlay blots reveal several ligands for SR-A ranging between 30 and 75 kDa that are EDTA resistant, protease sensitive, and present
in multiple strains. (A) Preparations of control N. meningitidis (H44/76) lysates and malBSA were separated on a SDS–10% PAGE gel (left panel)
and transferred to nitrocellulose (middle and right panels). The middle panel shows nitrocellulose overlaid with WT M� postnuclear cell lysate,
and the right panel shows nitrocellulose overlaid with SR-A�/� cell lysate. The blots were washed, and SR-A binding was detected by incubating
the membranes with 2F8 (10 �g/ml) and an anti-rat immunoglobulin G-HRP and visualized by chemiluminescence. (B) Bacterial lysates from
H44/76, lpxA, or OMV were analyzed as described above except that the lpxA lysate was divided and half incubated with pronase for 2 h at 37°C
before use. The left panel is the corresponding SDS-PAGE gel for the middle and right panels. The middle panel shows one-half overlaid with
WT M� cell lysate, and right panel shows one-half overlaid with SR-A�/� lysate, both in the presence of 5 mM EDTA. All results are from
individual experiments that are representative of at least three similar assays.

TABLE 1. N. meningitidis proteins in this study

Protein Molecular
mass (kDa) Annotation

NMB0278 24 Thiol:disulfide interchange protein DsbA
NMB0346 28 Hypothetical protein
NMB0623 40 Spermidine/putrescine ABC transporter
NMB0667 47 Hypothetical protein
NMB0995 20 M� infectivity potentiator-related protein
NMB1220 33 Stomatin/Mec-2 family protein
NMB1513 23 Conserved hypothetical protein
NMB1567 28 M� infectivity potentiator
NMB1946 30 Lipoprotein/similar to HlpA of Haemophilus

influenzae; belongs to the NlpA family of
lipoproteins

NMB2132 42 Lipoprotein; low similarity to transferrin-
binding proteins
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quence analysis predicted them to be outer membrane pro-
teins, which was confirmed by flow cytometric analysis for
surface expression (22, 31). For the SR-A binding ELISA,
purified candidate molecules were used to coat wells of a
96-well plate and then incubated with postnuclear cell lysate
from WT or SR-A�/� M�. Specific SR-A binding to the coated
ligands was detected by using 2F8 to identify bound receptor in
a colorimetric reaction. Coated wells incubated with SR-A�/�

cell lysate were used as a negative control. Using this method
we could show specific receptor binding to malBSA and
AcLDL, but not native BSA, when coated wells were incubated
with WT M� lysate but not with SR-A�/� preparations (Fig.
3A). Since soluble LPS is a reported ligand for SR-A, we
preincubated wells with phosphate-buffered saline (PBS) or
purified LPS from E. coli or N. meningitidis and could not
detect an SR-A-dependent signal when incubated with WT

M� lysates, demonstrating that samples contaminated with
LPS would not result in false positives. SR-A detection of
positive control ligands was unaltered in the presence of
EDTA and could be titrated by using decreasing concentra-
tions of candidate ligand and M� lysate. Furthermore, prein-
cubation of the WT lysate with AcLDL blocked subsequent
detection of malBSA-coated wells (data not shown). Substitu-
tion of CAMPATH, an isotype-matched control antibody for
2F8, resulted in loss of detection of the modified BSA by the
WT M� lysate.

PorA is a major outer membrane protein and falls within the
predicted size range of our candidate ligands (24). Also, pep-
tidoglycan is a major structural component of gram-positive
bacterial cell walls and, to a lesser extent, gram-negative bac-
terial cell envelopes and is a candidate for binding to SR-A.
Therefore, to test whether PorA and peptidoglycan were re-

