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Abstract

Macrophages express various classes of pattern recognition
receptors involved in innate immune recognition of artifi-
cial, microbial and host-derived ligands. These include the
scavenger receptors (SRs), which are important for phagocy-
tosis, and the Toll-like receptors (TLRs) involved in microbe
sensing. The class A macrophage scavenger receptor (SR-A)
and macrophage receptor with a collagenous structure
(MARCO) display similar domain structures and ligand-bind-
ing specificity, which has led to the assumption that these
two receptors may be functionally redundant. In this study
we show that SR-A and MARCO differentially recognise arti-
ficial polyanionic ligands as well as surface proteins from the
pathogenic bacterium Neisseria meningitidis. We show that,
while acetylated low-density lipoprotein (AcLDL) is a strong
ligand for SR-A, itis not a ligand for MARCO. Of the neisserial
proteins that were SR ligands, some were ligands for both
receptors, while other proteins were only recognised by ei-
ther SR-A or MARCO. We also analysed the potential of these

ligands to act as TLR agonists and assessed the requirement
for SR-A and MARCO in pro-inflammatory cytokine induc-
tion. SR ligation alone did not induce cytokine production;
however, for proteins that were both SRand TLR ligands, the
SRs were required for full activation of TLR pathways.
Copyright © 2008 S. Karger AG, Basel

Introduction

Macrophages (M¢) express different classes of innate
pattern recognition receptors (PRRs), including phago-
cytic scavenger receptors (SRs) and the microbe sensing
Toll-like receptors (TLRs). Members of both receptor
families recognise a variety of microbial, host-derived
and artificial ligands, including proteins, lipids, carbohy-
drates and nucleic acids [1-3].

The TLRs are type I transmembrane proteins with an
extracellular ligand recognition domain containing leu-
cine-rich repeats (LRRs) and a cytoplasmic TIR domain
with homology to the cytoplasmic portion of interleukin-
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1 receptor [4]. The cytoplasmic TIR domain interacts
with other TIR domain-containing adaptor molecules,
including MyD88, TRIF, TRAM and MAL/TIRAP,
thereby inducing signal transduction pathways culmi-
nating in the activation of transcription factors including
NEF-kB. Only a restricted number of TLRs have been
identified in mammalian systems. All of these express an
extracellular LRR domain, yet TLRs can recognise a wide
range of chemically varied ligands [1]. Similarly, the lim-
ited numbers of TLRs utilise an even smaller number of
adaptor proteins to generate diverse biological responses.
Differential and combinatorial use of adaptors and the
capacity of some TLRs to form functional homo- or het-
ero-dimers only partially explain the great diversity of
TLR-mediated ligand recognition and biological re-
sponse. Our understanding of the fine specificities in
TLR-mediated ligand recognition and responses is still
limited.

The TLRs have not been shown to be phagocytic: this
function is performed by other M surface receptors, in-
cluding the SRs. SRs are broadly defined by their ability
to bind modified low-density lipoproteins (mLDL) and
other polyanions. Based on their multidomain struc-
tures, SRs have been further classified into 8 different
classes (classes A-H) [5]. Two important members of the
class A scavenger receptor family are M¢ scavenger re-
ceptor A (SR-A) and M¢ receptor with a collagenous
structure (MARCO). These two receptors were primarily
grouped together based on their highly similar domain
structures and their ability to bind mLDL, common poly-
anions and Gram-positive and Gram-negative organ-
isms. The shared structural features and common ligands
between SR-A and MARCO have led to the assumption
that these receptors may be functionally redundant. Sub-
sequently, subtle but distinct differences in ligand-bind-
ing domains, tissue distribution and regulation of these
two molecules have been reported, but careful compari-
son of their biological functions has not been carried
out.

Both SR-A and MARCO are trimeric type II trans-
membrane glycoproteins consisting of a cytoplasmic tail,
transmembrane domain, spacer region, collagenous do-
main and C-terminal SR cysteine-rich domain. Addi-
tionally, SR-A expresses an a-helical coiled coil domain
between the spacer region and the collagenous domain;
however, MARCO lacks this coiled coil domain and ex-
hibits a longer collagenous domain [6]. The functional
implication of this distinct domain organisation is still
unclear. Three naturally occurring isoforms of SR-A have
been reported (SR-AI, SR-AII and SR-AIII), which are al-
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ternative splice variants of the same gene and are collec-
tively referred to as SR-A [7-9]. Among these isoforms,
SR-AIII is not expressed on the cell surface and is non-
functional. SR-AII is characterised by a truncated C-ter-
minus, compared to the full-length SR cysteine-rich do-
main of SR-AI. However, no functional difference has
been observed between these two isoforms. In contrast,
no alternative splicing has been reported for the gene en-
coding MARCO. Despite similar domain organisation,
SR-A and MARCO differ in their ligand-binding do-
mains. Whereas for SR-A the collagenous region has been
identified as the ligand-binding domain [7, 10], the li-
gand-binding region for MARCO lies within the cyste-
ine-rich domain [6]. Furthermore, for SR-A ligand bind-
ing is divalent cation independent [11] whereas for MAR-
CO ligand binding is dependent on the presence of
divalent cations [12].

Both SR-A and MARCO are primarily myeloid-
restricted molecules. However, SR-A is a pan-myeloid
marker, constitutively expressed on most mature tissue
Md and on bone marrow-derived dendritic cells and
splenic dendritic cells [13] but not on their immature pre-
cursor monocytes [14]. In addition, SR-A expression has
also been shown on mast cells [15]. Apart from the my-
eloid lineage, selected endothelial and smooth muscle
cells can also express SR-A [16]. In contrast, constitutive
MARCO expression is strictly restricted to resident peri-
toneal, spleen marginal zone and lymph node medullary
cord M . However, MARCO expression can be readily
induced in most isolated and tissue-resident M¢ by vari-
ous infectious or inflammatory TLR stimuli (e.g. bacte-
ria/ lipopolysaccharide, LPS) but not by the major pro-
inflammatory and anti-inflammatory cytokines [17].
TLR-mediated induction of MARCO requires MyD88-
dependent activation of the p38 MAPK signalling path-
way and transcription factor NF-«kB [18]. In contrast, SR-
A expression is not modulated by TLR stimulation but
highly induced by an Md-specific growth factor CSF-1
[19].

SR-A and MARCO share a wide range of polyanionic
ligands of artificial, microbial and endogenous origin
[20-22]. These include polyribonucleotides (polyinosinic
and polyguanylic acid), polysaccharides (dextran sul-
phate, DxSO,), mLDL, i.e. acetylated LDL (AcLDL) and
oxidised LDL, modified proteins (maleylated bovine se-
rum albumin, malBSA) and intact Gram-positive and
Gram-negative bacteria. LPS, lipoteichoic acid (LTA),
peptidoglycan (PGN) and CpG DNA are some of the li-
gands proposed for SR-A and MARCO on bacteria [23-
26]. Many of these ligands are also recognised by mem-
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bers of the TLR family [27]. TLR3 has been shown to
recognise the artificial polyribonucleotide, poly(I) [28]
and TLR2 and TLR4 have been demonstrated to play a
role in atherosclerotic lesion development [29]. With re-
gard to bacterial recognition, TLR2 recognises Gram-
positive peptidoglycan, LTA and lipoproteins [30, 31],
TLR4 recognises LPS from Gram-negative bacteria [32,
33] and CpG DNA is a ligand for TLR9 [34]. However, the
functional relationships and ligand specificities between
these two receptor families are not clear. Recently we
have shown that both SR-A and MARCO recognise and
phagocytose the Gram-negative diplococcus Neisseria
meningitidis, but LPS, previously shown to be a ligand for
these receptors, was not required for recognition [35, 36].
However, LPS was essential for a cytokine response,
which was independent of SR-A but mediated by TLR4.
We subsequently identified N. meningitidis surface pro-
teins to be ligands for SR-A [37].

Considering several distinct differences between SR-
A and MARCO biology, we hypothesize that SR-A and
MARCO are not merely redundant receptors, but may
have differential functional properties. Furthermore, de-
spite distinct structural differences, SR-A, MARCO and
TLRs show remarkable ligand overlap, indicating a pos-
sible functional collaboration. Similar collaboration be-
tween other members of SRs and TLRs has been previ-
ously reported [38, 39]. In this study, we set out to com-
pare the ligand repertoire and specificity between SR-A
and MARCO by screening a range of known artificial
and host-derived polyanions or protein ligands from the
medically important Gram-negative organism, N. men-
ingitidis. We further tested the potential of these SR
ligands to induce TLR-mediated cytokine production
and the requirement of SR-A and MARCO in such re-
sponses.