FIG. 3. A newly developed SR-A binding assay identified protein ligands for SR-A. (A) Quintuplicate wells on a 96-well plate were coated
overnight with 10 �g of known ligands for SR-A (malBSA, AcLDL) and compounds that do not bind the receptor (BSA)/ml. Uncoated wells
incubated with PBS alone served as a control for nonspecific binding. Next, the wells were incubated with WT or SR-A�/� BMM� postnuclear
lysate, and binding to the receptor was detected with 2F8. CAMPATH 1G is an isotype-matched control for 2F8, and wells coated with malBSA,
overlaid with WT M� lysate, and detected with CAMPATH showed no binding. Note that the wells coated with LPS were not detected by SR-A.
The average absorbance for each compound is shown. Assays are from a single experiment and are representative of at least three similar assays.
(B) Purified AcLDL, B. subtilis peptidoglycan, or PorA were used to coat the wells of a 96-well plate, and SR-A binding was tested as described
above. (C) Purified N. meningitidis proteins were tested in the SR-A ELISA for potential ligands. Wells of a 96-well plate were coated with 10 �g
of various purified His- or glutathione S-transferase-tagged N. meningitidis surface proteins/ml. SR-A binding was detected as described above
using M� lysates from WT and SR-A�/� BMM�. Some proteins were not ligands for SR-A (NMB0623, NMB1513, and NMB2132), whereas others
showed a definite interaction with SR-A (NMB0278, NMB0667, and NMB1220). (D) Various concentrations of whole N. meningitidis lysates from
MC58, OMV preparations, or purified NMB1220 were used to coat quintuplicate wells of a 96-well plate. SR-A-mediated binding was assayed as
described above. The results are from a single assay representative of at least three similar experiments.
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sponsible for the SR-A binding observed in the overlay blots,
we tested them in the SR-A ligand ELISA. Figure 3B shows
that neither PorA nor peptidoglycan (derived from B. subtilis)
were recognized by SR-A in this system. Next, we tested a
range of 10 potential candidate outer membrane proteins from
N. meningitidis (Table 1). ELISA plates were coated with 10 �g
of purified protein/ml overnight before SR-A binding was de-
tected by using WT M� postnuclear cell lysate. Figure 3C
shows a series of potential candidate proteins tested, and a
range of SR-A-mediated binding of these molecules was ob-
served. For example, NMB2132 showed no recognition by
SR-A, NMB0995 and NMB0346 showed intermediate detec-
tion by the receptor, whereas NMB1220, NMB0667, and
NMB0278 were taken to be positive. To help confirm the
specificity, we showed that the ligands tested above behaved
similarly to that shown in Fig. 3C when we assessed SR-A
binding by using far-Western blots (see Fig. S1 in the supple-
mental material). Furthermore, we showed that SR-A-medi-
ated binding to the positive ligands could be titrated and, by
using decreasing concentrations of whole bacterial lysates,
OMV preparations, and purified proteins, we could show an
enrichment of the SR-A ligand from the whole bacterial lysate
to outer membrane vesicles to purified protein (Fig. 3D). How-
ever, we wanted to show that in whole M� these ligands could
bind SR-A.

NMB1220, but not NMB0278, is endocytosed by SR-A. To
establish whether SR-A in whole M� could specifically bind
and internalize NMB1220, NMB0667, and NMB0278, we com-
pared the endocytosis of the purified proteins by WT and
SR-A�/� M�. BMM� were incubated with His-tagged
NMB1220, NMB0667, and NMB0278 for 45 min before the
cells were washed, and the N. meningitidis proteins were de-
tected by using an anti-His tag antibody (Fig. 4A). Flow cy-
tometry showed that although SR-A�/� M� could internalize
some NMB1220, it was reduced by ca. 50% compared to WT
M� over a range of protein concentrations (Fig. 4B). Interest-
ingly, no difference in NMB0667 uptake was observed, and
NMB0278 was not endocytosed by WT or SR-A�/� M�, which
may be due to the soluble protein binding SR-A and not
triggering internalization or because the protein did not bind
the receptor in the form that it has been presented. Therefore,
to begin to address these issues, we examined the ability of the
purified proteins to block binding and endocytosis of previ-
ously described ligands for SR-A. Furthermore, we wanted to
confirm that human SR-A was able to bind the ligands iden-
tified above. Thus, we used a well-established transfected cell
system to examine the uptake of the ligands described above by
human SR-A expressed by CHO cells.

N. meningitidis proteins block the endocytosis of AcLDL and
binding of MC58 bacteria to CHO cells stably transfected with
human SR-A. We used transfected cells to study SR-A in
isolation and to determine whether the candidates mentioned
above bound human SR-A, as well as the murine receptor. We
tested the ability of the candidate N. meningitidis ligands and
NMB2132, a negative control as determined by the SR-A bind-
ing ELISA, to block the endocytosis of known ligands by CHO
cells stably transfected with human SR-AI or SR-AII. We have
previously used these cells to study the interaction of SR-A
with AcLDL, E. coli, and whole N. meningitidis. Endocytosis by
SR-A in this system is well established and characterized (8, 18).

WT, CHO-hSR-AI, and CHO-hSR-AII cells were preincubated
with increasing concentrations of NMB1220, NMB0278, and
NMB2132 for 30 min before the addition of DiI-labeled
AcLDL (Fig. 5A). Poly(I) (polyinosinic acid) was used as a
positive control to block AcLDL binding to the receptor and
completely inhibited the uptake of the modified lipid by the
transfected cells but not by WT CHO controls. Similarly, with
increasing concentrations of NMB1220 and NMB0278, the
endocytosis of AcLDL was inhibited. At 100 �g/ml NMB1220
was able to block 	90% of AcLDL internalization. NMB0278
showed 50% blocking at 100 �g/ml, suggesting that it bound
the receptor with less affinity than poly(I) and NMB1220 or
that it had a binding site different from that of NMB1220 or
AcLDL. NMB2132 had no effect on the endocytosis of AcLDL,
confirming that it did not bind SR-A.

Next, we tested the ability of the candidate proteins to block
the binding of whole N. meningitidis to SR-A (Fig. 5B). WT,
hSR-AI (not shown), and CHO hSR-AII cells were preincu-
bated with 100 �g/ml of poly(I), NMB1220, NMB0278,

FIG. 4. NMB1220, but not NMB0278, NMB0667, or NMB2132, is
endocytosed via SR-A expressed by BMM�. (A) BMM� from WT and
SR-A�/� animals were seeded in six-well plates as described in Fig. 1
before incubation with 10 �g/ml of purified His-tagged NMB0278,
NMB0667, or NMB2132 or DiIAcLDL for 45 min at 37°C. The cells
were washed with PBS, detached by using lidocaine-EDTA, and fixed
with 4% paraformaldehyde. The uptake of N. meningitidis proteins was
measured by using a mouse anti-His-tagged monoclonal antibody, fol-
lowed by a goat anti-mouse immunoglobulin G-phycoerythrin. An
isotype-matched control antibody showed no binding to the M� (not
shown). Cells were analyzed by flow cytometry, and the average fluo-
rescence of triplicate conditions was plotted. (B) BMM� were treated
as described above except that the cells were incubated with increasing
concentrations of His-tagged NMB1220 for 45 min at 37°C before
detection of endocytosis using the anti-His antibody system described
above. The results are from a single experiment but represent at least
three similar assays.
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NMB0667, or NMB2132. Some background binding of N. men-
ingitidis to WT CHO cells was observed in all cases; however,
more association was observed with the SR-AII-transfected
cells. Preincubation of the cells with poly(I) and all of the
selected N. meningitidis candidates except NMB2132 blocked
N. meningitidis binding to the cells. NMB0667, NMB1220, and
NMB0278, but not NMB2132, also blocked meningococcal
association with CHO cells stably expressing hSR-AI; however,
as observed previously, the overall bacterial association with
hSR-AI cells was decreased compared to hSR-AII-transfected
CHO cells (data not shown) (20). Some bacterial association
with WT CHO cells was also blocked in the presence of the
control scavenger receptor inhibitors [poly(I) and fucoidan], as
well as when the candidate ligands were used in the assay. This
blocking could be due to the presence of unknown scavenger
receptors expressed by the WT CHO cells, which also recog-

nize the bacteria, or due to nonspecific inhibition of the bac-
teria binding to other nonscavenger receptors. Although not
endocytosed and not an efficient inhibitor of soluble ligands,
NMB0278 was able to block whole bacterial binding to the
receptor with an efficiency similar to that of NMB1220 and
poly(I).

Thus, our data show that, using a candidate ligand approach,
whole cells, and a novel binding assay, we have identified at
least one naturally occurring, unmodified protein that binds to
and is endocytosed by SR-A. We have also identified two other
molecules that were able to compete for bacterial binding and,
to a lesser extent, for endocytic ligand uptake by SR-A.

DISCUSSION

We have previously shown SR-A to be a major nonopsonic
receptor for meningococci on M�. We have now extended
those studies to identify novel bacterial ligands for SR-A,
namely, NMB1220, NMB0667, and NMB0278. Using a series
of natural mutants of N. meningitidis, we showed that abun-
dant, but highly variable capsule polysaccharide, pili, PorA,
Opa, and Opc were not recognized by SR-A. Characterization
by far-Western blot and an ELISA-based assay identified a
number of surface-expressed candidates all recognized by the
receptor to various extents. Further analysis showed that only
one of the three candidates identified, NMB1220, was endo-
cytosed when in soluble form, but all could block internaliza-
tion of AcLDL by SR-A. Furthermore, NMB1220, NMB0667,
and NMB0278 were able to inhibit the binding of N. meningi-
tidis to CHO cells stably expressing human SR-A, whereas
NMB2132, identified in our assays not to be a ligand for the
receptor, could not block the interaction. Thus, we have iden-
tified novel molecules that are able to block meningococcal
interactions with host cells via SR-A.