Materials and Methods

Chemicals and Reagents

Unless stated otherwise, all chemicals were from Sigma.
AcLDL was obtained from Molecular Probes (Eugene, Oreg.,
USA). LPS-free BSA was from Calbiochem (La Jolla, Calif., USA);
malBSA was made according to published protocols [40]. The rat
anti-mouse SR-A monoclonal antibody (2F8) has been described
previously [11] and is available from AbD Serotec (Oxford, UK).
The monoclonal anti-MARCO antibody ED31 was a kind gift
from G. Kraal [41] and the monoclonal anti-EMR1 antibody BC9
was kindly supplied by M. Stacey. The ELISA kits for murine tu-
mour necrosis factor-a (TNF-«) and interleukin-6 (IL-6) were
from BD Biosciences Pharmingen (San Diego, Calif., USA). Sero-
group B N. meningitidis proteins were expressed in Escherichia
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coli as previously described and purified using standard methods
for His- and GST-tagged proteins [42]. All proteins were tested for
LPS contamination using the Limulus amebocyte lysate test for
endotoxins (E-Toxate, Sigma, UK). The test is sensitive to 0.05-0.1
endotoxin units per millilitre and no detectable levels of endo-
toxin were measured.

Animals

The following knock-out mouse strains were used: MyD88-/-,
SR-A-/-, MARCO-/- and an SR-A-MARCO double knock-out
(SR-A-MARCO-/-), along with their wild-type (WT) control
strain, C57BL/6]. SR-A—/- and MARCO-/- animals were devel-
oped and bred onto C57BL/6] background using standard mo-
lecular biology techniques and SR-A-MARCO-/- animals were
generated by mating SR-A-/- and MARCO-/- animals [43, 44].
All animals were bred and housed under specific pathogen-free
conditions and all procedures involving animals were conducted
according to the requirements of the United Kingdom Home Of-
fice Animals (Scientific Procedures) Acts, 1986.

Cell Culture

Biogel-elicited peritoneal M¢ (Bg-PMd) were prepared by in-
traperitoneal injection of 1 ml polyacrylamide gel P-100 beads
(Bio-Rad) (2% w/v in endotoxin-free water). After 4 days, perito-
neal cells were harvested by lavage with phosphate-buffered sa-
line (PBS). Resident peritoneal M¢ (RPM¢) were isolated from
uninjected animals by lavage with PBS. Both Bg-PMd and RPMd
were plated on bacteriological plastic dishes in Opti-MEM®, sup-
plemented with 50 IU/ml penicillin-streptomycin and 2 mM L-
glutamine. After 3-4 h, adherent cells were washed three times to
remove non-adherent cells and biogel beads. After washing, the
purity of M¢ in the adherent monolayer was >95% as character-
ised previously [45, 46]. Murine bone marrow-derived Md
(BMM¢) were obtained and cultured by standard procedures.
Md were routinely cultured in RPMI (Gibco) supplemented with
50 IU/ml penicillin G, 50 wg/ml streptomycin and 2 mM L-gluta-
mine (PSG), 10% fetal calf serum (FCS) and 15% L-cell-condi-
tioned medium. For preparation of lysates, M were washed five
times in ice-cold PBS and cells were lysed using 1 ml NP-40 pro-
tein lysis buffer [150 mM NaCl, 10 mM EDTA, 10 mM NaNj, 10
mM Tris (pH 8.0), 1 mM PMSF, 5 mM iodoacetamide and 1% Non-
idet P-40] per 1 X 107 cells. Lysates were then centrifuged for 15
min at 12,000 g at 4°C to remove nuclei and cellular debris. Su-
pernatant aliquots were stored at -80°C until required. The pro-
tein concentration of the lysates was measured using the Bicin-
choninic Acid Protein Assay Reagent Kit (Pierce Chemical Com-
pany, Chester, UK).

ELISA Overlay Assays

SR-A ELISA overlay assays were performed as described previ-
ously [47]. Briefly, 96-well OPTI-EIA plates (Corning, NewYork,
N.Y., USA) were coated overnight with candidate ligands (10 pg/
ml unless stated otherwise) at 4°C in replicates of 10. The wells
were blocked with 10% LPS-free BSA before incubation with post-
nuclear supernatant prepared as 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. The wells
were washed with PBS containing 0.1% Tween 20 and incubated
with 10 pg/ml 2F8 for 2 h at room temperature. Binding of the
SR-A antibody was detected by incubating the wells with a horse-
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Fig. 1. SR-A and MARCO bind to various polyanionic ligands.
a Known ligands and non-ligands for SR-A were coated into wells
of a 96-well plate and overlaid with post-nuclear cell lysate from
WT and SR-A knock-out (SR-A-/-) BMM¢. Binding to SR-A was
detected with a rat anti-mouse SR-A antibody, 2F8, and visualized
with a secondary anti-rat HRP antibody and TMB reagent. b In
parallel, wells of a 96-well plate were coated with the same series
of polyanionic molecules as in a and overlaid with recombinant
sMARCO or recombinant sSEMR1, an unrelated M¢ surface re-
ceptor, as a control for non-specific binding. Binding of sMARCO
and sSEMRI was detected by using their specific monoclonal an-
tibodies ED31 and BC9, respectively, together with an HRP-con-
jugated secondary antibody.