The surface structure of Neisseria is highly variable and
many surface moieties are subject to phase variation (31). This
sequence variation of surface-exposed proteins has hampered
the identification of new vaccine candidates (28) and made
searching for ligands more challenging. Previously, we deter-
mined that the ligand for SR-A on meningococci was con-
served throughout the species since SR-A�/� M� were unable
to ingest N. gonorrhoeae, N. lactamica, and N. sicca efficiently
compared to WT control cells. Therefore, it was not surprising
that we were able to show, using natural mutants and our
binding ELISA, that capsule, pili, PorA, Opc, and Opa pro-
teins were not essential for recognition by SR-A since they are
all highly variable. However, our data do not exclude the pos-
sibility that these molecules contribute to the overall affinity of
the organism for SR-A by steric interference or, conversely,
increasing the overall avidity of binding.

The far-Western blot was used to characterize meningococ-
cal ligands for SR-A. Protease digestion showed that these
candidates were at least in part proteinaceous in nature. Anal-
ysis of the LPS-free mutant of N. meningitidis revealed no
difference in the distribution of the potential candidate ligands
compared to the control bacterial strain, confirming that the
ligand was not LPS or related to LPS expression. The far-
Western blot used total lysates of meningococci, making it
possible that some of the candidates could be expressed intra-
cellularly. To assess this, we separated the proteins from OMV

FIG. 5. NMB1220 and NMB0278 are able to block endocytosis and
binding of known ligands to CHO cells transfected with human SR-A.
(A) CHO WT, CHO hSR-AI, and CHO hSR-AII were preincubated
with poly(I) or purified N. meningitidis proteins for 30 min before the
addition of DiIAcLDL (5 �g/ml) and were maintained in their pres-
ence throughout the assay. The cells were washed and analyzed by flow
cytometry. The graph shows the average increase in fluorescence from
duplicate wells. (B) WT and hSR-AII cells were plated as described
above and preincubated with Fucoidan, poly(I), or purified N. menin-
gitidis proteins (100 �g/ml) for 30 min. Next, RdGnX-labeled, ethanol-
fixed N. meningitidis was added (200 bacteria per cell for 1 h) while
maintaining the inhibitor. The increase in fluorescence was measured
by flow cytometry, and the average increase in fluorescence was plot-
ted. The results are from a single assay that is representative of at least
three similar experiments.
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and found that a number of the bands positive for SR-A bind-
ing were enriched in these vesicles. These data confirmed that
some candidates were appropriately expressed on the surface
of the bacteria and thus potentially available for SR-A binding
in the whole bacteria. Furthermore, during infection meningo-
cocci are known to release large numbers of OMVs into the
circulation (24). SR-A-mediated recognition of the OMVs by
M� in the spleen and Kupffer cells in the liver could contribute
to the resolution of inflammation by removing the inflamma-
tory vesicles without proinflammatory cytokine release if they
are bound by SR-A similarly to the whole bacteria.

Interestingly, the far-Western blot revealed that there was
more than one potential SR-A ligand on meningococci, which
was confirmed using our SR-A binding ELISA. In fact, we do
not expect that we have found all of the molecules that bind
SR-A on N. meningitidis. For example, Jeannin et al. (10)
showed recently that OmpA from E. coli and Klebsiella pneu-
moniae bound to two other members of the scavenger receptor
family, LOX-1 and SREC. Since meningococcal class 4 OMP
shares structural homology with E. coli OmpA, it may also be
a ligand for SR-A and remains to be tested. The multiplicity of
ligands for SR-A on N. meningitidis was interesting, especially
since those identified bound with lower apparent affinity com-
pared to AcLDL. These data suggest that the selectivity of
meningococci for SR-A could result from multiple low-affinity
ligands that increase the overall avidity of the bacteria for the
receptor.