radish peroxidase (HRP)-conjugated anti-rat antibody and visu-
alized using TMB reagent according to the manufacturer’s in-
structions. The average of 5 replicates for each condition was plot-
ted and results are representative of at least 3 independent
experiments. The statistical significance of results was deter-
mined using the paired Student’s t test and significance tested at
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the 95% confidence level (p < 0.05). The MARCO overlay ELISA
assay was optimized by adjusting the above protocol as follows:
ELISA plates were coated with potential ligands as above and 5%
milk was used as a blocking agent. Ligands were incubated with
recombinant extracellular MARCO (sMARCO) at a final concen-
tration of 3 pg/ml. sSMARCO was produced in 293/EBNA cells
and purified using a His-tag as described previously [48]. In par-
allel, we incubated the ligands with another recombinantly pro-
duced, His-tagged version of an unrelated M¢ surface protein
EMRI1 (sEMR1) as a control for nonspecific binding. EMRI is a
Mo surface receptor with 6 extracellular EGF domains. A His-
tagged version of EGF domain 4-5 was produced recombinantly
following a similar methodology as sMARCO. We detected
sMARCO and sEMR1 binding by using their specific monoclonal
antibodies ED31 and BCY, respectively, together with an HRP-
conjugated secondary antibody. During optimisation of this pro-
tocol, we also included appropriate isotype-matched controls for
ED31 and BC9. Since no non-specific binding was observed for
ED31 and BC9, we excluded these isotype controls for subsequent
assays.

Measurement of IL-6 and TNF-«

10° Biogel-elicited peritoneal M¢ were plated in 96-well bac-
teriological plastic dishes. After 3-4 h, monolayers were washed
three times with PBS to remove any non-adherent cells and biogel
beads, and incubated overnight with 200 pl of fresh media con-
taining a final concentration of 1 ug/ml of the various polyanions
or N. meningitidis proteins. Cells were separately stimulated with
E. coli LPS (100 ng/ml final concentration), which served as a pos-
itive control for cytokine production. TNF-a and IL-6 were mea-
sured using the commercially available murine TNF-a« and IL-6
ELISA kits (BD Biosciences), following the manufacturer’s proto-
col. All experiments were repeated at least three times and all data
are from representative experiments.

Results

Receptor Recognition of Polyanionic Ligands

We compared differential ligand-binding activity of
SR-A and MARCO by screening a range of non-micro-
bial polyanionic ligands (and their closely related non-
ligand controls) reported to interact with SRs, using an
ELISA overlay assay (fig. 1a, b). SR-A-specific binding
was detected by measuring ligand activity in lysate from
wild-type BMMd, using a specific anti-SR-A monoclonal
antibody (2F8) and comparing the ligand activity with
any non-specific binding determined in lysate derived
from SR-A-/- BMMd. MARCO is not expressed on
BMMd and other readily available Md populations [25];
therefore, recombinant His-tagged purified sMARCO
was used to detect ligand binding to this receptor in
combination with a specific anti-MARCO monoclonal
antibody (ED31). To determine whether any His-tag-me-
diated binding of sMARCO to its potential ligands oc-
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Table 1. N. meningitidis proteins

Protein MW  Annotation

NMB0278 24

NMB0346 28  hypothetical protein
NMB0623 40
NMBO0667 47

NMB0995 20
NMB1220 33
NMB1513 23
NMB1567 28
NMB1946 30
NMB2132 42

thiol:disulfide interchange protein DsbA

spermidine/putrescine ABC transporter

hypothetical protein with some homology to E. coli cell division protein zipA

M infectivity potentiator-related protein

stomatin/Mec-2 family protein

conserved hypothetical protein

M infectivity potentiator

lipoprotein of the NIpA family of lipoproteins, similar to HlpA of Haemophilus influenzae
lipoprotein with low similarity to transferrin-binding proteins

curred, we used another unrelated recombinant His-
tagged soluble M surface receptor, EMR1 (sEMRI) as a
control in conjunction with a specific anti-EMRI anti-
body BC9. Most commercially available anti-His anti-
bodies showed high non-specific background binding in
our assay; therefore, we avoided the use of anti-His anti-
bodies to detect SsMARCO and sEMR1. Our results con-
firmed that SR-A and MARCO both recognised the
known ligands polyinosinic acid [poly(I)] and dextran
sulphate (DxSO,) whereas the related non-binding con-
trol molecules polycytidylic acid [poly(C)] and chondroi-
tin sulphate (ChSO,) showed no binding to either recep-
tor. Similarly, malBSA showed binding to both receptors
while native BSA was not recognised. AcLDL is a ligand
for most SRs, including SR-A [49], and has been used to
define the family of SRs. Previous reports suggested that
AcLDL was also a ligand for MARCO [25]. Our data con-
firmed that AcLDL is an excellent ligand for SR-A, but
AcLDL did not exhibit any ligand activity for MARCO in
this assay. We have shown that SR-A and MARCO pre-
dictively recognised most known ligands, which further
validated the use of the ELISA method for high-through-
put screening of receptor-ligand interactions. Our unex-
pected observation that AcLDL is not a ligand for MAR-
CO again suggested that SR-A and MARCO are not re-
dundant. This observation may have further implications
in dissecting the differential role of these two receptors
in atherosclerosis.

Recognition of Gram-Negative N. meningitidis

Ligands

SR-A and MARCO bind and phagocytose Gram-neg-
ative N. meningitidis independent of LPS [35, 36]. We pre-
viously tested a series of 10 potential candidate surface
proteins from N. meningitidis for their ability to bind SR-

Fine Specificity of SR-A, MARCO and
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A, and identified several SR-A ligands [37]. To further test
whether SR-A and MARCO recognise common ligands
on the surface of N. meningitidis, we tested these surface
proteins in parallel for their ability to bind to SR-A and
MARCO (table 1). The proteins were coated onto ELISA
plates overnight at a concentration of 10 pg/ml, and SR-A
and MARCO binding was detected using WT BMMd ly-
sate or sSMARCO as described above (fig. 2a, b). Equal
protein coating of the wells was determined by standard
His-tag or GST-tag ELISA methods (data not shown). A
range of SR-A- and MARCO-mediated binding was ob-
served. NMB0346, NMB0667 and NMB1220 showed li-
gand activity for both receptors, while NMB0278 was a
strong ligand for SR-A but showed no binding to MAR-
CO. Similarly, NMB1513 and NMB1567 were intermedi-
ate ligands for MARCO; however, no specific binding to
SR-A was detected. NMB0623, NMB1946 and NMB2132
were not recognised by either receptor. These data show
that both SR-A and MARCO specifically bind to selected
N. meningitidis surface proteins and that SR-A and MAR-
CO display overlapping but differential recognition of
these ligands.

TLR-Mediated Cytokine Induction by SR-A and

MARCO Ligands

Since SR-A, MARCO and TLRs recognise many com-
mon ligands, we were interested in determining the abil-
ity of these ligands to induce cytokines and the relative
contribution of these receptors. First, we stimulated bio-
gel-elicited peritoneal M from WT and MyD88-/- mice
with the series of polyanionic ligands and measured the
production of IL-6 and TNF-a (fig. 3). No IL-6 or TNF-a
production was detected for any of the molecules, regard-
less of their ability to bind to SR-A or MARCO. These
data show that the known SR ligands AcLDL, DxSOy,

J Innate Immun 2009;1:153-163 157



£
< 1.0
o
0.8 - mwT 2
O SR-A-/- g 0>
0
0.6 QQ,L’ ?&)\/
£
c
2 0.4
o
o
0.2 -
0,
A S SN L A R AR
RS R U L) O X

P & © e
FPFPPPFIFIHFIF LS

B sMARCO 06

[0 sEMR1 04

0.4 0.2

OD 450 nm

0.3

0.2

OD 450 nm

0.1 A

0.0 -

> o A
A A S

P PP ILT T Y
b & & TS

5 S > A o 5
Qo’q G e 8 %'{,\0’

Fig. 2. SR-A and MARCO differentially bind to N. meningitidis
surface proteins. Wells of duplicate 96-well plates were coated
with 10 pg/ml of various purified His- or GST-tagged N. menin-
gitidis surface proteins. a SR-A binding was detected using M¢
lysates from WT and SR-A-/- BMM¢ along with the SR-A-spe-
cific monoclonal antibody 2F8. PBS and AcLDL were used as a
negative and a positive control for binding to SR-A, respectively
(inset). b Binding to MARCO was detected using recombinant
soluble MARCO and the anti-MARCO monoclonal antibody
ED31. Recombinant soluble EMR1 acted as a control for non-spe-
cific binding. ChSO4 and DxSO, were used as a negative and a
positive control for binding to MARCO, respectively (inset).