Although the far-Western blots helped characterize the li-
gands, to identify the exact molecules involved in SR-A bind-
ing, we developed a variation of this assay in an ELISA format.
This assay provided a powerful new method that allowed quick
and rapid screening of a large number of potential ligands and
utilized available tools for SR-A. This assay can be used for the
identification of nonbacterial scavenger receptor ligands and
adapted for use with other surface receptors expressed by M�
and other cell types. Previously, the N. meningitidis serogroup
B genome sequence was mined for potential vaccine candi-
dates by in silico identification of cell surface molecules that
were then cloned, tagged, and purified (22). Utilizing this re-
source, we selected candidates based on known cell surface
expression and their predicted size (22, 31). The assay provided
us with a number of candidates for SR-A binding, two of which
fell into the predicted size range (30 to 75 kDa) obtained from
our far-Western blots. We observed a wide range of SR-A-
dependent recognition with respect to their affinity of binding.
Molecules such as NMB1220 were strongly positive, while
some, such as NMB2132, were negative; others ranged in be-
tween. We were able to show an enrichment of SR-A binding
from the whole bacteria cell lysates, OMVs, to the purified
candidate ligands. Also, we were able to titrate SR-A binding
and show that it was able to recognize the molecules in the
presence of EDTA.

Due to the number of SR-A ligands on the meningococcal
cell surface, it was unlikely that deletion mutants of single or
even double ligands would show much reduction in binding to
M�, especially since we do not understand the redundancies in
this system. However, future work will entail evaluation of the
ability of various mutants selectively deficient for the various
candidate ligands to interact with SR-A in vitro and in vivo.
Thus, to prove that these molecules were authentic ligands for

the receptor, we utilized the purified proteins in whole-cell
assays. All of the identified molecules were able to block the
binding of whole bacteria to transfected cells, whereas
NMB2132, a non-SR-A ligand used in our assays, could not.
Also, NMB1220, NMB0667, and NMB0278 were able to in-
hibit the binding of these particles to SR-A more effectively
than soluble ligand. Furthermore, by using cells transfected
with human SR-A, we confirmed that the candidate ligands
interact with the human, as well as the murine receptor.
NMB1220 was the best inhibitor of the three candidates; it was
able to block meningococcal-M� interaction at lower concen-
trations and was the only candidate that triggered endocytosis.
Ingestion of NMB1220 by SR-A�/� M� was reduced by 50%
compared to WT cells. Interestingly, AcLDL internalization
is also reduced by 50% in SR-A�/� cells. Using soluble
NMB1220, we did detect some endocytosis by SR-A�/� M�,
suggesting the presence of alternate scavenger-type receptors
on the M�. We found very little receptor-mediated endocyto-
sis of NMB0278 and NMB0667. This could imply that these
two molecules do not bind the receptor. Conversely, they could
still bind but not trigger endocytosis. The ability of these li-
gands to block uptake, at least in part, suggests that this may be
the case. Also, they may bind the receptor at a different site
from the collagenous domain.

None of three candidate SR-A ligands have been reported to
be phase variable (29, 30). Sequence analysis suggests that
NMB0278 has homology to E. coli DsbA, which functions in
disulfide bond formation and is the only one of the three SR-A
ligands described here that is found on membrane blebs (25).
NMB1220 has homology to stomatin found on red blood
cells, whereas NMB0667 is a hypothetical protein of unknown
function. Modeling based on related proteins revealed that
NMB0667 and NMB0278 both had conformations containing
negatively charged faces. SR-A is able to bind polyanions, but
there is an undetermined structural requirement since not all
polyanions are ligands for the receptor. Mutagenesis of tar-
geted residues within this negatively charged face could pro-
vide valuable insight into this elusive requirement. We may
then also be able to promote or reduce the attachment of
meningococci to M� as required. NMB1220 still remains to be
modeled to determine whether it contains a similar negatively
charged face.

Further studies are required to determine whether
NMB1220 is able to block N. meningitidis binding to other cell
types in vitro and in vivo. Previously, it has been shown that
NMB1220 antiserum displayed some bactericidal activity (22),
but it is unclear whether this would be sufficient in vivo to
inhibit interactions within the host. Our preliminary data in the
whole animal suggested that N. meningitidis targeting of M�
provided some selective advantage for the organism since SR-
A�/� animals were more resistant to meningococcal infection
(L. Peiser and S. Gordon, unpublished data). Therefore, it
would be intriguing to determine whether blocking of SR-A
with NMB1220 alone or in combination with NMB0667 and
NMB0278 would increase animal survival in WT animals. Con-
versely, we found previously that SR-A was not required for
macrophage secretory responses to meningococci (18), and
SR-A-mediated recognition of NMB1220, NMB0667, and
NMB0278 on whole bacteria and OMVs may help resolve
inflammatory responses. However, further study is required to
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show clearance of OMVs by SR-A in vitro and in vivo and the
possible consequences for inflammation. Nevertheless, we
have identified possible new targets for vaccine development
and have new aids for inhibiting the interaction of M� with N.
meningitidis.
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