malBSA and poly(I) do not induce TLR activation, fur-
ther confirming that the samples do not contain impuri-
ties such as LPS, which may give false-positive ligand-
binding data. LPS, a common ligand for SR-A, MARCO
and TLR4, is known to be a potent inducer of cytokines
[50] and induced high levels of IL-6 and TNF-a in WT
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M, but not in MyD88-/- M. Apart from serving as a
positive control for the cytokine assay, the above data also
confirmed that ligation of SRs by LPS alone is not suffi-
cient to induce cytokines in the absence of TLR4 signal-
ling, as proposed in previous studies [51]. We then tested
whether the surface proteins from Gram-negative N.
meningitidis could also act as TLR agonists and induce
IL-6 and TNF-a production (fig. 4). Five proteins, name-
ly NMB0278, NMB0667, NMB0995, NMB1220 and
NMB1567, mediated strong induction of both cytokines
in WT Md, and two proteins, namely NMB0346 and
NMBO0623, showed low levels of cytokine induction. Cy-
tokine induction by these proteins was abrogated in M¢
from MyD88-/- animals, confirming that these ligands
were TLR agonists. Of the proteins that induced cytokine
production, NMB0667 and NMB1220 were also ligands
for both SR-A and MARCO. In some cases, the TLR ago-
nist was only a ligand for either SR-A (NMB0278) or
MARCO (NMBI1567) while some proteins that were TLR
agonists showed no binding to either SR (NMB0995) (ta-
ble 2). Importantly, NMB1513, NMB1946 and NMB2132
showed no induction of IL-6 and TNF-a in either WT or
MyD88-/- Md, indicating the specificity of the other
neisserial proteins as TLR agonists. The inability of
NMBI1513, NMB1946 and NMB2132 to induce TLR-me-
diated cytokine production served as an internal negative
control in our assay and eliminated the possibility that
these neisserial proteins are contaminated with other
TLR agonists (e.g. LPS) as they were produced following
identical procedures. Altogether, our results show that li-
gand recognition by SR-A and MARCO and cytokine in-
duction seem to be independent and that TLRs are re-
quired for the latter. Furthermore, SR-A, MARCO and
TLRs differentially recognise overlapping sets of neisse-
rial proteins.

Cytokine Induction in SR-A and MARCO

Knock-Out Strains

Finally, we tested whether either SR-A or MARCO
contribute to the TLR-mediated cytokine secretion in-
duced by neisserial proteins. We stimulated resident peri-
toneal M¢ from WT, SR-A-/-, MARCO-/- and SR-A-
MARCO-/- double knock-out animals with those N.
meningitidis proteins that were shown to be TLR agonists
in figure 4 and measured induction of IL-6 and TNF-«
(tig. 5). We also separately stimulated each strain of M¢
with purified LPS, which served as a positive control in
our assay. Our results confirmed that, similar to figure 4,
NMB0346 (which is a ligand for SR-A and MARCO) in-
duced very little cytokine response compared to other

Pliiddemann et al.
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Fig. 3. Polyanionic ligands do not stimulate TLR-mediated cyto-
kine induction. Bg-PM¢ from WT and MyD88-/- mice were
stimulated with 1 pg/ml of each polyanionic ligand and the in-
duction of IL-6 (a) and TNF-« (b) was measured. Cells were sep-
arately stimulated with E. coli LPS (100 ng/ml), which served as a
positive control for cytokine induction.

proteins, indicating that this protein is not an agonist for
TLRs. No difference in cytokine production was detected
between the WT and three different knock-out strains.
Similarly, NMB0623, which is negative for both SR-A and
MARCO binding, was also a very weak agonist for TLRs.
Consistent with this result, NMB0623 showed no differ-
ence in cytokine production between WT, SR-A-/-,
MARCO-/- and SR-A-MARCO-/- animals. NMB0278
(which is a strong ligand for SR-A and TLRs, but not for
MARCO) showed a ~50% decrease in cytokine levels in
SR-A-/- and SR-A-MARCO-/- M but possibly a slight-

Fine Specificity of SR-A, MARCO and
TLR Recognition

Fig. 4. Selected N. meningitidis surface proteins stimulate TLR-
mediated cytokine induction. Bg-PM¢ from WT and MyD88-/-
mice were stimulated with 1 pg/ml of the purified recombinant
N. meningitidis surface proteins and the induction of IL-6 (a) and
TNEF-a (b) was measured. Cells were separately stimulated with
E. coli LPS (100 ng/ml), which served as a positive control for cy-
tokine induction.

ly increased cytokine secretion in MARCO-/- M¢ com-
pared to WT cells. In contrast, NMB0667 and NMB1220
(which are strong ligands for both SR-A, MARCO and
TLRs) showed no significant decrease in cytokine pro-
duction by SR-A-/- and MARCO-/- Md, but induced
significantly less cytokines in SR-A-MARCO-/- Md.
These data indicate that selected neisserial proteins such
as NMB0278, NMB0667 and NMB1220 require either
SR-A, MARCO or both along with TLRs to induce a max-
imal cytokine response, indicating a possible functional
collaboration between these two classes of receptors.
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Fig. 5. Cytokine induction in SR-A-/-, MARCO-/- and double
knock-out Md. RPMd from WT, SR-A-/-, MARCO-/- and SR-
A-MARCO-/- double knock-out animals were stimulated with
1 wg/ml of the N. meningitidis proteins that were shown to be TLR
agonists in figure 4 and the induction of IL-6 (a) and TNF-a (b)
was measured. Each strain of Md was also stimulated with E. coli
LPS (100 ng/ml), which served as a positive control for cytokine
induction.

Discussion

SR-A, MARCO and TLRs are major innate immune
receptors for phagocytosis and the innate inflammatory
response, respectively. However, the mechanism by which
these two receptor systems interact to mount an efficient
anti-microbial immunity or maintain homeostasis is not
clear. The structural similarity of SR-A and MARCO has
led to the assumption that they may be functionally re-
dundant; however, the fine specificity of ligand interac-
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Table 2. Summary of receptor interaction with N. meningitidis
proteins

N. meningitidis Receptor-ligand TLR-mediated

protein ligand interaction cytokine induction
SR-A  MARCO

NMB0278 + - +
NMBO0346 + + +/-
NMB0623 - - +/-
NMB0667 + + +
NMB0995 - - +
NMB1220 + + +
NMB1513 - +/- -
NMB1567 - +/- +
NMB1946 - - -
NMB2132 - - -

tion with these two receptors had previously not been
studied in detail. In the present study, we compared the
ligand specificities between SR-A and MARCO by screen-
ing a range of known artificial and host-derived polyan-
ions or protein ligands from the Gram-negative patho-
gen, N. meningitidis. Furthermore, we also assessed the
potential of the SR-A and MARCO ligands to stimulate
TLR-mediated cytokine secretion and the requirement
for SR-A and MARCO in that process, indicating a func-
tional collaboration between members of the SR and TLR
family. Our results confirmed that SR-A and MARCO
recognise overlapping but distinct sets of artificial, en-
dogenous and microbial ligands, confirming fine speci-
ficities in the ligand recognition repertoire of these two
receptors. SR-A and MARCO showed significant overlap
in the recognition of artificial or endogenous polyanions;
however, ligand diversity is more marked in the recogni-
tion of microbial proteins. We also established that none
of the artificial and endogenous polyanions tested in this
study stimulated a TLR-mediated cytokine response.
However, most of the microbial protein ligands induced
a cytokine response although there were some excep-
tions. Furthermore, among these microbial TLR ago-
nists, not all are recognised by SR-A and MARCO, indi-
cating that TLRs are able to recognise these microbial
proteins in the absence of SR-A and MARCO. Similarly,
not all the microbial ligands for SR-A and MARCO stim-
ulated TLRs. However, those TLR ligands which are also
recognised by either SR-A, MARCO or both depend on
these two molecules for full activation of TLR pathways.

Our data show that known polyanionic SR ligands
poly(I), DxSO, and malBSA are ligands for both MARCO

Pliiddemann et al.



and SR-A. However, contrary to current literature [25],
AcLDL is not a ligand for MARCO. These data provided
a hint that SR-A and MARCO, though structurally simi-
lar, show differential recognition of ligands. Various
studies have reported the role of SR-A and MARCO in
bacterial recognition and the bacterial ligands that were
identified included LPS [26, 48], LTA [23, 52] and un-
methylated bacterial CpG DNA [53, 54].

The Gram-negative diplococcus N. meningitidis is the
causative agent of meningitis and meningococcal septi-
caemia. Studies in our group showed that both class A
scavenger receptors mediate uptake of N. meningitidis in
the absence of LPS [35, 36] and we identified several un-
modified bacterial surface proteins as ligands for SR-A.
Although LPS and LTA were reported to be ligands for
MARCO based on biacore studies, careful analysis of the
data suggests that these molecules are weak ligands for
this receptor [23]. In this study we tested whether bacte-
rial surface proteins from N. meningitidis were also li-
gands for MARCO and we identified three proteins that
were ligands for both receptors (NMB0346, NMB0667
and NMBI1220). The function of these proteins is un-
known; however, the C-terminus of NMB0667 has 20%
homology with the zipA protein from E. coli, which is in-
volved in septum formation during cell division [55], and
NMB1220 belongs to the stomatin/Mec-2 protein family,
which are oligomeric lipid raft-associated integral pro-
teins that regulate the function of ion channels and trans-
porters [55]. Antibodies raised against NMB1220 also
tested positive in a serum bactericidal assay [S. Savino,
pers. commun.]. One protein, NMB0278, a possible thiol-
disulphide interchange protein, was a strong ligand for
SR-A, but was not recognised by MARCO. Furthermore,
two proteins, NMB1513 (a conserved hypothetical pro-
tein) and NMBI1567 (an Md infectivity potentiator),
which showed no specific interaction with SR-A, were in-
termediate ligands for MARCO. Most of these neisserial
proteins are highly conserved over the different neisse-
rial species, and closely related homologues are also pres-
ent in other bacteria, thus making them ideal pathogen-
associated molecular patterns and targets for PRRs. Our
data clearly show that MARCO and SR-A differentially
recognise neisserial proteins, suggesting that these two
receptors may have evolved to increase the repertoire of
innate immune recognition.

Some studies have linked SR-A ligation directly with
cytokine induction [51, 56]. Here we show that SR ligation
alone does not induce cytokine production, as stimula-
tion of M with malBSA, DxSO,, poly(I) and AcLDL did
not induce production of IL-6 and TNF-a. Cytokine in-

Fine Specificity of SR-A, MARCO and
TLR Recognition

duction is most likely mediated by the TLR family of re-
ceptors, as shown with LPS, a known ligand for TLR4
[50]. We wanted to determine whether the N. meningiti-
dis proteins that were ligands for SR-A and MARCO were
also ligands for TLR. Several proteins induced IL-6 and
TNF-a production in WT Md, which was abrogated in
Mo from MyD88-/- mice, indicating a TLR-mediated
effect. However, not all proteins that were SR-A and/or
MARCO ligands were also TLR agonists and some pro-
teins that induced cytokine production were not ligands
for either receptor. These data suggested that binding to
SR-A and/or MARCO was not required for TLR-medi-
ated cytokine induction; therefore, we stimulated resi-
dent peritoneal M¢ from WT, SR-A-/-, MARCO-/- and
SR-A-MARCO-/- animals with the neisserial proteins
that were ligands for either or both receptors and mea-
sured pro-inflammatory cytokine production. Surpris-
ingly, cytokine induction was reduced by ~50% in the
absence of SR-A when LPS and two SR-A ligands
(NMBO0278 and NMB1220) were used as agonists. Dele-
tion of MARCO alone did not affect cytokine production;
however, when cells from a double knock-out mutant
lacking both SR-A and MARCO were used, cytokine lev-
els were ~50% lower throughout when compared to WT
cells. While ligation of SR-A and MARCO does not di-
rectly mediate IL-6 and TNF-a production, these data
nevertheless indicate that SR ligation is required for ef-
ficient induction of pro-inflammatory cytokines. Several
recent studies have reported collaboration between SRs
and TLRs. Hoebe et al. [38] showed that CD36, a class B
SR, is a non-redundant sensor of microbial diacylglycer-
ides that signal via the TLR2/6 heterodimer. In a separate
study, Jeannin et al. [39] showed that, while Klebsiella
pneumoniae outer membrane protein A activates M in
a TLR2-dependent manner, binding is mediated by the
class E and F SRs, LOX-1 and SREC-I, respectively. They
also showed that LOX-1 co-localizes and co-operates di-
rectly with TLR2 in triggering cellular responses. Our
data suggest a similar co-operation between SR-A and
MARCO and one or more members of the TLR family.
In vivo studies have already reported that SR-A and
MARCO are important receptors for bacterial clearance
during infection [44, 57, 58]. Two major challenges in
eliciting protective immunity during successful vaccine
development are efficient delivery of antigen to the anti-
gen-presenting cells and activation of these cells to pro-
mote proper presentation of that antigen to the T-helper
cells. Common adjuvants such as Freund’s complete ad-
juvant and monophosphoryl lipid A adjuvant, frequently
used in animal studies, activate the innate immune sys-
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tem via TLRs [59]. However, these are often associated
with significant morbidity and are not useful for humans.
On the other hand, adjuvants currently in use have also
exhibited limitations. Therefore, antigens with inherent
adjuvant activity would be a useful target for vaccine de-
velopment. At present there is no vaccine available for
serogroup B N. meningitidis. Similarly, other polysaccha-
ride-based vaccines do not provide lasting protection.
Therefore there is a need for a protein-based protective
vaccine for serogroup B Neisseria and other human
pathogens. Two N. meningitidis proteins (NMB0667
and NMBI1220) were strong ligands for both SR-A and
MARCO and were also TLR agonists, highlighting their

potential as interesting vaccine candidates. The high-
throughput system we described here to analyse SR-A
and MARCO ligand activity could be extended to other
antigen-capturing receptors to expedite the identifica-
tion of vaccine candidates for a variety of medically im-
portant pathogens.
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